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A method for the calculation of cross sections for electron capture into arbitrary n, I,
and m states of fast bare projectiles in collisions with fully stripped ions and ground-state
hydrogenic targets has been proposed in the framework of the continuum distorted-wave
approximation. The charge-exchange amplitude has been reduced to a one-dimensional
integral in real space which is very convenient for numerical evaluation. The present
method is applied in Li*+-H(1s) collisions and the calculated cross sections are in excel-
lent agreement with the experimental data for the incident energies E > 700 keV.

I. INTRODUCTION

The study of charge-transfer processes between
fully or partially stripped ions with atomic hydro-
gen has recently attracted a great deal of attention
both theoretically as well as experimentally in con-
nection with fusion research.! The reactions for
the above processes are of the form

(Zp—D+

xZ* L H(1s)>X +H*Y, (1)

where X7 represents the incident ion. If the in-
cident ion is fully stripped so that Z, is equal to
the nuclear charge, the ion X "* " is hydrogenic
and characterized by a set of single-electron quan-
tum numbers nlm. Electron capture from a hydro-
gen atom by a highly stripped impurity ion in a
confined plasma can reduce the penetration of the
energetic neutral hydrogen beam which is injected
to heat the plasma. Thus the cross sections for
electron capture from hydrogen atoms by highly
stripped ions of carbon, oxygen, silicon, molybde-
num, etc., which are present in tokamak plasmas,
are considered to be one of the rate-determining
processes in plasma heating. Experimental investi-
gations to determine the charge-transfer cross sec-
tions between fully or partially stripped ions with
atomic hydrogen have recently been reported by
several workers.?~!7

Previously the theoretical investigations on
charge-transfer processes were mainly confined to
the calculation of cross sections involving collisions
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of atoms with protons and alpha particles. But re-
cently, with the advent of multiply charged ion
sources, theoretical interest has been focused on the
investigation of multicharged ion-atom collisions.
However, quantal calculations suffer from serious
computational difficulties because with the increase
of the projectile charge, the electrons are captured
into increasingly higher principal shells of the pro-
jectile. For this reason, few theoretical studies
have been made of capture into multiply charged
heavier ions in the quantum-mechanical approach.

On the other hand, some classical and semiclas-
sical approaches have recently been suggested to
get an estimate of the capture cross sections for the
heavy stripped ion-atom collisions. Using the
Landau-Zener model, Salop and Olson'® first cal-
culated theoretically the cross sections for charge
transfer between the ground-state atomic hydrogen
and stripped ions of C, N, O, Ne, Si, and Ar.
When the velocity of the incident ion is small com-
pared to the orbital velocity of the bound electron
of the target, the wave functions for the system
can be conveniently represented in terms of com-
bination of molecular orbitals. In this velocity re-
gion Vaaben and Briggs'® have obtained charge-
transfer cross sections for C®*-H collision using an
eleven-molecular-state expansion. Harel and Sa-
1in?® have performed three molecular-state calcula-
tions for Be*t-H and O®*-H collision cases,
whereas Salop and Olson?! performed a six-
molecular-state calculation to determine the charge
transfer in C%*-H collision. Olson and Salop?
also applied a classical trajectory Monte Carlo

2551 ©1982 The American Physical Society



2552 DATTA, MANDAL, MUKHERIJEE, AND SIL

method to calculate the charge-transfer cross sec-
tions between the ground-state atomic hydrogen
and some fully and partially stripped ions. At
higher velocities it is more appropriate to use ap-
proximations based on truncated two-center atomic
expansions®>2* and these are quite convenient over
a range of laboratory energies 5—200 keV amu ™!
for an incident proton or an alpha particle in
which case the number of channels to be con-
sidered is small. As the charge of the incident
projectile increases, the number of states that give
significant contribution in the cross sections be-
come large and it is quite difficult to include all
the states of importance in the coupled-channel
calculation.

Ryufuku and Watanabe? have recently
developed the unitarized distorted-wave approxi-
mation (UDWA) and absorption-model calculation
to study the capture cross sections for collisions of
fully stripped projectiles such as H+, He?*, Li*T,
Be't, B**, and Ot with atomic hydrogen. For
the UDWA all the interactions among the product
channels are ignored and the matrix elements are
treated as in the case of resonant charge transfer,
whereas in the absorption model the product chan-
nels are considered to be closely coupled and the
transferred electron is assumed not to be recap-
tured by the hydrogen ion. In the low-energy re-
gion Bottcher?® has attempted the same problem by
employing the impact-parameter treatment using a
model in which the curve crossings involving an
initial state and a number of diabatic states are
considered. Bottcher?® simplified the calculation
by considering stationary atomic states in the S
matrix instead of the moving atomic states used by
Ryufuku and Watanabe.?’

The prospect of application of the close-coupling
method to highly charged ion-atom collisions in
the intermediate- and high-energy region is not
very hopeful due to the increasing number of open
channels, so one is prone to seek a two-state ap-
proximation that could be able to yield, with
moderate computational effort, reasonably good re-
sults in the aforesaid energy region. The two-state
atomic-expansion method of Bates?’ have recently
been applied by Bransden et al.,?® to calculate the
cross sections for capture by He?*t, Li*t, Be**,
and B>* ions from atomic hydrogen over the range
of incident laboratory energies of 5—200
keVamu~!. These authors have developed a stan-
dard computer package to obtain the overlap and
exchange matrix elements for any arbitrary values
of n, I, and m using a method proposed by Sin Fai
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Lam.” Their calculated cross sections agree rather

