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D. Batani1,a, F. Strati1, B. Telaro1, Th. Löwer2,b, T. Hall3, A. Benuzzi-Mounaix4, and M. Koenig4
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Abstract. In this paper we describe the quality requirements that a shock wave must fulfil to make equation
of state (EOS) measurements possible: planarity, no-preheating and stationarity of the shock. Experimental
measurements have been performed at the Max Planck Institut für Quantenoptik (Garching). We also
present simple analytical models that allow to verify shock stationarity and absence of preheating.

PACS. 52.50.Jm Plasma production and heating by laser beams (laser-foil, laser-cluster, etc.) –
52.35.Tc Shock waves and discontinuities

1 Introduction

In recent years, laser driven shock waves have begun to
be an usable tool in high pressure physics, in particular
in experiments for the determination of Equation of State
(EOS) of materials at Megabar pressures. The principle
of shock formation is quite simple: when a high energy
laser pulse is focused on the surface of a solid material,
it induces a rapid ablation of its surface layers. As a con-
sequence of Newton’s third law of dynamics (principle of
action and reaction), the rest of the material is pushed
inside (rocket effect) creating a shock wave which com-
presses the material. This allows very high pressures to be
obtained (Megabar range). In particular it is found that
the shock pressure is related to laser and target parame-
ters by the well known scaling law [1]

P (Mbar) = 11.6
(
IL/1014

)3/4

× λ−1/4(A/2Z)7/16

(
Z∗

3.5
t

)−1/8

(1)

where A and Z are the mass number and the atomic num-
ber of the target, IL is the laser intensity on target in
W/cm2, λ is the wavelength in µm and t is the time in ns.
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The pressure strongly depends on laser parameters and
only weakly on target parameters. Also shock pressure
tends to decrease in time even for a constant laser irra-
diation. This fact is due to the increasing separation be-
tween the ablation surface (ne ≈ solid material) and the
layer where the laser beam is absorbed, and has been first
described in the papers by Caruso and Gratton [2] and
Mora [1].

Let’s note that very often scaling laws without a tem-
poral dependence are reported in literature, even in recent
reviews [3]:

P = 8.6(IL/1014)2/3λ−2/3(A/2Z)1/3· (2)

These must be considered only as an approximation giv-
ing the order of magnitude, while the correct scaling-law
includes the time dependence.

However, usually, laser produced shocks have a “poor”
quality, a fact which has long prevented their use as a
quantitative tool in high pressure physics. Shock wave
EOS experiments are based on the use of Rankine-
Hugoniot equations which, in the limits of very strong
shocks, are [4]: 


ρ(D − u) = ρ0D

P − P0 = ρ0Du

E − E0 = u2/2
(3)

and respectively represents the conservation of mass, mo-
mentum and energy across the shock front. In these equa-
tions ρ is the density, D the shock velocity, u the fluid
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Fig. 1. Experimental set-up at MPQ. PZPs (a) and cavities
(b) are used for production of high quality shocks.

velocity in the compressed material, P the pressure and
E the internal energy. The suffix 0 indicates the unper-
turbed condition. A point on the EOS of the material (P ,
ρ, E) is determined through the experimental measure-
ments of some parameters (like the shock and/or fluid
velocity in the compressed material) and the knowledge
of the parameters of the uncompressed material (P0, ρ0,
E0).

These equations are 1D, hence they require a planar
shock (uniform pressure along the shock front). Moreover
shock velocity must be constant in time. Finally they re-
quire the absence of any perturbation (preheating) before
the shock front which changes the values of (P0, ρ0, E0).

In the following, we will discuss in more detail these
quality requirements. In particular, we will refer to laser
driven shock wave experiments done with “two steps-two
materials” targets [5,6]. These allow “relative” measure-
ments of EOS. The EOS point of an “unknown” material
is determined using a material with known EOS as a ref-
erence and by comparing the shock velocity in the two
materials (i.e. in the two steps).

