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Threshold Excitation of Short-Lived Atomic Inner-Shell Hole States
with Synchrotron Radiation
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The Xe L3 MqMs ( -G4) Auger spectrum, photoexcited in the vicinity of the L3 edge, has been
measured as a function of photon energy. The nd spectator-electron satellite lines show resonant
behavior. The diagram line exhibits the largest ( & 1 eV) post-collision interaction shift yet ob-
served. For comparison with the data, the first fully quantum-mechanical calculation of the post-
collision interaction in deep inner-shell Auger decay is performed, based on a resonant-scattering
approach that involves a complete summation over intermediate L3 one-hole states.

PACS numbers: 32.80.Hd, 32.80.Fb

In threshold excitation of short-lived, deep atomic
inner-shell hole states, ionization and decay cannot be
treated as distinct processes. Directly at threshold,
photoionization and radiationless deexcitation occur in
a single process, the resonant Raman effect. ' Above
threshold, excitation and deexcitation are still linked
by post-collision interaction (PCI), in which the Auger
decay takes place under the influence of the Coulomb
field of the receding photoelectron and some of the
photoelectron's energy is transferred to the Auger
electron. Measurements of the Auger spectrum excit-
ed near threshold can therefore probe the dynamics of
inner-shell transitions and provide a stringent test of
the semiclassical PCI theory2 which has been shown to
be valid in the limit of long hole-state lifetimes. The
first fully quantum-mechanical calculation of PCI be-

comes possible, based on resonant scattering theory, 4 5

since the intermediate-state summations can be re-
stricted to states associated with the initial inner-shell
hole.

Here we report on an investigation in which highly
monochromatized, hard synchrotron radiation was
tuned through the L, 3 threshold of Xe and the I.3-

M4M5 ('G4) Auger decay including the nd (n ~ 5)
spectator-electron satellite distribution was observed.
The peak positions and widths of the n = 5 and n = 6
spectator lines were measured as functions of photon
energy. The evolution of the M4M& double photoioni-

zation peak into the Auger diagram line was found to

be strongly blended with the n ~ 6 spectator satellites
in the excitation-energy range from E,„,= —0.5 eV to
+ 5 eV with reference to the ionization threshold, pro-
ducing a large apparent PCI shift ( —3 eV). We com-
pare this result with predictions from the resonant
scattering theory at E,„,=+3 eV. Above E,„,=—+5
eV, the PCI shift is solely due to distortion of the
diagram-line shape, so that comparison with both the
resonant scattering and semiclassical theories becomes
possible.

In the experiment, performed in the Stanford Syn-

chrotron Radiation Laboratory, x rays from an eight-

pole wiggler operating at 14 kG were focused onto a

Xe jet by a Pt-coated doubly curved toroidal mirror. A

narrow energy band ( —0.6 eV) was selected with a

tunable Si (111) (1,—1) double-crystal monochroma-

tor. The energy spectrum of electrons emitted from
the Xe target was measured with a double-pass
cylindrical-mirror analyzer. ' We take the asymptotic
Auger diagram-line energy eA = 3365.9 +0.2 eV as

reference for the PCI shift. Typical Auger spectra ex-
cited at E,« = —2 eV and + 1.5 eV are shown in

Fig. 1.
In the resonant scattering theory4 5 of the PCI

effect, a consistent treatment of threshold phenomena
is achieved by interpreting the Auger transition
[ntl, l [nfif, n, l, ] as a resonance in the double-

electron photoionization of the nfl~ and nf If sub-

shells. As the incident-photon energy approaches the
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ionization energy I; of the n;I; threshold, spectator transitions of the type [n;I;]nl [nflf, n I .]nI start to appear
because of n;l; nl excitations. At the threshold, the spectator lines blend into the rapidly increasing double-
ton»«ton peak, for which the cross section at large excitation energies E,„,=co —I; becomes the product of the
nI &~ ~ l single-electron photoionization cross section and the Auger decay probability I (eA) for
[rtI~;] [nf&f, nf. &f.]' +'&J transitions with energy &p, . Close to threshold, the Auger decay cannot be treated as
an independent process because the emission of the Auger electron is affected by transitions from the single- to
double-hole n (e) l states. The double photoionization cross section is

