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The first optical absorption from excited states to autoionizing core-excited levels has
been observed in lithium. A 1-MW dye laser tuned to the 1s 2s 1s 2p resonance pro-
duced -10'8 excited atoms/cm' in a heat-pipe oven. Far-uv absorption spectra of Li*(2p)
and Li were obtained. A curve of the evolution from excited neutrals to -95"to ions is
presented, and the significance of the Li observations for understanding the ionization
mechanism is discussed.

The autoionizing levels of an atom play a signif-
icant role in several diverse physical phenomena.
Among these are the important and sometimes
dominant influence of dielectronic recombination
(involving the inverse of autoionization) on the
conditions in an astrophysical plasma, ' the strong
effect of autoionizing levels on the generation of
tunable vacuum-uv radiation by four-wave para-
metric interactions in atomic vapors, ' and the
large gains associated with these levels in photo-
ionization efficiency encountered in several laser
isotope-separation schemes. This Letter reports
the first observation of the photoabsorption spec-
trum of core-excited autoionizing states having
the same parity as the ground state (the so-called
"optically inaccessible" states).

In order to obtain photographic absorption spec-
tra of autoionizing features, which generally have
peak cross sections in the range o ~10 "cm', a
relatively high column density of absorbing atoms
(~10" cm ') is required. A previous Letter' re-
ported studies of the absorption spectrum of la-
ser-pumped Na in the 15-30-nm region which
used a long-duration (500 ns), high-power (1 MW)
laser for excitation. In that work we found strong
ionization to Na+ and observed the Na' absorption
spectrum. We have now obtained absorption to
core-excited levels from the first excited state
of neutral Li. We were also able to attain nearly
100% ionization of Li to Li' and to show that the
absorption spectra of the various species, from
ground state Li(ls22s), to excited state Li*(ls22p),
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to ionized Li'(1s'), can be observed by varying
the time of observation relative to the laser pulse.

The experimental setup is similar to the one
used to observe the Na' absorption spectrum
which is described in Ref. 3. It consists of a 15-
cm-long lithium heat-pipe oven with a vapor den-
sity of -6&&10" cm ' placed several centimeters
from the entrance slit of a 3-m grazing-incidence
spectrograph, and a triggered vacuum spark
which provides a 100-nsec continuum probe pulse
in the region 10-30 nm. 4 The laser is a flash-
lamp-pumped dye (cresyl violet) l.aser tuned to
the 670.S-nm 2s - 2p resonance line of Li with
an output of 1 MW in 0.1 nm bandwidth for 800 ns.
The delay time between the initiation of the laser
pulse and the peak of the uv probe pulse was con-
trolled to within + 50 nsec, and the uv probe pulse
was sequentially stepped to sample the laser-ex-
cited vapor at various times after the initiation
of laser pulse.

Densitometer traces of four spectrograms
taken on Kodak 101.05 plates of the region 16-22
nm under the same operating conditions of the
heat-pipe oven and laser are shown in Fig. 1.
The first, designated (a), represents the conven-
tional ground-state absorption spectrum taken
with the laser off. A partial analysis of this spec-
trum has been published previously. ' Trace (b)
represents the spectrum obtained when the peak
of the probe pulse occurs 200 nsec after the ini-
tiation of the laser pulse. Over twenty lines rep-
resenting absorption resonances from the excited
1s'2p 'P levels are observed. (See Table I.) At
400 nsec after laser initiation [Fig. 1c)], it is ob-
vious that considerable ionization has already oc-
curred by observing the jurnp in cross section at
the onset on the Li' continuum (16.391 nm). At
600 nsec after laser initiation [Fig. 1d)], the ioni-
zation is practically complete as evidenced by the
disappearance of the very broad neutral absorp-
tion features. Several absorption lines of the neu-
tral species remain, but these are associated
with saturated narrow features having large cross
sections. The lsnp levels of Li' can be observed
to n =12.

