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A method has been developed for the evaluation of the Coulomb integrals containing the product
of the Coulomb wave function with Slater-type orbitals which serve as the basis set in constructing
the wave function of multielectron atoms within the self-consistent-fie}d approximation, in terms of
the Gauss hypergeometric function for an arbitrary nlm state. Analytical expressions are derived

for the integrals in closed form irrespective of either the triad nlm or of the quantization axis. This
method has been applied in the framework of continuum distorted-wave approximation to obtain

the charge-transfer cross section in various collision cases involving heavy stripped ions and mul-

tielectron targets. The calculated results are found to be in good agreement with the recent experi-

mental findings and the existing theoretical calculations in the high-energy region.

I. INTRODUCTION

The theoretical and experimental study of charge-
transfer processes from multielectron atoms has recently
added a new dimension to the problem and hence attract-
ed a great deal of attention because of the importance of
charge-transfer cross sections in connection with the diag-
nostics of fusion plasma. ' The reactions to be studied are
of the form

+ T X' p "+(Xnl )+T+,
z +

where X ~ represents the incident ion and T represents
the multielectron target. As the incident ion is fully
stri ped, Zp is equal to the nuclear charge, the ion
X' ~ "+ becomes hydrogenic and is characterized by a
set of single-electron quantum numbers nlm.

In this paper we present the cross sections calculated
for single-electron capture from the tightly bound E shell
of the He and Li atom and also from the loosely bound
valence electron (I. shell) of the Li atom in collisions of
Li +, C +, 0 + with He atom as well as of the He + with
the Li atom in the framework of the continuum
distorted-wave approximation (CDWA). From the
viewpoint of the scattering theory, the most adequate
methods are certainly the impulse approximation (IA),
the continuum distorted-wave (CDW) method, ' and the
strong potential Born approximation (SPBA). Since the
CD%' method preserves the correct boundary conditions
for the charge-exchange problem, the distortion of the
wave functions due to the internuclear Coulomb potential
and the interactions between the electron to be captured
and the nuclei are properly taken into account, it follows
from the quantal version of Gayet, that CD% approxi-
mation is the rigorous first-order term of a perturbation
senes.

We propose to develop a method for the calculations of

cross sections for electron capture from the inner shells of
a complex atom into arbitrary n, I, and m states of fast
projectiles in collision of fully stripped ion with a mul-
tielectron target in the framework of the CDW approxi-
mation. The effects of continuum intermediate states are
properly taken into account in describing a charge-
transfer reaction at high energy. We consider the active
electron moving in the field of an effective nuclear charge
and expand the bound-state wave function of complex
atoms on to the basis of Slater-type orbitals.

Recently, with the advent of multiply charged ion
sources, theoretical interest has been focused on the inves-
tigations of various multicharged ion-atom collision pro-
cesses. However, quantal calculations suffer from serious
computational difficulties; as the projectile charge in-
creases, the electrons are captured into increasingly higher
principal shells of the projectile. As a result, theoretical
studies in the quantum mechanical approach are only a
few. On the other hand„some classical and semiclassical
approaches have recently been suggested so as to deter-
mine the capture cross sections for the heavy-stripped-
ion —atom collisions. Olson' applied a classical trajectory
Monto Carlo method (CTMC) to calculate the charge-
transfer cross section between the He + ion and Li atom.
Suzuki et al." also applied the unitarized distorted-wave
approximation (UDWA) to study the capture cross sec-
tions between Li +,C +,0 + ions with the He atom. Er-
molaev and Bransden' have also extended their two-state
impact-parameter method to measure the capture cross
section in the He + + Li collisions. It is observed from
their calculations that in the energy region of 1000 keV
the charge exchange is dominated by capture of electrons
from the I%' shell of Li atoms. Recently, Sidorovich
et al. ' have applied the approximation of Bassel and Ger-
juoy' to calculate the charge-changing cross sections in
collisions of H+, He +, and Li + ions with He atoms in
the energy region of 0.025—4 MeV/amu in the
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independent-electron approximation.
Because of the formidable difficulties due to many-

