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=u 1. INTRODUCGTION

In this paper we investigate the cross-sections for excitation of hydrogenic ions by electron
impact. These cross-sections have important applications in astrophysics and in plasma physics.

Previous calculations using the Coulomb-Born (CB) approximation have shown that it is
necessary to take proper account of the long-range Coulomb field of the ion and that several
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226 A.BURGESS, D. G. HUMMER AND J.A. TULLY

angular momentum states of the colliding electron usually contribute appreciably to the cross-
sections, even at low energies (Tully 1960; Burgess 1961). In this paper we use the Coulomb-Born—
Oppenheimer (CBO) approximation to investigate exchange effects for all the transitions
between states involving the s, 2s and 2p levels. Following Seaton (1961), we also make some
estimate of the effects of coupling between these states by using the basic CB and CBO partial
wave integrals in such a way as to ensure unitarity of the scattering matrix. This latter method of
using the matrix elements we will call approximation 11, and the former, approximation 1. The
calculations have been carried out for values of the nuclear charge number Z = 2 and the
limiting case Z = co. In the latter case approximations 1 and 11 become identical and the CBO
cross-sections for excitation directly to the final state should be exact, apart from relativistic
effects. The Z = oo results may be used to obtain estimates of cross sections for elastic and inelastic
transitions (including transitions involving spin multiplicity change) in more complex highly
ionized atoms.

A preliminary report on this work was given at the Second International Conference on the
Physics of Electronics and Atomic Collisions, Boulder, 1961.

2. THEORY
2.1. Formulation of collision problem

We consider the scattering of an electron by a hydrogenic positive ion of nuclear charge
number Z. The total Hamiltonian (in atomic units) is

H=—4Vi-3v3-=-Z4— o)

where r; and r, are the coordinate vectors of the two electrons and r,, is the interelectronic
distance.
The total wavefunction ¥ (r,, r,) satisfies the usual Schrédinger equation

HY (1, 1) = E¥(1y,15), (2)

where E is the total energy. ¥ (ry, r,) may be either symmetric or antisymmetric with respect to
interchange of r, and r, (corresponding to opposite or parallel electron spins respectively).
Considering these two cases separately and making the usual expansion in terms of the complete
set of unperturbed ionic eigenfunctions ¢,.(Z|r), we have

Pi(ry, 1) = % [@g(Z]11) Fq(ra) £ by (Z]1) Firg(ri)], (3)

where 3 implies summation over discrete states and integration over continuum states, and ¢ is
i

the initial state of the ion. Using such a symmetrized expansion (3) it is possible to avoid the
presence of singularities in the integration over continuum states (see Castillejo, Percival &
Seaton 1960).

The eigenfunction ¢,(Z|r) corresponding to energy E, satisfies

(=3V2=Z[r) ¢ (Z]r) = E,$,(Z]r). (4)

+ Below the ionization threshold there may of course be other collisions populating the final state indirectly
e.g. capture into a doubly excited state followed by Auger breakup (see Gailitis 1963 ; Seaton 1969), or excitation
to a higher state followed by radiative cascade, and the rates for these processes will in general be of the same
order as the direct process in the limit Z — oo, The cross-sections for these processes should be simply added to
the present results,
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 227

For E, < 0, the states ¢ may be defined in terms of the usual principal quantum number 7 and
orbital angular momentum quantum numbers /, and m,. We have

¢nlama(zlr) = Ylama(;) r_IPnla(ZIr)’ (5)

where Y, ,, (#) is a spherical harmonic (we use the phase conventions of Condon & Shortley (1951)
and Edmonds (1957) throughout), and the radial wave function 7,; (Z|r) is the solution of

A2 L+, 2Z Z
i et LML (©)

which is regular at the origin and normalized so that
f P (Z|7) Py (Z|r) dr = 8, (7)

If we multiply (2) from the left by ¢¥ (Z|r,), integrate over r, and use (1), (3) and (4), we may
show that

(V3 + 22+ B) Fih(r) = 23 (1) £ W) Filr), 0

where z=2Z-1, (9)
E=E + 1, (10)

V() = [ 9321 (- =) #(@lr) dr, (1)

and  Wee T = 9 @) [$8 @) (I - L) By dn. (1)

Provided ¢’ is not a continuum state, when 7, - 00, both 7,V,,..(r,) and ryW,, .. F % (1,) — O.
Therefore, in order to choose suitable boundary conditions for r - co we first consider solutlons of

(V2+2zfr + k%) ¢ = . (13)

Mott & Massey (1965) show that a solution is

Bulzlr) = et P(L—iy) et Fliy; 1 i(kr—k.1)], (14)

where v = z[k. (15)
For large 7 this has asymptotic form

Bulelr) ~ L(elr) 4L, B) Sy(elr), (16)

where L(z|r) = exp{i[k.r —yIn (kr—k.1)]}, (17)

S (2]r) = ;l—exp [k +y1n 2kr]), (18)

LB = L explily nh(1-R.D)}+ 200} (19

and o(y) = arg I'(l+1—1iy). (20)

I.(z|r) represents a plane wave with incident direction k and S,(z|r) represents an outgoing
spherical wave, both distorted by the pure Coulomb potential —z/r.
28-2
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228 A.BURGESS,D.G.HUMMER AND J.A. TULLY

For large 7, both I and § satisfy equation (13). Hence suitable boundary conditions for the
functions F g (r) are

Filr) ~ 0 (21)
r—0
and Fia(1) ~ (L (2]1) +L(F, kg) S, (2]1)] 8gq + (P Bg) S, (217). (22)
Gordon (1928) shows that
Gu(z|r) = k13 (20 + 1) et B(k.#) Fy(z]r), (23)
; ,
where Fy(z|r) is the regular solution of
dz [(I+1) 2z
I:—d_;é— ( 7'2 )+—T_ +If2:| Fkl(zlr) = O, (24)
which has asymptotic form
Fy(z|r) ~ k%sin[kr—Llm+yln (2kr) + oy (y)]. (25)

It may be shown (see Mott & Massey 1965) that

ri+1-iy)| , o . .
Fy(z|r) = I?k’z*h(m—‘ﬁ'_l e (2kr)Hlethr B (I+1—1y; 21+ 2; — 2ikr). (26)
A linearly independent solution, f;(z|r), of (23) is defined by
Hy(z|r) ~ k—*exp{i[kr — 3m +y1n 2kr + oy(y)]}- (27)

We now require to solve equation (8) subject to the boundary conditions (21) and (22).
Provided that ¢’ is not a continuum state, (8) is of the form

(V2+2z[r +k2) D(r) = U(r), (28)

where 7U(r) - 0 when r - co. Using methods similar to those of Mott & Massey (1965) we may
show that a solution, regular at the origin, is

0(r) = [Gpo(r,r) U (29)
where the Green function is
— (4arrr") 1 Zo (204 1) R(7.7") By(z|r) Hy(z|r") ('>7),
= ;
Gk,z(r3 rl) = © (30)
— (4mrr") 71 3 (204 1) B(#.7") Fyy(z|r") Hy(z|r)  (r>71").
=0
For large r (fixed r’)

G (r, 1) ~ — (dar’) "Lkt exp {i[kr + v 1n 2kr]} f; (214 1) i“texp {io)(y)} B(#.7) Fy(z]r")
r— 1=0

= — (47rr)“texp{i[kr +yIn 2kr]} d_ss(2|r"), (81)
where we have used (23) and the following property of the Legendre polynomials B(t):
B(t) = (=)' R(=9). (32)
Thus, the required solution of (8) is given by

Fiars) = Sy, (212) + 2| Gy, (P, 1) 3 Vi (15) + W) Ffy (r3) dr, (33)
q
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 229

and the amplitudet for scattering into direction 7, = feqr associated with the transition ¢ — ¢’ of
the ion is

fiuborb) = - 5 qu_kq () S Ve £ W) Fialrs) dry (34

The scattered intensity is I*(k, > k) | Si(By k) |2 (35)

Hence, averaging over initial and integrating over final directions, assuming no preferential
orientation, the cross-sections for the ¢ — ¢’ ionic transition associated with the space symmetric
and antisymmetric cases are

Q0> 1) = goi- [[ il o 2tk (36)
If the electron spins are orientated at random initially, then the cross-section is
Qg ~>¢) =1Q*(¢>¢)+iQ (¢ > 1)- (37)

Neglecting the possibility of ionization (for ionizing collisions the Green function (30) is no
longer valid), the set of coupled integral equations (33) represent an exact formal solution of the
problem.

2.2, The Coulomb—Born—Oppenheimer approximation

To obtain the usual Coulomb-Born-Oppenheimer approximation, (which we denote by
CBO1—see § 2.4) we assume that on the right-hand sides of (33) and (34),

V.p=W,.=0 forall g¢"=*q,
a_qiq 7q } (38)
t/q”q = ¢kq'
Thus, since (%V2+ z_ 1 +—g-k3) i (2|1) = (Li) i (21, (39)
r T q T ?
we have Télg ky) = flky, k) + g (kg ky), (40)
1
where Sflky k) = f b5 (Z|ry) ds, (2]12) (;— )¢q (Z|ry) du,(2]15) drydr,y (41)
L 1 ([, 11
and g(ky k) = ~5- P (Z|ry) ¢_kq,(z[r1) o b,(Z|r,) ¢kq,(z[r2) dr,dr,. (42)

fand g are the amplitudes for direct and exchange scattering respectively.
The usual Coulomb-Born approximation (CB1) is obtained by assuming that, in addition to
(38), W, = O for all ¢'. We then have

A A fq#q(’%qaiéq) —f(iéqB q)> (43)
with f(k,, k,) as in (41).

In order to evaluate fand g from (41) and (42) we expand the Coulomb functions in spherical
harmonics. From (23) and the spherical harmonic addition theorem we have

4 2 A . .
Bulelr) = g, ZVR) Yo (F) exp (io(7)} 1 Fia(e]r)- (44)
1 A A
Also, 7_1_2 = % 2 rSA P (7. 1y), (45)

+ For elastic scattering the pure Coulomb scattering amplitude should of course be included so that fj; is
replaced by f,+f in equations (35) and (36).
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230 A.BURGESS, D. G. HUMMER AND J.A. TULLY

where 7 is the smaller and r.. the larger of ; and 7,. Substituting (5), (44) and (45) into (41)
and (42), and using the orthogonality of the Y;,,, we have for the transition ¢ — ¢’

Flpr) = G5 3 V) Y i exp i)+ ()

x S(mlym] B |imlym,y Dy(n'lokgUs nlkyl)  (46)

and g(lzq/, lsq) = ko )hm%m'yl;(’%q) lflm(éf) i=Yexp{i[oy(y,) +0v(v) 1}
x ‘; (amgl'm’| Py |lmlym,) Ey(kyU'n'ly; nd k1), (47)

where  (I'm'lm}| Py |lmlymyy = f f o (P0) Vit (12) Pu(Fr. 7) on(B) Go (F) diydfy, (48)
’ ’, ré 8/\0
Dy (n'lgk, V5 nl,k,l) —f Fony(Z]r)) Frpr(2]rs) ( i 7) P (Z|ry) By i(2]re) drydry  (49)

A9
and  E,(k, I'n'ly; nl k1) ff Py (Zlrs) B (2|ry) ( Zfrl ﬂ) wia(Z|1ry) Fy1(2]ry) drydry. (50)

Substituting (46) and (47) into (36) and again using the orthogonality of the ¥,

Ims

16
QF (nlymy > n'lymg) = “21 P> |2{<l’ Lama| By |Imlymg) Dy +Klamg U'm'| Py |lml m,) Ey}|2.

[
(51)

If initially the ion is orientated randomly, we may average over m, and sum over m,, to obtain

57 +1) m.,Zm,Q (nl,m, — n'lym,). (52)

Q* (nly > 2'la) = a7y
It is advantageous to work in terms of the coupled angular momentum representation /[, LM,
where L is the total orbital angular momentum quantum number and M is the total orbital

angular momentum azimuthal quantum number.
Using the unitary transformation

|iml,m,y = X |l LMY (ll, LM |lmi,m,), (53)
LM
where (ll, LM|lml,m,) is a vector coupling coefficient, we have
e L6m ,
Q*(nl, > n'ly) = (Gl +1) R E (2L +1) ]E{(ll LM|P,|ll,LM) D,

+ (= 1)L VLM P, U, LM ) E,}|2, (54)
where by standard tensor operator methods (see Edmonds 1957)

Ll 1;}

GBL M| BLLLM)Y = (= 1)+ 8, 00y ]

x [(20+1) (20 +1) (20, +1) (23 + 1)} (f) ’; 10) (ff ﬁ 13) (85)

and where we use the usual notation for the Wigner 3-j and 6-j symbols. We shall write the
angular integrals involved in (54) as (jl3L| P, |l,l,L) since, from (55), the M label is
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 231

redundant. The elementary properties of the 3-j and 6-j symbols give rise to the following

selection rules:
G L| Py |1, L) is zero unless

() |h—b <A <L+l
(if) & +1;+Ais even,
(i) |l—1 < A < L+,
(iv) ly+15+Ais even,
(v) |li=4] <L <+,
and (i) |li—4] < L <L+,
Conditions (ii) and (iv) are consistent with the parity conservation rule (—1)b+e = (—1)l+s,
These integrals have been tabulated in their lowest terms for all cases involving /;, /; = 0, 1, 2 by

Percival & Seaton (1957).
2.3. The scattering and reactance matrices

Following Seaton (1961) we introduce the scattering matrix §, transmittion matrix T and

reactance matrix R.
Instead of working in terms of the functions Z#,(r) defined by (8), (21) and (22), we introduce
the functions Z5* (¢im|r) which are defined as being the regular solutions of (8) with asymptotic
F7*(glmlr) ~ ¢(glm|r) 6y~ X ¢ (q'lm'|r) $*(q'V'm’, glm), (56)

form

where ¢ (glm|r) ,m(?) exp{ +i[k,r—%m+y,In 2k, 7+ 0y(y,) ]} (57)

q
Using (16), (18), (25), (44) and (56) we may re-write (22) as

2m, 2 . .
)~ S SE k) exp {io(y,) 1 [8-(glmlr) — . gim] )] g

+qu( " q) r-rexp{i[k,r+y,In 2k, r]}. (58)

In the asymptotic region, the functions ¢, (¢lm|r) are a complete orthogonal set of solutions
of (8). Hence, comparing (56) and (58),

2. ~ . .
Fi(r) = 31 3 Vi (k) exp {ion(y,) i 5+ glm]r) (59)
q m
2 b 2 s -l 17,1
and [ (k) = sy, 3 Tin(ky) Yo F) exp iloi(yy) + v (vo) I T U glm), - (60)
q’v'q 'ml’'m’
where T*(q'U'm’, qglm) = 0,,010pm —SE(¢'I'm’, glm), (61)
ie. T+ =1-8% ' (62)

We now introduce the functions %**(glm|r), which are defined as being the regular solutions
of (8) with asymptotic form ‘

FFqinlr) ~ $ulalnle) gy + 3 bl V1) (g U, glm), (63)
1 (sin 1
where b (glm|r) = 1, ( ) k% cos (k,r — $lm+ v, In 2k 7+ 0y (y,)] (64)

¢ are also a complete orthogonal set of solutions of (8) in the asymptotic region.
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232 A.BURGESS, D.G.HUMMER AND J.A. TULLY
Writing F5E(glml|r) = X FF*(qim|r) (65)
@
and Fr(gin]r) = 5 FE(qlm]r), (66)
"
we have, using (56), (57), (63) and (64),
Fk(alr) ~ ¢(alr) =X ¢, (|r) S5(a’, ) (67)
d BN ~ ol B o) 56 (o) (B +iRE(e, )], (68)
where a stands for gim. Therefore, comparing (67) and (68),
— AFBE(a"|r) = [0, —iRE (o, )] F5%(a|r) (69)
and [0y0r +1RE(a, ")) = Z SE(a!, &) [0, —1R* (e, 2")], (70)
. I1+iR*
ie. S§* = TR (71)
—2iR*
From (62) T+ = iR (72)
If we have R*(a/,a) € 1 for all &', a, then
T+ ~ —2iR%, (73)
Substituting (60) into (36), we have
Q*(nlym, —n'l,m,) = —7; | TE@ ymyU'm’, nl,mgIm)|2 (74)
q lmi'm’

It is again advantageous to work in terms of the coupled angular momentum representation
ll,LM. From the unitary transformation (53)

T L ml Um’, nlymglm) = 3 Lymyl'm! I,V LMy T*(w' 1,1 LM, nl, ILM) (L, ILM|l,m, m), (75)
LM

where we have assumed that spin-orbit and spin-spin forces are negligible so that T is diagonal
in L and M and is independent of M. Similar transformations hold for § and R.
Substituting (74) and (75) into (52), we have

Q*(nl, > n'l}) = 37? o 3L+ | T Ll L) (76)

(20, +1) K2 7

2.4. The CB 11 and CBO 11 approximations
Comparing (46) and (47) with (60) and (54) with (76), we see thatin the CBO 1 approximation

T*(n'lymgl'm’ ,nl,mylm) = 43 {U'm'lymy| Py |lml,myy Dy + {lomyI'm’| Py |Iml,m,y E,} (77)
X
and  T=(WlILnl,IL) = 4 S {UILL| P, )lyl, LY Dy + (= 1) HaL(L UL P U, LY Ey).  (78)
Y

When the Coulomb-Born-Oppenheimer approximation is valid (see (38)) we must have
T+(a',a) < 1 for all &, a, so that equation (73) holds. Hence the CBO approximation for the

reactance matrix is
R* = R+ Re, (79)

where the elements of the direct and exchange reactance matrices are given respectively by

R I'L,nl,IL) = —2 X (', L| P,|ll,L) D,, (80)
A
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 233
and Re(w'l,l'Lynl,IL) = —2(—1)‘+’a4‘2(l;l’L| P, |l Ly E,, (81)

with similar expressions in the uncoupled representation.

Thus, instead of using (78) directly in (76) (or (77) in (74)), we may, alternatively, use (7 9)

(80), (81) and (72) in (76), as suggested by Seaton (1961). This second alternative we denote as
the CBO 1 approximation. The CB1r approximation is related to the CB1 approximation in a
similar obvious manner.
From (49), (50), (55), (79), (80) and (81), it is easily seen that in the CB1r and CBO1 approxima-
tions the matrix R is real and symmetric, so that from (71), the scattering matrix § is unitary.
Thus the CBur and CBO 11 approximations always satisfy charge conservation relations, while
the CB1and CBO1 approximations do not, so that in cases where (73) no longer strictly holds we
would expect the approximations 11 to give considerable improvement over the approximations 1.
Previous calculations for excitation of neutral atoms (Burke & Seaton 1961; Somerville 1963)
appear to confirm this (see also van Regemorter 1960). A typical case in which method 1 is
particularly useful arises when equation (73) holds reasonably well for a significant number of
angular momenta, but is very strongly violated for just one or two (usually the smallest) angular
momenta. The extra work involved—simply the matrix operation (72)—is relatively small.

2.5. Introduction of reduced variables

We are interested in evaluating cross-sections for all values of the nuclear charge Z, including
the limit Z —> co. Accordingly, we scale out the main Z dependence as follows
If we define

P(nl,|€) = Z4Py,(Z]r) (82)
and pEF (kllp) = friziBy(zlr), ' (83)
where B=z|Z, k=klz, E=Zr, p=zr, ' - (84)
then [2ale 200119 d = 8,0 C)

1‘|]" I+1—i/k)| o

and  f 7 (kllp) = 2kk(20+ 1)1

(2kp)ttieir F ({41 —ifk; 2]+ 2; — 2ikp), (86)
while asymptotically
BEF( /\llp) ~ ,[)"‘ k~%sin [kp — 3Hm + (1/) In 2kp +arg I'(+ 1 —i/k)]. (87)
Thus 2(nl,|£) and f~} F (xl|p) stay finite when Z — co.
We now have
ZR*(n'lyl'Lynl,IL) = —2 ZA] {VI,L| P |l LY D) & (—1)HHa—L (l;Z’L| P, Ly&,}, (88)
where ,

Dr= 2Dy =p7 " F (K V| BE) F(BK | BE) YN P (WD, P(nl|E); £} dE,  (89)

and
83= ZE, = [ "2t e) F (5K, PE) 1 F (5K, V166D, PULI); €3 06y (00
@ A
with A SE); 6 = [ ReEAE) (F- ) (o)
and K,=k|Z (92)

29 V Vol. 266, A,
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(so that k = 1K), and where £ and £ are respectively the smaller and greater of §; and &,.

—2iZR*
£ _
Also, ZTs = ot (93)
40+ gy T L] ] 2
and ZQ*(uly>1l5) = Ty g 3 (L4 1) ZTH WLl I (94)

We work in terms of the quantities appearing on the left-hand sides of equations (82), (83) and
(88) to (94) since these quantities remain finite for all values of Z, including Z = 1 and the limit
Z - 0.

2.6. Labelling of states

We shall consider all transitions among states involving the n = 1,2 principal quantum
numbers. The LS coupled states 7/, [L of the system are conveniently represented by a subscript z,
according to the scheme

nil, | L )2 parity ky
1 0 L L 1 (=1)E ky
2 0 L L 2 (—1)E ky
2 1 L-1 L 3 (=1)E k,
2 1 L+1 L 4 (= 1)E k,
2 1 L L 5 (= 1)L+t ky

We introduce a concise notation for matrix elements:

T, (L) = T(n'l,I'L,nl,IL).

y
In the CBO approximation singlet and triplet matrix elements are distinguished respectively by
a + or — superscript.
2.7. Transitions between fine structure levels
This section is a direct generalization of the treatment of Burke & Seaton (1961) who consider
the neutral case without exchange.
Matrix elements of T in jj coupling are related to those in LS coupling by the transformation

¥l % laJa
Tl gl Ionl, jo i J) =2 A 5 U /)T ,ULnl ILYAV S | j ). (95)
¥ \sry SLJ
The transformation coeflicient 4 can be related to Wigner’s 9-j symbol,
abec abc
Ald e f] =[(2c+1) (2f+1) (2g+1) (2k+1)]}{d ¢ f}. (96)
ghk ghk

Algebraic expressions for the 4 coefficients needed in the present problem are given by Cliff &
Kennedy (1955), while their properties are discussed by Edmonds (1957).
We consider transitions between the 2sy, 2p; and 2py states. For He* we have:

2p%
Ae:% = 2.4490 x 105 a.u.
A

1 Ay = 0.2135 x 105 a.u.
Y
) 25} (see Bethe & Salpeter 1957)

£

3

2p%
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 235
For transitions between these levels
N AN m B 13 N .
Q(”la.]a —>n la.]a) - (2ja + 1) kzg(n la.]a, ”la]a) (97)
where we have written £ for £, ; and the collision strength £ is defined by
Qn'lyjenlyj.) =% 5 (2J+1) | T, joly'J,nlyjo §J) |2 (98)
Wi g

The factor  comes from averaging over the spin directions of the incident electron. Substituting
(95) in (98), summing over j, and using the orthogonality property of the 4 coefficients, we
find that

1 l/ .y 2
2 taJa
QW' jonlyj,) = (2J+1) 1A% U '\ T*(n'l, ' L,nl,IL)
Ja ll i JSL
S L J
¥ laja)?
=3 % 2o+ 1) (2S+1) (2L+1) | T*(n'l 'L, nl IL)|2Y (2 +1) (27 +1)[{} 1" §
wSL i
’ SLJ
(99)
Finally, using the orthogonality relation for the 9-j symbol, we obtain
ryr 2t 4 2ja+1 ryjr gy
Q' ji,nl,je) = ! > (28+1) (2L +1) | T¢(n'l; ' Lyni, IL) |2, (100)
Ja 4\20+1) wist
Summing over § we have
ryjr 27 > 2j"1+ ]' ryr — 1]
jZa.Q(n LoJastly,j,) = 531 {1+ (n'ly, nl,) + 32— (n'l,, nl,)}. (101)
2s4-2pj, transitions:
From (101) it follows that
Q2(2py, 253) = 3{22*(2p, 25) + 02~ (2p, 2s)} (102)
and £(2py, 253) = ${22*(2p, 25) + 2 (2p, 25} (103)
We therefore require the collision strengths
Q*(2p,2s) = X (2L+1) | T*(2pl'L, 2sIL) |2 (104)

WL

Conservation of total orbital angular momentum and parity require I’ = [+ 1 and ! = Lso (104)

reduces to o
£2+(2p, %) =L§0 2L+ 1) {| T55(L) |*+ | T3a(L) |- (105)
Since the 2s — 2p transition is an optically allowed one (A = 1) between nearly degenerate
levels, the dominant part of the series (105) comes from distant encounters, that is, large angular
momenta. The series converges very slowly; in fact, it diverges logarithmically as the energy
difference vanishes (see equation (115)).
To evaluate the contribution from large L values, we choose a value Ly( < z%?/4e;, ), such that
for all L > L,:
(i) exchange is negligible,
(ii) the interaction if weak, (|R,,(L)| € 1),
(iii) only the long range potential is effective.
29-2
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236 A.BURGESS, D. G.GHUMMER AND J.A. TULLY

Because of (i) and (ii) we can use the CB1 approximation to determine the T matrix elements,

ZT5(L) = ZT,,(L) = —2iZRy (L) (L> L), (106)

where ZR(2pl'L,2sLL) = —2(I'1L| P, |LOLY 2,(2pl'L, 2sLL). (107)
On account of (iii)

2, = [ 2(5le) 22019 €& || F(xLip) F (V1) 072 . (108)

For hydrogenic ions . fw@(2s|g) P(2p|E) EdE = —34/3, (109)

0
so that ‘ 2T, (L) = ZTZ;/(L) (L>Ly), (110)
where ZT, (L) = —12y3i(V'1L| P, |LOL) f “F (kL|p) F (kT |p) gg. (111)
0

Introducing the Gaunt factor for free-free transitions

N 243 @ , d
gk, k') = *%“LEO {LUO/' (kL|p) F (k'L - llp)p‘f

+(L+1)

[‘Fwtip #wrs1n
0

—2
( 12)
® 72
we have Y 2L+ 1){|ZTou(L) 2+ | ZT (L)% = NE 3 g (K, &) (113)
: L=0
We use the following approximate form (see Grant 1958)
’ 3 4K2 ’ ’

g (&, €') N%lnm (|k—=&'| < k+«'), (114)

which is very accurate for the energies we consider. We must use |«2—«"3| = 2z-24¢;, when
calculating Z2Q(2pj,, 2s;). The collision strength is now

220%(2p,29) = % (L+ ) {|ZT5(0) 2+ |ZTHD)Y

442 L, o~ ~
F120n ey = B L) (2T (L) + 2T (115
To evaluate the second summation in (115) we use the fact that for values of L such that LAe < k2
the partial collision strengths are independent of e (see appendix) and may be calculated with

Ae = 0. Setting k = ' in the definition of ZT, (L) and using (A 29) we finally obtain

Z20%(2p,2s) = 2L+1 Y{ZTE(L) |2+ | ZT55(L) |23

4k2 B Lo 72(L+1) 2 36(Ly+1) «2
|2 —k"2|  [Zol4 (L+1)2k2 " 1+ (Ly+1)2«2

+172In (116)

2pj, = 2pj,, transitions:
To evaluate the collisions strengths for [, j, = [, j, transitions from (95) and (98) requires rather
heavy algebra. However, there are simple relations between these collision strengths, so that in

fact it is necessary to calculate only one of them explicitly.
From (101) we have

£2(2py, 2py) +92(2p;, 2pg) = H1RH(2p, 2p) + 302 (2p, 2p)}, (117)
and 2(2py, 2py) +92(2py, 2py) = ${127(2p, 2p) + 292-(2p, 2p)}, (118)
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 237
where Q*(2p,2p) = 3 (2L +1) | T*(2pl'L, 2piL) |2. (119)
wrL

From the definition (78) of the T matrix elements and the selection rules at the end of § 2.3 we see
that the three summation indices /, /" and L are related as follows:

for given [, U'=1-211+2
and L=[-1,011+1.
Summing over !' and then over L we obtain

Q*(2p, 2p) = 2{21—1 Y| Ts(l—-1) ]2+ (21-1)| TH(I-1)|?

+ 20+ 1) | TED) |2+ 21+3)|T33l+1 V2+ (204 3) | TE(I+1)|2  (120)
From (98) we have

Q(2py,2pp) =1 3 (2741) | T20y5, 20 (121
27
where for given [, J=1-1,04L1+1, j=U-%1+4%,

j=l-3,0+3 U=1-211+2.

The non-vanishing T matrix elements obtained from (95) by use of the algebraic expressions for
the 4 coefficients are given in table 13.

All of the 2pj, — 2pj,, collision strengths may be calculated from table 13 using (117), (118),
(120) and (121).

