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GENERAL INTRODUCTION

Soon after the invention of the Q-switched laser in the early
sixties it was realized that intense laser radiation could be
used for the production of extremely hot and dense plasmas by
irradiation of solid targets /1/. such plasmas were found to
be of great interest in the field of thermonuclear fusion research, either as a means of filling conventional magnetic confinement devices with hot and pure plasma /2/ or, by far the
more challenging prospect, for direct energy production by
initiating thermonuclear reactions in a laser heated pellet
of Deuterium and Tritium, the most advantageous thermonuclear
fuel /3/.
In the early seventieth interest in the laser fusion idea increased rapidly when it was demonstrated by extensive computer
calculations that irradiation of the pellet could be progranuned
in such a way that the core of the pellet was precompressed
several orders of magnitude above solid state dens.ity resulting
in a drastic decrease of the laser energy necessary for initiation of the thermonuclear reactions. According to these calculations ~t should be possible to achieve ignition and thermonuclear burn of a seizable fraction of such a pellet with laser energies of the order of ~1 kJ i.e. with lasers now under
construction in many laboratories. The basic idea is to irradiate
a spherical pellet uniformly from all sides by a number of laser beams thus heating and ablating the surface material of
the pellet. The pressure thus generated produces a spherical,
imploding compression wave. If suitably progranuned by means
of a laser pulse of rising intensity, in the final stage of
the implosion,densities of lo4 - lo 5 times solid state densities
and simultaneously temperatures can be achieved,which lead to
ignit i on and burn of the thermonuclear fuel in the core of the
pellet.

- 2 -

The importance of the precompression may be illustrated by
considering a sphere of D-T material with radius R heated to
8
a temperature of about 8 keV ( ~ lo K) • At this temperature
(the ignition temperature) the rate of thermonuclear energy
production exceeds the bremsstrahlung losses, provided the
a-particle reaction products are recaptured by the fuel. The
useful heated pellet mass is limited by the available laser
energy and is for feasible laser systems ( < 1o6 J) less than
lo
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g

(or at solid density a radius R

<

.1 em). The heated

sphere will be disassembled by the time the expansion wave from
the surface reaches the centre. The lifetime of the heated
pellet is therefore given by Z"'::: R/4c with c .....,

Tl/~

the ion

sound velocity. The thermonuclear reactions occur with the
-1
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long before completion by the disassembly of the heated sphere.
In addition the efficiency of the burn is degraded because the
a-particles escape as follows from the mean path ratio R/A

a

~

SfR (c.g.s).
Under compression the conditions for a thermonuclear burn im3
prove because for a given pellet mass M = 4/3 ~ R p, the ratio
of the pellet mass to pellet surface (= 1/3 . pR) increases
1/3
2/3
.
M
The losses of the heated mass and of a-part~cles

f

).

is thereby reduced and as may seen from the given relations a
higher burn up of the fuel is achieved.
The compression process for obtaining such a high density has
to be nearly isentropic to be economic in the applied laser energy
and also fast in order to reduce the ablated pellet mass. A few

-
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spherical inwards moving shock waves may be used but the
irreversible dissipation at the shock front increases the
temperature of the material behind it and thereby reduces
the compression of the subsequent shock wave. When the applied
shock waves are too strong the ignition temperature is reached
before the required density is achieved.
When a whole series of very weak shock waves is used we
approach in the limit the ideal case of an isentropic compression. This process is the easiest to explain in the plane
geometry in which case an analytical description can be obtained. Consider a piston moving in a cylindrical tube with
the piston path given by

X~.n

=

){0

[

1+

....&__

J-1

{1- Z"'t) -

.2

.f:t:.!.

1-1

{t _ :£)yt-t}
z::-

(see Fig. 1). Every sonic compression wave leaving the piston
will reach the point x 0 at the same time 't" and cause a infinite compression If in the limit t _. Z"' •. At the expense of
an inhomogeneous density between piston and x , we have an
0
arbitrary fast isentropic process. A similar method can be
used in the spherical pellet geometry with the point of
coalescence at the centre.
After these remarks the several stages of the laser fusion
process of a massive pellet+) will be described with help of
the schematic pictures in Fig. 2.
At the onset of the irradiation a weak shock wave as a precursor is formed before the inhomogeneous isentropic compression
process becomes established. Figure 2b shows the initial shock
wave and the plasma formation at the pellet surface. The ablation process, used to drive the compression process, in

+) Recently computer calculations are made of hollow pellets.
In this case a lower laser intensity may be used for the implosion to the required density.
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connection with the absorption of laser light in the outer
plasma (up to the critical layer at Rc) is described in detail in one of the following papers
The proper time dependency of the laser power is, as indicated
by the calculations, approximately given by
(1)

E

=

E (l- t)-1.9
0

?:

with ~the travel time of the initial shock to the centre and
E0 an appropriate initial power depending on the pellet size.
Obviously during the last stage of the process a high laser
power is needed to maintain the compression rate and to overcome the counter pressure of the compressed material which is
strongly increased by the spherical convergence. Therefore the
major part of the laser energy has to be deposited during the
final spike of the laser pulse. Simultaneously with the shutdown of the laiser irradiation, the initial shock collapses at
the centre andl the ion temperature is raised in a small volume
above the igni-tion temperature and the thermonuclear reactions
start (Fig. 2c·) • The following isentropic compressed region
which is relative cold still travels towards the centre. Because of the high density the a-particle reaction products from
the central volume are recaptured at a short distance raising
the local temperature above the ignition value (Fig. 2d). As a
result the thermonuclear reaction propagates like a detonation
wave outwards through the isentropic compressed surrounding.
Due to the high propagation velocity the burn is completed in
a relative short time. At the end a blast wave is left in the
expanding plasma.
A numerical example of such a computer simulation is taken from
/5/. A 7.5;ug sphere is uniformly irradiated by co 2 laser beams
with Aco = lo.6;um. The shaped laser pulse contains 5.3 kJ
2
with ~ = 12.5 ns in eq. (1). During the last • 5 ns, 9o % the
energy is deposited. The maximum compression at the centre
achieved is 1.1 x lo4 over solid density and the maximum value
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of p R = 2 .1. The central ignition of the thermonuclear burn
incorporates a mass of 5.8 x lo -8 g. In 4 ps 1 9o % of the
yield by the propagating burn wave has been released. The
final yield of 177 kJ gives a multiplication of 33.4 of the
invested laser energy and may be related to a homogeneous
burn of 39 %of the initial D-T pellet mass.
Although the results of these extensive computer modelling
studies may be regarded with a reasonable degree of confidence
a number of uncertainties still exist, in particular the
correct description of the laser absorption in the outer plasma
and the energy transport from the absorption region towards
the ablation surface. Also there are some doubts about the
hydrodynamic stability ot the last stage of the compression
process.
In the main laser fusion laboratories most time is spend now
to develop the high power laser systems with an output energy
of the order of lo 3 - lo4 J necessary to carry out experiments
by which the scientific breakeven might be achieved. In the
meantime K.M.S. Fusion proceeds with spherical implosion experiments using only about loo J in two laser beams. The first
published results /6/ of their experiments using small hollow
glass spheres show that a volume compression of about 33o was
obtained without strong hydrodynamic instabilities.
For certain problems, such as the laser light absorption process and the energy transport towards the ablation surface,
single beam experiments can be used further. The resulting
interaction with plane targets, although complicated by twodimensional effects, is still favorable for a simple diagnose
of the ablation process.
With the experiments described in the following papers the first
direct observation of a laser driven compression wave could be
made. By a single laser beam, plane transparent targets were
irradiated and by means of special high speed photography the
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induced shock wave was observed. With the shock wave properties
of the used target materials, the measured shock velocity was
translated into the compression and pressure behind the shock
front so that the complete time history of the compressed
region was obtained. Knowing now the results of the ablation
process, its relation to the heated and expanding plasma was
investigated. The departures from the one-dimensional description of the phenomena was analyzed.
The first paper /7/ gives briefly the main points of the experiments carried out. The details of the used high speed
photographic techniques are described in the subsequent paper
/8/. The last paper /9/ gives a detailed description of the
ablation process and contains a extensive discussion of the
experimental results in connection with the previously made
observations of the laser plasma.
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Inhomogeneous isentropic compressiqn in a plane
geometry. The numbers along the piston trajectory
indicate the compression K close to the piston
at a given time.
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Compression Wave
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The various stages of laser induced implosion of a
D-T sphere. a) The different layers of the ablation
process of a uniform irradiated sphere, b) the density
and temperatures profiles when the initial shock is
started, c) the collapse of the initial shock wave at
the centre, the ignition of the thermonuclear burn,
d) the thermonuclear reaction propagates as a detonation
wave outwards.
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Observation of Laser-Driven Shock Waves in Solid Hydrogen
C. G. M. van Kessel• and R. Sigel
Max-Planck -Tnstitut fiir Plasmaphysik -EURATOM Association, 8046 Garchtng bet Miinchen, Germany
(Received 8 July 1974)
The spatial development of laser-driven shock waves in a plane solid-hydrogen target
was directly observed by high-speed photography. From the measured shock-front velocity a peak pressure of 2 Mbar is evaluated at the onset of a 10-J, 5-nsec Nd laser pulse.
The underlying mechanism of laser ablation and the relevance of such measurements to
laser fusion and the behavior of matter at extremely high pressures are discussed.

