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Abstract

Experiments have been performed on the interaction physics of laser light with polystyrene and agar–agar foams having
average densities higher than critical. The experiments have been performed at the ABC facility of the Associazione
EURATOM-ENEAsulla Fusione, in Frascati. The main addressed topics have been energy coupling~balance!, diffusion
of energy into the target, plasma and dense phase dynamics, and harmonics generation. The laser light~l 51.054mm!
was focused by a F01 lens to produce on the target surface about 1.631014 W0cm2 ~'1015 W0cm2 in the waist, set about
100mm inside the target!. Experiments have shown efficient energy coupling~.80%! to be attributed to cavity forma-
tion in the low density foam~efficient light absorption! and good mechanical coupling of the plasma trapped in the cavity
to the dense phase~ablation pressure work!. Heat diffusion possibly plays a transitory role in the initial stages of the
interaction~300–500 ps!. Time integrated harmonics measurements revealed a blue-shifted 2v and a red-shifted 502v.

1. INTRODUCTION

We shall present experiments on the interaction of circularly
polarized laser light~l 5 1.054mm! with structured low-Z
materials having an average density ofSr 5 5–10 mg0cm3

~polystyrene foams, agar-agar!. This density is somewhat
higher than the critical one for the used light wavelength
~ rc ' 3 mg0cm3 at l 5 1.054mm!. The experiments have
been performed at the ABC facility of the Associazione
EURATOM-ENEA sulla Fusione, in Frascati. ABC is pow-
ered by a two-beam Nd laser delivering up to 1001100 J in
about 3 ns.

For the foams with cellular structures used in the experi-
ments~polystyrene!, the cell radius scales asr @ ~ r00 Sr!D,
wherer0 is the wall material density andD is the wall thick-
ness. Experiments have been performed also on agar–agar,
which has a roughly filamentary structure. In this case, fila-
ments distance scale asr @ ~ r00 Sr!102d, whered is the fila-
ments diameter.Typically, 2r 575–150mm and the thickness
of the target used was'1032r. Samples of the materials are
seen in Figure 1. Typical targets had a parallelepiped shape,
and a F01 lens was used to focus the laser light, according to
the geometry indicated in Figure 2a.

Typical maximum power density on the average front sur-
face was'1.63 1014 W0cm2 ~'1015 W0cm2 in the waist!
on an area of about 100mm in diameter. The normalized
laser power waveform was represented in Figure 2b.

Due to the discrete nature of the target, the concept of
front surface has a statistical meaning~depending on the
focus site, the cell being open or closed!. For the conditions
of sharp focusing adopted in the experiment, the first solid
element irradiated was located in a position uncertain in depth
by at least 2r 5 75–150mm.

In the case of filamentary structures~agar-agar! the first
initially irradiated filament is on the average at a depth
~ r00 Sr!102r ~see Gus’kov & Rozanov, 1997!. This depth can
be even greater than the target thickness. So, for cell-
structured materials the laser spark can be initiated in a
site that can result well inside of the material~of the order
of 2r, e.g., near the beam waist!. For filamentary struc-
tures, filaments in a depth'30r can be initially irradiated.

When the material starts to be irradiated by a high power
laser light, the solid components~walls or filaments! are
exploded, and a void closure process is initiated. This pro-
cess lasts for a sizeable time,t 5 r0V ~V is the explosion
velocity!, during which a highly nonequilibrium state
can be created. The timet can be estimated as follows.
Being the average densitySr supercritical, during the void
closure the exploding material never becomes transpar-
ent. The collected energy can be evaluated as'f 3 s 3
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~r0V !, wheres is the cell cross-section~;r 2 for cells, r
for filaments! and f the absorbed power flux density. As
s 3 r is, a part from a geometric factorg, the volume to
be filled by the exploding material, the energy stored dur-
ing the closure process is roughlyf 3 g 3 volume0V. This
quantity is to be equated to mass3 ~V 202 1 ee!, where
ee 5 ZTe0~g 2 1!mi is electronic energy per unit mass,Z
the ionic charge,Te the electronic temperature,mi the ionic
mass, andg an adiabatic index. From momentum con-
servation~ Sr 3 V 20r ' pressure0r ! it follows that V 2 '
~g 2 1!ee. Since Sr 5 mass0volume, we getV ' ~f03 Sr!103

