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Abstract. Collimated outflows (jets) are ubiquitous in the universe, appearing around sources
as diverse as protostars and extragalactic supermassive black holes. Jets are thought to be mag-
netically collimated, and launched from a magnetized accretion disk surrounding a compact grav-
itating object. We have developed the first laboratory experiment to address time-dependent,
episodic phenomena relevant to the poorly understood jet acceleration and collimation region
(Ciardi et al., 2009). The experiments were performed on the MAGPIE pulsed power facility
(1.5 MA, 250 ns) at Imperial College. The experimental results show the periodic ejections of
magnetic bubbles naturally evolving into a heterogeneous jet propagating inside a channel made
of self-collimated magnetic cavities. The results provide a unique view of the possible transition
from a relatively steady-state jet launching to the observed highly structured outflows.
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1. Introduction

The scaled study of astrophysical phenomena in laboratory experiments has seen major
advances in recent years due to developments in the field of high-energy-density physics.
The generation of extreme states of matter involving high temperatures (110 keV), den-
sities (107°10' g/em?), and velocities (few x 100km/s) provides either a direct link to
the physics encountered in a variety of astrophysical objects or a scaled representation
of astrophysical dynamics, such as jets (see Ref.2 Remington et al., 2006 for a review).

Although jets and outflows are associated with widely diverse astrophysical environ-
ments, they exhibit many common features independent of the central source (Livio,
2002). In all contexts, jets are believed to be driven by a combination of magnetic fields
and rotation via, in most cases, an accretion disk (Lovelace, 1976, Blandford & Payne,
1982, Ferreira, 1997, Ouyed et al., 1997). The standard magnetohydrodynamic jet mod-
els rely on rotation to twist a large-scale poloidal magnetic field Bp, producing a toroidal
field By that drives and collimates the outflow. Our experiments are designed to model
the acceleration and collimation of astrophysical jets taking place under the initial condi-
tions |Bg| >> Bp. The experiments also apply to magnetic tower models (Lynden-Bell,
1996, Nakamura et al., 2007), where differential rotation of closed magnetic field lines
creates a highly wound magnetic field which drives a magnetic cavity as well as colli-
mating a jet on its axis. How jets survive such unstable field configurations is one of the
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Figure 1. (a) A radial foil inside the discharge chamber of MAGPIE, with the cathode shown
schematically (not to scale). (b) Schematic showing the mechanism of episodic magnetic cavity
formation triggered by current reconnection at the base of the cathode. In both figures the
current path (red-dashed arrows), toroidal magnetic field (blue arrows) and the resultant JxB
force (green arrows) are shown

open astrophysical issues addressed by the experiments. Another aspect is the origin of
the spatial and temporal variability that is observed on all scales in stellar jets (Hartigan
et al., 2005), and which is often interpreted as perturbations to a relatively steady flow.

By performing appropriately scaled, high-energy density plasma experiments, extreme
laboratory astrophysics has recently emerged as a novel approach to complement our
understanding of complex astrophysical phenomena (see Remington et al., 2006 for a
review). Jets have been the subject of several studies, which may be distinguished
(Blackman, 2007) by whether they addressed problems related to the propagation (e.g.
Foster et al., 2005, Ciardi et al., 2008), the launching (Hsu & Bellan, 2002), or both
(Lebedev et al., 2005, Ciardi et al., 2007). Here, we present the first laboratory experi-
ments exploring episodic, magnetohydrodynamic (MHD) jets.

Astrophysical jets and outflows are described to first approximation by ideal MHD and
our experiments are designed to produce flows in that regime. Its applicability requires
the dimensionless Reynolds (Re), magnetic Reynolds (Reyy ), and Peclet (Pe) numbers to
be much larger than unity; this implies that the transport of momentum, magnetic fields,
and thermal energy, respectively, occurs predominantly through advection with the flow.
It is important to stress that astrophysical jets have typical values Re > 108, Rej; > 10'2,
and Pe > 107 that are many orders of magnitude greater than those obtained not only in
the laboratory but also in numerical simulations, which have been so far the sole means
of investigating time-dependent behavior of multi-dimensional MHD jets. In ideal MHD
simulations, unphysical dissipation occurs at the grid level through numerical truncation
errors (Ruy et al., 1995, Lesaffre & Balbus, 2007). For global jet models, mostly performed
assuming axisymmetry, the effective numerical Reynolds numbers are typically in the
range of Reyr ~10 — 103 (see for example Goodson & Winglee, 1999), and we expect
Re ~ Pe ~ Rey;. Severe limitations also exist in the range of plasma (3, the ratio
of thermal to magnetic pressure, which may be reliably modeled numerically (Miller
& Stone, 2000). The (inherently) three-dimensional, scaled experiments discussed here
extend the range of the dimensionless parameters obtained in the global modeling of
jets. Typical values obtained are Re ~5x10° — 10°, Rey; ~ 150 — 500, Pe~20 — 50, and
B ~ 1073 — 10?; the plasma is highly collisional, and the fluid MHD approximation is
a valid model. Finally, similar to astrophysical jets, the laboratory flows produced are
radiatively cooled.

