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Abstract
The theory of shock wave production and measurement in solids is discussed,
with particular reference to the methods that were experimentally pursued in
this study. A number of interferometric velocity measurement methods are
reviewed, as are various approaches to the determination of shock Hugoniots.
The methods developed were required to have a low cost per shot, fast
turnaround time and the ability to be set up in existing laboratories without
needing special firing chambers.
First described is a two stage gas gun which was made using a free-piston
shock tube as the first stage. This was capable of accelerating 4 g aluminium
projectiles to speeds of up to 700 m/s, or 2 g nylon projectiles to speeds of over
1 km /s. This velocity was measured using time of flight between two laser
beams. Such a gas gun should be able to produce shock impacts of up to 8 GPa,
although this was not done in the present work.
Secondly, an exploding foil method was extensively investigated for its ability
to produce high velocity flat plate projectiles. Faraday screening was required
to minimize electromagnetic radiation caused by the rapid electrical discharge.
It was also necessary to increase the reflectivity of the flying plate to gain
satisfactory velocity measurements due to the intense optical radiation
produced by the explosion of the foil. The maximum velocity for a 0.6 mm thick
polymeric projectile of mass 65 mg was measured to be 3.4 km/s. This method
provided shock impacts of up to 20 GPa.
A Doppler method of velocity measurement was used to determine the
acceleration history of the projectiles produced with the exploding foil. This
method was also applied to measuring the free surface velocity of targets
impacted by such flying plate impactors. Free surface velocity measurements of
aluminium targets were used to confirm that the spall strength of aluminium is
approximately 1.5 GPa.
Use of a transparent target allowed continuous tracking of the flyer plate from
its initial position on the foil up until the impact time, as well as subsequent
measurements of the internal particle velocity and the free surface velocity of
the impacted target. A single measuring device was thus capable of completely
determining the shock wave: the impact velocity of the target, the shock transit
time through the target, the free surface velocity of the target upon passage of
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the shock through the target, and the velocity of the interface betw een the
impactor and target.
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1 Shock waves in solids
This study is a report of work undertaken at two locations, the ANU's
Department of Physics and Theoretical Physics in Canberra and MRL's
Explosives Ordnance Division in Melbourne. The project focussed on the
production of high speed projectiles suitable for impacts producing shock
waves in solid materials and also on the measurement of the effects of such
impact.
In this chapter I introduce the theory of shock wave research, describing the
shock jump conditions and various means of measuring shock parameters. The
equation of state (EOS) issue is discussed, with particular reference to
theoretical and computational methods that have been used to obtain a suitable
EOS for shock wave research.
In Chapter 2 the methods of accelerating (macro-)partides to velocities suitable
for use as shock impactors are discussed. Chapter 2 also covers the exploding
foil flying plate accelerator method, which was the principle experimental
method used for producing shock wave impacts in this study.
In the third chapter the methods of measuring high velocities involved in
projectile impact experiments are approached from a more practical point of
view, with a particular emphasis on interferometric methods of measuring
shock conditions.
Chapter 4 is a description of the work done while the author was located at the
ANU, including the development of a two stage gas gun, an exploding foil
accelerator, and a Doppler interferometer.
In Chapter 5 the Mk IIEFFPA device is described, which is based on the earlier
device used at the ANU. Its performance as measured by a VISAR
interferometer and by high speed photography is also discussed. A description
of the difficulties associated with the use of the EFFPA and also of the data
reduction programs is included here.
Chapter 6 is a description of the results of the shock wave experiments that
were carried out. These results mostly stem from a proper analysis of the
VISAR signals.
Chapter 7 is the final chapter, summing up the work done and the conclusions
reached, as well as a section on further work that could be done with the
systems that have been developed.
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Shock Waves in Solids

