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ABSTRACT

The interaction of a normal Be atom with one which has an electronic configura-
tion 252p has been studied by means of the Heitler-London method. Of the eight pos-
sible molecular states, two are calculated to be stable, namely 124 and T14%¥, and
the 1= state is the lower of the two. An attempt to obtain agreement with experiment
in the case where a normal Li atom interacts with one in the 2p2P state has not been
successful, at least for the resulting II states.

NE cannot regard the problem of chemical valence as solved until the ap-

proximate validity of a few simple rules of wide applicability has been
established by methods based on the quantum mechanics. Even for a dia-
tomic molecule, where one must study the motion of a system of several
elections in a field of two centers, no very powerful methods have as yet been
developed, so that the degree of success to date is hardly commensurate with
the effort expended.

One of the simplest cases, that of the interaction of two normal hydrogen
atoms, has been studied by Heitler and London,! Sugiura,? Wang,? and Hyl-
leraas.* For the heat of dissociation, Sugiura obtained 3.0 volts and Wang 3.6
volts, as compared with the experimental value of 4.4 volts. The preliminary
work of Hylleraas still showed a discrepancy of 0.5 volt, and there appeared
to be no convenient way to diminish this. However, Hylleraas was able to
give an estimate of upper and lower limits to the heat of dissociation value. If
one starts with an unperturbed system of two electrons moving independently
of each other in a field of two centers, and introduces the electrostatic inter-
action between the two electrons as a perturbation, then it is possible to cal-
culate the electronic energy as a function of the distance (leaving aside the
2/R term). The exact values for R=0 and R =0, respectively, are —5.8072
and —2.000. The values calculated with the above method are —35.6817
and —1.3932. The values found from the variation method are —35.6953 and
—2.000. The assumption is made that the ratio of exact energy to the ap-
proximate value is a monotonic function of R. Accordingly, if we multiply
values from the “separation” method by 5.8072/5.6817, we shall find an
upper limit for the electronic energy, and if we multiply values from the varia-
tion method by 5.8072/5.6953, then we shall obtain a lower limit. The heat of
dissociation then comes out to be D = (4.37 £ 0.12) volts. This renders the as-
sumption of monotone character plausible, but does not, of course, prove it.

L W. Heitler u. F. London, Zeits. f. Physik 44, 455 (1927).

2Y. Sugiura, Zeits. f. Physik 45, 484 (1927).

3 S. C. Wang, Phys. Rev. 31, 579 (1928).
¢ E, Hylleraas, Zeits. f. Physik 71, 739 (1931).
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The status of the matter at present, then, is that there still remains at least
0.5 volt discrepancy between experimental and theoretical value. This agree-
ment is not good, and apparently the only way to improve it is to employ a
method similar to that used by Hylleraas® for helium, where the wave func-
tion contains as one of its arguments the distance between the two electrons.

Kemble and Zener,® and Zener and Guillemin” have attempted to calcu-
late the heats of dissociation for some of the two-quantum states of the hy-
drogen molecule, and were unable to get good quantitative results. The first
two writers considered only the II states, assuming that most of the other
states would be repulsive in character. This work thus gives us only limited
information concerning the relative positions of the resulting energy levels.
In the later paper,” it was shown how the earlier calculations of Sugiura could
be simplified, but the quantitative results were not in good agreement with ex-
periment. Hylleraas,* with the two-center wave functions as the unperturbed
ones, has been able to improve on these results considerably. He obtains as
heats of dissociation of the p'II, p*II and p'Z states the values 2.197 volts,
2.655 volts, and 3.185 volts, respectively, as against the experimental values
2.27, 2.84 and 3.37. The method breaks down for the sZ states, which prob-
ably need special consideration.

The present work was practically completed before the results of Hyl-
leraas became known, and was based on the idea that though good quantita-
tive agreement was not to be expected from the Heitler-London method, still
the method should be capable of giving correctly the relative positions of the
molecular energy levels. For small separations, however, one cannot hope for
good results. If one wishes accuracy, then the procedure of Hylleraas should
be adopted.

Since the atomic wave functions of Zener® gave good quantitative results?
for Lig, they will be used in the following calculations. When there are but two
electrons on each atom, one can calculate rather readily the relative positions
of the resulting energy levels. The mutual influence of the K-shells may be
neglected, as Delbriick has shown'® and so it is possible to ascertain whether
or not beryllium molecules are stable. We have already shown? that two nor-
mal beryllium atoms repel each other, and shall now find out what happens
when a normal beryllium atom interacts with one in the first excited state

(252p).
INTERACTION OF A NorMAL BE AToM wiTH AN ExciTED BE ATOM

- Notation. For the most part, the notation will be that previously used.®
However, to secure greater generality, some modifications must be made.!!
The wave function of electron 1 referred to nucleus ¢ may now be written

5 E. A. Hylleraas, Zeits. f. Physik 54, 347 (1929).

§ E. C. Kemble and C. Zener, Phys. Rev. 33, 512 (1929).

" C. Zener and V. Guillemin, Phys. Rev. 34, 999 (1929).

8 C. Zener, Phys. Rev. 36, 51 (1930).

9 J. H. Bartlett, Jr. and W. H. Furry, Phys. Rev. 38, 1615 (1931).

10 M. Delbriick, Ann. d. Physik 5, 36 (1930).

1 J. H. Bartlett, Jr., Phys. Rev. 37, 507 (1931). The signs of %, %, and 77 should be reversed.
This means that on p. 530 the réles of 'II and *II will be interchanged.
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@an, (1) or ag, (1) where o and 8 denote the spin orientation and #, the orbital
orientation.
Let

J(ning; ngny) = fH’a,,‘*(1)%2(1)17"3*(2)bn4(2)dv

J (ning; ngny) = fH’anl*(l)bnz(l)ans(Z)b,“*(2)dv
JJ (ning; ngny) = fH’a,,l*(l)anz(l)ana*(Z)bM(Z)dv

T (ning; nama) = f Hby *(1)bs, (1)bng* (2) @y (2)do

1/2

S, = fan‘*(l)bnz(l)dvl

/2 _1/2
S”lﬂzr”xn.i S"l"z‘Sna"a
The H’ is to operate on the unstarred functions, and since the form of H’
depends on the functions on which it operates, it follows that the order of the
arguments in these integrals may not in general be changed w1thout altering
the values of the integral. For example,

T (nyng; nany) 5% J ' (mims; ngns) .

The same is true for the S integrals, i.e., Sy1n2"?5=Shen'/?, in general.

Instead of 7%, etc., it proves convenient to use the letters s and p, where
p takes on the value 0 or 1, according to the value of the magnetic quantum
number. With this notation, one finds S;¢*/?= — Sy,'/?, illustrating the rule
above. A further relation is that J," = (—)"J%'’, if m denotes the number of
zeros occurring among the arguments %y, %2, #3, #a.

As before, small letters 7, 7/, and 7'/ will refer to the contribution from the
(2/7) part of H' to the total integral.

