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Mo wire X pinches typically emit several x-ray bursts from a bright spot near the crossing of theX-pinch
wires. Streak camera images ofL-shell line emission from Mo wireX pinches have been analyzed using a
non-local thermodynamic equilibrium(NLTE) collisional-radiative atomic kinetics model, providing tempera-
ture and density profiles with,50 ps time resolution over the,350 ps x-ray bursts. In conjunction with
nonspectroscopic measurements, the analysis is used to propose a picture of the dynamic evolution of the
X-pinch plasma. TheL-shell spectra from the first x-ray burst indicate an electron density near 1022 cm−3 and
an electron temperature near 1 keV; subsequent x-ray bursts haveL-shell spectra that indicate electron tem-
peratures slightly above 1 keV and electron densities near 1020 and 1021 cm−3. The size of theL-shell line-
emitting region is estimated to be near 10mm for the first x-ray burst and much larger for the later bursts. It
is proposed that inner-shell excitation of low ionization stages of Mo in amm-scale plasma region contributes
to the observed radiation from the first micropinch, which typically emits a short burst of.3 keV radiation and
hasL-shell spectra characterized by broad spectral lines overlaying an intense continuum.
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I. INTRODUCTION

X pinches produce dense plasmas that reliably and effi-
ciently emit radiation useful for x-ray imaging, as well as for
studies of densez-pinch plasma dynamics and x-ray spec-
troscopy of highly ionized, high-Z atoms [1–5]. X-pinches
are produced by driving a large current through two or more
fine wires that cross and touch in the middle, in the form of
an “X.” A densez-pinch plasma is formed at the crossing
point of theX-pinch wires that unstably implodes and emits
one or some bursts of a few-keV x rays[6,7]. At currents of
several hundred kiloamperes, these x-ray bursts last for sev-
eral hundred picoseconds and originate from different “mi-
cropinches” within a 50–150mm narrow-neck region in the
imploding z-pinch [2].

The dynamics ofX-pinch implosions have been exten-
sively studied through both experimental x-ray backlighting
[2] and magnetohydrodynamics(MHD) modeling[8]. Spec-
troscopic analysis can give further insight into the properties
of theX-pinch plasma during the x-ray bursts. Spectroscopic
analysis ofK-shell line emission has been used to determine
electron temperatures near 1 keV and ion densities from
1019 to 1024 cm−3 for Al [9] and Ti [7,9] X-pinch plasmas
driven by 400 kA of current. More recently,L-shell spectro-
scopic models(first used in[10] and [11] to diagnose laser
plasmas) have been applied to study time-integrated and
time-gated Mo spectra from 1 MAX-pinch plasmas[6]. The

present work uses theL-shell Mo model introduced in[6] to
diagnose emission spectra from 470 kA MoX pinches with
50 ps time resolution using a non-local thermodynamic equi-
librium (NLTE) spectroscopic model.

Section II of this paper introduces the experimental con-
figuration of the MoX pinches and the diagnostic instrumen-
tation. Section III describes the collisional-radiative model
and density- and temperature-sensitiveL-shell spectral fea-
tures used for diagnostics. Comparisons of modeled spectra
with streak camera spectra, which yield temperatures and
densities as a function of time for threeX pinches, are given
in Sec. IV. In Sec. V, the results are summarized and a dis-
cussion of the implications of the spectroscopic analysis to
X-pinch dynamics is given.

II. DESCRIPTION OF THE EXPERIMENT

The Mo X pinches were placed in the anode-cathode gap
of the XP pulser[12], which generates a 470 kA, 100 ns
FWHM current pulse. In all of the experiments presented
here, two 17- or 20-mm two-wire Mo X pinches in parallel
were used as the diode load. TheX pinches each have a
height of 15 mm and the wires are touch-crossed at the cen-
ter. Schematic diagrams of the experimental setup for the
X-pinch experiments are presented in Fig. 1.

