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in the calculation. Finally we remark that the extension
of the basic results (5) and (6) to an actual solid is
trivial; as Hubbard has remarked, one need only in-
corporate the appropriate solid dielectric constant in
these expressions.
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For actual metallic densities the higher order exchange terms
(which are negligible in the high-density limit) actually cancel
one-half of the direct terms for the short-wavelength momentum
transfers of interest in this domain. For a detailed discussion of
this point we refer the reader to a forthcoming paper by us.
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'HE e'ry corrections to the energy levels of the
two-electron atom have been studied and tech-

niques have been developed for calculating at least
some of the corrections of order n4ry. The starting
point has been a "mixed gauge" Bethe-Salpeter equa-
tion, extended to the case where an external field is
present. The term "mixed gauge" refers to the fact
that interaction between the electrons is described in
Coulomb gauge while self-interaction is treated in
covariant gauge. A general proof has been obtained
that such a mixing yields correct results in the calcula-
tion of energy levels. ' The correctness of previous
calculations for hydrogen' and for positronium, ' in
which some terms were calculated by comparison with
the corresponding, non-hole-theoretic Breit equation, 4

has been incidentally confirmed.
The increase 6$"of the nonrelativistic energy 8' due

to relativistic and quantum-electrodynamic sects is
expressible as the expectation value of certain operators
with p, the Schrodinger-Pauli wave function which

DW= (AW) 2,v+ (A W) *,v+0(rr' Inrr ry), (2)

where (hW) 2,v is obtained in agreement with previous
work on the n' ry corrections. ' The general formula for
(hW) 8„ is lengthy. ' For a singlet 5 state, with wave
function of the Hylleraas-Kinoshita type, r i.e. (in
atomic units)

we find
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where E»", E~"', and E3" are quantities defined in
reference 5, ko is an average excitation energy defined
by Kabir and Salpeter' and evaluated by them for the
ground state of helium, and
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The terms in the first line of Eq. (4) have already
been obtained and evaluated by Kabir and Salpeter'
for the ground state of helium. Their results combined
with the results of Kinoshita' for W and (hW) m, v have
previously yielded a value of 198 310.38 cm ' for the
ionization energy of helium. ' We have evaluated the
remaining terms in Eq. (4) by using Kinoshita's values'
for k and Ei'" in the second line of Eq. (4) and the
6-parameter wave function of Hylleraas' in the last line
of Eq. (4). We find an additional contribution to
(hW) a,v of amount 0.072 cm '. The theoretical value
for the ionization energy thus becomes

Jth„,= 198 310.31 cm (7)

which may be compared with the experimental value"

J,„p=198310.5&1 cm '.

The uncertainty in J&h„, comes mainly from uncer-
tainty in the values of W and (DW) 2,v, as has been
discussed by Kinoshita. The agreement between (7)

satisfies
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One finds
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and (g) is of course very satisfactory but an increase
in the knowledge of the precision of the present values
of W and (DW), ~,„and in the precision of Eq. (8)
would be very desirable, if the combined results of
Kabir and Salpeter' and of the present calculation are
to be put to a more severe test."

A detailed account will be published. Professor H. M.
Foley suggested this work and his constant advice and
encouragement are gratefully acknowledged. Thanks
are due Professor N. M. Kroll for many profitable
discussions.
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"As this work was being completed, there appeared a paper by
H. Araki [Progr. Theoret. Phys. Japan 17, 619 (1957)g in which
the same problem is considered. Although the approach of Araki
differs in many details from ours, as does the appearance of his
inal formula, the results are in fact the same. This tends to conirm
the correctness of both calculations.

50—
1 I l I I I I

20-

io—

o
lh

E OI5,
lO
C0
+ Olo-

x
I
I

I
I

1 I I I

xII
xx

oos —
~'g, x

R. T. Before Anneal

R. T. After Anneal

L.N. After Anneal

O.Ol—

I

5 IO

Navelength (micron)

50

FIG. 1. Percent transmission as a function of wavelength for a
p-type silicon sample irradiated with 8.5)& 10"cm ' fast neutrons.
The sample had originally a resistivity of 0.007 ohm cm at room
temperature. The anneal consisted of heating at 145'C for 80
minutes in vacuum.
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' "T was observed by Becker, Fan, and Lark-Horovitz'
~ ~ that irradiation by fast neutrons or high-energy
deuterons produces in silicon an absorption band with
a peak at about 1.8 rnicrons. A second effect observed
was an apparent shift of the intrinsic absorption edge
toward longer wavelengths. Both effects were found to
be roughly proportional to the irradiation. The absorp-
tion band which was attributed to the excitation of
defect centers in the lattice has been observed also in
electron-irradiated samples. ' Three additional effects of
fast-neutron irradiation have been found. (1) An ab-
sorption band is produced at 20.5 microns with weaker
bands at longer wavelength. (2) An absorption band is
observed at 3.9 microns. It becomes more pronounced
after the irradiated sample has been annealed at some
elevated temperature. (3) Annealing may cause a
general decrease of infrared transmission. This effect
was first observed by Longo. '

Figure 1 shows the transmission curves for a neutron-
irradiated sample (1.2&&10 ohm cm after irradiation),
before and after an anneal at 145'C in vacuum for 80
minutes. Two of the absorption bands in normal silicon,
the most prominent lattice band at 16.5 microns, and
the 9-micron band due to the presence of oxygen, are
seen in these curves. The strong 1.8-micron band, pro-
duced by the irradiation, is seen at the short-wave-
length end of the curves. The newly observed band at
3.9 microns is seen to be more pronounced after the
anneal, especially in the low-temperature curve. The
additional band found at 20.5 microns with two weaker
bands at longer wavelengths are also shown by the
curves.

The strongest of the additional bands at long wave-
lengths is close to the normal 16.5-micron lattice band.
This band at 20.5 microns is insensitive to temperature
as shown clearly by the curves in Fig. 2. The apparent
decrease of this band at the lower temperature is
entirely accounted for by the diminished background of
normal lattice absorption4 in this wavelength region.
The 16.5-micron band, which decreases with decreasing
temperature, 4 is seen to be stronger than the 20.5-
micron band at room temperature but comparatively
smaller at the lower temperature. The normal modes of
silicon are optically inactive due to the crystal sym-