well in shape with the experimental data, but al-
ways overestimate the experimental findings®'*
throughout the energy range of the projectiles con-
sidered. Datta and Mukherjee®® have applied the
Coulomb-Born (CB) approximation to obtain the
charge-transfer cross sections from the ground
state of atomic hydrogen by the fully stripped
helium-ion impact and in the intermediate- and
high-energy region their results show quite good
agreement with the experimental results. Using
the same approximation, Mandal et al.’! have re-
cently made a theoretical investigation on Li**-H
collision system which takes into account the effect
of the Coulomb repulsion between the proton and
the positively charged Li2* ion left in the final
state, after the completely stripped lithium ion has
captured the electron from the target hydrogen
atom. The cross sections obtained by the CB ap-
proximation are found to be in excellent agreement
with the experimental results® throughout the ener-
gy region considered except at the low-energy re-
gion (E <275 keV). The calculated values of the
capture cross sections reported by different au-
thors?22>2 except Mandal et al.*! are found to
overestimate the experimental findings in the
intermediate- and high-energy region. Some new
theoretical results may perhaps prove worthwhile
in clarifying the situation and the present work is
an attempt towards this direction.

It has become increasingly apparent that the
first-order methods may be inadequate in dealing
with electron-capture processes and it is now well
established*?—3* that one should take account of
the second-order terms to obtain the correct high-
energy behavior of charge-transfer cross sections.
Halpern and Law>® have pointed out that the
method due to Jackson and Schiff*¢ yields unphysi-
cal results for highly stripped ions, although it
leads to reasonable results for H*-H collisions.
Various types of second-order methods such as the
impulse approximation,’”~* the continuun-
intermediate state*! (CIS), and the continuum-
distorted-wave*? (CDW) method have been pro-
posed in connection with the calculations of
charge-transfer cross sections in the high-energy
region. In the CDW approximation, first intro-
duced by Cheshire,* the associated amplitude for
electron capture contains transitions into and from
the intermediate states of the continuum. The am-
biguity concerning the part played by the internu-
clear potential is avoided as no term containing the
internuclear interaction V' (R) occurs through the
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perturbing potential. On the other hand, correct
boundary conditions for the charge-exchange prob-
lem are preserved by taking into account the dis-
tortion of the wave function due to the internu-
clear Coulomb potential. The energy dependence
of the capture cross sections in the high-energy
limit are in agreement with that predicted by the
second-Born approximation.** A full quantal ver-
sion of this approximation is given by Gayet,*
where it is shown that the CDW approximation is
obtained as the rigorous first-order term of a per-
turbation series.*’

For charge-exchange reactions such as H*-H,
Ht-He, and He?*t-H, the CDW method is in ex-
cellent agreement*®—*® with experiment in the ener-
gy range E > 100 keV. It is well known that the
excitation and the ionization processes dominate
over the charge exchange at high-impact energies.
Since all channels are open, the final state of the
system can be reached in many ways through dif-
ferent elastic, inelastic, or breakup intermediate
channels. Owing to the above-mentioned relative
importance of inelastic processes, it is expected
that the inclusion of intermediate channels describ-
ing the excitation or the ionization of two-body
subsystems can considerably influence the charge
transfer at high energies. The continuum inter-
mediate states are properly taken into account in
the CDW approximation and since the CDW
method allows for the distortion of the bound elec-
trons by the incident and scattered ion, it is expect-
ed to give reliable results in the calculation of the
cross sections involving collisions of highly
charged ions with atomic targets. Although an ex-
tensive study has been performed for collisions of
lighter ions with atomic targets, not many detailed
calculations have so far been reported for heavy
stripped ion-atom collisions using the second-order
approximations. Belkié et al.* have recently cal-
culated the charge-transfer cross sections in the
ground state and 2s, 2p, 3s, and 3p excited states
for Li3*-H collision system and gave an estimate
for the total-capture cross sections assuming the
validity of the n —3 law from n >4 level. Capture
into the 3d state of Li** ion is also quite impor-
tant since the third-energy level of Li** ion is in
resonance with H (1s). Belki¢ et al. have, howev-
er, ignored the contribution of capture into the 3d
state of Li’* ion in their calculation for the total-
capture cross sections. Further, in their calculation
for the capture cross sections of the higher excited
states, they have used the repeated parametric dif-
ferentiation technique with respect to suitable
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parameters.

As the charge of the incident projectile increases,
capture cross sections will dominate from higher
values of the principal quantum number n of the
captured states. The customary procedure for the
calculation of cross sections for such high quan-
tum states involves the process of repeated
parametric differentiation of the relevant generat-
ing function. The number of such differentiations
increases with increasing values of n and I. The
generation of higher excited states by this pro-
cedure makes the problem almost untenable. An
alternative procedure which avoids the use of the
successive parametric-differentiation technique is
necessary to deal with the calculation of cross sec-
tions for capture into arbitrary n, I, and m states of
the projectile. The present paper is aimed at
developing a method for the calculation of cross
sections for capture into an arbitrary »n [, and m
states of fast projectiles in collision with a fully
stripped ion and a ground-state hydrogenic target
in the framework of the CDW approximation.

The present method reduces the scattering ampli-
tude to a one-dimensional integral in real space
which is convenient for numerical evaluation. Our
proposed approach is quite straightforward and
rather simple in the sense that one can easily ob-
tain all the cross sections from a single computer
program. This enables one to make a comparative
study of the dependence of charge-transfer cross
sections on the quantum numbers n, I, m and also
on the projectile charge. This method has been ap-
plied to calculate the charge-transfer cross sections
for the "Li3*-H collision system and the results
obtained are compared with the previously reported
theoretical results?>2>2%3! and the existing experi-
mental observations.®

In Sec. II the formulation based on the CDW
approximation is reviewed.** Our method for the
evaluation of the scattering amplitude is described
in Secs. III, IV, and V. In Sec. VI the numerical
results for the cross sections are presented and dis-
cussed. Finally, in Sec. VII, a concluding sum-
mary of the paper is given. Atomic units are used
throughout the paper, unless otherwise stated.

