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Rydberg-state reionization of multiply charged ions escaping from solid surfaces

Lj. D. Nedeljković and N. N. Nedeljkovic´*
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Reionization rates of Rydberg states (n@1 andl 50, 1, and 2) of multiply charged ionic projectiles escap-
ing solid surfaces are calculated. These rates are obtained in an analytic form as a function of the ion-surface
distanceR. A phenomenological model of the reionization process, based on two-state quantum dynamics, is
adopted for the vicinity of the potential barrier top. The results of calculations show that ionization rates for
different Rydberg states are strictly localized and relatively separated. Universality of the reionization rate as a
function of the scaling parametera, describing the turning point configurations, is demonstrated. The reion-
ization is discussed within the framework of a nonresonant population-reionization process at intermediate
ionic velocities (v;1 a.u.!. The influence of reionization on the population of ionic Rydberg states is ex-
pressed in terms of a renormalized neutralization rate. It is demonstrated that the reionization effect signifi-
cantly changes the population curves for all Rydberg states. The population curves obtained correlate with
beam-foil experimental data concerning the SVI, Cl VII , and Ar VIII ions.
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I. INTRODUCTION

A number of valuable contributions to the theory of mu
tiply charged ions (Z@1) or Rydberg atoms (n@1) interact-
ing with solid surfaces are concentrated in the low veloc
region of the projectiles (v!1 a.u.!.

In the last decade, the theoretical activity has develope
several different directions. The semiclassical over-bar
model @1,2# and its extended dynamical version@3,4# reflect
global physical aspects of electron capture and recaptur
low velocities. The quantum description, necessary for a
tailed analysis of the process, is focused on the level sh
and widths@5# and on basic matrix elements@6#, which are
obtained by perturbative methods or by the coupled ang
mode method@7#. The nonperturbative complex scalin
method@8# has been used for calculating the same quanti
for the hydrogenic Rydberg states. The one-electron
changes investigated within the framework of the propo
schemes are mainly based on resonant~isoenergetic! models
of the electron capture and ionization, which are conside
as independent processes.

Recently, we analyzed@9,10# some beam-foil experimen
tal data@11–13# concerning the Rydberg-level population
multiply charged ionic projectiles (Z56, 7, and 8! at inter-
mediate velocities (v;1 a.u.!, not yet studied by the abov
cited theoretical models. We found that a nonresonant o
electron exchange mechanism of the population reioniza
type is efficient when the ions escape a solid surface. A t
state formalism@9,10,14# of the Demkov-Ostrovskii type
@15# has been adapted to the ion-surface problem.

Because of the complexity of the process, the problem
been treated within the fast-ionization approximation@10#.
However, while using the proposed approximation we o
tained an unphysical consequence: the ion-surface dista
Rc

N and Rc
I , where the neutralization and reionization pr

cesses are mainly localized turned out to be equal. Also
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the fast-ionization approximation, the reionization effe
completely canceled the population probabilitiesPnl for n
.nthr , where nthr is the threshold value of the principa
quantum number. As a result, some theoretical values fon
,nthr have overestimated the experimental data~Figs. 5, 6,
and 7 in Ref.@10#!.

This paper is devoted to a systematic analysis of
reionization mechanism beyond the fast-ionization appro
mation. A phenomenological model based on the Ham

tonianĤ̄2(t) is set up. The HamiltonianĤ̄2(t) is constructed

by replacing the final-channel HamiltonianĤ2(t), within a
finite ‘‘time window,’’ with the initial-channel Hamiltonian

Ĥ1(t). Thereby, a back transfer of active electrons from
moving ion into the solid, i.e., the reionization of previous
populated Rydberg states, can be effected.

We calculate the reionization rateG I(t) in an analytic
form by means of the complex parabolic eigenenergies of

Hamiltonian Ĥ̄2(t). To do this we use the e´talon equation
method@16,17#, adapted for deep under-barrier transitions
well as transitions in the vicinity of the potential barrier to
We point out that the dynamics of turning point configur
tions during the ionic motion plays an important role in t
eigenvalue calculations; for different values of the io
surface distancesR, the configurations of relevant turnin
points can be very different.