2. Experimantal Setup

The experimental configuration (Fig. 1) is similar to the radial wire array z-pinch
used in our previous experiments (Lebedev et al., 2005b). In the present experiments the
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current from the MAGPIE generator (peak current of 1.5MA in 250 ns) (Mitchell et al.,
1996) is driven into a 6 — 6.5 pm thick aluminum foil, which is held radially between two
concentric electrodes (Fig. 1). The central electrode (cathode) is a hollow cylinder with
a diameter of 3.1mm, with the diameter of the outer electrode being 60 mm. Diagnostics
included: laser probing (A = 532 nm, 0t ~ 0.4 ns) providing 2-frame interferometry, shad-
owgraphy and schlieren imaging; time resolved (~2 ns exposure) pinhole cameras which
recorded emission in the XUV region (> 30eV) providing up to 8 frames per experiment;
magnetic pick-up probes to measure any trapped magnetic field inside the outflows; an
inductive probe connected to the cathode to measure voltage and thus Poynting flux driv-
ing the outflow. The imposed current path (Fig. 1) produces a toroidal magnetic field
Bg below the foil which is directly proportional to the current and decreases with the
radial distance from the cathode (Bg o< I(t)/r). For peak current the toroidal magnetic
field can reach magnitudes of By ~ 1007 (IMG) at the cathode radius.

A schematic diagram of the evolution of a typical experimental jet /outflow is shown in
Figure 1. Two outflow components are generally present: a magnetic bubble (or cavity)
accelerated by gradients of the magnetic pressure and surrounded by a shell of swept
up ambient material, and a magnetically confined jet on the interior of the bubble. The
confinement of the magnetic cavity itself relies on the presence of an external medium.
The dynamics of the first magnetic bubble and jet are similar to those described in
(Lebedev et al., 2005b, Ciardi et al., 2007). In the present work, however, we are able to
produce and observe for the first time an episodic jet activity. The main difference with
our previous experiments is an increased mass, as a function of radius, being available
in the plasma source. The initial gap (see Figure 1) produced by the magnetic field is
smaller and can be more easily refilled by the readily available plasma. Its closure allows
the current to flow once again across the base of the magnetic cavity, thus re-establishing
the initial configuration. When the magnetic pressure is large enough to break through
this newly deposited mass, a new jet/bubble ejection cycle begins.

3. Experimental Results
3.1. Distribution of the Ablated Plasma Above the Foil

The distribution of plasma ablated from the foil and the initial axial motion of the foil
were measured from side-on laser probing images. An example of a laser interferogram
obtained at 172 ns after the start of the current pulse in Fig. 2a, where the bulk mo-
tion of the foil is seen as a dark non-transparent region above its initial position. The
axial displacement increases at smaller radius, which is consistent with a larger magnetic
pressure as radius decreases.

Above the boundary it is possible to measure the electronic density of the plasma
by following the fringe shift of the interferogram. Fig. 2b shows a 2-D map of integrated
electronic density across the plasma [ n,(r, 2)dL ~ n, L obtained from the analysis of Fig.
2a, performed with the IDEA interferometric software (Hipp et al., 2004). The contours in
this figure represent regions of constant values of n. L. Most of the plasma is concentrated
in the region above the cathode, decreasing with distance from the axis. This agrees
with a larger ablation rate of plasma at smaller radius, where the Lorentz JxB force is
the strongest. The good degree of azimuthal symmetry in the ablated plasma allowed
obtaining the radial electronic density n.(r) by using Abel inversion technique. Radial
profiles at of n. L at different heights from the foil (z=1, 1.3, 2, 3 and 3.5 mm) are shown
in Fig. 2c, with their respective Abel-inverted profiles in Fig. 2d. By integrating these
profiles along the radius and assuming a value for the ionization of the plasma it is possible
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Figure 2. (a) Side-on laser interferogram at 172 ns showing the axial displacement of the foil
(dark region) in respect to its initial position (red dotted lines) before the start of the current
(the cathode is shown in red). Bending of the interference fringes is due to the plasma expanding
from the foil and a hydrodynamic jet on axis. (b) 2-D map of electronic density, integrated along
the line of sight n.L reconstructed from Fig. 2a. (c) Profiles of n.L as a function of radius at
different heights above the foil and (d) the corresponding Abel-inverted electronic density profiles