As is well known/ irradiation of a solid target
by the focused beam of a powerful pulsed laser
leads to the formation of a dense and hot plasma
surface layer which exerts a considerable pressure on the neighboring cold material. In this
way solid material may be set in .motion and compressed to densities well above the solid-state
density. Essentially, the concept of laserfusion
is based on converging compression waves in a
laser-irradiated pellet. 2 To our knowledge, laser-driven compression waves and the pressures
involved have been investigated so far only in an
indirect manner. 3 In this paper, we report on
the direct observation of a laser-driven shock
wave in the most accessible geometry, where a
single laser beam is focused onto a plane targqt.
The experiments were performed with the
Garching multistage Nd laser system/ which was
used at an output level of 12 J in 5 nsec (rise and
fall time "'1 nsec). The laser radiation was focusec;i by an f /1 (J =75 mm) aspherical lens down
to a spot size of "'40 !Lm . For the experiments
described here the target consisted of a solid
hydrogen stick with a 2 mm square cross section which was extruded from a liquid-heliumcooled cryostat 4 into the evacuated interaction
chamber. Similar sticks of polymethyl methacrylate, C 50 2 H8 (Plexiglas), were also used. The
front surface was irradiated by the laser at a
position close to the narrowest cross section of
the beam where the reflection of laser light from
the plasma has a maximum. This position is well
defined with an accuracy of± 100 !Lm 5 and previous measurements of x radiation6 have shown a
maximum electron temperature of the plasma
with the target in this position.
The evolution of the shock wave was obse rved
by high-speed photography at 90° to the laser axis with a focused shadowgraph setup. For this
purpose, the median plane of the transparent tar get was imaged on the slit of an ultrafast imageconverter streak camera incorporating an image
1020

intensifier. Background illumination was produced by the parallel beam of a dye laser (;>,. = 580
nm) (the streak camera and dye laser were from
Electro Photonics, Northern Ireland). Streak
pictures were obtained with the narrow slit of the
camera adjusted to view the. phenomena occurring
along the laser axis and with the dye laser producing a single pulse with a length of ::::.1 ~LSec.
Framing pictures were obtained With modelocked operation of the dye laser and a wide-open
streak slit. The width of the slit corresponded
to the distance which the electron beam of the
streak camera sweeps during the interval (2.R
nsec) of two pulses of the dye-laser pulse train.
The streak camera then produces a sequence of
adjacent frames, each frame being exposed by a
single pulse of the mode-locked pulse train. Because sweeping of the camera can be neglected
for the ultrashort pulses (:::: 5 psec time duration')
applied here, a series of sharp pictures is obtained. Time correlation of the pictures with the
laser pulse was provided either by stray laser
light or by guiding laser light with a light pipe to
the edge of the streak slit. Usually targets with
a slightly concave front surface (extruded from
an appropriate nozzle) were used to prevent the
unavoidable imperfection of the edges from disturbing observation of the vacuum-solid inter. face . For the magnification used here the spatial
resolution was actually limited by the grain of
the streak camera to about 20 !Lm in the object
plane.
A typical series of framing pictures obtained
with a single laser shot is shown in Fig. 1. The
first frame (- 2. 3 nsec) is taken 2. 3 nsec before
the onset of laser radiation and shows the undisturbed vacuum-target interface. The cone filled
by the incident laser radiation and the focal spot
area are schematically indicated. In the second
frame (+ 0. 5 nsec) a small dent towards the interior of the target is observed in front of the
focal spot . Its shape is not yet clearly resolved.
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FIG. 2. Pressure p 1 behind the shock wave In solid
hydrogen versus time. Data are obtained from five
Identical shots.
sec-~

0

200 J.lm

FIG. 1. Framing pictures of a solid-hydrogen target
with a mode-locked dye laser as background illumination at 0.5, 3.3, and 6.1 nsec after onset of the laser
irradiation.

The third frame (+ 3.3 nsec) shows an opaque
area of hemispherical shape with a depth of 150
J.J.m. The leading edge is believed to constitute
the shock front; estimates based on the work of
Ker ley 8 show indeed that for pressures above 600
kbar the electron density behind the shock front
should exceed the critical density (3 x 1021 em - 3 )
for the background dye-laser illumination and
therefore make the shocked material opaque. In
the last frame (+ 6.1 nsec), just after termination
of the laser pulse, the shock front has moved to
a depth of 215 J.Lm.
The streak pictures (not reproduced here) allow the determination of the shock-front velocity's dependence on time . The velocity is maximum at the beginning of motion , which coincides,
within the accuracy of time correlation (± 1 nsec),
with the onset of laser irradiation and then decreases with time . The maximum shock velocities obtained from the streak pictures were 5.8
x 106 em sec-~ in solid hydrogen and 2. 5 x 1 06 em

in Plexiglas.
The measurements of the shock-front velocity
allow us to determine the pressure behind the
shock front and to relate "it to the properties of
the laser-plasma interaction region. From mass
and momentum conservation across a shock front
propagating with a velocity vs we get for the pressure behind the front
(1)

where we have neglected the pressure ahead of
the front and Po and p 1 are the densities ahead of
and behind it. Determination of P 1 requires in
principle besides v 5 know ledge of the com pression p~ /p 0 which has not been measured in this experiment. From striker-plate experimer.ts 9 and
from an analysis of shock compression with the
equation of state calculated in Ref. 8 and by van
Thiel et al. / 0 we expect P1 /p 0 ::; 3 for P1 =100 kbar
and P/Po =4-5 for P 1 =2 Mbar. Since for pJp0
» 1 the pressure P1 becomes insensitive to the
exact value of pJp 0 according to Eq. (1), we have
somewhat arbitrarily set pJp 0 =3 for the evaluation of Fig. 2. The peak pressure in Fig. 2 is
therefore slightly underestimated, but probably
by not more than 15%. Figure 2 which was obtained from five streak photographs shows a peak
pressure of P1 = 2 Mbar at the moment when the
motion of the shock wave becomes detectable. It
already decr.e ases during the laser pulse and de1021
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cays rapidly on termination of irradiation.
In the case of Plexiglas, besides determining
the pressure, it was also possible to obtain the
compression by extrapolating Hugoniot data measured up to 1.2 Mbar. 10 A peak pressure of 3
Mbar and a corresponding compression of pJ Po
= 2. 5 were evaluated at the onset of shock-wave
motion.
Basically shock-wave formation in a laser-irradiated solid target is due to heating and ablation of surface material; this process has been
studied numerically in plane (and spherical) geometry, for example by Mulser and co-workers.1'11 Actually, in the experiment, the gas dynamic flow is two-dimensional, because the plasma radius lexpansion velocity (sound velocity)
:.: 2x 107 em sec" 1] and even the shock-wave radius exceed the diameter of the irradiated area
considerably with time, A quantitative assessment of the measured pressure and its variation
with time requires therefore a two...:dimensional,
probably numerical simulation (which is underway in our laboratory). At the present time it is ·
nevertheless possible to show that the measured
peak pressures are consistent with the previously measured electron temperature in the plasma 12
and to discuss the importance of two-dimensional effects on the background of plane computer
calculations. 11
Laser heating of the material occurs near the
critical density nc = pJm 1 = Er!fle wL 2/e 2 (= 1021
cm" 3 for;\= 1.06 JJm), where the laser frequency
equals the plasma frequency. Part of the deposited heat diffuses into the denser parts of the plasma and provides continuous ablation and acceleration of material. Under the assumption pofPc » 1
the pressures at the surface of the solid and the
critical layer are related as a result of momentum conservation for a (quasi)stationary, plane
flow by P1 =Pc(1 +Mc2), where Me denotes the
Mach number in the critical layer. The pressure
at the critical layer can be determined from the
electron temperature kT 8 z 500 eV, measured
previously in this experiment. 12 With this value
forTe and assuming T 1 = 0 we get Pc = nckT 8 = 800
kbar. Comparison of this value with the measured pressure P1 behind the shock front (2 Mbar)
shows that the latter is enhanced appreciably by
the recoil of the ablating material. From P1 and
Pc the Mach number at the critical density is calculated to be M c = 1. 2 ± 0. 5. The uncertainty is
due to the limited accuracy in determining the
shock-wave velocity and the electron temperature, determination of the latter from soft x-ray

