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Mo wire X pinches typically emit several x-ray bursts from a bright spot near the crossing #fphech
wires. Streak camera images lofshell line emission from Mo wir&X pinches have been analyzed using a
non-local thermodynamic equilibriutNLTE) 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. Thé&-shell spectra from the first x-ray burst indicate an electron density néaca0® and
an electron temperature near 1 keV; subsequent x-ray burstsLhsivell spectra that indicate electron tem-
peratures slightly above 1 keV and electron densities ne&tadd 16 cm3. The size of theL-shell line-
emitting region is estimated to be near At 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 gimascale plasma region contributes
to the observed radiation from the first micropinch, which typically emits a short bursBdfeV radiation and
hasL-shell spectra characterized by broad spectral lines overlaying an intense continuum.
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I. INTRODUCTION present work uses tHe-shell Mo model introduced if6] to

X pinches produce dense plasmas that reliably and effdiagnose emission spectra from 470 kA Mapinches with
ciently emit radiation useful for x-ray imaging, as well as for 90 ps time resolution using a non-local thermodynamic equi-
studies of dense-pinch plasma dynamics and x-ray spec-librium (NLTE) spectroscopic model. _
troscopy of highly ionized, higlz- atoms[1-5]. X-pinches Section Il of this paper introduces the experimental con-
are produced by driving a large current through two or mordiguration of the MoX pinches and the diagnostic instrumen-
fine wires that cross and touch in the m|dd|e, in the form Ofta.tion. Section 1ll describes the collisional-radiative model
an “X.” A densez-pinch plasma is formed at the crossing and density- and temperature-sensitivshell spectral fea-
point of theX-pinch wires that unstably implodes and emits tures used for diagnostics. Comparisons of modeled spectra
one or some bursts of a few-keV x ra§&7]. At currents of with streak camera spectra, which yield temperatures and
several hundred kiloamperes, these x-ray bursts last for seflensities as a function of time for thré&epinches, are given
eral hundred picoseconds and originate from different “mi-in Sec. IV. In Sec. V, the results are summarized and a dis-
cropinches” within a 50—15@m narrow-neck region in the cussion of the implications of the spectroscopic analysis to
imploding z-pinch [2]. X-pinch dynamics is given.

The dynamics ofX-pinch implosions have been exten-
sively studied through both experimental x-ray backlighting Il DESCRIPTION OF THE EXPERIMENT
[2] and magnetohydrodynami¢siHD) modeling[8]. Spec- The Mo X pinches were placed in the anode-cathode gap
troscopic analysis can give further insight into the propertieof the XP pulser[12], which generates a 470 kA, 100 ns
of the X-pinch plasma during the x-ray bursts. SpectroscopidWHM current pulse. In all of the experiments presented
analysis ofK-shell line emission has been used to determinénere, two 17- or 2Qzm two-wire Mo X pinches in parallel
electron temperatures near 1 keV and ion densities fromvere used as the diode load. Tepinches each have a
10 to 10** cm3 for Al [9] and Ti[7,9] X-pinch plasmas height of 15 mm and the wires are touch-crossed at the cen-
driven by 400 kA of current. More recentli-shell spectro- ter. Schematic diagrams of the experimental setup for the
scopic modelgfirst used in[10] and[11] to diagnose laser X-pinch experiments are presented in Fig. 1.
plasmas have been applied to study time-integrated and A variety of diagnostics are fielded on a typical test. De-
time-gated Mo spectra from 1 MX-pinch plasma$6]. The tailed descriptions of each of the diagnostics shown in Fig. 1,
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and the data obtained with them, have been published elséwo of the images in Fig. 2 are from the same puls411).
where[1,2,13,14. The inset in Fig. 1 shows the arrangementThe one labeled=+0.3 ns formed a micropinch 0.3 ns be-
of the streak camera with a spherically bent mica crystal in 4ore the other, emitting its x-ray burst and producing the
focusing spectrograph with spatial resolution in one dimenimage of the otheX pinch (labeledt=-0.3 ng. The latter
sion(FSSR-1D. This configuration provides spectral resolu- €mitted its x-ray burst 0.3 ns later, thereby providing the im-
tion in one direction(in the Rowland circle planeand one- age of the firsX pinch 0.3 ns after its x-ray burst.
dimensional spatial resolution in the orthogonal direction The radiographs in Fig. 2 give a general picture of the