1.1 Introduction to shock waves
A shock wave is a fast compressive disturbance. If an object, such as a piston,
were to compress a continuous medium at a fast enough speed, then the sound
waves emanating from the compression would catch each other. The resulting
total wave is called a shock wave and it no longer obeys acoustic speed limits.
The shock is a high amplitude stress wave which travels faster in the medium
than the velocity of sound in front of it. Fluid dynamics would suggest that a
shock wave is an actual discontinuity in the state parameters of the system
such as pressure and density. However, other physical processes, such as
radiation, heat conduction, fluid viscosity and thermal nonequilibrium prevent
an actual discontinuity. Nevertheless it is thought that a shock front in a solid
material has the dimensions of a single crystalline bond [Salzman et al. 1969,
Salzman 1971], thus allowing a mathematical treatment of shocks based on
such a discontinuity model.
Shock waves can exist in a great range of media, including gases, liquids,
interstellar plasmas and solid materials. Analogs of shock waves exist in quite
diverse fields, such as electrical circuits, traffic flow and stellar radiation; these
can also be examined through the same hydrodynamic equations.
To study of shock waves in solid materials experimentally, it is best to produce
planar shock waves that have a one-dimensional strain. The degree of
compression in a shock wave is significant. It can be shown that a shock wave
in the limit of small amplitude is a sound wave, and conversely that a large
amplitude sound wave can distort the medium sufficiently to 'shock up' and
form a shock wave [Z’eldovich and Raizer 1965]. Materials do not have
monotonically increasing acoustic and shock impedance throughout their
entire phase space, for example about a phase transition or a chemical reaction,
so they do not generally exhibit this effect universally.
The study of shock waves is applicable to many fields so a better
understanding of their behaviour in different materials can be of great benefit.
Takayama and others [1989] have investigated the focussing of shock waves in
water. One of the most interesting outcomes of this work has been the
development of Extracorporeal Shock Wave Lithotripsy for the break-up of
gallstones, a non-invasive cure now widely used.
In the field of high energy physics Qingdong et al. [1989] have looked at the
possibility of using shock techniques to achieve thermonuclear fusion. They
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have specifically designed their experiment to avoid the use of an initial fission
reaction, instead relying upon the pressures obtained in shock focussing
events, thereby eliminating the need for plutonium or uranium. Laser induced
shock waves could also be used to induce fusion.
Geologists are clearly interested in how rocky materials respond to shocks
produced in events such as earthquakes and meteoric impact. They are also
interested in the use of shock wave methods to achieve the extreme conditions
of temperature and pressure that can exist within the earth. Ahrens' review
[1987] discusses shock wave techniques, both experimental and otherwise, for
exploring states of matter of particular interest to planetary scientists. Scientists
in this field are mainly interested in rocky materials, and therefore in solid
shock wave studies, but there is also interest in the composition of the giant gas
planets, such as Jupiter and Uranus. Nellis et al. [1988] have simulated the
interior of Uranus with a mixture of ices subjected to high pressures produced
using shock waves. Geophysicists are also studying the shock effects of
porosity, particularly because fluid-filled porous rocks dominate the earth's
crust [Ahrens 1987]. They have found that shock waves incident upon a porous
material generally produce much higher temperatures than the same shock
pressures in the full density material.
Shock waves are increasingly being used industrially for manufacturing and
materials processing. Some hulls of newer racing yachts are produced in
explosive forming pits, which combine a number of different polymeric, metal
and ceramic powders into a single compact which can be very large and not
have the joining stresses of conventional manufacture. Metal alloys, and metal
sheet-like structures can also be made in a similar way. Some components used
in the aerospace industry, such as turbine blades, can be made only through the
use of explosively-hardened steels. Raybould and Blazinski [1987] state that
"Finished metal parts can have their hardness doubled with little or no change
in shape" using shock wave processes. Deribas [1981] describes the extent of
the USSR's use of explosively hardened parts, such as earth moving shovel
teeth whose wear resistance has been increased by a factor of two from the
normal steel.
Another application of shock compression is the formation of artificial
diamond. These can also be produced by static means, but if produced by
dynamic compression they have some different properties and generally lower
cost. This technique was first reported by de Carli [1961] who noted the traces
of such material after moderate shock pressures (about 30 GPa) had been
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applied to graphite for about 1 jis . Raybould and Blazinski [1987] also discuss
the possibility of shock induced polymerization reactions. This is really just a
subset of the studies of reactive flows in solids, but from a materials processing
point of view, rather than the more usual one of explosive reactions.
Dynamically compacted polymers are also of interest, despite the theoretical
difficulties inherent in the study of such amorphous materials. The strength of
explosively compacted PVC, for example, was found by Blazinski (quoted in
Raybould and Blazinski [1987]) to be much higher than the conventional static
compacts. However, he also found that since such polymers have low shock
impedances, the need to control the velocity of the impactor used to create the
shock wave is extremely important to obtain a sample of consistent bulk
properties.
Murr et al. [1987] have shown that it is possible to produce high temperature
superconducting material in a matrix of copper using shock compaction. Such a
combination has the useful property of making the high-Tc product more
malleable, and providing a fail-safe superconductor, which, if it fails as a
superconductor anywhere along its length, will only have a small resistance
due to the high conductivity of copper. If a superconductor were to be placed in
a material which was an insulator and for some reason the superconductor was
to cease being superconducting (for example, if it was to experience a magnetic
field greater than its maximum operating field, Bc) then the increase in
resistance would be catastrophic. Conventional superconductor materials are
often made in a metal matrix to avoid this problem: the use of metallic
superconductors makes it easier to form such matrices. However, this is not so
simple with the non-metallic high temperature superconductors.
There is a great deal of specifically military interest in shocks in solids. The
study of the initiation and growth to detonation of explosives and the general
problem of a chemical reaction in the shock front is of considerable interest. Air
blast effects are a further area of great interest, particularly as they relate to the
degree of injury and damage to personnel and materiel. The use of foams and
other blast and shock-reducing materials is the subject of military research.
Impact and penetration into a target by projectiles is of direct relevance to
conventional battlefield warfare, as was shown by the use of the depleted
uranium projectiles in the recent Gulf War [Charters et al. 1989].
Chick and Hatt [1981,1983] investigated the mechanism of shock initiation of
explosives by the impact of a shaped charge jet. Impact and hypervelocity
shaped-charge jet penetration is an area of obvious interest to armoured vehicle
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designers, and extensive studies of the mechanisms of shaped charges have led
to applications of explosive ordnance disposal. There are, as well, civilian
applications of the shaped charge and directed shock waves methods, for
example where large scale cutting is required a linear shaped charge can be by
far the cheapest and quickest way to cut a large metal object, such as an oilplatform pylon.
There is a clear need for facilities to measure the shock properties of materials
of military interest in order to be able to model such materials' behaviour
during the process of weapons design as well as that of armour. It is desirable
to have some shock Hugoniot information about lots of different materials, and
to a certain degree, the number of materials is more important than the
accuracy of the data.

1.2 Shock theory
1.2.1 Simple shock wave models
A one-dimensional shock wave can be deduced from a model in which the
atoms are thought of as incompressible hard spheres of equal mass, m,
diameter d, and separation t (see figure 1.1(a)). If the first atom in a linear chain
of atoms is struck by a massive piston with velocity, v, then conservation of
momentum and energy requires that the atom will rebound with a velocity of
2v. This atom will move at 2v until it hits the second atom, where conservation
of momentum and energy require, for an elastic collision, that the second atom
rebounds with the impact velocity of the first atom (2v), while the first atom
stops.
The piston, so long as it continues to move at the same velocity, will strike the
first atom again, in a repeat of the first impact. The atom will again recoil at a
velocity of 2v while the piston continues to move at a speed of v. This will
result in a position-time behaviour for the various objects in this model as
shown in figure 1.2 (based on a similar diagram from Hayes [1973]). The figure
shows that the average velocity of the atoms becomes that of the piston,
up= v

(1.1)

