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Electron capture into large-l Rydberg states of multiply charged ions escaping from solid surface

N. N. Nedeljković, Lj. D. Nedeljković, and M. A. Mirković*
Faculty of Physics, University of Belgrade, P.O. Box 368, Belgrade, Yugoslavia
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We have investigated the electron capture into large-l Rydberg states of multiply charged ionic projectiles
~e.g., the core chargesZ56, 7, and 8! escaping solid surfaces with intermediate velocities (v'1 a.u.) in the
normal emergence geometry. A model of the nonresonant electron capture from the solid conduction band into
the moving large angular-momentum Rydberg states of the ions is developed through a generalization of our
results obtained previously for the low-l cases (l 50, 1, and 2!. The model is based on the two-wave-function
dynamics of the Demkov-Ostrovskii type. The electron exchange process is described by a mixed flux through
a moving plane~‘‘Firsov plane’’!, placed between the solid surface and the ionic projectile. Due to low
eccentricities of the large-l Rydberg systems, the mixed flux must be evaluated through the whole Firsov plane.
It is for this purpose that a suitable asymptotic method is developed. For intermediate ionic velocities and for
all relevant values of the principal quantum numbern'Z, the population probabilityPnl is obtained as a
nonlinearl distribution. The theoretical predictions concerning the ions SVI, Cl VII , and ArVIII are compared
with the available results of the beam-foil experiments.

DOI: 10.1103/PhysRevA.68.012721 PACS number~s!: 34.50.Fa, 34.50.Dy, 79.20.Rf
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I. INTRODUCTION

Interactions of multiply charged ions or Rydberg atom
with solid surfaces have attracted considerable attention
the past decade. A number of theoretical studies that h
appeared in the literature deal with the problem of elect
capture and recapture at low velocities (v!1 a.u.). The clas-
sical over barrier model@1,2# and its extended dynamic ve
sion @3,4# reflect global physical aspects of the problem. T
quantum descriptions of the resonant charge exchange
been focused on calculating the transition matrix eleme
and transition rates@5# as well as basic matrix elements@6#
within the framework of the perturbative models. Th
coupled angular mode method@7# and the complex scaling
method @8# have been used in the nonperurbative calcu
tions of the energy shifts and widths. Also, the mixing of t
l states and the most active members of then manifolds can
be recognized by the last two methods.

On the other hand, the analysis of the Rydberg state po
lation of multiply charged ions traversing thin foils at hig
velocities (v@1 a.u.) has indicated that the bulk effects a
relevant under these experimental conditions. The high-l Ry-
dberg states, observed as a result of the beam-foil interac
have been treated within the framework of classical trans
theory @9#.

Recently, a theoretical study@10,11# of the one-electron
capture into the Rydberg states of multiply charged ions
intermediate velocities (v'1 a.u.) has been carried out. Th
analysis has been motivated by a series of beam-foil exp
ments@12–14# with the ionic projectiles characterized by th
core chargesZ56, 7, and 8, not yet studied by the abo
cited models. The absence of any explanation of the exp
ments@12–14# by the methods@1–8# indicated to us that the
resonant mechanism could not be sufficient for a comp
description of the charge exchange process in the interm
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ate velocity region. In particular, we realized that the int
mediate stages of the ion-surface interaction, under the m
tioned beam-foil conditions, require more details in quant
dynamics based on the nonresonant electron-capture me
nism. Moreover, we observed that the experimentally av
able l distributions of the Rydberg states atv'1 a.u. are
qualitatively different from the theoretical results for fa
ions (v'10 a.u.) obtained within classical transport theo
@9#.

Taking into account the above facts, we analyzed the
perimental data@12–14# as a surface effect, considering th
electron-capture process along the outgoing part of the io
trajectory. Our model@10,11,15# is based on a generalizatio
of the Demkov-Ostrovskii methodology@16#, used previ-
ously in the theory of atomic collisions. The electron-captu
probability is expressed@15# in terms of a mixed fluxI (t)
through a moving ‘‘Firsov’’ planeSF , placed between the
ionic projectile and the backside of the foil. The position
the Firsov plane is not arbitrary, but is chosen such tha
separates the space where the foil potential is strong, f
the space where the atomic potential is strong, i.e., qua
tively, the plane is placed in the ‘‘interaction-free’’ regio
between the foil and the atom.

To calculate the fluxI (t) we need two wave functions
C1(rW,t) and C2(rW,t) of an active electron. While the firs
function evolves from an initial electron state att5t in , the
second function represents a state that evolves towar
fixed final electron state att5t f in . In the proposed two-
wave-function dynamics, for the evaluation of physically re
evant quantities it is sufficient to know the statesC1 andC2
exclusively on theSF plane. Let us note that a ‘‘volume
calculation’’ for a transition amplitude can also be convert
to a ‘‘surface calculation’’ within the framework of the
Bardeen transfer Hamiltonian method@17#, but considering
the quasistationary transition problem.

The model@10,11# of electron captures from the foil va
lence band into moving bound states~with n'Z), however,
©2003 The American Physical Society21-1
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has been developed by restricting to the case of low-l Ryd-
berg states~e.g., l 50, 1, and 2!. Namely, in the low-l case
the ionic Rydberg states have large eccentricities so that
a narrow cylindrical region around the ionic trajectory is r
evant for the electron-capture process. Accordingly, it
been possible@10,11# to calculate the mixed electron flu
I (t) through theSF plane by restricting our analysis exclu
sively to the central part of that plane. The population pro
ability Pnl at t5t f in→`, determined completely by th
mixed flux, has been calculated and compared with exp
ments. All available low-l experimental facts concerning th
ions SVI, Cl VII , and ArVIII have been reproduced by th
model.

