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Absolute energies of the ArK, KrK, and XeL„L2, and L, levels have been determined from absorption
edges measured with synchrotron radiation. The double-crystal x-ray monochromator was calibrated by a
method that ties the energy scale directly to the crystal lattice constant and hc. Theoretical model spectra
were constructed from ) 4 Lorentzians representing the lowest-energy one-electron electric-dipole
transitions to bound excited states, and an arc tangent representing transitions to higher bound states and to
the continuum. The transition energies were found by minimizing y for the fit of the theoretical spectrum
shape to the data. Energy differences from optical spectral series were used to relate the excited-state
energies to the vacuum level. Results are compared with earlier measurements and with theory.

I. INTRODUCTION

The need for accurate data on the binding ener-
gies of inner-shell electrons in neutral atoms has
recently become more pronounced. ' Relativistic
self-consistent-field calculations have been car-
ried out, including the effects of relaxation and
tluantum-electrodynamic (QED) shifts. ' ' Com-
parison of the theoretical results with precise ex-
perimental level energies can thus provide tests
of the QED corrections and of underlying models
of atomic structure. Limitations of the independ-
ent-particle approximation, in particular, are of
interest; through shifts of a few electron volts,
the effects of electron-electron Coulomb correla-
tion can appear even in the innermost orbitals of
high-Z atoms.

The widely used tables of x-ray atomic energy
levels by Bearden and Burr' generally fall short
of the required accuracy. In this and similar
compilations, ' ' it is not always clear whether the
data are derived from free atoms or from solids;
in the latter case, extra-atomic relaxation can
cause substantial shifts. ' " Most often, hybrid
approaches have been employed, including optical
data for valence orbitals measured on free atoms
in gaseous sources, while x-ray data from solids
are used for core levels. Combining both to ob-
tain inner-shell binding energies leads to the most
common type of systematic error in these tabula-
tions. Large discrepancies exist even among tab-
ulated binding energies of core electrons in noble
gases' " (Sec. IIID). While level-energy differ-
ences can be determined from x-ray emission
spectrometry with high accuracy, "tying these
energies to the vacuum (or Fermi) level presents
considerable difficulties. Comparisons'"' "of

measured and computed atomic level energies
have brought out the need for reevaluation and new
measurements. "

In this paper, we report on determinations of
the ArK, KrK, and XeL„L„and L, energy lev-
els from absorption edges measured with synchro-
tron radiation. High intensity, narrow bandwidth,
and tunability of the radiation make it possible to
obtain high-resolution spectra with a signal-to-
noise ratio of + 10'.'"'" The monochromator was
calibrated absolutely to & 0.1 eV. A theoretical
model of the edges was used in a computer fit of
the measured spectra to determine energy-level
differences; these were related to the vacuum
level by matching the energies of excited bound
states with terms in corresponding spectroscopic
series.

II. EXPERIMENTAL

A. Apparatus

Hard synchrotron radiated from -3-GeV elec-
trons circulating in the Stanford Positron-Electron
Accelerator Ring (SPEAR) was extracted in the
Stanford Synchrotron Radiation Laboratory. A
narrow x-ray energy band was selected by means
of a Bragg-diffraction monochromator that con-
tains two Si crystals in the parallel (n, -tt) posi-
tion (Fig. I)." A stepping motor under computer
control causes the crystals to rotate about a com-
mon axis, with 4000 or 16000 steps per degree,
respectively, in each of two instruments employed.
The parallel-crystal arrangement is capable of
high resolution because of the small divergence of
the synchrotron-light beam; with a -1-mm source
height at -20 m from the monochromator, a band-
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FIG. 1. Block diagram of absorption spectrometer
and associated apparatus.

B. Application of Bragg's law

The Si crystals in the x-ray monochromator dif-
fract photons of energy E according to Bragg's
law,

width of -0.5 eV at 5.4 keV is attained from two
Si (220) reflections.

The x-ray beam issuing from the two-crystal
monochromators is parallel to the incident beam
and displaced vertically by Ai's = 2D cos8, where 8

is the Bragg angle and D is the spacing between the
crystal faces (-1 cm). A simple tracking system
can thus maintain the sample position with respect
to the beam.

