UCRL-ID-129535

Electron Emission Following the Interaction
of Slow Highly Charged Ions with Solids

J. W. McDonald
January 1998
& Q
> S
2K
V @ﬁ (/’& ’Z} '(ﬁ
S
o

This is an informal report intended primarily for internal or limited external
distribution. The opinions and conclusions stated are those of the author and may
or may not be those of the Laboratory.

Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831
Prices available from (423) 576-8401

Available to the public from the
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd.,
Springfield, VA 22161



ELECTRON EMISSION FOLLOWING THE INTERACTION
OF SLOW HIGHLY CHARGED IONS WITH SOLIDS
Joseph W. McDonald

Lawrence Livermore National Laboratory
Livermore, CA 94550

The interaction of highly-chargadns with surfaces involves margxcitation
processes of the surface atoamsl thebulk material.One such procest)e emission
of electrondrom surfacesdue to the potential energy of the incidemts hasbeen
studied. The experimental results presented tanéirm that themajority of electrons
emitted as a result of highly-charged ions interacting with a solid surface have energies
of about 20eV. Auger processesontribute a smaller fraction dhe total emitted

electrons with increasing Z dhe projectile.This contribution tothe total electron

emission yield is found to be less than 5% fot*Ned less than 1% for At. For Z>

54, no Augerelectrons weraletected. The early indications that the totamber of

emitted low energy electrons increases linearly with charge have been demonstrated not

to hold for g= 18.
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. INTRODUCTION

lon-surfaceinteractionstudies addresthe fundamental question of how ions

dissipate their energyhen approaching a surfacehe impact of highly-chargedns

on a surface causestential anckinetic electronemission (Vargand Winter, 1992),
the emission of secondary ionand theemission of photons. Spectroscopy of the
emitted electrons, electroamissionyield measurements, and x-ray spectroscopy
represent methods thean help to clarify thearious processes whiare involved in
the dynamics ofthe ion neutralizatiothat occurs as an ion approaches ameracts
with a surface. Experimental studies the emissioncharacteristics following ion
surface interactions over a wide range of impact eneffyjm®s a few eV/amu up to
GeV/amu)have beemerformed forseveral decades. Theoreticabdels,initiated by

the fundamentalvork of Bohrand Lindhard (1954)are beingused and continuously

improved forthe description of the experimentakults. Investigations with slowg (

2keV/amu) very highly-charged ions are relatively new.

Highly-charged ionsappear infusion plasmasand stellarcores, andcan be
produced in ion sourceSheir interaction with matter is of fundamental interest.
Applications of highly-charged ion surface interactions include materials analysis and
surface modifications. Analysitechniques involving highly-chargemns include
Secondary lon Mass Spectroscopy (SIMS), Rutherford Back Scattering (RBS)¢
Recoil Detection(ERD), Heavy lonBack ScatteringHIBS), and NuclearReaction

Analysis (NRA). lon lithography, integrategircuit productionmaskrepair, as well as
1



highly-charged ion driven x-ray anelectronmicroscopeshave beerproposed. For
suchapplications, the interactions between highly-chaiged and surfacesust be

given careful consideration.

lon-surfaceinteractionstudies have become increasingly importanthim last
few decadegHagstrum, 1954Baragiola,1982, Andra etl. 1991, de Zwart et al.
1989, Briand, 1990, Snowdon, 1988) and are the subject of intense research. This is in
part due to thevailability of new ion sourceshat canproduce ions irtheir highest
charge state. Highly-chargedns are produced in ion sources such as Electron
Cyclotron Resonance SourcgsCR) (Jongerand Lyneis, 1989), Electron Beam lon
Sources (EBIS) (Donets, 1988nd a variant of th&BIS, the Electron Beam lon
Trap (EBIT) (Levine et al.1988,Levine et al.1989, Marrs etl. 1988). The original
EBIT prototype is located at the Lawreridggermore National Laboratory and ised
as thesource (Schneider at. 1991) of highly-charged ions the research presented

here.



[I. THEORY

The potential energy W of an iamith charge g is given byhe sum of the

q

ionization potentials wrequired to removeach of the g electrdfs= W, . For
i=0

example, W = 762.9 keV to produce bare uranium from the initially neutral &ara.
uranium hasbeen produced andletected at the Lawrenceivermore National
Laboratory Super-EBIT (Marrs, 1996). Figure 1 depibts potential energy of an ion
plotted versus the ion charge state q for several ions. This figngals discontinuities
in the total potential energy curves as the K- and L-shell electrons are removed from the
ions. The ratio of the potential energykieV divided by the charge stater the same
ions is plotted versus the number of electrons on the ion in Figltee2Zreadeshould
note thesharpincrease in total potentignergy as the lasivo electrons argemoved
from the K-shell of the ions. Also shown in Figurer2 theapproximate limits of the
sources mentioned abov@enerally,all the ions tothe right of the labeled lines are
availablefrom agiven sourceThe number of ions produced liliesesources varies.
An ECR hashigher currenffor lower charge statéons while an EBIT reaches the

highest charges but has lower current.

The interaction of highly-charged ions with surfaces presents a dynaamig-

body problem. Any theoretical description of this process should consider the



100 ] I ' I ' I ' I ' I %0

L-shell i<-shel| g

< | K-shell \ . M

> B

o %% Lshel \ . V" 1

<~ E Kshel \ ?-‘"

S 1o DN

) 3 Yo + Argm 7

c F L-shell P

N [ \ +  Krypon

2 ' t . Xenon E

c E

9 [ N Gold

(o] 0.1 .

e «  Thorium 7
F k Uranium

ool i
F I‘ 1 ' 1 ' 1 ' 1 '
0 20 40 60 80 100
Charge

Figure 1. Total potential energy per ion versus charge state of selected ions.
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trajectory of the ion, the electron configuration of the approadbimghe structure of

the targetsurface,the effects ofsurfacecontactand penetration, as well as multi-
electron charge exchange including excitation and deexcitation of theatrget and

the approachingon. Current modelautilize semiclassical descriptions fdahe ion
trajectories and a combination of classical and quantum mechanical concepts to explain

the charge exchange processes.

An attempt to explain therocesses involved when a highly-charged ion
approaches a metal surface canoen Arifov etal. (1973). He and higollaborators
proposed that as a highly-charged ion approaches a surface it is neutralized by resonant
tunneling into high n states dfie ion. In this resonant process surfadectrons are
transferred to emptjevels of the ionunderlevel matching conditions by tunneling
throughthe potential barrier separating the approaching ion and the soefate as
shown in Figure 3. Following the resonant transfer of two or more electrdhs ton,
the electrons decayrough step-wis@utoionizationprocesses to nearby levels for
which the wave functions have significant overlap asdall energy differences. This
cascading autoionization relaxatigmogressesalong a “ladder sequence” and low
energy electrons are emitted. tms model,all of the initial potentialenergy of the
approaching ion is dissipated by electemissionand the ion relaxes into its neutral
groundstateprior to surfacecontact. This laddemodel exhibits a fundamental flaw,
however.The time availablefor interaction is limited by the approach velocity of the
ion and is far too short to allow complete Auger relaxatiothefapproachingpn. The

result is that the ion retains inner shell vacancies and has many electrons in high n states



at surface contactons in thiscondition arecalled“hollow” atoms, whichwere first

reported by Donets in (1985).
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Figure 3. Potential energy plot of an ion approaching a surface.

Figure 4 shows a&chematic of a highly-charged ion approaching a metal
surface, at normal incidence, and some of the processes involved in the interaction. The
first effect experienced by the approaching ioadseleratiordue to thamagecharge
of the ion. Whenthe ion reaches a “critical” distance Fhe potential between the
approaching ion and thsurface exceedthe binding potential of thesurface and
electrons are emitted from the surface. Some electrons are captured by resonant transfer
into high-lying Rydberg states diie approaching ion whilethers escape into the

vacuum orarereabsorbed byhe solid. The captured electrons decayldover lying



states producing a shrinking cloud of electrons screening the positive hudieeiscas
progresses towarthe surface. As a result of this decéyw energyelectrons and

photons are emitted from the approaching ion.
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Figure 4. Schematic of a highly-charged ion approaching a surface.

Y
At distances small compared ttee dynamic screening Iengtﬁd(— % Ve

is the Fermi velocity of the electron gas &fdis the surface plasma frequency) of the

surfacethe electric fieldoetween the ion nucleus and therface becomes vetgrge
and therate of electroremissionincreases greatly. At surfa@®ntact electrons still
bound in highprojectile n levelsith Rydbergradii exceeding the screening length in

the metal will be “peeled off” and reflected due to itmage charge athe ion assoon



as the projectile reaches therface.The “peeling off” process isnot fully understood

at present. Ashe ion penetrates theurface,the innershells ofthe projectile can be
populated vid'side-feeding” iflevel matching conditions withhe surface atoms are
fulfilled. The relaxation of thihollow atom produces fast subsurface Aueglectrons
(Zehner et al. 1986, Meyer et al. 1991, Zeijlmans et al. 1993, Folkerts and Morgenstern
1990, Das and Morgenstern 1993, Das et al. 1992, Kéhrbriick et al. 1992, Schippers et
al. 1992) which, via binary encounters, can also cthesemission of slow secondary
electrons. Thesslow secondaryelectrons contribute to theeasured slowelectron

yields.

Alternatively, relaxation of théollow atom insidehe solid can take place via
radiativetransitions withthe emission of photons (Donets 1983¢hulz et al1991,
Clark et al.1993, Andréa et al. 1991). It should benoted thatnot all of the highly-
charged ion energy is converted into electrivas are emittedrom the surface. The
impact phase othe interaction caralso involvethe emission of surfacematerial
(sputtering), Auger electron emission, additional low energy electron emiasiorihe
response ofhe bulk of the target. Targdiulk responsesan include the excitation of
plasmons,excitons andphonons asvell as local heatingThis entire processtakes

place in less than 2 x T0seconds for ions traveling at 3 x°1@m/s assuminghat the

interaction starts at a distance=R87 au, aypical distanceéfor Th’™>* as will beshown

The Classical Over-The-Barrier Model.

