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Threshold Double Photoexcitation of Argon with Synchrotron Radiation
0
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Auger satellites have been measured to determine the probability of M-shell excitation accom-
panying K-shell photoionization of Ar, as a function of photon energy. The theoretically predicted
difference between the dependence of shakeup and shakeoff probabilities on the photon energy
near threshold is demonstrated for the first time. Results are critically compared with calculations.
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In atomic inner-shell photoionization, multiple exci-
tation processes occur with significant probability. The
resulting final states are approximately described by
configurations formed by removal of a core electron
and excitation of additional electrons to higher bound
states (shakeup) or to the continuum (shakeoff). ' 3

Such multiple excitation processes result in satellites in
the photoelectron spectra' and in the Auger and x-
ray spectra from transitions through which the pho-
toexcited states decay. The study of these multiple
excitation processes is important because they epito-
mize the breakdown of the independent-particle model
and can provide important clues for the understanding
of electron correlation and of excitation dynam-
ics. ' The energy dependence of the cross sec-
tions for double excitation is particularly informative
near threshold; the observation of Auger satellites
makes it possible to measure this dependence. Here
we report on an investigation in which highly mono-
chromatized, hard synchrotron radiation was tuned
through the thresholds for various multiple-excitation
processes during 1s ionization of Ar, and the probabili-
ties of accompanying 3s and 3p excitation were traced
by measurement of the intensities of pertinent Auger
satellites. Results are compared with theory.

In the experiment, x rays from an eight-pole
wiggler, operating at 14 kG, were focused onto an Ar
jet by a Pt-coated doubly curved toroidal mirror. The
x-ray bandwidth from a Ge(111) double-crystal Bragg
monochromator was 0.9 eV at h v=3200 eV; the flux
on target was —10' photons/s with 60 mA of 3-GeV
electrons in the SPEAR storage ring. Electron spectra

were measured with a computerized double cylindri-
cal-mirror analyzer; with a pass energy of 82.5 eV, the
electron-spectrometer resolution was 1.6 eV.

We take the 2660-eV Ar K L2L 3 'D2 -Auger-
electron line as reference. The E-II. Auger yield" of
Ar is affected only minutely by excitation of one or
two M-shell electrons. The intensity of satellites of
the 'D Auger line relative to that of the "diagram"
line is therefore a measure of the probability of the
multiple photoexcitation processes studied here.

To interpret the 'D Auger satellite spectrum it is
necessary to calculate the radiationless transition ener-
gies and rates in the presence of one or two open M
subshells. The initial states can be limited to those
which in the sudden approximation are expected to be
significantly populated. ' These are the [1s3l]
(l = 0, 1) shakeoff states and the [ls 3l]nl (n = 4 and 5
for I = 1, n = 4 for I = 0) shakeup states, where square
brackets indicate hole states. In the limited
3s( S)ns ' Sls S and 3p ( P)np ' Sls S basis, the
eigenstates are linear superpositions of 'S and 5
states. The initial shakeup states can be identified as
states with dominant '5 component because the mono-
pole selection rules prevent transitions to the triplet
state. According to our Hartree-Fock (HF) calcula-
tions, the initial [ls3p]4p state has almost pure 'S
character, whereas in the other shakeup cases the mix-
ture is more uniform.

The radiationless decay of the initial doubly excited
states considered above to the various [2p ('S,
'D)3l]nl ' L final states was analyzed by calculation
of transition energies as differences between initial-
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and final-state total energies. The states were
described by single-configuration HF configuration-
average wave functions in LS coupling. Relative tran-
sition rates within each multiplet were calculated from
the square of the product of appropriate angular factors
and Slater integrals. The ratio of the s- to d-wave con-
tributions to the E-L2 3L2 3'S and 'D transition rates
was estimated with Hartree-Slater wave functions.
Nonresonant triple-excitation satellites fall outside the
energy span of the spectra.

Calculated Auger satellite energies are indicated
schematically in Fig. 1. The satellites arising from 3s
and 3p shakeoff accompanying 1s ionization are seen
to fall into the peak around —2643 eV, while most 3s
and 3p shakeup processes cause Auger satellites that
fall within the 2650-eV peak, unresolved from the K-
L2L 2 So diagram line. The measured intensity of the
'5 line, excited below the threshold for any [Isnl] dou-
ble processes, is (11.0+ 0.6)% of the 'D-line intensity,
in excellent agreement with the prediction (11.12%)
from a relativistic intermediate-coupling calculation
that includes configuration interaction. " The predict-
ed positions of the Auger lines are only slightly affect-
ed by configuration mixing in the initial states and by
relativity.