The monochromatized x rays traverse an ion
chamber, the sample-gas cell (made of glass with
0.025-cm-thick Be windows), and a second, longer
ion chamber. The charge collected on the plates of
each ion chamber produces a current in the nano-
ampere range that is converted to voltage in Keith-
ley 427 electrometers. The voltage signals drive
two voltage-controlled oscillators whose output
frequencies are measured by a dual-channel gated
sealer interfaced with a PDP-11 computer. The
contents of the scalersI, andI and their ratioIU/I
are stored by the computer on a floppy disk; at.
intervals this information is transferred to mag-
netic tape for further analysis.

The response of the two ion chambers varies
differently with photon energy, because they have
different lengths and, in some runs, contain differ-
ent counting-gas mixtures. The chamber efficien-
cies, however, vary slowly with photon energy.
Over a typical edge scan that covers 10 eV, the
ratio I,/I varies smoothly by & 2/c in the absence
of a sample. This gradual change in base line does
not impair analysis of the absorption spectra. An
advantage of the double-ion-ehamber method is
inherent noise cancellation: Any amplitude fluctua-
tions in the incident photon beam affect both cham-
bers and cancel out in the ratio I,/I.

2d sin8=Elhc/E .
Here, d is the spacing between diffracting atomic
planes in the crystals; the Bragg angle 0 is the
angle between the incident ray and the diffracting
planes, n is the order of diffraction, h is Planck's
constant, and c is the velocity of light. In the ap-
plication of Eq. (1), corrections must be made for
x-ray refraction at the crystal surfaces and for
changes in the spacing d caused by thermal ex-
pansion.

X rays entering and leaving the crystals are re-
fracted. This phenomenon can be taken into ac-
count by replacing the interplanar spacing d in
EEI. (1) with an effective spacing

4d' 5

where & is the x-ray wavelength. The quantity 5
is the unit decrement of the refractive index p. .
The Bragg angles 8,„t (outside the crystals) and
8 (inside the crystals) are related by

COS Halt ~out = p. =1 —6
cos8m ~ in

For x-ray energies well removed from absorption
edges of atoms in the crystals, i.e., if anomalous
scattering and dispersion can be neglected, the
classical expression holds for 6:

2 g2

where h' is the number of atoms per unit volume,
e and m are the charge and mass of the electron,
respectively, and f(0) is the atomic form factor
for radiation scattered in the forward direction.
To the extent that Eq. (4) holds, the ratio 6/&s is
independent of ~ and the effective spacing d„does
not depend on the wavelength but only on the order
of the Bragg reflection. For Si crystals, Henins
and Bearden" measured 5= (7.6 +0.1)x10 ' for
CuKe, radiation, i.e., with an uncertainty of
4x10 ' A ' in 5/A. s at &= 1.54 A. We take 5/X'
= (3.22 +0.10)x 10 ' A ', with the uncertainty in-
creased to compensate for the assumption that 5/
&' remains constant over the wavelength range
0.8& ~&4 A.

The lattice parameter a„which determines the
interplanar spacings d, is the length of the cube
side of the conventional unit cell of the diamond
structure. For a nearly perfect single crystal of
Si, Deslattes and Henins" found ao = 5.43106275 A
at 25 'C and atmospheric pressure, with an uncer-
tainty of only 0.15 ppm. Thermal expansion of the
crystal is taken into account by applying the rela-
tion
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Then we find

where t is the temperature. The thermal coeffici-
ent of Si crystals" is u„. = (2.56+0.03)X 10 ' K '.

C. Monochromator calibration

The geometry of the two-crystal spectrometer
is described in terms of the angles and unit vec-
tors indicated in Fig. 2. The monochromator axis
is taken to be perpendicular to the x-p plane. The
vector n, denotes the normal to the surface of the
first crystal (C,), and n, denotes the normal to the
surface of the second crystal (C,). The projection
of n, onto the x-y plane defines the p direction.
The vectors n, and n, lie above the &-y plane at
angles 5, and G„respectively. The vectors r,
and r, indicate the direction of reference rays in-
cident on C, and C„respectively. The vector r,
lies below the x-y plane at an angle g. Its projec-
tion onto the x-p plane makes an angle q with the
x axis. For a perfectly aligned system, the angles
5„5„and g are zero. We assume that these
angles are always small compared with g.

The sine of the Bragg angle for the first crystal
ls

A A

sin8 = —r, n, =cosgsinqcos5, +singsin5, .