2.8, The CBO approximation for complex ions

The collision between an electron and an atom of nuclear charge Z containing N electrons has
been discussed in detail by Seaton (1953). Using some of his results we shall derive an expression
for the scattering amplitude describing the following process: an electron with momentum £k,
and z component of spin m, collides with an ion in state ¢ and causes the transition ¢ - ¢’ to occur.
The scattered electron emerges with momentum k, and spin component mg. If the ion is in
LS-coupling then ¢ = 7§, L, Mg, M, where 7 represents the quantum numbers required, in
addition to the orbital and spin angular momenta, to specify the state ¢ completely.

The coupled integro-differential equations for the collision problem we are considering can
be written in the following way (see Seaton 1953, equation (40)):

(714 22200 1 12| 22000 = 2 5 W50 = W) Fi() (122)
where Fr(s) = [0 67 [E@;“”Z] V(7 dsp? (123
and W T Nfzﬁ* w7 [H— B (37) Fpo(;) da7 (i 4 ). (124)

The space and spin coordinates of the i-th electron are denoted by #;. Integration over all
coordinates except #; is indicated by writing f ...dx7'and
lﬁq(xil) = 1/’(1(‘”13 Koy eees ¥y 15 %5015 o0y xN-l—l)
is the wavefunction for the ion in state g.
The function Z,,(#) is required to have the following asymptotic behaviour:

exp {i[k, 7+ zk; In 2F,, r]}]
r b

Fol®) ~ 8(m|o) [¢kq<z|r) Byathy

aq
7—>0

(125)

where v = gk mg, V' = q'kymg, z = Z— N and ¢, (z|r) is a Coulomb function defined by (44).
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238 A.BURGESS, D. GG HUMMER AND J.A. TULLY

An expression for the scattering amplitude #,, follows immediately on applying the Green
function method described in §2.1:

1 ,
by = — 5 f 3% (1]00) 61, (211 5 T (90) = Vi) i) (126)
The CBO approximation ASE0 is given by
]ZEJIEBO = VQVB +g1(;193 (127)

where the direct Coulomb-Born amplitude is defined by

P == g | [prmled gy Clr w5 LT

p+iTip T

]zﬁq(xm b, (2]1:) 8 (m o) da d,

(128)
and the exchange Coulomb-Oppenheimer amplitude by

69 = o | [## lo0) Ba, c1r) W (7Y U= BV (57 el Dmfo) s (i ).

(129)
The prior and post forms of g&9 are obtained on replacing [H — E] by
1 N
o= 130
v¥iTip i (130)
and > LN (131)
p¥iTip T4

respectively. These simplifications are possible if the wavefunctions ¥, satisfy the exact

Schrodinger equation for the ion. The post—prior discrepancy, which arises when approximate

ion wave functions are used, has been discussed by Bates, Fundaminsky, Leech & Massey (1950).
The cross-section for the process gm, — ¢'m is given by

Lk -
Q(gms — ¢'m;) = Eﬁfﬁhvmqu, dk,. (132)

One is generally more interested in the transition 75, L, - 7'S; L, between terms caused by a
beam of unpolarized electrons and the cross-section for this reaction is obtained by summing (132)
over final states (M7, , Mg, ,m;) and averaging over initial states (M, Mg, m,):

1
2
(2Sa + 1) (2La + 1) Mgq Mg, mems Mp, MT,

Q(1Se Ly~ 1'Sala) = 5 Qgms > g'my).  (133)

As Z — oo the mutual electronic interactions become negligible compared to the interaction of
each electron with the nucleus and an exact wavefunction for the ion is obtained on taking a
suitable linear combination of hydrogenic orbitals u,,, ,,, where

Yty ms(¥) = Primy(Z]1) 8(m|a). (134)

Furthermore, we may replace z by Z so that the Coulomb function for the colliding electron
becomes ¢, (Z|r) and satisfies

‘ f¢k(Z|f) Gy (Z|1) dr =f¢_k(Zlf) G, (Z]1) dr = 0. - (135)

When N = 2 the function ¥, can be factorized as follows

§/’q(x1> %) = D(15, L, ML(, | 1y, 19) X(S, MS.,|°'1> Gy), (136)
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with 7 = n.l,n,l,. The suffices ¢ and v refer to the core and valence electrons respectively. For
non-equivalent electrons (n, % n,)

B(18 Ly My, |11, 12) = Tl2m2 Crireat [Be(Z]11) fy(Z]rs) + (= 1) o(Z]ry) $y(Z]r1)], (137)

1My

while for equivalent clectrons (n, = n,,l, = [,)

DS, Ly My, |1, 1) = X Ctln s $u(Z|1) $y(Z|1) b m, S (138)

MM,

where for simplicity we have written ¢; = ¢, . In the latter case the symmetry of @ for
interchange of r, and r, is given by (— 1)Ze, The spin function X is obtained on vector coupling
the spin angular momenta of two electrons.

To illustrate how our results may provide cross-sections for complex ions we shall consider
excitation of the following transitions in He-like ions:

118 —» 23S, 238 —» 215 21§ — 23P,
11S - 23P, 23S —» 21P, 23P — 21P.
These transitions involve a change in the spin multiplicity of the ion and this can only occur

through exchange of the incident electron and one of the bound electrons since we are ignoring
spin dependent forces. Hence

R0 = g2 (139)
and for the cross-section we have from (132) and (133)

ky f f o1z Af 18
v |2dk, dk,, (140
(2, + 1) L, + 1) 47k, a1,y ,,m%éML,,M'L a |690|2 dk, dk,, (140)

Q(nSa La - n’S(;L[l) = 9

wherc for simplicity we have replaced 7 by the principal quantum number zn = n, of the valence
clectron. Furthermore since the core consists of a 1s clectron we have L, = /. Using (136) in the
prior form of (129) we obtain

rQur AN 3!?(1’ _ 1
Q(nSa La —>n SaLa) - (2Sa + ]) (2La + ])z;r]{q “l)',?'l’l,ajf é;fffgb—kq,(ZIrZ)
x ¥ (n'Sg Ly My, |11, 13) [3— o 2] O(nS, L, My, |1y, 1,)
Y31 T3 T3 “

x ¢y, (Z|ty) dry dr, dry|2 dk, dE,, (141)

where a factor 3 is obtained from summing over spin quantum numbers and coordinates.

Finally, if we use the expressions (137) and (138) together with the orthogonality property (135),
then

Q(nS, L, > n'S, L) = (nL, > n'L}), (142)

3t
(25,+1) @
where ¢t = } for excitation from the ground state, ¢ = } otherwisc, and where

rr ky 1
Qrla>1'La) = p ik, 1 20 I lg;, [[#-4217) 82 i (210

1 ~ ~
X -~ DL, ML,,(Z| 1) ¢k,,(z| r;) dr,dr,|2dk, dk, (143)
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is the cross-section for exciting by electron exchange the nL, — n'L} transition in a hydrogenic
ion with infinite nuclear charge. The quantity Z*Q°(nL, - n'L},), given by

2
Z4Q°(nL, > n'L,) = (271—1—)7;2 u§ (2L+1) |ZRe(n'L,IL, nL,IL)|?, (144)
a q
remains finite as Z — 0.

3. COMPUTATIONAL DETAILS
3.1. Generation of Coulomb functions

The Coulomb functions & («l|p) were generated as needed by outward numerical integration
of the differential equation using the Runge-Kutta method. Since the boundary conditions at
the origin do not determine the normalizations of the functions, we used a correctly normalized
series solution from the origin to the vicinity of the first inflexion point of % («l|p) to start the
numerical integrations. A regular solution of

a2 i+l 2 2] F (xll o) —

[dp2~ e +p+/< ZF (kl|p) = 0 (145)
is F(kllp) = 3 a,priH, (146)
n=0
where a; = —ap/({+1), (147)

(n+2) (n+20+3)a,,+2a,,,+K%, =0, (148)

and where, from equation (26),

C(2m[1+ kP [1+k2(1-1)%] ... 1 +/<2]}% 2!
ay = { =T CESIE (149)
If we write w(p) = p7L F (kl|p), (150)
the differential equation can be written as
dy,

) — (o), (151)

dy 21+2 2
) BBy - (C o) i), (152)

which is a form suitable for the Runge—Kutta process.

In practice, for a given transition and a given value of the total energy, the Coulomb functions
for all required values of / were evaluated simultaneously for «, and for «,. The initial step length
was taken as some power of two so that it could be represented exactly in the machine and was
doubled three times at predetermined points. In this way we avoided the build-up of rounding
errors in p which after many steps would have interfered with the evaluation of the integrals.
The Coulomb functions were spot checked against existing tables.

3.2, Calculation of atomic potentials

The atomic potentials occurring in the matrix elements &, for the direct interaction are
defined by equation (91) with

Ji(BE) = P(wlh|€) and  fo(€) = P (nl,|§).
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We have used the bound state functions

P5]e) = 26 e, (153)
P(5]8) = 5H(2— 8) e, (154)
P(2p|E) = 24732 2E, (155)

The integrals are elementary, and explicit formulae are given below:

Yo(1s,1s|§) = — (1+£77) e7%, (156)

ol %

Yo(ls, 25|8) = - (E+3) 7, (157)

Yo(2s,25|8) = — (}2+EE+§+E et (
Y0(2p, 2p|€) = — (FE2+1E+F+E) e (
y1(1s,2p|&) = — (B} (E+5+3PET+5% ‘) cH 4+ (3)2 87672 (160)
y1(25,2p|€) = BF(AE2+3E+ 3+ 3L+ 3E72) et - BiL, (
Y2(2p, 2p|E) = — (HE2+5E+ 5+ 158714+ 3062+ 30£3) e~6 + 30£-3, (

Note that for A + 0 there is a long-range contribution to each direct potential of the form
(constant/¢*+1); all the other contributions decrease exponentially.
In the exchange case we have to evaluate potential terms of the form

y/\{y(ﬂ—qu'lllﬂgl)y g(”lagl); gz}
= [ F (6K, \08) P0LI) B b+ 8] F(BK, 115 20,18 614,
80 f (BK, L\ BEy) P(nl,|Ey) dEy.  (163)

The integrals, which cannot be evaluated analytically, were tabulated from the prestored
Coulomb functions and atomic radial functions by numerical quadrature, using the 5-point

formulae .,
fm Fx) dx = 730 (251, + 646f, — 264f, + 1067, — 19f,), (164)
x,+2h }l .
[ e as = o9+ 1244 244 41—, (165)
ot 3N 3%
f Slx)dx = %(9fo+34ﬁ+24f2+ 14f5—fa), (166)
) de = 2R (7f0+ 32f, + 12/, + 325+ 1f), (167)

Lo

where f; denotes f(x,+jk). In the latter two integrals in (163) the upper limit was chosen
sufficiently large for #(nl,|£) to be effectively zero (~1 in 10% accuracy was chosen). All the
exchange potentials decrease exponentially as r — o,

30 Vol, 266, A,
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3.3 Evaluation of radial integrals

The final integrations in (89) and (90) were carried out numerically using equation (167) with
the pretabulated radial functions and potentials. In the direct cases only the integration over the
short range part of the potentials was carried out in this way; owing to the slow convergence of
the integrals the long range contributions of the form

const. J :y( B1K | BE) F (BK 1| BE) £-1dE (168)

were evaluated analytically using formulae given in the appendix.

Several trial runs were made to select optimum step sizes and truncation points for the integrals.
The integration procedure in the direct case was tested by running the program with K, = K, = 0
for all transitions, since the integrals could then be evaluated analytically. For K = 0,

F(0l|p) = (mp)% Ju1a (V (80)), (169)

so that each term in the short range parts of the integrals gives rise to an integral of the type
Ly =m . P e Jy 1 (4 (8p)) Jar11(v/ (8p)) dp

: f : prite %M2J2l+1(t) J21'+1(t) ds. (170)

= 23n+2

Using a result given by Watson (1944),1 we have

I'(l+0I'+n+2)
rel+1nrer+2)

XgFy(I+U+ 3,0+ + 2,1+ +n+2; 20+2,2' +2,2]+ 2’ + 3; —8[a), (171)

Ly = mwod+e+1g-1-I-n—2

where ' oFs(a, byc; dye, fy x) = % (@)n ((f)) (\(f) f:, (172)

with (@ = (173)

In the cases considered here the series converged rapidly enough so that the 4F; functions
could be evaluated with sufficient accuracy. The values of the radial integrals computed this
way were in good agreement with those obtained numerically.

Since the functioning of the program does not depend on the value of the energy, this was taken
as evidence that the mechanical aspects of the program were correct, and since the Coulomb
functions were known to be correct at higher energies, the resulting integrals were taken as
correct.

3.4. Calculation of the T matrix

In order to calculate the T# matrix from the R* matrix, we express ZT¥ in terms of two real
matrices ZX* and ZY*:

ZT* = ZX* +1ZY+ (174)
where from (93)
L 2Z71(ZR%) L —21
zx= = (ZRY)T+Z2(ZR*)’ Y+ = (ZR¥)1+ Z2(ZR*)" (175)

1 The formula given by Watson is in error by a factor §, see Bateman (1953), vol. 11
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By writing ZX* and ZY® in this form only three matrix operations are required for their evalua-
tion. An iterative procedure was included to check the inversion routine. The program was also
checked by recomputing some of the results of Burke & Seaton (1961).

3.5. High angular momentum contribution to the collision strengths

For most transitions the partial wave contributions to the collision strengths are slowly con-
vergent and approximate methods have been used to complete the summations. The 2s — 2p
transition has been dealt with in § 2.7 and the 1s — 2p case is considered in the appendix. We
shall describe here the method that was used to estimate the contributions from large angular
momenta to the 2s — 2s (approximation 1t only), 2p — 2p and 2p; - 2py transitions.

For L > 1 exchange can be neglected and the partial collision strengths for these transitions
depend on L in approximately the following way:

Z2Q; oc L™, (176)
Furthermore, for our purposes it is sufficient to set
S, 200, = 4220, + f 220, dL (177)
L=L, L,

as suggested by Burke & Seaton (1961).

In order to determine the exponent z in (176) we argue as follows: Since ZR,,(L) tends
exponentially to zero with L there is no problem in determining Z2Q(2s, 2s) in approximation I.
However, if we expand the r.h.s. of (93) and retain terms up to second order in ZR then we

find that ZT ~ — 21 ZR +2Z-'[ZR]?, (178)
and for L > 1 we can write

2Ty (L) = 2Z7Y[ZRoy(L)]* +[ 2Ry (L)]%}- (179)

From (A 29) we see that for K, # 0 the 2s-2p reactance matrix elements vary essentially as L—!
so that in the CB11 approximation

Z2Q,(2s,2s) oc L3 when K, 0. (180)

From (A 30) and (A 31) it follows that the 2p—2p reactance matrix elements vary as L~3 for
K, = 0 and as L=2 when K, # 0. Thus in both the CB1 and CB 1 approximations we have

-5 -
2:0,(2p, 2p) o {L when  Kg = N (181)
L-3 when K,=+0,
-5 —
and Z%0)(2py, 2py) oc {l when - K, O’} (182)
[~* when K, 0.

The constants of proportionality were determined respectively from
22Q;, (2s, 2s), Z2QL0(2p, 2p) and ZZ.QIO(2p%, 2p%)
where [, = L,— 1. The values of L, which were used are shown in table 12.

It is of interest to note that in the limit of large L simple expressions may be obtained for
Z2Q; (2p, 2p) and Z22;(2p;, 2p;) in the CB1approximation. We consider in detail the 2py — 2py

transition. From (95) we have 1] 3 1] 1
g 13 PR
T(2pyljJ,2pli0) = AV 5 U j') ALy L J ) Tu(L)- (183)
8L
SLJ S L J,

30-2
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For sufficiently large [ we can neglect exchange and in approximation 1 we have from (73), (79)

and (80) that :
TE,(L) = 4i SUL| P |1ILY D, (2pk'l', 2pkl) (K =k=k,). (184)
)

If we substitute (184) in (183) and use (55) and (96) then we can write the CB1 approximation
to the T matrix element in the jj coupling representation as follows:

T(2pglly'J, 2py i) = i(—=1)H+L24/2[(20+1) (20" + 1) (Z+ 1) (' + 1)]2

1AL/l AT
x‘?‘(oo 0) (0 0 O)D"

1138, (111

LIl A I
xseELenfy | fzesendir it gl ase

' SLJ)\SLJ

The summations over S and L can be carried out after suitably reordering the elements of the
3n—j coefficients and using the sum rules given by Yutsis, Levinson & Lanagas (1962) (see
equations (A 6.47) and (A 6.36)). Equation (185) reduces to

T(2pyl'J, 2py i) = i(—1)7 24./2[(20+1) (20 +1) (2 +1) (2 + 1))
LA (X0 7 G
X?(o 0 0) (0 0 0){1’ I3 lg 1 J}{%
=1i(- 1)~’%[(21+ 1) (2 +1) (2/+1) (2 + D)}
12 0\(jj 2\ (5] 2
“loo ol E AP (186)

where we have used the following results

110_0 112}~1 121, /2
g1 TR oo VI

Thus we see that in the CB1 approximation only the quadrupole (A = 2) part of the 2p-2p

[N >a

B

[ —

interaction contributes to the 2py — 2p; transition. In the limit of large / the dominant contribu-
tion to D, comes from the long range quadrupole integral so that we can replace D, by

Dy(2pkt’, 2pkl) = f :ng(Z/r) r2drf :F}d,(z/r) Fiy(z|r) r-3dr, (187)

where we place a tilde over a quantity to denote its value in the limit of high /. For hydrogenic ions

f :ng (Z]r) r2dr = 30Z-2, (188)

The second integral in (187) is given in simple analytic form by the expressions (A 30) and (A 31)
in the appendix.

The collision strength we now write in the following way:

Ly—1 [= I
Q(2P%> 2P%) = l§0 ‘Ql+ Z=EL Ql: (189)
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where from (98) and (186)

~

By(2p5,2py) = o 3 (2J+1) (2+1) (20 +1) (2+1) (2 +1)

121’2jj'22ff'2}2~2 190
<(os o) (P 3 1 IF P )

From the orthogonality of the 6-j symbols we have

JJ 2y 1
ey -5
. J 212
and 2 (20+1) (2JI+1){{'JI 1: =1
i’ 2
while summation over j gives S (27+1) = 2(20+1),

J

so that finally

~ 64 , 12 I\ ~
B(2py 2p) = 55 I+ DT +1) (o o o) 1Dal

~ 64[l(l+ 1) (20+1)

il RSV SV ) W 2
- [ 1D, api2pi)

3(l+ 1)_(_1_'_" 2) . fj(l— DI % 3 2]
T 5 | Dy(2pki+ 2, 2pkl)| +2(2l— ) | Dy(2pkl — 2, 2pkl)|2|, (191)
1202 [({+1)
where we have used (0 o 0) = -(2“_ 3-).,(%-_!_ 0 (Ql— 1y
(l 2 l+2)2 _ 3N+
00 0) T202+1)(2+3) (2+5)

which are given by Brink & Satchler (1962, table 3). We note that the result (191) agrees with the
formula given by Seaton (1955, equation (46)). In this case the coefficient «,in Seaton’s formula
has the value 12 and is given by Condon & Shortley (1951, table 49).

The 2p—2p collision strength can be written as

Q+(2p,2p) = X 2+ % 4, (192)
=0 L=T,+1
where from (119) and (184)
Q41,(2p, 2p) = 16(2L+1) Wi, 11+2U 5 i+ Uiy, 1+ U 1} (193)
with Uy = |[(U'L| Py |1ILY Dy(2pkl’, 2pkl) |2. (194)

Simple algebraic expressions for the coefficients (1/'L| P,|1/L) are given by Percival & Seaton
(1957) and D, is defined by (187).

4. RESULTS AND DISCUSSION

Our results for the direct and exchange reactance matrices R and R®, for nuclear charge
Z = 2 and oo, may be obtained from tables 1 to 4. We tabulate the scaled quantities ZR? and
ZRe¢ since these stay finite when Z — co.


http://rsta.royalsocietypublishing.org/

. \
_SE )

AL

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y B \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

246 A.BURGESS, D. G. HUMMER AND J.A. TULLY

For reasons of economy of space we do not tabulate the (complex) transmission and scattering
matrices T and S. They may be obtained straightforwardly from equations (174) and (175) and
tables 1 to 4.

In tables 5 to 11 we give the partial and total scaled collision strengths Z2Q; and Z22 for all
transitions between the 1s, 2s, 2p, and 2p; states T, except that the totals are not given for the 2s-2p
transitions. For these transitions the quantities required to calculate Z2Q2 are given in table 12;
see also equations (102), (103) and (116). In these tables, superscripts + and — refer to singlet and

0 L 1 | 1 L 1 1
3
K2 K3

Ficure 1. (a), CB (Z = o0); Ficure 2. (a), CBO (Z = 0);
(b), CB1(Z = 2); (¢), CBu (Z = 2).  (b), CBOI1 (Z = 2); (¢), CBOu (Z = 2).

O i 1 1 1 L 1 1 1
1 2 3 4 1 2 3 4
K? K;
Ficure 3. (a), CB (Z = 0); Ficure 4. (a), CBO (Z = o0);
(b), CB1 (Z = 2); (c), GBu (Z = 2). (), CBO1 (Z = 2); CBOm (Z = 2).

triplet contributions, CB and CBO denote the Coulomb-Born and Coulomb-Born-Oppen-
heimer approximations, while Roman numerals 1 and 1 refer to the two different ways of
obtaining the scattering matrix from the reactance matrix described in § 2.4. Cross-sections for
any of these transitions may be obtained from the tables using equation (97).

The scaled cross-sections for the transitions 1s - 2s and 1s — 2p, which are the ones of most
interest experimentally, are shown in figures 1 to 4. For Het 1s - 2s the results compare

T For the elastic cases we do not include the contributions from pure Coulomb scattering which of course
lead to infinite total collision strengths. Thus the collision strengths given in tables 5, 8 and 10 are not
quantities of direct physical significance but are often of indirect use. Physical quantities (e.g. transport
coeflicients) associated with the elastic scattering amplitude may be obtained from the R matrix elements in
tables 1, 2, 3 and 4.
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reasonably well with the experiments of Dance, Harrison & Smith (1966). We would like to
point out that some preliminary results of ours which were shown in that paper differ from our
present ones for 1s — 2s CBOu (Z = 2) (see figure 2), in the range 0.75 < K} < 1.0. We now
have results for more energy points and these reveal a fairly sharp peak in the curve in this energy
region. It is interesting to note that at low energies our CB 11 results agree best with experiment,
while the CBO 11 results are the best at high energies. The CBO 1 results are poor (except at very
high energies) due to the gross overestimation of the L = 0 exchange partial cross-section (see
table 6). For He* 1s — 2p the CBO1 results are rather better; in fact for this transition there is
reasonable agreement between all the various approximations and we would expect the CBO 11
and CB 1 curves (which are probably the best) to give a very good estimate of the cross-section.
This is also supported by the good agreement with the close-coupling calculations of Burke,
McVicar & Smith (1964) and McCarroll (1964). For this transition exchange reduces the cross-
section at all energies for both Z = 2 and oo.

1-— -

1g(Z202)

Ficures 5, 6. Scaled collision strengths estimated for various transitions in helium-like ions
of large nuclear charge (Z = o).

In figures 5 and 6 results are given from which scaled collision strengths may be estimated for
115-23P, 115-23S, 235-21P, 215-23P and 2%P-2'P transitions in He-like ions of large nuclear
charge. Cross-sections for any other transitions between states belonging to configurations of the
type 1s? 2s% 2p® in highly charged ions may be estimated from tables 2 and 4, as discussed in § 2.8.

The calculations were carried out on the Ferranti Mercury computer of the University of
London Computer Unit and the IBM 360/65 computer of University College London. The work
was partly supported by the Culham Laboratory of the U.K.A.E.A.

We would like to thank Professor M. J. Seaton, F.R.S., for his constant help and encourage-
ment.
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TABLE 1. SCALED DIRECT REACTANCE MATRIX ELEMENTS FOR Z = 2

K} L ZR\(L) ZRYG(L) ZRY(L) ZRY(L) ZRS(L) ZR$(L) ZRG(L) ZR§(L) ZR3,(L) ZRi(L) ZRg5(L)
075 0 0.8830 —0.2478 0.0 —0.1032 2.9980 0.0 2.5243 0.0 0.0 —0.1121 0.0
1 01543 —0.1032 —0.1862 —0.0054 1.4645 —1.4574 0.5732 2.7425 —0.3086 —0.3369 1.6454
2 0.0244 —0.0138 —0.1844 0.0006 0.2093 —0.4440 0.0456 0.9424 —0.0767 —0.1683 0.5840
3  0.0037 —0.0010 —0.0586 0.0001 0.0112 —0.0385 0.0016 —0.0080 —0.0048 —0.0746 0.2234
4 0.0006 —0.0001 —0.0109 0.0000 0.0003 —0.0014 0.0000 —0.0668 —0.0001 —0.0381 0.1047
5 0.0001 —0.0000 —0.0015 0.0000 0.0000 —0.0000 0.0000 —0.0379 —0.0000 —0.0220 0.0571
0.80 0 0.8760 —0.2421 0.0 —0.1073 2.8897 0.0 1.3745 0.0 0.0 0.1355 0.0
~{ 1 0.1578 —0.1084 —0.1792 —0.0074 1.4373 —0.7935 —0.1009 2.6476 —0.3388 —0.2121 1.5310
— 2 0.0260 —0.0193 —0.1886 0.0012 0.3195 0.0782 —0.5096 0.9728 —0.0935 —0.1668 0.6018
< 3 0.0042 —0.0024 —0.0784 0.0006 0.0427 0.4307 —0.4828 0.0786 0.0159 —0.0926 0.2601
>-( >" 4 0.0006 —0.0003 —0.0238 0.0002 0.0042 0.4258 —0.4072 —0.0561 0.0242 —0.0533 0.1345
o = 5 0.0001 —0.0000 —0.0064 0.0000 0.0003 0.3683 —0.3460 —0.0461 0.0189 —0.0336 0.0803
m 48] 6  0.0000 —0.0000 —0.0016 0.0000 0.0000 0.3182 —0.2996 —0.0307 0.0142 —0.0299 0.0528
—_— 7 0.0000 —0.0000 —0.0004 0.0000 0.0000 0.2789 —0.2638 —0.0211 0.0110 —0.0166 0.0372
E O 090 0 0.8628 —0.2317 0.0 —0.1124 2.7066 0.0 0.8602 0.0 0.0 0.35556 0.0
O 1 0.1643 -—0.1157 —0.1668 —0.0106 1.3861 —0.4967 —0.1582 2.4866 —0.3209 —0.0538 1.4197
=w 2 0.0292 —0.0281 —0.1917 0.0023 0.4583 0.1226 —0.4872 0.9940 —0.1113 —0.1354 0.6413
— 3 0.0061 —0.0063 —0.1044 0.0018 0.1148 0.4118 —0.4913 0.1945 0.0165 —0.1043 0.3152
<z 4 0.0009 —0.0009 —0.0456 0.0007 0.0243 0.4333 —0.4238 —0.0186 0.0390 —0.0697 0.1761
o (@) 5 0.0001 —0.0001 —0.0184 0.0003 0.0045 0.3833 —0.3594 —0.0469 0.0338 —0.0470 0.1099
I = 6  0.0000 —0.0000 —0.0072 0.0001 0.0007 0.3306 —0.3090 —0.0393 0.0261 —0.0331 0.0747
8 o 7 0.0000 —0.0000 -—0.0028 0.0000 0.0001 0.2877 —0.2703 —0.0294 0.0200 —0.0244 0.0539
VA 5) 0 8 0.0000 —0.0000 —0.0011 0.0000 0.0000 0.2539 —0.2401 —0.0221 0.01567 —0.0187 0.0407
9 Z 1.000 0 0.8508 —0.2226 0.0 —0.1149 2.5584 0.0 0.6360 0.0 0.0 0.4616 0.0
E § 1 0.1702 —0.1203 —0.1562 —0.0129 1.3409 —0.3672 —0.1402 2.3556 —0.2972 0.0523 1.3528
O = 2  0.0323 —0.0351 —0.1908 0.0031 0.5382 0.1086 —0.4249 0.9963 —0.1245 —0.0917 0.6640
3  0.0060 —0.0082 —0.1208 0.0031 0.1788 0.3591 —0.4600 0.2707 0.0036 —0.0982 0.3508
4 0.0011 -0.0017 —-0.0630 0.0016 0.0522 0.4057 —0.4145 0.0231 0.0393 —0.0757 0.2048
5 0.0002 —0.0003 —0.0307 0.0007 0.0140 0.3750 —0.3582 —0.0362 0.0399 —0.0547 0.1310
6 0.0000 —0.0001 —0.0146 0.0003 0.0035 0.3295 —0.3099 —0.0407 0.0327 —0.0399 0.0902
7 0.0000 —0.0000 —0.0069 0.0001  0.0008 0.2885 —0.2714 —0.0338 0.0258 —0.0299 0.0657
8 0.0000 —0.0000 —0.0033 0.0001  0.0002 0.2550 —0.2410 —0.0266 0.0204 —0.0230° 0.0499
9  0.0000 —0.0000 —0.0016 0.0000 0.0000 0.2280 —0.2166 —0.0209 0.0164 —0.0183 0.0392
1.50 0 0.8019 —0.1900 0.0 —0.1128 2.1040 0.0 0.2798 0.0 0.0 0.6183 0.0
1 0.1929 —0.1269 —0.1206 —0.0193 1.1850 —0.1616 —0.0704 1.9508 —0.2220 0.2886 1.1781
2 0.0465 —0.0563 —0.1703 0.0047 0.6643 0.0546 —0.2364 0.9542 —0.1419 0.0783 0.6922
3  0.0112 —-0.0212 —0.1470 0.0083 0.3547 0.1998 —0.3105 0.4328 —0.0496 —0.0152 0.4301
4 0.0027 —0.0073 —0.1084 0.0067 0.1791 0.2739 —0.3275 0.1695 0.0051 —0.0481 0.2814
5 0.0006 —0.0024¢ —0.0750 0.0045 0.0860 0.2962 —0.3148 0.0454 0.0293 —0.0538 0.1932
6 0.0001 —0.0008 —0.0505 0.0028 0.0396 0.2896 —0.2902 —0.0072 0.0362 —0.0493 0.1387
7 0.0000 —0.0002 —0.0337 0.0017 0.0176 0.2702 —0.2632 —0.0260 0.0352 —0.0420 0.1035
& 8 0.0000 —0.0001 —0.0225 0.0011  0.0076 0.2472 —0.2379 —0.0300 0.0313 —0.0349 0.0799
B 9 0.0000 —0.0000 —0.0151 0.0007 0.0032 0.2250 —0.2156 —0.0283 0.0268 —0.0288 0.0633
— 10 0.0000 —0.0000 —0.0101 0.0004 0.0013 0.2050 —0.1964 —0.0250 0.0227 —0.0240 0.0514
< 11 0.0000 —0.0000 —0.0068 0.0003 0.0005 0.1877 —0.1801 —0.0215 0.0193 —0.0201 0.0425
>-‘ >-‘ 12 0.0000 —0.0000 —0.0046 0.0002 0.0002 0.1727 —0.1662 —0.0184 0.0165 —0.0171 0.0358
O E 2.00 0 0.7652 —0.1692 0.0 —0.1048 1.8592 0.0 0.1796 0.0 0.0 0.6433 0.0
Cﬂ - 1 02082 —0.1247 —0.0996 —0.0217 1.0904 —0.1037 —0.0447 1.7310 —0.1845 0.3687 1.0836
)= QO 2 0.0586 —0.06656 —0.1489 0.0043 0.6785 0.0347 —0.1586 0.9074 —0.1370 0.1673 0.6849
m O 3 0.0166 —0.0308 —0.1444 0.0110 0.4192 0.1340 —0.2257 0.4816 —0.0713 0.0543 0.4559
4 0.0047 —-0.0132 -—-0.1210 0.0106 0.2516 0.1990 —0.2577 0.2421 —0.0216 —0.0035 0.3156
= 5 0.0013 —0.0064 —0.0949 0.0083 0.1462 0.2331 —0.2654 0.1077 0.0087 —0.0296 0.2261
6 0.0004 —-0.0021 —0.0722 0.0061 0.0824 0.2442 —0.2585 0.0354 0.0243 —0.0387 0.1672
7 0.0001 —0.0008 —0.0542 0.0043 0.0452 0.2407 —0.2442 —0.0012 0.0304 —0.0395 0.1273
8 0.0000 —0.0003 —0.0406 0.0030 0.0242 0.2294 —0.2271 —-0.0178 0.0311 —0.0366 0.0995
9 0.0000 —0.0001 —0.0304 0.0021 0.0127 0.2148 —0.2097 —0.0240 0.0293 —0.0325 0.0795

10 0.0000 —0.0000 —0.0229 0.0015 0.0066 0.1994 —0.1933 —0.0250 0.0264 —0.0283 0.0649
0.0000 —0.0000 —0.0172 0.0010 0.0033 0.1847 —0.1785 —0.0236 0.0233 —0.0245 0.0539
12 0.0000 —0.0000 —0.0130 0.0007 0.0017 0.1712 —0.1653 —0.0214 0.0205 —0.0212 0.0454
13 0.0000 —0.0000 —0.0099 0.0005 0.0008 0.1591 —0.1538 —0.0191 0.0179 —0.0184 0.0388
14 0.0000 —0.0000 —0.0075 0.0004 0.0004 0.1484 —0.1435 —0.0169 0.0157 —0.0160 0.0335
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TABLE 1 (cont.)