electron effects, a single-electron model has been adopted
to carry out the theoretical study of electron-capture cross
section in ion-atom collisions. The existing theoretical
calculations ' ' ' ' also are based on the independent-
particle model which is justified due to the wide separa-
tion of binding energies for the inner subshell electrons.
The wave functions of the target atoms have been
represented by unmodified hydrogenic wave functions and
the experimental binding energies in conjunction with the
effective charges have been used in those calculations. As
the charge of the incident particle increases, capture cross
sections will dominate from higher values of the principal
quantum number n of the captured states. The calcula-
tion of cross sections for such high quantum states nor-
mally involves the process of repeated parametric dif-
ferentiation of the relevant generating function. Belkic,
Gayet, and Salins have used this technique to calculate the
charge transfer cross section in the ion-atom collisions.
Recently, a closed-form expression of the Coulomb in-
tegrals which are of direct use for charge transfer in the
CDW method has been deriv/xi by Belkic in spherical
coordinates in terms of Appell hypergeometric polynomi-
als of two variables. These generalized Coulomb integrals
have also been calculated by Belkic in a closed form in
terms of a linear combination of hypergeometric polyno-
mials of two and three variables and by Dube in terms
of the Gauss hypergeometric function for arbitrary nl/n

by the use of parabolic coordinates. On the other hand,
we express the Coulomb integrals in terms of a terminat-
ing hypergeometric series which is more convenient for
the calculation of cross sections for capture into arbitrary
n, I, and m states of the fast, fully stripped projectiles
from the multielectron atoms. We have compared our
theoretical results with the recent experimental findings of
Shah and co-workers, ' Nikolaev et al. , Pivovar,
I.evchenko, and Krivonosov, Macdonald and Martin,
Hippler et al. , Dillingham, Macdonald, and Richard, ~'

and McCullough et al.
In Sec. II we outline the general expression for the

CD&A scattering amplitude into arbitrary n, l, m states
and show the reduction of the scattering amplitude to a
closed analytical form. In Sec. III, our numerical calcula-
tions are discussed and compared with the existing experi-
mental findings and available theoretical calculations. Fi-
nally, in Sec. IV a concluding summary of the present in-
vestigations is described. Atomic units are used
throughout the paper, unless otherwise stated.

II. THEORY

A. General expression of the CD' electron-capture
cross sections

The prior form of the CDW cross sections Q;f for
electron capture by fast bare projectiles from the mul-
tielectron atoms within the framework of independent-
electron model can be written as

J= f dxexp(ip x}[V„4;(x}]/F, (iv, ;1;iux+iv x}.,

K= f dsexp(iq s)@f(s)Vg /F/(/v»', 1;/'Us+/v's),

N(U) =I (1 i v—, )l (1 i v»—)exp[ —,n.(v»+v, )],
(3)

EI —Ef +1/2 v,
U

2

v» =Z»/U,

v, =Z, /U .

Here e; is the Roothan-Hartree-Fock (RHF) energy corre-
sponding to the RHF orbital 4;(x) of the active electron.

sf and 4f ( s ) correspond, respectively, to the energy and
wave function in the final state of the hydrogenic ion. Z»
represents the charge of the projectile and Z,' is the effec-
tive nuclear charge of the target atom related with the
principal quantum number n; of the active electron by the
relation

Z,'=( 2n;e—;)/" .

The wave function of the multielectron atom may be ex-
panded onto the basis of Slater-type orbitals as

4;(x)= g C;X;(x),

where the basis functions X;(x}represents the normalized
Slater-type orbitals in spherical coordinates

X;( )x=N, x' e ' I'/ (x),

with

=[(2a; )
'

/(2, n; )!]'~ (12)

a; being a variational parameter associated with the orbi-
tal quantum number n;.

