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An experimental investigation into the interaction of a supersonic, radiatively cooled plasma jet
with argon gas are presented. The jet is formed by ablation of an aluminum foil driven by a 1.4
MA, 250 ns current pulse in a radial foil Z-pinch configuration. The outflow consists of a supersonic
(Mach number∼3−5), dense (ion density ni∼1018 cm−3), highly collimated (half-opening angle ∼2◦-
5◦) jet surrounded by a lower density halo plasma moving with the same axial velocity as the jet.
The addition of argon above the foil leads to the formation of a shock driven by the ablation of halo
plasma, together with a bow-shock driven by the dense jet. Experimental data with and without the
presence of argon are compared with three-dimensional, magneto-hydrodynamic simulations using
the GORGON code.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

High-energy density laboratory plasma astrophysics
deals with the experimental modelling of astrophysi-
cal processes, including the study of both microphysics
and large-scale flow phenomena. Examples include
shock compression of materials under ∼Mbar pressures
to study the equation of state of planetary interiors
[1], laser-driven blast waves in atomic cluster media to
study radiative cooling instabilities [2], and the forma-
tion/propagation of jets in regimes of interest to flows
observed from newly forming stars [3]. For a recent re-
view of these and other applications see e.g. [4].

We are concerned with jets launched from young stars,
known as Herbig-Haro objects, which play an essential
role during star formation [5]. Modelling the physics rel-
evant to jet formation and propagation in the laboratory
is challenging. These are high Mach number flows whose
dynamics are governed by magnetic fields and exhibit
complex shock features from their interaction with the
interstellar medium. In addition, radiative effects such
as cooling play an important role in the energy budget
of the jet [6]. In general these jets can be well approxi-
mated as ideal, magnetized, compressible plasmas, where
viscosity, resistivity and thermal conduction are negligi-
ble (i.e. the dimensionless Reynolds, magnetic Reynolds,
and Peclet numbers are ≫1 respectively). The plasma
flow can thus be described by ideal magnetohydrodynam-
ics (MHD), with the same equations describing both the
astrophysical jet and its laboratory counterpart [7–10].

The investigation of jet formation mechanisms in

young stars requires dynamically significant magnetic
fields to be included. For jet propagation studies, how-
ever, considering the jet as hydrodynamically driven is a
useful approximation, as this allows study of aspects such
as jet stability and the formation of strong shocks. Mag-
netically driven jets are typically produced using high
currents from pulsed-power facilities [11–14]. This exper-
imental approach, together with high-power lasers, are
the main tools used to generate hydrodynamic jets. Some
of the first proof-of-principle experiments relevant to the
dynamics of jet propagation from young stars comprised
supersonic (Mach number &1), adiabatic (i.e. without
radiative cooling) flows propagating in vacuum [15–17].
Subsequent experiments increased the Mach number in
the jet (M∼10−20) and controlled the degree of radia-
tive cooling by increasing the atomic number of the jet
material [18–20]. A key parameter in the laboratory
modelling of jets from young stars is control of the den-
sity contrast (ratio of jet to ambient density). This has
been achieved experimentally by introducing an ambient
medium (e.g. neutral gas or a foam) in the region of jet
propagation (e.g. [21–25]).

In this paper we describe a new experimental set-up
aimed at developing a platform for studies of the inter-
action of radiatively cooled, supersonic plasma jets with
a controllable, well characterised ambient medium. The
large spatial scale of these jets is beneficial for performing
well-resolved measurements of the plasma parameters in
the interaction region. The flow is sustained for a suf-
ficiently long time (much longer than the characteristic
sound crossing time) which allows for measurements of
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the temporal evolution of the interaction. The jet is pro-
duced by using a radial foil Z-pinch, a configuration that
has been previously demonstrated to produce both mag-
netically driven and hydrodynamical jets with physical
parameters relevant to those from young stars [11, 26]. In
this paper we also present results from numerical simula-
tions, which accurately reproduce the dynamics observed
in the experiments and provide important insights on the
interaction dynamics.
The paper is organized as follows: Section II presents

the experimental and numerical setups, Section III
presents the dynamics of the jet propagating in vacuum,
Section IV presents the results from experiments and sim-
ulations of the jet propagating in argon, and Section V
presents the conclusions and proposed future work.

II. EXPERIMENTAL SET-UP, DIAGNOSTICS

AND NUMERICAL SET-UP

A. Formation of a plasma jet in a radial foil

Z-pinch

The schematic of a radial foil Z-pinch is shown in
Fig. 1a. Jets are produced by the ablation of plasma
from the surface of an aluminum foil driven by the ∼1.4
MA, 250 ns current pulse from the MAGPIE generator
[27]. The 15 µm thick foil (40 mm diameter) is held in
place between two concentric electrodes, with a holder
allowing to apply tension to the foil in order to obtain
a flat surface. The central electrode (cathode) is a hol-
low stainless steel cylinder with a diameter of 6.35 mm,
which is in contact with the foil at its center pushing it
axially ∼1 mm to ensure good electrical contact during
the current discharge.
The dynamics of plasma formation in radial foil Z-

pinches are described in detail in [11, 26, 28, 29] and
can be summarized as follows. The current flowing along
the central cathode and along the foil Ohmically heats
the foil and, within the first ∼100 ns, partially converts
the foil into a plasma. The current path along the cath-
ode produces a toroidal (azimuthal) magnetic field below
the foil Bφ ∝ I(t)/r, where I(t) is the current from the
generator and r is the radial distance from the axis. The
thickness of the foil used in the experiments is sufficiently
small, so that the skin-depth δ exceeds the foil thickness
even for the initial foil temperature (δ∼50 µm). The
heating of the foil by the electric current and the corre-
sponding increase in resistivity ensures that some fraction
of the magnetic field and current can diffuse through the
foil and drive the ablation from the top surface of the
foil. The radial current path along the foil together with
the toroidal magnetic field result in a Lorentz JxB force
which accelerates the ablated plasma in the direction per-
pendicular to the surface of the foil. Because of the 1/r
dependence of the magnetic field, this force peaks at the
cathode radius.
However, above the cathode, and at radii smaller than

