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Liouville master equation for multielectron dynamics: Neutralization of highly charged ions
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We present a simulation of the neutralization of highly charged ions in front of a lithium fluoride surface
including the close-collision regime above the surface. The present approach employs a Monte Carlo solution
of the Liouville master equation for the joint probability density of the ionic motion and the electronic
population of the projectile and the target surface. It includes single as well as double particlddetei-
tation processes and incorporates electron correlation effects through the conditional dynamics of population
strings. The input in terms of elementary one- and two-electron transfer rates is determined from classical
trajectory Monte Carlo calculations as well as quantum-mechanical Auger calculations. For slow projectiles
and normal incidence, the ionic motion depends sensitively on the interplay between image acceleration
towards the surface and repulsion by an ensemble of positive hole charges in the Strdageoline effect”).

For N&* we find that image acceleration is dominant and no collective backscattering high above the surface
takes place. For grazing incidence, our simulation delineates the pathways to complete neutralization. In
accordance with recent experimental observations, most ions are reflected as neutral or even as singly charged
negative particles, irrespective of the charge state of the incoming ions.
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[. INTRODUCTION thermore, the local positive charge at the surface influences
the projectile dynamics. In fact, Brianet al. [11] put for-

The fabrication of clean surfaces under ultrahigh vacuunward the intriguing hypothesis that the repulsive interaction
conditions has stimulated experimental studies of the interbetween the holes and the projectile can become stronger
action of ions with surfaces. Possible technological applicathan the attractive self-image force and eventually lead to the
tions include surface diagnostics and surface modificationhackscattering of a still multiply charged ion high above the
e.g., edging of microstructures. Apart from interpreting ex-surface without touching it. This “trampoline effectFig. 1)
perimental results, the theory of ion-surface interaction poseshould be distinguished from the more conventional back-
an interesting challenge because of its intrinsic many-bodgcattering due to close binary collisions with surface ions as
character and its interdisciplinary connections to differentwell as from scattering at the macroscopically charged-up
subfields of physics. Methods from solid-state physics, mosurfaces. Figure 1 also illustrates that electron capture at
lecular physics(quantum chemistyy and atomic collision large distances from the surface leads to the population of
physics are applied in order to describe the charge exchand®ydberg states of the projectile. Since some of the inner
between surface and projectile and the ejection of secondashells are unoccupied, such a transient state is called a hol-
particles[1,2]. Only a few simple model systems are cur- low atom/ion[12,13. Since conduction electrons in metals
rently amenable to full quantum-mechaniedl initio calcu-  are delocalized, the system has approximate cylindrical sym-
lations (see, e.g., Refd.3-5]). For more complicated sys- metry, and simple analytical estimates of the rates for elec-
tems, the challenge to theory consists in finding realistidron transfer over the potential barrier between the surface
simplifications and approximatio$-9]. In the case of a and the projectile can be obtaingl. For ions in front of an
highly charged ion approaching a metal surface, a classicahsulator surface such as LifFig. 1(b)], the modeling of
description of charge transfer within the framework of thecharge-transfer events is far more involved. In this case, va-
“classical over the barrier” model has turned out to be quitelence electrons are localized around ionic centers and the
successfu[6]. lack of symmetry of the electronic potential impedes a

The interaction of ions with insulator surfaces adds addisimple determination of electron transfer rates. During the
tional degrees of complexity. Electron transfer from an insu-approach of the ion to the surface, hollow atoms decay by
lator surface to the projectile ion can lead to a local micro-electron loss to the surface, intra-atomic Auger processes,
scopic charge up of the surface. Through self-trapping ofind level promotion. This, in turn, opens up the possibility of
electronic defects, the recombination energy of the projectiléransfer of valence electrons into more tightly bound states of
ion (i.e., the potential energy that the ion carries into thethe projectile. The formation of electron holes in the surface
collision with the surfacecan be converted into kinetic en- reduces the capture rate of electrons unless the holes diffuse
ergy of surface atoms and can lead to the ablation of secondhrough the crystal. Therefore, both the mobility of holes in
ary particles from the surfadgotential sputteringi10]). Fur-  the crystal and the subsequent capture of more tightly bound
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for the neutralization of multiply charged ions in grazing
incidence scattering. In Sec. Il we give an overview over the
theoretical framework of the Liouville master equation. Sec-
tions IlI-VI are devoted to the calculation of the interaction
potentials as well as of rates for various electronic processes
controlling the dynamics of ion-surface interactions. Even
though anab initio calculation of the rates appears not fea-
sible at this moment, we attempt to provide estimates of all
rates entering our simulation that are free of adjustable pa-
rameters. We also disentangle the processes that were previ-
ously called “side feeding.” This term was originally intro-
duced as an additional mechanism for electron transfer into

self-image inner shells in order to explain the rapid neutralization and
acceleration relaxation seen in the experimeiitss,16. We identify side
feeding for LiF as originating both from resonant sequential
electron capture from the same F site and from Auger pro-
Q cesses. As first applications, we will present in Sec. VIl
b) 7 oo simulations for both vertical and grazing incidence of a
e/ \ ®F highly charged N¥* ion. Atomic units are used throughout
&L unless stated otherwise.
o
© - \® - 6 « & - @ Il. THEORY
e 4 @ & < o -

A. Rate equations

We begin by briefly reviewing previously employed rate
equation methods for mean values of observables such as the
mean occupatiorP,=(P,) of the nth shell of the incident

FIG. 1. () Schematic diagram illustrating different possible ion Projéctile. For an extensive analysis of the different pro-
trajectories: penetration, reflection via a binary collision with a top-C€SS€S that enter the ion-surface interaction, we refer the
most atom at the surface, and reflection at large distances due to th@ader to earlier reviewe.g., Refs[1,2]). Here, we briefly
repulsion by the holes created at the surface. The figure also illug€call the generally accepted scenario. At large distances,
trates the formation of a hollow atom/ion in front of the surfé@te  €lectrons are transferred from the valence band of the surface
cloud around the ion corresponds to the charge density of electrort® the projectile by resonant captui€) into outer shells of
transferred from the surface to the JoiThe ion is attracted to the the projectile, leading to a highly unstable hollow ion/atom.
surface by the interaction with its own image while the holes in theThis system decays by resonant electron (9o the sur-
surface cause a repulsive force onto the projectile nucleus that ce and by intra-atomic Auger decpgutoionization(Al)].
only partially screened by the electrons in shells with high quantunor light projectiles, radiative decay rates are several orders
numbers(b) Subset of processes occurring during the approach obf magnitude smaller than typical Auger rates, and can be
a multiply charged ion towards a LiF surface: electron capturegafely neglected. Close to the surface, additional interatomic
electron loss, hole formation, and hole diffusion. Auger processes may take p|ace, name|y, Auger Capture

(AC) and Auger deexcitatiofAD). During AC one electron
electrons from the same ionic site have to be included in &rom the surface is transferred to an inner shell of the pro-
realistic description for insulator surfaces. jectile and the excess energy transfers another electron from

In this paper, we extend previous analy$@d4] of ion  the surface to the continuum. AD denotes the demotion of an
neutralization in front of insulator surfaces to include severaklectron from a higher projectile state to a lower projectile
additional processesi) multiple sequential electron transfer state with the simultaneous emission of an electron from the
of electrons from and to the same fluorine sifi¢) inter-  surface. Finally, for very close distances to the surface, reso-
atomic Auger transitions, an(i) the interplay of hole mo- nant capture from core electrons may play an important role.
bility and charge transfer. Our analysis is based on an exAs will be described below, for LiF surfaces the latter can be
plicit treatment of the multielectron dynamics within the ignored.
framework of a Liouville master equation. It allows for an  The interaction of a highly charged ion with a surface is a
approximate treatment of the correlated dynamics of holérue multielectron problem. Drastic approximations are
formation in the solid and multiple excitation in the projec- therefore inevitable to reach a starting point for quantitative
tile by means of a Monte Carlo event sampling. This descripsimulations. The first step consists of breaking down the
tion goes beyond the previously employed rate equations fomultielectron problem into a sequence of one-electron and
single-particle expectation values as it deals directly with thewo-electron processes. Resonant electron capture and loss
joint probability density of projectile and target degrees ofare one-electron process@s single electron-hole pair exci-
freedom. This allows us to make predictions for the existenceationg, whereas Auger transitions correspond to two-
of a trampoline effector the lack theregffor LiF as well as  electron processe®r double electron-hole pair excitations
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Additionally, effects of collective screening by “passive” relaxation times of the order of the inverse plasmon fre-
electrons need to be included. A second step is the use of tm&uencyrrmwgl. Clearly, for insulator surfaces such as al-
fixed ion approximation(FIA) [17], within which rates for  kali halides(LiF) discussed in the following, this approxima-
all electron processes are calculated in the limit of zero vetion breaks down and the coupling of the projectile and target
locity (R=0) of the projectile, i.e., they are assumed to beelectronic degrees of freedom should be taken into account.
The rate equation approach for mean values, i.e., for one-
point functions, is clearly inadequate; and instead, a formu-
rJatlon containing the information on many-point correlations
§s desired.