2 Experimental set-up

The experiment was performed using the asterix iodine
laser of the Max Planck Institut für Quantenoptik, which
delivers a single beam, 30 cm in diameter, with typical
energy of 250 J per pulse at a wavelength of 0.44 µm. The
temporal behaviour of the laser pulse is Gaussian with
a Full Width at Half Maximum (FWHM) of 450 ps. In
order to generate the shock wave into the target, we used
both direct and indirect laser drive. Figure 1 shows the
two different schematic experimental set-ups.

The focusing lens had a focal length f = 564 mm lens
(f/2 aperture).

The diagnostic used to detect the shock breakout from
the target rear face consisted in a pair of lenses imaging
the rear face onto the slit of a streak camera, working in

the visible region. The first one was a f/2 objective, with
a focal length f = 100 mm, producing a parallel beam
between the two lenses. The system temporal resolution
was better than 8 ps and the imaging magnification was
M = 10, allowing a spatial resolution better than 10 µm.
A protection system [5] was used to shield the diagnostic
light path and the streak camera from scattered laser light.

Targets were made of aluminium (reference material)
and another “unknown” material (gold or copper in our
experiment [5,6]) and produced at the Laboratoire des
Cibles of the Commissariat l’Énergie Atomique, Limeil-
Valenton. The accurate fabrication technique [7] allowed
sharp step edges and a precise determination of step
heights. The Al base was ≈10 µm, and the steps thick-
ness ≈6 µm for Al and ≈3 and 4 µm for Au [6] and for
Cu respectively [5].

On some targets there was an additional plastic (CH)
layer. The laser was then focused on a low Z material
(CH) producing low X-ray emission and reducing preheat
(see Sect. 4.1) and hence satisfying the third quality re-
quirement.

3 Planarity

Planarity is strongly related to the homogeneity of the
energy deposition on the target, and therefore to the spa-
tial homogeneity of the laser beam. The spatial profile of
the pressure obtained on the target reflects the laser in-
tensity profile. Hence there are two aspects connected to
planarity: homogeneity on small scales and homogeneity
on large scales.

The first refers to the absence of laser hot spots in the
beam, i.e. localised high intensity regions which would
produce localised early shock breakouts.

The second one refers to the overall shape of the laser
intensity distribution and of the shock front.

The problem of small scale inhomogeneities may be
solved by using optical smoothing techniques like Random
Phase Plates (RPP) [8], Phase Zone Plates (PZP) [9,10],
or Kinoform Phase Plates (KPP) [11]. However RPPs give
a global envelop of the intensity distribution which is close
to Gaussian. In this case we get a maximum pressure in
the centre, and then the pressure decreases on the edges:
if the pressure changes point by point, its measurement
will then be more difficult. To obtain a planar profile of
the shock, it is necessary to use PZP or KPP [9–11] or, al-
ternatively, to use holhraums and the indirect drive tech-
nique. In our experiments we used both holhraums and
PZPs (the practical use of KPP is similar to PZP, even
if their optical principle is different). We will describe re-
sults obtained both with direct drive with PZP and results
obtained with indirect drive and holhraums.

3.1 Planarity in direct drive

Phased Zone Plates are a bidimensional array of Fresnel
lenses etched on a glass slab. These are disposed so to
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randomly introduce phase differences of 0 or π on the wave
front of the laser. This breaks the spatial coherence of the
laser beam and produces a smooth intensity profile [9,10].

A Fresnel lens is a set of concentric zones (Fresnel
zones), alternatively introducing a 0 or π phase differ-
ence on the incident beam: the total phase difference
given by a lens depends on the phase of the central zone.
Fresnel lenses exactly behave as lenses, with a focal dis-
tance f1 = R2

1/λ, where R1 is the central zone radius
and λ is the wavelength of the beam. The diameter of
the Fresnel lens is w = 2m1/2, where m is the number of
Fresnel zones in the lens.

The working principle of PZP is the following. The
PZP is used together with a normal lens of focal length f .
The laser beam invests the focusing lens and the PZP,
which divides it in a large number of beamlets. These will
be focused in a plane determined by the total focal length
of the optical system ftot (being 1/ftot = 1/f + 1/f1).
Each beam will be focused in different points of this plane.
Instead at distance f , i.e. on the focal plane of the prin-
cipal lens, one will obtain a superposition of the beam-
lets. The diameter of the spot formed in this plane is
Φ = wf/f1 = 4mλf/w.

