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The first Born approximation corrected for the boundary conditions is used to compute total
cross sections for charge exchange in H*-He, H*-N, and H*-O collisions at intermediate and
high energies. An independent-particle method is employed with a one-electron orbital for the
target. Two sets of computation are presented in which the initial state of the active electron is
described by the Roothaan-Hartree-Fock and hydrogenlike wave functions. These two approaches
yield noticeably different results for the cross sections. Excellent agreement with existing experi-
mental data is obtained at energies ranging from 50 keV to 50 MeV by using the Roothaan-
Hartree-Fock wave function as a linear combination of normalized Slater-type orbitals.

I. INTRODUCTION

Charge exchange in collisions between bare projectiles
and multielectron atoms has been the subject of many
experiments over the years. The most numerous are the
early measurements on total capture which could not
isolate any specific shell of the target.'~> At low ener-
gies, the dominant contribution to total capture is pro-
vided by electrons from the outermost target shells. The
situation is reversed at high energies, where the inner-
shell electrons yield the most significant fraction of the
total capture. In the intermediate-energy region, inner-
and outer-shell capture are of equal importance. In-
terference between these two contributions is responsible
for an appreciable change in the curvature in the total
cross sections.>>® This is in contrast to the collision of
bare nuclei with genuine single-electron atoms, for which
the cross sections relating to a given target state vary
monotonically at all energies.®

Capture from an inner shell of complex atoms is ex-
perimentally difficult to isolate and the available data are
scarce.” ! Multiple scatterings preclude the coincident
detection of charge exchange and K-vacancy production
for large values of the projectile nuclear charge Zp.
Nevertheless, in this case, electron transfer from the K
shell of multielectron targets to the ground state of the
hydrogenlike atom can indirectly be determined. This
has customarily been done by subtracting the Z2-scaled
ionization cross sections from experimental data on the
K-shell vacancy production.>!? At lower Zp, however,
multiple processes are less effective and the measurement
becomes feasible. The coincident detection of newly
formed hydrogenic atoms and Auger electron signals
provides the ratio of the cross sections for capture and
total vacancy production from an inner shell of the tar-
get. These recently measured ratios,”~° together with
the earlier recorded data for the total inner-shell vacan-
cy production, have been used to extract pure electron-
capture cross sections for a specific inner shell of mul-
tielectron atoms.!?—16

An interest in electron capture by ionized projectiles
from multielectron atoms arose with regard to the pro-
duction of inner-shell vacancies. It is now well estab-
lished that the deviation from the Z32-charge dependence
of the total inner-shell vacancy production can be ac-
counted for by inclusion of a charge-exchange chan-
nel.>'217 Electron transfer is also crucial in thermonu-
clear fusion devices using neutral beam injection heating
and refueling of magnetically confined plasmas.!®—%!
Processes employing atomic oxygen to produce x-ray
lines involve charge exchange between low-energy cos-
mic rays and interstellar gases.???}

Recent experimental data on electron capture from a
particular inner shell of multielectron atoms at high en-
ergies’~!! have prompted much theoretical work.%2*—28
Computations based upon inclusion of electron correla-
tion effects in perturbation potentials and wave functions
are not yet available. However, this seems to be un-
necessary since a wide separation of binding energies for
the inner-shell electrons of heavy targets justifies the use
of an independent-particle model.” In this approach, all
the target electrons interact independently with the pro-
jectile, and the transition probability for a given electron
is unaltered by the presence of the remaining electronic
core.’® These nonparticipating, passive electrons merely
screen the target nuclear charge seen by the projectile
and the active electron. The screening has most fre-
quently been introduced by considering the Coulomb po-
tential with an effective charge accompanied by the hy-
drogenlike wave function for the target.?*~2® The bind-
ing energy of the active electron was subsequently
chosen from the experimentally determined ionization
potentials. The rationale for this was the substantial
difference between the hydrogenic energy and the actual
inner-shell binding energy.}! However, elimination of
this energy deviation has been achieved independently of
the effective charge selection. Hence, the additional
problem of the “post-prior” discrepancy arose despite
the use of exactly known hydrogenic orbitals.

Previous theoretical studies, with the exception of
Refs. 6 and 28, have ignored the boundary conditions
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which account for the correct asymptotic behaviors of
the scattering wave functions at large interaggregate sep-
arations. The asymptotic convergence problem, treated
in an exact theory, becomes irrelevant for protons in-
cident on neutral multielectron targets.’> However, in
practice, resorting to approximate descriptions becomes
inevitable and neutral heavy atoms are usually treated as
one-electron systems with an effective nuclear charge.
Such a model is, however, no longer free from the
asymptotic Coulomb interactions between the colliding
particles. Therefore, the unperturbed channel scattering
states must exhibit distortions even when protons are
used as projectiles. Hence, the Coulomb wave functions,
or equivalently, their eikonal phase factors, should be
employed instead of the plane waves for the relative
motion of heavy particles. This departure from plane
waves has often been assumed to be “minimal,” but this
assumption has not been substantiated. On the contrary,
it has recently been demonstrated within the first Born
approximation that the boundary conditions are essential
for charge exchange.®~%" In particular, the sole intro-
duction of the Coulomb phase into the exit channel
within the Jackson-Schiff (JS) matrix element for H*-Ar
charge exchange reduced the calculated cross sections by
about 200 times, so that the first-order theory and exper-
iment are now in agreement.**

