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Shake-off mechanism of two-electron transitions in slow ion-atom collisions

Inga Yu. Tolstikhina,1,* Oleg I. Tolstikhin,2,* and Hiroyuki Tawara1
1National Institute for Fusion Science, 322-6 Oroshi-cho, Toki-shi 509-52, Japan

2Division of Theoretical Studies, Institute for Molecular Science, Myodaiji, Okazaki 444, Japan
~Received 5 December 1997!

The shake-off mechanism, known in photon impact, has been applied to the analysis of two-electron tran-
sitions in slow ion-atom collisions. The mechanism consists of relaxation of the electronic state of an outer
target electron upon relocalization of the inner-electron wave function from the target to projectile nucleus.
Based on this mechanism, a method is proposed to estimate cross sections of two-electron processes. The
method is demonstrated by calculating cross sections of double capture, transfer excitation, and transfer
ionization for collisions of the excited He (1s2l ) atom with the B51 ion. The dependence of the cross sections
of double capture and transfer excitation on the principal quantum numbern of the final state is presented.
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I. INTRODUCTION

While the physics of one-electron transfer processes
slow ion-atom collisions is considered to be well understo
both theoretically and experimentally, two-electron tran
tions such as double capture, transfer excitation, and tran
ionization present a much less studied field. Such transit
occur most efficiently in collisions of atoms with slow
highly charged ions. A particular aspect of these processe
the simultaneous activity of two electrons during the co
sion. The interaction between the two electrons is known
play an important role because probabilities of one-step
two-step two-electrons transitions for a number of ca
studied have comparable values@1,2#.

The situation in theoretical studies of two-electron tran
tions in slow ion-atom collisions is described in a rece
review by Barat and Roncin@3# and briefly can be formu-
lated as follows: there is no efficient theoretical approach
this problem yet. The reasons lie both in specific feature
two-electron transitions and in the difficulties of numeric
implementation of theoretical models for such collision s
tems. There are two basic theoretical approaches used fo
description of the ion-atom collisions at low velocitie
~v,1 a.u.!: the classical description of the collision proce
in terms of independent electrons moving in the poten
wells of ionic cores and the quasimolecular description ba
on the close-coupling method.

The representative of the first approach is the class
over-barrier model that was introduced by Bohr and Lindh
in 1954 @4# and applied to multicharged ions by Ryufuk
et al. @5# to describe single-electron-capture process. Ext
sion to multiple-electron capture was considered by Bar
et al. @6#. The most refined development of this model is t
molecular classical over-barrier model~MCBM! introduced
by Niehaus @7#. The MCBM is an independent electro
model in which electrons are captured successively at dif

*Permanent address: P. N. Lebedev Physical Institute, Rus
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ent nuclear distances. The main defects of the model are
lack of dynamic aspects and complete neglect of the po
bility of capturingsimultaneouslytwo electrons at the sam
distance. Due to these defects the MCBM cannot desc
correctly the physical pattern of the collision process a
therefore cannot provide accurate numerical results. The
ond approach is considered to be most suitable for collisi
at low velocities and theoretical models based on the clo
coupling method@1,2,8–10# are widely applied to describe
two-electron transitions in slow ion-atom collisions. How
ever, taking into account the fact that during such collisio
a large number of the electronic states are populated an
most cases the double capture populates high-n doubly ex-
cited states, the close-coupling method faces consider
problems because calculations of individual populations
highly excited states require a large number of basis fu
tions @for example, the calculations of individual population
of (n,n8)5(3,3) and~3,4! manifolds in O81-He collisions
require more than 100 basis functions#. Therefore, difficul-
ties in actual implementation of the close-coupling meth
for the slow collisions restrict its practical applicability
while active experimental studies require a wide spectrum
theoretical data, including cross sections of double cap
and transfer excitation to highly excited states, as well
transfer ionization.

In the present paper we suggest a theoretical mode
two-electron transitions in slow ion-atom collisions th
takes into account the interaction between two active e
trons based on the so-calledshake-offmechanism. To our
knowledge, this simple mechanism has not been discusse
far in applications to two-electron transitions@3#. We con-
sider here three types of two-electron processes, nam
double capture~DC!, transfer excitation~TE!, and transfer
ionization ~TI!, described by the equations

A1Bq1→A211B~q22!1 ~DC!, ~1!

A1Bq1→A11* 1B~q21!1 ~TE!, ~2!

A1Bq1→A211B~q21!11e ~TI!, ~3!

an
,
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where an asterisk indicates an excited state. We study
collision processes of He in the excited state 1s2l and the
B51 ion. The choice of the particular state of He is due
requirement of the present theoretical model and will be
plained in the next section.