The following physical picture of Rydberg-state reioniz
tion under the mentioned beam-foil experimental conditio
emerges. First of all, the reionization process is strictly
calized around some ion-surface distancesRc

I and the reion-
ization rates have very pronounced single-peak forms
these distances. Second, the reionization of the Rydb
states n.nthr is delayed in comparison to the timetc

N

5Rc
N/v when electron capture is dominant, so that the

Rydberg states are characterized by very short but finite
times. Finally, the reionization effect contributes not only
the regionn.nthr , but also to the curves of the overa
‘‘renormalized’’ populationP̄nl , obtained under multichan
©2003 The American Physical Society09-1
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nel conditions of the ion-surface interaction.
This paper is organized as follows. In Sec. II we form

late the problem by exposing the structure of the populati
reionization process. Section III is devoted to an expl
study of the reionization mechanism. The calculations rela
to the reionization rateG I(t) are presented in Secs. III A, II
B, and III C, whereas the probabilitiesP̄nl are calculated and
compared with the available beam-foil data@11–13# in Sec.
III D. Some concluding remarks will be given in Sec. IV.

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

II. FORMULATION OF THE PROBLEM

A. Structure of the population-reionization process

We consider an electron exchange process in the
surface system~Fig. 1!, supposing that the pointlike ioni
projectile Z leaves the solid surface att in50 and moves
along the z axis according to the classical lawR5vt.
Roughly speaking, the population-reionization process, p
sented in Fig. 1, dominates during a time interval (ta ,tv)
around the timetP(ta ,tv) when destruction of the interme
diate Rydberg states begins. The quantitiesta and tv are
auxiliary parameters introduced only to point out the loc
ization of the process and they are absent from our fi
physically relevant expressions~see Sec. II C!. The definition
of the timet is given in Sec. III C.

Initially, the active electron is predominantly localized i
side a semi-infinite solid, with the work functionf and
depthU0 of the potential well of Sommerfeld’s model~point
1 of the graph in Fig. 1!. Nonresonant electron capture, d
scribed by the graph element 1→2 in Fig. 1, occurs around
large ion-surface distancesR'Rc

N and results in an interme
diate Rydberg-state population (2→3). Note that the points
2 and 3 would coincide exclusively within the framework

FIG. 1. The structure of the population-reionization process
intermediate velocities (v;1) of the multiply charged ionic projec
tiles (Z@1) at solid surfaces with Fermi levelEF .
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the fast-ionization approximation@10#. Around the branching
point 3 of the graph, corresponding toR'Rc

I , the active
electron can be captured into the solid (3→48), but the in-
termediate Rydberg structure can also survive as a mo
bound state mainly localized around the ionic projectile
→4).

If the electron exchange process ends at point 4 of Fig
the photon deexcitation of the Rydberg state formed is r
istered by a detector in the beam-foil experimental se
@11–13#, and we denote this final state the observable R
berg state. However, if process finishes at point 48 there is no
photon emission. In this case, the intermediate short-li
Rydberg state is unobservable for the detection system.
neutralization and reionization rates of the short-lived Ry
berg states, also sketched in Fig. 1, partly overlap, wh
means that the electron capture is in competition with
reionization ~around R5Rt). Note also that the propose
loop-type population-reionization process is not possi
within the framework of resonant electron exchange mod

B. The initial- and final-channel Hamiltonians Ĥ 1„t…

and Ĥ 2„t…, and Ĥ̄ 2„t…

In order to describe the population process we define
initial- and final-channel HamiltoniansĤ1(t) andĤ2(t). The

reionization model is embodied in the HamiltonianĤ̄2(t).
Initially, the active electron is almost completely localize

inside the semi-infinite solid, so that@9,10# we can take
Ĥ1(t in)52 1

2 ¹21U1,in . The Sommerfeld potential wel
U1,in for z,0 allows infinite electron motion along the neg
tive part of thez axis. The final state is defined by the set
operatorsĤ2(t f in), L̂z , and L̂2, corresponding to the mea
surements@11–13# at the final timet f in→`. For sufficiently
large ion-surface distances, the final state of the active e
tron is mainly localized around the ionic core and we ha
Ĥ2(t f in)52 1

2 ¹21U2,f in , whereU2,f in represents the Cou
lomb interaction forz.0, whereas forz,0 we takeU2,f in
50.

