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Angular distributions in autodetachment from doubly excited O states
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The angular distributions of electrons ejected from collisionally excited 0 ions have been measured
in order to test the previous assignments of excited states for this ion. The angular distributions support
the interpretation that the two dominant peaks in the electron-energy spectrum represent the autode-
tachment of the 2p ( D)3s D' state, decaying to the 'P and 'D states of the oxygen ground-state
configuration, with an experimental branching ratio of 1.58+0.08, and not that two difFerent autodetach-
ing states are populated, as previously assumed. Theoretical calculations are in good agreement with the
experimental findings.

PACS number(s): 32.80.Dz, 34.50.Fa, 31.20.Tz

I. INTRODUCTION

Autodetaching doubly excited states of negative atomic
ions are known to exist for several elements, but informa-
tion about the properties of such states in simple negative
ions is still very limited due to the lack of selective excita-
tion techniques (for recent reviews, see Refs. [1—3]). In
recent years, the selectivity of low-energy ion-atom col-
lisions, however, has been exploited successfully to study
doubly excited states in the halogen ions F [4,5], and
Cl [6,7]. It was clearly demonstrated [4—7] that only
one doubly excited state or states belonging to the same
configuration of the ion were populated, in contrast to
the findings of earlier studies [8,9], but also that the dou-
bly excited state decayed by autoionization to states be-
longing to different configurations in the neutral atom.
The doubly excited states in negative ions populated by
low-energy ion-atom or ion-molecule collisions may be
classified as belonging to configurations of (positive-core)
nl or (positive-core) nlnl', with the lowest available ns
representing the favored configuration [8]. The halogen
ions F and Cl are representative for the ns type and
C for the nsnp type [8]. A notable exception, however,
is 0, for which a 2s2p subshell excitation has been
claimed to exist, in addition to the expected 2p ( D )3s
excitation. These two excited states have been proposed
[9] to explain the origin of the dominant peaks present in
the experimental electron spectrum (see Fig. 1). The
2s2p S state was assigned to the resonance line located
just above 10 eV, the 2p ( D)3s D' state to the line at
12 eV. These assignments were supported by electron-
scattering experiments [10] on atomic 0 and by theoreti-

cal calculations of the energy positions [11,12]. The re-
cent findings for the halogen systems [4—7], however, lie
behind the present reinvestigation of the 0 system.

The original interpretation by Edwards and Cunning-
ham [9] of the origin of the two resonances in 0 was
based on the population of the two excited states,
2p ( D)3s D' and 2s2p S, in 0, which should be
nearly degenerate in energy and decay as follows (propo-
sal I):

0 2p ( D)3s D'~02@ P+ep 12 eV,

0 2s2p S~02p 'D+ed 10 eV .

An important point in favor of this proposal was that the
energy difference between the two peaks had been mea-
sured to be 2.01(2) eV and not 1.97 eV, which is the P 'D-
splitting in the oxygen ground-state configuration. The
energy-difference measurement eliminated the proposal
(II) that the two resonances could represent the branch-
ing between autodetachment decays of the same doubly
excited 0 state:

0 2p ( D)3 2D, 027 P+eP 12 eV43

02p 'D+ep 10 eV .

An third proposal (III) could have been that proposal I is
correct, but that the 10-eV peak represents a superposi-
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FIG 1. Electron spectrum from 7-keV 0 -He collisions.
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tion of two peaks, so that the following decay channel is
also active:

0 2p ( D)3s D' —+02p 'D+ep 10 eV .

A reinvestigation of the 0 system was further stimu-
lated by the fact that the electron affinity of the 2s2p S
state as a consequence of proposal I would be as large as
3.6 eV with respect to the 2s2p P' state in neutral oxy-
gen, whereas the electron affinity [13] is only 1.46 eV for
the ground-state of 0 and 0.46 eV for the
2p ( D)3s D' state, respectively.

We have performed a combined experimental and
theoretical investigation of the three proposals. Prelimi-
nary theoretical calculations on the autodetachment rates
of the 2p ( D )3s D' term to the P and 'D terms in the
2p ground-state configuration supported proposal II.
However, these results were not entirely conclusive on
their own, prompting the measurement of the angular
dependences of the emitted electrons, since no angular
dependence is expected from the Sin contrast to the D'
resonance. The observed angular distributions are com-
pared with theoretical predictions.

