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Abstract
Measurements of radially resolved L-shell Mo spectra from wire array pinches on Sandia’s Z generator
are presented and analyzed using a collisional-radiative model. The spectra indicate large radial gradients
in density over the ~ 8-mm-diameter plasma column, but only the emission from the ~ 2 mm central
region of the pinch appears to be influenced by opacity. Population inversions and significant gain
factors for 100-200 A transitions in Ne-like Mo are predicted to exist at the diagnosed plasma conditions.

In a recent paper [1], an analysis of axially and temporally resolved L-shell spectra from a
series of Mo wire array shots on Z was presented using a collisional-radiative model of O-
through Mg-like Mo. The electron temperatures and densities diagnosed from the L-shell Mo
spectra indicated significant axial density gradients (with decreasing density toward the
cathode end of the ~ 2 cm plasma column) and peak densities occurring just before the peak x-
ray emission. In the present work, we complete the analysis of the spectroscopic measurements
from the series of 45-, 50-, and 55-mm-diameter nested Mo wire arrays described in Ref. 1 by
diagnosing radially resolved spectra from the 50-mm-diameter wire array, which was typical of
the series.

Power measurements in the previous work, as well as fundamental atomic physics
considerations [2], confirm that L-shell emitters as pulsed power loads have smaller x-ray
yields than K-shell emitters with similar photon energies [3,4]. A separate potential point of
interest is whether L-shell Z pinch plasmas can achieve conditions relevant to x-ray laser
studies: in 1987, Mo plasmas ionized to the L-shell by laser irradiation were established as
high-gain (~ 4 cm™) media for collisionally-pumped x-ray lasers [5]. Previous Ne-like x-ray
laser schemes on Z-pinches involved the use of Kr gas puffs that were plagued by non-
uniformities and absorption due to large plumes of cold Kr gas (see Ref. 6 and references
therein). Wire arrays, especially if nested [7,8], could produce a more uniform pinch. Capillary
discharges have accomplished this at lower currents, leading to successful demonstrations of
lasing for the 469 A line of Ne-like Ar [9,10]. If the nested Mo wire array plasmas considered
here are sufficiently uniform, they may be attractive lasing media for 100-200 A transitions in
Ne-like Mo ions.

Radially resolved L-shell spectra from a nested Mo wire array with a 50 mm outer diameter
and a 20 mm length were measured using a pentaerythritol (PET) crystal bent into a 50.8 mm
radius. Unwanted light and low energy x-rays were filtered out of the incident beam by 50.8
um of beryllium (10% transmission at 1.35 keV). A 0.10 mm wide imaging slit oriented
parallel to the pinch axis and placed 2/3 of the distance to the instrument from the plasma



source provided radial resolution of 0.3 mm. Because of the crystal’s 2-D spacing (8.742 A),
its spectral range was somewhat limited compared to that of the axially and temporally
resolved spectra given in Ref. 1: low energy continuum emission was captured down to 2.0
keV but the line emission was cut off at 2.95 keV, as shown in the film image of Fig. 1. The
low energy continuum has a 10% intensity diameter of 2.8 mm and a full-width at half-
maximum (FWHM) of 1.5 mm. Lineouts dividing the spectrum into four 1-mm regions from
the center of the pinch outwards were taken as indicated on Fig. 1.
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FIG 1. Radially resolved film data from the 50 mm-diameter Mo wire array. The radial extent of intense radiation
is indicated by arrows and major lines from the Ne-like charge state are labeled.

Experimental spectra from three of the four diagnosed radial segments are shown as gray lines
on the left side of Fig. 2 along with modeled spectra (black lines) at the diagnosed plasma
conditions. (The 2-3 mm spectrum, not shown due to space considerations, resembles that of
the 3-4 mm spectrum and has a similar quality of fit.) The electron density is diagnosed using a
ratio of Ne-like lines [(3A+3B)/(3F+3G)] which increases monotonically with ne. The
temperature is then determined by fitting the relative intensities of the F- and Na-like features
indicated in Fig. 2. An advantage of this diagnostic procedure is that it leaves the system
underdetermined: by using two ratios to determine two plasma parameters, there remain many
features in the modeled emission spectrum that are not explicitly optimized to fit the
experimental data and can be used as a cross check of the overall fit. Each spectrum given in
Fig. 2 includes a quantitative measure of the overall deviation of the modeled spectra from the
data over the 4.0 to 5.5 A spectral range: &= X(lexp - Imod)z/ N, where leyp and Imog are the
experimental and modeled intensities, respectively (normalized to the F-like feature at 4.5 A)
and N is the number of data points. An average deviation ¢ less than about 1% indicates a good
overall fit.

On the right side of Fig. 2, the diagnosed electron densities (Ne) and temperatures (T¢) for each
radial region are given, showing a significant decrease in n outward from 4x10*'cm”™ at the
center of the pinch to 6x10*°cm™ at the edge and a relatively steady T, between 1.4 and 1.6
keV over the radiating region. The approximate energy emitted in > 1 keV x-rays from each of
the radial segments (scaled to sum to half the measured L-shell yield) drops by a factor of ten
from the central region of the pinch to the 3-4 mm radius.
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FIG 2. Left panel: selected radially resolved spectra (gray lines) compared with best-fit modeled spectra (black
lines). Right panel: diagnosed T, (open circles, dashed lines) and n, (closed circles, solid lines) as a function of
radius in the Mo wire array, along with estimated total energy emitted in L-shell lines (crosses). Typical error bars
are given for the 1-2 mm spectrum. Since the centermost spectrum (0-1 mm) is not well-described by the model,
the diagnosed T, and n, at that point are unreliable.