The initial and final HamiltoniansĤ1(t in) and Ĥ2(t f in)
can be ‘‘symmetrically’’ extrapolated to the initial- and fina
channel HamiltoniansĤ1(t) and Ĥ2(t); namely, the Hamil-
tonianĤ1(t) is defined by

Ĥ1~ t !52
1

2
¹21U1~ t !, ~2.1a!

where

U1~ t !52U0Q~2z!1@UM1~UA1UAM!#Q~z!,
~2.1b!

whereQ(z) represents the Heaviside function. We deno
by UA , UM , andUAM the Coulomb potential and the poten
tials of the electron interactions with the proper image a
the core image, respectively.

The final-channel HamiltonianĤ2(t) is defined by

t

9-2
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Ĥ2~ t !52
1

2
¹21U2~ t !, ~2.2a!

where

U2~ t !5@UA1~UM1UAM!#Q~z!. ~2.2b!

Note thatU1→U1,in for t→t in andU2→U2,f in for t→t f in .
For R@1, the potentialsUA1UAM andUM1UAM @Eqs.

~2.1b! and ~2.2b!#, can be replaced by the correspondi
asymptotic expressions, so that parabolic and spherical
resentations of the eigenfunctions of the HamiltoniansĤ1(t)
and Ĥ2(t), respectively, are possible. Note that in a wi
region around the ionic core a parabolic representation of
Ĥ2(t) eigenfunctions is also possible.

The HamiltonianĤ̄2(t) is defined by the following ex-
pression:

Ĥ̄2~ t !5H Ĥ2~ t !, t¹@ ta ,tv#,

Ĥ1~ t !, tP@ ta ,tv#.
~2.3!

The proposed HamiltonianĤ̄2(t) will also be considered in
the asymptotic region (R5vt@1), where a parabolic repre
sentation of its eigenfunctions is possible. Because of
outgoing wave boundary condition in the solid, imposed
the eigenfunctions, the corresponding eigenenergies are c
plex quantities.

C. The wave function C̄2„r¢,t…

In the two-state model@10#, the population process i
described by the probability amplitude A(t)
5^C2(t)uP̂A(t)uC1(t)&, whereP̂A5Q(z2zF), whereaszF
is the instant position of the Firsov planeSF ~see Fig. 1!. In
the vicinity of the SF plane we have@9,10#, uC1(t)&
5exp(ĥM)uFMA,mM,in

(1) & anduC2(t)&5exp(ĥA)uFAM,nA,fin

(2) &, where

ĥM and ĥA contribute to small corrections of the parabo
eigenstates uFMA,mM ,in

(1) & and spherical eigenstate

uFAM,nA, f in

(2) & of the HamiltoniansĤ1(t) and Ĥ2(t).

The population-reionization process is described by
probability amplitudeĀ(t)5^C̄2(t)uP̂A(t)uC1(t)&, where

uC̄2~ t !&5Q~t2t !uC2~ t !&1Q~ t2t!Û̄2~t,t !uC2~t!&,
~2.4!

whereasÛ̄2(t,t) is the evolution operator determined by th

HamiltonianĤ̄2(t). In writing Eq. ~2.4! we assumed that th
effect of the reionization in the time interval@ ta ,t# could be
neglected; namely, for the short-lived Rydberg states
reionization rate is negligible fort,t, and for the long-lived
Rydberg states~where the positions of the maxima of reio
ization and neutralization rates are inverted in compariso
the short-lived ones! the neutralization rate is negligible fo
t,t. Note that the stateuC̄2(t)& expressed by Eq.~2.4! is
independent ofta .
03270
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A procedure based on the spectral decomposition of

Hamiltonian Ĥ̄2(t) ~which we shall present in detail else
where! will give an explicit form of Eq.~2.4!. Here we use
an asymptotic form of Eq.~2.4!, describing the decaying
stateuC̄2(t)& during the population-reionization process. T
stateuC̄2(t)& is represented by the superposition

uC̄2~ t !&5Q~ ẑ!(
mA

^FAM,mA

(2) uC2~ t !&

3expS 2
1

2
Q~ t2t!E

t

tmin
GmA

I dtD uFAM,mA

(2) &

1Q~ t2t!Q~2 ẑ!ux~ t !&, ~2.5!

where uFAM,mA

(2) & are the parabolic eigenenstates of t

Hamiltonian Ĥ2(t), GmA

I is the reionization rate from the

parabolic intermediate statemA5(nA , n1A , mA), andux(t)&
is the electron state~outgoing wave! inside the solid. The
upper limit of integration in Eq.~2.5! is given by tmin
5min(t,tv).

