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The properties of laser ablation driven shockwaves in plane transparent targets are investigated 
using high speed photography. The pressure, density and temperature of the compressed state 
behind the shockwave is determined with the shockwave Hugoniots of the target materials. The 
shockwave propagation is explained by a modified blastwave model and the energy transfer to the 
shock compressed region is estimated. 

I. Introduction 

Since the advent of the Q-switched laser in 1962 
with the work of McClung and Hellwarth 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 con-
ditions 2-3. The idea of compressing the pellet by 
convergent compression waves has particularly re-
duced the requirements on the laser energy to ob-
tain a thermonuclear burn 4. 

Other applications are the generation of shock 
waves of extreme pressures and temperatures in 
solids for investigating their equation of state under 
these conditions5-6, the simulation of meteorite im-
pact on space vehicles ' and high-pressure metal-
lurgy 8. 

Motivated in particular by the interest in laser-
induced fusion, laser systems are now under con-
struction which should deliver in the near future 
energies of 103J in pulses of less than 10"9 s dura-
tion. Focussed onto the surface of a solid target, 
such powerful pulses should produce pressures of 
the order of lOOMbar, 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 ad-
ditional advantage is the possibility of a program-
med compression process by shaping the laser pulse 
with pulse stacking or other techniques 9. For these 
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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 
Section I l i a ) . 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 Figure 1. Laser radiation penetrates 

Fig. 1. Schematic picture of the ablation process due to 
irradiation of a plane target by a focussed laser beam. 

through the expanding plasma to the absorption 
zone characterized by the socalled critical density 
(see Sect. II), where it is absorbed and partially re-
flected. 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 heat conduction (heat-con-
duction zone) a high pressure is exerted on the sur-
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rounding solid material. This leads to the formation 
of an intense shock wave which travels into the 
interior of the target. As a consequence of momen-
tum 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. 

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 ob-
tained. After termination of the laser irradiation 
the plasma will cool as a result of expansion and the 
ablation rate will decrease. The shock wave separa-
tes from the ablation surface and its intensity de-
creases 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 com-
pressed solid state is of main interest for the appli-
cations mentioned, additional knowledge is needed 
besides the existing results on the burn through 
time 10, 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 experi-
ment in which the laser driven shock wave in a plane 
target irradiated by a single beam w~as observed 
for the first time14. In Sect. II we describe the ex-
perimental results obtained by a high-speed photo-
graphic technique described earlier10. In Sect. Ill 
we describe the theoretical models used for evalua-
tion 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 summarizes the merits and shortcomings 
of the type of experiment described. 

II. Experimental Results 

a) Experimental conditions 

The experiments were performed wTith the 
Garching multistage Nd-laser system which was 
used with an output energy of « 12 J in a pulse 

with a half-width of 5 ns. Focused with an aspheri-
cal Fjl lens the power density in the focal plane was 
2 x 1014W/cm2. The diameter of the focal spot was 
measured in vacuum by a photographic technique 
to be (40+ 10)//m 16. As plane, transparent targets, 
sticks with a (2 x 2)mm2 square cross-section, made 
of poly methyl methacrylate (C302H8)„ (Plexi-
glass) 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 at the position where the maxi-
mum back reflection of the laser light was ob-
served 10. 

b) Framing and streak photography of shock wave 
propagation 

The laser ablation driven shock wave was ob-
served with a streak and framing arrangement hav-
ing 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 
(Figure 2). The phenomena occurring inside the 
transparent target were recorded in streak pictures 
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Fig. 2. The experimental arrangement. 

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 illumina-
tion obtained by mode-locking the dye laser. (As 
shown in Fig. 2, the target sticks had a slightly con-
cave 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 l o 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 

* Figures 3, 4, and 7 on page Table 1582 a. 
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Fig. 3. Streak picture of an irradiated Plexiglass target. Fig. 4. Streak picture of an irradiated solid hydrogen target. 
TI is the laser pulse duration. 

