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Single x-ray photon excitaton of two and three electrons in nickel
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Cooperative single-photon excitations of two (K+ L) and three (K+ L+ M) electrons in nickel were
studied using x-ray absorption spectroscopy. Each of the edges detected has an energy higher by about
164 f3 eV than the sum of those required for exciting the electrons involved independently. The probabil-
ities for the two- and three-electron excitation are found to be 0.25% and 0.08%, respectively, of that for a
single E-electron excitation.

Although predicted as early as 1925,' multielectron one-
photon transitions in metals received serious experimental
attention only recently, following the heavy-ion —atom col-
lision of Wolfli et a/. The considerable probability of creat-
ing multiple vacancies in such collisions enabled fluores-
cence spectroscopy measurements to be carried out with
reasonable accuracy. Energy-level determinations of multi-

ply ionized atoms based on these experiments were, howev-
er, encumbered by insufficient knowledge of the number
and distribution of the vacancies produced in the higher lev-
els of the atoms investigated.

Two-electron-one-photon edges were detected first and,
until recently, only in x-ray absorption spectra of inert
gases. 45 The relatively high probability of double-vacancy
creation, only one order of magnitude below that of the sin-
gle E ' creation, and the relative absence of E-edge fine
structure in these monoatomic gases, allow absorption stud-
ies to be carried out with relative ease, as exemplified by
the very detailed work of Deslattes et aI.5 on Ar, published
while the present study was in progress. Threshold studies
of multivacancy satellites in the emission and Auger spectra
of various solids and gases6 as well as several related ab-
sorption studies in the optical region and energy-dependent
photoionization studies of inert gasess and Be (Ref. 9) were
also published.

For solid elements, however, multiple-vacancy x-ray ab-
sorption spectroscopy is hampered by the prohibitively low
probabilities of multivacancy creation, which are three or-
ders of magnitude lower than that of the E ' creation. A
further complication is the extended x-ray absorption fine
structure (EXAFS) associated with the E edge which com-
pletely masks the EM multivacancy spectra and allows only
those KI. spectra measurements where the edges lie at least
700 eV above the E edge. For these reasons the first
multiple-vacancy x-ray absorption spectra for solids were
published only very recently by Salem and co-workers. 9 '

In these measurements, however, the size of the double-
vacancy edge is between 0.3% and 0.5% of the intensity,
while the mean standard deviation due to counting statistics
is between 1.5% and 0.7/o. Under these conditions definite
detection and identification of edges is extremely difficult
and the energy levels and, in particular, the cross sections
deduced are of rather low accuracy. To our knowledge no
observations of multiple-electron —one-photon excitations in
x-ray absorption spectra of solid elements have been pub-
lished previously.

We report here x-ray absorption measurements of two-
electron-one-photon and three-electron-one-photon excita-

tions in Ni with edge discontinuities of 0.30% and 0.18% in
intensity, respectively, with counting statistics having a
mean standard deviation of 0.15%, thus making the detec-
tion and identification of the edges definite. The experi-
ment was carried out at the Daresbury Laboratory Synchro-
tron Radiation Source run at 2 GeV and 100 mA. The sam-
ple was a 5-p, m-thick Ni foil of 99.99+ purity. Relevant
impurity content was such as to preclude any possible con-
tamination of the spectrum in the range of energies ex-
plored, A perfect silicon crystal monochromator employing
two symmetric 511 reflections in a groove was used for en-
ergy scanning. The 2 sec of arc vertical divergence of the
synchrotron beam' provided an energy resolution of
dE/E=10 5. Post-sample monochromatization was em-
ployed to prevent beam "walk" across the sample and the
resulting intensity changes caused by possible sample thick-
ness variations. A high-purity germanium detector was
used in conjunction with a single-channe1 pulse-height
analyzer to eliminate the small amount of harmonics passed
by the monochromator. Intensity was kept within the limits
of linear response of the detector. I3ata collection was car-
ried out under microcomputer control. '5

Signal averaging, ' i.e., summation of a large number of
short repeated scans rather than a single long run was em-
ployed to eliminate structure originating in sudden small in-
tensity changes, known to occur in synchrotron sources.