[2,4]. Radiation from a point source is spectrally dispersed?/@sma development around the time of the x-ray bursts.
along a narrow line. About 20 ns before the x-ray burst;&300-um-longz pinch

The experiments used a Kentech low-magnificatioh that is ~100 um in diameter forms near the original wire

_ ) : _crossing poinf2]. Thisz pinch undergoes a radial implosion,
=12 dX ;aé/ Ist(;eak gargermS] W'tré a préotocath;)_de com developing sausage instabilities that lead to the formation of
{:)hose hot Sth Zposne onBa 1}5?? € su sltrat%. 0 prot?ﬁt one or more narrow necks over a portion of tginch col-

e photocathode, a 50m Be filter was placed across the |,y jess than 1 ns before the first x-ray burst. This is illus-

entrance to the streak camera vacuum chamber. The X-rayateq by the radiograph in Fig. 2, obtained 0.6 ns before the
streak camera was used with nominal streak speeds of 4 8aximum intensity of the first x-ray burst of that pinch
and 15 mm/ns for total time windows of 8.2 and 2.7 ns and( ulse 1392, in which a plasma neck with a diameter around
temporal resolutions of 20 and 7 ps, respectively. Streakeqf()) um can be seen. The ion density of this neck is estimated
images were recorded directly on Kodak T-max 400 filmto be near 1& cm™ from the absorption of the imaging x
placed in contact with the fiber-optic output. The x-ray streakrays [2]. There is little or noL-shell emission from the
camera was oriented so that its temporal direction was peplasma at this time, indicating that its temperature is prob-
pendicular to the spectral dispersion direction. The specably below about 100 eV. During the finat0.5 ns before
trograph configuration also has a spatial resolution of abouhe first x-ray burst, there is very rapid sausage instability
0.1 mm in the direction of spectral dispersion. X-ray burstsdevelopment in the plasma neck and some portion of the
from the two X pinches can be distinguished, because théeck implodes with a radial velocity estimated to be as high
displacement of a small source in the plane of the Rowlanés 20—30um/ns. After this implosion, a gap opens up in the
Circle (see Fig. 1 insgtleads to a shift of the spectral lines. plasma column with ion densities near or below the
Further details of the imaging system and the calibration~10'° cm2 density level required for detectable x-ray ab-
procedures are given in Ref8,4,7. sorption in a 30—5Q:m-diam plasma. This phase Xfpinch
With two X pinches in parallel, eack pinch can be used dynamics is illustrated by the radiographs in Fig. 2 obtained
to obtain radiographs of the other. In this way, images of the.3 ns before and 0.3 ns after the peak of the x-ray bursts
X pinch at times just before and just after the initial x-ray from those X pinches. The first x-ray bursts last for
burst have been obtained. Radiographs showing the centrgl3—0.4 ns and are known to come from micropinches that
portion of several MoX pinches are shown in Fig. 2, along precede and are colocated with the gaps that appear within
with plots of the Ne-like 3D line (2s?2p°3d °D;~  the plasma necf2].
2s2p% 1S)) and continuum intensities obtained from the  The lower portion of Fig. 2 shows x-ray intensities ob-
streak camera spectra that are analyzed below. Notice thtdined from specific wavelengths in the spectra of the x-ray
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FIG. 2. Top: Radiographs of
the central region of fourX
pinches, each made with two 17
-um-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-
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from the first x-ray burst of eack
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streaks that we analyze in Sec. IV. As shown by the dashed Apart from the ion density estimates obtained from radio-
lines in Fig. 2, there is intense continuum emission in thegraphic imaging ofX pinches and the source size estimates
first x-ray burst of a typical two-wire MX pinch that peaks obtained from imaging studies, the conditions of Mginch
20-50 ps before the peak of tieshell line radiation and plasmas during the x-ray bursts are not well known from
persists for only about 200 gabout half the duration of the direct measurements. The spectroscopic analysis of the
L-shell line emission After the initial x-ray burst, a gap plasma emission presented below gives a detailed picture of

