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Shake-off mechanism of two-electron transitions in slow ion-atom collisions
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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 §21) atom with the B* ion. The dependence of the cross sections
of double capture and transfer excitation on the principal quantum numbérthe final state is presented.
[S1050-294{@8)02206-9

PACS numbd(s): 34.70+¢€, 32.80.Dz

I. INTRODUCTION ent nuclear distances. The main defects of the model are the
lack of dynamic aspects and complete neglect of the possi-
While the physics of one-electron transfer processes ibility of capturing simultaneouslywo electrons at the same
slow ion-atom collisions is considered to be well understooddistance. Due to these defects the MCBM cannot describe
both theoretically and experimentally, two-electron transi-correctly the physical pattern of the collision process and
tions such as double capture, transfer excitation, and transfénerefore cannot provide accurate numerical results. The sec-
ionization present a much less studied field. Such transitiongnd approach is considered to be most suitable for collisions
occur most efficiently in collisions of atoms with slow, at low velocities and theoretical models based on the close-
highly charged ions. A particular aspect of these processes #oupling method 1,2,8—1Q are widely applied to describe
the simultaneous activity of two electrons during the colli- two-electron transitions in slow ion-atom collisions. How-
sion. The interaction between the two electrons is known t@Ver, taking into account the fact that during such collisions
play an important role because probabilities of one-step ang large number of the electronic states are populated and in
two-step two-electrons transitions for a number of case$nost cases the double capture populates higloubly ex-
studied have comparable valuds2]. cited states, the close-coupling method faces considerable
The situation in theoretical studies of two-electron transi-problems because calculations of individual populations of
tions in slow ion-atom collisions is described in a recenthighly excited states require a large number of basis func-
review by Barat and Roncif3] and briefly can be formu- tions[for example, the calculations of individual populations
lated as follows: there is no efficient theoretical approach t®f (n,n’)=(3,3) and(3,4 manifolds in &*-He collisions
this problem yet. The reasons lie both in specific features ofequire more than 100 basis functi¢gngherefore, difficul-
two-electron transitions and in the difficulties of numericalties in actual implementation of the close-coupling method
implementation of theoretical models for such collision sys-for the slow collisions restrict its practical applicability,
tems. There are two basic theoretical approaches used for théhile active experimental studies require a wide spectrum of
description of the ion-atom collisions at low velocities theoretical data, including cross sections of double capture
(v<1 a.u): the classical description of the collision processand transfer excitation to highly excited states, as well as
in terms of independent electrons moving in the potentiatransfer ionization.
wells of ionic cores and the quasimolecular description based In the present paper we suggest a theoretical model of
on the close-coupling method. two-electron transitions in slow ion-atom collisions that
The representative of the first approach is the classicdlkes into account the interaction between two active elec-
over-barrier model that was introduced by Bohr and Lindhartrons based on the so-callethake-offmechanism. To our
in 1954 [4] and applied to multicharged ions by Ryufuku knowledge, this simple mechanism has not been discussed so
et al. [5] to describe single-electron-capture process. Extenfar in applications to two-electron transitiop3]. We con-
sion to multiple-electron capture was considered by Barangider here three types of two-electron processes, namely,
et al.[6]. The most refined development of this model is thedouble capturgDC), transfer excitationTE), and transfer
molecular classical over-barrier mod@&lICBM) introduced  ionization(Tl), described by the equations
by Niehaus[7]. The MCBM is an independent electron
model in which electrons are captured successively at differ- A+BI* A2 £ BA-2+  (DC), (1)

q+ 1+% (g—1)+
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where an asterisk indicates an excited state. We study the ~
collision processes of He in the excited stag2lland the ¢(r11r21t):§i: Ci(t) i(ry,ra). (7)
B®* ion. The choice of the particular state of He is due to

requirement of the present theoretical model and will be ex.. .
plained in the next section. Since we assume that the electrons are not equivgdertof

them is the inner(fas) and the other is the outdslow)
electror], the Bohr-Oppenheimer adiabatic separation of
variables can be applied to solve Ef). We seek the solu-

