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In this Letter, laboratory astrophysical jet experiments performed with the LULI2000 laser facility are
presented. High speed plasma jets (150 km � s�1) are generated using foam-filled cone targets. Accurate
experimental characterization of the plasma jet is performed by measuring its time evolution and
exploring various target parameters. Key jet parameters such as propagation and radial velocities,
temperature, and density are obtained. For the first time, the required dimensionless quantities are
experimentally determined on a single-shot basis. Although the jets evolve in vacuum, most of the
scaling parameters are relevant to astrophysical conditions.
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High-energy density facilities, such as high power lasers
or Z pinches, enable the exploration of extreme states of
matter as found in several astrophysical objects. Using
appropriate diagnostics, measurements of such conditions
and their time evolution allow to validate and to test
theoretical models and simulation codes [1]. This approach
has been already used to perform plasma jets studies [2–
4]. Astrophysical jet dynamics are affected by many physi-
cal phenomena such as radiation [5,6], magnetic fields [7],
and interaction with interstellar medium [8]. The complex-
ity of jet evolution theories and simulations needs com-
parisons with controlled data. For that reason laboratory
experiments help to answer basic questions like, for in-
stance, how do some jets stay collimated over the large
distances observed?

In this Letter, we show it is possible to launch a super-
sonic jet with a new flexible target (see Fig. 1) which can be
used with any high-energy long pulse laser facility. To
control and to accurately diagnose the jet, it is generated
at the rear side of the target. For jets created on the laser
side as in [9], their interaction with the laser beam can
induce spurious effects and modify their evolution [10].
This also removes options for exploring jet propagation in
ambient media. This point is of special interest to produce
plasma jets which can be scaled to astrophysical ones, i.e.,
in such a way to be hydrodynamically and radiatively
similar to their astrophysical counterpart. Similarity con-
straints are achieved if dimensionless numbers for labora-
tory jets have the same order of magnitude as astrophysical
ones [11]. The Mach number (M), the cooling parameter
(�), and the jet-to-ambient density ratio (�) describe global
properties of jets. For a fluid description of plasmas,

Reynolds (Re) and Peclet (Pe) numbers as well as the
localization parameter (�) have to be evaluated. The key
point for an astrophysical experiment is the determination
of all these parameters, and we measured the jet velocity
Vjet, its radial evolution [R�t� and VR], temperature Tjet�t�,
and electronic density ne�t� to achieve this goal. Time-
resolved diagnostics have been used to investigate evolu-
tion of these quantities, which is a required income to
validate models.

The two LULI2000 kJ nanosecond beams were con-
verted to the second harmonic to drive a strong shock
through the foam as described in Fig. 1. The beams were
focused with a 500 �m focal spot diameter and the pulse
duration was 1.5 ns (square), giving a maximum intensity
IL � 1014 W=cm2. The shock was generated in a two layer
target. A first 20 �m plastic (CH) layer acts as ablator-

FIG. 1 (color online). Foam-filled cone target process. The
cone entrance has a 500 �m diameter (exit diameter 100 �m)
and thickness is 250 �m. (a) The laser is focused on the pusher.
(b) It drives a shock into the foam. (c) The shock is guided in the
cone and a high velocity plasma jet flow is generated.
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pusher and a 3 �m thick Ti layer prevents x-ray preheating
of the foam. Then the shock propagates through the foam
and generates a dense and hot plasma [12]. The conical
shape guides, confines, and accelerates the plasma flow
onto the symmetry axis, producing a supersonic jet. To
vary initial conditions and to study their effects on the
jet collimation, we used two different foam densities,
50 mg=cm3 and 100 mg=cm3. A 100 �m long washer at
the cone exit was added on some shots in order to enhance
collimation. When performing x-ray radiographies (see
below), foam was doped with high Z material to increase
contrast.

The experimental setup is shown in Fig. 2. In the trans-
verse direction (perpendicular to the propagation axis), we
implemented visible shadowgraphy and VISAR (Velocity
Interferometer System for Any Reflector) diagnostics us-
ing a 20 ns low power probe beam (532 nm). As a rear side
diagnostic, the VISAR is commonly used in equation of
state experiments to measure shock velocity [13]. In our
scheme, the probe laser goes through the hot plasma and is
then split and temporally delayed in the two arms of the
VISAR. When recombined we obtain an interferogram
providing the plasma refractive index time variation. By
recording the fringe shift evolution, we obtain the electron
density gradient dne�t�=dt below the critical value nc. On
the target rear side, we set up a Self Optical Pyrometry
(SOP) [14]. To determine Tjet, we adopted here an absolute
photon counting technique to get the equivalent blackbody
temperature. Finally, to probe the jet core density, a trans-
verse 2D x-ray radiograph at 5 keV (He� vanadium line)
was implemented using a spherical bent crystal [15,16] to
get monochromatic high spatially resolved images of the
jets. A 8 �m spatial resolution was achieved along the
plasma flow axis, which was measured on test shots using
400-lines-per-inch gold grids.