1022

21

OCTOBER

1974

measurements being complicated by the presence
of fast electrons in the plasma. 12 For the measured electron temperature a plane computer
code based on classical heat-diffusion theory
predicts reasonably well the pressure behind the
shock front and also the Mach number evaluated
above. A strong discrepancy exists with respect
to the laser intensity necessary for producing the
experimental conditions: According to the computations only 1013 W em - 2 should be sufficient
whereas the intensity applied in the experiment
is about an order of magnitude higher (:.: 2 x 1014
W em " 2). This is interpreted as a reduction of
pressure due to two-dimensional plasma expansion, in particular due to an effective enlargement of the heated area by lateral heat conduction. A corresponding enlargement of the plasma
diameter has recently been verified by x-ray pinhole photographs of the plasma. 13
Experiments of the type described here yield
immediately the pressure achieved in a solid target under laser irradiation, i.e., the quantity of
major importance in laser fusion. If supported
by exact two-dimensional computer calculations
they could serve to investigate the consequences
of collision-free light absorption near the critical density on the compression wave and to assess the practical importance of effects like flux
limitation of electron heat transport and fast ion
blowoff14 in regard to dependence on intensity and
wavelength. The direct observation of the shock
front allows the study of effects which may dis~
turb its shape. As an example we note that selffocusing has been a matter of concern in this experiment (details will be given elsewhere): Streak
photographs have shown filaments accompanied
by cylindrical shock waves in Plexiglas, particularly if the beam was focused several hundred
micrometers inside the target. Streak photographs with solid hydrogen were often completely obscured at the beginning of the pulse, probably by filaments extending along and obscuring
the streak slit. Proper control and understand. ing of such effects might help their avoidance in
a less accessible, implosion-type geometry.
We believe that experiments with laser-driven
compression waves in solids may also gain interest for basic studies of the behavior of matter
under very high pressures. The potential of the
method is already obvious in this experiment,
where with very moderate laser energies , pressures in the megabar range have been achieved
in a light material where corresponding "piston"
speeds are difficult to achieve with chemical det-

VOLUME

33, NUMBER 17

PHYSICAL REVIEW LETTERS

onation waves. For example, with a programmed
laser pulse it might be possible to observe the
transition of solid hydrogen into the metallic
state. 15 Although plane waves, achievable by extending the focal spot of a more powerful laser,
would be most desirable for such investigations,
the small dimensions of such waves do not seem
an insurmountable obstacle for modern techniques
of high-speed, high-resolution diagnostics.
The authors wish to thank Dr. K. Eidmann and
Dr. P. Mulser for discussions of the material
presented here. In particular, they acknowledge
the excellent work of their team: P. Sachsenmaier (streak camera and laser systems), E. Wanka
(cryogenics and targets), and H. Brandlein (photography), and also G. Wirtz for his assistance
during the experiments. This work has been performed under the terms of the agreement on association between Max-Planck-lnstitut fiir Plasmaphysik and EURATOM.
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ULTRAFAST STREAK AND FRAMING TECHNIQUE FOR THE OBSERVATION OF
LASER DRIVEN SHOCK WAVES IN TRANSPARENT SOLID TARGETS

C.G.M. van Kessel, P. Sachsenmaier, and R. Sigel
Max-Planck-Institut fQr Plasmaphysik
8o46 Garching, W.Germany

ABSTRACT
Shock waves driven by laser ablation in plane transparent plexiglass and solid hydrogen targets have been observed with streak
and framing techniques using a high speed image converter camera,
and a dye laser as a light source. The framing pictures have been
made by mode locking the dye laser and using a wide streak slit.
In both materials a growing hemispherical shock wave is observed
with the maximum velocity at the onset of laser radiation.
INTRODUCTION
The very intense radiation of a focused high power laser beam
creates on the surface of a solid target an absorbing plasma
layer of very high temperature ( ~ lo6 ~) and pressure ( ~lo 6 bar),
(1). After a short transition stage we have an ablation process
as sketched in fig.l. In front of the target we have an expanding
plasma flare in which the laser
Vacuum
light heats the material near the
layer with the critical density,
where the laser light frequency
Focussed
equals to the electron pl~~a fsequency, nc-= w2~ 0 me/e2 = lo
cm(for Neodymium laser radiation). By
nonlinear heat conduction energy
diffuses into the more dense plasma
region and provides continuous ablation of material. The momentum of
the expanding plasma is balanced by
a strong shockwave compressing the
target material before it is ablated.
Fig.l

The laser ablation
process
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The main interest for the interaction of laser radiation
with solid targets stems from the proposed laser fusion scheme
where laser radiation is used to compress and heat small pellets
to effecient fusion conditions. Also the high pressures .
achievable by laser irradiation in solid material (including
light ones like H2 or D2) may gain interest for basic studies
of the behaviour of matter under extremely high pressures which
are difficult to achieve by conventional methods.
With the method described in this paper the laser induced
shockwave was directly observed for the first time.
THE

EXPERIMEN~L

ARRANGEMENT

The experimental arrangement, shown in fig.2, consists of three
main parts: the Garching multistage Nd laser system (1}, the
vacuum chamber with focussing lens and target, and the high speed
diagnostics with the fast streak camera and the dye laser. The Nd
laser system with 8
amplifier stages has
Dye laser
a U-shaped set-up
with a total light
Triggersignal
path of ~So m. The
pulse length is
shortened by an
optical shutter down
to a halfwidth of S
Jmage
Fast streak .
Jntens if ier
Camera sht IF.
ns. The system is
- - --- -~ .,.lo
----- --r·
capable of supplying
So J, the described
experiments, however, are done at an
Nd : Osc illator
optical
Amplili•rs Total l ight path - 50m
1EM
shutter laserpul seo
energy level of lo
Joule which gives in
the 4o;um focal spot
Fig.2 The experimental arrangement
of the aspherical
F/1, 7S mm focussing
lens an intensity of 2·lol4 W/cm2. As transparent targets, sticks
with a square 2 x 2 mm cross-section made of plexiglass and solid
hydrogen have been used. The solid hydrogen is made in a liquid
helium cooled cryostat and is extruded from a nozzle into the
vacuum chamber (lo-6 Torr), (2). The solid hydrogen sticks thus
produced of a few em length are clear and transparent for about
1 min.
For the observation of the compression wave the target is
illuminated by the parallel beam o~ the dye laser+> (A.~ 58oo.R)
with an intensity of ~ 1 MWatt/cm • The median plane of the target
is imaged by an f = 4S mm lens on the slit of the fast streak camera
incorporating an image intensifier+). Filters in front of the slit
attenuate the light flux to an appropriate level and suppress the
self-luminosity of the plasma flare. To avoid distortions by the
1

00

+)

The dye laser and fast streak camera are from Electro
Photonics, Northern Ireland

-

3 -

edges of the targets while observing its front surface on which
the laser has been focussed, the front surface has a slightly
concave shape. The fast streak camera was directly triggered by
a lo V signal of a photodiode which was irradiated by a part of
the shuttered laserpulse. No optical delay path was needed to
compensate the internal camera delay (4o ns by a lo ns/cm streak
speed) because of the U-shape arrangement of the Nd laser system.
The jitter of the system was controlled by the time mark of the
light pipe and was about 1 ns (corresponding to the rise-time of
the Nd laser pulse) •
Besides streak pictures, a series of framing pictures has
also been made by the mode-locking of the dye laser. In that case
the illumination of the target is a train of very short pulses,
typically 5 - lo ps, with a time interval of two pulses given by
the round trip time of the dye laser resonator. If the width h of
the streak camera slit is made equal to the deflection of the
slit imc;tge by the streak action during the, interval Z'"" , h = v- swee · 2'"'
we obta1n at the phosphor screen of the camera a sequence of
P
separated pictures with the size of the imaged slit. Because the
streak action of the camera can be neglected during these ultra
. short pulses a series of sharp frames is obtained. The spatial
resolution of 2 lp/mm of such framing pictures (fig.3a) may be
compared with the static resolution of 4 lp/mm (fig.3b) and that
of the streak mode 3 lp/mm. The slight defocussing of the framing
pictures is probably due to space charge effects connected with
the large illuminated area and the high current density for psec
illumination (3).
RESULTS

To obtain a general impression of the phenomenon streak pictures
have been made with a relative low streak velocity (25 ns/cm) and
magnification (8.75). The result for a plexiglass target in fig.4
shows a dark zone extending into the interior of the target. Its
leading edge is identified with the shockfront behind which the
dye laser light is either strongly deflected or absorbed. After
termination of the laser pulse ( ~s ns) the strength of the shock
decreases rapidly due to its spatial expansion so that after
x2o ns the material behind the shock front becomes transparent
again.
With the same type of target fig.5 shows a multiframe picture
with a streak velocity of lo ns/cm and a slit width of 4.5 mm.
The curvature of the shock front and its separation from the
opaque material may be determined. The power of the method is the
best shown in fig.6 where frame distance and magnification are
·adapted to the phenanenon during the laser pulse. With a magnification of 23.3, streak speed 3 ns/cm, and a slitwidth of lo mm,
the initial stage of the development of the laser induced shock
in solid hydrogen is pictured in a sequence of 4 frames. The hemispherical shape of the shock front and its growth with time are
clearly observed. From the obtained photographs the time dependent
velocity of the shock front has been determined, showing maximum
velocities at the onset of the shockwave motion of 2.5 lo6 cm/s
in plexiglass and 5.8 lo6 cm/s in solid hydrogen. With the known
Hugoniot data of plexiglass this shock velocity can be related to

t /ns

300

pm

PLEXIGLASS TARGET

Fig. 3

Test chart results
Fig. 4
for framing (a) and
static conditions (b)

