Soft x-ray pumping of metastable levels of Li™
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Soft x rays from a plasma generated by a neodymium: yttrium aluminum garnet laser beam (1.06

um) are used to photoionize neutral Li vapor to produce Li*
densities of Li* (152s) 'S = 6 X 10" ions/cm® and Li™ (1525) S =

metastables. Maximum metastable
3% 10" ions/cm? are obtained.

The effective lifetimes of these levels are measured to be approximately 5 ns. At 50 mJ of incident
laser energy the inferred conversion efficiency from 1.06-um radiation to soft x rays is ~ 14%.

PACS numbers: 42.60.Kg, 52.50.Jm, 32.30.Rj, 32.80.Fb

Recent proposals for the construction of soft x-ray la-
sers"? and tunable XUV radiation sources® are based on ob-
taining high densities of metastable (1s2s) 'S lithium ions (66
eV). Using pulsed high power microwave discharges* and
hollow cathode discharges,” metastable singlet densities of
about 10'! jons/cm® and 2 10'? ions/cm?, respectively,
have been created. In this letter we describe the production
of Li* metastables by inner-shell photoionization®? of neu-
tral Li by means of soft x rays which are emitted from a
plasma’® produced by the focused beam from a neody-
mium: yttrium aluminum garnet (Nd:YAG) laser (1.06 zm).
Over alength of a few millimeters, metastable (152s) 'S densi-
ties as high as 6 10" ions/cm? have been obtained.

The configuration of the experiment described here is
shown in Fig. 1. A massive plane target was placed inside a
heat pipe containing lithium vapor at a density which could
vary from 10'° to 10'7 atoms/cm?. The 1.06-um laser beam
was focused onto the tantalum target by a lens of 12-cm focal
length with an effective f number of f/8. For an intensity of
1x 10"* W/cm? of 1.06-um radiation on the target, the con-
version efficiency from incident laser energy to energy of soft
x rays emitted from the laser-produced plasma was estimat-
ed tobe ~ 14%. The emitted soft x-ray radiation propagated
into the surrounding Li vapor causing inner-shell photoioni-
zation and therefore production of metastable (1s2s) 'S and
(1s25)°S Li* ions. For 70-eV radiation the cross section for
photoionization '’ of Liatoms is 3 X 10~ '® cm?. Therefore, at
a vapor density of 10'” atoms/cm?, the stopping distance for
soft x rays is about 3 cm.

The metastable Li* (1s2s) 'S and Li* (1s2s) S popula-
tion densities were determined by measuring the absorption
of laser probe beams as a function of wavelength at the Li™
[(152s) 'S—(1s2p) 'P] and Li™* [(152s) *S—(1s2p) *P] transitions
at 958.1 and 548.5 nm (Fig. 2). The absorption traces were
fitted to numerically generated Voigt profiles using the oscil-
lator strengths and Doppler and Lorentzian linewidths
shown in the insert in Fig. 2. The integral of metastable po-
pulation over length along the probe beam, which in the
following is defined as N *L, was measured as a function of
laser energy, time delay between the 1.06-um pulse and the
probe pulse, and as a function of the distance of the probe
from the target surface.

The 1.06-um laser consisted of an actively mode-locked
Nd:YAG oscillator,'' a Pockels cell pulse selector, and three
Nd:YAG rod amplifiers with a final aperture of 6-mm diam-
eter. The output beam had a maximum energy of 100 mJ of
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which 70% was contained in a main pulse with a measured
duration of 600 ps. Leakage through the Pockels cell result-
ed in a prepulse and two post pulses, each separated by 4 ns,
600 ps long, and containing ~ 10% of the total pulse energy.
The laser operated at a repetition rate of two pulses per sec-
ond.

Using a scanning knife edge, the beam radius in the
focal plane and the effective confocal parameter were mea-
sured. At a total laser energy of 50 mJ these were w;=20um
and =900 um. An approximate calculation suggests that
passage through the Li vapor should not result in significant
distortion of the laser beam. In this case the measured beam
parameters imply a peak on-target intensity in the main
pulse of approximately 10'* W/cm?. It should be noted that
the measured values of N *L changed by little more than a
factor of 2 when the focusing lens was translated by + 3
mm, even though the estimated intensity at the target
changed by a factor of about 40.

