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We present experimental results of the formation of magnetically driven plasma jets, showing for
the first time a way of producing episodic jet/ouflows in the laboratory. The jets are produced
using a 6.5 pum thick aluminum disc (a radial foil), which is subjected to the 1 MA, 250 ns current
pulse from the MAGPIE generator [I. H. Mitchell et al., Rev. Sci. Instrum. 67, 1533 (1996)]. The
early time motion of the foil is characterized by the bulk motion of the mass due to the magnetic
pressure, together with the formation of a surface plasma following the direction of the J x B force.
A low density plasma fills the region above the foil preceding the formation of subsequent magneti-
cally driven jets on the axis of expanding magnetic bubbles. The outflows emerge in timescales of
~30-40 ns and their episodic nature is the result of current reconnection in the foil, aided by the
formation of current-driven instabilities in the jet and the distribution of mass available from the
foil. The additional inductance due to the new current path inside the cavities was measured using
an inductive probe, allowing to estimate the energy balance associated with the episodes. The mea-
sured temperature of the compressed jet resulted in T,~300 eV and a magnetic Reynolds number
of Rep~200-1000, allowing the experiments to be in the regime relevant for scaled representations

of astrophysical outflows.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

The scaled study of astrophysical phenomena in lab-
oratory experiments has seen major advances in recent
years due to developments in the field of High-Energy-
Density Physics (HEDP). The generation of extreme
states of matter involving high temperatures (1-10 keV),
densities (107°-10' g/cm?®), and velocities (fewx100
km/s), provides either a direct link to the physics encoun-
tered in a variety of astrophysical objects, or a scaled rep-
resentation of astrophysical dynamics, such as jets (see
[1] for a review).

Collimated outflows (jets) are in fact associated with
widely diverse astrophysical environments that exhibit
many common features independent of the central source
[2], spanning a wide range of spatial and temporal scales.
Classical examples are the galactic-scale jets powered
by supermassive black holes [3], those generated as the
end-product of dying solar-type stars (planetary nebu-
lae [4]) and jets produced during star formation [5, 6].
In general, it is believed that the ejection of jets relies
on the conversion of gravitational energy into a Poynting
flux which powers the outflows. The standard magneto-
hydrodynamic (MHD) models of jet formation rely on

differential rotation along a large scale poloidal magnetic
field Bp to generate a toroidal magnetic field component
By which accelerates and collimates a disk-wind [7]. Our
experiments are designed to model the acceleration and
collimation of astrophysical jets taking place under the
condition |Bg|>|Bp|.

Astrophysical jets and outflows are described to a first
approximation by ideal MHD and our experiments are
designed to produce flows in this regime. Its applicabil-
ity requires the dimensionless Reynolds (Re), magnetic
Reynolds (Reps), and Peclet (Pe) numbers to be much
larger than unity [8, 9]. This implies that the transport
of momentum, magnetic fields, and thermal energy, re-
spectively, occurs predominantly through advection with
the flow. It is important to emphasize that astrophysical
jets have typical values of these dimensionless numbers of
the order of ~107-10'%, which are many orders of magni-
tude greater than those obtained not only in laboratory
experiments, but also in global numerical simulations
of jet formation (~10-103), which have been so far the
sole means of investigating time-dependent behavior of
multi-dimensional MHD jets. The experiments discussed
here extend the range of the dimensionless parameters
obtained in the global modeling of jets. Typical values



obtained are Re~10%-10%, Re;~200-500, Pe~20-50, the
ratio of thermal to magnetic pressure S~1073-10%, and
the jets are radiatively cooled, similar to protostellar jets.

Laboratory jet experiments have been performed on
a number of HED facilities with high-power lasers and
high-current pulsed power generators. These include hy-
drodynamic jet experiments, in both adiabatic [10-14]
and radiatively cooled [15-18] regimes, and experiments
relevant to the study of the interaction of protostellar jets
with an ambient medium [19-21] far away from the jet
source.

