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

Lj. D. Nedeljkovicand N. N. Nedeljkovit
Faculty of Physics, University of Belgrade, P.O. Box 368, Belgrade, Yugoslavia
(Received 25 July 2002; revised manuscript received 15 November 2002; published 18 March 2003

Reionization rates of Rydberg statesx{1 andl =0, 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 parameter, 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 ¢ ~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 th&ISCl vii, and Arvii ions.
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I. INTRODUCTION the fast-ionization approximation, the reionization effect
completely canceled the population probabilitieg for n
A number of valuable contributions to the theory of mul- >n,,,, wheren,,, is the threshold value of the principal
tiply charged ionsZ>1) or Rydberg atomsn>1) interact-  quantum number. As a result, some theoretical values for
ing with solid surfaces are concentrated in the low velocity< Ny, have overestimated the experimental ddtigs. 5, 6,
region of the projectilesy<1 a.u). and 7 in Ref[10]).
In the last decade, the theoretical activity has developed in Thjs paper is devoted to a systematic analysis of the
several different directions. The semiclassical over-barriefeionization mechanism beyond the fast-ionization approxi-

model[1,2] and its extended dynamical versif®4] reflect 400, A phenomenological model based on the Hamil-
global physical aspects of electron capture and recapture at - -

low velocities. The quantum description, necessary for a delonianHx(t) is set up. The HamiltoniaH,(t) is constructed
tailed analysis of the process, is focused on the level shiftby replacing the final-channel Hamiltoniad,(t), within a
and widths[5] and on basic matrix element§], which are finite “time window,” with the initial-channel Hamiltonian

obtained by perturbative methods or by the coupled angulaf (t). Thereby, a back transfer of active electrons from the
mode method[7]. The nonperturbative complex scaling moving ion into the solid, i.e., the reionization of previously
method[8] has been used for calculating the same quant't'eﬁopulated Rydberg states, can be effected.

for the hydrogenic Rydberg states. The one-electron ex- \we calculate the reionization rafé'(t) in an analytic

changes investigated within the framework of the proposeg, by means of the complex parabolic eigenenergies of the
schemes are mainly based on resori@ntenergetic models

of the electron capture and ionization, which are considereffi@miltonianH(t). To do this we use thetalon equation
as independent processes. method[16,17], adapted for deep under-barrier transitions as
Recently, we analyzef,10] some beam-foil experimen- well as transitions in the vicinity of the potential barrier top.
tal data[11—13 concerning the Rydberg-level population of W& point out that the dynamics of turning point configura-
multiply charged ionic projectilesZ=6, 7, and 8 at inter- t|9ns during the ionic motion plgys an important role m.the
mediate velocitiesi(~1 a.u), not yet studied by the above eigenvalue calculations; for different values of the ion-
cited theoretical models. We found that a nonresonant ongiUrface distance®, the configurations of relevant turning

electron exchange mechanism of the population reionizatioRCINtS can be very different. o
type is efficient when the ions escape a solid surface. A two- The following physical picture of Rydberg-state reioniza-

state formalism[9,10,14 of the Demkov-Ostrovskii type tion under the mentioned beam-foil experimental conditions

[15] has been adapted to the ion-surface problem. emerges. First of all, _the reionization process is strlptly lo-
Because of the complexity of the process, the problem ha_gall_zed around some ion-surface d|stan3§sand the reion-

been treated within the fast-ionization approximat[@@]. ~ ization rates have very pronounced single-peak forms at

However, while using the proposed approximation we obthese distances. Second, the reionization of the Rydberg

tained an unphysical consequence: the ion-surface distanc8&tes n>ny,, is delayed in comparison to the timg

