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a b s t r a c t

The interest of the present work is focused on theoretical calculations of single electron ionization, single
electron capture and transfer-ionization reactions of He targets interacting with bare ion beams. In order
to investigate all these processes, the corresponding transition probabilities are determined in the frame-
work of the prior-version of the three-body Continuum Distorted Wave-Eikonal Initial State model (3B-
CDW-EIS). A theoretical description using a trinomial probability analysis based on 3B-CDW-EIS is also
presented to analyze its limitations for the studied reactions. The cases of He2+ and Li3+ projectiles are
considered at intermediate and high collision energies. A unitarization procedure is employed to avoid
transition probabilities larger than one at intermediate velocities.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dynamical interaction of bare ion projectiles impacting on He
atoms is the simplest multi-electronic system to investigate elec-
tron transitions. The study of these collisional systems is crucial
to fully understand the mechanisms underlying these basic reac-
tions. Moreover, they are of interest in several fields such as astro-
physics [1], thermonuclear fusion [2] and hot plasmas [3], among
other areas.

In the early days, experimental data for electronic reactions
were provided mainly measuring projectile or target ion charges
in the exit channel, combining them in some cases with the result-
ing radiation emission. Moreover, the corresponding cross sections
were usually normalized to other theoretical and experimental
predictions. Nowadays, using cold target recoil ion momentum
spectroscopy (COLTRIMS) techniques, kinematically complete
experiments are feasible [4], allowing to investigate separately dif-
ferent electronic reactions, such as single ionization, single capture
and transfer-ionization. Thus, these new facilities open the possi-
bility to test new theoretical descriptions in the same way as
experiments were done, for a more appropriate comparison
between them and for a better understanding of the different elec-
tron transition processes studied.

The aim of this work is to present single electron ionization (SI),
single electron capture (SC) and two-electron-transfer-ionization
(TI) cross sections of He targets impacted by He2+ and Li3+ projec-
tiles at intermediate and high collision energies. They are com-
puted through the determination of transition probabilities as a
function of the impact parameter in the framework of the 3B-
CDW-EIS model. A unitarization procedure appears as necessary
to avoid overestimations of 3B-CDW-EIS impact parameter proba-
bilities. Two different models are employed, 3B-CDW-EIS devel-
oped by Rivarola and co-workers for single-electron capture [5]
as well as for single electron ionization [6], and another one, where
a trinomial probability analysis (TPA) based on 3B-CDW-EIS ones
are used [7,8]. Both approximations are calculated in order to dis-
cern their adequacy to describe the different electronic reactions. It
must be mentioned that an approximation employing binomial
probabilities has been previously applied with some success to
describe multiple electron ionization of atomic and molecular tar-
gets at high impact energies [9–11].

Unless otherwise stated, atomic units ðme ¼ �h ¼ e ¼ 1Þ will be
used.

2. Theory

The 3B-CDW-EIS model is employed to calculate the transition
probabilities for both single electron ionization [12] and single
electron capture [13,14]. Originally, Crothers and McCann devel-
oped this model [15] for SI of hydrogenic targets and later on it
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was extended [6] with great success for multielectronic targets,
assuming that except for the active electron all the residual ones
remain as frozen in their initial orbitals. This is a key point in our
analysis. Within the straight-line version of the impact parameter
approximation (R ¼ qþ vt; with R being the internuclear vector, q
the impact parameter, v the collision velocity and t the evolution
time) this formulation was based on a deduction previously
obtained for SC [5] and which has a general character, indepen-
dently of the theoretical model employed. Thus, for SI or SC the
problem was reduced to find scattering solutions of a one-active
electron Hamiltonian

H ¼ �r2=2� ZT=x� ZP=sþ VapðxÞ þ VSðRÞ; ð1Þ
where ZT and ZP are the target and projectile nucleus charges, x and
s represent the position vectors of the active electron with respect
to the target and projectile, respectively, and,

VapðxÞ ¼ upðfxp igÞ
D ���X

Np

i¼1

1
jx� xp ij upðfxp igÞ

���
E

ð2Þ

is a potential that takes into account the interaction of the active
electron with the passive ones, being upðfxp igÞ the wavefunction
corresponding to the Np passive electrons and xp i is the ensemble
of position vectors of the i th passive electrons with respect to the
target nucleus. Also in Eq. (2), VSðRÞ is the static potential

VsðRÞ ¼ ZPZT

R
þ upðfxp igÞ
D ����XNp

i¼1

ZP

jR � xp ij upðfxp igÞ
���

E
; ð3Þ

which considers the interaction between the residual target and the
projectile. In order to facilitate the calculations, the potentials
ð�ZT=xþ VapðxÞÞ are replaced by a coulombic one ð�Z�

T=xÞ, where

an effective charge Z�
T is chosen as Z�

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2n2

i ei
q

[16], where ni is

the principal quantum number of the target electron orbital and ei
is the corresponding active electron binding energy.

The initial wave function in a reference frame located
on the target nucleus, both for ionization and capture, is chosen
as

vion; cap
i ¼ uiðxÞ expð�ieitÞ exp½�i ZPv lnðvsþ vsÞ�

� expf�i
R t
�1 VSðRÞdt0g ¼

¼ Uion; cap
i ðx; tÞ expf�i

R t
�1 VSðRÞdt0g;

ð4Þ

where uiðxÞ is the initial active electron bound state described
within the Roothan-Hartree-Fock approximation [17].

