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Abstract

Supersonic jet production in conical wire ariaypinches is modeled using a two-dimensiof2d) resistive magneto-
hydrodynamia MHD) code. In conical wire arrays, the converging plasma ablated from the wires stagnates on axis,
forming a standing conical shock which redirects and collimates the flow into a jet. As the jet exits the collimator shock,

it is radiatively cooled and accelerated by the steep thermal gradients present. Purely hydrodynamic simulations using
conditions relevant to the MAGPIE facility show good agreement with the experinieetsedevet al, 2002,
indicating that narrow, high Mach numb@v ~ 20), radiatively cooled tungsten jets of astrophysical relevance can be
obtained. To investigate the effects of lower radiative cooling on jet collimation, we modeled an aluminum conical wire
array. When radiative losses are less significant, lower Mach nu@iber10), less collimated jets are obtained. MHD
simulations relevant to the “Z” facility were carried out to investigate the scaling of jet parameters. The resulting
hypersonidM ~ 40), high density jets should allow the investigation of a wider range of astrophysical jet conditions.

Keywords: Jets and outflows; Laboratory astrophysics; Wire a#gyinches

1. INTRODUCTION The goal of laboratory astrophysics is to reproduce in a
controlled laboratory environment conditions and processes
which may be scaled to the astrophysical context, thus pro-
viding a further testbed for both theory and numerical mod-
els. Similarity criteria between the equations governing the
astrophysical and the laboratory processes were discussed
by Ryutovet al.(1999, 200}, both in the hydrodynamic and

& Livio, 1994; Sahai, 200D These flows are generally magneto-hydrodynamic regimes. In the past few years, a
characterized by high Mach numbéh$ = 10), and they are 9 y y eg ) P Y "
number of scaled experiments have been conducted using

well collimated and narrow, with length-to-width ratios thati tense lasers. These studies mav helo to shed some liaht on
can be 100 or more in Herbig—Haro jets, which are Iaunchecp ' y help 9

by newly formed staréReipurthet al, 1996. Although the a variety of issues: core collapse and r.emnants in super
L A novae, gamma-ray burst, and planetary interisee Rem-

collimation of these jets is not completely understood, nu- :
. . - . ington et al, 2000, for a review Recent work has also

merical calculations suggest that radiative cooling may play

a fundamental roléBlondin et al, 1990: Stone & Norman, shown the feasibility of producing radiative jets of astro-

hysical relevancéFarl [, 1999; Shigemoret al.
1993; Mellema & Frank, 1997 Other examples of un- P ys.ca elevancéFarley et al, 1999; Shigemoret al,
. . 2000; Stoneet al, 2000.
resolved issues are the dynamical effects of the magnetic . . . L
. . R o A novel approach in generating radiatively cooled jets is
fields, the role played by instabilities in jet-ambient inter- | . . : . ! ) !
. : . .. by imploding conical wire arrays usingZpinch machine
actions, and the nature and evolution of the high density . .
. . .. {Lebedewet al,, 2002. In these experiments, it was shown,
knots observed along the jet beam. In this context, the abilit . - .
X . — . or example, that the importance of radiative cooling on the
of carrying out scaled experiments is highly desirable. . : . . .
jet evolution and therefore its dynamical properties can be
. - adjusted by an appropriate choice of wire material. In this
Address correspondence and reprint requests to: A. Ciardi, Plasma Phys- . | h Its f h . | d
ics Group, Blackett Laboratory, Imperial College, London SW7 2BZ, U.K. article we present the results from the computational mod-

E-mail: a.ciardi@ic.ac.uk eling of the jets produced using conical wire arrays. The
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Many astrophysical objects have highly collimated out-
flows (jets) associated with them. They are found in a vari-
ety of environments: in active galactic nuc{&iGN; Leahy,
199)), in young stellar objectéYSOs; Mundtet al,, 1987;
Reipurthet al, 1997), and in planetary nebuld®Ns; Soker
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article is organized as follows. In Section 2, we describe theher— plane it appears that little magnetic field is presentin
experimental setup and the formation and launching of jetshe stagnated plasma or in the jets produ¢gdittenden

