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Abstract

The Coulomb-Bom (CB) approximation has been employed to study charge transfer cross sections i1n collisions of C, N9 and

07 (g = 1-5) with atomic hydrogen in ground state in the energy range of 30200 keV/amu The interaction of the active electron with the
incoming projectile 1on has been approximated by a model potential containing both a long-range part and a short-range part Variations of total
capture cross sections with impact energy compare favourable well with the available experimental ohservations and with other theoretical
findings In addition, sub-shell distributions of total capture cross sections are given n graphical form However, we are unable to find any

oscillation in the charge-state dependence of total capture cross sections
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1. Introduction

Charge transfer data in heavy ion-atom collisions are in
demand for their interdisciplinary applications [1-5] in
various branches of physics. For this reason, a lot of
mvestigations [6,7] have so far been made in studies of
inelastic processes in heavy ion-atom interactions during last
two decades. In this respect, most of the theoretical
investigations are confined to the collisions of fully stripped
lons with neutral atoms. However, some theoretical studies
(8-10] have been performed for the collisions of partially
stipped ions with atoms. Under such unbalanced
circumstances, experimental investigations [11,12] are well
balanced on both counts. Due to the growing need of
accurate atomic database, studies on inelastic processes in
collisions of partially stripped ions with neutral atoms are
still in full swing. Due to non-existence of exhaustive charge
transfer data for the collisions of C%*, N%* and 0" (¢ =
1-5) with atomic hydrogen in ground state, we are motivated
10 study such processes. A brief review of the investigations

:)arried out so far, for these collisional systems, are narrated
elow,

' C""CSPOndmg Author

. Heavy 10n-atom collisions, charge transfer, cross sections.

Olson and Salop [13] have employed the classical
trajectory Monte Carlo (CTMC) stimulation method to study
charge transfer cross sections in collisions of B4*, C7*, N¢*
and O7' (¢ > 3) with ground state atomic hydrogen. They
have treated the interaction of the active electron with the
projectile ion as Coulombic with an effective charge obtained
from spectroscopic data. However, sub-shell distributions of
total charge transfer cross sections are not available from
their calculations. Eichler er al [14] have calculated charge
transfer cross sections in collisions of different degree
ions of Li, C, N and O with atomic hydrogen within the
framework of Oppenheimer-Brinkman-Kramers (OBK)
approximation. In their investigations, they have treated the
partially stripped projectile ion as bare ion with charge equal
to the asymptotic charge of the partially stripped ions. In
order to compensate the over-simplified assumptions, they
have successively multiplied the calculated cross sections in
OBK approximation by a reduction factor obtained from
eikonal approximation and the Pauli blocking factor [14]. In
this calculation as well, the charge transfer cross sections into
each individual sub-shell are not available.
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Under the prevailing circumstances, we are motivated to
study total charge transfer cross sections and their distributions
into shell/sub-shells in collisions of C?*, N¢" and O%
(g = 1-5) with ground state atomic hydrogen within the
energy range of 30-200 keV/amu. In this specified energy
range, different perturbative methods are usually applied.
The strength and weakness of such perturbative methods
in the application of heavy ion-atom collision have been
well discussed by Dewangan and Eichler [15] in their
review article. We have formulated our problem in the
frame-work of the Coulomb-Born (CB) approximation. The
essence of the CB approximation has been well understood
after the formulation of the boundary corrected first Born
(B1B) [15] approximation. Applications [16—19] of the CB
approximation in the three- and four-body processes have
received considerable success in depicting experimental
observations.

The organization of the paper is as follows. Theoretical
formulations are narrated in brief in Section 2. Calculated
results are discussed with graphs and tables in Sections 3.
Finally, the paper ends with a concluding remark in Section
4. Atomic units are used throughout the work.

2. Theoretical formalism
The coordinate system for the charge transfer reaction
X9* + H(ls) =& X@-D" (nl)+ H*
e

?p —

=3

R
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Figure 1. Coordinate representation for the reaction X¥*+H(ls) -

Xl + H* (X =C, N, O and ¢ = 1-5).

is shown in Figure 1, where X¥* represents CY*, N¥* and O%*
(g = 1-5) ions respectively. The total hamiltonian of the
whole collisional system may be written as

H = Hy + V7 (rr)+V e (rp) +V1p (R) Q)]
where
1 1
Hy = -E:th -Evg (entrance channel) (2a)

I v2

1
2u, 'Vlc,. ‘%VE, (exit channel) (2b)

M, iy, a and b are the reduced masses associated with relative
coordinates R,, Ry, r; and r; respectively. V subscripted by
two indices represents the pair interaction between two
objects which are identified as active electron (e), target ion
(7). and projectile ion (P) respectively.