F I L A M E N T 

^ C Y L I N D R I C A L 
S H O C K 

FOCAL 
S P O T 

5 0 0 p 5 0 0 p m 5 0 0 p m 
-H 1 1— 
4 0 0 p m 

Fig. 7. Typical streak and framing pictures of an internal break down when the focussing position is inside the target, 
a) streak picture of a solid deuterium target, b) and c) streak pictures of a Plexiglass targed, and d) a single frame at 

~ 6 ns after onset of the irradiation of a Plexiglass target. 
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which the laser beam is focused, remains undisturbed 
up to the time £ = 0, 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 Section IVa). The 
duration of the laser irradiation is indicated on 
the left-hand side of the streak pictures. (The ac-
curacy 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 100 jum in 
Plexiglass and 200 jum in solid hydrogen when the 
laser radiation is terminated. 

In the streak picture of an irradiated Plexiglass 
target a double structure with a transparent layer 
in between is observed after 20 ns. As we shall see 
(Sect. IVa), the shock wave is separated from the 
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 expan-
sion 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 time of exposure 
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 hemi-
spherical 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 
150 and 215 jum at 3.3 and 6.1 ns, just before and 
after the termination of the laser pulse. 

c) Internal breakdown and self focusing 

Shock waves with a regular structure such as that 
observed in Fig. 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 light16. 

When the focal spot was a certain distance inside 
the target internal breakdown and self-focusing 
phenomena were observed. Some examples are given 

** Figures 5, 6 and 15 on page Table 1582 b. 

in Fig. 7 a —d. In Fig. 7 a and 7 b the focal spot is 
only 300 and 200 jum respectively beyond the target 
surface and breakdown inside the solid occurs be-
fore 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 ir-
radiation in Fig. 7 d shows a self-focusing filament 
surrounded by a cylindrical shock wave as the en-
velope of the spherical waves launched from each 
breakdown. 

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 analytical19' 20 and numerical17' 21 methods. Ac-
cording to these investigations the typical density 
and temperature profiles shown in Fig. 8 are found. 
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Fig. 8. Schematic density Q and electron temperature Te 
profiles of the laser ablation process. The incident laser 

light 0 is incident from the right. 

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 Figure 1. 
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Laser radiation with an optical frequency (j0\ 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 = n c , the critical density, the 
corresponding electron plasma frequency cop given 
by 

wp = ((4>nne e2) /meyi2 

is equal to the laser frequency >co\ (e is the elemen-
tary charge and me the electron mass). For a Nd 
laser with X = 1.06 /<m, one obtains nc= 1021 cm - 3 . 

Though laser light absorption in the underdense 
plasma is not completely understood at present, it 
is generally believed that the main energy deposi-
tion occurs in the near vicinity of the critical layer, 
where absorption due to inverse bremsstrahlung22, 
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 non-
linear heat conduction. In this way the heat con-
duction connects the absorption region with the 
shock compressed region by the formation of the 
overdense plasma. (Note the large difference be-
tween solid and critical density.) As has been shown 
in21, nearly all of the deposited energy diffuses 
first into the overdense plasma, where it leads to 
ablation of the compressed material, and then re-
appears 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 expanding 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 absorp-
tion and heat conduction are included. This has been 
done in 21 but only for the cases of plane and spheri-
cal 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 
possible1 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 density3, to 
describe the shock wave decay after termination of 
the laser pulse by analytical solutions originally 
developed for the case of micrometeorite impact and, 
finally (in Sect. IV) 4, to show that in this manner 
a very reasonable understanding of the experimen-
tal observations is obtained if allowance for two-
dimensional effects during irradiation is made. 

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) 

Qovs = Qi(vs-vp), (1) 

QOVS
2

 = QI(V
s
-V

p
)
2

 + pt, ( 2 ) 

, Pi) - £ o ( e o ' Po) = 2 P t ( - T ~ ) ( 3 ) 
\ Qo Qi / 

with f p the particle velocity, o the density, p the 
pressure and e the specific internal energy with sub-
scripts 0 and 1 for the region ahead and behind the 
shock front respectively25. The initial pressure of 
the undisturbed solid may be neglected since 
Pi ^ 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 1.2Mbar26. 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 

vs = a -f b vp 

which showed a good fitting to the existing curve 
with a = 3.07 x 105 cm/s and b = 1.295. 

