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Laser Produced Hemispherical Shock Waves

BARRETT S. RoBB* AND DONALD L. TURCOTTE}
Cornell University, Ithaca, N.Y.

An experimental study of laser induced hemispherical shock waves has been carried out. A Q-switched ruby
laser was focused on aluminum or carbon targets and the plasma produced expanded into an ambient atmosphere
of argon or helium. Trajectories of the primary and secondary shock waves were determined for initial pressures
from 0.05 to 5 torr. Spherical blast wave theory was found to apply for radii greater than the mass length,
(M/po)'7®, where M is the plasma mass and p, the background gas density. The results are compared with
previous numerical solutions, and several rules for secondary shock wave behavior are stated.

Nomenclature

= sound velocity

= specific heat at constant volume
= energy of explosion

= Boltzmann’s constant

= energy length

= mass length

= molecular weight

= driver gas mass

= pressure

= shock wave radius

= time

= temperature

= gas velocity

= log-log trajectory slope
= nondimensional constant
= ratio of specific heats
specific energy
nondimensional radius

= density
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ubscripts

= ambient atmosphere
= driver gas

= secondary shock

= maximum radius

= return to origin

N = O h~Y
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Introduction

OLID-STATE lasers, especially high power Q-switched
lasers, have been used as energy sources in plasma experi-
ments. When focused on a small area, Q-switched lasers can
generate 10° to 10'? w/cm?. This is far above the power densities
necessary to vaporize and ionize solid material on time scales
of nanoseconds. The emitted ions provide a good source of high
temperature plasmas for experiments. Many authors have
focused lasers on thick, solid targets in a vacuum.! ~* Measure-
ments of maximum electron temperature in the plasma range
from 10 ev® to about 35 ev.®
If the laser-produced plasma is allowed to expand into an
ambient atmosphere instead of into a vacuum, the plasma acts
~ as an explosive and drives a strong, nearly-hemispherical shock
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wave ahead of it. Experimental studies of laser-produced
explosions have been carried out by Basov et al.,” Bobin et al.,®
and Hall.® These studies indicated that the primary shock wave
obeyed blast wave theory!®!! after the energy addition by the
laser pulse ended. Secondary shock waves were not reported in
laser produced explosions.

Inthe present experiment*? the trajectory of the primary shock
wave has been studied and compared with blast wave theory. In
addition, secondary shock waves within the driver gas have been
photographed. The results of this study show disagreement with
the previous experimental investigations, but confirm and extend
the conclusions of previous numerical calculations of explosion
problems.

Theory

Similarity solutions for spherical-explosion problems have
been obtained by Taylor!® and Sedov'!' for a point-source
addition of energy. The primary shock trajectory was found to be

R = (aE/po)"°t** ey

The above relation assumes that the shock wave is strong and
that no mass has been added.

A similarity solution is not possible for explosions in which a
finite amount of mass is added to the flow. However, numerical
solutions!®~ 1% have been carried out to determine the flowfield
in this case. The typical problem studied in these investigations
is a spherical shock-tube explosion, i.e., a sphere of static, high-
pressure gas released into an ambient atmosphere. The calcula-
tions show that the primary shock wave does not follow blast-
wave theory until it has engulfed a mass of atmosphere much
greater than the mass of the driver gas. In addition, a secondary
shock wave forms which propagates into the driver gas from
the contact surface.

The presence of the secondary shock wave can be explained
as follows. Near the beginning of the explosion the primary
shock wave transmits a high-pressure back to the contact surface.
The driver gas, however, expands spherically and its pressure
drops rapidly. From a simplified viewpoint, the driver gas pres-
sure decreases as R?, while the shock wave strength decreases as
R>'7 In order to maintain continuity of pressure across the
contact surface, the secondary shock wave forms and propagates
toward the origin with respect to the driver gas. Because of the
high outward expansion velocity, the secondary shock wave is
swept outward away from the origin until it is strong enough
to overcome the expansion velocity and converge on the origin.
Thus, in the laboratory frame of reference, it appears to move
outward to a maximum radius and then return to the origin.

Weintroduce two characteristic lengths which define the range
of validity of blast-wave theory. The first, which we call an
energy length, is defined as

Ly = (E/Py)""? @
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Fig. 1 Typical streak photographs showing primary and secondary
shock waves for carbon target in argon.

