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Abstract

In this work a theoretical study of the collision of many-electron ions with a surface is performed. The case of large

angle collisions with respect to the surface and projectiles with an open shell is treated. Two important ingredients are

considered in the theoretical model. One is the calculation of the interaction terms by considering the orientations of the

projectile orbitals with respect to the reference frame provided by the surface. In this form the different symmetry

considerations with respect to an isolated two-atom collision are introduced. The other one is the Coulomb repulsion

between the electrons in the ion site, which is taken into account within a Hartree–Fock description of the time-

dependent evolution. In this way our model calculation is able to reproduce the experimental trends observed in the

scattering of Nþ by a LiF surface.
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1. Introduction

The neutralization of ions colliding with surfaces

has been noticed to be strongly dependent on the
projectile–target system [1–4], being this fact origi-

nated in the varied characteristics of the electronic

structure of both, target and projectile. The metallic

or ionic nature of the surface, and the presence of

inner states that can promote the projectile state,

lead to different behaviors of the neutralization

probability as a function of the energy of the in-
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coming projectile [1,2,5–7]. Light projectiles like Hþ

and Heþ in collisional processes where the neutral-

ization by electronic capture to the ground state is

expected to be the most probable mechanism, are
well described by only one active orbital. The neu-

tralization is in this case very dependent on the rel-

ative position of the atom energy level with respect

to the band and core energy levels of the surface,

and on the variation of the energy level of the pro-

jectile along its trajectory [6–8]. It has been found

that the resonant charge-transfer is an important

mechanism of neutralization in large angle colli-
sions, not only in the case of ionic surfaces where the

Auger mechanism is highly suppressed, but also in

the case of Heþ scattered by metal surfaces where a

significative hybridization of the projectile state with

target core-states takes place [1,2,9].
ed.
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For collisions involving trajectories with large

angles with respect to the surface, a binary picture

by considering only the scatterer surface atom is

expected to describe correctly the collisional pro-

cess. However the natural reference frame is pro-

vided by the surface. Then, the relative orientations
of the projectile orbitals in this frame become an

ingredient to be considered for a more realistic

description of the angular dependence of the charge

transfer process. The charge transfer to an open

shell of a many-electron projectile leads to different

final electronic configurations that may occur with

similar probabilities. This represents a complex

many-body problem in which the intra-site two-
electron terms have to be taken into account in

some order of a perturbative calculation. As an

example of a collisional system presenting these

features we have the ion survival probability of Nþ

scattered by the F atoms of a LiF surface measured

by Khvostov et al. [10]. The range of projectile ki-

netic energies is between 200 and 1000 eV, the

scattering angle is 90� and the incident angle with
respect to the surface is 45�. An oscillatory behav-

ior of the ion survival probability as a function of

the primary ion energy is observed. Khvostov et al.

explain these oscillations through a model for the

ion neutralization based on two different positions

of the hole in the N-2p orbitals with different ori-

entations respect to the surface. They use a time-

dependent Anderson–Newns model where two
orbitals (a and b) with constant energies located on

the impinging ion are considered. The hopping with

the valence band states of the LiF surface are cal-

culated as the overlap integrals between the N-2p

and the F-2p orbitals, but it is not clear neither the

model used for describing the band states nor the

energy values they are considering for the two

orbitals located on the ion. They introduce only the
following three kind of many-electron functions as

the basis set to solve the time-dependent Schroe-

dinger equation: (i) one electron in the a-state of the

projectile and N electrons in the valence band, (ii)

two electrons in the projectile and N � 1 in the

valence band, (iii) one electron in the b-state of the

projectile and N in the valence band. Then, they are

not considering neither the electron-loss channel
given by the wave functionwith none electron in the

projectile,N in the valence band and one electron in
the conduction band, nor the surface excitation

channels. Their discussion is rather confuse, but

they conclude that an specific polarization of the

electron orbitals occurs, because about the 80% of

the scattered ions have electron orbitals oriented

normally to the surface.
The proposal of this work is to perform a

Hartree–Fock (HF) treatment of the intra-site

two-electron terms in a consistent way with the

dynamical evolution of the collisional process. By

assuming that the most probable initial state of the

nitrogen ion is the 3P configuration, the hole in the

2p shell of the nitrogen atom can be in any of

the 2p orbitals (px, py or pz) with the same initial
probability. Different hybridizations between the

