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Multieleetron X-Ray Photoexcitation Measurements in Krypton
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X-ray photoabsorption measurements were carried out on krypton near the 1 s ionization thresh-
old, by use of synchrotron radiation. A rich, well resolved spectrum of simultaneous two- and
three-electron excitations is detected. Feature identification is supported by both relativistic and
nonrelativistic calculations. The data support in detail the Z+1 approximation for both two- and
three-electron excitations. No indication of a preferred Coster-Kronig decay channel for 1s4s hole
states is found, in contrast with argon. The partial cross sections are in good accord with shakeup
theory and photoelectron data on other noble gases.

PACS numbers: 32.30.Rj, 32.80.Fb, 78.70,DI

Multielelctron processes epitomize the breakdown
of the single-electron-fixed-potential models and pro-
vide, in potentia, a basis for understanding electron-
electron correlation and the excitation dynamics in
atoms. ' X-ray absorption spectroscopy is a well estab-
lished method for the direct probing of electronic en-
ergy levels and interaction cross sections in atoms and,
thus, a method of choice for multielectron excitation
studies. However„as the cross sections involved are
very small, only a few absorption studies on noble
gases, transition metals, and several mid-Z ele-
ments5 have been published. All but one of these
were of low resolution and features due to the
numerous bound-bound and bound-free multielectron
transitions were not observed. The recent synchrotron
study of Ar by Deslattes et al.3 is the only one where
several sharp features associated with two-electron
[1s3p] excitations and the lowest-lying [ls3s] one
were resolved. (Square brackets indicate vacant orbit-
als throughout this paper. )

We report here high-resolution photoabsorption
measurements in the K-edge region of Kr. Both
[1s4p] and [1s4s] two-electron and [1s4p2] three-
electron features were clearly resolved and identified.
Relativistic Dirac-Fock (RDF)6 and nonrelativistic
Hartree-Fock (HF) energy levels agree well with the
data, as do those derived from Rb optical data in the
Z + 1 approximation.

The measurements were carried out at the Dares-
bury Laboratory Synchrotron Radiation Source, United
Kingdom, running at 2 GeV and 110 mA. The Kr
sample, of 99.995+% purity, was contained at a pres-
sure of 750 mm Hg (25'C) in a sealed cell 30 mm
long having beryllium windows. Its temperature was
continuously monitored and changed less than 0.5'C
throughout a complete scan. Sealed argon-ionization-

chamber detectors were used to measure the incident
and transmitted intensities. A monolithic two-reflec-
tion silicon 220 monochromator was employed, yield-
ing an effective energy resolution & 1 eV. Total har-
monic contamination was below 0.5'/0 and varied
smoothly with energy. Repeated scanning allowed the
elimination of spurious intensity changes. An absolute
energy scale was established by employment of pub-
lished Kr K and Bi Li edge data. s Further details can
be found elsewhere. 9

The measured K edge is shown in Fig. 1 versus the
energy shift from the onset of the one-electron contin-
uums E[ls]=14327.17 eV. As only local abrupt in-
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FIG. 1, Measured transmission spectrum of Kr. The en-
ergy is relative to the onset of the [isj continuum at
1432'7.1'7 eV. Note the multielectron features near —20
eV.
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(a) Expanded view of the multielectron features,
and corresponding theoretical energy levels. (b) No-sample
scan. Note the low level of noise. Both curves are differ-
ence plots. For details see text. (ln this figure, underlining
indicates vacant orbitals. )

tensity changes are of interest the transmitted intensity
l was not normalized to the incident intensity lo, thus
eliminating a significant source of experimental noise.
The multielectron features are clearly seen near —20
eV. 'o A finer scan of these features is given in Fig.
2(a) as a plot of the difference between values of Inl
and a straight line fitted to them just above the K
edge. Figure 2(b) is an identically treated no-sample
scan showing the noise level. The figure also shows
the energy levels, calculated by use of RDF6 and HF7
methods. Most of these are also listed in Table I along
with levels obtained from Rb optical data" '3 in the
Z+ 1 approximation. The RDF and HF methods were
found to yield equal results to within «0.1 eV. The
optical data agree with the HF calculations to better
than 1 eV, with very few exceptions. This, and similar
results obtained for Ar, 3 lend additional and detailed
support for the validity of the Z+ 1 approximation.

The very small shoulder marked A in Fig. 2(a) and
the preceeding dip are mainly associated with the
[ls4p)5s2 state with a possible smaller contribution
from the [ls4p]Ss4d configuration, and the peak
B—mainly with [1s4p)Sp . The intensity ratio of
these features reflects the much lower probability for a

conjugate shakeup (CSU) process as compared to a
shakeup (SU) one. '4 The step-shaped feature C marks
the onset of [1s4p]5p, the lowest single-ion state pop-
ulated by a SU process. The CSU [1s4p]4d and
[ls4p)6s conflgurations may also contribute. The
onset of the first double-ion state, [1s4p], is responsi-
ble for the steplike feature E, while the weak shoulder
D is in good alignment with the closely spaced,
higher-order members of the single-ion series
[1s4p] np and the neutral configuration series
[1s4p] np2.