B. Evaluation of the integral J

We make use of the Fourier theorem

f dre'q'V', f(r)= —. q f dre'~'f(r),
1

where f(r) is any integrable function, and obtain the J in-
tegral in Eq. (2) as

J=J)—J2, (13)

where ri is the usual transverse momentum transfer per-
pendicular to the incident velocity v of the projectile and

Tf is the transition amplitude

T/f = —X(U)J K,
with

Qf (ao) =—(2~v) f dpi~ T,f (g)
~ J, =ip' f dxe ' '*4/(x) /F/(/v»1;/Ux+/v x), .
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J2= dXe +i X ~ 1E1 EVt,'1;lUX+l V'X

with
/p= —p.

(15) The reduction of the integral J& in Eq. (14) can be per-
formed easily in a terminating hypergeometric series fol-
lowing a procedure similar to Saha et al. assuming our
axis of quantization along the direction of v. We obtain

t(n,.—E, }/2] ni —
E,

—25; E;

J& ip——'4m(2i) ' g g g g C;E ( —1)
i 5, =0 u, =0 E/ 0i

(n; I; )—!(n;—5;)!
(25;!!)(n;—I; —25; —w; )!w;!

(iv, )

lQ d lc | I I la l In —E —5 w n —E —25 —w —(n —5 +1} ~i+Ei 6
1 ——

(w;+I )! a

—n +5 —ivi i t

&(zF, w;+I —n;+5;, 1 iv„w;—+I +l, —
a

(17}

where

2 /2a =a;+p
b =2ia;U+2p' v,
c =at

= —lU

4m(2I;+ l)(l; —
~
mt

~
)!(I;+

~
mt

~

}!
Nt, t„(—1)' ——v '(p') '

Yt, (v)Yt„(p')
(21 +1)(21;"+1)(l;"—

[ m; [
)!(I!)2(l;"+

(
m; [

)!

(18)

(20}

(21)

(22)

and [(n; —I;)/2] being the largest integer less than or equal to (n; —I;)/2. The Jz integral in Eq. (15) may be expressed

I—ip 'x

J2 ——UV„J dx
x

4;(x) &F&(iv„'1;iux+iv x), (24)

with p' and v, taken as parameters independent of U. We use the integral representation for the confluent hyper-
geometric function and the space part of the integration in Eq. (24) yields

n —E —1
t

J,=4mUV, g C(X~ (2i) 'I;! . r dt p(t, v, )Q 'Yt, ~ (Q)
i

(pZ+ Q2) (25)

where

p(t v, )=t ' (t —1)

p =a; —ivt,

Q=vt —p' . (28)

We apply the procedure of Todd et al. for the (n; —I; —1)th-order differentiation with respect to p in Eq. (25) and ob-

tain the J2 integral as

t(n,. —Ei
—1}j2j

J2 ——4m U'|}',g C;X (2i) '

2&l g 0

s (n; —I; —1)!(n;—5; —1)! n t s.—. —(1)~/ [ I 21! I

(n; —I; —1 —25; }!(25;!!}

X f rdtp(t, v, )Q'Yt (Q)p ' ' ' (p +Q )

where [( n; —I; —1)/2] represents the largest integer less than or equal to (n; —I; —1)/2. We now take the binomial ex-
—(n,. —$,. } n,.—E,

. —25, —1

pansion of (p +Q )
' ' and p ' ' ' and use the addition theorem for regular solid harmonics and obtain the

J2 integral in an arbitrary quantization axis as
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J2 ——4m UV„

j(n; —l; —1)/2] l, l,.
'

(n; —l; —25; —1)

w;=0

I

C;E~ 4m(2i) '( —1) '2 ' ' 'u '
Y, (v)M&, &„

l l l l

(n; —I( —1)!(n;—5; —1)!