N-2p orbitals and the 2p and 2s orbitals of the F

atom will take place depending on the orientations

of the N-2p orbitals with respect to the surface. By

the other hand, in a mean-field picture each N-2p

energy level is strongly dependent on the occupa-

tion of the other two 2p orbitals due to the direct

and exchange Coulomb interactions between the
2p electrons. A description of the collisional pro-

cess within a time-dependent HF approximation

that allows to vary the 2p one-electron energy

levels of nitrogen according with their corre-

sponding dynamical occupations, means surely an

improvement respect to one that neglects com-

pletely the correlations between the N-2p elec-

trons. This kind of calculation is finally the main
objective of the present work. We perform a de-

tailed HF calculation of the interaction parameters

for the collisional system, by considering the LiF

surface described as a F� atom embedded in a

semi-infinite point-charge distribution that resem-

bles the Madelung potential of the ionic lattice. In

the description of the dynamical collisional process

there are included not only the surface band-states,
but also the core states of the surface atoms that

can promote the projectile energy levels through

the hybridizations occurring in the short-distance

encounters. The Green function-technique used

for solving the time-dependent evolution allows to

introduce all the electronic channels consistently

with the HF description of the interacting system.

By exploring only the transition 3Pfi 4S as the
neutralization channel, we found that the Coulomb

interaction between the 2p electrons can explain the
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oscillations observed in the dependence of the ion

survival probability with the primary ion energy.

This work is organized as follows: in Section 2

the model calculation is explained in detail; Sec-

tion 3 is devoted to the discussion of the results,

and Section 4 to the concluding remarks.
2. Theory

A second-quantized description of an interact-

ing two-atom system that involves a symmetric

orthogonalization procedure [13] and an expan-

sion up to a second-order in the atomic overlap is
first performed [11,12]. Then, by assuming that the

solid can be assimilated to one of the two atoms

(with extended and localized states), the Hamilto-

nian finally obtained is an Anderson-like one

where the term associated with the energy of the

projectile open shell in the non-interacting atom–

surface limit reads:X
a;r

e0a

(
þ 1

2
Uaan̂na�r

þ 1

2

X
b6¼a

Jabn̂nb�r

h
þ ðJab � Jx

abÞn̂nbr
i)

n̂nar ð1Þ

where a and b run over the 2p atomic orbitals; e0a is
the one-electron contribution, and Uaa, Jab, Jx

ab are

the direct and exchange intra-site Coulomb inte-

grals respectively. These all two-electron terms

appearing in expression (1) account for the differ-

ent electronic configurations of the Nþ, N0 and N�

species. The lowest order of a perturbative calcu-
lation corresponds to the HF approximation of

these two-electron terms. In this approximation,

Eq. (1) results:

X
a;r

e0a

(
þ Uaahn̂na�ri

þ
X
b6¼a

Jabhn̂nb�ri
h

þ ðJab � Jx
abÞhn̂nbri

i)
n̂nar ð2Þ

where now the energy of each p-orbital depends on

the average occupations hn̂nbri of the other ones.

The use of the complete expression (2) allows
to treat in a HF approximation the all possible
neutral channels related with the transitions
3Pfi 4S, 3Pfi 2D and 3Pfi 2S, and also the nega-

tive ion formation (1D). To contemplate all them

represents a formidable task. Then, in this work

we propose to consider only the neutralization

channel 3Pfi 4S and to analyze the effect of the
Coulomb repulsion between the p-electrons trea-

ted within a mean-field approximation. We will

show that the oscillatory dependence of the ion

survival probability with the incoming kinetic en-

ergy of the projectile is well reproduced when these

Coulomb terms are included. In this case the ex-

pression (2) is reduced to the following form:X
a;r

e0a

(
þ
X
b6¼a

ðJab � Jx
abÞhn̂nbri

)
n̂nar

The value of the ðJab � Jx
abÞ integrals is obtained

from the difference between the HF total energies

of N0(4S) and Nþ(3P):

Jab � Jx
ab ¼ Eð4SÞ � Eð3PÞ

In the interacting situation and within the HF

approximation, the Hamiltonian that describes the

collision between the Nþ projectile and the LiF

surface including the interactions of the valence

and core states of the surface with the p-orbitals of

the Nþ ion, is

H ¼
X
k

ekn̂nk þ
X
c

ecn̂nc þ
X
a

EaðtÞn̂na

þ
X
k

VkaðtÞĉcþk ĉca
h

þ H :c:
i

þ
X
c

VcaðtÞĉcþc ĉca
h

þ H :c:
i

ð3Þ

The first two terms correspond to the extended

band states with energies ek and to the core-band

states with energies ec of the LiF surface respec-

tively. The third term describes the 2px, 2py and

2pz orbitals of the nitrogen projectile with HF
energies Ea. The last two terms account for the

hybridization among the surface and ion states.