FIG. 1: (color online) (a) Schematic setup of a jet from a ra-
dial foil interacting with argon injected above the foil. The fig-
ure shows the current path (red dashed arrows), the toroidal
magnetic field (blue arrows, in and out of the page) and the di-
rection of the J×B force (green solid arrows). The region sur-
rounding the jet (yellow) represents low-density halo plasma
from the ablation of the foil. (b) Schematic arrangement of
the Thomson scattering diagnostic, showing the direction of
the k-vectors respect to the propagation of the jet.

the cathode radius (RC), ablation is greatly reduced due
to the absence of current there. The axial region is in-
stead filled by ablated plasma being radially redirected
from larger radii (r>RC). Stagnation of this plasma flow
on axis leads to the formation of a standing conical shock,
which redirects the flow in the axial direction forming in
this way a plasma jet on the axis of the foil. This process
is similar to the formation of radiatively cooled jets in
conical wire array Z-pinches and during early stages of
radial wire array Z-pinches [18, 30–35].
The first significant difference of this set-up from our

previous experiments [11] is the use of thicker foils and
a cathode with a larger diameter. The corresponding
increase of the foil mass and the decrease of the mag-
netic field pressure acting on the foil at the cathode ra-
dius allows to suppress the formation of magnetically-
dominated jets, studied in previous experiments. The
foil remains essentially stationary for the duration of the
experiment, while the jet formed by the continuously ab-
lated plasma is sustained for over 400 ns.

B. Ambient medium for jet interaction studies

The second modification to the experimental set-up is
the addition of a neutral gas above the foil, which serves
for jet-ambient interaction studies. The presence of gas
inside the discharge chamber presents an experimental
challenge, as any gas below the foil (in the vicinity of the
electrodes) could disrupt the current discharge through
the foil and thus affect or even disrupt the generation
of jets. To overcome this problem, gas was injected us-
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ing a fast gas-valve with a supersonic nozzle. Developed
at Alameda Applied Sciences Corporation, the gas-valve
[36] can provide an opening time of less than 100 µs. The
valve was positioned above the foil, as shown schemat-
ically in Fig. 1a, with the nozzle 55 mm above the foil
and 15 mm from the axis (∼15◦ with respect to the axis)
in order to prevent direct impact of the jet onto the noz-
zle. The chosen position of the valve insures argon covers
the entire foil surface. In the present experiments argon
gas was used for jet-ambient interaction studies, with the
valve operating at a plenum pressure (before entering the
nozzle) of 50 bar. The valve was opened typically ∼350
µs before the start of the current pulse, with argon re-
leased for a duration of ∼200 µs. The nozzle had a length
of 8 mm, a throat diameter of ∼300 µm, and an exit di-
ameter of ∼2 mm, releasing argon with a Mach number of
M∼9. The expected gas density at the position of the foil
was estimated from measurements of neutral gas density
at the output of the nozzle, obtained from optical laser
interferometry. The argon number density at the posi-
tion of the foil was estimated to be N∼4-7×1016 cm−3,
equivalent to a mass density of ρ∼3-5×10−3 kg/m3. As
it will be seen from the results presented later in this
paper, the set-up provides a good degree of azimuthal
symmetry of gas distribution above the foil.

C. Plasma diagnostics

The diagnostic set-up is similar to that used in our
previous radial foil experiments (e.g. [11]) and includes 2-
frame optical laser probing (λ=532 nm, ∼0.3 ns exposure
time) with interferometry, shadowgraphy and Schlieren
channels, and time-resolved (3 ns gate) pinhole imaging
recording the self-emission from the plasma in the Ex-
treme Ultra-Violet (XUV, hν>30 eV [37]), providing 8
images per experiment. The interferometer was set in a
Mach-Zender configuration, allowing obtaining 2-D im-
ages of integrated electron density (along the path of the
laser probing beam) of the jet and the ambient plasma.
A new additional diagnostic, optical Thomson scattering
(λ=532 nm, ∼4 J, ∼5 ns), was used in some experiments
to obtain local measurements of the flow velocity and of
the electron temperature of jets propagating in vacuum.
More details on the Thomson scattering diagnostic are
given in Section III A.

D. Numerical modelling

Numerical simulations of the experiments were per-
formed with the GORGON code [12, 38], an explicit, par-
allel code designed to solve the resistive MHD equations
on a three-dimensional (3-D) Cartesian grid employing a
Van Leer type algorithm. The code treats the plasma as
a single fluid but solves separately the energy equations
for ions and electrons, allowing different temperatures for
the two species. Both thermal conduction and resistive