(25;!!)(n;—I; —1 —25; —w; )!w;!

—(n, —5;)
QQ

(n; —5;)„ b

Q 2&l

(30)

I1+ Im1 I, I,.
" „, 4~(I1'+ Im/I )!(I1"+Im/'I)!(2li+1)(Ii —Imi I

)!
Ml, l„——( —1)', , (p') ' Fl„„(p')I'+

I
m' I, "™" (2I;"+1)(l;"—

I
m;"

I
)1(l;+

I m; I
)'(2I +1)(l'—

I
m'

I
)'

' 1/2

(31)

(32)

Pl I
m; =m; —m;, (33)

and a, b, c, and d are def1ned in Eqs. (18)—(21). The contour integration in Eq. (30) can be performed easily, which can
be expressed in a closed form as

( nl li 1 )~2 1 li li

I'=0 m'= —l'i

n; —l; —25; —1

W =0
l

C;N 4mu(2i)'( .—1)
(n; —I; —1)!(n;—5; —1)!

(25;!!)(n; —I; —1 —25; —w;)!w;!(w;+ I )!

n,.—;—1 —25; —w; i ~iXM, c a (&&g)
l l l

T

W,.
X p, d '2F, n; 5 iv +I—+w w +I +1,—u 'Fl (v)'a

Now we apply the V„operator in Eq. (34) and then ch~se our axis of quantization along the d1rection of v and obtain
the J2 integral in a terminating hypergeometric series as

5.=0i l' =0 w =0
l

(n; I; —1)!(n;——5; —1)!
C;N 4mu(2i) '( —1) '2 ' M, ,„(25;!!)(n;—I; —1 —25; —w;)!w;!(w;+I )!

n,. —li —1 —25; —w; —(,n, —5, )
Xc ' ' ' 'a ' '(iv, )

X[M1(p„'+i@~) '(ia;v+p')+M2(p„'+ip~) ' (i+ij )

+(p„'+ip~ ) '(M1k+M4v+M&v)], (35)

where

I;+fm;I
I'

4~(l'+
I
m'

I
)'(I"+

I

m"
I )'(2I;+»(I; —Im; I

)'

(21;"+l)(l;"—
I
m;"

I
)!(I;+

I m; I
)!(2I +1) (I

I
m

f
)!—(36)

(37)
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t
' 5- —n- —tv

M, =N ~(m =0)Nq(m =0)d 'u ' F, (v)2a '
1 ——

io a

(n( —5( )(l vg + I(i+ w()
2F] m;+I;*+1—n;+6;, 1 —i'v„m;+I +2,— (38)

C)(m )=N I,

[(5,.
' —m,.') /2] (2l —2K)!

1 )K

2 ' (I —K)!(I —m —2K)!K!
(39)

(21 +1)(I —im i
)!

4n(I+am i)!

with e=( —1) ' for m &0 and a=1 for m &0,
'

5; —n, +1—ivt
u, , I,.

' —] b b
M2 ——N&(m =1)N2(m = l)d 'C&(m, '= l)u '

1 ——
2F& w;+I +1 n;+5;, 1—iv—„w;+I +1,—

a t l t l~ t~ l t ~

a
(41)

[(l —m )/2]

Cp(mI) =N I,
t t g O

(21 —2K}!2K
1)K

2 ' (I —K)!(I —m —2K)!K!
(42)

[(1,
' —m,

' j/2]

C3(m )=N(,
pit. pit

( 2l —2K)!( I —2K)
1)K

2 ' (I' —K)!(I' —m ' —2K)!K!
'5, —n;+1 —iv,

I,.
' —t u,.

M3 ——N&(m =0)N2(m =0)C&(m =0)u ' d '
1 ——

a

(43)

zF& w;+I +1—n;+5;, 1 iv„—w;+I +1,—,(44)'a
+i tvt

l,
' —2 u,.

