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Abstract. Post form of “boundary corrected continuum intermediate state (BCIS)” approximation has
been employed to study charge transfer cross-sections in collision of C4T, N7 and O%" (¢ = 1-5) with
ground state atomic hydrogen in the energy range of 50-200 keV /amu. In this formalism we have adopted
model potential for the interaction of the active electron with the projectile ion. Calculated results for
total charge transfer cross-sections have significant improvement over other existing theoretical results in
their comparison to the available experimental findings except for singly charge ions. Sub-shell distribution
for total charge transfer cross-section has also been reported in graphical form. Predictions suggested by
Olson in connection with the sub-shell distribution of total charge transfer cross-section has been reaffirmed.
However, an oscillatory structure of charge state dependence of the total charge transfer cross-sections has

not been found in the present investigation.

PACS. 34.70.4+e Charge transfer

1 Introduction

Due to diverse application of atomic collision data in di-
verse branches of Physics, efforts are still going in full
swing both theoretically as well as experimentally to gen-
erate very accurate atomic collision database during last
two decades. In addition, more refined experiment, on ion-
atom interactions are expected to be carried out in near
future due to technological advancement. Partial survey
of inelastic collision processes involving multi-charged ions
and atoms may be found in the present literature [1-6].
Most of the research work carried out so far in this area
is confined to fully stripped ion-atom interactions. How-
ever, some theoretical [7—17] and experimental research
work [18-20] have been carried out in connection with the
collision of partially stripped ions with atoms or collisions
of fully stripped ions with multi electron atoms.

After the detection of inherent difficulties in tackling
with the coulomb interaction and the prescription for its
solution, the first Born approximation (B1) [21,22] had
its new appearance to study different inelastic processes
in ion-atom interactions [23-25]. To obtain more accurate
theoretical results, various attempts have been made to
go beyond first order in the framework of distorted wave
formalism. These attempts gave birth to different theo-
ries viz. Continuum distorted wave-eikonal initial state
(CDW-EIS) [16,17,26], eikonal final state-continuum dis-
torted wave (EFS-CDW) [27], boundary corrected contin-
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uum intermediate state (BCIS) [28,29] etc. However, the
theory of CDW-EIS has been found to be successful in its
application to the study of ionization of L-shell electron
in HT+Ar interaction by Fainstein et al. [30] and in the
study of angular distribution of L or M-shell capture in
H*+Ar collision by Gulays et al. [31]. Mandal et al. [32]
has applied the BCIS theory to study positronium for-
mation cross-sections in e™+H collision. However, it is to
be mentioned that Mandal et al. has re-derived the the-
ory to make it applicable to comparatively lower energy
region. Later, Belkic [33] has extended the BCIS theory
to four-body problem to calculate double electron capture
cross-sections in collision of He?* with He.

Olson and Salop [13] have calculated charge transfer
cross-sections in collisions of B4, C9T, N9T and Q9T
(¢ > 3) with atomic hydrogen in the framework of classi-
cal trajectory Monte Carlo (CTMC) simulation method.
They have treated the partially stripped ions as hydro-
genic ions with effective charge determined from spectro-
scopic data. However, charge transfer cross-section into
each individual sub-shell are not available from their cal-
culations. Eichler et al. [14] have studied the same collision
processes in Oppenheimer-Brinkman-Kramers (OBK) ap-
proximation. Multiplying the OBK cross-sections by a
reduction factor obtained from eikonal approximation
yielded final results in reasonable agreement with experi-
mental observation. In the frame-work of three-body for-
malism, Hanssen et al. [15] have employed molecular state
expansion method to study charge transfer cross-sections
in collisions of C**, N>t and O%t with atomic hydrogen
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in the energy range of 0.25 to 25 keV/amu using model
potential of the active electron with the projectile ion. Cal-
culated results are very encouraging. Martinez et al. [16]
have also used Roothan-Hartree Fock potential for the ac-
tive electron-target nuclear interaction to study inner shell
charge transfer with Ne and Ar as target in CDW-EIS
theory. Later Abufager et al. [17] have applied the same
theory to study inner shell capture in collisions of HT,
He?t, Li*t with He, Ne, Ar respectively using model po-
tential of same type. However, in this work they have mod-
ified the theory in such a way that orthogonality of bound
and continuum states of the corresponding potential has
been preserved. As a consequence improved results have
been obtained. Purkait et al. [11] have employed CTMC
method to calculate charge transfer cross-section in colli-
sions of C4T, N9+ and Q%" (¢ = 1-5) with atomic hydro-
gen. In their calculation, they have treated the interaction
of the active electron with the partially stripped projectile
ion by a model potential and as such, significant improve-
ment over the CTMC results of Olson and Salop [13] have
been observed in their comparison to experimental obser-
vations [19,20]. Dhara et al. [12] have studied the above-
mentioned processes in Coulomb-Born (CB) approxima-
tion. Their computed results have reasonable agreement
with experimental findings. Sub-shell distribution of total
charge transfer cross-sections is also available from both
of these works [11,12].

