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Abstract

We have developed a new two-center close-coupling approach in which the time-dependent Schr€oodinger equation is

solved for an active electron interacting with a slow projectile and a metal surface. The motion of the active electron in

the metal subspace is discretized by using Weyl wave packets. Results for the time evolution of the atomic and metallic

population amplitudes for the H/Al system are shown and discussed.
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1. Introduction

The detailed investigation of electron transfer

and orbital hybridization in particle–surface in-

teractions is of importance for several areas of

applied physics and state-of-the-art technologies,

such as sub-micro-scale electronics, the controlled

modification and doping of materials with ion

beams, sputtering, the development of ion sources,

the control of ion–wall interactions in fusion

plasma, and surface chemistry, including catalysis

and corrosion prevention. In the past years, charge

transfer during ion (atom)–solid surface collisions

has received much interest, both experimentally

and theoretically (for reviews see [1–4]). On the

theoretical side, several non-perturbative methods

have been developed. The method of complex co-

ordinates [5] was applied to study hydrogen atoms,

alkalis, and negative ions interacting with clean

and adsorbate-covered surfaces [6–8]. The cou-

pled-angular-modes method studies the scattering

of the active electron by the atom-surface com-

pound [9]. In this approach the perturbed atomic

states appear as electron-scattering resonances. It

has been applied to different atoms and ions in-

teracting with clean surfaces [10] and surfaces

covered by adsorbates [11]. The stabilization

method has been used to study atomic resonances

near an Al surface. It was implemented by using a

multi-center Gaussian expansion [12] and in con-

junction with the complex rotation technique [13].
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In the wave packet propagation method [14,15],

the time evolution of the active electron�s wave

function is obtained by integrating the time-

dependent Schr€oodinger equation on a numerical

grid. This method has the advantage of being quite

flexible with respect to the choice of effective po-

tentials for the electron–atom and electron–surface

interactions, but requires large computational

resources for full three-dimensional calculations.

Furthermore, a self-energy method has been ap-

plied [3,16–18] to the calculation of resonance

widths and energies, by diagonalizing a complex

Hamiltonian. In this method, the coupling of pro-

jectile levels to the surface conduction-band is

approximately included in terms of the non-

Hermitian ‘‘self-energy’’, which acts as a complex

optical potential in the subspace spanned by the

projectile-centered atomic bases states.

The aim of this paper is to apply a new close-

coupling method for atom (ion)–surface interac-

tions, which includes the electronic degrees of

freedom inside the metal by using wave packets.

Similar to the use of pseudo states obtained by

representing the electronic continuum [19–22] in

close-coupling calculations for charge exchange in

ion–atom collisions or in the study of ionization

phenomena, we use Weyl wave packets to dis-

cretize the continuum of bound conduction-band

states of the metal surface. This wave packet ap-

proach takes couplings between metal states ex-

plicitly into account and allows for the evaluation

of the population of both atomic and metal states

[23,24].

Inherently, the scattering of atoms and ions

from surfaces is a complex process that involves

many-electrons. Such dynamical many-electron

interactions constitute a major challenge to theory

and are in our case further complicated by the

need to discretize the conduction-band continuum.

Rather than attempting to formulate and imple-

ment a many-electron description, we limit our

theory to the motion of one electron as induced by

an effective potential and assume excited n ¼ 2

hydrogen atoms as projectiles that become ionized

by the resonant loss of the active electron into the

unoccupied part of the metal conduction-band.

Previous non-perturbative calculations of the

widths of H levels in both ground and excited

states near an Al surface [14] have revealed tran-

sition rates between 1s and n ¼ 2 excited states of

H atoms and the conduction-band of Al, to be

large at small ion-surface distances, with some-

what large rates for transitions into n ¼ 2 levels

(averaged over both hybrids). This means, that in

the actual physical process during the reflection of

excited hydrogen atoms from a Al surface two

processes compete; electron loss to the conduction-

band of the excited atomic electron and electron

capture into the ground state of H.