RY andR., where the neutralization and reionization pro- =Rc/v When electron capture is dominant, so that these

cesses are mainly localized turned out to be equal. Also, iftydberg states are characterized by very short but finite life-
times. Finally, the reionization effect contributes not only to

the regionn>ny,,, but also to the curves of the overall
*Electronic address: hekata@ff.bg.ac.yu “renormalized” populationP,,, obtained under multichan-
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the fast-ionization approximatidid 0]. Around the branching
point 3 of the graph, corresponding ®~R., the active
electron can be captured into the solid£3"), but the in-
reionization termediate Rydperg strugture can also sgrviye as a moving
bound state mainly localized around the ionic projectile (3

neutralization
rate

rate
/ —4).
/ If the electron exchange process ends at point 4 of Fig. 1,
Rc the photon deexcitation of the Rydberg state formed is reg-
istered by a detector in the beam-foil experimental setup
t ; [11-13, and we denote this final state the observable Ryd-
Ra RT R(o R berg state. However, if process finishes at pointhre is no

. 2 photon emission. In this case, the intermediate short-lived
4 3 Rydberg state is unobservable for the detection system. The
E ° o neutralization and reionization rates of the short-lived Ryd-

//%/ \ berg states, also sketched in Fig. 1, partly overlap, which

4 means that the electron capture is in competition with the
reionization (around R=R,). Note also that the proposed

loop-type population-reionization process is not possible
within the framework of resonant electron exchange models.

FIG. 1. The structure of the population-reionization process at
intermediate velocitiesu(~ 1) of the multiply charged ionic projec- R .
tiles (Z>1) at solid surfaces with Fermi levél . and H,(t), and H,(t)

In order to describe the population process we define the
initial- and final-channel Hamiltoniarf$,(t) andl:|2(t) The

B. The initial- and final-channel Hamiltonians I:|1(t)

nel conditions of the ion-surface interaction.

This paper is organized as follows. In Sec. Il we formu-
late the problem by exposing the structure of the populationreionization model is embodied in the Ham|lton|bl|3(t)
reionization process. Section Il is devoted to an explicit Initially, the active electron is almost completely localized
study of the reionization mechanism. The calculations relatethside the semi-infinite solid, so th&®,10] we can take
to the reionization rat€'(t) are presented in Secs. Ill A, IlI |:|1(tin)= —ive+ Uyjn. The Sommerfeld potential well
B, and Ill C, whereas the probabiliti€s,, are calculated and U y;, for z<0 allows infinite electron motion along the nega-
compared with the available beam-foil d4fidl—13 in Sec. tive part of thez axis. The final state is defined by the set of
Il D. Some concluding remarks will be given in Sec. IV.  operatorsH,(t;,), L,, andL?, corresponding to the mea-

Atomic units @*=%=m,=1) will be used throughout surement§11-13 at the final timet;,—. For sufficiently

the paper unless indicated otherwise. large ion-surface distances, the final state of the active elec-
tron is mainly localized around the ionic core and we have
Il. FORMULATION OF THE PROBLEM Ho(trin) =—3V?+ Uy, whereU,y, represents the Cou-
lomb interaction forz>0, whereas foz<0 we takeU,,

A. Structure of the population-reionization process —0.
\;Ve cons;derFan ilectron excha;ggtetr}:])rocessﬂw the ion- The initial and final Hamiltonian$,(t;,) and H,(tf;,)
surface systeniFig. 1), supposing that the pointlike ionic can be “symmetrically” extrapolated to the initial- and final-

projectile Z leaves the solid surface &, =0 and moves A ~ .
along the z axis according to the classical laR=ot. channel Hamiltoniansi;(t) andH,(t); namely, the Hamil-

Roughly speaking, the population-reionization process, pretonianH(t) is defined by

sented in Fig. 1, dominates during a time intervg],{,) 1

around the timere (t,,t,) vyhen destructmn_ of the interme- 1(H)== V24 U4 (1), (2.13
diate Rydberg states begins. The quantitigsandt, are

auxiliary parameters introduced only to point out the local-

ization of the process and they are absent from our finajyhere

physically relevant expressiofsee Sec. I ¢ The definition
of the time 7 is given in Sec. Il C.