Under the mentioned experimental conditions@12–14#,
the large-l Rydberg state population (l>3) represents a
more complicated problem in comparison to the low-l case.
In order to simplify the analysis of the experimental data,
shall distinguish two physically different cases of the largl
distributions corresponding to the Rydberg states with fix
values of the quantum numbern. In the first case, the exper
mental curves have an upper limit atl max5n21 for all
tested values of the ionic core charges and velocities. T
kind of large-l distributions is characteristic for lower-n val-
ues ~roughly, 5,n,7 or 8! of the ionic projectiles SVI,
Cl VII , and ArVIII . We realized that the electron-captu
mechanism is dominant under these conditions. In the sec
case, however, the large-l distributions have the upper limit
l thr,n21, indicating that an additional, reionization-typ
process@11,18# is active inside the ion-surface system. Th
kind of large-l distributions prevails in the case of higher-n
values of the Rydberg states of the ions SVI and ClVII , and
especially for the ArVIII ion.

In this paper, we present a generalization of the lowl
model @10,11# to the large-l Rydberg systems. Due to th
complexities of interplay between the electron-capture
reionization processes~requiring a separate analysis!, we
shall restrict ourselves to the lower-n cases where the
electron-capture process is dominant. Heuristically, the
lowing two facts determine the electron-capture dynam
under the mentioned conditions. Namely, the large-l Rydberg
states are characterized by very small eccentricities and
can expect that the space region of the electron transit
extends far from the ionic trajectory. Beside this, the elect
capture into a moving Rydberg state occurs at large i
surface distancesR@1, which indicates that an asymptot
methodology can be used in the study of the process.
cordingly, in contrast to the low-l case, we need the mixe
flux through the wholeSF plane. This means that sufficientl
accurate asymptotic expressions for wave functionsC1(rW,t)
andC2(rW,t), valid on the entire Firsov plane, must be foun

The evaluation of functionsC1(rW,t) andC2(rW,t) on the
SF plane is performed by means of a suitable asympt
method. These functions are obtained by an analytical c
tinuation from the regions where they are mainly localiz
~the solid region and the ionic core vicinity, respectively! to
the whole Firsov plane. A similar procedure has been u
previously in the case of proton neutralization at solid s
faces @15#. Using the obtained functions we calculate t
01272
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mixed flux for large-l Rydberg states, from which the exper
mentally verifiable population probability can be obtained

This paper is organized as follows. In Sec. II, we form
late the electron-capture problem, exposing the large-l dy-
namics and the asymptotic procedure. An explicit model
the large-l Rydberg state population is developed and co
pared with experiments in Sec. III. Some concluding rema
will be given in Sec. IV.

Atomic units (e25\5me51) will be used throughout
the paper unless indicated otherwise.

II. FORMULATION OF THE PROBLEM

A. Large-l quantum dynamics

The two-state model of electron captures into Rydb
states of multiply charged ions escaping solid surfaces
been explicated in more detail in our previous papers@10,11#.
Here we expose the facts relevant to the population of
large-l Rydberg states.

In Fig. 1, we present the process in a normal emerge
geometry, taking that the pointlike projectileZ@1 moves
with intermediate velocities according to the classical l
R5vt. The instant position of theSF plane with respect to
the ion is denoted bya(t). We indicate the ionic region by
VA . For the large-l Rydberg states, all parts of theSF plane
are relevant, including those with large values of the rad
coordinater.

The active electron is described simultaneously by
states uC1(t)&5Û(t in ,t)uC1(t in)& and uC2(t)&
5Û(t f in ,t)uC2(t f in)&. The evolution operatorsÛ(t in ,t) and
Û(t f in ,t) are determined by the one-electron Hamiltonia
Ĥ1(t) and Ĥ2(t):

Ĥ1~ t !52
1

2
¹21UM1~UA1UAM!, ~2.1a!

Ĥ2~ t !52
1

2
¹21UA1@UMQ~z!1UAM#. ~2.1b!

The regions inside and outside the solid are defined by
Heaviside functionQ(z). We denoted the Coulomb potentia
of the electron-ionic core interaction byUA , whereasUM
52U0Q(2z)2(4z)21Q(z) is the electron-solid interac

FIG. 1. Geometry of the process.
1-2
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ELECTRON CAPTURE INTO LARGE-l RYDBERG . . . PHYSICAL REVIEW A68, 012721 ~2003!
tion potential, andUAM is the interaction potential of the
active electron with the ionic core image.

The intermediate stages of the electron-capture pro
can be described@10,11,15,16# by the probability that the
single active electron, whose behavior is determined sim
taneously by the state vectorsuC1(t)& anduC2(t)&, is in the
atomic regionVA . The related probability amplitude is give
by

A~ t !5^C2~ t !uP̂AuC1~ t !&, ~2.2a!

where the projection operatorP̂A ~in the coordinate represen
tation! is specified by the Heaviside functionQ(z2R1a).
For a large-l Rydberg state, the amplitudeA(t) can be ex-
pressed as

A~ t !5E
tg

t

I ~ t !dt, ~2.2b!

where the mixed fluxI (t) is given by the following surface
integral over the Firsov plane:

I 5
i

2ESF
F¹W C1

C1
2

¹W C2*

C2*
22ivS 12

da

dRDeW zGC2* C1•dSW ,

~2.3!

wheredSW 5dSeW z andeW z is the unit vector of thez axis. In Eq.
~2.2b!, we took into account the fact that the population pra
tically begins att5tgÞ0. The parametertg will be deter-
mined by means of energetic arguments~Sec. III C!. Note
that the quantityI 5I „t,a(t)… represents a functional of th
positiona(t) of the SF plane.