Rather than aiming at comparisons with ex-

periments, our main interest in this paper is to

carefully investigate and eliminate convergence,

coherence, and recurrence problems that usually

accompany discretization schemes [18–20]. We

therefore remain within the limits imposed by an

effective potential, one-active-electron description

of the charge transfer process and focus on the

decay of an excited H state near an Al surface,

thereby disregarding the competing neutralization

into the projectile�s ground state.

This paper is structured as follows. In Section 2,

the close-coupling theory including continuum

discretization is developed. In Section 3, we discuss

numerical applications to the H/Al system. Our

conclusions follow in Section 4. Throughout this

paper, projectile-surface distances will be mea-

sured with respect to the jellium edge of the sur-

face. The electronic energy reference will be the

atomic ionization threshold. We use atomic units

throughout.

2. Close-coupling theory with continuum discretiza-

tion

2.1. Hamiltonian and channel splitting

The interaction scenario of a slowly moving

atom and a metal surface is depicted schematically

in Fig. 1. The reference frame is chosen at rest

relative to the substrate such that the metal jellium

edge coincides with the (x; y) plane. z ¼ 0 defines

the jellium plane. Oz is the quantization axis which

passes through the center of the atom and is per-

pendicular to the surface plane, pointing away

from surface. The vectors ~rr and ~rrp designate the
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active electron with respect to the surface and

projectile nucleus, respectively, and DðtÞ is the

projectile-surface distance, with D ¼ 0 at the jel-

lium edge. We assume perpendicular incidence of

the projectile and use a classical trajectory given by

DðtÞ ¼ dmin � vzt to describe its incidence and re-

flection at the surface. dmin is the distance of min-

imum approach to the jellium edge, and vz is the

perpendicular velocity of the projectile.

Our goal is to solve the time-dependent

Schr€oodinger equation

Hwð~rr; tÞ ¼ i
owð~rr; tÞ

ot
ð1Þ

as a system of differential coupled equations for

the atomic and metallic population amplitudes,

using a two-center expansion for the total wave

function of the active electron.

In contrast to other close-coupling approaches

[6,9,12,13,16–18], we discretize the active electron�s

motion inside the metal using Weyl wave packets

[20,22,25]. These wave packets are obtained as the

superposition of metal wave functions over small

momentum intervals and, in contrast to metal

conduction-band (e.g. jellium) states, have the

advantage of being localized at the surface, where

the electronic interactions occur. The use of dis-

cretized states to represent the conduction-band

(and possibly the ionization) continuum allows for

the convenient inclusion of (one-electron) inelastic

processes inside the substrate.

The total Hamiltonian of the ion-surface sys-

tem,

H ¼ T þ Va þ Vsurf ; ð2Þ
includes the kinetic energy of the active electron,

T, the potential

Va ¼ Vcoul HðzÞ
�

þHð � zÞe�
jzj
k

�

ð3Þ

and the surface potential Vsurf . The potential Va
consists of the atomic Coulomb potential Vcoul ¼
�Q=rp, exponentially screened at the jellium edge.

Q designates the projectile nuclear charge, k is

the screening length inside the metal (k ¼ 1 for

Al [26]), and HðzÞ is the unit step function. Vsurf
contains the step-potential Vs ¼ �V0Hð�zÞ and

electronic and nuclear image potentials. The step-

potential and the image potentials are matched at

the distance zmatch > 0 in order to guarantee the

continuity of the effective surface potential,

Vsurf ¼
�V0 z < zmatch

� 1
4ðz�z0Þ þ

Q

jDþz�2z0j z > zmatch

�

ð4Þ

at the surface. V0 is the energy at the bottom of the

conduction-band (V0 ¼ 0:58 for Al [16]). The nu-

clear image potential, Q=jDþ z� 2z0j, has been

approximated by its value on the surface normal

through the projectile nucleus. The image-charge

plane for the Al surface is located at z0 ¼ 0:7 [16].