Constructions of these two body potentials are considered
as follows. V7 (rr) is uniquely determined by Coulomb

potentials i.e. Vr,(ry)=—rl. Interaction of the activs
T

electron with the partially stripped projectile ion has been
approximated by

e~ Arr

T {(Z-9)+bn}, Q)

where Z and g are respectively the nuclear charge and
asymptotic charge of the projectile ion. A and b are two
arbitrary parameters chosen variationally in such a way that
the corresponding hamiltonian of the active electron in the
final state is diagonalised to reproduce correct binding
energies with respect to a Slater basis set. Potential parameters
for different ions are given in Table 1. However, accuracies

Table 1. Model potential parameters A and b 1n eq. (3) are given for
different

lIon i b X
c 20333 3.2930
c* 32280 92930
c* 42280 6 6850
c* 8 0080 8 9850
c* 10 008 3 5700
N* 19533 15679
N 32790 99932
N* 4.0074 9.9432
N* 54670 99897
N* 9.0074 98132
o' 20110 07132
o* 30010 7.4682
o* 39490 9.9222
o* 5.3670 9.9997
o* 83333 55597

of the final state wavefunctions have been tested by the virial
theorem and have been found to be accurate within 0.01%.
The interaction of the projectile ion with the target nucleus
has been treated as Coulombic with asymptotic charge g i.e.
Vrp(R) = % This is well justified because, even if some
short-range part exits, charge transfer cross sections will not
be affected.

With all these considerations, channel hamiltonians and
interactions may be written as

Entrance channel :

__ 1 o1
Ho==y, Vi -32 V3 =l (49)
- Arp
v=1_9_f " {(z-q)+br}, (4b)

R rp rp



Charge transfer in the interactions of partially stripped ions etc 87

Exit channel :
et w2 _ 1y, 9-1
H[— 2/1va'° 2bV»+ R
q _e*
-;—T{(Z-Q)*'b’!’}, (4c)
-1_1
I R n (4d)

The corresponding transition matrix element may be
written as

T =(x7 /v [v.). )
where V =V, (prior) or ¥V, (post) . (6)

Here y, and y7 are defined by

(E-H)y, =0, (7a)

(E-Hf)x; =0. (7b)
The solution for y, and 7 may be written as

v, =et g (), (82)

x7 =emr(1-ia)efs

x \F(ia; I; —i(kyRp +k;.Rp))p,(rp) . (8b)

Using the integral representation of a confluent
hypergeometric function and choosing either form of
interaction potential, the transition matrix element (7)) may
be written in a general form as

Ty =Ce~m2[(1+ia) lim D(&,,5,A)
& —0

ﬁ@ﬂ (-1a-1(¢~1ya J | )

where C is some constant originating from initial and final
bound state wave function, D(g,, 5, 4) being the parametric
differential operators to generate different higher excited
states and the explicit form of J may be written as

-"p ’dfp
R, € e

'= -ikf
Idrpdk pe e R

-Pr
x elkl Rpt,ik; R, .£ (lo)
Here =6, -ik,t.

Taking Fourier transform of terms involving rr, rp and

Ry and using the properties of delta function, J may be
reduced as

=ij _dQ
" Hio-al + ut}{le-af +u}@ + s

an

where g, = (l/b-a)k, , (12a)

q: =(1-t)k; -ak,, (12b)

(12¢)

Using the integral representation of a general three-
denominator integral of Lewis [20], / may be reduced to a
simplified form as

H =Alb, b, =g —ikgt.

S 16x2 [ de
b2 .(')P+Qt (13)

So the transition matrix element in the reduced form may be
written as

1672

Ty = Ce ™[ (1+ia) limoD(ehﬂ,ﬂ.)T
£

‘]d"%m%”"“"(’-l)“‘ 1

P+Ot’ (14)

Now, the complex integration may be evaluated by Cauchy’s
residue to obtain the final form of the transition matrix
element (7)) as

T, =Ce ™12 (1+ia) limoD(el,ﬂ,l)
£,

:jde-ia—l(P+Q)ia . (15)
This one dimensional integral and the integration over
scattering angles are performed numerically using 60- and
30-point Gauss Legendre quadrature method respectively to
obtain the final charge transfer cross section with an accuracy
of 0.1%. However, it may be pointed out that higher excited
states are generated by parametric differentiations which go
upto sixth order for all the purposes. All these differentiations
have been carried out analytically in the present investigation.

