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Abstract

Formation of transverse inhomogeneities in the corona of a solid target irradiated by an inhomogeneous main laser pulse
and a uniform background pulse was observed experimentally via side-on shadowgraphy. The experimental results were
successfully interpreted using a two-dimensional hydrodynamics code. Our simulations identified the onset of sharp
contact boundaries between plasma streams of different expansion velocities. The formation and the decay of the contact
boundaries is investigated in detail. When the background pulse is used as a laser prepulse, a layer of coronal plasma is
formed that enhances main pulse collisional absorption in underdense plasma and creates conditions for an efficient
thermal smoothing of the transverse inhomogeneities.
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1. INTRODUCTION

The requirement of uniform laser energy deposition on the
target is encountered in many direct-drive laser experi-
ments. Various optical smoothing methods have been in-
vented and applied, but these methods are, in principle,
unable to eliminate the problem of laser beam nonuniformi-
ties on shorter time scales~Desselbergeret al., 1992, 1995;
Tayloret al., 1996!. A promising way how to overcome this
difficulty is to employ the thermal conductivity of the plasma
as is done by a construction of the complex~sandwich!
targets with a buffer foam and a thin metal layer on its top
~Dunne et al., 1995!. A suitable ablation-critical surface
distance is controlled by the thickness of the plastic foam
within which the lateral thermal conduction is sufficient to
smooth out the nonuniformities imprinted by the laser.

A similar effect is achievable by using a double pulse for
directly driven targets. This idea was suggested by Mead
and Lindl~1976! and experimentally tested by Mašeket al.,
~1996!. Such a scheme uses a prepulse of a longer wave-
length to create an expanding plasma before the arrival of
the heating shorter-wavelength laser pulse. A considerable

reduction of the inhomogeneities can be achieved when the
time delay between the prepulse and the main pulse is opti-
mal ~Mašeket al., 1996; Iskakovet al., 2000b!.

In this contribution, the structures induced by an inhomo-
geneous target illumination in the expanding corona of solid
foil targets are studied. The density structures in the expand-
ing corona are identified by side-on laser shadowgraphy
using a diagnostic probe laser beam with variable time delay
with respect to the heating laser pulse. A special methodol-
ogy based on two-dimensional hydrodynamics simulations
is introduced for modeling the three-dimensional experimen-
tal configuration. The density structures in expanding plasma
corona are characterized and their temporal evolution is
identified in simulations.

2. EXPERIMENTAL SETUP

The experiments were performed using the iodine photodis-
sociation laser system PERUN~wavelength 1.315mm, pulse
duration 0.5 ns, and output energy 50 J!, which was installed
at the Institute of Physics of the Academy of Sciences in
Prague. For the purpose of this experiment, laser radiation
was converted into the third harmonics and the residual
infrared part served for the formation of the background
pulse. The main and the background pulse were focused
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normally onto a 7-mm-thick Al foil. Nonuniform irradiation
conditions on the target were accomplished by splitting the
main pulse via inserting an optical wedge in the beam path,
forming in this way two focal spots with 80% of the energy
confined inside their 20-mm radius. The distance between
the spot centers was 80mm, and main pulse energy imping-
ing inside each spot was 1.25 J. These spots are placed inside
a large circular focus with 100-mm radius of the infrared
background beam of 10 J energy. The focal geometry is
shown in Figure 1a. The temporal shape of both the laser
pulses was close to a Gaussian form with a pulse duration of
500 ps FWHM. The time delay of the main pulse with re-
spect to the background pulse was varied in the range from
0 to 1.5 ns. Two pinhole cameras with;10-mm spatial
resolution were used to investigate plasma nonuniformity;
the first one was located in a side-on position with respect to
the target, and the other one viewed the rear side. The sec-
ond method used to study the hydrodynamics of the thin
Al-foil target under the double pulse irradiation was an op-
tical shadowgraphy technique. The optical probe beam of
frequency 3v was derived by splitting a fraction of the main
beam in order to ensure synchronization. The shadowgraphs
were recorded by a CCD camera. Unfortunately, the port
configuration of the target chamber did not allow for a si-
multaneous recording of both the X-ray images and of the
optical shadowgraph.