diffusion are treated using Braginskii-like transport coef-
ficients. The temporal evolution of the electromagnetic
fields is followed by evolving the vector potential, ensur-
ing that the magnetic field is solenoidal at all times. To
simulate the extended vacuum regions present in the ex-
periment, the code considers zones below a cut-off den-
sity (ρvac=10−4 kg/m3) as a “computational vacuum”,
where the only equations solved are the vacuum form of
Maxwell’s equations. Radiation losses are included as a
sink term in the electron energy equation by calculating
recombination losses, including a multiplicative factor to
account for line emission. A probability of escape model
is included, which provides a smooth transition to opti-
cally thick emission. In addition to the total fluid density,
the code can track two different materials by advecting
separate mass densities as passive scalar tracers, which
are then used to calculate separate LTE ionization de-
grees. The total energy lost via radiation is then the sum
of the emission of the two materials considered in the sim-
ulation. On all sides of the computational domain we ap-
ply free-flow boundary conditions. Electrodes are treated
as regions of high electrical conductivity (ǫ∼10−6 Ωm),
but thermally insulated from the rest of the volume. The
time dependence of the current provided by the MAG-
PIE generator is approximated as I(t)=I0 sin2(πt/2τ),
where I0=1.4 MA and τ=250 ns are the peak current
and time for peak current respectively. Such current is
translated into appropriate boundary conditions for the
magnetic field applied between cathode and anode. The
resolution of the computational grid is 100 and 200 µm
for the high- and low-resolution simulations respectively.
It was not possible to resolve the initial thickness of the
foil used in the experiments (15 µm), nor the transition
of initially cold metal at solid density into plasma during
the initial heating of the foil by the current. This situa-
tion is similar to the modelling of wire array Z-pinches,
where good agreement with experiments is achieved by
using initial conditions with wires already expanded to a
size of a few computational cells, at some specified initial
temperature [12]. The adjustment of the initial tempera-
ture allows the ablation of the wires and the subsequent
plasma dynamics to be reasonably reproduced. A sim-
ilar approach is used with the foil initialized as an alu-
minum disk with a thickness of two computational cells.
The density was chosen in order to match the mass per
unit area of the experimental foil. To partially take into
consideration the transition from solid state into plasma,
we allow the foil material to expand only after it reaches
the melting temperature. The foil initialization was opti-
mized to get good agreement with the experimental data
for the jet-ambient interaction, and was kept the same for
the simulations of jet formation in vacuum. When using
an ambient gas, the volume above the foil is initialized
as static argon with a density of ρAr=1.29×10−3 kg/m3,
(i.e. a number density of N=1.93×1016 cm−3) and an
initial temperature of TAr=300 K.
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FIG. 2: XUV self-emission images of a jet from a radial foil propagating in vacuum. The images were obtained during the
same experiment and times are relative to the start of the current. The position and diameter of the cathode, initially below
the foil, are shown schematically.

FIG. 3: (color online) Laser probing results of a jet in vacuum at 429 ns. (a) Raw intererogram, (b) 2-D map of electron line
density (in cm−2) from the analysis of (a), (c) 2-D map of electron density (in cm−3) after performing Abel inversion of the
data on (b). The values for the three radial profiles marked in the figure are shown in Fig. 4a.

III. FORMATION OF JETS IN THE ABSENCE

OF AMBIENT MEDIUM

A. Experimental results

The formation and dynamics of a plasma jet in the ab-
sence of an ambient gas are illustrated by a set of XUV
images (Fig. 2) obtained at different times during the
same experiment. It is seen that the jet is highly col-
limated and the flow is sustained to at least ∼470 ns.
The tip of the jet reaches a height of ∼35 mm above
the foil (the limit of the field of view of the diagnos-
tic), which corresponds to an aspect ratio of the jet (jet
length/jet radius) exceeding ∼20. The jet has a well-
defined smooth boundary and has no noticeable pertur-
bations in its shape or in the intensity of the emission.
The top part of the jet, starting from z∼8 mm above
the foil, has a higher degree of collimation with a half-
opening angle of ∼2◦. At the base of the jet, closer to the
foil, the half-opening angle is slightly larger (∼5◦). The

length of the region where the opening angle is larger is
comparable to the diameter of the cathode (6.35 mm)
and thus with the region above the cathode where abla-
tion is reduced. Although the degree of jet collimation
does not decrease with time, the measurements show a
slow increase of the jet diameter from ∼2.2 mm at 290 ns
to ∼4.3 mm at 467 ns (at z=8 mm), which corresponds to
a characteristic radial expansion velocity of VR∼5 km/s.

The shape of the jet seen in laser probing images is
similar to that observed in XUV images. Fig. 3a shows
a typical interferogram of the jet propagating in vacuum
at 429 ns. The bending and displacement of the fringes
is most pronounced in the body of the jet, in the same
region where the XUV emission of the jet is most intense
(see Fig. 2). The largest shift of interference fringes,
exceeding ∼10 fringes, is seen in the lower part of the
jet at z.9 mm, and the fringe-shifts gradually decrease
with height. Measurements of the fringe-shifts allowed
converting the interferograms into two dimensional (2-
D) maps of phase-shift experienced by the probing laser
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beam, and then into 2-D maps of electron line density
neL≡

∫
nedL, where ne is the electron density and L is

the path along the length of the plasma region. The
phase-shift maps were obtained by tracing the positions
of all interference fringes on the interferogram and com-
paring them to the position of the fringes on the image
obtained before the experiment, in the absence of any
plasma. The map of electron line density for the inter-
ferogram in Fig. 3a is shown in Fig. 3b. It is seen that the
neL distribution has a high degree of left-right symmetry,
and such level of symmetry was observed in all experi-
ments. Other diagnostics observing the jet from different
azimuthal directions also confirm that the jet has a very
high degree of azimuthal symmetry. This allows finding
the radial distribution of the electron density ne(r) by ap-
plying Abel inversion [39] to the neL data. In order for
the Abel inversion to be accurate, the neL data was cor-
rected for effects such as linear tilt of the fringes induced
from imperfections in the optical system. Abel inversion
was applied separately to the left (r<0) and the right
(r>0) halves of the neL map, and both unfolded results
are shown in Fig. 3c. Differences between the two unfolds
do not exceed ∼10%. The jet radius and the opening an-
gle determined from interferometry are consistent with
those measured from the XUV images. Radial profiles
of the electron density are presented in Fig. 4a, for three
axial positions marked in Fig. 3c. These profiles show
that the electron density decreases with height while the
jet diameter slightly increases. Interferometry data also
show the presence of a lower density plasma (ne.1×1018

cm−3) outside of the dense part of the jet. This halo
plasma is formed due to the ablation of material from
the foil at larger radii, and its electron density is consid-
erably lower (by a factor of 2) than in the jet. Fig. 4b
shows results of radial electron densities from numeri-
cal simulations at the same time and positions. Sim-
ulations can generally reproduce the experimental pro-
files, most accurately at 12 mm. However, simulations
under-predict both the electron density and jet diameter
at larger heights. Further details from comparisons be-
tween experiments and simulations are discussed later in
the paper.