If we define _
I, (nmy) = fan‘*anz(Z/b)dv
Iy(ning) = fbnl*bn2(2/a)dv
I,/ (nyng) = f @0, *0,,(2/b)dv
I/ (myng) = fanl*bn2(2/a)d7)
then

J(ning; ngng) = (2/R)0nm,dnyn, + j(1172;5 1374)

- 5”1"2117(”3”4) - Ia(nln’Z)an,n
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Jl(nan; ’ﬂ37’lz4> = (Z/R)Sﬂlnzx‘"ana + j/(%ﬂ’bz; %3%4)
- Si{izla’(nam) - Ib,(7’l17”/2)s5‘;/,\3z4
1/2

Ja,,(n1n2; n3n4) = (2/‘R)6n1nzs7banc + ja/,<%1n2; %3%4)
1/2
= Suyn, v (n3m00) — Ta(11702)Sn e

In particular,

1,(s0) = — I,(s0)
I1./(s0) = — I;/(0s)
I1,/(0s) = — I,/(s0)

1,/(00) = I,'(00).
Calculation of the energies. As unperturbed wave functions, we take

v, = (1/24)12 §(—>«PP{aa,,a)aﬁs(z)bas(s)bﬂs@)}
o= (17201 (=) P {aan(10y ()b (3)0.(4))
Vs = (1/24)1 §<—>~=P{aasu)aﬁs(z)bap(s)bﬁs@)}
¥, = (1/24)12 §<—>«Pz>{aas<1>aﬁs<z>bas<s>bﬁp<4>}.

Here P denotes a permutation of the numbers (1234), and o5 its order.

There will result, from the combination (2s5)? and 2s52p, states of £ and I
types, of singlet or triplet character, and either symmetrical or antisymmetri-
cal in the nuclei (S¥ or AV). That is, eight states are possible.

Forming linear combinations of the above functions, we obtain

wy = Wy + Wy + Vg + ¥, (S SY)
Uy = Wy — Wy + Wy — W, (AF SV)
wy = Wy 4+ Wy — Wy — W, (ST AV)
wy =Wy — Wy — Wy + ¥, (A AV).

The symmetry types are indicated, S denoting a singlet, and AF a triplet.

The energy is
f u* Hudv

E=-——

fu*udv

4 4 4 4_
H=— ZAi"i‘(S/R)— Z<Z+?§

where

)+ 2.2/rij.

i<y

=1 =1

It is seen that A is symmetrical in the nuclei and in the electrons. Now let
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Hij = f\Pi*H\I’jdﬂ

N,;j = f\Ifi*\I'jdv.

The functions ¥, ¥,, ¥;, and ¥, are connected with each other by the
transpositions (o8) and (ab). '
(O[ﬁ)‘I’l = ‘I’z (db)\l/l = ‘I’g (01,8) (db)‘I’l = ‘I’4

Accordingly
Hll = H22 = H33 = 1144

Hiy = Hyy = Hyy = Hys
Hi3 = Hyy = Hyy = Hyo
H14 = 1{41 H23 = Hg,.

Similar relations hold for the N;;'s.

As before H may be broken up into two parts, an unperturbed operator
H and a perturbing term H', the actual form of the H' depending upon the
function upon which it operates. The unperturbed energy will depend only
upon the symmetry in the electrons, so that for S¥, Hou =Eu, and for A%,
Hou=Ewu, where E,— E; equals the energy difference between the two lev-
els 1P and 3P in the beryllium atom.

The energies are then:

E, =E,+ (Hu' + Hy' + Hi' + H14,)/<N11 + N+ Nz + N14)
E,=Ey+ (Hiy — Hy' + His' — Hiy')/ (N1 — N1z + N1z — Nig)
E; = E, + (Hu' + Hy — Hys' — H14')/(N11 + Nig — Nz — N14)
Eq=Ey+ (Hy — Hy — Hi' + Hi!)/(Niu — Nz — Niz + Nu).

We may write

Hi; = f %x—)ﬂ’[Paan1<1>aﬁn2<2>bana<3>bm<4>]*H

: [dan 1 (l)dﬂnz’ (Q)bana’ (3) bﬂn4(4) ]dv
and

H = Hy+ H'(14) + H'(24) + H'(13) + H'(23)
where

H' (k) = (2/R) — (2/bx) — (2/ar) + (2/r12)
Hif(13) = GupnyOngny = Snamemon) 1T (mm’; mana’) — J'(nams’; ni'ns) §
H;/(24) = (BnpmyOngny — Suyng,ngny’) {](n2n2’; nang') — J'(nany'; ”2,”4)}
H. /' (14) = Spypny gyt (01115 namy’) — annZ/S:,/lia»Jb"(mm’; n3ny’)
- 6n;nx’S71b£’2n4ja”(nlnll; ”2”4') -+ Snz'nhnlnx’-,,(nZn/i,; ”1’”3)
H;/(23) = 6n1n1’5n4n4’-](n2n2/; ngns') — 5n1n1'52/;4']b”(ﬂ3%3/; ey

1/2 ’ ! !
— SugnSuyngd ! (many; mins") + Suyrngmgn ] (mamg'; no'na) .
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Let us calculate I, H; H; and Hy, For all these quantities (n:'n,’
n3'ny’) = (psss).
For ,
Hyy, (minagngng) = (psss)

Ho, (ningngng) = (spss)

Hyy, (mamangns) = (ssps)

H;l, (ninemang) = (sssp)
Hy'(13) = (1 = Su) {T(pp; 55) — T'(ps; ps)}
H,'(13) = — Sss,,,s{J(sp; ss) — J'(ss; ps)}
Hy'(13) = (1 — Su) {J(sp; ps) — J'(ss; pp) }
Hi'(13) = Sopse{J(sp; 55) — J' (555 ps) }

Hi/'(24) = (1 — ps){](ss ss) — J'(ss; ss)}
Hy'(24) = — Sy, ss{J(ps 58) — J'(ps; s5)}
H3'(24) = — S,p ss{](ss 5s) — J'(ss; s3) }
Hy'(24) = — Sy, 85,{.7(55 ps) — J'(ss; sp)}

Hi'(14) = J(pp; 55) — Spud (555 59) — Sus T (995 5) + S e’ (553 5)
Hy/(14) = — 83T (sp; pS) + Sed'(ps; ps)
Ha'(14) = — Sud TH/"(s5; pp) + SuTU(ss; pp)
Hu/(14) = J(sp; 5) — Sut T (55 59) — SupTd"(5p5 5) + Supuad”(s5; p5)

Hy'(23) = J(ss; s8) — Sslslsz”(ss; ss) — S;f]a”(ss; $5) + Sps,ssd (PS5 55)

Hy/'(23) = — Spu T (ps; 55) 4 Sy, peT (553 55)
H3/(23) = - S;/;]a”(ss; $8) + Spp.est (555 55)
H41,(23) = + Sps .ssJ’(ss; S?) .

