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Energy and lifetime of one-electron multicharged-ion states in front of an Al surface
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The energy and width of one-electron multicharged-ion states interacting with an Al surface are determined
using the nonperturbative coupled angular mode method. The case of thelif&", and O'* states is
studied. The various states within thananifolds mix to form hybrids with very different energies and widths.
The hybridization within the manifolds can be analyzed in terms of Stark mixing.

PACS numbss): 34.50.Dy, 34.70te

[. INTRODUCTION Recently two nonperturbative methods were developed
The interaction of multicharged ions with solid surfaces.that can determine the properties of atorfuc ionic) states .
n front of the metal surface. These are the complex scaling

has been the subject of extensive experimental and theorell,

cal studies. Detailed experimental data are available on thr(‘anethOd of Nordlander and Tully25,2§ and the coupled

. o X S angular modg CAM) method of Teillet-Billy and Gauyacq
electron and ion emission in multicharged-ion impact on[27] These two methods have been found to vield the same
conducting[1-6] or dielectric[7-9] surfaces. The effect of y y

X : . . . redictions when applied to the same system. In particular,
the image charge interaction between multicharged ions an,?]"j]en:2 and 3 manifolds of hvdrogen interacting with an Al
metal [3,10-13 or dielectric [13] surfaces has also been ydrog 9

studied and discussed. The capture of the target electrons gurface was studied by both methdd,2. Within each

R : . n¥anif0|d, the states with the same symmetry were found to
the ingoing ion plays a crucial role in all these phenomena,

Because of the large number of electrons involved in th mix together to form hybrids with extremely different life-

multicharged ion-surface interaction, a theoretical descri eymes. This could be interpreted using perturbation theory for

L . . egenerate stat¢&8] as the effect of a Stark mixing within
tion is rather complicated. Presently, a rather appealing an . .
efficient model is the semiclassical “over the barrier” model "€ manifold, at least for the smallest atom-surface distances.

[14,15. It assumes that electron capture by the ion only oc-T he results obt_aine_d with the nonperturbati_ve mthOdS were
curs when it is classically allowed. Though very simple, thisfou_nd to be quite different from those obtained with pertur-
model is found to reproduce noticeably well the experimenPative methods. ,
tal observations, e.g., hollow atom formation and Auger elec- N the present paper, we report on a theoretical study us-
tron emissior{3,4,14, as well as image charge accelerationind the CAM method of various manifolds of one-electron
of multicharged ions towards the surfad®—13. multicharged of one-electron multicharged-ion states inter-
Some attempts have been made to describe the chargéting with an Al surface. Results are presented for the
transfer (CT) process between a multicharged ion and aHe™(n=2 andn=4), Li?*(n=5), and O (n=9) mani-
metal surface in a way similar to that used to describe the CTolds. These manifolds were chosen as representative of
process for a singly charged ion; this consists in calculatingases with different charges and comparable energies. The
the energy and the widths of the various states of the ioenergies of the states in these manifolds are in the range
interacting with the surface. The widths of the states correbetween a few eV and 10 eV and thus, taking into account
spond to the various charge transfer rates and these can e image-charge displacement of the enefgge below
used in a semiclassical rate equatjd®—18 that describes these states are the active ones in the CT process on an Al
the time evolution of the population of the various chargesurface. Inside the manifolds, the results are analyzed in
states during the ion-surface collision. The first calculationderms of linear Stark mixing. The levels considered in the
of multicharged ion states interacting with a metal surfacepresent work are one-electron states; they are the ones in-
were performed within a certain number of approximationsvolved in the one-electron capture process by a bare ion ap-
allowing for asymptotic and semiclassical approachegproaching an Al surface. The properties of the one-electron
[19,20. More recently, an extensive study of the level widthsstates studied here can then be used to study the first step of
within the largen manifolds ( is the principal quantum the neutralization of a multicharged ion approaching an Al
numbej was performed using the perturbative method, origi-surface and, for example, to study the distance of the first
nally proposed by Gadzu1]. It allowed for a discussion electron capture. However, in the case of a multicharged ion,
of scaling laws and universal behavior for the level widthsone expects the complete neutralization process to involve
[22—-24. All the calculations mentioned above concern one-many electrons and multielectron processes to play a role. A
electron states, i.e., they apply to the capture of an electrodetailed quantitative study of these processes is out of the
by bare ions. scope of the present work.
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Il. CALCULATION OF THE ENERGY AND WIDTH OF e
IONIC STATES IN FRONT OF THE METAL He*(n=2)—Al
SURFACE TE .