Ki L ZRL(L) ZR{(L) ZRY(L) ZR(L) ZRG,(L) ZRgy(L)
3.00 0 0.7116 —0.1430 0.0 —0.0897 1.5808 0.0
1 02272 —-0.1161 —0.0754 —0.0227 0.9725 —0.0604
2 0.0775 —-0.0744 —0.1178 0.0026 0.6602 0.0195
3  0.0269 —0.0426 —0.1268 0.0123 0.4585 0.0788
4 0.0094 —0.0228 —0.1194 0.0145 0.3170 0.1252
5 0.0033 —0.0116 —0.1051 0.0135 0.2159 0.1584
6 0.0011 —0.0057 —0.0893 0.0113 0.1445 0.1788
7 0.0004 —0.0028 —0.0745 0.0091 0.0950 0.1888
b 8 0.0001 —-0.0013 —0.0617 0.0072 0.0614 0.1908
— 9 0.0000 —0.0006 —0.0509 0.0056 0.0391 0.1875
< 10  0.0000 —0.0003 —0.0420 0.0044 0.0246 0.1809
>-( >" 11 0.0000 -—0.0001 —0.0347 0.0034 0.0153 0.1725
o = 12 0.0000 —0.0000 —0.0288 0.0027 0.0094 0.1633
Q{( 48] 13 0.0000 —0.0000 —0.0239 0.0021 0.0057 0.1541
—_— 14 0.0000 —0.0000 —0.0199 0.0016 0.0034 0.1453
= Q) 15 0.0000 —0.0000 —0.0166 0.0013  0.0020 0.1370
I O 16  0.0000 —0.0000 —0.0139 0.0010 0.0012 0.1293
=w 4.00 0.6726 —0.1264 0.0 —0.0781 1.4162 0.0

0
1 02377 —0.1077 —0.06156 —0.0221 0.8970 —0.0426
2 0.0914 —0.0759 —0.0976 0.0011 0.6345 0.0134
3 0.0360 —0.0486 —0.1103 0.0118 0.4642 0.0550
4 0.0142 —-0.0293 —0.1099 0.0156 0.3417 0.0900
5 0.00567 —0.0169 —0.1025 0.0159 0.2501 0.1180
6 0.0022 —0.0095 —0.0921 0.0145 0.1812 0.1386
7 0.0009 —0.0052 —0.0810 0.0126 0.1297 0.1521
8 0.0003 —0.0028 —0.0704 0.0106 0.0917 0.1595
9 0.0001 —0.0015 —0.0609 0.0088 0.0640 0.1621
10  0.0000 —0.0008 —0.0525 0.0072 0.0442 0.1610
11  0.0000 —0.0004 —0.0453 0.0059 0.0302 0.1574
12 0.0000 —0.0002 —0.0391 0.0048 0.0205 0.1522
13 0.0000 —0.0001 —0.0338 0.0040 0.0138 0.1461
14 0.0000 —0.0000 —0.0293 0.0033 0.0092 0.1396
15 0.0000 —0.0000 —0.0255 0.0027 0.0061 0.1330
16 0.0000 —0.0000 —0.0222 0.0023 0.0040 0.1266
17 0.0000 —0.0000 —0.0194 0.0019 0.0026 0.1204
18  0.0000 —0.0000 —0.0169 0.0016 0.0017 0.1146
19 0.0000 —0.0000 —0.0148 0.0013 0.0011 0.1091
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ZRy(L)

0.1047
—0.0251
—0.0932
—0.1420
—0.1751
—0.1944
—0.2028
—0.2032
—0.1982
—0.1902
—0.1805
—0.1703
—0.1602
—0.1506
—0.1416
—0.1334
—0.1259

0.0738
—0.0172
—0.0651
—0.1020
—0.1304
—0.1506
—0.1634
—0.1698
—0.1713
—0.1693
—0.1647
—0.1587
—0.1519
—0.1447
—0.1375

—0.1306.

—0.1240
—0.1178
—0.1120
—0.1067

ZRgy(L)
0.0
1.4795
0.8353
0.5064
0.3064
0.1788
0.0971
0.0459
0.0148

—0.0033

—0.0132

—0.0180

—0.0197

—0.0198

—0.0189

—0.0176

—0.0162

0.0
1.3297
0.7830
0.5056
0.3318
0.2150
0.1349
0.0800
0.0429
0.0184
0.0027
—0.0070
—0.0127
—0.0157
—0.0169
—0.0171
—0.0166
—0.0158
—0.0148
—0.0138

ZR3,(L)  ZR4,(L)
0.0 0.6367
—0.1450 0.4227
—0.1222 0.2497
—0.0833 0.1361
—0.0471 0.0640
—0.0187 0.0199
0.0012  —0.0057
0.0138 —0.0196
0.0209 —0.0261
0.0242 —0.0282
0.0251 —0.0280
0.0244 —0.0264
0.0230 —0.0243
0.0212 —0.0221
0.0193 —0.0199
0.0175  —0.0178
0.0158 —0.0160

0.0 0.6173
—0.1234 0.4366
—0.1101 0.2850
—0.0838 0.1792
—0.0567 0.1063
—0.0329 0.0568
—0.0140 0.0240

0.0001 0.0029

0.0098 —0.0101

0.0160 —0.0176

0.0195 —0.0214

0.0211 —0.0228

0.0215 —0.0229

0.0210 —0.0221

0.0200 —0.0208

0.0188 —0.0193

0.0174 —0.0178

0.0161 —0.0163

0.0148 —0.0150

0.0136 —0.0137
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ZR3(L)
0.0
0.9678
0.6569
0.4683
0.3445
0.2597
0.2000
0.1570
0.1255
0.1020
0.0841
0.0704
0.0597
0.0512
0.0443
0.0387
0.0341

0.0

0.8935
0.6298
0.4658
0.3545
0.2754
0.2176
0.1746
0.1421
0.1171
0.0977
0.0824
0.0703
0.0605
0.0526
0.0461
0.0407
0.0361
0.0323
0.0291
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TABLE 2. SCALED DIRECT REACTANCE MATRIX ELEMENTS FOR Z = 00

K L ZRL(L) ZRy,(L) ZRY(L) ZRi(L) ZRG(L) ZRY(L) ZRG(L) ZRY(L) ZRY(L) ZRj(L) ZE(L)
0.7 0 0.8770 —0.1686 0.0 —0.1546 2.1881 0.0 1.9203 0.0 0.0 0.6809 0.0
1 02375 —0.1517 —0.0819 —0.0296 1.6298 —1.1087 1.0540 1.9902 —0.0989 0.0696 1.6846
2 0.0450 —0.0459 —0.2076 —0.0003 0.7265 —0.8164 0.3114 1.2832 —0.2073 —0.1827 0.9094
3  0.0076 —-0.0074 —0.1413 0.6010 0.1528 —0.2632 0.0448 0.3695 —0.0593 —0.1343 0.4252
4 0.0012 —0.0008 —0.0537 0.0003 0.0165 —0.0395 0.0035 —0.0251 —0.0072 —0.0753 0.2082
5 0.0002 —0.0001 -—0.0145 0.0000 0.0010 —0.0032 0.0002 —0.0642 —0.0005 —0.0439 0.1142
6 0.0000 —0.0000 —0.0031 0.0000 0.0000 —0.0002 0.0000 —0.0433 —0.0000 —0.0276 0.0690
080 0 0.8719 —0.1670 0.0 —0.1541 2.1505 0.0 1.3330 0.0 0.0 0.7163 0.0
1 02389 —0.1508 —0.0802 —0.0314 1.5774 —0.7696 0.5774 1.9612 —0.1319 0.1438 1.6137
> 2 0.0467 —0.0495 —0.2025 —0.0004 0.7448 —0.4473 —0.0644 1.2548 —0.2230 —0.1315 0.8793
< >_‘ 3 0.0082 —0.0095 —0.1472 0.0016 0.2010 0.0544 —0.3023 0.4065 —0.0688 —0.1262 0.4297
>" 4 00014 —0.0014 —0.0657 0.0006 0.0351 0.2666 —0.3224 0.0140 —0.0008 —0.0807 0.2210
o = 5 0.0002 —0.0002 —0.0231 0.0002 0.0045 0.2916 —0.2949 —0.0552 0.0110 —0.0504 0.1264
Qf‘ = 6  0.0000 —0.0000 —0.0071 0.0000 0.0004 0.2712 —0.2649 —0.0456 0.0106 —0.0333 0.0797
a5 5 7 0.0000 —0.0000 —0.0021 0.0000 0.0000 0.2466 —0.2390 —0.0316 0.0088 —0.0233 0.0541
: O 090 0 0.8622 —0.1640 0.0 —0.1529 2.0850 0.0 1.0147 0.0 0.0 0.7424 0.0
— o 1 0.2416 —0.1488 —0.0770 —0.0342 1.4936 —0.5858 0.3590 1.9094 —0.1566 0.2339 1.5146
2 0.0501 —0.06563 —0.1931 —0.0007 0.7647 —0.2781 —0.1423 1.2057 —0.2225 —0.0576 0.8488
-l N 3 0.0094 —0.0134 —0.1546 0.0027 0.2733 0.1202 —0.3449 0.4535 —0.0766 —0.1066 0.4472
5 Z 4 0.0017 —0.0026 —0.0838 0.0015 0.0748 0.3041 —0.3659 0.0732 0.0027 —0.0852 0.2475
— 9 5 0.0003 —0.0006 —0.0385 0.0006 0.0171 0.3309 —0.3326 —0.0341 0.0220 —0.0597 0.1495
E = 6 0.0000 —0.0001 —0.0164 0.0002 0.0034 0.3060 —0.2938 —0.0455 0.0218 —0.0418 0.0980
(@) &t) é 7 0.0000 —0.0000 —0.0068 0.0001 0.0006 0.2735 —0.2604 —0.0370 0.0181 —0.0303 0.0686
8 ) 8 0.0000 —0.0000 —0.0027 0.0000 0.0001 0.2446 —0.2331 —0.0279 0.0147 —0.0228 0.0506
= = 1.00 0 0.8528 —0.1611 0.0 —0.1513 2.0286 0.0 0.8440 0.0 0.0 0.7511 0.0
I é 1 0.2441 —0.1468 -—0.0742 —0.0361 1.4287 —0.4873 0.2633 1.8636 —0.1649 0.2900 1.4424
Ll 2 0.05632 —0.0599 —0.1846 —0.0010 0.7729 —0.2039 —0.1472 1.1659 —0.2154 —0.0020 0.8299
3  0.0107 -0.0169 —0.1584 0.0037 0.3240 0.1244 —0.3290 0.4828 —0.0834 —0.0828 0.4611
4 0.0020 —0.0040 —0.0967 0.0025 0.1119 0.2901 —0.3602 0.1181 —0.0015 —0.0820 0.2678
5 0.0004 —0.0008 —0.0515 0.0013 0.0338 0.3259 —0.3350 —0.0111 0.0245 —0.0638 0.1672
6 0.0001 —0.0002 —0.0258 0.0006 0.0093 0.3082 —0.2984 —0.0398 0.0272 —0.0473 0.1120
7 0.0000 —0.0000 —0.0127 0.0002 0.0023 0.2778 —0.2647 —0.0384 0.0236 —0.0352 0.0796
8 0.0000 —0.0000 —0.0061 0.0001 0.0005 0.2487 —0.2366 —0.0313 0.0194 —0.0269 0.0593
9  0.0000 —0.0000 —0.0030 0.0000 0.0001 0.2238 —0.2134 —0.0247 0.0159 —0.0211 0.0458
1.50 0 0.8117 —0.1484 0.0 —0.1411 1.8203 0.0 0.4841 0.0 0.0 0.7421 0.0
1 0.2533 —0.1374 —0.0629 —0.0398 1.2323 —0.2795 0.1132 1.6877 —0.1604 0.4083 1.2352
2 0.0670 —0.0727 —0.1522 —0.0025 0.7630 —0.0877 —0.1016 1.0380 —0.1819 0.1526 0.7749
3 0.0169 —0.0302 —0.1558 0.0071 0.4387 0.0859 —0.2253 0.5393 —0.1009 0.0219 0.4921
4 0.0042 —0.0110 —0.1245 0.0072 0.2344 0.1987 —0.2789 0.2407 —0.0313 —0.0330 0.3229
5 0.0010 —0.0037 —0.0897 0.0053 0.1177 0.2523 —0.2888 0.0834 0.0081 —0.0496 0.2204
6 0.0002 —0.0012 —0.0619 0.0034 0.0561 0.2657 —0.2769 0.0099 0.0250 —0.0497 0.1567
) 7 0.0000 —0.0004 —0.0419 0.0022 0.0257 0.2577 —0.2564 —0.0198 0.0296 —0.0440 0.1157
- 8 0.0000 —0.0001 —0.0282 0.0013 0.0114 0.2408 —0.2343 —0.0288 0.0286 —0.0371 0.0883
— 9  0.0000 —0.0000 —0.0190 0.0008 0.0049 0.2216 —0.2136 —0.0292 0.0255 —0.0309 0.0694
< 10  0.0000 —0.0000 —0.0128 0.0005 0.0021 0.2031 —0.1952 —0.0264 0.0221 —0.0257 0.0559
>_‘ 11 0.0000 —0.0000 —0.0087 0.0003 0.0008 0.1865 —0.1793 —0.0229 0.0190 —0.0215 0.0459
S —~ 12 0.0000 —0.0000 —0.0059 0.0002 0.0003 0.1720 —0.1656 —0.0197 0.0163 —0.0182 0.0384
Cd 29} 2.00 0.7780 —0.1382 0.0 —0.1303 1.6774 0.0 0.3453 0.0 0.0 0.7193 0.0
et 0.2593 —0.1292 —0.0549 —0.0397 1.1231 —0.1994 0.0721 1.5626 —0.1468 0.4454 1.1238
= Q) 0.0782 —0.0779 —0.1302 —0.0036 0.7375 —0.0559 —0.0726 0.9620 —0.1600 0.2224 0.7392
E O 0.0229 —0.0387 —0.1441 0.0084 0.4737 0.0614 —0.1653 0.5503 —0.1043 0.0884 0.4989
—~w 0.0066 —0.0173 —0.1282 0.0103 0.2934 0.1458 —0.2179 0.2941 —0.0491 0.0154 0.3466

0.0019 —0.0072 —0.1039 0.0088 0.1749 0.1971 —0.2405 0.1412 —0.0104 —0.0202 0.2479
0.0005 —0.0029 —0.0805 0.0067 0.1007 0.2212 —0.2436 0.0548 0.0121 —0.0348 0.1825
0.0001 —0.0011 —0.0611 0.0048 0.0562 0.2267 —0.2355 0.0091 0.0230 —0.0385 0.1381
0.0000 —0.0004 —0.0461 0.0034 0.0306 0.2212 —0.2220 —0.0130 0.0269 —0.0370 0.1073
0.0000 —0.0002 —0.0346 0.0024 0.0163 0.2100 —0.2068 —0.0222 0.0269 —0.0335 0.0853
0.0000 —0.0000 —0.0261 0.0017 0.0085 0.1967 —0.1916 —0.0247 0.0251 —0.0294 0.0692
11 0.0000 —0.0000 —0.0197 0.0012 0.0043 0.1831 —0.1775 —0.0241 0.0226 —0.0255 0.0572
12 0.0000 —0.0000 —0.0149 0.0008 0.0022 0.1703 —0.1647 —0.0222 0.0201 —0.0221 0.0480
13 0.0000 —0.0000 —0.0114 0.0006 0.0011 0.1585 —0.1534 —0.0198 0.0177 —0.0192 0.0408
14 0.0000 —0.0000 —0.0086 0.0004 0.0005 0.1480 —0.1433 —0.0176 0.0156 —0.0167 00351
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TABLE 2 (cont.)

K} L ZRY(L) ZRy,(L) ZR4(L) ZRY(L) ZRG(L) ZRG(L) ZRY(L) ZR3(L)  ZR3(L)  ZRiy(L) ZRg(L)
3.00 0 0.7255 —0.1228 0.0 —0.1120 1.4840 0.0 0.2212 0.0 0.0 0.6778 0.0
1 02660 —0.1164 —0.0444 —0.0371 0.9927 —0.1277 0.0418 1.3899 —0.1255 0.4652 0.9924
2 0.0949 —0.0806 —0.1021 —0.00561 0.6912 —0.0324 —0.0449 0.8665 —0.1331 0.2839 0.6882
3 0.0337 —0.0482 —0.1214 0.0087 0.4884 0.0380 —0.1056 0.5449 —0.1007 0.1611 0.4946
4 0.0119 —0.0265 —0.1196 0.0131 0.3426 0.0931 —0.1480 0.3385 —0.0638 0.0811 0.3648
5 0.0042 —0.0138 —0.1080 0.0132 0.2364 0.1338 —0.1748 0.2028 —0.0324 0.0310 0.2751
r 6 0.0015 —0.0069 —0.0932 0.0115 0.1600 0.1608 —0.1889 0.1139  —0.0092 0.0011 0.2115
. 7 0.0005 —0.0034 —0.0785 0.0095 0.1062 0.1759 —0.1937 0.0571 0.0064 —0.0156 0.1657
J 8 0.0002 —0.0016 —0.0653 0.0076 0.0693 0.1819 —0.1918 0.0218 0.01568 —0.0240 0.1321
=) 9 0.0001 —0.0008 —0.0541 0.0059 0.0444 0.1815 —0.1859 0.0009 0.0208 —0.0273 0.1070
< 10  0.0000 —0.0004 —0.0447 0.0046 0.0281 0.1769 —0.1777 —0.0109 0.0228 —0.0278 0.0881
>_( >.4 11 0.0000 —0.0002 —0.0370 0.0036 0.0175 0.1698 —0.1685 —0.0168 0.0230 —0.0266 0.0735
~ 12 0.0000 —0.0001 —0.0307 0.0028 0.0108 0.1616 —0.1590 —0.0193 0.0221 —0.0247 0.0621
O 1% 13 0.0000 —0.0000 —0.0255 0.0022 0.0066 0.1530 —0.1498 —0.0198 0.0206 —0.0225 0.0531
Qf( — 14 0.0000 —0.0000 —0.0213 0.0018 0.0040 0.1446 —0.1411 —0.0191 0.0190 —0.0203 0.0459
@) 15 0.0000 —0.0000 —0.0178 0.0014 0.0024 0.1365 —0.1331 —0.0179 0.0173 —0.0183 0.0400
I O 16 0.0000 —0.0000 —0.0149 0.0011 0.0014 0.1290 —0.1257 —0.0166 0.0157 —0.0164 0.0352
= uw 4.00 0.6858 —0.1117 0.0 —0.0981 1.3544 0.0 0.1630 0.0 0.0 0.6446 0.0

0
1 02689 —0.1067 —0.0377 —0.0341 0.9114 —0.0941 0.0295 1.2727 —0.1110 0.4650 0.9109
2 0.1068 —0.0797 —0.0846 —0.0059 0.6550 —0.0229 —0.0321 0.8044 —0.1166 0.3089 0.6513
3 0.0427 —0.0527 —0.1042 0.0080 0.4840 0.0271 —0.0766 0.5315 —0.0947 0.1979 0.4843
4 0.0171 —0.0324 —0.1079 0.0138 0.3594 0.0675 —0.1105 0.3544 —0.0679 0.1203 0.3694
5 0.0068 —0.0190 —0.1029 0.0151 0.2651 0.1000 —0.1353 0.2330 —0.0429 0.0669 0.2872
6 0.0027 —0.0108 —0.0937 0.0144 0.1934 0.1244 —0.1517 0.1485 —0.0222 0.0310 0.2269
7 0.0011 —0.0060 —0.0831 0.0127 0.1393 0.1412 —0.1611 0.0900 —0.0064 0.0076 0.1818
8 0.0004 —0.0032 —0.0727 0.0108 0.0990 0.15613 —0.1649 0.0500 0.0049 —0.0071 0.1477
9 0.0002 —-0.0017 -—0.0630 0.0090 0.0695 0.1560 —0.1647 0.0233 0.0123 —0.0157 0.1216
10 0.0001 —0.0009 —0.0545 0.0074 0.0482 0.1566 —0.1615 0.0059 0.0169 —0.0203 0.1012
11 0.0000 —0.0005 —0.0470 0.0061 0.0331 0.1543 —0.1564 —0.0050 0.0193 —0.0223 0.0853
12 0.0000 —0.0002 —0.0407 0.0050 0.0225 0.1500 —0.1503 —0.0115 0.0202 —0.0227 0.0726
13 0.0000 —0.0001 —0.0352 0.0041 0.0152 0.1446 —0.1436 —0.0150 0.0201 —0.0221 0.0624
14 0.0000 —0.0001 —0.0305 0.0034 0.0101 0.1385 —0.1368 —0.0166 0.0194 —0.0210 0.0541
15 0.0000 —0.0000 —0.0265 0.0028 0.0067 0.1323 —0.1301 —0.0170 0.0184 —0.0196 0.0473
16 0.0000 —0.0000 —0.0231 0.0023 0.0044 0.1261 —0.1236 —0.0167 0.0172 —0.0181 0.0417
17 0.0000 —0.0000 —0.0202 0.0020 0.0029 0.1200 —0.1175 —0.0160 0.0159 —0.0166 0.0370
18  0.0000 —0.0000 —0.0176 0.0016 0.0019 0.1143 —0.1119 —0.0150 0.0147 —0.0152 0.0331
19 0.0000 —0.0000 -—0.0154 0.0014 0.0012 0.1090 —0.1066 —0.0140 0.0135 —0.0139 0.0297
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TABLE 3, SCALED EXCHANGE REACTANCE MATRIX ELEMENTS FOR Z = 2