We set

0'=q+e,

(c,«1), and use the approximation

(cosP cos5, —1)sinq+ sing sin5,
cos'j|

To second order in the small angles p and 5„we
have

e, = —2(P'+ 5,')tanq+ $5,/cosq . (10)

The sine of the Bragg angle for the second cry-
stal is

sin0" = —r n2 2

= cos( cos25, cos5, sinq+ sing sin25, cos5,

—cosP sin25, sin5, sinq

+ sing cos25, sin5, .

We set

0"=q+e, , (12)

with &,«1. Using the same approximations as in
the case of the first crystal, we find

e, = ——,(g'+ 5,')tanq

+ (1/cosq)(- 25, sinq+ 2/5, —25,5, sinq+ g5,) .
(13)

If the two crystal faces are perfectly parallel, we
have

(14)
sin0' = sing+ &,cosy . (8)

~, = —2(g'+ 5,')tanq+ g5, /cosq .
In this case of perfect parallelism, &, equals E2,
and the angles between the reference ray and the
surfaces of C, and C, are equal. We define one
Bragg angle 0 for the reflection of the reference
ray:

where

(16)

Z

nl

A2

FIG. 2. Angles and unit vectors for the description
of the two-crystal spectrometer geometry.

f = —p (g + 5~)tanq + $5~/cosq . (17)

Rotation of the crystals through an angle h, q about
the monochromator axis causes the Bragg angle to
change by b, q+b, e(q, g, 5). We call the angle q the
monochxomatox setting.

Monochromator settings 0 & g & 90 are possible
in principle, but in practice the geometry of the
two-crystal device limits q to a smaller angular
range. At the start of an experiment, an arbitrary
stepping-motor unit number (conventionally,
200000) is assigned to a monochromator setting
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that corresponds to a first-order reflection in the
region of the CuK edge. With respect to this ref-
erence setting, the stepping-motor units corre-
sponding to other monochromator settings then
are

hc . g'+ 6'
= sin 8, —80 —

2 tan(8~ —8O)
1

Los(6, —9 ))'

b. (motor units) = 16 0006', (18)
= sin 8, —8, — tan(8, —8,)

where g is in degrees. Each angle q is now re-
lated to an angle 8, where 8 = (motor units)/16 000.
The angle 8, corresponds to q=0.

In order to find the absolute angles q, it is nec-
essary to perform one absolute measurement which
determines 6I,. This measurement must be re-
peated several times during each experiment, be-
cause orbit corrections after each filling of the
electron storage ring can change the slope and
position of the electron beam in the source region,
affecting the x-ray angle of incidence on the mono-
chromator crystals. We have observed -3-eV en-
ergy changes of the diffracted photons between
different fills, with the crystals left in a fixed
position.

A precise absolute calibration procedure was
developed to determine I9,. The absorption edges
of three elements (e.g., Zn, Cu, and Ni) are mea-
sured twice: with x rays that are Bragg reflected
in first order and with x rays reflected in a higher
order. For example, the first- and third-order
reflections from the set of (111)Bragg planes
can be used. One sharp, symmetric feature is
identified in each spectrum (Fig. 3), and the angles

and ~3 that correspond to this sarne feature in
the first- and third-order spectra& respectively,
are noted. Now the photon energy corresponding
to one chosen symmetric feature is the same in
the first-order spectrum and the third-order spec-
trum. According to Bragg's law, this energy is
given by the two equations

cos(8, —8,) )
'

By applying this procedure to three different
spectral features, we obtain six equations with
six unknowns. These equations can be solved for
8„$, and 6, and for the three energies of the
three different features. If more than one feature
in each of the absorption spectra is identified, an
overdetermined set of equations is obtained. A
computer routine that performs a least-squares
analysis solves this set of equations.

Once g and 6 are determined, only one absorp-
tion spectrum with one of the previously utilized
features is needed to redetermine 6), after the
storage ring has been refilled.

The bandwidth of the diffracted x-ray beam of a
given energy is determined by the degree of colli-
mation of the incident beam and by the Darwin
function of the crystal. " " In the arrangement
employed in the present experiments, the geome-
trical factor dominates. Using the (220) reflecting
planes of Si for 8-keV photons, e.g. , the crystal
window of the monochromator is -0.02 mrad wide,
full width at half maximum (FWHM), 24 while the
geometrical window: is -0.1 mrad wide, FWHM.
A monochromator setting p for the central ray
then corresponds to a Bragg angle 8 = @+e(q, 6, $)
for the centroid of the energy distribution of the
diffracted x rays. The calibration procedure out-
lined above yields 8„$, and 6 corresponding to
the central ray.

l6

l2

I,
8

III. DATA ANALYSIS AND RESULTS

A. Theoretical model of absorption edges

0
I99820

I I I

l99880 l 99940 200000
STEPPING MOTOR UNITS

FIG. 3. Symmetric features in the Cu E-edge spec-
trum, indicated by arrows, used to calibrate the mono-

chromator�.

