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Electronic excitation of dielectronic targets by ion impact
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A symmetric eikonal model is developed to study the electron excitation of dielectronic atomic targets
by impact of bare nuclei. An independent-electron approximation is used, where one of the electrons,
the passive one, is assumed to remain frozen during the reaction. The inhuence of the passive electron on
the trajectory followed by the projectile is determined in calculating the differential cross sections. Total
cross sections are also computed and compared with available experimental data for the impact of
different projectiles with He, Fe +, and Kr' + targets.

PACS number(s): 34.50.Fa

I. INTRODUCTION

In the present work we focus our study on the single-
electron excitation of dielectronic atomic targets by im-
pact of bare heavy ions at intermediate (u —u, ) and high
(u ))ue) energies. Here v and v, are the collision veloci-

ty and the initial orbital velocity of the excited electron,
respectively. With such a goal in mind we use a sym-
metric eikonal (SE) approximation as employed previous-
ly for monoelectronic targets [1,2]. It is considered that
one of the electrons, the active one, is excited while the
other one remains passive as if frozen during the col-
lision. The inhuence of the passive electron on the active
one is included in the entry and exit channels through the
use of variational calculations that determine the initial
and final bound wave functions representing the active
electron. The interaction between the projectile and the
passive electron and the internuclear potential are taken
into account by means of the introduction of static poten-
tials. These static potentials, which appear in the ex-
ponential phases multiplying the bound wave functions
on both channels, inAuence the trajectory of the projec-
tile. The use of static potentials has been previously intro-
duced to study single-electron capture [3], single-electron
ionization by impact of bare ions on multielectronic tar-
gets [4], and single-electron excitation by impact of one-
electron projectiles on monoelectronic targets [5]. In this
last case the frozen passive electron is traveling with the
projectile, and even though it does not affect the repre-
sentation of the initial and final stationary wave function
of the active electron, it contributes to the perturbative
potential that provokes the excitation. In the present
case the excitation is caused only by the perturbation
produced by the projectile, and the passive electron
affects solely the initial and final active electron distribu-
tions.
portance for the linear energy transfer (LET) occurring in
the irradiation of biological matter by fast beams of bare
heavy nuclei [6]. Our future interest is oriented on the
determination of the inAuence of target excitation in the
LET process.

II. THEORY

We use the straight-line version of the impact-
parameter approximation to study the single-electron ex-
citation of a dielectronic atomic target of nuclear charge
ZT by impact of a bare nucleus of charge Zp. Let us indi-
cate with x, (x ) and s, (s ) the position of the active
(passive) electron, referred to a reference frame fixed on
the target nucleus and projectile, respectively. The inter-
nuclear vector R gives the position of the projectile with
respect to the target nucleus. In these coordinates, the
time-dependent Schrodinger equation, which describes
the evolution of the collision system, results in

H i 4,——f(x—„x,t)

p2
k=a

Zp 1+
s„ ix, —x, i

Zp ZT+ i 4,—.f(x„xz,t) =0 .—
R Bt

In Eq. (1), H represents that total Hamiltonian and
(4f ) is the associated exact initial (final) wave func-

tion verifying outgoing (incoming) asymptotic conditions.
For simplicity of formulation we describe the reaction

The role of the interaction between the projectile and
the passive electron is analyzed by comparing theoretical
calculations with experimental differential cross sections
for impact of protons on He targets. Total cross sections
are also determined for this system.

Furthermore, total cross sections for impact of
different neutral projectiles on the dielectronic mul-
ticharged Fe + and Kr + ions are computed and com-
pared with existing experimental data. This will allow us
to estimate the adequacy of the present independent-
electron symmetric eikonal approximation to represent
reactions where heavy multicharged targets are involved.

Atomics units will be used throughout except where
otherwise indicated.
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from an inertial frame fixed on the target nucleus (the
recoil of the target is neglected and the approximation
JVp ~ )) 1 is used, with Mp and 3fz- being the nuclear
masses of the projectile and of the target, respectively).
Let us assume that the passive electron remains frozen
during the collision, so that we can write

= —-'V2—
X

Z1- + V,~(x, )—

H, i— 0&,
&
(x„.t)a

Bt

Zp

sg
&0,—(x„t )

Bt

4,+(x„x,t) =g,+(x„t)y~(x~ ),
4I (x„x,t)=P& (x„t)y (x„),

(2)

(3)

where y„(x~ ) is the (time-independent) bound-state wave
function describing the passive electron in the initial or
final state. The complete time dependence of the exact
wave function 4,+—

& is contained in f,+ and QI, which ver-
ify the Schrodinger equation

=0

lim e +,.
g —+ —oo

Zp
:q,'(x, )exp i in—(uR —v t )

with j=i,f
The wave function 4, ;(4, ~) will evolve with the ini-

tial (final) orbital energy of the active electron, with the
asymptotic limits [7]