A. General

Details on the CAM method can be found in earlier pub-
lications [27,28. Here we will only briefly outline the
method and its particular application to the case of a multi-
charged ion interacting with a metal surface. Basically, the
CAM method is a scattering method, which consists in
studying the electron scattering in the compound potential, R e S Jr w T
created by the metal surface and the ionic core. The states of Distance from the image reference plane (0.u.)
the ion appear as resonances in this scattering and their en-
ergies and widths are associated with the energies and widths
of the resonances. Atomic units are used below, unless oth;,.
erwise stated.

Energy (eV)
|
0

10+

FIG. 1. Energies of the He (n=2) states in front of an Al
face. Solid linesm=0 states; dashed lingm|=1 state; dotted
line: energy, obtained from the image shift, given by the first term

in (7). Parabolic notations for the states are also given.
B. Potentials

large error(see[28]); indeed, only the large-distance part of
the potentials is important in determining the ion properties
[30].

To construct the potentidf acting on the electron we use
three termgsee alsd28]):

V=Vgi+VestAVes, D
C. Scattering calculation
whereV,; is the electron interaction with the ion cond,._¢ The wave function of the scattered electron is expanded
is the electron interaction with the surfac&V._s is the  over the spherical harmonit§ (6, ¢), centered around the
modification of the electron-surface interaction due to thdon:
presence of the ion. For all the systems studied Rége, is

a pure Coulomb potential, given by _ E
V=23 TF)Yim(00). @

Vei=—Qlr, 2 L . .
We use for the quantization axis an axis normal to the sur-

face and going through the center of the ion. In this case the
system is of cylindrical symmetry ana, the projection of
the angular momenth on the quantization axis, is a good
auantum number. Thus, the expansidhis restricted to the

| quantum numbenn is fixed and corresponds to the sym-
metry of the state that is studied. Substitution of the expan-
sion (4) in the Schrdinger equation results in the following
set of coupled equations for the radial parts:

whereQ is the charge of the ion core amdis the electron
distance from the ion.
To describe the electron-surface interaction we use th
local potential given by Jennings, Jones, and Weif29t. It
is only a function ofz, the electron-surface distance. The
analytical expression given {29] contains three parameters
that we took from[29] corresponding to the Al surface: the
bottom of the metal conduction bandlks=15.9 eV, the size
of the surface region is given hy=1.0 a.u., and the third 1 d?
parameter, giving the position of the image reference plane; 5 WF'“HZ (,m[V[I",m)Fy.(r)
has been incorporated in the definition of the ion-surface !
distance, this distancB is measured from the image refer- I(1+1)
ence plane. =(E— 5 )F,(r), (5)
The third termAV is taken to be the interaction of the 21
electron with the classical image of the core:

whereE is the energy of the colliding electron.

At smallr distances, thé&(r) is a regular Coulomb wave

AVes=QID, (3 atthe energfE— (I, m|Vest+ AVog/l,m) (the matrix element
is evaluated at the poimt=0). From the solution of Eq5)

whereD is the electron distance from the image of the ion.one gets the scattering mati$ its energy dependence dis-

