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Plasma formation in metallic wirg pinches is modeled using a two-dimensional resistive magnetohydro-
dynamics code. Modified Thomas-Fermi equations of state and dense plasma transport coefficients allow the
phase transitions from solid to plasma to be approximated. Results indicate the persistence of a two-component
structure with a cold, dense core embedded within a much hotter, low demsit9, unstable corona. Exten-
sive benchmark testing against data from a number of single-wire experiments is presented. Artificial laser
schlieren and x-ray back-lighting images generated from the code data are compared directly to experimental
results. The results were found to be insensitive to inaccuracies in the equations of state and transport coeffi-
cients. Simulations of individual wires in a wire array show different behavior to that observed experimentally
due to the absence of three-dimensional effects. Simulations with similar conditions to wires in an array show
a general trend in the plasma structure at start of implosion from discrete wires withmar@eperturbation
amplitudes to partially merged wires with smaller perturbation amplitudes as the number of wires is increased.
Results for a wire number scan with aluminum wire arrays on the SATURN generator suggest that the
observed sharp transition to high x-ray power at around 40 wires corresponds to a sharp deamea€e in
perturbation amplitude and hence a sharp decrease in the seed perturbation for the Rayleigh-Taylor instability.

PACS numbes): 52.55.Ez, 52.65:y, 52.35—¢, 51.30:+i

I. INTRODUCTION instantaneously. This scenario does not, however, take into
account the inhomogeneity with which phase transitions oc-
The recent spectacular improvements in x-ray power ateur. Once the surface vapor starts to expand into the vacuum,
tained inZ-pinch implosiong 1-4] are generally attributed to its density drops and hence this is where ionization first oc-
the improved plasma uniformity obtained with wire arrayscurs forming a low-density plasma corona. Whilst the resis-
compared to other loads. In addition, the apparently continutivity of this plasma is comparable to that of the liquid/vapor
ous improvements obtained by using ever larger numbers afore, the cross-sectional area of the corona is much greater
finer wires has led to load designs with as many as 480 finthan that of the core and hence the majority of the current is
tungsten wires. The development of this technique has howswitched to the corona. Since the density and therefore the
ever been, to date, largely empirical. One reason for this ispecific heat capacity of the corona are low, Ohmic heating
the absence of detailed theoretical models to describe thesults in a rapid temperature rise and fast expansion of sur-
transition from discrete solid wires into an imploding plasmaface plasma. Therefore, within a few nanoseconds of current
ensemble. start, the region of energy deposition has been moved away
At first sight, determining the time at which complete from the reservoir of cold core material. Any further ioniza-
vaporization and ionization of such wires occurs seems to bgon of the core material relies on the diffusion of thermal
a simple matter of calculating the rate of energy depositiorenergy and magnetic flux from the corona into the core.
into the wire material. Consider 2 cm long, 7/5n diameter  Since the time scale for diffusion can be a significant fraction
tungsten wires with current rising in each wire at 1 kA perof the current rise time, the liquid/vapor core ionizes slowly
nanosecondparameters that are typical of many wire arrayand can persist until late into the discharge.
experiments Since the skin depth greatly exceeds the wire  Numerous experiments in both single wifés-12] and in
radius, Ohmic heating of the wire is at first volumetric. Us-wire arrays[13—15 have observed this two-component
ing the resistivity model described below, the 78 mJ requiredtructure with a low-density plasma corona surrounding a
to heat the wire material to the vaporization temperature andhuch higher density core that persists until late into the dis-
provide the latent heats of fusion and evaporation is deposzharge. In wire arrayZ-pinch experiments the coronal
ited in the first 0.75 ns. To deposit the further 83 mJ requirecblasma is swept around the stationary wire cores forming
to heat the material to ionization temperatures and provideadial plasma streams, which reach the axis at roughly half
the first ionization energy takes a further 0.15 ns. Thereforethe final implosion time forming a precursor plasjid—1§.
compared to the 100 ns time scale of the current rise, wdwo-dimensional(2D) simulations of such experiments in
would expect the entire array mass to become plasma almote r-0 plane[19] can reproduce the observed behavior by
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initially approximating the core as a high-density neutral gas. The choice of such a low cut-off density allows unphysi-
This insulating medium then remains force free and stationeal conditions to arise where the electron drift velocity
ary until finally disappearing just prior to the final implosion. greatly exceeds the local ion sound speed. Under such con-
In addition, these experiments exhibit substantie+ 0 in-  ditions lower hybrid microinstabilities grow rapidly and satu-
stability growth in the plasma surrounding the individual rate resulting in an anomalously high electron-ion collision
wire cores, prior to the main implosion. The statistical aver-frequency. The inclusion of an anomalous component to the
age[20] of these perturbations is the most likely source ofelectron-ion collision frequency in the evaluation of electri-
seed perturbation for the global magneto-Rayleigh-Taylorcal resistivity and electron thermal conductivity, serves to
(MRT) instability observed during final implosion. The MRT limit the electron drift velocity to less than the ion sound
instability is at present thought to be the primary mechanisnspeed, provides a physically justifiable scaling from finite
for broadening the imploding plasma annulus and hence dgslasma resistivity to virtually infinite vacuum resistivity and
termining the x-ray power attained at stagnation. prevents a large discontinuity in transport coefficients at the
In this paper, we describe the detailed modeling of singlevacuum/plasma boundarj28]. Whilst the inclusion of
metallic wires driven by large, fast rising currents. A anomalous resistivity due to the lower hybrid drift microin-
2D(r,z) resistive magnetohydrodynami@sIHD) code[21]  stability does affect the expansion rate and instability growth
is used with the addition of dense plasma transport coeffiin the lowest density regions of the corona it does not have
cients[22] and modified Thomas-Fermi equations of state,as strong an effect in this work as in other w$8,21].
which allow the phase transitions from solid to plasma to be The results presented here use grids with 150 axial cells
approximated. Extensive benchmark testing against dateach 30um long, i.e., with a grid length of 4.5 mm. These
from a number of single-wire experiments is presented. Arsizes were arrived at empirically by running the code exhaus-
tificial laser schlieren and x-ray back-lighting images genertively for a large number of different conditions and reducing
ated from the code data are compared directly to experimerthe axial cell length and increasing the number of axial cells
tal results. The 2D{(,z) simulations of individual wires until no further change in results was observed. The results
presented here cannot model the complex 3D behavior afetailed below exhibit minimum wavelengths of 150-250
wire arrays in which the MRT instability present in the  um indicating that 5—8 cells per wavelength are required for
plane is superimposed on a modulated structure inrthle complete resolution. The longest wavelengths modeled be-
plane provided by the wires. We can, however, describe theow are ~2 mm. The grid length of 4.5 mm thus includes a
extent of core expansion, ionization ant=0 instability in ~ safety margin that allows the simulation to grow longer
both corona and core for single wires under similar condi-wavelengths if required.
tions to those in an array, at times corresponding to the start The radial width of cells is set to 1.2&m near the axis to
of global implosion. From these data we can then infer theallow the solid wire to be resolved and increases with radius
dependence of the structure of the imploding plasma enbecoming 30um square at 25@um. The long aspect ratio of
semble and most critically the seed perturbation for the MRTcells near the axis suggests that advection of material in di-
as functions of the number of wires. agonal directions across such cells will be inaccurate. How-
ever, this does not appear to affect the growth of the insta-
bility, which occurs almost entirely out in the corona where
Il. MODEL the cells are square. In order to minimize runtime for the