A variety of diagnostics are fielded on a typical test. De-
tailed descriptions of each of the diagnostics shown in Fig. 1,
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and the data obtained with them, have been published else-
where[1,2,13,14]. The inset in Fig. 1 shows the arrangement
of the streak camera with a spherically bent mica crystal in a
focusing spectrograph with spatial resolution in one dimen-
sion (FSSR-1D). This configuration provides spectral resolu-
tion in one direction(in the Rowland circle plane) and one-
dimensional spatial resolution in the orthogonal direction
[2,4]. Radiation from a point source is spectrally dispersed
along a narrow line.

The experiments used a Kentech low-magnificationsM
=1.2d x-ray streak camera[13] with a photocathode com-
posed of CsI deposited on a 10mm Be substrate. To protect
the photocathode, a 50mm Be filter was placed across the
entrance to the streak camera vacuum chamber. The x-ray
streak camera was used with nominal streak speeds of 4.9
and 15 mm/ns for total time windows of 8.2 and 2.7 ns and
temporal resolutions of 20 and 7 ps, respectively. Streaked
images were recorded directly on Kodak T-max 400 film
placed in contact with the fiber-optic output. The x-ray streak
camera was oriented so that its temporal direction was per-
pendicular to the spectral dispersion direction. The spec-
trograph configuration also has a spatial resolution of about
0.1 mm in the direction of spectral dispersion. X-ray bursts
from the two X pinches can be distinguished, because the
displacement of a small source in the plane of the Rowland
Circle (see Fig. 1 inset) leads to a shift of the spectral lines.
Further details of the imaging system and the calibration
procedures are given in Refs.[3,4,7].

With two X pinches in parallel, eachX pinch can be used
to obtain radiographs of the other. In this way, images of the
X pinch at times just before and just after the initial x-ray
burst have been obtained. Radiographs showing the central
portion of several MoX pinches are shown in Fig. 2, along
with plots of the Ne-like 3D line s2s22p53d 3D1−
2s22p6 1S0d and continuum intensities obtained from the
streak camera spectra that are analyzed below. Notice that

two of the images in Fig. 2 are from the same pulse(1411).
The one labeledt=+0.3 ns formed a micropinch 0.3 ns be-
fore the other, emitting its x-ray burst and producing the
image of the otherX pinch (labeledt=−0.3 ns). The latter
emitted its x-ray burst 0.3 ns later, thereby providing the im-
age of the firstX pinch 0.3 ns after its x-ray burst.

The radiographs in Fig. 2 give a general picture of the
plasma development around the time of the x-ray bursts.
About 20 ns before the x-ray burst, a,300-mm-longz pinch
that is ,100 mm in diameter forms near the original wire
crossing point[2]. Thisz pinch undergoes a radial implosion,
developing sausage instabilities that lead to the formation of
one or more narrow necks over a portion of thez-pinch col-
umn less than 1 ns before the first x-ray burst. This is illus-
trated by the radiograph in Fig. 2, obtained 0.6 ns before the
maximum intensity of the first x-ray burst of thatX pinch
(pulse 1392), in which a plasma neck with a diameter around
10 mm can be seen. The ion density of this neck is estimated
to be near 1022 cm−3 from the absorption of the imaging x
rays [2]. There is little or noL-shell emission from the
plasma at this time, indicating that its temperature is prob-
ably below about 100 eV. During the final,0.5 ns before
the first x-ray burst, there is very rapid sausage instability
development in the plasma neck and some portion of the
neck implodes with a radial velocity estimated to be as high
as 20–30mm/ns. After this implosion, a gap opens up in the
plasma column with ion densities near or below the
,1019 cm−3 density level required for detectable x-ray ab-
sorption in a 30–50-mm-diam plasma. This phase ofX-pinch
dynamics is illustrated by the radiographs in Fig. 2 obtained
0.3 ns before and 0.3 ns after the peak of the x-ray bursts
from those X pinches. The first x-ray bursts last for
0.3–0.4 ns and are known to come from micropinches that
precede and are colocated with the gaps that appear within
the plasma neck[2].