By means of Eq.~2.5!, we express the amplitudeĀ(t) as
a sum overmA . Using the approximate expressions f
uC1(t)& and uC2(t)&, valid on the Firsov plane, we ca
specify a set of intermediate parabolic quantum numbersmA
which give the main contribution to the probability amp
tude. We get

mA05„nA5n~11O!, n1A5O, mA50…, ~2.6!

where O5O(1/R); namely, the active electron is mainl
captured from the parabolic initial statemM ,in5(g, n1M
50, mM50) ~Ref. @10#!, via an intermediate parabolic sta
with mA5(nA'n,n1A'0,mA50) into the final spherical
statenA, f in5(n,l ,m50).

Therefore, the wave functionC̄2(rW,t)5^rWuC̄2(t)& can be
expressed as

C̄2~rW,t !5Q~z!EmA0
~ t !C2~rW,t !1Q~2z!x~rW,t !, ~2.7!

where

EmA0
~ t !5expS 2

1

2
Q~ t2t!E

t

tmin
GmA0

I ~ t !dtD . ~2.8!

Note that the factorEmA0
(t) changes the norm of the wav

functionC2(rW,t) for z.0, i.e., the stateC2 is renormalized.
The reionization rateGmA0

I is given by

GmA0

I 522ImEA,mA0

(1) ~R!, ~2.9!

where EA,mA0

(1) (R) are the complex eigenenergies of th

HamiltonianĤ̄2(t)5Ĥ1(t) in the time interval@ ta , tv# @Eq.
~2.3!#. Taking into account thatGmA0

I '0 for t.tv , the upper

limit tmin of integration in Eq.~2.8! can be replaced byt.
Thereby, the timetv is absent in our subsequent calculation
9-3
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LJ. D. NEDELJKOVIĆAND N. N. NEDELJKOVIĆ PHYSICAL REVIEW A 67, 032709 ~2003!
Although the expression~2.9! resembles the conventiona
decay rate, we point out that its origin is in the two-sta
formalism; namely, the rateGmA0

I incorporates relevant infor

mation from both the initial and final electron states~the
points 1 and 4ø48 in Fig. 1! through the setmA0. Note also
that the decay factorEmA0

(t) depends on the ionic velocityv,

via the ionic motion law (R5vt) and on lower limit t
5t(v) of integration@Eq. ~2.8!#.

III. THE REIONIZATION MECHANISM

A. The reionization rate G I
„t…

In our previous study @10# of the Rydberg-level
population-reionization process, we estimated the reion
tion factorEmA0

(t) by settingEmA0
(`)50 beyond the thresh

old values ofn. Here we expose relevant facts for obtaini
an asymptotically accurate analytic expression for the re
ization rateGmA0

I (t) yielding a nonvanishing value ofEmA0
(t)

for n.nthr . The reionization rateGmA0

I (t) is given by Eq.

~2.9! in terms of the complex eigenenergiesĒ5EA,mA0

(1) (R).

Accordingly, within the proposed approximations, the pro
lem of the GmA0

I (t) evaluation is reduced to an eigenval

problem of the HamiltonianĤ̄2(t)5Ĥ1(t) aroundt5t.
In the asymptotic region (R@1), for n@1 andZ@1, the

eigenvalue problem of the HamiltonianĤ1(t) can be solved
in the analogous manner as in Ref.@10#, but under the out-
going wave condition inside the solid. We use the sca
parabolic coordinatesj̃, h̃, andw with the complex scaling
parameterā522ĒR/(Z21/4), and apply the e´talon equa-
tion method@16,17#. For a5Reā;a0 we have a configura
tion of the close turning pointsh̃1 andh̃2 @10#. The distance
between the turning points increases with increase ofa so
that the conditiona@a0 describes the distant turning poin
configuration. The quantitya0;1, representing the scalin
parameter for the confluent turning points (h̃1'h̃2), is de-
termined uniquely@10# by the ionic core chargeZ.

