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Abstract. We apply the recently developed time-symmetrized, two-state vector model to
investigate the intermediate stages of the electron capture into the Rydberg states of multiply

charged ArZ+ ions (core charge Z À 1, principal quantum number nA À 1) escaping Al-
solid surface at low velocity. The simple analytical formulae derived for the corresponding
neutralization rates enable us to analyze the neutralization distances for the low-l Rydberg
states (nA, lA,mA), for different charge states Z of the ion. It is found that the inclusion
of core polarization significantly reduces the neutralization distances. The neutralization
distances for the highest Rydberg levels that can be populated in the vicinity of solid surface
are in agreement with the data deduced from experiments in which the kinetic energy gain
due to the image acceleration of the ions is measured.

1. INTRODUCTION

The electron exchange during the interaction of ions with solid surfaces has been inten-
sively studied both theoretically and experimentally; see, e.g. Reviews by Burgdorfer
(1993) and Winter (2002). However, the quantum description of the events in the time
interval between the initial and final ”measurements” is still uncompleted. Recently,
this kind of problem has been considered within the framework of two-state vector
model (TVM) by Nedeljković and Nedeljković (2007), concerning the neutralization
dynamics of the multiply charged ions in the interaction with solid surfaces. The
model has been adapted to the intermediate stages of the population dynamics and
to the low-velocity regime.

The TVM represents a form of the time-symmetric formulation of quantum me-
chanics; namely, the state of a single electron is described by two state vectors |Ψ1(t)〉
and |Ψ2(t)〉. The first state evolves from the initial state |Ψ1(tin)〉 towards the future,
while the second state evolves ”teleologically” towards the fixed final state |Ψ2(tfin)〉
detected in the final time t = tfin. The TVM has been applied to the ions ArVIII,
KrVIII and XeVIII (all with core charges Z = 8), and to the ions SVI, ClVII and
ArVIII (with core charges Z = 6, 7 and 8, respectively), see e.g. Nedeljković and
Nedeljković (2007) and Nedeljković et al. (2008).

In the present paper, we analyze the electron capture (neutralization) into the Ry-
dberg states of multiply charged Rydberg ions escaping solid surfaces at low velocity,
considering the ions ArZ+ for Z = 5 − 10. We use the simple analytical expressions
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for the probabilities and rates obtained by Nedeljković and Nedeljković (2007) to cal-
culate the neutralization distances RN

c , for the ions finally detected in the spherical
Rydberg state νA = (nA, lA,mA) with principal quantum number nA À 1, low values
of the orbital quantum number lA, and mA = 0. In the applied TVM treatment
of intermediate stages of neutralization, the polarization of the solid, as well as the
polarization of the electronic cloud of the ionic core are taken into account. The neu-
tralization distances RN

c for the particular (critical) Rydberg state nA = nmax can be
compared with the values deduced from the measured projectile kinetic energy gains
in the step-wise neutralization under grazing incidence, see e.g. Winter (1992) and
Winter et al. (1993).

2. NEUTRALIZATION DISTANCES IN TVM

Within the framework of the TVM, the neutralization distances RN
c are defined via

the intermediate neutralization probabilities PνA(t). That is, we use the normalized
probability P̃νA

(t) = PνA
/P fin

νA
, and the corresponding rate Γ̃νA

(t). By definition,
the quantity P̃νA(t) represents the neutralization probability at the time t under the
condition that the state |νA〉 is populated at the time t → tfin with certain. We note
that the TVM is almost independent of the form of the near-surface potential, and a
dynamical response of the surface can be neglected, so that the classical electrostatic
image potentials can be used outside the surface. The interaction of the active electron
with polarized ionic core can be represented by the Simons-Bloch potential, which
accounts for the experimentally observed quantum defects of the ionic energy spectra.

Under these conditions we get the following expressions for the probability P̃νA(t)
and the corresponding rate Γ̃νA

(t), see e.g. Nedeljković and Nedeljković (2007):

P̃νA
(t) =

[
1−

(
R

R∗in

)α̃

e−β̃(R−R∗in)

]2

, (1)

Γ̃νA
(t) = 2v

(
R

R∗in

)α̃ (
α̃

R
− β̃

)
e−β̃(R−R∗in)

[(
R

R∗in

)α̃

e−β̃(R−R∗in) − 1

]
. (2)

In the above equations we have β̃ = (γM + γ̃A)/2 and α̃ = Z/γ̃A−1/2+1/4γM , where
γM = γA(R); by γ̃A we denoted the energy parameter of the active electron in the
field of polarized ionic core, and γA = γ̃A + (2Z − 1)/4R is the corresponding energy
parameter shifted due to the interaction with polarized solid. The quantity R∗in is the
minimal ion-surface distance at which the resonant neutralization is allowed.