@assuming 2g~g 2 1!0~g 1 1! ' 103# . The relaxation time
~trelax! of the electron–ion mixture to the same temperature
can be evaluated by usingV 2 ' ~g 2 1!ee. The ion–ion
collision mean free pathl ii is featured by a fast depen-
dence onV and Sr~@V 40 Sr!, or l ii @ f4030 Sr703. The relax-
ation time scales astrelax @ f0 Sr2. Note thatl ii has to be
properly averaged for a mixture of ions all colliding at the
velocity V. For polystyrene, numerical estimates are dis-

played in Table 1, wheret 5 r0V was computed forr 5
100 mm and the Coulomb logarithm was set equal to 5.

For both the considered densities, at power fluxes not
greater than 1014 W0cm2, the ionic gas is collisional and

Fig. 1. Microscopic views of the foams used in the ABC experiments. The
agar–agar views refer to different material alignments. Fig. 2. ~a! Focusing geometry on the foam blocks used in the experiments.

Typically the optic axis was set'200mm below the target top surface.~b!
Waveform of the laser pulses used in the experiments.

Table 1. Estimates for the kinetics of the initial nonequilibrium
stages of a polystyrene foam irradiated by laser light.

f
~W0cm2!

Sr
~mg0cm3!

V
~cm0s!

t
~ns!

trelax

~ns!
l ii

~mm!

1013 10 1.53 107 0.67 0.11 0.051
1014 10 3.23 107 0.31 1.1 1.1
1015 10 6.93 107 0.14 11 24
1013 20 1.23 107 0.84 0.02 0.010
1014 20 2.63 107 0.39 0.28 0.22
1015 20 5.53 107 0.18 2.8 4.7

26 A. Caruso et al.

https://doi.org/10.1017/S0263034600181042 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034600181042


accretion shocks can damp the hydrodynamic motion. Fur-
thermore, relaxation to a single temperature occurs during
this process. However, smaller amplitude density oscilla-
tions can persist for a time much longer thant 5 r0V, since
the viscosity damping time istosc' t 3 3r0l ii . For largerf
the ion–ion collisions becomes more rare~in the reference
time t!, but damping can occur due to phase mixing with
contiguous cells, and interpenetrating beams electrostatic
instabilities.

After the transitory phenomena previously described, a
continuous fluid model can be used to describe the main
hydrodynamics features. The Frascati three temperatures,
hydrodynamic code CoBi3 was used to simulate conditions
similar to the experiments described in this paper. CoBi3 is
a Lagrangian code in which ray tracing describes laser light
propagation, and a real matter equation of state is used. In
the simulations the focusing conditions and the laser wave-
form described in Figure 2a and Figure 2b were adopted,
and polystyrene atSr 5 10 mg0cm3 was assumed as target
material. Some results of these simulations are shown in Fig-
ure 3. The main hydrodynamic feature is the formation in
the target, at the end of the high power laser ramp, of a cavity
filled by plasma at subcritical density. In this cavity the light
penetrates, and the rays are refracted and trapped. Reflected
rays mostly remain in the focusing lens cone. A thin layer,
with a density 10 times the initial material density and mov-
ing at a velocity of'107 cm0s, wraps the cavity. The shape
of this layer remains self-similar in time, until target passing-
through occurs. Typically, the ratio of the cavity entrance

radius to its axial length is about 0.4. Large laser light ab-
sorption was found for the described simulation~that is
.70% atl 5 1.054mm!.

The general hydrodynamic parameters can be estimated by
an ablation-pushed snowplow model, in which the momen-
tum equation readsSrR20t 2'rplasmaeplasma~Ris the cavity ra-
dius,rplasmathe density of the plasma enclosed within,eplasma

its specific energy!. The system is closed by the energy bal-
ance equation, and by an absorption matching condition for
R ~for inverse bremsstrahlungarplasma

2 R0eplasma
302 ' 1, where

a' 831028 lmm
2 for polystyrene andlmm is the laser wave-

length!. It is to be noted that in the framework of this model
it is not possible to obtain, by dimensional methods, a
definite dependence for the main quantities, as a pure num-
ber can be formed by combiningSr, a, t , and the laser
powerw. So, in order of magnitude estimates, it is possible to
write the energy balance in two alternative ways, that is
wt ' rplasmaeplasmaR

3 or w ' rplasmaeplasma
302 R2. If the first de-

pendence is adopted, it is found thatrplasma0eplasma
302 R20w '

a107t 9035 Sr120350w2035, a quantity about unity for the Frascati
experiment. Due to very slow dependence onSr, a, t, andw,
it is clear that this result is quite general, and for order of mag-
nitude estimates it is immaterial which balance of energy is
adopted.