Ky L ZRy(L) ZRy(L) ZRy(L) ZRi(L) ZRgp(L)  ZRS(L)  ZRS,(L)  ZRSy(L)  ZRY(L)  ZRiy(L)  ZRg(L)
0.7 0 0.0445 0.3029 0.0 —0.0926 1.5335 0.0 0.6785 0.0 0.0 0.0530 0.0
1 —0.2441 —0.0316 0.0050 0.0062 —0.8077 1.5120 —0.4007 —0.3371 —0.4954 —0.3371 —1.3776
2 —0.0442 0.0087 —0.1798 0.0011 —0.3459 0.6195 —0.0693 0.8477 0.0841 —0.0180 0.2290
3 —0.0072 0.0011 —0.0206 0.0001  —0.0263 0.1012 —0.0033 —0.6257 0.0101 —0.0005 0.0069
4 —0.0011 0.0001 —0.0014 0.0000 —0.0008 0.0045 —0.0001 —0.0330 0.0004 —0.0000 0.0001
5 —0.0002 0.0000 —0.0001 0.0000 —0.0000 0.0001 —0.0000 —0.0008 0.0000 —0.0000 0.0000
0.80 0 0.0278 0.2602 0.0 —0.0915 1.0810 0.0 0.4385 0.0 0.0 —0.2849 0.0
1 1 —0.2404 —0.0356 —0.0090 0.0080 —0.4690 0.9350 —0.3246 —0.2741 —0.4695 —0.3870 —0.6923
< 2 —0.0455 0.0109 —0.1785 0.0024 —0.3580 0.4662 —0.1204 0.3014 0.1042 —0.0528 0.2544
>_( >.4 3 —0.0078 0.0024 —0.0275 0.0003 —0.0721 0.1728 —0.0184 —0.7031 0.0342 —0.0056 0.0198
—~ 4 —0.0013 0.0003 —0.0031 0.0000 —0.0088 0.0249 —0.0020 —0.0957 0.0046 —0.0005 0.0013
O 1% 5 —0.0002 0.0000 —0.0003 0.0000 —0.0008 0.0025 —0.0002 —0.0094 0.0004 —0.0000 0.0001
Qﬁ = 6  —0.0000 0.0000 —0.0000 0.0000 —0.0001 0.0002 —0.0000 —0.0008 0.0000 —0.0000 0.0000
= O 0.90 0 0.0000 0.1932 0.0 —0.0870 0.5978 0.0 0.2087 0.0 0.0 —0.4442 0.0
I O 1 —0.2329 —0.0418 —0.0280 0.0098 —0.2063 0.4072 —0.1968 —0.1957 —0.3694 —0.3569 —0.1775
= w 2 —0.0477 0.0126 —0.1711 0.0046 —0.2736 0.2354 —0.1401 —0.0712 0.0773 —0.0950 0.2205
3 —0.0089 0.0045 —0.0365 0.0010 —0.1141 0.1941 —0.0453 —0.6231 0.0578 —0.0218 0.0342
2‘ 2} 4 —0.0016 0.0009 —0.0063 0.0002 —0.0310 0.0602 —0.0109 —0.1679 0.0171 —0.0044 0.0048
J g 5 —0.0003 0.0002 —0.0010 0.0000 —0.0068 0.0138 —0.0022 —0.0361 0.0038 —0.0008 0.0006
E o~ 6  —0.0000 0.0000 —0.0001 0.0000 —0.0013 0.0027 —0.0004 —0.0068 0.0007 —0.0001 0.0001
a - 7  —0.0000 0.0000 —0.0000 0.0000 —0.0002 0.0005 —0.0001 —0.0012 0.0001  —0.0000 0.0000
8 &t) é 8  —0.0000 0.0000 —0.0000 0.0000 —0.0000 0.0001 —0.0000 —0.0002 0.0000 —0.0000 0.0000
9(2 1.00 0 —0.0218 0.1443 0.0 —0.0814 0.3619 0.0 0.1103 0.0 0.0 —0.4238 0.0
—é 1 —0.2254 —0.0460 —0.0390 0.0106 —0.1186 0.1948 —0.1242 —0.1494 —0.2886 —0.2995 —0.0227
E - 2 —0.0495 0.0125 —0.1611 0.0062 —0.1945 0.11567 —0.12561 —0.1559 0.0464 —0.1087 0.1746
3 —0.0099 0.0060 —0.0417 0.0018 —0.1165 0.1671 —0.0576 —0.5043 0.0602 —0.0350 0.0376
4 —0.0019 0.0016 —0.0090 0.0004 —0.0458 0.0754 —0.0198 —0.1879 0.0260 —0.0101 0.0075
5 —0.0004 0.0004 —0.0018 0.0001 —0.0146 0.0251 —0.0058 —0.0571 0.0084 —0.0027 0.0015
6  —0.0001 0.0001  —0.0003 0.0000 —0.0041 0.0072 —0.0016 —0.0155 0.0024 —0.0007 0.0003
7  —0.0000 0.0000 —0.0001 0.0000 —0.0011 0.0019 —0.0004 —0.0039 0.0006 —0.0002 0.0001
8  —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0005 —0.0001 —0.0009 0.0001  —0.0000 0.0000
9  —0.0000 0.0000 —0.0000 0.0000 —0.0001 0.0001  —0.0000 —0.0002 0.0000 —0.0000 0.0000
1.50 0 —0.0779 0.0289 0.0 —0.0558 0.0483 0.0 0.0049 0.0 0.0 —0.2150 0.0
1 —0.1905 —0.0513 —0.0489 0.0093 —0.0450 —0.0070 —0.0240 —0.0621 —0.1159 —0.1349 0.0437
2 —0.0540 0.0059 —0.1128 0.0097 —0.0491 —0.0162 —0.0502 —0.1122 —0.0096 —0.0835 0.0618
3 —0.0141 0.0082 —0.0468 0.0046 —0.0573 0.0543 —0.0457 —0.1972 0.0278 —0.0485 0.0246
4 —0.0035 0.0041 —0.0168 0.0018 —0.0454 0.0553 —0.0307 —0.1322 0.0271 —0.0258 0.0093
5 —0.0009 0.0016 —0.0056 0.0006 —0.0288 0.0373 —0.0176 —0.0748 0.0178 —0.0129 0.0034
6 —0.0002 0.0006 —0.0018 0.0002 —0.0160 0.0211 —0.0091 —0.0383 0.0098 —0.0061 0.0012
7 —0.0001 0.0002 —0.0005 0.0001 —0.0082 0.0108 —0.0044 —0.0183 0.0049 —0.0028 0.0004
_ 8  —0.0000 0.0001  —0.0002 0.0000 —0.0039 0.0052 —0.0020 —0.0084 0.0023 —0.0012 0.0002
b 9  —0.0000 0.0000 —0.0000 0.0000 —0.0018 0.0023 —0.0009 —0.0037 0.0011  —0.0005 0.0001
10 —0.0000 0.0000 —0.0000 0.0000 —0.0008 0.0010 —0.0004 —0.0016 0.00056 —0.0002 0.0000
11 —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0004 —0.0002 —0.0007 0.0002 —0.0001 0.0000
12 —0.0000 0.0000 —0.0000 0.0000 —0.0001 0.0002 —0.0001 —0.0003 0.0001  —0.0000 0.0000
2.00 —0.0937 —0.0063 0.0 --0.0396 0.0008 0.0 —0.0046 0.0 0.0 —0.1260 0.0

—0.1622 —0.0477 —0.0414 0.0071 —0.0333 —0.0176 —0.0083 —0.0363 —0.0647 —0.0783 0.0263
—0.0542 —0.0001 —0.0811 0.0097 —0.0218 —0.0220 -—0.0233 --0.0661 —0.0160 —0.0569 0.0298
—0.0168 0.0068 —0.0418 0.0059 —0.0285 0.0188 —0.0277 —0.1035 0.0104 —0.0399 0.0148
—0.0050 0.0048 —0.0188 0.0029 ~—0.0290 0.0309 —0.0239 —0.0844 0.0171  —0.0262 0.0070
—0.0015 0.0025 —0.0078 0.0013 ~—0.0238 0.0280 —0.0175 —0.0590 0.0151 —0.0162 0.0032
—0.0004 0.0011  —0.0031 0.0005 ~0.0170 0.0205 —0.0116 —0.0376 0.0108 —0.0095 0.0015
—0.0001 0.0005 —0.0012 0.0002 —0.0110 0.0134 —0.0071 —0.0225 0.0070 —0.0054 0.0007
—0.0000 0.0002 —0.0005 0.0001 —0.0067 0.0082 —0.0042 —0.0129 0.0042 —0.0030 0.0003
—0.0000 0.0001 —0.0002 0.0000 —0.0039 0.0047 —0.0023 —0.0071 0.0024¢ —0.0016 0.0001
10 —0.0000 0.0000 —0.0001 0.0000 —0.0022 0.0026 —0.0013 —0.0038 0.0013 —0.0008 0.0001
—0.0000 0.0000 —0.0000 0.0000 —0.0012 0.0014 -—0.0007 —0.0020 0.0007 —0.0004 0.0000
12 —0.0000 0.0000 —0.0000 0.0000 —0.0006 0.0008 —0.0004 —0.0010 0.0004 —0.0002 0.0000
13 —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0004 —0.0002 —0.0005 0.0002 —0.0001 0.0000
14 —0.0000 0.0000 —0.0000 0.0000 —0.0002 0.0002 —0.0001 —0.0003 0.0001 —0.0001 0.0000
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TABLE 3 (cont.)

Ki L ZRu(L) ZRy(L) ZRi(L) ZRy(L) ZR5,(L)  ZR3(L)  ZR3,(L)  ZR4(L)  ZR3,(L)  ZRi(L)  ZRg(L)

3.00 0 —0.0917 -—0.0230 0.0 —0.0228 —0.0134 0.0 —0.0048 0.0 0.0 —0.0611 0.0
1 —0.1220 -—0.0379 —0.0271 0.0042 —0.0222 —0.0124 —0.0020 —0.0181 —0.0304 —0.0382 0.0108
2 —0.0501 —0.0061 —0.0473 0.0079 —0.0102 —0.0149 —0.0073 —0.0309 —0.0135 —0.0312 0.0110
3 —0.0192 0.0031 —0.0306 0.0061 —0.0106 0.0012 —0.0115 —0.0441 —0.0004 —0.0255 0.0067
4 —0.0071 0.0041 —0.0174 0.0038 —0.0127 0.0106 —0.0128 —0.0421 0.0062 —0.0199 0.0039
5 —0.0026 0.0029 —0.0092 0.0021 —0.0131 0.0138 —0.0119 —0.0353 0.0082 —0.0148 0.0022
6  —0.0009 0.0018 —0.0047 0.0011 —0.0119 0.0133 —0.0099 —0.0273 0.0078 —0.0106 0.0012
7 —0.0003 0.0010 —0.0023 0.0006 —0.0098 0.0111 —0.0076 —0.0200 0.0065 —0.0073 0.0007
8 —0.0001 0.0005 —0.0011 0.0003 —0.0075 0.0085 —0.00565 —0.0140 0.0049 —0.0049 0.0004
— 9  —0.0000 0.0003 —0.0005 0.0001 —0.0055 0.0062 —0.0039 —0.0095 0.0035 —0.0032 0.0002
< 10  —0.0000 0.0001  —0.0002 0.0001 —0.0038 0.0043 —0.0026 —0.0063 0.0024 —0.0021 0.0001
>-( >" 11 —0.0000 0.0001 —0.0001 0.0000 —0.0026 0.0029 —0.0017 —0.0040 0.0016 —0.0013 0.0001
o = 12 —0.0000 0.0000 —0.0000 0.0000 —0.0017 0.0019 —0.0011 —0.0026 0.0011 —0.0008 0.0000
m 23] 13 —0.0000 0.0000 —0.0000 0.0000 —0.0011 0.0012 —0.0007 —0.0016 0.0007 —0.0005 0.0000
et 14 —0.0000 0.0000 —0.0000 0.0000 —0.0007 0.0008 —0.0004 —0.0010 0.0004 —0.0003 0.0000
= O 15 —0.0000 0.0000 —0.0000 0.0000 —0.0004 0.0005 —0.0003 —0.0006 0.0003 —0.0002 0.0000
I O 16  —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0003 —0.0002 —0.0004 0.0002 —0.0001 0.0000

=w 400 O —0.0805 —0.0236 0.0 —0.0148 —0.0130 0.0 —0.0035 0.0 0.0 —0.0374 0.0
- 1 —0.0959 —0.0302 —0.0186 0.0028 —0.0163 —0.0082 —0.0007 —0.0113 —0.0184 —0.0235 0.0056
<Z 2  —0.0448 —0.0080 —0.0310 00061 —0.0074 —0.0099 —0.0030 —0.0183 —0.0102 —0.0201 0.0055
) (@) 3 —0.0196 0.0006 —0.0227 0.0054 —0.0059 —0.0021 —0.0057 —0.0249 —0.0028 —0.0175 0.0037
I = 4 —0.0083 0.0028 —0.0147 0.0038 —0.0068 0.0039 —0.0073 —0.0254 0.0020 —0.0148 0.0024
s Quw 5 —0.0035 0.0026 —0.0089 0.00256 —0.0077 0.0072 —0.0077 —0.0231 0.0043 —0.0120 0.0015
A<ZO 6 —0.0014 0.0019 —0.0051 0.0015 —0.0078 0.0083 —0.0072 —0.0196 0.0051 —0.0094 0.0009
(@) (2 7  —0.0006 0.0012 —0.0029 0.0008 —0.0072 0.0079 —0.0063 —0.0158 0.0049 —0.0072 0.0006
= § 8  —0.0002 0.0007 —0.0016 0.0005 —0.0062 0.0069 —0.0051 —0.0122 0.0042 —0.0053 0.0003
I 9 —0.0001 0.0004 —0.0008 0.0003 —0.0051 0.0057 —0.0040 —0.0092 0.003¢ —0.0039 0.0002
= 10  —0.0000 0.0002 —0.0004 0.0001 —0.0040 0.0044 —0.0030 —0.0067 0.0027 —0.0028 0.0001
11 —0.0000 0.0001 —0.0002 0.0001 —0.0031 0.0033 —0.0022 —0.0048 0.0020 —0.0019 0.0001

12 —0.0000 0.0001  —0.0001 0.0000 —0.0023 0.0025 —0.0016 —0.0034 0.0014 —0.0013 0.0000
13 —0.0000 0.0000 —0.0001 0.0000 —0.0016 0.0018 —0.0011 —0.0023 0.0010 —0.0009 0.0000
14 —0.0000 0.0000 —0.0000 0.0000 —0.0012 0.0012 —0.0008 —0.0016 0.0007 —0.0006 0.0000
15 —0.0000 0.0000 —0.0000 0.0000 —0.0008 0.0009 —0.0005 —0.0011 0.0005 —0.0004 0.0000
16  —0.0000 0.0000 —0.0000 0.0000 —0.0006 0.0006 —0.0004 —0.0007 0.0003 —0.0003 0.0000
17 —0.0000 0.0000 —0.0000 0.0000 —0.0004 0.0004 —0.0003 —0.0005 0.0002 —0.0002 0.0000
18  —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0003 —0.0002 —0.0003 0.0002 —0.0001 0.0000
19  —0.0000 0.0000 —0.0000 0.0000 —0.0002 0.0002 —0.0001 —0.0002 0.0001 —0.0001 0.0000
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TABLE 4. SCALED EXCHANGE REACTANCE MATRIX ELEMENTS FOR Z = 00

2Ry (L) ZRy(L)
—0.2797 —0.1382
—0.2289 —0.0797
—0.0601  0.0103
—0.0118  0.0051
—0.0020  0.0008
—0.0003  0.0001
—0.0001  0.0000

—0.2725 —0.1324
—0.2235 —0.0776
—0.0605 0.0096
—0.0123 0.0061
—0.0022 0.0013
—0.0004 0.0002
—0.0001 0.0000
—0.0000 0.0000

—0.2591 —0.1221
—0.2132 —0.0736
—0.0610 0.0079
—0.0133 0.0074
—0.0026 0.0021
—0.0005 0.0004
—0.0001 0.0001
—0.0000 0.0000
—0.0000 0.0000

—0.2468 —0.1132
—0.2037 —0.0700
—0.0613 0.0060
—0.0143 0.0081
—0.0030 0.0029
—0.0006 0.0008
—0.0001 0.0002
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000

—0.1984 —0.0827
—0.1659 —0.0559
—0.0602 —0.0013
—0.0177 0.0076
—0.0048 0.0048
—0.0012 0.0021
—0.0003 0.0008
—0.0001 0.0003
—0.0000 0.0001
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000

—0.1646 —0.0647
—0.1391 —0.0462
—0.0572 —0.0053
—0.0196 0.0054
—0.0062 0.0049
—0.0019 0.0028
—0.0006 0.0014
—0.0002 0.0006
—0.0000 0.0002
—0.0000 0.0001
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000

ZRy(L)  ZRy(L)

0.0 —0.1159
—0.1115 —0.0007
—0.1725  0.0043
—0.0521  0.0008
—0.0081  0.0001
—0.0008  0.0000
—0.0001  0.0000

0.0 —0.1101
—0.1050 —0.0007
—0.1629 0.0052
—0.0536 0.0013
—0.0100 0.0002
—0.0014 0.0000
—0.0002 0.0000
—0.0000 0.0000

0.0 —0.0997
—0.0938 —0.0007
—0.1462 0.0065
—0.0551 0.0022
—0.0131 0.0005
—0.0025 0.0001
—0.0004 0.0000
—0.0001 0.0000
—0.0000 0.0000

0.0 —0.0908
—0.0844 —0.0007
—0.1320 0.0074
—0.0551 0.0029
—0.0153 0.0008
—0.0035 0.0002
—0.0007 0.0000
—0.0001 0.0000
—0.0000 0.0000
—0.0000 0.0000

0.0 —0.0605
—0.0539 —0.0006
—0.0858 0.0085
—0.0481 0.0052
—0.0201 0.0023
—0.0073 0.0009
—0.0025 0.0003
—0.0008 0.0001
—0.0002 0.0000
—0.0001 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000

0.0 —0.0435
—0.0379 —0.0004
—0.0609 0.0079
—0.0398 0.0059
—0.0202 0.0032
—0.0091 0.0015
—0.0038 0.0006
—0.0015 0.0003
—0.0006 0.0001
—0.0002 0.0000
—0.0001 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000
—0.0000 0.0000

ZRy(L)  ZR3s(L)
—0.3625 0.0

—0.1600 —0.3735
—0.2844 —0.1213
—0.1514  0.2075
—0.0249  0.0603
—0.0020  0.0066
—0.0001  0.0004

—0.3005 0.0

—0.1393 —0.3037
—0.2168 —0.1098
—0.1511 0.1795
—0.0409 0.0779
—0.0067 0.0156
—0.0008 0.0021
—0.0001 0.0002

—0.2213 0.0

—0.1110 —0.2149
—0.1380 —0.0914
—0.1305 0.1292
—0.0574 0.0871
—0.0172 0.0301
—0.0041 0.0077
—0.0009 0.0017
—0.0002 0.0003

—0.1734 0.0

—0.0924 —0.1620
—0.0957 —0.0776
—0.1071 0.0933
—0.0612 0.0824
—0.0247 0.0379
—0.0082 0.0133
—0.0024 0.0040
—0.0006 0.0011
—0.0002 0.0003

—0.0797 0.0

—0.0506 —0.0626
—0.0308 —0.0414
—0.0424 0.0220
—0.0410 0.0426
—0.0297 0.0357
—0.0181 0.0228
—0.0099 0.0127
—0.0050 0.0064
—0.0024 0.0031
—0.0011 0.0014
—0.0005 0.0006
—0.0002 0.0003

—0.0503 0.0

—0.0348 —0.0344
—0.0175 —0.0266
—0.0215  0.0050
—0.0246  0.0220
—0.0223  0.0243
—0.0170  0.0198
—0.0117  0.0139
—0.0074  0.0088
—0.0044  0.0053
—0.0025  0.0030
—0.0014  0.Q017
—0.0008  0.0009
—0.0004  0.0005
—0.0002  0.0002

ZR3(L)
0.1441
0.0065

—0.1508

—0.0449

—0.0051

—0.0003

—0.0000

0.1112

0.0049
—0.1343
—0.0586
—0.0122
—0.0017
—0.0002
—0.0000

0.0700

0.0030
—0.1027
—0.0669
—0.0238
—0.0063
—0.0014
—0.0003
—0.0000

0.0464

0.0020
—0.0790
—0.0645
—0.0302
—0.0108
—0.0033
—0.0009
—0.0002
—0.0001

0.0078

0.0003
—0.0276
—0.0368
—0.0298
—0.0192
—0.0108
—0.0055
—0.0027
—0.0012
—0.0005
—0.0002
—0.0001

0.0005

0.0000
—0.0128
—0.0211
—0.0213
—0.0171
—0.0120
—0.0077
—0.0047
—0.0027
—0.0015
—0.0008
—0.0004
—0.0002
—0.0001

ZR3y(L)
0.0

—0.1746
—0.5006
—0.7367
—0.2256
—0.0284
—0.0019

0.0
—0.1502
—0.4121
—0.6057
—0.2389
—0.0487
—0.0068
—0.0007

0.0
—0.1165
—0.2978
—0.4360
—0.2288
—0.0740
—0.0184
—0.0039
—0.0007

0.0
—0.0944
—0.2283
—0.3326
—0.2055
—0.0847
—0.0281
—0.0081
—0.0022
—0.0005

0.0
—0.0457
—0.0936
—0.1327
—0.1136
—0.0748
—0.0423
—0.0218
—0.0105
—0.0048
—0.0021
—0.0009
—0.0004

0.0
—0.0286
—0.0535
—0.0741
—0.0710
—0.0551
—0.0377
—0.0238
—0.0142
—0.0081
—0.0044
—0.0024
—0.0012
—0.0006
—0.0003

ZR3,(L)
0.0

—0.2900

—0.0746
0.0405
0.0097
0.0009
0.0000

0.0
—0.2540
—0.0757

0.0443

0.0179

0.0033

0.0004

0.0000

0.0
—0.2011
—0.0718

0.0393

0.0269

0.0089

0.0022

0.0005

0.0001

0.0
—0.1646
—0.0658

0.0311

0.0295

0.0132

0.0045

0.0013

0.0004

0.0001

0.0
—0.0799
—0.0421

0.0059

0.0197

0.0168

0.0106

0.0058

0.0029

0.0014

0.0006

0.0003

0.0001

0.0
—0.0493
—0.0295
—0.0019

0.0106

0.0126

0.0103

0.0072

0.0045

0.0027

0.0015

0.0008

0.0004

0.0002

0.0001

ZR3(L)
—0.7400
—0.4229
—0.1252
—0.0168
—0.0012
—0.0001
—0.0000

—0.6217
—0.3576
—0.1347
—0.0292
—0.0043
—0.0005
—0.0000
—0.0000

—0.4649
—0.2703
—0.1327
—0.0451
—0.0119
—0.0027
—0.0005
—0.0001
—0.0000

—0.3665
—0.2149
—0.1222
—0.0524
—0.0183
—0.0056
—0.0015
—0.0004
—0.0001
—0.0000

—0.1647
—0.0992
—0.0742
—0.0492
—0.0288
—0.0154
—0.0076
—0.0036
—0.0016
—0.0007
—0.0003
—0.0001
—0.0001

—0.0994
—0.0608
—0.0495
—0.0379
—0.0265
—0.0171
—0.0105
—0.0061
—0.0034
—0.0019
—0.0010
—0.0005
—0.0003
—0.0001
—0.0001

ZRg(L)
0.0
0.3411
0.2603
0.0466
0.0039
0.0002
0.0000

0.0

0.2723
0.2104
0.0488
0.0066
0.0006
0.0001
0.0000

0.0

0.1864
0.1468
0.0458
0.0098
0.0017
0.0003
0.0000
0.0000

0.0

0.1361
0.1089
0.0403
0.0111
0.0026
0.0006
0.0001
0.0000
0.0000

0.0

0.0462
0.0386
0.0206
0.0092
0.0038
0.0015
0.0006
0.0002
0.0001
0.0000
0.0000
0.0000

0.0

0.0229
0.0196
0.0120
0.0064
0.0032
0.0015
0.0007
0.0003
0.0002
0.0001
0.0000
0.0000
0.0000
0.0000
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TABLE 4 (cont.)

ki L ZRy(L) ZRyp(L)  ZRi(L)  ZRi(L)  ZR$,(L)  ZRgy(L) ZR§,(L)  ZR4,(L)  ZR3(L)  ZR3,(L) ZRg(L)

3.00 0 —0.1210 —0.0444 0.0 —0.0258 —0.0280 0.0 —0.0019 0.0 0.0 —0.0510 0.0
1 —0.1039 —0.0338 —0.0219 —0.0003 —0.0211 —0.0155 —0.0001 —0.0153 —0.0255 —0.0318 0.0089
2 —0.0502 —0.0085 —0.0359 0.0061 —0.0101 —0.0141 —0.0041 —0.0257 —0.0175 —0.0275 0.0078
3 —0.0208 0.0018 —0.0277 0.0057 —0.0089 —0.0025 —0.0086 —0.0344 —0.0052 —0.0236 0.0055
4 —0.0081 0.0037 —0.0172 0.0038 —0.0108 0.0069 —0.0109 —0.0359 0.0027 —0.0192 0.0034
5 —0.0030 0.0030 —0.0097 0.0022 —0.0118 0.0114 —0.0109 —0.0322 0.0062 —0.0147 0.0021
6 —0.0011 0.0019 —0.0051 0.0012 —0.0112 0.0120 —0.0095 —0.0261 0.0068 —0.0108 0.0012
7 —0.0004 0.0011 —0.0026 0.0006 —0.0095 0.0106 —0.0075 —0.0197 0.0061 —0.0076 0.0007
8 —0.0001 0.0006 —0.0012 0.0003 —0.0075 0.0085 —0.0056 —0.0142 0.0048 —0.0052 0.0004
— 9 —0.0001 0.0003 —0.0006 0.0002 —0.0056 0.0063 —0.0040 —0.0098 0.0036 —0.0035 0.0002
< 10 —0.0000 0.0001 —0.0003 0.0001 —0.0040 0.0045 —0.0028 —0.0066 0.0025 —0.0023 0.0001
>-( >" 11 —0.0000 0.0001 —0.0001 0.0000 —0.0028 0.0031 —0.0019 —0.0043 0.0017 —0.0014 0.0001
O = 12 —0.0000 0.0000 —0.0001 0.0000 —0.0018 0.0020 —0.0012 —0.0028 0.0011 —0.0009 0.0000
m 23] 13 —0.0000 0.0000 —0.0000 0.0000 —0.0012 0.0013 —0.0008 —0.0018 0.0007 —0.0006 0.0000
p— 14 —0.0000 0.0000 —0.0000 0.0000 —0.0008 0.0008 —0.0005 —0.0011 0.0005 —0.0003 0.0000
=0 15 —0.0000 0.0000 —0.0000 0.0000 —0.0005 0.0005 —0.0003 —0.0007 0.0003 —0.0002 0.0000
: O 16 —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0003 —0.0002 —0.0004 0.0002 —0.0001 0.0000

=w 4.00 0 —0.0942 —0.0333 0.0 —0.0172 —0.0189 0.0 —0.0019 0.0 0.0 —0.0324¢ 0.0
- 1 —0.0820 -0.0263 —0.0145 —0.0002 —0.0150 —0.0090 --0.0001 —0.0099 —0.0161 —0.0204 0.0046
<Z 2 —0.0438 —0.0090 —0.0239 0.0047 —0.0075 —0.0089 —0.0016 —0.0157 —0.0120 —0.0181 0.0041
B (@) 3 —0.0205 —0.0004 —0.0203 0.0049 —0.0054 —0.0033 —0.0042 —0.0204 —0.0052 —0.0162 0.0031
= = 4 —0.0090 0.0023 —0.0142 0.0038 —0.0059 0.0022 —0.0062 —0.0221 —0.0000 —0.0141 0.0021
s Qu 5 —0.0038 0.0025 —0.0090 0.0025 —0.0069 0.0057 —0.0069 —0.0211 0.0030 —0.0117 0.0014
N % © 6 —0.0016 0.0019 —0.0053 0.0015 —0.0072 0.0073 —0.0068 —0.0185 0.0042 —0.0094 0.0009
() Z 7 —0.0007 0.0013 —0.0031 0.0009 —0.0069 0.0074 —0.0060 —0.0153 0.0044 —0.0072 0.0006
= é 8 —0.0003 0.0008 —0.0017 0.0005 —0.0061 0.0067 —0.0050 —0.0121 0.0040 —0.0054 0.0003
E - 9 —0.0001 0.0005 —0.0009 0.0003 —0.0051 0.0056 —0.0040 —0.0092 0.0033 —0.0040 0.0002
10 —0.0000 0.0003 —0.0005 0.0002 —0.0041 0.0044 —0.0031 —0.0068 0.0026 —0.0029 0.0001
11 —0.0000 0.0001 —0.0003 0.0001 —0.0031 0.0034 —0.0023 —0.0049 0.0020 —0.0020 0.0001
12 —0.0000 0.0001 —0.0001 0.0000 —0.0023 0.0025 —0.0017 —0.0035 0.0015 —0.0014 0.0000
13 —0.0000 0.0000 —0.0001 0.0000 —0.0017 0.0018 —0.0012 —0.0025 0.0011 —0.0010 0.0000
14 —0.0000 0.0000 —0.0000 0.0000 —0.0012 0.0013 —0.0008 —0.0017 0.0008 —0.0007 0.0000
15 —0.0000 0.0000 —0.0000 0.0000 —0.0009 0.0009 —0.0006 ~—0.0012 0.0005 —0.0004 0.0000
16 —0.0000 0.0000 —0.0000 0.0000 —0.0006 0.0006 —0.0004 —0.0008 0.0004 —0.0003 0.0000
17 —0.0000 0.0000 —0.0000 0.0000 —0.0004 0.0004 —0.0003 —0.0005 0.0002 —0.0002 0.0000
18 —0.0000 0.0000 —0.0000 0.0000 —0.0003 0.0003 —0.0002 —0.0003 0.0002 —0.0001 0.0000
19 —0.0000 0.0000 —0.0000 0.0000 —0.0002 0.0002 —0.0001 —0.0002 0.0001 —0.0001 0.0000
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TABLE 5. SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 1S-1S

Z =
approximations 1 and 1t
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A.BURGESS, D.G. HUMMER AND J.A. TULLY

Z=2

approximation 1
—A

o N\
1720t 312207 2050 72098
0.860  2.109  2.969  3.119
0.024 1429 1453  0.286
0.002  0.071 0072 0.012
0.000  0.003  0.003  0.000
0.886  3.611  4.497  3.417
0.817 2158 2975  3.069
0.020 1.427 1448  0.299
0.002 0.077 0.079 0.014
0.000  0.003  0.003  0.000
0.839  3.665 4.505  3.382
0.745 2234 2978  2.978
0.014 1420 1434 0.324
0.002  0.089  0.090 0.017
0.000  0.004 0.004 0.001
0.760  3.747 4507  3.320
0.687 2.284 2.971 2.895
0.009 1408 1417  0.347
0.001  0.100 0102  0.021
0.000  0.005 0.005 0.001
0.698 3798  4.496  3.265
0.524 2.322 2.846 2.572
0.000 1.323 1.323  0.446
0.000 0151 0.152 0.043
0.000 0.013 0013  0.004
0.000 0.001 0.001 0.000
0.525 3.811 4336  3.066
0.451 2.213 2.664 2.342
0.006 1.235 1.241  0.520
0.000 0.191 0.191  0.069
0.000  0.023  0.023  0.008
0.000 0.003 0.003  0.001
0.000 0.000 0.000 0.000
0.457 3.665 4122  2.940
0.384 1.936 2.320 2.025
0.033 1.097 1130 0.619
0.004 0244 0248  0.120
0.000 0.045 0.045 0.020
0.000  0.007 0.007 0.003
0.000 0.001 0.001 0.000
0.000 0.000 0.000 0.000
0422 3331 3752 2789
0.351  1.701  2.052  1.809
0.060 1.002 1.062 0.678
0.011 0278 0.289  0.167
0.002 0.065 0.067 0.036
0.000 0.014 0.014 0.007
0.000  0.003  0.003  0.001
0.000  0.001  0.001  0.000
0.000  0.000  0.000  0.000
0424 3,063 3487  2.700