Ne.

to estimate the mass ablated from the foil at this time, which results in < 1% of the total
mass from the foil inside a radius of 3 mm. At this time plasma is seen to expand to a
maximum height of z~6 mm. Assuming that plasma is formed at the start of the current
pulse this results in an axial expansion velocity of Vz ~ 35 km/s. An interesting feature
of the ablated plasma motion above the foil is the formation of a precursor plasma jet on
the axis of the foil, which is seen in Fig. 2 as an increase of the electronic density in the
region above the cathode. This jet is formed from the plasma which is redirected towards
the axis by radial pressure gradients, as there is no ablation above the cathode, which
initially leaves an empty region on the axis. The converging towards the axis plasma flow
forms a standing shock which redirects the flow in the vertical direction, forming a plasma
jet. The formation of this ”hydrodynamic” plasma jet is similar to jet formation in our
previous experiments with conical wire arrays (Lebedev et al., 2002). The dynamics of
the interaction of this hydrodynamic jet with an ambient gas introduced above the foil is
relevant to the modeling of jet-ambient interaction, and first results of such experiments
are presented in (Suzuki-Vidal et al., 2009).
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Figure 3. (a) Sequence of side-on XUV emission images showing the formation of two subse-
quent magnetic cavities during the same experiment. The initial positions of the foil and the
cathode (with a diameter of 3.1 mm) are shown schematically. (b)-(c) Measured maximum
height and radius of the two magnetic cavities from (a). The X-ray emission is also shown (in
red). (d) Top: Voltage signals from an inductive probe from a 6.5 pm thick (solid black) and
15 pm thick (dashed blue) foils. Bottom: X-ray emission from a 6.5 pum thick foil, which is
correlated to rapid changes in inductance

3.2. Formation and Dynamics of Episodic Jets

The formation of magnetically driven jets starts later in time, when the Lorentz JpxBg
force (which is strongest at the cathode radius) leads to ablation of all of the foil mass
near the cathode and to the formation of a small radial gap between the cathode and
the remainder of the foil. From this moment the Poynting flux can be injected through
this gap into the region above the foil. The toroidal magnetic field pushes the ablated
plasma axially and radially outwards and also pinches the plasma on axis, forming a
magnetic tower jet configuration. At this stage the current flows along the jet on the
axis of the magnetic cavity and along the walls of the cavity, in the same way as in our
previous experiments (Lebedev et al., 2005b, Ciardi et al., 2007). The magnetic pressure
from these rising toroidal loops inside the cavity inflates it both radially and axially,
with measured velocities of Vg ~ 50 — 60 km/s and Vz ~ 130 — 200 km/s respectively.
Experimental results demonstrating such dynamics are shown in Fig. 3. The first cavity
shows a high emitting region on the axis, which can be identified as pinching of plasma.
It can be seen that the initial diameter of the bubble is given by the diameter of the
cathode. The most prominent feature of this new experimental set-up is that we now
observe several subsequent outflows formed in the same experiment. It is possible to follow
the axial positions of the subsequent episodes of the outflows shown in Fig. 3, with Fig.
3b presenting the measurements that allowed the determination of their velocities along
the axis. It is seen that each outflow is expanding with approximately constant velocity,
and the extrapolation of the trajectories back in time allows determining the starting
time for each episode. The second bubble expands with a faster velocity, V; = 205
km/s while the first with only 145 km/s. This increase in velocity is consistent with
sweeping of the ambient plasma by the earlier episode, thus allowing the subsequent
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magnetic bubbles to propagate through a lower ambient density. Up to five subsequent
magnetically driven cavities were observed (Ciardi et al., 2009, Suzuki-Vidal et al., 2009).
Figure 3b also shows that the episodic outflows are accompanied by episodic outbursts of
soft X-rays (detector sensitive to photon energy between 200-300 eV and above 800 eV),
which can be well correlated with the formation of each new magnetic tower jet. This is
an indication that each new episode starts from the pinching of plasma on the axis of
the magnetic cavity and that pinched plasma is the source of the X-ray emission. Both
the axial expansion dynamics and the periodicity of X-ray emission show a timescale of
~30 ns for the formation of subsequent magnetic tower outflows. The fast rising (~5
ns) part and peak of the emission are related to the maximum compression of the jet.
We measured jet temperatures up to ~300 eV using spatially resolved, time-integrated
spectroscopic measurements of H-like to He-like line ratios (Ciardi et al., 2009). Typical
flow velocities observed are ~100—400 km/s, the simulated sonic and the Alfvénic Mach
numbers in the jet, defined as the ratios of the flow speed to the sound and Alfvén speed,
respectively, are Mg ~ M4 ~ 3 — 10.