while the velocity of the 'shock front' is the velocity of the rebounding atom
plus a factor for the 'jump' that the front undergoes at each point of atom-atom
impact,
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In this equation, d is the diam eter of the atoms and t is the initial separation
between their centres.
Now, add to this m odel a series of massless perfectly elastic springs of force
constant ß between each of the hard spheres (see figure 1.1(b)). This new model
is simply a series of harm onic oscillators, exactly the same as the standard
example given to dem onstrate the phonon oscillations of crystals [eg Kittel
1976]. This m odel predicts that small disturbances are transm itted along the
one-dimensional chain of atoms w ith a group velocity, Vg, of
(1.3)
where k is the wavenum ber, m is the mass of each of the atoms, ß is the force
constant of the springs, and l is the initial separation as stated earlier. This has
a maximum w hen cos(kl)=l.
If the piston of the earlier problem were to strike this chain of atoms w ith a
velocity low er than Vg, then the transm ission of the disturbance into the
m edium w ould be sonic. The second atom would be displaced away from its
equilibrium position by the spring which connects it w ith the first atom, thus
preventing their collision, and causing an acoustic w ave to travel along the
chain. If, on the other hand, the piston was to hit the first atom w ith a velocity
higher than Vg, then the disturbance w ould be a shock wave and the springs
would be fully compressed by the disturbance so that the atoms would hit one
another before their connecting springs could 'communicate' the disturbance to
them.
This situation closely resembles the shock wave problem in real materials, since
there is an acoustic w ave velocity below which a shock cannot propagate.
H ow ever, in real m aterials, this acoustic velocity behaviour can be quite
complicated due to the three-dim ensional nature of the solid - rather like
carrying the initial hard sphere m odel over to a three-dimensional set of atoms
with each atom connected to its nearest neighbours (at least) in all directions.
There are a num ber of different acoustic wave velocities, but the critical one is
the bulk sound velocity (found, m ost often, to be the speed below which a
shock wave cannot propagate). The bulk sound velocity is just the square root
of the bulk m odulus divided by the density of the m aterial [Hayes 1973].
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H ow ever solid m aterials can maintain stresses, and therefore they exhibit a
'longitudinal' sound velocity which is significantly higher than this, m eaning
that a deform ation can propagate at a velocity in betw een these tw o sound
velocities, but a 'precursor7 wave, travelling at the longitudinal sound velocity
w ould then be travelling in front of it. The am plitude of the precursor wave is
typically quite small - a few GPa even in the shocks of the highest pressure and its value is determined by the yield strength of the material, i.e. that stress
beyond which it can no longer deform elastically. This precursor shock is an
entirely elastic wave, and the following 'shock wave' is the plastic deformation.
Tsai and Beckett [1966] used lattice dynamical m ethods to investigate some
simple shock wave models. They progressed from a linear chain of atoms with
Hookes' law forces (as described above, F=kx), through to parabolic interatomic
potentials (F=kx-k'x2) and then to a more anharmonic potential, that of Morse,
F

2oD g(-2 a x ) _ e (-ax)

(1.4)

w here a and D are constants. They proceeded to use the Morse potential to
develop a full three-dim ensional model of a planar shock, w ith periodic
boundary conditions. Figure 1.3 is adapted from their 1966 paper, and shows
the major features of their results: the shock front is quite steep at about 3 to 5
lattice points (from D to C), and there is a decaying oscillation to the final shock
pressure within a further 30 to 50 lattice points (from C to B). Another of their
m ain results was the comparison, for a simple linear chain, of the expected UsUjj relation. The Hookes' law force produced a shock velocity that was equal to
the particle velocity at all times, the parabolic potential produced a relationship
m ore in keeping w ith the response of real materials, while the Morse potential
results were strikingly similar to the actual response of some crystalline solids
(i.e. a linear shock-particle velocity relationship, see section 1.8 below). The
compression that Tsai and Beckett were modelling was up to about 1.2 times
the initial density, so that it included consideration of stronger plastic shocks as
well as weak elastic ones.
Paskin and Dienes [1972] used com putational m olecular dynam ics to
investigate similar problems. Their numerical results (in this case, for LennardJones type potentials) indicated that the oscillatory behaviour of the material
following the shock is rapidly damped. They found that the shock had attained
an essentially steady state by the 50th atomic plane. They w ere also able to
verify a linear shock-versus-particle velocity curve. Although their m odel was
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not in precise agreement with experimental evidence, they felt that this was
due to the fact that the potential used was an empirical one, and was therefore
only correct over very limited parts of pressure-volume space. For a
compression of neon at 5 K to a specific volume which was 2/3 of the original,
Paskin and Dienes [1972] also found that there was a temperature increase of
187 K, which is an order of magnitude higher than the temperature increase
that would occur in an adiabatic compression (17 K).
Tasi [1972] produced a perturbation solution for shock wave transmission in a
one-dimensional lattice, and found qualitative agreement with the oscillatory
behaviour noted by others. His solution, however, using a parabolic force law,
had the oscillations growing in amplitude as the shock progressed in the
material, rather than dying out as did Paskin and Dienes [1972]. Tasi later
[1973], in further analysis of the same problem, found that the maximum
particle velocity for such a potential was 1.76 times as great as the velocity
applied to the first mass in the chain.
Later studies by Tsai and Trevino [1981], using more sophisticated models and
faster computational methods, had eliminated the oscillatory behaviour almost
entirely, through the use of thermal relaxation effects. They used a model of a
column of about 10,000 atoms (50 across by 240 deep). In their summary of the
modelling work carried out up to that date they claimed that most of the
research could be formulated to be in agreement with theirs, but that the real
test would be agreement of their model with experimental measurements of
temperature profiles through shock waves.
1.2.2 Derivation of jump conditions - hydrodynamic
The jump conditions describe the way physical variables such as mass,
momentum and energy can change across a shock front. They are obtained
using conservation relations.
The derivation of the jump conditions in this section essentially follows Duvall
and Fowles [1963], Meyers and Murr [1983], and Z'eldovich and Raizer [1965].
This is the 'hydrodynamic7 derivation in which strength effects and material
strain and strain rates (the main macroscopic quantities which distinguish a
solid from a liquid) are ignored. A discussion of non-hydrodynamic
phenomena is given in section 1.2.5.
Consider an isotropic medium traversed by a shock wave, and a cylinder of
cross-sectional area A perpendicular to the shock wave, with the shock wave
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passing through the cylinder to the right (see figure 1.4). The shock is travelling
at velocity Us, and separates the m edium into two states, that of the original
state, w ith density p0, pressure P0, internal energy Eo, and the shocked state of
density, pressure and internal energy of pj, Pj and Ej respectively. The shocked
m atter is also travelling to the right, at a velocity know n as the m aterial
velocity, or m ore commonly, particle velocity, Up.
In a differential am ount of time, dt, the shock will have m oved a distance
(Us dt), while the material which was initially at the position of the shock front
is now at a position of (Up dt). This implies that the material which was initially
occupying the volume (Us dt A) has been com pressed into a volum e of {(17SUp) dt A), or

p,U, = p f t J ' - u p) .

(1.5)

This relationship is an expression of the conservation of mass.
The force acting on the material directly to the right of the shock front is given
by the pressure differential multiplied by the area upon which it acts; while the
im pulse delivered in a time dt equals the increase in m om entum of the material
in going from the u n sh o ck ed to th e sh o ck ed sta te s, i.e. (Pj P0) A d t - Po Us Up A dt, or, after dividing both sides by (A dt),
( 1.6)

This is also a conservation relation, that of momentum.
Conservation of energy implies that the work done on the mass contained in
the flow tube (P\ Up A dt) m ust be equal to the sum of the kinetic and internal
e n e rg y

ch an g es

of

th e

system .

