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ABSTRACT

Comparisons of measured total radiated x-ray power from annular wire-amayz-pinches with

a variety of models as a function of wire number, array mass, and load radius are reviewed. The

data, which are comprehensive, have provided important insights into the features of wire-amay

dynamics that are critical for high x-ray power generation. Collectively, the comparisons of the

data with the model calculations suggest that a number of underlying dynamical mechanisms

involving cylindrical asymmetries and plasma instabilities contribute to the measured

characteristics. For example, under the general assumption that the measured risetime of the total-

radiated-power pulse is related to the thickness of the plasma shell formed on axis, the Heuristic

Model [IEEE Trans. Plasma Sci., 26, 1275 (1998)] agrees with the measured nsetime under a

number of specific assumptions about the way the breakdown of the wires, the wire-plasma

expansion, and the Rayleigh-Taylor instability in the r-z plane, interact. Likewise, in the high

wire-number regime (where the wires are calculated to form a plasma shell prior to significant

radial motion of the shell) the comparisons show that the variation in the power of the radiation

generated as a function of load mass and array radius can be simulated by the 2-D Eulerian-

radiation-magnetohydrodynamics code (E-RMHC) [Phys. Plasmas 3, 368 (1996)], using a single

random-density perturbation that seeds the Rayleigh-Taylor instability in the r-z plane. For a

given pulse-power generator, the comparisons suggest that (l) the smallest interwire gaps

compatible with practical load construction and (2) the minimum implosion time consistent with

the optimum required energy coupling of the generator to the load should produce the highest

total-radiated-power levels.

INTRODUCTION

The discovery [1] that the use of very large numbers of wires enables high x-ray power to

be generated from annuIar wire-array z-pinches represents a major step forward [2,3] in load

design for large pulsed-power generators, and has permitted high x-ray temperatures to be

generated in radiation cavities on Saturn [4] and Z [5]. The implosion of a 300 tungsten-wire

array within a 24-mm-dia., 10-mm-long cavity, whose outside wall forms the return-current

return path on Z by Porter [6], for example, has generated a brightness temperature of 145+1 O
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eV. Such cavities are used to study radiation transport, opacity, and equation of state

phenomenon in high energy-density plasmas. Importantly, the intense radiation generated from

the high wire-number pinches is used to test radiation-drive geometries relevant to the ICF

program [7, 8], such as in the static hohlraum concept of Olson [9, 10] or the dynamic hohlraum

concept described in Ref. 10 by Nash, Derzon, Chandler et al. In this manuscript, changes in

total radiated x-ray power as a function of wire number [11], array mass [12], and load radius

[13], generated from Saturn experiments with imploded 20-mm-long aluminum-wire arrays that

led to these breakthrough hohlraum results are reviewed and contrasted with models and

simulations. Because much of the wire-number analysis is new, this material is emphasized.

In thejir.sr section, the variation of Saturn aluminum data with wire-number is

surnmarizied, showing that (l) the key parameter for producing high x-ray power is the interwire

gap spacing, and (2) values of this parameter to below -0.5 mm are required for tight, well- “

behaved pinches, and high radiated power. The two-dimensional (2-D) TIP [14] radiation-

magnetohydrodynatics code (RMHC) simulations with various wire numbers [15] are then

reviewed and contrasted with two state-of-the-art RMHCS, MH2D [16] and MH3D [17] that

calculate the evolution from the solid to plasma state of individual wires in the r direction and in

the r-z plane, or for multiple wires in the x-y plane, respectively. They use LTE ionization,

Thomas-Fermi EOS, and Lee and More resistivity and thermal transport [18, 19]. Calculations .

from these codes are compared with the plasma formed from a single wire on the Cornell x-pinch

pulser [20] using a prepulse current similar to that flowing on Saturn [1]. The plasma is

measured with an x-pinch backlighter [21]. This comparison provides qualitative confirmation of

the calculations at the end of the current prepulse phase. In this section, the evolution of the wire
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function of wire number is connected to the explosion dynamics of the arrays, using the recently

developed Heuristic Model [22].

In the second section, the measured radiation and pinch-plasma characteristics for the

high wire-number implosions, which generate the highest peak total x-ray powers, are briefly

summarized. The data show that the narrow (<5 ns) radiation pulses generated by intecwire gaps

below -0.5 mm can be realistically simulated by the 2-D Eulerian radiation-

magnetohydrodynamic code (E-RMHC) [23, 24], in which Rayleigh-Taylor (RT) growth

dominates the implosion dynamics in the r-z plane. For these simulations, the array is idealized

as a uniform, cylindrically-symmetric shell with a random-density variation in the r-z plane that

seeds the RT instability.