FIG. 2. Diagram of the apparatus. The analyzer and detec-
tor can rotate through 360, thus allowing the electron to be
detected from 20 and 160. The ion beam is collimated by S&

and S2, the perpendicular apertures S3 and S4 collimate the
electron beam before the analyzer. Retardation may be applied
with the electron collimator and analyzing system at a negative
potential.

potential V„(0, the electron energy E is lowered to
Ez =E+eV& and, with a deflection voltage AV, elec-
trons are detected for E~ =keh V, where k is the spec-
trometer constant. An energy spectrum may be recorded
by varying V&, while AV and thus Ez are fixed. The
constant k may be determined with a high accuracy by
recording a spectrum with a sharp peak Eo for different
values of b V. The relation between the peak position V~
and the deflection voltage AV is kehV=EO+eV„, so
that k is the slope of the curve for V~ vs AV. The con-
stant k was determined to be 5. 10+0.02, allowing us to
determine the energy separation between the two dom-
inant resonances within an accuracy of 0.01 eV. The re-
sults for the angular distributions have been obtained
from the peak intensities measured without using prere-
tardation.

II. EXPERIMENTAL TECHNIQUE

The mass-separated 0 beams with energies ranging
from 1 to 25 keV were obtained from accelerators of the
isotope-separator type, equipped with a sputter ion
source operating with Cs deposition on the surface. Exci-
tation is obtained by collisions in a helium-gas target.
The electron spectrometer used was originally described
by Dahl et al. [14]. Figure 2 presents the essential parts
of the instrument. The relative energy resolution at full
width at half maximum (FWHM) is 1.8% and the prod-
uct of the solid angle and observed beam length is
1.8X10 /sin8 srcm. The energy resolution may be
improved by means of preretardation. For an analyzer

III. THEORETICAL APPROACH

A. Multiconfiguration Hartree-Fock

An important factor behind the present reinvestigation
of the 0 decay scheme was the early results obtained
using the configuration interaction Hartree-Fock (HF)
program of Cowan [15] on the autodetachment rates of
the 2p ( D)3s D' term to the P and 'D terms in the
2p" ground-state configuration. The calculated branch-
ing ratio between the two decay channels supported, as
already mentioned, proposal II. To confirm this result,
which was obtained using very restricted expansions,
more extensive multiconfiguration Hartree-Fock
(MCHF) calculations were carried out.
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In the MCHF approach, the wave functions of the au-
todetaching state and of the two bound states, in which
the neutral atom is found after the decay, are written as
linear combinations of configuration state functions
(CSF's),

l+(LS)) =c l@(yoLS))+ pc" l@(y"LS)&

a, r

+ g c"'& lN(y "PLS)),
a, P, r, s

where l@(yoLS) ) is the reference function and
4(y+S) ) is a singly excited CSF consisting of an exci-

tation of an electron from the orbital a to the orbital r;
similarly, N(y"'PLS ) ) is a doubly excited CSF, and c is a
unit vector. Using such an expansion, a continuum state
can be presented as

l'p(L S )p,(,LS) =col@(yDL'S')p, (,LS)
+ g c" 4(y "L'S')P,I,LS )

a, r

+ g c"'pl@(y"'I3L'S')4,I,LS ),
a, P, r, s

where the final bound-state wave function is l%'(L'S') )
and

l $,1 ) is the continuum electron wave function.
The continuum wave functions were determined using

the program MCHFAUTo developed by Froese Fischer
and Brage [16]. This program, which was designed as
part of the MCHF atomic-structure package [17], solves
the radial Schrodinger equation of the continuum elec-
tron in the field of the final bound state of the neutral
atom and calculates the Coulomb interaction between the
continuum state and the autodetaching state. The auto-
detachment rates are then determined using Fermi's
"golden rule. " An important constraint is that the pro-
gram requires orthogonality between the CSF's of the au-
todetaching and final bound states, and therefore a com-
mon orbital basis set for all three states must be used. In
order to construct a basis set that adequately describes
the three states, the set should contain orbitals
specifically optimized on each of the individual terms.
Moreover, since such a common basis set can lead to
prohibitively large configuration-interaction (CI) expan-
sions, care must be taken to construct the basis in the
most efficient manner. An obvious way to do this is by
observing the changes in energy and autoionization rates
upon the addition of each new orbital. The number of or-
bitals optimized on each state can then be varied so that
only the important orbitals are included in the basis set.