The velocity and energy levels of the highly-charged ionnamelified by the
image charge othe approaching ion in the case of a condu¢@ardsley and
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Penetrantel991), and by any charging diie surface or bulk material of aemi-
conductor or insulator (Pankratov et al. 1995). The image charge of an approaching ion
sets the maximum interaction timethat the ion can spendabove a surface by
accelerating théon into thesurface. Due tdimited electron mobility withinsemi-
conductors and insulatorecal charge depletioregionscan develop as electrons are
removed fromthe surface. Charging ofhe surface or bulk material of aemi-
conductor or insulator camlecelerate theapproaching ion thudengthening the

interaction time.

The description of the structure of the target includes characterizing the
contaminants, temperaturgmoothnessgrystal properties, anthe energy distribution
of electrons at the surface-vacuum interface. With most targets, these parameters can be
controlled somewhat.The energy distribution o$urface electrons is eharacteristic
property ofthe sample and is usuallgepicted as an enerdgvel diagram of the
surface. Energylevel diagrams showing surfaces of ansulator (LiF), a

semiconductor (Ge), and a metal target (Au) are shown in Figure 5.
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Figure 5. Energy level diagrams for insulator (LiF), semiconductor (Ge)maial
(Au) targets.

The charge exchange and electeonissionassociated withthe interaction of
highly-charged ions with solid surfacean be caused by one tfo processes: (1)
kinetic electroremission, or (2)potential electroremission.Kinetic electronemission
is the direct result of the impact of the projectile on sheace andcan beobserved
whenever the available energy is greater thanrimmum energy required to remove
an electrorfrom the surface [Lakits, Arnau, Winter 1990 This will occurwhen the
approach velocity is greater than about &\/s. Potential electrommission is aesult
of the charge of the approaching ion interactiith the surface. Potentia@mission is
significant only ifthe potential energy of the approaching ion excéadstimes the

work function of the surfacgakits, Arnau, Winter 1990)Potential electroemission

10



yields generally increase withe potential energy W carried by a highly-charged ion
X% (Kurz etal. 1994), and foprojectile velocities y < 2 x 16 cm/s kinetic electron
emissionyields generally decrease with decreasipgKurz etal. 1994). Therefore,
potential electroremissionwill be thedominant emission process saffficiently low
velocities or highpotential energieqVarga and Winter, 1992)The theoretical

description presented here will focus on potential emission.

The processes involved ipotential electroremissionare Auger neutralization
and ionization, resonardeexcitation and ionization, radiative ionizatiargllective
excitations, and “peelingff” at surface contact. Theggocessesare described in the

following paragraphs.

Auger processesan be further classified a&uger ionization (Al), Auger
deexcitation (AD), and Augareutralization(AN). Augerionization is an intra-atomic

process in which two excitgarojectile electrons participate. The energy of the emitted
electron is given bfra = 5 ~ Ea ~Eg2 | whereE is the ionization energy of tHeal
bound state anfa.2 are the binding energies of the participating electronsFiggeree

6a.

11
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Figure 6. Potential level diagrams indicating various processes.

Charge exchangerocessesincluding Auger ionization Al, Auger
deexcitation AD, Auger neutralization AN, resonant ionization RI, resonant
neutralization RN, quasi resonant neutralizat@RN, radiative decay, and
collective excitations.

In Auger deexcitation, a conduction band electron fills eanpty level of the
approaching ion while thexcess energy is removed the emission of a lessghtly
boundionic electron. Thenaximum energy of the emitted electron is obtaingden

the conduction band electron emerges from the solid at the Fermi edge and is given by,

Exp=E 5~V where®% is the work function of the surface. See Figure 6b.

12



In Auger neutralization, two conduction band electronmteract. One is
transferred into aemptylevel of theapproaching ion while the other is emitted. The
maximum energy of the emitted electron is obtained when the interacting electrons both

start from the Fermi edge and is givenfy, = E —2W, . See Figure 6c.

Resonant transitions or one-electron transitions fall into two categories; resonant
neutralization (RN) and resonant ionizati@l). In resonanneutralization, the charge
of the approaching ion is reduced by one unit as an eletbonthe conduction band
is transferred into an empty level of the ion at the same energy. In resonant ionization a
projectile electron isost to an emptyevel in the targetaising the ion charge by one

unit. See Figure 6d.

A transition related toesonantdeexcitation andesonant ionization ithe so called
guasi resonameutralizationwhich is a charge exchangeocess wherein a surface
electron is transferred to a nearly resonant deep lying ion vacancy. lprabisss a
surface electron is transferred to a deep lJewgl of the approaching ion and the
excess energy go@so target reactionsuch aghe excitation oplasmons, phonons,

and excitons. This process is also depicted in Figure 6d.

Radiative transitions are the result of an electron either from the surfawmor
a less tightly bound level of the ion transferring to a more tightly bound level of the ion,

while theexcess energy isarried away byhe emission of a photorSee Figure 6e.

The rate of these radiativerocessed’, increases rapidly with increasing Z. For

hydrogen-like projectile ions, the radiative decay rate increases' |ikehile theAuger

13



rates increase only weakly with increasing Z (Bethe and Jac®@8). Therefore, it is
expected that for higher Z projectiles the effect®\ofjer emission shouldecrease in

relative importance. This has been verified by experiment.

Collective excitationsfirst proposed byApell (1988),involve a multi-electron
process. Irthe collective excitatioprocess aconduction band electron is transferred
into an empty level of theapproaching ion and the energy differermeduces a
collective excitation of conduction band electrons (i.e., a plasmon). The energy required

to produce a plasmon is provided tne potential energy releasddmburg, 1996) as

the approaching ion is neutralized by a conduchiand electron with energy (€ is

measured from the Fermi level). This energy is givefby & ~W —€ . See Figure

6f.

At surfacecontactmany electrons of the approaching ion arehigh n levels
with large orbits and consequently are wedkyind. Asthe approaching ion contacts
the surface, these weaklyoundelectrons are peelasff (Burgdorfer etal. 1996) and
escape into the vacuum. A simplistic explanation of this process is that the diameters of
the electron orbits are just too large to fit into ldt&ce. And, because they are weakly
bound, the potential of the ion nucleus can not drag these electrons into the surface. It is

again noted that the peeling off process is not well understood at present.

There ardwo theorieshat describe the potenti@mission ofelectrong(1) the

classical dynamic model (or classical field emission theory), anthé¢23lassicabver-

14



the-barrier model. Both modedseused to simulatelectron extractiofrom surfaces

by highly-charged ions.

A. The Classical Dynamic Model

The classicalynamic model as proposed by Bardsley &smhetrantg1991)
and modified by (Pankratov et al. 1995), is base@lementary fielcemissiontheory
and a semi-classical description of thenamics ofthe emitted electrong.his model
has been employed to simulatehe number of electrons emitted following the
interaction of slow highly-charged ions with surfaces. In this modilewton’s
equations of motion foeach electron emittednd the approaching ion aselved at
eachstep in time, taking into considerati@achimage charge. Justificaticior this
semi-classical approach is based on the argument that electrons are captured into high n
levels and spend a small amount time in a specific quantum state. This model describes
the behavior of the system until the electron wave functions of the ion core significantly
overlap with the electron wave functions of the outer layer obtid surface or up to
about five Bohr radii. The trajectories of the highly-charged ions are taken to be normal
to the surface othe solid, butthe model iscurrently being adapted to other angles of
incidence. Thesurface istreated in separate calculations as a pedeaductor, a
semiconductor, or an insulator. fime perfect conductor or metal caseage charges
are introducedatorresponding tohe approaching ion arehch of the electrorautside
the solid. Inthe case of theemiconductor and insulatahe removal of anelectron
from the surface generates a corresponding positive Adle. calculated velocity of

15



these positive holes is controlled throuatjustments otheir assigned massSsome
electrons that leave tlmurface find theiway back to thesurface. These electrons are
treated differently in the separate cases of the metal, semiconductor and itetgator
surface. In the case of the metal target, the electrongavsorbed, while ithe cases

of the semiconductor and the insulator the electrons stick to the surface and are allowed

to move around on it.

As a highly-charged ion approaches a surface, a strong electric field is produced

between it and the surface. For a metal surfaceléutric fieldproduced athe surface

2
by an ion with charge g a distane€e from the surface iszi. This electric field

produces an electron current that carcéleulatedfrom the Fowler-Nordheim method
as described boodand Mdiller (1956)The Fowler-Nordheim method is based on
calculations of the rate of tunneling of electrons through the potential barrier just outside

the surface of a metal.

In a numerical simulation, the surface is divided into several hundred zones and
the currenflowing from each of theseones iscalculatedfor eachtime step. These
currents must be handled quantum mechanically since they correspondttamesae
electron per zone per timgtep. Atincident velocities between %Gnd 10 cm/s
calculations begin when the current density is abotit®6nv. For a work function of

4.5 eV, this requires a field of about 1 V/A.

As the highly-charged ion approaches a conduaingacethe electric field

between it and the surface increases. Asdleaistric fieldincreases theate of electron

16



emission increases as well. The electric field is reduced by each emitted electron and the
screening effect othose electrons captured ltige approachingon. Some of the
electrons that leave tlmirfaceare not captured by the ion and aeabsorbed by the
surface. The number of electrons emitteainm the surface is greater thahe charge g

of the highly-chargedon. Thus,the approachindollow ion may be completely

neutralized or even obtain a negative charge prior to surface contact.

Theoretical calculations bPankratov etal. (1995) have beerperformed to
calculate the distance from the projected ion impact point osutiace tathe point of
electronemission fromthe surface. Results of thesalculations arshown for AF*,
Xe**, and U% ions striking a gold surface in Figures 7, 8, and 9 respectivethebe
calculations, the gold surfaceassumed to be perfect conductor. I$hould benoted
from these figureshat the area of electra@missionand the density of the electrons

emitted per unit area increases with the potential energy of the incident ion.
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Figure 7.  Electron emissiofftom gold with 6.7 x 10 cm/s Ar®** ions normally
incident.