In the rhird section, the total x-ray pulsewidth and peak power as a function of array mass

and load radius for these high wire-number loads are discussed. The E-RMHC simulations give

reasonable agreement with the total radiated power data over an order-of-magnitude variation in

array mass and almost a factor of three change in load radius. The simulations suggest that in 2-

D, the RT growth occurs via a two-staged process [24] which limits the RT development, and

thus permits high x-ray power to be generated. The simulations also show the benefit to the

generation of high radiation powers of using low-enough mass arrays and small-enough radius

loads to minimize the growth of the RT instability balanced against the need for a high implosion

velocity.

In each section, the measurements are compared with either analytical or numerical

simulations in 1-D or 2-D in order to connect features of the underlying dynamics of the

implosion with the observed x-ray emission characteristics. The emission characteristics seen on

the Saturn aluminum experiments are also compared with a few related characteristics of high
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wire-number tungsten arrays measured on Z. The measurement comparisons with the Heuristic

Model and E-RMHC simulations provide support for the underlying theoretical assumptions, and

the ability of the model and code to provide an interpretation of the x-ray performance with wire

number, array mass, and array radius.

The geometry and experimental arrangement of the Saturn and Z measurements are

discussed in Refs. 1, 11, 12, 13,25 and Ref. 5, respectively.

I. WIRE-NUMBER VARIATION

A. Measurements

In the first set of Saturn aluminum wire-number experiments [1, 11], the array mass was

fixed and the initial interwire gap was varied by more than an order of magnitude from 6 to 0.4

mm by simultaneously changing the number of wires (from 10 to 192) and the wire diameter.

This procedure was carried out for 0.62-mg and a 0.84-mg arrays having initial radii of 8.6 mm

and 12 mm, respectively. Decreasing the interwire gap resulted in monotonic decreases in the

risetime and width of the x-ray pulse and simultaneous increases in total radiated power and

energy, in the same way~or bofh array radii (Figure 1). Over the 6 to 0.4 mm gap reduction

explored, the total radiated power increased by a factor of 20 (Figure 1A) and the total radiated

energy by a factor of 2 (Figure 1C).

In addition, for gaps smaller than 2 A 0.6 mm, the character of the x-ray emission

qualitatively changed, from a broad, irregular radiation pulse at large gaps (Fig. 2A) to a narrow,

evenly-shaped radiation pulse that was followed by a much weaker pulse at small gaps (Fig 2B).

In the Fig. 2, the x-ray pulses measured in the energy channels 0.2-2,2-3, and 4-6 keV are

shown, normalized to the peak value measured at the first radiation “peak. The weaker second
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radiation peak is consistent with a second radial implosion and corresponds to a pinch having a

lower temperature relative to that of the first implosion (Sec. II). For gaps greater than -2 mm,

time-integrated images of the pinch (mainly showing the plasma at stagnation) exhibit the

presence of a kink (m= 1) as well as a sausage (m = O) instability (Fig. 2C). Time-dependent

images show significant precursor plasma stagnating on axis, generating soft x-ray emission tens

of nanoseconds prior to the main implosion, in agreement with earlier [26] and current [27]

experiments. For gaps less than - 2 mm, in contrast, no kink instability is observed, with only a

minimal precursor plasma forming (Fig. 2D). Moreover, the changes with gap in the temporal

shape of the x-ray pulse (Figs. 2A and 2B) and in the spatial quality of the pinch (Figs. 2C and

2D) occurred with corresponding quantitative transitions in the rates of change of the emitted

total x-ray power (Fig. 1A), the average size of the K-shell emission region (Fig. lB), and the

emitted total x-ray energy (Fig. 1C). Corresponding variations in the average K-shell emitting

ion density and electron temperature were also observed [11]. These density and Temperature

measurements show that the increase in K-shell power (and by inference the total power) is the

result of systematically greater plasma compression and is not the result of an increase in

temperature,

Not enough data were taken at wide gap spacings, however, to ascertain how sharply this

transition in x-ray behavior took place. For this reason, we represent it hypothetically as a

transition between two power laws as illustrated in Fig. 1, with the gap exponents indicated. In

Fig. IC, the measured total radiated energy is norrnalizied to the calculated O-D kinetic energy

for a 10-to-l radial convergence. The change in this norrnalizied energy (Fig. IC) is

approximately consistent with the change in a calculated O-D kinetic energy (dotted lines in Fig,

lC) now evaluated from the experimental radial convergence (Fig. lB). ~
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The greater rate of change of the pulsewidth with gap for gaps greater than -2 mm (Fig.