The lower portion of Fig. 2 shows x-ray intensities ob-
tained from specific wavelengths in the spectra of the x-ray

FIG. 1. Diagram depicting the
diagnostic arrangement used for
X-pinch experiments, including
photoconducting diodes(PCDs)
with different filters, x-ray diodes
(XRDs), a time-integrated
FSSR-1D spectrograph(at left)
and the x-ray streak camera(to the
right). Inset: Diagram depicting
the FSSR-1D focusing spec-
trograph configuration used with
the x-ray streak camera.
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streaks that we analyze in Sec. IV. As shown by the dashed
lines in Fig. 2, there is intense continuum emission in the
first x-ray burst of a typical two-wire MoX pinch that peaks
20–50 ps before the peak of theL-shell line radiation and
persists for only about 200 ps(about half the duration of the
L-shell line emission). After the initial x-ray burst, a gap
forms in the plasma neck and the plasma appears to undergo
an explosion centered at the location of the first x-ray burst,
clearing the plasma out of the whole cross point region(at
least to the 1019 cm−3 sensitivity limit of the x-ray imaging
diagnostic) on a time scale of 2 ns with an explosion velocity
estimated to be near 100mm/ns [2]. It is common for there
to be secondaryL-shell x-ray bursts that occur within,1 ns
of the first one. Such bursts are observed to originate from
different locations along the initial narrow plasma neck, have
durations of 300–400 ps, and tend to have smaller con-
tinuum intensities than the first x-ray burst.

Measurements of energetic x-ray emission from the first
x-ray burst have been made using photoconducting diodes
(PCDs) filtered with 12.5mm of Ti (which transmit x rays
with energies of 3–5 and.8 keV). The energetic x rays
measured by the PCD have diagnostic-system-limited pulses
as short as 250 ps(FWHM). However, x-ray streak camera
data obtained with the 12.5-mm Ti foil filter indicate that the
energetic radiation is emitted with typical pulse durations of
,30 ps. Such short, energetic x-ray bursts occur sometime
within the first 200 ps of x-ray emission that is dominated by
the softer continuum shown in Fig. 2. Diffraction-limited im-
aging of fine metal meshes by MoX-pinch radiation using
the Ti filter indicates that the energetic radiation is emitted
predominantly from a source that is,1 mm in diameter
[15]. By contrast, imaging without the Ti filter indicates that
the L-shell emission originates from a substantially larger
source that overlaps the location of the energetics.3 keVd
radiation source.

Apart from the ion density estimates obtained from radio-
graphic imaging ofX pinches and the source size estimates
obtained from imaging studies, the conditions of MoX-pinch
plasmas during the x-ray bursts are not well known from
direct measurements. The spectroscopic analysis of the
plasma emission presented below gives a detailed picture of
the evolution of the radiating plasma conditions.

III. DESCRIPTION OF THE L-SHELL Mo MODEL

Matching the predictions of collisional-radiative spectro-
scopic models to experimental observations of plasma emis-
sion is an effective and noninvasive plasma diagnostic
method. Collisional-radiative models are based on a detailed
description of the levels of ions in a plasma and the colli-
sional and spontaneous rates that govern population transfer
between them. In the present model, steady-state level popu-
lations are calculated using coupled collisional-radiative rate
equations in the optically thin approximation. By varying the
modeled plasma conditions, modeled spectra are fit to ex-
perimental spectra and used to infer the electron densitysned
and electron temperaturesTed of the emitting plasma.