High-current pulsed-power generators can naturally
produce plasma jets in which magnetic fields are dynam-
ically significant making these experiments relevant to
different models of jet formation in which a toroidal (az-
imuthal) magnetic field is responsible for the collimation
of the jet at the launching point. In experiments with
radial wire arrays [19, 22-24] highly-supersonic, super-
Alfvenic, radiatively-cooled plasma jets are produced,
which are confined by a toroidal magnetic field on the
axis of a magnetic cavity. As the cavity expands, the jet
was observed to undergo strong current-driven instabili-
ties which, however, do not destroy the jet but produce
a collimated, heterogeneous (“clumpy”) jet.

Recently the use of a radial metallic foil on a Z-pinch
driver has shown the formation of episodic plasma jets
[25—-27], each episode presenting similar dynamics to the
single-episode jets seen in radial wire array experiments
[22]. These episodic outflows can address open astrophys-
ical questions regarding the spatial and temporal vari-
ability observed in protostellar jets.

In this paper we present results of a more detailed ex-
perimental study of the formation of episodic magnet-
ically driven plasma jets. The rest of the paper is ar-
ranged as follows. Section II describes the experimental
setup and briefly summarizes the generation of episodic
magnetically driven jets. Section III presents the exper-
imental results, discussing the early-time formation of
plasma from the foil and its motion, the dynamics of
episodic jets, their formation mechanism, the effect of in-
stabilities, and estimates of temperature and of trapped
magnetic field. Section IV summarizes our experimental
results.

II. EXPERIMENTAL SETUP

The experimental setup (Fig. 1) is similar to the radial
wire array configuration used in our previous jet experi-
ments [22]. The main difference is that radial wires are
now replaced by a thin radial metallic foil. An aluminium
foil with a diameter of ~55 mm and a thickness of 6-6.5
pm is held in place between two concentric electrodes.
The holder allows sufficient tension to be applied to the
foil such that a flat surface is obtained. The central elec-
trode (cathode) is a hollow stainless steel cylinder with
a diameter of ¢.=3.1 mm in contact with the foil at its
centre, pushing it axially ~1 mm to ensure good elec-
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FIG. 1. (Color online) (a) A radial foil inside the discharge
chamber of MAGPIE, with the cathode shown schematically
(not to scale). (b)-(e) Schematic evolution of the foil show-
ing the mechanism of episodic magnetic cavity formation
triggered by current reconnection at the base of the cath-
ode. Both figures show the current path (red-dashed arrows),
toroidal magnetic field (blue arrows) and the resultant J x B
force (green arrows).

trical contact with the foil during the experiment. The
foil is driven by the 1 MA, 250 ns current pulse from
the MAGPIE generator [28], which can be well approx-
imated as a sin? function (more details in Sec. IIIA).
Fig. 1a shows a photograph of the radial foil placed in-
side the discharge chamber. This figure indicates the po-
sition of the cathode, the current path, the direction of
the toroidal magnetic field By and the resultant Lorentz
J x B force, which is normal to the surface of the foil.
The geometry of this configuration results in a current
path along the central cathode, radially along the foil
and along a return-current structure (the anode). The
global toroidal magnetic field in the region below the foil
is a function of the total current I(t) and decreases with
the radial distance from the axis r as By(r,t) = %&5)
At peak current the toroidal magnetic field is B4~100 T
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FIG. 2. (Color online) Side-on XUV emission from a radial
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foil showing its overall dynamics up to ~320 ns (shot s022707).

The initial position of the foil and the cathode (with a diameter of 3.1 mm) are shown schematically.

(=1 MQG) at the cathode radius.

Figs. 1b-e schematically illustrate the formation of a
magnetically driven jet/outflow from a radial foil. The
first two stages, plasma ablation and formation of the
first magnetic cavity (Figs. 1b-c), are very similar (al-
most identical) to the formation of a magnetically driven
jet in a radial wire array [22, 23]. Two outflow compo-
nents are generally present: a magnetic bubble (or cav-
ity) accelerated by gradients of the magnetic pressure
and surrounded by a shell of swept-up ambient mate-
rial, and a magnetically confined jet in the interior of the
bubble. The rate of expansion of the magnetic cavity it-
self depends on the density of the external medium. For
the present experiments an ambient medium is provided
by the plasma ablated from the foil at early times, be-
fore the formation of the cavity and the jet. Although
the dynamics of the first magnetic bubble and jet are
similar to those observed in radial wire array jets exper-
iments, in the present work we are able to produce and
observe for the first time the formation of several subse-
quent jets in a single experimental shot. There are two
main differences between the radial foil and the radial
wire array configurations, which could be responsible for
the observed formation of multiple jet episodes in radial
foil experiments. The first is the difference in the change
of mass with radius (which is constant in radial wire ar-
rays, but increases in a radial foil load). The second is
the high initial azimuthal symmetry of the radial foil load
(i.e. absence of gaps between the wires). Consequently, it
is possible that the initial radial gap (Fig. 1c¢) produced
by the full ablation of foil material at the cathode radius
is smaller and can be more easily refilled by the plasma
expanding from the foil and/or the cathode than in a ra-
dial wire array configuration. The gap closure allows the
current to flow once again across the base of the mag-
netic cavity, thus re-establishing the initial configuration
at this location. When the magnetic pressure is large
enough to break through this newly deposited mass, a
new jet/bubble ejection cycle begins.