We identify the initial and final asymptotic

channel Hamiltonians as

Hi ¼ T þ Vs ð5Þ
and

Hf ¼ T þ Vcoul: ð6Þ
The jellium wave functions /~kk are eigenfunctions of

the initial channel Hamiltonian, with energies Ek,

Hi/~kk ¼ Ek/~kk: ð7Þ
The projectile-centered hydrogenic wave functions

wj with energies Ej are eigenfunctions of the final

channel Hamiltonian Hf ,

Hfwj ¼ Ejwj: ð8Þ

This identification is consistent with the channel

decompositions of the total Hamiltonian,

Fig. 1. Schematic diagram illustrating the interaction scenario

between a projectile atom and a metal surface.
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H ¼ Hi þ Vi ð9Þ
and

H ¼ Hf þ Vf ð10Þ
with the perturbation potentials in the initial and

final charge-transfer channels,

Vi ¼ Va þ VsurfHðzÞ ð11Þ
and

Vf ¼ Vcoulðe�
jzj
k � 1ÞHð�zÞ þ Vsurf : ð12Þ

2.2. Basis wave functions

We solve the time-dependent Schr€oodinger equa-

tion in adiabatic approximation by expanding the

total wave function of the active electron as

wð~rr; tÞ ¼
X

j

ajðtÞe�iEjtwjð~rr;DÞ

þ
Z

b~kkðtÞe�iEk t/~kkð~rrÞq~kk d~kk; ð13Þ

where q~kk is the metal density of states. Due to the

cylindrical symmetry of the Hamiltonian, the pro-

jection of the electron orbital angular momentum

m on the symmetry axis is a good quantum number,

and atomic orbitals with different m do not couple.

The step-potential wave function corresponding

to a given electron momentum ~kk ¼ ðkx; ky ; kzÞ and

energy

Ek ¼
k2x
2
þ
k2y

2
þ k2z

2
� V0 ð14Þ

is given by

/~kkð~rrÞ ¼
1

ð2pÞ3=2
eikxxeikyygkzðzÞ; ð15Þ

where

gkzðzÞ ¼ ½eikzz þ RðkzÞe�ikzz	hð�zÞ þ T ðkzÞe�czhðzÞ:
ð16Þ

RðkzÞ and T ðkzÞ are the reflection and transmission

coefficients [27], and c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2V0 � k2z
p

characterizes

the decrease of the wave function outside the

metal.

We discretize the continuum of metal conduc-

tion-band states with energies between �V0 and the

ionization threshold by replacing the ‘‘metallic

part’’ of the total electron wave function in (13)

with a finite sum of Weyl wave packets. For

DEkt 
 p, the exponential function e�iEk t in (13) is

nearly independent of energy. For rDk 
 p, the

wave function /~kk in (13) is nearly independent of

momentum. In either case, the metallic part of the

wave function may be replaced [25] by
Z

b~kkðtÞe�iEk t/~kkð~rrÞq~kk d~kk

� eiV0t
X

p

b�kkxp ðtÞ
1

dx

Z �kkxpþdx=2

�kkxp�dx=2

e�iEp t dkx

�
Z �kkxpþdx=2

�kkxp�dx=2

/kx
ðxÞqkx

dkx
X

q

b�kkyq ðtÞ
1

dy

�
Z �kkyqþdx=2

�kkyq�dx=2

e�iEq t dky

Z �kkyqþdy=2

�kkyq�dy=2

/ky
ðyÞqky

dky

�
X

i

b�kkzi ðtÞ
1

dz

Z �kkziþdx=2

�kkzi�dx=2

e�iEi t dkz

Z �kkziþdz=2

�kkzi�dz=2

/kz
ðzÞqkz

dkz

¼
X

l

blðtÞe�iEl t/lð~rrÞ; ð17Þ

where l ¼ ðp; q; iÞ labels wave packets in Ox, Oy,

and Oz directions, and El ¼ Ep þ Eq þ Ei � V0.

The wave functions /~kk are normalized to dð~kk �~kk0Þ,
and the density of states q~kk ¼ qkx

qky
qkz

is taken

equal to unity. dx, dy , and dz are small momentum

intervals, corresponding to the momentum dis-

cretization of /~kk in Ox, Oy, and Oz directions. In

using the approximation (17), we are aware of

possible dephasing effects in time, and distance.