The model used in this paper has been used previously to
determine plasma conditions from time-integrated and time-
gatedL-shell Mo spectra obtained fromX pinches driven by
,1 MA of current at the University of Nevada, Reno[6].
The model includes the ground states of all Mo ions and
more than 6000 detailed levels, including singly excited lev-
els up ton=7 for O- through Na-like Mo, singly excited
levels up ton=4 for Mg-like Mo, and doubly excited levels
up to n=4 for Na- and Mg-like Mo. The levels are fully
coupled by radiative decay and radiative recombination, and
by collisional excitation, ionization, Auger decay, and their

FIG. 2. Top: Radiographs of
the central region of fourX
pinches, each made with two 17
-mm-diam Mo wires. The given
times are relative to the maximum
intensity of the first x-ray bursts
from each of the imagedX
pinches[2]. Bottom: Time histo-
ries of the Ne-like 3D line inten-
sity (solid lines) and the con-
tinuum emission intensity
between 4.75 and 4.79 Å(dashed
lines) from oneX pinch using 17
-mm-diam wires(pulse 2448) and
two X pinches using 20-mm-diam
wires (pulse 2465). The time zero
in this figure is the moment of the
maximum line-emission intensity
from the first x-ray burst of eachX
pinch.
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reverse rates. Modeled spectra are constructed using Voigt
line profiles, the width and shape of which are free param-
eters. Continuum emission from radiative recombination and
bremsstrahlung processes are calculated self-consistently
within the spectroscopic model. Further details of the model
are given in Ref.[6].

Figure 3 shows the electron-density dependence of mod-
eledL-shell Mo spectra. The Ne-like Mo lines are labeled in
the top spectrum of Fig. 3 with their common designations
[10]: 3A and 3B are 3p-2s transitions, 3C and 3D are 3d
-2p transitions, and 3F and 3G are 3s-2p transitions. Diag-
nostically important features from F-, Na-, and Mg-like Mo
are also labeled. Figure 3 shows that increasing the electron
density from 1020 cm−3 to 1022 cm−3 increases the charge
state balance of the plasma, shifting emission from Na- and
Mg-like Mo towards F-like Mo. This effect is similar to that
of increasing the electron temperature, but is distinguishable
from the temperature dependence because increasing the
electron density also decreases the intensities of the Ne-like
3F and 3G lines relative to the other Ne-like lines. The in-
tensities of the 3F and 3G lines are amplified at low densities
by radiative cascades from higher levels. As the electron den-
sity increases, these cascades are disrupted by collisions and
the 3F and 3G line intensities decrease. The ratio 3B/3F is a
good density diagnostic, because it increases monotonically
with increasing electron density and is relatively insensitive
to the electron temperature.

The ratio 3B/3F can be extracted from the given experi-
mental data with a precision of 10–20 % by integrating over
the measured intensity of the emission lines. This precision
includes uncertainties caused by noise in the experimental
intensities, plausible variations in the estimated continuum
emission(discussed below), and the effects of nonuniformity
in the streak camera response across the spectral range. With
this experimental precision, electron densities can be inferred
from the 3B/3F ratio with confidence to within a factor of 2.
The electron temperature can be determined to within about
10% by fitting the relative intensities of the Ne-like Mo lines
to Na- and Mg-like satellite features. The temperature uncer-
tainty estimate includes uncertainties derived both from ex-

perimental precision and from the density dependence of
temperature within the stated density range.

It is not immediately obvious that the plasma is in steady-
state equilibrium within,50 ps time frames and optically
thin everywhere. We have therefore performed calculations
to verify that steady-state and optically thin spectra are ad-
equate representations of the plasma emission. First, we have
used the diagnosed steady-state conditions to drive a fully
time-dependent model and have found that the time-
dependent spectra have line intensities very close to those
determined in the steady state. Second, we have included the
effects of opacity using a full solution of the radiative trans-
fer equation with slab geometry and self-consistent level
populations for the extreme case of a 10mm plasma with an
electron density of 1023 cm−3, and have found minimal ef-
fects on line intensities and widths. We are therefore con-
vinced that steady-state and optically thin spectra can be re-
liably used to determine the plasma temperatures and
densities using the straightforward diagnostic procedure de-
scribed above.