When anelectron is in dow n state, e.g., = 6 it must betreatedquantum

mechanically. In theeomputercode electrons are considered to be captured and are
removed from the calculation when they reach an n leagiwhich point the charge of

the ion is reduced by one unit and ttedculation is continuedavith the new ionic
charge. The value of mlepends on the surface material and ranges from approximately

3to6.
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Furthermore, irthe case osemiconductors and insulatofecalized electron
emission fromthe point of ion impact leads to thiermation of alocalized charge
depletion regionThus, onemust considerthe positive charges dholes” left on the
surface and inside the bulk of the solid. These positive charges halalitgeto move
with a velocity that is proportional to the conductivity of #u#id. Due tothe number
of electrongemoved fromthis small volume anthe limited ability of an insulating
solid toreplace themissingelectrons atrong Coulomb repulsion exists. This strong
Coulomb repulsion maycause a“‘Coulomb explosion” orsputtering of surface
material and a resulting defect on th&face (Fleischer etl. 1965). One possible
example of thieffect isseen inthe surface defects followinghe interaction of ("
ions with a freshlycleaved mica surface. Figure 18hows athree dimensional
representation of an atomic force microscope image of thatdnasbeen exposed to
U ions impacting with a velocity of 6.3 x .6m/s. The visible defects on the surface
are assumed to be due to the layers of mica separating or blistermghe Coulomb
repulsion caused byhe local charge depletiorfFigures 11 and 1Xhow two

dimensional images of the same mica both before and after expostfe to U

B. The Classical Over-The-Barrier Model

The classical over-the-barri€COB) model for ion-surfacenteraction was

originally developed by Niehaus (1986) based on the work of Barany et al. (1985),
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Defects caused by U70+ impact on mica
using LLNL EBIT

unfiltered AFM image

Figure 10. Threedimensional view of an atomic force microscope image of freshly
cleaved mica after interaction with 6.3 X Tn/s U°" ions.

0 0.2 0.4 0.6 0.8am

Figure 11. Atomic force microscope image of frestisavedmica beforenteraction
with 6.3 x 16 cm/s U® ions.
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Figure 12. Atomicforce microscope image of freshtyeavedmica afterinteraction
with 6.3 x 10 cm/s U% ions.

Ryufuku etal. (1980), and Bohr and Lindhard (1954he current state of the COB
model, due inlarge part toBurgdorfer (Burgdorfer etl. 1991, Burgdorfer 1993,
Burgdorfer etal. 1996), provides a description efectron capture, partial deexcitation
of the transientlyformed hollow atomsand thevarious electron-emittingprocesses
occurring until surface impacithe COB model is based othe premisethat only

classically allowed over-the-barrier processes are sufficiently fastafidmtive within

the limited time of the interaction.For ions in mediumcharge states (g 16),

calculationsbased orthe COB model showed goodgreement with measuredtal
electron yields (Kurz et all993). As it stands now, thteeory provides a description

of the emission of electrons as a slow highly-charged ion approaches a metallic surface.
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As an ion approaches a surfattee potential barrier between it and the surface
decreases. A classical over-the-barrier transition tpleegwhen thispotential barrier
decreases to the level of the occupied surface levels. An electron at a distance z from the
surface experiences a potential (Burgdorfer et al. 1996) that is given by the sum of three

terms,

V()= Valf - R+ VD Vi + ) ®

where 3 is the surface normal unit vector a8 is the position of the ion asdicated

in Figure 13.The first term Vpe is the Coulomb interaction potential between the

electron and the highly-charged ion,
VpeqF - Q|): |Jr";cl-&—| (2)

The interaction potential between the electron and the projectile W\ﬁgis given by,

VI, = q (gk‘*)}_l}’ €)
|r+ (o)

where €W s the dynamic dielectric function (Burgdérfer and Meyer 1993). The

dynamic dielectric function must be usedplace of the static dielectrfanction since
the time of the interaction is on therder of 10° s and thesurfacecan notrespond

adiabatically insuch a short time fram@arany, and Setterlind1995). At small
23



distances, the effective interaction potential between the electron and the \§urfeitie
approach the bulk potential (i.e., the potential of the bottom of the conduction band). At

large distance¥. will approach an image-like limit,

V. — _1(8(0))_1) (4)

T4 z(e(w)+1)

image

0 /O

=

O ‘ O
ION ION
IMAGE

Figure 13. Relevant distances from surface for Equation 1 and subsequent discussion.

The potentials given in equations 3 and 4 are corrfect metals,
semiconductors, and insulators. the case ofmetalsf(w)r X and the familiar
expressions for imagpotentials are recovered. Thacal maximum ofthe potential
between the surface atite approaching ion can lbeund bysetting the derivative of
the potential equal to zero and solving for the ion surface disfnae classical over-
the-barrier transition takgdacewhenthe potential athis local maximum isequal to

the energy of the occupied target levels or when,

V(R)=- w,- _, 29 ©)

Re@)+1)
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whereW,, is the work function of the target and thecond termtakes theshift of the
target levels caused by the approaching ion into accéontthe case oimetals and

narrow band gap semiconduct(Fr@)hs large and the shift is small.

As the projectile ion approaches the surface, the barrier height will decrease and
drop belowthe Fermi level at a critical distance, /.. BecauseV(R) depends
parametrically on theion-surface distance®, equation 5provides animplicit
expression for the critical distanég where the first electron capture talgace. Then
for metals and narrow band gap semiconductogdicit expressions for% can be

derived for the image potentials of equation 3 and 4, yielding,

_ ,FCF(O)XE(CO)—I) N e(w)-1

o= W, €(w)+1) Zqu,s!waHIer oy /\é' ©

-1
The lastterm inequation 6 representsrms onthe order ofd /. It should benoted

that equation 6 reduces to,
rR=v7 (7
(0]
for metals wheré@)® % |n the case ofvide band gap insulatorfhe potential
expression of equation 4 must be modified by the inclusidghed€oulombinteraction

of the electron wittthe residual vacancy in the ionic crystal. Theulombinteraction
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alz
of the electron with the residual vacancy in the ionic crystal is given-b;—, where

a(2is the effectivesurface Madelung constant (Kitt&D76) inthe limit asz¢ O .

Then the critical distance becomes,

R= BIaZ)ew), alz) +qu‘l/ﬁ. 8

W, E@)+D) W, e@)

-1
The last term in equation 8 also represents terms on the oﬁfle4 of

Consequently, at distance®, electronsrom the valence or conduction band

can be captured resonantly into higlelycited states of the projectilélhis resonant
deexcitation togethemwith its inverse process resonaimnization [i.e., resonant
transition of an electrofrom the projectile into ammpty state in the conduction band
of the target] proceedheneverthe conditionR < R is satisfied forthe successively
decreasing projectile charge q. At teame time,electronsbound tothe projectile
become subject to Auger-type processes, which may promoteath@ra thevacuum
level and contribute to electraamission, oithey can bdransferred intoempty states

above the Fermi level in the conduction band [Auger loss to conduction band].

The quantum number of the approaching femre that electrons are captured

into is given by (Burgdorfer et al. 1996),
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Qetr
ca e = 1 (9)
S 0o o1 7

w20, T+ _aR)Y
* REw)+) 2R (w)-1) ch
U

For highly-charged ionsn >> 1 and electrons are captured iftgh Rydberg

capture

states whose energy is shifted due to the interaction with the surface. At large distances

(Burgdorfer et al. 1996),

1
&, )1 a@

ff+

" 2" 2R D) R

(10)

a(R
where the term —}Ql describesthe interaction between the approaching highly-

charged ion and thsurface.The surface of an insulator charges up as electrons are

removed which increases. The effective chargeg,, is defined interms of Slater

screening parameters and accounts for the electrons previously transferred.
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. EXPERIMENTS

Electron emission followingthe interaction of highly-chargeibns with
surfaces habeenmeasured usinghree methods (1)the energydistributions of the
emitted electrons wereneasuredutilizing a sphericalsegmentelectrostatic energy
analyzer (the integrategimissionspectra weraised toobtain total electroremission
yields (McDonald etl. 1992)), (2)the total electroremissionyields were measured
using an electrostatic focusing system that collected all the emitted electrons (Kurz et al.
1994), (3) the relative electron emission yields were obtaisedy anannular channel
plate detectoand a time of flightscheme (Schenkel el. 1997). All the methods

involved normal incidence of ions on surfaces.

A. EBIT description

In high-energy accelerators energetiddleV/amu, beams of low-charge, high-

Z ions are stripped of their electrons bgassing them through gasses or foils to
produce highly-charged ions. This scheme Ieenused fordecades to provide ion
beams for avariety of studies. A low-energy, highly-charged ion beam produced by
such a scheme woulckquire substantial deceleration to alletudies ofthe ion
potential energy interaction witsurfaces. Other ion sourcase more suitablefor this

purpose such as an ECR, EBIS, or EBIT.
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The EBIT was originally designedor in situ x-ray spectroscopy studies of
highly-ionized atoms. The electron-ion interaction, or trap region, of EBIT is 4 cm long
as opposed to that of an EBIS, which typically exceeds one meter. Thus, intHeBdT
is less heating of the ions ltiye electrorbeam allowing for longer trapping times and

more complete ionization of the atoms under study (Levine et al. 1985).

The major components of EBIT are shown in FigureTh& energetic electron
beamtravelsfrom the electrongun up througtthe drift tubes tothe collector. The
electrongun, drift tubes, andtollector all lie on theaxis of a 3 Tesla magnetfeld
produced by superconducting Helmholtz coils. A positive bias voltage applied to the
drift tubes accelerates the electimeam tothe interaction energyyhich isthe sum of

the bias voltage and the drift tube potential that is superimposed on it.