forms in the plasma neck and the _plasma appears to undergRe evolution of the radiating plasma conditions.
an explosion centered at the location of the first x-ray burst,

clearing the plasma out of the whole cross point regian

least to the 18 cm™ sensitivity limit of the x-ray imaging Il DESCRIPTION OF THE L-SHELL Mo MODEL
diagnostig on a time scale of 2 ns with an explosion velocity '
estimated to be near 1Q0m/ns[2]. It is common for there Matching the predictions of collisional-radiative spectro-

to be secondary-shell x-ray bursts that occur withirl ns  scopic models to experimental observations of plasma emis-
of the first one. Such bursts are observed to originate frongjon is an effective and noninvasive plasma diagnostic
different locations along the initial narrow plasma neck, havemethod. Collisional-radiative models are based on a detailed
durations of 300—-400 ps, and tend to have smaller congescription of the levels of ions in a plasma and the colli-
tinuum intensities than the first x-ray burst. _ sional and spontaneous rates that govern population transfer
Measurements of energetic x-ray emission from the firSheyeen them. In the present model, steady-state level popu-
x-ray burst have been made using photoconducting diod&gyions are calculated using coupled collisional-radiative rate

(PCDs filtered with 12.5um of Ti (which transmit x rays N : . f : . - -
. . . guations in the optically thin approximation. By varying the
with energies of 3-5 and-8 keV). The energetic x rays modeled plasma conditions, modeled spectra are fit to ex-

measured by the PCD have diagnostic-system-limited pulses._ . : .
as short as 250 p&WHM). However, x-ray streak camera p?erlmental spectra and used to infer the electron defiijy

data obtained with the 12,m Ti foil filter indicate that the ~and €lectron temperatu(@,) of the emitting plasma.
energetic radiation is emitted with typical pulse durations of 1he model used in this paper has been used previously to
~30 ps. Such Short’ energetic X_ray bursts occur Sometimeeterm”-]e p|a5ma conditions -from t|me-|-ntegrated- and time-
within the first 200 ps of x-ray emission that is dominated bygatedL-shell Mo spectra obtained froi pinches driven by
the softer continuum shown in Fig. 2. Diffraction-limited im- ~1 MA of current at the University of Nevada, Rei6].
aging of fine metal meshes by M¢-pinch radiation using The model includes the ground states of all Mo ions and
the Ti filter indicates that the energetic radiation is emittedmore than 6000 detailed levels, including singly excited lev-
predominantly from a source that is1 um in diameter els up ton=7 for O- through Na-like Mo, singly excited
[15]. By contrast, imaging without the Ti filter indicates that levels up ton=4 for Mg-like Mo, and doubly excited levels
the L-shell emission originates from a substantially largerup to n=4 for Na- and Mg-like Mo. The levels are fully
source that overlaps the location of the energ€eti@ keV) coupled by radiative decay and radiative recombination, and
radiation source. by collisional excitation, ionization, Auger decay, and their
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s OD T, =1keV perimental pre_cigion and from thg density dependence of
- - temperature Wlthl!’l the stat_ed density range. o
3A Na 3F .- It is not immediately obvious that the plasma is in steady-
10%Zem® | 4f J\U state equilibrium within~50 ps time frames and optically

e
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
10%'em® 1, ‘N\_ju U | . 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

10%%m® J\{\J determined in t_he st_eady state. Se_cond, we hav_e i_ncluded the
08 S, a. o effects of opacity using a full solution of the radiative trans-
—r i fer equation with slab geometry and self-consistent level
40 44 48 52 populations for the extreme case of a At plasma with an
wavelength (A) electron density of 13 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-

reverse rates. Modeled spectra are constructed using Voigetibed above.

