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Bound Li; states of principal quantum number n=12-14 converging to v =2 and 3 levels of the
ground state of Li;* can be ionized by fields of ~200 V/cm, 2 orders of magnitude less than ex-
pected for direct field ionization of these levels. The result is shown to be due to forced autoion-
ization. The field depresses the ionization limit of the series converging to the lowest rotational-
vibrational Li,* levels, and the n =12-14 levels in question autoionize to the Stark-induced con-

tinuum.

An atom in a Rydberg state may be ionized by a field
which depresses the Coulomb potential, and thus the ion-
ization limit, below the state in question. For our purposes
the ionizing field E may be expressed in atomic units as
E=W2/4or E=1/16n** where W and n* are the binding
energy and effective principal quantum number, respec-
tively, of the state in question.! Not surprisingly the sim-
plicity and selectivity of electric field ionization have made
it an indispensible tool in the study of atomic Rydberg
states. In considering molecular Rydberg states it is clear-
ly of interest to ask if the useful characteristics of atomic-
field ionization carry over to electric field ionization of
molecules, and, in fact, Barnett and co-workers?? have ex-
plored the field ionization of Hy. When they passed fast
H; beams through two field-stripping regions they ob-
served that field ionization signals could be obtained in the
second stripping region even when the field was lower than
that used in the first region. They attributed this to re-
population of high-n low-v states from degenerate low-n
higher-v states. In sum, the presence of rotational and vi-
brational degrees of freedom of H,t complicates the field
ionization of H,. Here we report preliminary studies of
the ionization of Li, by electric fields, which suggest a
slightly different picture of molecular-field ionization.
Specifically, we suggest that the field ionization of all ex-
cited states of Li,, save those converging to the lowest
rotational-vibrational state of Li,*, occurs via forced au-
toionization,* a process which has been carefully studied in
the two-valence-electron atom Ba.>

Let us briefly review the notions of autoionization and
forced autoionization as exemplified by Li,. The vibra-
tional and rotational levels of the ground electronic state of
Li,* are the ionization limits of Li,. Each n/ Rydberg
series converging to an ionization limit and the &/ continu-
um above it are conventionally termed a channel.® These
channels are coupled, predominantly by the higher electro-
static multipole interactions of the Li;* core with the
Rydberg electron. Above the lowest ionization limits,
states converging to higher limits are coupled to the degen-
erate continua above lower limits and autoionize. Below
the lowest ionization limit the interchannel interactions
couple high-n states converging to lower ionization limits
to the most nearly degenerate low-n states converging to
higher ionization limits, leading to mutual perturbations of
the energy levels and perturbed molecular properties. As a
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concrete example, in Fig. 1 we show several Rydberg series
converging to the v* =0, 2, and 3 states of Li,*. Here v*
is the vibrational quantum number of Li,*. We have ig-
nored for a moment the rotational energy. For simplicity
we label a Rydberg state of principal quantum number n
converging to the Li* v* vibrational state as (n,0*). Let
us consider first the nominal (13,3) state. It lies above the
lowest J* =0, v* =0 rotational-vibrational level of Li, ¥,
shown by the solid horizontal line, and autoionizes via its
internal Li; ¥ -e ~ couplings to the available continua. We
note that the couplings can be very small and yet produce
nearly 100% ionization because the competing decay pro-
cesses, radiation and predissociation, are relatively slow.
Now let us consider the (12,3) state. As shown by Fig.
1 it lies below the zero-field limit, so the dominant effect of
the interseries interactions is to produce small perturba-
tions in its properties. However, the (12,3) state is coupled
to the Rydberg (n,0) states of n~35. As shown by the
broken line of Fig. 1, when a field of 300 V/cm is applied,
the ionization limit is depressed below the (35,0) state, and
(n,0) states above n =35 become a Stark-induced continu-
um (e5,0). Now the small internal coupling between the
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FIG. 1. Energy-level diagram showing some Li; Rydberg
states. A v* =J* =0 ionization limit of 41671 cm ™! and a
quantum defect of 0.7 are assumed. If the ion core has three
units of vibrational energy (v* =3), then the n=13 state is
above the lowest ionization limit and autoionizes. When an elec-
tric field of 300 V/cm is applied the n =12 state is now above the
field-induced ionization limit and is forced to autoionize.
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(12,3) state and the (gg,0) Stark-induced continuum leads
to autoionization of the (12,3) level into the Stark-induced
continuum. Thus when the electric field depresses the
lowest ionization limit below the (12,3) state, the manifes-
tation of the interseries interactions changes from series
perturbations to autoionization. This phenomenon was
first observed in Ba by Garton, Parkinson, and Reeves*
who labeled it “forced autoionization.” It was later
characterized in a quantitative manner by Sandner,
Safinya, and Gallagher.® It is particularly important to
note that the value of the field required to ionize a mole-
cule does not depend on the principal quantum number of
the (12,3) state but only on its binding energy relative to
the lowest ionization limit. This makes an enormous
difference in the requisite ionizing field. An n =12 atomic
state requires a field of 17 kV/cm for field ionization,” but
as we shall see, the Liy (12,3) state can be ionized by a
field of 161 V/cm.