IV. RESULTS

A. Comparison of experimental and modeledL-shell Mo
spectra

Spectra from two experimental tests, each with two MoX
pinches in parallel, have been analyzed. Each of theX
pinches in both tests emitted two to four x-ray bursts that
were captured on the streak camera film. The spectra from
the two X pinches in each test are distinguishable on the
streak camera film by the different dispersions of the spectral
lines due to the spatial separation of theX pinches. The first
x-ray burst from eachX pinch is typically characterized by
broad spectral lines and an intense continuum, while later
bursts have narrower lines and smaller continuum intensities.

Figure 4(a) shows the streak camera image ofL-shell
emission from two 20-mm-wire X pinches (pulse 2465).
Darker regions on the streak camera image indicate more
emission(in proportion to the photon number incident on the
streak camera). The first three x-ray bursts were all emitted
from the firstX pinch. Spectral intensity profiles(“lineouts”)
integrated over 54 ps near the maximum intensity of each of
the three bursts are given by the gray lines in Fig. 4(b). The
best-fit modeled spectra are given by the overlaid thin black
lines and are labeled with the modeledTe andne. Continuum
intensities subtracted from the experimental spectra to obtain
the best-fit modeled spectra are shown by dashed lines.

The bottom spectrum in Fig. 4(b) was taken from the first
x-ray burst of the firstX pinch. It has intense continuum
emission and broad spectral lines. The relative intensities of
the spectral lines and features are fit well by a modeled spec-
trum with Te=1 keV andne=1.531022 cm−3. This fit re-
quires significant artificial broadening of the modeled spec-
tral lines.(Neither the bulk-plasma motion nor the collisional
broadening included in the model can fully account for the
observed broadening.) Spectra from the two subsequent
bursts of the firstX pinch (0.65 and 1.45 ns after the initial
burst) have weaker continuum emission and narrower lines.
Both are fit well by modeled spectra with electron tempera-

FIG. 3. ModeledL-shell Mo spectra withTe=1 keV and the
labeled electron densities. Ne-like Mo lines(3A–3G) and F-, Na-,
and Mg-like Mo features are labeled in the top spectrum.
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tures near 1 keV and much smaller densities than the first
burst, with little or no artificial broadening beyond the nomi-
nal instrumental broadening.

Figure 4(c) gives experimental spectra obtained from 54
-ps lineouts near the maximum intensities of the two cap-
tured x-ray bursts from the secondX pinch of pulse 2465
overlaid with modeled spectra. The bottom spectrum in Fig.
4(c), taken about 50 ps before the maximum intensity of the
first burst, has intense continuum emission and broad spec-
tral lines. It is fit well by a modeled spectrum withTe
=0.95 keV andne=1022 cm−3. The middle spectrum, taken
110 ps after the maximum intensity of the first burst, already
has much smaller continuum intensity and narrower spectral
lines than the spectrum from 50 ps before the first x-ray
burst. It is fit well by a modeled spectrum withTe
=1.1 keV andne=431021 cm−3. The top spectrum in Fig.
4(c), taken at the maximum intensity of the second burst, is
very similar to the spectrum from the second burst of the first
X pinch shown in Fig. 4(b).

Figure 5(a) shows the streak camera image ofL-shell
emission from two 17-mm wire X pinches(pulse 2448). Ex-
perimental and modeled spectra from the first x-ray burst are
given in Fig. 5(b). The second x-ray burst in the streak cam-
era image in Fig. 5 includes emission from the secondX
pinch; subsequent bursts from the twoX pinches are inter-
laced. Although most spectral lines from the twoX pinches
are shifted away from each other and can be distinguished on
the streak camera image, the 3F lines coincide. Because of
this coincidence and the close temporal spacing of the x-ray
bursts, the electron density for the later bursts cannot be
diagnosed with confidence and only the first x-ray burst from
the firstX pinch has been analyzed. The spectra and plasma
parameters from the first x-ray burst are very similar to those
of the first burst of the two 20-mm X pinches, with the rela-
tive continuum intensity decreasing and theL-shell lines nar-

rowing over the,0.4 ns duration of the burst.
There are strong similarities among the three diagnosedX

pinches. In all three cases, the first x-ray bursts have the
broadest lines, the largest continuum intensities, and are di-