II. THEORETICAL MODEL

For a qualitative understanding of the interelectron int
action effects we consider the following simple model. O
collision system is assumed to consist of two electrons
two bare nuclei of the chargeZT ~target! andZP ~projectile!.
Both electrons, initially bound on the target, are not equi
lent, i.e., one can be treated as aninner electron and the othe
as anouterelectron. For a given internuclear distanceR, we
approximate the wave functions of the inner and the ou
electrons by solutions of the two-center Coulomb proble
for the charges (ZT ,ZP) and (ZT21,ZP), respectively. We
consider a situation where in the course of the collision
inner electron undergoes the charge-transfer transition,
the region of localization of its wave function jumps fromZT
to ZP . This happens while passing some narrow range oR
around a point of avoided crossing of the one-electron a
batic potential curves in the field of the nuclear charg
(ZT ,ZP). This transition is seen by the outer electron as
abrupt change of the nuclear charges defining its own w
function from (ZT21,ZP) to (ZT ,ZP21), which may result
in the change of its state. This shake-off mechanism is
first order both in nonadiabatic coupling at the point
avoided crossing and in the interelectron interaction. It rep
duces the effect of the interelectron interaction on the fi
state of the outer electron.

The theoretical ground for this qualitative description
the model suggested is as follows. The starting point
studying our collision system is the time-dependent Sch¨-
dinger equation for two active electrons, which can be w
ten as~atomic units are used throughout this paper!

i
]

]t
c~r1 ,r2 ,t !5H~r1 ,r2!c~r1 ,r2 ,t !, ~4!

with the Hamiltonian

H~r1 ,r2!52
1

2
D12

1

2
D22

ZT

r 1
2

ZP

ur12R~ t !u
2

ZT

r 2

2
ZP

ur22R~ t !u
1

1

r12
, ~5!

where the indices 1 and 2 correspond to the inner and o
electrons, respectively, andR(t) is the internuclear distance
The fact that in the present case the motion of the nucle
much slower than the motion of the electrons allows us
apply the adiabatic theory to solve this equation. First
shall solve the stationary problem

H~r1 ,r2!c̃~r1 ,r2!5Ec̃~r1 ,r2! ~6!

and find the two-electron wave functionsc̃(r1 ,r2) for each
momentt, i.e., for the corresponding internuclear distanceR.
Using these functions, the solution of the time-depend
equation~4! can be found in the form
he
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c~r1 ,r2 ,t !5(
i

ci~ t !c̃ i~r1 ,r2!. ~7!

Since we assume that the electrons are not equivalent@one of
them is the inner~fast! and the other is the outer~slow!
electron#, the Bohr-Oppenheimer adiabatic separation
variables can be applied to solve Eq.~6!. We seek the solu-
tion in the form

c̃~r1 ,r2!5f~r1 ;r2!w~r2!. ~8!

To find the solution for the inner electron we shall separ
the r1-dependent terms of the Hamiltonian~5! and solve the
equation

F2
1

2
D12

ZT

r 1
2

ZP

ur12R~ t !u
1

1

r12
Gf~r1 ;r2!

5V~r2 ,t !f~r1 ;r2!, ~9!

where the eigenvalueV(r2 ,t) parametrically depends onr2
andt. Let us suppose that we have foundV(r2 ,t). In order to
find the solution for the outer electronr2 we average Eq.~6!
over the motion of the inner electron. Combining Eq.~8!
with Eq. ~6! we obtain

S E f~r1 ;r2!H~r1 ,r2!f~r1 ;r2!dr1Dw~r2!5Ew~r2!.

~10!

This gives us the equation for the outer electron

F2
1

2
D22

ZT

r 2
2

ZP

ur22R~ t !u
1V~r2 ,t !Gw~r2!5Ew~r2!,

~11!

where the potentialV(r2 ,t) is defined by the motion of the
inner electron.

Equations~9! and ~11! should be solved simultaneously
which constitutes our model for describing two-electron tra
sitions. Similar equations were recently considered by K
zansky@11#. In the present paper, in order to investigate t
basic features of this model we adopt the following appro
mation for the solution of Eq.~9!. The only term in Eq.~9!
that depends onr2 is the interelectron interaction 1/r12. Let
us suppose that a transition where the inner electron is tr
ferred to the projectile ion occurs at the momentt5tc cor-
responding to the internuclear distanceRc . At this moment
the region of localization of the wave function of the inn
electron jumps fromZT to ZP . Using a simple screening
approximation for the interelectron interaction and assum
that r 1!r 2 before the transition andur12R(t)u!r 2 after the
transition, the potentialV(r2 ,t) can be approximated by

V~r2 ,t !55
1

r 2
1a1 , t,tc

1

ur22R~ t !u
1a2 , t.tc ,

~12!
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wherea1 and a2 are some constants that do not depend
r2. In this approximation the model allows simple quanti
tive analyses as follows.

