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Inner-Shell Photoionization in an Excited Atom: Many-Electron Effects and
Partial Cross Sections in 2p 3p P312 Sodium Atoms
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Using synchrotron radiation, we have investigated, over an extended photon energy range, the full
photoelectron spectrum following ionization in the 2p subshell of Na atoms laser excited into the
2p 3p P3g state. We have determined the relative cross sections for leaving the positive ions in various
final states, corresponding to the main line and to the satellite lines. In particular, we have observed a
strong enhancement of the relative intensity of the shakeup satellites in the excited atom. Our measure-
ments allow testing of the validity of a many-body calculation of the 2p-photoionization cross section.

PACS numbers: 32.80.Fb, 32.80.Hd

We present in this Letter the results of a complete in-

vestigation of photoionization processes in an excited
atom by electron spectrometry. We have measured an
inner-shell photoionization cross section in the case of
the 2p subshell of the 2p 3p P3i2 excited sodium with a
high enough accuracy to be able to test the theoretical
prediction of a many-body calculation over an extended
photon energy range. We have also observed, for the
first time, a strong enhancement of correlation effects in

an excited atom, namely an increased by a factor of 2 in

the relative intensity of the 2p-shakeup satellites as com-
pared to the behavior of similar satellites in photoioniza-
tion of sodium atoms in the ground state.

Advances in photoionization studies of excited atoms
open new avenues for predicting the behavior of these
systems in such media as plasmas of astrophysical in-
terest or laser-produced plasmas. The first successful ex-
periments' combining the use of laser beam and syn-
chrotron radiation (SR) to study photoionization pro-
cesses in an excited atom were achieved in 1981. Later
on, owing to the large cross section of the resonant pro-
cesses as compared to direct photoionization into the
continuum, oscillator strengths for 2p 3p 2p 3s 3p
resonant transitions in 2p 3p excited sodium atoms were
measured. ' More recently, it was possible to prepare
large enough populations of sodium atoms in more high-
ly excited states, using two lasers in cascade, to observe
their resonant photoionization with SR. ' In the mean
time, photoionization processes in other laser-excited
atoms, namely Ba, Li, and Ca, have also been investigat-
d 8-l2

Several theoretical predictions have been made about
the behavior of photoionization cross sections in some
classes of excited atoms, ' ' but none have yet been

checked experimentally because of the many difhculties
in performing accurate measurements in a laser-syn-
chrotron experiment. More specifically, the result of a
many-body calculation' ' on the photoionization of the
2p subshell of the sodium atom with its valence electron
either in its ground state or at different stages of excita-
tion was that the photoionization cross section of a 2p
electron at a fixed photon energy, i.e., its absolute magni-
tude and its photon energy dependence, was practically
independent of the atomic orbit that the valence electron
occupies.

Our first experiments combining the use of laser and
ACO synchrotron radiation' did not allow us to check
systematically the validity of this prediction over a wide
photon energy range with a high accuracy. This aim re-
quired the availability of higher SR photon flux with a
better resolution. These improved experimental condi-
tions were made available to us when the new storage
ring SuperACO was put into operation. For the experi-
ments presented here, we transferred to a bending-
rnagnet beam line of SuperACO the same experimental
setup as previously used with ACO. The increase in the
photon flux, as compared to ACO, was about a factor of
3 (with 300-pm monochromator slits) in the 50-130-eV
photon energy range. A nearly constant value of the
monochromator bandwidth (0.30 to 0.35 eV) was main-
tained from 50 eV (with 300-pm slits) to 110 eV (with
200-pm slits). In these conditions, we have been able to
obtain the full photoelectron spectrum from the 3p sodi-
um atom.

We show, in Fig. 1, a typical set of photoelectron spec-
tra from the cylindrical-mirror analyzer (CMA), taken
at 75.6-eV photon energy. They have been corrected for
the transmission of the CMA. The upper panel shows
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FIG. 2. (a) Variation, as a function of photon energy, of the
ratio between single 2p photoionization in the 3p excited state
(main line at 40. 1-eV binding energy in the bottom spectrum
of Fig. l, 2p 3p final ionic states) and in the ground state
(main line at 38.0-eV binding energy in the middle spectrum of
Fig. 1, 2p 3s final ionic states) of atomic sodium, respectively.
(b) Variation of the experimental ratio between the 2p-photo-
ionization cross sections (main line plus satellites) in the 3p ex-
cited and in the 3s ground states of atomic sodium, respective-
ly.