2. DIAGNOSTIC SET-UP

The standard diagnostic ABC equipment was used for the
study presented in this paper. The diagnostics layout is shown

Fig. 3. Hydrodynamic simulation for a polystyrene target at initial average densitySr510 mg0cm3. Laser and focusing conditions were
those described in Figure 2. The times were evaluated from the beginning of the laser high power ramp. The 3T, 2D Lagrangian
hydrodynamic code CoBi3 of the AEEF was used to perform the simulations.
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in Figure 4a and Figure 4b. Of the two beams of ABC, the
beam A was used as the driver in the experiments.

The X-ray-framing camera for top-views was operated
according to the scheme described in Figure 5~where some

relevant camera parameters are also given!. Imaging at dif-
ferent times is obtained by properly delayed individual ac-
tivation of the strips, on which the different target positions
are imaged, see also Strangio & Caruso, 1998. Four time-
integrated X-ray images were taken by pinhole imaging from
the rear side of the target, through different filters and at
1208 to the front surface target normal.

The thick lines in Figure 4b represent the angle of the
Faraday cups actually activated in the experiment. Collec-
tors at near angles have been activated to investigate the
fluctuations in angular dependence. The digital electric sig-
nal was processed to find the velocity distribution function
discussed in this paper.

The optical diagnostics are based on probing by four syn-
chronized, 2v light pulses~duration' 300 ps!. The pulses
used for this are produced by successive splitting the ABC
preamplifier beam, by doubling the frequency, and by electro-
optic slicing. Dark-field shadographies and interferograms
~normal and differential! based on wave splitting by Wol-
laston prisms~see Benattaret al., 1979!, are provided by
these diagnostics.

The light emitted by the target was registered by a streak-
camera in the visible, set on the channel D of the optical di-
agnostics assembly.Astop inserted at the pointAwas used to
remove the optical short pulse. However, dark field shadog-
raphies may result on the channel D due to in-scattering, by
the target, of light of the contiguous channel C~cross talking!.

Fig. 4. ~a! Layout of the diagnostic system installed on the ABC facility:
optic probing, X-ray imaging systems, time integrated temperature mea-
surements and visible spectroscopy.~b! Layout of the ion collectors sys-
tem. The thick lines represent the activated collectors

Fig. 5. Soft X-ray time-resolved imaging system. Images at different times
are obtained by polarizing the channel-plate strips with differently delayed
electric pulses.
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The filter method~Ni foils in this experiment! was used to
measure the temperature by X-ray detection~see Elton, 1968,
Caruso & Strangio, 1985!. The signal was taken by four semi-
conductor diodes mounted in front of the target~sideAmount,
see Fig. 4a!, and by four diodes mounted behind the target
~side B mount!. For the mount B filters, filtering due to the
target was included in the calculations.

The high-resolution visible spectrograph, set at 608 to the
target normal, recorded time-integrated, wide-angle scat-
tered light.

3. EXPERIMENTAL RESULTS

Unless otherwise stated, the following results refer to exper-
iments performed on polystyrene targets at an average den-
sity Sr 5 10 mg0cm3. The focusing conditions were those
described in Figure 2a, the optic axis impinging on the target
surface'200mm below the target top surface.

A typical transverse-view streak camera record, taken
along the channel D and with streak slit aligned along the
laser optical axis~see Fig. 4a!, is shown in Figure 6. The
discharge starts near the laser beam waist, inside the target.
Its front moves towards the irradiated target surface at a ve-
locity Vz ' 5 3 107 cm0s ~see Fig. 2a for the coordinate
convention!.

A slower process proceeds into the target at a velocity
Vz' 23.73107 cm0s. The process is quenched after about
900 ps, when a much slower front detaches from the fireball
and proceeds into the target at a velocityVz ' 26–9 3
106 cm0s.