Streak picture of a
laser irradiated plexiglass target

t
4,5 ns

Fig. 5

Multiframe picture of
a laser irradiated
plexiglass target

Fig. 6

Four frame pictures of a
laser irradiated solid
hydrogen target
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a pressure of 3 Mbar behind the shockwave and a compress ion
ratio of P1/ Po= 2.5. For high pressure data on solid hydrogen
we have to resort to a theoretical equation of state to obtain
the Hugoniot relations across the shockwave. With the initial
density of p 0 = o.o89 g/cm3 the maximum shock velocity is than
related to a pressure of 2 Mbar and a compression ratio of about
4. Further details on the time dependence of the shock parameters
and the connection with the expanding plasma will be discussed in
( 4) •

CONCLUSIONS
The experimental results show that ultrafast streak cameras,
originally designed to measure the time-structure of short laser pulses, can be used to obtain spatial information of very
fast transient phenomena. The streak and framing method was
sucessfully used to observe a laser driven shock wave. Only a
modest loss in spatial resolution due to the increased current
in the streak tube in the case of framing was observed. In the
present arrangement the framing sequence was determined by the
resonator length of the mode-locked dye laser; we note that this
limitation can be easily removed, if a single picosecond pulse
is divided by a series of beam splitters and the resulting pulses
are used for background illumination. In this way framing rates
in the subnanosecond regime may be obtained.
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I. Introduction
Since the advent of the Q-switched laser in 1962 with the work
of McClung and Hellwarth /1/, the interaction of its powerful,
focused output beam with solids has led to new concepts in the
field of high-pressure, high-temperature physics. Well known is
the use of laser radiation for the heating of small D-T pellets
to achieve thermonuclear fusion condition• /2-3/. The idea of
compressing the pellet by convergent compression waves has particularly reduced the requirements on the laser energy to obtain a thermonuclear burn /4/.
Other applications are the generation of shock
treme pressures and temperatures in solids for
their equation of state under these conditions
mulation of meteorite impact on space vehicles
pressure metallurgy /8/.

waves of exinvestigating
/S-6/, the si/7/ and high-

Motivated in particular by the interest in laser-induced fusion,
laser systems are now under construction which should deliver
in the near future energies of lo 3 J in pulses of less than
lo- 9 s duration. Focussed onto the surface of a solid target,

-
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such powerful pulses should produce pressures of the order of
loo Mbar, this being well beyond the pressure range of standard
techniques. An advantage of using lasers is the fact that high
pressures can be achieved in light, compressible solids as well
as in stiff materials. This is in contrast with the standard
shock wave techniques, where the pressure is limited by the
mismatch of the shock wave impedances of the driver medium and
the target material. An additional advantage is the possibility
of a programmed compression process by shaping the laser pulse
with pulse stacking or other techniques /9/. For these reasons
it is believed that lasers will soon become an alternative tool
for generating extremely high pressures.
The phenomena which occur on irradiation of a solid target with
a · focused high-power laser beam have been described in many
places (see the refs. of Sect. IIIa). Ionization and subsequent
heating of a thin plasma layer lead, for the case of a single
laser beam irradiating a plane target, to the typical flow
pattern in Fig. 1. Laser radiation penetrates through the expanding plasma to the absorption zone characterized by the socalled critical density (see Sect. II), where it is absorbed
and partially reflected. OWing to the strong heating of matter
in the absorption zone and owing to heating of even denser
layers, which are not directly accessible to the laser radiation,
by non-linear heat conduction (heat-conduction zone) a high
pressure is exerted on the surrounding solid material. This
leads to the formation of an intense shock wave which travels
into the interior of the target. As a consequence of momentum
conservation the momentum imparted to the compressed solid behind the shock front balances at each instant of time that of
the outflowing plasma.
Initially, as long as the depth of the phenomenon is small compared to its lateral dimensions, the flow of matter will be
plane.
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When, with time, the characteristic length of the expanding
plasma or the shock wave path exceeds the diameter of the absorption region, its initial plane geometry will be changed
by lateral expansion waves and the complex structure of Fig. 1
is obtained. After termination of the laser irradiation the
plasma will cool as a result of expansion and the ablation
rate will decrease. The shock wave separates from the ablation
surface and its intensity decreases owing to its spherical
propagation to that of a weak shock wave which propagates with
sound velocity.
During the past years most attention has been paid to the plasma
or vapour in front of the solid where the energy is absorbed.
However, as the compressed solid state is of main interest for
the applications mentioned, additional knowledge is needed besides the existing results on the burn through time /lo/,
crater size /11/ or the observation of the plasma flow /12,13/,
which gives only an indirect account of the behaviour of the
compression wave.
In this paper we should like to discuss an experiment in which
the laser driven shock wave in a plane target irradiated by a
single beam was observed for the first time /14/. In Sect. II
we describe the experimental results obtained by a high-speed
photographic technique described earlier /15/. In Sect. III we
describe the theoretical models used for evaluation of the
shock wave parameters and their relation to plasma parameters
measured previously in this experiment. In Sect. IV a detailed
evaluation and interpretation of the experimental results is
given. Section V summarizes the merits and shortcomings of the
type of experiment described.
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II. Experimental Results
a) Experimental conditions
The experiments were performed with the Garching multistage Ndlaser system which was used with an output energy of ~12 J in
a pulse with a half-width of 5 ns. Focused with an aspherical
F/1 lens the power density in the focal plane was 2 x lo14 w;cm 2 •
The diameter of the focal spot was measured in vacuum by a
photographic technique to be 4o ~ lo;um /16/. As plane, transparent targets, sticks with a 2 x 2 mm 2 square cross-section,
made of poly methyl metqacrylate (c 3o2H8 )n (Plexiglass) and
solid hydrogen (the latter extruded from a liquid helium cooled
cryostat) were used. Unless otherwise stated the focal plane
was close in front of the target surface and the position where
the maximum back reflection of the laser light was observed /16/.

b) Framing and streak photography of shock wave propagation
The laser ablation driven shock wave was observed with a streak
and framing arrangement having the optical axis perpendicular
to the main laser axis and consisting of a fast image converter
streak camera and a dye laser for background illumination (Fig. 2).
The phenomena occurring inside the transparent target were recorded in streak pictures with a narrow streak slit parallel to
the main laser axis and the dye laser operating in the single
pulse mode. Framing pictures were made with a wide-open streak
slit and a pulsed background illumination obtained by mode-locking
the dye laser. (As shown in Fig. 2, the target sticks had a
slightly concave front surface to avoid distortions of the
optical recording by the edges of the target sticks.) Further
details of the laser system and the framing method may be found
in /15/ and /17/.
Figures 3 and 4 give examples of the streak pictures observed
in both types of target material. The vacuum interface, the surface of the target on which the laser beam is focused, remains
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undisturbed up to the time t = o, when the irradiation with the
Nd laser begins. Simultaneously with the irradiation a shadow
propagates into the interior of the target. The leading edge
of this shadow is identified as the shock front (see the discussion in Sect. IVa). The duration of the laser irradiation
is indicated on the left-hand side of the streak pictures. (The
accuracy of the time correlation, provided either by stray laser
light or by guiding light with a light pipe to the edge of the
streak slit, is ± 1 ns.)
The velocity of the shock wave has the highest value at the
start of irradiation and shows a steady decrease afterwards. The
shock velocity in solid hydrogen is higher owing to the low
initial density of the material. For the given examples the
shock wave has already propagated more than loo;urn in Plexiglass and 2oo um in solid hydrogen when the laser radiation
1
is terminated.
In the streak picture of an irradiated Plexiglass target a
double structure with a transparent layer in between is observed after 2o ns. As we shall see (Sect. IVa), the shock
wave is separated from the plasma-filled crater at these times.
The framing pictures in Fig. 5 and 6 give in a sequence of
single pictures with a time interval of 2.8 ns the two-dimensional
structure of the expansion of the shock wave during irradiation
by the Nd laser. The focusing cone with the focal spot on the
vacuum target interface is indicated. On the right-hand side
of the picture the exposure time for every frame relative to
the start of irradiation is given. When the initially plane
shock wave has travelled more than the diameter of the absorption
zone it will assume a curved, approximately hemispherical shape.
This is already observed during the laser pulse for the shock
wave in hydrogen. In the last two frames of the picture shown
the radii are 15o and 215/um at 3.3 and 6.1 ns, just before
and after the termination of the laser pulse.
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c) Internal breakdown and self focusing
shock waves with a regular structure such as that observed in
Figs. 3 and 4 were observed with the focal plane at or in front
of the target. It was noticed that the maximum shock velocity
at the start of irradiation had its highest value with the
position of the focal plane at that position which also yielded
a maximum in back-reflection of the laser light /16/.
When the focal spot was a certain distance inside the target
internal breakdown and self-focusing phenomena were observed.
Some examples are given in Fig. 7a • d. In Fig. a and b the focal spot is only 3oo and 2oo;um respectively beyond the target
surface and breakdown inside the solid occurs before the laser
light is absorbed in the plasma created at the surface. When
the focus was further inside the target a string of breakdowns
along the laser axis, probably due to self-focusing, was recorded /18/. The single frame at about 6 ns after the onset of
irradiation in Fig. 7 d shows a self-focusing filament surrounded
by a cylindrical shock wave as the envelope of the spherical
waves launched from each breakdown.
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III. Theoretical Description of Laser-Target Interaction
a} General considerations
The gasdynamic flow
induced by laser heating of a solid
target has been investigated theoretically by analytical /19,
2o/ and numerical /17,21/ methods. According to these investigations the typical density and temperature profiles
shown in Fig. 8 are found. We distinguish four regions according
to different states of matter:
the undisturbed solid (0} bounded by the shock front (s}
the shock compressed region (1} bounded by the ablation
surface (a}
the overdense heat conduction zone (2} bounded by the
critical density (c) layer and
the underdense expanding plasma (3}.
This picture reproduces the flow along the main laser axis in
Fig. 1.
Laser radiation with an optical frequency ~t can penetrate a
plasma only up to the layer with the electron density nc where
the incident light will be strongly damped by reflection and
absorption over a distance of the order of a wavelength. At
this electron density ne = nc, the critical density, the corresponding electron plasma frequency ~p given by
1/2
is equal to the laser frequency ~e (e is the elementary charge
<
and m the electron mass}. For aNd laser with A= l.oG;um, one
.e
21
-3
obta1ns nc = lo
em •
Though laser light absorption in the
completely understood at present, it
the main energy deposition occurs in
critical layer, where absorption due