Initially, the active electron is predominantly localized in-
side a semi-infinite solid, with the work functiosh and
depthU, of the potential well of Sommerfeld’s modg&doint
1 of the graph in Fig. 1 Nonresonant electron capture, de- where ®(z) represents the Heaviside function. We denoted
scribed by the graph element42 in Fig. 1, occurs around by U, Uy, andU,y the Coulomb potential and the poten-
large ion-surface distanc&~=R) and results in an interme- tials of the electron interactions with the proper image and
diate Rydberg-state population{23). Note that the points the core image, respectively.

2 and 3 would coincide exclusively within the framework of  The final-channel Hamiltoniahl,(t) is defined by

U(t)==UgO(=2)+[Uy+(Ua+Uan)10(2),
(2.1b
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A procedure based on the spectral decomposition of the

Hamiltonian ﬁz(t) (which we shall present in detail else-
where will give an explicit form of Eq.(2.4). Here we use
where an asymptotic form of Eq(2.4), describing the decaying

state] ﬁz(t)) during the population-reionization process. The
state|W,(t)) is represented by the superposition

I:|2(t)=—%V2+ U,(1), (2.2a

Uo(1)=[Ua+(Uy+Uaw)10(2). (2.2b

Note thatU;—Uq;, for t—t;, andU,— Uy, for t—typ, .

For R>1, the potentiald) o+ U,y andUy+Uay [EQs. V,(1))=0(2) D, (D@ W, (1)
(2.1b and (2.2b], can be replaced by the corresponding [¥2(0) KA < AM’“’*' 20)
asymptotic expressions, so that parabolic and spherical rep-

A~ 1 tmin
resentations of the eigenfunctions of the Hamiltonieinét) X exp( - E(t_ r)f F'ﬂAdt) |CI>§f,\),,‘MA>
and H,(t), respectively, are possible. Note that in a wide T
region around the ionic core a parabolic representation of the +O(t— T)@(—2)|X(t)> (2.5

I3|2(t) eigenfunctions is also possible.

The HamiltonianH,(t) is defined by the following ex- Where [®i3, ) are the parabolic eigenenstates of the
pression: Hamiltonian Ha(t), T, is the reionization rate from the
G0, telt ] parabolic intermediate stajgy=(na, N1a, Ma), and|x(t))
o (t)= 2(1), arold 2.3 is the electron statéoutgoing wave inside the solid. The
2 A1), telt,,t,]. ' upper limit of integration in EQ.(2.5 is given by t,i,
=min(t,t,).
The proposed HamiltoniaH (t) will also be considered in By means of Eq(2.5), we express the amplitud&(t) as

the asymptotic regionR=vt>1), where a parabolic repre- & SUM overu,. Using the approximate expressions for
sentation of its eigenfunctions is possible. Because of the¥1(t)) and [¥5(t)), valid on the Firsov plane, we can
outgoing wave boundary condition in the solid, imposed onSPecify a set of intermediate parabolic quantum numjpgrs
the eigenfunctions, the corresponding eigenenergies are cotyhich give the main contribution to the probability ampli-
plex quantities. tude. We get
. =Ma=n(1+0), n=0, my=0), 2.6
C. The wave function W,(r,t) #ao=(Ma=n( ) A ~=0) 28
In the two-state modef10], the population process is Where O=0O(1/R); namely, the active electron is mainly
described by the probability amplitude A(t) c@ptured from the parabolic initial stat@y in=(y, Nim
=<\I’2(t)|I5A(t)|‘If1(t)> Whereﬁ’A=®(z— 2.), whereasz; =_0, my,=0) (Ref.[10]), via an mt_ermedlate_parabollc _state
is the instant position of the Firsov plaSg (see Fig. L In gg?efﬁ‘__(:n(’*:lnr':i’go’m‘\_o) into the final spherical
the vicinity of the Sy plane we have[9,10], |¥,(t)) Afin AT T '