Z=2
approximation It

_
1220}

0.713
0.030
0.020
0.000

0.763

0.677
0.026
0.021
0.000

0.725

0.621
0.020
0.022
0.001

0.664

0.576
0.015
0.020
0.001

0.612

0.445
0.002
0.008
0.002
0.001

0.458

0.388
0.005
0.003
0.002
0.001
0.000

0.399

0.337
0.029
0.003
0.001
0.001
0.000
0.000

0.373

0.313
0.056
0.010
0.002
0.001
0.000
0.000
0.000

0.382

1.593
1.352
0.070
0.002

3.018

1.565
1.323
0.076
0.003

2.966

1.672
1.321
0.088
0.004

3.085

1.756
1.319
0.099
0.005

3.179

1.880
1.255
0.147
0.012
0.001

3.296

1.828
1.177
0.184
0.021
0.003
0.001

3.214

1.643
1.051
0.237
0.042
0.007
0.002
0.001

2.982

1.472
0.962
0.271
0.062
0.013
0.003
0.001
0.001

2.786

2.307
1.382
0.090
0.003

3.781

2.242
1.349
0.097
0.003

3.691

2.293
1.342
0.110
0.004

3.749

2.332
1.334
0.119
0.006

3.791

2.325
1.257
0.155
0.015
0.002

3.754

2.216
1.182
0.187
0.024
0.004
0.001

3.613

1.980
1.080
0.240
0.043
0.008
0.002
0.001

3.356

1.785
1.018
0.280
0.064
0.014
0.003
0.001
0.001

3.168

—
%ZZQL— ZZ.QEBO Zz_Q(LJB

2.532
0.260
0.011
0.000

2.803

2.482
0.264
0.011
0.001

2.758

2.415
0.287
0.014
0.001

2.717

2.358
0.310
0.016
0.002

2.686

2.139
0.410
0.035
0.005
0.001

2.590

1.981
0.485
0.059
0.008
0.002
0.001

2.537

1.755
0.587
0.110
0.019
0.004
0.002
0.001

2.478

1.594
0.649
0.158
0.034
0.007
0.002
0.001
0.001

2.446

—
12:0% 32207 22090 72048
0.357 4.014 4371  3.077
0.000 1.958 1958  0.677
0.001  0.166 0.167  0.040
0.000  0.008 0.008  0.002
0.358 6.146  6.504  3.796
0.359 3.920 4280  3.041
0.001 1.924 1925 0.685
0.001  0.172 0173  0.044
0.000  0.009  0.009  0.002
0.361 6.035 6.396 3.772
0.364 3.772 4135 2.973
0.002 1.861 1.864 0.701
0.001  0.185 0.186  0.050
0.000 0.011 0.011 0.002
0.367 5.830 6.196  3.727
0.367  3.628 3.995  2.909
0.005 1.804 1809 0.715
0.000 0.197 0197  0.057
0.000 0.013 0.013 0.003
0.373  5.642 6.015  3.684
0.376 3.061 3437 2635
0023 1582 1605 0.770
0.000 0243 0243  0.090
0.000  0.025 0.025 0.008
0.001  0.002 0.001  0.001
0.399 4913 5312  3.504
0.376  2.666 3.042 2421
0.043 1420 1472  0.807
0.002 0275 0277 0.122
0.000 0.038 0.038 0015
0.000 0.004 0.004 0.002
0.000  0.000  0.000  0.000
0.422 4412 4.834 3367
0.365 2.149 2515  2.106
0.079 1232 1310 0.849
0.010 0316 0.326 0.180
0.001  0.062 0.063 0.032
0.000 0011 0.011  0.005
0.000 0.002 0.002  0.001
0.000  0.000 0.000  0.000
0456  3.772 4227 3.172
0.350 1.825 2175  1.881
0.105 1108 1213  0.868
0.020 0340 0.360 0.228
0.003  0.084 0.087  0.051
0.001  0.018 0.019 0011
0.000  0.004 0.004  0.002
0.000  0.001  0.001  0.000
0.000  0.000  0.000  0.000
0479  3.381  3.859  3.041
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS

TABLE 6. SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 1S-2S
Z =2

Z=2
approximation 1

~
1z
0.0030
0.0545
0.0001
0.0000

0.0576

0.0003
0.0622
0.0004
0.0000
0.0000

0.0629

0.0015
0.0744
0.0012
0.0000
0.0000
0.0000

0.0771

0.0061
0.0830
0.0025
0.0000
0.0000
0.0000
0.0000

0.0917

0.0259
0.0953
0.0127
0.0012
0.0001
0.0000
0.0000
0.0000

0.1352

0.0308
0.0891
0.0222
0.0040
0.0006
0.0001
0.0000
0.0000
0.0000

0.1469

12°0;
0.9096
0.0461
0.0076
0.0001

0.9635

0.7567
0.0477
0.0137
0.0005
0.0000

0.8185

0.5416
0.0491
0.0248
0.0020
0.0001
0.0000

0.6176

0.4037
0.0497
0.0340
0.0042
0.0003
0.0000
0.0000

0.4919

0.1438
0.0514
0.0581
0.0182
0.0035
0.0005
0.0001
0.0000

0.2756

0.0796
0.0534
0.0661
0.0298
0.0088
0.0020
0.0004
0.0001
0.0000

0.2402

ZZQ%BO
0.9127
0.1006
0.0077
0.0001

1.0211

0.7570
0.1099
0.0140
0.0005
0.0000

0.8814

0.5431
0.1236
0.0260
0.0020
0.0001
0.0000

0.6948

0.4098
0.1327
0.0365
0.0043
0.0003
0.0000
0.0000

0.5835

0.1697
0.1467
0.0708
0.0194
0.0036
0.0005
0.0001
0.0000

0.4108

0.1104
0.1425
0.0883
0.0338
0.0094
0.0021
0.0004
0.0001
0.0000

0.3871

220
0.2455
0.1277
0.0038
0.0000

0.3771

0.2344
0.1410
0.0075
0.0002
0.0000

0.3830

0.2147
0.1606
0.0158
0.0008
0.0000
0.0000

0.3919

0.1981
0.1737
0.0246
0.0019
0.0001
0.0000
0.0000

0.3983

0.1443
0.1933
0.0635
0.0126
0.0019
0.0003
0.0000
0.0000

0.4159

0.1145
0.1866
0.0885
0.0266
0.0063
0.0013
0.0002
0.0000
0.0000

0.4240

approximation 1
~A

1z
0.0045
0.0483
0.0021
0.0000

0.0549

0.0035
0.0382
0.0236
0.0050
0.0003

0.0706

0.0025
0.0502
0.0118
0.0094
0.0012
0.0001

0.0752

0.0028
0.0601
0.0049
0.0104
0.0023
0.0004
0.0001

0.0810

0.0100
0.0750
0.0091
0.0049
0.0040
0.0020
0.0009
0.0004

0.0002

0.1064

0.0142
0.0713
0.0182
0.0043
0.0031
0.0023
0.0014
0.0008
0.0004

0.0004

0.1165

A
0.1829
0.1024
0.0045
0.0003

0.2901

0.2781
0.0962
0.0111
0.0007
0.0004

0.3866

0.1981
0.0591
0.0208
0.0016
0.0013
0.0003

0.2814

0.1449
0.0466
0.0285
0.0032
0.0021
0.0008
0.0002

0.2263

0.0563
0.0386
0.0488
0.0148
0.0051
0.0031
0.0018
0.0009

0.0007

0.1701

0.0349
0.0404
0.0564
0.0254
0.0090
0.0045
0.0029
0.0019
0.0011

0.0013

0.1778

Z2Q4B0
0.1874
0.1507
0.0066
0.0003

0.3449

0.2816
0.1344
0.0347
0.0057
0.0007

0.4572

0.2006
0.1093
0.0326
0.0110
0.0025
0.0005

0.3566

0.1476
0.1068
0.0334
0.0136
0.0044
0.0012
0.0003

0.3073

0.0663
0.1136
0.0579
0.0198
0.0091
0.0052
0.0027
0.0012

0.0008

0.2765

0.0490
0.1117
0.0746
0.0297
0.0120
0.0068
0.0044
0.0027
0.0016

0.0019

0.2943

22058
0.0297
0.2056
0.0361
0.0001

0.2715

0.0496
0.1566
0.0041
0.0067
0.0008

0.2179

0.0558
0.1434
0.0090
0.0111
0.0031
0.0005

0.2229

0.0572
0.1439
0.0152
0.0120
0.0054
0.0013
0.0003

0.2354

0.0556
0.1503
0.0496
0.0137
0.0094
0.0058
0.0029
0.0013

0.0008

0.2895

0.0514
0.1464
0.0739
0.0229
0.0103
0.0070
0.0047
0.0029
0.0016

0.0019

0.3230

2567

Z= 0
approximations 1 and 11
A

17207 37°Q7 Z:QGR0 72000

0.0941
0.1607
0.0064
0.0000

0.2612

0.0896
0.1564
0.0080
0.0001
0.0000

0.2541

0.0819
0.1484
0.0113
0.0003
0.0000
0.0000

0.2417

0.0753
0.1410
0.0145
0.0005
0.0000
0.0000
0.0000

0.2313

0.0534
0.1120
0.0274
0.0036
0.0004
0.0000
0.0000
0.0000

0.1968

0.0412
0.0923
0.0347
0.0078
0.0014
0.0002
0.0000
0.0000
0.0000

0.1775

0.0028
0.0467
0.0474
0.0033

0.1003

0.0036
0.0482
0.0523
0.0051
0.0002

0.1095

0.0053
0.0508
0.0598
0.0091
0.0006
0.0000

0.1257

0.0069
0.0531
0.0651
0.0131
0.0013
0.0001
0.0000

0.1396

0.0130
0.0598
0.0766
0.0299
0.0068
0.0011
0.0002
0.0000

0.1873

0.0162
0.0621
0.0791
0.0408
0.0133
0.0033
0.0007
0.0001
0.0000

0.2158

0.0969
0.2074
0.0538
0.0033

0.3615

0.0933
0.2046
0.0603
0.0052
0.0002

0.3636

0.0871
0.1992
0.0711
0.0093
0.0006
0.0000

0.3674

0.0822
0.1941
0.0796
0.0137
0.0013
0.0001
0.0000

0.3709

0.0664
0.1718
0.1039
0.0335
0.0071
0.0012
0.0002
0.0000

0.3841

0.0574
0.1544
0.1138
0.0486
0.0147
0.0036
0.0007
0.0001
0.0000

0.3932

Vol. 266. A.

0.1137
0.2763
0.0422
0.0015

0.4337

0.1116
0.2727
0.0490
0.0025
0.0001

0.4359

0.1076
0.2656
0.0612
0.0050
0.0002
0.0000

0.4397

0.1038
0.2586
0.0717
0.0080
0.0006
0.0000
0.0000

0.4427

0.0881
0.2265
0.1058
0.0255
0.0044
0.0006
0.0001
0.0000

0.4509

0.0764
0.2004
0.1215
0.0419
0.0108
0.0023
0.0004
0.0001
0.0000

0.4538
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Z=2

approximation 1
Al

1220}
0.0275
0.0711
0.0323
0.0109
0.0031
0.0008
0.0002
0.0000
0.0000
0.0000
0.0000

0.1461

0.0225
0.0571
0.0352
0.0161
0.0063
0.0023
0.0007
0.0002
0.0001
0.0000
0.0000
0.0000
0.0000

0.1405

{20y

0.0432
0.0550
0.0700
0.0438
0.0194
0.0070
0.0022
0.0006
0.0002
0.0000
0.0000

0.2415

0.0317
0.0541
0.0693
0.0508
0.0277
0.0126
0.0051
0.0019
0.0006
0.0002
0.0001
0.0000
0.0000

0.2541

Z2 Q%BO 4] _QéB

0.0707
0.1261
0.1023
0.0547
0.0226
0.0078
0.0024
0.0007
0.0002
0.0000
0.0000

0.3876

0.0542
0.1112
0.1045
0.0669
0.0340
0.0148
0.0058
0.0021
0.0007
0.0002
0.0001
0.0000
0.0000

0.3947

0.0818
0.1617
0.1106
0.0507
0.0186
0.0059
0.0017
0.0005
0.0001
0.0000
0.0000

0.4316

0.0639
0.1393
0.1153
0.0661
0.0308
0.0126
0.0047
0.0016
0.0005
0.0002
0.0001
0.0000
0.0000

0.4351

TABLE 6 (cont.)

Z=2
approximation It
s AJ
12207 Z2Q980 72008
0.0151 0.0373 0.0435
0.0583 0.1016 0.1304
0.0282 0.0895 0.0966
0.0095 0.0484 0.0445
0.0035 0.0213 0.0180
0.0020 0.0099 0.0087
0.0015 0.0057 0.0056
0.0011 0.0040 0.0041
0.0008 0.0029 0.0030
0.0006 0.0020  0.0021
0.0004 0.0014 0.0014
0.0007 0.0026 0.0026
0.1216 0.3266 0.3604
0.0136 0.0316 0.0375
0.0477 0.0915 0.1149
0.0314 0.0930 0.1027
0.0145 0.0607 0.0597
0.0059 0.0314 0.0285
0.0027 0.0150 0.0131
0.0015 0.0076  0.0069
0.0011 0.0046 0.0044
0.0009 0.0033 0.0033
0.0007 0.0025 0.0025
0.0005 0.0019 0.0019
0.0004 0.0014 0.0015
0.0003 0.0011 0.0011
0.0006 0.0026 0.0026
0.1217 0.3483  0.3807

Z=cw
approximations 1 and 1
Al

)
1z°0f
0.0280
0.0676
0.0397
0.0151
0.0047
0.0013
0.0003
0.0001
0.0000
0.0000
0.0000

0.1568

0.0210
0.0531
0.0393
0.0197
0.0082
0.0030
0.0010
0.0003
0.0001
0.0000
0.0000
0.0000
0.0000

0.1459

37:0p 72080 72008

0.0184
0.0613
0.0780
0.0524
0.0246
0.0093
0.0030
0.0009
0.0002
0.0001
0.0000

0.2483

0.0185
0.0582
0.0748
0.0574
0.0326
0.0153
0.0063
0.0024
0.0008
0.0003
0.0001
0.0000
0.0000

0.2666

0.0464
0.1290
0.1177
0.0675
0.0293
0.0106
0.0034
0.0010
0.0003
0.0001
0.0000

0.4051

0.0395
0.1113
0.1142
0.0771
0.0407
0.0183
0.0073
0.0027
0.0009
0.0003
0.0001
0.0000
0.0000

0.4125

0.0603
0.1625
0.1299
0.0650
0.0253
0.0084
0.0025
0.0007
0.0002
0.0000
0.0000

0.4548

0.0499
0.1367
0.1270
0.0777
0.0378
0.0159
0.0060
0.0021
0.0007
0.0002
0.0001
0.0000
0.0000

0.4542
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS

TABLE 7. SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 1S—2P

Z=2
approximation 1

r A hl
1220 37207 720080 7200
0.038  0.000 0.039  0.043
0.099  0.330 0.429  0.417
0.663  0.000 0.664 0.680
0.044  0.030 0.074  0.096
0.001  0.002 0.004 0.004
0.000  0.000  0.000  0.000
0.846  0.364 1.209 1.240
0.040 0.001  0.040 0.046
0.106 0.263 0.369  0.386
0.674  0.002 0.675 0.711
0.078  0.054 0.133  0.172
0.006 0.011  0.018  0.020
0.000 0.001  0.002  0.002
0905 0.332 1.237 1.338
0.040  0.002 0.042 0.051
0.114 0.177 0.291  0.335
0.658  0.006 0.665 0.735
0.139  0.097 0.236  0.305
0.024 0.042 0.066 0.075
0.004 0.010 0.014 0.015
0.001  0.002 0.003  0.003
0.980 0.337 1316 1.519
0.039  0.003 0.042  0.053
0.114 0129 0.243  0.295
0.619 0.013 0.633 0.728
0.185 0.131 0.316  0.409
0.047 0.079 0126  0.143
0.012 0.028 0.039  0.041
0.003  0.008 0.011  0.011
0.001  0.002 0.003  0.003
1.019 0.394 1413 1.684
0.028 0.010 0.038  0.051
0.086 0.053 0.140 0.179
0.402  0.050 0.452  0.580
0.264 0.211 0475  0.607
0.142  0.227 0.369  0.425
0.072 0159 0.231  0.248
0.036 0.093 0.128  0.133
0.018 0.050 0.067  0.068
0.009 0.026  0.034  0.034
0.01 0.03 0.03 0.03
1.06 0.91 1.97 2.36
0.021  0.013  0.034  0.044
0.060 0.038 0.098 0.125
0.265  0.069 0.335  0.444
0.245 0222 0.467  0.588
0.177 0.284 0.461 0.531
0.117  0.252  0.369  0.399
0.074 0187 0.262  0.273
0.046  0.127 0.174  0.178
0.029 0.083 0.111 0.113
0.018 0.052 0.070  0.071
0.03 0.09 0.12 0.12
1.08 1.42 2.50 2.88

Z=2

approximation 1
Al

r
1200y

0.014
0.038
0.352
0.040
0.001
0.000

0.445

0.023
0.043
0.417
0.061
0.006
0.000

0.551

0.025
0.062
0.491
0.113
0.021
0.004
0.001

0.707

0.026
0.056
0.489
0.159
0.041
0.011
0.003
0.001

0.785

0.021
0.050
0.327
0.246
0.133
0.067
0.034
0.017
0.008

0.01

0.91

0.016
0.038
0.218
0.228
0.169
0.112
0.071
0.045
0.028
0.017

0.03

0.97

37:Q; Z2QG0  Z204B

0.150
0.144
0.002
0.027
0.002
0.000

0.326

0.052
0.116
0.003
0.046
0.011
0.001

0.228

0.013
0.078
0.006
0.081
0.039
0.009
0.002

0.228

0.004
0.059
0.011
0.112
0.074
0.026
0.008
0.002

0.296

0.004
0.032
0.039
0.188
0.215
0.153
0.089
0.048
0.025

0.03

0.82

0.007
0.026
0.056
0.200
0.270
0.243
0.181
0.123
0.080
0.051

0.09

1.32

0.164
0.182
0.354
0.067
0.004
0.000

0.771

0.075
0.159
0.420
0.107
0.017
0.002

0.779

0.038
0.130
0.497
0.194
0.060
0.013
0.003

0.935

0.030
0.116
0.500
0.270
0.115
0.037
0.010
0.003

1.082

0.025
0.082
0.366
0.434
0.348
0.220
0.123
0.065
0.033

0.03

1.73

0.023
0.064
0.274
0.428
0.439
0.355
0.252
0.168
0.108
0.069

0.12

2.29

0.013
0.208
0.511
0.096
0.004
0.000

0.832

0.009
0.176
0.565
0.157
0.019
0.002

0.928

0.016
0.159
0.575
0.278
0.068
0.014
0.003

1.113

0.022
0.146
0.569
0.374
0.132
0.039
0.010
0.003

1.296

0.031
0.104
0.462
0.560
0.402
0.236
0.127
0.066
0.033

0.03

2.05

0.030
0.079
0.361
0.540
0.507
0.384
0.263
0.172
0.109
0.069

0.12

2.63

Z=ow
approximations 1 and 1t
A

259

r h)
12:0F  32:0Q7 2200 72205
0.073  0.004 0.078  0.096
0.115  0.015 0.130  0.091
0723 0.019 0.741  0.862
0.262 0.167 0.429  0.559
0.034  0.056  0.091  0.104
0.003  0.006  0.009  0.009
1.209 0268 1478 1721
0.070  0.006  0.076  0.095
0.106  0.014 0.120 0.089
0.668 0.024 0.692  0.820
0.282 0.184 0466  0.606
0.052 0.084 0135 0.155
0.007 0.016 0.022 0.023
1185 0329 1514  1.792
0.064 0.008 0.072  0.094
0.091 0013 0104 0.085
0576 0.034  0.609  0.746
0.308 0.208 0516  0.670
0.085 0.135 0219 0253
0.018  0.043 0.061  0.065
0.004 0.010 0.014 0.014
1146 0.453  1.599  1.929
0.059 0011  0.070  0.092
0.079  0.012  0.092  0.082
0.502  0.043 0.544  0.682
0.319 0224 0543  0.703
0.113 0179 0292  0.337
0.033  0.076 0.109  0.117
0.009 0.025 0.034 0.035
0.002 0.007 0.010 0.010
1118 0579  1.697  2.059
0.041  0.019  0.060  0.080
0.046  0.015 0.060  0.066
0.283  0.068 0.351  0.463
0.292 0244 0.536  0.681
0.189  0.295 0.484  0.560
0.104 0.225 0.329  0.356
0.054 0.138 0.192  0.200
0.027 0.076 0.104 0.106
0.014  0.040 0.054 0.054
001 004 005  0.05
106 116 223 262
0.030  0.023  0.053  0.068
0.031  0.017 0.047  0.055
0.183  0.074 0.257  0.339
0238 0.228 0466  0.583
0.200 0317 0517  0.596
0.141 0298 0.440 0478
0.093 0231 0324 0.339
0.059 0.161 0220 0.226
0.037 0.106 0.143  0.145
0.023 0.068 0.091  0.002
0.04 012 015 015
1.07 164 271  3.07

32-2
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TABLE 7 (cont.)

Z=2 Z=2 Z= o
approximation 1 approximation I approximations 1 and 1
r A Al s A Al r A Al
K3? L }Z20f 372Qp 272000 72000 3Z220f 37207 720080 72008 1720 37°Qp ZPQGB0 220
3.00 0 0.013 0.013 0.026 0.032 0.010  0.009 0.019  0.024 0.019  0.022 0.041  0.050
1 0033 0.028 0.060 0.074 0.023  0.020 0.043  0.053 0.017  0.017 0.034  0.040
2 0137 0.075 0.212 0.278 0.115  0.063 0.178  0.233 0.095 0.068 0.163  0.209
3 0176 0.195 0371 0.455 0.163  0.178  0.341  0.418 0.157 0.184 0.342 0415
4 0171 0.284 0455 0.520 0.164 © 0.270 0.434  0.497 0.171  0.285  0.457  0.521
! 5 0146 0.308 0.454 0.494 0.142  0.298 0.440 0.479 0.155 0.323 0478  0.521
— 6 0117 0.284 0400 0422 0.113  0.276  0.390  0.410 0.128  0.307 0.434 0.458
< 7 0.090 0.238 0.328 0.338 0.087 0.233 0.320 0.330 0.100 0.263 0.363  0.375
— > 8 0.068 0.190 0.258 0.262 0.066  0.185 0.252  0.256 0.076  0.212 0.288  0.294
—~ 9 0.051 0.146 0.197 0.199 0.050 0.143 0.193  0.195 0.057 0.165 0.222 0.225
o 10  0.038 0.111  0.149 0.150 0.037 0.109 0.146  0.147 0.043 0.126  0.169  0.170
pf( E 1 0.028 0.083 0.112 0.112 0.028 0.082 0.110 0.110 0.032 0.095 0.127  0.127
0
= O LZ . 0.08 0.25 0.33 0.33 0.08 0.24 0.32 0.32 0.09 0.28 0.37 0.37
=1
E g total 1.15 2.20 3.35 3.67 1.08 2.11 3.19 3.47 1.14 2.35 3.49 3.78
- 400 0 0009 0.012 0.021 0.024 0.007  0.009 0.016 0.019 0.013  0.020 0.033  0.038
<Z 1 0020 0.022 0.043 0.051 0.015  0.017 0.032  0.039 0.012  0.015 0.027 0.031
) (@) 2 0.08 0.067 0.150 0.190 0.071  0.057 0.128  0.163 0.059  0.057 0.116  0.144
- = 3 0126 0.162 0.288 0.344 0.117  0.149  0.265 0.318 0.110  0.148 0.257  0.306
s Qu 4 0143 0248 0.391  0.443 0.137  0.237 0.374 0.424 0.137 0.240 0377 0.426
RO 5 0140 0.295 0435 0473 0.136 0.286 0.422  0.460 0.141  0.297 0.438  0.476
(@) (2 6 0126 0302 0428 0.452 0.123  0.295 0.418  0.442 0.131  0.311  0.442  0.467
= é 7 0108 0.281 0.389  0.403 0.106  0.275 0.381  0.395 0.114  0.295 0.409 0.424
E - 8 0.090 0.247 0.337 0.345 0.088 0.242 0331  0.338 0.096  0.262 0.358  0.367
9 0.074 0.209 0283 0.287 0.072  0.206 0.278  0.282 0.079  0.224 0.303  0.308
10  0.060 0.174 0.234  0.236 0.059  0.171  0.230  0.232 0.065  0.187 0251 0.254
11 0.048 0.142 0.191 0.192 0.048 0.140  0.188  0.189 0.052  0.154 0.206 0.207
12 0.039 0.116 0.155 0.155 0.038 0.114 0.152 0.153 0.042 0.125 0.167 0.168
13 0.031  0.094 0.125 0.125 0.031  0.092 0.123  0.124 0.034 0.101 0.135 0.136
o0
LZ 0.13 0.40 0.53 0.53 0.13 0.39 0.52 0.52 0.14 0.43 0.57 0.58
=14
total 1.23 2.77 4.00 4.25 1.18 2.68 3.86 4.10 1.23 2.86 4.10 4.33
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TABLE 8. SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 25-2S