The velocity of the jet is one of the most important
parameters to be measured and it was determined as fol-
lows. The axial velocity of the tip of the jet was estimated
from the length of the jet seen in the XUV images. Fig. 2
shows that the jet reaches z&30 mm at 407 ns, so the
lowest estimate for the axial velocity of the tip of the jet
can be obtained by assuming that the jet is formed at
the time of current start, resulting in VZ≥70 km/s. The
actual velocity of the jet tip is probably higher, because
the jet is formed not at the start of the current but ∼100
ns later, and this increases the estimate for the jet tip
velocity to VZ≥100 km/s. The velocity of the flow in the
middle part of the jet could be different from the velocity
of the jet tip, and direct measurements of the flow veloc-
ity were obtained using a Thomson scattering diagnostic
[40]. The measurements were performed at two axial po-
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FIG. 4: Radial profiles of electron density at 12, 21 and 21
mm from the foil. (a) Experimental results, obtained from
the line-outs shown in Fig. 3c, (b) simulation results.

sitions, 12 and 20 mm above the foil at ∼410 and ∼460
ns after the current start respectively, when the tip of the
jet reached a height of at least 30 mm. A schematic of the
Thomson scattering set-up is shown in Fig. 1b. The laser
probing beam propagated parallel to the foil and was fo-
cused (with a f=2.5 m lens) to a size of ∼0.5 mm in the
region of the jet. Light scattered at a 90◦ angle in respect
to the direction of the jet propagation was collected via
an imaging system to a linear bundle of optical fibres
(7×200 µm diameter fibres, 490 µm separation) coupled
to a 0.5 m imaging ANDOR spectrometer with an ICCD
camera. As a result, the system provided measurements
of the scattered spectra from seven radial positions across
the jet (∼0.7 mm diameter each, separated by 1.3 mm).
For the typical electron densities in the jet measured by
laser interferometry and for the expected sufficiently low
plasma temperatures (<50 eV), the Thomson scatter-
ing diagnostic operates in the collective scattering regime
(scattering parameter α>1) and the scattering spectrum
in this case is dominated by the ion feature [41]. The scat-
tered spectrum is Doppler shifted due to the macroscopic
plasma flow velocity. From this shift and the known scat-
tering geometry, the jet velocity can be calculated. The
frequency shift of the scattering spectrum is given by

∆ω=~k·~V , with the k-vector direction shown in Fig. 1b,
thus providing measurements of the projection of the jet
velocity in the direction of this vector. For this scat-
tering geometry, an axial flow velocity of VZ=100 km/s
would correspond to a shift of the scattering spectra of
∆λ=1.77 Å, which exceeds the width of the apparatus
function of the registration system of ∆λ∼0.45 Å. The
error associated with these measurements is ±4 km/s.
Typical scattering spectra measured at a height of 12

mm (at 410 ns) for the seven radial positions across the
jet are shown in Fig 5a. In the figure the intensity for
each channel is normalized. The three central profiles
(r=−1.3, 0 and 1.3 mm) correspond to radial positions
inside the jet, while the remaining spectra are from the
lower density halo plasma surrounding the jet. All the
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FIG. 5: (color online) Doppler-shifted spectra of a jet in vacuum from Thomson scattering. (a) Spectra for the seven radial
positions across the jet (at a height of 12 mm, at 410 ns). The vertical line close to ∼5317 Å marks the reference wavelength
before Doppler shifting, which corresponds to the scattered spectrum from an alignment pin, shown as a dashed-curve at r=-1.3
mm [40]. (b) Measured scattered spectrum (solid squares) on the axis of the jet (r=0 mm). The different curves represent fits
of theoretical spectra calculated for different electron temperatures, assuming an electron density of ne=2×1018 cm−3, a degree
of ionization of Z=4, and an ion temperature of Ti=45 eV.

spectra are Doppler shifted towards smaller wavelengths,
as expected for this scattering geometry and the direc-
tion of the flow velocity. The magnitude of the shift
(∆λ∼0.85 Å) corresponds to an axial flow velocity of
VZ∼50 km/s. Measurements performed at an axial po-
sition further away from the foil (20 mm), result in a
slightly higher velocity of the flow of VZ∼60 km/s. The
Thomson scattering measurements show that the flow
velocity in the body of the jet is smaller by a factor of
∼1.5−2 than the estimate of the velocity of the jet tip
presented above, which at the time of the measurements
(∼410−460 ns) reaches z∼30−35 mm. The Thomson
scattering measurements also show that the halo plasma
has the same velocity as the jet. Such flow structure,
with a dense jet surrounded by lower density flow mov-
ing with the same or comparable velocity, was discussed
in the astrophysical context in [42].

The scattered spectrum is not only Doppler shifted,
but is also broadened, especially for the radial positions
corresponding to the dense part of the jet. The shapes
of the spectra at these locations indicate the presence of
ion acoustic features, which become distinguishable when
the product of ZTe (where Z is the mean ionization in
the plasma and Te is the electron temperature) is larger
than the ion temperature Ti. Fig. 5b shows the mea-
sured scattered spectrum on the jet axis compared with
theoretical profiles (convolved with the apparatus func-

tion of the spectrometer) calculated for several values of
electron temperatures and the corresponding values of Z
for these temperatures (assuming LTE). This compari-
son shows that the plasma electron temperature in the
jet body is Te∼15−20 eV with Z=4.