As a result, we obtain the following expression for t
real part of the energyEA,mA

(1) (R):

ReEA,mA

(1) 52
Z2

2nA
2

1
2Z21

4R
2

3

8

Z21

Z

nA

R2
~n1A2n2A!1•••,

~3.1a!

where n2A is the second parabolic quantum number (n1A

1n2A1umAu115nA). The reionization rate GmA

I 5

22ImEA,mA

(1) @Eq. ~2.9!# is given by

GmA

I ~ t !5
Z2

pnA
3

D~l,a!, ~3.1b!

whereD(l,a)5min„D1(l,a),D0(l,a)…, and

D1~l,a!5S e3a22

4a D 2l

D0~l,a!. ~3.2!
03270
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For the functionD0(l,a) we have

D0~l,a!5S bp0e

l D 2l

exp~2bF12lp0G!, ~3.3!

where l5n2A1(umAu11)/2 andb52Ra(22ReEA,mA

(1) )1/2.

The functionsF andG are determined by

F5
p0

a S 12
3

2C0

1

2a D1
C1

2ap1
lnS p12p0

p11p0
D

1
C2

2aAC0
S 12

C1

C2
1

3

4aC0
D lnS AC02p0

AC01p0
D ,

~3.4a!

G5
1

AC0

lnS AC02p0

AC01p0
D 1

1

p0
lnS 4p0

2

C2a D . ~3.4b!

The quantitiesCi , i 50, 1, and 2, are defined byC051
13/(2a), C152(22Z0)/a, and C252(12Z0)/a,
whereasp05(C02C2)1/2 and p15(C01C2)1/2. Note that
the Z dependences in the functionsF andG are exclusively
localized in the quantityZ05(Z21/2)/(Z21/4). For Z
@1, theZ dependences are very weak, so thatF andG can
be considered as universal functions ofa.

The result~3.1a! can be interpreted as the energy of
hydrogenlike atom in an effective homogeneous electric fi
F̃5(12Z)/(4R2) ~obtained by the first-order perturbativ
method!, shifted by the termDE5(2Z21)/(4R). In the
two-state model, the specific character of Eq.~3.1a! is mani-
fested only through the choice of the active member of
energy manifold@mA5mA0; Eq. ~2.6!#. However, the result
~3.1b! differs significantly from the ionization rates obtaine
within the framework of the previous asymptotic one-sta
models@18,19#. The first difference appears due to the fac
D(l,a), which takes into account the specificity of the tur
ing point configuration. The second difference is in determ
ing the rateGmA0

I (t) by imposing both initial and final con

ditions.

B. R and a dependences of the reionization rate

In order to obtain the reionization rateGmA0

I as a function

of R, we note that the real parta of the scaling parameterā
depends not only explicitly onR, but also implicitly via the
energy given by Eq.~3.1a!. Accordingly, in the first approxi-
mation, we can takea(R)5@Z2/n22(2Z21)/(2R)#R/(Z
21/4).

In Fig. 2 we present theR dependence of the rateG I

5GmA0

I (t) for the short-lived Rydberg states of the ClVII ion

with 10<n<14. TheG I curves have very pronounced pea
at the critical ion-surface distances estimated byR5Rc

I

;2n2/Z. The reionization rates of the observable Rydbe
states (n,10) are significantly smaller in comparison to th
presented ones.
9-4



o
n

um

n

io

e
d
e
-
th
th
rb

ed

ling
i-

the
n

ver-

te
face
lity

by

tion
me
,

o-
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A comparison of theR5Rc
I values with the positionsR

5Rc
N of the neutralization maxima obtained on the basis

Eq. ~4.9! from Ref. @10# leads us to a nontrivial conclusio
about the mutual positions of theGN andG I maxima on the
R axis; namely, for all considered values of the quant
numbern, eachGN maximum is followed by aG I maximum.
In Table I we present the quantitiesRc

N andRc
I for a Cl VII

ion escaping from the solid surface with the velocityv
52.50. We consider the short-lived states withnA, f in5(n,l
51,m50) for n.nthr59. Also, we take mM ,in
5(g in ,n1M ,in50,mM ,in50), where g in5gF50.47 for n
.10 andg in50.50 forn510. Similar numerical results ca
be presented for short-lived Rydberg states of the ions SVI

and Ar VIII .
Note that the critical distancesRc

I ;n2/Z obtained within
the framework of the asymptotic JWKB approach@19# are
about one-half the value ofRc

