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Abstract. The impedance mismatch effect in a two-layer (low density plastic foam, and solid aluminum,
respectively) plane target compressed by a laser driven shock wave is considered. In such targets the
ablative pressure generated by absorption of laser light in the foam layer is amplified when crossing the
foam-aluminum interface. In this paper an analytical model is developed to evaluate the shock pressure in
the aluminum layer as a function of the density and thickness of the foam layer and of the laser parameters.
The model is in good agreement with previously published experimental results [A. Benuzzi et al., Phys.
Plasmas 5, 2827 (1998)].

PACS. 52.50.Jm Plasma production and heating by laser beams – 52.50.Lp Plasma production and heating
by shock waves and compression – 44.30.+v Heat flow in porous media

1 Introduction

A stationary shock wave generated in a homogeneous ma-
terial is amplified when crossing the interface separating
this first material from a second, denser one (see, e.g.
Sect. XI.12 of Ref. [1]). This well known effect, resulting
from the so-called impedance mismatch between the two
materials, and exploited e.g. in experiments on equation-
of-state measurement by laser driven shock waves (see [2]
and references therein), has recently received renewed in-
terest following the proposals to use very low density
foam layers as outer coatings of inertial confinement fu-
sion (ICF) solid shells [3–5], and as shock-generating layers
in laser-driven shock-wave experiments [6]. In ICF, such
foam layers are primarily used for mitigating laser non-
uniformities, but pressure amplification is also of interest,
as a positive side-effect. In shock wave experiments foam
layers are introduced just as pressure “amplifiers”.

Recently, pressure amplification due to impedance-
mismatch has been addressed by an experiment [7] per-
formed at the Laboratoire pour l’Utilisation des Laser In-
tenses. A pulsed laser beam (with energy EL ≤ 100 J,
wavelength λ = 0.53 µm, and Gaussian shape in time,
with full width at half maximum of 600 ps) was focused
with peak intensity intensity I = (2−5) × 1013 W/cm2

onto a target (see Fig. 1) made of a plastic foam layer [8]
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(with thickness ∆f = 50 µm, and density in the range
5 < ρf < 1000 mg/cm3), supported by an aluminum base
(with density ρAl = 2.7 g/cm3). Rear-side imaging, cou-
pled to a visible streak camera, provided the measurement
of the shock transit time ∆t through the aluminum steps
at the rear side of the target, thus allowing for the eval-
uation of the shock velocity DAl. The shock pressure PAl

was then computed by using the Hugoniot relations and
the equation-of-state data provided by the SESAME ta-
bles [9].

The experimental data [7] show that, starting from rel-
atively large foam density, the pressure PAl measured in
the aluminum layer, at first increases as the foam density
ρf decreases, but for ρf below a certain characteristic den-
sity ρc, PAl decreases. Such a behavior seems to disagree
with the expected pressure amplification by impedance
mismatch. In fact, we show in this paper that a simple
analytical model explains the experimental data, and the
pressure amplification by impedance mismatch is always
increasing with the density ratio ρAl/ρf . The decrease of
the measured pressure at the lowest foam densities only
follows from the fact that, for this particular experimental
set-up, at the lowest foam densities the shock reaches the
interface when the laser pulse has not yet reached its peak
value. The reduced pressure in the aluminum is therefore
resulting from the lower pressure of the primary shock,
and not by a reduced shock amplification at the interface.
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Fig. 1. Scheme of the target and laser parameters.

Fig. 2. Shock characteristics in the
u-P plane. 1: Shock polar in foam,
2: shock polar in Al, 3: transmitted
shock in Al.