The intensity of the scattering signal from the halo
plasma is significantly smaller than that from the jet
body, which is consistent with the smaller electron den-
sity of the halo plasma seen in the interferograms. For
this lower density halo plasma the spectra are narrower
and do not show the presence of ion acoustic features,
possibly due to smaller values of ZTe, and the scattered
spectrum has a shape close to Gaussian. The width of
the scattering spectrum in this case (∆λ∼0.95 Å) still
exceeds the spectral resolution of the registration sys-
tem. A fit of the theoretical spectra is consistent with an
ion temperature of Ti∼15−20 eV, equal to the electron
temperature in the body of the jet.

The velocity of the jet and the plasma temperature
measured by Thomson scattering can be used to estimate
the internal Mach number of the jet. The ion sound speed
Cs for an aluminum plasma [43] at Te=20 eV and Z=4 is
Cs∼20 km/s which, for the measured axial flow velocity
of the jet of VZ∼50−60 km/s, gives a Mach number in
the range M=VZ/Cs∼2.5−3. For the estimated tip ve-
locity of the jet (VZ∼100 km/s), the internal Mach num-
ber would be higher, M∼5 (assuming the same plasma
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FIG. 6: Sequences of XUV emission of the jet propagating in argon, showing the formation and evolution of the jet together
with the formation of two distinctive shock features: An “ablation shock” is formed at early times, followed by a “bow-shock”
formed from ∼300 ns. (a) Experimental results (obtained from 2 consecutive shots). The diameter of the cathode is shown
schematically on the first and last frames. (b) Simulation results.
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temperature). A freely expanding flow with such internal
Mach numbers should have relatively large half-opening
angles θ=tan−1(1/M)∼20◦ or ∼10◦ for M=3 and M=5
respectively. The half-opening angles of the jets mea-
sured from the XUV and laser probing images are much
smaller (∼2◦−5◦) which would correspond to much larger
internal Mach numbers (M∼10−30). This strongly sug-
gests that the jet is not freely expanding, but that some
confining force is present. The need for a confining force
is also consistent with the observed slow increase of the
jet diameter, with a radial velocity of VR∼5 km/s, which
is much smaller than the sound speed of Cs∼20 km/s
calculated from Thomson scattering measurements. Nu-
merical simulations suggest that the confinement of the
central, dense part of the jet, is provided by the ram pres-
sure of the plasma flow from the foil which is re-directed
towards the axis. The re-direction is provided by not
only the radial pressure gradients, but is also due to the
presence of a toroidal magnetic field surrounding the jet.
Simulations with GORGON suggest that a fraction of
the total current is present in the region above the foil
due to the sufficiently high resistivity of the radial foil.
The presence of magnetic field has been measured in a
similar radial foil configuration on the COBRA facility
[29]. A similar situation is observed in the simulations of
jet formation in the presence of ambient gas which are
presented in the next section.

IV. FORMATION OF JETS IN THE PRESENCE

OF AN AMBIENT GAS

A. Experimental results describing the general

evolution of the jet

In order to investigate jet-ambient interaction, argon
gas was introduced into the region above the foil using a
pulsed-gas valve and a nozzle as described in Section II C.
The addition of argon affects both the formation and evo-
lution of the jet, as illustrated by a sequence of XUV im-
ages shown in Fig. 6a. These images were obtained from
two identical experiments (8 images per experiment), and
we need to emphasise that the observed dynamics are
highly reproducible. The presence of ambient gas does
not disrupt the formation of a well defined collimated
jet, but leads to the appearance of a number of new fea-
tures. The plasma dynamics at early time (115−205 ns)
are very similar to the well-known dynamics observed in
a plasma focus device (see e.g. [44, 45]). The emission
starts at ∼115 ns and is initially localized near the cath-
ode radius, where the current density is the strongest.
With time, the ablation from the foil extends radially,
launching a shock which moves vertically upwards and
expands radially (referred to as “ablation shock” from
now onwards). This shock starts converging onto the
axis, eventually forming a plasma column (i.e. a jet), fol-
lowing a “zippering” implosion which can be seen on the
images at 175 and 205 ns. Both the central jet and the

FIG. 8: (a)-(b) XUV emission of the bow-shock ahead of the
jet from two experiments, showing the formation of spatial
features at the front of the shock. Both images are centered
on the highly-emitting region at the tip of the jet. (c) Dark-
field laser Schlieren image showing the presence of small-scale
structures inside the shock, (d) Simulation results, showing
the formation of spatial features at the front of the shock.

ablation shock remain well defined throughout the en-
tire experiment. At ∼240 ns (near peak current) the jet
reaches its minimum diameter of ∼0.8-1 mm, which then
gradually increases with time. From ∼300 ns the XUV
images also show the appearance of a secondary shock
feature propagating on axis ahead of the ablation shock.
This “bow-shock”, which starts with a quasi-spherical
shape, expands both axially and radially, and appears to
be centered on the tip of the jet formed on the axis of
the ablation shock. The intensity of the XUV emission is
higher at the front of the bow-shock, where it is almost
as strong as at the tip of the jet. As the bow-shock ex-
pands axially, some deviations from the initial spherical
shape develop, as it can be seen at 380 ns in Fig. 6a. The
radial expansion of the bow-shock also leads to the for-
mation of a horizontal, highly-emitting boundary due to
its interaction with the ablation shock, clearly observed
at 440 ns. Measurements of the axial positions of the tip
of the ablation shock and of the bow-shock are presented
in Fig. 7. These measurements were obtained from the
images in Fig. 6a, with the error bars reflecting the un-
certainty in the position of the base of the jet, i.e. the
initial position of the foil. The experimental data can be
well represented by linear fits indicating approximately
constant axial velocities for the ablation shock of VZ∼70
km/s and for the bow-shock ahead of the jet of VZ∼90
km/s, i.e. the bow-shock moves faster by ∼30%.