The model is based on the 2D¢) resistive MHD code calculations, the number of radial cells is incre_ased or de-
described in Refs21] and[23]. Explicit hydrodynamics is creased so that the boundary of the problem is always_ 10
performed on an Eulerian grid using second order Van Lee?e”S away from the !argest vacu_um/plaima boundary rgdlus.
advection(as interpreted by Yound&4]). Reflective bound- InStab'.“ty grqwth IS sgeded .W'th ao.'l/o random dens_lty
ary conditions are used at the axial boundaries and at th%erturbanon. Since the instability rapidly en_ters a nonlmear
pinch axis with free flow conditions at the outer radial stage__of development the_ results _after the first 15 ns are in-
boundary. The thermal and magnetic-field diffusion equa_sensnwe to the perturbation amplitude.
tions are backwards differenced and solved implicitly by
quin-diagonal matrix solution using the incomplete Cholesky
conjugate gradient iterative method of Kershf2b]. The
model is two temperature, with separate electron and ion During the solid and liquid phases, the wire material re-
energy equations coupled by an equilibration term. A simplamains virtually stationary and holds together. At the vapor-
optically thin radiation loss mod¢R6,27] is modified to in-  ization temperature of aluminum, the pressure of a perfect
clude a probability of escape, which allows a smooth transigas at solid density is-20 kbar. The electrons in this mate-
tion to black-body emission in the core and the adjacential do not, however, behave as a perfect gas. In condensed
plasma. phases, exchange effects act as a binding force so that little

Material with a mass density below 1bkgm 3 is la-  or no pressure is exerted by the electrons. Even in the vapor
beled vacuum and given artificially high resistivity and ther- state, at high enough densities and low enough temperatures,
mal conductivity in order to ensure that this region remainghe pressure and internal energy of the electron fluid are sub-
current free and isothermal. As with all other free parameterstantially reduced with respect to the perfect gas values. The
in the model the choice of vacuum cut-off density was ar-behavior of the condensed states of matter can be emulated
rived at by trial and error, running the code many times andn a fluid simulation by modifying the equations of state to
reducing the value until no further change in res@itsma-  include degeneracy, nuclear potential and exchange effects.
rily the evolution of radius and wavelengtivas observed. In the work presented here, we use analytic approximations

Ill. EQUATIONS OF STATE
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FIG. 1. Electron pressure versus density for various tempera- FIG. 2. Approximation to the IMP generator current versus time

tures provided by the equation of state model. A typical trajectorylJSed in simulations.