I from Fig. 2. It is also worth
noting that the energy widths obtained by the perturbat
method@5# exhibit a series of oscillations along theR axis.
The most distant maximum of these oscillations is localiz
at Rc

I ;2n2/Z, i.e., at the position of the strongly localize
reionization rateG I . The absence of oscillations from th
reionization rates forR,Rc

I can be explained by the follow
ing fact: the reionization process can be activated after
neutralization process has been mainly realized. Also,
greatest magnitude of the rate obtained by the nonpertu
tive coupled angular mode method@20# is positioned ap-
proximately at the same point~for n150, n25n21,
m50).

FIG. 2. The reionization rateG I5GmA0

I (t) of the Cl VII ion for
the short-lived Rydberg statesmA05(nA5n>10,n1A50,mA50)
presented as a function of the ion-surface distanceR.

TABLE I. Critical distances of the population-reionization pr
cess for the ClVII ion escaping the solid surface withv52.50.

n 10 11 12 13 14

Rc
N 28.2 32.5 37.8 43.2 48.9

Rc
I 29.6 35.9 42.6 50.0 58.0
03270
f
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Universality of the reionization process can be deduc
from thea dependence of the rateGmA0

I . The relevant graphs

are presented in Fig. 3, for the Rydberg statesnA5n511 of
the ions SVI, Cl VII , and ArVIII . TheGmA0

I curves have very

pronounced peaks for the same critical value of the sca
parametera. We obtain the same universality for all princ
pal quantum numbersn.

The positions of the presented maxima,a'a0;1, indi-
cate that the reionization of the state considered is in
vicinity of the potential barrier top. This quantum predictio
correlates with the general assumption of the classical o
barrier model@1#.

C. The renormalized neutralization rate

By including the reionization effect in the Rydberg-sta
population process, at intermediate stages of the ion-sur
interaction, we obtain the renormalized transition probabi
T̄nA, f in

N,mM ,in(t). For a given initial state mM ,in we get

T̄nA, f in

N,mM ,in(t)5EmA0
(t)TnA, f in

N,mM ,in(t), i.e.,

T̄nA, f in

N,mM ,in~ t !5expS 2Q~ t2t!E
t

t

GmA0

I ~ t !dtD
3F12expS 2E

t in

t

GnA, f in

N,mM ,in~ t !dtD G , ~3.5!

whereGnA, f in

N,mM ,in(t) is the neutralization rate@10#. The corre-

sponding renormalized neutralization rate is given
ḠnA, f in

N,mM ,in(t)5dT̄nA, f in

N,mM ,in(t)/dt. The parametert is defined by

the conditionḠN(t)50.
In the case of short-lived Rydberg states the neutraliza

and reionization processes are mainly localized within ti
intervalstP@ ta ,t# andtP@t,tv#, respectively; for example
see Fig. 1. Therefore, taking into account thatGmA0

I (t)

'Gn
N,mM ,in(t)/Tn

N,mM ,in(`), we get

FIG. 3. The reionization rateG I5GmA0

I (t) of the Cl VII ion for
the short-lived Rydberg statesmA05(nA5n511,n1A50,mA50)
presented as a function of the scaling parametera.
A, f in A, f in

9-5
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ḠnA, f in

N,mM ,in~ t !5E mA0

2 ~`!@GnA, f in

N,mM ,in~ t !

2GmA0

I ~ t !TnA, f in

N,mM ,in~`!#, t.t, ~3.6!

and ḠnA, f in

N,mM ,in(t)5GnA, f in

N,mM ,in(t) for t,t. In order to evaluate

the quantityE mA0

2 (`) appearing in Eq.~3.6!, it is convenient

to replace the integration over the timetP@t,tv# in Eq. ~2.8!
by an integration over the scaling parameteraP@at ,`#,
whereat5a(Rt). Accordingly, the quantityE mA0

2 (`) can be

expressed as follows:

E mA0

2 ~`!5expF2
n2

vZ S 12
1

4ZD E
at

`

GmA0

I daG . ~3.7!