X exp( i e, t)—, .(12)

where H is the Hamiltonian obtained as the average of
the total Hamiltonian over the passive electron wave
function y

limt~+ oo

Zp
=qr, (s, )exp +i 1n(vR+v t) '

U

X exp( i e&t ),—(13)

H=(q, iHiq, )

f q2
Z
Xa

Zp + V, (x, )+ V, (R)+up .
s

(5)

In Eq. (5), V, (x, ) is then the effceti ev'potential acting
upon the active electron due to its interaction with the
passive one. It is given by

and where q, (x, ) [qr, (s, )] is the initial [final] active
electron-orbital wave function and e, [e&] is the corre-
sponding initial [final] active electron-orbital energy.

If we choose the distorted initial and final wave func-
tions as prescribed by the symmetrical eikonal approxi-
mation for monoelectronic targets [1],we obtain

Zp=q),
' (x, )exp i ln—( us, +v s, )

.exp( i e, t )—
U

V, (R) is the static potential including the interaction of
the projectile with the passive electron and with the tar-
get nucleus, so that

and
(14)

.ZP
g& =qr~(s, )exp +i ln(us, —v s, )

.exp( ie&t), —
U

p 7 Zp
V, (R)=

s
(7) (15)

Also, in Eq. (5), e„represents the part of the atomic ener-

gy corresponding only to the passive electron

&p
= 0'p 2~x 0'p

Using the phase transformations

which explicitly verify the asymptotic limits (12) and (13),
respectively.

The impact-parameter-dependent first-order amplitude
results [4,8] in

+ oo

A;t (p) = exp i f V, (R—)dt .a;t (p),

Q, ( „xt)=@,+, ( „xt)e x(pie t)— where

X exp i f '
V, —(R')dt' . , (9) ,~ v ~= J«(xj—H. — x,+) (17)

Qt (x„t)=&0,~(x„t)exp( ie t)— provided that

X exp i f +
V, (R')dt' . , (10) lim (e.~ ~y,

+.

& =0 .t~+ oo
(18)

the Schrodinger equation is reduced to the simple form
The differential cross section is obtained by using the

eikonal expression [9]
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dO. 2 2 . 0=p v f dppA;t (p)J 2pvp sin
0

(19)
exponential factor containing the static potential V, (R)
inAuences do. /d Q but not o..

III. CALCULATION OF THE SCATTERING
AMPLITUDE

o. = fdpi%;, (p)i' . (20)

From Eqs. (19) and (20) it can easily be verified that the
I

where J is the Bessel function of the first kind and of or-
der m. m is the change in the magnetic quantum number
between the initial and Anal states with the quantization
axis taken along v. Finally, p is the reduced mass of the
collision system and 0 is the center-of-mass scattering an-
gle.

Integrating over the impact parameter, the total cross
section follows

Let us consider that the stationary initial wave func-
tion representing the target in the fundamental state is
described by a product of single-g hydrogenic functions.

The associated effective target nuclear charge ZT is
determined by using the variational method, so that
ZT =ZT —and

Zp
H, +

S

With this choice, the exponential factor appearing in
expression (16) takes the form

+ co 2i (ZT —1)(Z& /v )
exp i f —V(R)dt =p exp

2LZ —2i (ZT —1)(Zp/v )[Ko(2ZTp)+ZTpK, (2ZTp)] . lim ~2Z'~
U Z

(21)

where K0,E, are modified Bessel functions of the second
kind. Except for constant phases [3,5], this exponential
factor reduces at small and large impact parameter to

limexp ~
—i V, R dt .

p~0 oo

(ZiZTZp /u )
=p )

lim exp —i f V, (R)dt .
p —+ oo oo

2i (ZT —1)Zp/u
-P (23)

P
(24)

All these ingredients together allow then the scattering
amplitude to be calculated from Eq. (16).

IV. RESULTS AND DISCUSSIONS

A. Impact of protons on helium atom

%'e study first the single-electron excitation of He tar-
gets by impact of protons at collision energies of 50 and

This means that for p~0 and p —+ ~, the factors given
by expressions (22) and (23) are simply the Rutherford
amplitudes (in the eikonal approximation) describing the
scattering between the bare nuclei (p~0) and between
the projectile and the target nucleus, screened by the pas-
sive electron (p~ ee ). In other words, (22) and (23) cor-
respond to the potentials ZTZp/R and (ZT 1)Zp/R
which are the limits of V, (R) as R ~0 and as R ~ ee, re-
spectively.

