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As a result of photoionization of rare-gas atoms by x rays emitted from a laser-pro-
duced plasma, high densities (>10!® ecm™) of hot (~ 45-eV) electrons are produced in a
pulse of ~600 ps duration. Following excitation by means of this electron source, the
deexcitation rate constant from the Li(1s2s2p) ‘P° level is measured to be 3x107 cm? 5!

at an electron density of ~10'° em™3,

PACS numbers: 34.80.Dp, 32.80.Fb, 52.70.Kz

For many applications, such as the study of
fast chemical reactions or the investigation of
kinetic processes in plasmas, it is important to
produce efficient excitation of atomic and molecu-
lar species on a time scale short compared with
the characteristic times of the processes of in-
terest. One technique for achieving this end
which has proved widely successful has involved
the use of an intense short pulse of laser light as
the source of excitation. This method, however,
is unsatisfactory for investigating highly excited
states with energies of 10-100 eV or for exciting
optically forbidden transitions.

In this Letter we report a novel technique for
generating a subnanosecond pulse of hot elec-
trons suitable for the production of highly excited
atoms and molecules. In order to produce this
burst of electrons, the soft x rays emitted from
a laser-produced plasma have been used to photo-
ionize an “absorber” rare gas with the conse-
quent production of large densities of hot elec-
trons. The high density and temperature of the
electron distribution produced by this “photo-
ionization electron source” allow efficient excita-
tion of both dipole-allowed and dipole-forbidden
transitions to states with energies as high as 100
eV. The short duration of the pumping pulse
—determined by the pulse length of the plasma-
generating laser' —makes this source well suited
to the study of dynamic interactions involving
such states.

In the work described here electron densities
in excess of 10'® cm™ 2 with mean temperatures of
~45 eV have been created in a pulse of 600 ps
duration. For comparison, transversely excited
atmospheric discharges® and e -beam—excited
plasmas® operate with typical electron densities
of <10 cm™, temperatures of ~5 eV, and pulses
of, at shortest, several nanoseconds. When
electron cooling by inelastic collisions with ab-

sorber atoms (72 eV/ns at a Ne density of 107
em™®) during the x-ray pulse is taken into ac-
count, the photoionization electron source (PES)
described here can be considered to produce an
effective current density of 3X10° A em™ 2. The
utility of the PES is a result of the modest energy
(60 mJ) of the laser which was required to pro-
duce the x-ray-emitting plasma and of its repeti-
tion rate of 2 pulses/s.

To make use of the hot electrons produced by
the PES, “target” atoms were mixed with the
rare-gas absorber. The electrons then excited
the target atoms by inelastic collisions. In this
investigation the novel characteristics of the PES
were used to examine the production of Li atoms
in the metastable (1s2s2p) *P° level at 57.4 eV
and to measure the decay rate from this level
under conditions of relatively high electron densi-
ty. The production of large densities of such
metastable atoms in the alkali metals is of inter-
est because of their suitability as storage states
for recent extreme-ultraviolet (XUV) laser pro-
posals.*® Although the lifetime of Li (1s2s2p)“P°
has been measured® to be 5 ks in an atomic beam,
it was unclear before this investigation whether
high electron and ion densities would result in
anomalously rapid decay of this level because of
coupling to states which autoionize to the Li" (1s2)
continuum. The results described here show con-
clusively that no such anomalously rapid decay
occurs.

The configuration of the experiment is illus-
trated in Fig. 1. A massive plane tantalum tar-
get was placed inside a cell containing a mixture
of a rare-gas absorber, Ne, and the target
species, Li. A 60-mJ, 600-ps pulse from a Nd-
doped yttrium aluminum garnet laser (1.06 Lm)
was focused onto the target and a plasma was
formed.” For the focal spot intensity (1.0 x10'?
W/cm?) and pulse length used, the resulting x-ray
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FIG. 1. Schematic of experimental configuration.

emission can be considered as that of a 30-eV
blackbody.” The conversion efficiency of 1.06-um
radiation to x rays under the conditions of this
experiment is believed to be approximately 10%.’
The x rays emitted from the plasma photoionize
the surrounding absorber atoms to produce high
densities of electrons.

For a spectral intensity distribution, /(w), at a
fixed distance from the tantalum target, the
ejected-electron energy distribution is given by
n(E) =No(w)(w)At/Fw. N and o(w) are the number
density and photoionization cross section of the
absorber atom, Af is the x-ray pulse length, and
E =hw —-E;. E; is the ionization threshold of the
absorber atom. Figure 2(a) shows the good spec-
tral overlap of the emission of a 30-eV black-
body and the photoionization cross section of Ne.
The predicted electron distribution for a Ne ab-
sorber gas density of 3x10'" cm™? is plotted in
Fig. 2(b). This electron distribution has a maxi-
mum at 20 eV and a mean electron energy of 45
eV. The total ejected electron density is 2 x 10'®
cm” 3,