The coldsurfaces associated withe superconducting magnets withEBIT
provide excellentvacuum pumpingThe operatingracuum inthe ion trap region is
about 10° torr. This pressure i®btained throughthe efficient pumping of the
cryogenic surfaces anthe application of ultrahigh vacuum techniques during
manufacturing and assembly. This vacuum is necessary to reduce recombination of the
highly-charged ions witlelectronsfrom background gase3he Pierce type electron
gun that produces the electron beam in EBIT is shown in FigurPiétc€1954). The
cathode is a directly heatéahgsten elementoatedwith barium toreduce thework

function. It has a concave spherical shape to focus the electrons onto
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Figure 14. Schematic representation of the basic components of EBIT.

the axis of the magnetic field of thélelmholtz coils. A*bucking” coil (shown in
Figure 14) wound around the electron gun cancels the field of the Helmholtz coils at the
cathode, a necessary conditifor maximum magneticcompression othe electron

beam.
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Figure 15. Electron gun geometry.

As the electrorbeam passes throudghe drift tubes it is compressed by the

magnetic field to a diameter of about gt (Levine 1989) and acurrent density of

about 4 kA/crA. The drift tubes are mounted to the liquid helium reservoiraaadeld
at a temperature of 4K. Two pairs @adils aremounted orthe exterior of thevacuum
chamber to allow fineadjustments tahe magnetic fieldAlignment of the electron
beam to the magnetic field is critical and is obtained by moving the Helmholtz coils and

drift tubes with respect to the electron beam.

Theions are trapped longitudinally by the potential wiellmed bythe drift
tubes, whilethe space charge of the electioeam,Vr |, providesthe radial trapping.

Only ions with kinetic energy legean g x V will remain trapped withirthe electron
beam. The radial space charge of the eledisam reducethe potential energy of the
ions trapped within the electron beam by lowering the potential at the center of the trap.

Furthermore, thispace charge is reduced slightly by the presence abtisein the
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interaction region. Therefore, an exact theoretical determination of the interaction energy
is not possible because the space charge and the ion density lemewmotto sufficient
accuracy. The interaction energy can be determineshdasurement ahe energy of

ions extracted from the trap.

The geometry othe trap isshown onthe rightside of Figure 16. Ports at the
center drift tube allow viewing of xays emitted from the trap region and allow
injection of neutralgases.The left side of Figure 16shows aplot of the radial
electrostatic potential wefbormed bythe electronbeam space charge and trexial
potentialformed bythe voltages applied to the top amottomdrift tubes.The snout
and transition electrodes located between the electron gun and thabdrst shown in
Figure 14 provide asmoothand uniform potential gradient in thategion to keep
electronsfrom being reflected back to the electrgun cathode and to eliminate

secondary traps in that region.

After the electronbeam passes throughe drift tubes it isdecelerated and
absorbed by the collector. A magnet wound around the outside diameter of the collector
cancels the magnetic field within the collector region allowing the elebiam to
diverge and disperse its energy over a lamea of the collector. The collector
assembly is cooled with liquid nitrogen to remove the energy depositt: Bfectron

beam and the power dissipated by the magnet, and to complete the
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Figure 16. Schematic of trapping potentials and key features of EBIT.

Magnetic field

thermal shielding of the liquithelium reservoir.The collector isnormally biased at
1500 V to decelerate the electldeam andeduce the totgbower consumption of the
collector to abou40 Watts.The suppressor, alsdepicted inFigure 14 prevents
secondary electron®rmed asthe electronbeam is absorbed kye collectorfrom
traveling back into the dritubes.The extractomids in focusing ionfrom the Metal
Vapor Vacuum Arc (MEVVA) source (to be discussed below) theodrift tubes and

highly-charged ions out of the EBIT.

The ions to be studied or extracted from EBIT musinbeduced into the trap
region. There are fiveources of atomand low-charged ions iBBIT (1) MEVVA,

(2) Gasinjector, (3) Probe, (4) Electron gun, and (5) Residual Jd& MEVVA,
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located approximately one meter above the trap, iptingary source ofnetallicions.
The MEVVA produces metallic ions in an arc discharge between two electrodes. These

ions are accelerated toward the trap and captured fttref@rther ionization. When the

MEVVA is discharged, a 1Qis pulse of about 10ions, in low-charge states, is

focused intathe trap.This pulsecan contain virtually any metal. Tlyasinjector is a
differentially pumped ballistic gas jet that sprays virtually anydyastly into the trap.

The gas injector can be replaced by an ovenjéat thevapor of suitable materials. A

wire probe with small amounts odre samplescan be insertethrough a side port of

the center drift tube into close proximity of the electomam inthe region of the trap.

The electrorgun is a constant source of barium and tungsten tl@drapmust be
periodically emptied to eliminate a build up of these heavy elements, because heavy
elements in the trap displace lighter elements through collisions. The background gas in
the vacuum vessel is a constant source of atmospheric gases, which iansouadts

provide evaporative cooling of heavier elements in the trap.

A fundamental problem withll electronbeam ion sources that the electron
beam heats the ions the process ofonization. This increase in temperatean lead
to ion loss thus reducinifpe net efficiency of therocessThe addition of lightatoms
into the trapprovides cooling othe heavyelementsThe trappedons are in thermal
equilibrium, and since the trapping forca® directly proportional to the charge of the
ions, the low charged ions are not trappee@fisiently as thehigh chargedons. This

results inthe low chargedions leaking out of the trap at a higheate than theigh
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chargedions which removes much tfie kineticenergythat is added by the electron

beam. This cooling process allows the production of much higher charge states.

The extraction of highly-chargedns from an EBIT wasaccomplished by
Schneider et al. in (1990). The extraction can be accomplished in two modes, leaky and

pulsed. In both modes, the bias thie bottomdrift tube is slightly above thpotential

of the top drift tube (i.e5 100V). Inthe leakymode,the center drift tube potential is

set belowthe potential of either of the end diftbes. Asthe ions are heated by the
electronbeamthey eventually gaienoughkinetic energy to escape the potential well
formed bythe drifttubes and "leak" out dhe top of the trap regiowith an energy
defined by the effective potential of the ion tregative to ground. This method
provides a DC beam of highly-charged ions corresponding to about 3 noltisrper
second or about 20 pA of X& In thepulsed modethe potential of the center drift
tube is varied by a function generator forcing ittves to spill out of the top of the

potential well.This mode ofextractionprovides pulses witllifferent duty cycles and

pulse densities as high as 6000 ions in ud@ulse. Afterextraction, thelons pass

through the suppressor, collector, extractor, and an einzel lens, as pictured in Figure 14.

A fast switchingelectrostatic bendediverts the extracteibns outthe path of the

injected MEVVA ions andinto abeam transport system. A 98ector magnet is

employed to select the desired charge state. A typmattrum ofextractedEBIT ions
obtained by scanning the analyzing magneteigicted inFigure 17 Thetwo different
extractionmodesareshown inFigure 17and it is seerthat thepulsed modgdotted

line) produces more of the higher charged ions than the leaky mode (solid line). This is
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due to the higher trapping efficienbyr the higher chargembns. The two overlapping

spectra presented Figure 17show **Xe® ions with 13> q > 45. Clearly visible on

the righthand side of this figurare the contributionfrom *'Xe present in the Xe
supply. The pressure in the ion transport beam line is kept below 2trt@o reduce

charge exchange between the highly-charged ions and the background gas.

At this date there are seven EBITsthe world, three in the United States, one
in England, one in Germany, and two under construction (one in Japamather at

the Lawrence Livermore National Laboratory EBIT).
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Figure 17. Extracted Xeions from EBIT showing the pulsed mode (dotted line) and
the leaky mode (solid line).
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B. Experimental Setups

To collect the dataliscussed in this worthree experimentaetups were used
(1) absoluteelectron yield and electron energy distributid@) electron emission
statistics andotal emitted electron yieldand (3)relative electron yieldrom various

targets. These methods are discussed below.

Experimental Setup for Absolute Electron Yield and Energy Distribution
Measurements

The measurement of the electron emission yields as a functimtabpotential
energy for ions extracted from EBIT ranging in Z from 10 to 90 and charges up to 75+
incident on Cu and Au targets is described in this se¢itmbDonald etal. 1992). A
schematic representation of the experimes&lp isdepicted inFigure 18.In this
work ahighly-charged ion bearfrom EBIT was momentunanalyzed andocused
through an entrance aperture onto the target such that electron emission in the backward
direction could be analyzed. The targets wamnted on dinear motion feedthrough
to allow selection of different targets. The target holder could be retracted completely to
allow measurement of the incident ions. An open electron multiplier tube and a Faraday

cup were both used as ion detectors.

The spectrometer, which was designed for this work, is comprised ottmwoentric
spherical segments of machined aluminum with a mean radafsl® cm,the inner
radius R and outer radius Fare 10.6 and 13.3 cm, respectively. This spectrometer has

been discussed in detail elsewhere (McDonald 1990, Purcell 1938). Accurate alignment
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of the separation between the spherssgyments is accomplished figating the outer
segment on four spherésat have beemanufactured tahe diameter of the desired
segment separation. The spherical segments form an arc of 157.2 degrees when viewed
from the top. This angle takes advantagetio¢ second order focusing effects of a

spherical spectrometer.

Exit Slits
‘[ Chonnel Plate Detector

Negatw%
‘\\ Electrons

To counting Circuit

|. ||. | Positive I".I /Spec‘tr‘ome‘ter‘
L1 I".I
II\\ I\\ \ |
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\\\ _/Tar‘gets
~— Open Photo Multiplier
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To counting Circuit

/ T__-_-_--h__ I = Foraday Cup
' To Counting Circuits
Highly-Charged ions in I:)_’

Figure 18. Schematic diagram of the electron emission spectroscopy experiment.