The measured x-ray absorption spectra were
analyzed with the aid of a theoretical model of ab-
sorption edges in the noble-gas samples. We con-
sider only photoionization by the dominant electric-
dipole transitions. The absorption cross section
due to a particular one-electron transition from
the nlj subshell of the ground state y of a closed-
shell atom to the n'l' j' subshell of the level y' can
be written



524 BREINIG, GHEN, IGE, PARENTE, GRASEMANN, AND BROWN

o~ (E) =&(y, y')E(&"„,' )'
I'/2w

fE (E-~. E—~)] '+ (I'/2)' (20)

Here, E denotes the photon energy, and E &I -E
&

denotes the energy difference between the levels
y' and y. The factor A(y, y') contains all angular
dependence, 8„",' is the single-electron radial ma-
trix element, and ~ is the width of the excited
state y'. The widths of all excited states associa-
ted with the same inner-shell vacancy are nearly
equal, because the decay of the inner-shell vacancy

I

o (E)=go (E) .
y'

(21)

The levels p' are characterized by quantum num-
bers n'l'j' if bound, and by ~l'j' if they lie in the
continuum. We have

is dominated by transitions determined by the dis-
tribution of the remaining core electrons.

To find the absorption cross section due to all
one-electron transitions from the nl j state, we
sum o&& (E) over all levels y' that can be reached
by electric -dipole transitions:

I 2 r/2~+~ d»;(~»(~ '~')E(f~nI)(E(& E )]a+g/2)2rIgI O « -~n~; (22)

where p, i, i(c) is the density of final states in
which the ejected electron with angular-momentum
quantum numbers l' j' has kinetic energy in the
interval d& about &.

Simplifying approximations can be made in Eq.
(22) because we are only interested in the cross
section for photon energies close to the binding
energy of the nlj electrons, viz. , for E =—

~ E„,, I

+5 eV. For these energies, the last Lorentz fac-
tor in Eq. (22) becomes very small unless e
&-10 eV. We therefore need to know the remainder
of the integrand only for small &. For elosed-
shell atoms, the radial integral A'„,'is a smooth,
positive, monotonically decreasing function of

We are hence led to approximate the second
term in Eq. (22) by

r a r/2~
I+(Elf)" LE —(~ -E„„)]'+(I/2)' '

(23)

where a, b, and m are constants. In fact, mea-
sured absorption curves are well fitted (Sec. IIIC)
if we set m =0, i.e., if it is assumed that the
function

p, ,' (E)~(Ii, I'i')E(&'„')'

in Eq. (22) does not vary appreciably over the
limited range of & that contributes to the integral. "
We furthermore shift the lower limit of the inte-
gral in Eq. (23) from 0 to —e' (in practice,- —0.5 eV) to include with the continuum the high-
est bound states whose widths exceed their sep-
aration. The absorption cross section near the

edge then becomes"

r /2&

[E (E„,, -E)]'+-(I"/2)'
10" IgI ~ Ig ~I

1 1,2+a —+ —tan ' —(E+E +e')nlj (24)

I(E)/I, (E) =Re (25)

where o„„. is given by Eq. (24), and the coeffici-
ents A. , B, and C are constants.

To analyze an absorption-edge spectrum, the
energies E„I,I and radial matrix elements A„",'

were computed from Hartree-Slater wave func-
tions" to serve as initial values in a computer
fitting routine. A theoretical model of the absorp-
tion edge was calculated according to Eq. (25).

Over the limited energy scan (- 10 eV) in an ab-
sorption-edge spectrum, the variation in the cross
section o'(E) can be ascribed entirely to the transi-
tions that produce the edge. The incident x-ray
beam ordinarily contains higher harmonics, con-
sisting of more energetic photons diffracted in
higher orders by the monochromator. For these
photons, however, far in energy above the edges
being studied, the absorption cross section varies
approximately as E ', thus changing only by a
fraction of one percent over a scan. Furthermore,
the energy bandwidth of the incident beam is
small compared with the width ~ of the discrete
final states in the pertinent transitions. The
shape of the absorption curve therefore is of the
form
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TABLE I. Transitions from the Ar ls level.