The bright spots marked by C are due to the channel C
probing beam scattered by the target in the streak channel
~D!.

A time-resolved X-ray image is shown in Figure 7. The
times marked under the strips are the activation times of
each strip. These times are relative to one~t 5 0! for which
the X-ray signal is very faint~the beginning of the high power
laser pulse ramp, see Fig. 2b!. It is seen that a bright spot is
formed in the first 5001400 ps, and the depth of this feature
corresponds, more or less, to that seen by visible streak mea-
surements. Also, it is seen that in 9002 500 ps~4th strip
time minus second strip time! the emitting region doesn’t
reach the 4th strip' 300mm away from the fireball.

The localization of the X-ray emission within a spot not
greater than 200mm is confirmed also by the four time-
integrated X-ray images taken from the rear side of the tar-
get. The situation is not material or laser energy dependent.
In Figure 8 are shown the images taken for a shot on agar-
agar~ Sr 5 5 mg0cm3!, at a laser energy~and power densi-
ties! a factor 1.75 greater than that used for the shots on
polystyrene presented in this paper.

These results show that in the regime of the performed
experiments, no substantial supersonic heat diffusion oc-
curs. This is in agreement with heat diffusion estimates based
on classical electronic conduction in homogeneous media.
It is easily found that~in 3D! heat diffusion is overrun by
hydrodynamic expansion, in a timet0 and on a lengthl0 of
the order of magnitude as those found in the experiment.
Furthermoret0 andl0 scale slowly with the material density
and the laser power~t0@ w30110 Sr5011 andl0@ w40110 Sr3011!.
For times greater thant0 the X-ray emission per unit volume
drops due to density decrease.

As already noted, polystyrene has a cellular structure with
a typical size of the order of the depth at which the laser waist
is placed~'100mm!. About this size is the laser spot diam-
eter on the target surface.Ascenario for the initial interaction

Fig. 6. Visible streak-camera record for a shot on a polystyrene target at
density Sr 5 10 mg0cm3. The focusing conditions were those indicated in
Figure 2a. The laser power density was 1.63 1014 W0cm3 on the front
surface and' 1015 on the waist.

Fig. 7. Top view soft X-ray imaging of a polystyrene target irradiated ac-
cording to the conditions indicated in Figure 6.
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stages can be based on the following description. During the
laser high power ramp, the wall surfaces of the few interact-
ing cells are partially exploded in the void through the target
surface, clearing the way to the light penetration~see, for self-
consistency, the timet in Table 1!. The cavity formed in this
way is the seed for the cavity formation and the dynamics de-
scribed in section 1.

Since density of the high temperature plasma filling the
evolving cavity is lower than the initial material density
~about a factor 30 less!, the X-ray cavity imaging is not pos-
sible with a setup appropriate for the initial high-density
stages. In this study, the cavity motion~snowplow! was ob-
served by optic methods. As the laser radiation was focused
just below the target top surface~'200mm!, the snowplow
motion can be seen, by shadographies, as an advancing front
on the top and on the front surfaces.

In Figure 9 optic imaging for one shot is displayed. The
target, a cube of polystyrene~800-mm side! at Sr 5 10 mg0
cm3, was mounted on a 10-mm glass fiber. The times indi-
cated in the figure are calculated from the starting of the
high power laser ramp~see Fig. 2b!.

The dark field shadography taken on channel B shows an
advancing structure along the top and the front surfaces~front

Fig. 8. Four pinholes time-integrated, rear side soft X-ray imaging. Shot
on agar–agar target, at power densities a factor 1.75 greater than those used
for polystyrene. The numbers indicate the Be filter thickness.

Fig. 9. Optic imaging of a shot on a polystyrene block atSr 510 mg0cm3 irradiated according to the standard conditions described in
the text and in the Figure 6 caption.
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velocityVf ' 8.53106 cm0s!. This structure can be consid-
ered as due to the previously discussed hydrodynamic fea-
ture advancing into the target, and perturbing the above
mentioned surfaces~the ablation-pushed snowplow!. It is
also possible to infer this front to be somewhat pointed, due
to the laser light channeling in the cavity~see, on channel C,
the feature B on the rear target surface!.