II. FORMULATION
OF THE CDW APPROXIMATION

Let T}, T, and T, be the respective position vec-
tors of the target nucleus, electron and incident
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projectile for the process (1) in an arbitrary Galile-
an frame. We introduce the coordinates

FES AR A
$=7r,—Tp, ()
R=71p—T1,

Let T, be the position vector of the projectile rela-
tive to the center-of-mass of the target, while T'g is
a similar vector with the target nucleus and the
projectile interchanged. They may be written as

J

- _p  MTAMT,

T MM,

— - MP?P+MeFe

B:rt—-————“———, (3)
MP+Me

where M,, M,, and Mp are, respectively, the
masses of the target nucleus, electron, and projec-
tile. Gayet* has shown that, in the limit

M, /u—0, where p is the reduced mass of the
whole system, the CDW approximation can be ob-
tained in the series expansion of Dodd and Greid-
er.* The “post” form of the transition amplitude
in the wave formalism of Dodd and Greider*> may
be expressed as

TP+ =(0f~ |0 0p— Wyl 148 W —Wood | BFF) . @
An analogous expression for the “prior” form of the transition amplitude is given by
T3P~ =( 0] |wp* (148 (g — Wp)T (va — Wologd | 9FF) , )
[
where
Z 7 Hpgy=Hg+Wgy . 9)
P |22,
Va=""" TR H, and Hg are the Hamiltonians for the entrance
7 7.7 and the exit channels, respectively. The operators
vp=——+ e w7 and og are defined by
X R
Wo=wa+Waa (6) @ =1 ~Hag—artie e,
a—Ya ad »
wg =14+(E—Hgj—wg—ie) ‘wg . (10,
Wa=wg+ Wi , g=1+ pd—Wp B

gd =(E —H +v,+ie)™".

w,,wg are the distorting potentials which depend
only on T, and T, and W,, and Wy, are the
Coulomb distorting potentials such that ®f* and
<I>5-9 ~ contain the correct asymptotic Coulomb
phases due to the Coulomb interaction between ag-
gregates in the entrance and exit channels, respec-
tively, and v, is the potential corresponding to a
virtual intermediate channel x. The asymptotic
states are defined as the solutions of the following
equations:

(Hoq—E) | Df ) =(Ho+Woq—E) | @) =0,

(7
(Hpgg—E) | @8~ ) =(Hpg+Wp—E) | ®57)=0,

)

where
H ad =H at Wad

and

H and E are, respectively, the complete Hamiltoni-
an and the total energy of the whole system. In
order to calculate TZ5* given by expression (4), let
us set

IXEt) =0f | @8 )= | OHZ)f(TL)),  (11)

which has the same asymptotic behavior as
| ®F*). We require in Eq. (4) the function

&) =[4gt wa— W[ XFT),  (12)

which in the limit e 07 satisfies the following
equation:

(E—H+v,) | E8T)=0, (13)
provided that
vy | XFT)=0. (14

The solution of equation (13) may be written in the
form

&)= | PFX)AT) , (15)

such that
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£ — @f(exp iEa°f'a+i@1n(kara—l_€a-?a) . (16)
Equation (13) may be written as

QRNE —€—Ho—vo)h *+ 1T, B Toh * +0,67% =0, a”
€; being the energy of target atom, where

Hy=——v2 Ly Lo Lo opmM/M+M,), b=M,Mp/(M,+Mp) .

e e 2a % 2ug "B 2b
(18)

Ka and pg are the reduced masses in the initial and final channels, respectively. Instead of choosing for v, a
local two-body potential, Gayet* takes v, as an operator such that applied to an arbitrary function ¥ of X
and T, (or § and Tp), the following relationship holds:

b W= -%\7&;’(3{')-\7,‘[\1//@(1')1 : (19)

Equation (17) becomes separable in the variables § and T if R is replaced by —T'g, which is justified in the
limit Mp,, >>M,. The solution of 4+ becomes*

h +=,u—ivPN(Vp )N(v)exp(iﬁa-?a)lFl(ivP;l;ivs +iV-8 ) Fi(—iv; l;ikar5+iEa'?ﬂ) , (20)
where

N(vp)=T(1—ivp)exp(mvp/2),

N(v)=T(1+4iv)exp(mv/2),

vp=Zp/v, 21
v=ZpZ;/v , |
v==ky/lt .
Ea is the momentum of the projectile in the initial channel. The state vector in the exit channel is given by:
X8~ ) =g | ®F7) . (22)
We require |X?~) as:
|X6=)= |0~ (5)m~), (23)

where 4 ~ is chosen to be a continuum wave. In the limit e>0%, |X f ~ ) satisfies the equation:
(E—H+vg—Wp) | X87)=0 (24)
with the appropriate boundary condition:

- Z(Zp—1) -
X8~ — @f(3)exp _ikﬁ-?ﬁ_i%—ln<kﬂrﬂ_k,,-?ﬁ) : 25)
rﬁ—>oo
Equation (24) reduces to
(E —€;—Ho—vp)h -+%V}<1>f(§)-€7’,h 4+ Ug[®83)h~1=0, (26)

where Ug=vg— Wy and ¢; is the energy of the final bound state. Choosing Ug as an operator analogous to
v,V such that
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b
the solution of Eq. (26), in the limit Mp, >>M, becomes

Up¥=—~¥,083)-¥,[w/08(3)], @7

49

h= =" N* (v, IN*(v)exp( —i K . Tg) F1(—ivg; 1; —iv'x —iV " XN Fy(iv;1; —ikgra—iK g Ty) 5

(28)
where
vw=2,/v",
V=ZpZ, V', (29)
v'=kg/u .