At distance f the intensity distribution is not plane
but characterised by the presence of a central peak (due
to various effects described in [9,10,12,13]). A slightly de-
focusing of the system (obtained by moving the target out
of the focal plane) makes the peak to disappear giving a
super-Gaussian intensity distribution. A larger defocusing
produces instead a Gaussian-like shape of intensity like in
the case of RPP.

The conditions for the PZP to produce good optical
smoothing are:

– the laser beam has to invest a large number of Fresnel
lenses to optimise the homogenisation effect;

– each Fresnel lens must contain many Fresnel zones to
optimise the focusing power (which implies that each
Fresnel lens must not be too small).

Hence the asterix beam is particularly suitable to be
optically smoothed with PZP due to its large diameter
(Φ = 29 cm). The Fresnel lenses were characterised by
w = 2.5 cm and R1 = 4.17 mm. Hence f1 = 3 964 cm,
m = 9 and approximately (Φ/w)2 ≈ 130 Fresnel lenses
were contained in the laser beam.

Figure 2 shows some examples of shock breakout ob-
tained with different planarities, depending on the posi-
tion of the target with respect to the PZP. Specifically,
Figure 2a has been obtained with the target in the focal
plane of the main focusing lens (distance f) and shows the
central peak. Figure 2b corresponds to the optimal po-
sition of PZP (flat intensity distribution, planar shock).
Figure 2c corresponds to a large defocusing and gives a
curved shock front. Finally Figure 2d corresponds to PZP
whose etched features had a reduced thickness, not enough
to introduce a π dephasing. In this case, an Airy pattern
is superimposed to the flat-top intensity distribution: the
Airy rings are clearly visible in the shock breakout profile.

The best case (Fig. 2b) allows a direct comparison with
analytical models and 1D hydrodynamical simulations.

(a) (b)

(c) (d)

Fig. 2. Shock breakout images obtained with the streak cam-
era. The target positions is varied relatively to the focal plane.
In all cases the laser energy was EL ≈ 250 J corresponding
to IL ≈ 2.5 × 1014 W/cm2. The horizontal axis is space, the
vertical axis time. Time flows up to down. The dimensions of
the image are about 700 µm × 2.5 ns. (a) Shock with a cen-
tral peak (3 µm Au target, focal position: 564 mm from the
lens); (b) shock with a planar profile (3 µm Au target, po-
sition with respect to the focus +160 µm); (c) shock with a
Gaussian profile (18 µm Al target, position with respect to the
focus + 400 µm); (d) shock with an Airy spot profile (18 µm
Al target, focal position: 564 mm from the lens).

In this case the planarity measured along the shock
front was ±5 ps, i.e. the shock breaks out with a time
delay of ±5 ps in different target positions (of course
we refer to the central part of the focal spot only, with
planar intensity distribution). This is very close to the
streak camera temporal resolution (≤8 ps). In our exper-
iment typical values of laser and shock parameters were
IL = 2 × 1014 W/cm2, P = 26 Mbar and D = 36 µm/ns.
Hence, using a target with typical thickness d = 5 µm,
a value ∆t = ±5 ps implies ∆D = ±1.3 µm/ns or
∆D/D = 3.6%. This of course imposes a limit on accu-
racy to which EOS data can be obtained. With the indi-
rect drive a slightly better planarity was achieved, at the
cost of a reduced energy coupling (see next section).

Even if these results are quite good, in principle they
could be related to the diagnostic (streak camera) resolu-
tion. Evidencing localised early shock breakout from laser
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(a) (b)

Fig. 3. Comparison between streak-camera images obtained
with: (a) 18 µm Al target (EL = 245 J); (b) 3 µm Au target
(EL = 214 J). The horizontal axis is space, the vertical axis
time. Time flows up to down. The dimensions of the image are
about 700 µm × 2.5 ns.

speckles could require better space and time resolution. To
this goal a recent experiment was realised at LULI, and
presented in [14], which used the “Chirped Beam Reflec-
tivity” diagnostic to measure shock breakout with space
and time resolution of 8 µm and 1 ps respectively. In this
experiment the spiky structure in the focal spot was ev-
idenced, but differences in shock arrival time across the
shock front did not exceed ±10 ps (also optical smooth-
ing in that case was not optimised as in the experiment
at MPQ).