The basis set was constructed as follows. The orbitals
{ls, 2s, 2p, 3s] were taken to be the HF radial functions
for the 2p ( D)3s D' state. Using the MCHF program
of Froese Fischer [18], four series of virtual orbitals with
l=s, p, d, and f were obtained. Each series was con-
structed independently. Orbitals were optimized on a
MCHF expansion that consisted of all CSF's correspond-
ing to single and double excitations to the set of virtual
orbitals with a particular I value including the orbital to
be optimized. It was found that for each orbital opti-
mized on D', one optimized on alternately P and 'D re-

TABLE I. Comparison between calculated and measured en-
ergy diA'erences in the negative-oxygen-ion —oxygen-atom sys-
tem.

0 ( D')-0('P )

0 ('D')-0('D)
0('D)-0('P)'

Calculated (eV)

12.00
9.93
2.07

Experiment (eV)

12.08( 5)
10.11(5)
1.97(1)

'Observed value [21] 1.967.

suited in the best representation. We compared the
correlation between the s and p series obtained in this
way with a more limited basis set expansion determined
from CSF's that contained excitations to both s and p vir-
tual orbitals and found the correlation to be adequately
represented.

The final basis consisted of the orbitals
{ls, 2s, 3s, 4s, 5s, 2p, 3p, 4p, 5p, 6p, 3d, 4f ], and the final
wave functions were obtained by CI calculations includ-
ing single and double excitations, excluding excitations
from the 1s orbital, to all the virtual orbitals above. The
CI expansions of the states D', P, and 'D consisted of
about 800, 400, and 300 CFS's, respectively, where ap-
proximately a third of all possible CSF's was eliminated
due to a negligible contribution to the expansions. The
MCHF energy separations between the different states
are given in Table I and compared with the experimental
values. Autodetachment rates for the D' —+'D and the
D' —+ P channels were calculated to be 6.3X10 eV

and 4.7X10 eV, respectively, yielding a branching ra-
tio of 1.3 with an estimated error of +20%%uo. The error
limit is determined from the variation observed in the ra-
tio during the construction of the orbital basis. The re-
sults assume that only ep electrons are emitted and thus
that the emission of ef electrons is negligible. The
Coulomb interaction between the HF states representing
the autodetaching 2p ( D )3s D' state and the
2p ( P, 'D)ef D' continuum states is zero, so that an ef
contribution to the autoionization rates is possible only in
higher-order interactions. In fact, it was not possible to
bind an f wave on either of the final bound MCHF states
with the McHF AUTo program, and the weakness of the
interaction was verified with a limited CI expansion using
the Cowan program [1S].

We also performed MCHF calculations in an attempt
to determine the position of the 2s2p S state. These cal-
culations appeared less reliable than the ones above and
convergence problems were experienced. Moreover, the
energy of this state appeared to be extremely sensitive to
the choice of basis set.

B. Angular distributions

The branching ratio obtained in the MCHF calcula-
tions was in good accord with proposal II, as discussed in
the next section. However, we realized that it could be
underpinned by considering the angular distribution of
the emitted electrons. A considerable amount of work
has been done to elucidate the dependence of angular dis-
tributions on the quantum numbers of the states involved
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[19],but, to our knowledge, the angular dependences of
the individual branches of a complex decay have not been
used to identify the decay scheme before.

In order to derive an expression for the angular distri-
bution of the autodetaching electrons, the following as-
sumptions are made: (i) The excitation of the negative
ion and its subsequent decay via autodetachment can be
treated as a two-step process. Thus the lifetime of the au-
todetaching state must be much longer than characteris-
tic interaction times between the helium target and the
projectile, so that the decay process is not influenced by
the excitation process and vice versa. This requirement is
fulfilled in the experiments. (ii) The collision process in-
volves no momentum transfer, only excitation and align-
ment of the ion. Thus the collision process defines a pre-
ferred direction in space which will be taken to be the
quantization axis. (iii) It is assumed that the fine-
structure splitting of the excited state is considerably
larger than the autoionization widths, so that the states
are appropriately characterized by LSJM coupling. An
upper bound for the fine-structure splitting is given by
the observed splitting of the parent term in 0+. From
our calculated widths, it follows that this requirement is
met. (iv) The recoil momentum of the ejected electron
can be neglected. Implicitly it is assumed that the decay
process can be treated adequately using time-dependent
first-order perturbation theory. More complete discus-
sions can be found in [19].