line profiles, the width and shape of which are free param-

eters. Continuum emission from radiative recombination and IV. RESULTS
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- Spectra from two experimental tests, each with two X1o
eledL-shell Mo spectra. The Ne-like Mo lines are labeled inpinches in parallel, have been analyzed. Each of Xhe
the top spectrum of Fig. 3 with their common designationspinches in both tests emitted two to four x-ray bursts that
[10]: 3A and 3B are B-2s transitions, 3C and 3D ared3 were captured on the streak camera film. The spectra from
-2p transitions, and 3F and 3G ares-3p transitions. Diag- the two X pinches in each test are distinguishable on the
nostically important features from F-, Na-, and Mg-like Mo streak camera film by the different dispersions of the spectral
are also labeled. Figure 3 shows that increasing the electrdimes due to the spatial separation of iginches. The first
density from 18°cm™ to 10?2 cm™ increases the charge x-ray burst from eactX pinch is typically characterized by
state balance of the plasma, shifting emission from Na- antfroad spectral lines and an intense continuum, while later
Mg-like Mo towards F-like Mo. This effect is similar to that bursts have narrower lines and smaller continuum intensities.
of increasing the electron temperature, but is distinguishable Figure 4a) shows the streak camera image loShell
from the temperature dependence because increasing thelission from two 2Qum-wire X pinches (pulse 246%
electron density also decreases the intensities of the Ne-likearker regions on the streak camera image indicate more
3F and 3G lines relative to the other Ne-like lines. The in-emission(in proportion to the photon number incident on the
tensities of the 3F and 3G lines are amplified at low densitiestreak camena The first three x-ray bursts were all emitted
by radiative cascades from higher levels. As the electron derfrom the firstX pinch. Spectral intensity profilgslineouts”)
sity increases, these cascades are disrupted by collisions aimdlegrated over 54 ps near the maximum intensity of each of
the 3F and 3G line intensities decrease. The ratio 3B/3F is the three bursts are given by the gray lines in Figp) 4The
good density diagnostic, because it increases monotonicallyest-fit modeled spectra are given by the overlaid thin black
with increasing electron density and is relatively insensitivelines and are labeled with the model&dandn,. Continuum
to the electron temperature. intensities subtracted from the experimental spectra to obtain

The ratio 3B/3F can be extracted from the given experithe best-fit modeled spectra are shown by dashed lines.
mental data with a precision of 10-20 % by integrating over The bottom spectrum in Fig(Hd) was taken from the first
the measured intensity of the emission lines. This precisiox-ray burst of the firstX pinch. It has intense continuum
includes uncertainties caused by noise in the experimentamission and broad spectral lines. The relative intensities of
intensities, plausible variations in the estimated continuunthe spectral lines and features are fit well by a modeled spec-
emission(discussed beloyand the effects of nonuniformity trum with T,=1 keV andn,=1.5x 10?2 cmi’3. This fit re-
in the streak camera response across the spectral range. Withires significant artificial broadening of the modeled spec-
this experimental precision, electron densities can be inferrettal lines.(Neither the bulk-plasma motion nor the collisional
from the 3B/3F ratio with confidence to within a factor of 2. broadening included in the model can fully account for the
The electron temperature can be determined to within aboutbserved broadening.Spectra from the two subsequent
10% by fitting the relative intensities of the Ne-like Mo lines bursts of the firsiX pinch (0.65 and 1.45 ns after the initial
to Na- and Mg-like satellite features. The temperature uncerbursy have weaker continuum emission and narrower lines.
tainty estimate includes uncertainties derived both from exBoth are fit well by modeled spectra with electron tempera-

FIG. 3. ModeledL-shell Mo spectra withT,=1 keV and the
labeled electron densities. Ne-like Mo lin€3%A-3G) and F-, Na-,
and Mg-like Mo features are labeled in the top spectrum.

A. Comparison of experimental and modeled_-shell Mo
spectra
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FIG. 4. (a) Streak-camera im-
age from two 20um Mo wire X
pinches(pulse 2465 (b) Lineouts
over 54 ps(gray lineg 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
i (gray lineg 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.

tures near 1 keV and much smaller densities than the firgowing over the~0.4 ns duration of the burst.

burst, with little or no artificial broadening beyond the nomi-  There are strong similarities among the three diagnesed

nal instrumental broadening. pinches. In all three cases, the first x-ray bursts have the
Figure 4c) gives experimental spectra obtained from 54broadest lines, the largest continuum intensities, and are di-

-ps lineouts near the maximum intensities of the two cap-
tured x-ray bursts from the second 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 with,
=0.95 keV andn,=10?2 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 witf,
=1.1 keV andn,=4x 10°* cm3. 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. &).

