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terms of the measured polarization. Because the
corrections are small we simply multiply the cor-
rection factors and ignore the difference between
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P, Py, and Pm' in the correction terms:

(k= k) [1- € 1-35 \
P"‘_<k,,+k,_>(1—ep)<l—6P7 P

(A5)

*Work supported in part by the National Science Foundation
under Contract No. GP-20696.

"National Science Foundation Science Faculty Fellow and
JILA Visiting Fellow. Permanent address: Calvin College,
Grand Rapids, Mich.

iStaff member, Laboratory Astrophysics Division, National
Bureau of Standards.

'L. H. Aller, Astrophysics, 2nd ed. (Ronald, New York,
1963).

L. J. Kieffer, National Bureau of Standards, Misc. Publ. No.
289 (U.S. GPO, Washington, D. C., 1967); G. E. Chamberlain
and L. J. Kieffer, JILA Information Center Report No. 10,
University of Colorado, 1970 (unpublished).

SW. Heyner and F. Karstensen, Z. Phys. 228, 53 (1969); F.
Karstensen, Z. Astrophys. 69, 214 (1968).

‘L. S. Alekaskhin, I. P. Zapesochnyi, I. I. Garga, and V. P.
Starodub, Opt. Spektrosk. 30, 1178 (1971) [Opt. Spectrosc. 30,
630 (197D)].

E. A. Enemark and A. Gallagher, Phys. Rev. A 6, 192
(1972).

¢J. P. Barrat, J. Phys. Radium 20, 541 (1959); J. Phys.
Radium 20, 633 (1959); J. Phys. Radium 20, 657 (1959).

"B. L. Moiseiwitsch and S. J. Smith, Rev. Mod. Phys.

40, 238 (1968).

8S. Geltman, Topics in Atomic Collision Theory (Academic,
New York, 1969), Chap. 14.

*W. L. Wiese, M. W. Smith, and B. M. Miles, Atomic
Transition Probabilities, National Bureau of Standards Publ. No.
NSRDS-NBS 22 (U.S. GPO, Washington, D. C., 1969), Vol. IL

H. Friedrich and E. Trefftz, J. Quant. Spectrosc. Radiat.
Transfer 9, 33 (1969).

'D. R. Bates and A. Damgaard, Philos. Trans. R. Soc.
Lond. A 242, 101 (1949).

12C. E. Moore, Atomic Energy Levels, National Bureau of
Standards Circ. No. 465 (U.S. GPO, Washington, D. C., 1949),
Vol. L.

B]. C. Percival and M. J. Seaton, Philos. Trans. R. Soc.
Lond. A 251, 113 (1958). The effect of more complicated
atomic level structure is treated by D. R. Flower and M. J.
Seaton [Proc. Phys. Soc. Lond. 91, 59 (1967)].

PHYSICAL REVIEW A

VOLUME 7,

NUMBER 5 MAY 1973

Noniterative Integral-Equation Approach to Scattering Problems™

Ed R. Smith" and Ronald J. W. Henry
Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803
(Received 21 August 1972)

A procedure which allows for both open and closed channels with exchange and orthogonality is
formulated for a multichannel scattering process. Noniterative integral-equation theory is used to solve
the coupled integrodifferential equations of the scattering problem from zero out to some transformation
point where the reactance matrix is projected out to its asymptotic value by using a matrizant
technique. The method is applied to a two-channel model which has some of the features of a 1s-2p

approximation for e-H scattering.

I. INTRODUCTION

In recent publications, = several expansion or
numerical procedures have been employed for
studying low-energy electron-atom scattering with-
in the close-coupling formalism. The principal
difference between the expansion and numerical
methods is the technique employed in solving the
resultant coupled integrodifferential equations.
Smith et al.! used a direct approach which con-
sists of only numerical integration techniques.

The expansion methods solve the scattering equa-
tions by using matrix techniques. In the present
work, we suggest an alternative direct procedure
that maintains a high degree of numerical accuracy
and stability without sacrificing a rapid execution
time on a computer.

A noniterative integral-equation method (NIEM)
as applied to direct potentials is well known. 7

However, the utility of the technique has not been
recognized until recently. In a series of papers,
the NIEM has been reviewed and extended some-

what to treat the solution of a nonrelativistic scat-

tering problem.