For a qualitative understanding of the interelectron intertion in the form
action effects we consider the following simple model. Our
collision system is assumed to consist of two electrons and PY(rr)=d(rir)e(ry). (8)
two bare nuclei of the chargé; (targe} andZp (projectile.
Both electrons, initially bound on the target, are not equiva-To find the solution for the inner electron we shall separate
lent, i.e., one can be treated asianer electron and the other ther,-dependent terms of the Hamiltoni&s) and solve the
as anouter electron. For a given internuclear distarfRewe  equation
approximate the wave functions of the inner and the outer

Il. THEORETICAL MODEL

electrons by solutions of the two-center Coulomb problems 1 Z: Zp 1

for the charges4+,Zp) and @r—1,Zp), respectively. We BT mﬂ— d(ry;ra)
consider a situation where in the course of the collision the o 12

inner electron undergoes the charge-transfer transition, i.e., =V(ry,t)é(rq;ry), (9)

the region of localization of its wave function jumps frafn

to Zp. This happens while passing some narrow rangR of \vhere the eigenvalu¥(r,,t) parametrically depends an
around a point of avoided crossing of the one-electron adiagndt. Let us suppose that we have fouvt,,t). In order to
batic potential curves in the field of the nuclear chargesind the solution for the outer electran we average Eq(6)

(Z7,Zp). This transition is seen by the outer electron as arpyver the motion of the inner electron. Combining E8)
abrupt change of the nuclear charges defining its own wavgiith Eq. (6) we obtain

function from +—1,Zp) to (Z1,Zp— 1), which may result
in the change of its state. This shake-off mechanism is of
first order both in nonadiabatic coupling at the point of (f ¢(rl;r2)H(r1,r2)¢(r1;r2)dr1)cp(r2)=Ecp(r2).
avoided crossing and in the interelectron interaction. It repro- (10)
duces the effect of the interelectron interaction on the final
state of the outer electron.

The theoretical ground for this qualitative description of
the model suggested is as follows. The starting point for

This gives us the equation for the outer electron

studying our collision system is the time-dependent Schro | — EAZ_ ﬁ_ L*'V(fz t) [@(ry) =Ee(r,)
dinger equation for two active electrons, which can be writ- 2 ro |r=R(1)] ' '
ten as(atomic units are used throughout this paper (11)
_ where the potentiaV/(r,,t) is defined by the motion of the
|E¢(r11r21t):H(rlarZ)w(rler-t)r (4) inner electron.
Equations(9) and (11) should be solved simultaneously,
with the Hamiltonian which constitutes our model for describing two-electron tran-
sitions. Similar equations were recently considered by Ka-
H(ry )= — EA 3 EA Lz 4 zansky[11]. In the present paper, in order to investigate the
102 271 272 v —R@)| 1, basic features of this model we adopt the following approxi-
mation for the solution of E¢(9). The only term in Eq(9)
_ Zp i (5) that depends on, is the interelectron interactionrl). Let
[ro—R()| 1y us suppose that a transition where the inner electron is trans-

ferred to the projectile ion occurs at the momestt, cor-

where the indices 1 and 2 correspond to the inner and out¢sponding to the internuclear distarRe. At this moment
electrons, respectively, ari(t) is the internuclear distance. the region of localization of the wave function of the inner
The fact that in the present case the motion of the nuclei igactron jumps fromZ; to Zp. Using a simple screening
much slower than the motion of the electrons allows us 0,5 roximation for the interelectron interaction and assuming
apply the adiabatic theory to solve this equation. First W&hatr,<r, before the transition anid, — R(t)|<r, after the

shall solve the stationary problem transition, the potentia¥(r,,t) can be approximated by

H(ry,r2) g(ra,r2) =Eg(ry,ro) (6) 1
~ —+ay, t<t,
and find the two-electron wave functiowgr,,r,) for each r2
momentt, i.e., for the corresponding internuclear distaRce V(rp,t)= 12
Using these functions, the solution of the time-dependent 1 ta,, t>t,

equation(4) can be found in the form [r,—R(1)]
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wherea, anda, are some constants that do not depend orsition of the outer electron to the final stédtgin the field of

r,. In this approximation the model allows simple quantita-the charges4;,Z,—1) on the way out. The probability of

tive analyses as follows. the transfer ionization at the moment of the shake-off can be
Substituting the explicit form of the potentid(r,,t) into  expressed as

