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The newly discovered excited states of Li~ are examined from a many-body point of view. Our result
for the 3S° lifetime includes the contribution of radiative autoionization. This removes one-third of the
previous discrepancy between theory (our value =2.7 ns) and experiment ( =2.3 ns). The first predictions
of the hyperfine structures (hfs) of the Li~ 35 and 3P states are made, and the change in the hfs parame-

ters as p electrons are removed is studied.

Very recent theoretical' “® and experimental”® advances

have made possible the accurate prediction and verification
of bound excited states in certain negative ions. These were
shown to decay radiatively either to a lower bound
state %" 8 or to the continuum via radiative autoionization.>®

The significance of these exotic species to other fields of
science such as chemical physics, solid-state physics, and as-
trophysics is evident. A proposal has already been made for
the utilization of such metastable states for the construction
of high-frequency lasers.’

The quantitative understanding of the properties of such
states is minimal and most of it is contained in Refs. 1-9;
except for the He™ 1s2s2p *P° state, whose structure and
decay dynamics have been the subject of extensive investi-
gations by Novick and collaborators over many years.!°

The study of these states is more difficult than that of or-
dinary bound states: On the one hand, their diffuse wave
functions, open shell character, small electron affinities, and
the weak perturbations affecting their structure require large
and flexible calculations.!”®!' On the other hand, their
preparation and observation require novel and sensitive ex-
periments.” %12

In this Brief Report we present the first prediction of the
hyperfine structure of the Li~ 1s2s2p?°P and 1s2p3°S°
bound states and a result for the lifetime of the S° state
which includes the contribution of radiative autoionization

TABLE L

(RA) —previously neglected."? This is the first time that
the RA process has been confirmed as making a detectable
contribution to a negative ion’s lifetime. We note that the
theoretical result of Bunge!? for the lifetime is 7=2.9
x 107 sec, while the experimental value>®is r=2.3x107°
sec. Our calculations yield (see Table I) 7=2.7x10~7 sec.

The wave functions of the °P and 3S° states which were
employed for the calculation of the hyperfine structure and
the lifetime were obtained variationally according to the
methods described in detail elsewhere.!> We treated all
electrons on an equal footing. The final correlated wave
function which contained triple excitations was built from
113 (111) configurations, and is energetically accurate to 20
meV (17 meV) when compared with the most accurate? cal-
culation available for the 3P (°S°) state.

The above computation yields one-electron basis sets for
the P and °S° states which are not orthonormal between
them. To evaluate the dipole transition matrix elements, we
took these nonorthonormality effects explicitly into ac-
count." From Table I, it can be seen that our wave func-
tions yield good agreement ( ~ 1.5% difference) between
the length and velocity forms, a typical accuracy achieved'
for the better calculations on the neutral and positive ions.
It is also apparent from the table that neither the Hartree-
Fock length nor velocity results are useful.

It can be observed that our result is in good agreement

Wavelength, transition probabilities, and lifetime of the Li~ 5S° state.

Theory Experiment
. This work References 1 and 2 Reference 7 Reference 8
A (A) 3490 3490 3489 3490

Hartree-Fock Corr. Corr.

fi 0.315 0.217 0.212

Sfo i 0.136 0.210 0.212

A Jiscrete 0.352x10° sec™! 0.35x10° sec™!

ARA 0.018x10° sec™!

f=m 2.7x1077 sec 2.9%1079 sec™! 2.28+0.05x10~° 2340.1x107°
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with that of Bunge,’ who used a common (orthonormal)
basis set for both states (which was smaller than the two
basis sets used to establish the absolute energy) in calculat-
ing the electric dipole matrix element. The most likely
source of the remaining theoretical-experimental discrepan-
cy then appears to be the contribution from the process of
radiative autoionization'? corresponding to the transition

152p338°— [1s2s2pep 1°P + hv

(the °S° channel is not allowed by symmetry). We have
evaluated the integrated cross section for this process using
continuum functions generated from the frozen -core
Hartree-Fock approximation'® in which the core was partial-
ly correlated. This removes approximately one-third of the
discrepancy as is evident in Table 1.

The rigorous study of the hyperfine structure of a
negative-ion excited bound state is timely and challenging
for a number of reasons. Firstly, one is probing for the first
time the details of electronic structure in a many-electron
system with an unusual structure. When reporting their ex-
perimental findings on the fine and hyperfine structure of
He ™, Mader and Novick!'® emphasized this point and called
for an accurate theoretical treatment of this three-electron
system. Secondly, if one provides reliable theoretical predic-
tions, these can be used to guide the development and ap-
plication of sensitive experimental techniques. For exam-
ple, a combination of beam-foil and laser spectroscopic
methods are currently being tested at Argonne”!” for the
detailed study of the Li~ states. Thirdly, one provides total-
ly new information, whose derivation requires the applica-
tion of completely general many-body theories of atomic
structure.

The calculational approach we have taken is the following:
Nonrelativistic LS-coupled correlated functions are used to
evaluate the expectation value of the hyperfine structure
operators. The fine-structure effects were neglected be-
cause, contrary to the He™ case where fine and hyperfine
structure are of the same order of magnitude,'® our calcula-
tions of the relevant diagonal matrix elements showed that,
in the Li~ and Lit cases, the hyperfine perturbation is
much smaller.

The magnetic dipole hyperfine energy in the above ap-
proximation is given by A,_f . T, where
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where, following Ref. 18, the A’s are given in terms of
Wigner 6, and 9 symbols as follows:
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TABLE II. Correlated Li hyperfine structure constants (in a.u.).
Species a. a? a,?

Li~ 1s2p35s° 35.366° 0.0 0.0
Li 1s2p?4P 35.320° 0.3094¢ 0.0628¢
Lit 1s2p3P° 35.484° 0.4778" —0.098 49®
Li2* 1528 36.09 0.0 0.0
Li~ 1s2s2p25pP 37.059° 0.1850° 0.03833b
Li 1s2s2p 4P° 37.423¢ 0.3096¢ —0.0636°
Lit 1s2s3S§ 38.227° 0.0 0.0

2In the restricted Hartree-Fock model, a;= (2p|r~3|2p),

ag= £ (2p|r32p).
This work.
‘Reference 21.
9Nonrelativistic hydrogenic value.
®Reference 22.

J*=L + S, g. is the electronic g factor (=2.00232).

Gen=2#;§“v »
ag
which has a value of 95.4129 when A4, is in MHz and a., a,
and ay, which are, respectively, the expectation values of
the contact, orbital, and spin-dipolar operators'® for J*, are
given in atomic units (a.u.). As is usual, u; is the nuclear
dipole moment (in nuclear magnetons) and / is the nuclear
spin.

The correlated results obtained for the J-independent Li~
parameters a., a;, and a4 are shown in Table II. Due to the
presence of open p and s subshells (particularly the 1s), no
striking differences with the Hartree-Fock values were noted
(see Ref. 19 for contrary examples).

It is of interest to observe the behavior of the a’s as the
least bound electrons are removed one at a time for the
states of highest spin. In order for the trends to become
evident, all such a’s have to be evaluated at the same level
of approximation as was used for Li~ (otherwise these
trends can be masked by other effects of the same order,
such as reduced mass, relativistic, and QED corrections?®).
Correlated results of Li *P,*P° are available from the work
of Glass?""?% for Li* 35,°P° the results were generated here,
and the result of Li* is obtained from nonrelativistic hy-
drogenic theory. In comparing the results, shown in Table
II, we see that with one exception (Li~ °S°), addition of a
2p electron reduces (slightly) the absolute value of all a’s.
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