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Radiative Jet Experiments of Astrophysical Interest Using Intense Lasers
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A high Mach number, radiatively cooled jet of astrophysical interest has been produced using intense
laser irradiation of a gold cone. The evolution of the jet was imaged in emission and in radiography,
and the temperature was measured with Thomson scattering. Comparison with numerical simulations
shows that radiative cooling is a dominant mechanism in the collapse of the Au plasma jet on axis, with
temperatures plummeting and peak densities increasing, each by an order of magnitude in � 1

2 ns. In
dimensionless terms, aspects of this jet are similar to radiative astrophysical jets.

PACS numbers: 52.50.Jm, 52.65.Kj, 95.30.Qd, 98.62.Nx
High Mach number, radiatively cooled jets are observed
throughout the galaxy, one example being the Herbig-
Haro (HH) objects [1]. These HH jets are characterized
by radiative shock fronts associated with highly colli-
mated, high Mach number outflows from newly formed
stars. Their morphology and kinematics have been mod-
eled with numerical simulations, and the need to include
radiative cooling has been emphasized [2,3]. Most as-
trophysical jets are supersonic, and their dynamics are
sensitive to Mach number (jet speed/sound speed) [4].
Regimes exist where magnetic [5] and relativistic [6] ef-
fects are also important. Depending on the density and
temperature, radiation can cool a plasma jet, allowing the
jet to collapse to a smaller radius and higher density,
which modifies the dynamics of the jet penetrating the
interstellar medium. The implementation of radiative ef-
fects into multidimensional hydrodynamic simulations is
not trivial, and comparison with experimental benchmark
data would be highly beneficial. Such experiments are
possible through the use of high-power lasers.

Supersonic jet experiments [7] have been previously
conducted on the Nova laser [8]. The jets produced were
high Mach number �M � 10 20�, but adiabatic (nonradia-
tive) due to their high densities �r � 1 g�cm3� and low
temperatures �T # 50 eV�. In a new experiment, highly
radiative jets of astrophysical interest have been produced
using the Nova laser. Comparisons with numerical simu-
lations show the strong effect of radiative cooling.

The experimental design is shown in Fig. 1. The target
is a gold disk with a 120± included angle conical section
machined out of one side. The interior of the conical
section is illuminated simultaneously by five Nova beams,
each using a 100 ps full width at half maximum (FWHM)
Gaussian pulse shape at 351 nm wavelength and at an
energy of approximately 225 J. The spot size of each
beam was elliptical with partly overlapping dimensions of
approximately 260 mm 3 410 mm, and each beam was
incident nearly perpendicular (within 10±) to the cone
1982 0031-9007�99�83(10)�1982(4)$15.00
surface. This resulted in an axisymmetric, uniform ring
of illumination on the conical concave surface at an
average intensity of �2 3 1015 W�cm2, causing rapid
ablation of plasma normal to the surface. This hot plasma
collided on axis at t � 0.3 0.5 ns after the peak of the
laser pulse to produce a jet which propagated axially
away from the cone. As the Au plasma collided on
axis, the ion-ion mean free path length, lii , is small
compared to characteristic spatial scales such as r0, the
radius of the jet (e.g., lii ø r0). Hence, the plasma jet
is collisional and can be satisfactorily modeled with a
radiation-hydrodynamics code.

The diagnostics used in the experiment are shown in
Fig. 1. Three gated x-ray pinhole cameras [9,10] were
used to record two-dimensional, time-resolved images
of the jet. Two of these cameras recorded the self-
emission from the jet from side-on and face-on views.
The third recorded a side-on, backlit radiograph of the
jet using a uranium foil irradiated by one of Nova’s
remaining beams as a backlighter source. The uranium
x-ray energy spectrum peaks at �1 keV [11]. The two

FIG. 1. Schematic of the radiative jet experiment and primary
diagnostics.
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side-on cameras each used thin filters of 1 mm thick
lexan �C16H14O3; r � 1.2 g�cm3� substrate layered with
3000 Å of aluminum to block stray light, and the backlit
camera had an additional 12.5 mm of beryllium filtering.
All the x-ray pinhole cameras used 10 mm pinholes,
and the instrument spatial resolution is therefore approxi-
mately 10 mm [12]. A Thomson scattering diagnostic
[13] was used to measure the electron temperature at a
position of 300 mm from the cone face at 0.5–0.6 ns after
the peak of the laser pulse.

