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Doubly excited autoionizing states in barium of the configuration 6ps/mp (n >12) are
shown to decay preferentially to yield the 6p,,, excited state of Ba*. The resulting pop-
ulation inversion is used to produce amplified spontaneous emission at 493 and 650 nm
corresponding to the 6p,/,—6s,/, and 6p,/,—5d3/, transitions in Ba*. This principle of
selective autoionization is expected to be applicable to the construction of a new class of

ion lasers extending into the vacuum-ultraviolet wavelength region.

PACS numbers: 32.80.Dz, 42.55.Hg

In general, when an atom is excited to an auto-
ionizing state whose energy is greater than sev-
eral of the atomic ionization limits all of the en-
ergetically possible final ion states are produced.
The branching ratios to different final ion states
are determined by the degree of configuration
interaction coupling the ion-plus-bound-electron
configuration to the various ion-plus-continuum-
electron configurations. In certain cases, pre-
ferential decay to specific excited ionic states
occurs. Such behavior has been identified in
Ba,’™* Yb,® Pb,® and Na.® Gallagher and co-
workers® 2 first pointed out that this effect might
be useful in creating ionic population inversions
resulting in laser action. We refer to this phe-
nomenon as selective autoionization.

We report the first demonstration of laser ac-
tion in an atomic ion pumped by selective auto-
ionization. Amplifield spontaneous emission
(ASE) was observed on two visible transitions in
Ba* following stepwise two-photon excitation of
selected autoionizing states in neutral Ba. A
schematic energy-level diagram showing the
relevant barium states and optical transitions
is shown in Fig. 1. The autoionizing states of
interest are of the nominal configuration 6pnp
and were excited via the 6snp resonant inter-
mediate state. Ultraviolet laser radiation tunable
near 247 nm was used for the first transition,
6s%-6snp, while visible laser radiation tunable
near 455 nm was used to make the second transi-
tion, 6snp-6pnp. Two Rydberg series of 6pnp
autoionizing states exist, each converging to one
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of the two spin-orbit—split 6p 2P,/, /, levels in
the ion (see Fig. 1). These two series are labeled
as 6p,,np and 6p,,np. States belonging to the
6p,/.np series with » =12 lie above the 6p,/, ion
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FIG. 1. Schematic energy-level diagram showing
states of both neutral and singly ionized barium. The
selective decay of the 6p;/,12p autoionizing state to
yield the 6p/, excited ionic state is shown as well as
the optical transitions in Ba* which exhibited amplified
spontaneous emission (ASE).
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limit and were found to decay preferentially to
6p,/, ions. Population inversion of the 6p,,, ion
level with respect to both lower-lying states in
the ion (6s and 5d) was demonstrated in a Ba
vapor cell by the observation of ASE at 493 and
650 nm corresponding to the 6p,/,-6s,/, and 6p,,-
5dy/, transitions, respectively.

In addition, spectroscopic investigations of the
6pnp states were performed in an atomic beam
apparatus. Good correlation was found between
the excitation spectrum for ASE found in the cell
experiments and the ionization spectrum meas-
ured in the beam experiments. Linewidths for
the 6p,/,np (n =12) states were found to be a fac-
tor of up to 17 times wider than the correspond-
ing 6p,/,np states. This behavior is qualitatively
similar to that found for the 6pns states in bari-
um®™? and arises because these 6p,/,nl states can
decay into the newly opened 6p,/, channel.

For the experiments reported here, ultraviolet
radiation, tunable near 247 nm, was produced
using a pulsed dye laser pumped by the second-
harmonic output of a Nd-doped yttrium aluminum
garnet laser and standard nonlinear optical tech-
niques (second-harmonic generation and sum-
frequency generation in potassium dihydrogen
phosphate crystals). Up to 1-mJ pulses of 5 nsec
duration were produced at 247 nm in a linewidth
of 2 cm™! at a repetition rate of 10 pulses/sec.
Visible radiation, tunable near 450 nm, was de-
rived from a second dye laser. Up to 10-mJ
pulses of 5 nsec duration were produced in a line-
width of 0.5 cm ™! at 10 pulses/sec. The visible
and ultraviolet beams were spatially and tem-
porally overlapped and directed into either a Ba
vapor cell or a Ba effusive atomic beam appara-
tus.