[ CRIEE ), for material ablated from the core and expanding out into

the corona. is shown. prevent this a small amourit-0.01% of the mass of the

wire) of gaseous material is placed just outside the wire to
provide sufficient pressure to prevent gross motion of the
material/vacuum interface during the first nanosecond. The
Width of this gaseous region is set to be the same as the wire

. : . radius with the density falling off gradually to reach vacuum.
density and temperature. Corrections to include quantum a y gong y

he current initially flows in the solid wire and bypasses the
Snx(fggzgé‘(I'er:fizcé%l?;r:igino?”s?zgethrigg;dviggeodriSir:;slli/s dtgvte’igase_o_us region,_ which t_h_erefore has little effect other than
oped by one of the autho®RB) in 1980 and been used providing numerical stability.

extensively in the 1D Lagrangian laser-plasma hydrodynam-
ics codemEDUSA [31]. IV. TRANSPORT COEFFICIENTS

Figure 1 shows the electron pressure in aluminum calcu- |y order to calculate the diffusion of magnetic field, the
lated by this model as a function of density, for various tem'energy deposition by Ohmlc heating and energy transfer by
peratures. At high temperatures and low densities, thehermal conduction, it is essential to include accurate electri-
straight line dependence is indicative of perfect gas behaviogg| resistivities and thermal conductivities that span a wide
At very high densities the pressure is increased over the pefange of different material parameters and states. At low
fect gas value, eventually becoming a function of densitytemperatures, the resistivity of the solid and liquid phases of
only as the electrons become degenerate. For low tempergretals and their rate of increase with temperature is well
tures around solid density, the electron pressure becom%tablishedsz]_ In the h|gh temperature and low density
negative, thus modeling a condensed phase. In practice thge|l-ionized plasma limit, the resistivity of plasma adopts
ions are still treated with the perfect gas equation of state anghe well established Spitzer-like dependenceTof2 Be-

a minimum electron pressure is set so that the minimum totalyeen these two well-established limits, around the implied
pressure is zero. The model represents a generic equation @sijstivity maximum at 1—10 eV, there is considerable uncer-
state with no knowledge of the details of each phase transiginty (particularly at densities lower than solidith more

the material is, however, used as an input parameter in ordenodels. For this paper, we adopt a model based on the dense
to establish the relative importance of the correction termsplasma electron conductivity model of Lee and M¢22].
Comparison to the Los AlamosesAME database indicates The electron mean free path used to calculate the electron
good agreement in general, however, the analytic approximag|axation time in the condensed phéEes.(32) and(33) in
tions.gsed become inaccurate at very low temperatures arglef. [22]], is modified to include a different minimum tem-
densities. . . perature for each metal used. This provides a mechanism for

Material ablated from the core and expanding out into theyymerically fitting the resistivity model to the known behav-
corona emerges from the condensed phase towards the pjr [32] at low temperature and solid density and results in
fect gas regime, following a trajectory similar to the examplesomewhat higher resistivities in the condensed phases than in
superimposed on Fig. 1, with degeneracy playing little pariref. [22].
in the problem.

The strong gradients in Fig. 1 mean that small changes in
density and temperature can result in large pressure changes.
Using the value ofU/dp returned by the equation of state ~ The evolution of the wire/plasma structure is best illus-
model to determine the sound speed and hence the time stapated qualitatively in the absence of additional complexity
usually eliminates numerical instabilities. If, however, theof instabilities detailed below, i.e., in one dimensiofia-
problem is initialized with too large a discontinuity in den- dial) simulations. As an example, we consider 4 alumi-
sity between the last cell containing wire material and thenum wires driven by the IMP generat(50 kA, 480 kV, 65
first vacuum cell, then the first motion of this interface tendsns 10-90% current rise timext Imperial College. Figure 2
to excite gross fluctuations in the density and pressure. Tehows the approximation to the experimental current wave-

to Latter's results[29] for a Thomas-Fermi model of the
electrons to determine the internal energy, pressure and e
ergy derivatives {U/JT and dU/dp) as functions of the

V. EXAMPLE RESULTS IN 1D
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form used in simulations. With an averagH/dt of 2 the wire material begins to expand. lonization first occurs in
x 102As™1, this current is comparable to the current perthe lowest density surface regions forming the plasma co-
wire in array implosions on the SATURN arfigenerators. fona. Figure &) shows the radial profiles after 10 ns, with a
During the first 3.5 ns the wire temperature gradually in-well-established two component structure of a hot, low-
creases up to roughly the vaporization temperature. Duringeénsity corona surrounding a cold, high density core. Ini-
this period the total pressure in the wire material is negligibletially the core expands at roughly the sound speed of alumi-
and therefore the material remains stationary. Once the tenmum at its vaporization temperature and therefore by 10 ns
perature is sufficient for the pressure to be finite and positivethe core has expanded threefold and its density has dropped
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FIG. 4. Radius of the vacuum/plasma boundary, fraction of R axis in mm
mass not in a condensed phase and current in the core versus tin 20ns

from a 1D (r) simulation of a 15um aluminum wire on the IMP
generator.

by an order of magnitude from solid density. The expansion
also cools the electrons and ions back down to roughly roorr E
temperature, which means that the pressure drops to mucE
less than the perfect gas value, thereby reducing the rate ¢’%
core expansion and keeping it intact. Despite the low tem-N
perature, the density in the core is sufficiently high for the
material to have a large population of free electrons and
therefore the resistivity is low and the current density is high.
However, the small cross-sectional area of the core com- R axis in mm R axis in mm R axis in mm
pared to that of the corona, means that only 1.5% of the tota