Channel D was closed by a stop set before the target
~see Fig. 4a!, to allow streak camera records in emitted
light. Nevertheless, channel C-light, deflected by the most
dense plasma regions on the top of the target, entered
the channel D imaging optics, producing a dark field
shadography. The shadow in channel A was provided, as
by product, by the reference beam of the splitting front
interferometer. This last shadow shows that the smooth
structure seen in channel B evolves to a sort of highly struc-
tured spherical explosion around a point sited on the optic
axis, about 200mm behind the laser light waist. The ex-
plosion velocity is'8 3 106 cm0s and typical features are
radial tiny jets.

The plasma density distribution outside the dense phase,
that is up to the cavity entrance, has been deduced by pro-
cessing the interferograms of channels C and A~see Fig. 9!.
For the electronic density, it has been assumed the space
distribution with cylindrical symmetryne~r, z! 5 neo~z! 3
exp@2r 20R2~z!# with r 2 5 x2 1 y2 andR~z! 5 R0 1 az~see
the interferograms in Fig. 9!. The radiusR0 is deduced from
the experiment anda is set 0.58, by comparison with numer-
ical simulations. The remaining functionneo~z! is deduced
from the fringes shift. Of the two interferometers, the one in
channel C~5 ns delay! actually measures the quantity
d~* nedl !0dz, where the integral is taken along the line of
sight. This is due to the small splitting angle of the Wollas-
ton prism used to split the probing wave. The resulting equa-
tion has been integrated by setting to zero the density where
the last detectable fringe displacement occurs. The larger
splitting angle interferometer~on channelA, delay 7 ns! pro-
vides directly the density. The results of these measurements
are shown in Figure 10. In the points O~both for channel C
andA! the density turned out to beneo~0!'5.731019 cm23.
This value of the density can be indicative of a lower bound
of the electronic density within the cavitynecav ~from ab-
sorption matching conditions or numeric simulations it is
expectednecav' 2 neo~0! '1020 cm23!. At the time 5 ns the
total number of electrons in the external plasma wasNetot'
5 3 1015, whereas at 7 nsNetot' 8.53 1015. Taking an av-
erage ionic chargeZ5 3.5 it follows that the total ion num-
ber was, at 7 ns~that is after the end of the laser pulse!,
Nitot 5 Netot0Z ' 2.43 1015.

Time-integrated temperatures measurement taken with the
filtered diode-set of the side A mount~see Fig. 4a! was con-
sistent with a temperature of about 1 keV.

The transmission measurements taken on both the sides
~A and B! were also assembled in a single plot, looking for
the couple temperature-target C areal density giving the best
fit. The best fitting couple wasTe 5 0.9 keV and a C areal

density of 0.45 mg0cm2 ~corresponding to about 490mm of
foam at the initial density!.

Ion collection~Faraday cups! was performed according
to the geometry displayed in Figure 4b. The cups plane con-
tained the optic axis and was at an angle of 64.48 from the
top view direction~see Fig. 4a!. The activated cups were
those marked by thick lines.

In Figure 11, the collected charge velocity distribution
functions are displayed. Typical feature of these is the pres-
ence of two groups of particles associated with velocities of
'43107 cm0s and'13107 cm0s. On some of the collec-
tors the lowest velocity group appears as a stream~angles
508 and 1308!.

It is to be noted how the signal can be substantially mod-
ified in shape by passing from a cup to another a few degrees
nearer in angle~compare the 508 and the 52.58 signals, and
the one for 127.58 with that for 1308!. This result, associate
to the low velocity group, is shot-to-shot erratic and may be
connected with the tiny jets observed in the 7 ns shadogra-
phy ~channel A!.

In the ABC installation, the assembly sketched in Fig-
ure 12 is used to measure the laser light energy reflected0
transmitted in the cone of the focusing lenses. The result for
reflected light in the foam experiments was 6–9% of the
laser light. The transmitted light was 1–2%.

From numerical simulations and from experiments, most
of the reflected light is expected to go through the focus-
ing lens, because the ratio of the cavity entrance radius
to its axial length is about 0.4. Then, from measurements,
it is possible to conclude the absorbed energy to be nearly
90%.