underdense plasma is not
is generally believed that
the near vicinity of the
to inverse bremsstrahlung
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/22/, resonant absorption /23/ and parametric instabilities /24/
may take place. The electron temperature is thus expected to
have a maximum in this layer.
From this absorption region heat diffuses either into the overdense or underdense plasma by nonlinear heat conduction. In
this way the heat conduction connects the absorption region
with the shock compressed region by the formation of the overdense plasma.

(Note the large difference between solid and

critical density.) As has been shown in /21/, nearly all of
the deposited energy diffuses first into the _overdense plasma,
where it leads to ablation of the compressed material, and then
reappears as convective flow through the critical layer. The
thermal pressure drives, together with the momentum of the
ablated material, the shock wave which travels in the opposite
direction to the ablated and

e~panding

plasma and compresses

the undisturbed solid material.
For a given laser intensity and wavelength exact profiles of
the flow parameters can be calculated from the gasdynamic
equations if laser light absorption and heat conduction are
included. This has been done in /21/ but only for the cases
of

plane and spherical flows. Thus, the applicability of

the existing theoretical solutions to the experimental case
where the plasma flow with time becomes two-dimensional (as
illustrated by Fig. 1) is limited. In the present situation,
i.e. with a lack of directly applicable two-dimensional computer
solutions it is nevertheless possible l) to evaluate the shock
wave parameters from the experimental observations, 2 ) to show
how their maximum values can be connected with the plasma
parameters near the critical density, 3 ) to describe the shock
wave decay after termination of the laser pulse by analytical
solutions originally developed

for the case of micrometeorite
4
impact and, finally (in Sect. IV),
) to ahow that in this

manner a very reasonable understanding of the experimental
observations is obtained if allowance for two-dimensional effects
during irradiation is made.
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b) The compressed solid behind the shock front
Along the shock the Hugoniot relations can be applied to determine the state of the compressed solid behind the shock front.
For a small planar element of the shock moving with the velocity
vs into the undisturbed solid these relations are (Fig. 8)
(1)

(2)

Po

= p 1 (vs-vp)

vs

Po vs

2

·-=

(3)

(\ (vs-vp)
=

1

2

+ P1
1

1

2 Pl (fo - 1'1)

with p the density, vp the particle velocity, p the pressure and
~ the specific internal energy with subscripts o and 1 for the
region ahead and behind the shock front respectively, /25/. The
initial pressure of the undisturbed solid may be neglected since
P1 >> Po·

From these relations the state behind the shock front can be
determined from the shock velocity and the initial density if
eq.(3) is explicitly known in the form of the Hugoniot curve
presenting the shock pressure as a function of the compression
ratio for the initial density and pressure used. For a certain
number of solids the Hugoniot curve has been determined from experiments in which, beside the shock velocity, a second parameter of the shocked state was measured. For Plexiglass this
has been done up to shock pressures of 1.2 Mbar /26/. Since the
pressure in our case is slightly higher, the Hugoniot curve for
this material was extrapolated with the empirical relation between shock velocity and particle velocity
=

a+ b v p.

which showed a good fitting to the existing curve with a
3.o7 x lo 5 cm/s and b = 1.295.

=
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For hydrogen the Hugoniot curve has only been measured up to
4o kbar 1271. To obtain the required curve, we have to resort
to a theoretical equation of state as calculated by Kerley for
deuterium over a wide range of densities and temperatures 1281.
For every couple of this theoretical isotherms £ = c (T i I
0)
and p = p (T i,
I p0 ) with temperatures Ti ranging from 1. 78 x
2
6
lo - 1o ~ a point on the Hugoniot curve is determined by
calculating the value of the function

pI r

p

for different values of the compression ratio f If 0 • The values
of f and p for which f (T i, pI p0 ) is identical to zero is by
definition a point on the Hugoniot curve. On the assumption
that hydrogen and deuterium have a similar behaviour for shock
compression, the curve has been scaled with the initial densities
and the known weak shock wave data 1211. The resulting Hugoniot
curve for hydrogen is shown in Fig. 9 together with the curve
used for Plexiglass. The high compressibility of hydrogen causes
such shock wave heating that at about 17o kbar dissociation,
and at about 7oo kbar ionization, changes the state behind the
shock wave. As a result, the Hugoniot curve passes with increasing pressure a maximum in compression of 4.6 at 5 Mbar 1251.
The Hugoniot curve can now be used together with the equation
(4)

=

which is obtained from eqs. (1) and (2), to yield the relations
P 1 = P 1 (vs' p 0 ) and p1 = p1 (vs' p0 ) for determinating the. state
behind the shock wave as a function of the measured shock wave
velocity.
It should be noted that although the determination of compression
ratio for solid hydrogen might involve a certain unaccuracy due
to using the whole procedure for getting the Hugoniot curve, the
pressure determination is quite accurate owing to its weak dependence on the density p 1 at high compression ratios (see eq. (4)).

- 11 -

To determine the temperature behind the shock wave, a plot of
the experimental data for Plexiglass from /29/ has been used,
whereas the temperature of the shock compressed hydrogen was
part of the Hugoniot curve calculation.

c) Relations between the parameters of the shocked state and
the critical layer
In this section we are interested to find a relation which
connects the temperature at the critical layer, which has already been measured /3o/, with the pressure behind the shock
front. For this purpose we consider the heat conduction zone
( 2) in Fig. 8.
For a step-like rising laser pulse the plasma flow is initially
strongly non-stationary owing to a heat wave penetrating into
the solid followed by the expansion wave. The characteristic
time

rH after which the expansion wave overtakes the heat wave

and establishes a quasi-stationary flow in the heat conduction
zone can be estimated according to /31/

21
. ht fl ux rl
•
.
- 2
wh ere t h e 1 aser 1 1g
~ 1s 1n erg em
s -l For ¢ ~ lo
-11
.
erg em -2 s -1 we find """
'H = 3 x lo
s, 1.e.
l H is much smaller
than the laser pulse duration and even the pulse rise time.
Furthermore, as has been discussed in /2o/, the characteristic
time 'pe for establishment of a quasi-stationary flow of the
expanding plasma can be estimated by 'pe ~ R/Cpe' where R and
C
are the lateral extension and sound velocity of the expanding
pe
-2
7
-1
plasma. With typical values R c::: lo
em and C
= 2 x lo em s
pe
we find Z"' ~ o. 5 ns, a time comparable with the pulse rise
pe
time, but still small compared with the laser pulse duration.
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Thus, if we assume a quasi-stationary and plane flow through
the heat conduction zone (the latter assumption being much less
stringent than the assumption of a plane flow throughout the
expanding plasma), we can apply the mass and momentum conservation relations

=

( 5)

(6)

=

p

c

+ IfJ c (vc + v a ) 2

for the overdense region between the shocked state and the
critical density. As indicated in Fig. 8, va is the propagation
velocity of the ablation surface, Pc and (J c are the pressure
and the density in the critical layer and vc is the expansion
velocity in this layer.
From these relations and eqs.
that for

(1) and (2) it is readily found

p1 > Po >> fc
<

thus showing that the ablation surface moves nearly with the
particle velocity inwards. In other words the ablation surface
may be considered as a weakly leaking contact surface and the
second term on the l.h.s. of eq.