The electrons are energy analyzetth the electrostaticspectrometer and
detectedwith a channeplate detectorBoth the analyzer and the detector are enclosed
within a magnetic shield to prevent perturbation of the-energy electrons by stray

magnetic fields. The geometrsolid angle is2.9 x 10' sr. The targetsconsisted of

evaporated self-supporting Cu and Au foils of ab@00 pg/cnt thickness. The
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resolution of thespectrometer is determined liye ratio of the exit slitvidth to the

dispersion,
A=BE_AW _ 10 _40g3, (11)
E D 120

whereAW is the exit slit width and® = 2T, s thedispersionThe targetas biased

to -100 V to overcomepace charge effects afmtus the electrondrom the target
surface intathe analyzer. Thgacuum inthe targetthamber was 2 x 10torr, which
implies undefined surface conditions for both the Au and the Cu target. This vacuum is
sufficient to prevent changes of the unprepasadaces duringhe measurements,
however, and the incident ion flux was sufficiently low stltdt targeichanges due to
projectile ion impactvere negligibleChanges irthe surface conditions ofhe target

could lead tochanges in the electroamissionyields over time, buthe electron

emission yields did not change on repeated data collection over several days.

A series of low-energglectron spectra are presented-igure 19for several
ionsincident on the Au target; the relatid®ubly differential (in energy and angle)
yields are plotted as a function of the electron enérgis doublydifferential yield is
given by,

v I (12
oEOd MOt AEN
where" is thenumber ofelectrons counted by the channel plate detetdr, is the

geometric solid anglé! is the spectrometer transmission efficiericyis efficiency of
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the photo multiplier tube{ is the efficiency of the channel plate detector, A is the

resolution of thespectrometer, E ithe electron energy, anld is the number of

electrons counted by the channel plate detector.

100

10

Number of electrons (relative)

Electron Energy eV

Figure 19. Electron emissiapectra followingthe impact ofvarious highly-charged
ions on gold.

Experimental Setup for Electron Emission Statistics and Yield Measurements

Measurements dhe totalemission of slow(typically E, < 50 eV) electrons

due to the impact aflow, (v, < 5 x 10 cm/s)highly-charged ions onleangold are

presented (Kurz «dl. 1994). Measurements efectronemissionstatistics have been

obtained with an experimental method developed by a Vienna group (Lakits et al. 1989,
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Lakits, Aumayr, Heim,and Winter 1990,Aumayr etal. 1991) and temporarily
transported tahe LLNL EBIT for the measurements presenthdre.Beams of ions

X9 with kinetic energies ranginigom (2.8 - 7 keV) care directed via &our-element
cylindrical electrostatiéens (notshown) toward alean polycrystallinggold target at
normalincidence.Electrons emittedrom the targetsurfaceare deflected and turned
around by a 96% transparent conical electrode, anddgns ofanother three-element

lens they are extracted from the target region, accelerated to 30 keV, and focused onto a
surface-barrier detector. A multichannel analyemsrordsthe resulting pulse-height
spectra. A schematic representation is shown in Figurgl#0entire apparatus can be

operated on variable potential to modify the impact energy of the incident ions.

The target surface was regularly sputter cleaned with 2-kéViofAs toprepare
and maintain a clean surface. A turbomolecular pump and a Ti-sublirpaiiop with
a liquid nitrogen-cooled baffle kept tHeackground pressure ithe detector region
below 2 x 10° torr during all measurementghe detectoassemblyand dataanalysis
procedure have been describedriare detail elsewhere by Kurz etl. (1993), Lakits,

Aumayr, Heim, and Winter (1990), Aumayr et al. (1991), and Tdoglhofer et al. (1993).

As mentioned befor¢he space charge of the electroeam inthe ion trap
lowersthe effective extraction potential experienced byidms by approximately 60-

80 V, depending on the operating parameters of the EBIT. Consequently, the actual
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Figure 20. Total electron yield measurement detector schematic.

kinetic energy of the extracted ions had to be determined for each projectile and each set
of ion source parameters. This could be accomplished by meathweimgn countate

at the target position as a function of a decelerating potential applied to the target and the
surroundingelectrodes. An example shown inFigure 21.Numerical differentiation

of the resulting smoothed curyeelded the relatetbn-beam energy profile (solikhe

in Figure 2). By means of tight collimation dhe ionbeam ancrecise alignment of

the deceleratiotens assemblyand also making use dfajectory calculations, it was
assured that steering and defocusing effecteeotieceleratiofenses had nmfluence

on the observed energy spread of the ion beam.
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Figure 21. Determination of kinetic energy of extracted EBIT ions.

Experimental Setup for Relative Electron Yield Measurements

Relative electroryields following the interaction of highly-chargeidns with
different surfaces wemneasured as shown in Figure Z2e relativeyields for the
different targets can be converted into absolute yieldadwgnalizing tothe absolute
yield measurement for gold presented above. hdted thatthis method ismuch
simpler to use irthe interactionchamber in conjunction with secondary iamass
spectroscopy (SIMS) measurements. tms method, which waddeveloped in
collaboration with the EBIT surface group, the highly-charged ion beanomsentum
analyzed and thefocused through an annulahannel plate detectanto the target.
Emitted electrons are accelerated back to the channel plate detector. The electronic
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signal on the anode is amplified and pulse hedgiatlyzed to give the relative electron

yield per highly-charged ion.

channel plates
electrons
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Figure 22. Schematic of the annular detector setup.

Two sample plotgare depicted irfFigure 23 The left hand side ofFigure 23
shows a comparison between electrons emitted following the interactich af GiQ
and gold targets, while the right hand side of Figurst&svs TH* on SiQ and gold
targets. In both cases the acceleration potential was 9 kV, or 7.4cml§ forthe G*
and 7.5 x 10cm/s for the TH*. Thesemeasurements wetaken with sputtecleaned
surfaces in amltra highvacuum systenmattached to the LLNLEBIT. The system
vacuum ismaintained below 2 x 10 torr to maintaincleansurface conditions for

analysis.
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IV. RESULTS AND DISCUSSION

Electron Energy Distribution Measurements Following Highly-Charged lon Impact

By measuringthe energy distribution of the electrons emitfetdowing the
interaction of highly-chargemns with surfacesthe contribution due to high-energy
Auger electrons could be determined. It is generally accepted that the contribution

Auger electrons due to inner-shell decay is small and decreases as Z increases since the

fluorescence yield increases wih while theAugeryield is basically independent of
£ . Figure 24shows a spectrurbtainedfrom N€* incident on a Cu targatith the
electron distribution and structure due to Ne L- &dhell Augerelectronemission
visible. The contribution of Auger electrons to tb&al emissionyield is lessthan 5%.
The Ne K-Auger electrons are visible at about 700 eV, whdeNelL-Auger electrons

are visible as a shoulder on the low energy continuum at about 90 eV.

Figure 25 shows a spectrum obtained frorff*Ancident on a Ciarget, where
the Ar L- and K-shell structuresre visible at abou800 and 2300 eVespectively. In
this casethe Auger electrons contributessthan 1% of the total electromsnitted. It
should benoted that the centroidnergy Ar K-shell Augespectra is shifted toward

lower energy, compared to the single-vacancy Auger lines,
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Figure 24. Electron emission from Nen a Cu surface, showing K- and L-shell
Auger electrons.
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Figure 25. Electron emission from ‘Aron a Cu surface, showing K- and L-shell
Auger electrons.
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by about500 eV. This is due tahe vacancies in the L-shell configuration of the
approaching ions anthe resultingstronger binding othe respective electrons. The
spectra consist mainly of a superposition of indistinguisheddiglite lines because the
energy differences between the characteristic energies oftthas#ionsarelessthan

the resolution of thespectrometer. Comparison #iese centroid energies with the
results reported by Stolterfoht (1987) and Schneider (188&) gascollision studies
indicates that at thigme of the Auger decay there are about 5 and 3 L-shell vacancies
on averagdor the cases of N& and Ar®, respectively. It is not possible traw
conclusions abouthe configurations of the otheshells becausehe characteristic
energies of the electrons are within tbe-energy continuum. Measurements for ions
with higher Z and q did not show any measurable contribditmn Auger processes.
These Auger emission results compare favorably with those presented by Folkerts and

Morgenstern (1990).

The measurements presented in Figuresii®w that the electroremission is
dominated by low energy electrons with a mean ener@poiit 20eV, whichagrees
well with predictionsfrom Bardsley and Penetran{@991) and Burgdérfer et al.
(1996). The absolute yields obtained by integration of doebly differential energy
distributions have been determined by the method described aboaecgpidtted as a
function of total potential energy in Figure 26. Data published by Delaunay et al. (1987)

for Ar*?*1#and Kt are indicated for comparison. figure 26the total
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Figure 26. Absolute total electron emission yield versus ion potential energy.

Data are for AY, Ne*, Ar'#, Ar'®*, X&®*, Xe**, Th’®, and TK** incident
Cu and Au targets at 4 x18nd 4 x 10 cm/s. Also showrare datdfrom

Delaunay et al(1987) for Af*, Ar®", Ar'**, Ar'*, and Ki* and theory
from Penetrante (1992).

electron yield increases with the total potential energy in the faoge 1 toabout 200

keV. The number ofemitted electrons per ion indicatdsat most of the potential
energy is not converted into tleenission ofelectrons and is maintained until the ion
actually reaches the surface. Delaunay et al. (1987) measured the total electron yield for
ions for avelocity of 2.0 x 10 cm/s on a tungstetarget,whereashe datapresented

here were obtained with dncident ion velocity of3.9 x 10 cm/s on Auand Cu
targets. Justification for comparing the results obtained at different incident velocities is
given by Delaunay (1987), where it was shown that the electron yield decreased by less

than 10% when the velocity was changed from 2.0'%d 3.5 x 10 cm/s.
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A recentcomparison of modetalculations andneasurements dhe velocity
dependence of Augalectronemission following K" ion impact on Au surfaces has
been reported (Meyer at. 1991, Burgdorfer and Meyer 1993)he calculations are
based orthe classical over-the-barrienodel where imageharge, screening effects,
and the saalled "peelingoff" of electrons in high n-states twss tothe conduction
band were taken into accountdiscussedThe datafrom N°* incident on a Au target
demonstrate the appearance of an "above the surface” component in the Auger structure
at sufficientlylow ion velocities (Meyer etal. 1991). Itcan be inferredrom these
studiesthat the electroremission observed ithe present casstemspredominantly
from the neutralizatioprocessesbove thesurface.The samecan also beassumed
from the broad Augeelectronemissionspectra observefilom N€* incident on Cu (
figure 24 ). It hadeen reportedAndré etal. 1991) that the electron yielihcreases
drastically with decreasing incident ion velocity due to the wider time-wiral@lable
for the neutralization processestéie placeabove thesurface.The measurecelectron
yield presented here is representative of electiftaitsescap&om the surface. For the
case of N& incident on Cu it can bassumedhat the ratio ofow-energy electrons to
high-energy Auger electrons is much higher than indicated because of the difference in
escape deptfor the Auger electrons compared tbe low-energy electrons. Aough
estimate forthe fraction of electrongproducedvia neutralizationbelow the surface
compared to those abovhe surfacecan be deduceffom a comparison of the
measured yield curve to calculated values for slower ion impact using the claskical
emission model (Bardsley and Penetrante 1991).yidie increasdor the ion species

studied here averages to about a factor wh2nthe velocity changefrom 4 x 10
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cm/s to 4 x 10 cm/s as shown ifigure 26 It should benoted thatthis is a crude
comparison since the calculation is incomplete and since the effect iofabecharge

acceleration is untested.