We consider the active electron which is initially in a sta
defined by the setmM ,in5(g in ,n1M ,in ,mM ,in) of the para-
bolic quantum numbers, whereg in is the continuous energ
parameter, i.e., the initial electron energy is given byEM ,in

(1)

52g in
2 /2. The ionic Rydberg state, detected att5t f in→`,

is described by the index setnA, f in5(n,l ,m) of spherical
quantum numbers. The final eigenenergy is given byEA, f in

(2)

52gA0
2 /2, wheregA05Z/n is the corresponding discret

energy parameter. Therefore, we define@10,11,15,16# the fol-
lowing neutralization probabilityTN(t) per unitg in :

TN~ t !5TnA, f in

N,mM ,in~ t !5uA~ t !u2. ~2.4a!

The neutralization rateGN(t) per unitg in is given by

GN~ t !5GnA, f in

N,mM ,in~ t !5dTnA, f in

N,mM ,in~ t !/dt. ~2.4b!

Note that the quantities given by Eqs.~2.4a! and ~2.4b! de-
pend, for all tP@ t in ,t f in#, not only on the initial condition
but also on the fixed final condition at the timet f in→`.

The experimentally verifiable population probabilityPnl
of the Rydberg statenA, f in from all valence-band states o
the solid is determined by

Pnl5E (
mMin

(
m

TnA, f in

N,mM ,in~ t !dg in , t→`. ~2.4c!
01272
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Let us note that for t5t f in→` we have P̂AuC2(t)&
5uC2(t)&, which means that the amplitudeA(t) tends to-
wards the transition amplitudeA5^C2(t f in)uC1(t f in)& of
the process. Therefore, fort5t f in , the probabilityPnl ob-
tains the standard quantum-mechanical form.

From the scheme presented, we recognize a technic
significant role of the Firsov plane within the framework
the two-state model proposed. Namely, the mixed fluxI (t),
Eq. ~2.3!, as well asGN(t) and Pnl are completely deter-
mined by the values of wave functionsC1 and C2 on that
plane. This fact considerably simplifies the subsequent
culations, because it is not necessary to have the function
the entire space. The instant position of the Firsov plan
determined@10# by the variational requirementdPnl /da
50, with the boundary conditionsda(t in)50 andda(t f in)
50. Explicit calculations concerning the kinematics of t
SF plane are presented in Sec. IV A of Ref.@10#. For the
experimental situation discussed in this paper~large l, but
lower-n values of the Rydberg states of the ions SVI, Cl VII ,
and ArVIII , see Introduction!, the instant positiona5a(t) of
the SF plane is determined with sufficient accuracy by E
~4.20! of Ref. @10#.

B. The asymptotic procedure

The electron-capture model exposed in Sec. II A is form
lated exclusively within the framework of quantum dynami
on theSF plane. For large ion-surface distancesR, where the
Rydberg state populations are dominant, the Firsov plan
located far from both the solid surface and the ionic core.
this reason, the functionsC1(rW,t) and C2(rW,t) figuring in
the mixed flux I (t), Eq. ~2.3!, can be represented in th
vicinity of the SF plane by corresponding asymptotic form
(R@1, r @1, andr A@1).

Through the process, the stateC1(rW,t), representing an
eigenstate of the HamiltonianĤ1(t) at the initial time t
5t in50, is mainly localized inside the solid. In the vicinit
of the SF plane, and forR@1, it can be expressed in th
form

C1~rW,t !5exp@hM ,mM
~rW,t !#FMA,mM

(1) ~rW,R!, ~2.5!

whereFMA,mM

(1) (rW,R) is the eigenfunction of the Hamiltonia

Ĥ1(t) corresponding to the eigenenergyEM
(1)(R)

52g(R)2/2. By mM5„g(R),n1M ,mM… we denoted the in-
termediate parabolic set satisfying the conditionmM

→mM ,in when t→t in . The function exp@hM,mM
(rW,t)# repre-

sents a space-time correction factor. On the other hand
the functionFMA,mM

(1) (rW,R) we have the following asymptotic

form:

FMA,mM

(1) 5Fas
(1)5FM ,mM

(1) ~rW,R!exp@2sM~rW,R!#,

~2.6a!

whereFM ,mM

(1) is the eigenfunction of the metal Hamiltonia

ĤM52 1
2 ¹21UM , whereassM(rW,R) represents a correctio

function.
1-3
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An asymptotic expression of the functionFM ,mM

(1) can be

obtained directly from the energy eigenvalue problem of
HamiltonianĤM expressed in parabolic coordinates. For t
parabolic quantum numbersn1M5n1M ,in50 and mM
5mM ,in50, which give the main contribution@10,11# to the
electron-capture process, we get

FM ,mM

(1) ~rW,R!5NM~R!exp~2gz!, ~2.6b!

whereNM(R) is an unknown function ofR. Note that the
factor NM(R) cannot be determined by a normalization
the functionFM ,mM

(1) , because the validity of Eq.~2.6b! is

restricted exclusively to the vicinity of theSF plane.
What we can do, however, is to connect expression~2.5!

with the expression forC1(rW,t) valid inside the solid. We
use the known JWKB form for the eigenfunctionsFMA,mM

(1) ,

obtained by the asymptotic procedure of analytic contin
tion from the solid region. In the regionr!1 of the Firsov
plane, we have

FMA,mM

(1) ~rW,R!5FJWKB
(1) . ~2.6c!