in Z-pinches. The model employed in the simulations ancet al., 1999. Whether this field is dynamically important is
the initial conditions are described in Section 3. Section 4one of the issues that are currently being investigated.
deals with the results of the simulations, and in Section 5, we The supersonic coronal plasma streams converge on the
present our conclusions and discuss these results and thgis forming a standing conical shock, which redirects and
possibility of scaling the experiments to the astrophysicakollimates the flow in the axial direction. The flow then
environment. exits the collimator shock and a jet is launched into the
region above the anode plate. Figure 1b shows the soft X-ray
self-emission at 195 ns from the conical shock produced in
an aluminum conical wire array. While the kinetic energy
associated with the radial velocity of the flow is thermalized
The schematic of the experimental configuration is showrand radiated away, the axial momentum is conserved by the
in Figure 1a. The load, consisting of a conical array of thinjet. Figure 1c shows a Schlieren image of a tungsten jet at
metallic wires, was electro-magnetically driven on the MAG- 313 ns(see Lebedeet al,, 2002.

2. JET FORMATION IN
CONICAL WIRE ARRAYS

PIE pulsed power facility at Imperial Colleg®litchell etal,, In astrophysics, the hydrodynamic mechanism of jet for-
1996. A review of Z-pinch machines and the physics in- mation through the convergence of conical flows was inves-
volved can be found in Ryutost al. (2000. tigated by Cantet al.(1988 in the context of jet production

Apeak current of 1 MAwith a 240-ns rise time is applied in YSOs. They showed that narrow, well-collimated jets can
to the conical wire array. Within a few nanoseconds of thebe produced by a standing conical shock. Further work rel-
start of the current pulse, the wires are converted by resisevant to YSO and PNs on the mechanism by which conical
tive heating into a heterogeneous structure consisting of ahocks can arise naturally in stellar wind blown bubbles was
cold dense core surrounded by a ke®5 eV) low density  articulated by Frankt al. (1996. Recently, observations of
(ne ~ 10'7 cm~3, wheren, is the electron densilycoronal ~ what appears to be an asymmetric stellar wind collimated
plasma(Lebedewet al, 1999. The net] X B force, gener- into jets by a pair of conical shocks in a proto-PN were
ated by the global magnetic field, accelerates the plasmeeported by Borkowski and Harringtg2001).
towards the axis, and the persistence of the wires’ core dur-
ing the _current pulse progiuces a cpntmuc(usZOO n% 3. THE MODEL
converging plasma flow with a velocCitysyeams~ 1.5-10
m s ! and a corresponding Mach numidr~ 5 (Lebedev  The model used is based on the @Dz) resistive magneto-
etal, 1999. Because of the current pulse short rise time, thenydrodynamiog MHD) code described by Chittenden al.
majority of the current flows in the path with the smallest (1997 and Bell (1994). Explicit hydrodynamics is per-
inductance at the largest radius, thus remaining in the proxtformed on an Eulerian grid using second order Van Leer
imity of the wire cores. Based on 2D MHD simulations in advection(as interpreted by Youngs, 1982Reflective

Jet

Conical

Plasma
Streams

Wires/

tiﬁlfb

Fig. 1. a: Schematic of the experiment; the global magnetic fiielhd the currenitare also shown. b: Soft X-ray self-emission from

the conical shock produced by an aluminum conical wire array on MAGPIE at 195 ns. Thenlp®lycarbonate filter used provided

a transmission window between 180 and 290 eV. c: Laser probing image of a tungsten jet on MAGPIE at 313 ns showing propagation
of the jet above the anode plate.
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boundaries conditions are used at the axis of symmetry, witAccelerated towards the axis during the current pulse. We
free-flow conditions at the other boundaries. The thermaktress here that in cylindrical wire arrays, the load is de-
and magnetic-field diffusion are backward differenced andsigned so that the wires run out of mass at about the peak
solved implicitly by quin-diagonal matrix solution using the current, and the magnetic field then implodes the whole
ICCG iterative method of Kershayd978. The model is array. In the jet experiments with conical arrays, we want to
two temperature with the ion and electron energy equationmaximize the time of plasma injection; therefore the array is
coupled by an equilibration term. The different ionization “overmassed” such that the wires do not run out of mass
stages are calculated assuming local thermodynamic equituring the current pulse and the array does not fully im-
librium (LTE). Radiative effects are modeled by simple plode. For a conical array, the mass ablation rate per unit
optically thin recombination radiation losses modified tolength at a positiox along the wirgwith x = 0 at the base
include a probability of escape, allowing a smooth transitionof the wirg is given by(see Section Il in Lebedest al,
to black-body emission in the dense regions. Material with £2001)
density below 104 kg m~3is identified as vacuum, and itis
given an artificially high resistivity and thermal conductiv- dm 10°7(1(1))?
ity, ensuring that it is isothermal and current free. dt  (Ro+ XSiN(0)) - Veyreams @