Substituting the explicit form of the potentialV(r2 ,t) into
Eq. ~11!, we obtain the stationary Schro¨dinger equation for
the outer electron moving in the field of two Coulomb ce
ters, whose charges change abruptly at the momentt5tc , as
is described by the Hamiltonian

H~r2 ,t !55 2
1

2
D22

ZT21

r 2
2

ZP

ur22R~ t !u
, t,tc

2
1

2
D22

ZT

r 2
2

ZP21

ur22R~ t !u
, t.tc .

~13!

In order to adjust its state to new conditions at the mom
t5tc , the outer electron undergoes the shake-off transi
with the probability

Psh~q2→h2!5U E wq2
~r2!wh2

~r2!dr2U2

, ~14!

whereq2 andh2 are the set of the quantum numbers desc
ing the state of the outer electron in the field of two Coulom
charges (ZT21,ZP) and (ZT ,ZP21) before and after the
transition of the inner electron, respectively. An equat
similar to Eq. ~14! but for the shake-off transition in th
one-center Coulomb problem was used by Migdal and F
berg in 1941@12#, who considered theb decay of the nuclei.
In 1966 Krause and Carlson applied the same method
study the photoionization from the inner shells@13#. As men-
tioned already, our system consists of two bare nuclei w
chargesZT andZP and two electrons in statesi 1 ~inner elec-
tron! and i 2 ~outer electron! bound on the target before th
collision. The probability for these two electrons to be fou
in the discrete statesf 1 and f 2 after the collision can be
expressed as

P~ i 1 ,i 2→ f 1 , f 2!5PLZ~ i 1→ f 1!(
n

(
m

@PLZ
in ~ i 2→q2

~n!!

3Psh~q2
~n!→h2

~m!!PLZ
out~h2

~m!→ f 2!#. ~15!

Here PLZ( i 1→ f 1) is the Landau-Zener probability for th
inner electron to pass the avoided crossing between the
electron potential curves corresponding to the statesi 1 and
f 1 in the field of the nuclear charges (ZT ,ZP) diabatically on
the way in and adiabatically on the way out.PLZ

in ( i 2→q2
(n))

is the Landau-Zener probability of the transition of the ou
electron from its initial statei 2 to thenth state of the same
symmetryq2

(n) (n51, . . . ,N), N being the number of the
avoided crossings between the one-electron adiabatic po
tial curves in the field of the nuclear charges (ZT21,ZP)
before the transition of the inner electron, i.e., the probabi
for the outer electron to be in stateq2

(n) at the moment of the
inner-electron transition.Psh(q2

(n)→h2
(m)) is the shake-off

probability defined by Eq.~14!, m51, . . . ,M , whereM is
the number of possible discrete states to which the elec
can change its state due to the shake-off effect. Fina
PLZ

out(h2
(m)→ f 2) is the Landau-Zener probability of the tran
n
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t
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-
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sition of the outer electron to the final statef 2 in the field of
the charges (ZT ,ZP21) on the way out. The probability o
the transfer ionization at the moment of the shake-off can
expressed as

P~ i 1 ,i 2→ f 1 ,k2!

5PLZ~ i 1→ f 1!

3(
n

FPLZ
in ~ i 2→q2

~n!!12(
m

Psh~q2
~n!→h2

~m!!G ,
~16!

where k2 is the final state of the outer electron in a co
tinuum. The cross sections of the two-electron transition is
given as

s52pE
0

`

P~b!b db, ~17!

whereb is the impact parameter,P(b) is defined by Eq.~15!
for double capture and transfer excitation and by Eq.~16! for
transfer ionization, and the upper limit of integration is ac
ally defined by the internuclear distance at the moment of
transition of the inner electronRc .

III. CALCULATIONS AND RESULTS: COLLISIONS
OF THE B51 ION WITH He „1s2l …

The probability of a transition between two adiabatic p
tential curves at a pseudocrossing has been calculated w
the framework of the Landau-Zener model:

p5expF2
pD2~R!

2v radDF~R!G
R5Rc

, ~18!

where D(R)5U1(R)2U2(R) and DF(R)5dU1 /dR
2dU2 /dR are the energy splitting~difference! between two
curves and the difference of their derivatives at the avoid
crossingRc . The radial velocityv rad is defined as

v rad5vS 12
b2

R2D 1/2

. ~19!