Transition

Transition energy
from absorption

spectrum (eV) Optical match {eV)

ls 4P
ls 5p
ls 6p
ls ~7p
ls~oQ

3203.54
3205.00
3205.51
3205.77

3204.99
3205.52
3205.77
3206.26

The transition energies and strengths, and the in-
itial values of the constants A. , B, and a, were
then adjusted to attain a least-squares fit of model
function and experimental data, minimizing

IOE I„E.( I (E) moue, I(E) ca~a

2

where the sum is over all data points.

B. Linkage with the vacuum level

The least-squares fit of the theoretical-model
spectrum to a measured absorption-edge spectrum
yields experimental energy differences between
the core level with which the edge is associated
and four or five normally unoccupied bound states
to which electric-dipole transitions from the core
level can lead. The highest of these discrete
bound states, discernible from the spectrum, is
generally located -0.5 eV below the vacuum level.
The task remains to link the energy differences
between core level and excited states to the vac-
uum level, so that absolute core-level binding en-
ergies can be deduced. This linkage with the vac-
uum level was established by matching the excited-
state energies from the absorption spectrum of a

' Level energies obtained by adding optical level-energy
differences from the &BK r3p ( Qgp series (Hef. 29) to the
Ar4p-level energy derived from the absorption spectrum.

LL1

C3
(I)

CL

CL
I—
CQ
CL

C:o
C3
+o

MIM

O
I

I

I4324 I 4326
ENERGY (eV)

FIG. 5. Absorption spectrum of Kr near the E edge
and fitted theoretical decomposition.

I

l4328l4322

C. Results

&argon & edge. The theoretical model of the ArK
edge includes individual transitions 1s-4P, 5P,
Gp, 7p in the sum on the right-hand side of Eq.
(24). Here as in all other cases, spin-orbit split-
ting is neglected, and we calculate average transi-
tion energies and the total transition probability
for each pair of levels Ã pz/3 and n'p3&2. In Table
I, we list transition energies derived from the
Ar 1s absorption spectrum (Fig. 4). We also show
optical level differences from the»KInp '&'

noble gas with atomic number Z with the corre-
sponding Rydberg-type level energies in the opti-
cal spectrum of the alkali element with atomic
number Z+1." It is assumed here that the photon-
excited electron in a high-lying bound state about
the singly ionized noble-gas core of element Z
experiences a potential that is nearly identical
with the potential seen by an excited valence elec-
tron in the Z+1 alkali atom. In fact, agreement
between corresponding relative level energies in
the absorption spectrum and in the associated op-
tical spectrum was found to be always better than
0.1 eV (Sec. IIIC). The vacuum level could thus
be associated with the limit of the pertinent op-
tical spectral series.

Ltj

CL

Q
I—
CCl

0
O

O

I

Ar-K

Trans ition

Transition energy
from absorption

spectrum (eV) Optical match ' (eV)

ls 5p
ls 6p
ls 7p
ls 8p
ls

14 324.57
14 325.86
14 326.45
14 326.72

14 325.94
14 326.44
14 326.69
14 327.17

TABLE II. Transitions from the Kr ls level.

3202 3203 3204 3205
ENERGY (eV)

3206 3207

FIG. 4. Measured Ar absorption spectrum near the
E edge and theoretical decomposition.

' Level energies found by adding optical level-energy
differences from the 3zHb r4p ( g)~p series {Hef. 29) to
the Kr 5p-level energy derived from the absorption spec-
trum.
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TABLE III. Tran ' ' eransitions from thee Xe2g and 2p levels

Transition

Transition ene rgy
from absorption

spectrum (eV) Optical match ' (eV)

2g 6p
2g 7p
2g 8p
2g 9p
28 ~QQ

2pg/2 5d

2pg/2 6d

2pg/2 ~ 7d

2pg/2 6s
2ps/2

2p3/2 5d

2p3/2 6d

2P3/2
2P3/2
2p3/2

5450.40
5451.67
5452.18
5452.41

5104.88
5105.93
5106.45
5103.09

4784.23
4785.26
4785.70
4782.40

5451.68
5452.16
5452.40
5452.86

5105.88
5106.31
5103.07
5106.98

4785.23
4785.65
4782.42
4786.31
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TABLE IV. Atomic electron binding energies (in eV). '

