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SOFT X-RAY EMISSION SPECTRUM OF METALS*f
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When a metal is excited through prior bom-
bardment by x rays or electrons, removing
one of the valence-band electrons, an electron
in the conduction band can drop into the valence
hole with the emission of a soft x ray. The in-
tensity of x-ray emission as a function of the
x-ray frequency gives a measure of the width
of the conduction band of the metal and of the
conduction- electron density of states. ~ How-
ever, the determination of these properties
is compounded by electron-electron interac-
tions which modify the spectrum and give it
a tail which obscures the conduction-band width.
In addition, interactions give rise to collective
behavior such as plasma production. This be-
havior is reflected in the spectrum'&3 as a sat-
ellite emission band which appears at lower
energy since the plasmon excitation leaves less
energy available for the emission process.
Previous attempts ' to incorporate such inter-
action effects into the theory have led to re-
sults which are considerably stronger than the
experiments indicate. ~' We have applied the
apparatus of diagrammatic many-body theory
to this problem and have found that the earlier
treatments have overlooked important inter-
ference terms. When these terms are retained
the agreement with experiment is excellent.

The x-ray emission intensity is proportional
to the electron transition rate
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where one sums over all possible final states
and averages over initial states, l being the
number of initial states. The transition ma-
trix elements for coupling with the electromag-
netic field are taken between the exact wave
functions of the many-body system. Here n
is a unit vector in the direction of the field.
E& and Ey are the exact energies of the initial
and final states. The exact states are not known,

but can be approximated using the apparatus
of many-body theory with selected summations
of terms in the perturbation series.

It is convenient to rewrite Eq. (I) as the real
part of an integral over a correlation function
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FIG. 1. Typical graphs which contribute to soft
x-ray emission.

can be expressed in terms of Feynman graphs
in the usual way. Typical graphs which occur
in the present case are shown in Fig. 1. The
initial configuration of the system contains a
hole in one of the core levels. Such a hole is
represented in the figure by a downward directed
double line. The other directed lines corre-
spond to conduction-band states and can be di-
rected upwa. rd or downward depending on wheth-
er the line represents a particle in a level above
the Fermi surface or a hole within the Fermi
sea, respectively. The wavy line ending in
an X depicts the interaction with the radiation
field, and the line of bubbles indicates the dy-
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namic effective interaction between electrons:
'U (k, tu) = v (k)/e (k, (u),

where v(k) is the unscreened Coulomb inter-
action and e(k, ~) is the frequency and wave-
number dielectric constant of the electron gas
in the Lindhard approximation.

Figure 1(a) is of zero order in the electron-
electron interaction and represents the emis-
sion as given by the Sommerfield model. The
next graph, shown in Fig. 1(b), allows for in-
teraction between electrons in the conduction
band. Such terms were considered earlier by
Landsberg, ' although he calculated the inter-
action using a static screened potential which
did not allow for plasmon production. These
corrections give a finite width to the conduc-
tion-electron states and hence lead to a low-

energy tail on the emission spectrum. How-

ever, if one uses the accepted Bohm-Pines
screening length in the potential, then the tail-
ing is much too strong. Indeed, the emission
band melts into a broad weak continuum. Lands-
berg was able to circumvent this difficulty and
obtain rough agreement with experiment by
using a screening length of about half the Bohm-
Pines value. The third contribution, Fig. 1(c),
tends to increase the tailing still further, rough-

ly doubling it. This term arises from a scat-
tering or excitation of a conduction-band elec-
tron by the hole in the core state. The hole
acts as a positively charged impurity in the
metal which excites the conduction electrons
virtually. When the x ray is emitted it has a
lowered energy since some energy is left be-
hind to make the virtual excitations real. Terms
equivalent to these were included by Pirenne
and Longe' in a static approximation. They
calculated the effect of Auger processes which
leave secondary conduction electrons in excited
states as the potential in which they move changes
suddenly as the x ray is emitted and the core
impurity disappears. They also included the
Landsberg process in their calculations, but

were forced to use a still smaller screening
length and to renormalize the spectrum in or-
der to get agreement with experiment.

The main difficulty with these previous cal-
culations appears to be the neglect of Figs. 1(d)
and 1(e). These additional graphs are inter-
ference terms. They arise from a cross pro-
duct between a matrix element for core exci-
tation of the conduction band and for conduction-
electron interaction. These new terms are

of the sa.me order of magnitude as (b) and (c)
but of opposite sign. As a result, the net tail-
ing and plasmon effect is sharply reduced and
much more in accord with experiment. '&9&'

Detailed calculations of these effects were
carried out for the LII III emission spectrum
of Na. In this case the valence hole is one of
the 2P states, and the conduction electrons fill
a spherical Fermi sea. The conduction-elec-
tron wave functions are taken as plane waves
orthogonalized to the core states. However,
the orthogonalizing terms are retained only
in matrix elements including a bound-state wave
function. Thus we neglect complications asso-
ciated with keeping the conduction-band wave
functions orthogonalized, and momentum is
conserved in conduction- electron collisions.
Any errors introduced by these approximations
appear to be minor. The 2P state functions
and the orthogonalizing parts of the conduction
states are constructed from hydrogenic-type
wave functions using Slater's' rules for the

variational parameters. The resulting wave

functions are in excellent agreement, with wave

functions constructed by the Wigner-Seitz pro-
cedure. " They have strongly 3s character close
to the ion core, but remain essentially plane
waves over 90/q of the lattice cell. The ener-

gy of the bound state is taken from data of
Skinner' as 27.3 eV below the bottom of the

conduction band.
Results for the tailing and the plasmon satel-

lite are plotted in Fig. 2. The plasmon satel-
lite reflects the main emission band except
that it is shifted to lower frequencies due to
the energy retained by the plasmon excitation

04-- O. I 6

02-- 0.08

-2 0
eV.