(6) may be neglected when com-

pared with the pressure p 1 • Similarly, it can be shown that

thus showing that the motion of the ablation surface is small
when compared with the escape velocity of the low density plasma
at the critical density.
On the assumptions made above, we finally obtain from (6)
(7)

=

p

c

(1

+ M2 ) = n c kT e (1 + M2 )
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where M = vc/cT is the Mach number at the critical density
layer. The contribution of the ions to the pressure has been
neglected, as suggested by numerical simulations /21/. It may
be noted that the right hand side of eq.(7) no longer contains
parameters of the shock wave region, which means that the
approximations made above correspond to a situation where the
ablation occurs from an incompressible (or infinitely dense)
solid. In Sect. IVc formula (7) will be used to compare the
measured electron temperature at the critical layer with the
pressure behind the shock front and to calculate the Mach
number.
The results of a computer simulation /21/ in plane geometry are
given in Fig. lo in terms of p 1 (the pressure exerted on an
incompressible solid) and the maximum electron temperature
near the critical layer. The shaded region contains results
of the simulation at different times (o.S - 4 ns after the onset of laser irradiation), the corresponding laser intensities
being indicated as well. This figure will enable us later (Sect.
IVc} to relate the measured pressures and temperatures to the
laser intensity incident on the plasma. It should be noted that
the relation (7) is well confirmed by the simulations.
The fractional energy transfer is given by the time rate of
work on the solid divided by the time rate of absorbed energy I:
(8)

where eqs. (1) and (2) have been used to eliminate vp.
compression ratio f 1 ; p0 •

K is the

The time rate of absorbed energy appears approximately as the
flux of the total enthalpy of the flow at the critical layer.
This follows from the considerations that under the condition
of a quasi-stationary hydrodynamic flow in the underdense region
its energy contents changes only slowly and, as has been shown in
/21/, less than lo % goes by heat conduction directly into the
. low density expanding plasma. Additionally, only a small part
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of the incident laser energy is transferred to the compressed
solid
ab << 1 as will be found). With an equal ion and
electron temperature we therefore obtain

<7

I

= ,D c v c

2
(c c + Pc + 1/2 v )
fc
c

= M(4+1/2

M2 )f

c

cT 3

With eq, (7) the efficiency of the ablation process can thus be
expressed as

.IIi:

(9)

y·~

or with }( ::::: 4 and M "' 1

f

Inserting f 0 ~ So
c we see that the ablation efficiency is
about 7 %, which indicates that only a small part of the absorbed energy is transferred to the compressed solid state.

d) Late stage decay of the shock wave
The late stage of shock wave propagation may be expect to have
a similarity to the propagation of a shock wave due to a pointexplosion at the target surface because the diameter of the
absorption region and the laser pulse duration have lost their
meaning as characteristic quantities of the process.
Well known are the blast wave solutions by Sedov /32/ and Taylor
/33/ for perfect gases based on the self-similarity principle.
In their approach the functional dependence of the shock wave
path Rs follows from dimensional considerations and is given by
2 Sa ( y) E

(lo)

Rs (t) = (

8n

fo

0

t

2

)1/s
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where p 0 is the initial gas density. The dimensionless coefficient
a(y) can be obtained from the fact that the total energy E0 involved is conserved during the process. The value of a(y) has
been tabulated for values of the specific heat ratio y ranging
from 2 - loo in /34/.
A basic assumption for the application of the self-similarity
principle is constancy of the compression ratio p 1 ; p across
0
the shock front, which is certainly valid for strong shock
waves in perfect gases (and amounts to the value (y + 1)/(y-1)).
But as can already be seen from the Hugoniot curves presented
before, for solids this will only be the case at extremely high
shock pressures.
The blast wave solution has been modified by Rae and Kirchner
/34,35/ in order to apply it to a solid, the shock wave properties of which can be described by the simple empirical relation
(11)

=

A large number of solids, including Plexiglass, are well
approximated by this relation, which may stand for the third
Hugoniot relation (3).
In the modified solution the change of the density behind the
shock is taken into account by varying the value of y in the
expression of the self-similar solution (lo) as the shock wave
propagates. By means of the relation (11) y and, hence the
density p1 , becomes a function of the shock velocity:
=

When this is introduced in the equation for a(y), the solution
will be consistent at the shock front with the Hugoniot relations in terms of shock wave compression and pressure. This
modification can be understood as an attempt to match
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instantaneously the real solution with a series of similarity
solutions at each time corresponding to a perfect gas with an
apparent value for y, but each corresponding to the same total
energy E0 •
The final solution has been tabulated in dimensionless form
for several values of the parameter b in /34/.
Originally, this modified blast wave approach was developed to
describe the late-stage shock wave propagation of the hypervelocity impact process but, as will be shown in Sect. IVd, the
procedure can also be successfully applied to the case of shock
waves induced by pulsed laser irradiation in stiff target materials like Plexiglass.
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IV. Evaluation and Interpretation of the Experimental Results
a) The opacity behind the shock front
Before we procede with the evaluation of the experimental results, the opacity of the region encompassed by the shock wave
will be discussed in order to explain the shadows observed in
the streak and framing pictures. For this purpose we consider
the transparency of the structure, as depicted in Fig. 1, to
the parallel beam of the background illumination. As long as
21
the electron density in the core plasma exceeds 3 x lo
cm- 3
(the critical density for A= 58o nm of the dye laser), the
illumination light cannot penetrate the plasma more than a
single wavelength and the plasma core will be completely opaque.
Concerning the transparency of the shock-compressed region, at
high shock intensities, shock heating may cause thermal
dissociation and ionization, whereas shock compression may
cause a closing of the energy gap between conduction and valence
band leading to the

11

metalization 11 of an insulator owing to

the reduced interatomic spacing. For Plexiglass a sharp increase of its electrical conductivity by 2o orders of magnitude
has been observed for shock wave intensities of more than 8oo
kbar, which was partly due to the onset of

11

metalization

11

/36/.

The high compressibility of solid hydrogen leads to a strong
shock wave heating causing thermal dissociation and ionization
of the compressed material. As may be calculated from the equation
of state given by Kerley /28/, the electron density will exceed
22
-3
lo
em
for shock waves stronger than 7oo kbar. Therefore, we
arrive at the result that for both types of target material
the shock-compressed region will also be opaque for shock intensities exceeding the stated values, and that only an overall shadow will be observed.
These considerations and the good agreement of the measured
shock wave parameters, evaluated below, with the plasma models
confirm the assumption that the leading edge of the observed
shadow may be identified as the shock front.
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After the laser pulse the ablation process will come to an
end and the shock wave will propagate with decreasing intensity.
Below a certain shock intensity the shock-compressed region
will become transparent but at this stage lens effects have to
be taken into account because of the curvature of the shock
front. A simplified model for the refraction of background
light is the refraction of a parallel beam on a homogeneous
sphere in a medium of lower density with refraction indices
n' and n, respectively, corresponding to the densities behind
and ahead of the shock front. The incident parallel light rays
are subjected to refraction over a total angle a according to

a =

.
2 ( arcs1n

.
r
n)
Rr - arcs1n
Rn'

s

s

where Rs is the shock front radius, and r the off-axis distance
of the incident light ray. Light rays at grazing incidence (i.e.
for r = Rs) will have the maximum refraction angle amax and if
this angle is larger than the viewing angle of the optical recording system, the light ray with r = R will not reach the film
plane. Therefore, given the compression ratio and the viewing
angle, a certain thickness of shock-compressed region is required to allow a light ray through this region to be recorded.
This explains the double structure observed at the late stage
in the given streak picture example of an irradiated Plexiglass
target. The shock wave separated from the plasma-filled crater
has a thin opaque zone behind it owing to lens effects and is
not to be connected with the thickness of the shock front itself,
which is expected to be small compared with the wavelength of
visible light /29/.
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b) Evaluation of density, pressure and temperature history behind the shock front
The position of the shock front was determined from enlarged
streak pictures and the shock wave velocity as a function of
time by means of a goniometer. Figures 11 and 12 give the results for the shock wave velocity averaged over four identical
shots with a laser energy of 12 ~ 2 J. The scattering of the
data, mainly due to the non-reproducibility of the laser energy,
has been indicated for several times. The velocity has a maximum
value at the start when the onset of motion is observed and
decreases afterwards. The maximum shock velocities are 5.8 x
lo 6 cm/s in solid hydrogen, and 2.3 x lo 6 cm/s in Plexiglass.
With the Hugoniot curves given in Sect. IIIb the shock velocity
results can be translated into the pressure, density and temperature behind the shock front as a function of time. The results are shown in Figs. 13 and 14. For a solid hydrogen target
a maximum pressure of 2 Mbar and a compression rate of 4.3 are
obtained. In Plexiglass the maximum pressure achieved is 4 Mbar
for a compression of 3.o. The obtained values are slightly higher
than in /14/ because a revised Hugoniot curve fro~ additional
shock data was used.

c) The overdense heat conduction region
Under the assumption of a plane and quasi-stationary flow in
the overdense heat conduction region we relate the evaluated
maximum pressure at the initial stage of irradiation to the
previously measured temperatures /3o,37/. With an experimental
electron temperature of Soo eV+) the pressure at the critical
layer is given by Pc = nckTe = 8oo kbar. Relating this value to
the maximum pressure behind the shock front of Sect. IVb using
the formula (7), we obtain for the Mach number for solid hydrogen
M = 1.2 (± o.S) and for Plexiglass M = 2.o (± o.S). The uncertainty