Level

Ar&
KrK
XeL,
XeL2
XeL3

Present

-s 2o6.s (3)
-1432V.2 (8)
-5452.9 (5)
-5 1ov.o (5)
-4 786.3 (6)

Experiment
Bearden

-3202.9 (3)
-14 325.6 (8)
-5452.8 (4)
-51os.v (4)
-4 V82.2 (4)

ESCA

-S2O5.9 (5)

-5453.2 (4)
-51OV.2 (4)
-4V8V.3 (4}

Theory

-3 205.39
-14 325.78
-5 458.70
-5 106.73
-4 786.54

Numbers in parentheses indicate probable errors in the last significant figure.
Reference 5.' Reference 11.
Reference 2.

the effective lattice spacing d„[Eq. (2)] introduce
an error 4E in the absolute photon energy:

AE =E cotan868 +sE(&d„/d„) .
We have

b8a = 68~+ (g~+ &4&) tan8~

+ (cos8„) '(qa&+ &ay),

where ~„ is the monochromator setting for the
central ray (Sec. IIC). The uncertainty in the
lattice constant" "(Sec. II B) is

(27)

(23)

1' 4d ~ 4d2p+ a&I —
2 (29)

D. Conclusions

In Table IV, Qe results of the present measure-
ments are compared with x-ray energy levels of
Bearden and Burr, ' ESCA measurements of Sieg-
bahn et al. ,

"and the theoretical Dirac-Hartree-
Slater computations of Huang et al.' The absolute
values of the level energies obtained in the present
work lie systematically above those tabulated by
Bearden and Burr. ' Within limits of error, the
present results agree with ESCA binding energies"
where those exist, i.e., except for the Kr1s

The computer fitting routine that finds the mono-
chromator setting ~~ at the peak of a. symmetric
feature (Sec. IIC) was designed also to compute
the standard deviation for each parameter for the
least-squares fit." Two standard deviations (2v)
was used for the uncertainty.

The least-squares fitting program used to com-
pute the transition energies was also written to
compute the respective standard deviations. The
error assigned to the fit of each edge is the greater
of (i) the 2c error from the least-squares fit of
the model function to the absorption spectra or
(ii) the maximum difference between any two re-
sults from at least three absorption spectra of any
given edge, measured at different times.

state.
The theoretical self-consistent-field calcula-

tions' agree with measurements of the Xe~, and
I, levels, within experimental errors. Slight dis-
crepancies of the order of 1 eV exist for the Ar
and Kr1s levels; measurements indicate tighter
binding than predicted by theory. These differ-
ences can be traced to the neglect of correlation
in the Dirac-Hartree-Slater calculations of Ref. 2:
A relativistic calculation" following Cowan's ap-
proach" shows that the correlation contribution to
the 1s binding energies of both Ar and Kr is -1.08
eV, bringing theory into exact agreement with
these measurements.

A striking discrepancy (-5 eV) is found for the
Xe 2s state. This discrepancy is of a systematic
nature, being common to elements throughout the
periodic table. ' It can well be surmised that the
failure of the theoretical atomic model in the case
of I-, levels is also traceable to the independent-
particle approximation inherent in the self-con-
sistent-field approach. Many-body aspects,
whether through electron-electron Coulomb corre-
lation or through configuration interaction with
bound and continuum states, may play an excep-
tionally pronounced role in the case of 2s vacancy
states. These states lie close in energy to and
have large wave-function overlap with [2p][3d]nf
or [2p][3d]qf vacancy states that can be reached
through virtual Coster-Kronig transitions. A re-
lated discrepancy is found with regard to the
widths of 2s hole states in atoms in which transi-
tions to these [2p][3d]nf, ef states are energetical-
ly possible, i.e., for Z & 50 and Z& 75: Indepen-
dent-particle calculations invariably overestimate
these widths by as much as a factor of 3." The
discrepancy is not resolved by taking account of
relativity, exchange between continuum and bound-
state electrons in the decay through radiationless
transitions, and imperfect wave-function overlap
between initial- and final-state atoms. ' In an
analogous outer (M)-shell problem, however, a
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many-body approach has been shown to resolve
the difficulty. For inner-shell vacancy states in
any but the lightest atoms, many-body calcula-
tions have not yet been performed.
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