Eﬁ is the momentum of the scattered particle in the final channel. In the limit Mp, >>M,, the “post” form
of transition amplitude becomes

TEP+ = — [dTpds BHRIN*+ T, 8)*(3) T,h—* . 0
An analogous expression may be derived for the “prior” form of the transition amplitude:
TEP~ = — [dF,d% )" ($)h ~* T, &HX) - V,h* . an

The expressions of T,"}Bi in (30) and (31) may be reduced to that given by the continuum distorted wave of
Cheshire*? when one replaces the product

[N(V)]2 1F1( —iv; l;ikarﬁ+fEa‘?B)1F1( —1iv; l;ikﬁr,,—}—ifﬁ'f'a) s (32)
by its asymptotic limit when Mp,— . Introducing the usual vectors 7 and p  such that
ﬁ:ﬁ—}—z ’
- M (M, —Mp) €, —E€;
a’—‘—’ﬁ‘f‘ e t P + i ; j

=~
-

5— v, (33)

TV=7Z=pV=pZ2=0,

17 being the component of momentum transfer in the plane perpendicular to vV, Gayet* showed that the
limit of (32) takes the form (uvp)*.

Since scattering at small angles contribute to the total cross section, one has v'~v. The transition ampli-
tude of the CDW approximation for forward capture is

Tij*¥* = TN(v) [ dTpd’s (uvp)*” expliB-X +iq-$)Lij*P* (34)
where

N()=T(1—iv,)[(1—ivp)exp[ 3 m(vp+v,)] ,

- €—¢€ M, |

p— 1’ U2 + 2 v,
6—€ M

q=7+ |—5-—=" |V, (35)
" 2

LEP* —QF(X)\Fy (ivy; Lyivs +iV-5)V,®}*($) ¥, Fy(ivg; Livx +i°%) ,
B, — —
L,-'j-‘ﬁ—= FSWFi(ive; Livx +iV-X)V, DHX)V (F(ivp; Livs +iV-3) .

In the present investigation, since we are dealing with exact bound-state wave functions, there arises no
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post-prior discrepancy. Then neglecting all unimportant phase factors which do not contribute in the total
capture cross section, the prior form of transition amplitude becomes

T¥ =—NwJ K, (36)
where

T = [d% explip-X)[ Vo ®FE) 1 F1(ivg; Livx +i-X) (37)

K= [d3 expliG-$ )" ($)V, 1F ivp; Lyivs +17-3) . (38)

This form of transition amplitude (36) has also been used by Belki¢ and McCarroll*® to investigate the pro-
jectile charge dependence of electron-capture cross sections in the CDW approximation. The total-capture
cross section is calculated using the relation
2
Q= f 7

T8 (if
Ty ) dif . (39)

2V

III. EVALUATION OF THE INTEGRAL ¥

The ground-state wave function of the target atom is
- 1
DHX)= —\/?(Z’ P/ 2exp(—Z,x) ,

Z, being the nuclear charge of the target. The 3 integral in Eq. (37) can be expressed as
1

—

ZS
=i | =

/2
N _, exp(ip-X—Zx)
p fodx x

Filive; ivx +iv-X) . (40)

We, now use the integral representation’! of the confluent hypergeometric function

Folic:1:2) 1 Sﬁ«)+,1+>dt .t Jexplzt)

i liz)= 271 Ir pla,t)explzt (41)
with

plla,t)=t"*"Y (¢t —1)"%, (42)

I' is a closed contour encircling the two points 0 and 1 once counterclockwise. At the point where the con-
tour crosses the real axis to the right-hand side of 1, arg() and arg(¢ —1) are both zero. After proper rear-
rangement J integral becomes

172
Z}

-

= = 1 o iv—1 _iv, exp[ —(Z, —ivt)x +i (P +Vt)-X]
J=i| = | Ve @ faraz™ a7 ~ : 43)
|
Performing the space integration I integral Thus we have
reduces to 75 1/2 . B —iv,
12 Jedmi |25 Vo— |11 )
J — ami Z e 1 T=AS P4, 4,
- T P omi
1/2
, . 1 z} s
iv,—1 1y in 44 = 41i -t et
X¢l"dtt (t—1) Al"‘Blt (44) m P p2+ztz
with _iv,
2AP-V—iZw)
—p24+ 72, - (46)
Ai=p % [ (p*+2Z2)

B,=2iZyy—2P"V . (45)
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IV. EVALUATION OF THE INTEGRAL K

The K integral in Eq. (38) may be expressed as
= = —, expiq-S) By,
K=vV,,fds %d)j*(s)
X]F](iVP;l;iUS+iV'§) . (47)
The final bound-state wave function characterized

by the set of quantum numbers #n, /, and m may be
written as

DEZ) =@y (5) =Nyt Rt (5) Y3, (8) . 48)
N, is the normalization constant given by
172
2y, ) *1 (n—1—1)
Ny = — Vn Vn 49)
(n+D! nn+0)!

with ¥, =Zp/n. R,(s) is the radial wave function,
Y}, () being the spherical harmonics. R,;(s) may
be written as

Ry (s)=s"exp(—y,s )ILX ' 2y,s) , (50)

where L;(x) is the associated Laguerre polynomial
of degree p and of order v. We use the integral
representation’! of the confluent hypergeometric
function

Folive:1:1)= 1 (0+,1+)d
WFilivp; 1t)= - ¢r z exp(zt)

Xp''(vp,z)