The occupation number operators are defined as:

n̂nk ¼ ĉcþk ĉck for the band states, n̂nc ¼ ĉcþc ĉcc for the

core states, and n̂na ¼ ĉcþa ĉca for the ion states.

The hopping terms Vka are calculated by using a

LCAO expansion of the k-states of the solid. In

this form the projectile–surface hopping term is



+ - + -+- + -

Vpy-py

Vpz-pz

pz-py
G

Fig. 1. Diagrammatic description of the collisional system. The

yz is the collision plane and the yx is the surface plane. Vam are

the atomic hopping integrals between the projectile ion and the

scatterer target atom; Gab are the Coulomb integrals in the

projectile site. The in- and out straight trajectories are indicated

by the dashed lines. The plus and minus symbols indicate the

point-charge distribution of the ionic surface.
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written as a superposition of projectile–target atom

hopping integrals weighted by the coefficients of

the LCAO expansion. These coefficients determine

the partial and local density of states of the LiF

surface. By considering only the interaction with

the scatterer atom at the surface:

VkaðtÞ ’
X
i

cki;0ViaðRðtÞ � R0Þ ð4Þ

where RðtÞ is the ion position at time t, while R0 is

the position of the scatterer F atom that we assume
at the origin of the reference frame (R0 ¼ 0). The

cki;0 coefficients are the weights of the 2p-states of

the F atom at R0 ¼ 0 in the k-state of the surface;

and the Via are the off-diagonal matrix elements of

the Hamiltonian between the symmetrically ortho-

normalized F and N atomic orbitals. The core-

bands are assumed as localized states, then the Vca
in expression (3) correspond to the hopping be-
tween the core orbitals of the F atom (1s and 2s

states) and the N-2p orbitals.

2.1. Model calculation of the Hamiltonian para-

meters

The terms of the Hamiltonian (3) are calculated

by considering the F� atom embedded in the semi-
infinite point-charge distribution that reproduces the

Madelung potential of the LiF ionic surface. The in-

and out-trajectories of the Nþ ion are roughly sim-

ulated by two broken straight lines with the correct

incidence an exit angles (45�) with respect to the

surface (see Fig. 1). For each incoming kinetic energy

the distances of closest approach are previously ob-

tained from the interaction energy of the Nþ–F�

system embedded in the point-charge distribution,

and considering a perpendicular ion movement.

These all calculations are performed by considering

an adiabatic evolution without charge transfer be-

tween the two atoms. Depending on which N-2p

orbital the hole is, we have that the unrestricted HF

calculation gives an energy corresponding to this

orbital which is approximately 0.6 a.u. (the value of
Jab � Jx

ab) larger than the energies of the other two 2p

orbitals (the asymptotic values are respectively )0.55
and )1.15 a.u. relative to the vacuum level).

We only write the explicit expression of the

projectile on-site energy term for understanding
the time-dependent HF approximation after per-

formed:

Ead
ar ¼ far þ

X
b6¼a

ðJab � Jx
abÞhn̂nbri

þ
X
j

eJJajhn̂nj�ri
�

þ eGGajhn̂njri
�

ð5Þ

where b runs over the p-orbitals of the projectile,

while j runs over the surface atom states; and the

different parameters are defined as:eJJij ¼ J 0
ij � S2

ijJ
x0
ij

eGGij ¼ ðJ 0
ij � Jx0

ij Þð1þ S2
ijÞ

with Sij the overlap between the atomic states of

the two atoms involved, and the Coulomb inte-

grals J 0
ij and Jx0

ij are defined in the atomic basis set

from the general expression of the two-electron

integrals:

vijkl ¼ /iðrÞ/jðr0Þ
1

jr � r0j

���� ����/kðrÞ/lðr0Þ
� �
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as Jij ¼ vijij, and Jx
ij ¼ viijj. The far term includes