M4= Ni( m= 0) N(2m= 0) C(2m= 0) u' d '
1 ——

a
2F& w;+I +1 n;+5;, 1—iv„w—;+I + 1,—,(45)

a

5 —n +1—iv
l i t

I,'+tel, —2 . g),.
M5 ——N~(m =0)N2(m =0)u' ' 1'I, (v)( i) 'w; —1 ——

1,.'0

&&zF& w;+I +1 n; +5;, 1 —iv„w; +—I +1,—
a

(46)

P
i, j, and k being the three unit vectors in a Cartesian coordinate system.

C. Evaluation of the integral K

The K integral in Eq. (3) may be expressed as

eiq 8

K=uV„ f ds 4f'(s),F, (iv&, 1;ius+iv s),
S

with q and v~ taken as parameters independent of u. The final bound-state wave function characterized by the set of
quantom numbers nf, lf, and mf may be written as

4f(s) =R„ I (s) F( (s), (48)

where the radial part is given explicitly by

2Z~ (nf —lf —1)!
R„ i (s)=-

2nf [(nf + lf )!]

1/2

e
—(1/2)p IfL f ( )

2l +1
(49}

[(nf+lf)!] p f

(nf —lf —1 —kf )!(2lf+ 1+kf )!kf!

P=gs s

@=2'jnf . (52)
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We follow the same procedure for the evaluation of the Jz integral in Eq. (24) and obtain the K integral in Eq. (4/) as

3 I /2
y (ng —

lg
—1)!(ng+lg)! . IfK=- 4mu(2i ) i

2)i)

nf —If—1 [kf/2] kf —25f lf
1) f+ +f f~f+ f

kf ——0 5f——0 f——0 (' Of
4~(2Iy+1)(If

I mf I )'«I+ Iml I
)'

(2lj'+1)(21j+1)

2 ~kg!(Ig+kg 5g)—!(iv ),k —S
kf 25f 20f (lf +kf 5f+ 1 )

If+f C~ Q i

(nI —ly —1 —ky)'(2'+ 1+kg )'ky! (I~+w~)!(25'!!)wy!(ki 25—~ w—~)!

mf yg —i P A
X I M ff(q„' iq~—) (i Xv+ q')+Mq~(q„' iq~ ) — (i ij )—

+(q„' iq~—) rIM3~k+v(M&l+M5y)j J, (53)

where

0) =A, +g2 2

b) =2lAU —2q'V,

C)—

di = —lU

k=y/2,
q'= —q,

I (If Pff )/2] (2lj' —2K)!
yif mf

(2II 2K).
1)»

»=0 2 i(lj —K)!(Ij—m j —2K)!K!

(2lj+1)(lj—I mj I
)!

4~(I'+
I

m'
I
)!

N,
ylf mf f f

I

with et ——( —1) for mj &0 and e& ——1 for m~ (0,
(2II*+1)(II'—

I
mj I

)!

4m.(lj'+
I
mj'

I
)!

II

with ez ——( —1) I for mj' &0 and cq 1 for mI' (0, ——

lj' ——lg —lI,
mI =my —mj' „

~II
I(: =0 2 I (Ij K)!(Ij' mj —2K)K!— —

&=1 W[(II+ I
m. y I

)'(Ij'+ Imp I
)'(lI —ImI I

)'(Ij —Imp I

)'&'"

t(~'-m')/2j I

C=X I,yif Vlf

(54)

(55)

(56)

(57)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

1

M&~=A(mj=0)8(mj=0)d iiu iF, ,O(v)~ i

P$f—lf —kf —sv —I

(II+kl —5l+1)(ivp+lj +wI) bi
x 2Fi lg+w) —lg —k) +6I, 1 —ivy, l) +my+2,

(Ij+wI+ 1) a&
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Nf
Mzf ——A(mj =1)B(mj =1)C(mj= 1)u j dt j 1—