Herev is the relative velocity of nuclear motion. To calcu
late the adiabatic potential curves the Shro¨dinger equation
for the two-center Coulomb problem@14#

@D12~U2V!#c50 ~20!

has been solved in prolate spheroidal coordinatesj,h,w. In
these coordinates the Laplace operator can be expresse

D5
4

R2~j22h2!
H ]

]j
~j221!

]

]j
1

]

]h
~12h2!

]

]h

1
j22h2

~j221!~12h2!

]2

]w2J ~21!

and the potential is
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V52
2Z1

R~j1h!
2

2Z2

R~j2h!
. ~22!

We find the solution of Eq.~20! in the form

c5 f ~j!g~h!e6 imw ~23!

and after separation of the variables one obtains forj andh

F ]

]j
~j221!

]

]j
2

m2

j221
1~Z21Z1!Rj

1
1

2
UR2~j221!2A~R!G f ~j!50,

FIG. 1. Potential curves of the inner electron in the field of t
chargesZT52 andZP55.

FIG. 2. Probabilities of the inner-electron transition from t
state 1s on He to the state withn52 on B51.
F ]

]h
~12h2!

]

]h
2

m2

12h2
1~Z22Z1!Rh

1
1

2
UR2~12h2!1A~R!Gg~h!50, ~24!

whereA(R) is a separation constant. These equations h
been numerically solved using the discrete variable repre
tation method, which allows us to calculate the energyU(R)
for the electron state characterized by the elliptic quant
numbersnj , nh , andm.

We shall illustrate how our method works by calculatin
probabilities and cross sections of the double capture, tra
fer excitation, and transfer ionization for collisions of th
B51 ion with the He (1s2l ) atom. Figure 1 shows the po
tential curves of the inner electron in the field of the charg
ZT52 and ZP55. In the limit of R→` the upper curve
corresponds to the 1s electron state on He and the two low
curves correspond to then52 andn51 states on the B51

FIG. 3. Potential curves of the outer electron in the field of t
chargesZT51 andZP55 for the initial states~a! (nj ,nh)5(1,7)
and ~b! (nj ,nh)5(0,9).
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ion ~the corresponding elliptic quantum numbersnj andnh
are given in parentheses andm50 throughout the calcula
tion!. It can be seen from the figure that the transition of
inner electron from its initial 1s state on He to then52 state
on B51 occurs at the avoided crossing at the internucl
distanceRc53.21 a.u. and the transition to then51 state on
B51 at Rc51.01 a.u. Since the first transition has mu
higher probability than the second one we consider thn
52 state on the B51 ion as a final state of the inner electro
Evaluating the radius of the electron asr e5n2/Z, we find
that the radius of the inner electron, while bound on He
0.5 a.u. and the one after the transition to the state witn
52 on B51 ion is 0.8 a.u., which is in agreement with o
statement that the region of localization of the inner elect
wave function jumps fromZT to ZP . The probability for the
inner electron to pass this avoided crossing diabatically
the way in and adiabatically on the way out, i.e., the fi
factor in Eq.~15!, is

PLZ~ i 1→ f 1!5p1~12p1!~12p2!2, ~25!

FIG. 4. Probabilities of the outer-electron states on the way
for the initial states~a! (nj ,nh)5(1,7) and~b! (nj ,nh)5(0,9).
e

r

s

n

n
t

where i 1 is the 1s state on He,f 1 is the n52 state on the
B51 ion, andp1 andp2 are the Landau-Zener probabilities o
the diabatic transitions defined by Eq.~18! in the avoided
crossings at 3.21 a.u. and 1.01 a.u., respectively. The p
ability of the inner-electron transition from the 1s state on
He to then52 state on B51 is shown in Fig. 2 as a function
of the impact parameter at the relative velocity of the nucl
motion of 0.5 a.u. Since the transition of the inner electr
occurs at the internuclear distance of 3.21 a.u., from here
we can restrict ourselves to considering the case when
impact parameter is less than or equal to 3.21 a.u. Accord
to our model, the outer electron before the collision occup
the 2s or 2p state on He, which corresponds to the sta
characterized by a pair of elliptic quantum numbe
(nj ,nh)5(1,7) and~0,9! in the field of nuclear chargesZT
51 and ZP55, while the distance between two nuclei
infinite. The potential curves of the states~1,7! and~0,9! and

n

FIG. 5. Shake-off probability of the outer-electron transitio
from the state~1,5! of nuclear chargesZT2151 andZP55 to the
states in the field of nuclear chargesZT52 andZP2154.