Extensive numerical simulations were done in the de-
velopment of the radiative jet experiments, using the two-
dimensional radiation-hydrodynamics code LASNEX [14].
Several different experimental designs were considered,
and the present configuration was chosen based on the
strong radiative cooling effects predicted. In the simu-
lations, the laser energy deposition was done by the
ray-trace technique, whereby �1000 laser rays were
propagated up to the gold surface. For each ray, energy is
absorbed by inverse bremsstrahlung along its path and by
resonance absorption at the critical surface. LASNEX self-
consistently calculates electron and ion temperatures and
x-ray photon distributions along with the hydrodynamic
plasma flow. An average atom model was used in calcu-
lating average ionization level �z�. The radiation trans-
port algorithm used in the simulations was multigroup
diffusion, assuming the plasma was not in local thermo-
dynamic equilibrium, with 256 to 512 bins encompassing
photon energies from 1 to 30 keV and with detailed emis-
sion and absorption lines [15,16].

Two-dimensional images of self-emission from the jet
at 1.1 ns after the peak of the laser pulse from experi-
ment and simulation are shown in Figs. 2(a) and 2(b),
respectively. In the simulation, the jet was assumed to
be axisymmetric, and the results qualitatively reproduce
the jet morphology observed in the experimental data.
Note the central region of the beam does not radiate
as strongly as the outer limbs of the jet. This is due
to large radiative losses in the denser central region
early in time, since radiative losses vary as qrad � n2

i ,
where ni is the ion density. This preferentially cools
the core while the outer, lower density region remains
hot and continues to radiate later in time. The LASNEX

simulation qualitatively reproduces this preferential core
cooling, with the temperature on axis a factor of �30
lower than in the outer envelope at 1.1 ns. Radial profiles
from the images in Figs. 2(a) and 2(b) are shown in
Fig. 2(c). Each profile represents the average of a 10 mm
wide band located at approximately 950 mm from the
cone face and was normalized by its integral. This
preferential core cooling manifests itself as a double
peaked structure in the radial profiles, with the peaks
separated by �20 mm in the simulation, whereas the
separation observed in the experiment is a factor of 3
larger at �60 mm. This discrepancy is most likely due
to the azimuthal asymmetries in laser illumination in the
experiment, causing tangential velocities. The simulation
FIG. 2. Images of self-emission at 1.1 ns from the radiative
jet from (a) experiment; (b) LASNEX simulation; (c) emission
from experiment and LASNEX simulation using the transmission
distributions (averaged over 10 mm) from self-emission images
at z � 950 mm.

is azimuthally symmetric, which allows the “imploding”
Au plasma to collapse down to a narrower, denser
jet on axis.

The experimental and simulated backlit radiographs are
shown in Figs. 3(a) and 3(b), respectively, taken at 1.3 ns
after the peak of the laser pulse. The simulated result
has been postprocessed to include the smearing due to the
finite spatial resolution of the diagnostic. The beam is
well collimated along the observed length of the jet, and
the simulated radiograph qualitatively reproduces the data.
Radial profiles averaged over 10 mm in the axial direction
were generated from the images of Figs. 3(a) and 3(b) at
a location of approximately 950 mm from the cone face
and normalized by the backlighter transmission outside of
the jet region. The natural logarithm of this normalized
transmission, shown in Fig. 3(c), depicts the lateral optical
1983
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FIG. 3. Radiographs of the jet (in exposure) at 1.3 ns using
uranium backlighting from (a) the experiment, (b) the LASNEX
simulation, and (c) the natural log of normalized profiles from
(a) and (b), each averaged over 10 mm at a location of
z � 950 mm from the face of the cone.

depth of the jet, djet � 2
Rr0

0 rk dr , where k �cm2�g�
and r0 correspond to opacity and outer radius of the jet,
respectively. The peak optical depth from the simulation
is about 60% of that measured, as is the FWHM (39 mm
from the experiment versus 23 mm from the simulation).
This discrepancy may be a spatial resolution effect.
The azimuthally symmetric simulation predicts higher
convergence of plasma than actually occurs, giving more
mass located in a region below the resolution limit of the
diagnostic and therefore a lower predicted optical depth.
A jet radial velocity was estimated from the data to be
approximately 13 6 3 mm�ns for times between 0.9 and
1.7 ns after the laser pulse, and a lower radial velocity at
later times. An observed jet tip speed of njet � 650 6

130 mm�ns was measured at times between 0.5 and
1984
0.9 ns, which compares reasonably well with 750 mm�ns
predicted by LASNEX. The simulation suggests this jet tip
speed does not change significantly with time.