'
Sf—1f—kf —iv

t
bI

X2+I If +f If kf +Sf' 1 Evpplf +graf + j. p

Q)

(2lj —2K)!(Ij—2K)
1 )Ic

2 j(lj K—)!(Ij m—j 2—K)!K!
'' Sf—1f—kf —f V

lj —1 ~j b 1

M3f A(m——f —0)B—(mj 0)D——(mf =0)u j d~ j 1—
0)

(68)

(69)

m

M4f A (mf ——0)B(rnj =0)E(rnf =0)u j d t
j 1—

b)
X pE~ lf +wf —lf kf +5f p 1 tv»—lf +wf + I p

QI

b)
', Sf—lf —kf —iv

P

(70)

b)
XgE) lf+wf If kf+5f 1 iv&, lf'+—wf+1,

Q)

(2lj —2K)!2K
( —1)",,

2'f(lf' K)t(lf' m—f' —2K—)IKl

I

M5f = A(mf =—0)B(mf 0)iwfd ~

——j u j &', (v)
lf0

b)
' Sf—lf —kf lV

(71)

(72)

b)
X2Ft lf+wf If kf+5fp1 Ivpplf+wf+1, (73)

The hypergeometric functions appearing in Eqs. (38), (41),
(44)—(46), (67), (68), (70), (71), and (73) represent terminat-
ing series. Recently we have developed a similar tech-
nique ' for the evaluation of these integrals in connec-
tion with electron capture from multielectron atoms in the
continuum intermediate-state approximation.

III. RESULTS AND DISCUSSIONS

The wave functions of the target atoms, helium and
lithium may be expanded onto the basis of Slater-type or-
bitals with the help of Eqs. (10), (11), and (12). The
Slater-orbital exponents of the target atoms are presented

TABLE I. Description of orbitals of s symmetry of the target atoms.

Orbital energy {a.u. )

He 1s

Basis

1s
1$
1s
1s
1s

$

orbital
exponent

1.417 14
2.376 82
4.39628
6.526 99
7.942 52

4(1s) expansion
coeff&cients

—0.91795
0.768 38
0.223 46
0.04082

—0.00994
0.002 30

4(2$) expansion
coefficients

Orbital energy
Li 1s 2s' 1s

1s
2$
2$
2$
2$

2.476 73
4.698 73
0.383 50
0.660 55
1.07000
1.632 00

—2.477 73
0.897 86
0.11131

—0.00008
0.001 12

—0.002 16
0.008 84

—0.19632
—0.146 29
—0.015 16

0.003 77
0.980 53
0.10971

—0.11021
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Qt, i =Qi, +Q2, +Qi~+2 0&1(Qs, +Qs~+Qsd), (74)

as the contributions from the higher excited states are

p4

E0 -f7
[Q

C:o
+J
QP

Ch
tfJ

C3

CLl
I lQ

CL

C3

l I I I I I

1.0 ).4 1.8 2.2 2.6
Projectile Energy («&)

FIG. 1. Capture into all states by He + ions in lithium
atoms. Theory: ———present results for capture from the E
shell; —"—present results for capture from the L-shell;
present results for capture from all shells of He; —.—.CTMC
calculation (Ref. 10). Experiments: 'I, McCullougli et al. (Ref.
32); g, Shah and Cxilbody (Ref. 25).

ed in Table I.
In support of the present method we have calculated

the J and K integrals in Eqs. (2) and (3) for a few low-

lying bound states and compared the present computed re-
sults with those obtained by the help of parametric-
differentiation technique. Identical results were found in
both the methods for some particular values of the input
parameter. We have also reproduced the results of Belkic,
Gayet, and Salin for the H+ + Li collisions.