3. SIMULATION

The plasma evolution is simulated by a cylindrical version
of two-dimensional Lagrangian code “ATLANT-C”~Lebo

et al., 1996; Iskakovet al., 1997!, based on a one-fluid
two-temperature hydrodynamics model. The valuef 5 0.05
is used for the flux limiter inhibiting the classical heat con-
ductivity. The mean ion charge is calculated in a nonstation-
ary average atom approximation. Propagation of laser beams
in the underdense plasma is modeled in the approximation
of geometrical optics via a ray-tracing algorithm~Iskakov
et al., 2000a!. Collisional absorption of the laser radiation
in the underdense plasma is included. As the spatial resolu-
tion of the hydrocode is not sufficient for an exact calcula-
tion of laser absorption, we assumed full absorption of the
laser radiation entering the cell of the hydrocode, where the
ray is reflected. To account for the estimated experimental
absorption efficiency~Eidmannet al., 1984!, the incident
background pulse intensity is multiplied by a factor of 0.4,
while the intensity of the main blue pulse is multiplied by a
factor of 0.7.

In the simulations, the main pulse is assumed to have an
annular ring shape~see Fig. 1b!, as the model does not allow
for the true experimental geometry, which is intrinsically
three-dimensional. It is expected that this geometry will
preserve the basic features of the coronal plasma expansion.
The diameter of this ring is taken to be equal to the experi-
mental distance of 80mm between the main pulse focal spot
centers. The peak laser intensity within the ringIm 5 2.43
1014 W0cm2 is equal to the experimental main pulse inten-
sity in the spot centers. Main pulse energy is derived from
the requirement that laser energy per area inside the ring in
simulations would be equal to the experimental energy in
laser spots per area between them. The width of the annular
ring is derived from the laser energy and intensity. Gaussian
spatial distribution is assumed with 80% of laser energy

Fig. 1. Target illumination scheme~focal plane! in the experiment~a! and in the simulation~b!. The slab used for the shadowgraph
reconstruction is denoted by the dashed horizontal lines.
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inside the 10-mm width of the annular ring. The geometry
used here is different from our previous simulations~Iska-
kov et al., 2000b! of the foil acceleration, where only a
single spot was considered.

To have a possibility of a direct comparison of simula-
tions with the experiment, the results of hydrodynamics
simulations are postprocessed and synthetic shadowgraphs
are calculated. Here, a 50-mm-thick plasma slab is assumed
with plasma parameters taken from hydrodynamics simula-
tions in the plane including the symmetry axis of the cylin-
drical geometry. The algorithm used for the ray tracing of
the probe beam takes into account both the refraction and
the absorption inside the slab. The bounds given by the
angular aperture of the imaging lens with focal lengthf 5
6 cm and the sensitive area of the CCD element are taken
into account. The calculated shadowgraphs are temporally
integrated over the probe beam pulse.

4. COMPARISON OF SYNTHETIC AND
EXPERIMENTAL SHADOWGRAPHS

The experimental and the synthetic shadowgraphs are dis-
played in Figure 2 for the main pulse delayDt50.5 ns~left!
and for the simultaneous incidence of the background and
the main pulseDt 5 0 ~right!. Here, the delay of the probing
beam with respect to the main pulse is 0.3 ns in all cases.
Despite the intrinsic limitation of the hydrodynamic simu-
lations to a 2D cylindrical geometry, the experimental side-on
view shadowgraphs are successfully reproduced. A qualita-
tive agreement between the experiment and the simulation
in the expansion of the front and rear side of the foil target is
apparent. Both the experimental and synthetic shadow-
graphs show a significant smoothing of the transverse struc-
tures in plasma corona when the laser prepulse is applied by
0.5 ns ahead of the main pulse.