+)

The measurements of /3o/ were performed at a higher laser intensity.
The value used was obtained by the experimental law T rv ¢ o. 33.
e

- 2o -

is due to the limited accuracy in the determination of the
shock velocity and the electron temperature, the latter, from
X-ray measurements, being complicated by the presence of a
non-Maxwellian tail in the electron distribution of the plasma.
From the Mach numbers it is seen that the recoil of the flow
in the overdense region appreciably enhances the pressure in
the shock-compressed region.
With the electron temperature as a basis for comparison, the
computer simulation results presented in Fig. lo predict
reasonably well the pressure behind the shock wave and also
the Mach number evaluated above. It is noteworthy, according
2
13
to the computer simulation, a laser intensity of about lo
W/cm
only is necessary to produce the measured data.
The discrepancy between this value and the vacuum laser intensity
2
14
of 2 x lo
W/cm used in the experiment may be understood with
the help of recent time-integrated X-ray pinhole photographs of
the plasma /37,38/. Figure 15 shows an example of the recorded
soft X-ray emission pattern from an irradiated solid deuterium
target. For comparison, the shock front position just after the
laser pulse, obtained from a framing picture and scaled for
solid deuterium, is given in the picture. The x-ray pinhole
photographs, which are evaluated in detail in /37/, show that
the plasma structure consists of a conical outflow and a plasmafilled crater. The diameter of the core plasma is five times
as large as the diameter of the focal spot in vacuum (see Fig.
15). This indicates that plasma heating and ablation occur on
a much larger area than the minimum focal spot area. This effect
which we attribute to lateral heat conduction, results in an
effective flux density much lower than the vacuum laser flux
density. In addition, the lateral spread of the outflow reduces
the thrust of the expanding plasma normal to the target.
It is concluded from these results that the temperatures and
pressures achievable in plane target experiments with sharply
focused, intense beams are overestimated by idealized, plane
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computer simulations unless a reduction of the effective laser
intensity (compared with its maximum vacuum value) due to the
two-dimensional nature of plasma flow is taken into account.
This is supported by the results presented in /43/, where agreement of experimental and computational results could be obtained
only for laser flux densities 1 - 2 orders of magnitude lower
than the maximum vacuum laser flux density. It should be noted
that we attribute the reduction of the effective flux density
to hydrodynamic effects, in particular lateral heat conduction,
rather than to laser light refraction in the plasma since recent,
spatially resolved photographs of second harmonic emission of
the main laser light have shown that the area of the critical
layer exposed to laser irradiation may be as small as the vacuum
focal spot diameter /44/.
Finally, it should be mentioned that the experimental results
allow us, at best to a certain extent, to check the validity
of the assumptions made above, in particular the assumption of
a plane flow in the overdense region. As can be verified from
the framing pictures of Plexiglass, at the time of maximum
pressure the distance covered by the shock wave is small compared with its lateral extent. In addition, it has been observed
in interferometry /39/ and Schlieren /4o/ experiments that the
critical density layer stays inside the crater or just in front
of the target surface (at a distance <: 2o;um). Therefore, in
the case of Plexiglass the assumption of a plane flow in the
overdense region seems to be well justified during the first
part of the laser pulse. In the case of solid hydrogen this
assumption is more difficult to assess, because the shock front
rapidly assumes a hemispherical shape and the relative distance
of the shock front and critical layer inside the crater is not
known at present.
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d) The efficiency of energy transfer to the shock-compressed
region
In solid hydrcigen the shock wave propagates, as has been observed in the framing picture in Fig. 5, with an approximately
hemispherical wave front with its centre in the vicinity of the
target surface. Given this simple geometry, it is easy to
estimate the kinetic energy KE transferred to the shock compressed region.
As discussed in Sect. IIIc, the density decreases rapidly behind
the ablation surface and only a small portion (about 4 %) of the
involved material flows out into the vacuum as hot plasma. Therefore, almost the entire mass encompassed by the shock wave is
concentrated in a thin layer behind the shock front. On the
assumption that the density inside this layer is constant and
equal to the density behind the shock front, the thickness of
the layer Ar is given by the conservation of mass

11tR 3
3 s

p0

2
21tRs Ar

=

R
Ar

=

3

s

Pt

I

or

f-o

P1

Since for (J 1 >> fo we have Ar << Rs we can consider thJs layer
as being thin (at least during the laser pulse) and its mass as
moving with the particle velocity behind the shock front. Its
kinetic energy is then equal to
KE

=

Using the values for Rs,

f

1

and vs already obtained from the

measurements, the kinetic energy was calculated and the resulting
curve is given in Fig. 16. Near to the end of the laser pulse it
shows a maximum of .5 J.
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An equal amount of energy is also imparted as internal energy
to the flow behind the shock front, as can be seen by neglecting
the initial pressure p 0 in the Hugoniot relations (1), (2), and
(3). The total energy transferred then has a maximum of 1 J,
which is 8 % of the total incident laser energy.
With the modified blast wave approximation developed by Rae and
Kirchner and described briefly before, shock wave trajectories
were calculated for the case of Plexiglass for several values
of the total energy E0 involved. In applying their solution the
parameters a = 3.o7 x lo 5 cm/s and b = 1.2 were used. It was
found (see Fig. 17) that the value of E0 = .35 J furnished an
excellent description of the late-stage propagation of the
shock wave. For comparison the shock wave trajectories for E
0
= .25 and .45 J are also given as dashed curves. In this case
of a Plexiglass target we therefore get a fractional energy
transfer of about 3 %.
We now compare these experimental values for the fractional
energy transfer to the shock-compressed region with the
theoretical equation (9) derived in Sect. IIIc. Substitution
of the averaged compression ratio p 1/ 0 = 4.2, the experimental Mach number M = 1.2 and the densities p = 8.9 x lo- 2 g/cm 3
and
= 1.67 X lo- 3 g/cm3 We obtain a theoretical value Of
c
-2
'YJ ab = 8.1 x lo
for the fractional energy transfer in a solid
hydrogen target. With the similar data for Plexiglass, P 11 A
= 2.9, M = 2.o, p 0 = 1.18 g/cm 3 and fc = 3. o3 x lo -3 g/cm3
-2 c
we obtain the value ~ ab = 3.8 x lo •

r

°

r

°

The fractional energy transfer
Theoretical

~

ab
Experimental

from

Solid hydrogen

8.1 %

8 %

the kinetic energy

Plexiglass

3.8 %

3 %

blast wave model
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Thus, the estimated experimental values are in good agreement
with our theoretical approach. The difference in the two materials is basically due to the difference in the ratio

fc/

fo·

The initial stage of shock wave propagation in Plexiglass may
be described by a constant time rate of work per unit surface
for driving the Shock wave. During the first few ns of the
irradiation the shock wave in Plexiglass is approximately plane
as can be observed from the framing picture in Fig. 6, and the
shock wave trajectory in Fig. 16 may be given by a straight line.
The time rate of work is given by

w =
where p 1 = p 0 vsvp obtained from eqs. (1) and (2) has been used.
With the relation (11) this can be written as

w =

f

u
0

-a

us ( s b

)2

Substituting of (J 0 and the averaged shock velocity of 2.1 x
lo 6 cm/s for the first 4 ns, we obtain
5 x lo

11

W/cm

2

This energy flux into the shock-compressed region is obtained,
as we have seen, with an efficiency of about 4 %. Therefore, an
13
2
effective laser intensity of W/ '?, ab ,.._, 1. 3 x lo
W/cm could
be defined. This result is in agreement with the one-dimensional
computer simulation presented in Fig. lo and supports the
finding of the discussed two-dimensional effects of Sect. IVc.
Finally, it may be of interest to estimate the energy deposited
in the interior of the target as a result of internal breakdown.
A single breakdown, as observed in Fig. 7, may be considered as
a point explosion and its energy is therefore estimated with the
blast wave approximation described before. With the shock wave
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trajectory obtained from Fig. 7b and an averaged value for
a ( y) of ~ 3 in eq. (lo) a value for the deposited energy E ~
0
.2 J is obtained. This energy is deposited inside the target
before the absorbing plasma in front of the target is created.
Thus, when focusing inside the target, a non-negligible part
of the laser energy may be deposited in its interior, thus
leading to a disturbance of the shock wave propagation.
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V. Conclusions
Though thoroughly anticipated and discussed in the literature,
laser-driven shock waves have not been directly observed and
studied in the laboratory so far. The methods of framing and
streak microphotography developed during the course of this
experiment have now shown that laser-driven shock waves can
be observed in transparent solids and investigated in a quantitative manner. The observations give direct access to what is
often considered the most interesting quantity in laser-target
interaction, namely the pressure achieved on irradiation of a
solid target with a laser beam.
As a matter of fact, pressures in the Megabar range have been
measured in light materials with a moderate laser intensity.
The measured pressures could be verified in terms of known
properties of the laser-heated, low-density plasma which acts
as a driver for the shock wave. This comparison basically confirms the present understanding of laser-target interaction.
A particularly interesting quantity, the efficiency of energy
transfer to a laser-driven shock wave, was determined and found
to agree with theoretical estimates.
It is clear, on the other hand, that the described experiment
represents only a very first step to the useful application of
laser-driven shock waves and is at present seriously limited
by the low energy available from the laser. The need to concentrate the beam on a small area leads to a two-dimensional
hydrodynamic flow which, as comparison with numerical simulations has shown, reduces the obtainable pressures considerably
compared with those expected under a strictly one-dimensional
flow. Also for the same reason, the accuracy in the evaluation
of the