The above expressions correspond to the case where tipdays resonances, the analysis of which yields the energy and
electron is outside the metal. On the surface, the two poterwidth of the ionic states.
tials Vo, and AV cancel each othefthe surface plane is
chosen as the image reference p)amed they vanish inside [ll. RESULTS AND DISCUSSION
the metal. The expressiai8) corresponds to the case of a
perfect metal. In fact, the charges induced in the metal by the
presence of the ion core are spread over the surface region. Figures 1 and 2 present the energies and the widths of the
An approach similar to that used [25,26 could be used. states in the H& n=2 manifolds in front of an Al surface.
However, for the present study of rather high-lying states, thé-or each state, due to the use of the CAM method, the cal-
use of the approximate expressi@8) does not introduce a culation could not be performed for values Rf the atom

A. Het n=2 and n=4 manifolds
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e : — . : . — Below, we will use a parabolic notatiork{,k,,m) for the

i He*(n=2)-Al ] various stateg31]. This choice is well suited for large-
distances where the linear Stark effect dominates; at smaller
] R, although a parabolic notation is not adapted anymore, we
E will keep it by continuity. The parabolic quantum numbers

; are linked by a quantization relation:

Width (eV)

Ki+Ky+|m|+1=n, (8)

wheren is the principal quantum number.

3 In the n=2 manifold we thus have three staté¢$;0,0,
(0,1,0, and (0,0,1. The casek;>k, corresponds to situa-
tions where the electron spends more time in the half space
Z>0. The(1,0,0 state is thus oriented towards the metal,
where the coupling with the metal electronic states is larger
and so the(1,0,0 state has a larger width than tf@,1,0
state. The(0,0,1) state is centered around the ion and thus
surface distance, where the width is too large or too smallhas an intermediate width. A similar discussion can be made
The degeneracy of the states is lifted by the surface potentiafor the energy of the levels: due to the potential created by
As in the case of the hydrogem=2 manifold[28], three the ion core image, the potentidV {+ AV,.) is higher in
states are formed. They correspond to the state=1  theZ>0 region than in th& <0 region and thus the energy
(+ states are degenerajednd to the two states with of the(1,0,0 state is higher than that of tt@,1,0 state, with
m=0. Among them=0 states, the state with the largest the(0,0,) state energy in between. It must be stressed that in
width has the largest energy. The energy and the width of théhe case of then=2) manifold of hydrogen, the second

3 4 5 6 7 8 9 10

Distance from the image reference plane (a.u.)

FIG. 2. Widths of the Hé (n=2) states in front of an Al
surface. Solid linesm=0 states; dashed lingm|=1 state. Para-
bolic notations for the states are also given.

|m|=1 state are in between those of tme=0 states. term of (6) is missing and the above ordering is reversed;
These results can be understood if one expands the pdre., the state with the largest width has the smallest energy
turbing potential felt by the electron close to the ion: [28].
) 5 To make a more precise analysis of the energies of the
V. AV _2Q-1 N Q-1 N 2(Q-2)Z°-Qp states we can subtract from the calculated values a first-order
es &S 4R 4R? 16R3 perturbative estimate for the energy of the (M state. In-
) ) deed, the(0,0m) state coincides with the spherical state
+Z{(2Q_8)Z —3Qp%} 6) {n,l=n—1,|m|=n—-1}, which is the{2,1,1 state in the
3R! ' n=2 manifold. For the spherical state, the first-order pertur-

. . _ . . bative estimate is
whereQ is the ion core charg® is the ion distance from the

surface, and,p are the electron cylindrical coordinates. The AE=(n,I,m|Vgs+AVeqn,I,m), 9
coordinate system is centered around the ion withAfaxis
normal to the surface, and pointing toward the metal. Closavherel=m=n-—1.
to the ion and for not too small ion-surface distances, the An analytical prediction foAE, based on the expansion
electron-ion distance is small compared to the ion-surfacé6) can be made. Indeed, the first term (#) leads to the
distance and the expressi@) has been obtained by expand- image shift
ing the potential in powers at/R andp/R. For this expan-
sion, the electron-surface potential has been approximated by AE _M (10)
. . l_ .
the leading image term. 4R
Since the atomic states have a limited spatial extension,
the use of a limited expansion around the ion center can b&he second and fourth terms do not contribute to the energy
used to discuss the structure of the manifold splitting. Theshift of the spherical state because of symmetry. The third
first term in(6) gives the well-known image charge shift of term leads to an energy shift equal to
e o el o e oo s con 00 a7 1 s
; ponds to a con E.= -1 n-1
stant electrostatic field and thus to the linear Stark effect. The 3 16R°
higher-order terms correspond to the fact that the field is not
constant; they contribute to the energy shift and to the mixWith the use of the formulas
ing of the levels. Let us consider the second term in detail. It 2

