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Nevr measurements of the continuum photoionization cross sections of xenon in the re-
gion 670-800 eV are reported which reveal, in the region of the M&& and M& edges, ex-
treme nonhydrogenic behavior previously observed only at longer wavelengths.

%ithin the past few years, large-scale non-
hydrogenic behavior of the photoionization cross
section has been observed at progressively
higher photon energies. This particular behav-
ior is characterized by a small absorption jump
at threshold followed by a delayed slow rise
in absorption to several times its extrapolat-
ed value over a region two or more Rydbergs
in extent. This was found for Xe 4d electrons
by Ederer' and by Lukirskii, Brytov, and Zim-
kina. ' Similar effects have been found in a
number of other elements among which tins

and the rare earths' are typical.
The phenomenon has been found to be gener-

ally explicable in simple physical terms' and
is semiquantitatively accounted for in a recent
extension by Cooper and Manson' of the Har-
tree-model calculation of Cooper. ' This note
shows the effect strikingly in the case of Xe
3d electrons. The region near 700 eV is one
in which the normal, large threshold jump fol-
lowed by a monotonic decrease in cross sec-
tion might already be expected to be in force.
Indeed, in a remarkable set of measurements,
Lukirskii, Brytov, and Gribovskii (working
with discrete line sources) show data all of
which save one at 705 eV (Fe Lo.) fall nicely
on the usual linear plot of lnp. vs ln~.

The data reported here were obtained using

continuum radiation as a source permitting
photon energy to be incremented in small steps
(-0.5 eV). In addition, measures were taken
to establish an accurate energy scale. Abso-
lute cross-section values were obtained by
pressure measurements with an oil manometer
on the contents of a cell of length 5.10+0.05 cm.

The measurements were carried out on a
vacuum double-crystal Bragg spectrometer'
using pota. ssium a.cid phthalate (KAP) crystals. "
The instrument was operated as a single-crys-
tal instrument with the second crystal replaced
by a Soller collimator having an angular diver-
gence of 0.15 . The detector was a gas-flow
counter using illuminating gas from a labora-
tory tap. Illuminating gas was used in place
of an argon-methane mixture in order to avoid
a background pulse arising from the escape
of an argon Ko. photon following absorption
of fluorescent potassium K radiation from the
crystal.

Figure 1 shows the experimental results of
this investigation (at intervals of 0.05' in Bragg
angle) along with the previous values obtained
by Lukirskii, Brytov, and Zimkina. Theoret-
ical values obtained according to Cooper and
Manson' are indicated by the dashed curve. "

The energy scale indicated in Fig. 1 depends
on two experimental parameters. Firstly, it is

483



VOLUME 20, NUMBER 10 PHYSICAL REVIEW LETTERS 4 MARcH 1968

SRAGG ANGLE (DEG. )

43
I I

4I
I

39 37

I N

I

I

lM„M
IL I

~

I

680
I I I I I I I I I I

700 720 740 760 780
h. (ev)

assumed that the grating spacing of the analyz-
ing crystal is deff =13.2942 A*; this value is
obtained from a d value~ of 13.3159+0.0002
0
A* and an index-of-refraction correction, ne-
glecting anomalous dispersion, amounting to
-0.0216 A.*. Secondly, the entire discrepan-
cy between this scale and the proper one is
assigned to an error in phase of the Bragg-
angle measurement procedure which arose
from the mechanical placement of the Soller
collimator. This error was evaluated in the

M~~ & region by noting the location of Co Lo.,
whose wavelength' of 15.972 + 0.006 A* gives
a Bragg-angle reference of 36.921'. The ob-
served location is 36.850+ 0.005' and the im-
plied additive correction of 0.07 + 0.01 deg has
been applied to the data of Fig. 1. The indicat-
ed limits represent estimates of overall uncer-

FIG. 1. Total photoattenuation cross section in xe-
non near the photoionization thresholds for 3d elec-
trons. Spectral-window width at half-maximum is
about equal to the interpoint spacing. Thresholds as
measured by M. Krause using a photoelectron spectro-
scopic method are indicated by the vertical bars. Pre-
vious measurements (Ref. 7) using characteristic line
radiation are indicated by the inverted triangles. The-
oretical calculations due to Cooper and Manson (Refs.
5 and 10) are indicated by the dashed curve; the cal-
culations have been plotted using the experimental
thresholds. Cross- section values indicated in the fig-
ure have an estimated uncertainty of 0 +0.1 Mb near
4 Mb. Lower and higher values are somewhat less
good owing to systematic problems.

tainty. The energy scale was obtained from
the wavelength scale through the conversion
value" of 12 398.1 A* eV, whose uncertainty
is not significant on the scale of Fig. 1. These
errors would combine to yield an uncertainty
of approximately 0.2 eV for the energy scale.
Consideration of systematic errors suggests
that 0.4 eV is a more appropriate estimate of
the uncertainty.

Also shown in Fig. 1 are two bars marking
the location of the binding energies for M~
and Mot electrons as obtained by Krause" by
photoelectron spectroscopy. The presence of
structure below the lower energy threshold
is suggested by the data. These resonances
would lead to the M - eP continuum because
the f continuum is expected to be relatively
small at threshold. The second or Myy thresh-
old is not evident in the x-ray data, but the
splitting between the delayed maxima of the
3d - ef continuum are in agreement with the
level splitting of Krause.

I am most grateful to Dr. Manfred Krause,
Oak Ridge National Laboratory, for permission
to quote his M~- and M~V-term measurements
and to Dr. S. T. Manson for the theoretical
values. I have also enjoyed many useful dis-
cussions with U. Fano and J. Ã. Cooper regard-
ing these problems.
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A possible source of incompleteness is pointed out in the most recent close-coupling
calculations for the excitation cross sections of the n =2 levels in hydrogen, some of the
results of which disagree with experiment. We present a method which removes this dif-
ficulty by the implicit inclusion of all important effective polarization potential terms of
order uir4.

A serious discrepancy presently exists between rather refined theoretical and experimental deter-
minations of the total 1s-2s excitation cross section. The purpose of this note is to suggest a pos-
sible source of incompleteness in the most recent calculations' which lies in their failure to include
the full effective polarizabilities that arise. Methods for incorporating the full ground-state polar-
izability into low-energy calculations for the elastic-scattering cross section have been given, and
in the following we present the extension to the excitation of the n=2 states.

Starting with the complete set of radial coupled equations, we specialize at once to the case where
the only open channels are those containing the 1s, 2s, and 2p atomic states. The asymptotic forms
of the closed-channel radial functions may be expressed in terms of the open-channel functions, since
they provide an oscillatory asymptotic coupling. %hen they are substituted into the right-hand side
of the open-channel equations, one obtains the following set of asymptotic relations between the four
open- channel radial functions:
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where

d2 L(L+ 1)
L dr'

The notation is as follows: The channel indices 0, 1, 2, and 3 refer to the combinations of quantum
numbers nl/'L=10LL, 20LL, 21L-1L, and 21L+1L, respectively, where nl are the atomic princi-
pal and orbital quantum numbers (radial function uzi), / is the free-electron orbital angular momen-
tum, and L is the total coupled orbital angular momentum. The above asymptotic equations apply
to both singlet and triplet scattering since the exchange terms in the close-coupling equations fall
off more rapidly than the ones included. Only the leading asymptotic term in each of the coupling
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