1A) reflects the greater disorganization of the implosion as seen by the lost double-pulse nature

of the stagnation (Fig. 2). If instead of the pulsewidth of the total power pulse, the pulsewidth of

a harder x-ray detector channel (which is insensitive to the radiation from the second implosion

owing to the reduced temperature of the implosion [sec. HA]) is plotted, the pulsewidth shows no

discontinuity with gap, as illustrated in Fig. lD for the 4-6 keV channel. Moreover, the greater

rate of decrease in power for large gaps relative to that for small gaps (Fig. 1A) is consistent with

the decrease in total radiated energy (Fig. 1C). Specifically, in Fig, 1D, the peak total power of

Fig. 1A norrnalizied by the energy of Fig. 1C shows no discontinuity at -2 mm, and scales like

G493N’ over the entire range measured. The variation in peak total power so normalized now

tracks the inverse of the pulsewidth (albeit for a pulsewidth corresponding to the higher energy

x-ray band), which scales as the gap to the 0.8 Iti. 1 power (Fig. lD), as would be expected when

the total energy radiated during stagnation is slowly varying.

B. Modeling

1. TIP Simulations

The apparent transition in implosion quality near the 2-mm gap has been interpreted

using the 2-D TIP RMHC in x-y geometry, using 1-D numerical simulations of the individual

wire explosion from a cold start as input [1J. Prior to wire-plasma merger in the array, the L

density distribution from each wire was characteristic of a Gaussian having a -1 eV

temperature. Calculations performed with these codes show (in correspondence with the

experimental data) that a change in the implosion topology occurs with increasing wire number.

The calculated implosion is seen to m~e a transition from one composed of non-merging, self-

pinching, individual wire plasmas to one characterized by the early formation and subsequent

7



,’

implosion of a quasi plasma shell. The shell has density and current variations distributed

azimuthally that are correlated with the initial wire location and which decrease in amplitude

with decreasing gap. In the Heuistic Model [Sec. B3] in contrast, the individual wires are

assumed to be m = O unstable and always expanding (as in single wire experiments [28]) though

the necking regions are pinching; the transition in implosion quality is associated with the

merging occuring before or after significant inward motion of the array. Another physical

possibility for the transition could be the significantly larger inward radial streaming from coarse

arrays [27].

The calculated transition region is sensitive to (1 ) the magnitude of the prepulse that

accompanies the main current pulse, (2) the current flowing per wire, (3) the interwire gap, and

(4) the resistivity model used. For the particular resistivity model used and for the measured

prepulse and wire sizes used, this transition was calculated in 2-D to occur between wire

numbers 20 to 80 (or between interwire gaps of about 3 to 1 mm, respectively) for the small

radius load [1]. For wire number (N) greater than 80, the calculated individual wire plasmas in 1-

D never self-pinched, because the current per wire was too low. For N less than -20, the current

per wire was high enough that the calculated individual wire plasmas always self-pinched in 1-D

before stagnation occured. For N-40, the calculated wire plasmas in both I-D and 2-D partirdly

merged prior to significant radial motion of the array. For descriptive purposes, we thus refer to

the small wire-number region where the gap is greater than 2 mm as the “wire-plasma” regime,

and the high wire-number region where the gap is less than 2 mm as the “plasma-shell” regime,

knowing that in this regime there can still be significant azimuthal density variations.

The calculated transition was also seen to be consistent with observations made with 1.3-

mm gap loads in the transition region on Saturn, as is illustrated in Fig. 3 [11]. In Fig. 3B,
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individual wire plasmas are observed to neck-off in the form of bright spots (similar to Beg et al.

[28, 29]) 20-ns prior to peak radiated power (Fig. 3C), when the army has only imploded a

fraction of a mm radially (as shown by the dashed curve in Fig. 3A). Ten nanoseconds later, after

the array has imploded an additional 1.5 mm, the observed plasma emission becomes a

continuous distribution, with no evidence of individual wire structure, suggestive of plasma

merger.

The TIP x-y simulations [15] together with analytic wire modeling [30] show that the

wire plasmas ( in contrast to the plasma of a shell) may accrue azimuthal velocity components

during the implosion owing to (1) deviations in the locations of the individual wires from those

of a perfect annulus, or (2) to wire-to-wire current nonuniformities, or (3) to the presence of the

limited number of current return posts [31] surrounding the array, which could seed flute-mode

instabilities. These velocity components in a plasma-wire regime implosion can produce

increased density asymmetries at stagnation relative to that of an imploding plasma-shell

implosion. The resulting difference in the calculated radial convergence between the implosion

of a load in the wire-plasma regime relative to that of a load in the plasma-shell regime is

illustrated in Figs. 4A and 4B, respectively, for a 10 current-return-post geometry as used in the

experiments. In the Fig. 4 simulation, the variation in initial wire position arises from the

numerical noise. Such asymmetries contribute to the reduction in both the compressibility of the

stagnating plasma and the resulting radiated energy, both in qualitative agreement with the

discontinuity observed in the radial convergence measurements (Fig. lB) and in the energy

channel (F1:. 1C). Illustrated also in Fig. 4 is the effect that the 10 current-return posts have on

the azimuthal distribution at stagnation. The imprint of such an azimuthal structure has been

observed from the radiation field generated from foam targets placed interior to the wire array by

9
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Derzon et al. [32]. Nash et al. [33] have shown by replacing the posts with an azimuthally

continuous shell that the on-axis radiation generated from a dynamic hohiraum configuration is

doubled, again illustrating the importance ojmaintairzing azh.m.h-d symmetry throughout the

entire ioad region for producing high radia!ion yields.