(51)

with

vP—l(z N 1)——ivP ]
I' is a closed contour encircling the two points 0
and 1 once counterclockwise. Making use of the
above relations, we obtain the K integral as

p"(vp,z)=2" (52)

- =g 1 ”
K=N,,,va,,2—ﬂ_ig5rdz p"(vp,2) , (53)
where
_ . .—’ .—-y 3 ~
I=[as SR TE (’QSH”’SZ) Ry(5)Yi (8 (54)
and
Q=g +7vz. (55)

Following the integral representation® of the
Laguerre polynomial

L% (27,9)

(n +1)!¢ dt exp[ —2y,st/(1—1)]
2ri C (1——t)21+2t"_1

(56)

(the contour C encloses the origin), we obtain the
integral I in Eq. (54) as

1 dt
I=—(n +l)1%¢c(l—_t)ﬂﬁt—mll s (57)

where

I,=fd§' expl( —MZ—HQ-S)SIY;"(SA) ’

(58)

and

=Vn

11—t

1+ J —ivz . (59)

To evaluate I; we first expand e’ 2" S in terms of
the spherical harmonics, i.e.,

exp(iQ-8) =47 il /(05) Y (0) Yipe(8) .
LM

(60)

Then the integration over the entire solid angle in
(58) yields

I]=4qri’Y}',‘"(Q\)fow Jy(Qs)s'+! 61)
Xexp(—us)ds .

Using j(Qs)=V'7/2QsJ; . 1,5(0Qs), the radial in-
tegration in (61) can be easily performed using the
relation,>?

(2B8)T(v+7)
‘/;(a2+32)v+ 172 ?
(62)

S expl—ax)d (B )x dx =

(Rev> — 5 and Rea> |ImB|) .
The integral 7, in (61) reduces to
I =415 (0)2Q) /(u2+ Q) +1 (63)
Putting the result of (63) in (57) we get
I=—(n +DMrlli'YE, (D) 20) -1
2mi

F(t)dt
C yn —1

X

The function F(¢) is given by
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F(t)=[A(1—2Bt 4+ Dt?)]~U+V (65) The coefficients C),(z) of the above series are the
) Gegenbauer polynomials of degree u and of order
with v. Thus
A=(y,—ivz)*+Q?, ©
F(t)y=4—+03 il (Mgt (68)
B=(Q?—v%*—92)/4 , (66) Eo @

D =[(y, +ivz)*+Q?]/A . with

We employ the following expression’*:

. A*=B?/D and ¢*=D . (69)
2y—v__ v
(1—2uz +u”) ~“§OC#(Z Jub'. (67) Substituting (68) in (64) one obtains
J
N 1 dt &
. -1 lg—U+1)_2 1+1
I=—(n +DM4alt'Y}(0)(20)'4 40— $ ot 2 G Mgt (70)

v=0

Since the contour integral is equal to 27i times the sum of the residues at the singularities within the con-
tour (here the singularity lies at the origin only), we can easily find the result by collecting the coefficients
of ¢t ~! from the expansion of the integrand in terms of . On substitution of the result of contour integra-
tion we obtain

I=—(n +DM4rli'Y3,(0)2QYCr ] (MDA, (71)
where we have put

A2=[(7/,,+ivz)2+Q2]"“"1A —(n+141) . (72)
Substituting the value of I given by (71) in Eq. (53) for K integral, we get

N N (0+,14) vy — —iv A

R (0 4+ DMl N Vo =G 2™ e~ 1) v (81000 CH (WA 3)

V. EVALUATION OF THE TRANSITION AMPLITUDE T,~‘}3‘

After performing the dot product between the two integrals T and K, one obtains the transition amplitude
as

_ 1 ivp—1 —iv,
T3P~ =N 5= $dz 2" e =1 ""2f (2), 7

where
Nk =(n +Dal(2i)'Nymv ,
f(2)=C14"v2—C,4’B-V+C B'G-V—C,B'B-G +R;[Cy(vy —iv,) —Cy(p; —ip,)] ,
A'=a\R+aRyz—a,S,+a3H, ,
B'=a Ry +a,S1—a;Dy,
a;=Crti_1(MA,
a=Yi, ()0,

a, =Y (0)Q'C I (M),
Hl =P11(n-—1—3)/2A: v —-(n+I+3)/2H ,

D] =Pvl(n—~1—3)/2A: r —(n +I+3)/2Dl ,
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A" =(y, —iv2?+Q?,
Py =(y,+ivz)’+Q?,

2iy,
H=[n(Q2+72 —v%22)+(I +1)2iy,vz]—

D' =2[2iy,vzn +(1+1)(Q2+y2—u2z2)]
S1=472(02+7% +v%21) /(4" P} )>?
S, =4y22(Q*—vE —v zz)/(A"P )3/2

172
Z
__‘J (—iv,) 1
T

C1=81Ti

2PV —iZw) ]“”“‘

(p2+2Z27 (P*+z)
z 1" 2 AP —iZw) |
C2=4’ﬂ'l — 2 2,2 2 2
v, —1
4 2ABV—izZw) |
+(—wt)(p2+ztz)3 <p2+23; (B-V—iZw) |, (75)
(21—-2k)! I—m —1—-2k2k
Ry=Nr - 2( (l—k)!(l—m——l—zk)!k! z e
i 5(l—m —1) when (I —m) is odd ,
B —;—(l—m —2) when (Il —m) is even ,
oy | 2L D= |
R= 4r(l +m)! ’
L
_ 1 1 (21 —2k)! I—m —2kpn2k—2
Ro=Ne2™ 2 V"0 00 —m —2be -0 % 2

-;-(l—m) when (] —m) is even ,

(I —m —1) when (I —m) is odd ,

’

(21 =2k)!
(I —kNIl —m —2k)k!