Finally Figure 3 compares streak-camera images ob-
tained in a 18 µm Al target, Figure 3a, and in a 3 µm
Au target, Figure 3b (let’s observe that the areal den-
sity of the targets are close, since ρAl = 2.7 g/cm3 and
ρAu = 19.3 g/cm3). The breakout profile obtained in Al is
more planar than with Au in similar conditions. We sup-
pose that is due to a stronger thermal smoothing in Al
(and to the larger target thickness implying a larger geo-
metrical smoothing). Indeed due to the lower atomic num-
ber (Z) and mass density (ρ) the temperature reached in
Al can be larger [15]. With this respect, let’s notice that
sometimes images of shock breakout presented to show
planarity are obtained with CH targets [16] implying an
increased thermal smoothing. We think that such images
are not conclusive and that harder materials should be
used in this context.

3.2 Planarity in indirect drive

In this case, the shock wave is generated using thermal
X-rays from laser-heated cavities. Planarity is a conse-
quence of the homogeneity of Planckian radiation. In the
experiments we focused the laser beam into a 1-mm-size
gold cavity through a small entrance hole. When the laser

is focused in the cavity, an isotropic radiation is cre-
ated [17] whose temperature depends upon the cavity size
and the laser power. The temperature of the cavity can be
determined by observing the velocity of a shock wave gen-
erated when radiation is absorbed in low-Z material [18].
With our experimental set-up, this has been measured to
be in the range of 100–150 eV.

The planarity achieved by indirect drive is shown in
Figure 4c. The profile of the rearside emission is smoother
than with direct drive. But the slight improvement in the
uniformity of energy deposition is obtained at the cost of
an important energy loss. Indeed in this case pressure gen-
erated on target is related to the cavity radiation temper-
ature and hence to cavity size and laser intensity through
the formula

Pind(Mbar) = 44(IC/1014)10/13t−3/26 (4)

here t is time (in ns), IC is the X-ray intensity on target
in W/cm2 [3,17,18]:

IC =
ηEL

4πR2
CτX

(5)

η is the efficiency conversion of laser energy in primary
X-rays, RC is the radius of the cavity and τX the duration
of the X-ray pulse (which is comparable to the laser pulse
duration τL). Comparing equation (4) and equation (1)
and using t = τL in order to get the order of magnitude,
we obtain

Eind =
0.61
η

(
Z∗

3.5

)−0.162 (
A

2Z

)0.569

× R2
C

R1.95

(
E3

dir

λ

)0.325

τ
1/80
L (6)

which gives the energy needed in indirect drive to ob-
tain the same pressure of direct drive. Here R and RC

are in µm, Eind and Edir in joules and τL in ns. With
our typical parameters (Edir = 250 J, RC = 500 µm,
R = 200 µm, λ = 0.438 µm and τL = 0.45 ns) we find a
ratio Eind/Edir ≈ 5. Hence in order to achieve the same
shock pressure, a laser energy ≈5 times larger is needed
in indirect drive.

If instead we use the approximate scaling law (2)
we get

Eind =
0.21
η

(
A

2Z

)0.433
R2

C

R1.73

(
Edir

λ

)0.87

τ0.284
L (7)

as reported in [5]. In the two cases the ratio is practi-
cally the same because the numerical results from for-
mulas (1) and (2) are close. For instance, using again
t = τL and the typical parameters of our experiment, we
get P = 26.5 Mbar from (1) and P = 23.7 Mbar from (2).

4 Pre-heating of the target

Pre-heating consists in matter being warmed up before
shock arrival. It is a crucial problem in shock EOS exper-
iments which are based on the use of Rankine-Hugoniot
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equations (Eq. (3)). If targets are pre-heated, the material
is no longer unperturbed before the arrival of the shock
and the parameters of the material ahead of the shock
front become unknown.