2 Analytical model

The model is based on the standard theory (e.g. Chap. I of
Ref. [1]) of strong, steady, one-dimensional plane shocks
of pressure P propagating through a material with ini-
tial density ρ and initial pressure P0 � P . It is further
assumed that, as far as shock propagation is concerned,
materials can be described by a perfect gas ideal equation
of state, according to which pressure P , mass density ρ
and specific energy ε are related by P = (γ − 1)ρε. We
shall assume adiabatic index γ = 5/3 for all materials, but
generalization to any value γ is straightforward. Within
such a model, the velocity D of the shock wave, and the
velocity u of the shocked fluid behind the shock wave are
related to the shock pressure P and to the density ρ of
the uncompressed material by u2 = [2/(γ + 1)]P/ρ, and
D2 = [(γ + 1)/2]P/ρ. We also assume that the transmit-
ted shock at the foam-Al interface can be represented,
on the u-P plane, by the specular curve of the incoming
shock in the foam (Fig. 2). This last assumption is stan-
dard and accurate for weak shock waves (see Sect. XI.12
of Ref. [1]), but numerical simulations we performed with
the fluid-dynamics code DUED [10] indicate that it is still
acceptable in the present case.

We now consider the fluid velocities uf and uAl as-
sociated with the shock pressures Pf and PAl reached in
the foam layer and in the aluminum layer, respectively.
We also call u+ the fluid velocity that would be achieved
in the foam layer if it were subjected to a shock of pres-
sure PAl (see Fig. 2). It is apparent that we can write
uAl = uf − (u+ − uf) = 2uf − u+ with

uf =
[

2Pf

(γ + 1)ρf

]1/2

; u+ =
[

2PAl

(γ + 1)ρf

]1/2

. (1)

From the conservation equations at the shock front we
have:

PAl =
[

2
(γ + 1)

]
ρAlD

2
Al; (2)

DAl =
(γ + 1)

2
uAl

=
(γ + 1)

2

{
2
[

2Pf

(γ + 1)ρf

]1/2

−
[

2PAl

(γ + 1)ρf

]1/2}
. (3a)

Substituting equation (2) for PAl into equation (3a), and
solving for DAl, we get the shock velocity in the denser
layer (aluminum) as a function of the pressure Pf of the
shock in the foam layer and of the densities of the two
layers

DAl =
[2(γ + 1)]1/2

ρ
1/2
f + ρ

1/2
Al

P
1/2
f . (3b)

The pressure of the shock in the aluminum layer is then
found by substituting equation (3b) into equation (2), thus
getting

PAl =
4[

1 + (ρf/ρAl)1/2
]2Pf . (4)

Equations (3b, 4) represent the impedance-mismatch ef-
fect: for a given primary shock pressure Pf , the velocity
DAl of the shock launched into the denser aluminum layer
increases as the density of the first layer decreases.

In the experiment the shock wave is generated by the
laser driven ablative pressure. A good approximation to
the ablative pressure generated in a plastic material by
a laser pulse of constant intensity I, and wavelength λ,
focussed onto a spot of radius rL is given by

P [Mbar] = 12[I/(1014 W/cm2)]7/9

× [rL/100 µm)]−1/9[λ(µm)]−2/9. (5)

(such a scaling was first proposed in Ref. [11], the front
factor was given in Ref. [12], and a comparison with ex-
periments and simulation can be found in Ref. [13]).

The actual laser pulse is however shaped in time.
Extensive numerical simulations performed with the
radiation-hydrodynamics code DUED [10] indicate that
in the whole range of parameters of the experiment of ref-
erence [7] a good approximation to the speed of the shock
front in the foam layer is

D(t) =

Dmax
t

t∗
t < t∗

Dmax t ≥ t∗
(6)

where Dmax = [(γ+ 1)P∗/2ρf ]1/2 is the value of the shock
velocity corresponding to a constant pressure equal to the
value of the ablative pressure P∗ computed by using equa-
tion (5) with the peak laser intensity I, and t∗ is a char-
acteristic time, close to the time at which laser intensity
reaches its maximum value. Simulations also show that
effects due to radiative transfer do not affect propagation
of shocks in the present experiment.