-

m
R3=NR2_12(_1)k zl——m—2kQ2k(Qx_iQy)m—l
k=0

Lo %(l—m) when (I —m) is even ,
B %(l—-m —1) when (I —m) is odd .

The integral T,-‘}B_ in (74) may be equivalently written as

TSB_=—£7 exp( ~1Tvp)¢rdz 2 P(1—2)" """ f(2) (76)
where N =N (v)Njgx. T being a closed contour surrounding the points z =0 and z =1 once counterclockwise
and the lower part of T is located on the real axis. We choose this form for convenience of numerical
evaluation of the integral. To evaluate this one-dimensional complex integral (76) we adopt the procedure of
Mukherjee et al.,”> with some modifications. The function f(z) is free from singularity in the region

0<z < 1. For the evaluation of T,‘} ~ we introduce a function g(z)=z[f(1)—f(0)]+f(0) in the integrand
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by virtue of which the integrand vanishes at z=0 and z =1. We may thus write

aﬂ'—_l. iv —iv,
T = i exp(—'rer)¢rdzz P1—2) P[f(2)—g(2)+g(2)]. amn

Following Mukherjee et al.’> we convert (77) into a real one-dimensional integral as

B— N 1 iv —iv N
TS =E;[exp(—vvp)—exp(vvp)]fodzz P(1-2) ”F(z)+—2;exp(—1rvp)

X¢ dz sz+l —xvp[f(l) f 0)]
+—]—\Lex (—mv )¢ dzz_ivP(l—z)—iva(O)
2ri P P r ’
(78)
where
F(z)=f(2)—g(2) .
Since
exp(—mvp) ivo— —iv
—p—,—’-’—-gsdzz' P 1(l—z) ! Pexp(zt)=F;(ivp;1;t) , (79)
271
expanding the left-hand side and the right-hand side for powers of ¢ and comparing we get,
exp(—mvp) ivp —ivp .
o Ppdzz T2 =i (80)
exp(—mvp) ivp+1 —ivp 1
Tgﬁrdzz PP (1—2) P=Slivp)ivp+1) . (81)
We finally obtain the transition probability from Eq. (78) as
aB— __ ﬂ_ ! iv —iv )
Ty =5 [exp(—mvp)—exp(mvp)] [ dzz""(1—2) """ F (z)
+NY)F O+ D v ivp + DD —F(O)] (82)

To evaluate the one-dimensional integral in Eq. (82) numerically, we change the variable of integration from
z to y, using the transformation

exp(y)=(1-2)/z, (83)

so that the integral T = f dzz (1 z) "PF(z) in (82) reduces to the form

w exp(—ivpy) 0 exp(—ivpy)
T= ——————eJF(y)dy + ———e’F(y)dy . (84)
o Ti+exp]© ¥ f—“’ [texp 2
In the second term of (84) we put y = —y, and arrive at
w exp(—ivpy) explivpy)
S Ry + [ e IR (—y)dy . (85)

O [1+exp()] [1+exp(—p)*

These two integrals are now evaluated numerlcally using the Gauss-Laguerre quadrature method. To calcu-
late the total-capture cross sections Qu , the Gauss-Legendre quadrature method has been used for the in-
tegration over the transverse momentum transfer 7. The value of 7 has been increased stepwise until the
desired accuracy of 0.5% in the total-capture cross sections is obtained. In order to check the numerical
program developed for the present calculation, some known results®® for the total-capture cross sections into
a few low-lying states have been reproduced.
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VI. RESULTS AND DISCUSSIONS

Calculations have been carried out at incident energies between 100 and 1500 keV for capture into all fi-
nal states with n <4 for Li**-H(1s) collisions. In Table I, we have presented our results for the capture
cross sections, Q(n)=1,, Qum, into each complete shell as well as the individual cross sections in each sub-
level Q=2 Quim- In order to compare the observed data for the total-capture cross section
Q(total)=y,,Q(n), a correction term must be made for capture into a higher excited level with n>5. In es-
timating Q(total), we may assume that the cross section Q (n) is proportional to n 3 for n >5 as in the BK

approximation at high energies. This yields

Q(total) = Q(n)~Q 1+ Qo5+ Q2 + Q35+ Q3p+ Q3a+

=0(1)+0(2)+0(3)+2.5610(4) .

Using the values of Q(1), Q(2), Q(3), and Q(4)
obtained by the present CDW approximation, the
total-capture cross sections are calculated for each
individual energy and are included in Table I.
From the table, it appears that throughout the en-
ergy region considered the capture into the ground
state is almost negligible except at the highest ener-
gy of 1500 keV where it amounts to 10% of the
total-capture cross section. The small value of
ground-state capture is also predicted by Bransden
et al.,”® in their calculation for the charge-transfer
cross section in the multicharged ion-atom colli-
sions using the atomic-state expansion method and
also by Mandal et al.,*! in their calculation of the
CB approximation. From the present calculation it

Qus+Qup+0Q4g+Qur &
> 0B%(n)
b+ O +OM 0 S,

(86)

appears that in the intermediate-energy region
maximum contribution in the capture cross section
arises from the n =3 level of Li’* ion and this is
quite expected since the third-energy level of Li*
ion is in resonance with H(1s) in the capture pro-
cess, and as the n value increases the capture pro-
bability decreases, which is in correspondence with
the earlier calculations.?>?%3! This may be ex-
plained as the energy difference between the
ground state of atomic hydrogen and Li**(nlm)
ion increases with the increase of n (for n > 3), the
capture cross sections for the levels specified by

n >3 are expected to be small compared to the
resonating level (n =3). At higher energies of the
projectile, the capture probability is found to be

TABLE I. The present CDW cross section Q,(ma3) for charge transfer in "Li** + H(1s)— 'Li>*(nl)+H™ collision.

