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Partial autoionization rates of O + (1s2s 2p) P and 'P:
A crucial test of electron correlation in Be-like systems
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For the first time, ratios of partial autoionization widths have been measured for highly ionized ox-
ygen projectiles. In particular we have studied the Auger decay of the Be-like (1s2s 2p)'P and 'P
states in 0 + decaying to the 1s'2p and 1s'2s final ionic states. Our experimental intensity ratios for
the P and 'P states are 1.7 and 16, respectively. We also present new results on the partial and to-
tal autoionization widths of these states from calculations which include electron correlation and in-

terchannel coupling via the application of the many-electron theory of ionic resonances in terms of
complex coordinates.

Electron correlation manifests itself distinctly in the lev-
el structure and transition probabilities of highly excited
few-electron systems. Such many-body effects may be
tested by measuring specific autoionization transition en-
ergies, line intensities, branching ratios, and line widths.
Specifically, singly core-excited states isoelectronic with
beryllium generally decay to two adjacent continua, giving
rise to a double-line structure associated with each initial
state. The intensity ratios of such lines represent a direct
measure of ratios of partial Auger widths which are
strongly affected by the strength of the mutual Coulomb
interaction.

A striking example of the power of projectile Auger
spectroscopy' to elucidate many-body effects ' is found
in the recent measurement of the (1s2s 2p) P and 'P
Auger decay in 0 +, conducted at the Oak Ridge Na-
tional Laboratory EN Tandem facility using the zero-
degree Auger spectroscopy apparatus temporarily trans-
ported from the Hahn-Meitner Institut, Berlin. The only
previous information on the Auger deexcitation of such
core-excited multiply ionized systems comes from the
theoretical work of Chen and Crasemann. The
Herman-Skillman Hartree-Slater model with Xa exchange
potential was used in these calculations to generate the
wave functions needed for computing the (ls2s 2p) P
and 'P matrix elements. In the case of the Ne +

1s2s 2p P state, both Auger decay channels are intense,
whereas in the case of the 'P state the 1s 2s S channel
has very small intensity, corresponding to a theoretical ra-
tio (ls 2p) P /(ls 2s) S of 286.7. A similar large ratio
for 0 +, namely, 74.1, has been predicted recently by
Chen using the multiconfiguration Dirac-Fock (MCDF)
model. In order to account for electron correlation and
interchannel coupling, Nicolaides and collaborators have
applied the complex rotation method. ' Their timely,
new application of the state-specific theory of autoionizing
states in terms of real or complex coordinates yields an in-
tensity ratio of 14.7, for the 'P Auger decay in 0 +

which is in good agreement with our experimental result
of about 16.

The procedure of measuring line-intensity ratios of
highly ionized Be-like states and the comparison of mea-

sured and predicted ratios of partial Auger widths are dis-
cussed in the following. For the details of the solutions of
the complex eigenvalue problem the reader is referred to
the preceding paper by Nicolaides and Mercouris.

In this work the zero-degree projectile Auger spectros-
copy method has been used to study intensity or branch-
ing ratios of core-excited multiply charged ions. The po-
tential of this method lies in its (i) high energy resolution
and accuracy, (ii) accessibility of multiply ionized few-
electron systems, (iii) selectivity of the excitation process,
and finally (iv) cascade-free depopulation of specific Auger
states. Here we present high-resolution oxygen E Auger
spectra associated with the charge state 0 +. In particu-
lar we have confined ourselves to the (is2s 2p) P, 'P,
and (ls2s2p ) P states decaying to the 0 + (ls 2p) P and
(ls 2s) S final ionic states. Such Be-like inner-shell vacan-
cy levels play an important role in understanding few-
body quantum systems.

The Be-like K vacancy states of the type 1s2s 2p and
1s2s2p have been predominantly excited in 10-MeV
0 ++He collisions. The experimental apparatus used in
these measurements has been described in detail previous-
ly. In brief electrons were measured at an observation
angle of zero degrees with respect to the beam direction
by a spectrometer of two consecutive parallel-plate
analyzers connected in a tandemlike arrangement. High
resolution of the order of AE/E —10 was achieved by
deceleration of the electrons between two grids in front of
the second analyzer.