Taking 0 to be the angle between the outgoing electron
and the quantization axis, the following general formula
for the relative intensity can be written:

I(8)=—C g p(ia ) g ~(a V
~f )

~

The initial state, i.e., the ground state of the negative ion,
is written as i, the autoionizing state as a, and the final
continuum state as f. The factors p(i —+a ) are the popu-
lation probabilities which give the relative population of
the magnetic substates in a. In the evaluation of the
sums above, an average is performed over unresolved
angular-momentum states of the autodetaching state a,
while the undetermined angular-momentum and spin
states of the final state f are summed over. The constant
C is defined so that integration over 0 yields the total au-
toionization rate. The general procedure is to express the
final state as an antisymmetrized wave function consist-
ing of the bound state of the neutral atom and a plane-
wave expansion for the ejected electron. The interaction
above is then written as an expansion over the reduced
Coulomb matrix elements of the LS coupled states [19].
Assuming that the population probabilities are spin in-
dependent, the expression for the angular dependence is,
following the notation of Mehlhorn and Taulbjerg [19],

pko(LL )= g (2 6—M o)PM M ( —1) '(2k+1)'
M )OL

L k
X —Ml MI 0

Fk(ll') =( —1) (2l+1)' (2l'+ 1)'

X (2k+ 1)'i (2L + 1)

l l' k L L k
0 0 0 l l' Lf

Rn'= (a~L&1,L(~(V[[aL ) (aL(J V[(afLf I', L ),
and

2

(2J+ 1)2 J J k

2S+1

The autodetaching state is coupled to LSJM while LfSf
is the symmetry of the final bound state. The Pk(cos8)
are the Legendre polynomials. In the density-matrix for-
malism employed above, the population probabilities are
the diagonal elements of the density matrix, pM M, while

L L
the angular distribution is written in terms of the irreduc-
ible components of the density matrix, the state mul-
tipoles pkq(LL) [20]. Only the state multipoles of even
rank and q=0 appear in the expression, reflecting the
symmetry about 8=sr/2 and the axial symmetry, respec-
tively, of the system [20]. When the population probabil-
ities are equal, the angular distribution is isotropic, and
when only one partial wave contributes, the expression
for the angular intensity is proportional to the autoioni-
zation rate.

For the autoionization process

2p ( D)3s D'~2p ( P, 'D)+op,
the formula above reduces to

I(8)=—I ' —'[1+KPz(cos8) ],(+)

where I is the autoionization halfwidth, the plus and the
minus signs correspond to the P and the 'D state, respec-
tively, and

5= —,", (Poo+Pti —2P22) .

Since the branching ratio was calculated to be approxi-
mately 1:1, the angular dependences are expected to be,
aside from a constant background, roughly mirror images
of each other. In contrast, the decay

2s2p S~2p 'D+ed

contains no angular dependence.

I(8)=—C g P2ko(LL ) g F2k(ll')Rii, D2kP2k(cos8),
k=0 l, I'