The rates Γ̃νA(t), are directly related with the problem of localization of the neutral-
ization process. That is, the maxima of the rates Γ̃νA(t) determine the neutralization
distances RN

c for the process AZ+ + M(e) → A(Z−1)+ + M , i.e.,
(

dΓ̃νA(t)
dt

)

R=RN
c

= 0. (3)

We point out that the neutralization distances defined within the framework of the
TVM are related to the fraction of ions with a given final state νA = (nA, lA,mA),
but with an arbitrary initial states µM , thus the neutralization distances RN

c depend
only on nA and lA (for mA = 0).

162



NEUTRALIZATION DISTANCES OF Ar
Z+

...

Figure 1: Neutralization distances RN
c of the ion ArZ+ interacting with Al surface,

for the electron capture into the Rydberg states nA ≤ nmax, lA = 0, mA = 0. Dashed
curves correspond to the point-like core case. The quantum numbers nmax are marked
by dots and circles, for the polarized and non-polarized ionic cores, respectively.

3. RESULTS

We apply the expression (3) to calculate the neutralization distances for the ArZ+

ions with core charges Z ∈ [5, 10]. We consider the Rydberg states (nA, lA, mA) for
nA ≤ nmax where nmax, represents the quantum number nA of the highest level that
can be populated; for the angular momentum quantum number lA and the quantum
number mA we take the value lA = mA = 0.

The maximal value of the principal quantum number corresponds to the Rydberg
state populated from the vicinity of the Fermi level. Within the framework of the
TVM, the quantity nmax is defined by the condition: γmax(RN

c ) = γφ + δγ, where
γmax(R) is the energy parameter of the active electron in the first scenario (conduction
band energy parameter), which gives the main contribution to the population of the
considered state, γφ is the energy parameter of the Fermi level and δγ is the mean
distance between the energy terms. In the low-velocity case considered in the present
paper we have the quasi-resonant condition γmax(R) ≈ γA(R).

In Fig. 1 we present (full curves) the neutralization distances RN
c via principal

quantum number nA, for the ArZ+ ion interacting with Al solid surface with work
function φ = 5 eV. Dashed curves in Fig. 1 are the neutralization distances obtained
in the point-like core case. From Fig. 1 we recognize that the polarization of the
ionic cores plays an important role in the considered low-lA case; the neutralization
distances are significantly overestimated if the polarization is neglected. The neu-
tralization distances for the electron capture into the critical Rydberg states with
nA = nmax are marked by dots and circles, for the polarized and the point-like core
charges Z, respectively. It is intriguing that the RN

c -curves obtained for the polar-
ized ionic cores with a core charge Z nearly coincide with the curves related to the
non-polarized core cases, for the core charges Z + 1.
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Figure 2: Neutralization distances RN
c for nA = nmax and lA = 0 of the ion ArZ+

interacting with Al surface. Dashed curve corresponds to the point-like core case.
Symbols are the experimental data, see e.g. Winter (1992) and Winter et al. (1993).
By dotted line we presented the COB-neutralization distances Rclass

c .

At present, the experimental evidence of the intermediate stages of the neutraliza-
tion process of the considered ArZ+ ions exists only for the projectiles impinging the
surface under grazing geometry, and only for nA = nmax. The corresponding neu-
tralization distances RN

c can be deduced from the measured projectile kinetic energy
gains ∆E = Z2/4RN

c , see e.g. Winter (1992) and Winter et al. (1993). In Fig. 2 we
present the neutralization distances RN

c for nA = nmax and lA = mA = 0 of the ion
ArZ+ interacting with Al surface, together with the experimental data for ArZ+ (dots,
Winter 1992) and XeZ+ (triangles, Winter et al. 1993). In Fig. 2 we also present the
first neutralization distance Rclass

c =
√

8Z + 2/2φ proposed for nA = nclass
c by COB

method, see e.g. Ducrée et al. (1998) and Burgdörfer and Meyer (1993). From Fig.
2 we recognize the agreement of the TVM theoretical predictions with experiment.

To complete the TVM analysis, it is necessary to extend our considerations to
other ions and core charges, for example to the case of XeZ+ ions. Also, it remains to
include into the TVM the effect of the parallel velocity, which could play an important
role in the grazing geometry under which the experiments were performed.
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