For hydrogen the Hugoniot curve has only been 
measured up to 40 kbar27. To obtain the required 
curve, we have to resort to a theoretical equation of 
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state as calculated by Kerley for deuterium over a 
wide range of densities and temperatures28. For 
every couple of this theoretical isotherms £ = 
E (T \, QIQQ) and p = p(T\, Q/Q0) with temperatures 
T[ ranging from 1.78 x 102— 106 °K a point on the 
Hugoniot curve is determined by calculating the 
value of the function 

F ( T I , E / E
0
) = £ - « O - 1 ( P + P O ) ( I / E O -

1

/ ^ ) 

for different values of the compression ratio Q/Q0. 
The values of Q and p for which f(T[, q/q0) 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 27. The resulting Hugoniot curve for hydrogen 
is shown in Fig. 9 together with the curve used for 

100 

10 

I 1 

01 

P/Po — 

Fig. 9. Hugoniot curves for solid hydrogen (1) (T0 = 4 K 
and Q = 0.089 g c m " 3 ) and for Plexiglass (2) (£» = 1.18 

g c m - 3 ) . 

Plexiglass. The high compressibility of hydrogen 
causes such shock wave heating that at about 170 
kbar dissociation, and at about 700 kbar ionization, 
changes the state behind the shock wave. As a re-
sult, the Hugoniot curve passes with increasing 
pressure a maximum in compression of 4.6 at 
5 Mbar 25. 

The Hugoniot curve can now be used together 
with the equation 

P i = £o v s 2 ( 1 — QofQi) > ( 4 ) 

which is obtained from Eqs. (1) and (2) , to yield 
the relations px = px (va, £>0) and = (i>s, £0) 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 in-
volve a certain unaccuracy due to using the whole 
procedure for getting the Hugoniot curve, the pres-
sure determination is quite accurate owing to its 
weak dependence on the density Qt at high com-
pression ratios [see Equation (4) ] . To determine 
the temperature behind the shock wave, a plot of the 
experimental data for Plexiglass from 2 9 has been 
used, whereas the temperature of the shock com-
pressed 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 electron temperature at the criti-
cal layer, which has already been measured 30, with 
the pressure behind the shock front. For this pur-
pose we consider the heat conduction zone (2) in 
Figure 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 TH 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 

t h ^ 3 x 1 0 - 3 2 0 

where the laser light flux 0 is in erg c m - 2 s - 1 . For 
1 0 2 1 erg c m - 2 s - 1 we find T h = 3 X 10 _ 1 1 S , i.e. 

T h is much smaller than the laser pulse duration 
and even the pulse rise time. Furthermore, as has 
been discussed in20 , the characteristic time rpe for 
establishment of a quasi-stationary flow of the ex-
panding plasma can be estimated by rpe ^ R/Cpe, 
where R and Cpe are the lateral extension and sound 
velocity of the expanding plasma. With typical 
values R ^ 10~2 cm and Cpe = 2 x l 0 7 c m s - 1 we 
find Tpe ^ 0.5 ns, a time comparable with the pulse 
rise time, but still small compared with the laser 
pulse duration. Thus, if we assume a quasi-statio-
nary and plane flow through the heat conduction 
zone (the latter assumption being much less stringent 
than the assumption of a plane flow throughout the 
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expanding plasma), we can apply the mass and 
momentum conservation relations 

Ql O a - Vp) = Qc {Vc + Va) , (5) 

Pi+Qiiv^-Vp)2 = pc + Qc[vc + Va)2, (6) 

for the overdense region between the shocked state 
and the critical density. As indicated in Fig. 8, ua 

is the propagation velocity of the ablation surface, 
pc and Qc are the pressure and the density in the 
critical layer and vc is the expansion velocity in 
this layer. 

From these relations and Eqs. (1) and (2) it is 
readily found that for > £)0 ^ Qc 

(V&-Vp)/Vp<VqC/Q1L < 1 
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 compared 
with the pressure p j . Similarly, it can be shown 
that 

\vc + vz\l v& > VqoIQO 

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 ob-
tain from (6) 

Pl = Pc(l+M2)=nckTe(l+M2) 

where M = vc/c? 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 in-
compressible (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 cal-
culate the Mach number. 

