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The retarded van der Waals potential between pairs of spinless atoms, H-H, H-He, He-He,
Ne-Ne, Ne-Ar, and Ar-Ar, was computed with covariant formulas of Feinberg and Sucher.
Electric and magnetic effects were treated on equal footing. For hydrogen, which posses-
a large magnetic polarizability, magnetic effects dominate for large distance of separation,
and for small distances, an additional contribution to the London constant for a pair of
hydrogen atoms from the magnetic effects is found to be 0.0155na5, about 0.24% of the cur-
rently accepted value.

I. INTRODUCTION

Recently, using a model-independent approach,
Feinberg and Sucher' have obtained a covariant for-
mula (hereafter, the FS formula) for the retarded
long-range electromagnetic interaction potential
(the retarded van der Waals potential) between a
pair of spinless and neutral particles, separated
at a distance R on the assumption that the long-
range force is due to two-photon exchange. This
potential is written as

Vz„' (R)= Z Vx„(R), (1)
X, Y

where X, F= E or M corresponding to electric or
magnetic effects, and

~)B
x, F (4&)4/R
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where
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Pea('0)=P„M(0) = tl + 2ti + 5q + 6@+3 )

PEN(ti) = PMz(q) = —(q y 2'ti + q ) .
(~)

(7)

Cxr= (1/Sw )Px„lo" d(u f(z(uR)

x[Re Ex (&u) hnFsr(~)+ lmFx" (ru) HePsr(~)]

The expression in (5) can be transformed to the
familiar integral over imaginary frequency and to
a one-dimensional integral over the real and imag-
inary parts of the Compton amplitude at real fre-
quencies, ' namely,

where 4 x Y' is a phase-space factor, the p's the
spectral functions of the corresponding form factors
in the atomic Compton amplitude, and o' and t de-
note, respectively, the invariant c.m. energy
square and momentum transfer square of the
Compton process. To a first approximation, we
can put'

where

f(x) = coex six —sinx cix,

&EE=&M'M=m~ &Z-4~ &Z+r~ &a-3~~R+3,

(10)

px(&, t) as px(&)=px(&, t=o) .
Then Vx„ in (2) simplifies to

(3) EM ME X6~ R+ 4~ R 4+ R ~

oy oo 1 4 4 1 3 3 1 2 2

It has also been shown by Sucher and O'Car-
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dEE = 23 aE nE/8CEE, (13)

where uE is the static electric polarizability of
the particle A. Feinberg and Sucher give simi-
lar conjectured formulae to C«and C«. They
conjecture

C„„(R)=- C„„(2/v) tan (d EE/R), (14)

where C„„=CM„(R-0),

roll that there exists a simple interpolation for-
mula C~E(R) for the function CEE(R),

Css(R) = C«(2/v) tan ' (dEE/R), (12

where C«=CEE(R-O), and d» is a characteristic
length defined by

where (&u, k, e) and (&u', k', 8) are the energies,
momenta, and polarizations of the incident and
outgoing photons.

The electric and magnetic form factors are re-
lated to A and B in the following way':

EM((u, 8) = 4w-a(&u, 8), (21)

J'E(&u, 8) = 4nA((u, 8)/&u(u'+ 4~B((u, 8) cos8 . (22)

The V,p„part of the interaction Hamiltonian is
unimportant for the atoms considered except hy-
drogen which exhibits a hyyerfine transition due
to V»i, . The state functions of the atom consist
of a spatial part, a spin function of the electron,
and a spin function of the proton, i.e. ,

dMM= 2»M &4/8CMM )

and &M is the magnetic counterpart of E;

(15) ~

n& = ~nlm&e &(e) e S(p) .
The ground state of hydrogen is

~0& = ~100&
~
n(~) P(f) P(~)—o'(f) &,

(23)

|dME dME/Rc (z~=-z c„,—tan „-1 d &„),

II. CONSTRUCTION OF E AND M FORM FACTORS

The interaction Hamiltonian for the process of
emission and absorption of photons by atoms is
taken to be, according to the Pauli theory of the
electron spin,

Veyat ia? + Vspin

V,~,«~=(-e/m)P X+e~A /2m~,

V„,.=p~g v'xA,

(19a)

(19b)

(19c)

where pa = e/2m is the Bohr magneton and o is
the Pauli matrices.