The good overall fits for the 1-2 and 3-4 mm spectra (and the 2-3 mm spectra, not shown) offer
substantial reassurance that the level structure and coupling processes used in the model are
sufficiently complete and that the diagnosed plasma conditions are reliable. In contrast,
disagreement in un-optimized features serves as a warning that further plasma effects or atomic
processes should be considered. In particular, the disagreement between the 0-1 mm
experimental data and the model probably points to the importance of opacity effects in the
dense central portion of the pinch [3], where optical depths for the strong 3C and 3D Ne-like
lines can reach 100 over a ~3 mm pinch diameter. The most accurate modeling of a plasma
with such optical depths would include radiative transfer effects, however, the optically thin
modeling presented here gives useful first estimates of plasma conditions, indicating a plasma
with sufficient density and extent to support significant gain in lasing transitions if population
inversions exist.

We have calculated gain factors for six soft x-ray (100 — 200 A) lasing transitions between
levels in the 2sz2p53p configuration and the 2sz2p53s configuration of Ne-like Mo (identified in
Fig. 3). The population inversions necessary for lasing occur because the upper levels of these
transitions cannot decay rapidly to the Ne-like ground state, while the dipole-allowed decay
from their lower levels to ground is rapid, giving rise to the 3F and 3G emission lines. We find
that population inversions exist up to electron densities of 10* ¢cm™ for temperatures between 1
and 2 keV. The broad range of plasma conditions under which lasing can occur mitigates the
uncertainty in the diagnosed plasma parameters.

The gain factors calculated using the present model at the conditions of the laser-produced
plasma described in Ref. 5 (Te ~ 2 keV and ne ~ 5x10° cm™) agree to within 10% of the 2 - 4



cm’ values measured in that experiment, offering validation of the model. Since gain increases
almost linearly with increasing electron density up to ne ~ 10** cm™ (as the number density of
ions increases along the lasing path) and densities in the Z pinch plasma reach ten times those
of the laser plasma, a simple density scaling of the laser plasma experiments would indicate
gain factors of 20 - 40 cm™ for the Z pinch. However, the high kinetic energy of ions in the
imploding Z pinch can broaden and detune the lasing transitions through Doppler effects. This
effect is minimal in laser plasmas, where Tion ~ Te, but is significant in the Z pinch plasma,
where we estimate Tjo, to be near 125 keV from the observed line widths and 0-D implosion
velocities [1]. In the temperature-broadened limit, gain factors are proportional to 1/\NTion, thus
overall we expect gains in the Z pinch plasma to be of the same order as those of the laser
plasma in Ref. 5. A final consideration is the large radial density gradient in the Z pinch plasma
column, which will tend to refract lasing emission away from the region of maximum gain. We
estimate refraction effects following Ref. [10], where, for cylindrical geometry, the effective
gain is go — (2/Ly)V(Ne/Nec) with go the gain at uniform density, L the density gradient scale
length (1 mm), and ne. the critical electron density for the lasing transition (Nec > 10**cm™ for A,
<200 A). Refraction reduces the calculated gain factors by 20- 40%.
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FIG 3. Calculated effective gain factors including 2-D refraction effects as a function of radius for the Mo wire
array plasma using the diagnosed conditions given in Fig. 2 and Doppler line shapes with Tj,, = 125 keV.

The effective gain factors from the diagnosed plasma conditions are given in Fig. 3 as a
function of radius for the Mo wire array plasma. Effective gains near 3 cm™ are predicted over
the central ~ 4 mm of the plasma column for the 131 and 196 A transitions and should produce
measurable amplification along the axis of the 2 cm wire array plasma. Density gradients at
scale lengths below the measured resolution could reduce the predicted gain by refracting the
lasing transitions before they are significantly amplified. Photopumping of the lower levels of
the lasing transitions in the dense central portion of the pinch may also reduce the gain by as
much as a factor of two, according to self-consistent population calculations using escape
factors in the slab approximation. On the other hand, if the ion temperature is anisotropic and is
much smaller than 125 keV in the axial direction, the gains along axis may be significantly
larger than the estimates given here.



Through collisional-radiative diagnostics and modeling of radially resolved spectra from wire
array plasmas, we have demonstrated the potential for x-ray lasing in Ne-like Mo on the Z
generator. Lasing may also be present in Ni-like [12,13] or Kr-like [14,15] ions in higher-Z
wire array plasmas, such as tungsten. It would be worthwhile to field an on-axis spectrometer
to look for amplified soft x-ray lines on Z as a ride-along diagnostic. It might even be possible
to implement the transient collisional excitation scheme that has been so successful in creating
x-ray amplification from laser-produced plasmas [13,16] using the beamlet laser.
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