In the present work, we present a modified and
more compact formalism that treats, completely,
a multichannel scattering problem in which direct-,
exchange-, and orthogonality-potential terms are
included. The formalism is discussed in Sec. II,
and application is made to a model problem in
Sec. III. Section IV contains a brief discussion.
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II. FORMALISM

In this section we present the NIEM as applied
“to a multichannel scattering problem. The equa-
tions that arise in the close-coupling formalism®
of an electron-complex.atom scattering problem
may be described by the coupled integrodifferential
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equations

2
<_;72- —%‘——12 +k%> Fii(r): E [Vin(7)+ Win(y)] Fnj(/r)

+§51izxM§’Px(y)' i,j=1,2...,N, (1)

where N is the number of channels, [; and %; are
the angular momentum and wave number for chan-
nel ¢, Vand W are direct- and exchange-potential
matrices, and P,(r) is the reduced radial part of
the atomic electron orbital associated with the label
A. The M are the undetermined Lagrange multi-
pliers that ensure that the incident-electron wave
function is orthogonal to all the bound states x of
the atom. F is a square matrix, which represents
the reduced radial part of the electron wave func-
tion, with j denoting the incident channel and ¢ the
outgoing channel. We allow for the possibility that
a channel can be open or closed.

The exchange potential for this problem can be
described, in general, by the expression

?
20 Wi r) Fylr)= 25 B Yy(Py, , Fpy;7) Py (7),
n

g

(2)
with
1 r
Y.A,B;r)= 7;;1—[ Alx) Blx)x*t dx
0
[ A
X
"
where
tmlns t < tma.x ’

tmin:Max('lai _lnly llp"—li !))
tmaszin(lpi +lny l9"+li)a

and lp{ is the angular momentum associated with
the atomic state p; . The prime on the summation
in Eq. (2) denotes a sum over only exchange terms
and, thus, the composite index is defined as ¢;
=(t,i,n,p;,p,), and B,S“‘) are the exchange potential
coefficients. All values of ¢ consistent with the in-
dicated lower and upper limits are included in the
sum over ¢;. The exchange terms cited here are
not separable and, therefore, require a different
treatment to that of Sams and Kouri, %

The integral solution of Eq. (1) is

Fi;lr)= A15i1G1~(1)(ki1’) +G{P (k) for G,S”(kix)S,-,(x) ax
=GP (ky7) [ G )S, ) dx + GV (k)

X fo“’ GC® (kx)S;;x)dx, (3)

1, i open
A= 4)
0, ¢ closed,

where S is the source term on the right-hand side
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of Eq. (1), and G{*'(k;7) are the appropriate Green’s
functions that are defined as real diagonal matrices®®

gkﬁ/zrj;i(k,- 7), i open
G;n(kﬂ’)=

?(ZK,')”?‘ ray, (kir), i closed

Sk%/zyyzi(kﬂ), i open
G® (i) = ,

- /2

2"@&)—— "’bzi(Ki’V), i closed,

where j;(x) and y,(x) are spherical Bessel and Neu-
mann functions, a,(x) and b,(x) are appropriately
defined modified spherical Bessel and Neumann
functions, and the closed-channel modified wave
number is k;=|%;|., The boundary conditions asso-
ciated with the scattering problem are satisfied with
the following Green’s functions:

G;l)(kiy) ~ ,},li"‘l’

r-0
kY2 sin(kyr - 1;37), 4 open
GV (k) ~ (6)
7 (2k;) 2 e, i closed

- k2 cos (kv —1;3m), ¢ open
G;U(kﬂ’) ~

T = (2k;) 2 e i closed.

Furthermore, note that the index j in Eq. (3) not
only denotes the incident channel, but also tie dif-
ferent independent solutions corresponding to chan-
nel ¢,

Another solution 3 to Eq. (1) is defined by neglect-
ing the normalization term as in variable-phase
theory®

D130) = GV (k) HiE () = G (ki) HIY (),
HZ(r)=06,5- J, G2 (kix)S;;x) dx,
HY )= [] GV (kyx)S;;(x) dx.

In contrast, Sams and Kouri® retain the normaliza-
tion term. If all the channels are open, the asymp-
totic boundary conditions on 3 and F are

(7)

D) ~ kiY2[A;;sinlkyr - 1;3m) + By cos(kyr —1;3m)],
(8)

Fyr) ~ kiY/2[6,;sinlk;r —1;3m) + Ry coskyr — 1;3m)],
poco

where A;; and B;; are the asymptotic limits of the

functions H{?(») and H{¥ (), respectively, and

R;; is the reactance matrix. Since P is a solution

of Eq. (1), the linear combination

Gis(r) =203, A (9)
n

is also a solution of Eq. (1). Noticing that ¢ and

F also satisfy the same boundary conditions, we

can conclude that they are identical by uniqueness.