In general the Compton amplitude is of the form

f (ur, 8) =A (ru, 8)c ~ e '+ B(&u, 8) 7 k'e ~ k, (20)

where

CME = —lim CME(R)/R
0

and

dME = (21nM o'E/16CME)' (18)

p similar expression for CE„(R) is just given by
interchanging the subscripts E and M.

C» has been evaluated for H-H with both the
one-dimensional formula in (8) and the triple-in-
tegral formula in (2). The results agree to within
0. 5%. The discrepancy is due to an improvement
of the computer program when we evaluate the
triple integral. The results quoted in Table I are
from the triple integral. We have also evaluated
CEM" and C« for pairs He-He, He-H, Ne-Ne,
Ne-Ar, and Ar-Ar, with the triple-integral for-
mula. In some cases, we have compared the in-
terpolation formula. The results are given in Ta-
bles I to VI.

namely, the E=0, m+ ——0 state, E=J+s, where
s, I denote electr'on and proton spins, and n and
P indicating up and down spine. It can be shown
that in the dipole approximation, V,p„contributes
only to EM and Vepatiz] contributes only to EE.
With the inclusion of retardation, both V~„and
V„,«„ contribute to EE and F„. However, con-
tributions from V„„to EE and E„are smaller than
the contribution from V,p,«„ by a factor of + to the
same order in g, the invariant momentum transfer
square. Hence the dipole approximation is always
retained for V,„,and we shall call the part of the
magnetic form factor due to V„,«,& to be EM «„
the diamagnetic part of the magnetic form factor.
For systems considered here, other than those
that involve hydrogen, the retarded van der Naals
potential is accurately given by —CHE(R)/R, since
neglected terms are of order aa smaller.

III. 8-H SYSTEM

For hydrogen, we have evaluated the real and
imagina. ry parts of the form factors with the in-
teraction in (19) and the identification from (20)
to (22) using the dipole approximation, and, when
photon energy is below the threshold, the Breit-
Wigner formalism, i.e. , by replacing the energy
of the intermediate state En by En &iI'n~ where
l"„ is the total decay width. We obtain

+ — , (25)
1 2

co+ (dn (4)N

2w+ ~ gI „ImFE(~) = ~ + ~nfno ( )s
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2m Z (d„f„o 5((d —(d„),
m n

(28)
are the familiar oscillator strength and partial.
decay widths;

mG 1 —co„
ReEM((d) = z

——
( )z

(27)
PQ g 1I 7t'

2

ImEM((u) = z ( )z
—

z = z- 5((u —(un),
(co —~) + gI H PE

(29)

I „,= ~ ~'„
f

&0
f
z fn) f

' (30)

(28)
where we have made use of the smallness of the
decay width F and replace the second factor in
(19a) and (21a) by w times a 5 function, and where

f„,= 2m(u„ f&0 fz fn& f',

~H = &420~ &O' Hz (31)

is the hyperfine transition frequency and 1H is the
width of the upper hyperfine state. g „' indicates
a sum over the discrete states and an integral
over the continuum. The real and imaginary parts
of the E and M form factors constructed in this
fashion verify a dispersion relation numerically
for hydrogen. Moreover, we shall approximate

1

(32)
in the term that occurs in ReFEImFE and in
ReFM ImF„. Then we arrive at

ReER((d)lmEs((u) = 4 ~ a 5 (~ ~n) 4 ~ + .,~ - "+~~

x " " 5((u —(u„) ++ z
" 5((u —(d„) C((u) +ReEE ((u) ImEE((u) 8((d —(u,„), (33)

(O~ (d~ fI CO (d~

where (u,„ is the threshold frequency, C((u) is the
contribution to the real part for w & ~&„from con-
tinuum states, and BeEz((u& (u,h) and ImEz((u & (u,„)
are given by Gavrila. Because of the & function

present we only need to know C((u) at the reso-
nances. This has been evaluated for the first 100
resonances. Vfe similarly introduce the derivative
of the & function in ReFMImFM. Together with

Pzz f(2(uR) =PM'Mf(2(dR)= P(2(dR) =(3—5—(d B +(d R )f(2(uR)+(6(dR —2(d B )g(2oR)++ (uR —z(d R, (34)

Ps'Mf(2(uR) = P'Mzf(2(dR) = Q(2(uR)'= —((u R —(d R )f(2(dR)+ 2(u B g(2(dR) —f (dR+ z (d R (35)

I' 5a'
2(dB ( (d

63R~

2
3- (36)