only parametrically dependent on the position of the RN,
The latter is justified only for slow collisions. As will be
discussed below, grazing incidence scattering with slow pe
pendicular but fast parallel motion falls somewhat outside o
the scope of the FIA. For surfaces with approximate transla- o _

tional symmetry in the surface plane such as metals, this B. Liouville master equation

latter case can be treated within the framework of a Galilei \We formulate now the problem of conditional dynamics
shift of the conduction banf2,18-20. No such simplifica-  in this multielectron system in terms of the joint phase-space

tion is available for ionic crystals. We therefore restrict our- . . - L
. . . . . (P) (F)
selves to the simulation of collision systems with velocitiesProPability densityp(t,R,R,{P*”},{P™}). It depends on

v=0.1 a.u. for which the FIA is approximately valid. the phase-space coordinaté® R) of the projectile as well
Rate equations for ion-metal surfaces describe the evoluas on the “string” of integer occupation numbers character-

tion in terms of mean value®,=(P,) of the set{P,} of izing the internal state of the projectile,

populationsP, of the n shells, wheran is the principal quan- o o

tum number and &P,<2n? The evolution of P, is (PO =(PP), ... P P}, 2.4

coupled to that of the average position vectét

=(R«,Ry,R,) and velocity vectolR, of the ion(we use a
coordinate system whose origin is at a surface F atom such 0=P(P<2n? (2.5
that thex andy axes are parallel to the surface and trexis

is perpendicular to the surfacérhe dynamics oR, R, and andP, denotes the occupation number of continuum states
{’Pn} is governed by a system of Coup|ed rate equations in(ionized electrons Furthermore, it depends on the strings of

volving the transition rates for the various processés,y-, ~ occupation numbers of localized hole states in theogbit-
YAl 4AC and yAP, als of the various surface fluorines:

wheren,,,, is the maximumn shell considered,

(PP ={PF) P ... POL. 2.6
=yS(R) + %A%(R) — yH(R) Py + 2 Yoy g (R)P, 0.00'P10,0 a

d
dt
n'>n Deeper lying shells, e.g., F £2, are not expected to provide
1 . Al 2 important contributions because of their increased binding
t5 v n P2, E [7 °(R)P,+ Yo Pl energy that suppresses over-barrier transitions and, in addi-
n’<n tion, because of their small statistical weight compared to

(2.2)  that of the 2 subshell. The subscript denotes the lattice site

coupled to Hamilton's equation for the average ion trajec: a=(i,j,k) of the hole in the sublattice of fluorine sites with

tory, (F)

y O0<P; '<6. (2.7
ifg: |§ (2.20  The above description in terms of localized holes holds, be-
dt cause the valence band of LiF is, to a good approximation,

q. . represented by occupiethrbitals of F. Inner-shell contri-
as R butions can be safely neglected. We, furthermore, neglect the
dtR M m VRVe(R{Pob), 23 conduction band that lies above the vacuum ionization

threshold as well as the presence of localized surface exci-
whereM is the mass of the ion and, is the effective inter-  tonic states. That is, the loss channel included represents an
action potential of the ion with the surface, which dependselectron lost from the projectile, which recombines with a
on the set of average populatiod®,}. Details of the rates hole in the valence band. In line with most previous rate
appearing in Eq(2.1) will be discussed below. One of the equation model§6,8], we only distinguish populations of
fundamental assumptions underlying E6B1)—(2.3) is that  different principal shells of the projectil®,,, in Eq. (2.4)
the state of the surface remains unchanged during the sca#ithout differentiating amongn(l) subshell populations or
tering process and remains decoupled from the dynamics afdividual configurationsrgl,n’l’, ... )?*L (for an excep-
the internal state of the projectile. This is based on the astion, see Ref[21]). Clearly, this is a drastic simplification
sumptions thati) holes are refilled quasi-instantaneously andthat can only be justified in that the extracted observables
(i) excess charges that enter the conduction band througtontain averages over subshells and relevant transition rates
electron-loss processes are carried away equally fast. These be discussed below are relatively insensitive to the indi-
assumptions can be justified for metals with typical shortvidual configurations. Because of the dependenge @i the
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B 2)_1AC AD Al
phase-space coordinateR,R) of the projectile as well as [@=TACHTAPH AL (2.13

. P) p(F)
the state space varlabI.E’ﬁ P " rather than only the mean e have dropped the arguments for the dependence on the
yalues, it contains the mformatlpn on the conditional dynamphase space coordinates as well as on the strings for brevity.
ics of the projectile population in the presence of target exConsider, for example, captu In this case, the change of

citations. In principle, the multielectron dynamics can be dey,q strings in the transition raeS(R,{AP™1 {AP®} are
scribed by a hierarchy oN-point correlation functions, an constrained by

example of which are two-point functiod®,,P,). The in-

formation on the complete set ®f-point correlation func- Nmax Nmax
tions is included irp. The equation of motion g is of the > APPI= (PP —p/Py=11 = (2.143
form of a Liouville master equation n=1 n=1
Jd L oo 1 . - (F)_ (F) r(F)y —
— +R-Va— —(VaV,)-Va|p=Rp, (2.9 2 APT=2 (P -PIT)=-1.  (214b
at M P a a
where the “relaxation”(collision) operatorR is given by The sum in Eq.(2.143 extends only up tm=np,,, but

excludes thel component. Constraints analogous to Eq.
(2.14) can be given for all other processes indicated by Egs.

Bp= > X [[(R JAPP}{APP})p (2.12 and(2.13 (see below Clearly, determination of this
PPy (p/(Fy multitude of rates requires a wide array of additional and, in
R part, drastic approximations discussed in the following sec-
—T(R; {—AP®}{—APP})p]. (2.9 tions.
In Eq. (2.9), the following shorthand notation for the transi- C. Monte Carlo solution
tion rates between joint projectile and target strings have _ ) . .
been used: Direct integration of the Liouville master equati¢p&q.
(2.9)] appears to be extremely difficult in view of the large
= P (F) number of degrees of freedom involved. We employ, instead,
F(R{APT}{APT) a Monte Carlo sampling technique for ensembles of stochas-
:F(ﬁ'{P/(P) _}P(P)},{P/(F)HP(F)})’ tic realizations of trajectories. We follow a large number of

ionic trajectories with identical initial conditions for the

phase-space variabl&R as well as for the strings along an
R event-by-event sequence of stochastic electronic processes
I(R{-APPL{-APP)}) whose probability laws are governed by the rates of the un-
- derlying Liouville master equation.
=T(R{PPI—P' ™} {PAI—p1 O}, Ir)1/ p?actice, the time intggration is carried out by propa-
(2.10b gating the system during small time steps and taking the
limit At—0 such that at most a single electronic transition
The transition rates are dependent on the local position of thean take place during this time period. The probability for
- any process with transition raté® to occur within a time
interval At is determined by

(2.10a

ion, R, but are assumed to be independenRdf line with
the fixed-ion approximatiorp’ (p) in Eq. (2.9) denotes the
density at the(un)primed “coordinates” of the string. The We(At)=1—exp(— AtT9). (2.15
effective projectile potentid¥, that governs the ionic motion

will depend, in general, on the strings as well, i.¥;  |n order to decide which electronic transition occ(ifsany)
=V,(R{P®}{P™}). In the transition rated” of Eq.  during the time periodit, we use the so-called rejection
(2.10, we include single {*)) and double ['?) particle- method for the distribution equatigi2.15. A random num-

hole (de)excitation processes, ber r is generated uniformly in the interval (0,1) for each
transition. If r<W“(At), the process is assumed to take
I'(R{APPY {APE) =R {APP} (AP place andP{”) andP() are then adjusted,
+TA(R(APP} (AP}, AP =P (t+ A0~ PP(H)=+0.1.2,
(2.11)

AP =PO(t+an-PO()=+012, (216

whereT'™) contains the contribution from resonant capture ) ) )
C, resonant losg, hole hoppingH, and ionization by pro- depending on the proceasunder consideration. At the same

motion through the continuum while I'® includes the con- f[img, the coordinate and velocity of the HCI are propagated
tribution from AC, AD, and Al i.e., in time according to

TW=TC4TL4THAT! (2.12 FE(t+At)=§(t)At, (2.17)
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The potential\/g contains the interactions of the ion with
all sites of the LiF crystal with a lattice constamt
=3.8 a.u. Two contributions t¥3 need to be considered, the
long-range potential\/‘O”'C of the ionic cores with the
charges*q, of the Li* and F ionic centers(we use the
value qo=0.86 of Wanget al. [22]) and the short-ranged
atomic potential/atomic

> _ 1 > > (P) (F)
R(t+A0 =~ VRV RO PP} (0} 1AL,
(2.18

; : F
The resulting funcUonﬁPﬁP)(t)}# and {P‘(,;1 )(t)}M for a
single stochastic trajectory are discontinuous functions of
time. After sampling of a large number of trajectorid,,,,
one obtains ensemble averages, e.g.,