They may appear whenever the conditions

DEkt 
 p or rDk 
 p are violated. For t6 p=DEk,

the wave functions /k with different k inside the

integration intervals in (17) will get dephased by

the quantal phases e�iEk t. Similarly, when the dis-

tance traveled by the projectile exceeds the esti-

mate obtained from the condition rDk 
 p,

dephasing occurs due to the exponentials eikr in the

spacial part of /k. In order to eliminate dephasing

effects in our calculations, we use sufficiently small

momentum intervals. These effects are discussed in

more detail in Section 3.

For the electron motion along the surface nor-

mal, wave packets are obtained by superimposing

jellium wave functions within the small interval dz
about the centroid momentum �kkzi ,
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/�kkzi
ðzÞ ¼

ffiffiffiffiffiffi

dz

2p

r

2 sinðdzz
2
Þ

dzz
g�kkzðzÞ; ð18Þ

where the reflection and transmission coefficients,

R and T , and the decay parameter c are evaluated

at the centroid momentum �kkzi and are assumed to

be independent of kz inside the interval [�kkzi � dz=2;
�kkzi þ dz=2].

For the motion in the surface plane, wave

packets are obtained by superimposing plane

waves within small intervals dx and dy about the

centroid momenta �kkxp and
�kkyq , respectively,

/�kkxp
ðxÞ ¼

ffiffiffiffiffiffi

dx

2p

r

2 sinðdxx
2
Þ

dxx
ei
�kkxp x; ð19Þ

/�kkyq
ðyÞ ¼

ffiffiffiffiffiffi

dy

2p

r

2 sinðdyy
2
Þ

dyy
ei
�kkyq y : ð20Þ

The wave functions (/�kkxp
,/�kkyq

, /�kkzi
) are orthonor-

mal. They are localized near and in the surface and

near the Oz symmetry axis due to the damping

factors ð2 sinðdnn=2ÞÞ=ðdnnÞ, n ¼ x; y; z. The spatial
extent of the wave function envelope is propor-

tional to the inverse of the interval lengths dx, dy ,

and dz. This localization of the Weyl wave packet

introduces a ‘‘soft boundary’’ at which electronic

probability density might be reflected, possibly

giving rise to recurrence effects. These effects will

be discussed in Section 3.1.

2.3. System of coupled equations

Insertion into Eq. (1) of the expansion (13) with

the metal part (17) leads to the system of coupled

equations for the amplitudes ajðtÞ and blðtÞ,

i

1 : hwjj/li
� � � � � � �

h/ljwji : 1

0

B

@

1

C

A

e�iEj t : 0

� � � � � � �
0 : e�iElt

0

B

@

1

C

A

_aajðtÞ
�

_bblðtÞ

0

B

@

1

C

A

¼
hwjjVf jwj0i : hwjjVi j/li

� � � � � � �
h/ljVf jwji : h/ljVi j/l0i

0

B

@

1

C

A

�
e�iEj t : 0

� � � � � � �
0 : e�iElt

0

B

@

1

C

A

ajðtÞ
�

blðtÞ

0

B

@

1

C

A
: ð21Þ

The elements hwjj/li are the overlaps between

the atomic and metal wave functions. The cou-

pling matrix contains interaction matrix elements

between atomic and metal states, hwjjVi j/li and

h/ljVf jwji, and elements h/ljVi j/l0i which describe

the direct couplings between wave packets by the

initial channel perturbation Vi . Since we study slow

ion–surface collisions, translation factors are ne-

glected in Eq. (21).

The system of close-coupled equations is inte-

grated using a Runge–Kutta procedure with adap-

tive step size [28]. Thus, for a given initial

occupation, we can calculate the time-dependence

of atomic and metal occupation amplitudes, ajðtÞ
and blðtÞ, over the whole collision trajectory.