P'J M(f 2(uR)= 2(uRzf(2(dR)+ (4(uzRz —2(u4R5)g(2(uR) —+R+ z(dzR (37)

where

we obtain

g(z) = —ciz cosz —siz sinz

"g —
( g g) ( g

—
g +R)fm&R+(~ — )g(24IQ)+(4 8

—
2 )
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+ 0
)

d(d Ref((0) 1mf(&0), P(2&uR)
2

~ th C0

where contributions from continuum states are written explicitly; c(n) is the contribution to the real part of
the electric form factor from continuum states at the nth resonance, and Ref((d) and Imf((0) are the real
and imaginary parts of the forward-elastic-scattering amplitudes as given by Gavrilav

P

"M (R)= — f(2tt g) )
')tt ))'~at))4)+g(2ldtt)))(BR —6tdttR +2tu„R )+16R —ta„R

v 4m' " ((oH
(40)

~+

CEM(R) = EE
—

f(2&@MR)(&@HER —&uHR )+ 2&uHR0g(2&()HR) ——&uHR+ —(dHER3 — n0opHQ "00- Q(2~„R)

(41)

where nE is the electric dipole poiarizability.
Next, we examine the asymptotic form with the

triple-integral formula and use the &-function ap-
proximations (I) and (26) in (5). For R much
less than I/u-a/n, we find

nM = n/25$ (()H (45)

lim CH«" (R) =-RE(-,' n' ~'(0„),
B"0

(46)

as predicted by Feinberg and Sucher. In addition
we get

EE E 0 20)A+B(+A+ (0B) (42)
lim C«HH(R) = 3o)'a'/16' .

which is the form of the London constant. For
R-, we obtain

lim CEE™(R)= -- — nE nM
R~~ 4' (43)

~H ~H
CH ™(R) M M

where

TABLE I. van der Waals potential (E-E part) between
a pair of H atoms. Q) indicates a multiplicative factor
10" (this applies to all tables henceforth). Cqq is in
units of &a .

E(luation (46) gives the magnetic analog of the
London constant for a pair of H atoms. In mag-
nitude it is 0.015496na', which is about 0. 24% of
the currently accepted value of the London con-
stant for a pair of H atoms.

It is also interesting to note that on inserting the
5-function approximation for ImEE into the expres-
sion for CEE in (5), we obtain the same integral
as given by Casimir and Polder. This will be
denoted as the Feinberg-Sucher-Casimir-Polder
(FS-CP) integral formula. Analogous formulas
are obtained for C«and C M when we use the 5-
function approximation for Im EM in (5). We have
also calculated CM a~ -M, di and C«"~, by identify-

FS formula Arctan formula

1.0
10
25
50
75

100
250
500
750

1000
1200
1 500
2 000
3 000
4 000
5 000
6 000

10000
15 000
20 000
50 000

100000

cgH

6.5095
6.5072
6.4960
6.4610
6.4106
6.3487
5. 8600
4.9853
4.2429
3.6506
3.2666
2. 8057
2.2544
1.6098
1.2238
9.9215 (-1)
8.3730 (-1)
5. 0556 (-1)
3.3818 (-1)
2. SS94 (-1)
1.017& (-1)
5.0864 {-2)

CHWR

6.5095
6.5072 (1)
1.6240 (2)
s.2sos (2)
4. sove (2)
6.3487 (2)
1.4650 (3)
2.492v (3)
3.1822 (3)
3.6506 (3)
3.9199 (3)
4.2085 (3)
4. 5088 (3)
4. s2es (s)
4. 8951 (3)
4. 9607 (3)
s. o2ss (s)
5. 0556 (3)
s. ov2v (3)
5.0788 (3)
s. oss4 (s)
0. 0864 (3)

CH H
:EEI

6.5056
6.4752
6.4245
6.3400
6.2557
6. 1716
5.6751
4, 9038
4. 2333
3.6730
3, 2981
2. 8386
2. 2781
1.6071
1.2320
9.9604 (- 1)
8.3491 (-1)
s. os32 (—1)
3.3781 (-1)
2. 5360 (-1)
1.0155 {-1}
5. 0781 (-2)