By equating the JWKB form~2.6c! and the asymptotic form
~2.6a! of the functionFMA,mM

(1) in the central part (r!1) of

the SF plane, we obtain the functionNM(R).
The correction functionssM andhM , figuring in the wave

functionC1(rW,t), can be calculated by using an extension
the low-l procedure@10# to the large-l case. Now, it is insuf-
ficient to consider the very vicinity of thez axis (r50);
instead, an explicitr dependence of the correction factors
necessary. Consequently, the exposed asymptotic proce
gives the wave functionC1(rW,t) on the whole Firsov plane

The functionC2(rW,t) is mainly localized in the vicinity of
the ionic core and vanishes in the solid region. Namely,
potential in the HamiltonianĤ2(t) tends to zero forz,0, so
that the eigenfunctions ofĤ2(t) and, consequently, the func
tion C2(rW,t), are negligible in the solid region. Therefore,
order to obtain theC2(rW,t) function on the Firsov plane, a
connection with the solid region is not necessary. For t
reason, the asymptotic procedure uses an asymptotic ex
sion of theC2(rW,t) function valid in the atomic region.

The functionC2(rW,t) in the coordinate systemS and the
corresponding functionC28(rW,t) in the moving coordinate
systemS8 ~Fig. 1! differ by the Galilean factor:

C2~rW,t !5exp@ ivz2 i ~v2/2!t#C28~rW,t !, ~2.7a!

where

C28~rW,t !5exp@hA,nA
~rW,t !#FAM,nA

(2) ~rW,R!. ~2.7b!

By FAM,nA

(2) we denoted the eigenfunction of the Hamiltoni

Ĥ2(t) corresponding to the eigenenergyEA
(2)(R)

52gA(R)2/2. By nA5(nA ,l A ,mA) we denoted the interme
diate spherical set satisfying the conditionnA→nA, f in when
01272
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t→t f in . The factor exp@hA,nA
(rW,t)# represents a space-tim

correction. Fort5t f in→`, the stateC28(rW,t) turns into an

eigenstate of the HamiltonianĤ2(t).
In the vicinity of theSF plane, the functionFAM,nA

(2) can be

expressed by the following asymptotic form:

FAM,nA

(2) 5Fas
(2)5FA,nA, f in

(2) ~rWA!exp@2sA~rWA ,R!#, ~2.8!

where FA,nA, f in

(2) (rWA) is the eigenstate of the atomic Hami

tonian ĤA52 1
2 ¹21UA . The fact that function~2.8! repre-

sents the large-l Rydberg state forR→` will be taken into
account through an appropriate asymptotic expression for
FA,nA, f in

(2) (rWA) function ~Sec. III B!.

Finally, it remains to determine the correction factorssA

and hA in the functionC28(rW,t), Eq. ~2.7b!. For the large-l
case, it will be sufficient to consider ther dependence of the
differencehA2sA . In this way, we can obtain the functio
C2(rW,t), which is valid on the entire Firsov plane.

III. POPULATION OF LARGE- l RYDBERG STATES

A. The function C1„r¢,t… on the SF plane

In order to obtain an asymptotic form of the functio
C1(rW,t) on the wholeSF plane, we first need to calculat
explicitly the eigenfunctionFMA,mM

(1) (rW,R), Eq. ~2.5!.

We start from the JWKB form@19# (R@1,r @1) of the
function FMA,mM

(1) valid in the central partr'0 of the SF

plane. For the quantum numbermM5mM ,in50, giving the
main contribution@10,11# to the electron transitions, we hav
@10#

FJWKB
(1) 5p21g1/2g11/2e1/4g22(2Z21)/2g11/4g21

3g2Z/g1n1MR1/4g21/2e2gz, ~3.1!

whereg5a(t)/R(t). Expression~3.1! has been obtained b
the JWKB continuation of the functionFMA,mM

(1) from the

solid throughout the narrow cylindrical region around thez
axis into the vicinity of the ionic core.

On the other hand, the eigenfunctionFMA,mM

(1) , valid for

all r values of theSF plane, is also determined by Eq.~2.6a!.
Assuming that¹2sM'0 and (¹W sM)2'0, and using the
asymptotic expression~2.6b!, we obtain@10# the following
differential equation:g]sM /]z5UA1UAM . The particular
solution of the last equation, satisfying the conditio
lim

R→0
sM(rW,R)50, is given by

sM5
Z

g
lnS Ar21~R2z!21R2z

Ar21R21R
D

1
Z

g
lnS Ar21~R1z!21R1z

Ar21R21R
D , ~3.2!
1-4
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wherea/R→1 for R→0. Note that we havez5R2a on the
Firsov plane.

In the vicinity of the Firsov plane, the asymptotic for
Fas

(1) of the functionFMA,mM

(1) (rW,R) follows from Eq.~2.6a!.

For r'0 we have

Fas
(1)5NM~R!e2gzg2Z/g~22g!2Z/g. ~3.3!