The dynamics of the jet formation were studied with
several plasma diagnostics: optical laser probing (A=532
nm, ~0.4 ns exposure) was used for shadowgraphy,

schlieren and interferometry; XUV self-emission (hr>30
eV) from the plasma was recorded using multi-frame,
time-resolved (~3 ns gate) pinhole imaging providing up
to 8 frames per experiment; Photo-Conducting Detec-
tors (PCDs) were used to measure the X-ray emission
from the jets; magnetic “B-dot” probes measured any
trapped magnetic field inside the outflows; an inductive
probe connected to the cathode measured the voltage,
thus allowing to calculate the Poynting flux driving the
outflows; a spatially resolved, time integrated spectrome-
ter utilising a spherically bent mica crystal measured the
X-ray spectrum, from which the electron temperature at
different axial positions was estimated.

III. EXPERIMENTAL RESULTS

The XUV emission image in Fig. 2 illustrates the over-
all dynamics of the outflows formed in a radial foil con-
figuration. At early times the ablated plasma expands
axially away from the foil and forms a precursor jet on
the axis. Details of the plasma evolution during this
early stages are discussed in Sec. IITA. This is followed by
the formation several subsequent rapidly expanding mag-
netic cavities, which dynamics are presented in Sec. ITIB.

A. Early-time foil motion and plasma formation

As the current starts to flow through the foil, it is
reasonable to expect that the magnetic pressure will be
acting on all the mass if the current remains below the
foil. It is possible then to use a 0-D approximation to
calculate the expected initial motion of the foil (for a
discussion of 0-D motion in Z-pinches see e.g. [29]). This
is in contrast to wire arrays where the wire cores remain
stationary until essentially all the mass is ablated, while
at the same time the J x B force acts only on the ablated
plasma which is free to flow around the wire cores, form-
ing plasma streams perpendicular to the wires. It should
be noted that the approximation discussed below is only
valid for small axial displacements when the foil shape
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FIG. 3. (Color online) (a) Side-on laser interferogram at 172
ns showing the axial displacement of the foil as a dark region
with respect to its initial position before the start of the cur-
rent (shown schematically with the cathode). (b) Measured
axial displacement of the foil from side-on laser probing at
172, 195, 237 and 287 ns. Also shown are the calculated 0-D
positions/displacements of the foil at 172 and 195 ns, obtained
by solving Eq. 1.

remains approximately planar and any current flowing
in the axial direction, due to the axial displacement of

the foil, can be neglected. By considering the magnetic

. B3 (r,t)
pressure below the foil Pp,q4(r)= T

finitesimal ring with a radial length ér, for a foil with a
thickness A and density p, the axial motion of the foil
as a function of radial distance from the axis and time
z(r,t) is given by:

acting on a in-

dQZ(Tv t) _ MOI2(t) (1)
a2 8n2p r2A
Eq. 1 can be solved analytically by express-

ing the current from the MAGPIE generator as
I(t)z[mamsinQ(thz), where I,,,, is the peak current
and %4, is the time of peak current.