FIG. 2. Emission intensity in arbitrary units as a
function of energy measured in electron volts from the
bottom of the zero-order (Sommerfeld model) band

edge. Note the difference in scale between the main
band with its interaction tail, shown on the right of the
scale, and the plasmon satellite band shown on the left.
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in the metal. It is broader and the peak is shift-
ed to a lower relative energy than the main
band due to the wave-number dependence of
the plasmon energy. The intensity of the satel-
lite is about 2% of that of the main band, in
agreement with Rooke's observations. ' The
tailing extends about. 1 eV below the main emis-
sion band in accord with Skinner's observations.
It arises from the incoherent single-electron
excitation of the metal. It should fit smoothly
onto the main emission band and fall off smooth-
ly to zero at lower frequencies. Calculations
of the effect of interactions on the main emis-
sion band and of how the tail merges with it
are still in progress. In these regions, higher
order graphs play an important role in cancel-
ing out divergences in the perturbation series.
For consistency they also should be considered
at lower frequencies where the tail becomes
vanishingly small. The strong cancellation
between the terms we have considered makes
higher order terms non-negligible by compari-
son. Indeed, the present calculations give a
slightly negative tail for energies more than
1 eV below the main band in contradiction to
the positive definiteness of Eq. (I). However,
for this region the tailing is already so weak
compared to the main band that the corrections
to these results are only of interest for deter-
mining the intensity background for the plas-
mon satellite band.

A more detailed report on these effects is
being prepared.

We would like to thank J. Pirenne, R. A. Fer-
rell, and R. Brout for interesting discussions,

and the Aspen Institute of Humanistic Studies
for hospitality during the early stages of this
investigation. Computer time for this project
was made available by the Computer Science
Center of the University of Maryland and the
University of Liege. One of us (P.L.) would
also like to thank the Fulbright Foundation for
a travel grant and the Institut Interuniversitaire
des Sciences Nucldaires of Belgium for finan-
cial support, and the University of Maryland
for hospitality.

*Work supported in part by the Advanced Research
Projects Agency under Contract No. SD-101.

)Work supported in part by U. S. Air Force Office of
Scientific Research under Contract No. AFOSR 62-46.

$Chercheur IISN, Belgium.
0Permanent address.

H. W. B. Skinner, Phil. Trans. Roy. Soc. London
A239, 95 (1940).

2R. A. Ferrell, Rev. Mod. Phys. 28, 308 (1956);
see p. 329.

G. A. Rooke, Phys. Letters 3, 234 (1963).
4P. T. Landsberg, Proc. Phys. Soc. London A62,

806 (1949).
58. Raimes, Phil. Mag. 45, 727 (1954).
J. Pirenne and P. Longe, Physica 30, 277 (1964).

~D. Pines, Solid State Physics (Academic Press, Inc. ,
New York, 1955), Vol. 1, p. 367; see in particular
pp. 409-413.

See, e.g. , J. Hubbard, Proc. Roy. Soc. (London)
A240, 539 (1957).

~W. M. Cady and D. H. Tomboulian, Phys. Rev. 58,
381 (1941).

~ J. C. Slater, Phys. Rev. 36, 57 (1930).
~F. Seitz, The Modern Theory of Solids (Mcoraw-

Hill Book Company, Inc. , New York, 1940), see
pp. 350-352.

TEST OF CHARGE-CONJUGATION INVARIANCE IMP-P ANNIHILATIONS AT REST*

C. Baltay, N. Barash, P. Franzini, j' N. Gelfand, f L. Kirsch, G. LGtjens,
J. C. Severiens, J. Steinberger, 5 D. Tycko, and D. Zanello tl

Columbia University, New York, New York
(Received 13 August 1965)

The violation of CI' invariance has been ob-
served by Christenson et al. ' in E' decay. Sev-
eral authors have suggested that this result
may be the consequence of the violation of C
invariance in the strong interactions. ' We
report here a search for such a violation in
the annihilations of antiprotons at rest in hy-
drogen. The best tests heretofore of C conser-
vation in the strong interaction are tests of time-
reversal invariance. This is equivalent if CTI'

invariance is assumed, since parity conserva-
tion in the strong interaction is demonstrated
with great precision. No violation of 7.

' invari-
ance has been reported. The experiments on
p-p triple scattering' show that the T-noncon-
serving amplitude should be no more than 3%
of the T-conserving amplitude. Detailed bal-
ance experiments' find that T-nonconserving
amplitudes should be no more than 2 to 3% of
the T-conserving amplitudes.