exper~ental

data is limited owing to the approximations

which have to be made for lack of an exact description of the
complicated experimantal flow. Therefore, though the set of
measured data seems consistent and basically understood, we
cannot deal at the moment with questions of a quantitative na-
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ture such as possible modifications of the classical picture
of plasma production by processes such as collision-free light
absorption, flux limitation of electron heat conduction and
fast ion blow-off /42/. Though obviously these processes have
no dominant influence on the pressure measured in this experiment, their role cannot be assessed at the present stage
with the desirable accuracy.
Preferably, these limitations should be overcome by the use of
more powerful lasers now under construction. With the generation
of plane shock waves which should then eventually be possible,
the experime~tal results could be much more easily compared
with theory and thus laser-generated shock waves could become
a quantitative tool of high-pressure physics.
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Schematic picture of the ablation process due to the
irradiation of a plane target by a focussed laserbeam.
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The measured shock velocity v~ as function of time for
a solid hydrogen target. The laser pulse duration is
indica ted by 't'.f
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The pressure Pl• the compression ratio Pt I Po , and
the temperature Tl behind the shock front as function
of time for a solid hydrogen target ( L~ is the laser
pulse duration).
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Fig. 14

The pressure Pl• the compression ratio ;Ot / jJo, and
the temperature T 1 behind the shock front as a function
of time for a Plexiglass target ( ~ is the laser
pulse duration)
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Fig. 16

The kinetic energy KE of the shock compressed region
for a solid hydrogen target as function of time.
400r--------~~----~

i

E

t/ns-

Fig. 17 'The experimental shock wave trajectory in a Plexiglass
target compared with the bla't wave approximation at
the late stage for E0 = .35 - .1 J.

ACKNOWLEDGEMENTS

The present investigation would not have been completed but
for the encouragement and advice of Dr. R. Sigel. Stimulating
discussions with Dr. P. Mulser have contributed in particular
to the theoretical understanding of the hydrodynamics of the
ablation process. I like to thank Dr. K. Eidmann for his useful advice concerning the incorporation of the previously
measured plasma parameters. I am also indebted to Dr.

s.

Witkowski for his interest in the work and for making it
possible to carry out the investigations in the Max-PlanckInstitut fUr Plasmaphysik. I would like to express my sincere
appreciation to Euratom for providing a scholarship during
the period of the work.
I wish to acknowledge the skilful help of Mr. P. Sachsenmaier
in handling the electronic equipment and laser system, and of
Mr. E. Wanka in producing the cryogenic targets. I like to
thank Mrs. H. Brandlein for preparing the photographs and
G. Wirtz for his assistance during the measurements.
I am grateful to Mrs.

c.

Schmid for careful typing the manuscript

and to Miss J. Pfister for drawing the figures.

LEVEN SLOOP

De schrijver van dit proefschrift is geboren op 3o
januari 1948 te Mill (N.Br.).
Na behalen van het eindexamen H.B.S.b op het Chrysostomuscollege te Boxmeer in 1965 begon hij zijn studie in
de afdeling Elektrotechniek aan de Technische Hogeschool
te Eindhoven.
Het groeiende interesse in natuurkundige aspecten van de
elektrotechniek leidde tijdens de ingenieur fase tot een
specialisatie op het gebied van de magneto hydrodynamische
energie conversie.
In deze periode assisteerde hij gedurende 5 maanden
Dr.

w.

M H D

Merck bij de grenslaag metingen aan de gesloten
kringloop van het Institut fUr Plasmaphysik te

Garching.
Het afstudeerwerk binnen de groep Directe Energie Omzetting
onder leiding van Prof. Dr. L. Th. Rietjens op het onderwerp
"Verliesmechanismen in een M H D

generator" werd afge-

sloten met het doctoraal examen op 9 maart 1972.
Hierna vertrok hij naar het Institut fUr Plasmaphysik te
Garching met het voornemen zijn specialisatie op het
gebied van M H D

plasmas voort te zetten en een promotie

voor te bereiden.
Door een wijziging in het onderzoekprogramma van het
genoemde instituut werd uiteindelijk laser geinduceerde
schokgolven in vaste stoffen onderwerp voor het promotie
onderzoek.

SAMENVATTING

SCHOK KOMPRESSIE VAN VLAKKE TARGETS DOOR MIDDEL VAN
LASER ABLATIE.
In dit proefschrift, bestaande uit een aantal artikelen,
is een experimentele studie van de schokgolf kompressie
door laser ablatie beschreven. Met een gefokusseerde laserstraal zijn doorzichtige vlakke targets, bestaande uit
vast waterstof en Plexiglas, bestraald. De voortplanting
van de geinduceerde schokgolf in de vaste stof is met
zeer snelle fotografische methoden direct waargenomen.
Uit de gemeten schokgolf snelheden wordt de toestand
achter de schokgolf als functie van de tijd afgeleid.
Maximale drukken aan het begin van de laserbestraling
in het Mbar bereik worden gevonden.
Een vergleijk op basis van een gemeten plasma elektronen
temperatuur met een eendimensionaal model en met een
bestaande numerieke berekening geeft een goede overeenstemming. De invloed van tweedimensionale effecten is
geanalyseerd. De energie overdracht op de vaste stof is
aan de hand van modelberekeningen zowel experimenteel
als theoretisch bepaald. Hierbij is met succes de analogy
met een punt explosie, voor de beschrijving van de schokgolf voortplanting na de laser pulse, toegepast.
De betekenis van de verkregen resultaten met betrekking
tot laserfusie wordt besproken.

stellingen
1. Het overdichte plasma ala resultaat van de elektrortenwarmtegeleiding in het laser-ablatieproces verhoogt de
druk in de gecomprirneerde zone achter de schokgolf.
Dit proefschrift.
2. Het door R. Kidder en c. Fauquignon e.a. voorgestelde
verbrandingsgolfmodel voor de beschrijving van het
ablatieproces is niet rneer dan een eerste benadering
van het werkelijk proces.
R. Kidder, Nucl. Fusion 8, 3 (1968)
c. Fauquignon and F. Floux, Phys. Fluids 13, 386 (1970)
3. De toepassing in het onderzoek van vaste stoffen onder
extreem hoge drukken van schokgolven, opgewekt door
laser-ablatie van de rnaterie, biedt essentiele voordelen boven de schokgolftechnieken waarbij springstoffen
worden gebruikt.
C.G.M. van Kessel and R. Sigel, Phys. Rev. Lett., lJ,
1020 (1974)
4. De toe stand van de vaste stof in het centrum van de
aarde en de planeten laat zich in de naaste toekomst
door rniddel van de laser-compressietechniek in het
laboratoriurn sirnuleren.
5. Het laser-fusieproces zoals uiteengezet door De Kluiver
is onjuist.
H. de Kluiver, Atoornenergie, Dec. 1974; p. 273
6. De toepassing van directe conversie van de energie in
de fusiereactie-produkten tot elektrische energie geeft
een belangrijke rendementsverhoging van de energieopwekking door middel van fusiereactoren vergeleken met
het reactorconcept waarin een absorberende reactormantel
wordt toegepast.
L. Wood and Th. Weaver, Lawrence Livermore Laboratory,
UCID-16229 (1973)
7. Voor een gesloten MHD-conversiesysteem volgens de
Brayton-cyclus is het totale rendernent van het systeern
nagenoeg onafhankelijk van de enthalpie-extractie,
wanneer deze hoger is dan 25%. In dat geval is het
isentropische rendernent maatgevend voor het totale
rendernent.
8. De door F.V. Grigor'ev e.a. gevonden fase-overgang
van waterstof in de rnetaalachtige toestand bij 2,8 Mbar
is aanvechtbaar.
F.V. Grigor'ev, S.B. Korrner, O.L. Mikhai!ova, A.P. Tolochko
and V.D. Urlin, ZhETF Pis. Red. 16, 286 (1972)
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9. De bestaande geheirnhouding inzake werking en bouw van
een atoombom biedt onvoldoende bescherrning tegen
ongecontroleerde bouw en verspreiding van nucleaire
wapens.
The New Yorker, Dec. 3, 10 and 17 (1973)
10. Het ontbreken van redelijke mogelijkheden voor vr1Jetijdsbesteding in en in de directe omgeving van
meergezinshuizen heeft een positieve invloed op de
groei van de automobielindustrie.
11. Elke opinievorming is een daad tot zelfbehoud.

12. Indien een academische titel een officieel bestanddeel
van de naam uitmaakt, zoals dit in de Duitse Bondsrepubliek het geval is, brengt dat onjuiste maatschappelijke
consequenties met zich mee~

C.G.M. van Kessel

Eindhoven, 13 mei 1975.