This length is proportional to the radius at which the energy of
the atmosphere engulfed by the shock is equal to the energy of
the explosion. Blast-wave theory applies for shock radii much
less than L;.!'' As R approaches L, the pressure behind the
shock wave becomes comparable to the background pressure,
strong shock theory is no longer valid, and no similarity solution
exists.
The second characteristic length, called the mass length, is
given by
Ly = (M/p)" ()
This length is proportional to the radius at which the mass of
atmosphere engulfed by the shock is equal to the driver gas mass.
Since the similarity solution assumes that M =0, we would.
expect blast wave theory to be valid for shock radii much greater
than L,,. We conclude that blast wave theory is valid in the range

Ly<R<L; (4)

In the experiments reported in this paper L, varied from
0.5 cm to 4 cm and L from 12 cm to 50 cm.

Equipment and Procedure

Hemispherical shock waves have been produced by focusing
a Q-switched ruby laser onto the surface of thick, solid targets
of carbon and aluminum. Pulse half-widths were about 20 nsec
and the energy varied from one to three joules. For the shock
wave studies the pressure of the ambient atmosphere of either
argon or helium was varied from 0.05 to 5 torr. The primary
diagnostic tool was a TRW image-converter camera operated
in either the streak or framing mode.

Figure 1 shows two streak photographs of carbon explosions
in argon and a diagram showing the shock waves involved. The
camera was situated so as to take a side view of the explosions.
The laser pulse occurs at ¢ = 0, and enters the chamber from the
right side as seen in the photographs. Thus the photographs show
the extreme outer radius of the shock waves as a function of
time. In the 20 psec duration photograph the primary shock wave
is seen to propagate into the ambient atmosphere with a large
initial velocity, while the secondary shock wave moves outward
to a maximum radius and then returns to the origin. Also visible
is the contact discontinuity between the driver gas and the
shocked background gas. The 1 usec streak photograph shows
the small time behavior of the primary shock wave. In addition,
a secondary shock wave can be seen to slow down and separate
from the main shock luminosity.

The mass of the driver plasma as a function of laser energy
was deduced by crater volume measurements and by measuring
the pressure rise in the chamber immediately after the explosion.
Both methods showed a linear relation between laser-pulse
energy and plasma mass. Since some of the material ejected
from the target is in the form of microparticles which do not
participate in the gasdynamic explosion, a crater volume
measurement gives an upper limit on the mass addition. It is
certainly not clear that a pressure rise measurement will give
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Table 1 Average slope of main shock log-log trajectory for R < L,,

Pressure, torr 0.5 1 5
Carbon in argon 067 073 0.65
Carbon in helium 0.58 053 0.68
Aluminum in argon 062 062 049
Aluminum in helium 050 0.62

information on the number of metallic atoms injected since
these atoms would tend to adhere to the chamber walls. However,
it was found that the pressure measurement was reproducible
and was independent of the amount of outgassing of either the
chamber or the target. The mass given by the pressure rise
measurement was between 5 and 109 of the volume measure-
ment and was in good agreement with the results of David and
Weichel.® In the results which follow the pressure rise results are
used with M/E =187x10"% gfjoule for carbon and 44
107¢ g/joule for aluminum. Since both the pressure rise and
crater volume measurements showed a linear dependence of mass
on laser energy, only a constant factor is involved. As is shown,
the energy per unit mass was constant for each target material
over the range of energies used.

Results

Framing photographs showed that the primary shock wave-
was nearly hemispherical in the cases studied. Primary shock
trajectories were obtained from the streak photos and were
plotted on log-log paper as R vs . For the ranges of radius
R < L, and R > L,, the average slope was measured for each
set of conditions. Typical log-log plots are shown in Fig. 2.
The solid lines on the plots indicate a slope of 2/5. The average
slopes of the trajectories for R < L, are given in Table 1. These
are the values of the power y when the shock trajectory is
expressed as

R~7? (5

For radii greater than L,, the slopes of the trajectories are given
in Table 2. The estimated experimental accuracy of the slopes
is +5%.