The TIP simulations in the x-y plane [15] show, however, that variations in wire number

or other azimuthal asymmetries cannot account for the measured order-of-magnitude change in

x-ray power pulseshape (Figs. lD, 2A, and 2B) [15]. In contrast, TIP [15] and E-RMHC [11 ]

simulations suggest that the measured change in peak x-ray power (aside from the topology-

change effect) with gap (Fig. ID) are related to the evolution of the thickness of the plasma shell

due the growth of RT instabilities in the r-z plane, as is now discussed.

2. MH2D and MH3D Simulations

Before the detailed numerical and analytic modeling with wire number is presented for

the small-radius (8.6 mm) geometry using MH2D and MH3D, however, the expansion of a

single aluminum wire in that geometry, resulting from the measured Saturn current pulse, is

described. The measured Saturn current consists of a prepulse that approximately ramps from O

to 100 k.A in 100 ns prior to the start of the main pulse, and a main pulse that rises to a peak

current of- 7 MA in -35 ns. The earlier [1] and recent simulations discussed here indicate that

the wire-plasma expansion in the prepulse phase affects the merger of the wire-plasmas and

resulting shell structure. Moreover, the TIP x-y simulations suggest that the character of a single-

wire plasmas calculated in 1-D provides a qualitative indicator of the behavior of a wire plasma

10

within an array [15], with regard to self pinching or not in the x-y plane ( as is again borne out



with the following improved resistivity simulations). Shown in the next section, the timing of the
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merger affects the resulting RT seed and the subsequent implosion dynamics.

Figure 5A illustrates the calculated mass density of the aluminum wire plasma just after

the end of the prepulse, starting from the solid phase, using MH2D run in the r coordinate only.

Figure 5B depicts the associated calculated ion temperature, electron temperature, and ionization

state. The wire is characteristic of one of the 15-pm diameter wires in an array of 64 wires. At

this time, 98% of the wire mass is calculated to remain in a high-density, cold core, which has

expanded to a radius of -100 pm. Despite the presence of a conducting wire core, however, 90%-o

of the current flows in the surrounding low-density plasma (corona) due to the larger cross-

sectional area and lower resistivity. The corona extends to a radius of several mm, has an ion

temperature of - 1 eV, and an electron temperature of -1 to 12 eV that increases with radius

(Fig. 5B). Trac-11 [35,36] simulations of this geometry give qualitatively similar results. These .

results are in contrast to the earlier I-D simulations [1] used as input to TIP, which showed a

relatively hot core at (his time. The difference arises from the approximate resistivity model used

in the 1-D simulations [37].

Figure 5A also shows the line-integrated mass-density profile for a 13-pm diameter

aluminum wire measured under these same end-of-prepulse conditions using the Cornell x-pinch

backlighting source [20]. The technique employed was x-ray shadowgraphy, which had less than

5-~m and l-ns resolution [21]. The two measured line-integrated mass profiles [denoted by 1

and 2) shown in Fig. 5A from the same wire are characteristic of the range of variation seen

along wires, for repeated shots. The profiles confirm the presence of an expanding dense core,

with a sharply defined edge at a radius that is within the range of the above MD2D simulations.

11
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an order of magnitude expansion of the high-density core, which contains almost all the mass, is

a good first benchmark for the codes.

In the 1-D MH2D simulation of Fig. 5A, the radial extent of the corona is well past the

half-gap (G/2) spacing of 0.42 mm, suggesting the beginning of plasma merger if the wire was

present in the array of 64 wires. Figure 6 plots the associated MD2D calculated electron-number

density in 1-D at a radius of G/2 as a function of time (for such single-wire plasmas), assuming

that the wire would be an element of a 16, 24,48, 64, or 136 wire array. Throughout the

prepulse, the density increases for all the wire-number configurations. The rapid increase in

density at Ons is associated with the onset of the main current pulse. As in the earlier 1-D

simulations [1], for the higher wire-number configurations (N 2 64), the magnetic field is too

weak (o cause self pinching of the indiviual wire plasma, and the density continues to increase.

For the lower wire-number configuration (N S 48), the density continues to rise and then falls, as

the wire plasma is swept up by the stronger field and then is returned to the wire axis. The

transition between self pinching and continued expansion in 1-D thus occurs between -48 and -

64 wires. It is consistent with Trac-11 and the earlier simulations [1], suggesting that the break-

point in topology as calculated in 1-D (within the limited-geometries simulated) is somewhat

insensitive to the details of the particuhr resistivity model used.