The

k in e tic

e n e rg y

ch an g e

is

{1/2 p0 Us dt A ) Up2), w hile the change in in te rn a l en erg y is [(EiEo) Po Us A dt); equating these then gives
(1.7)
U sing (1.2) and (1.1) this can be rearranged to give the Rankine-H ugoniot
relation:
( 1. 8)

Using the three relations (1.5), (1.6) and (1.8), one has three equations with five
unknow ns. In order to determ ine the conditions behind the shock, it is
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therefore necessary to measure two of these variables. In the present work I
have concentrated on the measurement of the shock and particle velocities.
Using equations (1.5) and (1.6) it is clear that successful measurements of these
quantities would enable the calculation of the shock pressure and internal
energy, as well as the density of material behind the shock front.
1.2.3 Mie-Griineisen equation of state
Shock vs. particle velocity
For most solids there is an empirical shock-particle velocity relationship,
determined experimentally, which is usually written in the linear form (see, for
example, Z'eldovich and Raizer [1967])
Us = C0+ sup.

(1.9)

This relation is commonly known as the shock wave Hugoniot. In this
equation, C0 is generally accepted as the bulk sound velocity of the solid
(which is lower than the longitudinal sound velocity and higher than the
transverse sound velocity), s is the slope of the curve and Us and Up are the
experimentally measured values of the shock and particle velocities. Van Thiel
[1979] summarizes the available data on the shock properties of solids using
this relationship.
There is no complete theoretical justification for equation (1.9). However, the
work of Tsai and Beckett [1966], Salzman and Collings [1968], and Salzman
[1971] indicates that modelling the interatomic pair-potentials can lead to a
reasonable approximation to this equation.
Non-linearity
For most materials the linear relation of equation (1.9) fits the measured data
over a wide range of particle velocities, but sometimes a generalization to a
second or higher order polynomial is required [Meyers and Murr 1983, van
Thiel 1979]. Steinberg [1991] writes the shock velocity-particle velocity relation
as a sum of terms where the power of the particle velocity in the numerator is
one higher than the power of the shock velocity in the denominator, e.g.
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Steinberg's cubic or other polynomial forms as de facto EOSs
Steinberg [1991] gives values for s-j, s2, and S3 for a range of materials, both
metallic and non-metallic. Virtually all of these metals have s2=S3=0. Some of
the notable exceptions being lead, mercury and a stainless steel alloy. The nonmetals tabulated mostly have s2,S3*0, with the exceptions being lithium
fluoride and tungsten carbide, where s2=S3=0.
Phase changes, including crystal structure changes, can be incorporated into
such higher order equations relating the shock and particle velocities. It may be
better to use one linear relationship up to the phase change region, and then a
different relationship beyond this region of Ug-Up space, however.
Probably the most common, though not universal, EOS used for solids, is the
Mie-Griineisen EOS, given by [Grüneisen 1926]
P = P, + —E,.
c

v

(1.11)

‘

In this equation, Pc is the so-called 'cold' pressure (the pressure at zero Kelvin),
Et is the thermal contribution to the internal energy of the solid (i.e. atomic
vibrations), V is the specific volume of the solid, and T is the Grüneisen
coefficient, defined by

V ^ = _d(lnV)
TD dV

d(lnTD)

where TD is the characteristic Debye temperature, and V is the specific volume
of the material (V =l/p). The Debye temperature is related to the frequency of
oscillation of the atoms about their lattice sites

vd by

hvD = kTD ,

(1.13)

where h is Planck's constant and k is Boltzmann's constant.
The cold pressure accounts for the cohesive energy of the solid: the equivalent
in a two-particle interaction is the energy level at the position of the minimum
of the energy of interaction. An extended material does not have such a simple
potential energy diagram, but often the interaction of one particle with the 'sea'
of the rest of the particles can be adequately described by this sort of
interaction picture. At temperatures other than absolute zero the thermal
vibration of the atoms about their equilibrium positions means that they do not
actually 'sit' at the minimum of the interaction potential, but at some
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separation slightly greater than this. Such a description of the motions of the
atoms is clearly a semi-classical one, where the 'zero point7 energy of quantum
mechanics is ignored.
A number of authors have attempted to prove the linear relationship between
the shock and particle velocities from first principles. One of the more
successful ones is Swan [1971]. He starts with the Debye theory of solids, where
the frequencies of oscillation do not depend on the specific volume of the solid,
and achieves the result that the derivative of the shock velocity with respect to
the particle velocity (in other words, the quantity s in equation 1.10) should be
proportional to the Grüneisen coefficient. In figure 1.5, the data for these
parameters from Steinberg [1991] are plotted against one another, along with a
linear fit which has a correlation coefficient of 0.81. The Grüneisen index
quoted by Steinberg is ro, which is the value of the Grüneisen index at
standard temperature and pressure (in practical terms r for solids at virtually
any ambient temperature and pressure is equal to T0). Figure 1.5 shows data for
a wide range of materials (metals and insulators) for which equation (1.9) is
found to hold.
The materials which do not exhibit a linear relation are not plotted on this
graph. The reason for this is that if those materials7 shock velocity-particle
velocity relationships were re-fitted linearly to a form such as equation (1.9),
then the quantity s resulting from such a fit would be quite different from the
value quoted for 's /, which is merely the first parameter in a cubic relation. It is
clear from this figure that, assuming a linear relation between the shock and
particle velocities, a first approximation to the Grüneisen index can be made.
Salzman et al. [1968] approached the question of the shock Hugoniot relations
from the perspective of calculating the pair potentials for severely distorted
lattices. They assumed that the shock front occurs over a distance of a couple of
lattice points at most; this enabled them to calculate half-infinite solid
potentials for each of the distorted and undistorted sides of the shock front.
Combining the two they were able to reproduce shock Hugoniot data for some
simple liquids such as argon and benzene, using an (n-6) pair potential. This
work is more completely described in Salzman's [1971] PhD thesis.
Despite the apparent success of this model, and the vast increases in computing
power that have occurred since then, it appears that this work has not been
carried further. Due to some unrecognized convergence of this approach with
the simpler lattice models of Tsai and Beckett et al. [1966] (see section 1.2.1
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above) it does seem quite strange that a m ore satisfactory physics-based
computational solution of shock fronts in condensed phase m edia has not been
carried out. The work concentrates on reproducing observed shock conditions,
rath e r th at attem pting to delve into the atom ic basis for shock w ave
propagation.
Dependence of r on pressure
The Grüneisen index, T, for solids depends on the pressure. There are three
m ain theoretical relations for this dependence, which can all be described in the
following param eterized equation [Eliezer, Ghatak and Hora 1989]:

(1.14)

w here t differentiates those models relating the G rüneisen coefficient with
pressure: t=0 corresponds to the Slater-Landau m odel [Slater 1939]; t=1
corresponds to the Dugdale-McDonald form [Dugdale and M cDonald 1953];
and t=2 is the so-called Tree-volume' form of the relationship [Al'tshuler 1966].
Two things m ust be noted here: that as the pressure is increased, these three
relations all converge to the same value at large pressures; and that despite this
convergence none of them m ay be 'correct7 [Eliezer et ol. 1989].
However, the actual changes in r from low to high pressure are m odest. For
example, Al'tshuler et al. [1960] give a variation in the Grüneisen coefficient for
alum inium from 2.09 at atmospheric pressure dow n to 1.30 at a pressure of
approxim ately 2 million atmospheres (216 GPa). In most situations, where the
pressure is not nearly so great (up to say 20 GPa), an approxim ation of a
constant T is reasonable.