The energy range of interest was scanned first with the Ni
sample in the beam path then with two foils, one of Cu and
one of Zn, in the beam path. The sharp E edges of these
metals provided excellent energy scale calibrations for the
scan. Finally, a scan without any sample was done. This
was necessary to ensure that no intensity changes occurred
by many beam simultaneous reflections in the monochro-
mator, nonuniform detection efficiency across the detector,
etc. The spectra measured in the three scans is given in
Fig. 1. To improve detectability of the very small intensity
changes found, only differences between the data points and
a straight line connecting the first and last data points are
plotted in Figs. 1(a) and 1(b). No other treatment was ap-
plied to the data and, in particular, no smoothing was em-
ployed so that the scatter of the points reflects the true
statistics of the measurements. The tota1 number of counts
collected for each point was over 4.5&105. The absorption
edges of the various multielectron excitations are clearly
visible in Fig. 1(a), as well as in spectra obtained in four ad-
ditional runs done with the beam hitting different spots on
the sample, thus establishing beyond doubt, the existence of
these features in the absorption spectrum of Ni. Note the
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FIG. 1. Energy spectra: (a) two- and three-electron-one-photon
excitation spectrum. The edges marked are A —1s + 2p3/2,
B—1s +2pi/2, C —1s +2pi/2 3/2+3pi/2 3/2, D —1s +2s
E ls + 2s + 3—pt72 3~2. (b) Spectrum obtained without sample.
Note the smooth, structureless curve with only one significant
spurious intensity change at 9.530 keV. The corresponding intensity
change is noticeable in (a) at the same energy. (c) K-edge spectrum
of a sample made of a foil of Cu (A) and of Zn (8). The sharp
edges provide excellent energy calibration. (a) and (b) are differ-
ence plots, and the error bars indicate + 1 mean standard deviation
of the data. For details see text.

relatively large intensity changes at 9.530 keV. These are
probably due to simultaneous reflections in the monochro-
mator as the large corresponding intensity changes at the
same energy in Fig. 1(b) indicate. The indispensability of
the no-sample scan for eliminating spurious structure in the
spectrum is thus demonstrated. The edges seen in the fig-

ure are over 1000 eV from the Ni E edge. Thus they are
well beyond the —700-eV range of detectable EXAFS asso-
ciated with the E edge. ' Furthermore, their shape is com-
pletely different from the smooth undulations of the absorp-
tion fine structure. Thus the possibility of attributing these
edges to EXAFS is excluded. The clear signature of the
closely spaced 1s '+2p~/2' and 1s '+2p3/2' edges provides
a good starting point for edge identification. The assign-
ment and energies of the various edges are summarized in
Table I. Theoretical values were calculated using the z+1
approximation' with experimental single excitation energy
levels. '

The 9.437-keV edge presents a particular problem. Is it
the doublet 1s '+ 2p~/2' + 3pi/2'3/2, the doublet 1s
+ 2p3/2' +3pi/2 3/2, or an unresolved sum of both? A close
examination of the data reveals that this edge is marginally
higher than the two-electron-one-photon edge and is rough-
ly twice the height of the other three-electron —one-photon
edge at 9.568 keV. This and the somewhat broader width of
the edge seem to favor the last possibility, namely, an un-
resolved quadruplet 1s-'+ 2pi/2 3/2 + 3pi/2 3/2.

The shifts obtained in this experiment are larger by about
55 eV than those reported by Salem et a/. " for Zn. Wheth-
er this is a result of the different type of sample used (metal
foil in our case versus powder in Ref. 11) is unclear. Devi-
ations of the same order of magnitude, although smaller by
a factor of 2 were, however, found for Sm 2s '+2p ' (25
eV)'3 and Se ls '+2s ' (26 eV)'2 between the measured
values and relativistic Hartree-Fock-Slater calculations. The
transition energies obtained from the z+1 approximation
are considerably lower than our measured values, unlike the
inert gases results where they agree to within the experi-
mental error. Note, however, that although the difference
is not as large as here, the z+1 approximation yields con-
sistently too low multivacancy energies for Zn (Ref. 11) and
Se (Ref. 12) as well, the largest deviations, 14 and 17 eV
for Se and Zn, respectively, being in the 1s '+ 2p3/2' level,
where the z+1 approximation is expected to work best."
Our double-vacancy shifts follow the expected ' pattern:
roughly equal shifts for the double vacancies involving the
2p electrons and a smaller one, by about 10 eV, for the ex-
citation involving the 2s electron. The same pattern is re-
vealed for the three-electron transitions as well. The differ-