The total electroemissionyield shown inFigure 26increasegrom about 10
electrons per ion for N&to 180 electrons per ion for Phincident. The increase of the
measured yields with increasing total potential energy of the ions is shéugune 26
to be non-linear at an ion velocity of 4 x"1@m/s. This observation is iagreement
with those of Winter (1991) and d&vart (1987). Intheir discussionthe predicted
proportionality of electron yield with total potential energy is vailidy up tocertain g
limits above whichthe electron yield increasesower with potential energy than for
lower g.The existing experimentalatapresented previously Delaunay adt (1987)

indicate a linearise in electronemission withincreasing ion potential energy for

velocities up to 4 x 0cm/s. Extrapolation ofhese linearesults yieldsy 2 1600

electrons per incident idior Th™®*. The presentesults, while at a highefelocity, are

nearly an order of magnitude lower thawould be expectedfrom the above
extrapolation.For high Z highly-charged ions with inner-sheliacancies it can be
assumedhat theemission of much morenergeticAuger electrons or xrays occurs

which causes the loss of a substantial fractiothefavailable potentianergy. For the

case of Th* only about 2keV of the available198 keV potential energywould be
released via low energy electrons and no high energy electrons are observed. It has also
been reportethatlessthan10% of the potential energy of the ion is converted into

detectable x rays in the case of 7 keV x%ions on Be (Schuch et al. 1993he data
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show that for very highly-charged iongcident on metaburfacesthe total electron

emission is dominated by low-energy electron emissio8( eV).

Total Electron Yields Versus Projectile Charge State

An exactknowledge ofthe electron yield is crucial to amderstanding of the
highly-charged surface interactiofotal electron yieldmeasurements following the
interaction between highly-chargezhs andcleangold surfaceave beemperformed

as described above.

Figure 27shows some examples of pulse-heigpectrafrom different highly-
charged X& ions impinging on clean Au. Evaluation of pulse-height spectra similar to

those depicted iRigure 27provided the total electron yields and widthgh# electron

statisticsfor impact of various highly-chargegrojectile species (AY, 15< g < 18;

Xe™, 17< g< 51; and TH', 51< g< 80) on clean polycrystalline gold. The
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Figure 27. Typical pulse-height spectrmmeasured witlthe electron detectdior the
impact of highly-charged X&ions on polycrystalline gold.

nominal velocity of these ions has been varied from a féverh@s up to 5 x 10cm/s,
corresponding t&inetic energiefrom lessthan 10eV/amu up to 1.3 keV/amu. A

first, limited account of theseneasurements hdseen published byAumayr et al.

(1993). Forelectron yieldsy = 20, inelastic back scattering of electrofrem the

detector surfacedominates these spectra arginears out the structure. The

determination of themissionstatistics (i.e., the distribution @missionprobabilities
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W, for agivennumber of nelectrons) by fitting a lineazombination of peakhapes
accounting for electron back scattering (Lakits et al. 1989, AumayrE3&l) tothese
spectra became numerically unstablelsd amore suitable evaluatiomethod had to

be developed.

Similar measurements with projectiles in lower charge states (Kaiz1€92)
have shown that the probabilitydistributions for slowhighly-charged ion-induced

electronemissionare smoothand very close in shape ®aussian, and sare the

related pulse-height spectra. Theanvalue a of the pulse-heighspectrum should

result from the sum of the contribution @ectrons depositing their fulinetic energy
and the contribution of back scattered electrinad deposit only a fraction otheir
kinetic energy in theactive layer of thesolid-state detector. This ghown inequation

13,

a={1-F+Q-K)FtVes A 1-KF) Ves, 13)

where P is the probabilitythat an electron is back scattefenim the activesurface of
the solid-state detectdf; is the fraction of the original energy carriadiay by aback
scattered electron aryg; is the averagaumber ofelectrons emitted by or@ojectile

particle. Inorder to testequation 13pulse-height spectra were simulated liasar

combinations of knowmpeakshapegLakits et al.1989) andfitted to these spectra. It

was found thaequation 13olds very well for a wide range of yields (2§, < 360),

and is essentially independent of twalths of the Gaussian distributions used to
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simulate the spectra. Thesame proportionality was also found forthe standard

deviations of the probability distributions and the simulated spectra. To fenallyate
the measured spectra, the valfes 0.16 andk, =0.6 (determined experimentally as

well as by raytracing calculations (Lakits et @989, Kulenkampff and Spyra 1954))

have been adopted. The uncertaiiatythe totalslow electron yields determined in the

way just described has been estimated to be abét (cf. also Kurz et al. 1993).

In Figure 28the measuredtotal electronyields for two different projectile

impact velocities (y=5 x 16 cm/sand 5 x 10cm/s, respectively) are plottedersus

projectile charge state q. The electron yield increadbsincreasing q and up to the

highest charge states investigated no saturation of the yields coutbsieeved.

Evidently, everfor Th”®* the metalsurfacecan deliver up t840 electrons Y = 260

electrons are emitted and another 79 electrons are required to neutralize the projectile)
within the short time between the iompassingthe distance R and its complete

deexcitation inside thsolid. The mostextreme example encountered in thierk is

given for slow TH®* projectiles (Yy=2x 16 cm/s), which show #otal yield (mean

value of electron statisticg}= 280 with an electron statistic standard deviation 20,

so that about 15% of the projectiles give riseraission of 300 or morelectrons. In

total more than 380 electrons are extracted from the surface per highly-charged ion.
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Figure 28. Total electron yield plotted versus ion charge state.

The electronic levestructure, atomieiumber,and distribution of electrons on
the approaching projectilalso play an important role ithe electronemission
processes. Onmdication for this isthe discontinuity in the yieldfor different ion
species with equal charge (see Figure 28 fér &md X&' at q = 17, and Xé and TH*
at g = 51). A reason for thidiscontinuity is the higher potential energy carried by
lighter ions with thesamecharge whichthuscan extract anémit moreelectrons (see

discussion below).

A confirming example ishown in Figure 29, which comparése impact
velocity dependencies of already publistiel yields forslow N, Ar*®* and Xeé°*

ions, measured with a recoil ion source at GSI, Darmstadt (Kurz et al. T9@3olid
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curves are fits according to an empirically derived relation (Kurz et al. 1992, Kurz et al.

1993),

G

y(V,)= 2 +y,. (14)

P

The dashed lines otthe right-handside of Figure 29ndicate the respective
velocity-independent parts of the yields (iye.according teequation 1% N&®, having
the highestiotal ionization potential \W= 3600 eV, gives rise tthe highesttotal
electron yield of the three projectiépecies considered. Xéon the othehand, with
W, = 800 eV, emits onlybout half asnany electrons, and the yielkbr Arto W, =
1450 eV) is between the values for the two other species. However, the variation of the
yield as quantified by the parametey i€ equation 14is about twice as higfor Xe'**
projectiles tharfor Né° in the samevelocity range (2 x 10< v, < 1.5 x 10 cm/s).
This difference in the velocity-dependent parY ofannot be explained within the COB

model, because it assumes undisturbed autoionization transitions between H-like levels
which is not valid during the last phase of the approach of sifivt&a metal surface.
Model calculations similar to those presented by Kurz (1888 that a considerable

number of electrons can reach the
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Figure 29. Total electron yield versus projectile velocity fof’Ne\r'®*, and Xé°* on
clean polycrystalline gold. From Kurz et al. (1993).

n =5 and n = 6 shells before the projectile hits the surface. In the casl ofvitie its
permanently occupied n = 4 levels, one has to expect a sifturgnce of the ion core
on the structure of then = 5 and n = 6 levels, wieh play anmportant role in the

electron-emission process just in front of, at, and immediately below the surface.

Total Electron Yields Versus Projectile lonization Energy

Figure 30 shows forv= 5 x 10 cm/sand y = 5 x 10 cm/sthat the total

electron yields increase monotonically withe total potentialenergy W of the

projectile ions.
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Figure 30. Total electron yield plottedrersustotal potentialenergy carried by the
projectile ions.

Data are for TH (circles) and X& (triangles) at y= 5 x 16 cm/s (open

symbols) and 5 x 10 cm/s (filed symbols). Impact onclean
polycrystalline gold target.

For ions in relatively low charge statesX2) that have initiallycompletely full

inner shells a linear increaseyokith W, has been reported (Hagstrum 1954, de Zwart

1987, Delaunay et al. 1987, Delay at al. 1986, Fehringalt #0887, Kurz efal. 1993).

However, towards higher charge state29) thisdependencéecomedlatter as seen

in Figure 30. For both Xé and TH" ions,y approximately followghe square root of

the total potential energy carried by the respective projectiles. Discontinuitissiace
only where, for X& projectiles, L-shell vacancies appear (4, W, > 51 keV).
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Analysis ofthe slope ofthe curves in Figure 30 showkat the potentiaknergy of a
projectilewith a still intact L shell is converted into electramissionabout three to
four times moreefficiently (X&' - Xe**, ca.1.1 keV, and Th* - Th*"™*, ca.1.8 keV
required per emitted electron) than the extra potential erstoggd inthe projectile L-
shell vacancies (X& q > 44,ca. 4keV peremitted electron). Similar observations

have been made for NeK-shell vacancies (Kurz et al. 1993).