Among the jet parameters listed above, velocity is cru-
cial as it appears in each dimensionless number. Therefore
an accurate measurement is required and has been achieved
with the transverse VISAR. When ne � nc=10, the probe
beam is absorbed and refracted so no light is collected by
the camera as shown in Fig. 3. The slope of the frontier
between transmitted and absorbed light (dashed line) pro-
vides Vjet that ranges from 100 to 150 km � s�1 depending
on laser intensity, foam density, and presence of washer.
About 8 ns after the main laser a fringe shift, due to a low
density plasma (transparent to visible light), occurs ahead
of the absorbing zone. This plasma develops at the jet front
at high velocity (�175 km=s). By a temporal integration of
the fringe shift, we deduced the electron density of this
plasma to be ne � 8� 1018 cm�3. Around 11 ns after the
main laser, this plasma has a 100 �m extension ahead of
the absorbing zone of the jet, representing only 10% of its
total length.

The second set of parameters [radial evolution R�t�, VR
and temperature Tjet�t�] can be derived from the SOP
diagnostic. Indeed, when the shock breaks out from the
foam, early emission from the plasma located in the washer
(Fig. 4) is detected. The diameter of the plasma is kept to
100 �m during 1 ns, the traveling time of the flow through
the washer. When the jet emerges into vacuum, it radially
expands. By successive radial lineouts, jet radius time
evolution R�t� and its velocity VR�t� are deduced, and for
the shot presented in Fig. 4, VR�t� � 35 km=s. From the
SOP we were also able to determine the jet temperature
time evolution. Along the central region of the self-
emission (R � 0 �m) we first observe a maximum tem-
perature due to the shock breakout at the end of the cone.
Then at the washer exit, the jet temperature is 3 eV and

FIG. 2 (color online). Schematic view of the experimental
setup. For the x-ray diagnostic, one of the two beams is used
as backlighter.
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FIG. 3 (color online). VISAR interferogram for a target with
washer and 50 mg=cm3 foam. The dashed line slope provides jet
velocity. The solid line defines the beginning of fringe shift
showing to a low density expanding plasma ahead of the jet bulk.
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remains quite constant for 5 ns. One notices that the
observed self-emission comes from a region close to a
fraction of the critical density. Indeed, the small low den-
sity plasma ahead of the jet, mentioned above, does not
absorb the light recorded on the SOP (at 450 nm).
Moreover as described below, the hot foam plasma is
expected to be fairly uniform both for the temperature
and the density, implying that the measured temperature
is the actual jet temperature within our error bars� �10%.
If we consider now the radial profile of the temperature at
different times, we notice a top hat profile, the edges of
which slightly decrease with time. The jet cools radially
due to its expansion in vacuum and radiation losses.

For a complete scaling of the jet, we need to determine
its density, but visible diagnostics provide only a fraction
of nc. The jet core density measurement is achieved by
using x-ray radiography diagnostic and Beer’s law, I �
I0 exp���m�d� that gives the transmitted x-ray intensity,
I, after propagation through the jet at density � and with a
diameter d. Figure 5 shows radial density profiles of the jet
along the propagation axis. Because of radial symmetry, an
Abel inversion was performed to extract the density assum-
ing a brominated foam absorption given by the cold case.
At these low temperatures (a few eV), bromine opacities
are not expected to be different from cold ones for high-
energy x rays (5 keV). At 100 �m from the cone exit, a
density � � 0:5 g=cm3 was measured which corresponds
to a compression factor �=�0 � 10. To go further into the
plasma characterization, we performed, in addition to x-ray
radiography, visible shadowgraphy of the plasma flow to
determine the jet shape at much lower density. A beam
splitter was placed in front of the VISAR to obtain a 2D
image using two Gate Optical Imagers having a 120 ps
integration time. For the 2D pictures taken early in time,

we observed a plasma jet with radial extension R �
100 �m corresponding to the washer exit tip radius, but
later (see Fig. 6) the jet diameter becomes larger, reach-
ing �500 �m at half of its total length (�850 �m). The
radial evolution of the plasma can be described analyti-
cally using Euler equations with a polytropic pressure
law. As expected, due to the high value of Vjet�t� �
100–150 km=s, the jet remains quite collimated late after
the main drive beams, which was confirmed by comparing
the two Gate Optical Imager results for the same shot at
two different times. Considering the set of these data, we
were able to compute most of the fundamental jet parame-
ters (see Table I) with different initial conditions. We
observe that when a washer was added, Vjet increased while
the radial expansion was slightly reduced. This clearly
shows that the washer did guide efficiently the plasma
flow and also enhanced the jet collimation. These effects
are observed using both transverse shadowgraphy and