Calculations have been carried out at incident energies
between 800 and 2500 keV for capture into all final states
with n &3 for He ++ Li(ls,2s) collisions, between 200
keV/amu and 4 MeV/amu with n &4 for Li + + He(ls),
between 12 and 25.5 Mev with n &5 for C ++ He(ls)
and for 0 + + He(ls) collisions we have calculated our
results at incident energies between 20 and 40 Mev for
capture into all final states with n & 5. The present calcu-
lated total cross sections are displayed and compared with
the existing theoretical results and available experimental
findings.

In Fig. 1 and Table II(a) and II(b) we present the E-
shell, L-shell, and the total capture cross sections evaluat-
ed by applying the n law for n &3. The theoretical
values are obtained from the relation
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FIG. 2. Capture into all states by Li + ions in Helium atoms.
Theory:, present cwork; ————UD%A calculations
{Ref. 11}. Experiments: , Nikolaev et aI. {Ref. 27}; 0, Pivosa

var, Leuchen Kg, and Krivonosou {Ref. 28); CJ, Shah, Elliot,
and Gilbody {Ref.26).

found to be negligible. It is explicitly clear from Table
II(a) and II(b) that the dominant contribution for single-
electron capture comes from the final He+(1 s) state
which is quite expected as the binding energy of the E-
shell electron is near resonance with the final He+(ls)
state. At 800 keV, E-shell capture contribution from the
core is about 97% of the total cross section and rises to
99% at 2500 keV, whereas I.-shell electron capture cross
section is only 3% at 800 keV and 1% at 2500 keV. We
can, therefore, conclude that the single-electron capture
process is primarily due to E-sheB electron over most of
the energy' ' range. We have also observed that the con-
tribution for L-shell electron capture increases with the
decrease in projectile energy. In Fig. 1, we compare our
results with the CTMC' results in the intermediate ener-

gy region and with the experimental results of McCul-
lough et al. as well as of Shah and Gilbody. In the in-
terrnediate energy region our results overestimate the
CTMC results and the experimental findings of both
Mccullough et al.32 and Shah and Gilbody, ~5 while in the
high-energy region the present calculated results are in

good agreement with the observed findings.
In Fig. 2 and Table Ill the results for the Li ++ He
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collisions have been presented at incident energies between
200 keV/amu and 1 MeV/amu with n &4. Calculations
have been performed by applying the n law for n &4
and are given by

Qtot =Q is+ Q2 +Q2p+ Q3s+ Q3p+ Q3d

+2.561(Q4, +Qsp+ Q4d+ Q4/),

as the contributions from the next-higher excited states
are found to be small. We have compared the present cal-
culated results with the theoretical UDWA results of
Suzuki et al." and with the experimental findings of Ni-
kolaev et t21., pivovar, Leuchen Ko, and Krivonosov, 2s

and Shah, Elliot, and Gilbody. %e observe that above
200 keV/amu, our results are in satisfactory agreement
with both the theoretical results of UDWA and the exper-
imental findings, but slightly overestimates the results of
Shah, Elliot, and Gilbody. We have also noted that the
major contribution for single-electron capture comes from
the final Li2+(ls) state at and above 500 keV/amu. Our
results for the total capture cross section at 4 MeV/amu
(not shown in the figure) is 3.14K 10 cm which un-

derestimates the theoretical values of Sidorovich, Niko-
laev, and McGuire" calculated in the Bassel and Gerjuoy
approximation' where they have not taken into account
the contributions from the higher excited states. Unfor-
tunately, no experimental result is available at this energy
value to compare the theoretical methods.