Pre-heating may be detected by an early luminosity
emerging from the target rear-side before shock arrival.
The increase in temperature may indeed be sufficient to
cause some emission in the visible and infrared regions
before shock breakout. After shock breakout an impor-
tant heating of the material will imply a slower decay of
rear side luminosity (the connection between preheating
and backside emission has been studied experimentally in
Refs. [19–21] and numerically in [21,22]).

In our experiment, both with direct and indirect drive,
we can exclude a significant preheating by looking at the
temporal shape of the rear-side luminescence, character-
ized by a fast decay and an even faster rise time.

Recent experiments have shown that other diagnos-
tic methods based on reflectivity [14] or interferometric
measurements [12] are more sensitive to the presence of
preheating. However these were not implemented in the
present experiment due to the non availability of a probe
laser beam.

4.1 Pre-heating in direct drive

In direct drive, pre-heating can be due to different causes:

– supra-thermal electrons generated near the critical
density by resonant absorption;

– supra-thermal electrons generated in the corona by
laser supraintensities (possibly produced or amplified
by the filamentation instability);

– “hard” X rays produced in the plasma corona.

The first phenomenon is reduced using a short wave-
length laser and sufficiently low intensity (in our case
λ = 438 nm and I ≈ 2 × 1014 W/cm2) [17,21], indeed
it is well-known that resonant absorption is effective at
intensities larger than 1014/

[
λ(µm)2

]
W/cm2 [23]. The

second effect is strongly reduced thanks to the use of op-
tical smoothing techniques.

Hence in our experiment the main concern to pre-
heating comes from X-rays from the corona. A simple
analytical model can be used to evaluate preheating by
quantifying the X-ray intensity produced in laser-plasma
interaction. Following Batani et al. [12] and Lwer
et al. [20], the preheating temperature produced on target
rearside by the flux of photons with energy hν is:

T (ν, h) = S(ν, h)
τµ(ν)
ρCV

(8)

where S(ν, h) is the X-ray intensity at distance h inside
the target, τ is the X-pulse duration (of the order of the
laser pulse duration), µ is the material absorption coef-
ficient in cm−1, ρ is the mass density and CV the spe-
cific heat (for Al this is 0.9 J/g K if the temperature of
the material is �1.5 eV and ≈1.7 J/g K in the range
1.5 eV ≤ Te ≤ 3.5 eV [24]). Evaluating S as a function of

Fig. 4. Emission spectra of Al in X-ray region (solid line)
in arbitrary units of intensity from reference [25]; absorption
coefficient of Al in the same region in cm−1 from reference [26].

laser energy we get for the temperature of the target rear
side:

T =
ELµ α η e−µ(ν0)d

πR2ρ CV
(9)

where πR2 is the area of the focal spot, d the target
thickness, η the X-ray efficiency, and α represents the ra-
tio of X-ray emitted towards the rearside of the target
(we assume α = 1/2). For Al, X-ray emission is centred
around hν ≈ 500 eV (L-shell emission) and hν ≈ 1.5 keV
(K-shell emission), as shown in Figure 4. The typical con-
version efficiency in the two spectral bands are η ≈ 0.05
and η ≈ 0.02 respectively [25]. However X-rays around
hν ≈ 500 eV are very strongly absorbed in matter and will
not reach the target rear side, hence will not give an ap-
preciable contribution to preheating. We then concentrate
on the harder keV spectral region and assume η ≈ 0.02. In
the region where X-ray emission is maximum, µ is always
larger than 6 × 103 cm−1 (see Fig. 4) [26]. We consider
such a value for our calculations. Actually the tempera-
ture found with (9) must be considered from a qualitative
point of view because of the great uncertainty in the pa-
rameters involved. In the case of the MPQ experiment,
with a d = 10 µm Al target, we find T ≈ 1 eV, in agree-
ment with what already reported in references [19,21].

The use of a CH layer on the laser side reduces pre-
heating because:

(i) the laser to X-ray conversion efficiency η is lower in
the case of plastic as compared to Al (due to the
lower Z);

(ii) softer X-rays are produced in laser-plasma interaction
in the case of plastic, which are then more effectively
absorbed in the Al layer and do not contribute to
preheating of the target rearside.