with

IV. RESULTS AND DISCUSSION

The energy separation between the two intense reso-
nance peaks in Fig. 1 was determined to be 1.97+0.01
eV, with the lower energy peak located at 10.11+0.05 eV
on the absolute scale. This energy difference deviates
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slightly from the 2.01 eV claimed by Edwards and Cun-
ningham [9] but is consistent with the energy separation
between the 'D and P states in the oxygen ground-state
configuration [21]. The intensity ratio between the two
peaks observed at 20' was measured at impact energies
ranging from 2 to 20 keV and found to be constant within
an experimental accuracy of —10%%uo. [We note that Ed-
wards reported a different behavior in a private commun-
ication to Ref. [11],(although this point is not mentioned
in the final paper [9]). This result provided additional
motivation for the original dismissal of proposal II.] At 2
keV, the electron peaks are a factor of two larger than
the underlying background, originating from collisional
detachment of the 0 ion, whereas at 20 keV, the peaks
account for only a minor fraction ( —15%%uo) of the back-
ground signal. Also, the widths of the electron peaks
were independent of impact energy. If proposal I is
correct, and two different excited states are populated,
the populations are expected to be strongly dependent on
collision velocity, particularly since the production of
states of the type 2p 3s is expected to dominate com-
pletely at low collision velocities [22]. The fact that no
such dependence is observed is a strong indication that
only one state is populated. Similarly, the fact that the
linewidths remain constant makes it unlikely that a
second state contributes to the 10-eV peak (proposal III).

The angular dependences of electrons emitted from the
two dominating resonances in Fig. 1 are presented in Fig.
3. Experimentally, it is the double-differential cross sec-
tions which are measured. These cross sections are, using
assumption (ii), proportional to the total excitation cross
section. Thus it is possible only to extract the branching
ratio from the angular data since the excitation cross sec-
tion is unknown. The curves in Fig. 3 represent least-
squares fits to the data, using the theoretical form of the
angular-distribution functions. These expressions assume
ep electron emission only. The two angular distributions
are mirror images of each other, with the branching ratio
determined as 1.58+0.08. The error limit given
represents the sum of statistical and systematic errors,
with each assumed to account for roughly 50% of the to-
tal error. The angular-distribution measurements com-
pletely eliminate the possibility for assigning one of the
resonance peaks to a S resonance. Thus proposal I can
be dismissed on these grounds. This conclusion is also
consistent with estimates of the 2p ( D)3s D' 2s2p S—
energy difference in 0 . As mentioned above, it is
difficult to calculate the position of the 2s2p S term in
O . Our MCHF calculations indicate that the term is
not (or weakly) bound relative to the 2s2p P' term in 0,
while isoelectronic estimates, although rather unreliable
since the position of the term is unknown in F [23], indi-
cate an electron affinity of less than 2.5 eV, which should
be compared to the value of 3.6 eV associated with pro-
posal I. Chase and Kelly [12] calculated an affinity of 3
eV but this calculation was directed towards the deter-
mination of the photodetachment cross section, and Kel-
ly indicated in a private communication [9] that an error
of 0.6 eV in the calculated electron affinity was possible.

The theoretical branching ratio for the decays of the

16

14—
I—
(6
Z',

~~ 12

$ 10ev

2p ( D )3s D' state to the P and 'D states in the oxygen
ground-state configuration is, as mentioned, equal to
1.3+20%%ue, only slightly lower than the experimental
value of 1.58+0.08. The good agreement is a further in-
dication that it is unlikely, as assumed in proposal III,
that the 10-eV resonance peak could represent a superpo-
sition of two decay channels. The extra structure present
in the experimental data (particularly at 20' and 160')
could suggest that the D' state may be emitting f elec-
trons in addition to the p electrons. However, the data
cannot be better fitted using angular expressions for a de-
cay with both p and f partial waves. This is consistent
with the fact that the probability for decay via an f wave
is very small, as mentioned above.

V. CONCLUSION

We conclude that all the experimental and theoretical
data support proposal II, which is based on the popula-
tion of only the 2p ( D)3s D' doubly excited state in0, followed by a branching between two autodetaching
decay channels, leading to the P and 'D states, respec-
tively, of the 2p ground-state configuration of oxygen.
The branching ratio for these decays is —1.6, in agree-
ment with the theoretical prediction, while Edwards and
Cunningham [9] estimated a branching ratio of )20 on
the basis of their acceptance of proposal I. Correct esti-
mates of branching ratios for autoionization processes in
atoms isoelectronic or homologous with 0, such as the
neutral halogen atoms, may be a significant help in identi-
fying the rather complicated electron spectra recently ob-
served from collisional excitation of atomic chlorine [7]
or from two electron-excitation processes in
synchrotron-radiated chlorine [24].
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FIG. 3. Angular distributions of autodetaching electrons
from the doubly excited 2p'( D )3s' D' state in 0 . The curves
represent least-squares fits of the expressions for the theoretical
angular distribution (see text) to the experimental data points.
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