The dynamics of the radiative collapse is illustrated
in Figs. 4(a) and 4(b) with profiles from LASNEX simu-
lations of density and electron temperature along the
axis. As shown in Fig. 4(a), the jet density on axis in-
creases monotonically with time, starting at 0.025 g�cm3

at 0.3 ns, and increasing to �0.2 g�cm3 at 0.8 ns. The
temperature profiles shown in Fig. 4(b) change more dra-
matically. The temperature near the location of peak den-
sity drops precipitously from �2 keV at 0.3 ns to about
75 eV at 0.8 ns, as a result of the prodigious energy
removal by radiation. The simulated temperatures are
confirmed by the Thomson scattering measurement [13],
giving Te � 250 6 40 eV at 0.5–0.6 ns, as shown by the

FIG. 4. Profiles of (a) density and (b) electron temperature
along the jet axis in 0.1 ns increments, starting at 0.2 ns from
the LASNEX simulations. The thick dashed lines are meant
only to guide the eye in following the radiative collapse. The
single data point in (b) corresponds to the Thomson scattering
temperature measurement at 0.5–0.6 ns and a position of
300 mm from the face of the cone.
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data point at z � 300 mm in Fig. 4(b). This result falls
well within the precipitous drop in temperatures predicted
at 0.5–0.6 ns. The effect of radiation is observed by com-
paring simulations with and without radiation included.
From comparison of radial profiles for the “radiation on”
and “radiation off” cases, it was found that the jet density
on axis is a factor of 2–100 times higher (depending on
time and location) in the radiation on case than the radi-
ation off case, as the radiative emissions cool the core of
the plasma.

LASNEX output was used to determine several pa-
rameters relevant to the dynamics and characterization
of the jet. As the Au plasma collides on the axis of
the cone, the ion temperature �Ti� is initially higher
than the electron temperature �Te�. Electron-ion colli-
sions, however, drive the electron and ion fluids towards
a common temperature with a characteristic equilibra-
ton time tei , defined by dTe�dt � �Ti 2 Te��tei , which
can be calculated by [17] tei �sec� � 5.6 3 1018�meTi 1

miTe�3�2��memi�1�2�Z�nel. Here, me and mi are the
electron and ion masses, respectively, �Z� is the average
ionization state, and l is the Coulomb logarithm approxi-

mated by [17] l � 23 2 ln�n1�2
e �Z�T23�2

e �. Using val-
ues from LASNEX, tei is estimated to be 0.9 6 0.2 ns
and 0.2 6 0.1 ns at 0.5 ns and 0.6 ns after the laser
pulse, respectively, averaged over the beam diameter at
z � 300 mm. This precipitous drop in tei over 100 ps re-
sults from the tei � T3�2���Z�2r� dependence, where Te

on axis drops by a factor of �4 from 0.5 to 0.6 ns, while
density increases by �30%, and �Z� decreases by �25%.
Simulations show that the jet is radiatively cooled through
emission of primarily 0.8–3 keV photons. Early in time
�t � 0.5 ns� the jet plasma is optically thin to these pho-
tons, with a photon mean free path length of �200 mm
for 1 keV x rays, compared to a jet diameter of ,50 mm.
Later in time �t � 0.9 ns� the photon mean free path has
dropped to �1 mm, as the plasma density increases and
its temperature decreases, and the plasma becomes opti-
cally thick. To estimate a characteristic radiative cooling
time, trad, an optically thin plasma was assumed and the
ratio of thermal energy density to radiative flux was used,
as given by trad � ´thm�qrad. Here, ´thm �erg�cm3� �
3nek�Ti��Z� 1 Te��2, and qrad �erg�cm2 s� includes pho-
tons resulting from bound-bound, bound-free, and free-
free transitions. Using results from LASNEX at 0.6 ns at
an axial position z � 300 mm, a radiative cooling time of
trad � 40 6 10 ps was obtained. This very short radia-
tive cooling time is consistent with the simulated tempera-
tures on axis dropping by a factor of �4 in 100 ps, and
by an order of magnitude over 0.5 ns.

The present laboratory-produced jets can be de-
scribed in terms of three-dimensionless quantities
[2,3]: internal Mach number M � njet�cs, where cs

is the sound speed within the jet, density contrast
h � rjet�rambient; and the cooling parameter, x �
�cooling length��� jet radius� � njettrad�r0. Using the
results from the jet simulations, values of M � 15, h ¿
102, and x � 1 were calculated, indicating a high Mach
number, radiatively cooled jet. Simulations of typical
astrophysical jets [2,3] give M � 10 20, h � 1 10,
and x � 0.1 10. Thus, the present laboratory-produced
radiative jets are similar to astrophysical jets in Mach
number and cooling parameter, but not well matched in
density contrast. Future experiments will vary h to pro-
duce laboratory results more similar to their astrophysical
analogs.
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