The results of a computer simulation 21 in plane 
geometry are given in Fig. 10 in terms of px and 
the maximum electron temperature near the critical 
layer. The shaded region contains results of the 
simulation at different times (0.5 — 4 ns after the 
onset of laser irradiation), the corresponding laser 
intensities being indicated as well. This figure will 

Fig. 10. One-dimensional plane computer simulation results 
presenting the shock pressure as function of the electron 
temperature Te at the critical layer. The laser intensities 
used in the different simulations are given (Courtesy 

Dr. P. Mulser). 

enable us later (Sect. IVc) to relate the measured 
pressures and temperatures to the laser intensity in-
cident on the plasma. It should be noted that the 
relation (7) is well confirmed by the simulations. 

The fractional energy transfer is defined by the 
time rate of work on the solid divided by the time 
rate of absorbed energy I: 

s i ^ ^ i l K - z M K ( 8 ) 

where Eqs. (1) and (2) have been used to eliminate 
Up . x is the compression ratio Q\!Qq . 

The time rate of absorbed energy appears ap-
proximately as the flux of the total enthalpy of the 
flow at the critical layer. This follows from the con-
siderations that under the condition of a quasi-
stationary hydrodynamic flow the energy contents of 
the overdense region changes only slowly and, as 
has been shown in 21, the losses due to heat conduc-
tion directly towards the low density expanding 
plasma do not exceed 10%. Additionally, only a 
small part of the incident laser energy is transfer-
red to the compressed solid (rjab ^ 1 as will be 
found). With an equal ion and electron temperature 
we therefore obtain 

I = Qcvc(£c + Pc/Qc +1 v2) = M ( 4 + |M 2 )o c cT3. 

With Eq. (7) the efficiency of the ablation process 
can thus be expressed as 

n>-Vl=lTx ( 9 ) i f c b - y l l * M(*+hM') [ e „ ( 9 ) 
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or with x 02 4 and M a§ 1 

= 2 VQC/QO • 

Inserting £>0 50 Qc we see that the ablation ef-
ficiency 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 point-explosion 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 func-
tional dependence of the shock wave path Rs fol-
lows from dimensional considerations and is given 
by 

25 a(y)E0t2 \* 

By means of the relation (11) y and, hence the den-
sity o x , becomes a function of the shock velocity: 

Rs(t) = 
8 - t ^ O 

(10) 

where £>0 is the initial gas density. The dimension-
less 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 - 1 0 0 in3 4 . 

A basic assumption for the application of the 
self-similarity principle is constancy of the com-
pression ratio QJQQ across the shock front, which 
is certainly valid for strong shock waves in perfect 
gases [and amounts to the value (7 + 1 ) / (7 — 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 3 4 '3 5 in order to apply it to a solid, 
the shock; wave properties of which can be described 
by the simple empirical relation 

v3 = a + bv p . (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 den-
sity behind the shock is taken into account by vary-
ing the value of y in the expression of the self-
similar solution (10) as the shock wave propagates. 

y g l + go = 2 — - l = y 
Q1-Q0 ^ P 

When this is introduced in the equation for a (7) , 
the solution will be consistent at the shock front with 
the Hugoniot relations in terms of shock wave com-
pression and pressure. This modification can be 
understood as an attempt to match 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 dimen-
sionless 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 pro-
pagation 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. 

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 en-
compassed 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 
Fi-. 1, to the parallel beam of the background il-
lumination. As long as the electron density in the 
core plasma exceeds 3 X 1021 c m - 3 (the critical 
density for X = 580 nm of the dye laser), the il-
lumination light cannot penetrate the plasma more 
than a single wavelength and the plasma core will 
be completely opaque. 

Concerning the transparency of the shock-com-
pressed region, at high shock intensities, shock 
heating may cause thermal dissociation and ioniza-
tion, whereas shock compression may cause a closing 
of the energy gap between conduction and valence 
band leading to the "metallization" of an insulator 
owing to the reduced interatomic spacing. For 
Plexiglass a sharp increase of its electrical conduc-
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tivity by 20 orders of magnitude has been observed 
for shock wave intensities of more than 800 kbar, 
which was partly due to the onset of "metalliza-
tion" 36. The high compressibility of solid hydrogen 
leads to a strong shock wave heating causing thermal 
dissociation and ionization of the compressed mate-
rial. As may be calculated from the equation of state 
given by Kerley 28, the electron density will exceed 
10 2 2 cm - 3 for shock waves stronger than 700 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 dbserved. 