Figure 5a) shows the streak camera image lokshell
emission from two 17«m wire X pinches(pulse 2448 Ex-
perimental and modeled spectra from the first x-ray burst are
given in Fig. §b). The second x-ray burst in the streak cam-
era image in Fig. 5 includes emission from the secénd
pinch; subsequent bursts from the tXopinches are inter-
laced. Although most spectral lines from the tWqinches
are shifted away from each other and can be distinguished on
the streak camera image, the 3F lines coincide. Because of

(a)

time (ns)

(b)

shot 2448
2 x 17 um X pinches

3B(2)

3B(1) 3F

1.15 keV
5x10%cm™
3B

1.05 keV to
1x10%2cm™

0.75 keV t-0.15ns, <!
2x10%cm™® a

4.3 4.6 4.9 5.2
wavelength (A)

this coincidence and the close temporal spacing of the x-ray |G, 5. (a) Streak-camera image df-shell emission from two
bursts, the electron density for the later bursts cannot be7.,m Mo wire X pinches(pulse 244% (b) Lineouts integrated
diagnosed with confidence and only the first x-ray burst fromover 43 pggray lineg before, during, and after the intensity maxi-
the firstX pinch has been analyzed. The spectra and plasm@&um of the first x-ray burst in the image overlaid with modeled
parameters from the first x-ray burst are very similar to thos&pectra(thin black lines at the labeled conditions. The continuum
of the first burst of the two 2@:m X pinches, with the rela- that was subtracted from the experimental spectra before fitting the
tive continuum intensity decreasing and thshell lines nar- model spectra to the data is also sho@ashed lines
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150 1023 intensities decrease over200 ps, the electron densities de-
n, Pinch 1 from pulse 2448 (17 pm) crease by factors of 2—-10 and the electron temperatures in-
-10%? 5 crease by a few hundred eV. The electron density decreases
ﬁ;; most markedly for the first 2@sm Mo wire X pinch of pulse
-1071 3 2465 and least for the secoXdpinch of the same pulse. Th
J pulse. The
_10203 second x-ray bursts from both 20m X pinches have densi-
) ties between 18 and 16% cm 3, and temperatures between
050 - 1019 1.1 and 1.25 keV. The third x-ray burst from the first
0.2 0.0 0.2 0.4 0.6 0.8 20-um X pinch has a maximum density of only 2
150 103 X 107% cm™® and a temperature near 1.2 keV. The dimen-
Pinch 2 from pulse 2465 (20 um) sions of the line-emitting regions of the first 20m X pinch
125 1102 o can be estimated using the diagnosed plasma parameters. Mo
S X pinches typically emit~100 mJ of>1.5 keV radiation.

-10% § On the assumptions that all of thel.5 keV x rays from the
& first 20-um X pinch were emitted in the three observed
075 -10% bursts, and that the intensity of the total x-ray emission fol-

lows the energy-integrated intensity of the emission region

0.50 T C R L captured by the streak camera, a normalized time history of
02 00 02 04 06 08 the experimental energy emission rate_kshell lines can be
L Pinch 1 from pulse 2465 (20 Hm)—1023 obtained. The radiative power can also be extracted from the
e - model for a givenT, and n, by summing over all spectral
=, B s eo O%R lines with energies greater than 1.5 keV. This modeled en-
E 1100 0%00 oo °° 102! g ergy emission rate can be used to determine the number of
=L ° . i i i 2 i
< T, & ions required to produce the experimental rated? idhs in
B o 1020 the first x-ray burst and 18-10"ions in the later x-ray
bursts. The ion density can be obtained from the electron
0.50 — \ ‘ -101° density and the average charge stédssuming a neutral
0.0 0.4 0.8 1.2 1.6 plasma and used with the required number of emitting ions

to determine the spatial extent of the line-emitting plasma
FIG. 6. Electron temperaturgspen circlegand densitiegsolid region.