1.2.4 Uses of Hugoniots
If the jum p conditions developed above are generalized to the case w here the
m atter is initially m oving with a velocity u0 then equations (1.5) and (1.6)
become
P„(Lfs - u0) = p,((is - up), and

(1.15)

P - P , = P , i U - K)(ur -u,).

(1.16)
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The jump conditions, together with an equation of state, imply that there is a
single relationship between the pressure and particle velocity in a shock wave.
Many authors have used the linear, or polynomial, fit to the shock-particle
velocity relationship, as the de facto equation of state. If a single curve can
describe the pressure-particle velocity relationship, then there is a single
parameter which is sufficient to describe a particular shock wave, as long as
this relationship (or any other possible Hugoniot) is known for the material
undergoing shock.
When a shock reaches an interface between two media, continuity requires that
the pressure and particle velocity on each side of the interface should be equal.
This implies that solutions to shock problems are most easily represented in the
P-Up plane, since the intersection of the curves applying to the Hugoniots of
each material gives the resulting pressure and particle velocity, and therefore
the other shock parameters. Shock Hugoniot curves are typically
monotonically increasing, and so do not intersect, when their initial velocities
are zero. However, in an impact problem, the impacting material's velocity, Vf,
is its initial material (particle) velocity, Up. (i.e. before the impact, one regards
the impactor as a material at zero pressure with a particle velocity which is its
body velocity in space). Two shock wave fronts result from the impact, one in
the target and one in the impactor. Since the shock in the target will be
travelling in a direction opposite to that of its initial mass velocity, the locus of
possible states that can be achieved lies on a left going7Hugoniot, which is just
its normal Hugoniot translated to the impacting velocity and reflected about
this velocity. If the target and flyer are the same material, then the resulting
particle velocity of the material shocked by the shock wave must be one half of
the flying plate velocity, as shown in section 1.3.4.
For a planar shock the 'pressure' for shocks in solids should really be replaced
by the one-dimensional stress, cx, because the elastic strength of the material
prevents an instantaneous relaxation to isotropic pressure conditions. In this
thesis, however, I will continue to use the term 'pressure', symbol P.
Unfortunately neither a general EOS for solids, nor an all-encompassing
tabulation of all possible materials' shock Hugoniots exists. Therefore it is
normally necessary to measure any two of the five variables Pj, pj, Ej, Us and
Up in order to fully understand the behaviour of the material subjected to a
shock wave. Usually a series of experiments varying the conditions would be
done to determine a Hugoniot relation for the material of interest. If the
experiments are designed for one-dimensional symmetric impact, it is only
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necessary to measure the impactor's velocity and the shock velocity. The
impactor velocity is usually much more amenable to measurement than any of
the other quantities; the shock velocity being the next easiest to measure (at
least in those materials which are thin enough that the shock has not attenuated
during its passage through the material.)
1.2.5 Strength and material effects
An explosive placed against any inert material will create a shock wave within
the material when the detonation wave of the explosive reaches the interface
between explosive and inert material. The monitoring and modelling of such
events is extremely difficult. In practise, in order to simplify the wave relations
and make shock waves in solids easier to model the experimentalist tries to
produce 'one-dimensional' shock waves. Such shock waves have properties
that vary only along one axis, and thus are easily modelled. It is clear that this
uni-axial condition can never be realized properly, but the proper choice of
conditions and materials allows for the longest propagation in time of a uni
axial shock.
If solids did react in the simple way described in section 1.1, where the atoms
are incompressible and connected by simple harmonic springs, then these uni
axial conditions would be quite easy to meet. However, even though to a first
approximation solids are harmonic oscillatory bodies, when they are strained
sufficiently they exhibit other effects.
There are a few major differences between the shock waves of gases and those
in condensed matter. The atoms and molecules in condensed materials have
strong interaction potentials: for example the alkali halide crystals have a
coulombic attractive force to keep them together, due to the ionic nature of the
atoms that make up the crystal. Gases on the other hand have an energy of
cohesion which is weak.
Some of these differences as they relate to shock behaviour are as follows.
Cold pressure