Two Nd:YAG-pumped pulsed dye lasers (YAG is yttri-
um aluminum garnet) are used to excite a supersonic lithi-
um beam first to the v'=3 or 4 vibrational levels of the B
state, and then to the v* =2 or 3 Rydberg series. The
lithium beam is generated by heating a 3.2-cm-diam, 10-
cm-long stainless-steel cylindrical oven, fitted with a re-
movable nozzle having a 0.6-mm orifice. The oven is sur-
rounded by an electrically isolated 12-pm-thick molyb-
denum-foil heating element which carries a typical current
of ~150 A. The nozzle is heated separately with a coaxial
Nichrome heater. The two approximately collinear laser
beams cross the molecular beam at a right angle 10 cm
downstream from the lithium oven nozzle between two
stainless-steel plates spaced 1 cm apart in a vacuum of
5% 1076 Torr. The upper field plate has a stainless-steel-
screen-covered hole to allow the collection of ions in a par-
ticle multiplier tube which sits above the plates. A dc volt-
age or a pulse of up to 700 V with a rise time® of 40 ns can
be applied to the lower plate. These fields serve in some
cases to ionize the molecules and in all cases to accelerate
the ions formed to the particle multiplier for detection.
The flight time of the ions allows the separation of isotopic
species of Li,*, Li*, and contaminant ions. The multi-
plier signal is captured with a gated integrator set to ac-
cept that part of the time-resolved ion signal of interest,
and the output of the integrator is recorded with an x-y
recorder.

Autoionization spectra taken via the v'=4 state band-
head with small static fields are shown in Figs. 2(a) and
2(b). The bandhead consists of states with the total angu-
lar momentum J=2-6. In these initial experiments we
have used the bandhead instead of the resolved high-J
states, because for high J the P, Q, and R transitions of the
Rydberg excitations are well split and mask the Rydberg
structure apparent in Fig. 2. In Fig. 2 each Rydberg state
appears as a group of lines, due primarily to our use of the
bandhead in the B state. For simplicity we shall refer to
the group as a state. Our spectra have the same appear-
ance as those obtained by McGeoch and Schlier,” who
used essentially the same excitation method; however our
vibrational assignments differ by 1. They assigned the
transitions as Av =0, whereas other work!®!! has shown
that for low-v’ levels of the B state, Av=v*—v'=—1
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FIG. 2. Autoionization spectra with v* =3 excited via the
v’'=4 B state bandhead. (a) A dc electric field of 50 V/cm is ap-
plied, and a Rydberg series starting with n =15 is observed. The
peaks are composite mainly due to the fact that several J' states
in the bandhead are excited and therefore several J* peaks ap-
pear. Other peaks, possibly due to a different Rydberg series
also appear. (b) The dc field is increased to 300 V/cm, and the
n=12 state appears because of forced autoionization. (c) A dc
field of 50 V/cm and a pulsed field of 700 V/cm delayed 1.25 us
from the laser are applied. The combination of fields separates
in time signals from the true autoionizing states from those due
to forced autoionization. Only the forced autoionization signal is
shown here, confirming that n =12 is normally a bound state.

transitions are strongly favored. Thus the observed series
in Fig. 2 is a v* =3-Ry series with a quantum defect of
0.7. When the static field is increased from the 50-V/cm
field used to record Fig. 2(a) to the 300-V/cm field used to
record Fig. 2(b) the next lower Rydberg state n =12 ap-
pears. The n =12 state is apparently bound in a field of 50
V/cm but not in one of 300 V/cm, in spite of the fact that a
field of 300 V/cm is almost 2 orders of magnitude too
small to ionize a pure n =12 state. Furthermore, we note
that increasing the field from 50 to 300 V/cm does not
qualitatively affect the autoionizing n > 12 states and that
the n=12 state is not qualitatively different from the
higher-lying states. All of these observations are precisely
what is expected of forced autoionization of the (12,3)
state in a field of 300 V/cm. One point that we might
reiterate is that the strong propensity for Av = —1 transi-
tions, i.e., from v’=4 to v* =3, effectively rules out the
direct excitation of the v* =0 continuum (or v* =3 states
generally) in this energy range, and the presence or ab-
sence of a small electric field does not alter this fact.’

In Fig. 2(c) we show a spectrum over the same frequen-
cy range, but with a 50-V/cm static electric field combined
with a 700-V/cm-field pulse which occurs 1.25 us after the
laser pulses. This technique isolates the normally bound
(in 50 V/cm) n=12 state from the autoionizing n > 12
states. The flight time to the detector of ions from the au-
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toionizing n==13 states is longer than that of ions pro-
duced by pulsed field ionization of the n =12 state. Figure
2(c) is the pulsed field ionization spectrum showing only
the n=12 state. The autoionization spectrum is identical
to Fig. 2(a). Note that the n=12 spectra of Figs. 2(b)
and 2(c) are very nearly the same. Some differences are to
be expected due to field effects on energies and lifetimes,
but in essence this result is consistent with the similarity of
the n > 2 states in Figs. 2(a) and 2(b). We have also ex-
plicitly measured the (12,3) state lifetime by delaying the
field ionization pulse, finding a lifetime of 1.0(2) us. This
is comparable to the purely radiative lifetime of an atomic
n=12 state,'? which implies that predissociation has a
negligible rate.