Z=2 zZ=2 Z= o
approximation 1 approximation 1 approximations 1 and 11
p A N p ~A- N I A B
K2 L }Z2Q} 32:Qp Z2Q98° 72038 }22Qt  37°Q7 Z20Q0B0 Z2:0Q00® 1220t 37°Q; Z2QFR0 7200
0.00 0 20.53 643 2697 3595 2.66 4.03 6.68 8.71 3.33 19.52 2285 19.15
1 1.29 46.47 47.76 25.74 1.16 8.90 10.07 7.70 6.48 2883 3531 31.87
2 0.09 4.62 4.72 0.88 0.10 5.18 5.28 0.66 0.98 1533 16.31 10.56
3 0.00 0.03 0.03 0.00 0.00 0.03 0.03 0.00 0.00 1.94 1.94 0.65
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.01
total 21.92 57.55 79.48 62.57 3.92 1813 22.06 17.08 10.79 65.67 176.46 62.25
~ 005 0 1577 9.81 2558 33.40 2.60 4.02 6.62 8.46 3.42 18.02 2145 18.50
— 1 2.81 32,71 35.52 24.79 2.19 8.09 10.28 13.09 6.20 26.52 32.73 29.86
< 2 0.01 6.89 6.89 2.04 0.36 5.63 5.99 2.14 1.39  13.87 1527 11.10
> > 3 0.01 0.28 0.28 0.05 0.45 0.55 1.00 1.05 0.02 2.60 2.62 1.13
o = 4 0.00 0.00 0.00 0.00 0.26 0.61 0.87 0.92 0.00 0.16 0.16 0.04
th 8] 5 0.00 0.00 0.00 0.00 0.16 0.47 0.63 0.63 0.00 0.00 0.00 0.00
[ ey
QO E‘; 0.4 1.3 1.8 1.8
I O total 18.59 49.69 68.28  60.29 6.5 20.7 27.2 28.1 11.04 61.18 72.22 60.63
Fw 015 0 1092 13.3¢ 24.26 29.30 2.58 537 7.95 8.98 3.47 1596 1943 17.39
2‘ ‘2 1 418 22.82 27.00 23.06 3.02 10.81 13.83 14.08 573 23.17 2891  26.77
J o 2 0.17 8.03 8.20 4.20 0.36 6.77 7.13 3.85 1.96 1222 14.19 11.70
= 3 0.00 1.10 1.10 0.37 0.53 1.18 1.72 1.26 0.14 3.42 3.57 2.09
o= 4 0.00 0.08 0.08 0.02 0.34 0.62 0.96 1.04 0.00 0.47 0.47 0.20
(@) 2 8 5 0.00 0.00 0.00 0.00 0.20 0.51 0.71 0.74 0.00 0.04 0.04 0.01
8 C£ 6 0.00 0.00 0.00 0.00 0.13 0.36 0.49 0.49 0.00 0.00 0.00 0.00
0
= < D T— 04 L1 15 L5 e
€L L=7
Sl total 15.27 4539 60.65 56.95 7.5 26.7 34.3 31.9 11.32 55.29 66.61 58.16
025 0 8.53 1447 23.00 26.18 2.50 5.89 8.40 9.05 344 1455 17.99 16.46
1 4.48 19.17 23.65 21.58 3.16 11.17 14.33 13.97 536 20.82 26.18 24.49
2 0.59 8.05 8.64 5.79 0.61 6.84 7.46 5.10 229 11.32 13.61 11.95
3 0.03 1.83 1.86 0.90 0.44 1.75 2.19 1.40 0.33 3.90 4.23 2.94
4 0.00 0.26 0.26 0.10 0.32 0.63 0.95 0.97 0.02 0.81 0.83 0.45
5 0.00 0.03 0.03 0.01 0.20 0.47 0.68 0.71 0.00 0.11 0.11 0.05
6 0.00 0.00 0.00 0.00 0.13 0.35 0.48 0.49 0.00 0.01 0.01 0.00
7 0.00 0.00 0.00 0.00 0.09 0.25 0.34 0.34 0.00 0.00 0.00 0.00
0
2z — — — — 0.3 0.9 1.2 1.2 —_— — — —
L=8
total 13.63 43.82 5745 54.55 7.8 28.2 36.0 33.2 11.44 51.52 6297 56.35
075 0 4.63 12.68 17.31 17.71 2.09 5.95 8.03 8.14 3.03 10.83 13.86 13.25
1 3.90 13.61 17.51 16.85 2.86 9.73 12,60 12.21 419 14.81 19.00 18.22
- 2 1.89 7.63 9.53 8.83 1.67 6.60 8.27 7.70 2.68 945 12.13 11.64
= 3 0.62 3.57 4.18 3.52 0.60 3.24 3.84 3.22 1.10 4.86 5.96 5.39
] 4 0.16 1.36 1.52 1.15 0.26 1.33 1.59 1.30 0.34 2.05 2.38 1.98
< 5 0.04 0.43 0.47 0.33 0.16 0.58 0.74 0.66 0.09 0.72 0.80 0.61
> > 6 0.01 0.12 0.13 0.08 0.11 0.32 0.43 0.42 0.02 0.21 0.23 0.16
O = 7 0.00 0.03 0.03 0.02 0.08 0.22 0.30 0.30 0.00 0.06 0.06 0.04
o0
e E Y 0.00 0.01 0.01 0.0 0.3 0.9 1.2 1.2 0.00 0.01 0.01 0.01
L=8
E O total 11.25 39.44 50.69 48.49 8.1 28.8 37.0 35.1 11.44 43.01 5445 51.31
— 8 1.25 0 346 10.36 13.82 13.83 1.82 5.45 7.27 7.27 2.65 895 11.60 11.25
1 335 11.36 14.72 14.27 2.57 857 11.14 1085 3.565 12,07 15.62 15.14
- 2 2.16 7.36 9.51 9.21 1.91 6.45 8.36 8.11 2.59 8.55 11.14 10.88
5 Z 3 1.07 4.21 5.28 4.92 0.98 3.86 4.84 4.51 1.43 515 6.58 6.28
— 9 4 0.45 2.13 2.57 2.28 0.44 2.00 2.44 2.17 0.65 2.73 3.38 3.10
E = 5 0.16 0.95 1.12 0.94 0.21 0.96 1.17 1.03 0.26 1.28 1.54 1.35
(@) 2 6 6 0.06 0.38 0.44 0.35 0.12 0.48 0.59 0.53 0.09 0.54 0.63 0.53
DA 7 0.02 0.14 0.16 0.12 0.08 0.26 0.34 0.32 0.03 0.21 0.24 0.19
9 Z 8 0.01 0.05 0.05 0.04 0.05 0.17 0.22 0.22 0.01 0.07 0.08 0.06
— 0
= é % 0.00 0.02 0.03 0.01 0.2 0.7 0.9 0.9 0.00 0.03 0.04 0.03
B = L=9

total 10.73 36.96 47.69 4597 8.4 28.9 37.3 35.9 11.26  39.59 50.85 48.80
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TABLE 8 (cont.)

zZ=2 Z=2 Z= o
approximation I approximation 11 approximations 1 and 11
s A Al r A Al r A A%
K2 L 1220t 37°Q; 2720080 72008 1220t 322Qp Z2Q9BC 72200 1220t 372Q7 Z2Q0B0 Z209B

225 0 2.46 7.63 10.08 10.00 1.50 4.61 6.11 6.08 2.12 6.86 8.98 8.81

1 2.71 891 11.62 11.35 2.18 7.10 9.28 9.10 2.83 9.25 12.08 11.82

2 2.11 6.74 8.85 8.72 1.89 6.01 7.90 7.79 2.32 7.38 9.70 9.56

3 1.40 4.62 6.03 5.89 1.31 4.30 5.61 548 1.61 5.19 6.80 6.68

4 0.83 2.93 3.77 3.62 0.79 2.77 3.56 3.42 0.99 3.37 4.36 4.23

5 0.45 1.73 2.18 2.05 0.44 1.66 2.10 1.98 0.55 2.03 2.59 2.46

~ 6 0.23 0.95 1.18 1.09 0.24 0.95 1.18 1.10 0.29 1.14 1.43 1.33

— 7 0.11 0.49 0.60 0.54 0.13 0.53 0.66 0.61 0.14 0.60 0.74 0.68

< 8 0.05 0.24 0.29 0.26 0.08 0.30 0.37 0.34 0.06 0.30 0.37 0.33

> > 9 0.02 0.11 0.13 0.12 0.05 0.17 0.22 0.21 0.03 0.14 0.17 0.15
2%

O F~ Y 0.01 0.08 0.10 0.08 0.2 0.6 0.7 0.7 0.02 0.10 0.13 0.11

=) L=10

a5 5 total 10.39 34.45 4484 43.71 8.8 29.0 37.8 36.8 10.97 36.39 47.36 46.15

I O 325 0 1.97 6.13 8.10 8.02 1.30 4.03 5.33 5.29 1.78 5.66 7.44 7.34

~ o 1 2.33 7.51 9.83 9.65 1.93 6.19 8.11 7.98 2.41 7.72  10.13 9.97

2 1.97 6.18 8.15 8.05 1.78 5.57 7.35 7.27 2.10 6.58 8.68 8.58

2‘ 2} 3 1.47 4.64 6.11 6.03 1.38 4.35 5.73 5.66 1.60 5.03 6.63 6.56

o Z 4 1.01 3.28 4.29 4.20 0.96 3.12 4.08 4.00 112 3.60 4.73 4.65

T 9 5 0.65 2.19 2.84 2.75 0.62 2.11 2.73 2.65 0.73 2.44 3.18 3.09

ok 6 0.39 1.39 1.78 171 0.38 1.35 1.74 1.66 0.45 1.57 2.02 1.95

(o] &f) 8 7 0.22 0.84 1.07 1.01 0.23 0.84 1.07 1.01 0.26 0.96 1.23 1.16

Qs 8 0.12 0.49 0.61 0.57 0.13 0.51 0.64 0.60 0.15 0.56 0.71 0.67

9 Z 9 0.07 0.27 0.34 0.31 0.08 0.30 0.38 0.36 0.08 0.32 0.40 0.37

T § 10 0.03 0.15 0.18 0.16 0.05 0.18 0.23 0.22 0.04 0.17 0.21 0.20
0

Bul= Y 0.03 0.15 0.18 0.15 0.2 0.5 0.7 0.7 0.03 0.18 0.22 0.19

L=11
total 10.26 33.22 4348 4265 9.0 29.1 38.1 37.4 10.77 34.81 4558 44.73
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TABLE 9. SCALED PARTIAL COLLISION STRENGTHS FOR 25-2P

Z=2 Z=2 Z= o
approximation 1 approximation 1 approximations 1 and 1
A A A
e R s Al & Al
K3 L 1220 372Qp Z20Q0B0 22008 1Z22QF  37°Qp Z2Q0B° Z:Q0F 1220t $z2Qp 7000 Z200°
000 0 10.26 10.22 2048 2549 0.56 2.39 2.95 2.74 4.26 947 13.73 14.75
1 0.10 87.89 87.99 29.43 0.07 8.82 8.89 6.42 9.96 14.74 24.71  28.08
2 0.16 17.16 17.32 3.98 0.08 9.92 10.01 2.95 4.53 1045 14.98 15.27
3 0.03 0.41 0.44 0.04 0.02 0.37 0.40 0.04 0.02 4.82 4.84 2.00
;13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.27 0.06
d
= K LZO 10.54 115.69 126.23 58.95 0.74 21.50 2224 12.16 18.78 39.75 58.53  60.16
g > 0.05 0 3.29 2.63 5.91 7.56 0.43 1.09 1.52 1.79 2.09 4.48 6.56 7.11
o = 1 0.60 27.3¢ 27.94 7.68 0.33 4.71 5.03 1.93 4.47 4.90 9.38 11.11
Qd a8} 2 3.47 4.53 8.00 5.32 2.24 3.45 5.70 4.50 1.75 1.78 3.53 4.08
et 3 431 592 1023 1L.72 3.08 5.00 8.07 9.57 1.29 1.58 2.87 2.64
= Q) 4 3.33 8.77 1211 12.50 2.78 7.50 10.28 10.56 2.08 3.56 5.64 6.30
I O 5 2.83 836 11.19 11.24 2.50 7.39 9.89 9.92 2.01 5.35 7.36 7.57
— o g 2.48 7.44 9.93 9.93 2.26 6.78 9.04 9.04 1.89 5.56 7.44 7.48
- LZO 26.31 8299 109.30 89.91 19.26 52.86 72.12 69.90 20.55 42.14 62.69 66.21
<Z =
EO 015 0 1.14 1.27 2.42 2.96 0.25 0.48 0.73 0.90 1.18 2.68 3.85 4.12
E = 1 0.40 7.37 7.11 3.26 0.26 1.61 1.87 1.06 2.32 2.38 4.70 5.66
OU L 2 2.61 2.00 4.61 5.05 1.92 1.65 3.57 4.16 0.98 0.55 1.53 1.95
m% 0 3 4.59 5.17 9.76 1151 3.28 4.40 7.67 9.38 1.62 1.62 3.25 3.73
o Z 4 3.89 8.36 12.25 13.22 3.14 7.18 1032 11.07 2.74 4.43 7.18 8.15
:.'§ 5 3.17 872 11.89 12.15 2.75 7.66 1042 10.61 2.70 6.50 9.20 9.69
E - 6 2.69 791 10.60 10.65 2.43 7.16 9.59 9.63 2.41 6.80 9.22 9.36
'170 2.34 7.00 9.34 9.35 2.17 6.48 8.65 8.66 2.16 6.37 8.53 8.56
LE 26.47 64.69 91.16 90.68 21.56 52.68 74.24 76.88 2144 4731 6875 72.53
=0
025 0 0.56 0.83 1.39 1.62 0.16 0.30 0.46 0.54 0.79 1.91 2.70 2.85
1 0.30 2.84 3.14 1.85 0.19 0.72 0.91 0.68 1.48 1.57 3.04 3.68
2 1.76 1.35 3.11 3.85 1.40 1.14 2.53 3.20 0.65 0.31 0.96 1.26
3 3.81 4.17 7.99 9.54 2.90 3.61 6.50 7.97 1.42 1.49 2.90 3.46
4 3.78 7.15 1093 12.11 3.07 6.25 9.32 10.27 2.62 4.11 6.73 7.70
5 3.22 8.14 11.36 11.83 2.78 7.21 1000 10.37 2.77 6.20 8.98 9.61
6 2.74 7.76 10.50 10.64 2.46 7.04 9.50 9.62 2.53 6.79 9.32 9.57
7 2.37 7.00 9.38 9.42 2.19 6.48 8.68 8.71 2.25 6.51 8.76 8.84
181 2.10 6.26 8.36 8.37 1.97 5.89 7.87 7.87 2.01 5.97 7.99 8.01
LZ 25.78 60.92 86.70  89.77 22.05 53.42 7547 78.95 -21.52 49.83 71.35 74.97
=0
- 075 0 0.08 0.23 0.31 0.31 0.03 0.09 0.13 0.13 0.24 0.68 0.92 0.94
= 1 0.11 0.23 0.35 0.37 0.06 0.09 0.15 0.17 0.39 0.54 0.93 1.09
— 2 0.42 0.59 1.01 1.18 0.36 0.49 0.85 1.00 0.17 0.11 0.28 0.36
< 3 1.34 1.92 3.26 3.82 1.18 1.71 2.89 3.40 0.56 0.83 1.39 1.63
P > 4 2.13 3.67 5.80 6.56 1.88 3.36 5.24 5.93 1.38 2.33 3.72 4.22
O = 5 2.44 5.13 7.57 8.22 2.18 4.72 6.90 7.47 1.96 3.95 5.90 6.47
43 6 2.42 5.89 8.31 8.74 2.20 5.46 7.66 8.03 2.16 5.06 7.22 7.66
=% - 7 2.26 6.04 8.30 8.54 2.09 5.65 7.74 7.95 2.13 5.53 7.66 7.93
8} U 8 2.06 5.83 7.89 8.00 1.94 5.50 7.44 7.54 1.99 5.54 7.53 7.68
m O ?2 1.87 5.45 7.32 7.38 1.78 5.20 6.98 7.03 1.84 5.29 7.13 7.20
= uw L 19.84 48,98 68.81 71.87 18.26  45.79 64.056 66.76 17.47 43.69 61.16 63.70
=0
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TABLE 9 (cont.)

Z=2 Z=2 Z =
approximation 1 approximation I approximations I and 11
r A- N r A N - A N
K2 L 1720} 32°Qp Z2Q0B0 72008 1220t 322Qp Z2Q¢B0 7200 1220 322Qp 220080 7208
1.25 0 0.03 0.10 0.13 0.13 0.01 0.05 0.06 0.06 0.12 0.36 0.48 0.48
1 0.05 0.08 0.13 0.15 0.03 0.04 0.07 0.08 0.18 0.29 0.47 0.54
2 0.17 0.32 0.49 0.53 0.15 0.27 0.41 0.45 0.07 0.07 0.14 0.17
p 3 0.61 1.10 1.71 1.93 0.56 0.99 1.54 1.74 0.27 0.50 0.78 0.87
- 4 1.19 2.24 3.43 3.82 1.09 2.08 3.17 3.54 0.77 1.46 2.23 2.47
5 1.63 3.42 5.05 5.49 1.51 3.21 4.72 5.12 1.27 2.63 3.90 4.25
=) 6 1.86 4.33 6.19 6.58 1.73 4.08 5.81 6.16 1.60 3.67 5.28 5.63
< 7 1.92 4.85 6.77 7.05 1.79 4.59 6.39 6.64 1.76 4.37 6.13 6.41
>_( > 8 1.87 5.03 6.90 7.08 1.77 4.78 6.55 6.72 1.77 4.71 6.48 6.68
~ 9 1.77 4.96 6.73 6.85 1.69 4.75 6.44 6.54 1.71 4.76 6.48 6.60
2 18 110 1.65 4.76 6.41 6.48 1.59 4.58 6.17 6.23 1.62 4.64 6.26 6.33
4
i > 18.27 4757 65.85 68.05 17.28 45.36 62.64 64.65 16.63 43.68 60.31 62.21
=0 L=0
: O 225 0 0.01 0.04 0.05 0.04 0.01 0.02 0.02 0.02 0.05 0.15 0.20 0.20
=w 1 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.03 0.07 0.13 0.20 0.22
- 2 0.05 0.13 0.18 0.18 0.04 0.11 0.15 0.16 0.02 0.03 0.05 0.06
<z 3 0.21 0.48 0.69 0.74 0.19 0.44 0.63 0.67 0.10 0.23 0.33 0.35
Eo 4 0.48 1.07 1.55 1.67 0.45 1.00 1.45 1.57 0.32 0.71 1.03 1.10
= 5 0.79 1.79 2.58 2.77 0.75 1.71 2.46 2.63 0.61 1.38 1.99 2.13
Q-L-) o 6 1.07 2.52 3.59 3.80 1.02 2.42 3.44 3.64 0.90 2.12 3.02 3.20
8< 0 7 1.27 3.14 4.41 4.61 1.21 3.02 4.23 4.42 1.13 2.79 3.92 4.11
0‘2 8 1.38 3.59 4.97 5.15 1.32 3.46 4.78 4.95 1.28 3.30 4.58 4.75
= 9 1.43 3.85 5.28 5.42 1.37 3.72 5.09 5.22 1.36 3.64 4.99 5.13
Ié 10 1.42 3.96 5.38 5.48 1.38 3.83 5.21 5.30 1.37 3.80 5.18 5.28
B 111 1.39 3.94 5.33 5.40 1.35 3.83 5.18 5.24 1.36 3.84 5.19 5.27
6
2 1554 4224 5779  59.17 15.00 40.90 55.90 57.20 14.53 39.63 54.16 5541
L=0
325 0 0.00 0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.03 0.08 0.11 0.11
1 0.01 0.01 0.02 0.03 0.01 0.01 0.01 0.02 0.03 0.07 0.11 0.12
2 0.02 0.07 0.09 0.09 0.02 0.06 0.08 0.08 0.01 0.02 0.03 0.03
3 0.10 0.26 0.36 0.38 0.09 0.24 0.33 0.34 0.05 0.13 0.18 0.18
4 0.25 0.61 0.86 0.90 0.24 0.57 0.81 0.85 0.17 0.41 0.58 0.60
5 0.45 1.08 1.53 1.61 0.43 1.03 1.46 1.54 0.35 0.84 1.18 1.24
6 0.66 1.61 2.27 2.39 0.63 1.56 2.19 2.30 0.55 1.35 1.91 2.00
7 0.85 2.14 2.99 3.12 0.82 2.07 2.89 3.02 0.75 1.89 2.64 2.75
8 1.00 2.60 3.60 3.73 0.97 2.52 3.49 3.61 0.92 2.37 3.29 3.41
9 1.10 2.95 4.06 4.17 1.07 2.87 3.94 4.05 1.04 2.76 3.80 3.91
10 1.17 3.19 4.36 4.46 1.13 3.11 4.24 4.33 1.11 3.04 4.15 4.25
11 1.19 3.33 4.52 4.60 1.16 3.24 4.40 4.48 1.15 3.21 4.36 4.44
j 12 1.19 3.38 4.56 4.62 1.16 3.30 4.46 4.51 1.16 3.29 4.45 4.51
- 13 1.16 3.36 4.52 4.57 1.14 3.29 4.42 4.47 1.14 3.29 4.44 4.48
19 :
z LZ 1528 42,69 57.97 58.98 1490 41.69 56.58 57.55 14.54 40.70 55.25 56.18
=0
—
olm
e =)
e
I-E O
@)
= w
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TABLE 10, SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 2P-2P

Z=2 Z=2 Z =
approximation 1 approximation 11 approximations 1 and 1
e A A (g —A hY r A Al
K2 L 1220} 322Q7 Z2Q9P0 7% 1220t 372Q7 Z20Q0B0 720 122+ 37207 Z20Q08° ZQ%E
000 0 0.00 0.08 0.09 0.05 1.53 2.34 3.87 4.86 0.00 6.06 6.06 1.85
1 2281 168.23 191.04 126.39 9.62 4198 51.61 43.13 23.48 61.26 84.74 81.88
2 19.50 3.14 22.64 2539 11.54 535 16.89 20.22 11.17 54.63 65.80 51.86
3 3.22 9.12 12.34 1.56 2.95 8.3¢ 11.29 1.54 2.67 2941 32.08 9.59
4 0.20 0.37 0.57 0.61 0.20 0.36 0.57 0.61 1.02 2.38 3.40 1.79
5 0.06 0.17 0.23 0.23 0.06 0.17 0.23 0.23 0.26 0.53 0.79 0.84
o0
2 X 01 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.6 0.8 0.8
L=6
> > total 45.9 181.2 227.1 1544 26.0 58.7 84.6 70.8 38.8 154.9 193.7 148.7
o : 005 0 0.02 0.53 0.55 0.07 0.51 0.25 0.76 0.55 0.01 5.37 5.38 2.05
th e 1 2401 121.90 145.91 115.54 10.85 35.98 46.82 46.09 21.54 58.85 80.39 78.07
@) 2 12.03 994 21.96 27.08 8.73 8.95 17.69 22.76 10.73  49.04 59.77 49.29
I 3 3.38 1422 17.60 2.32 3.16 1246 15.62 3.27 2.06 25.29 27.35 10.51
O 4 0.41 0.62 1.03 0.91 0.64 1.21 1.85 1.79 0.99 3.14 4.14 2.00
=w 5 0.13 0.32 0.44 0.46 0.28 0.77 1.05 1.07 0.33 0.61 0.94 0.96
@0
=22 X 02 0.6 0.8 0.8 0.8 2.4 3.2 3.2 0.4 1.1 14 15
5 p 4 L=s
T 9 total 40.2 148.1 188.3 147.2 25.0 62.0 87.0 78.7 36.0 1434 179.4 1443
=
sU L 015 0 0.01 1.92 1.93 - 0.51 0.12 1.21 1.34 0.17 0.08 4.37 4.45 2.20
cnf, °© 1 2374 8858 11232 100.89 1148 3473 46.21 44.30 19.09 55.14 7423 7252
9 Z 2 8.25 20.77 29.02 28.85 6.79 16.56 2335 23.87 10.13 42,07 52,19 45.53
—é 3 2.33 1591 18.24 4.16 2.52 13.76  16.28 4.95 © 1.88 20.64 2253 12.00
E - 4 0.71 1.53 2.25 1.41 0.98 2.04 3.02 2.39 0.91 4.17 5.08 2.66
5 0.27 0.53 0.79 0.83 0.45 1.02 1.47 1.52 0.44 0.89 1.34 1.23
6 0.13 0.35 0.48 0.50 0.25 0.70 0.95 0.97 0.22 0.50 0.71 0.75
0
X 03 0.9 1.2 1.2 0.7 2.0 2.7 2.7 0.4 1.2 1.7 1.7
L=17
total 35.7 130.5 166.2 138.4 23.3 72.0 95.3 80.9 33.2 129.0 162.2 138.6
025 0 0.00 2.35 2.35 0.85 0.02 1.64 1.66 0.49 0.15 3.75 3.90 2.26
1 2215 7461 96,76  90.69 10.99  33.20 44,19 42.47 17.53 5215 69.69 68.30
2 7.31 2439 3170 2).46 6.14 1885 2498 2419 9.67 37.84 47.51 42.82
3 1.62 14.89 16.51 5.77 1.91 13.04 14.95 6.15 2.08 18.25 20.33 13.06
4 0.79 2.38 3.17 1.85 1.05 2.70 3.75 2.69 0.87 4.77 5.64 3.33
5 0.38 0.72 1.10 1.08 0.56 1.16 171 1.75 0.50 1.19 1.70 1.47
6 0.20 0.47 0.67 0.70 0.32 0.81 1.13 1.17 0.28 0.61 0.89 0.93
7 0.12 0.33 0.45 0.46 0.20 0.57 0.78 0.79 0.17 0.42 0.59 0.61
o]
X 03 1.1 1.4 1.4 0.6 1.9 2.6 2.6 0.4 1.3 1.7 1.7
- L=8
h total 32,9 121.2 1541 1323 21.8 73.9 95.7 82.3 31.7 120.3 152.0 134.5
> 075 0 0.16 2.08 2.25 1.53 0.13 1.68 1.81 1.28 0.33 2.47 2.80 2.20
< b 1 1594 49.86 6580 64.50 9.06 2829 37.35 36.66 13.65 42,20 55.85 55.11
> —~ 2 6.62 2394 30.556 28.72 556 19.27 24.83 23.76 8.30 2870 37.00 35.35
O 3 1.87 12.06 13.93 10.57 1.83 10.95 12.78 9.95 3.13 1474 17.87 15.51
o = 4 0.84 4.49 5.34 3.97 0.95 4.41 5.35 4.13 1.17 6.19 7.36 5.95
— 5 0.53 1.73 2.26 1.94 0.65 1.88 2.53 2.28 0.61 2.42 3.03 2.56
= O 6 0.38 0.90 1.28 1.27 0.47 1.11 1.58 1.60 041 1.13 1.55 1.47
»J’_-‘# O 7 0.27 0.63 0.90 0.94 0.34 0.82 1.16 1.21 0.30 0.72 1.02 1.05
= uw 8 0.19 0.49 0.69 0.71 0.25 0.64 0.89 0.92 0.22 0.54 0.76 0.79
0
X 07 2.1 2.9 2.9 0.9 2.8 3.7 3.7 0.8 2.4 3.2 3.2
L=9
total 27.5 98.3 1259 117.1 20.2 71.8 92.0 85.5 28.9 1015 1304 123.2
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TABLE 10 (cont.)
Z=2 Z=2 Z=
approximation 1 approximation It approximations 1 and 1t
r A Al r A Al r A Al
K2 L }Z2Q} 372Qp Z2QFB0 Z2Q08 1Z2:QF  372Q5 Z2Q080 Z200B 122QF  37°Q7 Z2Q$B0 Z20QGB
125 0 0.27 1.78 2.04 1.66 0.24 1.50 1.74 1.44 0.38 2.01 2.40 2.07
1 12,94 40.23 53.17 52.50 8.12 25.33 3345 33.03 11.68 36.18 47.85 47.36
2 6.39 21.85 2824 27.16 542 1821 23.63 22.88 7.51 2486 3237 3145
3 2.60 11.74 1435 12.68 245 1079 13.24 11.81 . 359 13.94 17.53 16.28
4 1.17 5.54 6.71 5.73 1.17 5.34 6.51 5.60 1.60 6.96 8.56 7.62
5 0.64 2.56 3.21 2.81 0.69 2.59 3.28 2.92 0.79 3.28 4.07 3.61
6 0.43 1.33 1.76 1.66 0.49 1.43 1.93 1.85 0.48 1.63 2.12 1.97
— 7 0.33 0.84 1.17 1.18 0.38 0.97 1.35 1.37 0.35 0.97 1.32 1.30
8 0.25 0.63 0.89 0.92 0.30 0.75 1.05 1.09 0.27 0.69 0.96 0.99
§ e 9 0.20 0.51 0.71 0.74 0.24 0.61 0.85 0.87 0.21 0.55 0.76 0.79
[
O =~ X 09 2.7 3.6 3.6 1.1 3.2 4.3 4.3 1.0 2.9 3.9 3.9
ﬁd a8} L=10
e total 26.2 89.7 1159 1107 20.6 70.7 91.3 87.3 27.9 940 121.8 117.3
E O 225 0 0.33 1.46 1.79 1.62 0.30 1.28 1.58 1.45 0.39 1.59 1.99 1.84
O 1 9.91 30.57 4048 40.15 6.95 21.48 2842 28.19 9.38 28.88 3826 37.98
=w 2 580 19.05 2494 2443 511 1647 21.57 21.17 6.51 20.74 27.25 26.81
—n 3 3.26 11.68 14.94 14.23 3.056 1085 13.90 13.28 3.86 13.17 17.03 16.46
<z 4 1.77 6.76 8.52 7.96 1.71 6.48 8.19 7.66 2.15 7.82 9.97 9.45
1S 5 0.98 3.79 4.77 4.42 0.98 3.71 4.68 4.35 1.18 4.45 5.63 5.27
o
I = 6 0.60 2.15 2.74 2.57 0.61 2.15 2.76 2.61 0.69 2.52 3.21 3.01
s (G 7 0.41 1.31 171 1.65 0.43 1.35 1.78 1.73 0.45 1.49 1.94 1.86
A<ZO 8 0.31 0.89 1.20 1.19 0.34 0.95 1.29 1.29 0.33 0.98 1.31 1.29
(@) (2 9 0.25 0.68 0.93 0.94 0.28 0.74 1.02 1.04 0.26 0.72 0.98 0.99
= é 10 0.21 0.55 0.76 0.78 0.23 0.62 0.85 0.87 0.22 0.58 0.80 0.81
=T ©
O = > 1.3 3.6 4.9 4.9 14 4.0 54 5.4 1.3 3.8 5.1 5.1
L=11
total 25.2 82,5 107.7 104.9 21.4 70.1 91.5 89.1 26.7 86.7 113.4 110.9
325 0 0.34 1.29 1.62 1.52 0.31 1.15 1.46 1.38 0.37 1.37 1.75 1.66
1 8.27 2538 33.66 33.45 6.17 1894 25.10 24.95 7.99 2448 3247 32.28
2 544 17.17 22,61 22.30 4.80 15.14 19.94 19.68 585 1830 24.15 23.88
3 3.45 1148 1493 14.52 324 10.75 13.98 13.62 3.86 12.56 16.42 16.08
4 2.12 ~ 7.37 9.49 9.13 2.04 7.09 9.13 8.78 2.42 8.21 10.63 10.29
5 1.29 4.60 5.88 5.61 1.26 4.48 5.74 5.48 1.48 5.17 6.65 6.38
6 0.80 2.83 3.63 3.46 0.79 2.80 3.59 3.42 0.91 3.20 4.11 3.92
7 0.52 1.78 2.31 2.21 0.53 1.79 2.32 2.23 0.58 2.00 2.58 2.48
8 0.37 1.18 1.56 1.52 0.39 1.21 1.60 1.56 0.40 1.30 1.71 1.66
9 0.29 0.85 1.14 1.13 0.30 0.89 1.19 1.19 0.30 0.92 1.22 1.21
10 0.23 0.66 0.90 0.90 0.25 0.70 0.95 0.96 0.24 0.70 0.94 0.95
11 0.20 0.55 0.75 0.76 0.21 0.59 0.80 0.82 0.20 0.57 0.77 0.79
[
P b 1.4 4.2 5.6 5.6 1.6 4.5 6.1 6.1 1.5 4.3 5.8 5.8
< L=12
— total 24.8 79.3 104.1 102.2 21.8 70.0 91.9 90.2 26.1 83.1 109.2 1074
olm
e =)
e
= O
= w
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TABLE 11, SCALED PARTIAL AND TOTAL COLLISION STRENGTHS FOR 2P,}-2P%