Eg. (11), we obtain the stationary Schtinger equation for

the outer electron moving in the field of two Coulomb cen- P(i1,i2—f1.kz)

ters, whose charges change abruptly at the motrrety, as

is described by the Hamiltonian =Puzlii—=T)
1ozl X2 [ (105" 1- 2 Pe(ay’—hg) |,
272 1, J-RM)[ ¢ ’ g
H(rp,t)= (16)
1 Z; Zp—1 . , .
— oAy — t>t.. wherek, is the final state of the outer electron in a con-
2 ra [ra=R(1)] tinuum. The cross sectiom of the two-electron transition is
(13 given as
In order to adjust its state to new conditions at the moment .
t=t., the outer electron undergoes the shake-off transition a'=2'n'f P(b)b db, (17)
with the probability 0

2 whereb is the impact paramete,(b) is defined by Eq(15)

Psi(G2—hg) = f Pq,(2) en,(12)dry 14 for double capture and transfer excitation and by @) for
transfer ionization, and the upper limit of integration is actu-
whereq, andh, are the set of the quantum numbers describ-ally defined by the internuclear distance at the moment of the
ing the state of the outer electron in the field of two Coulombtransition of the inner electroR, .
charges Zy—1,Zp) and (Zy,Zp—1) before and after the

transition of the inner electron, respectively. An equation IIl. CALCULATIONS AND RESULTS: COLLISIONS

similar to Eq. (14) but for the shake-off transition in the OF THE B5* ION WITH He (1s2l)

one-center Coulomb problem was used by Migdal and Fein-

berg in 1941[12], who considered thg decay of the nuclei. The probability of a transition between two adiabatic po-

In 1966 Krause and Carlson applied the same method ttential curves at a pseudocrossing has been calculated within
study the photoionization from the inner shgli§]. As men-  the framework of the Landau-Zener model:

tioned already, our system consists of two bare nuclei with

charge<Z; andZp and two electrons in statés (inner elec- p=exp —

tron) andi, (outer electronp bound on the target before the 2v,.AF(R)
collision. The probability for these two electrons to be found

in the discrete state$, and f, after the collision can be \ypere A(R)=U,(R)—UxR) and AF(R)=dU,/dR

expressed as —dU,/dR are the energy splittingdifference between two
curves and the difference of their derivatives at the avoided

(18

1
R=R,

P(ig,ip—f1,f2)=Po(i1—F1)> > [PIL(i,—a5") crossingR; . The radial velocityy ,q is defined as
o b2 1/2
« Psh(ng)—m(z‘”)Pﬁgt(h(z’”—*fz)]- (15 Viag=0| 1— @ (19

Here P »(i;—f,) is the Landau-Zener probability for the

inner electron to pass the avoided crossing between the onklerev is the relative velocity of nuclear motion. To calcu-
electron potential curves corresponding to the stafesnd  late the adiabatic potential curves the Stinger equation
f1 in the field of the nuclear chargeg{,Zp) diabaticall;(/ ;)n for the two-center Coulomb problefi4]

the way in and adiabatically on the way o®,(i,—q5")

is the Landau-Zener probability of the trangi_ién of thz;a outer [A+2(U-V)]y=0 (20)
electron from its initial stateé, to the vth state of the same
symmetryq$” (v=1,... N), N being the number of the
avoided crossings between the one-electron adiabatic pote
tial curves in the field of the nuclear chargez;{1,Zp)

has been solved in prolate spheroidal coordingtese. In
Hw_ese coordinates the Laplace operator can be expressed as

before the transition of the inner electron, i.e., the probability A — L i(gz_ 1 7 + i(l— ) —

for the outer electron to be in stagg” at the moment of the R2(&2—n?) | 9§ & dn an
inner-electron transitionP¢{(q”—h{) is the shake-off . )

probability defined by Eq(14), x=1, ... M, whereM is R S AN ] 21
the number of possible discrete states to which the electron (£2—1)(1— 7?) d¢?