The initial axial motion of the foil was measured from
side-on laser probing images. A typical laser interfero-
gram obtained at 172 ns is shown in Fig. 3a, where the
bulk motion of the foil is seen as a dark, non-transparent
region above the initial position of the foil marked on the

image. The axial displacement increases towards smaller
radius, which is consistent with a larger magnetic pres-
sure closer to the cathode. Fig. 3b shows the evolution of
this boundary measured from images taken at 172, 195,
237 and 267 ns. The axial motion at 172 ns agrees well
with the predicted 0-D motion from Eq. 1. At later times
the observed axial displacement of the observed dark re-
gion is larger than that expected from the 0-D model.
The discrepancy is in partly due to the breaking down of
the assumption of small axial displacement, used to de-
rive Eq. 1, but also because the dark boundary does not
necessarily represent the position of the foil. This is es-
pecially clear from the observed large axial displacement
occurring at large radii, where the J x B force is small
and insufficient to provide such large axial motions. We
interpret this as evidence of axial expansion of plasma
from the foil, with sufficiently large electron density gra-
dients (Vne) to deflect the probing laser beam outside
the optical system. The boundary of the dark region for
the acceptance angle of our experimental setup then cor-
responds to [ Vn.dl~ 2x102° cm™3, where [ is the path
length along the plasma.

Above the boundary it is possible to measure the distri-
bution of electron density of the plasma with laser inter-
ferometry, by comparing interferograms obtained during
the experiment with a reference interferogram taken be-
fore the start of the current. Fig. 4a shows a 2-D map
of line electron density n.l (integrated along the prob-
ing path, n.l= [ n.(r, z)dl) obtained from the analysis of
Fig. 3a with the IDEA interferometric software [30]. In
this figure the contours represent regions of constant val-
ues of nel. It is seen that most of the plasma is concen-
trated close to the axis in the region above the cathode
and decreases with radius, indicating a larger ablation
rate of plasma at smaller radius, where the Lorentz J x B
force is the strongest.

Radial profiles of n.l at different heights from the foil
(=1, 1.3, 2, 3 and 3.5 mm) are shown in Fig. 4b. Since
the ablated plasma displays a good degree of azimuthal
symmetry, the radial electron density distribution n.(r)
can be obtained by applying Abel inversion to the radial
profiles shown in Fig. 4b. Results of Abel inversion are
shown in Fig. 4c. It is seen that the density distribution
peaks at a radius approximately equal to the radius of the
cathode, decreases for smaller radius, and peaks again on
axis. The density profiles were numerically integrated in
order to estimate the mass per unit radius, as a func-
tion of height, in the ablated plasma assuming a typical
value for ionization of Z=5. The total mass of ablated
plasma at the radius of the cathode (integrated between
1.55<r<1.57 mm) constitutes <1 % of the initial mass
from the foil from the same initial volume.

At the time of the image (172 ns) plasma is seen to
expand to a maximum height of ~6 mm. Assuming that
plasma is formed at the start of the current pulse this
results in an axial expansion velocity of V,~35 km/s.
However it is most likely that plasma is formed not at
t=0 (current start) but at ~50 ns when a flash of XUV
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FIG. 4. (Color online) (a) 2-D map of electron density integrated along the plasma (n.l) at 172 ns obtained from Fig. 3a.
(b)-(c) Radial profiles of n.l and Abel-inverted electron density profiles (n.), both at different heights from the foil. Data was

obtained from the analysis of (a).

emission is detected from the surface of the foil. The time
delay in the formation of plasma from the foil is similar
to that observed in cylindrical wire arrays [31].

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. This is seen in Fig. 4 as an increase
of the electron density in the region above the cathode.
As there is no ablation above the cathode, there should
be an initially empty region on the axis, however plasma
is redirected towards the axis by radial pressure gradi-
ents. It is also possible that some toroidal magnetic field
(and current) are advected by the ablated plasma, and
this magnetic field may also contribute to the accelera-
tion of plasma toward the axis. The converging plasma
flows are colliding on the axis forming a standing shock
which redirects the flow in the vertical direction, forming
a plasma jet in a similar way as in previous experiments
where jets were produced using conical wire arrays [17].
This precursor jet can be used for studies of jet-ambient
interactions if an ambient gas is introduced above the
foil, and first results of such experiments are presented
in [26].