_ 0 o _ SN (2) Therefore, the wave functioW ,(r,t)=(r|¥,(t)) can be
=exXpn)| Piia ) AN W2(t)) = expO)| P, ) Where expressed as

hy and h, contribute to small corrections of the parabolic

eigenstates |(D(Ml3*’ﬂm,m> and spherical eigenstates @Z(F,t)=(z)gﬂAo(t)‘lfz(F,t)+®(—z)X(F,t), 2.7

|<I>§\2,\),|YVAﬂn> of the HamiltoniangH;(t) andH,(t). where
The bopulation-reionization process is described by the
- . Y _ = = 1 tmin
probability amplitudeA(t) = (W ,(t)|Pa(t)|¥1(t)), where 5,LAO('E)=€'XI{ B §®(t_7)J FLAO(t)dt)' 2.8
[Wo(1))=0(7—1)|W,(1))+ O (t— HU5(7,1) | ¥ (7)),
(24)  Note that the facto€,, (t) changes the norm of the wave

- ) , . function \Ifz(F,t) for z>0, i.e., the stat&d’, is renormalized.
Whereasuz(lt) is the evolution operator determined by the The reionization rawlﬂ is given by

HamiltonianH,(t). In writing Eq. (2.4) we assumed that the "o
effect of the reionization in the time intervial, , 7] could be r' =—2mel (R), (2.9
neglected; namely, for the short-lived Rydberg states the Hno Hho

reionization rate is negligible fd< 7, and for the long-lived
Rydberg state$where the positions of the maxima of reion- 0 R
ization and neutralization rates are inverted in comparison télamiltonianH,(t) =H(t) in the time intervalt,, t,] [Eq.
the short-lived ongsthe neutralization rate is negligible for (2.3)]. Taking into account thdf'MAO%O fort>t,, the upper

t<r. Note that the staté@z(t» expressed by Eq2.4) is  limit t,;, of integration in Eq.(2.8) can be replaced by
independent of,, . Thereby, the time,, is absent in our subsequent calculations.

where E(Al,LAo(R) are the complex eigenenergies of the
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Although the expressiof2.9) resembles the conventional For the functionDy(\,a) we have
decay rate, we point out that its origin is in the two-state
formalism; namely, the rat‘lé-'ﬂAo incorporates relevant infor-
mation from both the initial and final electron statéke
points 1 and 44’ in Fig. 1) through the sejuay. Note also
that the decay factdf,, (t) depends on the ionic velocity,  \here A =n s+ (|ma|+1)/2 andb=2Ra(— 2ReE(1) )1/2

via the ionic motion law R=wvt) and on lower limit7  The functionsF and G are determined by
=7(v) of integration[Eqg. (2.9)].

bpoe AN
exp—bF+2ApyG), (3.3

Do()\,a):(

P1—Po
P1t+Po

\/C—o_ Po

p=Po S I
IIl. THE REIONIZATION MECHANISM = E 2_CO z m

A. The reionization rate I'' (t)

C c, 3
2 (l 1 )

In our previous study[10] of the Rydberg-level —+ n ,
population-reionization process, we estimated the reioniza- Za\/_ C2 4aCo \/C—o+ Po
tion factorE#AD(t) by settingS,LAO(oc)=0 beyond the thresh- (3.43
old values ofn. Here we expose relevant facts for obtaining
an asymptotically accurate analytic expression for the reion- 1 \/— D 4p2
. . | . . L. 0 0
ization rateFMAo(t) yielding a nonvanishing value &f, (t) G= \/_I ( ot +— In( Coa ) (3.4b

for n>ny,,. The reionization ratd“'MAO(t) is given by Eq.

(2.9 in terms of the complex eigenenergiEs-EX), (R).  The quantitiesC,, i=0, 1, and 2, are defined b@o=1
Accordingly, within the proposed approximations, the prob-+3/(2«), C,=2(2—Zy)/ a, and C,=2(1-Zy)/a,
lem of theT’), (1) evaluation is reduced to an eigenvalue whereaspo=(Co— C,)*? and p;=(Cy+C,)*% Note that
the Z dependences in the functiofsand G are exclusively

problem of the Ha.m"t"r!'a'“z(t)— Hy(t) aroundt=r. localized in the quantityZo=(Z—1/2)/(Z—1/4). For Z