Energy E
in keV 01,=(Q(1)) (8 Q2 Q(2) Qss O3 (Y]
100 1.08(—1)* 9.26(0) 1.25(1) 2.18(1) 4.48(0) 2.81(1) 7.98(1)
200 1.43(—1) 1.56(0) 7.41(0) 8.97(0) 6.72(—1) 7.07(0) 1.37(1)
400 3.67(—2) 1.76(—1) 2.00(0) 2.17(0) 1.43(—1) 1.30(0) 1.59(0)
800 2.01(—2) 4.62(—2) 2.65(—1) 3.11(=1) 3.21(=2) 1.44(—1) 1.04(—1)
1250 1.33(—-2) 1.60(—2) 5.08(—2) 6.68(—2) 8.93(—3) 2.54(—2) 1.29(—2)
1500 9.81(-3) 9.46(—3) 2.39(—2) 3.34(-2) 4.87(—3) 1.16(—2) 5.13(-3)
Energy E
in keV Q@) Qs Qup Qua Qur Q0(4) Q(total)
100 1.12(2) 2.79(0) 2.57(1) 3.11(1) 1.82(1) 7.78(1) 3.33(2)
200 2.14(1) 5.03(—1) 5.08(0) 6.87(0) 3.51(0) 1.59(1) 7.15(1)
400 3.03(0) 1.03(—1) 7.99(—1) 9.19(—1) 3.64(—1) 2.18(0) 1.08(1)
800 2.81(—1) 1.89(—2) 7.99(—2) 6.47(—2) 1.77(—2) 1.81(—1) 1.07(0)
1250 4.73(-2) 4.78(—3) 1.32(-2) 8.13(—3) 1.71(—3) 2.78(—2) 1.98(—1)
1500 2.16(—2) 2.52(—3) 5.95(-3) 3.22(-3) 6.16(—4) 1.23(—2) 9.63(—2)

2The numbers in parentheses denote the powers of ten by which the numbers are to be multiplied.
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maximum at the second quantum level of Li®* ion
instead of the resonating level. This is attributed
to the fact that at high energy the capture proba-
bility is maximum at small values of impact
parameter and, consequently, the electron transfer
into the inner shells is more dominant. Thus the
n-dependent cross sections in the intermediate- and
high-energy region can be understood.

At intermediate impact energies, the I-dependent
cross sections Q,; indicate a maximum at / <n —1
for n =4, whereas the results for n =3 indicate a
maximum at / =n —1. In low- and intermediate-
energy region the effect of level crossing is respon-
sible for the electron transfer and, consequently,
the electron is mostly transferred into a state that
has a wave function indicating a large amplitude at
the crossing point, which usually has a smaller
value of / than n —1. At the higher energy, the
distributions are completely free from the influence
of level crossing, but are strongly affected by the
momentum-transfer effects and the cross sections
are gradually reduced with the increase of I. A
similar trend has also been observed in the earlier
calculations.?>?%3¢57  Although we have not shown
the m-dependent cross sections in the present table,
it has been found that the distributions over m for
given [ and n indicate a maximum at m =0 in the
intermediate- and high-energy region. This
behavior is also in conformity with the previous
calculations.?>3!

Belkié et al.,*® gave an estimate for the total-
capture cross sections in Li**-H(1s) collisions, us-
ing the relation

Q(total)= le+Q2s+Q2p
+2.081(Q3+ 0y +Qs0),  (87)

which is obtained by assuming the validity of the
n 3 scaling law from the level n > 4. Further,
they have not calculated the contribution of cap-
ture from the 3d excited state of Li** ion for
total-capture cross sections. In the present investi-
gation we propose to calculate the total-capture
cross section Q(total) by using the relation (86) in-
stead of (87). For Li** projectile, the use of the
relation (86) appears to be more justified in Li**-
H(1s) charge exchange because the n =3 level is in
energy resonance and the effect of resonant
behavior of the cross sections for capture into the
third quantum level of Li** ion is manifested in
the present calculation even below 800 keV. The
values of the total cross sections obtained by the
use of (86) is found to be about 9% higher than

that obtained by the use of (87) at the incident en-
ergy of 1500 keV. At 100 keV, this discrepancy
amounts to 24%. The origin for such a difference
in the values of the cross sections may be due to
the resonant behavior of the electron-capture cross
sections for the third quantum level of Li** ion.
Recently, Shah et al.,’ have empirically found an
approximately Z3 scaling law for impact velocity
greater than 1 a.u. More recently, Goffe et al.,'*
have further confirmed this law experimentally for
the impact of fully stripped ions, such as B>t
C%+, N+ ions with atomic hydrogen. However,
for the impact of H* the cross section becomes too
large by as much as a factor of 2 and shows a dif-
ferent velocity dependence. To study the behavior
of the cross section as a function of incident
charge of the projectile Zp is of special interest
theoretically. We have plotted in Fig. 1 the calcu-
lated capture cross sections divided by the cube of
the projectile charge [Q(total)/Z3] against the
equivalent proton energy obtained by applying the

T T T Trrrem

LB BLELERAR!