Table 2 Average slope of main shock log-log trajectory for R > L,,

Pressure, torr 0.5 1 5
Carbon in argon 041 040 0173
Carbon in helium 039 035 032
Aluminum in argon 038 036 0254
Aluminum in helium 042 038 038
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Fig. 2 Typical primary shock wave trajectories.
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Fig.3 Dependence of the time at which R = L,, on the characteristic
time L, /(E/M)">,

It is of interest to note that the values of y for R < L,, are
close to the limiting value of 0.69 predicted by Whitham!” for
a spherical shock wave segment traveling through a duct with
area proportional to distance squared (y = 5/3). Whitham’s
critical assumption was that the shock wave motion was un-
affected by the piston motion behind it. It appears that in the
present experiment, the small time motion of the main shock
meets this requirement to some extent. Friedman'® also used
this result in an approximate solution of the spherical explosion
problem. Of course the intricate wave pattern set up between
the contact surface and the shock causes the shock to conform
to blast wave theory. As we shall see, this occurs near R = Ly,.

At pressures of 0.5 and 1 torr the exponents for R > L,, were
quite close to the blast wave value of 2/5. However, at 5 torr
the exponents were much smaller. This was due to the low Mach
number of the shock at this -high pressure. The photographs
show the self-luminosity due to excitation behind the shock wave.
When the Mach number fell below about 10, the luminosity
became too low to be observed. The luminous front measured
at these Mach numbers was probably due to the atoms previously
excited by the shock wave, and therefore underestimates the
shock radius.

We wish to find a small time equivalence principle, ie., a
transformation which makes the early trajectories of the primary
shock coincide for varying initial conditions. We know from the
R vs t plots that in every explosion the transition to blast wave
behavior occurred near R = L,,. If we plot the trajectories as
R/L,, vs t, the transition points would all occur near R/L,, = 1.
We wish to find a characteristic time which determines the time
of transition to blast wave behavior. A characteristic velocity
can be found by equating the kinetic energy of the shocked
atmosphere when the shock is at R = L, to the original energy
of the explosion

E = 3py3nLy)V? (6)
And using Eq. (3), we find
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Fig. 4 Dependence of the maximum radius of the secondary shock
wave on the energy length.
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Fig. 5 Dependence of the maximum radius of the secondary shock
wave on the mass length.

V ~ (E/M)'? 0]
This velocity is related to the driver gas sound speed since
a, = (kT/m)'? ~ (E/M)'? ®)

We would expect the driver sound speed to appear, because for an
infinite pressure ratio the initial shock velocity is a,(yo+1)/
(y,— 1). Using (E/M)'/? as a characteristic velocity with the mass
length, L,,, a characteristic time L, (E/M)*/? is defined. For the
present experiments (E/M)'/? = 2.32 x 10°® cm/sec for carbon and
(E/M)'? = 1.51 x 10° cm/sec for aluminum.

We define t,,, as the time of arrival of the primary shock
wave at R = L,,. A plot of t;, as a function of L, /(E/M)"?
is given in Fig. 3. As can be seen, for each target material
t;, /Ly (M/E)"* was nearly constant, and was independent of
background gas. Standard deviations from the mean were about
15%;, which can be considered fairly good agreement for this type
of experiment. For each target material then, an early time
equivalence existed such that the primary shock wave attained
a radius, R = I_,‘,5 at a time determined by the characteristic
time, L,,/(E/M)'/>.

Next we consider the motion of the secondary shock wave.
For each explosion we know E, M, p,, p,, as well as L; and
L,,. The most obvious measurement is the maximum radius of
the secondary shock wave, R, . This can be measured directly
from the streak photos. Since L; is the commonly used length
scale in explosion problems, we first plot R,  against L. In
Fig. 4 we can see by inspection that each combination of target
material and background gas shows a direct dependence of
R, on L;. This suggests that the atomic weight of the gas may
be an important factor since L, does not account for background
density variations which are independent of pressure.

Therefore, a plot of R, __vs L,, was made as shown in Fig, 5.
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Fig. 6 Dependence of 1, =R, /L; on the initial specific energy
ratio.
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Fig. 7 Dependence of the nondimensional time at which the secondary
shock wave is at its maximum radius on the initial specific energy ratio.

Within reasonable limits this is a straight line of slope unity.
The standard deviation from the mean of R, /L, was about
8%. Thus the measurements show that the maximum radius of
the secondary shock wave was linearly proportional to the mass
length of the explosion.