11)

vanishes in the case of hydrogen; in that case, the level split- (2%, m:n—2[5n2+ 1-31(1+1)]
ting is produced by the nonhomogeneous part of the electric T 2Q
field [28]. For multicharged ions, the second term is present 1 2 21(1+1)—3m?

and at large distances it governs the mixing of the different
levels inside a manifold; it corresponds to a field equal to

Szﬁaﬁfl_ R uzﬂmnggium2+1—3u|+1n.

3tz
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Energy (eV)
Energy (eV)
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-3.0

Distance from the image reference plane (a.u.) Distance from the image reference plane (a.u.)
FIG. 3. Stark analysis of the energies of the'H@g=2) states FIG. 4. Energies of the He (n=4, m=0) states in front of an

in front of an Al surface. The energies are referred to a perturbativé\l surface(solid lineg. The dotted line represents the energy of the
estimate for the energy of th8,0,1) state. Solid linesm=0 states; level shifted by the image charge term. Parabolic notations for the
dashed linejm|=1 state; dotted lines: perturbative estimate for thestates are given.
energies of than=0 states based on the linear Stark effect.

2

n
Finally we get (2, pum= 4_Qz{n2+ 3—m?+9(k;—kp)?,
aec 2t o [2n%+3n+1] 2
= 3n2LNn n n
4R  32R°Q ("), yum= 4—QZ{7n2+ 5—3m?+3(k,—ky)?}.
(3Q—4)(2n—3) (12
4n’—4n-3 ' Figure 3 presents simple estimates for the energies of the

(1,0,0 and(0,1,0 states obtained as the expectation values

We found that at ion-surface distances larger than 15 a.lf the three first terms a) for linear Stark states. Although
formula (12) reproduces the results of the numerical evaluathe energies of the states inside tive 2 manifold display a
tion (9) with an accuracy of the order of a few meV for all Stark-splitting-like patterrithe (1,0,0 and (0,1,0 split al-
the systems studied here. most symmetrically from the spherical sthtthe simple per-

Figure 3 presents the energies of the states ofth  turbative estimates are found to quantitatively reproduce the
manifold referred to the estimate of the energy of the spheristate energies only for large distances. The differences are
cal state obtained frorfl2). One can see that down to rather attributed to the inhomogeneity of the electrostatic field in
small ion-surface distanceR, the first-order perturbation which the ion is embedded and which results in non-
gives a good estimate for the energy of #®0,]) state negligible higher-order terms iri6) for the nonspherical
(dashed ling The energies of th€l1,0,0 and (0,1,0 states  states. Indirect coupling between the states with the same
can also be estimated from the expans{6n We assume symmetry can also occur via the continuum of metallic states
that they can be described as linear Stark states; then firqi32] and can influence the level widths and energies.
order perturbation theory gives their energy shift: Figures 4, 5, and 6 present the results for the energies of

AE(k, k,.m =K1Kz, M|Ve s+ AEe ks k. m). (13

He*(n=4)—Al

We only keep the 3 first terms if6), similarly to the above
estimate for the spherical state. In this case,

=
2
(2Q-1) 5 _
AE,= AR (14 :':j _
i.e., the same afl0), —0.3F 4
Q-1 ~04g 015 20 25 30
AE2:§ a(kl_ kZ)Wr (15) Distance from the image reference plane (a.u.)
which is the linear Stark splitting FIG. 5. Energies of the He (n=4) states in front of an Al
surface. The energies are referred to a perturbative estimate for the
30—4)(Z2 —0O(r2 energy of the(0,0,3 state. Solid linesm=0 states; dashed lines:
E3=( Q—4)( >k1,k2,r’: o >k1'k2’m_ (16) |m|=1 states; short-dashed lindsi|=2 states; long-dashed line:
16R |m|=3 state. Parabolic notations are given for the states. For the

nearly degenerate states, the order of the notations corresponds to
AE; can be calculated by the use of the following formulas:the energy order.
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10‘2§