Figs. 8a-b show the evolution of the bow-shock ob-
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FIG. 9: (color online) Laser probing results of a jet in argon at 430 ns. (a) Raw intererogram, (b) 2-D map of electron line
density (in cm−2) from the analysis of (a), (c) 2-D map of electron density (in cm−3) after performing Abel inversion of the
data on (b).

served from XUV emission images obtained in two nomi-
nally identical experiments. It is seen that the overall dy-
namics of this shock are very reproducible. At the same
time, it is clear that deviations from the initial spher-
ical shape, developing at the front of the shock, vary
from shot-to-shot. Images of this region obtained using
a dark-field laser Schlieren diagnostic (Fig. 8c) provide
higher spatial resolution than the XUV images, and show
the presence of small-scale structures (<100 µm) forming
on the shock. The high velocity of this shock feature, to-
gether with the low-density of the ambient argon, suggest
that radiative cooling may be playing a role. Estimates
of the importance of radiative cooling in the jet and in
the bow-shock are presented at the end of Sec. IVB.
Laser interferometry images provide additional infor-

mation on the properties of the jet formed in the presence
of ambient argon. Fig. 9a shows typical interferometry
data taken at 430 ns. Figs. 9b-c show the corresponding
2-D maps of electron line density neL and radial electron
density ne, the latter obtained from Abel inversion. The
electron density distribution shows all the features seen
in the XUV images: the jet on axis, the increased elec-
tron density at the position of the ablation shock, and the
bow-shock propagating ahead of the ablation shock. The
masked regions at the tip of the jet and at the bow-shock
correspond to places where the electron density or/and
electron density gradients are too high for interference
fringes to be traced. The electron densities measured in
the body of the jet are higher (a factor of ∼3-5 increase)
than those measured at a similar time for the jet propa-
gating in the absence of ambient argon (cf. for example
Fig. 9c with Fig. 3c). It is interesting that the electron
density in the very central part of the jet (r.1 mm),
shows significant variations on small spatial scales, which
were not observed in jets propagating in vacuum. Nu-
merical simulations presented below suggest that these
variations might be due to argon being “trapped” inside
the aluminum jet during its early stages of formation.

B. Numerical simulations of jet-ambient

interaction

For a qualitative discussion of the overall dynamics of
the simulated outflow evolution, Fig. 6b presents a series
of synthetic XUV emission images that can be compared
with the experimental results in Fig. 6a. The simulations
show most of the main features described in Section IVA,
including the ablation shock, the jet, and the bow-shock
ahead of the jet. The ablation shock dynamics at early
times are remarkably similar to those observed in the ex-
periments. The synthetic XUV image at 170 ns shows
the jet being formed by axial convergence of the ablation
shock through a “zippering” implosion (cf. with the ex-
perimental XUV image at 175 ns in Fig. 6a). After the
jet is fully formed at ∼220 ns, it slowly increases its di-
ameter as in the experiments. Simulations show that the
first 5−12 mm of the jet are obscured by a steep opacity
not observed in the experimental XUV images. The dif-
ferences come from the method used for the calculation
of the emission maps.

The formation of the bow-shock ahead of the tip of the
jet is visible in the simulations after 220 ns. Both the
central part of this bow-shock and the tip of the jet are
characterised by strong XUV emission, as seen from the
simulation results at 450 ns and the experimental images
after 320 ns. Simulations confirm that the horizontal,
highly-emitting feature at the base of the bow-shock vis-
ible in the experiments is produced by the interaction of
the ablation shock and the expanding bow-shock. Lastly,
simulations also show departures from the initial spheri-
cal shape of the bow-shock, as can be seen in more detail
in Fig. 8d.

The maximum axial positions of the ablation shock and
the bow-shock seen in the simulations are compared with
the experimental data in Fig. 7. Simulation results were
shifted back in time 30 ns in order to match the start-
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FIG. 10: (color online) Simulations of jet-argon interaction
at 250 ns. (a) Force densities in the plasma, J×B (orange)
and pressure gradient (green). The modulus of the vectors
is in logarithmic scale, ranging from 106 to 1012 N/m3. The
background shows mass density, with light tones representing
higher density (also in logarithmic scale, in units of kg/m3).
Superimposed are contours of plasma β=1. (b) Flow stream
lines showing the direction of the plasma flow. Regions with
a velocity <1 km/s have been greyed-out. Density contour
lines (in logarithmic scale, with values -4, -2, and -1) are su-
perimposed on the image (see scale on (a)).

ing time of the ablation shock inferred experimentally as
∼75 ns after the start of the current. As the simulations
are quite sensitive to the somewhat arbitrary initial tem-
perature of the foil and the argon density immediately
adjacent to the foil, small differences in the early-time
evolution of the ablation shock are to be expected. The
simulation data fall within the experimental error bars
indicating a good agreement with the experiments. Over-
all, the main aspects observed in the experiments are well
reproduced by numerical simulations.
The good agreement of simulations with experimental

data allows us to confidently use simulations to explain
the dynamics of the jet and the shock features formed
due the interaction of the jet with argon. Simulations
show that, as in the case without argon, the plasma gen-
erated by the foil ablation is accelerated vertically by
the J×B force. This can be seen from comparing the
forces present in the plasma shown in Fig. 10a at 250 ns,
near peak current. The vectors represent the forces from
pressure gradient and J×B. Investigation of the magnetic
field distribution reveals that, although most of the mag-
netic field remains below the foil, a fraction of it is able
to diffuse into the region above the foil. This implies
that part of the current can propagate along the jet and
along the thick argon layer in the ablation shock, closing
the cathode-anode circuit. As a consequence, a toroidal