Lutzky and Lehto!® found by numerical calculations that for a
large initial density ratio, p,/p, in the spherical shock tube
explosion, the path of the secondary shock wave depended only
on the initial ratio of specific internal energies. The shock trajec-
tory was plotted as R,/Lg vs tao/Lg. In the present experiment we
define the specific internal energy of the driver gas as the laser
energy divided by the vaporized mass. Since these were linearly
proportional, the specific energy ¢, = E/M, using the notation of
Lutzky and Lehto, was a constant for each target material;
g, = 5.34 x 10'? ergs/g for carbon and &, = 2.27 x 10'? ergs/g for
aluminum. The specific internal energy of the background gas is
given by

gg=c¢y I 9
For an initial temperature of 300°K we find that ¢, = 7.79 x 10®
ergs/g for argon and ¢, = 7.80 x 10° ergs/g for helium.

To check our results with thoe of Lutzky and Lehto,!® the
nondimensional maximum radius 4., = R, /Ly was found for
each explosion. From Fig. 4 we found that A___ was constant for
each combination of target and background gas. To find if our
values of 4, agreed with those of the numerical computations,
we plotted A, as a function of ¢, /¢, and included points which
could be calculated from the publications of previous investi-
gators. This is shown inh Fig. 6. Error bars indicate standard
deviations. There was good correlation between experimental
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Fig. 8 Dependence of the nondimensional time at which the secondary
shock wave returns to the origin on the initial specific energy ratio.
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Fig. 9 Dependence of the time at which the secondary shock wave
is at its maximum radius on the characteristic time L, /(E/M)!/2,

and numerical values. By inspection of Fig. 6, an empirical
relation between A, and ¢, /g, can be expressed as

;“max = 0'8(81/80)7 3 (10)

It can be shown that Eq. (10), follows directly from the result
shown by Fig. 5. From Fig. 5 we see that

R, =095L, (11)
From the definitions of Ly and L,,
M 2/L.\?
a_ b =~<i> (12),
g0 2Po/Po  3\Ly

From Egs. (11) and (12) we find that
Rzmax/LE = ;"max = 0'83(81/80)_ 3 (13)

This result agrees very closely with Eq. (10).

Measurements were also made of ¢, . and t.. Again in
agreement with Lutzky and Lehto,'® for a given value of ¢, /e,
the nondimensionalized times given by t,,.(Lg/a,)"' and
tre(Lg/ao)~ ! were nearly constant. Figures 7 and 8 show plots of
these times as functions of ¢, /e, for the present data as well as
previous numerical results. The numerical results show that these
characteristic times for explosions of gas spheres which are at the
same temperature as the ambient atmosphere appear to follow a
relation

tret/ (Lg/ o) ~ Lo/ (Ligfag) ~ (1/20)” ! (14)
The data from the present experiment exhibit the (¢,/ey)™"
dependence, but each target material required a different constant
of proportionality. The TNT explosion computed by Brode
agrees closely with our carbon driven explosions.

In analogy with the primary shock wave equivalence principle
proposed earlier, we nondimensionalize the times of maximum
radius and return of the secondary shock with respect: to
Ly, /(E/M)y2 Plots of ¢ and t, as functions of this

'max

characteristic time are given in Figs. 9 and 10. Although ¢,
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Fig. 10 Dependence of the time at which the secondary shock wave
returns to the origin on the characteristic time L,  /(E/M)"/.
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shows greater scatter than f.,, a definite trend is evident. For
each target material, ¢, and ¢, depended only on the
characteristic time, L,, /(E/M)"/2. The scatter of the ¢_,, measure-
ments was due to the diffuse nature of the secondary shock wave
in explosions with large L,,. Thus the behavior of the secondary
shock wave exhibited an equivalence principle, in that for all
explosions the maximum radius depended only on the
characteristictime L,, /(E/M)"/? although the precise relationship
for each target material was different.

Conclusions

Previous studies”® of laser-produced explosions have shown
no effect of the mass of the driver plasma on the motion of
the primary shock wave. The data presented here show systematic
effects of the driver mass. For R < L,, the primary shock wave
trajectories for various conditions were given by 0.5 <y < 0.7
(with R ~ #). Only for R > L,, did the exponent, y, approach
the blast wave value of 2/5.

In addition, a secondary shock wave was observed and
photographed. Comparisons were made with previous numerical
solutions of spherical explosion problems to determine general
rules of shock wave behavior. The results of the experiments
indicated a small time equivalence for both the primary and
secondary shock waves. The significant length scale was
L, = (M/py)*?; the significant time scale was L,, /(E/M)"2.
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