3. Results

3.1. Results for kk � 0

We designate the numbers of wave packets

used to represent the motion of metal electrons in

the surface plane and along the surface normal

with Nk and N?, respectively. NA denotes the

number of projectile-centered hydrogenic orbitals

in our close-coupling expansion. In order to limit

the computational effort in our numerical appli-

cations and to understand the basic processes oc-

curring in the collision, we first disregard the active

electron�s motion in the surface plane by assum-

ing kk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2x þ k2y

q

� 0. In the sums over p and q

in (17), we expect dominant contributions from

metal electrons with parallel momenta contained

in a small interval around kk ¼ 0, due to relatively

large transmission coefficients T . Therefore, we re-

strict the expansion (17) to conduction-band elec-

trons contained in a narrow cylinder of diameter

dk centered at kk ¼ 0 inside a sphere of radius

kmax ¼
ffiffiffiffiffiffiffi

2V0
p

¼ 1:077. For dk ¼ 0:02, a numerical

study has shown that all transfer matrix elements

with jkkj6 dk are approximately constant in kk
(their magnitude varies by less than 0.1%).

We study a hydrogen atom initially excited to the

2p0 level at perpendicular incidence on an alumi-

num surface with speed vz ¼ 0:02. The quantiza-

tion axis is oriented along the surface normal.

We first focus our attention on the excited 2s and
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2p0 levels of hydrogen which are resonantly cou-

pled to the empty conduction-band continuum of

aluminum. In order to study hybridization effects,

we investigated the occupation evolution in the

(n ¼ 2, m ¼ 0) manifold in spherical (2s and 2p0)

and parabolic (electric quantum numbers k ¼ �1)

representations. The atom–surface interaction is

represented in terms of a planar averaged Thomas–

Fermi–Moli�eere potential energy [29], from which

we obtain the distance of closest approach (to the

jellium edge) dmin ¼ 0:5.
For all results presented in this section, we have

carefully investigated:

(1) the convergence with respect to the number of

wave packets needed to describe the conduc-

tion-band continuum,

(2) possible dephasing effects in distance and time,

(3) possible recurrence effects due to the use of a

discrete basis set to represent the metal contin-

uum.

All results in this subsection are obtained by

close-coupling the 1s, 2s, and 2p0 projectile states

with 200 metal Weyl packets (N? ¼ 200, Nk ¼ 1,

and NA ¼ 3) and are converged with respect to the

number (N? ¼ N?;1 þ N?;2) of included Weyl

packets /�kkzi
. We choose a higher density of wave-

packets in the momentum interval [0:75� kmax]

(N?;1 ¼ 180 packets), since this interval includes

the metal continuum in resonance with the pro-

jectile levels, while a much smaller number of

packets is sufficient to describe the [0–0.75] mo-

mentum interval (N?;2 ¼ 20 packets). Thus, the

packets in resonance with the atomic states (with

nP 2) will have a smaller width (dz ¼ 0:0036 a.u.

of momentum) than the packets outside the reso-

nance region (dz ¼ 0:075 a.u.).

Even though we obtained converged results

with N? ¼ 80 Weyl packets, we prefer to use N? ¼
200 packets in order to better justify the approxi-

mation in Eq. (17), of factorizing the integral of

the metallic wave function over momentum in two

parts (see Section 2.2.). In order to address possi-

ble dephasing effects, we focus on momentum

states with j~kkj � 1. No dephasing occurs over the

integration distance r, if Dk 
 p=r. In our calcu-

lations, r � 100, and the condition Dk 
 0:431

from the above estimate is fulfilled, since Dk ¼
dz ¼ 0:0036. With regard to the population evo-

lution of the n ¼ 2 atomic manifold, relevant

charge transfer processes take place within 7–8 a.u.

in front of the surface, which translates into an

interaction time of about 700. Therefore, dephas-

ing in time is expected to occur at about 700 a.u. in

time after the beginning of charge transfer. Our

current computing facilities do not allow us to

significantly increase the number of metal wave

packets, in order to strictly comply with the con-

dition t 
 p=DEk. However, for a total interaction

time below 700 a.u., dephasing at later times does

not influence the evolution of atomic probability

amplitudes.

Fig. 2 shows results for a calculation with the

atomic levels 1s, 2s, and 2p0 in Eq. (17). The 1s

projectile state does not couple significantly to the

metal or other projectile states during the collision.