This lessefficient electronemissioninduced by highly-chargetbns with inner-shell
vacancies is anothestrong hint for the important role ofthe projectile electronic
structure. During the limited time betwethe first electron capture into highly-excited
projectile states and the impact of the projectile onstindace,deexcitation of the
resulting highly-excited hollowatoms isapparently tooslow to transferelectrons
efficiently into inner-shell vacancie€onsequently, there is good chancefor the
hollow atoms toarrive at thesurface with theirnitial K- or L- shell vacancies still
unoccupied. Asoon asall the electrons in higher n states have been peetbdsee
below) the projectile will be rapidly reneutralized afmm a modified hollow atom
uponpenetrating the targeturface. This renewedeutralizationmight involve either
resonant capture dhrget core electron@ith subsequent emission tdrgetAuger
electrons) orAuger transitionsbetween projectile antbulk electronic states. Either
process may cause emission of comparably fast electrons (e.gkinveitic energies in
the 210 eV range for Ar, = 9, and inthe 2.5 keVrangefor q = 17). These fast so-
called subsurface Auger electrons (Meyer et al. 1991, Das and Morgenstern 1993, Das
et al. 1992, Hughes etl. 1993, Aumayrand Winter 1994) might alsinduce

secondaryelectronemission fromthe solid. However,all subsurface processes are

60



comparably inefficient in terms of' the potential energy to be spent per emitted electron.

Quialitatively, their reduced efficiency can be held responsible for the transition from the

lineary versus gelation atlow ¢ to an approximatelinear gversus Vy relation for

high charge stategigures 28and 30 and (Kurz etal. 1993, Aumayrand Winter

1994)).

Impact Velocity Dependence of Total Yields

A slow highly-charged ion isacceleratedoward a conducting surface by its
image charge and thesan gain a considerabémount ofkinetic energy (ornthe order
3
of AEgim Dq/eV’ see below). Therefore, throughout this dissertatitime term

"nominal” projectile velocityrefers tothe velocity of theons ascalculatedfrom the
difference between the potential of the isource andhe target, i.e., thehosen

projectile velocity before the image charge has further accelerated the projectile ion.

Figures 31, 32, and 3Bustrate insome detail theobserved dependencies of

total electron yields on the nominal projectile veloédy different chargedons of Ar,

Xe, and Th,respectively. In the velocity rangg, & 3 X 16 cm/s the velocity

dependence is generally quite well describeckdpyation 14(see above), as hagen

indicated by dashed curves in all three figures.
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Figure 31. Total electron yield plotted versus nompralectile velocityfor Ar?* (q =
15, 17, and 18) on clean gold.

The dashed curves are fraguation 14wherethe values of C(2.0, 2.1,
and 2.6 x 16for Ar®* q = 15, 17, and 18spectively) and g(17.5, 24.0,
and 26.5 for A¥ q = 15, 17, and 18 respectively) were obtained from fits.
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Figure 32. Total electron yield plotted versus nomprajectile velocityfor Xe™ (q =
34, 40, and 50) on clean gold.
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The dashed curves are fr@guation 14wherethe values of C(8.5, 9.0,
and 10.0 x 10for Xe™ q = 34, 40, and 5@espectively) and g(45, 63,
and 95 for X& g = 34, 40, and 50 respectively) were obtained from fits.
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Figure 33. Total electron yield plotted versus nominal projeeélecity for Th (q =
61, 71, 79) on clean gold.

The dashed curveare from equation14, wherethe values of C(1.45,
1.80, and 1.80 x £Gor Th™* q = 61, 71, and 78spectively) and g(108,

136, and 173 for Th g = 61, 71, and 7€espectively) were obtainddom
fits.

For impact velocities greater than 2 10 ¥ Xn/s, the velocity dependendeecomes

rather flat. Toward the lowestvelocities (y < 3 x 10 cm/s), onthe otherhand, the

yields do not further increase steeply as predicte@dwation 14 because here the
acceleration of théons by their own imagechargebecomes important. This image
charge acceleratiogets an uppelimit to the available interactiotime until surface
impact. Consequently, an upper limit is set afeo the electron yields if this
accelerationdominatesthe projectile impacenergy. Usingthe onset of thisyield
stagnation, we can obtain the amounkioktic energy gained due to th@agecharge
acceleration, as will be shown in detail below.
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Oneattempt to derive analytically the velocity dependence wbuld assume

constant autoionization rate coefficierfte above-surfaceautoionization processes.

This would yield the number of emitted electrons proportionéthéainverseprojectile

velocity (y O v, 7). Using this assumption, slowprojectilesspend more time in the

interaction region between tliest electron capture and surface impact. Consequently,
more time isavailable to extract electrorfsom the conductionband via resonant
deexcitation and then temit them via autoionization.From the observed y'?
dependence, however, it can be concluded that the number of electrons emitted per unit
time due to autoionizatioprocessesactually decreases durinthe approach of the
projectile. With shrinking ion-surfacelistance the increasing competition of resonant
ionization with autoionization will reductine number of electrons availabldor the

autoionization processes and thinsit further increase of autoionization contributions

with decreasing impact velocity.

Width of Electron Probability Distributions

Besidesthe totalyields, whichare equal to theneanintegrated values of the
electron statistics probability distributiorthe measurecelectron statistics spectra also

show characteristic widths. Figure 34 shows an altimeesar relationshigor Xe* and

Th™ projectiles, at a given impact velocity % 5 x 10 cm/s, between the standard
deviationso of the electroremissionstatistical probabilitydistributions, as derived by

the Gaussian fitdrom above, and theimean valuey. Electron emissiorstatistical
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distributions measured for lower impaetlocities show the same trend, but the
corresponding data scatter more than in the case given in Figure 34, intimsame

raw data as for Figures 28 and 30 have been used.

For a Poissorprobability distribution thestandard deviation is not fee
parameter, but rather = y*? as is shown byhe solid curve in Figure34. For high
electron yields, thePoisson shapepproaches a Gaussian shape. However, the

experimentally obtained electron statig#tS) distributions at higher yieldsy (> 100)

are broader than Roisson forthe same mearvalue, i.e.,0.4> O whereas for

Poisson
yieldsy < 100 they become narrower. An earlier study with Arojectiles (g 16y <

30) (Kurz et al. 1993) showed that the electron statistics involved standard
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Figure 34. Standard deviatianof the electron statistics probability distribution versus
mean valuey.

For comparison, the relation betwegando for a Poissoniaprobability
distribution @ =y*?) is indicated by a solid curve; tisashed curvehows
the relatioro = 0.85 xy"? found for Af* projectiles (o= 16) (Kurz et al.
1993), and the dotted line is a linear fit to the data.

deviations of abouB5% ofthe square root othe yields ¢ = 0.85y*?), this is also

plotted in Figure34. These comparablgarrow electron statistics have been explained

by the contributiorfrom the peelingoff of a relatively large and rather well defined

number (= g ) of electrons still bound in highly excited projectile states at the instant of

surface impact. A straight line provides a reasonable fit todteas well ashown in

Figure 34.
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The relativelybroader electroremission statistical distributions obtained for

highy in the presenstudies presumably resditom two causes. First, for ionsith

higher charge g there will be a relatively higher fraction of the above-surface

autoionization processes (the velocity dependent paytsdfigures 32 and 33)hich

were found to provideéhe main contribution to the electron statistiegidths in the
model calculations mentioned aboy&urz etal. 1993). Second, subsurface Auger
processes anthe subsequent emission of slow secondealgctronsfrom the solid
should contribute more efficiently to the totalyields. With higherprojectile charge,
there is an increase in the chance thaer-shell vacancies wilkurvive projectile
penetration of thesurface and produce secondary electrons. Stheesubsurface
secondary electronsare produced with relatively broad emission probability
distributions, they will accordingly contribute the increased overalidths of the

electron statistics probability distributions.

Image Charge Acceleration and Distance of First Electron Capture

The collectivedynamical response dhe metal conduction electrons to an
approaching chargephurticle infront of the surfacecan be described by the classical
concept of an image charge if the partidees notmove too fast and ithe distance to
the surface remaingarge compared tahe atomic separation distance of the surface
atoms. In the present context, where the ion moves slowly at large distances in front of

a gold surface, these conditioase well satisfied and the classiaahage charge

-_4q
potential,vim(q)_ z 7 WhereR is the distance to theurface,can be applied to
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properly describe the interaction of the projeatii¢h the conduction-band electrons. It
must be noted, however, that the ion charge is rapidly diminished dherapproach
towardthe surface oncéhe critical distanc&, hasbeenpassedBetweenR, and the
surfacethe image chargepotential,though decreasing becausetbé& decreasing ion
charge, continues taccelerate the projectidward the surface until ithas become
completely neutralized. The resulting gain in Kigetic energy of the projectilsets a

lower limit to the achievable projectile impact velocity and thus limits the restitialg

electron emission yield

Plotting the measuredelectron yieldsversusthe inversenominal projectile
velocity v,* permits the direct evaluation of the gain in impact velocity due to the image
charge attractionFigure 35 shows for TH ions howthe relatedminimum impact
velocity can befound from the intersection of the saturated yield value and an

extrapolation of the yield dependence accordingamation 14(dotted curve in Figure

35), wherethe parameters Candy, have already been determined by fits at higher

impact velocities. In this particular case the gain in kinatiergy due to imageharge

attraction, i.e., the lowest achievable impact energy is found to be 7/8DeV.
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Figure 35. Total electron yield versus inverse nominal projectile velocity for impact of
Th'** on clean polycrystalline gold.

These data are the same as in Figure 33.

As an alternativapproach, a second term time denominator of equation 14
could be added to accouftdr the image chargeaccelerationHowever, attempts to

determineAE, ,, by such a three parameter, (&, AE, ) fit to the measureg versus

V, characteristics turned out to be rather sensitive to the scatter of the relstnadly

number of data points.