In the present paper a first-order theory is formulated
for charge exchange between completely stripped projec-
tiles and arbitrary multielectron atoms. The usual first
Born approximation is corrected for the boundary condi-
tions in both entrance and exit channels [hereafter called
corrected first Born (CB1) approximation]. In general,
these corrections refer to (i) the Coulomb distortion of
the unperturbed channel states and (ii) the perturbing
potentials. The two modifications are consistent with
each other. Hydrogenic and Roothaan-Hartree-Fock
(RHF) models are investigated by approximating the
nonlocal atom potentials with an effective Coulomb in-
teraction. In both of these independent-particle methods
the effective charge of the target nucleus is chosen in
such a way that the hydrogenic energy relation is
satisfied, i.e., ZM=(—2ERUF)1/2y1 where ERMF is the
RHF orbital energy and n' is the principal quantum
number of the orbital occupied by the active electron.
In this way the present model with the hydrogenlike
wave functions does not exhibit the post-prior discrepan-
cy. The RHF orbital energy EXMF, which is computed
by means of a self-consistent-field (SCF) technique,’® is
known to be in close agreement with the experimental
binding energies. In the RHF model, the initial target
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state is described by a linear combination of the normal-
ized Slater-type orbitals (STO) with the parameters ob-
tained by Clementi and Roetti.’® Such a wave function
is not exact and, therefore, the ‘“post” (T,-}f) and the
“prior” (T7) transition amplitudes are unequal. The
post-prior discrepancy can be avoided by introducing a
new transition amplitude as an arithmetic average of T}
and T;r. This procedure is adopted in the present work,
which reports the results of detailed computations on
charge exchange in H*-He, H*-N, and H*-O collisions
at intermediate and high energies.

II. THEORY

Consider a rearrangement scattering in which a bare
nucleus of charge Z, impinges upon an arbitrary mul-
tielectron atom or ion X?*, i.e. (atomic units will be
used throughout unless otherwise stated),

ZP + Xi(q)+

—(Zp,e) +X AT 2.1)

The target of charge state g possesses N + 1 electrons in
the initial state (i). The electronic state of the hydrogen-
like bound system (Zp,e) f 1s described by the usual set
of quantum numbers n/I/m/=f. A simple model for
process (2.1) has been proposed by Belki¢ et al.® and
was subsequently implemented by Belki¢ and Taylor®
the first Born approximation with correct boundary con-
ditions (CB1). In this model the set of N noncaptured
electrons is considered to be ‘“‘passive,” such that their
interactions with the active electron e do not contribute
to the capture process. It is also assumed that these pas-
sive electrons occupy the same orbitals before and after
the collision. As a consequence of such a simplification,
an explicit introduction of N passive electrons into the T
matrix for reaction (2.1) is avoided. Furthermore, it is
taken that the perturbing potentials ¥; and ¥ in the en-
trance and exit channel contain only Coulomb interac-
tions. In this way the pure three-body nature of the
rearrangement collision is preserved. It is within this
model that we impose the correct boundary conditions
to the scattering wave functions. Then we can introduce
the appropriate prior and post forms of the transition
amplitude for process (2.1) as follows:

T;p= [ [ dRdr @7 V07,

Tfm= [ [dRdr,@; v, oF ,

where 7 is the transverse momentum transfer, and

(2.2a)

(2.2b)

(2.3)
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Here v is the incident velocity vector, k; and k are the
initial and final wave vectors, R is the relative vector of
the target nucleus with respect to the projectile, and rp
and rp are the vectors of the active electron relative to

the projectile and target nucleus. Functions @fF(r;)

and @,"(rp) are the orbitals of the active electron in the
initial and final state, respectively. Furthermore, in the
usual eikonal mass limit, we shall have

k;'r,+k;r,=—vrr—aR, (2.5a)
=—v-rp+BR, (2.5b)

where

n=(7ncosé,,1nsing,,0)
and
a=a,V+1n;, a,=—v/2+AE/v, (2.6a)
B=B,¥—mn; B,=—v/2—AE /v, (2.6b)
AE =EMF_E.; E;=—(Zp/n/V/2=—a}/2. (2.6c)

Capture process (2.1) can, at least formally, be compared
with the pure three-body problem of the type

ZP+(ZT’e)i_~>(ZP’e)f+ZT N (27)

where Z is the target nuclear charge. In this case there
is no post-prior discrepancy and the transition amplitude
can be calculated from either of the two following ma-
trix elements:

_ z,* Zp Zp | z
T,-f(‘l])=f dedrrcpr (rp) 7{—-—"’;‘ @; "(ry)
Xexplik;-r; +ik,r;)6(R), (2.8a)
z,* Zr Zr | z
T‘,+(ﬂ)= f dedrp(pr (rp) "E“"";" @; T(IT)
X exp(ik;-1; +ik,-1,)6(R) , (2.8b)
Zp(Zp—1)
6(R)=exp 1——v——ln(vR —v-R)
Zp(Zp—1)
+t————v——-—ln(vR +v-R) |, (2.8¢c)

where ¢),—ZT (ry) is the hydrogenlike wave function for the
target system (Zr,e);. It then follows that Egs. (2.2) and
(2.8) differ from each other in three important aspects:
(i) the introduction of an effective charge Z¥ in place of
Zy, (ii) the appearance of the RHF wave function for
the target instead of the hydrogenlike bound state, and
(iii) the replacement of the hydrogenic energy
E;=—(Z;/n")?/2 by the appropriate RHF orbital ener-
gy EMMF As we have already emphasized, the present
theory requires that the three-body nature of charge ex-
change for process (2.1) be preserved. This has alleviat-
ed an explicit introduction of the dynamic of N passive

electrons into the transition amplitudes (2.2a) and (2.2b).
Nevertheless, these passive electrons are implicitly
present in the SCF technique used to compute both the
RHF wave function for the multielectron target X 9+
and the associated RHF orbital energy EXHF. Hence,
the present theory for process (2.1) represents a substan-
tial im6provement over the customary hydrogenic mod-
el.2#=2¢ In this latter model, the methods available for
process (2.7) have been extended to reaction (2.1) in a
straightforward manner by simply using certain Z$¥ in-
stead of Z; and by employing the pure hydrogenic wave
function for the initial state of the multielectron tar-
get.2~26 Moreover, such a hydrogenic model violates
its own boundary conditions for process (2.1) in the same
fashion as has customarily been done for reaction (2.7).

We shall presently choose an analytical form of the
RHF wave function which has been obtained by
Clementi and Roetti’® with the help of the SCF tech-
nique, i.e.,

N.
. (A,)
¢?HF(IT)E¢S,¥,£,~(I‘T)= 2 ckX"(’;i),,-m.-(rT) . (2.9a)
k=1

Here, ¢’s are( {h)c coefficients associated with the normal-
ized STO’s Xn(,’c‘)lim ,'(I'T ),

(Ag)

A pt)_q =Aprr "™
X"(k)limi(rT)=Nk r;' e YI,-m,-(rT) , (2.9b)
where Y[,-m {Tr) is the usual spherical harmonic, n'® s

the orbital number, and A’s are variational parameters,

/2nFn)i2

(k)

NpE=[(2A,)1+2n (2.10)

Upper summation index N; in Eq. (2.9a) represents the
total number of the STO’s used in describing a given
shell of the target from which capture is taking place.
Parameters c;, A;, ERFF, and N, are given in a tabular
form in Ref. 38. In the present study, we shall choose
the following value for the effective charge Z$, as sug-

gested by Belki¢ et al.:®
Z=pi(—2EMIF)112 (2.11)

where n' is the principal quantum number of the target
initial orbital from which the active electron is
transferred to the projectile.

Setting R=p +Z, where

p=(cosp,,sing,,0) ,
and Z =RV, we shall have
T7m= [ [ dRdrp(pv)""P®3V,®, (R +v-R)~¢
(2.12a)
Tim= [ [ dRdrp(pv)" "3V, ®,(0R +v-R)"¢
(2.12b)

with vg=Zp(Z§T—1)/v and £=(Z{F—Z,)/v. Transi-
tion amplitude (2.12a) yields different cross sections from
those obtained by means of Eq. (2.12b), and it is advan-
tageous to eliminate this post-prior discrepancy. Hence,
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the following symmetric form of the arithmetic average
transition amplitude will be used in the present compu-
tation (see also Ref. 35):

T, () =2[T7 () +TFm] .

The total cross section for process (2.1) is introduced
by

(2.13)

2

Tir(m)
i

="o f 2mv

=no [” dnan"

where n, is the number of electrons in the target shell
from which the capture is occurring. We shall be con-
cerned with a nonrelativistic approximation in which the
target electrons are treated as distinguishable. Computa-
tions will be carried out for capture of one electron.
Within the nonrelativistic theory, the total cross section
is multiplied by the number of electrons in the active or-
bital. This is because each of the electrons occupying
the active target orbital can be captured with equal

lf aO

,f(ﬂ)

,  (2.14)

where

*
Ayp)=1t [ [ dpdZey® (r,)\V,+V, )R (r,)

X(pv)Zivﬁ(vR +v-R)™

X exp —iv-r—iAng (2.16a)
7,f(n)=l[7i} +I5 )], (2.16b)
JEm= [ [ dRdrr @3V, ®,(0R +v-R)™¢, (2.16¢)

and r=(rp+r7)/2.