Table I summarizes the spectroscopic data on
the absorption lines observed in the laser-excited
vapor. The lowest possible autoionizing absorp-
tion line out of a 1s'2p 'P state, associated with
the 182s "S,&, level, is too weak to be observed
with the column densities used in the present ex-
periment. The energies for the terms associated
with the configuration 1s2s', 1s2pa, (ls2s 'S) ns
and nd (n = 3, 4), (1s2s 'S) 3s and 3d, and (1s2p s'P)
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3p were calculated by Weiss using a multiconfig-
urational Hartree- Pock technique. ' These ener-
gy values were used to assign unambiguously ten
of the observed lines. Other, higher-series
members were then assigned using quantum-de-
fect comparisons and relative intensities.

Some of the levels listed in Table I recently
have been observed by other techniques. Two of
the levels have been observed optically: The
ls2p "P, which autoionizes at a rate much less
than the optical decay rate has been observed in
optical emission with beam-foil excitation by
Buchet et al. '; the 1s2p "D, which is associated
with the strongest autioionizing absorption line
out of a 1s'2p 'P state, was observed in a, Li
plasma created in a flash pyrolysis by Cantu et

WA VELEN 6TH (nm)

FIG. 1. Densitometer tracings of spectra taken (a} be-
fore laser initiation; (b} 200 nsec after laser initiation;
(c) 400 nsec after laser initation; (d} 600 nseo after
laser initiation. Broad persistent structure from 17 to
16 nm is a source feature. Bar graph below (a) desig-
nates several series members of the type 1&2&(3S)np
and 1s2p{ Qns going to the Li+: ls2s{3S) and 1s2p( Q
limits. The solid triangles mark the positions of these
limits relative to the Li: » 2s('S) level. Graph below
(b) designates series members of the type ls2s(3S)ns,
(3S)nd and 1s2s( S}nd going to the Li: 1s2s(~S) and (~S)
limits. The positions of these limits relative to the Li:
1s2p(2+ levels are indicated by the triangles. Note dis-
appearance of slope in transmitted continuum as neu-
trals are removed.
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TABLE I. Even-parity, core-excited levels in Li.

Observed Tentative
a(nm)+0. 002 Assignment

Energy from
2s State(eV)

Cal cul ated Other
Value(eV) Measurements(eV)

20.939

20. 773

20. 744

20.615

20. 309

20. 230

20. 172

20. 123

20.089

20.034

19.992

19.970

19.775

19.762

19.684

19.629

19.520

19.474

19.448

19.405

19.355

19.336

19.291

19.158

18.944

17.714
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61.062

( P)3s ?
61.617

61.992

62.899

63.135

63.313

63.462

63.565

63.735

63.865

63.935

64, 545

64.586

63.834

65.012

65.366

65.514

65.599

65.743

65.907

65.971

66.118
66.566

67.297

71.841

C

( p)4 o

C

56.54

61.11

61.66

62.03

62.98

63.23

63.26

63.50

63.62

64.40

64.66

64.94

65.69

56.35+0.01

61.07+0.01

61.60+0. 1

62.00+0.01

62.98+0.03

63.17+0.03

63.58+0.03

Ref. 6.
An extremely weak line, &~ +0.005 nm.
Weak lines of questionable origin.
Ref. 9.
Ref. 10 in which the 1s2s S was observed at 55.9

+0.5 eV.
Ref. 11; the 1s2s S was observed at 56.31+0.03 eV

and the 1s2P 'D at 61.04+ 0.03 eV.
~Ref. 8 in which the 1s2p D was observed at 20.942

+0.001 nm.
Ref. 7.

al. ' The other previously observed levels were
detected in the energy spectrum of electrons
ejected from autoionizing states excited by H' and
He' impact, ' by beam-foil collisions, "and by
beam-gas- target collisions. "