Width (eV)
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FIG. 6. Widths of the Hé (n=4) states in front of the Al FIG. 7. Energies of the A" (n=5, m=0) states in front of an
surface. Solid linesm=0 states; dashed linelsn| =1 states; short- Al surface(solid lines. The dashed line represents the energy of the

dashed linesim|=2 states; long-dashed lingm|=3 state. Para- |evel shifted by the image charge term. Parabolic notations of the
bolic notations are given for the states with the largest width withinstates are given.

each|m| manifold.
the widths of the different hybrids differ by orders of mag-
nitude at the same atom-surface distance. Indeed, due to the
large number of states in the, e.gm£0) subspace, very
long-lived and very short-lived hybrids can be formed. Inter-
estingly, in the same way as the hybrid energies mainly de-
pend on the K;—k,) number, the width of the state also
mainly depends onkj—k,). As examples, the nj=2)
states have widths very similar to those of tine=0) states
with the samek; —k,) and the(m=1) state widths lie in
(0,0,3. between those of thén=0) states. In other words, inside
eachm subspace, the curves for the widths as functions of
Figure 4 presents the energies of the fomr<0) hybrids R appear to be equidistant, the distance between the curves
of the n=4 manifold. The energies are found to increasebeing roughly the same for all tha subspaces. This feature
whenR decreases, roughly following the image charge prewill be further discussed in Sec. IV.
diction at largeR. The energies are found to display a pattern
characteristic of the linear Stark splitting, i.e., the energies of
the states with the successive valueslafk,) are roughly
equidistant. Figure 5 further illustrates this point by showing
the energies of the ten states of the manifold relative to the
perturbative estimate for the energy of the spherical state
(0,0,3. Similarly to the f=2) case, the perturbative esti-
mate obtained as the expectation value of the first three terms

the states of thev=4 manifold of He". In this case, 10
hybrid states are formed. These states(&tark notation

(3,0,0,(2,1,0,(1,2,0,(0,3,0,
(2,0,(1,1,9,(0,2,,
(1,0,2,(0,1,2,

4 states withm=0:
3 states with|m|=1:
2 states with|m|=2:

1 state with|m|=3:

B. Li2*, n=5 manifold

In this case, 15 hybrids are expected:
(4,0,0,(3,1,0,(2,2,0,(1,3,0,(0,4,0,

(3107])’(2’17])(17211)1(013135

m=0:

m=1:

of (6) for the spherical stat€0,0,3 is found to reproduce m=2: (2,0,2,(1,1,2,(0,2,2,
rather well the energy of the spherical state. In the case of the

linear Stark effect, the energy of the various hybrids only m=3: (1,0,3,(0,1,3,
depends on the differencé (—k,) between the parabolic

guantum numbers. In Fig. 5, one can see that the energies of m=4: (0,0,4.

the ten states display a similar pattern: the energies of the
states are well ordered according fq { k,) and the hybrids
with the same K, — k) difference and differentn have very
similar energie$see, e.g., th€0,1,2 and(1,2,0 stateg. This  based on the image charge shifQ—1)/4R]. From this
is particularly true at larg®; however, for shorR distances, simple image shift prediction, one expects the hybrid energy
deviations from the simple linear Stark picture appear andto cross the vacuum level at a distance arouagl (the dis-
for example, the energies of the different hybrids are notances are measured from the image reference plamel
equidistant. Estimates for the hybrid state energy based oeven to cross at larger distances in the case of the upper Stark
the linear Stark wave functions and the expangi@n(not  hybrids. However, the CAM results are found not to cross
shown in the figurecompare to the CAM results in a way the vacuum level. As for the previous systems, the states
similar to the i=2) manifold: the agreement is excellent at with the largest energies have the largest widdee Figs. 7
large R and quickly worsens aR decreases. This again is and 9 and asR decreases, very quickly these states cannot
attributed to inhomogeneities in the field and couplings bebe accurately determined by the CAM method any more.
tween the Stark hybrids. This means that the widths of the states become too large,
Figure 6 presents the results for the widths of the teri.e., that these states cannot be distinguished from the con-
hybrids of the =4) manifold of He'. As the main feature, tinuum of metal states. As a consequence any population on