In the very early stages of the current pulse, the inter-
action on axis of the ablated plasma cannot be correctlyvheref is the angle between the wires and ghexis, | (t) is
described by the fluid and LTE assumptions. The density othe current, an®, is the smaller radius of the array. Injec-
the converging plasma is too low, and the mean free path dfon of the plasma through the boundary, onto the computa-
the ions is large compared to the typical scale length of théional grid, was implemented using EQ.) with vsyeams=
system(e.g., the size of the precursor plagntsgowever, the  1.5.10°m s ! and a current waveform relevant to the MAG-
rapid increase in density in the plasma streams and therefoRIE generator. The hydrodynamic simulations were carried
of the plasma on axis insures that within a short time, comeut on a grid with 80 radial and 300 axial cells with a
pared to the time scale of the process, the density increas@é90-um resolutionan example, discussed later, is shown in
considerably and the plasma becomes highly collisionalFig. 2). Injection of plasma at the outer radial boundary was
Thus the LTE and fluid assumptions become valid and thelso timed, from the start of the current pulse, to mimic the
model described can be correctly employed. arrival of plasma from the wireséwhich are completely

Two types of simulations were carried out: MHD and outside the computational gpitb the boundary. The conical
purely hydrodynamidi.e., with the magnetic field turned arrays used in the experiments and considered in the simu-
off ). Injection of coronal plasma onto the computationallations presented in this article are composed of 16 wires
grid was implemented according to a phenomenologicainclined at an anglé = 30° with respect to the-axis. The
model of ablation rate presented by Lebede¢wal. (2001). height and the smaller diameter of the array are 10 mm and
This model takes into account the experimental evidenc&®, = 8 mm respectively; the diameter of the wires is/ 25
that only a fraction of the mass of the wires is ablated andor aluminum and 18m for tungsten.
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Fig. 2. A series of logarithmic mass density contour maps from &2R) hydrodynamic simulation of a tungsten conical wire array
on MAGPIE.
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We also present here some preliminary MHD simulationsand propagates into the vacuum, it expands due to its large
results relevant to the “Z” facility at Sandia National Labo- “overpressure.” A freely expanding supersonic jet diverges
ratories(peak current- 20 MA with a 120-ns rise timefor ~ at an angle given by
a conical array composed of 120 tungsten wires with a
30.5-.um diameter; the smaller radius of the array is 10 mm (1
and the wires are inclined at an angle- 3¢°. In the MHD ¢ = 2tan <_> @
simulations(Fig. 3) material was sourced on the computa-
tional grid according to Eq1) with vgyeams= 2.5-10°m s74, whereM is the local Mach number of the flow. For a tung-
which is consistent with the experimental observation ofsten jetM ~ 20, giving a divergence angie~ 6°. Figure 4a
precursor plasma on axi€unecet al, 2001). The magnetic  shows, for the same simulation, the axial profiles of temper-
field was set at outer radial boundary using an experimentaiture and density averaged over the first five radial cells at
current waveform(Cuneoet al, 2001). Because of the 290 ns. The jet formation region extends frea® mm to
more demanding computational time requirements, due te-18 mm. Within this region, the small negative axial gra-
the inclusion of the magnetic field, a lower resolution of dients are a direct consequence of the different mass abla-
200 um on a grid of 100X 150 cells was employed. Al- tionrates along the wires and, therefore, of the axial variation
though such a low resolution underresolves the importandf plasma density just upstream of the shock. In particular,
structures in the jet, in particular the conical shock, thesehe shock strengttdefined as the ratio of the downstream
simulations are primarily intended to investigate the scalingdensity to the upstream densitg constant along the length
of the jet parameters to a larger facility. of the conical shock~40), with small variations being
produced by both the varying opening angle of the conical
shock, which determines the upstream shock velocity, and
by the postshock equilibrium temperatu(€anto et al.,