Thus, 1t follows from Egs. (2.15a) and (2.15¢) that the
term (pv) "8 can be omitted from transition amplitudes
(2.12a) and (2.12b) in the computation of the total cross
sections. This enormously simplifies the evaluation of
matrix elements.

III. CALCULATION OF MATRIX ELEMENTS

Introducing the Fourier transform f(q) by

probability. Inserting Egs. (2.12a), (2.12b), and (2.13) -
into Eq. (2.14), it is readily verified that F@=02m= [ dre'af(r) (3.1)
2
T;r(7)
2y 7
aif(ao)—nofd'q Py (2.152) e obtain
2 (1,0) 1,—1)
A (p) T =Zplizy (n)— I,fl (), (3.2)
o, /ad)=n, [ dp —7‘%‘-'! (2.15b) '
aymre [ I m [ o150 IFm=ZF} () —Z5TPP () (3.3)
UU‘ apgl=ngy n 2—17‘1)- , .10C
where
J
vy . 4 ( a)y; +B)
10 (g =2n)? [ dRRO'@WR +v-R)¥% [ dqe—"rk‘pf a0, (a+6 (3.4)
(lqg—a|? +‘1f)
g |
an I .
(v.) v, -1 111 '1 ( )'-—‘ (21) (n,k—i-v,- )'l‘!N:k
¥, (rp)=r;  @RHF(r.), (3.5a) 27’
N, ) cl) ++‘V(k V@ +A)
= 2 krT (k)[l |(rT) l+li+(nk+ 12 C-yl,'mi(q) Y
- (g>+A%) P
Nl
=3 ot () . (3.5b) 3.7
k=1 (n v;)/2 .
3Mk i + . Y, Q)
Normalized STO’s in momentum space X “}’2))1, {q) can p,,_o Fin (g2422)" !
be expressed in terms of the Gegenbauer polynomials (3.8)
and spherical harmonics (Belki¢*®). The most con- "
venient representation of these Fourier transforms, _Zp AqQ)= (Zﬂ)~3NZpi1f E’ c c‘ylf Aq)
which is required for the calculation of integral (3.4), is b nltsm/4 f o Py 2t 2
the power-series representation. Thus, using formula 4 (g +aj 7
(22.3.4) of Abramowitz and Stegun,*’ we deduce (3.9)

N,
+(v;) 4 (Ap,v;)
¥ nlim Q)= kz X 1’12),, {q) ,

(3.6)

where Yim(q) is the solid spherical harmonic and
[(n +v; )/2] is the integral part of the fraction
(n¥+v;)/2. Further,
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4 fnf_1f k_, k) __gi
167Zp[(a} /n)n/ +1/ 1)1/ (4a, ) nf=n/—l'—1, n;=n""-I'-1,
2 _ 1omZel(a; - . , (Ga0a) (3.10¢)
QY +1) (a),=T(a +n)/T(a),
Nk =16m(nk +v, 22N> (3.10b)
(k) ’ r__k
(—n,f)pf(nf+1f+1),, 2, PirtPia=n", pi+tpip=n,, (3.100
= (lf+3/2),, ! A (3.10c) Pi1=2p;, mi=pp+v;—1.
Pi Pir +;
c. = (DA™ Pty — 1) (3.10d)  Auxiliary integral (3.4) can now be written in the follow-
Pit Piilpir +v)! ’ ing form:
J
oy . ;oz N (tnk+v;)72]
L7 m=i"(=i)"'N;? 3 dpy 3 p” 2 c, H,, ;,f{,( a,B), (3.11)
k=1 pi1 =0 =
where d =ck./\/,:",
H,'% (@, 8)=2mH, (@, B) , (3.12a)
ﬂﬁ,”nf”{,( B)=2m=* [ dRR* =R +v-R) 4G,/ (—R) (3.12b)
‘ po— . p
::f(R)— 12 queiq’R y1fmf(qn :)‘.Vp,,.,(q+ﬂ) . (3.120)
o 2m (lq—a|*+a})’" (|q+B|2+A;)"
and
The final result of integral (2.12a) is given by,**
vy, B < 2n, N pfms
H(,- 7 (a,8) = L D> E | > E(é)(_1)<A+1)/2__;_r‘_9;{:,:(l’v)
P g0 1 =0 mi=—1 m{=—1] 1=1V r
—n, ) +1 2p—2n,—1
—n,—A;,— 3 — £ 212
XZ r)P3F2 m—Ay, =, +pi—n+=, n+2 Y
(g,4)
i 7 2(Q,v)
1 "f+12 ni+1f plm ’
x [ ded T 1—) T (3.14)

where the upper index (2) in Eq. (3.14) associated with symbol 3%’ indicates that the summation over / must be per-
formed in steps of two (see Appendix). Here, we have

Q=at —B(1—1), A’=v’t(1—t)+ajt +A}(1—t), v=—a—P,

and
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,%,,’,A)(Q,V)— 'EOIE f,‘(a)D,,},(Q,v) , (3.15b)