10—17

Q (total )/zf, (sz)

T 7 T T rrg

—18

T T T

10—'9 Lol 1 11

10 100 1000
EQUIVALENT PROTON ENERGY (keV)

FIG. 1. Ratio of Q(total)/Z} against the equivalent
proton energy in the CDW approximation. —, Present
results for the projectile Li**; ---, CDW calculation for
the projectile He?*+, Belkié¢ and Gayet, Ref. 48; Belkié
and Janev, Ref. 47.
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present CDW approximation in Li**-H(1s) col-
lisions and the previously reported CDW calcula-
tions for He?*-H(1s) collisions.*>*® From Fig. 1,
it appears that over an energy range 14—200

keV amu~!, Q(total)/Z} is the same for both the
projectiles, He?* and Li** ions, indicating a Zj
variation of the cross section. For a given relative
velocity, Crothers and Todd>® have also reported
that high-energy approximations, such as the BK,
CDW, and CIS model lead to a Z} variation of the
cross section. At a very large velocity, the BK
cross section® is proportional to Z3, however, at
lower energies the variation may be closer to Z2
which was predicted by Presnyakov and
Ulantsev.® The atomic-state expansion method
used by Bransden et al.,?® also exhibit roughly Z2
variation of the cross sections over the energy
range 10— 100 keVamu~!. It is clear that the as-
sumption of proportionality to a power of Z, is
rather too simple and the simultaneous scaling of
cross sections and velocities seems to be more ac-
curate as it has been pointed out by Ryufuku and
Watanabe?® and by Gardner et al.'° However,
such a procedure is basically an empirical interpo-
lation formula, since there exists no sound theoreti-
cal basis to conclude that the velocity should fol-
low the scaling law.

In Fig. 2 we present our theoretical values for
the total capture cross section in the energy range
100— 1500 keV and have compared them with the
recent experimental results of Shah et al.,® and
the previously reported theoretical calcula-
tions.?22%2831 The present results obtained by the
CDW approximation are found to be in excellent
agreement with experimental results in the energy
range E > 700 keV, whereas it grossly overesti-
mates the experimental findings at the lower-
energy side (E <700 keV). At 100 keV the calcu-
lated results show some discrepancy with the ex-
perimental results which is not unlikely because the
CDW approximation is a high-energy approxima-
tion and is not expected to be valid at low energy.
The values of the cross section estimated by the
Monte Carlo approach of Olson and Salop?? show
good agreement with the observed values at the
lower-energy side up to 300 keV, but beyond that
it grossly overestimates the observed findings.®
Moreover, the shape of the cross section as a func-
tion of energy appears rather different; the cross
sections decrease with the increase of energy more
rapidly showing complete disagreement with the
observed trend. This may be attributed to the
large statistical errors involved in this calculation.

3
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-
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FIG. 2. Total-capture cross section Q(total) for the
projectile 'Li** ion incident on ground-state atomic hy-
drogen. Theory: —, present CDW approximation;

— - —, UDWA of Ryufuku and Watanabe, Refs. 25;
---, Monte Carlo method, Olson and Salop, Ref. 22;
—-—, two-state atomic-expansion method, Bransden

et al., Ref. 28; —-—, Coulomb-Born approximation,
Mandal et al., Ref. 31; — — —, Born approximation,
Mandal et al., Ref. 31. Experiment: - Shah et al., Ref.
6.

The UDWA results of Ryufuku and Watanabe,?
on the other hand, give quite good agreement in
the low-energy region up to the incident energy of
400 keV, but beyond this incident energy the
UDWA results grossly overestimate the observed
values. This may be due to the fact that all in-
teractions among the product channels are ignored
in this method and the results thus obtained are
large especially in the high-energy region where the
direct excitation channels and the ionization chan-
nels significantly influence the cross-section results.
The capture cross section in two-state atomic-
expansion method used by Bransden et al.,?® agrees
rather well in shape with the experimental data but
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always overestimates the data in the intermediate-
and high-energy region. The UDWA cross sec-
tions, although agree well with the two-state cross
sections of Bransden et al.,”® at the higher energies,
are considerably smaller at the lower energies. The
cross sections obtained by the CB approximation®!
are found to be in very good agreement with the
experimental results® throughout the energy region
considered except at the very-low-energy region

E <275 keV, whereas the Born cross sections
grossly overestimate the total cross sections
throughout the energy region considered.

However, a rigorous close-coupling approxima-
tion based on the atomic-state expansion method at
the intermediate-energy region could give more re-
liable results for the cross sections. The increasing
number of open channels in this energy region
makes the coupled-channel calculations almost un-
tenable for highly charged ion-atom collisions.
Thus, in view of the success in predicting the cross
sections for Li3*-H collisions in the intermediate-
and high-energy region, the CDW approximation is
highly encouraging to give an estimate for the cap-
ture cross sections for highly stripped ion-atom
collisions as compared to the close-coupling calcu-
lations.

VII. CONCLUSIONS

The present method of calculation provides an
alternative way for the evaluation of the CDW
scattering amplitude. It does not require the impo-
sition of any restriction on the values of the quan-

tum numbers #n, [, and m of the excited state and
also on the charge of the incident projectile. In
this proposed method the exchange scattering am-
plitude has been reduced to a one-dimensional in-
tegral in real space which can be very easily
evaluated numerically. As a result, we obtain more
detailed theoretical predictions, which, in turn,
might be checked with the experimental observa-
tions on radiative transitions and radiative cascades
following electron capture. The influence of in-
elastic intermediate channels describing excitation
and ionization on the charge-transfer processes is
expected to be considerable at high-impact ener-
gies. At high-incident velocities, all intermediate
channels are open and it is likely that the charge-
exchange process should be significantly affected
by the inclusion of these intermediate states. The
main feature of the CDW approach is that it takes
into account the continuum intermediate states in
the charge-exchange process ensuring the correct
initial- and final-state boundary conditions of the
problem. The present method for obtaining the
cross sections for capture into n, /, and m states of
the projectiles may be helpful for the diagonostic
techniques for studying the role played by the im-
purities in neutral-beam heating of fusion plasmas.
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