From equation (6) it follows that, for t < t∗ the velocity
of the shock front at depth y in the foam layer is Df(y) =
(2yDmax/t∗)1/2. Therefore the shock velocity and pressure
when the foam-aluminum interface (y = ∆f) is reached,
are respectively,

Df = D(∆f) =


(

2∆fDmax

t∗

)1/2

t(∆f) < t∗

Dmax t(∆f) ≥ t∗
(7)
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and

Pf =


2∆f

t∗

(
2P∗

ρ(γ + 1)

)1/2

t(∆f) < t∗

P∗ t(∆f) ≥ t∗
. (8)

Notice that the condition t(∆f) < t∗ can also be written
∆f < Dmaxt∗/2, or

ρf < ρc =
(γ + 1)t2∗P∗

8∆2
f

, (9)

showing the existence of a characteristic foam density, ρc,
which discriminates between the two cases.

By using equation (3b) we can finally write the shock
velocity DAl and the pressure PAl into the aluminum as:

DAl =


[2(γ + 1)]1/2

ρ
1/2
f + ρ

1/2
Al

P
1/2
∗ ρf ≥ ρc (10a)

2(γ + 1)1/4(2ρfP∗)1/4(
ρ

1/2
f + ρ

1/2
Al

) (
∆f

t∗

)1/2

ρf < ρc (10b)

and

PAl =
4(

1 + (ρf/ρAl)1/2
)2P∗ ρf ≥ ρc (11a)

8(2P∗)1/2

(γ + 1)1/2
[
1 + (ρf/ρAl)1/2

]2 ρf∆f

ρ
1/2
f t∗

ρf < ρc. (11b)

Equation (11b) shows that for family of targets with ρf <
ρc and fixed value of ρf∆f , the pressure PAl increases as
the foam density decreases (and for ρf � ρAl, one has
PAl ∝ ρ

−1/2
f ); for families of targets with given thickness

of the foam layer ∆f , instead, the pressure PAl increases
with the foam density.

We now apply the model to the quoted LULI experi-
mental parameters [7], namely, ∆f = 50 µm, λ = 0.53 µm,
rL = 100 µm, and two different values of the laser inten-
sity, I ∼= 5 × 1013 W/cm2, and I ∼= 2 × 1013 W/cm2.
We also take t∗ = 800 ps (the laser intensity reaching its
maximum about t = 1 ns). Model results for the pressure
measured in the aluminum layer versus the foam density
are presented in Figure 3 (solid curves), together with ex-
perimental data. A satisfactory agreement is found. The
values of the characteristic critical density obtained from
equation (9), (ρc = 34 mg/cm3 and 68 mg/cm3, respec-
tively) are also seen to approximately agree with the ex-
perimental data.

3 Conclusions

We have presented a simple analytical model for the inter-
pretation of a set of experimental data concerning pressure
measurements in two-layer (plastic foam and aluminum)

Fig. 3. Aluminum pres-
sure versus foam density.
Solid curves: analytical re-
sults; circles: experimental
results. Upper curve and
void circles refer to I = 5×
1013 W/cm2; lower curve
and filled circles to I = 2×
1013 W/cm2.

targets compressed by shock waves ablatively generated
by laser absorption in the foam layer. The model repro-
duces the behavior of the pressure detected experimen-
tally. It is apparent that the measured pressure results
from the pressure of the laser driven shock wave in the
foam, amplified by the density mismatch at the interface.
For certain target parameters the reduced pressure mea-
sured at the lowest foam density does not depend on some
unexpected modifications of the impedance-mismatch ef-
fect, but just on the lower pressure of the shock reaching
the interface. Indeed, in such cases the foam layer areal
mass is so small that the laser driven shock reaches the
interface well before the laser pulse reaches peak intensity.
We established that a characteristic critical foam density
ρc (which depends on a characteristic time related to the
laser pulse rise time and on the thickness of the foam layer,
see Eq. (9)) discriminates two regimes: for density ρf > ρc

the pressure in the aluminum layer increases as the foam
density decreases; for ρf < ρc, the behavior is reversed.

This work was supported by the E.U. TMR program under
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