In the asymptotic regionR>1), forn>1 andZ>1, the o 1 167 dependences are very weak, so thandG can
eigenvalue problem of the Hamiltonidh, (t) can be solved pe con5|dered as universal functionsaof
in the analogous manner as in REE0], but under the out- The result(3.1a can be interpreted as the energy of a
going wave condition inside the solid. We use the scalethydrogenlike atom in an effective homogeneous electric field

parabolic coordinateg, 7, and ¢ with the complex scaling E=(1—2)/(4R?) (obtained by the first-order perturbative
parametera——ZER/(Z 1/4), and apply thetalon equa- method, shifted by the termAE=(2Z—1)/(4R). In the

tion method[16,17]. For a=Rea~ a, we have a configura- two-state model, the specifiq character of.Eq13) is mani-
tion of the close turning poinfs, and%, [10]. The distance fested only t_hrough the choice of the active member of the
between the turning points increases with increase: @ energy manifold s, = uao; EQ. (2.6)]. However, the result
that the conditione> o, describes the distant turning point (3.1b differs significantly from the ionization rates obtained
configuration. The quantity,~1, representing the scaling within the framework of the previous asymptotic one-state
. L~ o~ models[18,19. The first difference appears due to the factor
parameter for the confluent tuming pointg, (= 7,), is de- () ), which takes into account the specificity of the turn-
termined uniquely10] by the ionic core chargz. ing point conflguratlon The second difference is in determin-
rea'ﬁ);trsf?r:te \évrfe%t;?ll? ?;g following expression for themg the rateF (t) by imposing both initial and final con-

ditions.

Z?2 2Z-1 3Z-1n,

Q - = . == =-_ = _A L
ReEX ., 2n2 TR 8 7 (nlA Naa)+ - - B. R and & dependences of the reionization rate

(3.1a In order to obtain the reionization raﬂ%ﬂO as a function

of R, we note that the real past of the scaling paramete?
depends not only explicitly oR, but also implicitly via the
energy given by Eq(3.1a. Accordingly, in the first approxi-

where n,, is the second parabolic quantum numbag A
+nyat|ma/+1=n,). The reionization rate F'MA—

—2ImER), [Eq.(2.9] is given by mation, we can taker(R)=[2%/n?—(2Z—1)/(2R)]R/(Z
—1/4).
| z? In Fig. 2 we present th&® dependence of the rate'
I (0= J 3D\ @), (3.1b =F'MAO(t) for the short-lived Rydberg states of the @i ion
A .
with 10=n=<14. Thel'' curves have very pronounced peaks
whereD(\,a) =min(D;(\,a),Do(\,a)), and at the critical ion-surface distances estimated Ry R.
302 o0 ~2n?/Z. The reionization rates of the observable Rydberg
e a— . . . .
D\, )= ) Do(\,a). 3.2 states (<10) are significantly smaller in comparison to the
da presented ones.
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20 7 T T T T T T T
Civil sl
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ion - surface distance R (a.u.) scaling parameter o (a.u.)
FIG. 2. The reionization ratE':F'MAO(t) of the Clvn ion for FIG. 3. The reionization rat€'=T ' (t) of the Clvii ion for
the short-lived Rydberg statego=(na=n=10n;a=0mx=0)  the short-lived Rydberg statega,= (nA n=11n;,=0m,=0)
presented as a function of the ion-surface distaRce presented as a function of the scaling paramater

Universality of the reionization process can be deduced

A comparison of theR= R' alues with the position®
par vaiues wi posH ffrom thea dependence of the ral?é . The relevant graphs

= RN of the neutralization maxima obtained on the basis o
Eq. (4 9 from Ref.[10] leads us to a nontrivial conclusion are presented in Fig. 3, for the Rydberg statgs-n=11 of
about the mutual positions of tH&" and"! maxima on the  the ions Svi, Clvir, and Arvii. Thel',, curves have very