In Fig. 1 a segment of the high-resolution 10-MeV
0 ++He spectrum is shown. Background has been sub-
tracted and electron energies have been transformed to the
projectile rest frame. The most prominent Auger peaks
were fitted by a Lorentzian curve folded by a Gaussian-
type spectrometer response function. The most intense
peak, at 423.9 eV, corresponds to the
(ls2s 2p) P ~(ls 2pel) P decay channels' with 1=0
and 2. We note that in a pure single-particle model the
I= 2 (ed) channel would be forbidden. The line
identification is based on previous studies by Bruch
et al. ' Another pronounced peak observed at 435.9 eV
results from the competing (ls2s 2p) P ~(ls 2sep) P
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FIG. 1. High-resolution Auger-electron spectrum for 10-MeV 03+ on He gas. The electron emission was measured at an observa-
tion angle of zero degrees. Background has been subtracted and electron energies have been transformed to the projectile rest frame.

decay channel.
In Table I we have listed our experimentally deter-

mined intensity ratios for the P state in comparison with
theoretical data of Chen and Nicolaides and Mercouris.
We note that for the P state the predicted ratios of Chen
and Nicolaides and Mercouris are very close to the experi-
mental value of 1.7. We further note that the intensity ra-
tio associated with the P and 'P initial states leading to
the (ls 2p) P and (Is 2s) S final states are a direct mea-
sure of squares of Auger matrix elements. In particular
the ratio for (Is2s 2p)'P should be very sensitive to the
fine details of the wave functions in four-electron systems

and therefore can be used to discriminate among different
many-body theoretical descriptions of autoionization.

In fact the structure of 428.5 and 440.5 eV are associat-
ed with the (Is2s 2p)'P Auger transitions. It is evident
from Fig. 1 that the (ls2s 2p)'P ~(ls 2sFp)'P channel
intensity is very weak in accordance with theoretical pre-
dictions. From the experimental line intensities a ratio
of the order 16 has been derived. As can be seen in Table
I this value is in close agreement with the theoretical pre-
diction of Nicolaides and Mercouris. On the other hand,
the ratios obtained from the Dirac-Fock calculation and
the complex rotation method differ by a factor of the or-

TABLE I. (1s 2p) P /(1s 2s) S intensity ratios resulting from Auger decay of the 0 + (1s2s 2p) P, 'P, and (1s2s2p ) P states.

Initial
state

Final
state

Experiment Theory
Transition energy (eV)

Experiment Theory
(1s 2p) P /(1s'2s) S

Intensity ratio

Theory
Total autoionization
rate (in 10' sec ')

(1s2s 2p) P

(1s2s 2p) P

1s2s 2p)'P

(1s2s 2p)'P

(1s2s2p ) P

(1s2s2p )'P

ls 2p

1s'2s

ls ~2p

1s22s

1s 2p

1s 2s

423.9+0.2'

435.9+0.2'

428.5+0.2'

440.5+0.2'

426.5+0.2'

438.55+0.2'

424 2
424.54'

436.2b

436.33'
428.5b

429.07'

440.5b

444. 16'
426.7b

426.22'

437 7
438.33'

1.7+0.1'

16+10'

0.8+0.2'

1 ' 8
1.9'

147
74.1'

9.0
13.0'
16.3'

5.04

8 ~
8'

10.8'

'This work.
bBruch et al. (Ref. 14).
'Chen (Ref. 8) ~

Nicolaides and Mercouris (Ref. 9).
'Safronova and Lisina (Ref. 13).
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der 5. In Table I we have also tabulated the total au-
toionization rates of the 0 + (Is2s 2p) P and 'P states,
as predicted by theory. It is clearly seen that these data
deviate considerably from each other. When comparing
the rates obtained by Safronova and Lisina using 1/Z ex-
pansion, ' with those based on the complex solutions of
the Schrodinger equation, we find that the autoionization
rates differ by a factor of about 2,

The additional structures in Fig. 1 at 426.5 and 438.55
eV correspond to the metastable autoionizing (Is2s2p ) P
state. From our experimental data we have deduced an
intensity ratio of 0.8. Due to the differential metastabili-
ty' of quintet states, each J fine-structure level (e.g. , P3,
P2, and P, ) is characterized by two partial Auger transi-

tion probabilities. Total Auger transition rates for oxygen
P3, P2, and Pj levels were calculated by Chen using

the MCDF method; however, no partial rates are given.
From the work of Chen and Crasemann we were able to
estimate a ratio of 0.17 for the Ne + (Is2s2p ) P state, as-
suming statistical population of the J=1, 2, and 3 fine-
structure levels. This theoretical ratio for neon deviates
considerably from the experimental value given in Table I
for oxygen.

In conclusion, we have determined experimental inten-

sity ratios associated with the Auger decay of the
(Is2s 2p) P and 'P terms. We have also shown that
strong cancellation effects in the transition matrix ele-
ments for the 0 + (Is2s2p )'P Auger decay must occur
leading to a very weak (Is2s 2p)'P ~(ls 2sep)'P peak
intensity. Furthermore, the comparison of theoretical cal-
culations of Nicolaides and Mercouris with experiment
suggests that electron correlation is very crucial for the
theory of autoionization and therefore cannot be neglected
for light atomic systems, such as oxygen. Despite this ob-
vious progress in understanding the Auger decay of Be-
like systems, more experimental and theoretical work on
branching or intensity ratios of multiply ionized Be four-
electron states is necessary, to unravel these interesting
many-body effects in more detail.
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