The atomic beam apparatus is similar in con-
struction to that used by Gallagher, Safinya, and
Cooke.! Total ionization yield spectra were
taken by fixing the ultraviolet wavelength to the
6s21S,~6snp P, transition,” and then scanning
the visible wavelength laser in the vicinity of the
85 2S,/,=6p ?Py, transition in Ba*. Doubly ex-
cited autoionizing states of the nominal configura-
tion 6p,/,np were thus excited. (However, as
discussed below, the data indicate significant
configuration mixing.) Both of the excitation
lasers were well polarized and experiments were
performed with the relative polarization either
parallel or crossed. The selection rules are
easily derived and show that with parallel polar-
ization, only J=0 and J=2 states are excited,
while for crossed polarization, only J=1 and

J=2 states are excited. In this way, it was pos-
gible to assign a value of total J for each state
observed.

In Fig. 2 the ionization spectra for the 6p,/,12p
states are shown for both parallel and crossed
polarizations. Our assignments of total J are
also shown. Similar spectra were taken for 12
sn <16, The shape of the spectrum was strong-
ly dependent on the input energy, showing satura-
tion and broadening behavior. In all linewidth
measurements, the visible laser was heavily
attenuated in order to avoid saturation. For the
same total J, the 6p,/,np states were generally
much broader than what was found for 6p,/,np
states. For example, we measured the width of
the 6p,/,12p J=0 state to be 2 cm™" while the
6ps/,12p state has a linewidth of 34 cm™~'. More
typically, 6p,/,np linewidths were 2 to 3 times
the corresponding 6p,/,np linewidths, while in
certain cases the 6p,/,np linewidths were com-
parable with the corresponding 6p,/,np linewidths.

We attempted to predict these spectra using
JK, jj, and intermediate-coupling schemes
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FIG. 2. Total ionization spectra for barium taken in
an atomic beam apparatus. These data correspond to
the nominal configuration 6p3,,12p. The upper, bold
trace is the spectrum obtained using parallel laser
polarizations. The lower, light trace was taken with
orthogonal laser polarizations. The total angular mo-
mentum quantum number J is identified for each peak.
The J=1 peak is a shoulder on the blue side of the
central J= 2 peak in the lower curve.
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assuming a pure single configuration. No satis-
factory predictions were obtained in this way,
indicating the influence of configuration interac-
tion. A multichannel quantum-defect theory
(MQDT)® analysis of the spectrum would there-
fore be desired. However, such an analysis re-
quires additional spectroscopic data. For the
purpose of simplicity, in the remainder of the
discussion we will continue to use the single-
configuration labels 6p;np, bearing in mind that
such a designation is an oversimplification.

The apparatus used in the cell experiments was
70 cm in length, sealed at both ends with LiF
windows, and had a central hot zone of approxi-
mately 25 cm in length., Typical running condi-
tions were at temperatures of 800-1000 C, with
20 to 50 Torr of argon used as a buffer gas. In
most of the experiments, the ultraviolet radia-
tion was set to excite the 6s2'S;-6s12p 'P, tran-
sition” at 40428.7 cm~!. The visible radiation
was then scanned, just as in the beam experi-
ments. The ASE outputs were isolated from the
input laser signals using either narrow-band
interference filters or a 0.35-m monochromator.
Both the 650- and 493 -nm outputs were confirmed
as due to ASE by three criteria. First, they ex-
hibited threshold behavior either as a function of
input pumping power with fixed vapor density or
as a function of vapor density with fixed pumping
power. Second, the outputs were well-defined,
well-collimated beams. ‘Third, approximately
equal outputs were observed emerging from both
ends of the cell. This last test was performed
in order to eliminate coherent parametric inter-
actions which would be phase matched in the for-
ward direction only. The strongest output was
observed at 650 nm, corresponding to the 6p 2P, /,—
5d2D,, transition in Ba*. Using collimated in-
put beams of approximately 0.05 cm? in area,
with 0.5 mJ per pulse at 247 nm and 2.0 mJ per
pulse at 455 nm, the 650-nm output which was
copropagating with the input beams was measured
to be 1 uJ per pulse. Both forward and backward
outputs were also detected at 493 nm, correspond-
ing to the 6p 2P, ,,—6s %S, /, transition in Ba*. The
output energy at this wavelength was approximate-
ly 1 order of magnitude smaller than the output
at 650 nm. '