can change its state due to the shake-off effect. Finally,
PY(hY)—£,) is the Landau-Zener probability of the tran- and the potential is
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% - where A(R) is a separation constant. These equations have
g , ‘ been numerically solved using the discrete variable represen-
02 [ : A tation method, which allows us to calculate the enddgiRr)
\ | for the electron state characterized by the elliptic quantum
‘ , ' numbersn,, n,, andm.
o1y t e [ R We shall illustrate how our method works by calculating
! probabilities and cross sections of the double capture, trans-
i fer excitation, and transfer ionization for collisions of the
0 b ‘ B®* ion with the He (B2l) atom. Figure 1 shows the po-
0 0.5 1 15 2 25 3 35

impact parameter (a.u.)

tential curves of the inner electron in the field of the charges
Z;=2 andZp=5. In the limit of R—o the upper curve

FIG. 2. Probabilities of the inner-electron transition from the corresponds to theslelectron state on He and the two lower

state & on He to the state witn=2 on B°™.

curves correspond to the=2 andn=1 states on the B
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FIG. 5. Shake-off probability of the outer-electron transition
from the statg1,5) of nuclear chargeZ:—1=1 andZ,=5 to the
states in the field of nuclear chargés=2 andZ,—1=4.

wherei, is the 1Is state on Hef, is then=2 state on the
B%* ion, andp, andp, are the Landau-Zener probabilities of
the diabatic transitions defined by E@.8) in the avoided
crossings at 3.21 a.u. and 1.01 a.u., respectively. The prob-
ability of the inner-electron transition from thes ktate on

He to then=2 state on B* is shown in Fig. 2 as a function

of the impact parameter at the relative velocity of the nuclear
motion of 0.5 a.u. Since the transition of the inner electron
occurs at the internuclear distance of 3.21 a.u., from here on
we can restrict ourselves to considering the case when the
impact parameter is less than or equal to 3.21 a.u. According
to our model, the outer electron before the collision occupies
the 2 or 2p state on He, which corresponds to the state
characterized by a pair of elliptic quantum numbers

FIG. 4. Probabilities of the outer-electron states on the way in(N¢,Nn,)=(1,7) and(0,9) in the field of nuclear charges,
for the initial statega) (n,,n,)=(1,7) and(b) (n,,n,)=(0,9).

ion (the corresponding elliptic quantum numbexsandn,,

are given in parentheses ant=0 throughout the calcula- U
tion). It can be seen from the figure that the transition of the s
inner electron from its initial & state on He to tha=2 state __22
on B>* occurs at the avoided crossing at the internuclear [ g Pt T e 06
distanceR,=3.21 a.u. and the transition to the=1 state on T
B°* at R,=1.01 a.u. Since the first transition has much _ w36
higher probability than the second one we considerrthe & - 07
=2 state on the B' ion as a final state of the inner electron. ~ o
Evaluating the radius of the electron gs=n?/Z, we find —— 37
that the radius of the inner electron, while bound on He, is ';‘?g
0.5 a.u. and the one after the transition to the state with G- -28
=2 on B* ion is 0.8 a.u., which is in agreement with our 3 ‘ —38
statement that the region of localization of the inner electron o7 [ - { = /] [T
wave function jumps fronZ to Zp . The probability for the y : f : [ —
inner electron to pass this avoided crossing diabatically on _o,sf i ‘ e I et

=1 andZp=5, while the distance between two nuclei is
infinite. The potential curves of the statds7) and(0,9 and

the way in and adiabatically on the way out, i.e., the first 0 1 20 3 4 s & 70

factor in Eq.(15), is

Pz(i;—f1)=pi(1—py(1- pz)z,

(29)

R (a.u.)

FIG. 6. Potential curves of the outer electron in the field of
chargesZ;=2,Zp,—1=4.
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FIG.7.(a P ili i f the D TE - .
G. 7. (&) Probability andb) cross section of the DC and TE to DC, TE, and TI at the collision velocity of 0.5 a.u.

the n state of the outer electron at the collision velocity of 0.5 a.u.