VIR =V (R)+ V3O ™MR), (3.2
PO(t)= 2 PO)],, with
IOI"IH ) ) . Zqé Zqo
VIOHIC R — - — -
R R ed |R T e
PR =1— 2 (P01, (2.19 3.3
|on ,u*
and
Nion Nion
0= > [R Ri)=—— > [RO)] o 5 . s
R(t)_ Nion ,u:l[ ( )]p,! ( - Nion =t} ( oo Vgtomlc(R):; VLI(|R_RLI|)+; VF(|R_RF|),
(2.20 '

(3.9

Note that, in general, an z{dditional average over difierent,vhere we have assumed a fully stripped projectile with
initial lateral coordinatesR of the initial vector R nuclear charg (for a partially screened projectilé is re-

=(R,,R)) over the surface unit cell of LiF is required. placed by an effective charg®cs defined below In Eq.
Clearly, the solution of the rate equatiofsq. (2.1)] repre-  (3.3), g;=*qg andda= RL, orda= RF denote the position
sents a special case of Eq2.19 and (2.20 when (i) the  vectors of the ionic charges in the crystal, and are located at
rates entering Eq(2.8) are physically equivalent to those regular lattice sitesi=(i,j,k). We will use in the following
entering Eq(2.1) and, more importantlyi) the conditional the same symbda for lattice vectors at the surfacé0)
dynamics, i.e., correlations between the population dynami C2nd in the bulk k+#0). For the atomic potential¥"' and

of the prOJectlle the target populatiofistrings”), and the VF, we use a Moliere forni23]. It should be noted that the
ionic motion can be neglected. In the following sections, we

uq{round -state potentiéﬂgI is short ranged despite the presence
discuss the approximations and assumptions underlying o 1t ionic potentialsE (3 3], because of the overall charge
choice for the input of the Liouville master equation. P a. 9

neutrality. Long-range potentials result from hole excitation
and polarization(virtual collective excitations
The effective interactions with the holes are given by the

The ionic trajectory as well as the charge-transfer dynamsum over allF sites at lattice coordinates, with a hole
ics in the projectile ion and in the target surface are deterpresent,
mined by effective potentials that incorporate collective H S o) )
screening and polarization effects. Their description requires Vp (RAPYVL{PT})
a number of simplifying assumptions to be discussed in the
following sections.

lll. EFFECTIVE POTENTIALS

PIQer(IR—day/ (PP}

=(1-0 X —
i . ap |R—day|
A. Projectile potential 3.5
We consider first the effective interaction potentig, _ . ' _
referred to in the following as the projectile potential, which The effective distancéD)-dependent charge of the projec-
governs the motion of the impinging ion. It can be written astile, taking into account incomplete screening, is given by

Vo(R{PP}{PPL = VIR (PP} + VI (R PP} {PF)}) Qer(D{PPH=z— 3 PP, (3.6
{n:r,<D}
+ V5 (R, {PP}). (3. - . .
where the shell radius, is approximately given by
The three contributions in Ed3.1) refer to the interaction _.2
r,=n</q,. 3.7

with the surface in its ground statl&zlg to the interaction

with the hole excitations in the surfach, and the self-
induced polarization(or self-image of the surface,VS'.

For an effective charge for a given shelbf a projectileq,,,
we use Slater’s ruleg24]:

These interaction potentials depend not only on the local

coordinate of the ion, but also on the internal state of the ion

and the crystal, i.e., the strings.

pP)

n’

=Z- > S (3.9

n’<n
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with one-electron potential determining the dynamics of the elec-
tron at a given position of the ion and a given internal state
1 : n'<n-1 of the ion and of the surface can be written as
Spn=9085 1 n'=n-1 (3.9

r RIPFN PP = F (PR F RIP(P
0.35 “n'=n. Ve(rvR!{P },{P }) Vte(r!{P })+Vpe(r!R1{P })

I r B IpP)
The prefactor (+x) in Eq. (3.5 represents the partial Ve RAPTD- (319
screening of the holes due to the polarization of the sury
rounding crystal, expressed in terms of the dielectric re
sponse functiory. For a detailed discussion gf, we refer
the reader to Ref.7]. In line with the FIA, we use the static
value (w=0),

n Eq. (3.14), r denotes the position coordinate of the active
‘electron with respect to the active fluorine ditere taken to
be at5=5). The interaction potential between the active
electron and the target,., can be decomposed as

e(0)—-1 Voo F PN =Ve(F, PR + vevsial )y 4 vH(7 (B,
x@=0= o)1 3.10 @15

whereVg describes the binary interaction of the active elec-
. : . . . tron with the active fluorine sitey°"s' is the interaction
Finally, the highly charged ion polarizes the LiF Surface’with the crystalline environment, and” is the screened

which leads to an effective interaction of the projectile withC lomb int " ith hol t th ve fluori i
its own “image.” At large distances from the surface, the oulomb interaction with holes at the passive fiuorine sites

For LiF, €(0)~9.1 andy(0)=0.8.

potential takes the proper asymptotic form, (a#0):
(F)
xXQer(R,.{PP}) . P
Vo'(R, {PP)}) — === 0 . (311 VR PPH=-(1-p X ——=. (316
R, z a#0 |r—dal

Close to the surface, E¢3.11) becomes invalid. We choose  The interaction potentials appearing in E¢3.14 and
an interpolation form that leads to a constant valueRgr (3.15 depend on the occupation numbers in both the projec-
—0 (or equivalently, to a vanishing image acceleratiand tile and the target. As this number may change in the process,

to Eq. (3.1 at large distances, we label them by the occupation number of the spectator
electrong(i.e., the passive electron®, rather than the total
Sl Pny=— (P) . ! . — .
Vp (R {P™}) = = xQeri(R. . {P}) occupation. For example, in the calculation of capture, the
1 \°5 ( 1 )5 -5 active electron is initially localized at thE site ata and
X + BFE) _ pF) F) _ pkF)
4Rzo 4R, P. =P +1. Conversely, for los®; '=P_ . Analogous

definitions hold for the interaction potential of the active
(312 electron with the projectile,., and with the projectile-
induced image chargd/,.
For the interaction potential between an electron and an
isolated fluorine-ion core, we use the independent-particle
R™= lim (—R[1+4R,V5 (R, {PP}H])=0, model (IPM) potentials of Ref[25]. These potentials are
R, designed such that the eigenenergies of the single-particle
(3.13 Schralinger equation of all occupied orbitals in the ground-
state configuration agree well with the orbital energies of the
i.e., the image plane coincides with the topmost layer of the4artree-Fock solution of the many-electron problem. The po-
crystal. The distancd?, characterizing the transition be- tential has the following form:
tween the two limiting forms is chosen to be the distance
between two neighboring F site@,zoz J2d. The physical

Equation (3.12 implicitly contains the information on the
location of the image plane defined as

(Z—PM)a(r) PO

: o . Ve(r,PF)=— , (31

reason for this choice is the fact that at distances smaller than a ) r r (317

the lattice spacing, the buildup of a polarization charge ] )

should saturate. The particular form of the interpolatingWith the screening function

function does not influence the results. O =[n(e"é=1)+1]"L, (3.18
B. Effective one-electron potentials Z, denotes the target nuclear char@g=9 for fluorine), and

A detailed discussion of effective one-electron potentialshe parameterg and  depend on the hole population of the
entering the calculation of the electronic transition rates forion, P(7). For example, for F (corresponding to first elec-
the present system has been given in [REf. The extension tron capture from the surfape=0.8 and»=1.888, and for
to sequential multiple capture requires a few additional in-F° (corresponding to capture of a second electron from the
gredients to be discussed in the following. The total effectivesame F sitg £=0.663 andy=1.71[25].
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The interaction with the other sites of the crysia]!Ys'@, At small distances, EQ.(3.21) vyields Vp,q(0)=
is decomposed into the Madelung potential of the ionic lat-—11.3 eV. Equation$3.22 and (3.29 imply a correlation
tice, Viag, and the correlation contributiovi.,, energy of

- - - Ecorr=V 0)=—W+E_ ;i—V 0)=2.7 eV.
Vgrystal(r):VMad(r)_’_VCO”(r)' (3.19) corr corr( ) aff Mad( ) (3_26)

The Madelung potential is the sum of the Coulomb interac\We note parenthetically that the present choicevgPs'®
tions with all static crystal charges except for the one at thaliffers slightly from that of Ref[7] (our results are insensi-
origin. When the active electron is at large distances from théive to this change The present choice is motivated by a
surface, this interaction should behave as direct identification of the correlation energy. It is a well-
known fact of band-structure theory that Hartree-Fock calcu-
. lations, which(due to their intrinsic mean-field charadter
Vimad(r) — = PR (3.20 neglect correlation, yield a valence-band edge for alkali ha-
A lides, which is too low by 1-3 eY28,29. However, the use
of the dielectric response via E(B.22) allows for the inclu-
sion of correlation effects that are due to the collective re-
sponse of the valence-band electrons. The physical meaning
of the positive correlation energy is that, due to the dielectric
S 2 response of the surface, it takes less energy to remove an
la=1  |r—da la>1 |r—dal electron than estimated solely from the independent-particle
(3.2 potentials. Or, expressed the other way around, recombina-
) ) L tion of an electron with the hole yields less energy than ex-
The first sum in Eq(3.21) runs over the five Li ions at the pected from the independent-particle potentials because one
nearest-neighbor sites of the active fluorine where we havg,s to “undo” the relaxation of the remaining valence-band
increased their charge by an amount 0f«{do)/5, CoIe-  gjacirons. The specific forms of the potentigl§ and Vs,
spondlng to t.he sha.rlng fraction of the active electrpn With .sed in our simulations are analogous to that of Bl2.
the neighboring Li ions. In tum, the second sum in Ed. They have the proper behavior at large distances and are
(3.21) runs over all other ionic sites in the solid, which have g 5th1y extrapolated at small distances such that their sum

the ionic Chafge%- The particular form _ONMad enfo_rces ields the constant valug.,,, at the origin. We note that we
charge neutrality, and has the proper limit at large d|stance$\;ave neglected any dependencé/@?ysm' on the hole exci-
The correlation potentidl ., accounts for the rearrange- ation

ment of the charge density of the crystal as an electron is The interaction between the electron and the projectile has
removed, and can be expressed as been described in detail in Réf7]. Therefore, we just sum-
marize the contributions introduced in E@3.14. For
Vo1, R,{P(}), we adopt a Coulomb interaction using the
effective charge introduced in E¢B.6),

since a hole is left behind in the solid. To reach this limit we
set the Madelung potential to