Equating the JWKB form, Eq.~3.1!, and the asymptotic
form ~3.3! of the eigenfunctionFMA,mM

(1) (rW,R) in the central

part of theSF plane, where both these functions behave
exp(2gz), we get

NM~R!5p21g1/2g11/2e1/4g22(2Z21)/2g11/4g21

3gn1MR1/4g21/2~22g!Z/g. ~3.4!

Inserting expressions~3.4!, ~3.3!, and~3.2! in Eq. ~2.6a!, we
obtain the eigenfunctionFMA,mM

(1) (rW,R) on the whole moving

Firsov plane, and for all asymptotic positions (R@1) of this
plane.

The obtained eigenfunction of the HamiltonianĤ1 en-
ables us to evaluate the time-dependent wave func
C1(rW,t). Namely, inserting Eq.~2.6a! into Eq.~2.5! and tak-
ing into account thatg5g in1O(1/R2) and n1M5n1M ,in ,
we get

C1~rW,t !5NM~R!exp@2g inz2SM~rW,t !1 i ~g in
2 /2!t#,

~3.5a!

where SM(rW,t)5sM(rW,R)2hM(rW,t)1 i (g in
2 /2)t. The space-

time correction factorSM(rW,t) follows from the Schro¨dinger
equation i ]C1 /]t5Ĥ1C1, with the initial condition
C1(rW,t)→FMA,mM ,in

(1) (rW,R) for t→t in50.

Using the approximations¹2SM'0 and (¹W SM)2'0, and
performing the transformation (z,t)→(jM ,hM), wherejM
52( i t 1z/g in)/2 and hM5(2 i t 1z/g in)/2, we get
2]SM /]jM5UA1UAM . A particular solution of the las
equation, satisfying the conditionSM(rW,t)→0 for t→0, is
given by the following expression:

SM5
Z

iv1g in
lnS Ar21~R2z!21R2z

Ar21R21R
D

2
Z

iv2g in
lnS Ar21~R1z!21R1z

Ar21R21R
D . ~3.5b!

Equation~3.5a!, with SM(rW,t) andNM(R) given by Eqs.
~3.5b! and~3.4!, represents our final expression for the wa
function C1(rW,t).

B. The function C2„r¢,t… on the SF plane

The functionC28(rW,t), Eq. ~2.7a!, evolves during the time

t toward the large-l Rydberg stateFA,nA, f in

(2) (rWA), so that at

intermediate stages of the ionic motion we have
01272
s

n

C28~rW,t !5exp@2SA~rWA ,t !1 i ~gA0
2 /2!t#FA,nA, f in

(2) ~rWA!,

~3.6!

whereSA(rWA ,t)5sA(rWA ,R)1 i (gA0
2 /2)t; the factorsA(rWA ,R)

originates from expression~2.8!. We note that, for the large
l case, the Legendre polynomial in the hydrogenlike funct
FA,nA, f in

(2) (rWA) can be expressed by the standard asympt

form with respect tol.
The space-time correction factorSA(rWA ,t) can be ob-

tained from the Schro¨dinger equationi ]C28/]t5Ĥ2C28 ,

combined with the final conditionC28(rW,t)→FA,nA, f in

(2) (rWA)

when t→t f in5`. Using the approximations¹2SA'0 and
(¹W SA)2'0, and performing the transformation (r A ,t)
→(jA ,hA), where jA52( i t 1r A /gA0)/2 and hA5(2 i t
1r A /gA0)/2, we get2]SA /]jA5UM1UAM .

The physically relevant particular solution forSA can be
obtained by the adiabatic limit requirement@10,11#:
SA(rWA ,t)→2@(2Z21)/(4gA0R)#r A1 i (2Z21)/(4v), for
v→0. The solution satisfying the last condition is given b

SA5
ln~z/R!

4~ iv2gA0cosQA!
2

Z

AC
lnS Z1

Z0
D2

2Z21

4gA0
1 i

2Z21

4v
,

~3.7!

where the angleQA is defined in Fig. 1, whereas

C5gA0
2 24v224ivgA0cosQA , ~3.8a!

Z152ACAr21~z1R!222r A~gA022iv cosQA!14R~2iv

2gA0cosQA!, ~3.8b!

Z054R~AC12iv2gA0cosQA!. ~3.8c!

Equation~3.6!, with the factorSA(rWA ,t) given by Eq.~3.7!,
represents our final expression for the time-dependent fu
tion C28(rW,t).

C. The neutralization rate GN and probability TN

Physically relevant details of the electron-capture proc
at intermediate stages of the ion-surface interaction can
recognized by an explicit evaluation of the mixed fluxI (t),
Eq. ~2.3!, as well as the neutralization rateGN(t) and prob-
ability TN(t), Eqs.~2.4a! and~2.4b!. We shall focus on those
space-time and energetic properties of the high-l process that
are different from the low-l characteristics.

Using expressions~3.5a! and ~3.6! for the statesC1(rW,t)
andC28(rW,t), respectively, we get

I ~ t !5
i

2ESF

Fg in1gA0

a

r A
1 ivS 122

da

dRD G
3FA,nA, f in

(2)* NMe2g inze2SA* 2SMeiwtdS, ~3.9a!
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where z5R2a, whereas w5(g in
2 2gA0

2 )/22v2(1
22a/R)/2. Expression~3.9a!, with the initial statemM ,in
50, is different from zero only for the Rydberg states w
m50, i.e., we have

I ~ t !5E
0

`

Ĩ ~R,r!dr. ~3.9b!