CH HREE

6.5056
6.4752 (1)
1.6061 (2)
3.1voo (2)
4. 6918 (2)
6.1716 (2)
1.4188 (3)
2.4519 (3)
s. 1vso (3)
3.6730 (3)
3.9578 (3)
4. 2580 (3)
4. 5561 (3)
4. 8212 (3)
4. 9279 (3)
4.9802 (3)
5. 0095 (3)
5. 0532 (3)
5. 0671 {3)
5. 0720 (3)
s.ovv4 (3)
5. 0781 (3)

Fs formula Arctan formula

R ill dMM CMM

1(-4)
1(-3)
1 (-2)
s (-2)
0. 1
0.5
1
1.5
2. 0
3.0
5.0

10
20
40

100
500

I.5480 (-2)
1.s4so (-2)
1.s4vs (-2)
1.ss32 (-2)
1.4991 (-2)
l. 1123 (-2)
7. 7265 (-2)
5.7744 (-3}
4. se2o (-s)
3.1591(-3)
1.9421 (-3)
9.8177 (—4)
4. 9228 (-4)
2. 4es1 (-4)
g. ss4s (-s)
1.9710 (-5)

c~
2.3675 (4)
2. seve (5)
2.3644 (6)
1.1V24 (V)

2. 292V (V)

8.5052 (7)
1.1817 (8)
1.S2V4 (8)
1.4046 (8)
1.4494 (8)
1.4851 (8)
1, 5051 (8)
1.5057 (8)
1, 5068 (8)
1.sov1 (8)
l. 5072 (8)

1.S4V9 (-2)
1.54vo (-2)
1.5382 (-2)
1.4988 (-2)
1.4498 (-2)
1.Og11 (-2)
7.7400 (-3)
s. vg4v (-3)
4. 5692 (-3)
3.1708 (-3)
1.94ss (-3)
g. S223 (-4)
4. e2sv (-4)
2. 4es2 (-4)
9.8546 (-5)
1.ev1o (- s)

C)g~R

2. sevs (4)
2. sese (s)
2. 3524 (6)
1.1461 {7)
2. 2172 (7)
8.s4ss (v)
1.1ssv (8)
i..s2es (s)
1.3976 (8)
1.4548 (8)
1.4svs (s)
1.5022 (8)
1.5059 (8)
1.5069 (8)
1.5071 (8)
1.sov2 (s)

d~ ——1.5293 x 10 a. "CMM is in units of &a .

TABLE II. van der Waals potential (M-M part) between
a pair of H atoms.
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TABLE III. van der Waals potential {E-Mpart) between
a pair of H atoms.

FS formula Arctan formula

R ill dEM

1(-e)
1(-s)
1(-7)
1 (-6)
1 (-5)
1 (-4)
1 (-3)
1(-2)
0. 1
1
3

10
20
40

100
500

1 000
10000

100 000
1 000000

2. evs4 (-20)
2. 6764 {-18)
2. 6570 (-16)
2.4804 (-14)
1.s040 (-12)
2. 7321 (- 11)
2. 8026 (-10)
2. 8031 (-9)
2. 8013 (- 8)
2. v828 {-v)
8.2269 (- 7)
2. 6073 (-6)
4. 8621 (-6)
8.5083 (-6)
1.4s4v (- s)
1.5253 (-5)
9.9204 (-6)
l.1349{-6)
1.1367 (-7)
1.1368 (-8)

dEM=2. 3442&&10 a.

-CEMR

6.2740 (-22)
6.2740 (- 19)
6.2740 (-16)
6. 2740 (-13)
6.2740 (-10)
e. 2v32 (- 7)
6.3660 (-4)
e.2942 (-1)
5.4805 (2)
l. 1399 (S)
2. 3456 (5)
2. 6312 (5)
2. 6548 (5)
2. 6608 (5)
2. 6624 (5)
2. 6628 (5)
2. 6629 (5)
2. 6629 {5)
2. 6628 (5)
2. 6628 (5)

ts of ~a'.

—CEMR

2. ev64 (-20)
2.ev64 (-18)
2.6764 (- 16)
2.6764 (- 14)
2.6763 (-12)
2.6760 (- 10)
2.6730 (- 8)
2. 6423 (-6)
2.3379 (-4)
4. 8267 {-3)
3.33S3 (-3)
1.1224 (-3)
s.ee24 (-4)
2. 8376 (-4)
1.1258 (-4)
2.2718 (-5)
1.1359 (-5)
1.13se (-6)
1.1359 (- 7)
1.1359(- 8)

6.2789 (-22)
e.2v43 (-19)
e.2287 (-16)
5.8146 (-13)
3.5257 (-10)
6.4046 (- 8)
6.5698 (-6)
6.5712 (-4)
6.5669 (-2)
6.5235
s. vssv (1)
e. 1122 (2)
2.2vee (3)
v. evs2 (3)
3.4804 (4)
1.vsve (s)
2. 3256 (5)
2. 6604 {5)
2. ee4s (s)
2. 6648 (5) ..

bC EM is ln uni

ing the diamagnetic form factor from the expres-
sion for the elastic hydrogenic Compton amplitude
given by Gavrila and Costescu.