In order to investigate the excitation of the
Li (1s2s2p) *P° level by the PES, the plasma cell
was heated to provide a target Li atom density
of 107 em™3. Varying amounts of Ne absorber
gas were then added. The appropriate energy lev-
el diagrams are shown in Fig. 3. The number-
density~length product of Li(*P°) atoms, N*L,
was determined by measuring the absorption of a
probe dye-laser beam, as a function of wave-
length at the Li (1s2s2p)*P°~(1s2p?) *P transition
at 371 nm, and matching the resulting absorption
traces with numerically generated Voigt profiles.
All measurements were taken at a distance of
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FIG. 2. (a) Photoionization cross section of Ne and

the x-ray spectrum 1 mm from the target. (b) Predict-
ed ejected electron distribution for a Ne density of 3
%107 cm™3,

1 mm from the tantalum target where, as a re-
sult of geometrical considerations,” the number
density, N*, is given by N*=6.4 N*L. The dye
laser was pumped by a harmonic of the same Nd-
doped yttrium aluminum garnet laser beam which
produced the plasma and thus had a pulse length
of 600 ps.

Figure 4 shows the measured dependence of
N*L on the Ne density. The prediction of a rate-
equation model is plotted as the solid curve. This
model predicts both the magnitude and the shape
of the experimental curve very well. The satura-
tion of N*L at high Ne densities can be explained
by noting that the density of Li(*P°) atoms depends
not only on the number of hot electrons, but also
on their cooling time. At low Ne densities this
cooling time is determined by inelastic collisions
with Li atoms. At high Ne densities, however,
electron cooling is dominate by collisions with
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FIG. 3. Energy-level diagram showing photoioniza-
tion of the absorber atom and the subsequent electron
excitation of the target atom. The laser-probe transi-
tion is also indicated.

Ne atoms. In this regime, as the Ne density in-
creases the electron density increases but the
cooling time decreases. Thus, the magnitude of
the Li(*P°) population approaches a constant value.

The large number densities of Li(*P°) atoms
measured in this work are not immediately appli-
cable to the XUV laser proposal of Harris®* be-
cause of the high absorption of Ne at the 207-A
XUV laser transition. However, the general
suitability of the PES for use in similar XUV
laser schemes, involving different target and ad-
sorber atoms,’ is well illustrated by the observa-
tion that the number densities of Li(*P°) atoms
measured here of ~3x10' ecm™? exceed those ob-
tained by conventional discharges® by approxi-
mately three orders of magitude.

Under the conditions of Li and Ne density used
here, the cooling time is approximately 50 ps.
Thus no excitation of Li(*P°) metastable atoms
occurs after the x-ray pulse is terminated, al-
lowing the decay from this level to be observed.
To measure the rate of this decay, a variable de-
lay was inserted in the path of the probe beam.
Figure 5 shows the dependence of the Li(*P°)
population on the delay between the probe laser
and the plasma pulses. The observed decay
time of 2.5+ 0.5 ns is comparable to that meas-
ured under similar conditions” for decay of the
Li*(1s2s)'S ion.

The electron density, at a time 1 ns after the

|0I3

N¥L(cm2)

10 L L 1 1
o] 5 10 15 20 25

NEON DENSITY (10'7 cm™3)

FIG. 4. N*L for Li(1s2s2p)*P° vs Ne density. The
solid curve is the rate-equation model prediction multi-
plied by 1.2. Li density=10'" cm™3, The time delay
between the peaks of the probe and 1.06-um laser pulses
~1 ns.

peak of the x-ray pulse, has been measured to
be (1.3+0.8)x10'® cm™? [from the Stark broaden-
ing of the Li(1s2%4d) levell. If one assumes that
electrons are responsible for the deexcitation,
these measurements imply a deexcitation rate
constant for the Li (1s2s2p) “P° level of (3 7
x10"7 em® 5”1, This is typical of a dipole-al-
lowed electron excitation of several electronvolts.
It can thus be concluded that no anomalously rapid
deexcitation of the Li(*P°) level occurs at elec-
tron densities of ~ 10'® cm™3.

In the work reported here a novel photoioniza-
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FIG. 5. N*L for Li(1s2s2p) ‘P° vs the time delay
between the peaks of the probe and 1.06-um laser pulses.
Ne density = 3x10!7 em~3; Li density=10!" cm™3. The
solid line is a fit to the data yielding 74ecay = 2.5 ns.
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tion source capable of producing a subnanosecond
burst of hot electrons has been described. The
high electron density and current produced by the
PES have been used to excite large densities of
Li(*P°) atoms at 57 eV, and the short duration of
the hot-electron pulse has enabled the deexcita-
tion rate from the Li(*P°) level to be measured.
Although the duration of the plasma-producing
laser pulse used here was 600 ps, the PES should
work well for pulses as short as 50 ps. Still
shorter pulses should be obtainable at the cost of
poorer conversion efficiency from laser light to
X rays.
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