FIG. 11: (color online) Density cuts from simulations at 250
ns, all values are in logarithmic scale in units of kg/m3. (a)
Argon density contours lines (values: -4 (blue), -2.5 (light
blue), -2 (white)) superimposed to an aluminum density map
(red shades). (b) Aluminium density contours lines (values:
-4 (red), -2 (orange), -1 (white)) superimposed to an argon
density map (blue shades). (c) Aluminium concentration con-
tours lines (99% (red), 50% (white), 1% (blue)) superimposed
to density maps of argon (blue shades) and aluminum (orange
shades).

magnetic field is present in the region between the foil
and the ablation shock. This magnetic structure pro-
duces a vertical J×B force in the proximity of the foil,
but higher above the foil the radial component of the
J×B force is also present. The general behaviour of the
plasma flow due to these forces is presented in Fig. 10b.
Two points can be noted here. First, the plasma ablated
very close to the cathode is strongly re-directed towards
the axis and its convergence forms the jet. Inside the
jet an additional axial acceleration of the plasma takes
place due to a vertical (axial) pressure gradient, similar
to the formation of the jet in the absence of ambient gas.
Second, the plasma ablated at radii r>4−5 mm follows
initially a vertical path. However, because of the pres-
ence of a radial component of the J×B force, the plasma
flow is re-directed towards the axis and converges near
the tip of the ablation shock producing a compressing
(pinching) effect. The radial pressure gradient is then
balanced by the ram pressure of the incoming radial flow.
Such compression increases the density, temperature and
pressure in this region, and explains the strong emission
observed in the experimental XUV images. This lateral
compression and the localized increase of the pressure in
this region creates strong axial pressure gradients, caus-
ing a deceleration of the flow below this compressed re-
gion and a further acceleration of the plasma above it,
as illustrated in Fig. 10a. The plasma accelerated from
this “nozzle-like” configuration propagates ahead of the
ablation shock and is responsible for the formation of the
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bow-shock, which propagates into the ambient gas.

The simulations can also trace the mixing (composi-
tion) of aluminum and argon in different parts of the
flow, and this is shown in Fig. 11. Figs. 11a-b show that
the ablation shock is marked by a sharp increase in ar-
gon density with a compression ratio of ∼8 and typical
electron temperature of ∼15 eV. Below this layer lies a
thin, low-density region of mixed material. For the con-
tour line corresponding to 50% aluminium/argon mix the
electron temperature is ∼30 eV. Underneath this layer,
argon is almost absent and the aluminum ablated from
the foil is the main component of the plasma. A mix-
ing region, i.e. where the ratio of concentrations of the
two materials is between 1% and 99%, has its maximum
thickness close to the tip of the jet and decreases at larger
radii. Fig. 11c clearly shows the presence of argon along
the body of the jet, trapped following the jet formation.
The structure of the bow-shock at later times in simula-
tions (at 480 ns) is shown in Fig. 8d. At this stage the tip
of the jet is mainly formed by aluminum, though it dis-
plays evidence of mixing with argon, advected from the
lower part of the jet. Conversely, the bow-shock propa-
gates mostly through argon. Just below the bow-shock,
before the strong deceleration in the shock, the jet has
a Mach number of ∼7, a typical velocity VZ ∼145 km/s
and a temperature of ∼13.5 eV. The mass density in the
shock is ρ∼6×10−4 kg/m3, quite a low value stemming
from an exponential density decrease along the axis. The
simulation results of the bow-shock in Fig. 8d show the
formation of structures at the shock front, though not at
such small scales as observed experimentally (cf. Figs. 8a-
c). This could be due to insufficient resolution of the
bow-shock region in the simulations due to the need to
simulate the whole experiment. This could also explain
the observed discrepancies between simulations and ex-
periments in the lateral and radial expansion velocities.

The development of small-scale non-uniformities, seen
in the experiments in the very central part of the jet
(near the axis, Fig. 9c), could be related to the pres-
ence of argon inside the jet as seen in the simulations.
This could be a result of the development of hydrody-
namic turbulence due to velocity shear at the bound-
ary between the initially stationary argon and the con-
verging flow of aluminum. The development of turbu-
lence is linked to high Reynolds numbers (see e.g. [46]),
which for the plasma parameters in the jet is of the order
of Re∼106. This estimate was obtained by taking the
electron density measured from interferometry (ne∼1019

cm−3), a plasma temperature of Te∼5 eV, a degree of
ionisation Z∼4, a flow velocity of 50 km/s, and the char-
acteristic spatial scale of ∼1 mm, i.e. the characteristic
radius of the jet. Simulations, however, do not show
the development of these variations inside the jet possi-
bly due to the insufficient resolution required to observe
these effects. Whether the mixing of foil material and
argon is the cause for these small scale structures will
require further investigations.

Fig. 12 shows a comparison between different physical

parameters on the axis of the jet with and without the
presence of argon, at 200, 300 and 400 ns. The main
difference with the addition of argon translates to the
position of the tip of the jet, which in argon is always
smaller compared to the case with gas. The spatial pro-
files in vacuum are characterized by an almost linear in-
crease/decrease with height in the jet. The presence of
argon leads to spatial changes in these parameters, most
noticeable in the density and electron density, which in-
creasee at the tip of the jet, where the plasma is com-
pressed and re-directed axially due to the “nozzle-like”
structure (at ∼18 mm at 400 ns). The density also in-
creases at the highest position (at ∼23 mm at 400 ns)
which marks the position of the front of the bow shock.
By using results from both experiments and simula-

tions results it is possible to estimate the effect of ra-
diative cooling in the jet and the bow-shock, which is
reflected by the cooling parameter χ, i.e. the ratio of the
cooling time to the characteristic hydrodynamic time.
This can be expressed as the ratio of the thermal en-
ergy of the plasma per unit volume (proportional to the
ion density, ionization and electron temperature) to the
product of the power radiated per unit volume and the
characteristic hydrodynamic time ([30, 47]). To calcu-
late the radiated power, we use the cooling rates from
[48], which are a function of the material and the elec-
tron temperature. The hydrodynamic time is estimated
as the ratio of a characteristic spatial scale to the sound
speed.
For the aluminum jet propagating in vacuum, experi-