The squared amplitudes jajj2 corresponding to 2s

and 2p0 levels and to the sum of all metal states
P

l jblj
2
are shown as a function of D� dmin. Ini-

tially, the 2p0 level is occupied and the 1s (not

shown) and 2s levels are empty. On the incoming

trajectory, two different regions can be distin-

guished. For ion-surface distances D larger than

-32.0 -24.0 -16.0 -8.0 0.0 8.0 16.0 24.0 32.0

0.0

0.2

0.4

0.6

0.8

1.0

1

2

2p0

2s

2p0

2s

200 metal states

1D discretization

Fig. 2. 2s and 2p0 levels of hydrogen interacting with an alu-

minum surface at perpendicular incidence with speed vz ¼ 0:02

a.u., in spherical representation. The aluminum conduction-

band continuum is discretized by using 200 Weyl wave packets

(N? ¼ 200, Nk ¼ 1, NA ¼ 3). Squared amplitudes as a function

of the distance D� dmin from the projectile turning point.
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10.5 (or D� dmin ¼ 10), ‘‘Stark-like’’ mixing be-

tween the two states occurs due to the interaction

with the surface (region in the figure). The

electron is ‘‘shared’’ (hybridized) between 2s and

2p0 levels, but there is no charge exchange with the

metal subspace. Below D� dmin ¼ 10, in the sec-

ond region (labeled by ), the 2s and 2p0 atomic

levels strongly mix and begin to decay into the

metal, as is seen by the increasing population den-

sity of the metal subspace. At large atom-surface

distances on the outgoing trajectory, the atomic

and metal amplitudes stabilize to constant values

which yield the final atomic and metal occupations

after the collision.

These results are free of recurrence effect. We

have investigated possible recurrence effects for

this calculation in the following way. We have

compared the collision time for vz ¼ 0:02 with the

recurrence time for an electron initially in the 2p0

state that interacts with a continuum described by

200 packets. In order to estimate the recurrence

time, we keep the projectile fixed at a small dis-

tance, 5 a.u., in front of the surface. Fig. 3 shows

the net probability density in the atomic 2p0 level

as a function of time. The simple exponential

decay of the atomic probability density into the

substrate rules out recurrence effects in the atomic

population up to over 4000 a.u. in time, after

which the atomic level is almost depleted. The

collision time is much smaller, and estimated

roughly as being 2ðD� dminÞ=vz ¼ 500, where

D� dmin � 5 is the distance where significant

charge exchange with the metal starts.

Fig. 4 shows the results of Fig. 2 in parabolic

representation of the hydrogen states [30]. The

population in the parabolic states with electric

quantum numbers k ¼ �1 and þ1 varies less

during the collision than the 2s and 2p0 occupa-

tions in Fig. 2, indicating that a significant part of

the hybridization near a metal surface corresponds

to the Stark-like mixing of spherical hydrogenic

states in the electric field of the surface [18]. For

this reason the parabolic representation is more

appropriate than the spherical representation. The

k ¼ �1 orbital points away from surface. Due to

the smaller overlap with the surface, its coupling to

the surface conduction-band is weaker than for the

k ¼ þ1 orbital (which points toward the surface)

and results in a smaller charge transfer to the metal

half space. As for the spherical representation in

Fig. 2, Fig. 4 shows that surface-induced mixing of

the projectile states prevails in region , without

transfer to the metal. Charge transfer is restricted

to the smaller distances in region .

In order to study the convergence of our results

with respect to the number of atomic states, NA,

introduced in the calculation, we present in Fig. 5

the final population of the initially occupied 2p0

level and of the 2s level for calculations in which

Fig. 3. Decay of the 2p0 level of a hydrogen atom at a fixed

atom-surface distance of 5 a.u. The 1D calculation includes 200

Weyl wave packets. Squared amplitude as a function of time.

Fig. 4. Same as Fig. 2, but in parabolic representation of the

projectile orbitals. Electric quantum numbers k ¼ �1 and 1

correspond to orbitals oriented away from and toward the

surface.
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the (n6 2, m ¼ 0), (n6 3, m ¼ 0), (n6 4, m ¼ 0),

and (n6 5, m ¼ 0) atomic manifolds, i.e., NA ¼ 3,

6, 10, and 15 levels, are included in the calculation.