FIG. 4. (a) Streak-camera im-
age from two 20-mm Mo wire X
pinches(pulse 2465). (b) Lineouts
over 54 ps (gray lines) at the
maximum intensities of the x-ray
bursts from the first micropinch
overlaid with modeled spectra at
the given conditions(thin black
lines). (c) Lineouts over 54 ps
(gray lines) near the maximum in-
tensities of the two x-ray bursts
from the second micropinch over-
laid with modeled spectra at the
given conditions (thin black
lines). In (b) and (c), the con-
tinuum that was subtracted from
the experimental spectra before
fitting the model spectra to the
data is given by dashed lines.

FIG. 5. (a) Streak-camera image ofL-shell emission from two
17-mm Mo wire X pinches(pulse 2448). (b) Lineouts integrated
over 43 ps(gray lines) before, during, and after the intensity maxi-
mum of the first x-ray burst in the image overlaid with modeled
spectra(thin black lines) at the labeled conditions. The continuum
that was subtracted from the experimental spectra before fitting the
model spectra to the data is also shown(dashed lines).
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agnosed to havene,1022 cm−3 and Te,1 keV. However,
while the continuum intensity in both the first 20-mm X
pinch and the 17-mm X pinch increases monotonically with
the wavelength(with a slope corresponding to a simple
model of continuum emission with intensity proportional to
exps−hn /Tcd with hn the photon energy andTc,1 keV),
there is a,180 ps period during which the continuum emis-
sion from the second 20-mm X pinch decreases from
4.3 to 4.6 Å.[This period is from,35 ps before the maxi-
mum intensity of the first burst to,145 ps afterwards: see
the middle spectrum in Fig. 4(c).] It is unlikely that this
feature is due to radiative recombination, which is generally
at least 100 times smaller than the line intensities in the
present model. A possible explanation for the anomalously
intense continuum emission is presented in Sec. V below.

B. Plasma conditions during the x-ray bursts

The plasma parameters determined from streak camera
L-shell spectra averaged over,50 ps from the threeX
pinches are given as a function of time in Fig. 6. The first
bursts from each of theX pinches have inferred peak electron
densities above 1022 cm−3 and temperatures from
0.75 to 1.05 keV. The peak electron densities are diagnosed
to occur within,100 ps of the peakL-shell line intensities
(as given in Fig. 2) and persist for about 200 ps. As the line

intensities decrease over,200 ps, the electron densities de-
crease by factors of 2–10 and the electron temperatures in-
crease by a few hundred eV. The electron density decreases
most markedly for the first 20-mm Mo wire X pinch of pulse
2465 and least for the secondX pinch of the same pulse. The
second x-ray bursts from both 20-mm X pinches have densi-
ties between 1021 and 1022 cm−3, and temperatures between
1.1 and 1.25 keV. The third x-ray burst from the first
20-mm X pinch has a maximum density of only 2
31020 cm−3 and a temperature near 1.2 keV. The dimen-
sions of the line-emitting regions of the first 20-mm X pinch
can be estimated using the diagnosed plasma parameters. Mo
X pinches typically emit,100 mJ of.1.5 keV radiation.
On the assumptions that all of the.1.5 keV x rays from the
first 20-mm X pinch were emitted in the three observed
bursts, and that the intensity of the total x-ray emission fol-
lows the energy-integrated intensity of the emission region
captured by the streak camera, a normalized time history of
the experimental energy emission rate inL-shell lines can be
obtained. The radiative power can also be extracted from the
model for a givenTe and ne by summing over all spectral
lines with energies greater than 1.5 keV. This modeled en-
ergy emission rate can be used to determine the number of
ions required to produce the experimental rates: 1012 ions in
the first x-ray burst and 1013–1014 ions in the later x-ray
bursts. The ion density can be obtained from the electron
density and the average charge state(assuming a neutral
plasma) and used with the required number of emitting ions
to determine the spatial extent of the line-emitting plasma
region.