Although expression~3.9b! is obtained under the asymptot
condition (R@Rg5vtg), we can extend its validity over al
ion-surface distancesR with a sufficiently high accuracy. The
errors due to extrapolation of the asymptotic forms of wa
functionsC1 and C2 to smaller values ofR do not affect
significantly the mixed fluxI (t), because of the variationa
method of determining theSF-plane position@10#.

In Fig. 2, we present the quantity ReĨ (R,r) as a function
of R and r for the ClVII ion with n57, l 56, and the ex-
perimental value @13,14# of the ionic velocity (v
52.50 a.u.). The situation is similar for the ImĨ (t). From
Fig. 2 we recognize that the electron transitions are ma
localized at the ion-surface distancesR'n; note also that a
wide regionr'R of the Firsov plane is active in the proces

The neutralization rateGN of the Rydberg statenA, f in
5(n,l ,m50) can be expressed in terms of the mixed fl
I (t) as follows:

GnA, f in

N,mM ,in~ t !5
2

v S E
Rg

R

ReI ~ t !dRDReI ~ t !

1
2

v S E
Rg

R

Im I ~ t !dRD Im I ~ t !. ~3.10!

The parameterRg can be calculated by comparing the spe
tra of the HamiltoniansĤ1(t) andĤ2(t). Namely, we com-
pare the position of the energy manifold of the Hamiltoni
Ĥ2(t), evolving into the final Rydberg levelEA,nA, f in

(2)

52Z2/(2n2) for t5t f in→`, with the conduction band o
the solid. Taking into account that the common symmetry
the eigenproblems of both Hamiltonians is a parabolic o

FIG. 2. ReĨ (R,r) as a function of ion-surface distanceR and
radial coordinater for Cl VII (v52.50 a.u.) ion withn57 and l
56.
01272
e

ly

.

-

f
e,

we consider the parabolic splitting of theĤ2(t) levels, i.e., at
a given ion-surface distanceR@1, we have~see, for ex-
ample, Ref.@7#!

EA,mA

(2) ~R!52
Z2

2n2
1

2Z21

4R
2

3~Z21!

8Z

n~2n1A2n11!

R2
,

~3.11!

wheremA5(n,n1A ,mA50) andn1A50,1, . . . ,n21.
For a givenZ, the following three classes of the energ

terms exist, depending on their behaviors with respect to
conduction band of the foil. The terms of the first class
not intersect the bottom (2U0) of the conduction band
whereas the terms of the second class intersect the bo
and rapidly overflow the Fermi level. The third-class term
intersect the bottom, remaining below the Fermi level. W
define the parameterRg as the minimal value of the ion
surface distance at which the energy terms of the third c
intersect the bottom of the conduction band:

Rg5min@RuEA,mA

(2) ~R!6DE/252U0#, ~3.12!

whereDE is the energy distance between the neighbor me
bers of the manifold. The obtained values ofRg , for differ-
ent n and for the experimentally relevant values ofZ, are
given by Rg5a01a1n1a2n2, where the coefficientsai
5ai(Z) ( i 50,1,2) are exposed in Table I.

In Fig. 3, we present the neutralization rateGnA, f in

N,mM ,in

5Gnl
g per unit g for the large-l Rydberg statenA, f in

5(n,l ,m50) of the ClVII ion as a function of the ion-
surface distanceR. For theg values we takeg5gm(n,l ),
which give the main contribution to the electron-captu

TABLE I. The numerical values of the coefficientsai5ai(Z)
for the ionic core chargesZ56, 7, and 8.

Z 6 7 8

a0 9.77 2.84 0.27
a1 1.80 0.56 0.10
a2 4.13 1.12 0.12

FIG. 3. The neutralization ratesGnA, f in

N,mM ,in5Gnl
g ~per unitg) as a

function of the ion-surface distanceR for the ClVII (v52.50 a.u.)
ion with l 55 andg5gm(n,l ).
1-6
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probability; see Fig. 4. From Fig. 3 we recognize the mon
tonic shift and lowering of position and height of the max
mum, respectively, with the increase of the principal qu
tum numbern for 6<n<9. At the same time, the widths o
the bell-shaped neutralization rates are increasing. The
n58 is an exception. Consequently, the population of
large-l Rydberg states has a selective character, with m
mum atn'8.

The neutralization rates presented in Fig. 3 exh
maxima at the critical distancesRc'n. We recall that the
corresponding maxima@10,11# for the low-l Rydberg states
are positioned atRc'2n. These results can be interprete
quasiclassically: the neutralization process takes place d
nantly at those ion-surface distances where the quasiclas
orbital electronic motion~elliptic trajectory with the large
half axisn2/Z'n) is admissible.

For the intermediate ionic velocitiesv'1 a.u. and the
large angular momentums (l 53,4,5, . . . ), the electron-
capture process is nonresonant in nature, i.e., all levels o
foil conduction band contribute to the final Rydberg state.
order to illustrate this fact, in Fig. 4 we present the neutr
ization probability Tnl

g (t)5(n1M
TnA, f in

N,mM ,in(t) for t→` as a

function of the energy parameterg, in the range fromgF

FIG. 4. Neutralization probabilitiesTnl
g (`) ~per unit g) as a

function of the energy parametergP(gF ,gU0
), for Cl VII (v

52.50 a.u.) ion, forn58 andn59, respectively. The low-l result
l 51 ~dashed line! in Fig. 4~a! is taken from Ref.@11#.
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5A2f, wheref is the foil work function, togU0
5A2U0.

For the graphite foils, used in the experiments under con
eration, we have@14,10,11# f53 eV andU0510 eV. As an
example, we take again the ClVII ion with v52.50 a.u.