20—

FIG. 1. Top: A photoelectron spectrum of sodium taken at
hv=75. 6 eV with the laser turned on. The lines at 38- and
40-eV binding energy are due to single photoionization of 2p
electrons in sodium atoms in the ground state and in the 3p ex-
cited state, respectively. The other lines, at higher binding en-
ergies, are satellite lines. Middle: A spectrum taken at hv
=75.6 eV in the same experimental conditions, but with the
laser turned oA. The whole spectrum is due to photoionization
of ground-state sodium atoms; the positions of the shakeup
(2p 4s and 2p Ss final ionic states) and of the conjugate
shakeup (2p'3p and 2p'4p) satellites are shown by vertical
marks on top of the spectrum. Bottom: The photoelectron
spectrum following 2p photoionization in the 3p excited state;
it has been obtained from subtraction of the two previous spec-
tra, after proper corrections and normalizations. The arbitrary
unit of the ordinate axis is identical for the three spectra.

the spectrum with the laser on. The sodium beam is then
a mixture of sodium atoms in the 2p 3s S ~y2 ground
state (GS) and in the 2p 3p Py2 excited states (ES),
since at most 30% of the atoms in the ground state can
be transferred into the 3p state. We observe photoelec-
tron lines arising from photoionization in the 2p subshell
of sodium in both atomic states. The main lines, corre-
sponding to single ionization of the 2p electrons without
additional transfer of energy to other electrons, appear at
38.0-eV (2p 3s P final states) and at 40. l-eV (2p 3p

final states) binding energy (BE) in the GS and in the
ES, respectively. The closeness of these two lines makes
clear why it was necessary to have as low a bandwidth of
the monochromator as possible. Photoionization cross
sections are evaluated from the integrated area under the
photoelectron peaks; thus, it was necessary to have an
accurate measurement of the true background between
these two lines, because the determination of the back-
ground level is the main source of error in the values of
the integrated area under low-intensity peaks. At higher
binding energy, one can see several low-intensity lines,
the so-called satellite lines corresponding to transitions in
which the residual ion is left in higher excited states.

The photoelectron spectrum of the GS, taken in the
same experimental conditions but with the laser off, is
sho~n in the middle panel of Fig. I. Lower-resolution
examples of this spectrum have already been obtained, '

but the high flux of photons available here makes it pos-
sible to observe some previously undetected satellite
lines.

The lower panel of Fig. l shows the full photoelectron
spectrum following photoionization in the 2p shell of
3p-excited sodium atoms. It has been obtained by sub-
traction of the upper and middle spectra. This subtrac-
tion required some adjustments to account for the varia-
tion of the photon flux and for the shift of the apparent
energy scale of the CMA arising from the plasma poten-
tial which develops in the beam via collisional ionization
between excited atoms. In addition, the normalization
factor was obtained from a comparison of the integrated
area of the photoelectron line at 38-eV BE in both spec-
tra. This factor gives the density of Na atoms brought to
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the excited state, here about 17%. In the spectrum from
the excited state, the so-called shakeup satellite lines,
corresponding to the 2p 4p (hl =0 for the shaken elec-
tron) electronic configuration, appear around 45-eV BE;
the conjugate shakeup satellites (Al= ~ 1) have the
(2p )4s or 3d and (2p )5s or 4d configurations and are
visible around 44- and 47-eV BE, respectively. A de-
tailed analysis of these photoelectron satellites will be
given elsewhere. '