The first is the so-called 'cold pressure' which is just a measure of the degree of
attraction or repulsion that the particles in a condensed matter state enjoy due
to the distance between the particles and the size and shape of the interaction
potential. Due to the very small separations of the atoms in solids, the
interaction between atoms is dominated by repulsive terms. Quite clearly an
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'inverse problem' of determining the interaction potential of the solid from
high pressure data exists [Z'eldovich & Raizer 1967].
Acoustic waves
The second major difference between the behaviour of shocks in gases and
solids arises from the fact that solids exhibit strength effects when shocked. If
the shock is very weak, the solid will assume its original state after passage of
the shock, in an elastic response. If the shock is stronger, then there will be a
more complex shock known as an elastic-plastic shock. This consists of two
deformations which propagate at different speeds. The first one is the elastic
wave, travelling at the same speed as a low pressure shock wave: the
longitudinal sound velocity of the uncompressed solid. The second
deformation is the plastic one, often mistakenly called a plastic shock. Upon
release of the shocked state, the solid which has undergone an elastic-plastic
shock will then exhibit an elastic release prior to the plastic release, in a
hysteresis effect of material change between the states before and after the
shock.
Elastic-plastic shock waves
Since solids can maintain stresses, it is possible for there to be different shock
and release waves resulting from a single impact. This is most easily seen if one
considers that, unlike an isentropic compression, a shock wave is a state which
relates two parts of the thermodynamic parameter space in a discontinuous
fashion. On the pressure-volume plane, the straight line between the initial
conditions and those following the compression is called the Rayleigh line.
Ideal fluid materials have a shock Hugoniot which are concave upwards
towards the region of lower volume, and higher pressure. Most gases at
reasonable temperatures and pressures (i.e. 200 to 10000 K and 1 kPa to 10 GPa)
behave in this fashion. Condensed phase materials, on the other hand, exhibit
one or more cusps or points of inflexion. This means that the Rayleigh line
connecting an initial and a final pressure for a solid can easily pass through the
Hugoniot. Such a shock is unstable, since there are pressure states between the
initial and final one which have a higher slope than the Rayleigh line. The
shock wave thus breaks up into two waves: one from the initial to the cusp
pressure, and a second one from the pressure of the cusp to the final pressure.
This is illustrated in figure 1.6.
Essentially the same argument can be used for materials which exhibit a
Hugoniot elastic limit (HEL). In that case, the Rayleigh line would not pass
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through the initial straight-line, elastic portion of the Hugoniot, but it would
cross the secondary, inelastic portion. A shock connecting the initial and final
pressures in that case would also be unstable. However, as Gilman [1992] has
pointed out, the second part should not, in this case, really be considered as a
wave, rather it is the plastic deformation component of the shock.
All solids are elastic to a certain degree, and this elasticity exhibits itself as a
low pressure inflexion on the Hugoniot curve. An elastic response of a material
to pressure means that it has the same slope, in the pressure-volume space, for
the entire elastic region. This means that any shock up to the elastic limit travels
at the same speed, and that any shock to a pressure above this limit but not so
high that the plastic and elastic components recombine will show a wave
travelling at the elastic velocity, and a secondary, plastic 'wave' velocity. These
double waves are often called 'elastic-plastic' shocks, and most experimental
shock wave studies occur in the region for which such double waves exist.
The elastic precursor shock speed is the same as the longitudinal sound velocity
of the material.
Hugoniot elastic limits (HELs) and stress-strain hysteresis curves
The stress at which a material starts plastically deforming during a shock
compression is called the Hugoniot Elastic Limit or HEL [Chidambaram 1984,
Rice et al. 1958], which is just the yield stress of the material. All solid materials
are 'elastic-plastic' in this sense, but many materials, such as polymers, have
such a low pressure HEL that they plastically deform for a shock of almost any
strength. On release from the high pressure state, the material does not return
along its loading path, rather it releases elastically first, and then continues to
release to zero stress in a plastic manner, leaving a residual stress. This is best
shown in a schematic of stress versus strain, given in figure 1.7(a). In the figure,
the loading path and unloading paths are marked. The HEL is also shown. The
second diagram, figure 1.7(b) shows the same compression-release event in
pressure-volume space. This phenomenon is one manifestation of shock
hardening, described in section 1.1 as a way of increasing the strength of some
steels by shock methods (normally direct-contact explosives).
It should be noted that the Hugoniot curve is NOT, strictly, the loading path.
Rather, the Hugoniot is the locus of all states that have been shock loaded to
varying pressures. Gilman [1992] shows that calling the secondary part of the
shock front, following the elastic wave, a 'plastic' wave, was incorrect. Plastic
flow is an entirely dissipative process, so that calling such flow a wave is
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incorrect. Rather, the so-called 'plastic wave' is what remains of the shock wave
after shear strain energy has been absorbed by plastic flow. In figure 1.7(b) the
'real' loading curve could be any path connecting the initial unstressed state
and the maximum stress states.

1.3 Typical shock wave experimental techniques
Equations (1.5), (1.6) and (1.8) together are three equations in five unknowns,
Pj, p-j, Us, Up and Ej. This means that there are just two independent variables
which are sufficient to quantify the system. There are two ways to determine
the state of a shocked system: one is to measure two independent variables
(which can be any two of the five mentioned); the other is to use an analytical
equation of state - a fourth equation in the system of simultaneous equations and measure just one parameter. Equations of state normally relate at least two
of these variables in some way which cannot be derived merely by the use of
conservation relations (as shown, for example, in section 1.2.3). One such is the
ideal gas EOS,
p = pRT .

(1.17)

In this equation, p is the pressure of the gas, p is the specific volume of the gas,
R is the universal gas constant, and T is the temperature of the gas. There are
other equations of state which may be generally more accurate (e.g. the
Grüneisen EOS of section 1.2.3), but no other has the inherent simplicity of this
one. Condensed phase materials do not have a universal equation of state. The
Mie-Grüneisen form used in section 1.2.3 is often found adequate, however.
In the following I will discuss various experimental methods for measuring
each of these parameters in solids under shock compression.
1.3.1 Pressure measurement

Manganin gauge
The manganin gauge, a piezoresistive device, has proved quite successful for
the measurement of pressures in a shock event. Graham and Asay's review
[1977] of shock wave measurement showed that such gauges have been widely
used since the mid- to late 1960s. Chhabildas [1987] showed that they are
continuing to be refined and perfected for use as shock pressure measuring
devices. One of the most active researchers of techniques with this gauge is Z.
Rosenberg. For example in the 1989 Shock Waves in Condensed Matter Topical
Conference, Ginzburg, Rosenberg and Birnboim [1990] showed that the
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manganin gauges' records for impacts of up to 2 km /s agreed very well with
computational simulations of the pressures at any Lagrangian point.
The main failing of these gauge types is that they are not well calibrated, or
perhaps even able to be calibrated, for pressures beyond a few GPa; the main
reason for this being that each gauge is actually destroyed in such high
pressure events. Yiannakopoulous’ review [1988] showed that reproducible
pressure measurements can be made for pressures up to around 20 GPa. These
gauges are relatively expensive and difficult to calibrate since they are usually
destroyed in each experiment, and cost tens of dollars each. They are also quite
difficult to place within the material being studied; further, they exhibit nonlinearities in the presence of currents which may be induced in the shocked
material.
PVDF gauge