Fig. 2. The experimental and synthetic side-on view shadowgraphs taken with the probe beam delayed by 0.3 ns with respect to the
main pulse. The delay of the main pulse with respect to the background pulse is 0.5 ns~left! and 0 ns~right!. The laser beams are incident
from the top along thez-axis, the initial foil positionz5 0–7mm, focal plane centerr 5 0.
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Both the experiments and the simulations show a dark
layer near the target surface inaccessible for the shadow-
graphy. A good agreement between simulations and experi-
ment in the form and the size of this area is demonstrated.
The form of the dark area boundary at the rear side of the foil
shows a diminishing inhomogeneity of the foil acceleration
for the delayDt 5 0.5 ns; however, some inhomogeneity is
still visible. A similar conclusion can be derived from the
rear-side pinhole camera images.

Intense jetting outside the focal spot region on the irradi-
ated side occurs if the aluminum target is driven by a double
pulse with zero time delay. No smoothing effect is observed
in this case. When the background pulse is used as a pre-
pulse by 0.5 ns and longer ahead of the main pulse, the
jetting appears to be much less pronounced and the forma-
tion of the contact boundaries is suppressed.

5. INTERPRETATION OF THE
TRANSVERSE STRUCTURES

The dynamics of the formation of transverse structures in
the expanding corona is revealed when the density contours
are plotted in a sequence of points in time. When the con-
tours are plotted inr–zcoordinates, the symmetrical reflec-
tion of the picture with respect to thez axis is added to
imitate the geometry of side-on view shadowgraphs.

A sequence of density contour plots calculated for the
case of simultaneously incident background and main pulse
~Dt 5 0! is displayed in Figure 3. Plasma streams with
different ablation characteristics are formed here, as the
absorbed intensity within the ring and in its center differs for
7 times~1.73 1014 W0cm2 and 2.53 1013 W0cm2, respec-
tively!. These plasma streams are colliding laterally and
distinct contact boundaries are formed with substantial dis-
continuities in plasma density and in tangential velocity
~shear!. The simulation shows that the contact boundaries in
the expanding plasma develop at approximately 0.2 ns ahead
of the laser pulse maximum. They persist for an interval of
0.3 ns as spatially stable and static structures. The observed
structures cannot be interpreted as filaments induced by
laser ponderomotive or thermal filamentation~Limpouch &
Rozanov, 1984! as their direction differs from the incident
laser beam.

The geometry of the experiment leads to a confinement of
the low ablation area between two areas with an intense
ablation. Thus the position of contact boundaries is fixed for
the above interval and the boundaries can be easily regis-
tered by means of laser shadowgraphy. The lifetime of the
observed contact boundaries is determined by the thermal
smoothing in the corona. The predominant factor of the
formation of contact boundaries is the inhomogeneity of
laser irradiation. When a substantial plasma layer is formed,
thermal conduction starts to smooth the inhomogeneities in
plasma temperature. Later, the hydrodynamic flow smooths
the density profile and the contact boundaries are washed
out. The scheme of the contact boundaries formation and

decline is demonstrated in Figure 4. Our simulations indi-
cate that stable spatial structure of a particular shape may be
formed by using an appropriate geometry of target irradia-
tion. In principle, such structures might be potentially im-
portant for some applications such as X-ray laser media and
plasma waveguides~Ruset al., 1997!.

Our simulations show that the absence of the background
laser pulse changes the mode of plasma expansion consid-
erably. The sequence of density contour plots, displayed in
Figure 5, demonstrates the formation of a narrow cumula-
tive jet in the ring center due to collision of expanding
plasma streams. Thus, the background pulse is crucial for
the formation of the contact boundaries.