Under the prevailing circumstances, we are motivated
to study the above-mentioned processes in quantum me-
chanical framework taking into account of the interme-
diate continuum states. However, we have in our mind
that the theoretical formulation should include the inter-
action of the active electron with the partially stripped
projectile ion to be improved over coulomb interaction.
Briggs [34] has shown that the prior (or Post) form of
Peaking Impulse Approximation is best suitable when the
target charge (or projectile charge) is much greater than
the projectile charge (or target charge). With all these con-
siderations, we have employed the post form of Boundary
Corrected Continuum Intermediate State (BCIS) approxi-
mation to study the charge transfer cross-sections in colli-
sions of C4T, N9+ and O%+(q = 1-5) with atomic hydrogen
within the impact energy range of 50-200 keV /amu.

The organization of the paper is as follows. Theoretical
formulation has been described in Section 2. Results and
discussion are the contents of Section 3. Finally the paper
ends with concluding remarks in Section 4. Atomic units
are used unless otherwise mentioned.

2 Theory

All the reactions under the study may generally be repre-
sented by

X9+ + H(1s) — X @D+ (pl) + HY, (1)

where X497 represents C4T, N9T and Q9T (¢ = 1-5) re-
spectively. Let rr and rp are the relative position vector
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Table 1. Model potential parameters A and b.

Ton A b
ct 2.033 3.293
c?t 3.228 9.293
3 4.2280 6.6850
cHt 8.008 8.985
cot 10.008 3.57
NT 1.9533 1.5679
N2+ 3.2793 9.9932
N3+ 4.0074 9.9432
N4+ 5.467 9.9897
No+ 9.0074 9.8166
ot 2.011 0.7132
0%t 3.001 7.468
o3t 3.819 9.9222
o4t 4.367 9.9997
05+ 4.7960 11.5978

of the active electron with respect to the target and pro-
jectile nuclei respectively. Rr be the position vector of the
projectile ion with respect to the center of mass of the tar-
get atom, Rp be the relative position vector of the center
of mass of the projectile ion after electron capture from
the target nucleus and R is the internuclear distance.

Total Hamiltonian of the whole system may be writ-
ten as

—

H = Hy + Vre(7r) + Vpe(7p) + Vrp(R), (2)

where V' subscripted by any pair of e (active electron), P
(projectile) and T (target ion) represents the correspond-
ing two-body interaction. There is no ambiguity in the
construction of V. (rr) and it is uniquely determined by
the Coulomb potential. The interaction of the active elec-
tron with the projectile ion has been estimated by a model
potential as

q e—k Tp

Vpe(ip) = ——+ —
Pe (TP) Ty rp

{(Z-q) +brp},  (3)
where Z and q are respectively the nuclear and asymptotic
charge of the projectile ion. b and A are two arbitrary pa-
rameters chosen variationally with respect to a slater basis
set in such a way that the corresponding Hamiltonian of
the active electron in the final state is diagonalised to re-
produce correct binding energies. These binding energies
of the active electron on different projectile ions are cal-
culated from the tables of Clementi and Roetti [35] and
works of Clark and Abdallah [36]. Model Potential pa-
rameters A and b for different projectile ions are given in
Table 1.