Plasma formation in the region below the foil was also
observed. Figs. Ha-b show side-on laser probing images
taken at 247 and 270 ns respectively. These images in-
dicate that only a small amount of plasma is expanding
from the foil in a direction opposite to the J x B force.
This was quantified using laser interferometry (Fig. 5a),
resulting in values of n./< 2.5x10'7 cm™2, which is sig-
nificantly lower the measured values at the top side of
the foil at the same times. Fig. 5 also shows that the

formation of plasma in this region comes primarily from
the surface of the cathode. This non-uniform plasma
appears to be modulated along its length with an aver-
age wavelength of A=0.71£0.14 mm, which is a factor
of ~3 larger than the wavelength of the modulations of
plasma observed on stainless steel cylindrical wire arrays
(A~0.2 mm [32]). The images also show that the amount
of plasma along the cathode reduces with increasing dis-
tance from the foil, which could indicate that XUV emis-
sion from the foil is affecting the formation of plasma on
the cathode rod.

B. Formation and dynamics of episodic jets

Following the initial plasma formation (~200 ns), the
increasing drive current and Lorentz force lead to the
largest rate of ablation and axial motion in the region at
small radii close the cathode. Both the ablation and/or
axial displacement of the mass in this region should lead
to the formation of a radial gap between the cathode
and the remaining foil. The formation of this radial gap
is seen in numerical simulations of the experiment [25]. A
magnetic bubble is then seen to rise through the ambient
plasma, which is swept into a layer of shocked material
surrounding the bubble. In the interior of the bubble the
magnetic field present is able to confine a jet on axis, with
the whole structure continually powered by the Poynting
flux injected at the base of the cavity through the radial
gap. At this stage the current flows along the jet and the
cavity walls, which take up the magnetic stress of the
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FIG. 5. (Color online) Side-on laser probing images of the region below the foil showing the formation of a non-uniform plasma
on the surface of the cathode. (a) Laser interferogram at 247 ns, (b) laser shadowgram at 270 ns.

magnetic field present on the interior of the bubble and
transfer it to the external medium, which is ultimately
responsible for the collimation of the entire structure.

The most striking feature of these new experiments is
the formation of several, subsequent outflows. This pro-
cess can be clearly seen on XUV emission images (Fig. 2),
obtained from the same experiment. The time sequence
shows the formation of the precursor plasma jet on the
axis (228 ns) followed by the formation and expansion of
the first magnetic bubble (244 and 274 ns). As the first
bubble forms, a ~2 mm long, highly-emitting plasma jet
is seen on the axis. The emission from this compressed
plasma is sufficiently energetic to be observed through
the axially displaced foil, indicating that part of this pro-
cess might be occurring below the foil. The formation of
the second magnetic cavity is first seen on the image at
294 ns, with a clearly visible plasma jet on the axis. The
presence of XUV emission from the walls of the magnetic
cavities indicate that the plasma density and tempera-
ture are sufficiently high there; the wall of the cavity is
essentially a shock wave driven through the ambient by
the presence of the magnetic field.

Measurements of the temporal evolution of the maxi-
mum height and radius of the two subsequent magnetic
cavities are shown in Figs. 6a-b respectively. The mag-
netic cavities expand with approximately constant veloc-
ity in both radial and axial directions. The axial veloc-
ities obtained from linear fits to the experimental data,
for the first and second cavities, are Vz1=146 km/s and
Vz2=205 km/s respectively. Their radial expansion ve-
locities are a factor of ~3 slower, similar to previous ex-
periments using radial wire arrays [22]. The increase in
the overall expansion velocity of each new cavity was ob-
served in all experiments and is consistent with the idea
that earlier episodes sweep up the ambient medium, thus
allowing new magnetic cavities to propagate through a
lower density ambient plasma.

Figs. 6a-b also show the emission of soft X-rays (shown
as red curves) measured with PCD detectors filtered with
a 6 pm polycarbonate filter (transmission of photons with
energies between 200-300 eV and above 800 eV). The

time of the X-ray emission is correlated with the time
of formation of each cavity, as inferred from the extrap-
olation of the axial and radial trajectories back in time
(marked with vertical arrows in Figs. 6a-b). This is an
indication that each new episode starts with the pinch-
ing of plasma on the axis of the magnetic cavity and
that pinched plasma is the source of the X-ray emission.
The variation of intensity inside the second X-ray burst
(starting at ~280 ns) might be related to the formation
of current driven instabilities in the jet on the axis of the
second cavity. Both the axial expansion dynamics and
the periodicity of the X-ray emission show a timescale
of ~30-40 ns for the episodic formation of magnetic out-
flows.