Since the tantalum target was located inside a lithium
heat pipe (~ 900 °C), it was initially uncertain whether the
target was Ta or liquid Li condensed onto the tantalum. The
emission spectrum from a laser-generated plasma produced
on a cold clean tantalum target was examined with a
McPherson grazing incidence spectrometer over the region
from 15 to 65 nm. At a spectrometer resolution of 0.2 nm the
emission appeared to be a continuum. As the cell tempera-
ture was raised the spectrum was re-examined and no change
in the plasma emission was observed. However, several ab-
sorption lines were observed which could be assigned to au-
toionizing transitions in the neutral lithium atoms which
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FIG. 1. Schematic of experimental configuration.
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FIG. 2. Energy-level diagram for inner-shell photoionization and laser ab-
sorption probes. The inset table shows oscillator strengths and Doppler and

Lorentzian linewidths (6w ,,, 8w, ) of the 'S—'Pand *S—*P transitionsin Li*.

The units of linewidth are cm—'. The energy levels are expressed incm ™.

were contained in the cell between the laser-produced plas-
ma and the spectrometer. The cell was then cooled down and
the tantalum target replaced by solid Li. In this case the
plasma emission spectrum contained predominantly line ra-
diation and was two orders of magnitude less intense than for
the Ta target. These observations lead us to believe that the
participating target was tantalum and not liquid Li.

To prevent excessive target destruction, the target was
rotated between laser shots. However, after one revolution of
the target {~70C laser shots) a circular groove correspond-
ing to regions of plasma ablation was formed on the target
and, for subsequent shots, the laser was focused into this
groove. It seems likely that the formation of the plasma in a
depression on the target resulted in a nonisotropic distribu-
tion of x-ray emission. In the remainder of this work it will be
assumed that the x rays emitted from the plasma had the
radiation pattern of a cone with half-angle 45° and an axis
normal to the target.

Figure 3 shows the measured value of integrated Li*
(1s2s) 'S metastable population, N *L, as a function of the
total laser energy incident on the target. The laser probe
beam at 958.1 nm [(152s) 'S—{1s2p) 'P] was obtained by Ra-
man downshifting the pulsed 685.2-nm output of a Quanta-
Ray dye laser. The Li vapor density for this experiment was
~ 10" atoms/cm?. The laser probe beam had a diameter of 2
mm and was centered about 1 mm from the Ta target (Fig. 1).
Assuming a 45° conical soft x-ray radiation pattern, the max-
imum measured value of N *L from Fig. 3 implies a singlet
metastable population of 3 10'* ions/cm’. If an isotropic
radiator is assumed this value is reduced by a factor of 2. It
can be seen from Fig. 3 that the conversion efficiency from
incident 1.06-um laser energy to soft x-ray energy in the 66—
150-eV photoabsorption band continues to increase as the
laser energy is increased.

The dependence of N *L on the Li vapor density was
studied and N *L was found to increase monotonically up to
the maximum obtainable density of 10'” Li atoms/cm®. As
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FIG. 3. Integrated metastable density N*L, for Li* {1s2s) 'S vs total laser
energy incident on the target. Li vapor density = 10'7/cm®. The perpendi-
cular probe-target distance is R = 1 mm. The time delay between the peaks
of the probe and 1.06-um lasers is ~4 ns.

expected from geometrical considerations, the dependence
of N *L on the perpendicular distance, R, of the 2-mm-diam
probe beam from the target varied approximately as 1/R for
R>1 mm.