In Fig. 2(a), the relative intensity of the 2650-eV
shakeup satellite peak including the Sz diagram line is
plotted. The satellite peak that arises at photon energy
E = 3225 eV is tentatively ascribed to the [Is3p]4p
bound-bound resonance, in accordance with the inter-
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pretation of the Ar K-absorption spectrum8 which
shows a peak at 3224 eV. In accord with observations
of Kobrin et al. ,

6 the [Is3p]4p shakeup satellite ap-
pears to have approximately half its asymptotic intensi-
ty at 5 eV above threshold. Saturation of [Is3p]4p
plus opening of the [ls3s]4s channel lead to a small
gradual increase which levels off to a constant shakeup
satellite intensity —60 eV above the [1s3p]4p thresh-
old.

Within the independent-electron model, the shake-
up cross section is given by a combination of mono-
pole and dipole radial matrix elements, (n'l Int) and
(n'I'Ir Inl), respectively. If we neglect terms with
double- and triple-order products of the n'~ n overlap
elements, the ratio of the [Is 3@]4p to [1s] cross sec-

800—

diagram

3p H 4p

l.
3s +4s

IO

(1) SHAKEOFF

O

400—

3p H 00

I ~ .g.

I
3s&ce

3p H 5p
aha O

2640 2650 2660 2670

AUGER ENERGY (eV)
FIG. 1. Calculated energies of Auger satellites caused by

3s and 3p electron excitation accompanying 1s ionization,
with reference to an Ar K-L23L23 Auger spectrum pho-
toexcited 2000 eV above the 1s ionization threshold. Esti-
mates of relative satellite intensities within each multiplet
are indicated by the heights of the bars.
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FIG. 2. (a) Intensity of the 2650-eV feature in the pho-
toexcited Ar K-L2 3L2 3 Auger spectrum, with reference to
the 'D line intensity, as a function of x-ray energy. The
dashed line at 11.1/o indicates the 5 diagram-line contribu-
tion. Energy thresholds for 1s ionization and for 3p 4p
and 3s 4s shakeup accompanying 1s ionization are indi-
cated by vertical arrows. The normalized theoretical predic-
tion for the near-threshold energy dependence of these rela-
tive shakeup probabilities is represented by the solid curve.
(b) Photoexcitation-energy dependence of the 2643-eV
Auger satellite-group intensity. Thresholds for 1s ionization
alone and accompanied by 3p and 3s ionization are indicated
by vertical arrows. The normalized theoretical relative
shakeoff probability is indicated by the solid curve. Circles
and triangles pertain to data from separate experiments.
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tions is

R3~ 4~ (E) = P {[ls3p]4p j {53+ (et) + 72 —(e~) j/2P {[1s] j (e'p ~r ~
ls ),

where

2 + (et) = (4p ~3p) (etp ~r ~1s) + (e~p ~3p) (4p [r ~1s)

and

P {[n)l). . . ]n2l2j = Q„t (nl lnl) q "'.

R3~,~(E) =P {[1s3p]jJt {52+(e) +72 (e) jde/4P {[1s]j( pe~r ~ls),
where we have e2 ——E —I {[ls3p]j. The 4p wave func-
tion in Eq. (1) is replaced by the continuum wave
function of the shakeoff electron with energy e
(0~ e —e2), so that e] ——e2 —e. It is clear from Fig.
2(b) that the measured cross section does not go to
zero at the [ls 3p] threshold. This fact can be attribut-
ed to admixture, in the 2643-eV peak, of satellites due
to half of the 3p Sp excitations and higher shakeup,
according to our energy calculations.