FIG. 6. Potential curves of the outer electron in the field
chargesZT52, ZP2154.
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of the states with the same elliptic quantum numbersnj and
m are shown in Figs. 3~a! and 3~b!, respectively. To calculate
the probability of the outer-electron states on the way in
the second factor in Eq.~15!, the following formula has been
used:

PLZ
in ~ i 2→q2

~n!!5p1p2•••pn~12pn11!, ~26!

where n51, . . . ,N, N being the number of the avoide
crossings between the potential curves shown in Figs.~a!
and 3~b!, andpn is the Landau-Zener probability of the d
abatic transition in thenth avoided crossing defined by Eq
~18!. The nonzero probabilities of the states of the outer e
tron with the initial states (nj ,nh)5(1,7) and ~0,9! are
shown in Figs. 4~a! and 4~b!. The most probable state of th
outer electron with the initial state~1,7! at the moment of the
transition of the inner electron is the state~1,5!, with ZT 51
andZP55 @Fig. 4~a!#. Figure 5 shows the probabilities of th
outer-electron transitions from this state to several state
the field of charges (ZT ,ZP)5(2,4) due to the shake-of

FIG. 7. ~a! Probability and~b! cross section of the DC and TE t
the n state of the outer electron at the collision velocity of 0.5 a
r

c-

in

effect calculated at the internuclear distanceRc53.21 a.u.
This probability, defined by Eq.~14!, gives us the third factor
in Eq. ~15!. Some of the potential curves of the oute
electron states that are the result of the shake-off effect
shown in Fig. 6. The probabilities of the transitions of t
outer electron on the way out@the fourth factor in Eq.~15!#
have been calculated in the same way as the ones on the
in @see Eq.~26!# considering the outer-electron state aft
shake-off as the initial state for the transitions. The probab
ties and cross sections of the two-electron transitions du
collisions of the B51 ion with the He (1s2l ) atom have been
calculated separately for the two possible initial states of
outer electron (nj ,nh)5(1,7) and~0,9!. The final probabil-
ity P and cross sections are then given by

P5
1

2
~P~1,7!1P~0,9!!, s5

1

2
~s~1,7!1s~0,9!!. ~27!

The final probabilities and cross sections of the DC

B511He~1s2l !→B31~n152,n25329!1He21 ~28!

.

FIG. 8. ~a! Total probability and~b! total cross section of the
DC, TE, and TI at the collision velocity of 0.5 a.u.
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and TE

B511He~1s2l !→B41~n152!1He11~n25326!
~29!

are shown in Figs. 7~a! and 7~b!, respectively. Figure 8
shows the total probabilities and cross sections of DC,
and TI. Then dependence of the cross section of DC and
are presented in Fig. 9. Unfortunately, no experimental d
are available for collisions of ions with the excited-state
atom target. From these results, the following conclusi
can be drawn about the collisions of the B51 ion with the He
1s2l atom: ~i! The cross section and the probability of D
and TE have comparable values at the collision velocity
to 1 a.u. and~ii ! the most probable products in collisions
the B51 ion with the He 1s2l atom are~a! the B31 (n152
and n255) ion and He21 ion in DC and ~b! the B41 (n
52) ion and He11 (n53) ion in TE.

FIG. 9. n dependence of the DC and TE cross sections at
collision velocity of 0.5 a.u.
s.

P
.

,

ta

s

p

IV. CONCLUSIONS

A theoretical model based on the shake-off mechanism
proposed for two-electron transitions in slow ion-atom co
sions. This mechanism is similar to the shake-off mechan
well known in the theory of atomic photoionization, thoug
it has not been applied to atomic collisions so far. Th
model allows us to estimate probabilities of different tw
electron processes~DC, TE, and TI!. This model has severa
advantages over MCBM and the close-coupling method.

~i! The model takes into account the interelectron inter
tion and dynamics of the collision process.

~ii ! The present method is simple in implementation a
permits one with the same ease to consider a wide rang
processes, i.e., initial or final states of the collision syste
including those that are hardly accessible by other meth
~e.g., close coupling calculation!.

~iii ! The present method also allows us to calculate
transfer ionization probability, a process that no other th
retical approach can treat today. Moreover, it makes
computation of the spectrum of ionized electrons tractab

We hope the shake-off mechanism will help to clarify t
dynamics of two-electron transitions and the present met
will be very useful for analyses of the experiments on co
sion of ions with the excited-state target. The extension
the present model to collisions of ions with the target w
the equivalent electrons such as those in the ground state
the calculations of the spectrum of ionized electrons are
der way.
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