the expected corrections due to the overlap in a

second-order expansion [12]:

far ¼ e0a �
X
j

SajV r
aj þ

1

4

X
j

S2
aj

� e0a

"(
þ
X
k

J 0
akhn̂nk�ri þ

X
k 6¼j

G0
akhn̂nkri

#

� e0j

"
þ
X
k

J 0
jkhn̂nk�ri þ

X
k 6¼i

G0
jkhn̂nkri

#)
ð6Þ

The one-electron term e0a in Eq. (6) includes now

the interaction of the electron with the point-charge
distribution. We will take into account in the dy-

namical evolution of the collisional system the three

p-orbitals of the Nþ ion, by introducing the energy

variation of each one accordingly with the occu-

pation of the other two. This is performed within

a time-dependent HF approximation by consider-

ing:

Epa
ðtÞ ¼ Ead

par
ðtÞ þ

X
b6¼a

Jpapb

�
� Jx

papb

�
� hn̂npbrit
h

� hn̂npbri�1

i
ð7Þ

where Ead
par

ðtÞ is given by the expression (5) and

calculated from the adiabatic evolution without

charge transfer between the N and F atoms. The

time dependence of this parameter is due to the

classical trajectory of the Nþ ion, R ¼ RðtÞ, as-

sumed with a constant velocity. Only one spin

projection (the r chosen for the occupied p-orbi-
tals) enters in the calculation due to the nature of

the Coulomb interaction term considered, justify-

ing in this form the spin-less picture of the time-

dependent Hamiltonian (Eq. (3)). The average

occupations hn̂npbrit are provided by the dynamical

calculation at each time t, while hn̂npbri�1 are the

occupations of the p
b
orbitals in the 3P configura-

tion of the incoming ion.

2.2. Quantum mechanical calculation of the ion

survival probability

A time-dependent formalism based on the fol-

lowing Green functions is used [14]:

GaMðt; t0Þ ¼ �iHðt � t0Þ cþMðt0ÞcaðtÞ
�

þ caðtÞcþMðt0Þ
�

The index M runs over the eigenstates of the non-

interacting collisional system at the initial time t0,
these are the k-band states and c-core states of the

surface, and the b-orbitals of the projectile. The

index a runs over the 2px, 2py and 2pz orbitals of
the projectile. These Green functions give the

amplitudes of the a-state in the time-dependent

wave functions that evolve from the M-eigenstates

of the system at time t0. The motion equations of

the GaMðt; t0Þ functions determined by the Hamil-

tonian (3), are derived in the following way:

idGaMðt; t0Þ=dt ¼ dðt � t0ÞdaM þ
X
K

VaKðtÞGKMðt; t0Þ

idGKMðt; t0Þ=dt ¼ dðt � t0ÞdKM þ
X
b

VKbðtÞGbMðt; t0Þ

By performing the phase transformations:

GqMðt; t0Þ ¼ gqMðt; t0Þe
�i
R t

t0
Eq dx

the differential equation for the GKMðt; t0Þ is inte-

grated and the result is replaced in the equation for

the GaMðt; t0Þ. The final result is

idgaMðt; t0Þ=dt ¼ dðt� t0ÞdaM

� i
X
K;b

VaKðtÞe
�i
R t

t0
ðeK�EaÞdx

�
Z t

t0

dsVKbðsÞe
i
R s

t0
ðeK�EbÞdx

gbMðs; t0Þ

� iVaMðtÞe
�i
R t

t0
ðeM�EaÞdx ð8Þ

where the index K runs over the surface states, b
over the projectile states, and the orbital energy

levels EaðtÞ of the projectile are the EpaðtÞ given by

the expression (7).

The hopping with the k-band states are calcu-

lated through the expansion (4) by using the fol-
lowing simple form proposed for the cki;0 coefficients

[15]:

cki;0 ¼
ffiffiffiffiffiffiffi
2nv

p
sinðpk=2Þ=

ffiffiffi
3

p
; i ¼ 2px; 2py ; 2pz

with k varying from 0 to 1; and nv equal to 0.9 for

the valence band, and equal to 0.1 for the con-
duction band. In this form we take into account

the negative charge of the F atom in the surface,
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Fig. 2. The energy levels of the projectile orbitals given by Eq.