If we assume in accordance with Fig. 2(a) that the
shakeup ratio is practically constant as a function of E,
then it can be concluded that the experimental shake-
off curve levels off at high E at (19+2)% (after sub-
tracting the threshold value of 5%). The shape of the
curve is well predicted by a calculation of the ratio
given by Eq. (2), using HF wave functions for both
the [Is3p] core and continuum states [Fig. 2(b)]. In
the calculation of the continuum wave functions the
Lagrangian multipliers were neglected, but a Schmidt
orthogonalization was carried out afterwards. As seen
in Fig. 2(b), the measured cross-section curve is only
slightly affected by the opening of the [ls3s] shakeoff
channel. Our calculations predict an asymptotic shake-
off probability of 25% at high E.

Dyall' has estimated the [1s3s] and [1s3p] relative
shakeoff probability by in essence taking the total
shake probabilities 1 —(nl ~nl) per electron and sub-
tracting the shakeup probabilities calculated from Ryd-
berg nl (n ~ 4) functions generated in a frozen-core
average-of-configuration potential for the [1s3s] and
[1s3p] configurations. The result, 7.3%, is only one-
third of our experimental probability, (19+2)%. In
order to understand this discrepancy, it is useful to ex-

(2)

amine the sudden 3p shakeup-shakeoff limit

6(1—(3p" ~3p) 2)
„,,„( )=

in which the small influence of the forbidden transi-
tion (2p ~3p) has been neglected. (We now denote
the hole-state 3p wave function by an asterisk. ) If the
~3p ) wave function is chosen as the one which corre-
sponds to the [1s3p] core, the result is 37%. If this
wave function is chosen, on the other hand, as that
which corresponds to the [1s] core, as in the conven-
tional sudden-approximation method, then the result
is 20.5%. Subtraction of the —12% [ls 3p]nl shakeup
intensity' from the first of these results leads to 25%
shakeoff; subtraction from the second result gives 9%
shakeoff. It appears that the 3l wave functions of
Ref. 10 were generated in a one-hole potential, dif-
ferent from the potential that was used in generating
the Rydberg orbitals.

The total shakeup-shakeoff probability at large E
that we measure is (33+ 4)%. This is somewhat
higher than the total M shake probability of (26 + 2)%
measured by Krause, Carlson, and Dismukes' and also
slightly exceeds the relative L x-ray satellite intensity
of (28 + 2)%. ' The corresponding conventional
shake value calculated from Dirac-Fock (DF) wave
functions, including forbidden-transition corrections,
is 24.4%.

We can draw the following conclusions: (1) The
difference in the photon-energy dependence of shake-
up versus shakeoff close to threshold has been shown
experimentally, for the first time, to be as predicted by

Here, q (nl) is the number of electrons in subshell nl of the hole configuration [n tlt. . . ]. From energy conserva-
tion, we have et =E —I {[ls3p]4p j and e' =E —I {[1s]j, which leads to the E dependence indicated by the solid
curve in Fig. 2(a). The continuum wave function was calculated in a [ls3p]4p HF frozen core, with use of
Seaton's method. ' The theoretical curve was normalized to the measured point at E = 3370 eV, whereas the cal-
culated asymptotic intensity ratio R3p 4p(~) [Eq. (1)] is 14/o. The measured energy dependence of the shakeup
probability is seen to be well predicted by theory, except very close to threshold. The configuration-interaction cal-
culation of Dyall' includes mixing between [1s3l]4l and higher members of that shakeup series. The shape of the
curve is not much affected by this configuration interaction, but a shifting of intensities results, from the lower to
upper states.

In contrast to shakeup, double-ionization cross sections must always start from zero at the threshold, as can be
seen from the independent-electron-model cross-section ratio
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theory. (2) The measurements indicate more shakeoff
than shakeup at high photon energy, in contrast to the
predictions of Ref. 10 but in accord with Ref. 1. (3)
The measured shakeup probabilities agree well with
the predictions of Ref. 10, but the shakeoff probabili-
ties do not. (4) The measured total shake probabilities
are bracketed by the sudden-approximation values cal-
culated by the HF (DF) method for a double-hole
[1s3l] and a single-hole [ls] field. Within the restrict-
ed HF (DF) method, both procedures are somewhat
inconsistent with respect to fulfilling the closure rela-
tion. This inconsistency could be removed if many-
electron wave functions were used to obtain the

(@([Is3l]n(e)l) Sigrro„„([ls]) S)
shakeup and shakeoff amplitudes, since the @ func-
tions are eigenfunctions of the same projected
(N —1)-electron Hamiltonian PH (N —1)P, where
P =

i 1s ) (1s i.
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