; do+ (1= d)/5 da
Viad(N)=— >~ 2

Vcorr(F):Vgl(Z)"'Vscr(r)- (3.22

The first contribution is the self-image potential of the elec-

tron with the asymptotic behavior R. (PP
Vool [, R PP} = — —Qe”(| *Z’{§| }). (3.27)
r_
V() - - X, (3.23 _ _ o
7 42 In turn, the interaction of the electron with the image of the

ion is chosen such that at large distances of the ion to the
The second contribution #d.,,, in Eq. (3.22) is the “screen-  surface, it behaves as
ing” of the hole left in the solid, which tends asymptotically

to xQet(R, {PP})

» R V(X—R)>+(y—R,)>+[sgr(2)z+ R, *’
Vel 1) — T (3.29 (3.28
o where sgnf) denotes the sign af. At small values ofR,,
we use again the functional form of E@.12), such that\/'pe
approaches a constant value and the associated forces vanish.

We complete the discussion of effective potentials with
the discussion of an effective “blocking” potential required

Vio(r.R)

In the opposite limit (—0), one can estimate the correlation
potential from VS"YS'a and the work function of LiFW
=12 eV [26]. The work function should correspond to the

sum of the(negative e'e"tFO” affinity of the actlve_ fluo- within the framework of classical trajectory Monte Carlo
fine, Eéff:3'4 ev [?7]’ shifted downwards ?31 the interac-  ~ry1c) simulations for the one-electron transfer rates to be
tion with the remainder of the crystayg”*"*(r=0). In  presented in the following section. Note that this potential
other words, does not enter the Liouville master equation itself and would
crystal be dispensable in many-body quantum calculations of the

Ve 77 (0)=—W+E,. (329 ratesI. Its necessity originates from the negative singulari-
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Eqg. (2.8). In principle, full quantum calculations for rates
could be used and would be preferable which, however, in
most cases are not feasible. It should also be stressed that the
present CTMC method for rates in the FIA is different from
the conventional CTMC method originally developed for the
calculation of electron transfer and ionization cross sections
in ion-atom collisions involving one active electrdB1].
While in the standard CTMC method, the probabiliiyr
cross sectionfor a given process is determined from the
classical phase-space distribution at infinite distances of the
collision partners R— ), or equivalentlyt— o, we extract
rates for a given electronic process from the differential
change of the electronic phase-space distribution at a fixed

positionﬁ of the projectile. Moreover, we extend our treat-
ment to the transfer of more than one electron from a given F
FIG. 2. Interaction potential,, between the active electron and Sit€ at the surface. _ o _
a LiF surface plotted along thex,0,0) axis: potential including The CTMC treatment of electronic transitions involving
blocking of the Li sites(solid line) and without blocking potential Many electrons is still an open problem. One major obstacle
(dashed ling The horizontal dashetash-dotteyiline represents IS the fact that a classical many-electron atom spontaneously
the upper(lowen edge of the valence band. The shaded area correautoionizes. The root of the problem is the lack of a “quan-
sponds to the allowed region of the classical valence electron in thtdm ground state” in a Coulomb well in classical mechanics
E-x plane. and of the exclusion principle. Recipes to partly incorporate
these quantum features in classical dynamics have been sug-
ties of Vyaq at lithium sites. In a CTMC simulation, this gested[9,33] and recently incorporated in a few numerical
leads to a high probability that the electron becomes attachesimulations for solid$9,34]. However, such simulations are
to the lithium ions instead of to the fluorine sites. The lack ofcomputationally quite demanding for many electrons and are
a proper many-body quantum ground state and of the orstill under development. Due to these limitations, many clas-
thogonality to core states in a classical simulation leads to aical simulations of a system with more than one electron
spurious access of classically available phase space near thave resorted to utilizing static or time-dependent screening
Li ion. In the reduction from a many-body problem to a potentiald35] (rather than describing electron-electron inter-
one-electron problem, “blocking” is frequently simulated actions explicitly, much like in the IPM36]. The basic idea
quantum mechanically using pseudopotentials for valenceonsists of reducing an intrinsic many-body problem to a set
electrons. The pseudopotentials cut off the attractive singulasf many one-electron problems. In addition to selecting
potential and, forsswave functions, may even display a re- proper screening potentials, IPM calculations require a
pulsive well. In order to enforce blocking and simulate achoice of binding energies for all active electrons involved in
pseudopotential for the classical electron motion, we “cutthe simulations. The orbital binding energies of electrons in
off” the Coulomb singularity of Li atr,=2.6 a.u. and fit a an atom are set equal to the sequential ionization potentials
function of the formf(r)=a+br® such that the potential of the atom[32], suggesting that electrons are removed se-
and its derivative are continuous rat. The value ofr, co-  quentially. Additional many-electron features can be approxi-
incides approximately with the corresponding cutoff radiusmately incorporated as discussed below.
for the pseudopotential for as2lectron in Li given in Ref. For a LiF surface, we consider the sip 2lectrons per
[30]. Figure 2 illustrates the effect of the blocking potential fluorine negative ion, which can be successively captured by
on the total surface potentisd,,. Without blocking of the the projectile. The binding energies of these electrons corre-
lithium sites, an electron in the valence baiadso depicted spond to atomiclike sequential ionization potentials for at-
in the figureé could easily cross the potential barrier towardsoms embedded in a crystal. While we “enforce” the classical
the neighboring Li ions. After inclusion of a blocking poten- localization of the electron through the effective interaction
tial, a valence-band electron is spatially constricted to a narPotentials, we take the valence-band width into account by
row region(indicated by a gray shaded ayeamound the ac- preparing an ensemble of initial conditions of the outermost
tive F site. Note that the pseudopotential also preventgnost loosely bound R electron of F with energies corre-
electrons with energies in the gap between valence and cosponding to the density of states in the LiF valence band.
duction band from entering the solid at places other than the
active fluorine sites carrying a hole.

0
X (a.u.)

A. Initial configuration

IV. ONE-ELECTRON CAPTURE AND LOSS RATES Unlike in a typical simulation for ion-atom collisions in
which the electron is initially in a stationary atomic eigen-

Capture and loss rates entering the Liouville master equastate of the target at large distances between the projectile
tion (2.8 are calculated using a CTMC methf8ll,32. The  and target nuclei, within the fixed-ion approximatidry] the
CTMC method used for calculating rates should be clearlyinitial state of the system corresponds to a “molecular” state
distinguished from the Monte Carlo method for integratingin which the active electron is localized between the surface
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0 \ whereC; andC, are normalization constants aﬁﬂF) is a
N\ projection function that becomes unity when the electron is
-10 [ ' ascribed to the surface and zero when it belongs to the HCI.
L ‘X\ This function can be determined from the total foﬂ%(ef)
% 20 = = —ﬁ;ve(F) acting on the electron. If the projection of this
g L force onto the straight line connecting the electron with the
20 active fluorine is larger than the projection onto the straight
| oA line connecting the electron with the projecti®(r)=1,
x=-3au0. otherwise it is attributed to the projectile, i.83(r)=0.
40 = Xm0 Random initial conditions can be easily generated for any
r of these ensembles using the rejection method. The center of
-50 ' L ' ' the bands oEl or E{ are shifted with respect to the values
N 0 5 10 20 for the isolated surface or the isolated projectiig, and
z (a.u.) EP
0
FIG. 3. Cut along the axis fory=0 andx between—5 and 0 EF_EF 4 AEF 4.5
a.u. of the potential-energy surfa®g for a bare projectile withQ i i0 0 :
=10 atR=(0,0,8) a.u. The area between the two dashed lines rep- P _p p
resents the shifted valence band. Ei =Ejp+AEg, (4.6)

fluorine and the projectile ion. The construction of the initial where theAEo’s are given in first-order perturbation theory

electronic phase-space distributipr(F, 5) proceeds as fol-

Iqws: A stationary molecular phase-space distribution is AES=Vpe(0)+V'pe(0), 4.7
given by
- > g P: _): »)
PsiationantT-P)=F(H=E)=f(H(r,p)=E), (4. ABo=Vielr=R). 4.8
with The energy levels of electrons initially in the fluorine corre-