From the curves presented we recognize a selective
tribution of the conduction-band electrons. With the increa
of the principal quantum numbern, the maxima of the
g-distribution curves are shifted toward the Fermi levelg
5gF ; compare Figs. 4~a! and 4~b!. The results concerning
the g contribution to the population of the large-l Rydberg
states are different in comparison to the low-l results@11#. To
point out this difference, in Fig. 4~a! we also represent the
result for l 51 ~dashed line!. In Fig. 4, the monotonic rise o
the neutralization probabilities with increasingl suddenly
ceases atl 56. This is the position where thel distribution
has a minimum.

The n selectivity of the electron-capture process on theR
scale~Fig. 3! and the specificl behavior on theg scale of
Fig. 4 have a common origin in a complicate oscillato
character of the integrandĨ (R,r) of Eq. ~3.9b!. More pre-
cisely, the electron-capture process dominates at critical
surface distanceRc5Rc(n,l ), whereas ther distribution of
the mixed flux forR5Rc is dominant forrc'n, see Fig. 2.
Accordingly, the functionĨ (Rc ,rc)5 f (n,l ) is an oscillatory
function ofn andl, and it generates the mentioned nonmon
tonic features. This property of the mixed flux is a cons
quence of the two-state formalism, and could be interpre
as a ‘‘quantum interference’’ of the statesC1(rW,t) and
C2(rW,t). The interference pattern formed on the Firsov pla
depends on quantum numbersn and l.

D. Comparison with experiments

The electron exchange during the intermediate stage
the ion-surface interaction results in the final Rydberg sys
(n,l ) at t f in→`. The experimentally verifiable populatio
probability Pnl , Eq. ~2.4c!, can be calculated explicitly for
all relevant values of the ion-surface parameters.

The theoretical predictions will be compared with ava
able experimental data@12–14# for the ions SVI, Cl VII , and
Ar VIII . In the cited references, the relative level populati
probabilities have been measured and the curves repo
were normalized by taking the fact that the 3p level popula-
tion probability is a unity. The overall uncertainty of th
experimental findings has been estimated@13# ~around 20%!.
Mainly, two kinds of probability distribution graphs hav
been presented@12–14#, depending on whethern or l is
fixed. We shall focus on thel distributions.

Having in mind that the theory presented in this paper a
our previous papers@10,11# is developed for the Rydberg
states withn'Z ~accordingly, the 2p levels of the ionic
projectiles are excluded!, we choose a normalization that ha
been used previously@10,11# in our considerations of the
low-l experimental curves. Accordingly, we normalize t
experimental SVI data to the staten56 and l 51, whereas
the ClVII curves are normalized to the state withn58 and
l 51; for the ArVIII ions we taken510 andl 51. The uni-
fied scaling of the experimental results adopted for both lo
1-7
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l and high-l values will enable us to establish a character
correlation between the theory and experiments for all val
of l.

In Fig. 5, we present thel distributions of the probability
Pnl for n55, 6, and 7 of the SVI ion escaping the surfac
with the velocityv51.94 a.u. In the same figure, we mark
the experimental data@14# with dots. The theoretical prob
abilities in the low-l case~l 5 0,1,2!, taken from Ref.@11#,
are also exposed in Fig. 5. The theoretical curves follow
experimental points almost over the wholel region, but an
overestimation produced by our pure electron-capture mo
is evident aroundl max5n21 for n56 in Fig. 5~b!, as well
as for l 55 and 6 in Fig. 5~c!.

In Fig. 6, we expose thePnl curves for the ClVII ion with
n55, 6, 7, and 8. The experimental data@13,14# ~dots! cor-
respond to the ionic velocityv52.50 a.u. The agreemen
between theory and experiments indicates that the elect
capture mechanism is sufficient for explaining the expe
mental facts presented in Figs. 6~a!–6~c!. However, the ex-
perimental data from Fig. 6~d! report the l threshold atl
5 l thr55, suggesting that the reionization process@11,18#
can completely destroy the states withl 56 and 7. Qualita-
tively, the l distributions presented in Fig. 6 can be compa
with the l distributions@9# for Z57, n56, 7, and 8, obtained
in the high velocity region (v'9 a.u.), see Introduction. Th
l distributions of Ref.@9# ~normalized to thel 51 data in Fig.
6! are significantly lower in the large-l region in comparison
to our theoretical results.

FIG. 5. Population probabilitiesPnl of the Rydberg states (n,l )
for the SVI ion (v51.94 a.u.) withn55, 6, and 7, respectively, a
a function of the orbital quantum numberl P@0, n21#. Dots are
experimental data~Ref. @14#!. The low-l results (l 50,1,2) are taken
from Ref. @11#.
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Finally, in Fig. 7 we present the ArVIII curves forn55, 6,
7, and 8, with the velocityv51.42 a.u. of the ionic projec-
tile. The experimental data~dots! are taken from Ref.@12#.
The low-l results@11# are presented together with the larg
l cases discussed in the present paper. An overestimatio
the casel max57 in Fig. 7~d! can be addressed to the reio
ization mechanism, as in the above-mentioned cases ofVI

and ClVII ions.
We also tested our electron-capture model for all ot

available experimental data concerning the higher-n Rydberg
states of the ions SVI, Cl VII , and ArVIII , not presented in
Figs. 5–7. An agreement between theory and experim
has been found for alll distributions froml 50 to the experi-
mentally established threshold valuesl 5 l thr,n21. How-
ever, beyond thel thresholds we found the same type
overestimation in our theoretical predictions as in the ca
presented in Figs. 5~b,c!, 6~d!, and 7~c,d!. This fact indicates
that the nonresonant electron-capture mechanism, anal
in this paper, is not sufficient for explaining the complexi
of all experimental facts. What can be demonstrated wit
the framework of the two-state method is that the reioni
tion @11# at intermediate stages of the ion-surface interact