For the terms in the denominators we have

Nij = f g(—)"’[Paam(l)aﬁnz(z)bmna(3)bﬁm(4)]*'danl'(1)aﬁnz’(z)ban,'(3)bﬁn.’(4)d‘”

= (BnynyBngng’ — Snyny’ inyng) GngngOniny = Sngng nyrny)
Nu=(1— 551 — S
Nat = Ses,ps*Sss,ps = SpsSss
Nat = — Sus,pp(l — Ss)
Ny = Ses,ps*Sss e
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Three typical integrals will now be evaluated, and the others just tabu-
lated.

I. 7(s0; 50) = c2¢cy? f (2/7)@12b5? cos 0,4, cos By,e7* @1+ dy,do,.

If (2/7) is expanded in terms of by, by, and P, (cos %), then one can integrate
over dvs, obtaining

7(s0; s0) = (8mccs%/3k*) f(ﬂ cos 0, cos Hb{ye(xb)/(xb)z + (Kb)I‘g(Kb)} -e~xedy,

This may be divided into two parts; one is conveniently integrated in the
(a, b) codrdinate system, while the (A, u) system is more suitable for the other.
No difficulty is encountered, for the integrands do not give infinite contribu-
tions at any points of the regions involved. The result is:

7(50; s0) = (1/72)(c/2)% {80 — 240/af + 245 + As| — 15(24, + 144,/3)
+ 15(a/2) (245 + 241) — (15/2)(/2)*[— 84,/5 + (3)(4s — 40)]
— (9/4)(e/2)*[ = 1245/5 + (3)(4s + 41)]
— ) (a/2)4[24¢/3 — 144,/5 + 344,/21 — 2,'49/5]}(1;@

1I. 7'(ss; s0) = c3cgf(2/7)albla2b2 oS8 fp,e™ (/2 (artagtbrttn) gy

For the j’ and j'' integrals, we make use of the Neumann expansion. The
calculation was facilitated by grouping certain terms together. New symbols
were introduced, definited as given below.

0 0 x
Wo(m; ", OL) = f f QO < 2) )\1m)\2n6_(“/2> ()\1+)\2)d)\1d)‘2
1 1 M
= So(’m’, n, Ol) + SO(”: m, a)
o 0 Ao )\1
v (m, 1, ) = f f O )pl Ay g (@2 O g\ dhy
1 1 A Ao

It

simyn + 1, ) + si(n, m + 1, &)

0 00 )\2 )\1
f f Qe Py NN (@12 Crtd g\ N,
1 1 \ )\1 )\2

= (3/Dsa(m, n + 2) — ()s2lmm, m) + (3/2)s2(n, m + 2) — (3)s52(n,m)

It

ve(m, 7, )

© © A ’
wimme) = [ [ —Qf( ) (? = D(h? — DAyPhae (@D Oeh) Mo
1 1 AN\ M
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=sim—+1L,n+2)+si(n+ 1, m~+2) —siim+ 1, n)
— si(n + 1, m) — so(m, n + 2) — so(n, m + 2) + so(m, n)
+ so(n, m)

wy(m, n, a) = f flw sz< 1) dd}: <>\2>

(A2 — 1) (\g2 — 1N "hgme @D Qb g\ 1 dhg
=6{ssm 4+ 1,n+3) + ss(n+ 1, m + 3) — sslm + 1,0 + 1)
—so(n+1,m+ 1) — sy(m,n+ 3) — sy(n,m + 3) + si(m,n+ 1)
+ si(m, m + 1)}
(I, n}0 = vo(4, n) — (B)vo(2, 7) + (2)20(0, n)

{II m, n}o = 9o(m, n) — ($)ve(m — 2, n)
UHM03mmm—Wmmw+@mwo
(L, n} =04, n) — (8/5)7)1(2 n) + (3/5)9:(0, n)
{ ”}1 = w (3, n) — ( Hwi(l, n)
{1, 1} = )22, n) — (1/7)02(0, n)
{11, m, n}s = va(m, n) + (1/7)ve(m — 2, n)
L n)s = Bead, n) — 2/T)ea(2, 1) + B0, 7)

{1V, n}s = Bwe(2, n) — (1/T)ws(0, n)
Cal@) = (3/2) Buya(e) — (3)Bula).

With these symbols it becomes easy to write the resulting expressions for
the integrals in question. For 7 =0.

J' (585 $0)®

I

(2m)cte f Q/DOE = 12) ha 4 o) Qhapzz — DR/

e M I2(N2 — 1 2) (No? — pa?)dNidNodu1dps
— k(311%/432) (a/2)°[{1, 3}0 — (D) {T, 1}4]

Forr=2,
755 s0)® = — «(3112/540) (e/2)°[ {1, 3} + @) {T, 1}.]

II1. 7,//(s0; ss) = c%zf(Z/r)alze_”l CO8 0,67 % (atb2) 2q,5h,dy

Ja" (503 55) @ = k(3112/576)(e/2)°[ B{T, 4}o + (Bs + Bo){TL, 3}0

+ (By — By {1, 2}o — (Bs+ Bo) {1, 1}o — Bs{1, 0},]
Ja"(s0; s5)® =0
Fa'(50; 55)® = — k(3112/144)(a/2)°[C1 {1, 4}, + (C2 + Co) {1, 3}2

+ (C1 — C{T, 2} — (Co+ C){I, 1}, — C3{1,0},].
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The j'’ integrals could be calculated directly without recourse to the Neu-
mann expansion, but the formulation is much more awkward and does not
enable one to obtain the result with reasonable speed. Both methods were
used for j'/ (ss; ss), giving results almost exactly the same, which indicated
that the expansion converges rapidly. For the other integrals of this type a
method due to Dr. A. S. Coolidge could be applied; it was used to calculate
the values at =3 of those j'’ integrals not having 1 as an argument, and
a check was obtained in every case. This method consists of expanding func-
tions referred to one atom in spherical harmonics of the other atom.!?