. . 35ns 40ns 45ns
current flows in the core. Since the corona represents less
than 1% of the mass of the wire during this phase, the pres- F|G. 5. A series of mass density contour maps from a(@p)
ence of such a large fraction of the current rapidly heats theimulation of a 15um aluminum wire on the IMP generator.
surface plasma te-50 eV. As a result, the phase transition to
vapor and the first formation of surface plasma which occurs
at 3.5 ns is followed by unconfined, ballistic expansion of theld at 25 ns. The corona has been compressed onto the sur-

~1 _ face of the core, 6% of the current is now flowing in the core
fnuigﬁﬁqe ;:a;(r)n 2\? t X;elzotj]gd ;%e?neggnle(t)?cmﬁseldfcgeigm es which is sufficient to Ohmically heat the core materiab@

- i . .~ eV. As the core temperature rises, so does its resistivity and
sufficient tg cclnfnﬂ_ne ht.he gor(_)nal plasma, rapid EXpansioherefore the Ohmic heating rate escalates. The core contin-
ceases and sefl-pinching begins. . ues to expand at roughly the sound spéat this point

Figure 4 shows the self-pinching of the corona as illus-

X ~2500 ms? for ionization level~1 and T,~2 eV). The
trated by the trajectory of the vacuum/plasma boundaryyensity has dropped and the temperature increased suffi-

Compression of the corona material onto the surface of thgjently for the pressure to be close to the perfect gas value
core triggers a rapid increase in the fraction of wire materiaknroughout the pinciisee Fig. 1 Figure 3c) shows the
liberated from the condensed phase which prior to this tim&trycture after 40 ns, the core temperature and ionization
remained at 1% or less. The definition of a condensed phasgvel continue to increase slowly as a result of Ohmic heat-
is somewhat arbitrary for this particular model and is hereing. The core continues to expand, decelerating slowly in the
taken to represent any material where the electron pressuregesence of a negative pressure gradient. The corona retains
significantly depressed with respect to the perfect gas valughe majority of current and in this one dimensional result,
Analysis of the various heating and cooling rates occurringemains compressed onto the surface of the core. Whilst the
in the simulation indicate that this rapid increase is the resulcondensed phases of core behavior are long gone by this
of Ohmic heating in the wire core. Figure 4 also shows thetime, the majority of the mas@0% lies within 100um of
current in the core as a function of time. For the first 3.5 nghe axig remains in a cold, dense object which is held in
the current flows in a solid wire. Following the formation of check by the higher pressure of the much hotter and more
a conducting plasma corona, the core current gradually drogsnized corona.
as current is shunted into the corona. At 10 ns, the corona Experience of single wir&-pinch experiments suggests
has expanded te-400 um radius and has a resistivity of that the presence ah=0 MHD instabilities result in a sub-
~10 °Q m. The time-scale for magnetic-field penetrationstantial reduction in plasma confinement compared to Fig.
through the corona is therefore60 ns and hence the core is 3(c). During self pinching, the Alfve transit time across the
magnetically isolated from the rest of the system. The cor&orona drops from~50 ns at 10 ns to~5 ns at 20 ns.
current therefore remains crowbarred-at00 A until self- We would therefore expect self pinching to trigger rapid in-
pinching of the corona allows further magnetic-field penetrastability growth with the radial structure illustrated in Fig.
tion and the current increases rapidly. 3(c) being representative only of the neck regions of the
Figure 3b) shows the radial structure just after self pinch- instability.

Z axis in mm
7, axis in mm
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FIG. 6. Experimental and simulated laser Schlieren images for ani®luminum wire on the IMP generator.

VI. EXAMPLE RESULTS IN 2D The very high Alfven and sound speeds in the neck re-
ions and the large extent of the computational grid caused
y coronal expansion made the simulation of the late time
behavior of the experiment computationally prohibitive. The
simulation was therefore terminated after 50 ns.

Figure 5 shows a series of mass density maps from a 2[%
simulation of the same test problem of one/ 4 aluminum
wire on the IMP generator. m=0 instabilities are evident
from ~15 ns onwards, initially with~300 um wavelength,
evolving to longer wavelengths as the plasma expands, so
that the wavelength divided by the radial scale length re- Vil. COMPARISON WITH EXPERIMENTS

mains approximately constant. Rather than following a con-  the simulation and the theoretical models therein were

torted path in and out of the radial “flares” or "bulges” of honch tested by extensive comparison to experimental data
the instability, the current prefers to flow in the first available ¢, diagnostics, which probe both the corona and core plas-
straight line path, i.e., just outside the core. As a consemas This process was facilitated by post processing the
quence the flares of the instability are force free and almos;,uiation results to generate “artificial” diagnostic images

completely unconfined and continuously expand at roughlyyhich can be compared directly with the experimental data.
the sound speed. Initially, the “necks” of the instability fail