It has been observed that a unique set of parame-
ters for the potentials reproduce binding energies of the
captured electron in a different sub-shell with greater ac-
curacy for a particular shell of the projectile ion, which
has initially a closed shell or sub-shell structure. For the
capture to the open shell of the projectile ion, potential
parameters have to change a little to find out the bind-
ing energies of the active electron in each of the differ-
ent sub-shells to which the capture occurs. However, the
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virial theorem has been tested and is found to be accurate
within 0.01% in all cases. We have treated the interaction
of the projectile ion and the target nucleus as a coulomb
interaction between two charges of magnitude ¢ and 1, re-
spectively. This is well-justified even if some short-range
part exists that will not affect the charge transfer cross-
sections.

The post form of the transition amplitude in the frame-
work of BCIS approximations may be written as

T;E _ <X,7 ‘L _ i‘ w3015(+)>

Rr T (4)

where,
Xp = ¢ D () g ()
x1 F (iOé3; 1; —i (Kpr + I?f-ép))
w1 = gu(r)Gf

G =ez @) P(1 —jay)I(1 + iag)eiE7"éT
X1 £y (ial; 1; 4b (Uﬂ“p + ’1717713))

w1 Fy (fmz; 1:4a (kiRp - EZ--R’P)) :

Following Belkic [33], the six dimensional integral in the
transition amplitude may be reduced to two-dimensional
integral. One of the two is an infinite integral and the
other one is from 0 to 1.

Inner integral with infinite upper limit has been eval-
uated numerically by 40-point Gauss Legendre quadra-
ture method with suitable co-ordinate transformation.
The real integral from 0 to 1 has been divided into a
number of sub-intervals and each of such sub-intervals has
been integrated numerically by 36-point Gauss-Laguerre
quadrature method by proper co-ordinate transformation.
Finally charge transfer cross-sections are obtained by nu-
merical integration over scattering angles with an overall
accuracy of 0.1%. Higher excited states are generated by
additional parametric differentiation. In our present inves-
tigation, the order of differentiation goes up to six, which
have been performed analytically.

3 Results and discussions

Total charge transfer cross-sections have been obtained by
summing over all contributions into each shell up ton =5
and the contribution to each shell is determined by adding
all sub-shell data obtained by multiplying the calculated
results by Pauli blocking factor [14] given by

an :| c

Qu=1-3 ®)

20+ 1)

where N,,; is the number of electrons occupying the sub-
shell of the projectile ion and Q¢ is the calculated cross-
sections into the corresponding sub-shell. Variation of to-
tal charge transfer cross-sections with the incident energy
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Fig. 1. Variation of total charge transfer cross-sections with
energy for C?t (¢ = 1-5) + H (1s) interaction. Theory: (—)
present results; (0) CB results of Dhara et al. [12]; (0) CTMC
results of Purkait et al. [11]; for charge state ¢ = 1. (— ——)
Present results; (2) CB results of Dhara et al. [12]; (¢) CTMC
results of Purkait et al. [11]; for ¢ = 2. (....) Present results;
(=) CB results of Dhara et al. [12]; (¢) CTMC results of Purkait
et al. [11]; forg=3. (—-—-— ) Present results; (2) CB results
of Dhara et al. [12]; () CTMC results of Purkait et al. [11]; for
g=4.(.... ) Present results; (1) CB results of Dhara et al. [12];
(0) CTMC results of Purkait et al. [11]; for ¢ = 5. Experimental
results: ¢ = 1 (m); =2 (A); g =3 (e); ¢ =4 (V); ¢=5 (+);
of Shah and Gilbody [20].

of the projectile ion are reported in graphical form for
all the ions in Figures 1-3. Sub-shell distribution of total
charge transfer cross-sections at 80 keV /amu are displayed
in Figures 4-8 for carbon ions only. This is because such
distribution bears more or less the same characteristic fea-
tures for all other ions. However, it may be mentioned that
explicit numerical data for all the ions may be obtained on
request. Finally charge state dependence of total charge
transfer cross-section is shown in Figure 9.