This is confirmed by the experimental results in Fig-
ures 5a and 5b which show streak camera images of shock
breakouts obtained with Al/Au targets without (a) and
with (b) a CH coating. Examples of time evolution of rear-
side luminosity are reported in Figures 6a for the case (a)
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(a) (b) (c)

Fig. 5. Streak camera images of shocks obtained using different experimental set-ups. In all cases the Al base thickness was
10 µm and the Al step thickness was 6.23 µm: (a) direct drive + PZP + Al/Au targets (EL = 293 J), (b) direct drive + PZP
+ CH/Al/Au targets (EL = 367 J), (c) indirect drive + Al/Au targets (EL = 290 J).

and in Figures 6b and 6d for the case (b). The very rapid
luminosity increase corresponds to the shock wave reach-
ing the rear-side of the target. Before shock arrival, the
rearside emission is negligible in the case of Figures 6b
and 6d (CH layer) while it is evident in the case of Fig-
ure 6a (no CH coating).

From equation (9) we expect preheating to increase
with laser energy. However a comparison of Figure 6b
and 6c does not really show any significant increase in
emission before shock breakout. Hence we can conclude
that the use of a CH coating is very effective in reducing
preheating. Of course the thickness of such layer must be
chosen so that it is not completely ablated during the laser
pulse.

Before closing the section, we notice that equation (9)
is correct as long as the shock breaks out from rear-side
after the end of the pulse, so that all the laser energy
EL contributes to shock production and preheating. With
very thin targets, only the laser energy deposited before
breakout contribute to preheating. This may reduce pre-
heating with respect to what predicted by equation (9).

4.2 Preheating in indirect drive

In the case of indirect drive the presence of a CH layer is
not useful to reduce preheating. Indeed the spectrum of
the X-rays inside the cavity is thermal and is not influ-
enced by the material of the cavity (and target) walls (at
least once thermal equilibrium has been reached). Rather,
in this case preheating is very sensitive to the geometry of
the cavity. This was shown very well in the paper by Löwer
et al. [20]. The problem arises because of the “primary”
X-rays produced in the direct interaction of the beam
with the cavity walls. This non-thermal harder X-rays may
cause preheating whenever they reach the target.

Our cavity [24] has been designed not only to reach
the high temperatures, recalled in the previous section
(100–150 eV) but also to optimise uniformity when only
one laser beam is used, and reduce preheating. Here, a
shield with a conical shape has been constructed so that
the laser irradiated area and the shocked material were
not in direct view of each other, as shown in Figure 1b
and the primary X-rays could not reach the target.

In this case preheating is negligible, as shown in Fig-
ures 4c and 6c: the second one, in particular, shows as
the breakthrough emission rises very fast when the shock
emerges from the target rearside, and in the previous in-
stants is absolutely negligible.

5 Stationarity of the shock

The third fundamental quality requirement is stationar-
ity: the velocity of the shock, while it goes through the
target (or at least through the step), must be constant.
This is a difficult requirement since the scaling laws (1)
and (4) already predict shock pressure to fall with time.
In order to overcome this difficulty a laser pulse with in-
tensity increasing in time could be used, as for instance
described in the numerical simulations in the paper by
Temporal et al. [27]. However this makes the experiment
difficult to be designed and realised, requiring laser pulse
shaping. Luckily the dependence of D on t is weak enough
(D ≈ t−1/16) so that shocks which are fairly constant in
time are obtained with not-too-tick targets. Hence in the
following we will not consider this point and focus on two
other, more important, sources of non-stationarity.

The first cause of non stationarity is related to bidi-
mensionality. This does not appear as long as the target
thickness is small compared to the radius of the flat re-
gion of the intensity profile (d � R). If d ≥ R the shock
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(a) (b)

(c) (d)

Fig. 6. Temporal evolution of the rear-side luminescence on the Al base. In all cases the signals are normalised to their maximum
value; (a) direct drive and Al/Au target (the same of Fig. 4a) (EL = 293 J), (b) direct drive and CH/Al/Au target, low laser
energy (EL = 71 J), (c) indirect drive and Al/Au target (the same of Fig. 4c) (EL = 290 J), (d) direct drive and CH/Al/Au
target (EL = 367 J).

wave becomes spherical, and the pressure decreases as
P ≈ P0(R/d)2. In the case of our experiment at MPQ
the thickness of the target was about 20 µm, while the
diameter of the flat region was about 400 µm, hence 2D
effects were negligible.