to penetrate the core which remains almost unperturbed.
Some necks apparently “bifurcate(as described in Refs.
[33] and [21]) into two separate necks moving away from  Figure Ga) shows three experimental laser Schlieren im-
each other in the axial direction. During the first 40 ns, de-ages from different discharges into 18n aluminum wires
spite the instability the structure remains consistent with then the IMP generatdias modeled in the last two sectigna
one-dimensional results described above. The majority of th& ns full width at half maximum(FWHM) pulse of Ruby
low density corona remains at 10—100 eV with the muchlaser(694.3 um) is used with a 52Qum circular stop. Gra-
high density and lower temperature core remaining intactlients in refractive indexa function of electron density and
and expanding slowly. At 45 ns the first penetration of anlaser wavelength deviate the laser light on its passage
m=0 neck into the core occurs. Since the current is nowthrough the plasma. Only light with refraction angles be-
constricted to flow in a very narrow region near the axis, theween 1.3 and 45 mra@etermined by the size of the stop
electron temperature in this neck reaches several hundrexhd the diagnostic aperture, respectiyelyaches the detec-
eV. The action of then=0 instability therefore serves to tor, thus providing two diagnostic cut-off contours, one in
bring the current and hence the high temperatures from thtéhe low-density corona and one in the high-density plasma
low-density coronal region down to the high-density core,adjacent to the core. Using a similar method to R21], a
resulting in a smal(~100 um) region that is simultaneously contour map of deviation angle was constructed from the
hot and dense and is therefore an intense source of safimulation data by integrating the perpendicular gradients in
x-rays. Experimental observations suggest that the brightefractive index along all chords crossing the two-
spots observed in x-ray streak photographs are coincidemtimensional grid. Whilst this method is valid for small de-
with the penetration of the core by the necks of the instabilityviation angles(<10 mrad, strictly speaking, for higher de-
observed in laser schlieren photograghd]. Despite the viation angles, it is necessary to follow the trajectory of laser
penetration of the core by the neck, the vast majority of thdight through the plasma using a ray tracing technique. In
length of the core remains intact. practice, however, the gradients of electron density adjacent

A. Laser schlieren photography of IMP experiments[11]
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§ 1207 5 0s and therefore the late time agreement between simulation
& Lo - and experiment is not as good as at early times.

z 80 T 06t
g jg' % 04} B. Soft x-ray back lighting of Cornell University Z-pinch
3 % ozl experiments
= i 8
< % AV S - ool et L ., et With a maximum acceptance angle of 45 mrad, the
204 <02 00 02 04 204 02 00 02 04 . . T .
Radius (nm) Radius (mm) plasma probing by optical lasers is limited by refraction to
11 oy . .
a) acis v b) Acius mm electron densities of 102®m? or lower. Probing with shorter

FIG. 7. Experimental—) and simulated-----) areal density wavelength, soft x-ray radiation allows diagnosis of much

profiles from x-ray backlighting ofa) a 13um aluminum wire with ~ Nigher density regions of the core plasma. Refereiit@s
2.6 kA after 140 ns anéb) a 40 um copper wire with 83 kA after ~and[34] describe the use of molybdenuxhpinches to gen-
53 ns. erate a short0.7—2 n$ burst of soft(2—-6 ke\) x rays and
how this can be used to produce absorption radiographs of

to the core are sufficiently high for the error in deviation high-density, single-wir&-pinch experiments. Since the en-
angle as a function of radius to be relatively small. Absorp-ergy of the probing radiation greatly exceeds the plasma tem-
tion of the laser by inverse bremsstrahlung is also calculategerature in the dense core, the absorption process is the same
along chord lengths. Significant absorption is only found toas in solid aluminum. Therefore, the optical film density in
occur at smaller radii than the 45 mrad cut-off contour andk-ray back-lighting images can be compared directly to that
therefore refraction is thought to be the only important pro-obtained using an aluminum coated step wedge during the
cess in determining the appearance of the simulated imagesime shot to give absolute measurements of areal density.
in Fig. 6. These data can then be compared to integrals of mass density

A visual comparison of experimental and simulated im-along chord<f p dl) through the 2D(,z) simulation grid.
ages shows good agreement at early times. More quantité&igure 7 shows a comparison of simulated and experimental
tively, the corona minimum and maximum radii and the in-areal density profiles for two very differe@tpinch experi-
stability wavelengths agree to within 20% throughout thements(a 13 um aluminum wire with 2.6 kA after 140 ns and
first 50 ns. In addition, the initial coronal expansion and selfa 40 um copper wire with 83 kA after 53 nsin both cases
pinching illustrated in Fig. 4 can also be seen in the trajecthe level ofm=20 instability imprint on the core at the time
tory of the 1.3 mrad contour, which reproduces the behavioof diagnosis was negligible. In contrast to the simulation of
of Fig. 7 of Ref.[11]. The delay between the start of current IMP experiments described above, the simulation of the low
flow and the onset of significant x-ray emission, core expaneurrent, aluminum wire predicts slightly less core expansion
sion, and instability developmeribften referred to experi- than observed experimentally. Absolute measurements of ar-
mentally as the “dwell time’j is reproduced in simulation eal density are not available for the copper experiment and
and corresponds to the self-pinching time of the corona. Théherefore the ordinates in this graph have been self normal-
expansion of the core is, however, noticeably faster in simuized to provide the best apparent fit with the simulation. The
lation than in experiment. In additiofand probably as a size of the core, however, is in good agreement.