The temporal evolution of the episodic jets and cavities
at later times is presented in Fig. 7a, where the images
were obtained during the same experiment. A succession
of multiple cavities and embedded jets (for this particu-
lar shot 3-4 episodes) are seen propagating over length
scales spanning more than an order of magnitude. The
number of subsequent episodes can be inferred from the
remnants of the cavity walls at their base, seen on the
image at 406 ns. The resulting flow is heterogeneous and
clumpy, and it is injected into a long-lasting and well col-
limated channel made out of nested cavities. It is worth
remarking that the bow-shaped envelope is driven by the
magnetic field and not hydrodynamically by the jet, and
measurements of the magnetic field inside the cavities are
presented in Sec. IIIF.

C. Estimate of an energy balance in the outflow

The amount of energy delivered from the generator to
the magnetic cavity and the jet can be estimated from the
measurements of voltage at the cathode and the driving
current. Using an inductive probe connected to the cath-
ode, the voltage drop produced by the current path along
the cathode, the jet, and the walls of the magnetic cavity
was measured. The probe voltage Vj,q is proportional
to the time derivative of the magnetic flux produced by
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FIG. 6. (Color online) (a)-(b) Measured maximum height and radius of the two magnetic cavities shown in Fig. 2. The X-ray

emission is also shown (in red).

this current (de:$), where L is the inductance as-

sociated with the current path (with total current I).
An example of these measurements is shown in Fig. 7b,
where the voltage signal from a standard 6.5 yum thick foil
producing episodic outflows is compared with a reference
shot, i.e. a foil with a thickness of 15 pm. In the case of
the reference shot the foil did not move on the timescale
of the experiment, the inductance was constant and the
measured voltage was equal to Vind:L%.

For a 6.5 pm thick foil the episodic jets were pro-
duced and the inductive probe shows rapid changes in
voltage (seen at ~220 and 250 ns) with respect to the
voltage measurements from the reference foil. The tim-
ing of these voltage spikes agree with the X-ray emission
bursts (shown at the bottom of Fig. 7b), which are in
turn correlated to the formation of each jet/cavity. The
deviations of the voltage from the reference case come
from the additional (time-dependent) inductance linked
to the jet and the magnetic bubble. Assuming that all
current flows through the cavity, it is possible to find how
the inductance changes in time. By taking the difference
between the measured voltages from the 6.5 pm and 15
pm shots and the known current, we estimate that the
inductance of the cavity is L~1 nH. This is consistent
with a geometrical estimate of the inductance from the
size of the cavity at the same time, assuming the cavity
can be approximated as two coaxial cylinders.

From this we can estimate the magnetic energy in the
cavity to be EM:LTIZNSOO J. It is also possible to es-
timate the total energy delivered to the cavity by the
Poynting flux, by integrating Vi,qI, which gives Ep~600-
800 J. The difference between Ej; and Ep will be shared
between kinetic energy of the outflow, radiation and in-
ternal energy of the plasma. Further details on these
measurements will be presented in future publications.

D. Effect of instabilities on the dynamics of
episodic magnetic cavities

It is seen from Fig. 6a (e.g. at 294 ns) and Fig. 7a
(e.g. at 346 ns and 406 ns) that the jet on the axis of
the magnetic cavity is unstable, breaking into a series of
clumps along its length. This is similar to the situation
discussed in our previous experiments with the genera-
tion of a single episode magnetically driven jet [22, 23].
The development of instabilities and the subsequent dis-
ruption of the jet on the axis of the cavity could con-
tribute to the increase of voltage at the base of the cavity
and affect the process of reconnection of current through
the gap between the cathode and the remnants of the foil,
which is responsible for the formation of new jet episodes.