In the case R � d (2D effects negligible), the shock
may become non stationary due to the dynamics of shock
and relaxation waves. Indeed:

(1) the early phase of shock formation is characterized by
an increase in pressure with time (i.e. with space as the
shock propagates in the material). Indeed the temporal
trend of the shock pressure follows the laser intensity
which is increasing in time. Hence to be stationary, the
shock must already have reached its maximum value
when it emerges from the target rearside;

(2) at late times, the shock can be non stationary because
when the laser pulse finishes, it can no longer sustain
the ablation pressure. Then an unloading wave origi-

nates at the critical surface and goes travels the target
at the sound speed cs (in the material already com-
pressed by the shock). This wave may eventually reach
the shock before it emerges from rear-side. In this case,
the shock pressure will be reduced and the shock will
no longer be stationary.

In the following we will assume a trapezoidal laser
pulse profile. This is an approximation (the temporal pro-
file being Gaussian) but allows to simplify the calcula-
tions. We call tR the “rise time” of the laser pulse (from
0 to the maximum of the laser intensity), and tL the time
at which the intensity starts to decrease. Since the pres-
sure profile follows the laser intensity, at t = tR the shock
reaches its maximum pressure, while at t = tL the unload-
ing wave is generated.

During the first “acceleration” phase (t < tR) the
shock velocity will increase, due to the pressure (and inten-
sity) increase, and for simplicity we can then assume that



106 The European Physical Journal D

its motion is uniformly accelerated. We can then write

a = D/tR (10)

where D is the maximum value of shock velocity (i.e. when
it becomes stationary) and a the average acceleration. The
position reached at time tR is

dmin =
1
2
a t2R =

1
2
DtR· (11)

Therefore the shock will be stationary only if d > dmin.
Now, let’s consider the second condition of stationarity,

i.e. late times. In this case, the shock may reach the target
rearside after the end of the pulse and can become not
stationary. Let’s indicate by xs the position of the shock
in the target at the time t (where t = 0 is represents the
start of the laser pulse). Then

xs =
1
2
DtR + D(t − tR) = D(t − tR/2)· (12)

The position xr of the unloading wave is instead given by

xr = cs(t − tL)
ρ0

ρ
(13)

where (ρ/ρ0) is the compression factor corresponding to
the shock pressure P . In the case of very strong shocks,
(ρ/ρ0) ≈ 4 [4] and then the thickness of the target is
reduced by a factor 4. The maximum time tmax that allows
the shock to emerge from the rearside of the target without
being reached by the unloading wave can be calculated by
combining the relations (12) and (13):

tmax =
4cstL − DtR/2

4cs − D
· (14)

Then the maximum target thickness dmax that allows to
the shock to emerge from the rearside before being reached
from the unloading wave is:

dmax =
4csD(tL − tR/2)

4cs − D
· (15)

Here the relation between the shock pressure P (given in
the direct drive case by Eq. (1)), and the shock velocity
in the target is:

D =
(

(γ + 1)
2

P

ρ0

)1/2

(16)

where γ is the adiabatic constant of the material at high
pressure (this can be approximated by the value for a per-
fect gas, γ ≈ 1.67). Instead the sound velocity cs in the
compressed material is

cs =
(

γ
P

ρ

)1/2

(17)

In conclusion, this simple model allows to obtain the mini-
mum (dmin) and the maximum (dmax) thickness of a target
for which the shock is stationary.

Fig. 7. Numerical simulation of the trend of the shock velocity
versus target thickness obtained with the hydrodynamical code
MULTI [28] for a laser intensity of 1014 W/cm2 and an Al
target.