R axis; namely, for all considered values of the quantumpronounced peaks for the same crltlcal value of the scaling
numbem, eachl™ maximum is followed by &' maximum.  paramete. We obtain the same universality for all princi-

In Table | we present the quantiti® andR), for a Clvi  pal quantum numbens.
ion escaping from the solid surface with the velocity The positions of the presented maxinaes ap~1, indi-
=2.50. We consider the short-lived states with¢,=(n,I cate that the reionization of the state considered is in the

=1m=0) for n>ny,,=9. Also, we take uy;, Vicinity of the potential barrier top. This quantum prediction
=(¥in N1m.in=0My in=0), where y;,=vy=0.47 for n  correlates with the general assumption of the classical over-

>10 andy;,=0.50 forn=10. Similar numerical results can barrier mode[1].

be presented for short-lived Rydberg states of the ions S

and Arviil. C. The renormalized neutralization rate

Note that the critical dlstancea'c~n2/2 obtained within By including the reionization effect in the Rydberg-state
the framework of the asymptotic JWKB approdd®] are 5 jation process, at intermediate stages of the ion-surface
223;1; iﬂ;htil:; tgre1e\;g;/u3vi§ch ;r%rgt;:ilr?édz.bg Itsh slzzr\tﬂllj?lr)tgtio interaction, we obtain the renormalized transition probability

MM, in i initi
method[5] exhibit a series of oscillations along tireaxis. hFTAfm (t). For a given initial state uy,n we get
The most distant maximum of these oscillations is Iocahzed]’ HMin (1) = MAO(t)T';"“_N“”(t), ie.,
at RL~2n?/Z, i.e., at the position of the strongly localized " Afin

reionization rateF'. The absence of oscillations from the =Ny in |

reionization rates foR<R., can be explained by the follow- TyAfm ()= exp( ®(t_7)f r dt)

ing fact: the reionization process can be activated after the

neutralization process has been mainly realized. Also, the N, n

greatest magnitude of the rate obtained by the nonperturba- 1-ex f VA fin ndt]|, 3.9
tive coupled angular mode methd@0] is positioned ap-

proximately at the same poin{for n;=0,n,=n-1, whereT™™ ’:M in(t) is the neutralization ratgl0]. The corre-
m=0).

sponding renormalized neutralization rate is given by

TN MM in TN :“M in
TABLE I. Critical distances of the population-reionization pro- F”Afn ()= dT (t)/dt. The parameter is defined by

cess for the Clii ion escaping the solid surface with=2.50. the CondltlonFN(T) 0.
In the case of short-lived Rydberg states the neutralization
n 10 11 12 13 14 and reionization processes are mainly localized within time
€ me ws wms  mr e MESSSIlgauclin) ey o s
R 296 359 426 500 580 'g. - » faking u aot T

T ), e ge
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0.3

02L cwi

renormalized neutralization rate I (a.u.)

v=2.50a.u.
01| /Rr

0.0

-0.3 1 1 1 1 1 1 1
10 20 30 40 50

ion - surface distance R (a.u.)

FIG. 4. The renormalized neutralization rat&'=T" A’:M in(t)

per unit y;, for the Clvi ion escaping the solid surface with

=2.50; pm,in= (y=7vr.Nin= Olin_O) and Vafin= (n=11)
=1m=0).
Dhin()=€7, (=)L) (1)
I N in
I OTEN)], 17, (36

h#min() = FN “M '"(t) for t<r. In order to evaluate

the quantltyé’2 (oo) appearrng in Eq(3.6), it is convenient

to replace the mtegratlon over the time[ 7,t,] in Eq. (2.9

by an integration over the scaling parametee[ «,,°],

wherea .= «(R,). Accordingly, the quantitfiAO(oo) can be
expressed as follows:

n2 1 |
#AO( )=ex -7 1_E f FMAOda.

andI’

3.7
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0.08
CIVIl, v =250 a.u.
=1 _
Pnl
006 ... P
2 *  expt
E [ ----- Ref. [10]
F=1
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© 004
[=%
c
o
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=
&
a 002} H
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1
1
i
1
0.00 1 1 1

4 5 6 7 8 9 10 11 12 13 14

principal quantum number n

FIG. 5. Effect of the reionization in the>n,;,, region for the CI
vil ion with =1 andv=2.50. Dots are experimental data taken
from Ref. [12]. The dashed curve is obtained under the fast-
ionization assumptiofRef. [10]).

example, the maximal value @' for n=11 in Fig. 2 with
the minimal value of"™ in Fig. 4.