The results including the n > 2 levels are different

from the ones that only include the n ¼ 2 mani-

fold. Since the results with n6 4 and n6 5 are

comparable, we assume that our results are con-

verged if all (n6 5, m ¼ 0) projectile levels are in-

cluded.

Fig. 6 shows the evolution of all (n ¼ 2, m ¼ 0)

and (n ¼ 3, m ¼ 0) squared amplitudes in para-

bolic representation, for a calculations with all

levels (n6 5, m ¼ 0) projectile levels (N? ¼ 200,

Nk ¼ 1, NA ¼ 15). At D� dmin ¼ 15:5 on the in-

coming trajectory, the n ¼ 3 manifold becomes

populated from the initially occupied 2p0 level,

hindering in this way 2p0 and 2s levels from pure

Stark mixing. Electron transfer into the metal

starts at D � 12:5 ðD� dmin � 12Þ, i.e., at a dis-

tance between the classical threshold distances for

over-barrier capture Dn¼2 ¼ 8 and Dn¼3 ¼ 18 [31].

On the outgoing trajectory, the population of k ¼
�1 and þ1 components is stable and very small,

while surface-induced level mixing inside the n ¼ 3

manifold and interactions with higher projectile

manifolds continue to change the populations in

the (n ¼ 3, m ¼ 0) subspace at D� dmin > 32. The

structure at D� dmin ¼ 32 in the n ¼ 3 population

is due mainly to the interaction with the n ¼ 4

manifold.

3.2. Results for kk 6¼ 0

We first investigate the influence of different

parallel electron momenta ~kkk, chosen along an

arbitrary direction in the surface plane, on the

population evolution of a particular set of atomic

states. Due to the cylindrical symmetry and for

magnetic quantum numbers m ¼ 0, all matrix ele-

ments are invariant under rotations about the Oz

axis in ~kk space. Wave packets in the parallel di-

rection are constructed according to (19) with

parallel momenta contained in small cylindrical

shells of thickness dk ¼ 0:01 such that j~kkj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2k þ k2z

q

6 kmax (see Fig. 7).

Fig. 8 presents results for separates calculations

for incident excited hydrogen atoms initially in the

3s or 2p0 state (NA ¼ 1). The aluminum surface is

described by N? ¼ 10, 16, or 40 metal wave

packets in the Oz direction and a variable number

Nk of Weyl packets in the kk direction. In succes-

sive calculations, we included more and more

metal wave packets of the form (19) with increas-

ing kk values, and studied the influence on the final

atomic populations after the collision. Thus, the

first point on each curve in Fig. 8 corresponds to a

calculation in which the electronic motion in the

surface plane is represented by one wave packet

2.0 3.0 4.0 5.0
0.00

0.10

0.20

0.30

0.40

0.50

1D discretization

2s

2p0

Fig. 5. Convergence study for the 2p0 and 2s level populations

as a function of the number, 36NA 6 15, of atomic manifolds

included in the calculation.

Fig. 6. Time evolution of squared amplitudes for the n ¼ 2 and

3 manifolds and all 200 Weyl packets used to discretize the

metal continuum, in parabolic representation. The calculation

includes all (n6 5, m ¼ 0) atomic basis states (N? ¼ 200,

Nk ¼ 1, NA ¼ 15). Same collision system and speed as in Fig. 2.
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(Nk ¼ 1) with kk ¼ 0 only. The second point on

each curve corresponds to a calculation in which

kk ¼ 0 and 0.05 are included (Nk ¼ 2), and the last

point on each curve corresponds to a calculation in

which all parallel momenta indicated by the sym-

bols, up to kk ¼ 0:5, are included (Nk ¼ 7).

These results show that the momentum region

which affects the final populations most is

j~kkkj6 0:075. Therefore, the assumption in Section

3.1., that the main contribution in the sums over p

and q in (17) comes from metal electrons with

parallel momenta contained in a small region

around kk ¼ 0, is justified. These numerical tests

suggest that it is sufficient to represent the~kkk plane
by a rather small number of parallel momenta

chosen in this particular interval of kk values, in

order to obtain final atomic populations that are

converged with respect to the number of included

metal wave packets.