To investigate the possible effect of instabilities on
the periodicity of the generation of magnetic cavities, a
stainless-steel needle was placed on the axis of the sys-
tem, normal to the surface of the foil. The needle was in
contact with the foil, thus providing a fixed current path
on the axis. The addition of the needle could delay the
formation of MHD instabilities in the jet, which in turn
are related to the process of current reconnection at the
base of the cavities. Results from side-on laser probing
and XUV emission images obtained from the same ex-
periment are shown in Fig. 8a. The needle had an initial
diameter of 200 ym and a length of 10 mm and can be
clearly seen on the image at 223 ns. The experimental
data show that only a single magnetic cavity is formed
in this case, with its dynamics qualitatively similar to
the case of a foil without the needle on the axis. The
plasma on axis remains localized preferentially along the
length of the needle, becoming unstable after the cavity
expands further along its tip, especially along the end of
the needle.

Measurements of the height and radius of the cavity
presented in Fig. 8b show that the cavity is forming at
the same time as in the case without a needle. However,
the axial and radial expansion velocities of the cavity
are Vz~340 ns and V~124 kin/s respectively, which are
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~40-50 % larger than without stabilization of the cur-
rent with the needle (e.g. Fig. 6). The increase in the
expansion velocity of the magnetic cavity suggests that a
larger fraction of the current is localized inside the single
magnetic cavity, increasing the magnetic pressure inside
it and therefore the expansion velocities. Also shown
in Fig. 8b is the X-ray emission during the experiment,
which is characterized by two bursts. The first burst
agrees with the time of formation of the magnetic cavity,
whereas the second peak of emission occurs ~30 ns later,
showing a higher intensity of X-ray emission in respect
to the first one. The time of the second X-ray burst co-
incides with the time when the cavity reaches the end
of the needle and could be related to the pinching or de-
tachment of plasma above the needle. We cannot exclude
the possibility of the formation of a second jet episode,
though no second cavity is detected by laser probing or
XUV emission diagnostics. More investigations are re-
quired here to clarify this issue.

E. Temperature of the central jet

The knowledge of the jet temperature is important to
estimate the magnetic Reynolds number. An estimate
of the electron temperature of the plasma in the mag-
netic cavity was made using time-integrated X-ray spec-
troscopy (photon energy of hv>1 keV), which provided

information about the hot, compressed part of the out-
flow. The spectrum was measured using a spherically
bent mica crystal [33], which provided spatial resolution
along the jet. An example of a spectrum obtained in
these experiments is shown in Fig. 9a. The continuum
emission ~2 mm above the position of the foil indicates
the position of a metallic diaphragm used in this experi-
ment.

The electron temperature of the jet T, was estimated
by considering the ratio of the combined intensity of
Helium-like aluminium lines (He-o, A~7.76 A and A~7.8
A) to Hydrogen-like aluminium (Ly-a, A=6.63 A). The
dependance of these line ratios on temperature has been
modeled by [34], for a cylindrical column of aluminium
plasma with a diameter of ~1 mm and an ion density of
n;=10" cm™3, which is close to the parameters of our
experiment. It can be seen that the calculated tempera-
ture of the plasma, Fig. 9b, decreases with height, having
a maximum value of T,~600 eV at z~2 mm. This plot
can only provide an estimate of the temperature up to
a height of 7 mm, as the emission from the Ly-a line
is not present at greater heights. The intensity of He-
a lines also decreases with height, and at a distance of
~20 mm from the foil becomes non-detectable. Assum-
ing that the disappearance of the He-« line is due to a
decrease in temperature (and therefore also of the mean
ionization state) this would require the electron tempera-
ture to drop below T,~170 eV [35]. This estimate is also
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shown in Fig. 9b.

From these temperature estimates it is possible to infer
characteristic values of the magnetic Reynolds number of
the plasma Re M:g—v, where h and V are the character-
istic length and velocity of the plasma, and Dy is the
magnetic diffusivity, which can be expressed as a func-

tion of the temperature T" and the ionization state Z of

the plasma [9].

For our experimental conditions we can estimate Reps
for both the central jet and the magnetic cavity. In this
estimate will use a “characteristic/average” flow velocity
of V~100 km/s, noticing here that different features in
the outflows have velocities in the range of ~50-300 km/s.
For the central jet we can consider the measured temper-
atures of T=170-600 eV, jet diameter of h~1 mm, and
Z~5-10, resulting in a range of Rej;~300-1000. In the
case of the magnetic cavity the plasma temperature is
lower, T'~50 eV according to MHD simulations of the
experiment [25], but the characteristic spatial scale is
larger (h~10 mm) resulting in Rep;~200. These esti-
mates show that the magnetic Reynold numbers that
characterize the plasma jet and the magnetic cavity in
radial foil experiments are significantly larger than unity
and thus in the regime relevant for scaled representations
of astrophysical outflows.