In Fig. 3 and Table IV we present our calculated results
for C6+ + He collisions whereas in Fig. 4 and Table V we
present the corresponding results for the Os+ + He sys-
tem. The theoretical results for the total cross sex:tion for
the C + + He collision have been calculated by applying
the n law for n & 5, which is given by

Q tot =Q is +02s +Q2p +Q 3s +Q 3p +Q 3d +Q4s +Q4p +04d

+Q4y +2 047(Qss+ QSp+ QSd+ Qs/+ QStt)

as the contributions from the higher excited states are
found to be quite small in the total capture cross section.
To justify the n law we have also calculated the cross
sections for n &4 and observed that the results obtained
for n )4 and n ) 5 differ to the maximum extent of 9%
up to 18.5 MeV and at 25.5 MeV the difference is within
5%. It should be clearly mentioned here that if one takes
the higher values of n, the difference may, however, be
minimized. But in our calculations, if we take higher
values of n, the summations in Eq. (53) will lead to pre-
cisional error because of the occurrence of nearly equal
terms with alternating signs. %e have compared our calse

culated results with the experimental findings and ob-
served that our results are in reasonably good agreement
with the values of Dillingham, Macdonald, and Richard '

in the energy region considered.
For 0 + + He collision, calculations for the cross sec-

tions have been performed by applying the n law for
n & 5 at incident energies between 20 and 40 MeV. The
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10
Cl

CV

6+ 5+ +
c+we(&&) = c(xni)+ HI

Richard ' above 25 MeV, but overestimates slightly (Fig.
4) the values of Hippler et al. and Macdonald and Mar-
tin below 35 MeV. It is to be mentioned here that the
experimental values are found to differ from one another
through the energy region considered. Table V indicates
that the contribution to the capture cross section from the
n =3 level is maximum. The theoretical results of
CTMC and UDWA (not shown in Fig. 4) show fair agree-
ment with our calculated results in the intermediate-
energy region. Comparative study of Figs. 1—4 indicates
that there is a uniform decrease in the values of the cross
sections with the increase of incident projectile energy and
also with the increase of the principal quantum number n.

IV. CONCLUSION

1Q i I i I i I

10 14 18 22 26
Projectile Energy (MeV'}

FIG. 3. Capture into all states by C + ions in helium atoms.
Theory:, present work. Experiment: 0, Dillingham,
Macdonald, and Richard (Ref. 31).

cross sections thus obtained have also been compared with
the cross sections obtained for n )4. We have observed
that the two results differ by about 7%. We have com-
pared our calculated results with the existing experimental
findings and observed that our results are in good agree-
ment with the values of Dillingham, Macdonald, and

+os++ HI{&I)~o'~{ant) + He

~~

IA 1Q
CP

CLP

A$

O ~o-19

20 3Q 40
Projectile En erg y (MeV )

FIG. 4. Capture into all states by 0 ions in helium atoms.
Theory:, present cwork. Experiments: Q, Macdonald and
Martin {Ref. 29); 0, Hippler et al. (Ref. 30}; g, Dillingham,
Macdonald, and Richard (Ref. 31).

The present paper has been aimed at developing a gen-
eralized method for the evaluation of Coulomb integrals
containing the product of the Coulomb wave function
with Slater-type orbitals in a closed form in terms of the
Gaussian hypergeometric function in a terminating series.
The present method finds convenient numerical computa-
tion to obtain the charge-transfer cross section into arbi-
trary n, I, and m states of the fast fully stripped projec-
tiles from the multielectron atoms in the framework of
the continuum distorted-wave approximation. We have
obtained detailed theoretical predictions on single-electron
ca ture cross sections for Li + + He, 0 + + He,
C + + He, and He + + Li collisions which are found to
be in good agreement with recent experimental data in the
intermediate and high-energy region. In the present inves-
tigation we have used the active electron approximation
ignoring the effect of the passive electrons as in the case
of CDWA, SPBA, and other high-energy approximations.
The experimental values, particularly in the case of the
0 + + He collisions, differ considerably between them-
selves throughout the energy region considered. Further
experimental investigation and theoretical calculation by
using a more realistic potential for the target may be sug-
gested. In view of the success in predicting the cross sec-
tions for fully-stripped-ion —atom collisions in the
intermediate- and high-energy region, this method may be
helpful in connection with diagnostic techniques for
studying the role played by the impurities in neutral-beam
heating of fusion plasma.
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