circ_les) determined from the spectra of thr&ginches as a function In this way, thel-shell line-emitting region is estimated to
of time. be very near 1Qum in size during the first x-ray burst. The

explosion velocity of the plasma during the first x-ray burst
agnosed to have,~ 10°? cm™® and T,~1 keV. However, is on the order of 10um/ns—a bulk plasma motion that
while the continuum intensity in both the first 20m X  may account for the observed line broadening in the later
pinch and the 17:m X pinch increases monotonically with half of the first x-ray burst, though not for the line broaden-
the wavelength(with a slope corresponding to a simple ing in the first half of the first x-ray burst. The line-emitting
model of continuum emission with intensity proportional to region during the second x-ray burst is estimated to be
exp(—hv/T;) with hv the photon energy and;.~ 1 keV), ~50 um, increasing to at least 1Q0m during the third
there is a~180 ps period during which the continuum emis- x-ray burst. After the third x-ray burst, the line-emitting re-
sion from the second 2@m X pinch decreases from gion increases up to near 1 mm, indicating that the entire
4.3 to 4.6 A.[This period is from~35 ps before the maxi- plasma in the vicinity of the originaX-pinch wire crossing
mum intensity of the first burst te-145 ps afterwards: see point contributes to the line emission. Since individual x-ray
the middle spectrum in Fig.(d).] It is unlikely that this  bursts from similaX pinches have been determined to come
feature is due to radiative recombination, which is generallyfrom slightly different locations along the-pinch necks
at least 100 times smaller than the line intensities in theshown in the images in Fig. ], the later x-ray bursts are
present model. A possible explanation for the anomalouslyot simply a result of repinching of the plasma at the same
intense continuum emission is presented in Sec. V below. location to a larger minimum diameter and lower density.

B. Plasma conditions during the x-ray bursts V. SUMMARY AND DISCUSSION
The plasma parameters determined from streak camera
L-shell spectra averaged over50 ps from the threeX L-shell spectra from three M¥ pinches have been diag-

pinches are given as a function of time in Fig. 6. The firstnosed with a NLTE collisional-radiative kinetics model. The
bursts from each of th¥ pinches have inferred peak electron first x-ray bursts from each of the three pinches are charac-
densities above P®dcm™ and temperatures from terized experimentally by broad spectral lines and significant
0.75 to 1.05 keV. The peak electron densities are diagnosembntinuum emission. Thé-shell emission from those first
to occur within~100 ps of the peak-shell line intensities bursts lasts for 0.3—-0.4 ns. Averaged oveb0 ps near the
(as given in Fig. 2and persist for about 200 ps. As the line maximum intensities of the first x-ray bursts, theshell
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spectra indicate electron densities neaf?Xdn ™3 and elec- tinuum. The anomalous continuum intensity and line broad-
tron temperatures from 0.75 to 1 keV. The size of the line-ening in theL-shell spectra during the first 100 ps of the

emitting region of the first x-ray burst is estimated to befirst x-ray burst may be due to inner-shell excitation of 10 to
around 10um. Later x-ray bursts have similar durations, 39 times ionized Mo during this rapid ionization phase. Ob-

narrower spectral lines, and less continuum emission. Thgeryation of significant line broadening and intense “quasi-
L-shell spectra from the later bursts are indicative of electron, /... v o ission in spectra from an electron-beam ion

densities around #6-10** cm™3 and temperatures slightly : > 3 . :
above 1 keV; emission from the later bursts may originatetrap with ne~ 10" ™ [16] offers experimental evidence

from a plasma region that extends over the entire crossingtdhat Sl_JCh efr']fects can be_ prese_nt ﬁvenhat v?)ry small delbeCF on
point region of thex-pinch wires. ensities. The quasicontinuum is thought to be caused by line

The collisional-radiative equilibrium model is able to re- emission from a multitude of weak tra_nsitions from several
produce the relative intensities of the experimertalhell ~ charge states, and can be much more intense than the normal
lines throughout the emitting period of theé pinches quite  continuum included in the present model. Quasicontinuous
well. In addition, the inferred conditions of the Mopinch ~ spectral features have also been observed in high-density la-
plasma during the x-ray bursts are generally consistent witiser plasma experimenfd7]. As the plasma explodes, line
the nonspectroscopic diagnostics noted in Sec. Il. The magmission from Ne-like Mo and nearby ions overtakes the
netic energy within a millimeter of a fewm-diameter mi-  strong quasicontinuum emission and persists for several hun-
cropinch carrying 225 KA is sufficient to provide the energydred ps after stagnation. The high electron temperature is
contained in, and radiated by, tXepinch (i.e., the ionization  maintained by dissipation of magnetic energy in the explod-
energy plus 1 keV per electron of thermal energy foring plasma as the current moves out to plasma at a larger
10"-10" Mg- to Ne-like Mo ions plus a few tens of J of radius. We estimate that this picture of the first x-ray burst
total radiation. The dimension of thé.-shell line emission can account for both the observed continuum intensity and
region (tens or hundreds of micronsand its duration the measured energy emitted in the keV x-ray burst.
(0.3-0.4 ng are consistent with the explosive pinch plasma The later x-ray bursts are known to be emitted by second-
expansion immediately after micropinch formation and pealary micropinches that form in different locations along the
x-ray burst emissiorti.e., the gaps in the two images ob- plasma neck. The reduced continuum intensity and the domi-
tained after x-ray burst emission in Fig). 2 nance ofL-shell radiation at the peak emission intensity of