d G

dE dEA

4rr AQJO
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where 1V(r0 —cuII) is the distribution function of the incident photons (normalized to unity), eA is the Auger-
electron energy, and I, is the ionization energy of the final double-hole state. We have placed the slowly varying
factor ruIII (eA) outside the integral. If the continuum wave function ~e) is replaced by the discrete-state wave
function

~ n) in the overlap matrix element (e~Ir ), the double-ionization cross section reduces to the cross section
drr„/deA for emitting an Auger electron and placing a spectator electron in the excited state nl. In Eq. (1), we
have

E,„,+r„,+iI;/2 o E,„, r+ rI—,/2
'

~min

where each ~r(n')) must be evaluated in the field of
the singly ionized atom with an n;l, hole, in contrast to
the final ~e(n)) double-hole states. In Eq. (2), I; is
the total decay width of the [n;l;] hole state, and

(2)
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r
~ ~0) is the reduced radial dipole matrix ele-

ment.
Close to threshold, the Auger-electron emission in-

tensity as a function of eA is a measure of the cross
section
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FIG. 1. Xenon L3 M4M5 ('G4) Auger-electr-on spectrum,
excited with synchrotron-radiation photons of energy 2.0 eV
below the Xe L3 binding energy (top) and 1.5 eV above the
Xe L3 binding energy (bottom). Feature A consists primari-
ly of nd (n ~ 6) satellites, with a slight admixture of the
PCI-shifted diagram line; feature B is the 5d spectator satel-
lite, and feature C consists of the PCI-shifted diagram line,
with an admixture of nd (n ~ 6) satellites.

which must be convoluted with the spectrometer win-
dow function for comparison with the experimental
data. If the final double-hole —state lifetime I f ' is
taken into account, the Dirac delta function in Eq. (1)
is replaced by the normalized density function

(I f/2~) [(c0—e —e —I,) + I ~/4]

It follows from Eqs. (1) and (2) that for E,„,) 0 the
discrete part of the cross section (3) rapidly vanishes
compared with the continuum part do. ,/deA. In the
limit I; 0, the corresponding overlap integral (e ~r')
can be approximated by taking the overlap between
two WKB wave functions, corresponding to —,

'
k;

= E,„,+ i(I,/2) + V, (R) and ,' kf =E,„, eA+—eA-
+ Vf(R), respectively. We have Vf =2 V;= R
where the angular-momentum exchange between the
photoelectron and the Auger electron is neglected. All
semiclassical models of PCI seem to be variants of the
&KB approximation, limited to the very-high-n and
continuous-e region. Qualitatively, both Eqs. (1)—(3)
and the semiclassical approach lead to a transfer of in-
tensity from the low-energy to the high-energy flank
of the Auger-electron peak, compared with a Lorentzi-
an shape, resulting in a positive PCI shift A. However,
whereas in the semiclassical approach the regime

E'~ O' E (e ( 0) is approached by analytic con-
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FIG. 2. Xenon L3 M4M5('G4) Auger-electro-n-peak en-

ergies, as functions of excitation energy. Experimental data
are indicated by solid circles. Lozenges represent the
quantum-mechanical shift 6 of the diagram line, while the
solid curve indicates the semiclassical shift.

tinuation, the quantum-mechanical theory leads to a
spectator-line structure, important in practice for

t xc i.
The derivation of Eq. (1) from the general

transition-matrix formula4 is based on a number of ap-
proximations. The most severe of these is probably
the factorization of the many-electron Hamiltonian
matrix element that involves the final two-electron
scattering wave function into the one-electron overlap
element (e~i) and the Auger-electron probability am-
plitude.