~ w

Z Axisin mm

[
s

0 s
2.0-15-1.0-05 0.0 0.5 1.0 1.5 2.0
R Axis in mm

2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0
R Axis in mm

Experiment at 51ns Simulation at 51ns Experiment at 85ns Simulation at 85ns

FIG. 8. Experimental and simulated laser schlieren images for gub®@luminum wire on the Cornell generator at 51 and 85 ns.
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1.8 .- e T - — pansion of both the corona and core is the time taken to heat
L . this massive wire to the vaporization temperature.
Lar + Core Min. - -

T I x cCoreMax. o VIIl. RELEVENCE TO WIRE ARRAY

E 190 CoronaExp. W o * Z-PINCH EXPERIMENTS

2 08T Core Exp. ..“' ° d % )

g 06f e ! x AR Having demonstrated that the model can reproduce most

 04f : * x ¥ of the behavior of single wire experiments it then becomes
02r g interesting to use this model to describe the ablation and
0.00—5 2*0" m = PSET— instability behavior of a single wire in a wire arr&ypinch.

It must however be stressed that the following results should
be considered qualitatively, since experimental data for wire

FIG. 9. Comparison of experimental and simulated core andarrays[14,15 clearly indicates that the magnetic-field geom-
corona expansion velocities for a 1@0n aluminum wire on the etry results in a noncircular plasma cross section that modi-
Cornell generator. fies the evolution of the ablation and instability compared to
single wire experiments.

Figure 10 shows mass density contour maps for one of 16,
15 um aluminum wires on the MAGPIE generator, one of
24, 25 um aluminum wires on the SATURN generator, one

The most severe test of the code comes from testing itsf 64, 15 um aluminum wires on the SATURN generator
ability to reproduce the behavior of both core and coronabnd one of 240, 7..um tungsten wires on th& generator. In
plasma simultaneously in the same experiment. Experiment@ach case the results are plotted at the beginning of the im-
test data for this comes from Rd6] in which a subnano- plosion phase at a time when the equation of motion for the
second, 337 nm, nitrogen laser akdinches consisting of array suggests that the wires have moved 5% from their
various wire materials were used to probe 1060 aluminum  original radial position(8 mm for MAGPIE, 8.6 mm for
wire Z-pinches(driven by a 100 ns, 145 kA currémat vari-  SATURN, and 20 mm foZ). In each case in Fig. 10, a dense
ous times in different discharges. In the schlieren system, wire core retains the majority of the mass within a few hun-
pinhole obscured all laser light with a deviation angle greatedred microns of the axis and persists at least up until the time
than ~10 mrad providing a single cut-off contour in the at which global implosion would start. In the case of 24, 25
higher density regions of the corona. Whilst the x-ray back-um aluminum wires on the SATURN generator, in which
lighting images obtained in this experiment were not absothe current per wire is by far the largest, time=0 instability
lutely calibrated, the contrast in film density shows a steeplevelopment in the corona is sufficient to penetrate the core
gradient at the core/corona boundary, which means that th@ee below. In the three other cases, the dense core and
apparent core radius can be readily identified from the simuhence the majority of the mass remain unperturbed at this
lated [ p dl. Figure 8 shows a visual comparison of thetime.
experimental and simulated laser schlieren images indicating The discrepancy between the single wire behavior of
good agreement. The large wire size means thaintked  these simulations and the instability behavior of wires in an
instability is not visible in the back-lighting images as it doesarray becomes readily apparent when comparing Fi¢a)10
not begin to imprint on the wire core untit70 ns and does with the laser probing images in Refd4] and[15]. In simu-
not penetrate through the core at all during the current riséation, the average wavelength of the instability increases
time. Figure 9 shows a comparison of the experimental coreontinuously as the corona expards in Sec. V) reaching
and corona expansion velocities with points taken from theseveral mm at the beginning of the implosion. In experi-
simulated diagnostic images. For each simulated diagnosticrents, coronal plasma liberated from the wire cores is accel-
minimum and maximum radius is shown corresponding tcerated towards the common axis in the form of radial plasma
the necks and bulges of te=0 instability. In contrast to streams. The plasma cross section around each wire is highly
the IMP experiments described above, the delay in the exaoncircular with the effective “radius” having a different

Time (ns)

C. Simultaneous laser schlieren and soft x-ray
back lighting [6]

FIG. 10. Mass density contour
maps (contours as in Fig. 5for
(@ 16X15um aluminum wires
on MAGPIE, (b) 24X 25 um alu-
minum wires on SATURN,(c)
64Xx15um aluminum wires on
SATURN, (d) 240X 7.5m tung-
sten wires orz.