The time evolution of a tungsten jet is shown in Figure 2. At1988. As the flow exits the collimator shock it expands,
200 ns(Fig. 23, a dense plasma has already stagnated oteading to rarefaction and cooling of the plasma. The cool-
axis and a standing shock begins to form. As the convergingng length(the distance over which the temperature drops to
plasma crosses the shock, the kinetic energy associated wisome lower equilibrium values |, ~ 2—3 mm. Expansion

its radial momentum is thermalized, while the axial momen-alone is not sufficient to produce such a short cooling length;
tum (tangential to the shogks conserved in the compressed in fact, simulations where the radiative losses were switched
flow. The flow is then redirected and collimated into a jet by off suggest a cooling length of at leas.2 mm. Therefore,
the now well-developed conical sho€kig. 2b,9. loniza-  cooling of the jetis dominated by radiative losses, at least in
tion also occurs across the shock; the average ionic chargelisgh Z elements. As the jet rapidly radiates away its thermal
Z* ~ 10 in the plasma streams a#&d ~ 22 in the conical energy, a steep negative pressure gradient is set up which
shock. As the jet leaves the formation regi@r 18 mm) acts to accelerate the jet over a length,, with the accel-

4. SIMULATIONS RESULTS
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Fig. 3. Logarithmic mass density contour map at 170 ns from & 22) MHD simulation of a tungsten conical wire array on “Z.”
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Fig. 4. Axial profiles at 290 ns, averaged over the first five radial cells, from &2@) simulation of a tungsten conical wire array on
MAGPIE. a: Density(——) and temperaturé.----J. b: Pressuré&——) and axial velocityV, (----- ).

eration being more efficient the lower the density. There-for the same simulation at 240 ns the axial profiles of tem-
fore, because the density of launched jet material increasgzerature, density, axial velocity,, and pressure averaged
with time, the axial velocity, increases along the jet axis over the first five radial cells. Again, the jetis accelerated as
(Fig. 4b. Also along the jetz= 20 mm), both the temper- it exits the conical shock, but the less efficient radiative
ature and the effective chard&"* ~ 12) are constant, indi- cooling means that the temperature drop is less steep than
cating that the Mach number is also increasing, thus leadingpr tungsten, and an effective chargé ~ 7 is obtained

to a differential expansion of the jet. The head of the jetalong the jet. The cooling length, as the temperature drops
(M ~ 20), formed earlier in time when the opening angle of from ~40 eV to ~25 eV, isl, ~ 10 mm for aluminum,

the conical shock was small, will therefore maintain its compared td. ~ 2 mm seen for tungsten. In Lebedetval.
shape almost unchanged, while the jet beam near the ba$2002, an emission length of~7 mm for aluminum and

(M ~ 6) will expand considerably more and from a larger ~2 mm for tungsten was observed. The less efficient radi-
initial size. This apparent negative angle of convergence attive cooling in aluminum produces a lower Mach number
the jet tip was observed experimentally in tungsten jets byflow than in tungsten. Along the axig = 20 mm) in fact,
Lebedevet al. (2002; also see Fig. lcan estimate of the
Mach number was also given in the rarige~ 20.

To investigate the role played by radiative losses on the
dynamics of jet formation and propagation, we have carried
out a series of simulations for a low&relement, namely
aluminum. A typical jet produced is shown in Figure 5. The
hydrodynamic process of jet formation is similar to that of a
tungsten wire array, and here we show the aluminum jet at
240 ns, when its propagation length is about equal to that of
atungsten jet at 260 ns. To take into account the experimen-
tal evidence that in aluminum wire arrays a precursor is
visible about 20-30 ns earlier than in tungsten wire arrays
(Lebedewet al, 1999, a time lag between the two simula-
tions was introduced by delaying the injection of plasma at
the radial outer boundary. The simulations show that for a
low Z element, a significantly less collimated and wider jet
is produced. The diameter at the base of the jetds-5 mm
(240 n3g compared to-2—-3 mm(260 ng of a tungsten jet.
The experimental values measured from the X-ray self-

emission at the base of the jet ar@.5 mm and~2.5 mm
for aluminum and tungsten respectivelyebedevet al,
2002. Density in the conical shock is lower in aluminum,
indicating a weaker shock strength fL7. The ionization
of the plasma across the shock goes frédin~ 5 in the