These considerations and the good agreement of 
the measured shock wave parameters, evaluated be-
low, with the plasma models confirm the assumption 
that the leading edge of the observed shadow may 
be identified as the shock front. 

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, respective-
ly, corresponding to the densities behind and ahead 
of the shock front. The incident parallel light rays 
are subjected to refraction over a total angle 0 ac-
cording to 

0 = 2 ( arcsin -zr- — arcsin , 
\ As Tl 

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 = i?s) will have the 
maximum refraction angle @max and if this angle 
is larger than the viewing angle of the optical re-
cording system, the light ray with r = R will not 
reach the film plane. Therefore, given the compres-
sion 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 sepa-
rated from the plasma-filled crater has a thin opa-

que 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 light29. 

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 gonio-
meter. Figures 11 and 12 give the results for the 
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Fig. 11. The measured shock velocity vs as function of time 
for a solid hydrogen target. The laser pulse duration is 

indicated by r\. 
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Fig. 12. The measured shock velocity vs as function of 
time for a Plexiglass target. The laser pulse duration is 

indicated by r\ . 
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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 de-
creases afterwards. The maximum shock velocities 
are 5.8 X 106 cm/s in solid hydrogen, and 2.3 x 106 

cm/s in Plexiglass. With the Hugoniot curves given 
in Sect. III b the shock velocity results can be trans-
lated into the pressure, density and temperature be-
hind the shock front as a function of time. The re-
sults are shown in Figs. 13 and 14. For a solid 
hydrogen target a maximum pressure of 2Mbar and 
a compression rate of 4.3 are obtained. In Plexi-
glass the maximum pressure achieved is 4 Mbar for 
a compression of 3.0. The obtained values are 
slightly higher than in 14 because a revised Hugoniot 
curve from additional shock data was used. 
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Fig. 13. The pressure py , the compression ratio @ l lg 0 , 
and the temperature 7\ behind the shock front as function 
of time for a solid hydrogen target (ri is the laser pulse 

duration). 

c) The overdense heat conduction region 

Under the assumption of a plane and quasi-sta-
tionary flow in the overdense heat conduction region 
we relate the evaluated maximum pressure at the 
initial stage of irradiation to the previously mea-
sured temperatures30'37. With an experimental 
electron temperature of 500 eV * the pressure at 
the critical layer is given by pc = nckTe = 800kbar. 

104 ^ 

t/ns — • 

Fig. 14. The pressure pt , the compression ratio @i/(>o » a n d 
the temperature 7\ behind the shock front as a function 
of time for a Plexiglass target (ri is the laser pulse dura-

tion) . 

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 ( ± 0 . 5 ) and for Plexiglass M = 2.0 ( ± 0 . 5 ) . 
The uncertainty 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-Max-
wellian 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 en-
hances the pressure in the shock-compressed region. 

With the electron temperature as a basis for com-
parison, the computer simulation results presented 
in Fig. 10 predict reasonably well the pressure be-
hind the shock wave and also the Mach number 
evaluated above. It is noteworthy, according to the 
computer simulation, a laser intensity of about 1013 

W/cm2 only is necessary to produce the measured 
data. 

The discrepancy between this value and the va-
cuum laser intensity of 2 x 1014 W/cm2 used in the 
experiment may be understood with the help of 
recent time-integrated X-ray pinhole photographs of 

The measurements of 3 0 were performed at a higher laser 
intensity. The value used was obtained by the experimen-
tal law Te ~ <£0'33. 
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the plasma 37, 38. Figure 15 shows an example of the 
recorded soft X-ray emission pattern from an ir-
radiated solid deuterium target. For comparison, the 
shock front position just after the laser pulse, ob-
tained from a framing picture and scaled for solid 
deuterium, is given in the picture. The X-ray pin-
hole photographs, which are evaluated in detail in 37, 
show that the plasma structure consists of a conical 
outflow and a plasma-filled crater. The diameter 
of the core plasma is five times as large as the 
diameter of the focal spot in vacuum (see Figure 
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 tem-
peratures and pressures achievable in plane target 
experiments with sharply focused, intense beams 
are overestimated by idealized, plane 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 in39, where agreement of experi-
mental and computational results could be obtained 
only for laser flux densities 1—2 orders of magni-
tude lower than the maximum vacuum laser flux 
density. It should be noted that we attribute the 
reduction of the effective flux density to hydro-
dynamic effects, in particular lateral heat conduc-
tion, 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 ex-
posed to laser irradiation may be as small as the 
vacuum focal spot diameter 40. 