In our experimental conditions, in the case of
aluminium and with direct drive case (IL ≈ 1014 W/cm2,
P ≈ 16 Mbar) we get DAl ≈ 28 µm/ns and
cs ≈ 16 µm/ns. Now, in order to apply equations (11, 15)
to evaluate dmin and dmax we need an estimate of the rise
time tR of the laser pulse and of tL. Since our pulse has
a Gaussian temporal shape with FWHM = 450 ps, we
assumed, as a conservative estimate, that both the rise
time of the laser pulse and the “stationary” phase last
about 450 ps. By applying equations (11, 15) we then
get dmin ≈ 6 µm and dmax ≈ 22 µm. Recalling that the
typical thicknesses of targets used in our experiment were
≈10 µm for the base of the target and ≈16 µm for the
total thickness of the aluminium target (base + step),
the conditions for stationarity were satisfied.

1D hydrodynamical simulations performed with the
code MULTI [28] substantially confirms these results al-
though they take into account the actual (Gaussian) tem-
poral shape of the laser pulse. Figure 7 shows the time
behaviour of shock velocity obtained by hydrodynamical
simulation for a peak laser intensity I = 1014 W/cm2.

Let’s notice that Figure 7 shows how in the interval
between 6 and 22 µm the shock velocity variation is less
than 16%. Keeping in account the many approximations
used in our model, the agreement is satisfactory.

We can deal with stationarity also in the case of in-
direct drive. In this case the ablation pressure should be
calculated by using equation (4). In this case P ≈ t−3/26

(see Eq. (4)) while in direct drive P ≈ t−1/8. Therefore
the indirect drive approach allows to obtain shocks which
are (slightly) steadier. However indirect drive allows to ob-
tain stationary shocks also with short laser pulses: while
in direct drive, after the end of the laser pulse (t > tL),
the relaxation wave is generated and the pressure starts to
rapidly decrease (quicker than as t−1/8), in indirect drive
the cavity behaves as an “energy reservoir”. The laser en-
ergy may be deposited in the cavity in a very short time,
but then the pressure applied to the target decreases with
the law t−3/26, as a consequence of the dynamics of plasma
and radiation inside the cavity [17].
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6 Conclusions

In conclusion, this paper discusses in detail the quality re-
quirements for EOS shock wave measurements, and shows
how these have been satisfied in the experiment at Max
Planck Institut für Quantenoptik. A planar shock is ob-
tained using optical smoothing techniques in the direct
drive or by the indirect drive approach.

The main causes of preheating in the direct drive ap-
proach can be eliminated by using a short wavelength laser
and a sufficiently low intensity; also optical smoothing
helps to reduce preheating. In our experiment, the main
concern to preheating is due to X-rays: this is strongly
reduced by using an appropriate target thickness and a
CH layer on the laser side. In indirect drive, preheating
can strongly be reduced by a careful design of the cavity
geometry.

To avoid non-stationarity of the shock, an appropriate
choice of target thickness is required, depending on the
laser pulse duration and rise time.

We warmly acknowledge the support of the MPQ technical
team. The experiment was realised at MPQ and supported by
the E.U. in the framework of the program “Access to Large
Scale Facilities”.
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Benuzzi, B. Faral, N. Grandjouan Phys. Rev. E 62, 8573
(2000)

16. See for instance, Y. Aglitskiy, Th. Lehecka, S.P.
Obenschain, S. Bodner, C.J. Pawley, K. Gerber, J. Sethian,
C.M. Brown, J.F. Seely, U. Feldman, G.E. Holland, Use of
spherically bent crystals for Nike-laser-plasma spectral di-
agnostics and monochromatic imaging, in Applications of
X Rays Generated from Lasers and Other Bright Sources,
edited by G.A. Kyrala, J.C. Gauthier, SPIE 3157, 104,
Bellingham, Washington (1997)

17. R. Sigel, Laser-Plasma Interactions (M.B. Hooper, SUSSP,
Edinburgh, 1989), Vol. 4, p. 53

18. R.L. Kauffman et al., Phys. Rev. Lett. 73, 2320 (1994)
19. T. Hall et al., Phys. Rev. E 55, R6356 (1997)
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