Therefore, the reactance-matrix elements R;; can



7 NONITERATIVE INTEGRAL-EQUATION APPROACH TO...

be determined from knowledge of the asymptotic
behavior of the unnormalized function y from the
equation -
R;;=20 B;, A, (10)
n
Next, we allow for closed channels. Unlike Sams
and Kouri, !* we do not explicitly solve open- and
closed-channel equations. For a closed channel 7,
the solution i;;(») grows exponentially, while the
true solution F;;(») decays asymptotically, From

|

V137)= 04,6 i) + f GE""“(VIx)(E

0 n
with
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the structure of Eq. (7), the solution 1;; depends
only on the knowledge of #,; for all ». Therefore,
in order to recover the open-open part of F;;, we
must force the closed-channel boundary conditions
on the closed-open part of ;;, and again force the
open-channel boundary conditions on the open-open
part of 7;; . In particular, for a two-channel prob-
lem, we can set 11)21 to zero by placing P into upper
triangular form.!

The unnormalized solution of Eq. (7) may be re-
written as

GV r|x)= G (ky)Gi (kix) — GV (k;7)Gi? (kyx).

The exchange term may be rewritten so that Eq. (11) becomes

15r)= 6,56} ”(kir)+f G#V(r|x) [E V,,,x)w,.fw)+24 B;%’ P, (x)(-Trf Py (9)Unily)y* dy

j Po,(9)hu(y) dy)+25,z My Ph(x)+E BEDP, (x)x f

yt+1
The solution to (11) can be written as

Zpl,f(r) d)(O) )

with
= P, (9) () dy

—_
t+1
o y

[Vinl) + Wi ()] g x) +Zézi;XM§’Px(x)) ax, (11)
A
ﬁi(—y)—ll’i(y—)ddex (12)
(Otm)(?,) (um)’ (13)
, a;=1,2,...,Nz(i)
(14)

o=
M;\j 5!{! ’

(Y,=NE(i)+1,...

,NE(i)'FNo(i)

B0 = 0001 GO (ki) + f 6 “(r{x)[z Vi8R0 + 2 B P, <x>( i L "B, ()0 S9) vt dy

0

_xfo

P, (9)0i(y)

,
)]dx+5,-me,f"f G&Vy|x)DiPx)dx, (15)
0

ytl
—
and a given pair (m, al,). If D&m =D& m then the
0, a=0 corresponding column vectors are related by
B{® =B, a=a;=1,2,...,Ng@E) pem_ B(m w(a. (16)
1 otherwise
0 0=0 In addition, computation time can be saved by mak-
S ’ - ing the observation that the auxiliary function
D{¥= 2P (x) @;=1,2,...,Ng (@) can be evaluated without any matrix inversions.®
. . . The constraint condition that determines the con-
P, (x), @;=Ng(@)+1,...,Ng @)+ Ny (@)

where Ng (i) is the number of exchange terms in
channel i, and N (¢) is the number of orthogonality
terms. For a given pair (m, @,), we can generate
a column vector %’ using Eq. (15). Similarly,
another column vector b 'm) can be generated for

stants MY/ ig
5,i,hf0 P, (x);;(x)dx=0.

We impose the constraint that the radial function
must be orthogonal to all the atomic orbitals. We
further introduce the quantity

17)
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P‘,i(r)/v“l, @;=1,2,...,Ng ()
E{*?(r)= (18)
P,(r), a;=Ng()+1,...,Ng@)+Ny(Q)

so that Egs. (18) and (14) may be combined to yield

Ba; C57= [ EL(3)0nly)dy, (19)
with
sl, (Yi=1,2,...,NE(i)
Aai =
20 otherwise.

Substituting Eq. (13) into Eq. (19) yields a set of
simultaneous equations to be solved for the con-

stants C{$¥, namely,

Ay, CP=DG0 4 25 COM DI Em) (20)
i B
with

DR = [T EEV ()0 (9)dy, =0,8,.  (21)

Noting that the exchange and orthogonality terms
exhibit the short-range behavior of the atomic electron
orbitals, we have that the upper limit of the integral
in Eq. (19) is basically the range of these orbitals.