Z=2 Z=2 Z= o
I 1 1and o
K2 l ZaQpee  ZaQ08 Z2Q¢B0 72008 Z20080 Z20Q08
0.00 0 1.454 0.762 1.637 0.198 0.460 0.078
1 31.278 6.668 8.518 4.810 3.707 2.722
2 7.456 5.608 6.955 4.834 8.240 4.174
3 1.535 1.493 1.436 1.453 3.453 3.980
4 0.410 0.409 0.408 0.408 1.519 1.558
5 0.147 0.147 0.147 0.147 0.582 0.585
6 0.063 0.063 0.063 0.063 0.252 0.252
[ce]
o h 0.08 0.08 0.08 0.08 0.31 0.31
- =7
. ~ total 42.42 15.23 19.24 11.99 18.52 13.66
< 0.05 0 1.222 0.918 0.325 0.350 0.336 0.139
P 1 10.249 4.271 4.736 3.309 2.827 2.381
OH 2 7.976 4.708 5.827 3.979 5.844 3.318
o = 3 1.808 1.810 1.947 1.938 3.174 3.566
) 4 0.650 0.671 0.919 0.996 1.548 1.626
= O 5 0.307 0.311 0.575 0.586 0.685 0.700
= O 6 0.163 0.163 0.358 0.359 0.338 0.341
=wu 7 0.095 0.095 0.234 0.234 0.184 0.184
[ee)
3‘2 > 0.28 0.28 0.75 0.75 0.50 0.50
1=8
Eg total 22.75 13.23 15.67 12.50 15.44 12.76
-9
o) &t’ 5 0.15 0 0.808 0.824 0.215 0.345 0.232 0.196
8 P 1 2.909 2.581 1.906 1.941 1.896 1.932
=Z 2 6.167 3.589 4.625 3.061 3.470 2.466
TS 3 2.026 2.073 2.068 2.199 2.723 3.010
& 4 0.961 1.039 1.219 1.352 1.589 1.720
5 0.554 0.584 0.822 0.872 0.861 0.911
6 0.336 0.342 0.543 0.553 0.503 0.519
7 0.210 0.211 0.358 0.360 0.307 0.311
8 0.138 0.138 0.244 0.244 0.195 0.196
(e o]
> 0.49 0.49 0.89 0.89 0.67 0.67
=9
total 14.60 11.87 12.89 11.82 12.45 11.93
0.25 0 0.584 0.707 0.197 0.308 0.192 0.217
1 1.794 1.901 1.270 1.381 1.447 1.638
2 4.291 2.845 3.405 2.395 2.304 2.013
3 1.991 2.048 1.965 2.127 2.336 2.595
4 1.106 1.216 1.303 1.457 1.561 1.712
_ 5 0.708 0.768 0.934 1.017 0.959 1.035
<« 6 0.469 0.489 0.658 0.684 0.619 0.652
T 7 0.311 0.316 0.452 0.458 0.408 0.418
< 8 0.210 0.211 0.314 0.315 0.272 0.275
S > g 0.147 0.147 0.223 0.224 0.187 0.187
olm N 0.60 0.60 0.92 0.92 0.74 0.74
Oﬁ =5 1=10
- 5 total 12.21 11.24 11.64 11.29 11.12 11.49
T O 0.75 0 0.281 0.394 0.137 0.198 0.148 0.206
= o 1 0.789 0.937 0.567 0.673 0.765 0.960
2 1.291 1.371 1.065 1.090 1.022 1.164
3z 3 1.279 1.410 1.221 1.371 1.329 1.527
U5 4 1.068 1.191 1.114 1.256 1.205 1.345
55 = 5 0.887 0.992 0.978 1.097 0.985 1.088
8 S 6 0.736 0.807 0.838 0.917 0.804 0.878
aZo 7 0.595 0.634 0.688 0.731 0.651 0.696
oz 8 0.466 0.484 0.544 0.565 0.515 0.538
=< 9 0.358 0.366 0.422 0.431 0.399 0.409
o= 10 0.274 0.278 0.325 0.329 0.306 0.310
0
b)) 1.30 1.30 1.55 1.55 1.45 1.45
=11
total 9.33 10.17 9.45 10.21 9.58 10.57

33-2
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TABLE 11 (cont.)

1 bt 1and 11
K2 l Z2()0B0 Z20Q08 Z2Q0B0 Z2Q08 Z2Q0B0 Z2Q08
1.25 0 0.206 0.272 0.112 0.150 0.132 0.172
1 0.552 0.664 0.411 0.493 0.566 0.690
2 0.805 0.938 0.649 0.742 0.744 0.868
3 0.911 1.029 0.849 0.965 0.965 1.104
4 0.868 0.966 0.873 0.979 0.948 1.054
- 5 0.799 0.888 0.840 0.936 0.855 0.941
6 0.731 0.805 0.788 0.867 0.766 0.837
| 7 0.654 0.707 0.714 0.770 0.682 0.735
- 8 0.565 0.599 0.622 0.657 0.593 0.628
< S 9 0.474 0.493 0.523 0.544 0.501 0.522
> 10 0.388 0.399 0.431 0.442 0.413 0.426
@) : 11 0.315 0.320 0.350 0.356 0.337 0.343
e 12 0.254 0.257 0.284 0.286 0.272 0.276
13 0.206 0.207 0.230 0.232 0.220 0.222
)= O >
O > 1.26 1.26 1.42 1.42 1.36 1.36
=w 1=14
T total 8.99 9.81 9.09 9.84 9.35 10.17
§CZ> 2.25 0 0.140 0.168 0.086 0.104 0.105 0.126
o= 1 0.374 0.433 0.291 0.337 0.387 0.447
su w 2 0.533 0.611 0.435 0.497 0.528 0.599
(,,5) 0 3 0.621 0.693 0.567 0.633 0.667 0.743
9 Z 4 0.632 0.693 0.614 0.675 0.685 0.749
E§ 5 0.620 0.675 0.625 0.682 0.658 0.712
e 6 0.607 0.659 0.626 0.680 0.628 0.677
7 0.591 0.637 0.618 0.666 0.602 0.646
8 0.564 0.602 0.594 0.634 0.572 0.609
9 0.525 0.553 0.555 0.584 0.534 0.562
10 0.475 0.495 0.503 0.524 0.485 0.506
11 0.420 0.433 0.445 0.459 0.431 0.446
12 0.364 0.373 0.387 0.396 0.376 0.386
13 0.313 0.318 0.333 0.338 0.324 0.330
14 0.266 0.270 0.284 0.287 0.277 0.280
15 0.226 0.228 0.241 0.243 0.235 0.238
[+e]
> 1.62 1.62 1.72 1.72 1.69 1.69
=16
total 8.89 9.46 8.93 9.46 9.18 9.74
, 3.25 0 0.106 0.122 0.070 0.080 0.086 0.099
T 1 0.289 0.324 0.231 0.260 0.297 0.333
< 2 0.418 0.466 0.349 0.388 0.420 0.464
— 3 0.494 0.540 0.450 0.492 0.527 0.576
< > 4 0.514 0.554 0.492 0.532 0.554 0.596
> C 5 0.512 0.549 0.506 0.543 0.544 0.580
O = 6 0.508  0.543 0.513 0.549 0.528 0.562
e 7 0.506 0.540 0.519 0.553 0.516 0.549
@) 8 0.502 0.533 0.519 0.551 0.507 0.537
an o) 9 0.491 0.517 0.509 0.537 0.494 0.520
B 10 0.469 0.491 0.489 0.511 0.473 0.494
11 0.439 0.456 0.458 0.475 0.444 0.461
::“2 12 0.403 0.415 0.420 0.433 0.409 0.421
vs 13 0.363 0.372 0.379 0.388 0.370 0.379
= 14 0.323 0.329 0.337 0.343 0.330 0.337
n-'c; N 15 0.285 0.289 0.298 0.302 0.292 0.296
8< 0 16 0.249 0.252 0.261 0.263 0.256 0.259
o‘£ 17 0.218 0.219 0.228 0.229 0.224 0.226
#é 18 0.190 0.191 0.199 0.200 0.195 0.196
I P
B 129 1.64 1.64 1.72 1.72 1.68 1.68
=1

total 8.92 9.34 8.94 9.35 9.15 9.56
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APPENDIX

We collect together here, various formulae, tables and details of numerical techniques, which
arise in connexion with the evaluation of the long-range contributions to the direct integrals
discussed in § 3.3.

We have to evaluate integrals of the form

|77 witlo) # (itlo) 1a8) )

where # is given by (86) and y, varies as constant/p*+! for large p (A > 1). Unless A is large, the
integral is slowly convergent in the upper limit. Moreover, the integral approaches its limiting
value in an oscillatory manner, the oscillation being roughly of modulated harmonic type, so that
it is not easy to extrapolate to the limit.

We discuss an analytical method for dealing with this problem. The long-range component
constant/p?*+! is subtracted from y,(f~'p) to leave an integral with decreasing exponential
behaviour for large p, which is easily integrated numerically. We are thus left with the problem of
evaluating integrals of the form

I(kyly, koly; A) =f0.97(/<111|p) F (kyly|p) p~2~1dp (A 2)
with A > 1.

N.B. No difficulty of convergence in the lower limit is introduced by this procedure since
F (kl|p) ~ pH+! for small p, and A </, +/,. However, for large A there may be some loss of
numerical accuracy due to cancellation between the two integrals into which (A1) has been
separated, since for large A both these integrals are dominated by contributions from small p,
which are respectively equal and opposite. This problem is of no significance for the cases of
A = 1, 2 with which we are concerned here.

The integrals (A 2) may be evaluated in terms of generalized hypergeometric functions (see
Alder et al. 1956). For the dipole case (A = 1) we have

(I+ 1) I(ky by kgl +15 1) = [T+ (1+1)2 &3]3 T (k) Ly k305 0) —[1+ (1 4+ 1)2k3]3 I (k14 1, k[ + 15 0),

(A3)
where

K1Ko)3 exp (7|9, — .
kol 0 = g2 P M 10 1)

X [D(+ 1) | (1) 702, By (14 1~y L+ 1 —imy; 204 25 —5), (A4)

- 49,75 .
|72 = m?
oF} is the usual Gauss hypergeometric function. The monopole integrals I(k,/, k,/; 0) satisfy the
recurrence relation
2U[1+ (1+1)2 2 [1+ (14 1)2 G Ly L+ 1,y + 15 0)
— 2L+ 1) [2+I(1+1) (k3 +«3)]11(x1 L, k515 0)
+(20+2) [T+ B33 [1+ B3l I (kL — 1,60 —1; 0) = 0. (A 6)

with 9, = k7%, 7, = k3! and

(A5)

In comparing these results with those given in Alder et al. (1956) it should be noted that we have
chosen a different normalization of the Coulomb functions # (see (87)) and that we are dealing
with an attractive Coulomb field so that our #,, 7, are of opposite sign to their ,, 7,.
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Using the analytic continuation

ol (4,05 ¢5 2) = (1=2)705F, (c—a,b; ¢; z[(z - 1)) (A7)
. 2mypA(x, )3
and |1+ 1+in)| = n’e"%"”[%ze(_——gﬂ—)] , (A 8)
where A(x,0) =1,

z (A9)
Al ) = 10 (1+mi?) - (1>0),

Net+ 7

we have  I(k;[ k,l; 0) =G
CYASVY e

na—m1) . . 49,9
F(l+1+1 [+ 1—iny; 20+ 2; *1—2—~), Al0
ol N1s N2 (1 +75)? ( )

_ 2mem< 4 A(ky, 1) A(ky, 1) %
where C = GIr 1) (e, ko [(1 Zetmm) (1— e~2mn)] (A11)
with 9. = the smaller of #; and 7,. Using the relation
oFy(a,b;¢;52) = (1=2)2Y,F, (c—a,c—b;c; 2), (A12)

i(2—71)

we have I(«k;l,k3l;0) =G

Ne—"
N2t 7

. . 47,7
F(l+1—1 S+ 141n,; 20+ 2; 1 L) A1l3
2t M UP) (71 +75)* ( )

which shows explicitly the reality of /(k, [, k,l; 0).1
For computational purposes, since we may have either «; or «, zero, we express (A 10) in the

form . .
N+ “”2"“’{ & 4l +n) kil [(T+n) Kz“l]}
I(k 1, k515 0) = G| =2—= 1+ Al4
tab il 0 =6 2, e O] AL K
i( ) 2im 0
where we note that Ty T ¢ ® } (A15)
N2— e as k>0

The series in (A 10), (A 13) and (A 14) are absolutely convergent if 49, 95/ (7, + %)% < 1 (91, 95
are always positive). This is satisfied for all possible 7, 7, except 7, = 7,, but convergence is slow
over a wide region around 7, = 7,. For this region we use the analytic continuation
I'(c)I'(c—a—1)
Ilc—a)T'(c—b)?
I'(c)I'(a+b—c)

r'@re) °*

which, after a little manipulation, gives

Co (9170)* dnymy T 27 |772 —771| %
I(Kl l, K'gl, 0) = 2(,’72 _ 771) (771 + 772)2 1 — e—27lng—ml

i(r2—n0) i/l
H ’ ‘eiPngl(l+l+i'fh,l+1—-i772;1+i771—i772; [%:—Jr-%] )} (A17)

t The behaviour of the terms in (A 13) or (A 14) when «, is small, and when «, is small, leads us to the con-
jecture that I(kyl, k,1; 0) is always positive as well as real. We do not assume this, but it is also in accord with all
the numerical evidence we have. If true then,

of1(a,b;¢; 2) = Iy (a,b;a+b—c+1;1—2)

+ (1 —z)e—ab Fi(c—a,c—bs;c—a—b+1;1-2), (A16)

xIm{

X 4[(I4n) k+1i] [({+n) kp—1
b § fp 40D £ 04 -
m=1n=1 n(20+1+n) (K3 +K5)
is more convenient, and probably more accurate, for numerical work.

It is interesting to note that, as far as our numerical evidence goes, I(k, [, k;/+1; 1) is also always positive; see,
for example, table A 1.

I(kyl, k305 0) = G
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_ I'(1+in,—iny)
where fi=arg [F(l+1—i771) F(l+1+i772)] (A18)

and where Im denotes the imaginary part.

In evaluating I (kl, k5{+ 1; 1) from (A 3) and (A 17) care must be taken if , — #, is small, since
there is then cancellation between the two terms in (A 3) which removes the effect of the (7, —1#,)
term in the denominator of (A 17). After simplifying one may write

N | 4y | 27 gl |2
Ttab kit 151) = 2(771772)%[(7714'772)2 1— =2 —nl

ia—n1)

N2t

xIm:
Ne— "

exp (iBa —iarctan[p,/(1+ D Q) (A19)

oo [ﬁ(l+f7+i771)“ﬁ(l+p~in2)]
where Q=—-14+ 3 lp=1 _ p—2 |
m=1 pl;[] (p+ iy, —17,)

(2= 92)*" [ = (4 1) (12— 1) — 2mays +175(75 —71)] (A 20)
(3 +77)*" m! ’

X

1
with [T (...) to be taken to be 1.
2

By using (A 10) (or (A 14)) when 7,/9, > 3+2,/2(% 5.8) and when 7,/7, > 3+ 2.,/2, and using
(A17) (or (A19)) when (3 +24/2)~ < 7,/7; < 3+ 2,/2, the hypergeometric function ,F; (a,b; ¢; z)
which has to be evaluated may be chosen such that 0 < z < §. This ensures that the series for the
oI, functions converge rapidly, although some difficulty may arise when both #, and 7, are > 1.
In this region the series eventually converge rapidly, but before they do so there may be severe
cancellation effects.

It is in fact quite difficult to calculate the integrals I accurately in this region (both 7,7, > 1).
The asymptotic formulae given by Burgess (1958) apply, but they are useful only if / is small and
if either 9,/7; or 9,/9,5 is > 1. The JWKB approximation (see Alder et al. 1956)

I(kyl, K505 0) = 1(kyKp)~Fexp {377 |7, ‘“Wl‘}f_wexp {—oycoshz+i(y,—1,) z}dz
= $(kykq)"Fexp {37 |7, “771]}Ki(772—;h) (o), (A21)

I(kyl,kyl+151) = MGLOE |772“771| CXP{%WI%—%I}
( Kiko(l+ %) ((+1114) )

-

2
Ki(qz——nl)(a‘l:l:%)] (k1> Ky),

X [—Ki,(?] -7 )(O(’l:k%) +
Lt 1+xik(l2%) (I4+14+4
1Kl 3) ( }) (A 22)
where K;,(x) is a modified Hankel function and
ap = |y — | [1+ K1k l(1+ 1))} (A23)

may be of some help but the assertion that it is accurate when 9, 7, - 00 made by Alder et al. is
strictly true only for the case of the repulsive Coulomb field with which they are concerned. In
the attractive case, as here, the approximation becomes accurate only when [/ is moderately
large.
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A convenient method of calculating the functions K;,(x) is to evaluate the asymptotic series

m\t 42 +12  (4v2412) (402 + 32) [4v2+12] ... [4%+ (4n—1)?]
K () N(Zc) ¢ {1_ 118x 21 (8x)2 et (2n)! (8x)2n C}’

(A 24)

where C'is a convergence factor (see Airey 1937) which, if # is chosen as the integer nearest to «,
(i.e. ¥ = n+h with |A] < }) is given by

14dh 34124 3h 280 Aot 32— tht 4l

1

=3 1 16n? * 64n® ’ (425)

for x > v? and then integrate numerically the differential equation

24 1
"=(1-—-V;2_I)y, (A 26)
which is satisfied by y = x2K, (x). (A 27)
The functions Kj,(¥) may then be calculated from
, 1 (Vi)

R () = iy K + [ (12508 0K 1) (A28)

The limit ky - K,

If we let «,, ky — & the integrals 7 simplify considerably. They are required in the main text
for the direct matrix elements connecting the 2s and 2p states. The monopole integrals I («/, x{; 0)
diverge, but from (A 19), (A 20) we see that for the dipole case

I(kl,kl+1; 1) = Ik[1+ (I+1)2k%] 2. (A 29)

The quadrupole integrals are also required and are given by (see Alder ef al. (1956))

l 52
71-(1 — e—27m<)—1 +K3 Z S
Loy L s=0 (1 +52%2)
I(kl, kl; 2) = ESYEE) , (A 30)
I(kl—1,kl+1; 2) = $3[1+ 262 [1+ (1 +1)2x%] 1, (A 31)

The neutral case
If the nuclear charge Zis equal to 1, the residual charge Z — 1 vanishes, the functions & in (A 1)
can be expressed in terms of spherical Bessel functions and many of the above formulae simplify.
From (86) and (A 2) it is easily seen that, as Z—1->0
ky
zZ-1

I(ky by, kylys A) = Z(Z— 1)A—11( L /l) (A 32)

Z-1

remains finite in general, and the recurrence relations (A 3) and (A 6) reduce to

Ikl kgl + 15 1) = ko Iy (kyl, kyls 0) — Ky Iy(ky I+ 1, kyl+ 15 0) (A 33)

and
(20 +2) ky ko Iy(ky L+ 1, kol +150) — (20 + 1) (K} +43) Iy (kyl, kyl; 0) + 21k, ko Iy (ky [ — 1, k31— 1;50) = 0.
(A 34)

34 Vol, 266. A,
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Further, (A 10) reduces to

oy = A (yky)tE : . Ak ‘

hikab s 0) = o/ (k1+k2)2l+22F1(l+ 1,i+1; 20+2; (z;ﬁgé). (A 35)

By means of the transformation (Bateman 1953, vol. 1, p. 64)

4z
(a b 20 )2) — (142)% 5, (a,a+F—b; b+1; 22), (A 36)
which holds for |z| < 1if z is real, we have
4(1)? (kuky)E (R k.

kil kol 0) = op T (E) r(z+ 1,2,1+9,k2) (A37)

where k_ is the smaller of k; and k,, k.. is the greater of £; and £,, which is a more usual form for
the integrals J; (cf. Watson 1944, p. 401).
From (A 33) and (A 37) or from Watson (1944) we have

2842 [V ([ 4+ p)! (ki ko)t (k1P K2
Lkl kyl+151) = <2[—I—(1+p2)p)" /1€>2) (k<> 2F1(l+ L, —3+p;l+3+p; 2 ) (A 38)
: >

where p=0 if k <k
=1 if k& >k,

N.B. This discontinuity in the expressions for (but nof in the value of) I, at &, = £, is of the
Weber—Schafheitlin type (see Watson 1944). It arises essentially because the analytic continua-
tions of the ,F; functions in (A 35), (A 37) or (A 38) are not simply given in terms of other ,F;
functions but are of logarithmic type (Bateman 1953, vol. 1, p. 109). It is interesting that this
difficulty does not arise in general (see, for example, (A 10), (A17)) but only in the limit
(Z-1)-0.

The limit of large [
When [ is large, we have (Alder ¢t al. 1956)
I(ky by, Kolo3 A) ~ exp {37 |17y — o]} o (K1 lys Kalos A). (A39)
Further using (A7) in (A 38),
L (m _) RN YR
Ik bk I+1;1) ~ CESIAY: e} l>K2>_ s (A 40)
and Lks bk 14+1;1) DY (k<) (2 _K< . 1>L) (A41)
s 2l+1 20+3 KL —k2)”

Thus for a dipole transition the partial cross-sections for large [ are proportional to

2 _ .2 2+1
2~ im (K>—2&) emn—nl (55) ({ large). (A42)
K> K~

This greatly facilitates the completion of the summation over partial cross-sections to get cross-
sections for optically allowed transitions since it shows that the sum, which is slowly convergent
for large incident energies (k- /k- ~ 1), is asymptotic to a geometric series of ratio k% /K2 .

We end this section with a short tabulation of the integrals I(k,ly, kyly; 1) for [}, I, < 6,
0 < Kk; < 20,0 < Kk, < 20; see table A1,
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TaBLE Al
L=0 l=1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

— 3.3479, —1 4.3680,—1 5.0538,—~1 5.5676,—1 5.9739, —1 6.3059, —1 6.5834, —1 6.8195,—1 7.0229,—1 7.2001, —1
1.6262, —1 1.5076,—1 3.5315, —1 4.4436,—1 5.0754,—1 5.5569,—1 5.9421,—1 6.2599, —1 6.5276,—1 6.7561,—1 6.9535, — 1
1.8148,—1 1.9121,—1 2.0412,—1 3.6828,—1 4.5078,—1 5.0937, —~1 5.5468,—1 5.9132,—1 6.2177,—1 6.4759,—1 6.6983, —1
1.8956, —1 2.0220,—1 2.1585,—1 2.4019,—1 3.8081,—1 4.5622,—1 5.1088, —1 5.5368, —1 5.8861, —1 6.1786,—1 6.4283, —1
1.9323,—1 2.0651, —1 2.2068, —1 2.3697,—1 2.6726,—1 3.9130,—1 4.6085,—1 5.1212, —~1 5.5270,~1 5.8609, —1 6.1423, —1
1.9459, —1 2.0790,—1 2.2186,—1 2.3710,—1 2.5517,—1 2.8868,—1 4.0019,—1 4.6482, —1 5.1313,—1 5.5174,—1 5.8372, —1
J 0.6 1.9461,—1 2.0771,—1 2.2130,—1 2.3574,—1 2.5173,—1 2.7097, —1 3.0619,—1 4.0781,—1 4.6824,—1 5.1395,—1 5.5078, —1

0.7 1.9379,—1 2.0662, —1 2.1979, —1 2.3355,—1 24831, —1 2.6479,—1 2.8480,—1 3.2084,—1 4.1441,—1 4.7121,—1 5.1462, —1

—
< 0.8 1.9244,—1 2.0497,—1 2.1772,—1 2.3090,~1 2.4476,—1 2.5971,—1 2.7652,—1 2.9701,—1 3.3333,—1 4.2018,—1 4.7381,—1
>.( >" 0.9 1.9075,—1 2.0295,—1 2.1533,—1 2.2799,—1 2.4113,—1 2.5503,—~1 2.7010,—1 2.8710,—1 3.0786,—1 3.4412,—1 4.2525,—1
o = 1.0 1.8883,—1 2.0070,—1 2.1275,—1 2.2494, -1 2.3749,—1 2.5058, —1 2.6447,—1 2.7959,—1 2.9668,—1 3.1758,—1 3.5355,~1
[~ =
— L=1 =2
E @) K2 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
o
= uv 00 — 3.5234,—1 4.1427,—1 4.3823,—1 4.4704,—1 4.4856,—1 4.4622, —1 4.4177,—1 4.3614,—1 4.2987,—1 4.2329,—1

0.1 8.8448,—2 1.3363,—1 3.3604,—1 3.9360,—1 4.1942, -1 4.3123, —1 4.3573,—1 4.3610,—1 4.3400,—1 4.3035,—1 4.2575,—1
0.2 7.9797,—2 1.0902,—1 1.6667,—1 3.2502,—1 3.7840,—1 4.0479,—1 4.1839,—1 4.2493, —1 4.2726, —1 4.2695,—1 4.2495, —1
0.3 7.1513,—2 9.5324,—2 1.2481,—1 1.8464,—1 3.1696,—1 3.6665,—1 3.9299,—1 4.0767,—1 4.1563,—1 4.1943,—1 4.2053, -1
0.4 6.4566,—2 8.4826,—2 1.0790,—1 1.3720,—1 1.9612,—1 3.1074,—1 3.5725,—1 3.8322,—1 3.9854,—1 4.0751,—1 4.1243, —1
0.5 5.8792,—2 7.65606,—2 9.5851,—2 1.1832,—1 1.4716,—1 2.0412,—1 3.0577,—1 3.4950,—1 3.7497,—1 3.9064,—1 4.0034, —1
. 5.3950, —2 6.9728, —2 8.65624,—2 1.0521,—1 1.2712,—1 1.5534,—1 2.1004,—1 3.0169,—1 3.4300,—1 3.6787,—1 3.8372,—1
0.7 4.9841,—2 6.4091,—2 7.8994,—2 9.5144,—2 1.1328,—1 1.3465,—1 1.6220,—1 2.1460,—1 2.9826,—1 3.3743,—1 3.6169,—1
0.8 4.6313,—2 5.9320,—2 7.2748,—-2 8.7046,—2 1.0269,—1 1.2034,—1 1.4119,—1 1.6804,—1 2.1822,—1 2.9533,—1 3.3261,—1
0.9 4.3250,—2 5.5218,—2 6.7462,—2 8.0330,—2 9.4161,—2 1.0937,—1 1.2658,—1 1.4692,—1 1.7307,—1 2.2116,—1 2.9279,—1
1.0 4.0568,—2 5.1652, -2 6.2921,—2 7.4640,—2 8.7079,—2 1.00562,—1 1.1535,—1 1.3215,—1 1.5200,—1 1.7745,—1 2.2361,—1

PHILOSOPHICAL
TRANSACTIONS
OF
=]
=2}

L=2 =3

g 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
K

0.0 — 3.0054,— 1 2.9347,—1 2.7099, —1 2.4841,—1 2.2823,—1 2.1065,—1 1.9539,—1 1.8210,—1 1.7044,—1 1.6015,—1

0.1 4.2730,—2 1.1471,—1 2.7517,—1 2.8426,—1 2.7329,—1 2.5783,—1 2.4204,—1 2.2716,—1 2.1355,—1 2.0118,—1 1.9000,—1
0.2 3.0256,—2 6.0524,—2 1.3363,—1 2.5931,—1 2.7560,—1 2.7176,—1 2.6159,—1 2.4951,—1 2.3721,—1 2.2537,—1 2.1424,—1
0.3 2.3081,—2 4.3751,—2 7.3139,—2 1.4237,—1 2.4821,—1 2.6802,—1 2.6884,—1 2.6259,—1 2.5353,—1 2.4351,—1 2.3336,—1
0.4 1.8377,—2 3.4030,—2 5.4122,—2 8.2658, —2 1.4744,—1 2.3990,—1 2.6146,—1 2.6545,—1 2.6215,—1 2.5554,—1 2.4748,—1
0.5 1.5150,—2 2.7626,—2 4.2882,—2 6.2498,—2 9.0145,—2 1.5076,—1 2.3338,—1 2.5578,—1 2.6197,—1 2.6093,—1 2.5632,—1
0.6 1.2794,—2 2.3088,—2 3.5316,—2 5.0305,—2 6.9463,—2 9.6217,—2 1.5309,—1 2.2811,—1 2.5082,—1 2.5858, —1 2.5929,—1
0.7 1.1005,—2 1.9712,—2 2.9856,—2 4.1939,—2 5.6672,—2 7.5373,—2 1.0126,—1 1.5483,—1 2.2373,—1 2.4645,—1 2.5534,—1
0.8 9.6052,—3 1.7109, —2 2.5729,—2 3.5803, -2 4.7746,—2 6.2219,—2 8.0471,—2 1.0552,—1 1.5617,—1 2.2003,—1 2.4257,—1
0.9 8.4844,—3 1.5044,—2 2.2505,—2 3.1104,—2 4.1108,—2 5.2901,—2 6.7111, —2 8.4924,—2 1.0919,—1 1.5724,—1 2.1686,—1
1.0 7.5689,—3 1.3372,—2 1.9922,—2 2.7391,—2 3.5965,—2 4.5886,—2 5.7520,—2 7.1468, —2 8.8856,—2 1.1238,—1 1.5811,—1

i L=3 =4
<>_‘ Kg 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
5

Sh 0.0 — 2.1136, —1 1.6205,—1 1.2821, —1 1.0412, —1 8.6781, —2 7.3828, —2 6.3846, —2 5.5955, —2 4.9583, —2 4.4347, —2

7 Hd 01 186272 9.8058,—2 20760, —1 18399, —1 15709, —1 13461, —1 L1656, —1 10205,—1 9.0245,—2 8.0515, —2 17.2395, —2
— 0.2 1.0154,—2 3.4072,—2 1.0911,—1 2.0047,—1 1.9067, —1 1.7126,—1 1.5228, —1 1.3561,—1 1.2135,—1 1.0923,—1 9.8892, —2

() 0.3 65191,—3 2.0390,—2 4.4801,—2 1.1371,—1 19390, —1 1.9235,—1 1.7879,—1 1.6330,—1 1.4856,—1 13527, —1 1.2351,—1

T () 04 45827,—3 13872,—2 2.8576,—2 5.2839,—2 1.1625,—1 18835 —1 191951 18286, —1 L7044, —1 15767, —1 14559, 1

25 05 84151,—3 10143, -2 20267,—2 3.5326,—2 5.9144,—2 11785, —1 18367,—1 1.9064,—1 18496,—1 175151 16423, —1

0.6 2.6516,—3 7.7767,—3 1.5264,—2 2.5862,—2 4.1008,—2 6.4253,—2 1.1896,—1 1.7969,—1 1.8894,—1 1.8588,—1 1.7826,—1
0.7 2.1226,—3 6.1700,—3 1.1967,—2 1.9937,—2 3.0787,—2 4.5871,—2 6.8496,—2 1.1977,—1 1.7629,—1 1.8708, —1 1.8608,—1
0.8 1.7398,—3 5.0231,—3 9.6619,—3 1.5917,—2 2.4190,—2 3.5156,—2 5.0091,—2 7.2088,—2 1.2039,—1 1.7333,—1 1.8519,—1
0.9 1.4534,—3 4.1727,—3 7.9793,—3 1.3038,—2 1.9604,—2 2.8063,—2 3.9058, —2 5.3796, —2 7.5177,—2 1.2087,—1 1.7074,—1
1.0 1.2331,—3 3.5267,—3 6.7090,—3 1.0896, —2 1.6256, —2 2.3034,—2 3.1601,—2 4.2568, —2 5.7081,—2 7.7867,—2 1.2127,-1
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276 A.BURGESS, D.G.HUMMER AND J.A. TULLY

TaBLE A1 (cont.)