The final wavefunction for ionization is chosen as

vion
f ¼ ð2pÞ�3=2 expð�ieionf t þ ikxÞN�ðnÞ1 � F1ð�in;1;�ikx� ikxÞ

�N�ðfÞ1F1ð�if;1;�ips� ipsÞ � expfi Rþ1
t VSðRÞdt0g

¼ Uion
f ðx; tÞ expfi Rþ1

t VSðRÞdt0g;
ð5Þ

where k ðp ¼ k� vÞ is the linear momentum of the ejected electron

with respect to the target (projectile) nucleus, eionf ¼ k2=2 is the final
electron energy, NðaÞ ¼ expðpa=2ÞCð1þ iaÞ with C the Gamma
function, n ¼ Z�

T=k, f ¼ ZP=p and 1F1ða;1; bÞ is the Coulomb contin-
uum factor.

The final wavefunction for electron capture is taken as

vcap
f ¼uf ðsÞexpð�iecapf tþ ivx� iv

2

2 tÞ �N�ðbÞ1F1ð�ib;1;�ivx� ivxÞ

�expfiRþ1
t VSðRÞdt0g ¼Ucap

f ðs;tÞexpfiRþ1
t VSðRÞdt0g;

ð6Þ

with uf ðsÞ the final active electron bound state, ecapf the correspond-

ing orbital energy and b ¼ Z�
T=v. It has been demonstrated that with

these choices of wavefunctions, radial electron correlation is
included in the entry channel and the interaction between the pas-
sive and active electrons (dynamical screening) is considered in the
exit one [18,19]. Hereby, the so-called two-center effect is taken
into account in the 3B-CDW-EIS approximation.

Transition amplitudes

Aion; cap
if ðq;kÞ ¼ �i

Z þ1

�1
dt vion; cap

f

D ���H � i
@

@t
vion; cap
i

���
E

¼ �i expf�i
Z þ1

�1
VSðRÞdtg �

Z þ1

�1
dt Uion; cap

f

D ���He

� i
@

@t
Uion; cap

i

���
E
¼ aion; cap

if expf�i
Z þ1

�1
VSðRÞdtg ð7Þ

with

He ¼ H � VSðRÞ ð8Þ
as a function of the impact parameter, both for ionization and cap-
ture, are analyzed.

We define the one-active electron ionization probability as,

d3Pionðq;kÞ
dEkdXk

¼ k
2p

Z 2p

0
duqjaionif ðq;kÞj2; ð9Þ

where Ek is the emitted electron energy and Xk is the ejection angle.
Proceeding in a similar way, the impact-parameter-dependent

single-particle probability for electron capture is given by,

PcapðqÞ ¼ 1
2p

Z 2p

0
duqjacap

if ðqÞj2; ð10Þ

where uq is the azimuthal angle of the impact parameter vector. It
is clear that the interaction between the projectile and the residual
target does not affect the ionization and capture probabilities
defined by Eqs. (9) and (10). This behavior is supported by employ-
ment of the straight line version of the impact parameter approxi-
mation, which has been extensively used with success for both,
ionization [12] and electron capture reactions [20]. Total cross sec-
tions (TCS) for SI and SC can be computed by means of,

rSI;SC ¼ 2p
Z
qPion;cap

tot ðqÞdq; ð11Þ

where Pion
tot is obtained after integration of Eq. (9) on Ek and Xk. Total

probabilities can be calculated using two different theoretical
descriptions, 3B-CDW-EIS derived by Rivarola and co-workers,
where SI and SC total probabilities are given by,

Pion;cap
tot ðqÞ ¼ 2Pion;capðqÞ; ð12Þ

and a second one, where a trinomial probability analysis is
employed [21]. The TPA approximation was introduced to investi-
gate the reaction of capture of m electrons and the ionization of l
ones, so that the corresponding total probability is written as,

Pm;lðqÞ¼ N!
m!l!ðN�m� lÞ!ðPcapðqÞÞmðPionðqÞÞlð1�PionðqÞ�PcapðqÞÞN�m�l

;

ð13Þ
where N is the total number of target electrons. For SI and SC Eq.
(13) is reduced to

Pion;cap
TPA ðqÞ ¼ 2Pion;capðqÞ � ð1� Pion;capðqÞ � Pcap;ionðqÞÞ: ð14Þ
Considering that for transfer-ionization involving He atoms,

N �m� l ¼ 0, both models give the same TCS, so that one obtains,

PTIðqÞ ¼ 2Pion ðqÞ � Pcap ðqÞ: ð15Þ

2 P.N. Terekhin et al. / Nuclear Instruments and Methods in Physics Research B xxx (2017) xxx–xxx

Please cite this article in press as: P.N. Terekhin et al., A critical study on electronic processes involving electron capture and ionization of He targets by
interaction with multiply charged ion beams, Nucl. Instr. Meth. B (2017), http://dx.doi.org/10.1016/j.nimb.2017.03.133

http://dx.doi.org/10.1016/j.nimb.2017.03.133


Download English Version:

https://daneshyari.com/en/article/5467364

Download Persian Version:

https://daneshyari.com/article/5467364

Daneshyari.com

https://daneshyari.com/en/article/5467364
https://daneshyari.com/article/5467364
https://daneshyari.com