By performing the numerical calculations based on E
~3.6! and~3.7! we obtain the rateḠnA, f in

N,mM ,in(t) for all relevant

values of the ion-surface parameters.
As an example of the rateḠN(t), we consider again the C

VII ion with the velocityv52.50. We present the physicall
most important casen5nres511, l 51, m50 corresponding
to the ~unobservable! resonant Rydberg leveln5nres . For
the energy parameterg we take the valuegF corresponding
to the Fermi level of the solid (f53 eV!. The relevant quan-
tum numbers of the intermediate parabolic state, Eq.~2.7!,
are determined by the setmA05(nA5n511,n1A50,mA

50). In that case we haveTnA, f in

N,mM ,in(`)51.17 andRt5vt

534.01, whereasE mA0

2 (`)55.131022.

In Fig. 4 we present theR dependence of the rateḠN

5ḠnA,fin

N,mM,in(t) for the Cl VII ion, with the cited numerical val-

ues of the relevant parameters. We note that the presenteḠN

curve does not represent a simple ‘‘superposition’’ of t
neutralization and reionization ratesGN andG I ; compare, for

FIG. 4. The renormalized neutralization rateḠN5ḠnA, f in

N,mM ,in(t)

per unit g in for the Cl VII ion escaping the solid surface withv
52.50; mM ,in5(g5gF ,n1M50,mM ,in50) and nA, f in5(n511,l
51,m50).
03270
.

example, the maximal value ofG I for n511 in Fig. 2 with
the minimal value ofḠN in Fig. 4.

D. The renormalized population probability P̄nl

and comparison with experiments

The results obtained in Sec. III C can be used in our fi
calculations of the experimentally verifiable probabilityP̄nl .
Due to the multichannel character of the process@10#, the
existence of the short-lived Rydberg states is manifes
through the thresholdlike forms of the population curves,
well as their overall forms. Accordingly, theP̄nl curves can
be significantly different in comparison to the nonrenorm
ized population curvesPnl .

For time t5t f in5` the probabilitiesP̄nl and Pnl are re-
lated by

P̄nl5@Q~t2tF!1Q~ tF2t!E mA0

2 ~`!#Pnl , ~3.8!

wheretF5RF /v, whereas the distanceRF is determined by
ReEA,mA0

(1) (RF)52f. From the expression~3.8! we conclude

that, fortF.t, the physically relevant population probabilit
P̄nl differs from the nonrenormalized probabilityPnl by the
factor E mA0

2 (`), which can be calculated by means of E

~3.7!.
Among the various possible presentations of probabi

P̄nl we will show those curves that reflect three characteri
consequences of the reionization effect.

In Fig. 5 we present theP̄nl curve for the case of ClVII

ion with l 51 and v52.50. In the same figure we als
present the nonrenormalized curvePnl , with all channels
opened, obtained by the method from Ref.@10#. The dashed
curve is the population probability@10#, obtained under the
fast-ionization condition~i.e., the channelsn.nthr are
closed!. The experimental points are taken from Ref.@12#.

FIG. 5. Effect of the reionization in then.nthr region for the Cl
VII ion with l 51 andv52.50. Dots are experimental data take
from Ref. @12#. The dashed curve is obtained under the fa
ionization assumption~Ref. @10#!.
9-6
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The reionization effect is quite evident: the renormalizedP̄nl
peak atn5nres511 is about 10 times smaller than the no
renormalized one. Under real experimental conditions,
local P̄nl peak atn511 essentially represents an unobse
able structure on the graph in comparison to the ‘‘visib
part aroundn0'Z57. A set of theP̄nl graphs, similar to the
one presented, can also be obtained forl 50 andl 52 of the
Cl VII ion, as well as for the SVI ion with l 50, 1, and 2.

The P̄nl curve of the ArVIII ion with l 50 andv51.42 is
presented in Fig. 6. The meaning of the additional two cur
presented in Fig. 6 is the same as in Fig. 5. For the reson
level n5nres512, we havet,tF ~i.e., the element 2→3 of
the graph in Fig. 1 is above the Fermi levelEF ; the same
holds for the staten511 of the ClVII ion in Fig. 5!. Note
that, in contrast to Fig. 5, theP̄nl curve and the dashed curv
~obtained in Ref.@10# under the fast-ionization condition! are
different in the regionn,nthr .