The list of 7, j/, and j'’ integrals follows.

p=0:
J(ss;ss) =7
j(ss; $0) = — I,(s0) + «(31/2/288)(a/2)4[24{545/3 + A¢/3}
+ 18(a/2) {445/3 — 84,/15} + 6(a/2)2{ A4 — 245/3 + Ao/5}
+ (e/2)3{245/3 — 445/15 + 24,/35} ] (1.
F(s5500) = (243/3) + (is/3) = (%/192)1Ic
7(s0; s0) = expression already given.
7' (ss; s8) = R '

7'(ss; s0)@ = expression already given

It

7'(ss5 50)@ = expression already given ‘
7553000 = (6/96)(a/2)* [(){T, 4}0 — (6/5){L, 2}0 + D {T, 0]
F(s5;00)® = — (k/60)(/2)°[(}) {111, 2> — (1/7){IIL, 0},]
7505 50)@ = 4 (x/216)(/2)*[{11, 3, 3} 0 — ({1, 3, 1}]
7605 @ = (k/288)(0r/2)°[{L, 4}1 — (&/S){T, 2}1 + (3/5){1, 0}.]
7(s0; s0)® = (xk/1080)(e/2)°[ {11, 3, 3} + (1/7) {11, 3, 1}:]
J'(ss; ss) = j"
Fa'(s5350)© = — k(31/2/864)(a/2)°[Bo{11, 3,4} + 2B:{11, 3, 3},
— 2B3{11, 3, 1} — B4{II, 3, 0},]
«(3112/576) (0/2)°[Bi{T, 4}1 + 2B2{1, 3} — 2B4{1, 1},
— Bs{I, 0},]
k(3172/864) (c/2)*[Co {11, 3, 4} 2+ 2C1{11,3,3} 5 — 2C5{11, 3,1},
— C4{11, 3, 0},]
(k/192)(a/2)°[Bo {111, 4}, + 2B, {111, 3}, — 2B,{I11, 1},
— B,{111, 0} ]

Jd"(55350)®

It

Il

o' (ss550)®

7" (ss; 00) @

12 We appreciate greatly the courtesy of Dr. Coolidge (Harvard University) in making us
acquainted with his expansion method before publication.
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7'(s5;00)® = (k/96)(c/2)°[Co{ 11T, 4}, + 2C {111, 3}5 — 2C4 {111, 1},
— C, {111, 0},]

Ja"(55;08) @ = — jo""(s5; 50)®@ (505 05)® = — j"(s0; s0)
o' (s5;05)® = " (ss; 50)® J"(s05 0s) 1 = j"(s0; s0) ¥
Ja"(s5;08) @ = — 7./ (s5;50)®  j(s0; 05)® = — j’(50; sO) @

7(s0; sO)® = — (x/288)(a/2)°[B: {11, 3, 4} + (Bs + Bo){I1, 3, 3},
+ (By — B3){11,3,2} o — (Bs+ By) {11, 3, 1} 0 — Bs{11,3, 0},]
77(s0; s0)® = (k/192)(/2)°[B2{1,4} 1+ (Bs + B {1, 3} 1+ (B:— By}, 2},
— (Bs + B){L, 1}: — BT, 0}4]
J"(50; 50)® = (¢/288)(/2)°[C1 {11, 3, 4}2 + (C2 + Co) {11, 3, 3},
+ (C1 — C{IL, 3,2}, — (Cy + C){IT, 3, 1}5 — C4{11,3,0},]
7d''(s0;55) (@ = expression already given.

Ja''(s0;55)@® = expression already given.

7005 s)© = (k/192)(er/2)°[Ba{1, 4} o + 2B:{1, 3} 0 + (Bo — B {L, 2},

— 2Bs{1, 1}, — B,{I, 0}]
— (k/48)(a/2)°[Cof{1, 4} 5 + 2C:1 {1, 3}5 + (Co — CH{T, 2},
— 2C3{1, 1}; — C1{T1, 0},]
P-= 1
J(ss; 11) = (241/3) + (43/3) = (x/384)I¢
J(s1; s1) = (k/1152) [(160/c) { (120/a2) + a*(4s — 43)}
— 320(ct/2)3 (Ao — As) — 120(c/2)4(445 — 4A;)
— 60(c/2)% {(4/3)(As — As) + (4/15)(4> — Ao)}
— 18(a/2)%- { (4/3) (A5 — A3) — (4/15)(4s — A1)}
= 3(e/2)" {(4/3)(As — Ag) — (8/15)(As — A3) + (4/35)(A2 — 40} a1y
J(ss3 1)@ = (x/288)(0/2)°[{T, 4}0 — (6/5){T, 2}0 + DT, 0}]
/(553 1D = (¢/360)(e/2)°[{1, 4}2 — (6/D1L, 2}2 — (1/D{T, 0}5]
F(s15 5@ = — (&/576)(er/2)°[ {11, 3}1 — (}) {11, 1}4]
715 sD)® = — (k/960)(e/2)° [TV, 2}2 = (1/7) {1V, 0}.]
7 (ss; 1)@ = (x/576)(0/2)* [ Bo({11, 4, 4} — {11, 2, 4},)
+ 2B.({11, 4, 3}, — {11, 2, 3}0)
— 2B3({11,4,1} o — {11,2,1}0) — Bu({11,4,0}0 — {I1,2,0} )]

77(00; ss)®

Il
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7" (ss; 1)

— (x/576)(a/2)°[Co({11, 4, 4}, — {11, 2, 4},)

+ 2C,({11, 4, 3}, — {II, 2, 3} 1)

— 2C5({1L, 4, 1}s — {11,2,1}s) — Co({I1, 4, 0}» — {11,2,0},)]
= (&/768)(e/2)*[(Bo — B {IL, 3}1 + (Br — By) {11, 2}
— (By — B {11, 1}, — (Bs — Bs){11,0}4]

— (k/768)(/2)°[(By — By) {1V, 3}s + (Bs — By){IV, 2},
— (By — B) {1V, 1}, — (Bs — Bs) {1V, 0},]

J(As; sH@ J7(s1; 1)@ = — j'(1s; s1)@

(k/384) (a/2)*[(Bo — Bo)({1, 4}0 — {1, 2}0)

= (B2 = By({L, 2}0 = {1, 0}0)] |

J'(A1558)® = — (5/96)(/2)*[(Co — Co)({T, 45 — {1, 2})

= (C: = Co({1, 2}2 = {1, 0})].

In calculating the s.(m,n,0) use was made of the following formulas in
addition to those previously given.!!

ST<WL7 7+ 1> Oé) (2/0[)(% + I)ST(’WL, n, a) + fr(m: 05/2)140(1, a/2)
—am+n+1,0 a)
(3/2)51(7” + 17 ", C() - (%)SO(M; ”n, 0[).

7"(1s; s1H®

7 (1s; s1)@

77 (s1; 1s)@®
37 (115 s5)©

It

It

sa(m, n, @)

The following tables contain such necessary s, as have not been published
previously. We then proceed to tabulate the resulting values of the integrals.

TaBLE L. so(m, n, a).