Ky K,—1 2 2

T o )=ab ,F, —2 - ,l—iy,,x+l+1,—pa~l;—A—fzg—— : (3.15¢)

{ +h

Dp(Qv)= 3 (ymy|Im)Y, p QY (—iv), (3.15d)
”'12‘11

where
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P o
a =D(1—i§)N1 +1), — (ZAZ),, Py (3.16d)
7 (A QY
b= (1—~l§)11(1§)12 (_pa')x(lYZ)x (l—y/X)K (3 166)
h X" (I+1), k! ’ ’
x=~Q—2%_27(vA—-iQ-v), y=v/A, (3.160)
and
B+l=U, mi+mi=m/, —l<mi<+l (j=if); m=m{—m! (3.17a)
1 2 1

max( [Ii—1{|,|m|) if max(|Ii—I1{]|,|m |)+A even

’= : ' 17
! max( |15 —1{], |m |)+1 if max(|I{—1{|,|m |)+Aodd, (3.17b)

A=Li+, Li+l,=1, mi+my=m; —l,<m,<+I,, (3.17¢)
n,=n—Il—1, n=n+n;+1; K,=p,—K, p,=p+0, (3.17d)
vi=&+ily, v,=8—il, . (3.17¢)

The Claussen generalized hypergeometrical polynomial ;F, occurring in Egs. (3.14) and (3.15¢) and defined

min(hpn, =p) () (—A))(—n,4p), 1

3Fs —n,—}»,,—n,+p;—n,+§,—n,+£—:2tl;l = S R (3.18a)
$=0 Y 2 I PR & 2 N B
2 S 2 s
—Ky  Ko—1 o A2+ Q2
3F, L) JN—iype+l+1,—p,—1; Az
[""/2](—KU/Z).,(*‘Kg/2+1/2)u(1—i7’1)u A2+Q2 u
= 5 , (3.18b)
w0 (k+1+4+1),(—=p,—1),u! A

where [k, /2] is the integral part of the fraction «, /2.

Thus far, the quantization axis has been kept arbitrary in the derivation of the general result (3.14). However, the
angular momentum algebra can considerably be simplified by choosing the quantization axis along the incident veloci-
ty vector v. Such a choice is adopted in the present paper, so that*

H,oh (@B =8 (@v,Bv)0% (6,00 (4g) , (3.19)
with A being independent of azimuthal angles ¢, and ¢g,

(2/m)' 20 V7 (@, Bov)

n,-nf;a
1 I U A i (2n,1)
— T 2 ‘ 2 E(?)(_l)(l+1)/2—m n'; Q;’TI‘{(U)
PR = imt Y= imT) =1 r !
Xg_filg_F —n __)\' _n+ c—n +E —n +&1.1
p=0("“2nr)p 342 ’ 1 rtD; r 2’ r 7
p—2n, ) (o,A)(Q,v)
2 1o onplh n+15 &pim
X J = FC e (3.20)
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where m =m‘—m/,

. L S ! i
QIr ) =1} | Fm ) | Fm W im' | Hm | im w'i(—v)?, (3.21a)
4 ! 1 !
grtQvI=3F 3 7,00 n(Qv), (3.21b)
k=0 1,=|m|
D Q=W | Im}—iv)?Q"P, Q%) (3.21¢)
and
U [y | 204D _Wtmd)_(@—m) o > (3.220)
m’)= . p T - PR =1, s .
! 2] +1 ] +mO31 (1 —mIj! J= 2
172
2041 (I +m) (Il —m)! ;
) = —mi_m/S
(1, ]Im) 21 (! (4 —mly! (m=m'—m’), (3.22b)

where ‘P,lm(z) is the normalized associated Legendre
function of the first kind, i.e.,

2,41 (I, —m)

Py (2)=(—1)"

172
] (1_22)m/2

2 (L +m)
Litm o h
x|L| =D 50, 623
dZ 2 lll!
Pl —m(@)=(=1)"P, ,(2), (3.23b)
D, (8)=02m)"2exp(im¢) , (3.23c)
ba=0¢y Spg=0¢s+T . (3.23d)

This completes the calculation of the transition ampli-
tude for process (2.1) in the most general case of arbi-
trary initial and final quantum numbers i and f. Total
cross section (2.15¢) is obtained by carrying out the dou-
ble integration over ¢t and % with the quantization axis
along vector v. The integral over ¢, is performed
analytically with the result equal to 2. This is immedi-
ately apparent from Eq. (3.19). In practice, a change of
variable is made in the integral over 7, such as

z=(n*=2)/(n*+2), (3.24a)

which scales the integrand towards the dominant region
of the narrow forward cone. This is more obvious if we
rewrite Eq. (3.24a) in the following form:

1
Ko

21+z

(3.24b)
1—z

cosf@=1—

where 7n=2u,vsin(6/2), 6 is the scattering angle
0=cos'1(k,--kf ), and y, is the reduced mass of the in-
cident and target nucleus. We choose the universal
Gauss-Legendre quadrature to carry out both of the
remaining integrals over t€[0,1] and z€[-1,—-1]. A
variable order version of this integration rule is used to
compute o, with any prescribed degree of accuracy. If
necessary, the original integration domains are split into
a number of segments in order to achieve the required
precision of the total cross section. The numerical re-

[
sults reported in the present paper are exact to within
three significant digits.