The voltage responsible for reconnection of current across the radial gap between the
cathode and the leftover foil is induced by the dynamics of the magnetic cavity and
was measured using an inductive voltage probe. The voltage measured by this probe is
proportional to the time derivative of the magnetic flux produced by the current from the
cathode and along the foil, connecting to ground. Thus the probe voltage V;,,4 is equal to
Vina = —d(LI)/dt, where the inductance L is related to the current path. An example of
the inductive voltage probe signal obtained in a different experiment is shown in Fig.3d,
where the voltage signal from a standard 6.5 pum thick foil is compared with a reference
shot, in which a foil with a thickness of 15 pum was used. In the case of the reference shot
the foil did not move on the time-scale of the experiment, the inductance was constant
and measured voltage was equal to V;,q = —LdI/dt.

For the case when the episodic jets were produced, for a 6.5 um foil, the inductive probe
shows rapid changes in voltage in respect to the reference case, as seen at ~220, 250 and
290 ns. The timing of these voltage spikes agrees with the X-ray emission measured in
the experiment (shown at the bottom of Fig. 3d). The deviations of the voltage from
the reference case come from an additional inductance due the change in the current
path as the current now flows through the central jet returning along the wall of the
cavity. This inductance is time dependent as the cavities expand and the jet is pinched.
Fig. 3d also shows that the inductive probe voltage is correlated to the X-ray emission
pulses, which are in turn correlated to the formation of two subsequent magnetic cavities
seen from the imaging diagnostics. The use of an inductive probe allowed to measure
the inductance associated with the formation of a magnetic cavity and thus to obtain
estimates the energy balance during an episode, i.e. magnetic energy and Poynting flux.
The electromagnetic energy delivered to a typical bubble via Poynting flux is ~800 J,
and we estimate the kinetic energy of the flow to be ~100—400 J, the remainder is in the
magnetic energy, internal energy of the plasma and partly lost to radiation. These results
indicate that ~25% of Poynting flux energy entering the magnetic cavity is converted
into kinetic energy of the outflow. Details on these measurements will be presented in
future publications.

The temporal evolution of the jets and bubbles on the longer time-scale is presented
in Figure 4. A succession of multiple cavities and embedded jets are seen to propagate
over length scales spanning more than an order of magnitude. The resulting flow is het-
erogeneous and clumpy, and it is injected into a long-lasting and well-collimated channel
made of nested cavities. It is worth remarking that the bow-shaped envelope is driven
by the magnetic field and not hydrodynamically by the jet.
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3.3. Trapped magnetic field inside a magnetic cavity

The estimates presented above show that the magnetic Reynolds number Re,; is much
greater than unity and some magnetic flux should remain trapped inside the outflows. In
particular, we can expect conservation of magnetic flux accumulated in the first cavity
by the time the second cavity starts to form. The presence of toroidal magnetic field
inside the expanding magnetic cavities was measured with a magnetic probe. The probe
had five circular turns of 3mm diameter and it was placed 10 mm above the foil at a
radial distance of ~13 mm from the axis, as shown in Fig. 5. The probe orientation was
such that it measured the toroidal component of the magnetic field. To exclude capacitive
coupling be between the probe and the cathode and also to prevent possible electron flow
from the cathode region reaching the probe, a lmm thick stainless steel diaphragm was
installed at z ~ 2 mm above the foil. The magnetically driven jets were formed through
a 10 mm diameter aperture in the diaphragm.

An XUV emission image in Fig. 5(b) shows two magnetic cavities expanding above
the metallic diaphragm. The position of the cathode, the diaphragm, and the circular
aperture on the axis are shown schematically in this figure. The position of the magnetic
probe can also be seen from this image as a circular emitting boundary, due to the
interaction of its outer shielding with the expanding cavity. This image shows that the
addition of the probe and the diaphragm did not affect the overall dynamics of episodic
jet formation.