D. The renormalized population probability Em
and comparison with experiments

The results obtained in Sec. Il C can be used in our final

calculations of the experimentally verifiable probabily; .
Due to the multichannel character of the procgs3|, the
existence of the short-lived Rydberg states is manifested
through the thresholdlike forms of the population curves, as
well as their overall forms. Accordingly, the,,, curves can
be significantly different in comparison to the nonrenormal-
ized population curve®,,.

For timet=t;;,= the probabilitiesP,, and P, are re-
lated by

By performing the numerical calculations based on Egs.

(3.6) and(3.7) we obtain the ratéF M In(t) for all relevant
values of the ion-surface parameters

As an example of the ra@\‘(t), we consider again the Cl
Vil ion with the velocityv =2.50. We present the physically

most important case=n,.s=11,1=1, m=0 corresponding
to the (unobservableresonant Rydberg level=n,.s. For
the energy parameter we take the value/: corresponding
to the Fermi level of the solid¢= 3 eV). The relevant quan-
tum numbers of the intermediate parabolic state, ¢,
are determined by the seipg=(na=n=11ho,=0m,

=0). In that case we haveN KM, '"(oo) 1.17 andR,=vr
=34.01, whereag?, ()= 5.1% 10-2,

In Fig. 4 we present th&® dependence of the rateN
=_N’”“M'i”(t) for the Clwvii ion, with the cited numerical val-

P=[0(7=te) +O(te= )L (*)IPy, (3.8
wheretr=Rg /v, whereas the distand®; is determined by
ReE(Y (Rg)=— ¢. From the expressiof8.8) we conclude

Atiag
that, fortg> 7, the physically relevant population probability
P, differs from the nonrenormalized probabiliB,, by the
factor E;ZLAO(OO)’ which can be calculated by means of Eq.
(3.7).

Among the various possible presentations of probability
P, we will show those curves that reflect three characteristic
consequences of the reionization effect.

In Fig. 5 we present th&,,, curve for the case of Gl
ion with I=1 and v=2.50. In the same figure we also
present the nonrenormalized cur®#g,, with all channels
opened, obtained by the method from Rdf0]. The dashed

ues of the relevant parameters. We note that the presEﬁ‘ted curve is the population probabilityl0], obtained under the

curve does not represent a simple “superposition” of thefast-ionization condition(i.e.,

neutralization and reionization raté8' andI''; compare, for

the channelsn>ny,, are
closed. The experimental points are taken from Rf2].
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FIG. 6. Effects of the reionization in the>n,,, andn<ny,,
regions for the Al ion with | =0 andv=1.42. Dots are experi-
mental data taken from Refl12]. The dashed curve is obtained
under the fast-ionization assumpti@Ref. [10]).

The reionization effect is quite evident: the renormalif_e,d
peak atn=n,.=11 is about 10 times smaller than the non-
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FIG. 7. Effect of the reionization in the~n,.¢ region for the Ar
vill ion with =1 andv=1.42. Dots are experimental data taken
from Ref. [12]. The dashed curve is obtained under the fast-
ionization assumptiofRef. [10]).

applied two-state formalism gives insight into both the inter-
mediate and final stages of the population-reionization pro-

renormalized one. Under real experimental conditions, theess. The calculated reionization rates take into account the
local P, peak atn=11 essentially represents an unobsery-Vicinity of the potential barrier top. We found that the dy-

able structure on the graph in comparison to the “visible”

part arounchyg~Z=7. A set of theP,,, graphs, similar to the
one presented, can also be obtained fe® andl =2 of the
Cl vii ion, as well as for the $1 ion with 1=0, 1, and 2.