F. Trapped magnetic field inside a magnetic cavity

The above estimates show that the magnetic Reynolds
number Rejs is much greater than unity and some mag-
netic 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 ex-
panding magnetic cavities was measured with a magnetic
probe. The probe had 5 circular turns of 3 mm diameter



and it was placed 10 mm above the foil at a radial dis-
tance of ~13 mm from the axis, as shown in Fig. 10. The
probe orientation was such that it measured the toroidal
component of the magnetic field. To exclude capacitive
coupling between the probe and the cathode, and also
to prevent possible electron flow from the cathode re-
gion reaching the probe, a 1 mm thick stainless steel di-
aphragm was installed at z~2 mm above the foil. The
magnetically driven jets formed through a 10 mm diam-
eter aperture in the diaphragm.

An XUV emission image in Fig. 10b shows two mag-
netic cavities expanding above the metallic diaphragm.
The position of the cathode, the diaphragm and the cir-
cular 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 bound-
ary, due to the interaction of its outer shielding with
the expanding cavity. This image shows that the addi-
tion of the probe and the diaphragm did not affect the
overall dynamics of episodic jet formation (e.g. compar-
ing with results obtained at the same time in Fig. 7a).
The voltage measured by the magnetic probe is shown
in Fig. 10c. It can be seen that the voltage is zero un-
til ~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. 10b.
For the relatively small size of the probe we can assume
that the wall of the magnetic cavity passing the probe
at distance Rp(t) from the axis is planar. When the
wall of the cavity reaches the probe the trapped toroidal
magnetic field inside the expanding cavity Bg ¢rqp will
induce a voltage in the probe from the change in the
magnetic flux ®:

V;urobe = _% = _% (B¢ trap(t) S(t))

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

The radial expansion velocity of the magnetic cavity
for the particular shot presented in Fig. 10b was mea-
sured as Vr~90 km/s, thus corresponding to a signal
from the magnetic probe of By trqp~0.3 T.

This estimate can be compared with the expected mag-
netic 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 (Bg~1.5 T) is of the right mag-
nitude, 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
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measurements of the magnetic field inside the cavity are
needed, and 3-D MHD simulations [25] indicate that the
initially toroidal magnetic field becomes entangled due
to the development of the kink mode of current driven
instability.

IV. SUMMARY

In this paper we have presented results from high en-
ergy density plasma experiments designed to investigate
the physics of magnetically driven, supersonic, radia-
tively cooled plasma jets.

The most important new feature that appears in the
radial foil configuration is the generation of several sub-
sequent episodes of magnetically driven jets. The forma-
tion of the first outflow is similar to that previously ob-
served in the radial wire array configuration. The outflow
consists of a jet accelerated and confined by a toroidal
magnetic 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 expand-
ing from the central electrode and the remnants of the
foil leads to the start of the formation of the next out-
flow episode. The generation of several episodes is re-
producible in the experiments, and up to 3-4 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, Reys, 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 exper-
iments relevant to understanding the physics of launch-
ing mechanisms of astrophysical jets. The estimated val-
ues of the magnetic Reynolds number in these experi-
ments, Rep;~200-1000, are comparable or exceed those
obtained in global numerical MHD simulations of astro-
physical jets. The high values of the magnetic Reynolds
number allowed to observe convection/trapping of the
toroidal magnetic flux by the plasma outflow.

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 develop-
ment of current-driven instabilities, which occur within
the formation of the episodic ejections. The time variabil-
ity 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 ns in the
experiments. The second is the relatively longer mag-
netic cavity ejection period, of ~30 ns. The ratio of both
timescales are in the similar regime to those observed in
protostellar jets [25].

The episodic formation of magnetically driven jets ob-
served in the experiments allows us to speculate that an
episodic scenario of jet formation could be also applica-
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ble 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 sce-
nario 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 ex-
periments, 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 sce-
nario 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 forma-

tion appeared in several numerical simulations of YSO
jet launching [36-39].
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