3. Results and discussion

Charge transfer cross sections into each individual sub-shell
have been obtained by multiplying the calculated cross
sections for the corresponding shell by Pauli blocking factor
given by

Nn
Ou =[l—2(TL,)]Qz, (16)

where O is the calculated cross sections and Ny is the
number of electrons occupying the sub-shell (, /) of the
incoming partially stripped projectile ion. We have displayed
our calculated results for total charge transfer cross sections
in comparison with other existing results (both theoretical
and experimental) in Figures 2-4. Here, total cross sections
have been obtained by summing up all cross sections upto
the maximum principal shell, » = 5. Under such circumstances,
it may be mentioned that the total cross sections are
convergent within 20% even with the projectile ion of charge
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Figure 2. Variation of total capture cross scctions with energies for
C9* (¢ = 1-5) + H(ls) interaction.
Theory : (—,¢=1,--—-, q¢=2, ,qg =3, - ,g=4,. ,q=9),
present CB results, (1, g = 1, O, ¢ = 2, A, ¢ = 3,), the theoretical result
of Eichler et al [14], (V, ¢ =4, 0, ¢ = 5), the CTMC result of Olson and
Salop [13);(B.¢=1.®,9=2,4¢=3,V,g=4,0,9=5), the CTMC
results of Purkait es al [21]
Expenimental results (8, g =1, 0, g =2 a,¢g=3,v,¢=4,0,4=5),
of Goffe e al [11]
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Figure 3. Vanation of total capture cross sections with encrgies for N¥*
(g = 1-5) + H(1s) interaction.
Notations same as Figure 2 except the experimental resuits of Phaneuf
et al [12).
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Figure 4. Variation of total capture cross sections with energies for O
(¢ = 1-5) + H(1s) interaction
Notations same as in Figure 3

state ¢ = 5 over the entire energy region under study.
However, convergence gradually improves with decreasing
charge state of the projectile ion and becomes 3% for g =
1. In the present investigation, quantitative data for sub-shell
distribution of total charge transfer cross sections have not
been given in tabular form and may be obtained on request.
However, sub-shell distribution for total charge transfer
cross sections have been given in diagrammatic form in
comparison with the results of Purkait et a/ [21] in CTMC
method in Figures 5-9 for N¥* (g = 1-5) as projectile ions

2 (E=80 keV/amu)

014

Sub-shel cross secion (10 ¢ cm?)
o
2
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Final-stste quantum numberl

Figure S. Electron capture into nl levels for 80 keV/amu collisions of
nitrogen 1n charge state ¢ = | with atomic hydrogen. X-axis gives the
orbital-angular-momentum quantum number /.

[0, CB (present work);, m, the CTMC results of Purkait er al [21).
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Figure 6. Same as Figure 5 except for incident ion charge state g =

only. There is no specific reason for this choice of such
projectile ion because the charge transfer cross sections for
other ions as well bear almost the same resemblance.

Variation of total charge transfer cross sections with
impact energy for collisions of C?* (g = 1-5) with atomic
hydrogen has been displayed in Figure 2. From the figure,
we may find that the results for C* ion as projectile have fair
agreement with CTMC results of Purkait er a/ [21] at lower
energies but disagreements are observed with increasing
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projectile energies. Similar pattern is observed in comparison
with the eikonal results of Eichler er a/ [14] and the
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Figure' 7. Same as Figure § except for incident 1on charge state ¢ = 3
80 keV/amu
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Figure 8. Same as Figure 5 except for incident ion charge state g = 4
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Figure 9. Same as Figure 5 except for incident ion charge state g = 5.