@ =3 4 5 6 7 8 9 10
50(0,1, ) 0.0952 | 0.022161 | 0.0%547 | 0.0%1481 | 0.0420 | 0.0s1234 | 0.053718 | 0.051145
50(0, 3, ) 0.01775 | 0.02345 | 0.05793 | 0.0°2019 | 0.04547 | 0.041555 | 0.05457 | 0.051375
500, 5,0 0.0449 0.0%72 | 0.0:1310 | 0.0%303 | 0.0764 | 0.02207 | 0.05582 | 0.051715
50(0. 6,c) 0.0832 0.01042 | 0.021800 | 0.0°389 | 0.04937 | 0.0:246 | 0.0%70 | 0.051952
50(1,0,a) 0.012098 | 0.022801 | 0.0%833 | 0.051801 | 0.045004 | 0.011445 | 0.0%430 | 0.051307
so(1) 1)) 0.01708 | 0.023458 | 0.0°8105 | 0.0°2081 | 0.045666 | 0.041611 | 0.05474 | 0.051427
s50(1,2a) 0.02381 | 0.0%4431 | 0.0%986 | 0.052447 | 0.0451 | 0.041818 | 0.05527 | 0.051570
50(1,3,a) 0.0358 0.0:5953 | 0.021239 | 0.0%2947 | 0.04760 | 0.042078 | 0.0°593 | 0.051743
so (1,4, c) 0.0590 0.02848 | 0.021619 | 0.0%3647 | 0.04907 | 0.012413 | 0.05675 | 0.051954
s0(1)5.q) 0.1082 0.01301 | 0.02222 | 0.0%67 | 0.0%1111 | 0.0%2856 | 0.05780 | 0.05222
50 (1,6, ) 0.225 0.0218 0.02322 | 0.0%25 | 0.051401 | 0.04346 | 0.05918 | 0.08255
50(2,1,0) 0.03442 | 0.0%019 | 0.0:1281 | 0.0°3073 | 0.04796 | 0.092176 | 0.09%201 | 0.051823
50(2,30) 0.0816 0.01126 | 0.022078 | 0.0%4548 | 0.0°1103 | 0.042881 | 0.05793 | 0.052266
50(2,5a) 0.295 0.0279 0.0°408 | 0.05770 | 0.0°1688 | 0.0%411 | 0.041074 | 0.0205
50(2,6,0) 0.673 0.0504 0.0°27 | 0.0:1074 | 0.052200 | 0.0$510 | 0.041287 | 0.05345
50(3,0,0) 0.05535 | 0.0%883 | 0.02764 | 0.0°4039 | 0.0°1011 | 0.092687 | 0.05749 | 0.052164
50(3,1,0) 0.07936 | 0.01158 | 0.022188 | 0.0%4825 | 0.051176 | 0.043062 | 0.0°840 | 0.052398
50032 @) 0.1237 0.01603 | 0.022815 | 0.055013 | 0.0°1395 | 0.043542 | 0.05954 | 0.052684
50(3,3,a) 0.2136 0.02370 | 0.0:3786 | 0.0749 | 0.0%1693 | 0.044173 | 0.041098 | 0.0%3036
50 (3,4, ) 0.4150 0.03801 | 0.025381 | 0.05985 | 0.0°2115 | 0.045024 | 0.041287 | 0.0%349
50(3.5,a) 0.916 0.0669 0.0°817 | 0.0°1365 | 0.0°2740 | 0.0%205 | 0.041538 | 0.0406
50 (3,6,cx) 2.300 0.1305 0.01336 | 0.021983 | 0.05370 | 0.04791 | 0.041881 | 0.05483
S0 (4,1, ) 0.2122 0.02502 | 0.0°4089 | 0.0%8137 | 0.051835 | 0.04516 | 0.01184 | 0.053257
S0(4,3,0) 0.6422 0.0559 0.007562 | 0.0°1330 | 0.02747 | 0.0%35 | 0.04589 | 0.05421
50 (4,5, a) 3.218 0.1782 0.01798 | 0.022602 | 0.0%470 | 0.04987 | 0.042304 | 0.05580
5o (4, 6,) 8.77 0.373 0.03121 | 0.0:398 | 0.0%57 | 0.081203 | 0.042886 | 0.05702




TasLe IL. s1 (m, n, a).

a a=3 4 5 6 7 8 9 10
51(0,0, ) 0.021936 0.03513 0.031445 0.044240 0.041283 0.053963 0.051248 0.083990
$1(0,1, ) 0.022339 0.08597 0.031641 0.044730 0.041412 0.054319 0.051349 0.084279
51(0,2, ) 0.022930 0.03711 0.0%1895 0.045337 0.041569 0.054743 0.051468 0.084625
51(0, 3, 0.023849 0.03874 0.032233 0.016122 0.041766 0.055258 0.051609 0.085028
$1(0,4, ) 0.025385 0.021117 0.032705 0.047151 0.042015 0.055891 0.051778 0.085495
51(0, 5, ) 0.02819 0.021503 0.033387 0.04854 0.042336 0.0%6685 0.051985 0.086068
51(0,6, ) 0.01392 0.022167 0.0%4433 0.0%1050 0.042768 0.057704 0.0%2245 0.08658
s1(1,1, ) 0.023695 0.0%868 0.082253 0.04623 0.0¢1805 0.05539 0.051650 0.065152
s1(1,3,a) 0.02669 0.021353 0.033201 0.04833 0.042314 0.0%70 0.051998 0.08612
s1(1, 5, ) 0.01640 0.022560 0.085155 0.031218 0.013169 0.05876 0.052520 0.08753
51(2,0,a) 0.024964 0.021106 0.082772 0.04747 0.042121 0.0%56233 0.051883 0.06582
s1(2,1, ) 0.026451 0.021352 0.083259 0.04856 0.042384 0.05691 0.052063 0.08632
51(2,2,0) 0.02888 0.021712 0.0%3926 0.04999 0.042717 0.05774 0.052281 .| 0.08691
51(2, 3, ) 0.01314 0.022271 0.0%4878 0.031190 0.043145 0.05877 0.052545 0.08762
51(2, 4, @) 0.02135 0.023194 0.036300 0.0%1457 0.0%3715 0.041010 0.052874 0.08850
51(2,5,a) 0.03872 0.024832 0.03853 0.0%1844 0.044490 0.041184 0.053290 0.08956
51(2,6,a) 0.07952 0.027991 0.021228 0.0%2431 0.045592 0.041418 0.053828 0.051093
51(3,1, ) 0.01262 0.022289 0.035025 0.0%1235 0.043276 0.05915 0.052652 0.08793
51(3, 3, ) 0.02920 0.024176 0.03799 0.031793 0.044465 0.041192 0.053341 0.08975
51(3,5,a) 0.1027 0.01005 0.021530 0.0%2964 0.04668 0.0¢1668 0.054443 0.051251
51(4,0, ) 0.01995 0.023298 0.0%6792 0.0%1596 0.044087 0.041111 0.053159 0.06928
si(4,1, ) 0.02836 0.0%4290 0.03836 0.0%1892 0.04717 0.041258 0.083524 0.061023
s1(4,2,a) 0.04380 0.025880 0.021065 0.032299 0.045550 0.041445 0.053975 0.051138
s1(4, 3, @) 0.0748 0.02860 0.021419 0.032883 0.0%667 0.011688 0.054543 0.051279
51(4,4,a) 0.1439 0.01364 0.021997 0.033755 0.04826 0.042013 0.05528 0.051458
51(4,5, ) 0.3143 0.02376 0.023000 0.035125 0.081056 0.0%2464 0.05625 0.051685
51(4,6,a) 0.7803 0.04595 0.024821 0.037393 0.031406 0.043102 0.08757 0.051985
51(5,0, ) 0.0501 0.02676 0.021208 0.0%2574 0.046140 0.041583 0.0%4316 0.051226
51(5,1, @) 0.0744 0.02908 0.0%1524 0.033111 0.047200 0.041814 0.054861 0.051363
$1)5,2,a) 0.1215 0.01299 0.022004 0.033872 0.018621 0.042114 0.055548 0.051529
51(5, 3, @) 0.2224 0.02002 0.022775 0.0%4998 0.031061 0.042514 0.05643 0.051741
51(5,4, @) 0.463 0.03381 0.024090 0.0%674 0.031348 0.043061 0.05759 0.052009
51(5,5,a) 1.101 0.0633 0.02644 0.0%960 0.031781 0.043839 0.05917 0.052360
51(5,6,a) 2.984 0.1322 0.01099 0.021453 0.0%2463 0.04982 0.041136 0.052830