The voltage measured by the magnetic probe is shown in Fig. 5(c). It can be seen that
the voltage is zero until ~350 ns, which is consistent with the time when the magnetic
cavity reaches the probe as seen from imaging diagnostics. The expected response of the
magnetic probe assuming a sharp boundary for the toroidal magnetic field inside the
expanding bubble can be calculated by taking into account the geometry of the probe
and the dynamics of the radial expansion of the cavity, as shown in Fig. 5(b). For the
relatively small size of the probe, we can assume that the wall of the magnetic cavity
passing the probe at distance Rp (¢) from the axis is planar. When the wall of the cavity
reaches the probe, the trapped toroidal magnetic field inside the expanding cavity Bo ¢rap
will induce a voltage in the probe from the change in the magnetic flux ®
_@ — _d[B‘I)-tTﬂP(t) i S(t)] (31)

dt dt
where S(t) is the cross-section area of the probe inside the cavity, related to the radial
expansion velocity of the cavity Vi. The radial expansion velocity of the magnetic cavity

V;n"obe =
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Figure 5. (a) Schematic setup of a radial foil with the addition of a magnetic probe and a metal
diaphragm. (b) XUV emission at 346 ns and (c) signal from the magnetic probe obtained in the
same experiment

for the particular shot presented in Fig. 5(b) was measured as Vg ~ 90 km/s, thus
corresponding to a signal from the magnetic probe of By 44, ~ 0.3 T.

This estimate can be compared with the expected magnetic field in the expanded
magnetic cavity, assuming that the toroidal magnetic flux present in the first cavity at
the start of second cavity formation is conserved. The expected magnetic field (Bgp ~ 1.5
T) is of the right magnitude, though an accurate estimate of the expected field is not
possible due to the uncertainty of the current loop inside the cavity at the time when it
reaches the magnetic probe. To improve this comparison, spatially resolved measurements
of the magnetic field inside the cavity are needed and three-dimensional MHD simulations
(Ciardi et al., 2009) indicate that the initially toroidal magnetic field becomes entangled
due to the development of the kink mode of current-driven instability.

4. Summary

In this paper, we have presented results from high energy density plasma experiments
designed to investigate the physics of magnetically driven, supersonic, radiatively cooled
plasma jets. The most important new feature that appears in the radial foil configuration
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is the generation of several subsequent episodes of magnetically driven jets. The forma-
tion of the first outflow is similar to that previously observed in the radial wire array
configuration. The outflow consists of a jet accelerated and confined by a toroidal mag-
netic field and embedded in a magnetic cavity. The cavity expansion into the surrounding
ambient plasma is driven by the magnetic pressure. Reconnection of the current at the
base of the cavity via a plasma expanding from the central electrode and the remnants
of the foil leads to the start of the formation of the next outflow episode. The generation
of several episodes is reproducible in the experiments and up to three to four eruptions
are observed. The formation of each episode is correlated with a burst of x rays from the
compressed /pinched jet on the axis.

The key dimensionless parameters Pe, Re, and Rej; are much greater than unity
and, together with the Mach number and plasma beta, are all in the astrophysically
appropriate regime, which makes the results of the experiments relevant to understanding
the physics of launching mechanisms of astrophysical jets. The estimated values of the
magnetic Reynolds number in these experiments, Rey; ~ 200 — 1000, are comparable or
exceed those obtained in global numerical MHD simulations of astrophysical jets. The
high values of the magnetic Reynolds number allowed to observe convection/trapping of
the toroidal magnetic flux by the. The long term evolution of jets from radial foils might
help addressing questions about the spatial and temporal variability of astrophysical
jets. In our experiments, the formation of a clumpy jet is the result of the development
of current-driven instabilities, which occur within the formation of the episodic ejections.
The time variability in the experiments is characterized by two timescales of interest.
The first is the growth time of the current-driven MHD instabilities of the order of a
few nanoseconds in the experiments. The second is the relatively longer magnetic cavity
ejection period of ~30 ns. The ratio of both timescales are in the similar regime to those
observed in protostellar jets (Ciardi et al., 2009). The episodic formation of magnetically
driven jets observed in the experiments allows us to speculate that an episodic scenario
of jet formation could be also applicable to the formation of astrophysical jets. Indeed,
steady jets confined by a toroidal magnetic field should be highly unstable to current-
driven instabilities, unless stabilized by, e.g., a closely positioned rigid ”"wall” acting as
a path for the return current. In the episodic jet formation scenario, the time for the
growth of the current-driven modes is reduced to roughly the duration of one episode.
The development of the instability could produce, as in the experiments, a clumpy outflow
which still retains a high degree of collimation and propagates ballistically after the end
of the episode. The resulting outflow in this scenario would have density and velocity
variations due to both the current-driven instability and the episodicity of the ejection.
We should note that episodic jet formation appeared in several numerical simulations of
young stellar objects (YSO) jet launching (Goodson et al., 1997, Goodson & Winglee,
1999, Goodson et al., 1999b, Romanova et al., 2006).
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