FIG. 4 (color online). Temperature of the jet given by the SOP
diagnostics.

FIG. 5 (color online). Radial density profile of the jet at
100 �m, 150 �m, and 200 �m. It is extracted from the x-ray
radiography for 50 mg=cm3 foam density 12 ns after the main
laser time.

FIG. 6 (color online). Transverse shadowgraphy of the jet
11 ns after the main laser beam.
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self-emission diagnostics for our initial densities
(50 and 100 mg=cm3); a faster but also cooler jet
with higher aspect ratio was obtained by adding a washer.

As shown previously and reported in Table I, Tjet, Vjet, �,
and ne measurements allowed calculations of dimension-
less numbers. For Peclet and Reynolds numbers, respec-
tively Pe � Rcs=� and Re � RVjet=� with cs the sound
velocity, we used the Spitzer formulae [17] for viscosity
(�) and thermal diffusivity (�). The localization parameter,
� (also relevant for astrophysical jet but not presented in
the table), was calculated, � < 10�6, confirming the colli-
sional aspect of the plasma. Moreover, from the cooling
parameter, � � 	rad=	hydro, which compares the radiative
time (	rad) to the hydrodynamic one (	hydro � R=cs), we
can estimate the importance of the radiative flux in the jet
dynamic. Using blackbody law as lower limit for 	rad,
radiation does not have a big role in jet cooling, as � is
large compared to one. Nevertheless, we can compare our
plasma jets to Herbig Haro objects [18], which are thought
to be nonrelativistic collimated bipolar outflows resulting
from the existence of accretion disks during the star for-
mation process. Some very detailed observations of evolu-
tionary changes have been made, such as the knots motion
along the plasma jet. Typical astrophysical jet parameters
are M � 10, Pe 	 1, Re 	 1, and � � 0:1–10 (see
Table I), and, therefore, the possibility to generate high
Mach number low temperature jets having good similar-
ities with astrophysical jets using a new target scheme is
demonstrated in this paper. However, as they evolve into
vacuum and are optically thick, � is larger than for Herbig
Haro ones. To reduce this value, we expect to be able to
generate hotter plasma by changing, for example, the foam
characteristics: very low density, high Z material, and by
optimizing laser conditions to the cone shape. It would
hence be possible to increase radiative losses and decrease
the value of �. Future experiments will consider all these
aspects and, especially, interaction with an ambient me-
dium to approach realistic astrophysical situations leading
to appropriate value of �. Astronomical observations and
theories highlight the role of the magnetic field during the
jet generation and propagation. The dimensionless parame-
ter to consider is therefore 
, which corresponds to the

ratio of thermal pressure to magnetic pressure (
 �
Pth=PB). Close to the star (&103 AU), the ambient elec-
tronic density and the ambient magnetic field are rather
high (n * 103 cm�3 and B * 100 �G, respectively) so

 � a few units. At large distance, d, from the star (d *

104 AU), B2 decreases faster than n; consequently 
 � n
B2

increases up to a few 10s as reported in [19]. Considering
our jet measurements and using devices currently in devel-
opment, we could expect generated magnetic fields up to
1 MG providing 
 * 0:4. The achievable range of varia-
tion in the magnetic field (0 G up to 1 MG) is very
promising to investigate experimentally its effects on vari-
ous jet regimes, i.e., jet propagation close to far from the
star.
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TABLE I. Jet parameters.

Foam density (mg=cm3) Tjet�eV� Vjet�km � s�1� VR�km � s�1� M Pe Re �

50 3.2 122 52 9.2 1� 105 4� 108 5� 103

100 2 99 33 9.4 4� 105 1:4� 109 3� 104

50a 3 144 35 11 1:3� 105 5:4� 108 6� 103

100a 1.9 110 32 10.7 5� 105 2� 109 4� 104

astrophysical jet a few eV 100—300 a few km:s�1 � 10 	 1 	 1 0.1–10

aWith washer.
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