. . effect calculated at the internuclear distariRg=3.21 a.u.

?J;?g :ra%t\?vi \il:tlgi tZe@s;a;}z gltl)l)pt:césquea::r;it\ljer? n'l#:)nggr(iﬂ:te This probability, defined by Eq14), gives us the third factor
. gs. , Fesp Y- .~ in Eq. (15. Some of the potential curves of the outer-

the probability of the outer-electron states on the way in or,

. . electron states that are the result of the shake-off effect are
the second factor in Eq15), the following formula has been shown in Fig. 6. The probabilities of the transitions of the

used: outer electron on the way ofithe fourth factor in Eq(15)]
n . (9 — have been calculated in the same way as the ones on the way
Lz(12=02")=P1P2- - - Pul1 =Py, (20 in [see Eq.(26)] considering the outer-electron state after
shake-off as the initial state for the transitions. The probabili-
where v=1,... N, N being the number of the avoided ties and cross sections of the two-electron transitions during

crossings between the potential curves shown in Figa. 3 collisions of the B* ion with the He (21) atom have been
and 3b), andp, is the Landau-Zener probability of the di- calculated separately for the two possible initial states of the

abatic transition in theith avoided crossing defined by EQ. outer electron :,n,)=(1,7) and(0,9). The final probabil-
(18). The nonzero probabilities of the states of the outer elecity P and cross sectionr are then given by

tron with the initial states r{;,n,)=(1,7) and (0,9 are

shown in Figs. 4a) and 4b). The most probable state of the

outer electron with the initial statd,?) at the moment of the P=5(Pun*Pog) o=5(0an*opg). (27)
transition of the inner electron is the stdigh), with Z; =1

andZp=5 [Fig. 4@)]. Figure 5 shows the probabilities of the The final probabilities and cross sections of the DC
outer-electron transitions from this state to several states in

the field of charges 47,Zp)=(2,4) due to the shake-off B®" +He(1s21)—B3" (n;=2n,=3-9)+He?" (29
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0 ‘ R IV. CONCLUSIONS

proposed for two-electron transitions in slow ion-atom colli-
sions. This mechanism is similar to the shake-off mechanism
well known in the theory of atomic photoionization, though
it has not been applied to atomic collisions so far. This
model allows us to estimate probabilities of different two-
electron processé®C, TE, and T). This model has several
advantages over MCBM and the close-coupling method.

(i) The model takes into account the interelectron interac-
tion and dynamics of the collision process.

(i) The present method is simple in implementation and
permits one with the same ease to consider a wide range of
..... o) processes, i.e., initial or final states of the collision system,
| e, including those that are hardly accessible by other methods
(e.g., close coupling calculati@n

(i) The present method also allows us to calculate the
n transfer ionization probability, a process that no other theo-
e(etical approach can treat today. Moreover, it makes the
computation of the spectrum of ionized electrons tractable.

We hope the shake-off mechanism will help to clarify the

l A theoretical model based on the shake-off mechanism is
l

"o,

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

and TE dynamics of two-electron transitions and the present method
will be very useful for analyses of the experiments on colli-
B>* + He(1s2l)—B**(n;=2)+He!* (n,=3-6) sion of ions with the excited-state target. The extension of

(290  the present model to collisions of ions with the target with
the equivalent electrons such as those in the ground state and

are shown in Figs. (&) and 7b), respectively. Figure 8 he calculations of the spectrum of ionized electrons are un-
shows the total probabilities and cross sections of DC, TEgg, way.

and TI. Then dependence of the cross section of DC and TE

are presented in Fig. 9. Unfortunately, no experimental data

are available for collisions of ions with the excited-state He

atom target. From these results, the following conclusions

can be drawn about the collisions of thé'Bion with the He The authors gratefully acknowledge useful discussions
1s2l atom: (i) The cross section and the probability of DC with V. N. Ostrovsky, A. K. Kazansky, D. B. Uskov, and L.
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