The final orbital wave functions yI representing the ac-
tive electron in different n&I&m& states are chosen to be
hydrogenic functions, with variational charges and corre-
sponding orbital energies, calculated by using the varia-
tional expression
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FICx. 1. Differential cross sections for the single excitation of
He to state nI =2p and to shell n =2 by the impact of M+ at a
50-keV impact energy as a function of the scattering angle.
Present theoretical results using different phase factors: solid
line, Eq. (21); short-dashed line, Eq. (23); dashed line, Eq. {22).
Experimental data: ~, from Ref. [10].

100 keV. The differential cross sections for the final state
nl =2p and the shell n =2 of the active electron calculat-
ed with the SE model are presented in Figs. 1 and 2.
They are compared with the experimental data of Ref.
[10]. The cross sections are evaluated with the scattering
amplitude given by Eq. (16) and using three different ex-
ponential factors, namely Eq. (21) and its two asymptotic
limits (22) and (23).

As only small scattering angles are considered, the
differential cross section is dominated by large impact-
parameter contributions. This fact is evident in Figs. 1
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Miraglia [2]. They estimated an eFective projectile
charge Zz by using a first-order Born approximation.
This effective charge is obtained as a function of the total
momentum transfer and takes its minimal value for the
zero-scattering angle of the projectile. For excitation of
Fe + ions by the impact of 400-MeV Ar atoms they
showed that Z~ deviates from Z~ by less than 8%. We
have also evaluated the inhuence of the K-shell electrons
of Cu and Zr atoms impacting on Kr + at a 34-
Me V/amu collision energy by using the formulation
given by Reinhold and Miraglia and it is easy to prove

that Z~ is reduced at most to Zz =27.23 and 38.12, re-
spectively.

In Fig. 5 we calculate cross sections for the excitation
of the active electron of Fe + to states nl =2p, 3p at a to-
tal impact energy of 400 MeV. We repeat essentially the
calculations of Reinhold and Miraglia [2] but now use an
initial orbital energy as indicated in Sec. III. In distinc-
tion, the previous authors use a hydro genic energy
e; = —ZT* /2. Comparisons between results obtained
with these two different initial orbital energies are in
close agreement (see Fig. 5). Further calculations using a
first-order Born approximation (Bl) and a Schwinger
variational model [13] are also included. Experimental
data for the impact of He, N, and Ar atoms determined
with or without subtraction of double-process mecha-
nisms (simultaneous target ionization and electron cap-
ture from the projectile) show a close agreement with our
SE calculations.

In Fig. 6 cross sections for the single excitation of the
active electron of Kr + to the state n =2 at a 34-
MeV/amu impact energy are presented. Again the SE
results are compared with the Schwinger and the B1 cal-
culations [14].

As in the Fe + case B1 cross sections overestimate
experimental data for the impact of C, Si, Ar, Cu, and Zr
atoms, as the projectile charge increases. On the con-
trary, SE cross sections, which are in close agreement
with Schwinger variational calculations, give a good rep-
resentation of the experiments [14]. Contributions of
double-process mechanisms have not been included in the
calculations. A rough theoretical estimate of the
transfer-ionization reaction has been given in Ref. [14].
It can be also observed from Figs. 5 and 6 that the
inhuence of the projectile electrons will affect the deter-
mination of Zz for a region where the total cross section
is not so sensitive to the nuclear charge. The agreement
between our theoretical model and experiments for these
heavy-target reactions is an indication that the presence
of the target passive electron does not play a major role
for the determination of total cross sections as the target
nuclear charge increases.

E V. CONCLUSIONS
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FIG. 6. Total cross section for the single excitation of 34-
MeV/amu Kr + to shell n =2, colliding with neutral atoms of
nuclear charge Z~. Calculations: solid line, present results;
dashed line, Schwinger variational [14]; dashed line with +, Bl
[14]. Experimental data: e, from Ref. [14].

The symmetric eikonal model previously employed for
monoelectronic targets [1) has been extended to the case
of the impact of bare ions on dielectronic ions (atoms) at
intermediate and high collision velocities. The active elec-
tron is assumed to evolve independently of the passive
electron even if the last one is considered to inAuence the
initial and final stationary wave function of the excited
electron. The passive electron is taken as frozen during
the reaction. These approximations are expected to work
at high enough impact velocities for which the target re-
laxation time is longer than the total collision time.

It is shown that the presence of a passive electron
affects the trajectory of the projectile and so does the
determination of its final angular distribution. Some
differences with existing experimental differential cross
sections for the impact of protons on a He target at inter-
mediate collision energies could be an indication of the
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necessity to develop a two-active-electron model, where
both electrons could evolve during the reaction to a final
atomic stationary state. Comparison with total cross sec-
tions shows that the model gives a good representation of
experiments as the impact velocity increases.

As the charge of the target nucleus becomes larger it
can be expected that the passive electron will not play an
important role on the excitation reaction. The good
agreement between theoretical and experimental total

cross sections for the single excitation of Fe + and
Kr + supports the validity of this expected behavior at
intermediate and high collision energies.
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