Figure 7 presents the energy of the varions=0) hy-
brids as a function oR, together with the simple prediction
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FIG. 8. Energies of the "(n=5) states in front of an Al FIG. 9. Widths of the Lf* (n=5) states in front of an Al

surface. The energies are referred to a perturbative estimate for tf¢!rface. Solid linesm=0 states; dashed linegn|=1 states; long-
energy of the(0,0,4 state. Solid linesm=0 states; dashed lines: dashed linesim|=2 states, dotted line$m| =3 states; dashed tri-
Im=1 states; long-dashed line$m|=2 states; dotted lines: Ply dotted line:m|=4 state. Parabolic notations are given for the
|m|:3 states; dashed tr|p|y dotted ||nb<n|:4 state. Parabolic states with the Iargest width withim=0 and|m|=1 manifolds.
notations are given for the states. For the nearly degenerate states,

the order of the notations corresponds to the energy order. 2 orders of magnitude, whereas the maximum difference be-
tween the(4,0,0 and(0,4,0 widths can be estimated around
o or 6 orders of magnitude. One can also notice the great

with the smallest widths can be computed down to srrall Similarity of the widths of the states having the same
and are found to have energies smaller than the simple imad&1—k2) difference, i.e., almost the same energy. Except for
shift estimate and well below the vacuum level. This result iP0SSibly the largem values, the widths as functions &
very similar to that we found in the high-manifold of He in  aPPear as almost equally spaced curves in Fig. 9. This again

front of an Al surfacd33]. Close to the surface, one finds an SNOWs that even if the present situation is not that of the
energy distribution of the resonances that is quite differentinear Stark effect, the quantitk(—k) is still a very sig-
from what can be expected from the energy structure of thdificant characteristic of the hybrids.

free atom-ion levels. Only a few states can be found as de-

fined resonances and all of them have energies below C. 0"*, n=9 manifiold

vacuum level. No promotion of the states above the vacuum onpe expects the formation of 45 hybrids in the=9
level was observed. To check this idea, we performed a scafnanifold of O’*. The results for some of these states will be

tering calculation for positive electron energi¢éabove presented here. In the linear Stark notation these are
vacuum level. No resonance was found in this range. The

above discussion leads to an interesting consequence for them=0: (8,0,0,(7,1,0,(6,2,0,(5,3,0,(4,4,0,(3,5,0,
“peeling off” phenomenon, often invoked in the discussion

of the electron emission in multicharged ion impact on metal m=1: (7,0,0,(6,1,9,(5,2,,(4,3,,(3,4,),
surfaceqe.g.,[21]). The promotion of the electron energy as

these states will be quickly ionized. In contrast, the state

R decreases seen in Fig. 7 cannot lead to electron emission, m=6: (2,0,6,(1,1,9,
the states decaying by electron emission into the metal. Elec-

tron emission into the vacuum will then be only possible at m=7: (1,0,7,(0,1,9,
small distances, when the direct interaction between the ion

and the metal surface will take place. m=8: (0,0,8.