Finally, it should be mentioned that the experi-
mental 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 maxi-
mum pressure the distance covered by the shock 
wave is small compared with its lateral extent. In 
addition, it has been observed in interferometry41 

and Schlieren 42 experiments that the critical density 

layer stays inside the crater or just in front of the 
target surface (at a distance <20/<m) . Therefore, 
in the case of Plexiglass the assumption of a plane 
flow in the overdense region seems to be well justi-
fied during the first part of the laser pulse. In the 
case of solid hydrogen this assumption is more dif-
ficult to assess, because the shock front rapidly as-
sumes a hemispherical shape and the relative di-
stance of the shock front and critical layer inside 
the crater is not known at present. 

d) The efficiency of energy transfer to the shock-
compressed region 

In solid hydrogen 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 com-
pressed region. 

As discussed in Sect. Ill c, 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, al-
most 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 

\ n R * Q f > = 2 3 i R * A r Q l t or J r - A f t » , . 6 Qt 

Since for Qt Q0 we have Ar ^ Rs we can consider 
this 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 = 1 M V hQo n Rs3 • 

Using the values for , gt and vs already obtained 
from the measurements, the kinetic energy was cal-
culated and the resulting curve is given in Figure 16. 
Near to the end of the laser pulse it shows a maxi-
mum of .5 J. 

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 p0 

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. 
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Fig. 16. The kinetic energy KE of the shock compressed 
region for a solid hydrogen target as function of time. 

With the modified blast wave approximation de-
veloped 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 = 3.07 x 105 cm/s and 6 = 1.2 were 
used. It was found (see Fig. 17) that the value of 
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Fig. 17. The experimental shock wave trajectory in a Plexi-
glass target compared with the blast wave approximation 

at the late stage for £'0 = .35 ± .1 J. 

Eq = .35 J furnished an excellent description of the 
late-stage propagation of the shock wave. For com-
parison the shock wave trajectories for E0 = .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-com-
pressed region with the theoretical Eq. (9) derived 
in Section III c. Substitution of the averaged com-
pression ratio q1/q0 = 4.2, the experimental Mach 
number M = 1.2 and the densities £0 = 8 . 9 x l O ~ 2 

g/cm3 and Qc = 1.67 x 1 0 - 3 g/cm3 we obtain a theo-
retical value of >7ab = 8.1 X 10~2 for the fractional 
energy transfer in a solid hydrogen target. With the 
similar data for Plexiglass, qJq0 = 2.9, M = 2.0, 
Q0= 1.18g/cm3 and Qc = 3.03 x 10~3 g/cm3 we ob-
tain the value rjab = 3.8 x 10~2. 

The fractional energy transfer ?yab 

Theo- Experi- from 
retical mental 

Solid hydrogen 8.1% 8% the kinetic energy 
Plexiglass 3.8% 3% blast wave model 

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 Qc/QO • 

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. 17 may be given by a 
straight line. 

The time rate of work is given by 

w = Pi vp = Qo vs vP 2 

where p, = Q0vsvp obtained from Eqs. (1) and (2) 
has been used. With the relation (11) this can be 
written as 

Substituting of Q0 and the averaged shock velocity 
of 2.1 x 106 cm/s for the first 4 ns, we obtain 

F e s 5 x 1 0 " 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 effective laser intensity of 
W/t j^m 1.3 x lO 1 3 W/cm2 could be defined. This 
result is in agreement with the one-dimensional com-
puter simulation presented in Fig. 10 and supports 
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the finding of the discussed two-dimensional ef-
fects of Section 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 trajectory obtained from Fig. 7 b 
and an averaged value for a(y) of ^ 3 in Eq. (10) 
a value for the deposited energy E0 ^ .2 J is ob-
tained. 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 de-
posited in its interior, thus leading to a disturbance 
of the shock wave propagation. 

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 microphoto-
graphy developed during the course of this experi-
ment have now shown that laser-driven shock waves 
can be observed in transparent solids and investi-
gated 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 echieved 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 
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