TheEn, curve of the Arviil ion with |=0 andv=1.42 is

namics of the turning point configuration during the ionic
motion, combined with the conditiof2.6), results in single-
peak forms of th&R-dependent rat$LAO . The renormalized

neutralization ratd’™™ is introduced in order to describe the
influence of reionization on the electron capture process. The

presented in Fig. 6. The meaning of the additional two curve§xposed model of the population-reionization process gives
presented in Fig. 6 is the same as in Fig. 5. For the resonantke population probabilitie®,,, which represent nonlinear

level n=n,.s=12, we haver<tg (i.e., the element 2:3 of
the graph in Fig. 1 is above the Fermi le\g} ; the same
holds for the staten=11 of the Clvn ion in Fig. 5. Note
that, in contrast to Fig. 5, the,,, curve and the dashed curve
(obtained in Ref[10] under the fast-ionization conditipare
different in the regiom<ny,, .

functions of the principal quantum numbsy with one or
two local maxima. Our explicit calculations are related to the
case of lowt values of the Rydberg statés.g.,|=0, 1, and
2), with the projectile velocities taken from experiments.

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

In Fig. 7 we present the relevant population curves for the _First, the beam-foil experimental detbl—13 report a set

Ar viil ion with =1 andv=1.42. Note the change in scale:

the probabilitiesP,, presented in Fig. 7 are about 10 times
higher in comparison to those in Fig. 6. The existence of th
pronouncedP,, resonance shape at=n,s=11 is a conse-
guence of the conditiom>tg. The reionization does not
directly change the population of the resonance statg; (
<ny,); the only modification of the population probability
of the staten=n, ¢ is through the multichannel effedCom-
pare the probability?,, with the probabilityP,,, taken from
Ref. [10].) The same conclusion stands for the level
=11,1=2 of the Arviin projectile withv =1.42.

IV. CONCLUDING REMARKS

of nonlinearl distributions characterized by threshold values
linr<n—1 in the largek region. In this region we found that
he reionization effect becomes important. The higiepu-
ation probability obtained within the framework of the two-
state mode[21] correlates with available experimental facts
for Swvi, Cl v, and Arviil ions.

Second, it is possible to study the velocity dependence of

the theoreticalP,(v) curves and compare the results with
the beam-foil experimental data reported in §@2]. Most

of thev data in the cited paper concern the higRydberg
states of multiply charged projectiles, so that the reionization
effect can be very significant for an explanation of the ex-
periment. In that sense, the results previously obtai®gd
for thev dependences of the lolvpopulation curves can be
completed by the largkecurves.

The subject of this paper is the Rydberg-state reionization Third, the population-reionization model can also be ex-

of multiply charged ions escaping solid surfaces at intermetended to the cases where ionic core projectiles cannot be
diate velocities, in the beam-foil interaction geometry. Theregarded as pointlike charges; namely, the reported popula-
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tion curves[23] for the ions Krvii and Xevin transferred beam-foil experiments discussed here, a theoretical study of
through the same carbon foils, at practically the same interthe lowv experiments is possible within the framework of
mediate velocities, are very different. We realized that thishe two-state model. For example, our preliminary calcula-
fact could be attributed to a screening effect, described byions related to the experimental conditions described in Ref.
the Simons-Bloch typg24] of ionic core potential. [27] indicate that the confluence of the turning points in the

Finally, taking into account that the beam-foil experi- gtalon equation method leads to correct critical ion-surface
ments[11-13 were not designed for direct observation of distanceR!
L.

the reionization, additional experimental work would be nec-
essary for establishing tH%'C values. Up to now, only a few
experiments(see, for example, Ref$25], [26], and [27])
have been devoted to direct measurement of the ionization
distanceRL, but the data are associated with neutral Rydberg This work was supported in part by the Ministry of De-
atoms approaching the surface at low velocities. In spite offelopment, Science and Technologies, Republic of Serbia
the fact that these experiments differ significantly from the(Project No. 1470
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