We have written a program for both reactions (2.1)
and (2.7), which exactly reproduces the numerical results
obtained by partial differentiation for all possible transi-
tions between n'l'm' and n/l1'm/ with n',n’ <3 and
0<I® <n®/—1, —I" <m"f < +1*/. Further, a driving
subroutine was written in order to detect numerical in-
stabilities due to round-off error which can occur in al-
ternating series for large quantum number values. If
these series are found to cause a serious loss of
significant digits, an efficient Shank-Levin nonlinear
transformation is used to carry out the summations ex-
actly.**

The two different branches of the present algorithm
for reactions (2.1) and (2.7) can also intrinsically be test-
ed against each other. The hydrogenlike wave function
quT(rT) for the target in process (2.7) can easily be ex-
pressed as a linear combination of normalized STO’s.
Hence, in a number of test runs, for various combina-
tions of initial and final states with appropriate
specification of parameters, we have obtained the results
of Belkié et al.® for process (2.7) by utilizing the path of
the program devoted to reaction (2.1).

IV. RESULTS

We have presently computed the total cross sections
for electron capture by protons from the K shell of
He('S), N(*S), and OC*P), i.e.,

H* +He(1s2)>H(n/lI/m/)+ He* , 4.1a)

H*+N(1s225s2p3)—>H(nl/m/)+ N+ | (4.1b)

H*+0(1s2s2p*)>H(n'I!'m”)+ 0+ , (4.1¢)
and

H* +He(1s?)>H(Z)+Het (4.2a)

H* +N(1s%2s22p%)—H(Z)+ N+, (4.2b)

H*40(1s22522p*)—H(2)+ 0" . (4.2¢)

The model of Sec. II is adopted for these reactions with
the RHF wave functions given by Clementi and Roetti.>®
For He ('S),
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RHF

@RIF(r7) = 0.768 38X\ 517 19, ) +0.223 46X 557632 (r 1) +0.040 82X 4% ¥ (1 1)
—0.009 94X {85697 (r ) 4-0.002 30X {5532 (r;) (ERMF=_0.91795, Z{F=1.354954) ; (4.32)
for N(*S),
@RHF(r)= 0.937 80X{§557 3 (r7) +0.058 49X {55 1729 (r ) +0.000 93X 4554 (1)
—0.001 70X56¢°7 3 (1) 4-0.005 74X 55252° (1) +0.009 57X 538238 (1 )
(ERHF = _15.62909, Z§F=5.59092) ; (4.3b)
for O(°P),
@rHF(r, )= 0.945 16X {58 ¥ (r;) 40.033 91X 55 °7 49 (r4.) — 0.000 34X 558782 (1)
+0.002 41X(2 48022)(1.T) 0.004 86)( (4. 31196)(rT)+0 036 81X(5 86596)(1.T)
(ERMF = _20.668 66, Z:T=6.429411), (4.3¢)

where the values of effective nuclear charge Z{ are ob-
tained from Eq. (2.11).

We have also thoroughly investigated the hydrogen-
like wave functions for the target atoms. Detailed com-
putations based upon Eq. (2.1a) have presently been car-
ried out by setting Z;=Z$T and choosing the same
value for Z%ﬁ as in the aforementioned RHF model, i.e.,
ZF=1.354954, 5.59092, and 6.429411 for helium, ni-
trogen, and oxygen target atoms, respectively. The
present first Born approximation involving the hydro-
genic model is also consistently devised so that the
correct boundary conditions are preserved. This is in
contrast to the customary computations.?4~263!

The cross sections for capture into individual state of
H(n/l1'm’) for reactions (4.1) and (4.2) are displayed in
Tables I-III. Contribution from the ground state of
H(ls) dominates the transitions of the electron into
higher levels of atomic hydrogen for the processes under
study. Hence, the present results for any final state of
atomic hydrogen H (X), which are produced in reactions
(4.2a)-(4.2c), can be obtained with sufficient accuracy
from the following simple expression with the spectro-
scopic notation for the cross sections:

O ot =0 15 +1.616(0 5 +02p) . (4.4)

Here Oi=0y, where index i is held fixed with reference
to the K shell of He, N, and O. In a test run, capture
into higher states of H(n/1'm7), with nfz 3, is found to
be negligible at all the impact energies covered (50
keV < E <50 MeV).