IV. SYSTEMS INVOLVING He, Ne, AND Ar

For atoms other than hydrogen, the atomic wave
functions are not so accurately known and it is not
possible to construct the form factors in the way
we have done for hydrogen. However, in the atoms

we are considering i.e. helium neon and
argon, the electric form factors are of order 1/n~
larger than the magnetic counterpart for interest-
ing range of energies and so although a measure
of the total cross section gives EE+EM, we are
justified to claim that the cross section measures
EE. Referring back to Eg. (26), we write

~g Z ~,AO &(~- ~,)+Z (I„+v)—

(4g)
where I„ is the ionization threshoM energy for the
nth channel of excitation and v is the energy of the
photoelectron. For example, in He it would cor-
respond to exciting the ground state to a (ns, vP) 'P
state.

For energies greater than the photoelectric
threshold, we have constructed ps(&) for He, Ne,
and Ar by analyzing the available data on the photo-
absorption cross section of these gases. For the
discrete oscillator strengths, experimental values"
are adopted whenever available; for higher excited
states, the oscillator strengths are estimated by
extrapolation. 4 Autoionization states are treated as
discrete transitions superimposed on the continuum
in the way prescribed by Madden eg al. '3 The spec-
tral function p so constructed is tested with the
oscillator strength sum rules:

S(n) = Q'f„(E, —E,)" .
Similar analyses have been done by Delgarno and

TABLE IV. RCM di~ d«and RCz~ „ia as calculated by the FS formula. The results, calculated by the arctangent
i,nterpolation formula, are in the 3rd and 5th columns.

0.100 (-02)
0.100 (02)
0.200 (02)
0.300 (02)
0.400 (02)
0.500 (or,)
0.V50 (02)
0.100 (03)
0.250 (os)
0.500 {03)
0.750 (03)
0.100 (04)
0.125 (04)
0.150 (04)
0.200 (04)
0.400 (04)
0.100 (05)
0.500 (05)
o.100 (06)
0.100 (07)

H HRC M, dia4f, dia

0.3809 (-12)
0.ss04 (-os)
0.7584 (-08)
0.1132 (-0V}
0.1500 (-07)
0.1se2 (-ov)
0.2vsv (-ov)
0.3564 (-07)
0.7557 (-07)
0.1153 (-06)
0.1ses (-oe)
0.1494 (-06)
0.1572 (-06)
0.1624 {-06)
0.1ese {-oe)
0.1v55 (-06)
0.1778 {-06)
0.1783 (-06)
0.1783 (-06)
0.1783 (-06)

RCM, dia-M, dia

0.3809 (—12)
0.3776 (-08)
0.7487 (-08)
0.1113 (-07)
0.1471 (-07)
0.1822 (-07)
0.2672 (-07)
0.s4s1 (-ov)
0.7536 (-07)
0.1180 (-06)
0.1410 (-06)
0.1537 (-06)
0.1e11 (-oe)
0.1657 (-06)
0.1708 {-06)
0.1763 (-06)
0.1779 (-06)
0.1782 (-06)
0.1783 (-06)
0.1783 (-06)

H-H
RC EM, dia.

0.3473 (-1S)
0.sos2 (-oe)
0.2218 (-05)
0.ev95 (-05)
0.14V1 (-04)
0.2esv (-04)
o.vsoe (-04)
0.144V (-0S)
0.9579 (-03)
0.2V4S (-02)
0.4275 (-02)
0.5412 (-02)
0.6234 (-02)
0.6836 (-02)
o.vess (-02)
0.8691 {-02)
0.9084 {-02)
0.9163 (—02)
0.M.ee (-02)
0.9166 {-02)

H-HRC EM, dia

0.472 (-1S)
0.3seo (-oe)
0.2599 (-05)
0.8474 (-05)
0.1938 (-04)
0.3650 (-04)
0.11ro (-03)
0.2401 (-OS)
0.1922 (—02)
0.5063 (-02)
0.6802 (-02)
0.7683 (-02)
0.s162 (-02)
0.secs (-02)
0.8744 (-02)
0.9050 (-02)
0.9140 (-02)
0.9157 (-02)
0.9157 (-02)
0.9158 (-02)
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TABLE V. van derWaals potential tE(He)-M(H) part]

be@veen a He atom and a H atom as calculated hy the FS
formula.