2-D MH2D simulations in the r-z plane of a single wire (from a cold start) modify these

results slightly, as shown in Figs. 7A and 7B for one of 24, 25-mm and one of 64, 15-mm wires

30 ns into the main current pulse, respectively. Such simulations show that on average that the

self-pinching only occurs in the necks of instabilities and the remainder of the corona hardly

pinches at all. The m=O instabilities set in just when in 1-D the magnetic field would be large

enough to pinch the coronal plasma. As a result, there is continued expansion of the plasma in
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the bulges, while pinching only occurs in the necks, as shown by Beg et al [28] in single-wire

experiments. On average though, the self-pinching, which is calculated in 1-D represents the

average trajectory of the surface simulated in 2-D. Importantly, these 2-D simulations show that

due to the higher current per wire for wires in a lower wire-number array, the instability

development is much greater, which leeds to more dramatic self-pinching that exacerbates the

m=O development.

Figures 7C and 7C illustrate the modification to the single-wire density distributions, now

in the x-y plane, 4 l-ns into the main current pulse, using MH3D run in a 2-D mode, when the

wires are placed in an annulus, for a i6- and a 48-wire array, respectively. In MH3D, cold, solid

wires are used as the initial conditions. Both configurations exhibit the low-density corona being

swept around the dense cores by the global magnetic field, which streams towards the axis,

forming a precursor plasma. With the 16-wire array, the plasmas have self-pinched, in agreement

with the single-wire simulations. With the 48-wire array, the low-density regions have merged,

but the higher density regions still retain the characteristically tear-drop shaped azimuthal

asymmerty, again in qualitative agreement with the 1-D simulations (Fig. 6). The global field

distorts the otherwise symmetrical expansion of the wire plasma into the characteristic tear-drop

shape shown. The precursor piasma is more pronounced owing to the deeper radial penetration

of the global magnetic field between wires with decreased wire number, as is obsemed

experimentally (Figs. 2A and 2B). Because of the hotter individual wire plasma calculated in the

1-D simulations that were used as input to TIP (Sec. IB 1), the earlier TIP simulations [ 1] did not

exhibit the tear-drop shape as is now calculated.

3. Heuristic Model Calculations

13
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The Heuristic Model integrates the above simulations (Figs. 7A and 7B) and the

experimentally measured [28] m=O MHD instabilities, observed in a single wire, into the seed for

the RT instability. The level of MHD instabilities reached at the time of merger is greater with

arrays of small wire number due to the increased current per wire and the longer time before

merger occurs. It is the development of this MHD sausage instability, at the time the wire

plasmas from neighboring wires have merged, that is assumed to generate the seed of the RT

instability in the Heuristic Model.

Specifically, the model is based, in part, on the following assumptions. The plasma

corona in each wire expands with a mean velocity taken from the experiment of Beg et a/. [28] ,

while the MHD m=O sausage instabilities develop non-lineady on a time scaling with the ratio of

the instantaneous plasma radius to the Alfven speed, the time-scale again being fixed by the

experimental data [28]. By the time of merger the global RT instability has a faster growth rate,

and from then on this is assumed to be dominant. The wire-to-wire sausage perturbations are

uncorrelated. At the merging time, the mean radius of the individual wire plasma is half of the

interwire gap, so that the thickness of the annulus at merging is given by the gap. A statistical

average in perturbed line density over all the wires in the array is then used to determine the

initial axial perturbation. Analytic estimates are then made of its effect on the development of

RT instabilities, linear and non-linear, during implosion of the annulus and subsequent radiation

characteristics. The dependence of implosion quality on gap enters (1) in the thickness of the

initial annulus and a reduced average perturbation amplitude for larger wire numbers, (2) in the

degree of radial plasma jetting (Figs. 7C and 7D) taken from the experiment of Lebedev et al.

[27], and (3) in an effect of slower energy equipartition between ions and electrons estimated for

long equipartition times. The dominant wavelength of the RT is found at stagnation.

14



Moreover, in the Heuristic Model the geometrical connection between the array radius

(aJ at which merger occurs and the trajectories of the wire plasmas up to this merger time (tJ

lead to a very nonlinear relation for tm and ~ and to a division of behavior above and below a

critical wire number (NC) or gap (Gc) (Fig. 8A). The critical wire number or gap is directly

related to the transition discussed in Sec. IA. Namely, for N < NC, the wires spend the bulk of

their implosion time in a wire-plasma regime, and for N > NC, the wire plasmas have merged

before significant motion of the array has occurred. Figure 8A shows the ratio of ~ [o the time it

takes for the array to pinch (tP), and the ratio of ~ to the initial radius (ro) as a function of gap,

again for the small-radius load of 0.86 mm. For this Saturn geometry, $ = 60 ns, and NC= 35

wires with a corresponding GC= 1.6 mm, in agreement with the above numerical simulations and

measurements of Sec. IA.