In this way, theL-shell line-emitting region is estimated to
be very near 10mm in size during the first x-ray burst. The
explosion velocity of the plasma during the first x-ray burst
is on the order of 100mm/ns—a bulk plasma motion that
may account for the observed line broadening in the later
half of the first x-ray burst, though not for the line broaden-
ing in the first half of the first x-ray burst. The line-emitting
region during the second x-ray burst is estimated to be
,50 mm, increasing to at least 100mm during the third
x-ray burst. After the third x-ray burst, the line-emitting re-
gion increases up to near 1 mm, indicating that the entire
plasma in the vicinity of the originalX-pinch wire crossing
point contributes to the line emission. Since individual x-ray
bursts from similarX pinches have been determined to come
from slightly different locations along thez-pinch necks
shown in the images in Fig. 2[2], the later x-ray bursts are
not simply a result of repinching of the plasma at the same
location to a larger minimum diameter and lower density.

V. SUMMARY AND DISCUSSION

L-shell spectra from three MoX pinches have been diag-
nosed with a NLTE collisional-radiative kinetics model. The
first x-ray bursts from each of the three pinches are charac-
terized experimentally by broad spectral lines and significant
continuum emission. TheL-shell emission from those first
bursts lasts for 0.3–0.4 ns. Averaged over,50 ps near the
maximum intensities of the first x-ray bursts, theL-shell

FIG. 6. Electron temperatures(open circles) and densities(solid
circles) determined from the spectra of threeX pinches as a function
of time.
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spectra indicate electron densities near 1022 cm−3 and elec-
tron temperatures from 0.75 to 1 keV. The size of the line-
emitting region of the first x-ray burst is estimated to be
around 10mm. Later x-ray bursts have similar durations,
narrower spectral lines, and less continuum emission. The
L-shell spectra from the later bursts are indicative of electron
densities around 1020–1021 cm−3 and temperatures slightly
above 1 keV; emission from the later bursts may originate
from a plasma region that extends over the entire crossing-
point region of theX-pinch wires.

The collisional-radiative equilibrium model is able to re-
produce the relative intensities of the experimentalL-shell
lines throughout the emitting period of theX pinches quite
well. In addition, the inferred conditions of the MoX-pinch
plasma during the x-ray bursts are generally consistent with
the nonspectroscopic diagnostics noted in Sec. II. The mag-
netic energy within a millimeter of a few-mm-diameter mi-
cropinch carrying 225 kA is sufficient to provide the energy
contained in, and radiated by, theX pinch (i.e., the ionization
energy plus 1 keV per electron of thermal energy for
1013–1014 Mg- to Ne-like Mo ions plus a few tens of J of
total radiation). The dimension of theL-shell line emission
region (tens or hundreds of microns) and its duration
s0.3–0.4 nsd are consistent with the explosive pinch plasma
expansion immediately after micropinch formation and peak
x-ray burst emission(i.e., the gaps in the two images ob-
tained after x-ray burst emission in Fig. 2).

There is evidence that a substructure exists in the initial
X-pinch implosion that cannot be diagnosed using theL-shell
line emission alone: First, a,30 ps burst(a duration shorter
than the lineout width used for theL-shell spectra) of
.3 keV x rays is commonly observed from similar Mo
X-pinch tests and is known to come from a,1-mm plasma
region[13]. Next, radiographic absorption data from similar
X-pinch tests indicate that the ion density is around
1022 cm−3 in the 10-mm-diam plasma neck 0.6 ns before the
first x-ray burst(Fig. 2, leftmost image). Even if 50–70 % of
the ions are lost during the implosion of this 10-mm-diam
neck to a,1-mm plasma region, ion densities during the
first x-ray burst should be near 1023 cm−3, implying electron
densities near 1024 cm−3 for 10 to 30 times ionized Mo.
However, theL-shell line emission indicates peak electron
densities no larger than a few times 1022 cm−3 in the first
x-ray burst. Finally, theL-shell Mo emission model pre-
sented above does not account for the significant line broad-
ening and intense continuum emission that are observed in
the first,200 ps of the initial x-ray burst.