TAsBLE IIL. By(a/2) and Cu(a/2).

a a=3 4 5 6 7 8 9 10
Bo(ae/2) 2.8390 3.6269 4.8402 6.6786 9.4531 13.645 20.001 29.681
Bi(a/2) —1.2439 —1.9488 —2.9698 —4.4858 —6.7694 —10.243 |—15.561 —23.748
Ba(a/2) 1.1806 1.6781 2.4644 3.6882 5.5849 8.524 13.085 20.182
Bs(ee/2) —0.7754 —1.2451 —1.9485 —3.0238 —4.6832 —17.262 —11.283 —17.575
Ba(a/2) 0.7713 1.1368 1.7226 2.6470 4.1009 6.384 9.972 15.621
Bs(a/2) —0.5656 —0.9203 —1.4606 —2.3003 —3.6118 —5.675 —8.926 —14.063
Be(a/2) 0.5766 0.8659 1.3348 2.0781 3.2614 5.132 8.100 12.805
Co(a/2) 0.3513 0.7037 1.2765 2.1930 3.6508 5.963 9.627 15.432
Ci(a/2) —0.5412 —0.8933 —1.4379 —2.2928 —3.6401 —5.771 —9.144 —14.489
Cs(a/2) 0.5666 0.8662 1.3517 2.1264 3.3589 5.314 8.415 13.341
Ca(ee/2) —0.4607 —0.7579 —1.2166 —1.9386 —~3.0761 —4.882 —7.747 —12.307
Ci(a/2) 0.4792 0.7305 1.1409 1.7937 2.8417 4.506 7.164 11.397.

TaBLE IV. 7, 7', and 7" integrals for T states.

a a=3 4 5 6 7 8 9 10
-j(ss;ss)/x 0.3367 0.3177 0.2969 0.2746 0.2527 0.2316 0.2121 0.1948
F(ssys0)/x —0.0560 —0.0660 —0.0705 —0.0710 —0.0676 —0.0622 —0.0559 —0.0494
7(s0;50)/x 0.0386 0.0179 0.0%4 —0.0117 —0.0189 —0.0218 —0.0219 —0.0204
3(ss;00)/x 0.3458 0.3312 0.3140 0.2942 0.2734 0.2542 0.2302 0.2110
3'(ss;s8)/x 0.2856 0.2379 0.1888 0.1432 0.1022 0.0714 0.0477 0.0302
7'(ss;s0)0/k —0.1368 —0.1492 —0.1423 —0.1234 —0.0985 —0.0734 —0.0516 —0.0346
7'(ss;$0)2/k —0.0%7 —0.0214 —0.0223 —0.0225 —0.0225 —0.0223 —0.0%8 —0.0214
f(ss;00)0/x 0.1304 0.0361 —0.0287 —0.0608 —0.0693 —0.0629 —0.0502 —0.0369
7'(ss;00)2/x —0.0224 ~0.0241 0.0254 —0.0250 —0.0%49 —0.0242 —0.0233 —0.0225
7'(s0; s0)0/x 0.0681 0.0964 0.1107 0.1097 0.0970 0.0779 0.0582 0.0410
7'(s0;50)1/x 0.0479 0.0343 0.0225 0.0139 0.0283 0.0%47 0.0226 0.0214
7'(s0; 50)2/k 0.0214 0.0229 0.0%41 0.0%43 0.0242 0.0239 0.0232 0.0224
3"(ss;s8)/x 0.3155 0.2834 0.2482 0.2124 0.1762 0.1426 0.1132 0.0876
Ja" (555 50)°/k —0.1508 —0.1771 —0.1860 —0.1816 —0.1667 —0.1466 —0.1257 —0.1038
Ja''(ss5 50)/k —0.0248 —0.0280 —0.0273 —0.0245 —0.0214 —0.0178 —0.0149 —0.0119
Ja''(ss550)2/x —0.0%1 +0.0212 —0.0221 +0.0214 +0.39 +0.0%7 +0.087 +0.0218
3"(ss5;00)0/k 0.1459 0.0464 —0.0334 ~0.0855 —0.1130 —0.1224 —0.1176 —0.1069
7"(s5;00)2/k 0.0218 0.0270 —0.0256 —0.0%1 0.0233 0.0217 —0.0217 0.0224
J(s05:0)0/x —0.0171 —0.0245 —0.0296 —0.0318 —0.0320 —0.0285 —0.0222 —0.0181
];;(SO,’SO)‘/K 0.0529 0.0411 0.0288 0.0195 0.0135 0.0291 0.0270 0.0253
7" (s0; 50)2/k —0.0233 —0.0298 —0.0255 —0.0119 | —0.0104 | —0.0286 —0.0265 —0.02%8
;j,,:f(so; 55)°/K 0.0264 0.0308 0.0308 0.0290 0.0283 0.0222 0.0182 0.0161
Ja, (505 s5)2/x 0.0217 0.0240 0.0248 0.0248 0.0269 0.0262 0.0241 0.0214
j_”(OO; s5)0/k 0.3189 0.2882 0.2541 0.2176 0.1777 0.1480 0.1178 0.0900
7(00; 58)2/x —0.0217 —0.230 —0.0211 +0.0%3 —0.0221 —0.0213 +0.0%8 +0.0%43




222 W. H. FURRY AND J. H. BARTLETT, JR.

TaBiE V. 7,7, and 5" integrals for 1 states.