spond to the ionization potentials,, of the isolated F ion

’ shifted by the interaction with the crystal,

_P >
H= 2 +Ve(r)1 (42) E|F0: E::P+Vgrystal(o)_ (49)
and Wheré\/e(F) denotes the total electronic potent{al14) B. Calculation of capture and loss rates

with all additional dependences that are constant parameters |, the CTMC method. the Hamiltonian-Liouville equation
within a given CTMC run not explicitly shown, aralis the '

momentum of the electron. The distribution functiopeaks ap
at the shifted binding energl; at the intermolecular dis- —r —iH.p; (4.10
tanceR and possesses a state-dependent width. For the most

loosely bound “outer” electron, we choose fofE) the den-  4oyerns the electronic dynamics. This Hamiltonian form of a
sity of states of the LiF valence bafid7]. In tumn, for the | joyyille equation for the one-electron dynamics should be
inner” subsequent target electrons and projectile states, Wjstinguished from the Liouville master equation for an open
represent (E) by a narrow rectangular function with a rela- gystem approact.8) coupled to the electronic many-body
tive width €, /E;=0.1. Figure 3 presents cuts through the system. The time evolution of the initial distributiqn is
potential surface for a stationary state of an electron with &3jcylated by Eq(4.10 at fixed values of the ionic position
width corresponding to that of the valence band of LiF. If theg 44 fixed occupation strind®™} and{P(F)}. The results

energy of the band is higher than the potential barrier beze one-electron transition rates that depend parametrically
tween the surface and HCI, the stationary ensemble of initia), R a5 well as the population string®®™} and {P(1.
conditions is clearly molecular in character. These rates are, in turn, used as input to the Liouville master
In order to construct now our nonstationary states for theequation(2.8). Equation(4.10 is solved by a Monte Carlo
calculation of the rates, we project this stationary state ont ; - , _ ; e
the initial states centered at a fluorirﬁ or the projectile ?gchmque. A f|p|te sampl_e.qtltraj phas.e space points d|_s
b ” » tributed according to the initial density is taken, and the time
Pis evolution of each point is calculated by solving humerically
the Hamilton equations of motion. The projecfdr used to
piF(ﬂﬁ):le(H_EiF)m(F), (4.3  construct thg target.—center.ed and prOJectlle—centgred initial
ensembles, is applied during the time propagation of the
R b - electron to determine whether the electron is still localized at
pi (1,p)=Cof (H=E)[1-R(r)], (4.4 the same center it originally was, or has been transferred to
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FIG. 5. Zones of the surface lattice centered arounddns at
lattice sites§=(i ,J,0). Since the third lattice coordinate is zero at

the surface, we use the notati6n=(i,j). The open(full) circles

FIG. 4. Time evolution of the capture probability of the outer R )
denote fluoringlithium) ions.

electron of a fluorine site at the origin for a projectile wifh¢¢
=10 atR,=10 a.u. incident on the (0,0) zone: result of the CTMC R .
simulation (full line), least-squares fit with the functional form as well as orR. In order to reduce the effort of tabulation to
PC(t)=PS,(1—e ") of Eq. (4.12 (dotted ling, and function 1 @ manageable size, we note that the one-electron transfer
—e T using the short time ratE€= yPS .. (dashed ling rates depend on the projectile populatiof®} only

through Qq¢+(R,,{P‘™}). Therefore, the rates for capture
the other center, i.e., has crossed the barrier. The probabilignd loss can be tabulated as a functio®ef;. Furthermore,

for electron transfer as a function of time is given by we reduce the tabulation of the vectorRidependence to a
R, and a dependencdfor k=0), where R.,R,) is uni-
Na(t) ! Y/
P(t)= , (4.1  formly averaged over the zones associated with the funda-
Niraj mental surface unit cell around each lattice sitef a fluo-

whereN,(t) is the number of trajectories that have crossedN€ ion in the surfacéFig. 5. Finally, the rates depend on
the saddle within the time interval (), Figure 4 shows an the |n_|t|al and f”?al states of the electran. Since we use the
example ofP%(t) for the case of electron captuR€ (i.e., fixed-ion approximation, the total energy of the electron is
the electron is initially at the surface,=C). The resulting conserved during resonant transfer. Thus, the rates only de-
function can be easily fitted by pend on the total ele_ctronlc energy. In_ othe_r_ words, the final
state of the electron is determined by its initial staievice
PC(t)=PS (1—e "), (4.12  versa and both correspond to either target- or projectile-

shifted state$see Eqs(4.5 and(4.6)],
C

involving two parameter® ., andy. Even though the elec- F p
tron is energetically high above the barrisee Fig. 3 the Ef=Ei, (4.143
capture probability does not converge towards unitytas b
— 00, but saturates at a lower value. The reason for this be- Ef=E . (4.14b

havior is that the energy hypersurface of the classical elecl-d tifving th actile final-stat i f th
tron contains regular islandse., approximately conserved entifying the projectile final-state occupation of the cap-

quantitie$ that remain disconnected from the saddle regiontureOI electron requires the mapping of the final classical

. P . .
within which transitions occuf38]. The parametey in Eq. ~ AlOMIC energyEg, onto a quantum sheln;, with orbital
(4.12) is therefore not a direct measure of the electron-®N€rgY €n thrgggh energy binning39]. n is determined
transfer rate. Instead, the one-electron rates are determin&@m the condition
from the initial slope,

Ng
nf+ 1/2

2
ni—1 P
( ) €n—1<Efo<

2
n—1/2 ) enp (419

d
IimaP“(t)zP“(t)Fa, (4.13
=0 where the orbital energy,, is calculated using Slater’s rules
with T¢=yP2_ . and a standing for either captureo( [24l. Thatis, the orbital energy is the difference between the
= C) from the fluorine or loss¢=L) from the projectile to  tOtal energy of the N-electron atom (ion) projectile
the fluorine site that features a hole. The approximation byFioi({P'"™’}) with and without one electron added to the
the initial slope is justified by the fact that the rates are genshell:
erally so high that subsequent transfers take place on a time P
scale before the deviation from the linear slope becomes im- €n ™ Eiol P1.P2, - ’(Pnf+1)’ -]
portant. The resulting rateF“ are functions in a high- EP rp. p p 41
dimensional parameter space and depend on the sfftjgs —E{od P1,P2, .., ngr e -1, (4.16
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where

Bl {P}) == 2 Py

0nlan|
2n? '

(4.17)
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&

(0,0) zone

PFo

with the shell chargeg,, defined in Eq(3.8) [for simplicity,

here and in the following we drop the superscrip) for

shell occupation numbers; i.eB,=P{™]. We useq,|q,|

rather tharqﬁ in order to assign shells with negative-charge

positive energiesi.e., energies in the continuynNote that

in contrast to standard Slater rules for neutral atpds, we

do not account for quantum defects. By comparison with

Hartree-Fock calculations we have found that, overall, our

scheme yields more realistic energies for hollow atoms. In

this work we will consider only electron loss to the ground

state of the solid. Therefor&’ is required to coincide with

the shifted ground state energy of the saladherwise the

process is blocked Furthermore, the one-electron loss rate

depends on the hole population of the active smg,). In

summary, the one-electron capture rdt§¢sand loss rate§'}

are calculated as a function ongf,Rz,PgF)), wherea is

the lattice vector in the surface of the active fluorine site for

capture or loss. 107,
The effective capture and loss rates appearing in the Liou-

ville master equatiofiEg. (2.8)] can be, in turn, constructed

from the one-electron rates, by incorporating certain many- FIG. 6. Capture rate per electron from a fully occupied fluorine

electron features. Two effects can be easily treated. One isn (P(F)=0) as a function of the ion-surface distarRgand as-

the energy shift due to the many-hole interactions. That issuming an empty final shell of the HQla) rates for the (0,0) zone

the resonance conditions for captuieq. (4.14)] can be, and different charge states of the ion dbyirates for a fixed charge

within the Monte Carlo solution of the Liouville master state Qe¢s=10) but with the ion in different zones.

equation, modified to

Ef+AES+VH(OPF}) =ER + AEL+ VH(R{PF)}), 3 p
co U 3l THRAP=+18PY=—1)=P, = T5Qu R, PY),

whereV! denotes the screened interaction potential between (4.20
the active electron and the holes at sites different from that of
the active fluorine site present at the instant of transfer. This . . . -
correction leaves the tabulated one-electron rates unchang¥fi€re n is the active shell of the ion and denotes the
while modifying the final-state assignment for capture. AtPOSition of the active F site. FlgureCG shows the effective
small distances, the level shifts should saturate as the ele€@Pture rates per target electrohi,”/6, into bare lons
tron becomes completely shared between the ion and tHdP™=0}) from a completely filled fluorine She”F(E;)
surface. We estimate the saturation distance using the valueg) at different active sites=(i,j) as a function of the

of Pf.. and we assume that the level shift is constant fordistanceR, between the surface and projectile and for sev-
values ofR, such thatP§,,,>0.8[see Eq(4.12]. While the  eral values of the effective char@@.;. For Qes;=10, the
specific choice for the cutoff iR$, is somewhat arbitrary, a critical distance for the onset of captureRs~13 a.u. For
large value forP$ . is required to assure effective quasimo- decreasing projectile charge, the critical distance and the
lecular sharing. capture rates decrease. Figure 6 also shows that the rates for
A second feature of the many-body dynamics can be incapture from neighboring sites are consideratyder of
corporated in terms of the multiplicity of the initial-state magnitudg smaller than for capture from the closest fluorine
population and the number of open final-state channels. lion directly “underneath” the projectile aﬁ:(o,o)_ Never-

analo_gy to multiplicity and blocking factors of the collision theless, capture processes from other zQ@s(0,0)] play
term in a quantum Boltzmann equation, we set an important role for neutralization of multiply charged ions
STS(R,AP,=1A PE;F)= +1) at vertical incidence. The reason is that after the first capture

from a=(0,0), the process competing with capture from
other sites for the next step in sequential neutralization is
capture from a more tightly bound electron from the same
site. The latter has also a much reduced rate such that capture
from more distant sites becomes competitive. Figure 7 dis-

10° 3

Capture rate per electron (a.u.)