864202468
R axis [mm)]

240 ns

Fig. 5. Logarithmic mass density contour map from a 2Dz) hydro-

plasm_a §treams_t2)* ~10 i'j‘ the (_:oni_cal shock. The. effects gynamic simulation of an aluminum conical wire array on MAGRSEN-
of radiative cooling are evident in Figure 6a,b, which showtours as in Fig. 2
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Fig. 6. Axial profiles at 220 ns, averaged over the first five radial cells, from d2B) simulation of an aluminum conical wire array
on MAGPIE. a: Densitf{——) and temperaturé----J. b: Pressuré——) and axial velocity\; (----- J.

the Mach number for an aluminum jet varies frdfn~2to  jetis strongly dependent on the radiative losses, with Eigh
M ~ 10, leading on average to a larger divergence angle. elements producing narrow and better collimated jets.

To investigate how the jets would scale to a larger facility, The global properties of laboratory and astrophysical jets
we have run a series of low resolution MHD simulationscan be characterized by three dimensionless parameters
relevant to the “Z” generator. The evolution of the jet is (Blondin et al, 1990: the Mach numbeM, the cooling
qualitatively similar to that shown in the hydrodynamic sim- parametery = |./re; (defined as the ratio of the cooling
ulations. Acomparison between some of the jet's parametergngthl, to the jet radius;), and the density contragt=
obtained for MAGPIE and “Z” conditions are shown in pjet/pambient(defined as the ratio of jet to ambient dengity
Table 1. While the length and size of the jets are comparabl&ypical values found in astrophysical jets aw > 10,
for the two facilities, higher velocitiese, ~ 5-10° m st y =1 andn = 1. From the simulation, we conclude that the
and higher densities;e; ~ 10 kg m 2 are expected for the tungsten jets produced have comparable dimensionless pa-
jets on“Z.” Radiative cooling is still dynamically dominant, rametersM = 20 andy = 1, the density contrast in these
giving rise to hypersonic jets witM = 40 and a kinetic experiments is not defined since the jet is propagating in
energy of~100 kJ. vacuum. In particulary can be “adjusted” in the experi-

ments by introducing a target plasma. Preliminary jet—target
interactions have been carried out by Lebedeal. (2002
5. CONCLUSIONS using side and end-on thin-foil solid targets. In the experi-

We presented a series of simulations of jets produced by th®€nts, the jet was observed to interact with the radiatively
implosion of conical wire arrays on the MAGPIE generator, 20lated plasma from the targets in what actually appears to

The results, which reproduce the experiments well, shoW€ @ collisionless interaction, at least with the side-target
that collimated, high velocitye, ~ 2-10° m s ™%, high Mach conflgurat_lt_)n vyhere the jet is seen to pend. _Sca_lllng to a
number jetsM ~ 20) are produced by the convergence of larger fac_lllt_y like “Z” _would _allow the investigation of
conical plasma flows. The standing conical shock formed orflYP€rsonic jet-target interaction for a wider range of den-
axis acts to redirect and collimate the flow into a jet. Fur-Sity contrast. Furthermore, the higher densities obtained in
thermore, radiative cooling of the plasma sets up a steeB‘e jet should result in jet—target interactions in the colli-

pressure gradient that accelerates the jet as it exits the fopion@l regime. A second set of dimensionless parameters,
mation region. It was also shown that the collimation of theWhich need to be taken into consideration when scaling to
astrophysics, regard the role of dissipative processes in the

plasma and its departure from an ideal fluid. These param-
eters are considered in detail in Lebe@¢al. (2002, where

Table 1. Jet parameters on MAGPIE and “Z” itis shown that their values are within the correct regime for
— the scaling requirements.

Facility Radius Length  Velocity Density lélr?eertg; Although Fhe hydrqdynamic Simmatio.ns reproduce .the
(curren) (mm) (mm) m/s) (kg m-3) (kJ) gross behavior of the jets, further work with high-resolution

MHD simulations is needed to investigate in detail the ef-
MAGPIE ~1 ~20  ~2:10°0  ~10° =02 fects of the magnetic field on the jet formation and propa-

(4 MA) gation. These will also provide a framework for fully 3D

Z (20 MA) ~2 ~20 ~5-10° ~10 ~100 simulations of jets, which are currently limited to low reso-

lution by the prohibitive computational times involved.
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