The spectra shown in Fig. 2 and their consistency with
expectations based on Fig. 1 are not unique but rather gen-
eral. For example, as expected on the basis of Fig. 1, exci-
tation of the (14,2) state leads to spectra analogous to
those shown in Fig. 2. Similarly, the lifetime is found to be
1.4(3) us.

Figure 2 and analogous spectra are clearly consistent
with forced autoionization to the Stark-induced continuum
associated with the lowest rotational-vibrational state of
Li;*. A more precise check is to measure the threshold
field for this process. Accordingly, we have measured the
threshold fields for ionization of the central peaks of the
(14,2) and (12,3) levels by varying the static field, as
shown in Fig. 3. The observed threshold fields are given in
Table I. We can compare these fields to the fields expect-
ed on the basis of ionization to the lowest rotational-
vibrational levels of Li,* and to the J=4 level, corre-
sponding approximately to dipole autoionization. Taking
the J' =4 states of the v’ =3 and 4 vibrational levels of the
B state to be dominantly populated in the excitation, we
can use their term energies!3 21355 and 21600 cm ~! and
the energy of the second laser photon to determine the
term energies of Table I for the (14,2) and (12,3) states.
These term energies in conjunction with an ionization limit
yield binding energies, and finally ionization fields. Using
the ionization potential reported by Bernheim, Gold, Tip-
ton, and Konowalow,!! which is consistent with a revised
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FIG. 3. dc field ionization threshold for the n=12v* =3-Ry
state. The laser frequencies were fixed on the resonance while

the dc voltage on the field plates was varied. The plate spacing
was increased to 2.38(8) cm when these data were taken.

RAPID COMMUNICATIONS

2347

interpretation of the results of McGeoch and Schlier,® we
arrive at 41671(4) and 41681(4) cm ™! as the v* =0,
J* =0, and J* =4 Li," ionization limits. In Table I we
give the calculated ionization fields assuming that forced
autoionization occurs in the Stark-induced continua based
on these limits. As shown by Table I, the observed fields
match almost perfectly the fields calculated for forced au-
toionization into the v* =J* =0 state of Li,, but are far
lower than the fields calculated for forced autoionization
to the J* =4 state. Thus we conclude that forced autoion-
ization occurs into any available continua, irrespective of
the transfer of angular momentum from Li;* to the
departing electron. We have found this to hold up to
J~20.

The preceding discussion makes it clear that for a series
converging to high vibrational limits of Li,* ionization
occurs by forced autoionization not by direct field ioniza-
tion, and that it is the effect of the field on the series con-
verging to the lowest Li;* rotational-vibrational limit
which is the determining factor. This realization allows
the resolution of an apparent contradiction in the previous
Li, work. Bernheim et al. !! pointed out that the ionization
potential given by McGeoch and Schlier® was in error be-
cause of the misassignment of the transitions as Av =0.
However, they did not explain how it was possible to see
apparently autoionizing n =12 states [our (12,3) states]
below the ionization limit. It is clear that it was due to
forced autoionization. McGeoch and Schlier used a volt-
age pulse of 2.2 kV, which, if applied across a plate separa-
tion of even as much as 10 cm, would depress the ioniza-
tion limit enough to observe both the (12,3) and (14,2)
states, as reported.

What we have described up to this point implies that
forced autoionization will occur if energetically possible,
irrespective of the amount of angular momentum trans-
ferred. This implies a sharp threshold field for forced au-
toionization, such as we have shown in Fig. 3. However, as
was shown by Eisel and Demtréder, 4 some truly autoion-
izing states of high J increase in autoionization rate with
field, and precisely the same phenomenon can be expected
to occur in forced autoionization. The origin of the field
dependence of the autoionization rate is that autoioniza-
tion of a high-J state to the lowest rotational state of Li, *
requires a large transfer of angular momentum from the
Lis" to the departing electron, a process which is likely to
be weak. Thus if only autoionization to the lowest rota-
tional state of Li,* is energetically allowed, the autoioni-
zation or forced autoionization rate is slow. However, in-
creasing the electric field both depresses limits relative to

TABLE I. Term energies and observed and calculated ioniz-
ing fields.

Calculated Calculated
Observed ionizing ionizing
Term ionizing field field
energy field (to J=0) (to J=4)
State (cm ™) (V/cm) (V/cm) (V/cm)
(14,2) 41582(3) 218(9) 216(24) 267(29)
(12,3) 41595(3) 161(8) 157(21) 201(27)
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higher rotational levels below the state in question, and
destroys the angular momentum of the Rydberg electron
as a good quantum number. Both effects reduce the angu-
lar momentum transfer required, raising the autoioniza-
tion rate. The latter effect has been discussed by Eyler.!®
Although it is clear that much systematic work needs to
be done, this work shows clearly that field ionization in di-
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atomic molecules in most cases occurs by forced autoion-
ization and may be easily understood in those terms.
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