Vertical error bars in Figure 35 correspondhe mentionedt 4% uncertainty

of the totalslow electron yields. The horizontarror barsgive the uncertainty for
determination of the impact velocity, resulting maifilym the limited accuracy of the
voltage measurements for finding the nominal kinetic enerdiieoprojectile(see also

Figure 21 and related comments). The error in the voltage measurement is estimated to

69



be lesghan+ 1 V and thus results in an error of lekan+ g eV for the nominal

kinetic energy of a projectile ion % It has to be stressdtere that the lattegrror
applies to the uncertainfgr the determination of the centroid of tlmm-beam energy
distributions dN/dE (solic¢turve in Figure21), which defineghe zero poinfor the
potential difference between ion source and target. The widtieagnergy distribution

in Figure 21 is much larger than the uncertainty of its centroid position, buwtdhid

be of importance only foratherslow projectiles, wherghe image chargecceleration
rather than the nominal kinetic energy determines the effective velocity of the projectiles

during the last part of their trajectory.

With this simple method impact energy gains due to image claaggeration
have been determinddr six different highly-charged ion species and plottentsus

projectile charge state q Figure 36.The dashedine plotted inFigure 36 shows the

3/2

dependence ofA\E, as predicted by the classical over-the-barneodel

q im
(Burgdorfer and Meyer 1993). In contrastthe presentmeasurements, Ar (Winter
1992) and X& (Winter etal. 1993) ion imagecharge accelerations have been
determined from the change of the specplajectile scattering angleith respect to a

single-crystal targesurface bombarded undgrazing incidenceResults of those

scattering experiments suggested a saturation of the image charge acceleration at charge

states around g 30. The data presented in Figure 36 do not show any

70



Lool ——— 9 Depencence |
[ = Experiment a
S sod = H.Winte eal (1993)1 {Thm
c 600 I' TH
_. i -]—I,?1+
W40 ) b
| 40+Xéo+
of e
Of @
0 20 40 60 80 100

| nddent 1on Charge ()

Figure 36. Kinetic energy gaikE,

g, im
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due to the image charge attraction plottedsus

These kinetienergy gainsAE, ;, were determined usinthe method of
Figure 35 for the impact of highly-charged Xe and Th (ssyichbols) on
clean polycrystallinggold. Datafrom H. Winter etal. (1993) are also
shown (open symbolsYhe dot-dash curveshowsthe ¢? dependence of
AE_ . as predicted by the classical over-the-bamedel (Burgdérfer and

q, im

Meyer 1993).

saturation for ions itharge states up @+, however. Possiblexplanationdor this

discrepancy have been proposed by Aumayr and Winter (1994).

Figure 37 illustrateghe development ofprojectile charge(smoothed) and
kinetic-energy gained by a THion approaching a Au surface undbe assumption
that electrons are immediately captured from the conduction band as sapatsn 7

for R, is satisfied ("staircase" approximationtbe classical over-the-barrienodel).
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At R_ =64 a.u., the ion has already gained about 75%eamage chargecceleration

energy (marked by aross). Atdistances<s R, electron capture leads to a gradual

reduction and eventual termination of the acceleration.
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Figure 37. Instantaneous charge state q (dashed curveglatedi energy gain due to
image chargecceleratior(solid curve) of a TH" ion approaching alean
gold surface.

For a gold target (work function Y\= 5.1 eV), the kinetic energy gained by the

projectile up to the point of first electron capt%& amounts to approximately 0.033

g% a.u. (Burgdorfer and Meyer 1993). &dldition, an energy of abo0t011 d§? a.u.
(Burgdorfer and Meyer 1993) will be gained during the ongoiegtralization between

R. and surface impact. Thereforepm@jectilewith initial charge gshouldgain atotal

kinetic energyAE

g, im

due to image charge acceleration in front of a Au surface of about
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0.044 d?% a.u. (dot-dash curve in FiguB6). For sufficiently high gthe fraction of

image acceleration gained before first electron cagifrg, can be derivednalytically

from the COB model (Burgdorfer and Meyer 1993),

2 2
AE, :§AEqim:_q_:MDﬂu_q%_ (15)
© 4T AR afegr2 a2

Within the still considerablerror marginsthe values ofAE, ; as derivedfrom the

measured impact velocity dependencyg aife reproduced by this curve quite well.

Because the projectiles experience the major part ofithage chargecceleration
already before neutralizatiohas starteddetails of the subsequentneutralization
processegare notvery decisivefor the totalamount of energgained. Therefore, one

can utilizeequation 150 estimate the distance. Rf first electron transfefrom the

¢
measured image charge accelerat%rggmz-—. The resultsare presented iRigure
q,im

38 together withthe prediction of the classical over-the-barmeodel according to
Equation 7which shows satisfactory agreement between the experimestatd and

theoretical expectations. An earlisrodel (dashedine) developedor ions in lower

charge states<(10) (Apell 1987) obviouslyails for the currently investigateanuch

more highly-charged ions.
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Figure 38. Ciritical distance R(solid curve) of first electron capture versus charge g of
the incident ion.

The derived values correspond, within the given errors, with predictions of
the classical over-the-barrier model. Also shown (dasihedlis an earlier
model from Apell (1987) developed for low charge state ions.

Relative Electron Yield Measurement Results

Relative electron yield measurement results are presentgdure 39. Thidigure
showsrelative electron yieladneasurements, normalized ttte absolute yieldor Au
(Kurz etal. 1994) (shown ashe open square), for oxygen, xenon, and gold ions
incident on several targets. The targetsployed herere Highly Oriented Pyrolytic
Graphite(HOPG), calcium fluoride, gold, and silicon dioxide. These targets were
situ sputter cleaned regularly. The electron emission yield increased byla86after
the initial cleaning of theyold target.The results ofthe gold measurements in this

method are rather similar to the two experimental methods reported above
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Figure 39. Relative electroryields for oxygen, xenon, and gold ions on various
surfaces.

(electron energy distribution and statistneasurements). It isteresting to not¢hat

the targetwith the greatest electron yield is not theld, butthe HOPG. It isalso
interesting to note that an insulating target Ch&s alarger electroremissionyield

than thegold target in agreemenwith the recentresults foranother insulator LiF
(Limburg et al. 1997). It is possible that in the case of an insulattartdpet charges up

as electrons areemoved fromthe surface. This positive charge then decelerates the
approaching ion allowingnore time forabove surfacgrocesses and highetectron
emission. The reportedatafor the SiQ target are in apparedisagreement with this

scenario, however. Thesdata arepreliminary andare still under investigation.
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V. CONCLUSION & SUMMARY

The interaction ofslow highly-charged ions with surfaces involves various
electronic excitation and deexcitatipnocesses ofhe projectileions aswell as the
target atoms. The emission ofelectronsfrom surfacescaused by thesprocesses
depends onthe ionization statespecies, and velocity ofhe incidentions. This
dependencéas been studiedor different targets and projectigpecies with charge
states ranging from ®Oto TH** and energies rangirfgpom 10 eV/amu to 2 keV/amu.

The experimental results confirm that the majority of electrons form a broad continuum
centered at about 20 eV electron energy. The maximum number of emitted electrons is
found to be 30@lectrons per ioror the case oflow TH® on Au. Higherenergy

Auger electrons from projectile deexcitation contribute a decreasing fraction tkahe

yield of emitted electrons as the Z of the projedtiereases. The contribution to the

total electron emission yield is measured to be less thafob%e’™ and lesghan 1%

for Ar'®*, For incident ions with 2 54 no Auger electrons were be detected.

The early indications that the totalimber of lowenergy electrons emitted in

slow highly-charged ion surface interactions increased linearly with chargebleave

demonstrated not to hold forxql8. It hasbeenshownthat the total electroeamission

yield at these velocities is approximately proportional to the square rtlee pbtential

energy of the incident ion instead.
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The discontinuities in the electron yielits metal targets as a function of ion
charge indicate that it is the potential energy and not the charge that govaramtier
of electrons emitted. Projectilens with lower Z butthe samecharge carry higher
potential energy and cause higher electeonissionyields on metal targets. These
discontinuities are nodbvious inthe case of insulating targets indicating that other

processes may be at work

The total energy deposited per incident ion far exceeds the energy of the
integrated emitted electron yields per ion. Elecgomssionaccounts for lesthan 5%
of the total potentiaknergy carried into the interaction by the approaching highly-
charged ion. In order taccountfor this discrepancyome other energy deposition
mechanisms must bavolved. Thesgrocessesould include thdattice response to
the approaching ion (i.ephonon andplasmon excitation), x-ray emission, and

sputtered particle emission.

Classical fieldemissiontheory for ions incharge states up t©0+ and the
classical over-the-barrienodel for ions incharge states up 5+ accurately predict
the number ofelectrons emitted followinghe interaction of highly-chargadns with
metal surfaces. Within the scope of this dissertatienclassical fiel&emissiontheory
has beenmodified and isable to treat the electroemission for insulators and

semiconductors reasonably well in comparison to the experiments.

The technique of measuring the statistics of highly-charged ion in@éleeicon
emission frommetal surfaces precisely determiriel electroryields and widths of

the related probability distributions for highly-charged ions. The deceleration of the ions
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from EBIT allowed the impact velocity range to be extended toldeest impact
velocities. As the ion velocity is decreased the electwnission increases. This is
explained by the longer time available for autoionization to pd&kesbefore impacting

with the surface.The lowest possible impactelocity is limited by themage charge
accelerationyhich hasbeen deduceftom velocity dependenceneasurements. This
allowed the determination of the kinetic energy whicklcav highly-charged ion gains

due to the attraction by its own image charge. Agreement with theoretical predictions of
the semi-classical over-the-barrier model for image charge acceleration energies as well

as for the related distances of first electron capture have been confirmed.

Most of the trends already observed with projectiles in lowraadiumcharge

states (gg 25) continue to the mudhigher ionic chargeased inthe presenstudy. In

particular, no saturation of thital electron yield isfound with furtherincreasing

charge state and/or total potential energy carried by the projectile ions.
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