FIG. 6. Population probabilitiesPnl of the Rydberg states (n,l )
for the ClVII ion (v52.50 a.u.) withn55, 6, 7, and 8, respec
tively, as a function of the orbital quantum numberl P@0, n21#.
Dots are experimental data~Refs. @13,14#!. The low-l results (l
50,1,2) are taken from Ref.@11#.
1-8
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is, generally, in a competition with the electron-captu
mechanism~see Sec. IV!.

The calculated population probabilities~Figs. 5–7! in
most cases rise up tol 52 and then bend toward a minimum
at l 53. Most of the experimental datasets, on the ot
hand, exhibit a maximum atl 51. This is due to the fact tha
in our graphical presentation the casel 52 has been consid
ered as a low-l case, whereas thel 53 case is taken as th
high-l result. Since the valuel 52 is positioned in the match
ing region, more accurate theoreticalPnl values for l 52
could be obtained as a mean of the low-l and large-l results.
These averaged values are in better correlation with
available experimental data.

IV. CONCLUDING REMARKS

The analysis presented in this paper represents an att
of completion of our low-l results obtained previousl
@10,11# within the framework of the two-state model of th
electron-capture process at solid surfaces. We conside
correlation of low-l and high-l results as a nontrivial fact

FIG. 7. Population probabilitiesPnl of the Rydberg states (n,l )
for the ArVIII ion (v51.42 a.u.) withn55, 6, 7, and 8, respec
tively, as a function of the orbital quantum numberl P@0, n21#.
Dots are experimental data~Ref. @12#!. The low-l results (l
50,1,2) are taken from Ref.@11#.
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because technical details in our calculations concerning th
l cases are based on rather different asymptotic methods
experimentally obtained@12–14# deviation of thel distribu-
tions from the linear lawPnl;2l 11 is supported by our
model. The deviation becomes more pronounced in the h
l region for all tested ionic projectiles. Accordingly, und
the experimental conditions discussed (n'Z,v'1), the sub-
states of the same Rydberg state are not@13# populated at
random.

The extension of our model from low-l cases to large-l
Rydberg states reflects the main physical differences betw
these two situations in the ion-surface system. Namely
contrast to the low-l cases, a wide space region around t
outgoing part of the ionic trajectory is active for the largel
Rydberg systems; this has been taken into account by
appropriate asymptotic procedure~Sec. II B!. Also, the elec-
tron capture into the large-l states practically begins atRg
5vtg , i.e., after a short period of very irregular variations
the mixed fluxI (t). Roughly speaking, the values obtaine
in Sec. III C are comparable with the mean distance betw
the foil atoms. Besides, in the nonresonant electron-cap
process under the large-l conditions, the most active valence
band states of the solid are the states which are not clos
the Fermi level.

Few additional concluding comments may be relevant
the Rydberg state population of multiply charged ionic p
jectiles under the beam-foil conditions discussed, as wel
for some recent experimental results.

First, having faced the above-mentioned systematic tre
in overestimation of thel distributions within the framework
of the electron-capture model beyond thel thresholds, we
performed an additional investigation@20# including the
reionization mechanism@11,18# for large-l Rydberg states. A
modified form of the ‘‘renormalization’’ procedure, used pr
viously @11# for the explanation ofn thresholds in experi-
mentally observed population distributions, is developed.
found that the reionization will completely destroy those R
dberg states which are characterized by vanishing or v
small eccentricities, resulting in thel thresholds observed in
experiments. Moreover, the same reionization mechanism
also responsible for a lowering of thel distributions~around
l' l max5n21) presented in Figs. 5~b,c!, 6~d!, and 7~c,d!.

Second, we found that the cited references@12–14# give a
sufficiently complete amount of relevant information for
comparison with the theoretical results of the present pa
A most direct extrapolation of the presented results to ot
beam-foil experiments at intermediate velocities is related
the large-l distributions of XeVIII , reported in Ref.@21#.
Also, the obtained large-l results can be applied in invest
gations of the velocity dependence on the population pr
ability Pnl5Pnl(v) around v'1 and compared with the
beam-foil experimental results given in Ref.@22#.

Third, one of recent ion-surface experiments~see, for ex-
ample, Refs.@23,24#! was performed in the scattering geom
etry and a total yield of the scattered multiply charged io
has been measured. Accordingly, specific quantum feat
concerning thel distributions of the Rydberg states, di
cussed in our model, cannot be tested directly by these
periments. On the other hand, in the beam-foil experim
1-9



he
io
on
s
a-

he
ta

ap-

-
rbia
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@25# only the population dynamics of internal states of t
multiply charged ions has been reported, so that the
surface effects discussed in the present paper could give
the second-order contributions to the measured quantitie

Finally, an additional direction of experimental investig
tions ~see, for example, Ref.@26#! is devoted to the Rydberg
atoms. These experiments were performed with hypert
mal beams in the nearly grazing geometry. The two-s
li

s.

A

01272
n-
ly

.

r-
te

model adapted to this experimental situation could be
plied in the adiabatic limitv!1.
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