107°F

10°E

_ (F)
=(6—PP)

P
1- 2_nnz) F(l:(QeffaRzyPg:)),
(4.19
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Loss rate per electron (a.u.)
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FIG. 7. Loss rate per electrdi-/P,, from the projectile a fluo- FIG. 8. Analysis of the capturéop panel and loss ratesgbot-

rine ion with one vacancyR(P=1) as a function of the ion-surface tom panel as in Figs. 6 and 7 for different hole occupation numbers
distanceR, . (a) Rates for the (0,0) zone and different charge statewof the active fluorine center site and an ion impinging on the (0,0)
of the ion andb) rates for a fixed charge stat®{;;=10) but with  zone.

the ion in different zones.

L . . occur for two reasonsfa) filling of inner shells and(b)
p.Iays thg loss rates per eIethrdh (Pr) t0 dn‘fergnt fluor|-ne single-particle level promotion. In order to account for these
sites with one vacancyP(f; =1) and for different ion  ,ocesses, we analyze the shifted energy of every orbital in
charges. Overall, loss rates decrease as a functiéty ahd  the jon,

eventually vanish. The dependence Rpis, however, not

always monotonic. This unusual behavior is due to the fact EP=e,+AES+VH(R{PF)}), (4.21)
that the resonance conditiqd.14) leads to an implicit de-

pendence on the initiah level from which the electron is 4tter every time step. IEP crosses the ionization threshold
lost. The critical distance for electron loss decreases Wltz p>0) one electron is removed from the shell and
n 1

decreasing ion charge because the saddle height increas g ) i :
much like that for electron capture. However, the rate aP'aced in the continuum at timig. The corresponding rate
small distances increases with decreasing ion charge, b&&n be expressed as
cause the available phase space for an electron with a given |
energy is smaller for lower ion charges. In general, the loss (RAP,==1AP=1)=45(t—1). (4.22
rates are small compared to the corresponding capture rates ] b
(see Fig. 6. Only for small ion charges are the loss rates ofBY setting the threshold t&;, =0, we neglect the fact that
the same order of magnitude. In addition to the dependend&e bottom of the unperturbed conduction band of LiF is
on the effective projectile charg®.¢; and on the zone in about 2 eV above the vacuum threshold. This choice can be
which the electron is localized, the rates depend also on thgstified by the fact that a considerable fraction of the ionized
number of holes present. This dependence is most prdew-energy electrons remain outside the LiF surface.
nounced for holes localized at the active fluorine $Ffa.
8). The capture rates quickly _decrease with incrgasing hole V. TWO-ELECTRON RATES
number because the remaining electrons are increasingly
more tightly bound. As expected, the loss rates show the In addition to the one-electron processes described in the
opposite behavior; it increases with increasing number opreceding section, the internal state of the projectile can
holes. change due to two-electron Auger processes. We distinguish
. ) between intra-atomic and interatomic Auger processes. The
C. Electron promotion to the continuum former leave the internal state of the solid intact whereas the
In addition to electron loss, electrons in the projectile ionlatter involve changes in both the projectile and the target. A
can be removed by promotion to the continuum. This carconsiderable amount of quantitative information exists about
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FIG. 9. Auger transition rate¥  (ns?—n’s) for Ne®*(ns?) Population of the M Shell, P
ions as a function oAn=n—n’. (a) First allowed transitiongopen
squarep and (b) all Auger transitions fom=2 (open squargsn
=3 (solid triangle$, n=4 (open triangles n=5 (starg, and n
=7 (solid circles.

FIG. 10. (8 LMM Auger transition rates as a function of the
population of theL shell. The solid symbols have been obtained
using a 3? configuration of theM shell and an averaged configu-
ration with P, electrons in theL shell. The open symbols corre-

intraatomic Auger processes, which has been previously ins_pond to averaged configurations of both the upper and lower lev-

corporated into many simulations of the neutralization of'S: (®) LMM Auger rate for an emptyn=2 shell and a
highly charged ions in front of surfaces. On the other handconfiguration average of the upper shell witsiandp orbitals. For
comparatively little information is available on interatomic Gomparison, also the multiplicity factor of R¢#4] is shown.

Auger rates involving highly charged ions. Nonetheless, in-

teratomic Auger processes have been found to play an inflectron. Th_|s_ transition is, in general, the fastest de??y chan-
el for the initialn level. Moreover and more surprisingly,

portant role close to the surface and for low ion charge ig. 9(b) shows that Eq(5.1) can be used as an estimate for
Auger transitions to energy levels lower than to the first al-
%.cl)wed. In the simulations of the Liouville master equation,

owever, the latter do not play an important role since the
relaxation of the ion proceeds predominantly as a sequence
of the fastest processes.

Another important observation regarding E§.1) is that
it can be used to calculate Auger rates for ions carrying more

Our estimates of intra-atomic Auger rates are an extensiothan two electrons, provided that one accounts for the mul-
of previous estimates introduced in RE8], which are based tiplicity of the initial n shell and the number of vacancies in
on calculations of Auger rates using thewaN code[42,43 the finaln’ shell in analogy to a quantum Boltzmann colli-
for isolated ions. It was found that the first allowed andsion term. The first step in the determination of the Auger
dominant Auger decay for twselectrons in an upper shell  rate between many-electron levels consists of the selection
decaying into an empty lower shefl’ can be fitted with whether or not the Auger transition is allowed. To this end,

rates. The goal of the present analysis is primarily to giv
order-of-magnitude estimates for Auger rates valid for vari-
ous ions and electronic configurations.

A. Intra-atomic Auger decay

considerable accuracy to the functional fofréj we first calculate the total initial and final electronic energies
. R E” and EY using Slater’s rulegEq. (4.17)] including the

Iy (NS n's)= 5.06<10°" a.u. 2.1 10" sec shift of the projectile energy levels (4.8). The initial configu-
Al (n—n')346 (n—n")346 ration includesP,, and P,,; electrons in ther andn’ shells,

(5.1  while the final arrangement involvéy, —2 andP,, +1 elec-
trons in then andn’ shells. IfE’—EF<0, the Auger pro-
The remarkable aspect of this expression is that it is valid fogess is energetically prohibited. Otherwise, the transition is
all nandn’ levels and that it is independent of the nuclearg|lowed and we use as the corresponding rate
charge of the ion. Figure(8) illustrates the validity of Eq.

(5.2 fqr the first gnergetically .allowesi tran;itions, i.e., the TA(R,AP,=—2AP, =+1AP,=+1)
transition from a givem to the highesh’ consistent with an
above-ionization-threshold energy of the second ionized =MA(P,)BA (P, )T 5 (nS°—n’s), (5.2
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whereM?' andB”' are the multiplicity and blocking factors P.(P,—1)

for initial and final states, respectively. Different factors for MAI(P,) = - (5.4
different systems have been previously suggepfed¥]. In

order to determine an optimized functional form for neon,here we have also shown for comparison the choie

we have performed a large number of calculations for differ-— p /2 which has been obtained from calculations of Auger
ent configurations using theowan code [43]. Figure 10  rates in the bulk of metalgl4]. Obviously, Eq.(5.4) appears

displays the comparison of the numerically determinechetter suited for atomic Auger transitions above the surface.
blocking factors with the standard Pauli blocking factor of a

quantum Boltzmann collision term ¢1P,./2n’?) in terms

of a number of available unoccupied final states. We find that
a more appropriate choice is In contrast to metal surfaceg.g., Refs.[41,45), little