The unnormalized solution ¥ can be determined
at a transformation point 7; by integrating the
homogeneous solution §® and the particular solu-
tions ‘® of Eq. (15) from zero to »,. This val-
ue of 7 is the point at which the integrals involv-
ing exchange and orthogonality terms have con-
verged. Once the auxiliary functions are obtained,
the constants D{}i'®’ are simply determined from
Eq. (21). Then, the constants C{i’ are computed
by matrix inversion from Eq. (20). Hence, the
solution ¥ (v;) may be determined from Eq. (13).
Note that any further contribution to § () for » >7,
comes only from the direct potential V(r). Know-
ing Y(ry), HY(r,), and H®(»,), we may either
continue integrating ¥ (r) to a point where the po-
tential vanishes, or we may “project” the H ma-
trices to their asymptotic value by a technique giv-
en below. Finally, we obtain the reactance ma-
trix from Eq. (10).

The projection procedure comes from noting that

df;y
az ar )
drpj('r)z

dH(Z)

i (y)

dr

G R 20 Vi) Yny ()

=- (22)
Ggm(ki“’) b)) Vin?) ¥n; ()
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where p=1,2,...,2N, and 7 >7,.
Substituting Eq. (7) into Eq. (22) yields

dZ 2N
LR (y) = 2 Mo (7) Z g5 (),
dr a=1

My r)= Gi“ﬁ’(kﬁ 7) G;Bq’(ka 7) Vi) (=1)fe
with

b, pSn 1’ psn
5: ap=

p-n, p>n 2 p<n

4, qsn 2, qgsn
q= B, =

q-n, q>n L, g¢>n.

Integration of Eq. (22) yields
Z(=)=2(r)+ [, M) Z(ar,
Z(=Z(r)+ [ M0 Z(x) dx

which may be combined to yield

Z(=)=[1+ [ M()ar] 20

+ f:M(r) . fr : M(x)- Z(x)dxdr . (23)

If the last term in Eq. (23) is neglected,ls’16 we ob-
tain the simple projection equation
Z_(c’o) = §(°°, 'Vt) : _Z_('Vt) ’
(24)

S(=, r)=1+ [, M ar,

where the reactance-matrix projection equation is
obtained from Egs. (7), (8), (10), and (24):

E(oo): [§(1’1) . E('Vt)+§(1’2)]' [§(2,1) . B_('Vt) +§(2.2)]-1

(25)
with
SiH g2
s=| -
- g g@2)
and
B('Vt) = I_ia) ('Vt) ‘ E(Z) ('Vt)-lv (26)

If the asymptotic form of the direct potential is
substituted into Eq. (24), the resulting matrix S
may be evaluated in terms of the standard incom-
plete sine and cosine functions.

From the reactance-matrix projection equation
(25), we see that the corrections applied to R;;(7;)
are asymmetric for i#j. Therefore, for some
scattering problems, the long-range behavior of
the direct potential especially near threshold may
cause the projection procedure to be inaccurate if
the value chosen for 7, is too small. It may be
necessary to choose a larger value for 7, so that
the symmetry and convergence of the reactance
matrix are acceptable.
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III. APPLICATION TO A MODEL PROBLEM

The formalism discussed in Sec. II is applied to a model two-channel problem described by the coupled

equations
( d®  L(li+1)
dv? r?
where

+k?> Fu(7’)=2 Vin("’)FnJ("')*‘ 2Y(P;,Fyy; ’V)Pi("’)“LMijPi(’i’) ’ (27)

Vi) ==-2(1+1/7)e®
Vas(r)=24/7% = (2 r2+ 3r+ Y +14/r+24/7%+ 24 /7%,

V2

L=0,

256 arizf 4 32
Vio(7)= Vyu(7)= - T[ 8172 ~e™ ( e

4 128 = 256
37 79 T oy T Te1e %)

L=1.

The level splitting is chosen to be 0.75 Ry, so that #2=%#%+0.75. This model is a truncated version of a
1s-2p approximation for e-H scattering. The model contains (i) long-range off-diagonal dipole coupling,
(ii) one exchange term in each channel, and (iii) one orthogonality term in each channel.

The unnormalized solution to Eq. (27) is

) =04 G o)+ [ a6 r| ) [2 Vet 20) [ (5= 5) Piounar |
0

= ZP,-((})(V)*' Z; wi(}n) ij + E d)grzrt) Mmj ’
m m
where the auxiliary functions are defined as

B8 () = 84085, G (By7) + s’
0

Note that the inhomogeneous terms for a=1 and
a =2 differ only by a factor of 2, so that their aux-
iliary functions are related as

PP ) =202 (r) . (30)
The exchange constant is

Ci;= fo” Py)¥; )y dy

=CP+Ch Cpi+ 2 CR M, , (31)

with " i

CiP= [PV PO ay,
and the orthogonality constant is determined by

0=M +22 MY Cpy+ 20 MP M, , (32)
with " "

M= [P () dy .