We tentatively propose the following picture of the
X-pinch dynamics during the first x-ray burst to account for
the .3 keV x-ray emission, the anomalous line broadening,
and the intense continuum emission: Mo ions in the initial
,300-mm-long z-pinch plasma that forms at the wire cross
point are only a few times ionized. As the plasma implodes
due to the high current, the Mo ions gain directed energy.
The ,30 ps burst of.3 keV x rays occurs at the point of
maximum compression in this implosion, at which time the
source is,1 mm in size and has an electron density near
1023 cm−3. This small, dense source begins to explode and
ionize rapidly over the next,100 ps, asL-shell line emis-
sion from Ne-like and nearby ions emerges from the con-

tinuum. The anomalous continuum intensity and line broad-
ening in theL-shell spectra during the first,100 ps of the
first x-ray burst may be due to inner-shell excitation of 10 to
30 times ionized Mo during this rapid ionization phase. Ob-
servation of significant line broadening and intense “quasi-
continuum” emission in spectra from an electron-beam ion
trap with ne,1012 cm−3 [16] offers experimental evidence
that such effects can be present even at very small electron
densities. The quasicontinuum is thought to be caused by line
emission from a multitude of weak transitions from several
charge states, and can be much more intense than the normal
continuum included in the present model. Quasicontinuous
spectral features have also been observed in high-density la-
ser plasma experiments[17]. As the plasma explodes, line
emission from Ne-like Mo and nearby ions overtakes the
strong quasicontinuum emission and persists for several hun-
dred ps after stagnation. The high electron temperature is
maintained by dissipation of magnetic energy in the explod-
ing plasma as the current moves out to plasma at a larger
radius. We estimate that this picture of the first x-ray burst
can account for both the observed continuum intensity and
the measured energy emitted in the.3 keV x-ray burst.

The later x-ray bursts are known to be emitted by second-
ary micropinches that form in different locations along the
plasma neck. The reduced continuum intensity and the domi-
nance ofL-shell radiation at the peak emission intensity of
the later bursts suggest that the secondary micropinches are
already ionized to theL shell when they reach peak density.
The spectroscopic results also indicate that theL-shell lines
from the later x-ray bursts are emitted from a plasma region
that has a lower density and a larger size(up to hundreds of
mm) than the initial burst. This suggests that the line emis-
sion is radiated from the entire crossing-point plasma region,
consistent with the two positive-time images in Fig. 2.

Finally, we note that suprathermal or “hot” electrons may
be present in the form of current-carrying beams that are
accelerated across the gap in the plasma neck and deposit
their energy in the dense plasmas at the ends of thez pinch as
it explodes(see the right-most panel in Fig. 2). Hot electron
fractions of a few percent have been inferred fromL-shell
spectra of MoX pinches driven by 1 MA of current at the
Nevada Terawatt Facility using the present model[6], and
much smaller hot electron fractions have been inferred from
K-shell spectra of AlX pinches from the XP pulser[9]. The
signatures of hot electrons inL-shell spectra include spread-
out charge state balances, amplified intensities of lines fed by
radiative cascades, and a distortion of satellite line structures
[18]. Although the present experimental spectra are well de-
scribed by modeled spectra at a single temperature, they can
also be described using slightly higher electron densities,
lower electron temperatures, and some fraction of hot elec-
trons. However, the experimental charge state balances and
spectral resolution are such that the spectra cannot be used to
unambiguously infer the presence of hot electrons. The pres-
ence and spatial extent of hot electrons in these MoX
pinches can potentially be determined with space-resolved
Ka emission measurements[4]. The directionality and en-
ergy of electron beams that might be present in theX-pinch
plasmas could be determined using spectropolarimetry[19].
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