The observation of efficient ionization by a la-
ser tuned to the lowest resonance line in both so-
dium and lithium under similar conditions of la-
ser intensity, laser duration, and vapor density
makes it reasonable to assume that the same
mechanism is operating in both cases. Processes
leading to ionization which are possible in sodium
are (1) two-photon ionization out of the 3p levels;
(2) laser-induced collisional transfer of energy
in the form Na*(3p) + Na*(3p)+hv~ —Na(3s)
+ Na+(2p')+e; (3) superelastic collisional heating
of an initially small number of free "seed" elec-
trons by the excited-state atoms, followed by

electron-impact ionization by the heated elec-
trons; (4) direct collisional exchange of energy
of the form Na*(3p)+Na*(3p)-Na*(5s)+Na(3s)
followed by photoionization out of the 5s level;
(5) promotion of the atoms from the 3p to the 4p
levels by stimulated Raman scattering and sub-
sequent single-photon ionization out of the 4p or
4s levels; (6) associative ionization to Na, ' fol-
lowed by photodissociation. Of these, only the
first three are energetically possible in Li. The
rates for processes (1) and (2) have been calcu-
lated for both the Na and Li experiments and
shown to give comparable ionization rates which
are - 10&7 ions cm-3 sec- a for Na and - 10&8 j.ons
cm ' sec ' for Li"; these values are four orders
of magnitude too small to explain the present re-
sults. Hence, of the possibilities mentioned, on-
ly the one involving the superelastically heated
electrons seems plausible.

The seed electrons which could initiate the io-
ization in this scheme are provided by both proc-
esses (1) and (2) above. After the start of the
pulse the laser radiation provides the seed elec-
trons and also creates a large population density
in the excited 'P level. The cross section for the
superelastic de-excitation of the seed electrons
created by processes (1) and (2) are quite large
for both Na and Li. For example, in Na the val-
ue of this cross section at 1.17-eV seed electron
energy [obtained by detailed balance from the
measured value" of o(3s- 3p)] is o(3p -3s)=8
x10 "cm'. The collision rate for a seed elec-
tron in a vapor of 3&&10" cm"' excited states is
3x10' sec '. Thus, at an electron density of
-10' cm ' (which is achieved in -10 ' sec) the
superelastic collision rate begins to exceed the
rate of production of cool electrons by processes
(1) and (2), and the electron temperature will
rise. The resultant hot electrons will then both
further excite and ionize the atoms. It is possi-
ble that one (and, interestingly, only one) of the
lines observed (the extremely weak line at 20.773
nm) originates from an excited state other than
the ls'2p. An accurate model is needed to ex-
plain the process in detail; Measures has taken
an initial step by proposing a simplified model
for a related experiment. '

The neutral ground-state population in the co-
lumn was obtained by using the broad absorption
feature at 19.16 nm which has a known cross sec-
tion of 8 Mb. " The Li' cross section at the photo-
ionization step at 16.39 nm was obtained in the
manner of Ref. 3 by comparing the strength of
the neutral absorption in Fig. 1(a) with the strength
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ser is "burning through" the vapor which ordinar-
ily would be an indication of saturation (i.e. , 75%%uo

in the excited states). This may be a result of
laser "filamenting, " and, like the ionization proc-
ess itself, will require further efforts to explain
fully.

The authors gratefully acknowledge the help of
G. Victor for suggesting the superelastic mecha-
nism, the signficant contributions of J. W. Coo-
per and A. W. Weiss, the support and encourage-
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FIG. 2. Population of excited states and ions during
the laser pulse. Population is an average over the 100
nsec width of the uv pulse. There is an experimental
uncertainty of + 80/() in the peak value of the Li*(2p) pop-
ulation.

of the absorption at 16.39 nm in Fig. 1(d) where
there is complete ionization. The value obtained,
v(Li+- Li++) = 2.0+ 1.0 Mb, compares well to a
calculated value of 2.7 Mb."

The time dependences of the space-averaged
population column densities of Li*(2P) and
Li'(ls') obtained from seven plates taken at dif-
ferent times during the laser pulse are presented
in Fig. 2. The Li*(2p) populations were obtained
from a curve of growth for the equivalent widths
for the absorption line associated with the 1s'2P-
'P —1s2pmsD transition which has a calculated f
value of 0.054" and a calculated width (autoioni-
zation) of 0.0027 nm. " The photoionization step
at 16.39 nm was used to provide the Li' popula-
tion. As a consistency check the Li* and Li'pop-
ulations obtained by these methods were added to
the Li(2s) population obtained by measurements
on the 19.16-nm feature; agreement was within
the experimental uncertainty.

It is surprising that the peak excited-state popu-
lation is only 20%%uo, in view of the fact that the la-
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