We turn now to the variation of the various 2p-photo-
ionization cross sections as a function of photon energy.
Figure 2(a) shows the energy dependence, between 50-
and 110-eV photon energy, of the ratio between the in-

tensity of the 2p main lines in the ES and in the GS, re-
spectively. No data are shown between 62- and 72-eV
photon energy, because, in this energy range, resonant
phenomena can occur below the 2s-ionization threshold
and strongly modify the relative intensity of the various
photoelectron lines via selective autoionization. The
same type of phenomenon can explain the small
enhancement in the ratio, around 100-eV photon energy,
near the 2p 3s double-ionization threshold. Otherwise,
the ratio stays far below the 100% line and does not
show, apparently, any photon energy dependence. The
average value of this ratio is 0.78 ~0.05, which demon-
strates clearly that the single-2p-photoionization cross
section in the ES is about 20% lower than in the GS.
However, before drawing any definitive conclusion on the
overall validity of the theoretical calculations, we should
consider the other contributions to the total 2p-photo-
ionization cross section, namely the cross sections for
simultaneous excitation and ionization corresponding to
the various satellite lines. The theory does not explicitly
calculate their individual contributions. Consequently,
one must add them in the experimental ratio for a com-
plete comparison with theory.

The relative intensity of the conjugate shakeup satel-
lites, with respect to the main line, is about the same in

the GS and in the ES. It decreases slowly with increas-
ing photon energy, varying from about 14% at 50 eV to
7% at 110 eV; thus, their contribution to the total 2p
cross sections is about the same. This is not at all the
case for the relative intensity of the shakeup satellites
whose variation with photon energy is shown in Fig. 3 for
the GS (squares) and for the ES (circles). The results
for the GS are in good agreement with theoretical calcu-
lations. Both results show the same energy behavior,
i.e., a rather constant value. However, at all energies,
the relative intensity of the shakeup satellites is strongly
enhanced in the ES by about a factor of 2 (about 40%,
against about 20%, at high photon energy). This can be
understood when one considers that the 3p electron is
more decoupled from the 2p core than the 3s electron, as
already suggested by the higher binding energy of the 2p
electrons in the ES, 40. 1 eV against 38.0 eV in the GS.
Since the 3p electron stays farther from the 2p core,
their mutual screening is lowered. Thus the sudden re-
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FIG. 3. Variation, as a function of photon energy, of the rel-
ative intensity of shakeup satellites for sodium atoms in the
ground state (a, 2p 4s final ionic states) and in the 3p excited
state (0, 2p'4p final ionic states), respectively.

laxation of the core hole is more fully felt by the 3p elec-
tron; in addition, the overlap of its wave function with
the wave function of the 4p orbital may be larger.

When one adds in the ratio between the 2p main lines
the contribution from the satellite states at each photon
energy, one obtains the values shown in Fig. 2(b). They
again do not suggest any photon energy dependence, but
they are now much closer to 100%. The mean value of
the data points, excluding the value at 100 eV, is 0.92
~ 0.07, which would bring the experiment and the
theory in close agreement. However, it should be point-
ed out that one contribution is still missing in the 2p-
cross-section ratio of Fig. 3: the probability of double
ionization, via the so-called shakeoff effect. This process
would correspond to a simultaneous ionization of two
electrons, namely one from the 2p subshell, the other one
from the 3s (in the GS) or from the 3p (in the ES) sub-
shell in the case of sodium. This process has never been
directly studied for alkali-metal atoms, either theoreti-
cally, or experimentally. Adding into the 2p-cross-
section ratio the shakeoff contributions would continue to
increase this ratio. But the present agreement between
theory and experiment will remain over a large range of
shakeoff probability, even though this probability would
be as strongly enhanced in the ES as is the shakeup con-
tribution.

To conclude, we have observed a strong enhancement
of the correlation effects in the 2p inner-shell polariza-
tion of 3p-excited sodium atoms, the relative intensity of
correlation satellites reaching 50% of the main line. We
have also checked the validity of a many-body calcula-
tion of the 2p-photoionization cross section and shown
that there is a satisfactory agreement between experi-
ment and theory. However, it would be quite interesting
to see whether the theory accounts also for the signi-
ficant transfer of the oscillator strength from the main
line to the shakeup satellites as observed experimentally
in the excited state. Finally, our results demonstrate the
need for measurement and calculation of double photo-



VOLUME 63, NUMBER 22 PHYSICAL REVIEW LETTERS 27 NOVEMSEa 1989

ionization for alkali-metal atoms, in the ground state as
well as in the excited state.
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T. Menzel, and P. d'01iveira for their help in taking part
of the data present here.
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