In Fig. 7 we present the relevant population curves for
Ar VIII ion with l 51 andv51.42. Note the change in scal
the probabilitiesP̄nl presented in Fig. 7 are about 10 tim
higher in comparison to those in Fig. 6. The existence of
pronouncedP̄nl resonance shape atn5nres511 is a conse-
quence of the conditiont.tF . The reionization does no
directly change the population of the resonance state (nres
,nthr); the only modification of the population probabilit
of the staten5nres is through the multichannel effect.~Com-
pare the probabilityP̄nl with the probabilityPnl taken from
Ref. @10#.! The same conclusion stands for the leveln
511, l 52 of the Ar VIII projectile withv51.42.

IV. CONCLUDING REMARKS

The subject of this paper is the Rydberg-state reioniza
of multiply charged ions escaping solid surfaces at interm
diate velocities, in the beam-foil interaction geometry. T

FIG. 6. Effects of the reionization in then.nthr and n,nthr

regions for the ArVIII ion with l 50 andv51.42. Dots are experi-
mental data taken from Ref.@12#. The dashed curve is obtaine
under the fast-ionization assumption~Ref. @10#!.
03270
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applied two-state formalism gives insight into both the int
mediate and final stages of the population-reionization p
cess. The calculated reionization rates take into account
vicinity of the potential barrier top. We found that the d
namics of the turning point configuration during the ion
motion, combined with the condition~2.6!, results in single-
peak forms of theR-dependent ratesGmA0

I . The renormalized

neutralization rateḠN is introduced in order to describe th
influence of reionization on the electron capture process.
exposed model of the population-reionization process gi
the population probabilitiesP̄nl , which represent nonlinea
functions of the principal quantum numbern, with one or
two local maxima. Our explicit calculations are related to t
case of low-l values of the Rydberg states~e.g.,l 50, 1, and
2!, with the projectile velocitiesv taken from experiments.

A few additional remarks may be relevant for subsequ
investigation of the subject discussed in the paper.

First, the beam-foil experimental data@11–13# report a set
of nonlinearl distributions characterized by threshold valu
l thr,n21 in the large-l region. In this region we found tha
the reionization effect becomes important. The high-l popu-
lation probability obtained within the framework of the two
state model@21# correlates with available experimental fac
for S VI, Cl VII , and Ar VIII ions.

Second, it is possible to study the velocity dependence
the theoreticalP̄nl(v) curves and compare the results wi
the beam-foil experimental data reported in Ref.@22#. Most
of the v data in the cited paper concern the high-l Rydberg
states of multiply charged projectiles, so that the reionizat
effect can be very significant for an explanation of the e
periment. In that sense, the results previously obtained@9#
for thev dependences of the low-l population curves can be
completed by the large-l curves.

Third, the population-reionization model can also be e
tended to the cases where ionic core projectiles canno
regarded as pointlike charges; namely, the reported pop

FIG. 7. Effect of the reionization in then'nres region for the Ar
VIII ion with l 51 andv51.42. Dots are experimental data take
from Ref. @12#. The dashed curve is obtained under the fa
ionization assumption~Ref. @10#!.
9-7
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tion curves@23# for the ions KrVIII and XeVIII transferred
through the same carbon foils, at practically the same in
mediate velocities, are very different. We realized that t
fact could be attributed to a screening effect, described
the Simons-Bloch type@24# of ionic core potential.

Finally, taking into account that the beam-foil expe
ments@11–13# were not designed for direct observation
the reionization, additional experimental work would be ne
essary for establishing theRc

I values. Up to now, only a few
experiments~see, for example, Refs.@25#, @26#, and @27#!
have been devoted to direct measurement of the ioniza
distanceRc

I , but the data are associated with neutral Rydb
atoms approaching the surface at low velocities. In spite
the fact that these experiments differ significantly from t
li

s.

, I

03270
r-
s
y

-

n
g
f

beam-foil experiments discussed here, a theoretical stud
the low-v experiments is possible within the framework
the two-state model. For example, our preliminary calcu
tions related to the experimental conditions described in R
@27# indicate that the confluence of the turning points in t
étalon equation method leads to correct critical ion-surfa
distancesRc

I .
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