(5), as a function of the z-distance measured with respect to the

turning point. The initial charge-state configuration of Nþ

corresponds to a hole in the px-orbital, and the incoming ion

energy is 300 eV. The solid line corresponds to Ead
px
, the dashed

line to Ead
py

and the dotted line to Ead
pz
. The dott–dashed line

indicates the F–2s energy level, and it is also indicated the

boundaries of the valence band of LiF surface. The Coulomb

repulsion term Gab accounts for the difference between the p-

orbital energies in the asymptotic situation.
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equal to 0.9, and the small but not null weight of

the F-2p states in the conduction band of the LiF

surface. The energy dispersion relation of the band

states is also taken from this very simplified linear-

chain model [15], by considering an energy gap
value equal to 13 eV and a valence band-width

equal to 5 eV.

The average occupation number hnpaðtÞi of each
2p-orbital of the projectile is given by

hnpaðtÞi ¼
X

M occupied

jGaMðt; t0Þj2 ð9Þ

where M runs over the initially occupied eigen-

states of the non-interacting system: the k-valence
states of the LiF surface and the c-core states of

the F atom (1s and 2s states), and the two 2p-

orbitals initially occupied in the Nþ (3P). These

hnpaðtÞi values are used to calculate the variations

of the HF energy levels due to the occupations of

the 2p orbitals at the time t, accordingly with ex-

pression (7).

Within the time-dependent HF approximation,
the many-body wave function is a Slater determi-

nant evolving in time from the corresponding ini-

tial configuration state. Then, the calculation of

the probabilities of the different charge-states of

the projectile leads to the following expressions:

P 0 ¼ hnpxðtÞihnpy ðtÞihnpzðtÞi

Pþ ¼ h1� npxðtÞihnpy ðtÞihnpzðtÞi

þ hnpxðtÞih1� npy ðtÞihnpzðtÞi

þ hnpxðtÞihnpy ðtÞih1� npzðtÞi

Pþþ ¼ h1� npxðtÞih1� npy ðtÞihnpzðtÞi

þ h1� npxðtÞihnpy ðtÞih1� npzðtÞi

þ hnpxðtÞih1� npy ðtÞih1� npzðtÞi

Pþþþ ¼ h1� npxðtÞih1� npy ðtÞih1� npzðtÞi

ð10Þ

being P 0 the probability of neutral N atoms, Pþ,

Pþþ and Pþþþ the probabilities of N atoms with

one, two and three holes in the 2p shell respec-

tively. The sum equal to 1 of these all probabili-

ties provides a good numerical test for our

calculation.
3. Results and discussion

The adiabatic evolutions along the ion trajec-

tory of the 2p one-electron HF energy levels

Ead
par

ðRÞ given by the expression (5) without con-
sidering charge exchange between the surface and

the ion projectile, are shown in Fig. 2 as a function

of the normal distance to the surface z measured

respect to the turning point (the trajectory takes

place in the yz plane). In this case the Nþ (3P)

initial configuration has the hole in the 2px orbital,

and the turning point (R ¼ 0:76 a.u.) corresponds

to an incoming kinetic energy equal to 300 eV. In
the dynamical evolution, the occupation of the 2px
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orbital produces an energy promotion of the

other two 2p levels according to expression (7), and

consequently a possibility of electron transfer from

these orbitals to the conduction band, also favored

by the hybridizations with the F core states.

The VamðRÞ hopping interactions between the a-
orbitals of the Nþ ion (a ¼ 2px; 2py ; 2pz) and the

m-orbitals of the F atom (m ¼ 2px; 2py ; 2pz; 2s; 1s)
are shown in Fig. 3 also as a function of the nor-

mal distance to the surface z. The negative values

of z only indicate the incoming part of the ion

trajectory. According to the magnitudes of the

hopping terms with the core states of the F atom

shown in Fig. 3b, it is concluded that the promo-
tion of the N-pz energy level will be the most sig-

nificative. There is no hybridization between the

N-px and the F core orbitals.

The total ion survival probability obtained by

averaging with equal probabilities the ion survival

probabilities for each degenerate possibility of the
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Fig. 3. Hopping interaction terms Vam as a function of the z-distance w
the F-atom: the solid line corresponds to a ¼ pz, m ¼ py , the dashed lin

the dotted line to a ¼ py , m ¼ py . The hopping terms with a ¼ py , m ¼
m of the F atom: the solid line corresponds to a ¼ pz, m ¼ 1s, the dash

the dott–dashed line to a ¼ py , m ¼ 2s.
initial electronic configuration 3P of the Nþ ion, is

shown in Fig. 4 as a function of the incoming

projectile energy. The main contribution comes

from Pþ that corresponds to the single ions (Eqs.