Figure 8 presents the energy of the 15 states of the
(n=5) manifold. The energies are referred to the energy of Figure 10 presents the energy of the<0) states com-
the spherical0,0,4 state obtained by the perturbative esti- pared to that of the image charge repulsion prediction
mate discussed aboyexpectation value of the first three [(2Q—1)/4R]. Similarly to the previous sections, the en-
terms of(6)]. This perturbative estimate is rather close to theergy of the hybrids is found to increase whBndecreases,
exact CAM value at larg®R. The energies of the 15 states roughly following the image charge prediction at lafgeat
display the pattern characteristic of the linear Stark splittingsmallerR, the hybrid energies are well below this estimate.
the energies of the states with the sarke<{k,) difference Figure 11 presents the energy of 16 hybrids, relative to the
are very close to one another, and the energies of the statpsrturbative estimate for th@,0,8 spherical state. For the
differing by one unit of k; —k,) are almost equally spaced. low-m hybrids (mn=0 andm=1), the energy pattern is very
These features are particularly well marked at ldRgevhere  close to a linear Stark splitting pattern with energies equally
a linear Stark splitting is expected; however, even at smallespaced according to thd&{—k,) difference. The states with
R, the distribution of energies still closely resembles a lineathe largesim values 6=6,7,8) are slightly out of this regu-
Stark splitting pattern. The results for the widths of the statesar pattern, at least for the intermediate rangeRofvhere
are presented in Fig. 9. As for the previous cases, the hybridkey had been computed.
have extremely different widths. For example, the difference Figure 12 presents the widths of the same states as Fig.
between two successive staté$0,0 and(3,1,0, is around 11. We again observe the same features. The widths are very
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FIG. 10. Energies of the O (n=9, m=0) states in front of an FIG. 12. Widths of some of the ©§ (n=9) states in front of an

Al surface(solid lines. The dashed line represents the energy of theAl surface. Solid linesm=0 states; dashed linefm|=1 states;
level shifted by the image charge term. Parabolic notations for thelotted lines]m|=6 states; short-dashed liném|=7 states; long-
states are given. dashed linejm|=8 state.

. ] ) As discussed above, the shift of the electron density is pro-
different and almost scale according to the k) differ-  portional to the difference between the parabolic quantum
ence. This is particularly true for the lom- hybrids, the numbers and can be either positive or negative. This shift is
higherm hybrids being slightly out of this scale. rather large; for the 13 (n=5) manifold, it amounts to 10

a.u. for the(4,0,0 state and to 5 a.u. for thes,1,0 state.
Since the width is directly related to the overlap between
IV. SCALING FOR THE WIDTHS metallic and atomi¢Stark hybrids in the present casdec-

Ith readv b tioned ab that th . tronic wave function, this shift of the electron density can be
as already been mentioned above that there IS a redijiseq o derive a scaling law for the width of the different

larity in the hybrid dependence of the width. This is furtherjyjqs et us define a scaled atom-surface distance for each
stressed in Fig. 13, which presents the widths for the(k1 k,,m) hybrid:

(m=0) and (m=1) hybrids in the case of Bi" (n=5)

manifold. The various curves for the=0 widths as func- 3n
tions of R appear to be shifted one from the other by a Rscale?kl’kz'm):R_Ea(kl_kZ)'

constantAR shift, and the fn=1) curves display the same ) .

AR shift. This feature can be understood in terms of theFigure 14 presents the results of the widths of various hy-
linear Stark effect. In a Stark hybrid, the electron density is’"dS as functions of the scaled distance. It presents the
displaced from the ion center and the average displacemeliidths of them=0 and|m|=1 hybrids of the He (n=4),

v 2 _ _ . .
is given by(linear Stark effect for a pure Coulomb figld Li?*(n=5), and 0" (n=9) manifolds. All these widths
are found to scale rather well inside each system, thus con-

firming the strong linear Stark effect character of the various
3n hybrids. The scaling is not perfect and in particular, the
(2)=5 a(kl_kz)- scaled widths depend an. This can be seen in Figs. 6, 9,
and 12, where the states with the sarke<k,) and different
m have similar but not equal widths. However, the scaling

2 T ¥ ™ works rather well inside each group of states with the same
m.
1 -
<> T T T T LI ]
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~ 0 101 ¢ E
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FIG. 11. Energies of some of the’® (n=9) states in front of 5 10 15 20 25 30
an Al surface. The energies are referred to a perturbative estimate Distance from the image reference plane (a.u.)