Variation of total charge transfer cross-sections with
projectile energy in collision of C4T, N9t and Q9T
(¢ = 1-5) with ground state of atomic hydrogen are dis-
played in Figures 1-3 respectively. Figure 1 displays the
present results of CIT+H (¢ = 1-5) collision. From the
figures, we may find that the present results are in excel-
lent agreement with the experimental results of shah and
Gilbody [20] in comparison to the CB results of Dhara
et al. [12] and CTMC results of Purkait et al. [11] except
for C*t+H interaction. However it may be found that, for
CT+H interaction, present results and the previous results
in CB approximation are in close agreement. This may be
due to the fact that Wilson-Sommerfield parameters (ay
and ae) have small values for ¢ = 1 and as such, contribu-
tions of two coulomb functions in the initial state (1Z¢19)
has smaller contributions. This may be verified from the
observation that these two formalism (CB and BCIS) are
identical if we substitute oy = as = 0. As a consequence
agreement of present results and CB results become in-
creasingly poorer, CTMC results of Purkait et al. for all
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Fig. 2. Variation of total charge transfer cross-sections with
energy for N9 (¢ = 1-5) + H(1s) interaction. Same as Figure 1
except the experimental results of Phaneuf et al. [18].
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Fig. 3. Variation of total charge transfer cross-sections with
energy for 07" (¢ = 1-5) 4 H(1s) interaction. Same as Figure 1
except the experimental results of Phaneuf et al. [18].

the carbon ions as projectiles overestimate the experimen-
tal findings. It may also be noted that, with increasing
charge of carbon ions, present results become increasingly
improved in their comparison to experimental results [20)].
This observation may be explained in terms of strong con-
tinuum interaction of the active electron with the projec-
tile ion, which is an essential feature of the present formal-
ism. Figure 2 shows the present results for the collisions
of N9t (g = 1-5) with hydrogen atom. Here we may also
notice that present calculated results agree favorably with
the experimental results of Phaneuf et al. [18] except for
N*t+H interaction. All the features observed in Cit+4H
interaction remain unaltered in this case as well. Figure 3
shows the comparison of our present results with the the-
oretical results of Dhara et al. [12], Purkait et al. [11] and
the experimental observations of Phaneuf et al. [18] for
O%T+H (¢ = 1-5) interactions. Here, we also find that
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Fig. 5. Same as Figure 4. except for incident ion charge state
q=2.

present computed results are in better agreement with
the experimental findings of Phaneuf et al. [18] in com-
parison to the CB results of Dhara et al. and CTMC re-
sults of Purkait et al. except for the collision of singly
charged oxygen ion and atomic hydrogen. However, it may
be mentioned that experimental results are available in
much lower energy region for OT+H interaction. In this
case as well, observed characteristics in carbon and ni-
trogen ion interactions with atomic hydrogen remain un-
changed. However, it may be found that, as the charge
state of ions increases, discrepancies among the different
sets of results for total charge transfer cross-sections for
different classes of ions with same charge state diminishes.
This may due to the fact that, as charge state increases,
resonant or near resonant charge transfer takes place into
higher excited states and as such, the short-range part of
the model potential losses its significance gradually. Again
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Fig. 6. Same as Figure 4 except for incident ion charge state
q=3.

this may be the cause of complexity for failing to find a
simple g¢-scaling law. CTMC method is based on classi-
cal theory. Even if we accept ensemble interpretation (EI)
of quantum mechanics, we may not expect very accurate
data from CTMC calculation. It is well-known that the in-
clusion of intermediate continuum state is very important
to take into account to describe a charge transfer event.
Since the inclusion of intermediate continuum states is be-
yond the scope of CB formalism, we cannot expect very
good results from such an approximation.

Sub-shell distribution of total charge transfer cross-
sections for C? (¢ = 1-5) 4+ H (1s) interactions have been
displayed in Figures 5-8 respectively at 80 keV /amu. Due
to non-availability of any other experimental results, we
have compared our present computed results with those
theoretical results of Purkait et al. [11] in CTMC method
and of Dhara et al. [12] in CB approximation. From Fig-
ures 4 and 5, we may find that maximum contribution
of total charge transfer cross-sections comes from n = 2
state and other shells have small contributions for C* and
C?* ions. Though the magnitude of cross-sections in dif-
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Fig. 7. Same as Figure 4 except for incident ion charge state
q=4.