6. PREPULSE-INDUCED THERMAL
SMOOTHING

When the main pulse is incident with delayDt50.5 ns after
the background prepulse, contact boundaries are observed
neither in the shadowgraphs~Fig. 2! nor in Figure 6, where

Fig. 3. Density contours plotted at different time points~laser pulse max-
imum attmax!, when the main and the background pulse are incident at the
same time~Dt 5 0!. Symmetrical pictures with the respect to thezaxis are
plotted in order to imitate the geometry of side-on view shadowgraphs.
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the calculated density contours are plotted. Uniform back-
ground pulse creates a layer of the hot coronal plasma, where
the transverse inhomogeneities are effectively smoothed out
by the lateral thermal transport.

The mechanism of the smoothing by laser prepulse can be
elucidated by comparing the spatial distributions of the ab-
sorbed laser power densities, displayed in Figure 7 at the
time point 0.1 ns before the main pulse maximum. The
plasma formed by the prepulse enhances collisional absorp-
tion of the main laser beam during its propagation towards
the critical surface. A nonnegligible part of the laser energy
is absorbed far from the critical surface, and consequently,
lateral thermal transport in the underdense plasma adds con-
siderably to the thermal smoothing.

Moreover, the power absorbed in the vicinity of the crit-
ical surface is approximately 1.5–2 times lower than in the
case of the simultaneously incident background and the main
pulse.As a consequence, the mass ablation rate is also roughly
1.5–2 times lower and it is significantly smoothed both in
time and along the radius. The impact of the main pulse
delay on the mass ablation rate is demonstrated in Figure 8,
where mass ablation rate is plotted versus radius and time.

Finally, plasma expansion velocities are lower for the
main pulse delayDt 5 0.5 ns, and, thus, a longer time
interval is available for the smoothing of the nonuniformi-
ties by thermal and hydrodynamics processes in the expand-
ing plasma. For both cases, the longitudinal~normal to the
foil surface! velocities of the expanding plasmas are plotted
in Figure 9 in the moment of the main pulse maximum.

7. CONCLUSIONS

The formation of transverse inhomogeneities in the plasma
corona was studied both experimentally and via hydrodynam-
ics simulations using a special form of target irradiation.
Experimental side-on view shadowgraphs are successfully
reproduced by the hydrodynamic simulations, despite their
intrinsic limitation to the 2D cylindrical geometry.

The simulations indicate that the most pronounced trans-
verse structures may be interpreted as contact boundaries
between adjacent plasma areas characterized by different
plasma densities and expansion velocities, induced by the
nonuniformities in the target illumination. Stable contact

Fig. 4. Scheme of contact boundaries formation and decay.

Fig. 5. Sequence of plasma density profiles calculated for the case when
the background pulse is absent.
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boundaries are observed in our simulations for a relatively
long period of time near the main pulse maximum. During
this interval their position and angle to the target surface
remain unchanged. Thus, our simulations indicate that a
special geometry of target irradiation can be applied to cre-
ate stable density structures in expanding plasmas that might
be potentially important for applications.

A laser prepulse of lower intensity can induce consider-
able smoothing of the transverse inhomogeneities in the
expanding plasma corona when it is applied at a suitable
time prior to the arrival of the main pulse. The smoothing of
transverse structures in the expanding plasma may be ben-
eficial for applications where forming of a homogeneous
plasma layer is required. The physics of the smoothing is
based on enhanced collisional absorption in underdense
plasma. Intensity absorbed in the vicinity of the critical
surface drops. Consequently, the mass ablation rate is de-
creased and smoothed in time and along the radius. Direct-
drive laser fusion may profit from the reduction of laser
nonuniformity imprint on the ablation surface.

Fig. 6. Sequence of plasma density profiles~main pulse maximum attmax!
calculated for the case when the main pulse is delayed byDt 5 0.5 ns with
respect to the background pulse.

Fig. 7. Spatial distribution of absorbed power densities plotted at the time
point 0.1 ns before the main pulse maximum. The main pulse delay isDt 5
0 ns~left! andDt 5 0.5 ns~right!.

Fig. 8. Mass ablation rates~r 2 t profiles! for the main pulse delayDt 5
0 ns~top! andDt 5 0.5 ns~bottom!.
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