Piezoelectric materials have been extensively used as transducers for a number
of applications, such as stress and strain gauges. Work by F. Bauer of the
Institut Franco-Allemand de Recherche in France (ISL) indicated that a polymer
material, poly-vinyledine difluoride (PVDF) could be made in a piezoelectric
form. This prompted further research which has led to the production of PVDF
gauges which are the equal of manganin piezoresistive gauges in accuracy, and
are simpler to set up since they do not require a power source. The voltage
induced by the action of the pressure pulse on the terminals of the PVDF gauge
is monitored, compared to the changing resistance of the piezoresistive
manganin type which is placed in a Wheatstone bridge arrangement.
Much of the work on the PVDF gauge has been done at Sandia National
Laboratories in the USA and ISL. Papers by some of the pioneers in the field, F.
Bauer and R. Graham, in recent Shock symposia (such as the 1989 American
Physical Society's Topical Conference on Shock Waves in Condensed Matter)
describe attempts to characterize a PVDF standard gauge. Measurement of
pressures up to 32 GPa have been obtained (see, for example Moore and
Graham [1990], Soulard and Bauer [1990]), although the accuracy decreased for
pressures above 10 GPa.
Variations on the theme are also being investigated, such as a vinylidene
fluoride-trifluoroethylene copolymer being successfully applied to the lower
pressure end, up to 300 MPa [Bauer and Graham 1990].
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Fibre optic methods
Other workers are investigating optical fibre pressure gauges. However the
highest reported pressure measured in these systems, known to the author, is
about 1 GPa [Wixom 1990]. Wixom describes a sandwich arrangement of
piezoelectric on top of a light emitting diode which sits at the end of an optic
fibre.
More direct measurements have also been made: where the fibre runs
perpendicular to the stress wave, for example, and merely sits in a shockimpedance matching hole within the target (or on the surface). The highest
pressure known to the author for this type of device is about 200 MPa [Bock
and Wolinski 1989].
From this investigation of pressure measurement techniques it was felt, for the
pressures of interest of up to 10 or 20 GPa, that successful and accurate direct
measurement of pressure using one of these methods would itself require an
entire research project. It was therefore decided to rely on other measurements
and infer the shock pressures through the application of the shock jump
conditions.
1.3.2 Density

The density is extremely difficult to measure dynamically. It should be possible
to investigate transparent materials by applying the Schlieren camera, as has
been extensively done with shock waves in gases. Spectroscopic methods, such
as coherent anti-Stokes Raman spectroscopy (CARS) could possibly also be
used to determine densities of flows in condensed phase materials.
Schmidt et dl. [1990] found that the vibrational frequencies of liquid oxygen
seemed to increase linearly with pressure, using a CARS method. Boness and
Brown [1990] at the same conference described a method using time-resolved
spectroscopy, of measuring both the temperature and the sound velocity of the
shocked material. However, such techniques are very expensive, and have not
been extensively used by workers studying solids, perhaps mainly because
they are limited to the transparent, or at least translucent, materials.
Such a spectroscopic study of the shock wave events was not attempted in the
present work, despite the fact that the majority of experiments used
transparent targets. In any case, the very small scale nature of the flying plate
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impacts produced by the Mk II EFFPA (Chapter 6) w ould make such density
m easurements extremely difficult.

1.3.3 Shock velocity
Release angle front the sides of the impacted surface
The shock velocity, Us, is conceptually easy to measure, as long as it is constant
over the distance m easured, requiring only a m easurem ent of the tim e of
im pact and the appearance of the shock at the back surface of the material,
together with the thickness of the material. This can be corroborated by timing
the appearance of the shock front on a stepped rear surface of a target solid. To
achieve a constant Us, it is desirable to measure the shock velocity at a point on
the target which has not been affected by lateral release waves travelling from
the edge of the compression region. This concept is som ew hat similar to the
consideration of the 'Mach cone' which is the region of steady one-dimensional
flow following a planar shock wave in a gas exiting from a shock tube.
Figure 1.8 shows a schematic of an impact experiment, with the shock velocity,
Us, the particle velocity, Up, and the sound velocity of the shocked material, c,
m arked with respect to the time, t, that it takes the shock to travel through the
material (c is norm ally not known before the event). The release angle, a, is
determ ined from these three quantities geometrically in figure 1.8 or by the
following analytic form [Z’eldovich and Raizer 1967, p 7471
CM

(c>

kJ l
i

tan2a

J

(1.18)