Comparison between the theory and experiments is
depicted in Figs. 1-3. The RHF model for H*-He col-
lisions describes the measurements remarkably well at
impact energies ranging from 50 keV to 10.5 MeV (see
Fig. 1). Concerning H*-N and H*-O scatterings, only
the experimental data of Cocke et al.® correspond to
capture from the K shell of the target. Earlier measure-
ments! ~> did not isolate either of the K or L shell of ni-
trogen and oxygen. However, at high energies, the con-
tribution from the K shell becomes dominant over that
from the L shell.*3* Hence, we are justified, at least at

higher energies, in displaying the findings of Acerbi
et al.,! Schryber,2 Welsh et al.,> Toburen et al.,* and
Berkner et al.’ in Figs. 2 and 3, together with the pure
K-shell cross sections of Cocke et al.® Furthermore, in
all the experiments quoted in Figs. 2 and 3, capture has
been recorded from molecular targets N, and O,. At
high energies, it is customary to assume that scattering
of molecular nitrogen N, proceeds as if the target were
built from two independent (isolated) NV atoms (an analo-
gous assumption also holds for O,). This implies that
the simple scaling of the type o =0. 50’N2 can be used to
arrive at the experimental cross sections per gas atom
(see Ref. 50 for limitations of the scaling). These are
plotted in Figs. 2 and 3. Given these limitations, overall
good agreement is obtained between the present RHF
theory and the measurements. Of particular importance
for high-energy theories is the measurement of Acerbi
et al.! on charge exchange in H*-N, and H*-O, col-
lisions performed at 32.5 and 37.7 MeV. It can be seen
from Figs. 2 and 3 that our RHF model is very satisfac-
tory even for these extremely fast projectiles.
Hydrogenlike and RHF wave functions of the target
atom yield noticeably different results for the cross sec-
tions computed within the present CB1 approximation.
At intermediate energies, the results obtained with the
hydrogenic wave function are slightly larger than those
due to the RHF orbitals for the target. The situation is
reversed, however, at high energies, where the hydrogen-
ic cross sections always lie considerably below the corre-
sponding RHF results. In comparison with the experi-
mental data in Figs. 1-3, it is observed that the RHF
model represents a substantial improvement over the
crude hydrogenlike wave function for the target atom.

V. CONCLUSIONS

It is very important to consistently design a first-order
perturbation theory for charge exchange starting from
the basic principles of atomic scattering. Here, ‘“‘con-
sistent” implies that the unperturbed channel states and
the perturbing potentials are determined in accordance
with the Coulomb boundary conditions for two charged
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aggregates which are widely separated (Dollard’!). A
theory of this kind would supply invaluable information
about the role of direct channels in charge exchange.
Systematic and exhaustive comparison with experimental
data over large energy intervals could subsequently indi-
cate the relative importance of the neglected intermedi-
ate channels.

We have dealt with this problem by strictly applying
the concept of the convergent S matrix, which was dev-
ised for the first time by Dollard.’! In this theory, the
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FIG. 1. Total cross sections for electron capture by H*
from He(ls?). Present results: , the corrected first Born
(CB1) approximation with the Roothaan-Hartree-Fock (RHF)
model; — — —, the CB1 approximation with the hydrogenic
model). In both models the correct boundary conditions are
preserved in the entrance and exit channels (see the text). Ex-
perimental data: @, Schryber (Ref. 2); V, Welsh et al. (Ref. 3);
W, Toburen et al. (Ref. 4); ®, Berkner et al. (Ref. 5); A, Stier
and Barnett (Ref. 43); A, Barbett and Reynolds (Ref. 44); v,
Afrosimov et al. (Ref. 45); O, de Heer et al. (Ref. 46); O, Willi-
ams (Ref. 47); O, Martin et al. (Ref. 48); ®, Horsdal-Pedersen
et al. (Ref. 49). Theoretical results o1, are obtained from the
following equation: Orou=0+1.616(0+0;,). Inclusion
of higher excited states of H(n/I/m/) does not change the
theoretical curves on the shell given in this figure (see also
Tables I). Measurements relate to process (4.2a) where the hy-
drogen atom is produced in any state.

scattering matrix for two charged particles interacting
via Coulomb forces can only be defined if the Mgller
wave operators are reformulated by inclusion of the log-
arithmic phase distortion. This redefinition has a com-
plicated functional dependence which is virtually impos-
sible to implement in realistic computations. Fortunate-
ly, Dollard®' has shown that the use of distorting Mgller
wave operators is equivalent to introducing the Coulomb
phase distortion of the unperturbed scattering states.
This formalism can directly be extended to three-particle
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FIG. 2. Total cross sections for electron capture by H*
from the K shell of N(1s*2522p*). Present results: , the
corrected first Born (CB1) approximation with the Roothaan-
Hartree-Fock (RHF) model; — — —, the CB1 approximation
with the hydrogenic model. In both models the correct bound-
ary canditions are preserved in the entrance and exit channels
(see the text). Experimental data (all shells of nitrogen target):
®, Acerbi et al. (Ref. 1); /A, Schryber (Ref. 2); O, Welsh et al.
(Ref. 3); A, Toburen et al. (Ref. 4); B, Berkner et al. (Ref. 5).
Experimental data (K shell of nitrogen target): 00 Cocke et al.
(Ref. 8). Original measurements (Refs. 1-5, 8) have been car-
ried out on molecular nitrogen N, as target. Data per gas
atom are plotted (o). These are deduced from the observed
findings (UNZ) by the following simple scaling: on=0. 50N2.