0.1 (01)
0.1 (02)
0.5 (02)
0.1 (03)
0.5 (03)
o.x (oc)
o. 5 (o4)
o.x (o5)
o.5 (o5)
o.x (oe)
o. 5 (oe)
o. x (ov)
o. 5 (ov)
0.1 (08)
o.5 (os)
o. x (o9)
o.5 (o9)
0.1 (10)
0.5 (10)
o.x O.x)
o.5 (11}
o.x 0.2)
o.5 (12)
o.x (xs)
o. 5 (xs)
o.x {14}
o.5 {xc)
o.x (15)
O. 5 (15)

CHe-H
EM

0.3612 (-16)
o.sscs (-14)
0.6397 (-13)
0.1981 (-12)
0.1683 (-11)
o.35v5 (-11)
0.1834 (-10)
0 ~ 3670 (-10)
0. 1836 (-09)
0.3671 (-09)
0.1836 (-08)
0.3671 (-08)
o.xsss (-ov)
0.3660 (-07)
0.1807 (-06)
o.3559 (-oe)
0.1577 (-05)
0.2739 (- 05)
0.5550 (-05)
0.4996 (-05)
0.1578 (-05)
o.sxcs (-oe)
0.1636 (-06)
0.8181 (-07)
o.xese (-ov)
0.8182 {-08)
o.xese (-os)
0.8182 (-09)
0.1636 (-09)

gHeHR
EM

0.3612 (-16)
o.sscs (-xs)
o.s19s (-11)
0.1981 (-10)
o.scxv {-o9)
o.s5v5 (-os)
0.9168 (-07)
0.3671 (-06)
o.9xv9 (-o5)
o.sev2 (-oc)
o.91vs (-os)
o.sevx (-o2)
o.9xe5 (-ox)
0.3660 (00)
0.9036 (01)
0.3559 (02)
0.7888 (03)
0.2739 (04)
O. 2VV5 (O5)

0.4996 (05)
0.7889 (05)
o.sx48 (o5)
0.8179 (05)
o.8181 (o5)
0.8182 (05)
0.8182 (05)
0.8182 (05)
0.8182 (05)
0.8182 (05)

Kingston' and by Barker and Leonard' in the cal-
culation of the London constants. %e obtain the
values

S(0) = 9.667, S(- 1)= 1.819,

S( —2) =0.632 for Ne.

S(0) =16.76, S(-1)=4. 39,

S(- 2) = 2. 686 for Ar,

compared with the values 9.95, 1.899, and 0.67
for Ne and 18, 4.437, and 2.769 for Ar of Barker
and Leonard. '4 For He, our values agree very
well with those of Barker and Leonard. The spec-
tral functions constructed this way are then used
to compute the retarded van der Waals potential.

V. RESULTS AND COMMENTS

The retarded van der %'aals potential between a
pair of H atoms (including magnetic effects) has
been calculated in great detail and the results are
given in Tables I to IV. For the He-H and He-He
system our results agree quite well (within 1%) to
that of Karplus and Getzin. We have calculated
in addition the retarded potentials CMEHe and CEE "',
and CNE-EA and CAEEA and the results are given in
Tables V and VI. The arctangert extrapolation
formulas conjectured by O'Carroll and Sucher, and

by Feinberg and Sucher, are found to work very
well for the potentials C EE, C"„M, and CE~"'. For

e potentials CN'-Ne CNe~r and CAr-Ar
EE y EF t FE

extrapolation formula has a maximum discrepancy
of about +6/g with the results in Table VI. For the
electromagnetic part of the retarded van der Waals
potential the extrapolation formula is a rather poor
approximation.