We solve Eq. (27) by the NIEM method as fol-
lows.

+(2C;;+M;,) for dx G (| x)P;(x)
(28)

" ax G (r | x) [2 Vinlx) 59 () + 2P, () J "y (i— - i) P,(y) d)}}’"(y):l
. _

+644(28 41 +0645) fr dxGEV(r | x)Pi(x) . (29)
0

(i) Obtain the auxiliary functions given in Eq.
(29) by using a convenient integration scheme. We
use the trapezoidal rule with a variable step size,
to integrate the equations.® The power of the meth-
od comes from the fact that, as pointed out by Sams
and Kouri, ® the solution at a given value of 7 de-
pends only on previously calculated values of 7.
For example, in Eq. (29) we replace the integrals
by quadrature sums,

D53 )= 800045 G{ (Ry7) +;Z_31wkcsz'”(m|m
3
X (E Vinlra) 9520(r,) + 2P (r,) 2w, (7t = 77Y)
n 1=1

XPy(r;) i3 (r) + 6y (25a1+25az)P1(7k)>,

where w, are the weights of the quadrature scheme.
Now we have that there is zero contribution to the
summations over k and ! from the terms k=m and
1=k, respectively. Thus, the right-hand side of
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this equation does not involve the unknown functions
at 7,,.

(ii) Solve for the constants C,; and M,;. Since
the constants C{3’ and M}’ are determined in step
(i), Cn; and M,,; are obtained by solving the set of
simultaneous equations given in Egs. (31) and (32).

(iii) Compute the reactance matrix R(r,) and step
out to R. From the information gained in steps
(i) and (ii), the unnormalized solution ¥(r) given
in Eq. (27) can be computed at some transformation
point 7,. The matrix R(7,) is then computed from
Eq. (26) using HV(r,) and H®(r,) of Eq. (7), and
this matrix is projected to its asymptotic value us-
ing Eq. (25).

We solve Eq. (27) by another numerical proce-
dure in order to obtain solutions that may be used
as a standard against which results from the NIEM
may be judged. The numerical solutions are ob-
tained by integrating the equations outwards and
inwards by Numerov’s method, with subsequent
matching to obtain a final continuous solution. The
asymptotic expansion method of Burke and Schey!’
is used to determine the reactance maxtrix. A
combination of these methods has been outlined by
Smith ef al.®

Table I gives reactance-matrix elements that
agree with the numerical standard within 0. 2%.
Above and below threshold, a transformation point
of ,=30 was found to yield acceptable symmetry"
and stability, except for E=0.749 and E =0, 751,
where a value of 7,=60 was required.

IV. SUMMARY AND DISCUSSION

We have presented a computational procedure for
obtaining accurate solutions to the coupled integro-
differential equations which describe a multichan-
nel scattering process. The true solutions to the
equations are obtained from unnormalized solutions
by forcing the boundary conditions associated with
the scattering problem. The unnormalized solutions
can be obtained in the interaction region, where ex-

R. SMITH AND R. J. W. HENRY 1

TABLE I. Reactance-matrix elements at energies
below and above threshold. Column (NIEM) presents re-
sults calculated using the NIEM; (Standard) lists the
values obtained from another numerical procedure.

E Ry) NIEM Standard
.1 Ry —1.471 ~1.471
0.2 Ry —3.937 ~3.935
0.5 Ry 3.287 3.288
0.7 Ry 1.870 1.871
0.749 Ry 1.718 1.718
0.751 Ry 1.713 1.713
Ry 0.0071 0.0071
Ryy -0.166 -0.166
0.80 Ry 1.572 1.572
Ry 0.240 0.240
Ry, -2.738 —~2.740
1.0 Ry 1.273 1.273
Ry -0.193 -0.193
Ry, 0.686 0.686
1.5 Ryy 0.891 0.891
Ry, -0.220 -0.220
Ry, 0.440 0.440

change and orthogonality are important, by a sim-
ple technique analogous to the homogeneous and
particular solutions of differential-equation theory.
A procedure projecting the reactance matrix out to
its asymptotic value has been presented.

The NIEM presented here can be readily extended
to scattering problems where the dominant asymp-
totic potentials are Coulombic by using Coulomb
Green’s functions.
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