X information is available on interatomic Auger rates near in-
n sulators. Thus, our estimates for interatomic Auger rates rep-
1- 2n'2) ' (5.3 resent, perhaps, the most uncertain input into our simulation.
The main goal is to analyze their relative importance in a full
i.e., with the square of the Pauli blocking factor, whére neutralization sequence. We therefore attempt to provide up-
=0.38 andC,, =1 for n’>1. The factorC,, has been in- Per bounds of their actual values. Our approach employ§ the
troduced to account for the absence of the initial angularfaCt that valence electrons of the target are well localized
momentum state in the final shell, i.é>(n’—1), which  near fluorine sites with lattice vectoas We cast the problem
leads to a reduction of the rat.3). The largest correction in terms of an interatomic Auger process in the transient
for Ne ions is found forKLL transitions since g states quasimolecule composed of the active fluorine site and the
cannot decay efficiently to aslstate. Nevertheless, using Projectile, taking into account that interatomic and intra-
C,~1 becomes quite accurate for higheshells, starting atomic Auger processes within the same molecule should be
already for LMM transitions. The additional factor (1 intimately related to each oth¢46]. In fact, when the dis-
—P,//2n"?) in Eq. (5.3 whose origin is not due to Pauli tance between the ion and the active site<(|da—R|), is
blocking can be qualitatively understood in terms of the re-small, electrons in the molecules are “shared,” and inter-
duction of orbital overlap and of available phase space of thatomic and intra-atomic Auger rates become nearly indistin-
emitted electron when the populatioR, enhances the guishable from each other. Molecular sharing sets in when

B. Auger deexcitation and Auger capture

BA' (P, )=C,

screening in the final shefl’. the resonance conditidiEq. (4.14)] is met. Accordingly, for
The initial-state multiplicity factoM?'(P,)) is well ap-  distances smaller than the sharing distabge the effective
proximated by the standard binomial expresdiéh Auger rates adopt the form
|
I D=D,, AP =—2AP, =+1AP /= +1]=M*S(P{)BA (P, )T (n—n's), (5.5
IP[D=Dy, AP =—1AP,=—1AP, =+1AP =+1]=MAP(P{))BA (P, ) T (ns—n’s), (5.6)

with multiplicity factors corresponding to the number of pairs of electrons available in the initial configuration,

MAP=P,(6-P{"), (5.7

1
MA=2 (6-P)(5-P(). (68

Note that inMAP and MAC, the number of electrons rather than the number of holes oéifter. The initial-shell quantum
numbern appearing in Eq(5.5) is determined through the quasimolecular resonance condiiiqn(4.14)]. The effective
sharing distanc®y is determined from the tabulated capture probabiliﬁé@lx, and we seD¢ to the distance below which
PC..>0.8. To extend Eqs(5.5) and (5.6) to distancesD>D,, we build in the large-distance behavior of the interatomic
Auger rates known for metalgt1] and molecule$47]. The Auger deexcitation rates should decreas® a8, whereas the
Auger capture rate should decrease very rapidiarly exponentiallyfollowing the available probability density of target
electrons extending out into the vacuum. We therefore extrapolate to larger distances as

D
I'D>D,, AP = —2,APn,=+1,AP,=+1]=p(D)BSI‘AC(D=DS, L), (5.9

AD (F) 1 D33 AD

AP[D>Dg AP =~ 1AP =~ 1AP, = +1AP ;= +1]=5|| 5| +p(D) T*°(D=Dy,...), (5.10
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where p(D)=exg —2\/—2E[,(D—D)] and E}, is the or- ~ dE

bital energy of a fluorine ion embedded in the crystal as pLiF(Uh):Cd_UhDLiF[E(Uh)]a (6.3
defined in Eq(4.9). While the smooth transitions of the rates

from the molecular P<Dy) to the asymptotic regimel  whereT is a normalization constant arf;r(E) denotes
>Dy), as implied by Eqs(5.9) and (5.10, are certainly an  the density of states of the LiF valence bd6d]. From the
oversimplification, the present functional form should pro-yejocity of a given hole, the nearest-neighbor site-to-site

vide a correct order-of-magnitude estimate. hopping rate is estimated as
1
VI. HOLE DYNAMICS Fhop: T (6.4)

The dynamics of the holes in the valence band created by hop
multiple capture is of crucial importance for the neutraliza-ywhere
tion dynamics. It represents one important aspect of the true
many-body nature of the neutralization process. The correla- d\2
tion between particles and holes enters the Liouville master thop= U (6.5

equation twofold. For one, the hole mobility determines the
speed with which valence-band electrons are replenished &k the average time for hole hopping to a neighboring F site.
ter electrons have been transferred from the surface to thehe factor 1/12 in Eq(6.4) accounts the presence of 12
projectile, and therefore influence effective capture and losgearest-neighbor F sites in the bulk. We account for the re-
rates [Egs. (4.19 and (4.20]. Moreover, the many-body duced number of target sites available in the random walk in
resonance condition controlling resonant transfer moleculaghe surface. The time scale of the hole hopping is in agree-
sharing[Eq. (4.14)] is determined by the strength of the ment with the recent coupled cluster approach of Borisov
electron-hole interaction for the distribution of holes in theet al.[48]. Based on a self-consistent-field calculation of the
surface at a given point in time. o hopping integral between neighboring” Fons, they have
For an estimate of the “hole-hopping time,” we follow calculated the time evolution of the hole population at the
the argument given in Ref10] and assume a tight-binding surface site. Within 50 a.u., the probability that the hole is
dispersion relation for the 5 valence band along tH®11]  sitill at its origin has decreased to 30%, which corresponds

direction of the form approximately to the hole-hopping time for a cold hole with
cold
vy ~0.1 a.u.
E(k):EO—Bcos(kd\/f), (6.1 Since little is known about the interaction between holes,

we assume that holes diffuse independently of each other.
whereE, is the energy at the center of the band. This form ofHole-hole correlation is taken into account only in terms of
the band structure is a good interpolation of the photoemisblocking a given hole site for another hole with the same
sion data by Himpseet al. [37] who obtain a band half- charge, i.e., multiple hole formation at a given site by hole
width 3=1.75 eV. The velocity with which holes travel in hopping is suppressed. However, capture of subsequent elec-

the absence of strong lattice distortions is given by trons from the same fluorine site may lead to the formation
of double and triple holes. Conversely, electron capture from
dE(K) neighboring fluorine sites can lead to the decay of a double
vh(E)=— W:’gd \/Esir(kd\/i) hole into two single holes. For such events, we use the same
rate as for the hole diffusion.
hot E-Eo ’
=*up \1- 5 (6.2 VIIl. RESULTS AND DISCUSSION

In this section we present results of the solution of the
A “hot” hole that is created in the center of the band has aLiouville master equatiofiEq. (2.8)] with the input as de-
speed ofuﬂ°t= Bd\2~0.3 a.u., i.e., comparable to metallic scribed in Secs. IlI-VI for the interaction of A& with a
Fermi velocities. A “cold” hole produced with a spectral LiF surface in either vertical or grazing incidence. In the
width of about 1 eV near the top of the valence band has asimulation for vertical incidence, we focus on the existence
average value afﬁo'd~0.1 a.u. We treat the hole kinetics as (or absenckeof the trampoline effect. We therefore start the
an unbiased, force-free random walk. That is, the backactiognsemble of projectile trajectories at a distancdRgft=0)
of the multiply charged ion as well as of the ensembles of=20 a.u. from the surfac@vhich is outside the critical dis-
holes previously formed on the hole distribution by Coulombtance for capture approaching the surface with a speed cor-
repulsion is neglected. Therefore, our estimate for the holgesponding to a local kinetic energy oE,=1 a.u.
speed can be considered to be a lower limit of the actuat27 eV. This value is a lower bound for the kinetic energy
speed. Within the Monte Carlo simulation of the Liouville due to the self-image acceleration of the'f\e projectile
master equation, we follow the random walk of an ensemble@luring its approach to the surface from larger distarjégs
of holes. The random velocity of a given stochastic hole=R,(t=0)]. Equivalently, we set the asymptotic incident
trajectory is taken from the probability density of hole ve- kinetic energy to zero. Furthermore, to enhance the chances
locities, for observing the trampoline effect, we increase in some of
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FIG. 11. Average asymptotic charge st&peof an incoming FIG. 12. Average shell occupations of an incoming*Neion

Ne'®* jon impinging on a LiF surface in vertical incidence with impinging on a LiF surface in vertical incidence willy;,=1 a.u.