Z axis in mm
7 axis in mm

0 1 2
R axis in mm R axis in mm

R axis in mm



4378 J. P. CHITTENDENEet al. PRE 61

evolution to that of a single wire. The instability exhibits an  Experimental observationjsl5] and simulationg19] in
almost constant-0.5 mm wavelength from early times right ther-6 plane both indicate that the coronal plasma is con-
up until final implosion. The structure of this 0.5 mm mode tinuously swept away from the wire cores and injected into
is highly periodic, implying a much narrower spectrum of the interior of the array in the form of radial plasma streams.
wavelengths than in single wirgspinches. The applications This mass injection again acts as an x-ray pulse broadening
of the simulation to modeling wire arrag-pinch experi-  mechanism as the final implosion must compress a distrib-
ments are therefore Ii.mited to 9stablishing trends in behavi%ted radial density profile before reaching the axis. Expan-
as functions of the wire material and the current per wire. gjon of the plasma coronas from each wire results in an early
merger of this low-density material in the interwire gap.
However, this merger cannot prevent mass injection as the
j X B force rapidly accelerates this low density material be-
A wide variety of experimental data suggest that the detween the wires into interior of the array. If, however, merger
gree of implosion symmetry and hence the peak x-ray powegf higher density material occurs, then the injection of ma-
obtained, can be improved by keeping the total implosioneria| is slower. The plasma densitgr more appropriately
mass constant and using larger numbers of finer wires. Ane mass per unit length along the circumfereératehe mid-
particularly marked example of this is the case of aluminumygint petween wires is therefore a measure of the plasma
wire arrays[1,35] on the SATURN generator which showed merger and the anticipated level of mass injection. In the
a transition in the dependence of x-ray power upon Wir€ytreme case when the wire cores expand sufficiently to
number at around 40 wirggorresponding to & 1.4 mm in- merge prior to implosion, then whilst some mass injection
terwire gap for an 8.6 mm radius arjay _ _will occur prior to merger, the final implosion itself will be
Two obvious mechanisms for broadening the implodingot 5 moderately uniform, high-density plasma shell. This
plasma shell and hence broadening the x-ray pulse rise timgntrasts with the strongly modulated azimuthal structure
are, the injection of mass between the wires into the interiofyhich occurs in wire array implosions where no significant
of the array during the plasma formation phase and the demnerger occurs and the wires remain discrete.
velopment of a 3D magneto-Rayleigh-Taylor instability dur-  The simulation results for the SATURN wire number scan
ing the implosion phase. Whilst we cannot address either gfgicate a general trend towards increasing plasma merger in
these phenomena directly using this model, we can investine inter-wire gap and therefore increasing azimuthal unifor-
gate the ablation, expansion and instability development ifyjty with increasing numbers of wires. For example, for the
individual wires (which are responsible for their develop- 24 and 64 wire cases illustrated in Figs(0and 10c), the
men and examine how the magnitudes of these effects vanyass per unit azimuthal length at the midpoint between the
with the number of wires. In the 2D(z) results presented \yjres and at the start of implosion, is 3% and 10%, respec-
here, which do not include the effects of interaction betweeRjyely of the average value one would obtain for a homoge-
neighboring wire plasmas and the global magnetic field, scalyegus plasma shell. The degree of plasma merger for 64
ing with the number of wires simply equates to scaling withyyires and above is probably sufficient to significantly reduce
the current per wire. . . mass injection in the plasma formation phase and therefore
Simulations of single aluminum wires were conducted foryegyits in the final implosion structure approaching that of a
arrays used in a wire number sci8b] on the SATURN  hlagma shell.
generator  (1&30um, 24x25um, 32X20um, 64 It is interesting to note that in the simulation of a tungsten
X15um, and 136&10um wires. Whilst the total mass of yire in an array on th& generatofillustrated in Fig. 10d)],
the arrays was held roughly constant, the current per wirgiespite substantiah=0 activity in the corona, the core has
varied by a factor of 8.5. The results show that the amount oot heen penetrated. The core diameter, however 150
core material transferred to the corona and the corona expalm and remains much less than the interwire ¢&@4 um
sion velocity were both weak functions of the number oftor 5 40 mm diameter arrayThe mass per unit azimuthal
wires. As a result, with fewer wires, the higher current perjength at the midway point between the wires being 1.7% of
wire results in higher temperatures, sound speeds andilfveihe average. Thus whilst the wire number is sufficiently high
velocities in the corona. Therefore, with fewer wires, the g effectively reduce the MRT seed perturbation amplitude, it
=0 activity is higher and the instability reaches sufficientjs not sufficient to eliminate mass injection in thed plane
nonlinear development for penetration of the wire core toang therefore this could well be the dominant x-ray pulse

occur prior to implosionlcompare Figs. 1®) and 1Qc)].  proadening mechanism in these experiments.
Since at the start of implosion the vast majority of the mass

remains in the wire cores, there is a substantial dlfferen_ce in IX. DISCUSSION

m=0 perturbation amplitude between cases where the insta-

bility occurs in the corona only compared to cases where the By the addition of relatively simple models for the equa-
instability penetrates the core. Consequently one would extions of state and dense plasma transport coefficients into a
pect lower seed levels for the magneto-Rayleigh-Taylor in+esistive MHD code, we have obtained a fair reproduction of
stability and hence shorter x-ray pulse rise times and higheexperimental data for single metallic wigepinches. This is
x-ray powers for larger numbers of wires. In simulation, thedespite significant regimes of inaccuracy and uncertainty in
transition in perturbation amplitude occurs for this wire num-both models. The sensitivity of the final results to the uncer-
ber scan between 32 and 48 wires, which is coincident withainty in these models was examined by, for example, vary-
the experimentally observed transition in x-ray powerd0  ing the resistivity in the condensed phase around 1 eV by an
wires for 8.6 mm radius array4,35]. order of magnitude. These somewhat extreme changes re-