@ a=3 4 5 6 7 8 9 10

J(ss;11)/x 0.3313 0.3107 0.2878 0.2643 0.2424 0.2216 0.2028 0.1862
J(s1;81)/«x 0.0651 0.0558 0.0464 0.0377 0.0300 0.0237 0.0187 0.0146
j;(:x; 11)0/ 0.2539 0.1961 0.1420 0.0983 0.0644 0.0407 0.0243 0.0145
7,(ss;11)%/x 0.0%11 0.0%16 0.0219 0.0%15 0.0213 0.0%9 0.0% 0.0%4

7,(s15 5101/ 0.0583 0.0456 0.0330 0.0232 0.0152 0.0294 0.0257 0.0234
3 (s1;:1)2/k 0.0%8 0.0%8 0.0%7 0.0%7 0.0%5 0.0%3 0.0%2 0.0%2

(s 11)0/k 0.2814 0.2350 0.1885 0.1480 0.1115 0.0840 0.0620 0.0450
7 (s 1192/k —0.0210 —0.0239 +0.0227 —0.0%3 —0.0224 —0.0220 —+0.0%7 —0.0229
F(s1; s1) /k 0.0651 0.0556 0.0452 0.0367 0.0283 0.0210 0.0156 0.0116
]:'(31;:1)2/:< —0.0224 —0.0217 —0.0%44 —0.0230 —0.0236 —0.0230 —0.0223 —0.0225
j, (11555)0/x 0.3136 0.2816 0.2446 0.2088 0.1723 0.1402 0.1118 0.0872
7 (115 s5)2/x 0.0%9 0.0%12 0.0%9 0.0%4 —0.0%3 —0.0%5 —0.0211 —0.0218

The integrals I ,(ss), I, (00), I,(11), I.'(ss), Ssst'2, Soot/2, and S1;1/2 either
have already been given or are readily obtainable from previous work.! No
new procedure is involved in getting the formulations for the others integrals
of this type, and we simply list the expressions. Numerical values are then
tabulated.

I(ss) = I. I,(00) = (x/192)ITa. I.(11) = (k/384)Ia
I.(s0) = k(3112/36)at {120/ — A;5(1, &) + 451, @)}
I/ (ss) =1’

1.(s0) = — k(3V%/576)at{ A:(1, a/2) + Ao(1, a/2)}

!’ — 1
1./(0s) = «(32/192)at{45(1, /2) — (})4s(1, 2/2)}
’ — 1
1./(00) = (5/64)et { () 45(1, 0/2) — Au(1, a/2)}
I.(11) = (k/192)at{45(1, /2) — 4A:(1, a/2)}
1/2
Sss = §i/2
1/2
—_ 1
Sw = — (3117/36)(a/2)*{ 45(1, a/2) — (1) 4:(1, /2)}
TasLe VI. I and I' integrals.

a a=3 4 5 6 7 8 9 10
Ta(ss)/x 0.4468 0.4022 0.3564 0.3138 0.2772 0.2463 0.2206 0.1995
I (s0) /x 0.1761 0.1692 '0.1487 0.1247 0.1024 0.0835 0.0684 0.0565
I4(00) /« 0.5367 0.4928 0.4357 0.3782 0.3276 0.2846 0.2500 0.2218
Ig(11)/x 0.4010 0.3568 0.3162 0.2813 0.2521 0.2268 0.2057 0.1878
Ia;(ss)/x 0.4324 0.3835 0.3289 0.2738 0.2221 0.1761 0.1368 0.1045
Ia,(so)/x —0.1530 —0.1823 —0.1925 —0.1869 —0.1704 —0.1480 —0.1239 —0.1005
Ia,(Os)/x 0.3140 0.3386 0.3308 0.3018 0.2619 0.2185 0.1772 0.1394
Ia[(OO)/K 0.1534 0.0225 —0.0702 —0.1245 —0.1478 —0.1496 —0.1382 —0.1202
I (11) /x 0.3626 0.2932 0.2291 0.1744 0.1297 0.0946 0.0680 0.0483

TABLE VIL. SV2 and S integrals.

a a=3 4 5 6 7 8 9 10
Sest’2 0.8897 0.8149 0.7291 0.6373 0.5448 0.4562 0.3748 0.3024
s8 0.7916 0.6641 0.5316 0.4061 0.2968 0.2081 0.1408 0.0914
Sgol2 —0.3865 —0.4636 —0.5036 —0.5088 —0.4859 —0.4441 —0.3911 —0.3339
Sso 0.1494 0.2149 0.2536 0.2589 0.2361 0.1972 0.1530 0.1115
Sool/2 0.4825 0.2256 0.0251 —0.1597 —0.2649 —0.3187 —0.3326 —0.3190
Soo 0.2328 0.0509 0.043 0.0256 0.0702 0.1016 0.1106 0.1017
Sul? 0.8089 0.6947 0.5778 0.4679 0.3702 0.2871 0.2185 0.1641
Sn 0.6542 0.4826 0.3339 0.2189 0.1370 0.0824 0.0477 0.0269
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@ a=3 4 5 6 7 8 9 10
J(ss;s8)/k 0.1098 0.0133 —0.0159 —0.0197 —0.0160 ~0.0110 —0.0069 —0.0042
J(00; ss)/x 0.0290 —0.0638 —0.0781 —0.0645 —0.0457 —0.0267 —0.0182 —0.0103
J(0s; ss)/x —0.1201 —0.1032 —0.0782 —0.0537 —0.0348 —0.0213 —0.0125 —0.0071
J(s0;05)/x 0.0386 0.0179 0.0004 —0.0117 —0.0189 —0.0218 —0.0219 —0.0204
J'(ss; Ss)/r; 0.0439 —0.0550 —0.0782 —0.0704 —0.0550 —0.0373 —0.0236 —0.0147
J'(ss; 0s)/x —0.0798 —0.1142 —0.1153 —0.0976 —0.0740 —0.0515 —0.0339 —0.0209
J'(ss;50)/x +0.0635 —0.0131 0.0145 0.0244 0.0241 0.0193 0.0139 0.0091
J'(ss;00)/x 0.0691 0.0191 0.0169 0.0233 0.0239 0.0208 0.0161 0.0109
J'(0s5;05)/x 0.0365 —0.0004 —0.0249 —0.0345 —0.0331 —0.0269 —0.0198 —0.0130
J(ss;s5)/x 0.0787 —0.0204 —0.0489 —0.0490 ~0.0413 —0.0318 —0.0230 —0.0167
Ja''(ss;50)/k 0.0533 0.0894 0.0935 0.0872 0.0706 0.0532 0.0367 0.0253
Ja' (55 0s)/x 0.0581 0.0109 —0.0098 —0.0213 —0.0219 —0.0183 —0.0132 —0.0102
Ja'(:0; s5) [ —0.1286" | —0.1031 —0.0728 —0.0457 —0.0206 —0.0097 —0.0033 +0.0004
Ja'(ss;00) /x 0.1004 0.0530 0.0314 0.0358 0.0358 0.0277 0.0184 0.0155
Jo"'(50; 0)/k 0.1006 0.0852 0.0686 0.0392 0.0209 0.0091 0.0051 —0.0007
Ja'(50; 05) /x 0.0052 —0.0030 —0.0110 —0.0002 0.0061 0.0091 0.0089 0.0113
Ja"'(00; ss) /x 0.0004 —0.0924 —0.1020 —0.0845 —0.0692 —0.0451 —0.0286 —0.0168

TasLe IX. J, J’, and J" integrals for 11 states.