The cross section (3) was calculated for the L3
M4M5 ('G4) transition with the use of Hartree-Fock
(HF) wave functions. Calculation of the continuous
part of the function (2) required, for each E,„, (3, 10,
and 20 eV), 2 000 continuum wave functions ~r 1) in
steps of 0.1 eV. These wave functions, as well as the
final-state continuum wave functions ~ed), were gen-
erated in the configuration-average frozen HF core,
with the exchange interaction taken into account. The
summation over the discrete intermediate states was
found to be negligible in all three cases.

The —2.3-eV width of the spectrometer window al-
lows us to resolve only the Sd spectator line in the
range —8 eV & E,„,& + 5 eV, at 6 (Sd) = E,„,+ 10.5
eV, from the rest of the structure which appears as a
single peak at 5 & b, (Sd). Up to E,„,=O eV, 5 ap-
pears to follow a linear dispersion law, A=E,„,+4.0
eV, which indicates that it is mostly 6d. The linear
dependence of b, (Sd) and b, (6d) on E,„, is plotted in
Fig. 2; the resonance energies are indicated at which
the spectator lines gain maximum intensity. Accord-

ing to Eqs. (1)—(3), these resonances occur at
E,„,= —r„or A(nd) =e„—r„. The measured ener-
gies ~„agree well with relaxed HF calculations for
n =5 and 6.

The measured width of the Sd and 6d spectator lines
is 4.0+0.5 eV, independently of E,„,. This is clearly
narrower than the natural width of the L3 M4M5
('G4) line (I,+I f=—4.2 eV), 7 convoluted with the
2.3-eV-wide spectrometer window, i.e., 5.3 eV. This
resonance narrowing is in accordance with Eqs.
(1)—(3) which, in analogy with the x-ray resonant Ra-
man case, predict do. „/de&~ N(cu —coo), where
X(c0 —coo) is 0.6 eV wide in our experiment.

With the sum rule f ~ (~ ~r') ~2de = (r'~r'), where
summation over discrete states is included, it is possi-
ble to estimate how much of the low-energy structure
represented by peak C in Fig. 1 is due to spectator
states. The result, in agreement with the gradual, slow
disappearance of the Sd spectator line, is that for
E,„,& 2I', , the contribution from the discrete final
states cannot be neglected. Hence E,„,= + 3 eV
represents an intermediate case, in which there is an
apparent shift due to the spectators. Experimentally
we find 5 = 3.0 + 0.5 eV, whereas theory predicts
5 = 2.8 eV after convolution with the final-state densi-
ty and the spectrometer window function.

In the calculation of da. „/deA, the discrete portion
of complete-set HF computations was approximated by
quantum-defect theory for both n' (intermediate) and
n (final) states ~ 8. The summation over intermedi-
ate continuum states was found to be important, indi-
cating that there is appreciable recapture of the pho-
toelectron into Rydberg states.

For E,„,& 5 eV, the quantum-mechanical shape of
the Auger diagram line agrees closely with that ob-
tained from the semiclassical Niehaus theory through
numerical integration. After convoluting the theoreti-
cal shapes, we find the shifts A,h„,„=2.0 eV,
b, ,„~,=2.5 +0.5 eV for E,„,=10 eV, and A,h„,„=1.6
eV, 5,„„,=1.9 +0.7 eV for E,„,=20 eV. It remains to
be shown analytically why the Niehaus theory, if the
stationary-phase approximation is not invoked, leads
to almost identically the same results as the quantum-
mechanical approach. In Fig. 2, the solid curve for the
diagram-line energy represents the function
A=A, (E,„,), obtained from the Niehaus theory and
convoluted.

Similar measurements as here described have been
performed on other wide inner-shell hole states. 9

Computations are in progress to apply the resonant
scattering theory4 5 to these cases as well.
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