Exn=1 a.u. as a function of the distance from the surface. Alsoas a function of the distance from the surface.

shown are the total charge of the hole distribution, the number of

promoted electrons, and the number of electrons emitted as a resalepopulated by autoionization before promotion becomes ef-

of the different Auger process¢autoionization(Al), Auger deex- ficient.

citation (AD), and Auger captur€AC)]. More detailed insights into the relaxation of the projectile
towards its neutral ground state can be gained from the av-

the test calculations the strength of the repulsive hole-€rage shell occupation as a function of the projectile dis-
project“e interactior‘[Eq_ (35)] by neg]ecting any Screening tance, shown in Flg 12. The first electron is Captured typl'
of the holes(i.e., we sety=0 in that equation Figure 11  cally into the shelln=8. At slightly lower distances,
displays the charge-state evolution of the projectile as a funcelectrons are captured into=7. As soon as the population
tion of the distance from the surfac®,. Starting at the exceeds two electrons, Auger decay towards lower shells
critical distance of about 14 a.u., the charge state rapidl¢n=>5) becomes possible while tire=7 shell becomes de-
decreases and complete neutralizatiout not relaxationis ~ Populated. Meanwhile, as the projectile proceeds towards
reached at about 5 a.u. The presence of the positivelgmaller distances, lowen shells are directly populated by
charged background given by the holes even allows formatesonant capture and by Auger decay from higher-lying
tion of a transient negatively charged Ne ion that would notshells. At distances smaller than 8 a.u., the she#sl and
exist in the case of an isolated Ne atom. Figure 11 also den?=2 can be reached directly by Auger deexcitation. At a
onstrates the efficiency of the different transient channels andistance of 3 a.u. from the topmost layer, thandL shells
their contributions to electron emission. The total charge ofre, on average, half filled. The atom is still in a highly
the holes created is about three times as high as the decresg@¥cited state with the residual electrons populating mainly
in the projectile charge. This is due to the large number othe M andN shells. As the ion is in close proximity to the
electrons emitted during the autoionization by intra-atomicsurface, resonant capture of more tightly bound electrons be-
Auger decay. Auger deexcitation significantly contributes tocomes possible. One consequence is the formation of double
neutralization and emission of electrons, while the contribuand triple holes, i.e., resonant capture of subsequent elec-
tion of Auger capture is barely noticeable due to the rapidrons from the same fluorine site. Figure 13 illustrates its
exponential decrease of the rate as a function of the projectile

distance. Despite the significant contribution of Auger deex- 20— T <77 T T T T T T
citation to the neutralization, we found that the resulting 18- single holes  \_ ]
charge-state evolution is insensitive to the AD rate. A simu- 161 N, ]
lation without AD yields an almost identical result. The reso- 141 \ §

12__ N Charge state Q@ |

lution of this apparent puzzle is that Auger deexcitation and
the two-step process of resonant electron capture followed by
intra-atomic Auger decagAl) are competing processes. The
reduction of the Auger deexcitation rates leads to an en-
hanced number of capture events and, in turn, via the in-
crease in the initial-state multiplicit]1®' [Eq. (5.4)], to a
higher probability for intra-atomic Auger decay. In addition
to Auger processe$AD or Al), electron promotion is an
alternative pathway for electron emission, i.e., filling of inner
shells leads to a weaker binding of outer shells that eventu-
ally become unstable. Figure 11 shows, however, that the F|G. 13. Average number of single, double, and triple holes, and
contribution of promotion to the total electron emission isof the charge state of the incoming ¥ ion during its interaction
insignificant, the reason being that outer shells are rapidlyith a LiF surface in vertical incidence with,;,=1 a.u.

Q, number of holes

R; (a.u.)
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FIG. 14. Evolution of the average vertical veIociE’/Z of a
Ne'®* jon with an initial energyE,,=1 a.u. ata distance of 20 a.u.  FIG. 15. Interaction of an & ion approaching a LiF surface
as a function of the distance from the surface. Solid line: with holeWith v=0.1 a.u. in grazing incidend@ngle relative to the surface
hopping as described in the text. Dashed line: hole hoppingt’)- Shown in the figure are the average trajectory of the ion, the
switched off. We neglect the screening of the holes in both simulaverage charge state of the ion, and the average shell occupations of
tions in order to enhance the hole repulsion. the ion.

contribution. If there were no hole mobility, the formation of under the extreme assumption that the repulsive Coulomb
multiple holes would be the only pathway to neutralizationpotential of the holes in the surface is unscreened. Taking
of the incoming projectile. However, since the holes quicklyscreening into account would further reduce the repulsive
diffuse away from the site where they were created, the forforce considerably. In addition, we have not included the
mation of multiple holes plays only a minor—though non- repulsion of holes by the projectile that may lead to an in-
negligible—role by allowing target electrons to be capturedcreased diffusion rate. Thus, we conclude that for a&°Ne
into deeper levels of the ion. vertically incident on a LiF surface, the trampoline effect,
Focusing now on the evolution of the projectile speed,.e., the above surface reflection leaving the ion in a multiply
Fig. 14 displays the average velocity component perpendicleharged state, does not exist. Our findings coincide with a
lar to the surface as a function of the distance. The average igcent experiment for the large angle scattering of multiply
always negative WitH?Z<0 because it is calculated during charged ions with Csl, where no signature of the trampoline
the incoming part of the trajectoria negative value of the effect could be detectdd9]. However, Fig. 14 demonstrates
velocity means movement towards the surjaée distances that the situation could change dramatically if the hole dif-
larger than the critical distance for first electron capture, thdusion through the crystal is suppressed. In this case, the
projectile is accelerated by the self-image interaction. Ageutralization of the projectile is incomplete and all trajecto-
electron capture begins to contribute, the acceleration is rgies are reflected at distances larger than 4 a.u. Therefore, the
duced because the charge state of the projectile and its imagpetential existence of the trampoline effect for a given ma-
is reduced and because of the repulsion due to holes genderial depends on the hole mobility. Only for very low or
ated by capture. At around 11 a.u., the hole repulsion starts teanishing hole mobility, a partial reflection of multiply
dominate over the image acceleration, and the projectil€harged ions due to the trampoline effect could occur. The
slows down. The repulsive force is strong enough to slowpresent simulation suggests that the hole mobility in such a
down the projectile to a velocity lower than the initial value case could be determined from the fraction of trampoline-
at the distanc®,(t=0)=20 a.u., i.e., the repulsion can off- reflected ions.
set the image acceleration. However, it is, on average, not As a second example for a solution of the Liouville mas-
strong enough to lead to a complete stop and to a reversal &' equation by Monte Carlo sampling, we present a simula-
the projectile above the surface. Only 2% of all trajectoriestion for the neutralization in grazing incidence scattering of
are reflected at distances larger than 3 a.u. from the topmo&®" at a LiF surfacegFig. 15. For simplicity, we employ a
layer and no turning point was observed at a distance larggrlanar averagg23] of the Moliere potential avgtom'cin Eq.
than 3.5 a.u. Such small distances of closest approach corré.4). This simplification is justified in view of the fact that
spond already to the fringes of the soft binary collision re-the charge-state fractions have been shown to be almost in-
gime and imply an(almos) complete neutralization of the dependent of the azimuthal angle relative to the direction of
highly charged ion. The charge-state distribution of the ionthe axial channel. We find that neutralization or relaxation is
reflected from the close-collision regime is centered at lowclose to complete when the projectile reaches the turning
charge states@~1) and is significantly different from the point. Shell occupation and charge distributidtig. 15 in-
notion of a trampoline-reflected ion wit®s;,,~Qinitiai/2.  dicate that the projectile is mostly in its neutral ground state
The overwhelming fraction of 98% of the projectile trajecto- or in its negative-ion state. This is in agreement with experi-
ries reach the surface and eventually penetrate it or are renents by Meyetet al. [50] who measured high fractions of
flected due to hard binary collisions with surface ions. It isneutral and negatively charged outgoing ions and atoms for
noteworthy that we have performed the present simulatiothe same angle of incidence and projectile velocity. The
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ratio between neutrals and negatively charged ions imamics in the neutralization of highly charged ions incident
strongly dependent on parallel-velocity effects, which are neon an LiF insulator surface. The rates for one-electron and
glected in the present simulation. Thus, only the sum of théwo-electron processes entering the transport equation were
fractions of neutrals and negatively charged particles can bestimated using CTMC calculations within the framework of
compared with experiments. This sum exceeds 0.95 in agreéhe fixed-ion approximation and atomic structure codes for
ment with the experiment. Our simulations explain the highAuger processes. While the estimates for some of the rates
probability for complete neutralization and relaxation of Obtained from data from other experiments or model calcu-

multiply charged ions in grazing incidence collision with a lations carry a considerable uncertainty, they represent a pri-

LiF surface, independent of the initial charge state of the ion®'! fixed input. The calculation itself does not involve any

It is instructive to extract from Fig. 15 the absolute time adjustable parameter. Within these limitations, our model

scales for neutralization and relaxation. Counting the timePrOVides for a realistic neutralization scenario. For vertical
. s i X ;
from the first electron capture, neutralizatiomithout relax- 'ncidence of a slow N€" ion, our simulations suggest that

ation) is reached for the experimental parameters from RefiN€ Projectile is largely neutralizedialf filled K andL shellg
[50] at T,=30fs, relaxation to the ground state &t when it comes within close range of the surf@8e.u. of the
~50 fs " ' topmost layer. The trampoline effect, i.e., the backscattering

It should be pointed out, however, that the good agree9f a multiply charged ion above the surface, does not take

ment with experimental data is currently restricted to |0Wp|e|1ce_tfor tz'i system. Forlgr?ztl.ng |ndC|denci atndﬂ?kiw |or:
parallel velocitiesy~0.1. At higher parallel velocities, the velocities (<1 a.u.), our calculations demonstrate that mos

present FIA needs to be modified. While nonadiabatic effect£6f|eCted ions are completely neutralized—or even singly

due to the explicit time dependence of the interaction caegatively cha_rged—and in their electronic gr_ound state, in
still be neglected for small, , the effect of the Galilei shift accordance with experiments. Further extensions of our ap-

between target frame and projectile frame on charge eXproac_h_ should address nonadiabatic effects at larger parallel

change must be taken into account. For metals, this can bveelocmes.

accomplished within the framework of kinematic resonances
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