We have seen that calculations with N? ¼ 80

wave packets in the direction perpendicular to the

surface (see discussion in Section 3.1.), and Nk ¼ 6

wave packets in the kk direction give converged

results. This amounts to N?Nk ¼ 480 wave packets

in total for the two-dimensional (2D) discretiza-

tion (in kz and kk directions).

In Fig. 9, the resulting metal occupation evo-

lution obtained with the 2D discretization using all

(n6 3, m ¼ 0) atomic states and 480 metal wave

packets is compared to the metal occupation ob-

tained from a one-dimensional (1D) discretization

Fig. 7. Momentum discretization in parallel direction in cy-

lindrical coordinates.
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Fig. 8. Convergence study of the final atomic population after

the collision, as a function of the highest parallel momentum of

the number Nk of wave packets used to represent the electronic

motion in the surface plane. Upper curve: N? ¼ 16, NA ¼ 1;

middle curve: N? ¼ 10, NA ¼ 1; lower curve: N? ¼ 40, NA ¼ 1.

The projectile is initially in the 3s state (upper curve) or in the

2p0 state (middle and lower curve).

Fig. 9. Time evolution of squared amplitudes for the n ¼ 2

manifold and the metal for 2D discretization (N? ¼ 80, Nk ¼ 6,

NA ¼ 6), and for the metal only in a 1D calculation (N? ¼ 80,

Nk ¼ 1, NA ¼ 6).
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with all (n6 3, m ¼ 0) (NA ¼ 6) atomic states and

N? ¼ 80 metal wave packets. For the 1D calcula-

tion, we assume kk ¼ 0. The k ¼ �1 and þ1 Stark

states obtained with the 2D discretization are also

indicated in the figure. For the 2D calculation,

charge transfer to the metal surface starts earlier

on the incoming trajectory as compared to the 1D

result. In this particular case it starts at D � 16:5
(or D� dmin � 16). As expected, we also notice a

much faster decay for both k ¼ �1 and þ1 Stark

states into the metal compared with the 1D result,

due to the inclusion of many more states in the

surface plane for the active electron to dissipate

into. The final metal population after the collision

for the calculation with 480 wave packets is higher

than for the 1D result, in agreement with the ex-

pected increased possibility for dissipation.

We have investigated possible recurrence effects

for the 2D calculation by comparing the collision

time for vz ¼ 0:02 with the recurrence time of an

electron in the 2p0 state interacting with a con-

tinuum described by 480 Weyl packets (N? ¼ 80,

Nk ¼ 6). As in Section 3.1., we have estimated the

recurrence time for the decay of a 2p0 level at a

small fixed ion-surface distance of 5. The collision

time 2ðD� dminÞ=vz ¼ 1000 (for D� dmin � 10) is

smaller than the recurrence time of 3600, obtained

from our calculations. So, recurrence exists, but

does not affect our results. After being reflected on

the soft boundary on the back side of the effective

metal volume, the active electron does not con-

tinue to interact with the projectile. The rapid os-

cillations in the metal population near the turning

point are due to the strong overlap between atomic

and metal states, and are not due to recurrence

effects. A separate calculation in which all wave

function overlap terms were neglected produced

monotonously increasing metal occupations with-

out rapid oscillations.

4. Summary and outlook

We have developed a two-center close-coupling

approach including the discretization of a metal

conduction-band continuum for slow ion–surface

interactions. In our method, the electronic motion

inside the metal is fully discretized in terms of

Weyl wave packets. The wave packet description

explicitly takes into account electronic couplings

inside the metal and evaluates the population of

both atomic and metal states. In our numerical

applications to H/Al collisions, we calculated the

evolution of the atomic and metallic population

amplitudes and discussed the main processes oc-

curring during the collision. With access to faster

computers, we hope to soon be able to completely

eliminate possible remaining dephasing effects in

time from our calculations. Our approach includes

target inelastic processes in terms of single electron

excitations (electron–hole pair creation). In addi-

tion, in future applications, our close-coupling

method can be extended to include collective ex-

citations of the surface by adding appropriate ef-

fective potentials for the active electron coupling

to plasmons and phonons.
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