for the energy of th€0,0,8 state. Solid linesm=0 states; dashed

lines:|m|=1 states; dotted line$m|=6 states; short-dashed lines:  FIG. 13. Widths of the L#" (n=5, m=0, and|m|=1) states
|m|=7 states; long-dashed liném|=8 state. Parabolic notations in front of an Al surface. Solid linesm=0 states; dashed-dotted
are given for the states. For the nearly degenerate states the orderliofes:|m|= 1 states. Parabolic notations are given for the states with
the notations corresponds to the energy order. the largest width withirm=0 and|m|=1 manifolds.
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formation is associated with a rather large displacement of
the electronic cloud away from the ion center, which can

then sample the electrostatic field in a rather large region and
can then easily feel its inhomogeneity.

The present results for the widths are found to be rather
different from those predicted by the analytical formulas
given in[19,20. The discrepancy increases whemcreases
and can reach 2 orders of magnitude for thé*On=38,
(8,0,0 state. Such discrepancies between exact and analyti-
e cal approaches have already been reported in the case of H
8 10 12 14 atoms in front of an Al surfac§26]. A comparison of the

Scaled distance (a.u.) present results with the perturbative results of Wizé—24
will be presented elsewhe[84].

10-2E

Width (eV)

10-3E

FIG. 14. Dependence of the widths of the=0 and|m|=1 The energy of the hybrids is found to increase when the
states of the H& (n=2), Li?" (n=5), and J* (n=9) mani-

_ 2" jon approaches the surface, however, without crossing the
fglﬂs (?]n: ;h)e Sst(;?;(_j g:;ﬁgg? dcfyrt(t)é?j tnﬁeﬁlzzi”?sieé) Sgtlgels'hes'vacuum level. At smalR, only a few states survive with a
S c . . ' _moderate width; all the other states, being extremely broad,
dashed lines: H& (n=2) states. The scaled distances of theh di d due to th i ith th tal
He" (n=2) states are increased by 2 a.u. to separate the atel ave |sqppeare ue to . € coupiing WI € me a.'
Li2* results. The widths of the hybrids as functions of the distance
from the surface are found to present a very regular pattern.
A scaling law has been proposed for these widths. It is based
V. CONCLUDING SUMMARY on the fact that, in a Stark hybrid, the electronic cloud is
The nonperturbative CAM method has been used to deshifted from the ion center and the width is then a function
termine the energy and width of one electron multichargednore of the distance between the electronic cloud and the
ion state interacting with an Al surface. The surface than of the ion-surface distance.
He® (n=2, n=4), Li?* (n=5)and 0" (n=9) mani- The fact that the different hybrids have very different
folds were studied. The interaction with the surface lifts thewidths will indeed influence the electron capture by bare
degeneracy of the hydrogenic levels, resulting in the formamulticharged ions. In a given manifold, the state with the
tion of hybrids. These have very different energies andargestk,, i.e., with the electronic cloud shifted toward the
widths in front of the surface. The hybrid formation can bemetal, has the largest width and is then preferentially popu-
understood in terms of a linear Stark effect induced by thdated if it is below the Fermi level. This feature will lead to a
electron interaction with its electrical image and the ion corestrong polarization of the states populated by resonance elec-
image. At large atom-surface distances, the energy of th&on capture. In the case of successive electron capture, one
states can be accurately determined using a simple first-ordean expect the same feature to be present and so the hollow
perturbation approach. At smaller distances, this estimate igtoms that are formed by multiple electron capture will also
not accurate any more, although the pattern of the energidse highly polarized, with the electronic cloud strongly point-
and the widths of the hybrids resemble very much that of ang toward the metal. This will indeed strongly influence the
linear Stark splitting. The differences are attributed to thedecay of the hollow atom. In addition, since the state with
inhomogeneities of the field, to possible indirect couplingsthe largest width is also the one with the highest energy, it
between the states via the continu[82,33, and to possible will be the first one to be ionized when the manifold energy
intermanifold couplings. It must be stressed that the hybridvill go above the Fermi energy.
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