The opening of the [1s4s] channel by [1s4s]Ss5pis
marked by the Fano-shaped resonance E,F,G, slightly
distorted by the fast increasing [1s4p] background.
The corresponding feature in Ar also has a Fano
shape, characteristic of interference between quasi-
bound levels and degenerate continua. 3 G is well
aligned with the high-order members of the SU series
[1s4s]Ssnp as well as the lowest three-electron config-
uration [1s4p2]SsSp4d. Another Fano-shaped reso-
nance marks the onset of the first SU-populated
single-ion configuration [1s4s]Ssat H, I, with possible
contributions from the neutral SU states [1s4s]6sSp
and [1s4s]6s6p, respectively. The weak window J
could be associated with the single-ion configuration
[1s4s)6s as well as several other CSU two-electron
configurations. The Fano-shaped resonance K,L is
clearly associated with the double-ion configuration
[1s4s], with possible contributions from the three-
electron configuration [1s4p2)SpSd2.

The abundance of sharp features found here to be
associated with the various [1s4s] excitations is in
marked contrast with the complete absence of corre-
sponding features in the Ar measurements of De-
slattes et al.3 This was assumed to result from a great-
ly enhanced probability for neutral [1s3s] states to un-
dergo a fast Coster-Kronig (CK) transition to [1s3p]
states, relative to that to [1s3p] states. Our data do
not support a similar conclusion for Kr. This differ-
ence, if not an artifact, could reflect some basic differ-
ence in the binding strength of the outer electrons of
the two atoms. Energy-dependent emission intensity
measurements of the kP" satellite of Kr which could
clarify this point are not available at the present.

Only three-electron (or higher) features are possible
beyond the [1s4s] double-ion edge. Thus, the three
features M, N, and 0, which though very weak show
up above the noise level in all data sets measured, are
clearly associated with three-electron configurations.
M is in good alignment with [1s4p ]SpSd as well as
[1s4p']4d and fl s4p']Ss, with angular-momentum-
change considerations favoring the first of these. N is
clearly associated with the double-ion configuration
[1s4p ]Sp and 0, which seems to have, again, a Fano
shape, is weII aligned with the three double-ion con-
figurations: [1s4p2]6s, [1s4p2)Sd, and [1s4p2]6p.
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TABLE I. Energy levels obtained from RDF and HF calculations and optical Rb data in
the Z+ 1 approximation. All energies in electronvolts.

Kr
Configuration

Hf and RDF
h, E

Rb
Configuration

z+1 Approximation c

Range Average

[1s4p] 5s~
5s4d
5s5d
5p 2

4d'
5s
41
5p
6s2
6p2
6p
7p2
7p

[1s4p]

[ls4s] 5s5p
5p4d
5s6p
5s7p
5s
6s5p
4d
5p
6s6p

s

12.25
14. 15
15.78
16.06
16.60
16.87
18.78
19.32
19.86
21, 23
22. 86
23, 40
23.95

32. 11
34.02
34.02
34.56
35.38
35.92
36.74
37.82
38.64
40. 55

[4p]5m~
5s4d
5s5d

Rs
4d
5p

[4pl

31.13-11.98
13.03-15.03
14.95-16.41

16.53-17.79
17.73-21,04a
19.13-20.78

11.56
14. 18
15.75

16.94
18.72
19.93

27. 51

[iS4s]

[ls4p~]5s5p4d
5p5d'
5p5d
4d
5s
5p
5d
6S
6p

[is4p~]

45. 17

34. 29
45. 44
47. 35
47.89
48. 44
51,97
56 ' 87
56.89
58. 23

65.85

[4s]

[4p']4d

5p

[4p']

46.69-54, 12
48. 23-52. 82b
52.08-57. 21b
57 62 59 68c

43.63

49.41
49.96
53.57
58.33

67. 19

'Reference 12.
bReference 13.
'Reference 14.

Currently available theoretical calculations, such as
HF and RDF, are based on the independent-particle
model and are, therefore, insufficient for a detailed
understanding of rnultielectron excitations where
many-body effects play an important role. 5'5 More-
over, even the energy dependence of the [ls] cross
section near threshold is not yet fully understood. The
important role of post collisional interactions, for ex-
ample, is just starting to emerge. 9'6 We feel, there-
fore, that a detailed cross-section modeling of our data

is, at this stage, premature. To gain some insight,
however, we adopt the somewhat arbitrary approxima-
tion4 5 cr = —ln(l/I'), where I and I' are the intensi-
ties just above and below the edge in question, respec-
tively. For B in Fig. 2(a) we obtain oa/o [[,1=2.2
x 10, slightly smaller than 3.4 x 10 2 which we de-
duced for the corresponding feature in the Ar data. 3

From C we obtain o[i,4p15p/a. [[,1=2.8x10 3. Now,
if the increase from E to H is attributed mainly to
[1&4p ] then o [ig4p[/o [ig4p[5p = 2.2 is close to
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cr(, ~ )/o &, „&= 2 obtained for EL double excitations in
Ne from photoelectron data. '7 Extrapolating the aver-
age level in the I,J,K region to beyond the [ls4s]
series limit yields cr(t,4,I/oit, l =2X10 . This and
the alt, 4~i value indicate an equal angular-momen-
tum-independent probability per electron for [1s4l]
double ionization, in full accordance with shakeup
theory. '5's Finally, the three-electron features M, N,
and Oyielda/trit, )=6&10 4, 5X10 4, and4&10 4,

respectively, in good agreement with the value of
8X 10 4 measured' for [Is2Jt3p] and [Is2s3p] in Ni.

We presented here a detailed high-resolution spec-
trum of the K-edge region of Kr where two- and
three-electron features were resolved for the first time.
While the energy levels observed are in good agree-
ment with theory, a detailed modeling of the data will

have to await the advent of a unified theory of electron
excitation, '5 including both single and multielectron
effects. Additional high-resolution data of the kind
presented here, in particular for Ne, Xe, and Rn,
should prove invaluable in achieving this goal.
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