a a=3 4 5 6 7 8 9 10
J(11; s5)/x 0.1502 0.0517 0.0152 0.0025 —0.0012 —0.0015 —0.0013 —0.0011
J(s1;s1)/x 0.0651 0.0558 0.0464 0.0377 0.0300 0.0237 0.0187 0.0146
J'(ss;11) /x 0.0624 —0.0245 —0.0446 —0.0400 —0.0296 —0.0193 —0.0123 —0.0069
J'(s1;81) /x 0.0591 0.0464 0.0337 0.0239 0.0157 0.0097 0.0059 0.0036
J(ss;11) [k 0.0957 0.0058 —0.0127 —0.0175 —0.0174 —0.0115 —0.0049 —0.0061
J"(1s;s1)/x 0.0627 0.0539 0.0408 0.0337 0.0247 0.0180 0.0133 0.0091
J"(s151s) /x 0.0675 0.0573 0.0496 0.0397 0.0319 0.0240 .0.0179 0.0141
J"(11; s5) /x 0.1184 0.0160 —0.0222 —0.0315 —0.0317 —0.0258 —0.0199 —0.0154

TaBLE X. H;'' for 2 states.

a a=3 4 5 6 7 8 10
Hu'/x 0.1155 0.0719 0.0421 0.0363 0.0384 0.0361 0.0223 0.0163
Hau'/x 0.1575 0.0780 0.0215 —0.0136 —0.0237 —0.0185 —0.0117 —0.0077
Hi'/x —0.0884 —0.0490 —0.0219 —0.0296 —0.0399 —0.0429 —0.0399 —0.0350
Ha'/x —0.1720 | —0.1009 —0.0484 —0.0157 —0.0067 —0.0102 —0.0148 —0.0155

TasLe XI. Hyy' for 11 states.

a a=3 4 5 6 7 8 9 10
Hiu'/k 0.1696 0.1387 0.1048 0.0721 0.0497 0.0312 0.0184 0.0106
Ha'/k ~0.0132 —0.0159 —0.0183 —0.0156 —0.0127 —0.0089 —0.0059 ~0.0040
Hs'/x —0.1147 —0.0496 —0.0028 +0.0278 +0.0389 +0.0361 +0.0284 -+40.0222
Ha'/k 0.0093 0.0119 0.0167 0.0162 0.0165 0.0155 0.0137 0.0118

TaBLE XII. Ngi for 2 states.

a a=3 4 S 6 7 8 9 10
Nu 0.1773 0.2637 0.3497 0.4401 0.5370 0.6356 0.7281 0.8073
Na 0.1183 0.1427 0.1348 0.1052 0.0702 0.0411 0.0215 0.0102
Na —0.0895 —0.0617 —0.0017 —+0.0604 -+0.1015 +0.1151 +0.1072 +0.0877
Na —0.1183 —0.1427 —0.1348 —0.1052 —0.0702 —0.0411 —0.0215 — .0102

TaBLE XIII. N;1 for 1T states.

@ a=3 4 5 6 7 8 9 10
Nu 0%8(8)3 0.3359 0.4684 0.5938 0.7032 0.7918 0.8595 0.9086
N 0. — — — —_ — — —_
N:: —0.1500 —0.1902 —0.1973 —0.1771 —0.1418 —0.1037 —0.0704 —0.0451
Na 0.0000 — _ — — — _— _—
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TasLE XIV. Energies.

o a=3 4 5 6 7 8 9 10
(1/k) (2SN —Eq)| 0.1435 (0.0100) | —0.0193 | —0.0452 —0.0500 [(—0.0520) | —0.0528 —0.0468
(1/5) 2SN —Ep)| 0.4738 0.2267 0.1353 0.0719 0.0453 0.0292 0.0106 0.0050
(17x) 0ZAN —Eg)| 1.059 0.4908 0.2156 0.1152 0.1064 (0.1020) 0.0984 0.0799
(17x) 624N —Ep)| —4.1589 —1.4500 —0.0721 -+0.3768 -+0.3229 —+0.1992 -+0.1023 +0.0622
(1/x) (SN —Eq)| 0.8733 0.5841 0.3703 0.2412 0.1646 0.1074 0.0692 0.0470
(1/x) (SN —Ey)|  1.0068 0.6390 0.3821 0.2383 0.1511 0.0882 0.0494 0.0290
(1/x) (AN —Eg)| 0.7305 0.3051 0.1091 0.0162 —0.0218 —0.0327 —0.0318 —0.0287
(1/x) (TLAN —Ep)|  0.8560 0.4108 0.2142 0.0987 0.0473 0.0218 ( 0.0136) (0.0060)

DiscussioN

The potential energy curves indicate that a stable beryllium molecule may
be formed when a normal beryllium atom interacts with one in the 2s2p 1P
state. There result two attractive states, I and !X, of which the 'Z is the
lower. This confirms the rule!! that those states tend to lie lowest which have
the smallest value of 2m,(z), where m,(Z) denotes the component of orbital
angular momentum of the 7th electron in the direction of the internuclear axis.
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Fig. 1. Energy curves for Bes.

For small values of the internuclear distance, the 3ZAY curve, which in-
dicates a repulsive state for large separations, behaves erratically. This prob-
ably means that the Heitler-London method is not applicable in this region.

An investigation has been made of the interaction of a normal lithium
atom with one in the 2p %P state. The integrals J(pp,ss), J'(pp,ss), J(ps,ps),
and J'(ps,ps) occur in the energy expressions. It has not been possible to at-
tain good agreement with experiment,®® the most glaring discrepancy being

1B F, W. Loomis and R. E. Nusbaum, Phys. Rev. 38, 1447 (1931).
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for the MISY state, which according to the calculations is repulsive, and ac-
cording to experiment is attractive. We would accordingly not regard the re-
sults obtained for the I state in Be; as conclusive, but those for the 12 state
are probably more correct. The anomaly in Li, is being studied more closely,
and it may be necessary to apply other methods to obtain agreement.

As has been seen, the energy expressions for Be; involve many terms, since
the interaction process is quite complicated. If an attempt were to be made to-
extend the calculations to B, the degree of complication would increase tosuch
an extent that it is quite doubtful whether or not the results would have much
meaning. From the results obtained in this and previous articles, it seems
reasonable to suppose that in order to have the most stable B, molecule, one
of the atoms should have the electron configuration 2s2p2.

In conclusion, it appears that the general many-electron problem for
homonuclear molecules is still far from solution, and that much more power-
ful methods than that of Heitler and London must be developed before prog-
ress can be made. For heteronuclear molecules. the situation is even less
satisfactory.

Correction:—The Z states in this article have been assigned the wrong
symmetry in the nuclei. This error arises essentially because the wave func-
tion a, + b, is of the character SV for II states, biit AV for 2 states.

For p = 0,

Jap + b,)(as + bo)do = S}* 4 Si? = 0.

The convention followed is that the directions ®, = 0 and ®, = 0 are to be
the same, and not opposite to each other. This correction also applies to the
IT states of a previous paper'! by of the writers.