experimental observations of Goffe et al [11). For collisions
of C* ions with atomic hydrogen, our present results
ompare favourably well with those of Purkait er al [21)

and the results of Eicher ef al. Experimental results of Goffe
et al [11] however overestimate our findings over the entire
energy region. For collision of C?* (g = 3-5) ions with
atomic hydrogen, we may find that our calculated results in
CB-approximation compare very well with all available
theoretical and experimental results [11,14,21). Exception
lies only with the CTMC results of Olson and Salop [13]
where their results underestimate our findings with increasing
energy for the charge state of carbon ions to be 4 and §
respectively. Energy dependence of total charge transfer
cross sections in NY* + H (g = 1-5) interaction is shown
graphically in Figure 3. For N* and N?* collisions, present
calculated results do not have consistent agreement with the
theoretical results of Eichler et al [14], Purkait et af [21) and
experimental results of Phaneuf er al [12] over the entire
energy region under consideration. However, very good
agreement is observed in comparison to all available
theoretical and experimental results in case of collisions N9*
(g = 3-5) ions with atomic hydrogen in ground state. Present
computed results for total charge transfer cross sections for
collision of O?* (¢ = 1-5) with atomic hydrogen have been
displayed in Figure 4. We find from the figure that the results
have almost the same characteristic features as have been
found in case of NY' (¢ = 1-5) collisions. It is for general
observation that the magnitude of the cross section at each
energy enhances with increasing charge-state of the projectile
ion. This is well justified because the capture probability
increases as the strength of the potential between the active
electron and the projcctile ion increases.

Sub-shell distribution of total charge transfer cross sections
for N7* (g = 1-5) + H(ls) interactions have been displayed
in Figures 5-9 respectively. Due to non-availability of any
other results, we have compared our results with those of
Purkait ef al [21] in CTMC method. From the figures, we
may find that our quantum mechanical results in CB-
approximation at 80 keV/amu compare favourably well with
those of Purkait ef al [21] in a classical method except for
a few occasions. It may be observed that the peak of the
charge transfer cross sections for N* and N** ions occurs at
the principal shell n = 2. We may find that the results for
N3* ion, as projectile ion have their maximum value at the
principal shell n = 2. However, contributions from n = 3 shell
are quite appreciable in comparison to the earlier one. For
collision of N*' ion, charge transfer attains their maximum
value at the principal shell » = 3 but significant contribution
comes from n = 4 shell as well. In case of collisions with
N** ion, cross sections attain their peak values at n = 3 shell.
However, charge transfer into n = 4 shell is quite competitive
to the previous one in this case under consideration. It is
observed that the sub-shell distributions of charge transfer
cross sections into a principal shell (1) have largest value at
lax = n—1. All these characteristic features may be explained
in terms of energy resonance (or near resonance) and
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velocity matching of the active electron in the initial and
final state. However, the situation changes gradually with
increasing impact energy. Non-dependence of total charge
transfer cross sections on the structure of the projectile ions
with charge state g > 2 may be due to the fact that the
maximum contribution to the total cross sections come from
n 2 3 shell and as such, coulomb interaction is predominant
in the electron-projectile sub-system in such circumstances.

Kim er al [22] have observed oscillations in charge
dependance of total electron capture cross sections in
collisions of Ti¢*, W?* and Au?* with atomic and molecular
hydrogen at impact energies of 25-102 keV/amu. They have
explained this feature in terms of interference between the
amplitudes obtained from the short-range part and long-
range part of the interaction of the active electron with the
lighter projectile ion. However, they have found no such
oscillation in case of collisions with projectiles viz. Si¢', Fe?'
and Mo”". From Figure 10, we find that no such oscillation
exists in our calculation. The theoretical explanation for such

)
3
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2 a2
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2

01
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Charge-siate (@

Figure 10. Variation of total cross sections with charge-state for C*, N
and O (g = 1-5) at 100 keV/amu. s—carbon; o-nitrogen; A-oxygen

oscillations given in the experimental paper by Kim et a/ [22]
does not seem to be appealing because, as the charge-state
of the projectile increases, charge transfer into excited states
dominates. So the effect of short-range part of the potential
is negligibly small in comparison to the long-range part. As
a consequence, we cannot expect significant contribution
from the interference term. In addition, ions under present
studies are even lighter than Si?".

4. Concluding remarks

In comparison to our computed results with the experimental
observations and other theoretical findings, it is evident that
fair estimate of cross section may be obtained by CB-
approximation in the framework of mode! potential approach

in case of collisions of partially stripped ions with neutral
atoms. However, much care has to be taken in the construction
of the model potential particularly for very low charged ions
As the charge state of the projectile increases, the difference,
among the results for charge transfer cross sections for
different projectile ions with same charge diminishes as the
impact energy increases. Still we are unable to find a simple
g-scaling law. Good agreement of the sub-shell distributions
of total charge transfer cross sections obtained from a purely
quantum mechanical method and a purely classical method
indicate that ensemble interpretation may be well accepted
in determining the classical limit of quantum mechanical
formulation.
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