Figure 8B shows that the measured risetime of the total radiated power pulse as a

function of gap is well described by the model, assuming a linear relation between the plasma

shell thickness on axis and the risetime. In the figure, the various components of the model are

displayed. There, Am represents the contribution arising from the shell thickness at merger,

whereas i5arepresents the contribution arising from the increased thickness due to the growth of

the RT instability after merger, with the initial-seed perturbation determined by the uncorrelated

m=O instabilities on individual wires. Sum corresponds to the sum of the two terms. The

inclusion of the measured jetting, arising from the effect of the global field, leads to a greater

thickness of the shell at merger, as indicated by the evolution to the ellipticity curve. The effect
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of the slower equipartition of energy from ions to electrons to x-rays is triggered at large gaps,

because the thickness at merger dominates, causing the final pinch radius to be large, the number

density to be low, and the load current to be large (smaller inductance). It, in combination with

the sum of all the contributions, is indicated by the highest curve. This final addition has a large

uncertainty at the larger gaps owing to the magnitude of the measured load current as a function

of gap used in the model and to the actual size of the pinch. Increasing the measured current by

10% increases this equipartition contribution by 50?10,whereas reducing the calculated pinch size

by a factor of two reduces

model at the largest gap.

the contribution by 50%, as is illustrated by the single error baron the

For very small gaps, the modeled risetime scales as G 0“5,which results from the

nonlinear growth of the RT instability in 82. This variation is nicely illustrated when the number

of wires is doubled from 120 to 240 on Z, for the small-radius geometry using tungsten wires

[37]. On Z the total radiated power increased by (45*22)% and the pulsewidth decreased by

(2%k9)%, in agreement with the 41% change expected from the model.

4. Other Models

As is illustrated by the Heuristic Model in its comparison with the data of Fig. 8B, the

simple measured scaling of the risetime with gap shown in Fig. 8B (as well as in Fig. 2E) is

likely masking several complex processes. A variation of the Heuristic Model makes a different -

assumption for the gap dependence of the annular perturbation formed by the merged wires that

may help to clarify some of these processes [38]. Gamble H 10-tungsten-wire linear-array

experiments at the Naval Research Laboratory show bright-field Schlieren images of short-axial-

wavelength plasma flares around expanding wire-plasma cores that are remarkably similar to

aluminum-wire obsenations [28] and MH2D carbon-fiber simulations [39] (Fig. 9). In these
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works, sausage perturbations growing on the expanding wire plasmas are nonlinear and large-

amplitude even at very-early times in their development. The shapes of the perturbations are

close to self-similar in the radial scale, that is, they “look” the same independent of radius. Thus,

the fundamental (longest) wavelength in the perturbation spectrum grows as the wire plasma

expands, so that at the merging time, both the thickness of the annulus and the dominant

perturbation wavelength are comparable to the interwire gap. The gap dependence of implosion

quality and radiated pu[se width then derives from larger gaps (smaller wire numbers) producing

longer-wavelength perturbations that are more disruptive during implosion of the annulus. For

this Self-Similar Model, the amplitude of the initial amular perturbation is always large and the

wavelength spectrum varies with gap, while in the Heuristic Model, the perturbation amplitude

varies statistically with wire number.

In contrast to either of these two models, another interpretation [38] of the measured

pulsewidth is provided by the analytic KART model of Desjarlais and Marder [34]. This model

is based on the enhancement of a global RT instability that arises from the kink instability of the

individual wires, which acts in phase with the RT instability. The model is discussed in detail in

Ref. 34.

II. CHARACTERISTICS AT HIGH WIRE NUMBER

A. Measurements

The aluminum loads on Saturn in the plasma-shell regime having interwire spacings of

less than -0.6 mm exhibit both a strong first and weaker second radiation pulse (Figs. 2B and

10A) that correlate in time with a strong and then weak measured radial convergence (Fig. 10B),

hotter and then cooler electron temperatures of the radiating core (Fig. IOC), and higher and
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then lower ion velocities of the emitting plasma (Fig. 10D), as expected for a double implosion

●

‘

[25]. Images of the x-ray emission from the imploding shell a few nanoseconds prior to the first

implosion exhibit the classic bubble and spike structure associated with the RT instability. Axial

Iineouts of the images in the r-z plane show that the wavelength of the RT structure is in the

range of 1 to 3 mm, in agreement with RMHC simulations [15, 24, 40] and the Heuristic Model.