(10)), being Pþþ and Pþþþ negligible (less than

3%). It is shown in the same figure the results
obtained from the following two other calcula-

tions: (I) By considering the collision as occurring

between only two atoms for calculating the atom–

atom interaction parameters (Ea and Via). In this

case the internuclear axis is the natural symmetry

axis for the two-atom interaction. Then, this cal-

culation is ignoring completely the presence of the

surface. (II) The orientations of the projectile
orbitals respect to the surface along its trajectory

are taken into account by calculating the interac-

tion parameters in the reference frame provided by

the surface. In both calculations, (I) and (II), we

consider the initially empty 2p orbital of the Nþ as

the only one active state on the projectile site,
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e to a ¼ pz, m ¼ pz, the short-dashed line to a ¼ px, m ¼ px, and

pz and a ¼ pz, m ¼ py result to be equal. (b) With the core states

ed line to a ¼ pz, m ¼ 2s, the dotted line to a ¼ py , m ¼ 1s, and
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full triangle curve also neglects the electronic correlation but

introduces the relative orientations of the p-orbitals with re-

spect to the surface; the full square curve corresponds to the

complete calculation that introduces the surface as the reference

frame, and a HF treatment of the intra-site Coulomb repulsion.

The experimental data are indicated by the solid line curve.
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Fig. 5. The ion survival probabilities for each initial charge-

state configuration of the Nþ ion. The full square curve corre-

sponds to the hole in the px orbital, the full circle curve to the

hole in the py orbital, and the full triangle curve to the hole in

the pz orbital.
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neglecting in this form any correlation between the

N-2p electrons. We can observe that the option

calculation (I) gives very large values (around 0.9)
of the ion survival probability and a very smooth

dependence with the incoming ion energy. The

option (II) gives lower values (around 0.8) and

shows slight oscillations as a function of the pro-

jectile energy. While the calculation that involves

the three p-orbitals of the N atom by using a

mean-field approximation of the Coulomb inter-

action between them, reproduces fairly the values
and the pronounced oscillations with the projectile

energy of the measured ion survival probability

[10] (also shown in this figure).

The ion survival probabilities for each initial

charge-state configuration of Nþ (3P) are shown in

Fig. 5. All them present similar oscillatory be-

haviors as a function of the incoming ion energy,
being different their partial contributions to the

total ion survival probability. The ion neutraliza-

tion is due to the resonant process of charge ex-

change between the projectile orbitals and the

surface band states. The only role of the core states

of the surface atom is to promote the energy levels

of the projectile.

The HF energy levels of the 2p orbitals of Nþ

vary along the ion trajectory with respect to the

adiabatic values (Fig. 2), due to the Coulomb in-

teraction treated within the time-dependent mean

field approximation (Eq. (7)), and also due to the

interaction with the core states of the target atom

that becomes effective during the close encounter.

In Fig. 6 we can observe the N-pz energy level as a

function of the z-distance for the case of the initial
Nþ(3P) configuration with a hole in this orbital,

and a kinetic energy of 300 eV. Here the following

situations are shown: the energy level values given

by Eq. (7) with the average occupations determined



-6 -4 -2 0           2           4           6
-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

v.b.

z (a.u.)

en
er

gy
 (

a.
u.

)

Fig. 6. The dynamical evolution of the energy level of the pz

orbital, in the case of a Nþ initial configuration with a pz hole

and an incoming ion energy of 300 eV. The short-dashed curve

corresponds to the energy given by Eq. (7) when the F core

states are not considered; the dashed curve to the same energy

expression but considering the F core states, and the solid curve

to the pz energy level promoted by the hybridization with the

core states of the F atom. The dot–dashed lines indicate the

boundaries of the LiF band states.
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by either considering or not the interaction with the

core orbitals of the F atom in the dynamical evo-

lution; and the promoted pz energy level that re-

sults from the hybridization between the N-pz HF

orbital (with energy given by Eq. (7)) and the F

core states. The presence of the F core states in this

case leads to a less capability of electron capture to
the N-pz due to its significative energy promotion.