There is evidence that a substructure exists in the initiathe later bursts suggest that the secondary micropinches are
X-pinch implosion that cannot be diagnosed usinglttehell — already ionized to thé shell when they reach peak density.
line emission alone: First, &30 ps bursta duration shorter The spectroscopic results also indicate thatltkghell lines
than the lineout width used for thé-shell spectrp of  from the later x-ray bursts are emitted from a plasma region
>3 keV x rays is commonly observed from similar Mo that has a lower density and a larger siap to hundreds of
X-pinch tests and is known to come fromr&l-um plasma  um) than the initial burst. This suggests that the line emis-
region[13]. Next, radiographic absorption data from similar sion is radiated from the entire crossing-point plasma region,
X-pinch tests indicate that the ion density is aroundconsistent with the two positive-time images in Fig. 2.

10?2 cm 2 in the 10um-diam plasma neck 0.6 ns before the  Finally, we note that suprathermal or “hot” electrons may
first x-ray burst(Fig. 2, leftmost image Even if 50-70 % of be present in the form of current-carrying beams that are
the ions are lost during the implosion of this l@r-diam  accelerated across the gap in the plasma neck and deposit
neck to a~1-um plasma region, ion densities during the their energy in the dense plasmas at the ends o fliech as

first x-ray burst should be near 2cm™3, implying electron it explodes(see the right-most panel in Fig). Hot electron
densities near Fdcm™ for 10 to 30 times ionized Mo. fractions of a few percent have been inferred frarshell
However, theL-shell line emission indicates peak electron spectra of MoX pinches driven by 1 MA of current at the
densities no larger than a few times?1@m in the first Nevada Terawatt Facility using the present mofh| and
x-ray burst. Finally, theL-shell Mo emission model pre- much smaller hot electron fractions have been inferred from
sented above does not account for the significant line broadk-shell spectra of AKX pinches from the XP pulsd®]. The
ening and intense continuum emission that are observed isignatures of hot electrons Inshell spectra include spread-
the first~200 ps of the initial x-ray burst. out charge state balances, amplified intensities of lines fed by

We tentatively propose the following picture of the radiative cascades, and a distortion of satellite line structures
X-pinch dynamics during the first x-ray burst to account for[18]. Although the present experimental spectra are well de-
the >3 keV x-ray emission, the anomalous line broadeningscribed by modeled spectra at a single temperature, they can
and the intense continuum emission: Mo ions in the initialalso be described using slightly higher electron densities,
~300-um-long z-pinch plasma that forms at the wire cross lower electron temperatures, and some fraction of hot elec-
point are only a few times ionized. As the plasma implodedrons. However, the experimental charge state balances and
due to the high current, the Mo ions gain directed energyspectral resolution are such that the spectra cannot be used to
The ~30 ps burst of>3 keV x rays occurs at the point of unambiguously infer the presence of hot electrons. The pres-
maximum compression in this implosion, at which time theence and spatial extent of hot electrons in these Xio
source is~1 um in size and has an electron density nearpinches can potentially be determined with space-resolved
1072 cm3. This small, dense source begins to explode an&« emission measuremenfd]. The directionality and en-
ionize rapidly over the next-100 ps, ad_-shell line emis-  ergy of electron beams that might be present inXhginch
sion from Ne-like and nearby ions emerges from the conplasmas could be determined using spectropolarinié®y
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