Time-integrated harmonics measurements have been per-
formed by the spectrometer set at 608 to the normal of the
target, out of the focusing lens cone. The only detectable
harmonics were 2v and~502! v. The structure of these sig-
nals is reported in Figure 13a and in Figure 13b. The max-
imum of the 2v spectrum is shifted by 12.7 Å towards the

Fig. 10. Profile of electronic density as deduced from the interferograms
of Figure 9.
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Fig. 11. Ion charge velocity distribution functions as seen by the Faraday cups aligned according to the scheme of Figure 4b.

Fig. 12. ABC assembly for transmitted0reflected light measurements.
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blue and a substantial pedestal toward the red is formed. The
maximum of the~502!v spectrum is shifted to the red side
by 14.3 Å with respect to the reference value 4216 Å.

4. ENERGY BALANCE

From the previous results it is possible to try an energy bal-
ance. In the measurements on reflected0transmitted light it
was found that about 90% of the 1.054mm laser light was
absorbed~that is'31.5 of the laser pulse 35 J!.

From the interferometric measurements at 7 ns~ just after
the end of the laser pulse! it was found the number of charges
in the expanding plasma to beNetot' 8.531015. Since from
time-integrated X-ray temperature measurementsTeresulted
to be about 1 keV,Netot~302!kTe ' 2 J.

The same value results from the ionic asymptotic mean
velocity of the fast component. Measured by ion collectors,
this wasVi ' 4 3 107 cm0s, so thatNetot~102!mi Vi

20Z '
2 J ~mi is the average ionic mass,Z the average ionic
charge!.

Fig. 13. ~a! 2v spectrum, taken at 608 to the normal of the target front surface.~b! ~502!v spectrum, taken at 608 to the normal of the
target front surface.
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From the previous results it follows that a fraction
~31.52 2!035 ' 0.84 ~'30 J! of the laser light was cou-
pled to the bulk of the target. This energy was given a part
to the dense phase accelerated in the ablation-driven snow-
plow, and a part to the plasma filling the cavity. A fraction
of this last part was ultimately transferred to the dense phase
as work.

A tentative estimate for the energy of the plasma filling
the cavity can be obtained as follows. Taking into account
the shape factors~by comparison with simulations!, the vol-
ume of the cavity can be estimated as that of an equivalent
sphere of radiusR' Vf t, whereVf is the snowplow veloc-
ity ~'8.53 106 cm0s! andt the time when the laser stops
~'6 ns!. At this timeR results to be'500mm. The plasma
density in the cavity has been evaluated to benecav '
1020 cm23 ~see the previous section!. From this follows
that the thermal energy was about 13 J~at Te ' 1 keV!.
The remaining 302 13 5 17 J was associated to that por-
tion of the target moving at the velocityVf ~about 90%!.

5. CONCLUSIONS

The experiments performed at the ABC facility of the As-
sociazione EURATOM-ENEA sulla Fusione, in Frascati are
consistent with a scenario in which efficient energy trap-
ping in the matter occurs for laser light at 1.054mm inter-
acting with low density, supercritical foams~.80%!. A key
feature for this is the formation of a cavity where the laser
light is trapped. The cavity building-up occurs through a
series of nonequilibrium processes in which the matter is
changed from a discrete system to a continuous one. Typ-
ical of this transition are the different ionic and electronic
temperatures, shock-damping of the exploding cells~fila-
ments! material and long duration, viscosity-damped fluid
oscillations.

An ablation-driven snowplow accelerates most of the tar-
get to a velocity of the order of 8.53106 cm0s, as seen from
time resolved optical diagnostics. To this feature can be re-
lated the emitted ions grouping in low~'107 cm0s! and
high ~'43107 cm0s! velocity streams, as seen by ion col-
lectors. The fast component can be associated to the ions of
the plasma filling the cavity, escaping through the cavity
entrance or through breaks produced by the final cavity dis-
assembling. The slow component can be associated with the
ions of the ablation-driven snowplow.

The dense phase hydrodynamic motion has been found
ultimately resulting in a sort of spherical explosion, featured
by tiny substructures~ jets!.

Diffusive heat propagation is a marginal feature in the
explored regimes, being limited to the first few hundred pi-
coseconds of the interaction when, due to the explosion and
closure of the foam cell walls, also a strong nonequilibrium
exists.
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