Figure 3 shows the excitation spectra for the
650-nm ASE output. At low input pumping power,
the excitation spectrum is narrowed as a result
of the highly nonlinear nature of the gain process.
Threshold behavior is quite clearly shown in Fig.
3. The dependence of the 493-nm output on input
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FIG. 3. Excitation spectra for the 650-nm ASE out-
put taken in the cell experiments. The input laser
polarizations were parallel for both curves. The lower,
bold trace was taken with an input visible-laser pump
power which was a factor of 10 lower than that used to
obtain the upper, light trace.

power was qualitatively similar. The excitation
spectra for both the 650- and 493-nm ASE out-
puts were also measured as a function of the rela-
tive polarization of the two pump lasers. The
relative heights of the three main peaks were
qualitatively similar to those found in the ioni-
zation spectra as shown in Fig. 2,

Selective autoionization behavior has been
previously observed in several atomic systems
via ejected electron spectroscopy.?~® These sys-
tems all share the common feature that multiply
excited states of the neutral atom which lie en-
ergetically between two spin-orbit-split excited
ion limits are found to decay preferentially to the
nearby ion level corresponding to the lower mem-
ber of the doublet.?™® Rosenberg, Lee, and
Shirley® have given a qualitative explanation for
such preferential autoionization decay. A more
rigorous analysis, involving an MQDT fit to the
spectrum, would directly reveal the channel inter-
actions and give the autoionization branching ra-
tios. To our knowledge, MQDT has not yet been
applied to the problem of predicting autoioniza-
tion branching ratios.

Selective production of ion excited states by
photoexcitation may also occur in regions of the
continuum devoid of autoionizing states. Green
and Falcone® produced an inversion of the reso-
nance line of Sr * by photoionizing a bound two-
electron excited state of neutral Sr, In their ex-
periment, the selectivity is achieved by radia-
tively coupling the bound excited state to the de-
sired continuum. The well-known proposal of



VoLUME 48, NUMBER 18

PHYSICAL REVIEW

LETTERS 3 May 1982

Duguay and Rentzepis' for pumping an x-ray
laser by photoionization to selectively populate
certain inner-shell vacancy states is based on -
similar principles. In selective autoionization,
it is the dynamics of the two-electron interac-
tion which leads to the selective decay of a doub-
ly excited autoionizing state to the desired ion
continuum. Selective autoionization thus repre-
sents a qualitatively new physical mechanism for
the production of population inversions in ions.
From a practical point of view, direct photoion-
ization and selective autoionization are comple-
mentary in that the former is well matched to a
broadband optical pumping source, while selec-
tive autoionization requires a relatively narrow-
band pump source. Sources such as direct multi-
photon laser excitation (as demonstrated here)
and spontaneous anti-Stokes Raman scattering®!
might be used to pump new selective autoioniza-
tion lasers.

In summary, selective autoionization has been
demonstrated as a new physical principle for the
production of population inversion and laser ac-
tion in atomic ions. Since the phenomenon of
selective autoionization has been observed in sev-
eral inner-shell excited atoms?™ it is believed
to be quite general. We therefore anticipate the
construction of a new class of optically excited
ion lasers operating in the deep ultraviolet region

of the spectrum.
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A large discrepancy between Dirac-Fock calculations and experiment for the spin-
orbit splitting, P;,,~2Py/,, in the ground states of B- and F-like ions is resolved.
The discrepancy arises from spurious terms which are inherent in the relativistic self-
consistent-field procedure. Removal of these terms substantially improves the agree-
ment between theory and experiment on spin-orbit splitting.

PACS numbers: 31.30.Jv

Forbidden transitions with wavelengths in the
visible and uv region are of interest to astrophys-
ics because they are convenient to study experi-
mentally.! More recently, for the same reason,
the magnetic dipole transitions between spin-or-
bit-split levels of highly stripped ions have be-
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come an indispensable tool for plasma diagnostics
in fusion devices.?

In a systematic study of energy levels for
stripped ions, we noticed a large discrepancy be-
tween the Dirac-Fock calculations® and experi-
ment on the spin-orbit splitting, 2P, ;,~2P,/,, in
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