ments give ne∼5×1018 cm−3 and a characteristic spatial
scale given by the diameter of the jet, ∼4 mm (at 15 mm,
430 ns). Simulations give Te=5 eV, Z=4 and Cs∼8 km/s
(at 15 mm, 400 ns), which for the cooling rates in [48]
result in a cooling parameter of χ∼10−4. By using the
minimum temperature and ionization values from [48],
i.e. Te=20 eV and Z∼3.6 respectively, it is possible to
calculate a sound speed of Cs∼20 km/s, which results in
χ∼10−3.
In the case of the bow-shock, experiments give

ne∼4×1018 cm−3 and we take a characteristic size
(i.e. the shock width) of ∼1 mm (at 32 mm, 430 ns). Us-
ing the same procedure as above, and assuming the bow-
shock is made purely of argon, simulations give Te=15
eV and Cs∼16 km/s (at 23 mm, 400 ns), resulting in a
cooling parameter of χ∼10−2. The minimum values from
[48] are Te=30 eV and Z∼7 result in Cs∼29 km/s, and
therefore a cooling parameter of χ∼10−3. In both cases
the cooling parameter is χ≪1, indicating that the jet and
the bow-shock are strongly radiatively cooled. Future ex-
periments will look into this effect by, e.g. varying the gas
composition and foil material.

V. CONCLUSIONS AND FUTURE WORK

We have presented experimental results and numeri-
cal simulations illustrating the formation of supersonic
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FIG. 12: Axial profiles from simulations comparing different parameters of the jet and the shocks in vacuum and with the
addition of argon. Profiles are shown at 200, 300 and 400 ns and present, from top to bottom respectively: mass density,
electron temperature, axial velocity, Mach number, degree of ionization.

plasma jets in a radial foil Z-pinch configuration. The
experimental set-up was modified in comparison to our
previous experiments ([11]) to focus on the formation of
jets driven by the ablation of the foil and not directly by
the pressure of the toroidal magnetic field.

In the absence of an ambient gas, the jets produced by
this set-up are highly collimated, with an aspect ratio (jet
length to jet radius) exceeding ∼20 and a half-opening
angle of ∼2◦−5◦. Measurements of the jet velocity and
plasma temperature using optical Thomson scattering
show that the jet is supersonic, but the internal Mach
number is much smaller (M∼3−5) than it would be ex-
pected (M∼20) from the observed small opening angle
of the jet. The jet is surrounded by a low-density halo
plasma which moves with the same velocity as the jet,
but the thermal pressure of this plasma is not sufficient
to explain the observed level of jet collimation. 3-D resis-
tive MHD simulations of the jet formation show that the
toroidal magnetic field diffuses through the heated foil
and plays a role in the jet collimation. The J×B force
associated with this toroidal magnetic field re-directs the

flow of plasma ablated from the foil towards the axis,
and the ram pressure of this converging flow is responsi-
ble for the collimation of the central, dense part of the jet.
In simulations, the half-opening angle of the dense part
of the jet is larger than observed experimentally (half-
opening angle ∼6◦ versus ∼2◦ in the experiments). It is
suggested that for the chosen initial conditions, the code
underestimates the level of current (and thus magnetic
field) present in the outflow.

In the case where argon is present above the foil, both
the formation and propagation of the jet are affected,
leading to the formation of several shock features. It is
interesting that some of the plasma dynamics observed in
this configuration are similar to those seen in the laser-jet
experiments (e.g. [25]), performed in conditions with an
ambient gas present in the laser-target interaction region.
It is very possible that some of the shocks observed in
those experiments, especially the conical shock extending
to large diameters, were driven by the material ablated
from the target and are similar to the ablation shock seen
in our experiments.
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The novel feature observed in our experiments is the
formation of a bow-shock structure propagating ahead
of the ablation shock. This bow-shock is driven by re-
direction and acceleration of the flow produced by a
“nozzle-like” structure formed at the tip of the abla-
tion shock. Simulations indicate that the flow exiting
this nozzle is supersonic (internal Mach number M∼8)
and moves faster than the ablation flow and the abla-
tion shock. This secondary high Mach number flow in-
teracts with the undisturbed argon ambient, resulting in
a working surface structure similar to those described
by authors modelling propagation of astrophysical jets
(e.g. [47, 49]). The form of the bow-shock is initially
a smooth curved, approximately hemispherical surface,
which later evolves into a more elongated shape and de-
velops several smaller-scale structures at the shock front.
The interaction of the secondary supersonic flow with
an undisturbed ambient medium is very promising for
detailed investigations of the effects of radiative cooling
on the properties of forming working surfaces. First es-
timates combining experimental and simulation results
show that the cooling parameter in the bow-shock (as-
suming is made purely of argon) is χ≪1. In addition,
estimates of the Reynolds and Peclet numbers result in
values ≫1 (Re∼106 and Pe∼40−250 respectively) ensur-

ing that these outflows are relevant to the modelling of
astrophysical jets with similar dimensionless numbers.
The set-up can be modified for adding a static gas

above the foil using an enclosed gas-cell, and preliminary
experiments indicate that all shock features develop in
the same way as in the case of a pulsed-gas fill described
in the present paper. The use of a gas-cell allows for a
more accurate knowledge of the initial ambient density.
A precise control of this parameter is critical to obtain
the correct ratio of jet to ambient density for laboratory
modelling of jets from young stars. Variation of the gas
composition (e.g. He, Ar, Xe) will allow control over the
relative importance of radiative cooling in jet and the
shock features, and this will be tested in future experi-
ments.
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