ferent sub-shells obtained from different theoretical meth-
ods disagree to an extent, characteristic features of distri-
bution bear more or less the same resemblance. For C31,
C*tand C5F ions, we may find (Figs. 6-8) that the dis-
tributions of total charge transfer cross-sections obtained
from different theoretical methods have marked discrep-
ancies in magnitude but characteristic features have close
resemblance. From Figures 6-8, we may find that the
peaks of the cross-sections occur at n = 3, 4 and 4 for
C3+, C** and C°* ions respectively. However, contribu-
tion from m = 5 shell is quite significant for C°* ion
and the total charge transfer cross-sections are conver-
gent within 30% at all energies. For all other ions, to-
tal charge transfer cross-sections are convergent within
20%. Up to the resonating shell, it has been observed that
the sub-shell distributions of total charge transfer cross-
sections into a principal shell (n) have largest values at
Imaz = n — 1. All these characteristic features may be ex-
plained in terms of energy resonance (or near resonance)
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and velocity matching of the active electron in the initial
and final state. If the active electron preserves its orbital
energy after the electron capture processes, Olson [37] has
shown qualitatively that

(6)

where n;, n¢, ¢; and gy are the initial, final principal quan-
tum numbers and nuclear charge seen by the active elec-
tron before and after the collision. Similarly if the electron
keeps its dimension of the electron’s orbit before and after
the collision then

ng =ni(qr/q)

If these two physical properties (energy and orbital ra-
dius) are to be honoured on equal emphasis, Olson [37]
has suggested that charge transfer will be maximum into
a final level n,,, where

ny =mn;(qr/q:)

3/4

(8)

N & i (QF /i)
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He also suggested that, for a particular n, maximum per-
missible | will have the dominant charge transfer cross-
sections if n < n,, and | ~ n,, if n > n,,. We find by
surprise that nl-distribution of our present calculated re-
sults bear more or less the same pattern as prescribed
by Olson [37], and is in good agreement with Unitarized
Distorted Wave (UDWA) calculations of Ryufuku and
Watnabe [38].

Kim et al. [39] have observed oscillatory structure
in charge state dependence of total electron capture
cross-sections in collisions of Ti¢", W9" and Aud™ with
atomic and molecular hydrogen at impact energies of
25-102 keV /amu. They have explained this observation in
terms of interference between the amplitude obtained from
short-range part and long-range part of the interaction of
the active electron with the projectile ion. However, they
have detected no such oscillation in case of collisions with
projectiles viz. Si?t, Fe?t and Mo?". From Figure 9, we
find no such oscillation in our calculation. The theoretical
explanation for such oscillation given in the experimental
paper by Kim et al. does not seem to be appealing be-
cause, as the charge state of the projectile ion increases,
charge transfer into higher excited states dominate. So the
effect of the short-range part of the model potential be-
comes increasingly small in comparison to that obtained
from long-range part. As a consequence, we cannot ex-
pect significant contribution from the interference term.
In addition, projectile ions under present studies are even
lighter than Si?t.

4 Concluding remarks

In comparison to our present theoretical findings on to-
tal charge transfer cross-sections in partially stripped ion-
atom interaction with the experimental observations, it
is evident that the post form of BCIS approximation in
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the framework of model potential approach is reliable in
case of collision problems where the asymptotic charge of
the projectile ion is greater than the charge of the tar-
get nucleus. So it may be expected that the application of
the prior form of BCIS approximation in the framework of
model potential approach may yield good results in case of
theoretical studies on ion-atom interactions where projec-
tile charge is less than the nuclear charge. Qualitative es-
timates, prescribed by Olson, of the ni-distribution of the
total charge transfer cross-sections has been verified sat-
isfactorily. However, experimental investigations on sub-
shell distribution of total charge transfer cross-sections for
partially stripped ion-atom interactions may confirm the
truth.