This is observed in the average occupations of the

N-p orbitals as a function of the z-distance for this
initial electronic configuration, shown in Fig. 7. In

Fig. 7a the core states of the target atom are con-

sidered, while in Fig. 7b they are not. The electron

loss processes by the energy promotion due to the

presence of the core states is clearly evidenced in
the evolution of the pz-orbital occupation observed
in Fig. 7a. While the occupation of the pz in the

case of neglecting the interaction with the core

orbitals of the target atom (Fig. 7b), grows to a

value around 0.9 accordingly to an energy level

that is always practically resonant with the valence

band (Fig. 6). In Fig. 7b the energy levels of the p-
orbitals used are those given by the Eq. (7), being

their variations with respect to the adiabatic value

only determined by the dynamical evolution of the

average occupations. The energies of the px and py

orbitals, for which the hybridizations with the F

core states are either null or small, are well de-

scribed in any case by Eq. (7). Fig. 8 shows

the results of the total ion survival probability
obtained by either including or not the F-core

states. It is evidenced the importance of the hy-

bridizations with the localized core states for

achieving a better agreement with the experimental

results.

There is another point to take into account:

the large value of the energy loss of the projectile

in the laboratory frame, when colliding with a
target atom of similar mass. For the N–F system

and a scattering angle equal to 90�, this means a

reduction by a factor of 0.15 in the kinetic energy

of N after the collision. We are actually consid-

ering the laboratory frame provided by the sur-

face, but neglecting the recoil of the target atom.

Therefore, this is not at all a correct description

of the collision process. But in order to see how
much sensitive to the velocity changes the be-

havior of the ion survival probability is, we have

taken into account the energy loss by considering

different ion velocities for the in- and out-trajec-

tories. The results of the ion survival probability

obtained in this form are compared to the cal-

culation without energy loss in Fig. 9. The qual-

itative behavior has not changed; it is observed
an improvement for the largest primary ion en-

ergies when compared to the experimental data,

while for the lowest energy values the results are

worst. The constant velocity approximation we

have used is probably not the most appropriate

one for this range of low kinetic energy values; a

better calculation including the velocity variations

along the ion trajectory is expected to give results
that include features of these both present cal-

culations.
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Fig. 8. The total ion survival probability as a function of the

primary ion energy. The full square curve includes the core

states of the F atom, while the full inverted triangle curve does

not. The experimental curve corresponds to the solid line.
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Fig. 7. The average occupation of the p-orbitals of the nitrogen as a function of the z-distance in the case of a Nþ initial configuration

with a pz hole and an incoming ion energy of 300 eV. The solid curve corresponds to hnpz i, the dashed curve to hnpy i and the dotted

curve to hnpx i. By considering (a), or not (b), the core states of the F atom.
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4. Conclusions

We have studied the neutralization process in

large angle collisions of a many-electron ion with

an open shell against a ionic surface. Two ingre-

dients have been considered, the orientations of

the ion orbitals respect to the surface along the

trajectory for a good description of the angular

dependence; and the electron–electron interaction

in the projectile site treated within a HF approxi-
mation. The interaction parameters have been

obtained by using an unrestricted HF calculation

previously developed. A time-dependent calcula-

tion of the ion survival probability has been per-

formed in the specific case of Nþ against a LiF

surface for which there are experimental results.

Our formalism allows to perform a time-depen-

dent HF calculation of the all possible neutral-
ization channels from an initial ionic configuration

assumed as the 3P one (3Pfi 4S, 2D, 2S), and also

of the negative ion formation (1D) that has been

found to be important as temporary ions in elec-

tron emission experiments [16]. In this work only
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Fig. 9. The total ion survival probability as a function of the

primary ion energy. The full circle curve introduces the kinetic

energy loss that the Nþ ion suffers in the collision with the F

atom, while in the the full square curve this energy loss is not

taken into account. The solid curve corresponds to the experi-

mental data.
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the 3Pfi 4S transition has been considered. Nev-

ertheless, we can conclude that this kind of model

including basically the interactions with not only

the surface band states but also with the core states,

and the electronic Coulomb repulsion in the pro-

jectile site treated within a HF approximation, is

able to reproduce fairly the experimentally ob-

served behavior of the ion survival probability as a
function of the incoming ion energy. This result is

encouraging for a future work where the all possible

final configurations are simultaneously included.
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