L=4 =5
{g 0.0 - 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
K§
0.0 — 1.2509, —1 7.3777,—2 4.8800,—2 3.4848, —2 2.6222, —2 2.0494, —2 1.6484, —2 1.3560,—2 1.1360,—2 9.6598, —3

0.1 17.3683,—3 8.4515,—2 1.5024,—1 1.1237,—1 8.4495,—2 6.5423,—2 5.2070,—2 4.2412,—2 3.5214,—2 2.9707,—2 2.5399,—2
0.2 3.0419,—3 1.9614,—2 9.1287,—2 1.5390,—1 1.2962,—1 1.0540,—1 8.6219,—2 7.1474,—2 6.0075,—2 5.1142,—2 4.4037,—2
0.3 1.6360,—3 9.7065,—3 2.8588, —2 9.3934,—2 15298, —1 1.3823,—1 1.1847,—1 1.0084,—1 8.6219,—2 7.4282, —2 6.4528, —2
0.4 1.0095,—3 5.7678, —3 1.5761,—2 3.5443,—2 9.5346,—2 1.5084,—1 1.4269,—1 1.2698,—1 1.1137,—1 9.7556, —2 8.5739,—2
0.5 6.7844,—4 3.7953,—3 1.0014,—2 2.1033, —2 4.0875,—2 9.6225,—2 1.4843,—1 1.4494, —1 1.3265,—1 1.1910,—1 1.0637,—1
0.6 4.8357,—4 2.6675,—3 6.8982, —3 1.4029,—2 2.5607,—2 4.5307,—2 9.6825,—2 1.4607,—1 1.4594, —1 1.3649,—1 1.2485,—1
0.7 3.5984,—4 1.9652,—3 5.0157,—3 1.0010,—2 1.7729,—2 2.9600, —2 4.9005,—2 9.7260, —2 1.4386,—1 1.4620,—1 1.3909, —1
0.8 2.7675,—4 1.4983,—3 3.7933,—3 7.4761,—3 1.3006,—2 2.1110,—2 3.3112,—2 5.2149,—2 9.7590, —2 1.4182,—1 1.4602,—1

S

—

§ S~ 09 2.1840,—4 11725,—3 2.9580,—3 5.7765,—3 09204 —3 L5844, —2 2.4107,—2 3.6228,—2 5.486L—2 9.7849,—2 1.3096 —1
= 10 L7018, 0.4449,—4 23622, -3 45817, -3 TSOTD,~3 L2T,—2 LS0S,~2 27010,~2 B0I2,~2 51280, 0.8008,—3
=5 =6

MmO N\ 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

T O kPN

= 00 . 6.3515,—2 2.8080,—2 1.5488,—2 0.6828,—3 6.5602,—3 4.7014,—3 3.5122,—3 2.7092,—3 2.1438,—3 1.7321,—3

0.1 2.6539,—3 7.3721,—2 1.0629,—1 6.6497, —2 4.3822,—2 3.0568, —2 2.2316,—2 1.6886, —2 1.3149,—2 1.0480,—2 8.5136,—3
0.2 8.1849,—4 1.1536,—2 7.8087,—2 1.1829,—1 8.7663, —2 6.4306, —2 4.8287, —2 3.7203,—2 2.9334,—2 2.3596, —2 1.9309, —2
0.3 3.6671,—4 4.7118,—3 1.8852,—2 7.9724,—2 1.2203,—1 9.9928, —2 7.8741,—2 6.2341,—2 5.0025,—2 4.0736,—2 3.3637,—2
0.4 1.9800,—4 2.4408,—3 8.9929, —3 2.4658,—2 8.0582,—2 1.2280,—1 1.0735,—1 8.9016,—2 7.3340,—2 6.0751,—2 5.0770,—2
0.5 1.1979,—4 1.4452,—3 5.1188,—3 1.3015,—2 2.9349, -2 8.1111,—2 1.2238,—1 1.1196,—1 9.6442,—2 8.1961,—2 6.9647, —2
. 7.8277,—5 9.3049, —4 3.2242,—3 7.9147,—3 1.6652, —2 3.3222,—2 8.1469,—2 1.2144,—1 1.1485,—1 1.0189,—1 8.8761,—2
0.7 5.4095,—5 6.3556,—4 2.1733,—3 5.2278,—3 1.0643,—2 1.9911, —2 3.6481,—2 8.1728, —2 1.2030,—1 1.1665,—1 1.0592, —1
0.8 3.9008, —5 4.4970,—4 1.5386,—3 3.6531,—3 7.2944,—3 1.3231,—2 2.2831,—2 3.9268,—2 8.1923,—2 1.1910,—1 1.1773,—1
0.9 2.9088,—5 3.2380,—4 1.1337,—3 2.6626,—3 5.2474, —3 9.3431, —3 1.5657, —2 2.5456,—2 4.1685,—2 8.2076,—2 1.1790,—1
1.0 2.2287,—5 2.5455,—4 8.5994, —4 2.0045,—3 3.9134,—3 6.8828, —3 1.1332,—2 1.7919,—2 2.7827,—2 4.3804,—2 8.2199,—2

PHILOSOPHICAL
TRANSACTIONS
OF
(=3
S

L=0 =1
k0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

«i

0.0 — 5.9739,—1 7.2001,—1 7.8257, —1 8.1994,—1 8.4407,—1 8.6036,—1 8.7162,—1 8.7948, —1 8.8496, —1 8.8871,—1

0.5 1.9459, —1 2.8868,—1 5.8372,—1 6.8865,—1 7.4773, —1 7.8538,—1 8.1103,—1 8.2912,—1 8.4244, —1 8.5293,—1 8.6035, —1
1.0 1.8883,—1 2.5058,—1 3.5355,—1 5.7379,—1 6.6567, —1 7.2099,—1 7.5785,—1 7.8384,—1 8.0277,—1 8.1691, —1 8.2758, —1
1.5 1.7803,—1 2.3078, —1 2.8859,—1 3.8730,—1 5.6620,—1 6.4824, —1 7.0005,—1 7.3581,—1 7.6175,—1 7.8115,—1 7.9597, —1
2.0 1.6742,—1 2.1429,—1 2.6158,—1 3.1590,—1 4.0825,—1 5.6023, —1 6.3456, —1 6.8324, —1 7.1780,—1 7.4343, —1 7.6301, —1
2.5 15785, —1 2.0045,—1 2.4168,—1 2.8530,—1 3.3650,—1 4.2258 —1 5.5540,—1 6.2353,—1 6.6944, —1 7.0277,—1 7.2797, —1
3.0 1.4939,—1 1.8869,—1 2.2573, —1 2.6339,—1 3.0420,—1 3.5263, —1 4.3301, —1 5.5140,—1 6.1441,—1 6.5788,—1 6.9001, —1
3.5 1.4191,—1 1.7853,—1 21245, —1 2.4611,—1 2.8118,—1 3.1968,—1 3.6563, —1 4.4096, —1 5.4802, —1 6.0674,—1 6.4802, —1
4.0 13528, —1 1.6972,—1 2.0111, —1 2.3183,—1 2.6306,—1 2.9608, —1 3.3262,—1 3.7635,—1 4.4721,—1 5.4513,—1 6.0017, —1
45 1.2936,—1 1.6207,—1 1.9128,—1 21968, —1 2.4812,—1 2.7748,—1 3.0879, —1 3.4363, —1 3.8535, —1 4.5227,—1 5.4262, —1
5.0 1.2405,—1 1.5517,—1 1.8262, —1 2.0916,—1 2.3542,—1 2.6211,—1 2.8993,—1 3.1979, —1 3.5311,—1 3.9303, —1 4.5644, —1

L=1 =2
~ 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
< KN
>F 0.0 —  4.4856,—1 4.2329,—1 3.9048,—1 3.6164,—1 3.3723,—1 3.1650,—1 2.9871,—1 2.8328, —1 2.6974,—1 2.5774,—1
O[_u 0.5 58792, —2 2.0412,—1 4.0034,—1 4.0021,—1 3.9603, —1 3.7850,—1 3.6091, —1 3.4439, —1 3.2934,—1 3.1588,—1 3.0344,—1
B4 1.0 4.0568,—2 1.0052,—1 2.2361,—1 3.7382,—1 3.9519,—1 3.9298,—1 3.8328,—1 3.7114,—1 3.5849,—1 3.4611,—1 3.3429 —1
pg(Q L5 8.0054—2 7.2531,—2 12465, —1 23146, —1 3.5643,—1 3.8300,—1 3.8743, —1 3.8319,—1 3.7532,—1 3.6593, —1 3.5605, 1
= 2.0 24998,—2 5.7076,—2 9.3427,—2 1.4103,—1 2.3570,—1 3.4395,—1 3.7288,—1 3.8133,—1 3.8097,—1 3.7637,—1 3.6967,—1
O 25 20939, —2 47093, —2 7.5312,—2 1.0890,—1 15305, —1 2.3837,—1 3.3447, —1 3.6424, —1 3.7535,—1 3.7779,—1 3.7574,— 1
v 30 1.7992,—2 4.0071,—2 6.3195,—2 8.9483,—2 12102, —1 1.6232,—1 2.4019,—1 3.2698,—1 3.5685,—1 3.6971, —1 3.7423, 1

3.5 1.5755,—2 3.4845,—2 5.4448,—2 7.6125,—2 1.0100,—1 1.3084,—1 1.6975,—1 2.4152,—1 3.2088, —1 3.5047,—1 3.6450,—1
4.0 1.3998,—2 3.0808,—2 4.7809,—2 6.6277, —2 8.6905,—2 1.1062,—1 1.3902,—1 1.7584,—1 2.4254,—1 3.1580,—1 3.4491,—1
4.5 1.2583,—2 2.7610,—2 4.2591,—2 5.8680,—2 7.6333,—2 9.6103,—2 1.1881,—1 1.4595,—1 1.8096,—1 2.4333,—1 3.1150, —1
5.0 1.1418,—2 2.4985,—2 3.8374,—2 5.2627,—2 6.8064, —2 8.5053, —2 1.0408, —1 1.2591,—1 1.5193,—1 1.8532,—1 2.4398, -1
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ELECTRON IMPACT EXCITATION OF POSITIVE IONS 277

TaBLE A1 (cont.)

L=2 [,=3
AN 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
w3
0.0 — 2.2823,—1 1.6015,—1 1.2280,—1 9.9406, —2 8.3374,—2 7.1700,—2 6.2821,—2 5.5841,—2 5.0210,—2 4.5574,—2

0.5 1.5150,—2 1.5076,—1 2.5632, —1 2.2007,—1 1.8689,—1 1.6099,—1 1.4084,—1 1.2487,—1 1.1200,—1 1.0149,—1 9.2643,—2
1.0 7.5689,—3 4.5886,—2 1.5811,—1 2.5274,—1 2.3733,—1 2.1370,—1 1.9169,—1 1.7272,—1 1.5663,—1 1.4296,—1 1.3128,—1
1.5 4.7505,—3 2.6726,—2 6.4282,—2 1.6082,—1 2.4616,—1 24272, —1 2.2690,—1 2.0937,—1 1.9283,—1 1.7793,—1 1.6473,—1
2.0 3.3343,—3 1.8143,—2 4.0931,—2 7.6971,—2 1.6222,—1 2.3989,—1 2.4364,—1 2.3368, —1 2.2014,—1 2.0618,—1 1.9289, —1
2.5 2.5032,—3 1.3365,—2 2.9265,—2 5.2024,—2 8.6383,—2 1.6308,—1 2.3440,—1 2.4266,—1 2.3708,—1 2.2687,—1 2.1531,—1
1.9661, —3 1.0370,—2 2.2313,—2 3.8612,—2 6.0970,—2 9.3707,—2 1.6366,—1 2.2967,—1 2.4085,—1 2.3856,—1 2.3110,—1
1.5954, —3 8.3424,—3 1.7747,—2 3.0222,—2 4.6560,—2 6.8369,—2 9.9602,—2 1.6408,—1 2.2559,—1 2.3869,—1 2.3891,—1
1.3269, —3 6.8958, —3 1.4547,—2 2.4511,—2 3.7205,—2 5.3402,—2 7.4613,—2 1.0447, —1 1.6440,—1 2.2204,—1 2.3643,—1

Ll
=)

0.5 3.4151,—3 1.1785,—1 1.6423,—1 1.1703,—1 8.6718,—2 6.7105,—2 5.3745, —2 4.4205,—2 3.7143,—2 3.1769,—2 2.7536, —2
1.0 1.2331,—3 2.3034,—2 1.2127,—1 1.7833,—1 1.4725,—1 1.1944,—1 9.8218, —2 8.2169,—2 6.9844,—2 6.0199,—2 5.2507, —2
1.5 6.3665,—4 1.0904, —2 3.6955,—2 1.2247,—1 1.8064,—1 1.6184,—1 1.3914,—1 1.1939,—1 1.0317,—1 8.9955,—2 7.9138,—2
2.0 3.8846,—4 6.4047,—3 2.0146,—2 4.7040,—2 1.2309,—1 1.7962,—1 1.6932,—1 1.5154,—1 1.3418,—1 1.1886,—1 1.0575,—1
2.5 2.6144,—4 4.2198,—3 1.2825,—2 2.8037,—2 5.4708,—2 1.2347,—1 1.7758,—1 1.7317,—1 1.5959,—1 1.4472,—1 1.3075,—1
3.0 1.8774,—4 2.9890,—3 89058, —3 1.8873,—2 3.4710,—2 6.0768,—2 1.2372,—1 1.7526,—1 1.7504,—1 1.6491,—1 1.5238, —1
3.6 1.4120,—4 2.2254,—3 6.5488,—3 1.3626,—2 2.4354,—2 4.0398,—2 6.5701,—2 1.2390,—1 1.7296,—1 1.7576,—1 1.6844, —1
4.0 1.0994,—4 1.7194,—3 5.0171,—3 1.0313,—2 1.8121,—2 2.9271,—2 4.5299,—2 6.9810,—2 1.2403,—1 1.7078, —1 1.7580,—1
4.5 8.7947,—5 1.3677,—3 3.9652,—3 8.0799,—3 1.4036,—2 2.2311,—2 3.3681,—2 4.9568, —2 7.3296,—2 1.2414,—1 1.6876,—1
5.0 7.1893,—5 1.1169,—3 3.2109,—3 6.5000,—3 1.1199,—2 1.7611,—2 2.6186, —2 3.7649,—2 5.3324,—2 7.6297, —2 1.2423,—1
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TaBLE A1 (cont.)
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0 — 8.1994, —1 8.7948, —1 8.9265,—1 8.9259,—1 8.8758, —1 8.8054,—1 8.7269,—1 8.6460,—1 8.5655,—1 8.4867, —1

2 1.6742,—1 4.0825,—1 7.1780,—1 7.9029,—1 $.1883,—1 8.3082, —1 8.3478,—1 8.3500, —1 8.3305,—1 8.2877,—1 8.2323, —1
4 1.3528,—1 2.6306,—1 4.4721,—1 6.6945 —1 7.4049,—1 7.7452,—1 7.9231, —1 8.0164,—1 8.0611, —1 8.0757,—1 8.0726,—1
6 1.1480, —1 2.1472,—1 3.1049, —1 4.6291, —1 6.4072,—1 7.0784, —1 7.4375,—1 7.6467, —1 7.7721,—1 7.8467,—1 7.8885,—1
8 1.0079,—1 1.8494, —1 2.5874, —1 3.4023,—1 4.7140,—1 6.2134, —1 6.8429,—1 7.2052,—1 7.4311, —1 7.5770,—1 7.6721, —1

S

2 10 9.0373,—2 1.6408,—1 2.2589, —1 2.8876,—1 3.6096,—1 4.7673,—1 6.0723,—1 6.6628,—1 7.0212,—1 7.2556,—1 7.4145,—1
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>"[_‘ 14 75815, —2 1.3603,—1 1.8430,—1 23032, —1 2.7736,—1 3.2836,—1 3.8838,—1 4.8305,—1 58784 —1 6.4027,—1 6.7445,—1
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14 41001, —3 2.2370,—2 4.2308,—2 6.5206, —2 9.2358, —2 1.2536,—1 1.6872, —1 2.4780,—1 3.2181,—1 3.4507, —1 3,5328,—1
16 3.5602, —3 1.9325,—2 3.6283,—2 5.5497,—2 7.7539,—2 1.0332,—1 1.3456, —1 1.7526,—1 2.4807, —1 3.1689, —1 3.4067, —1
18 3.1393,—3 1.6952,—2 3.1691, —2 4.8165,—2 6.6737,—2 8.7925, —2 1.1258,—1 1.4227, —1 1.8069,—1 2.4828 —1 3.1268, —1
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0 — 9.9406, —2 5.5841, —2 3.8393,—2 2.9027, —2 2.3204,—2 1.9246,—2 1.6388, —2 1.4232, —2 1.2550,—2 1.1203, —2

2 3.3343,—3 1.6222, —1 2.2014,—1 1.6949,—1 1.3445 —1 1.1040,—1 9.3127,—2 8.0259, —2 7.0331,—2 6.2378, —2 5.5895, —2
4 1.3269,—3 3.7205,—2 1.6440,—1 2.3523,—1 2.0634,—1 1.7709,—1 1.5321,—1 1.3417,—1 1.1887,—1 1.0640,—1 9.6106,—2
6 7.4540,—4 1.9282, —2 5.8368,—2 1.6514,—1 2.3583,—1 2.2165, —1 1.9985,—1 1.7922,—1 1.6127, —1 1.4594,—1 1.3289, —1
8 4.8821 —4 1.2192,—2 3.4505,—2 7.2711,—2 1.6552,—1 2.3310,—1 2.2833,—1 2.1285,—1 1.9590,—1 1.7993, —1 1.6557, —1
10 3.4915,—4 8.5494, —3 2.3453,—2 4.6625,—2 8.3172,—2 1.6575,—1 2.2961,—1 2.3101,—1 2.2050,—1 2.0695,—1 1.9316, —1
12 2.6440,—4 6.3910,—3 1.7223,—2 3.3301,—2 5.6411, —2 9.1201,—2 1.6590,—1 2.2613, —1 2.3167, —1 2.2504, —1 2.1442 —1
14 2.0845, —4 4.9957, —3 1.3301,—2 2.5298,—2 4.1785,—2 6.4478, —2 9.7596,—2 1.6601,—1 2.2288, —1 2.3127,—1 2.2766, — 1
16 1.6934, —4 4.0330,—3 1.0646,—2 2.0029, —2 3.2582,—2 4.9122 —2 7.1254 —2 1.0283,—1 1.6609, —1 2.1991, —1 2.3029, —1
18  1.4080,—4 3.3331,—3 8.7519,—3 1.6339, —2 2.6310,—2 3.9107,—2 5.5517, —2 7.7038,—2 1.0722,—1 1.6615,—1 2.1723,—1

- 20 11925, —4 2.8092,—3 7.3479,—3 1.3637,—2 2.1799,—2 3.2092,—2 4.4957, -2 6.1140,—2 8.2044,—2 1.1095,—1 1.6621,—1
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=~ 6 5.0523,—5 7.6071,—3 3.3060,—2 1.2435,—1 1.7054,—1 1.4530,—1 1.2030,—1 1.0021,—1 8.4530,—2 7.2232,—2 6.2466, —2
8§ 2.8685,—5 4.1526,—3 16715, —2 4.3094, —2 1.2451,—1 17270,—1 1.5677,—1 1.3621,—1 11773, —1 1.0221,—1 8.9388, —2

10 1.8359,—5 2.6016,—3 1.0106,—2 2.4869,—2 5.2274,—2 1.2461,—1 1.7252,—1 1.6332,—1 1.4693, —1 1.3058,—1 1.1597, —1
12 1.2696,—5 1.7737,—3 6.7539,—3 1.6102, —2 3.1869, —2 5.8778,—2 1.2468,—1 1.7140,—1 1.6710,—1 1.5429,—1 1.4014, —1
14 0.2698, —6 12838, —3 4.8194,—3 1.1279,—2 2.1684,—2 3.7865,—2 6.4041, —2 1.2472, —1 1.6991,—1 1.6922,—1 1.5941, —1
16 7.0457,—6 9.6838, —4 3.6031,—3 8.3303, —3 1.5740,—2 2.6757,—2 4.3038,—2 6.8403, —2 1.2476, —1 1.6831, —1 1.7031,—1
5.5230, —6 7.5380,—4 2.7809,—3 6.3948, —3 1.1944,—2 1.9977,—2 3.1337,—2 4.7541,—2 7.2086,—2 1.2478,—1 1.6671, —1
20 4.4380, —6 6.0671, —4 2.2203,—3 5.0563,—3 9.3662, —3 1.5495, —2 2.3937,—2 3.5470, —2 5.1497, —2 7.5246,—2 1.2481, —1
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TABLE A1 (cont.)

L=4 L=5
K‘g 0 2 4 6 8 10 12 14 16 18 20
K3
0 — 3.0748, —3 8.7485,—4 4.0274,—4 2.2887,—4 14656, —4 1.0139,—4 7.4045,—5 5.6290,—5 4.4139,—5 3.5473,—5

2 3.9596,—5 9.9015,—2 8.4467, —2 4.3992,—2 2.6328,—2 1.7352,—2 1.2223,—2 9.0418,—3 6.9403,—3 5.4761,—3 4.4185,—3

4 7.9597,—6 9.5231,—3 9.9504,—2 1.1639,—1 7.8036,—2 5.4009,—2 3.9112,—2 2.9441,—2 2.2869, —2 1.8222, -2 1.4831,—2

6 29911,—6 3.2460,—3 2.0187,—2 9.9668,—2 1.2887,—1 9.9128, —2 7.5215,—2 5.8137,—2 4.5937,—2 3.7046,—2 3.0416,—2

8 1.4718,—6 1.5307, —3 8.7576,—3 2.8660,—2 9.9751,—2 1.3405,—1 1.1227,—1 9.0728,—2 7.3544,—2 6.0303,—2 5.0091, —2

10 8.4292, —7 8.5893,—4 4.7175,—3 1.4332,—2 3.5339,—2 9.9801,—2 1.3606,—1 1.2065,—1 1.0206,—1 8.5776,—2 7.2409, —2
12 5.3230,—7 5.3447,—4 2.8714,—3 8.4279,—3 1.9434,—2 4.0713,—2 9.9834,—2 1.3657,—1 1.2611,—1 1.1041,—1 9.5461,—2

{ 3.5989, —7 3.6062, —4 1.8943, —3 5.4493, —3 1.2170,—2 2.3981,—2 4.5134,—2 9.9857,—2 1.3634,—1 1.2971,—1 1.1664,—1
n 2.6592, —7 2.5303,—4 1.3231,—3 3.7575,—3 8.2343,—3 1.5750,—2 2.8013,—2 4.8842,—2 9.9875,—2 1.3572,—1 1.3207,—1
18  1.8919,—7 1.8440,—4 9.6511,—4 2.7161,—3 5.8770,—3 1.1043,—2 1.9100,—2 3.1595,—-2 5.2003, —2 9.9889, —2 1.3492,—1

2 20 14424, —7 1.5248,—4 7.2806, —4 2.0354,—3 4.3645,—3 8.1035,—3 1.3782,—2 2.2206,—2 3.4792,—2 5.4735,—2 9.9900,—2
> =5 =6
O\« 0 2 4 6 8 10 12 14 16 18 20
I~ N
- 1
mQ 0 —  3.9256,—4 7.9253,—5 2.9824,—5 1.4686,—5 8.4146,—6 5.3153,—6 3.5944, —6 2.5564,—6 1.8901,—6 1.4412,—6
s 2 3.5653,—6 8.2761,—2 5.4309,—2 2.3189,—2 1.2038,—2 7.1024,—3 4.5697,—3 3.1307,—3 2.2486,—3 1.6732,—3 1.2800,—3
O & 50850,—7 52616, —3 83045, —2 85658 —2 5.0016,—2 3.1031,—2 2.0539,—2 14325,—2 104l4,—2 7.8270,—3 6.0451, —3
F=v 6 1.5620,—7 1.4582,—3 1.2047,—2 8.3141,—2 1.0008,—1 69327, —2 4.8156,—2 3.4515,—2 2.5537,—2 1.9430,—2 1.5142,—2
8

6.6599, —8 5.9343, —4 4.8292,—3 1.9591,—2 8.3189,—2 1.0708,—1 8.2518,—2 6.1948,—2 4.7061,—2 3.6425,—2 2.8729, —2
10 3.4127,—8 3.0165,—4 2.3198, —3 8.6862,—3 2.5048, —2 8.3218,—2 1.1056,—1 9.1566,—2 7.2732,—2 5.7757,—2 4.6320,—2
12 1.9678,—8 1.7220,—4 1.2866, —3 4.6443,—3 1.2454,—2 29548, —2 8.3237,—2 1.1222,—1 9.7859,—2 8.1121,—2 6.6698, —2
14 1.2319,—8 1.1408,—4 7.8476,—4 2.7739,—3 7.1872,—3 1.5951,—2 3.3313,—2 8.3251,—2 1.1290,—1 1.0229,—1 8.7667, —2
16 8.1955,—9 7.2254,—5 5.1165,—4 1.7867,—3 4.5361,—3 9.7497,—3 1.9139,—2 3.6509,—2 8.3261,—2 1.1302,—1 1.0545,—1
18 5.7127,—9 4.6476,—5 3.5146,—4 1.2169,—3 3.0467, —3 6.4247,—3 1.2237,—2 2.2030,—2 3.9259,—2 8.3269,—2 1.1281,—1
20 4.1322,—9 7.0082, —5 2.5091, —4 8.6477,—4 21438, —3 4.4632,—3 8.3480,—3 1.4606,—2 2.4651,—2 4.1653,—2 8.3276,—2
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