References

1. J.S. Briggs, J.H. Macek, Adv. At. Mol. Opt. Phys. 28, 1
(1990)

2. W. Fritsch, C.D. Lin, Phys. Rep. 202, 1 (1991)

3. S.F. Crothers, L.J. Dube, Adv. At. Mol. Opt. Phys. 30,
287 (1992)

4. R.K. Janev, Atomic and Molecular Processes in Fusion
Edge Plasmas, edited by R.K. Janev (Plenum Press, New
york, 1995)

5. D.Z. Belkic, R. Gayet, A. Salin, Phys. Rep. 56, 281 (1979)

6. D.P. Dewangan, J. Eichler, Phys. Rep. 247, 59 (1994)

7. K. Katsonis, G. Maynard, R.K. Janev, Phys. Scr. T 37,
80 (1991)

8. J.P. Hansen, A. DuBois, Phys. Scr. T 62, 55 (1996)

9. D.R. Schultz, P.S. Krztic, C.O. Reinhold, Phys. Scr. T 62,

69 (1996)

10. M. Das, M. Purkait, C.R. Mandal, Phys. Rev. A 57, 3573
(1998)

11. M. Purkait, A. Dhara, S. Sounda, C.R. Mandal, J. Phys.
B: At. Mol. Opt. Phys. 34, 755 (2001)

12. A. Dhara, M. Purkait, S. Sounda, C.R. Mandal, Ind. J.
Phys. 75B, 85 (2001)

13. R.E. Olson, A. Salop, Phys. Rev. A 16, 531 (1977)

14. J.K.M. Eichler, A. Tusji, I. Ishihara, Phys. Rev. A 23, 2833

(1981)

15

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.

263

. J. Hanssen, R. Gayet, C. Harel, A. Salin, J. Phys. B: At.
Mol. Opt. Phys. 17, L323(1984)

A.E. Martinez, G.R. Deco, R.D. Rivarola, P.D. Fainstein,
Nucl. Instrum. Meth. 34, 32 (1988)

P.N. Abufager, A.E. Martinez, R.D. Rivarola, P.D.
Fainstein, J. Phys. B: At. Mol. Opt. Phys. 37, 817 (2004)
R.A. Phaneuf, F.W. Meyer, R.H. Mcknight, Phys. Rev. A
17, 534 (1978)

T.V. Goffe, M.B. Shah, H.B. Gilbody, J. Phys. B: At. Mol.
Opt. Phys. 12, 3763 (1979)

M.B. Shah, H.B. Gilbody, J. Phys. B: At. Mol. Opt. Phys.
14, 2831 (1981)

D.P. Dewangan, J. Eichler, J. Phys. B: At. Mol. Opt. Phys.
19, 2939 (1986)

Dz. Belkic, R. Gayet, J. Hanssen, A. Salin, J. Phys. B: At.
Mol. Opt. Phys. 19, 2945 (1986)

Dz. Belkic, S. Saini, H.S. Taylor, Phys. Rev. A 36, 1601
(1987)

Dz. Belkic, H.S. Taylor, Phys. Rev. A 36, 1991 (1987)
Dz. Belkic, Phys. Rev. A 37, 55 (1988)

D.S.F. Crothers, J.F. McCann, J. Phys. B: At. Mol. Opt.
Phys. 16, 3229 (1983)

H.F. Busengo, A.E. Martinez, R.D. Rivarola, Phys. Scr.
51, 190 (1995)

Dz. Belkic, H.S. Taylor, Phys. Rev. A 39, 6134 (1984)
Dz. Belkic, Phys. Rev. A 43, 4751 (1991)

P.D. Fainstein, L. Gulays, A. Salin, J. Phys. B: At. Mol.
Opt. Phys. 27, L259 (1994)

L. Gulays, P.D. Fainstein, A. Salin, J. Phys. B: At. Mol.
Opt. Phys. 28, 245 (1995)

C.R. Mandal, Mandal Mita, S.C. Mukherjee, Phys. Rev.
A 44, 2962 (1991)

Dz. Belkic, Phys. Rev. A 47, 3824 (1993)

J.S. Briggs, J. Phys B: At. Mol. Opt. Phys. 10, 3075 (1977)
E. Clementi, C. Roetti, At. Data Nucl. Data Tables 14,
185 (1974)

R.E.H. Clark, Jr. Abdallah, J. Phys. Scr. T62, 7 (1996)
R.E. Olson, Phys. Rev. A 24, 1726 (1981)

H. Ryufuku, B.T. Watnabe, Phys. Rev. A 18, 2005 (1978)
H.J. Kim, P. Hvelpund, F.W. Meyer, R.A. Phaneuf, P.H.
Stelson, C. Bottcher, Phys. Rev. Lett. 40, 1635 (1978)