B. Modeling

Two-dimensional RMHC simulations [23, 40] in the r-z plane reproduce a number of the

characteristics exhibited in Fig. 10 for these azimuthally-symmetric arrays, as is illustrated by the

E-RMHC simulation of the pulseshape and spatial size shown in Figs. 10A and 10B,

respectively. For such simulations; the magnitude of the random-density perturbation in a given

initial plasma-shell thickness is adjusted to give the measured pulsewidth at stagnation. This

perturbation seeds the growth of the RT instability, which limits the radial convergence in the r-z .

plane. For the aluminum E-RMHC simulations discussed here, the emission opacity (electron-

photon coupling) approximation used, however, allows greater radiation cooling to occur than is

physical. The cooler plasma has reduced radial expansion following stagnation and the simulated

plasma rapidly reaches a quasi-equilibrium without going through the second compression seen

experimentally (Fig. 10). This is not the case for tungsten implosions, where the multitude of

final states in tungsten relative to aluminum permits the plasma to rapidly cool and only a single

implosion is typically seen [5, 23]. A reduction in the plasma electron-photon coupling constant

(denoted by E-RMHC:R in the figures), as is done in some of the E-RMHC simulations (to

account for the reduced emission from aluminum), nevertheless, permits more realistic peak

powers to be simulated at low mass (Sec. III). These simulations simultaneously generate a
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,*

photon coupling in the E-RMHC simulations is denoted by E-RMHC:N. Radiation pulseshapes

at the first peak, however, using either coupling agree with one another [12], and thus indicate

that (aside from the double bounce, which is sensitive to the coupling) the dynamics creating the

puiseshape of the first pulse are relatively independent of the radiation emission, in these

simulations.

III. MASS AND RADIUS VARIATION AT HIGH WIRE NUMBER

A. Measurements

Following the wire-number scan discussed in Sec. IA, two additional series of Saturn

aluminum-wire experiments were conducted in the calculated high wire-number, plasma-shell

regime. These experiments were designed to better understand the conditions that optimize the

total radiated power in this regime [41]. In the first series, the radius was held fixed at 12 mm

and the mass was varied over the range 0.42 to 3.4 mg [12]. This series showed that when the .

mass of the array (which used - 192 wires) is reduced from above 1.9 to below 1.3 m:, a factor

of two decrease in pulsewidth (Fig. 11A), with an associated doubling of the peak total-radiated-

power, (Fig. 1lB) occurs. The variation observed is qualitatively similar to that recently

measured on Z [5, 37], for tungsten-wire arrays, using 120 wires at a radius of 20 mm (Fig. 1lC

and 11D). In the second series, the array mass was held fixed, near a value which maximized

the peak power from the first series, and the array radius was varied [13]. This series showed that

when the radius is increased from 8.6 to 20 mm, for a mass of 0.6 mg in 136 wires, the total

radiated pulsewidth (Fig. 1lE) increases from only -4 to -7 ns and the associated peak total

radiated power (Fig. 11F) remains relatively unchanged with radius. This result suggests that the

quality of the large-radius implosions provided by the large number of wires in the initial array
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reduces the disruptive effects of the RT instability seeding previously observed in small wire-

number, large-radius loads [42].

B. Modeling

The E-RMHC simulations show that over the mass- and radius-range measured, which

spanned an implosion time of 40 to 90 ns, the shape of the simulated total-radiated-power pulse

tracks the initial pulse measured [12, 13). Moreover, the implosion time of the simulated pulse

agrees with that measured, within a shot-to-shot variation of only 2 ns. This agreement suggests

that (100 ~ 7)70 of the initial mass is being accelerated during the implosion, for these high-wire

-number loads. Within the uncertainty of the electron-photon coupling approximation, the

measured pulsewidth (Figs, 12A and 12E) and trends in total radiated peak power (Fig. 12C and

12E) reasonably track with those simulated, using only a single value of a density perturbation

seed. The qualitative agreement in these comparisons that span an order-of-magnitude in load

mass and almost a factor of 3 in array radius and that use this single-seed value come about in

calculations in which a two-staged RT growth occurs in the E-RMHC simulations. This result

also suggests that because in the radius scan the gap varied from 0.4 to 0.96 mm and because the

2-D simulation does not know about the discrete azimuthal nature of the array, the fact that the

single seed describes the data implies that other asymmetries (Sec. IB 1) may be beginning to

dominate these high wire-number implosions.

Importantly, these simulations attribute the decrease in pulsewidth and associated

doubling of the peak total power, as mass is reduced, to the faster implosion velocity of the

plasma shell relative to the growth of the shell thickness (Fig. 12A). The similarity of the
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pulsewidth and peak power variation with mass of the Z data with tungsten (Figs. 1lC and 1lD)



with that of the Saturn data with aluminum (Figs. 11A and 1lB) suggest that the same dynamics

that is behind the Saturn data is also behind the Z data. The simulations also correlate the

decrease in pulsewidth with radius (Fig. 1lE) to the faster decrease of the shell thickness relative

to the decrease in shell velocity (Fig. 12B).