A. Scaling with the number of wires in an array
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sulted in only modest variation$actors of 2 in the expan- increasing this parameter. In addition, the core expansion
sion velocities of corona and core with the qualitative resultgpredicted for low-current aluminum wires is, by contrast, too
of persistence of the core/corona structure and the dominan&ow. Therefore, it is unlikely that a single simple modifica-
of the m=0 instability remaining unchanged. One possibletion can be used to improve the agreement between simula-
explanation for this apparent insensitivity may be that thetion and experiment over a wide range of parameters.
periods over which these models have a strong influence are The nonlinear behavior of then=0 instability experi-
quite short. mentally observed in wires in an array is very different to
The radial profiles of pressure in Fig(k3 indicate that that observed in smgle—wwe experiments and to that simu-
after 25 ns, the plasma pressure is approximately matched Bted here. Work to include the equation of state and trans-
the perfect gas pressure even in the high-density core arfdP"t Models described here into a 3D resistive MHD code is
therefore the complex equation of state model becomes ré)_resently underway in order to provide more quantitative

dundant. The differences between the transport model an@og.e“n?tqf thesgthexpe.rllmentsa.t. 0 Wi .
Spitzer-like behavior persist until later in the simulation. imuations with simifar conditions to wires in an array

However, the vast majority of the current is flowing in the TShOW a general trend in the plasma structure at the start of

corona and the only significant application of the complexImpIOSIon from discrete wires with large=0 perturbation

transport model is in determining the Ohmic heating rate inamplitudes to partially merged wires with smaller perturba-

the core. tion amplitudes as the number of wires is increased. Results

During the first few nanoseconds, volume heating of thefso';_l‘:"uvé"r\le numbetr scan W't? tf;]llutrr:;]numbwwe a(\jrrazs or][ the
wire material to its vaporization temperature is followed by generator suggest that the observed sharp fransi-

the rapid formation, explosion and self pinching of a coronalfon © high X-ray power at aroun_d 40 WIres corresponds to a
harp decrease im=0 perturbation amplitude and hence a

plasma. During this phase a modified Thomas-Fermi modet d in th d bation for the Ravleiah
is required in order to correctly model the condensed phase]%harp ecrease in the seed perturbation for the Rayleigh-

in the wire core. Thereafter, the evolution of the pinch is a}ll_lﬁr |n|stab|I|ty. . locity i inch
consistent with that of a cold dense plasma expanding at the e slower core expansion velocily in tungsten pinches

sound speed surrounded by a much hotter and lower densi mparfeg‘lgo stlumlntum, Teans_ that fc;:]g 40 mr‘? diameter
corona, which contains the current and is magnetically con? rray o , 7.3um tungsten wires on generatofsee

fined butm=0 unstable. The modeling of this phase could Fig. 1Q(d)] significant mass injection and azimuthal modula-

be approximated by a perfect gas equation of state and mudiP" of the implosion structure s to be expect_ed. A2|mut_hal
simpler transport models modulation could be eliminated and a shell-like implosion

The results are in fact more sensitive to inaccuracies ifpiUcture obtained by using sufficient numbers of wires

the treatment of the more “conventional” problem of radia- '~84(')i\for merger tqf trl;(la W'Tf cor;e_s to octigrbprl?rr] to |mplc;-

tion loss. The only substantial radiation emission from these'ON: A MOTe practicablie aternative would be the use of a
pinches comes from the x-ray bright spots formed in theore_-pulse current to expand the wire cores prior to the apph-
necks of them=0 instability. However the radiation loss is cation of the main current pulse. After vaporizing, the wire

; ced =1
also important in determining the electron temperature in th&Ores expand at r_oughly their so_und speed00 ms .) and
would cross the interwire gap ir-500 ns. Increasing the

low density coronal plasma and therefore affects the expan o ; .
Y P b re-pulse current does not significantly change this velocity

sion and instability development. The model described i :
Refs.[26] and[27], assumes complete transparency of the ut simply serves to heat the corona and therefore once the

lasma and is strictly speaking onlv aoplicable for ver IowWireS have been vaporized, the_ prepulse current serves little
gensity plasmas. Inypr[;ctice,gthe ):na?grity of the pinych isﬂthher purpose and can be switched off. Applying a slowly

optically thick to part of the line spectrum and therefore this"'SN9: Iow—amphtude current would result In negI|g|bIe In-
model overestimates the radiative cooling. stability growth during the prepulse phase. Simulations using

The most significant discrepancy between simulation an&he model described above suggest that if a shell-like implo-

single wire results presented here is the expansion and lorpon 1S deemed necessary, it can be achieved by applying a

gevity of the aluminum wire core in the IMP experiment. prepulse current of-1 kA per wire over a 100 ns time scale

Since Ohmic heating is the dominant mechanism in deter‘:Jlnd then waiting 500 ns before applying the main current

mining the core temperature, it is most likely that inaccuracypU|Se'
in the resistivity is responsible, particularly as the core
plasma parameters are in the regime of greatest uncertainty.

By decreasing the minimum electron mean free path used in The authors gratefully acknowledge many interesting dis-
Ref.[22] to less than the inter-atomic separation, the expaneussions with scientists from Sandia National Laboratories.
sion of the core can be reduced. However, this is a somewhdthis work was supported by AWE Hunting-BRAE by the
arbitrary modification and is contrary to the findings of otherU.K. EPSRC, and by the U.S. DOE under Contract No. DE-
authors[36] who obtain better fits to experimental data by FG03-98DP00217.
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