TABLE I. Energies of the two- and three-electron simultaneous excitation edges measured. Shifts of
these edges relative to the sum of the energies required for exciting the electrons involved independently
are also listed. The number in parentheses is the uncertainty in the last digit of the energy. Theoretical
values were calculated using the z+1 approximation and energy levels from Ref. 19.

Transition

1

2p i/2
2
3s 1

3pi/2, 3/21s-'+ 2s-'
1$ + 2pi/2
1s + 2p3/2
1s + 2s + 3p~/2 3/2

+ 2pi/2, 3/2 + 3p1/2, 3/2

Energy (keV)

8.3328 (4)'
1.0081(4)'
0.8719(4)'
0.8547 (4)'
0.1118(6)'
0.0681(4)'
9.501(3)
9.372(3)
9.358(3)
9.568(5)
9.437(6)

Theory (keV)

9.429
9.284
9.264
9.503
9.357
9.338

Energy shift (eV)

160
167
170
159
164

' Reference 19.
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ences in energy between the various edges in Table I follow
rather closely the differences in energy between the single-
electron excitations involved, as revealed by the almost
equal shifts listed. Note that the three-electron-one-photon
excitations involving the 3s electron were not detected in
this study. This may be due to the relatively small number
of the 3s electrons which would result in a cross section well
below the statistical accuracy of our data.

By comparing the sizes of the various edges in Fig. 1(a)
to that of the Ni E edge it is possible to derive the ratios of
the corresponding cross sections. 9 '3 The accuracy of the
values thus obtained is, however, rather low due to the
small step height of the multielectron edges. Our data indi-
cate that all the double excitations detected have roughly
equal cross sections, which seems to point to the shake-up
type of absorption process. The ratio of the two-
electron-one-photon cross section o. (2) to that of the single
1s ' excitation o. (1) is

o-(2)/o. (1)= (2.5 + 0.4) x 10 3

This value agrees well with those reported "' for Ge, Zn,
and Se, but is smaller by an order of magnitude than the
value of 2x 10 ' deduced9 for Ne and Ar (Ref. 4) and the
value of 3.5x 10 which can be deduced from Figs. 4 and 5
in Ref. 5. As for the three-electron —one-photon edges, if
we assume, as discussed above, that the 9.437-keV edge is

an unresolved quadruplet and the one at 9.568 keV is a
doublet, then all the three-electron —one-photon cross sec-
tions are, again, roughly equal and

o (3)/o. (1)= (0.8+0.3) x10

This value should, however, be regarded as highly tentative
until much more accurate data become available.

The measurements presented here demonstrate for the
first time unequivocally the existence of a complete spec-
trum of two- and three-electron —one-photon excitations for
a metal. While our data allow for an accurate determination
of the energy levels involved and, to a lesser extent, the
cross sections for the various excitations, additional mea-
surements on as large a number of elements as possible will

be required for gaining a detailed understanding of the
processes involved in multielectron —one-photon excitations
of atoms by x rays. This is particularly desirable in view of
the apparently contradicting results obtained for inert gases
and metals. Further work on this problem is currently in
progress.

The help of Dr. K. R. Lea of the Daresbury Laboratory is
gratefully acknowledged, as is the financial support extended
by the British Council and the Royal Society to one of us
(M.D.). This work was supported by the Science and En-
gineering Research Council.

'Permanent address: Department of Physics, Bar-Ilan University,
Ramat-Gan, Israel.

'J. W. Heisenberg, Z. Phys. 32, 841 (1925).
W. Wolfli, Ch. Stoller, G. Bonani, M. Suter, and M. Stockli, Phys.