CONCLUSIONS

Implosions that develop narrow x-ray pulsewidths with high peak powers can be

generated from both small- and large-radius annular wire arrays by keeping the interwire gap to

spacings on the order of 0.5 mm or less for Saturn and Z pulsed-power conditions. Reducing the

implosion time in these experiments (by decreasing either the mass or radius), led to the highest

powers being developed, which, in the modeling, corresponded to a reduction in the growth of

the axial RT instability relative to the implosion velocity. The Heuristic Model and the E-RMHC -

simulations agree with aspects of the data and help to quantify the role of plasma asymmetries

and instabilities on the underlying dynamics. Whilst we have found ‘empirical scaling relations

and have developed models and simulations that quantitatively track the measurements, more

detailed measurements and more sophisticated modeling are required to verify some of the

conjectures made. In conclusion, the experiments and analyses discussed here conclusively

demonstrate the necessity of using a large number of wires within a wire array in order to ~~

optimize the total x-ray power from and energy coupling to z-pinch implosions. Their utilization

has (1) enabled the attainment of high-power in load configurations for large pulsed-power x-ray

generators and (2) permitted a better understanding of the dynamics responsible for the high
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FIGURE CAPTIONS

1. (A) Peak total radiated power (solid line) and pulsewidth, (B) Radial convergence, (C) Total

radiated energy normalized by calculated kinetic energy assuming a 10:1 convergence, (D) Peak

total radiated power (A) divided by the normalized energy plotted in (C) (solid Iine) and the

pulsewidth of the 4-to-6 keV x-ray channel (dashed line). . and ❑ correspond to the 8.6- and

12-mm initial-radius data, respectively.

2. Normalized pulseshape in three energy channels for the large-radius (12-mm initial radius)

geomet~ where (A) G=5.5 mm and (B) G=O.4 mm. Time is measured from a linear

extrapolation of the leading edge of the main current pulse to the abscissa. (C) and (D) are

associated time-integrated x-ray images, respectively.

3. (A) Lineouts of axially-integrated x-ray images as a function of time ( upper right-hand

comer), for a 1.3-mm interwire gap array. (B) Image at -19 ns. (C) Normalized total radiated

power pulse. Zero time corresponds to peak radiated power. The wire array geometry was

identical to that of the small-radius array, except 24 wires were mounted at a radius of only 5

mm.
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4. TIP x-y density contours for a small-radius load (having 10 current return posts) at stagnation

for (A) a 10-wire array in the plasma-wire regime and (B) a 20-wire array in the plasma-shell

regime.

5. (A) Comparison of the MH2D density of a single 15-pm diameter wire as a function of radius

with the normalized experimental line density measured (at two different axial locations on the

same 13-pm diameter wire), both at the end of the idealized current prepulse for a 64-wire array.

The (uncalibrated) units for fine densities are each normalized to the MH2D core density. (B)

MH2D ion temperature, electron temperature, ionization state associated with (A).

6. MH2D electron-number density as a function of time at a radius corresponding to G/2, for an

equivalent wire in a wire array having 16 30-pm, 24 25-pm, 48 17.5-~m, 64 15-pm, and 13610-

pm diameter wires. Zero time corresponds to the start of the main current pulse.

7. MH2D mass-density log contours calculated in the r-z plane for a single aluminum wire, 30

ns into the main current pulse (A) for one of 24, 25-pm wires and (B) for one of 64, 15-~

wires. MH3D mass-density log contours calculated in the x-y plane, 35 ns into the main current

pulse (D) for 16, 30-p,rn wire, and (E) a 48, 17.5-~m wire array, both having the small-radius

geometry.
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8. (A) ~/$ and a#O as a function of gap in the Heuristic Model, illustrating the position of the

critical wire number and gap, for the small-radius load. (B) Heuristic Model components and

comparison with the measured risetime, for the small-radius load. “
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9. Left: Tungsten-wire-plasma Schleiren image. Right: Carbon-fiber MHD simulation from

Chittenden, et al. [39] at three times during development.

10. Measured (A) x-ray power in indicated energy channels, (B) diameter of x-ray image radial

lineouts averaged over z axis, (C) electron core temperature from free-to-bound x-ray continuum,

and (D) ion velocity from K-shell line Doppler shifts, all for the small-radius load having a gap

of 0.6 mm using 90 wires. E-RMHC:R simulations of the measured power and diameter are

compared in (A) and (B).

11. Measured and E-RMHC simulated (A) total-radiated-power puIsewidth and (B) total

radiated peak power as a function of mass, for the - 192-wire, rO=12-mm Saturn mass scan.

Measured (C) total-radiated-power pulsewidth and (D) total radiated peak power relative to the -

measured power at the insulator stack as a function of mass for the - 120-wire, rO=10-mm Z mass

scan. Measured and E-RMHC simulated (E) total-radiated-power pulsewidth and (F) total

radiated peak power as a function of array radius, for the - 136-wire, mass=O.6-mg load Saturn

radius scan.
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12. E-RMHC shell velocity (dashed curve), and shell thickness (dotted curve) just as stagnation.

begins, including the associated width of the resulting radiation pulse (solid curve) as a function

of (A) mass and (B) radius, for the Saturn mass and radius scan, respectively.
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