Figure 4 shows the results of a measurement of N *L for
metastable Li™ singlets as a function of the time delay, 1,
between the peaks of the 958.1-nm probe pulse and the 1.06-
um laser pulse incident on the Ta target. The time origin in
Fig. 4 has an experimental uncertainty of + 2 ns. The slope
of the graph of Fig. 4 corresponds to a singlet metastable (1/
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FIG. 4. N*L for Li* (1s25) 'S vs the time delay between the peaks of the
probe laser and the 1.06 um laser. Li vapor density = 10'"/cm’; total inci-
dent laser energy = 50 mJ; R = 4.5 mm.
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e) decay time of 5.3 ns. Such a decay time is consistent with
calculated rates' for destruction of Li* metastable ions due
to collisions with electrons. At a probe-target distance of
R = 1 mm the(1s2s) 'S decay time was measured to be 3.6 ns.
This change in decay time is to be expected in view of the
higher electron density at R = 1 mm than at R = 4.5 mm
where the results of Fig. 4 were obtained. It should be noted
that for the values of R and ¢ investigated here (R>1 mm;
4<t<16 ns) there was no evidence from our experiments that
suggested any effects due to interaction of the metastable
Li* ions with either the plasma expanding from the target or
a precursor ionization front.'?

The above results may be summarized by the expres-
sions

N*L = [A/R lexp( —t /7), (la)
N*=(B/R’]exp(—t/7), (1b)

with N *, L, and R having units of cm 3, cm, and cm respec-
tively. For metastable Li* (1s2s) 'S ions, 4 = 10'® ions/cm,
B = 6x10" ions/cm, and 7 varies from 4-5 ns as R in-
creases from 1 to 5 mm. The uncertainties in 4 and B are
+ 50%. While Eq. (1a) can be deduced directly from the
measured values of N *L, the value of B in Eq. (1b) is depen-
dent on the assumption of a particular radiation pattern for
the soft x-ray emission. We have assumed conical emission
with a half-angle of 45°. Similar measurements were made on
metastable Li* (152s) S ions. Here it was found, with a com-
parable error, that 4 = 4 X 10"* ions/cm, B = 3 X 10'* ions/
cm, and 7 =6 ns at R =2 mm. Although measurements
were taken only for #>4 ns, it seems reasonable to extrapo-
late Egs. (1a) and (1b) to ¢ = 0.

Onemay usethe value of N *ata given R to estimate the
conversion efficiency from incident 1.06-um energy to soft
x-ray energy. To obtain a lower limit for this conversion
efficiency a soft x-ray spectral distribution well matched to
the Li photoabsorption spectral profile should be postulated.
For this reason a spectral distribution characteristic of a 30-
eV blackbody was assumed here. We take the peak cross
section for photoionization of Li atoms to produce Li™ sing-
let metastables'® to be 7 X 10~ '? cm? and the spectrally aver-
aged cross section to be 2 X 10~ '* cm?. Based on extrapola-
tion of the measured singlet population to ¢ = 0, we estimate
the conversion efficiency to be (14 4 7)%. This estimate
must be increased if a less optimum spectral distribution, or
a more isotropic spatial distribution, is assumed. The high
conversion efficiencies observed in this work are comparable
to those reported elsewhere® and are believed to result from a
combination of the large atomic weight of the target material
and the relatively low input laser intensities and long pulse
durations used.

By comparison with results obtained elsewhere® the as-
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sumed plasma radiation temperature of 30 eV would be ex-
pected to prevail at incident laser intensities of less than
10*W/cm?. At the plasma blow off velocities typical of la-
ser-produced plasmas (10*~10° m/s)*'? it would be expected
that heated plasma would move out of the 20-um laser focal
spot in a time shorter than the duration of the laser pulse. It
thus seems likely that for the small laser focal spot size used
in this work higher incident intensities (~ 10'* W/cm?) were
required than would have been predicted by comparison
with experiments® in which larger focal spot sizes were in-
volved. This effect would also explain the relative insensiti-
vity, mentioned above, of the measured value of N *L of Li*
(1s2s) 'S to translation of the focusing lens normal to the
target.

The relatively modest size (50 mJ) of the laser used in
this work suggests that the technique used here should be
widely applicable to the production of a variety of excited
ionic species. This should allow the convenient study of a
number of soft x-ray laser proposals as well as the develop-
ment of new spectroscopic techniques.
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