Rev. Lett. 35, 656 (1975).
D. J. Nagel, P. G. Burkhalter, A. R. Knudson, and K. %. Hill,

Phys. Rev. Lett. 36, 164 (1976); J. A. Tanis, J. M. Feagin, W. W.
Jacobs, and S, M. Shafroth, ibid. 38, 868 (1977); J, P. Briand,
ibid 37, 59 (1.976); T. Aberg, K. A. Jamison, and P. Richard,
ibid 37, 63 (197.6).

4H. %. Schnopper, Phys, Rev. 131, 2558 (1963); R. P. Madden and
K. Codling, Phys. Rev. Lett. 10, 516 (1963); F. Wuilleumier, J.
Phys. (Paris) 26, 776 (1965); J. B. Hastings and P. Eisenberger,
Fifth International Conference on VUV Radiation Physics,
Montpellier, France, September 1977 (unpublished); C. Bonnelle
and F. Wuilleumier, C. R. Acad. Sci. Ser. B 256, 5106 (1963);
F. Wuilleumier and C. Bonnelle, ibid 270, 1229 (197.0).

5R. D. Deslattes, R. E. LaVilla, P. L. Cowan, and A. Henins, Phys.
Rev. A 27, 923 (1983).

6See, e.g. , L. G. Parrat, Phys. Rev. 49, 132 (1936); K. Tsutsumi, J.
Phys. Soc. Jpn. 14, 1696 (1959); G. E. Ice, G. S. Brown, G. B.
Armen, M. H. Chen, B. Crasemann, J. Levin, and D. Mitchell,
X-Ray and A tomic Inner Shell Physics —1982, edited by
B. Crasemann (AIP, New York, 1982).

7R. P. Madden and K. Codling, Astrophys. J. 141, 264 (1965);
H. A. Kuhn, Atomic Spectra, 2nd ed. (Academic, New York,
1970), p. 304.

8T. %. Chang, T. Ishihani, and R. T. Poe, Phys. Rev. Lett. 27, 838

(1971); A. Winkler, J. Phys. B 10, L693 (1977); S. L. Cartle and
H. P. Kelly, Phys. Rev. A 16, 1525 (1977); 24, 170 (1981).

9S. I. Salem, B. Dev, and P. L. Lee, Phys. Rev. 22, 2679 (1980).
OS. I. Salem, B. Dev, and P. L. Lee, in Inner-Shell and X-ray Physics

of Atoms and Solids, edited by D. J. Fabian, H. Kleinpoppen, and
L. M. Watson (Plenum, New York, 1981).
S. I. Salem, D. D. Little, A. Kumar, and F. L. Lee, Phys. Rev. A
24, 1935 (1981),
S. I. Salem, A. Kumar, and P. L. Lee, Phys. Lett. 92A, 331
(1981).

S. I. Salem, A. Kumar, and P. L. Lee, Phys, Rev. A 25, 2069
(1982).

4M. Hart and D. P. Siddons, Nucl, Instrum. Methods 204, 219
(1982).

'5A. R. D. Rodrigues and D. P. Siddons, J. Phys. E 12, 403 (1979).
6M. Hart and P. D. Siddons, Proc. R. Soc. London Ser. A 376, 465

(1981).
' F. W. Lytle, D. E. Sayers, and E. A. Stern, Phys. Rev. B 11, 4825

(1975).
8J. P. Desclaux, C. Briancon, J. P. Thibaud, and R. J. Wallen,

Phys. Rev. Lett. 32, 447 (1974); J. Briand, A. Touati, M. Frilley,
P. Chevallier, A. Johnson, J. P. Rozet, M. Tavernier, S. Shapoth,
and M. O. Krause, J. Phys. B 9, 1055 (1976).

9J. A. Bearden, Rev. Mod. Phys. 39 78 (1967).
2oT. Aberg, Phys. Rev. 156, 35 (1967); K. A. Dyall and F. P. Lar-

kins, J. Phys. B 15, 219 (1982); T. Aberg, Photoionization and oth-

er Probes of Many electron Interactions, edited by F. Wuilleumier
(Plenum, New York, 1976), p, 49.