The London constants for the pairs considered,
except for H-H where we discovered a large mag-

TABLE VI. van der Waals potential (EE part) behveen pair Ne-Ne, Ne-Ar, and Ar-Ar as calculated by the FS-CP
formula.

o.xoo (o2)
0.200 (02)
0.300 (02)
o.coo (o2)
0.500 (02)
o.v5o (o2)
o.xoo (os)
o.25o (os)
o. 5oo (os)
o. v5o (os)
o.xoo (oc)
0.125 {04)
o.15o (oc)
o.2oo (oc)
o.coo (oc)
o.xoo (o5)
0.5oo (o5)
o.xoo (oe)
0.100 (07)

CN~e

o.59os (ox)
0.5852 (01)
o.5vvv (ox)
o.569o (ox)
o.5598 (ox)
0.5349 (01)
0.5097 (01)
0.3828 (01}
0.2593 (01)
0.1925 (01)
o.15xs (ox)
O. 1249 (OX)

0.1058 (ol)
0.8060 (00)
o.cxxx (oo)
o.1654 (oo)
o.ssxo (-ox)
o.1655 (- ox)
o.1655 (- o2)

CNe-Ne REE

0.5908 (02)
0.1170 (03)
0.1733 (03)
0.2276 (03)
0.2799 (03)
0.4012 (03)
0.5097 (03)
0.9570 (03)
o.x29v (oc)
o.xccc (oc)
0.1518 (oc)
o.x5ex (o4)
o.x58v (oc)
0.1612 (04)
o.xecc (oc)
0.1654 (04)
o.1655 (oc)
o.xe55 (oc)
o.xe55 (oc)

CNg Ar
EE

0.1880 (02)
0.1869 (02)
0.1855 (02)
o.xss9 (o2)
o.182o (o2)
o.xves (o2)
o.xv12 (o2)
o.xssv (o2)
O. XOOV (O2)

o. vvsv (ox)
0.6226 (01)
0.5185 (01)
o.4430 (ox)
0.3413 (01)
o.xv5v (ox)
o.vo94 (oo)
o.1421 (oo)
0.vxov (-ox)
o.vxov (-o2)

g Ny ArR
EE

0.1880 (03)
o.svs9 (os)
0 ~ 5566 (03)
0.7355 (03)
0.9100 (03)
0.1326 (04)
o.1712 (oc)
0.3466 (04)
0.5032 (04)
o.5803 (oc)
o.622e (oc)
0.6481 (04)
0.6646 (04)
0.6826 (04)
0.7028 (04)
o.vo94 (oc)
0.7106 (04)
o.vxov (oc)
o.vxov (oc)

CA~Ar
EE

0.6428 (02)
0.6409 (02)
o.esso (or)
o.esc5 (o2)
0.6304 (02)
o.6185 (o2)
0.6050 (02)
0.5164 (02)
0.3953 (02)
o.sx29 (o2)
0.2561 (02)
0.2156 (02)
0.1856 (02)
o.xccc (o2)
0.7510 (01)
o.socs (ox)
0 ' 6102 (00)
o.so51 (oo)
o.so51 (-ox)

CAr-A'R

0.6428 (03)
0.1282 (04)
o.1914 (oc)
0.2538 (04)
0.3152 (oc)
0.4639 (04)
o.eo5o (oc)
0.1291 (05)
O. 19VV (O5)

0.2347 (05)
o.2561 (o5)
0.2695 (05)
0.2784 (05)
0.2889 (05)
0.3004 (05)
0.3043 (05)
0.3050 (05)
0.3051 (05)
0.3051 (05)
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netic contribution, agree quite well with the values
given by Dalgarno, ' who gives the following London
constants: He-H, 2. 83; He-He, 1.47; Ne-Ne,
6.3; Ne-Ar, 20; and Ar-Ar, 65. Our asymptotic
forms al.so agree very well with the measured
values of electric polarizabilities. ' In our case,
the London constant is given by gx r Cz r(R -0),
which is essentially C» (R-0) except for the H-H
system.

Ace-state approximations. As we have seen in
the computation of the C"„"„potential where we have
considered only the contribution from the hyper-
fine transition, the form of the potential comes out
to be very easily calculable. It is well known that
atomic oscillator strengths obey a series of sum

rules. In the case of sodium, we have a loose 3s
electron outside a closed core 1s 2s 3p . Essen-
tially this makes the sodium atom behave much like
an one-electron atom. Moreover, the 3s-3p tran-
sition gives an oscillator strength equal to 0.982.
In this particular ease, it is very legitimate to
adopt the one-state approximation, and we just end
up with a similar expression to C"„„"(R). However,
we have not carried out this computation numeri-
cally.
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