Theoretical results oy, are obtained from the equation
Ototai =015+ 1.616(05,+0,,). Inclusion of higher excited
states of H(n/I/m”) does not change the theoretical curves on
the shell given in this figure (see also Table II). Measurements
correspond to reaction (4.2b) with the hydrogen atom H(Z) left
in any final states.



66 DZEVAD BELKIC 37

Ll

IEERRT |

R

&
E” -
o 3
- 3
c ]
B={ 4
-

23
o
0‘6 3
73 3
» ]
n 4
o
U”

FENWRTTTY B ST |

11l

oo a 1
4 56 67890 20

Loaaal L n
os o7 1 2 3

Impact energy (MeV)

FIG. 3. Total cross sections for electron capture by H*
from the K shell of O(1s*2s22p*). Present results: , the
corrected first Born (CB1) approximation with the Roothaan-
Hartree-Fock (RHF) model; — — —, the CB1 approximation
with the hydrogenic model. In both models the correct bound-
ary conditions are preserved in the entrance and exit channels
(see the text). Experimental data (all shells of oxygen target):
@, Acerbi ef al. (Ref. 1); V, Schryber (Ref. 2); A, Toburen
et al. (Ref. 4). Experimental data (K shell of oxygen target):
0O, Cocke et al. (Ref. 8). Original measurements (Refs. 1, 2, 4,
and 8) have been performed on molecular oxygen O, as target.
We have displayed converted data oo per gas atom which are
related to the measured values 9o, by the expression
oo=0. 5002. Theoretical results o1, are obtained from the

€quation Ore, =0 s+ 1.616(05 403, ). Inclusion of higher ex-
cited states of H(n/I/m/) does not change the theoretical
curves on the shell given in this figure (see also Table III).
Measurements correspond to process (4.2c) where the hydrogen
atom is produced in any final state H(Z).

collisions by identifying a pair of charged aggregates
whose total interaction exhibits an asymptotic Coulomb
tail. In this way, Belkié et al.® have obtained an exact
and consistent eikonal T matrix for charge exchange,
which is free of the characteristic Coulomb divergen-
cies.’> We presently utilize the first order of this theory,
which is referred to as the corrected first Born (CB1) ap-
proximation. The corrections are such that the usual
full first Born method of the Jackson-Schiff-type is re-

formulated by imposing the asymptotically exact bound-
ary conditions to the scattering wave functions and the
perturbation potentials.

Detailed comparison is carried out between the CB1
approximation and experiments on electron capture by
protons from the K shell of helium, nitrogen, and oxygen
in a very large range of the impact energy. It is found
that the present Roothaan-Hartree-Fock (RHF) model,
which is introduced within the CB1 theory, yields excel-
lent agreement with the measurements. This is observed
at incident proton energies E (keV)>60 | ERFH | | where
ERFF is the RHF orbital energy of the captured elec-
tron. It is concluded that the CB1 method is highly reli-
able for computation of total cross sections from inter-
mediate to very high energies.
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APPENDIX

There is a number of misprints in Ref. 35 and they
should be corrected as follows:

On page 1993, in Eq 2.9), (|q—a|*+a%)”/ should
read (|q— a[2+af ; in Eq. (2.10), a+B v should
read a+B=—v; in Eq. (2.12), (Zg/n’ Yi should read
(Zg /n)),

On page 1995, in Eq. (2.34), T'%:2(Q) should read

F (o, 8) n—1

nIm Q)/2

On page 1996, in Eq. (2.43b), (—k, +3), should read
(=ky/2+3),; in Eq. (249), P, ,,(Q-¥) should read
Py, m(Q9).

On page 1999 in Eq. (4.6d), the number multiplying
cross section o!!) should read 2.561 instead of 3.113.

On page 2000 in Table I(c), n should read n”.

On page 2001, in Table II(c), n should read n/. Also
in the same table, there are two misprints at 250 and 500
keV. The last number which corresponds to n/=4 at
250 keV should read 8.25[ —18] instead of 2.25[ —18].
The second number corresponding to n/=2 at 500 keV
should be 5.12[ —19] instead of 5.17[ — 19].

On page 2002, in Table III, the column labeled K
refers to the K-shell cross section which is multiplied by
2 in order to account for the two K-shell electrons. In
Eq. (A9), X5, (Q) should read X7-2/(Q).

On page 2003, in Eq. (A12), (k,—1)/2 should read
—(k,—1)/2.

On page 2004, in Eq.
read C! T (0w, /71/%).

p+o
On page 2005 on the top line, N[fl =Ngbp!,, should

read N:l’a— b,f”a; in Eq. (B22), (14yz)* should read
(1+4yz)¥.

(B8), C)*l(w, /7"/*) should

ptv
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