for the purposes of calculation, a reasonable approxim ation for c is 1.5 times cQ.
The angle a is not the same as the Mach angle, although it is of a similar
m agnitude.
As an example, a 10 mm wide impactor providing a 30 GPa shock wave in iron
w ould have shock and particle velocities of 5.34 and 0.98 k m /s respectively,
and the speed of sound in the shocked m aterial is 7.15 k m /s. These give a
release angle of 46.5°. [These numbers are quoted from Table 11.3 of Z'eldovich
and Raizer 1967.] W ith this release angle, a 9 m m thick target would be just
thin enough to enable the planar shock front to be m onitored at the rear
surface. Even quite substantial pressures used for one-dimensional shock wave
study will only allow very thin targets: in a thicker target the shock front
reaching the back surface will have been affected by the release waves
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travelling from the edge of the impact region, and therefore will be attenuated
with respect to the original shock. The darkest shaded part of figure 1.8 (which
is at some time earlier than t, the time for the shock to completely traverse the
material) shows the approximate shape of the maximum pressure region
following a planar impact. The shock front at time=f is also seen to no longer be
planar due to the diffraction of the shock by these release waves.
Tyndall [1991], in a computational model of the impact of an aluminium plate
upon an aluminium target, showed that the rarefaction is faster than the release
from the plastic deformation when the elastic-plastic nature of the material is
taken into account. This is seen also in figure 1.7(a), where the stress-strain
plane for an elastic-plastic shock and release is shown. For the plastic targets
used in this thesis (PMMA and PC), there has been no reported elastic
precursor wave structure.
As a general rule the thickness of the target must be less than the width of the
impactor, since a is always less than 45°.
Release wave from the rear of the flyer
The rarefaction wave emanating from the back surface of the impactor would
catch up with the shock front if the target were thick enough. The reason for
this is quite simple: a rarefaction travels at the speed of sound in the material
that it travels into, while a shock is subsonic with respect to this same
compressed material (although it is of course supersonic with respect to the
material in front). To first order, this sound velocity is simply the sum of the
shock and particle velocities [Hayes 1973], therefore a simple one-dimensional
calculation for a typical experiment is instructive.
If a 0.5 mm thick PMMA (Plexiglas) plate impacts a PMMA block at 2 km /s,
then using Steinberg's [1991] data for lucite a shock at 4 km /s would result. The
particle velocity would be 1 km /s (one half of the impact velocity). Thus an
approximation for the sound velocity of the compressed medium would be 5
km/s. Since the rarefaction from the back of the impactor starts as a shock from
the impact surface, it has 1 more mm to travel (i.e. back and forth in the flyer).
The rarefaction would arrive at the contact surface 225 ns later than the impact.
By this time the shock in the target will have moved 0.68 mm, and the
rarefaction will thus take 0.68 ps to catch up with this front (since it is travelling
1 km /s faster than the shock), at a position of 3.4 mm into the target. Thus a
target thickness greater than 3.4 mm would not produce the original shock
conditions at the rear surface of the target.
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Although these figures are only approximate, they do indicate that target and
impactor thickness is an important consideration. An experimenter should try
to produce the thickest and widest flyer plate impactor in order to maximize
the available target thickness which still involves a single shock velocity
throughout the target. For the case considered, to be on the safe side, a target
thickness of about 3 mm or less would be appropriate.
Shock impedance matching
The most efficient energy transfer from impactor to target occurs when the two
materials have the same shock impedance (shock impedance is the quantity
p0U). However, from the point of view of increasing the available 'test time'
(the time of peak shock pressure at a point in or on the target), or the target
thickness, then a flyer of low shock impedance striking a target of high shock
impedance could be preferred. In that case the rarefaction velocity in the flyer
will be less than the shock velocity in the target, so that the shock would
initially get further away (during the passage of the shock and rarefaction
through the flyer). Secondly, shock impacts in materials of higher shock
impedance would result in a greater actual distance before the rarefaction
would catch the shock, due to the generally higher shock velocities for the same
velocity impact.
On the other hand, a material of high shock impedance striking one of lower
shock impedance would result in a correspondingly smaller catch up time.
Z'eldovich and Raizer [1967] show that a shock reflecting from a higherimpedance material will reflect as a shock wave, whereas a shock reflecting
from a lower shock impedance material will be a rarefaction wave. In the limit
of the latter case, the 'free surface' reflection, the release will be complete. Note
that the shock impedance of air is orders of magnitude lower than that for solid
materials, so that a free surface reflection will be the same whether the solid is
in air or vacuum.
A shock wave in a particular material will reflect from an interface with a
material of lower shock impedance as a rarefaction fan. On the other hand, if
the interface is to a material of higher shock impedance, then the shock will be
reflected as a second shock [Z'eldovich and Raizer 1967].
If the impactor has a facing of material of low shock impedance on top of a
material of higher shock impedance, then the shock wave which reflects from
the target/impactor interface will reflect back towards the interface as a second
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shock. By consideration of the shock impedances of various materials, it is
possible to design a ramping pressure input to the target material. In the limit,
a 'shockless' compression can be achieved, to states that are closer to the
isentrope than those that would be achieved through shock compression. This
is done by using a facing material of an increasing gradient shock impedance
(and can be approximated by using layers of different materials of increasingly
higher shock impedance). These so-called pillow impactors have been used by
various researchers to provide conditions of lower strain rates which are thus
intermediate between impact dynamic and static compression experiments.
Huang et ol. [1990] described such an impact system whereby targets were
impacted with composite flyers and compressed to pressures of up to 40 GPa in
a 'quasi-isentropic7fashion. Clearly the design of the 'pillow7must take account
of the properties of the intended target.
1.3.4 Particle velocity
The particle velocity, wp, is difficult to measure. In-material gauges would seem
to be the only way of determining such a quantity. However, there are three
methods for determining the particle velocity in a plate impact experiment
which are not invasive. These are: symmetric impact; known Hugoniot of
impactor; and 'free surface velocity/ The merits of each method are discussed
below.
With a suitably reflective layer inside an otherwise transparent material (and
one that remains transparent upon shocking), it is also possible to directly
image this surface, which must, after passage of the shock front, be moving at
the particle velocity. In the present work, it was found that the velocity of an
impacted surface could be measured during the passage of the shock through a
transparent target.
Symmetric impact
The 'symmetric impact7 refers to the case when the same material is used as the
target and the impactor. The particle velocity of the material following the
shock wave in the target resulting from the impact must be one-half of the
impacting plate's velocity, vimp. Figure 1.9, in pressure-particle velocity space,
shows why this must be so: the two materials are initially at zero pressure, but
the impactor is travelling at a high velocity. After impact, a shock wave is
expected in each material: that of the target will be travelling in the same
direction as the original flying plate, and that in the flying plate will be
travelling in a direction opposite to its original flight direction. Therefore, the
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Hugoniot curve for the target is drawn monotonically increasing to the right
(increasing Up means increasing pressure), while that for the flyer is drawn
with an initial velocity of
and monotonically increasing to the left. The two
Hugoniot curves are the same shape, but that of the flyer is translated by a
distance
along the Up axis, and reflected about this point.
Because the conditions at the impact must be continuous in pressure and
particle velocity across the interface, there must be a shock of the same
magnitude travelling into each material. The point at which these two
symmetric Hugoniots intersect defines the state of the shocked material
[Graham 1967, Hayes 1973]. This is the simplest possible case, and is one reason
that an impactor facing of the same material as the target is often used. One of
the general requirements for a shock-production facility is that a facing
material of any sort can be used, if necessary. This method is not always
necessary (see the next section), but the conservation relations in the symmetric
impact case make it particularly attractive for the study of unknown materials.
Known Hugoniot

The second case, as well as requiring vimp, requires a knowledge of the shock
velocity, the initial density of the unshocked target material and the Hugoniot
of the impacting material. From equation (1.6) it is clear that if the initial
density and the shock velocity are known, then the possible states in pressureparticle velocity space lie on a straight line with an intercept at the origin. The
point of intersection of this line with the Hugoniot for the impacting plate gives
the shocked state. This is shown in figure 1.10.
A series of experiments using an impactor of known Hugoniot and the
unknown target, along with knowledge of the target's density, and
measurement of the shock velocity (and of course the impacting velocity), then
allows one to produce a complete Hugoniot for that material.
Tree surface velocity

The third method in its simplest form involves some approximations. A shock
Hugoniot lies quite close to the isentrope, for shocks which are not too strong i.e. less than 50 GPa [van Thiel 1966]. Also, the release of a shock at a free
surface is truly isentropic. Thus the measured free surface velocity is greater
than and approximately equal to twice the particle velocity of the shocked
material. Figure 1.10(a) shows the relative positions of the shock Hugoniot and
the isentrope (from Z’eldovich and Raizer [1967]), and figure 1.10(b) shows the
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assumption in practice. This method can also be used with one of the other two
methods to determine the degree of the attenuation of the shock during its
passage through the target.
Velocity of an internal surface

Barker and Hollenbach [1970,1972] in their pioneering work on Doppler
interferometry for shock wave studies, regularly used a window material upon
the target's rear surface. The observed velocity of this rear surface was not
'twice the particle velocity', since the release of the shock in the target was not
to air (which is free space as far as shock waves in solids are concerned). They
were, in effect, observing an internal surface during a shock wave passage. The
velocity measured was thus close to the true particle velocity of the target depending on the relative shock impedances of the target and window
materials. They demonstrated the use of lithium fluoride windows on metallic
targets (LiF has a high shock impedance, close to that of aluminium), and lucite
windows on non-metals of lower shock impedance.
This possibility of observing an internal surface has been further investigated
by others. Parker, Chau et al. [1989] using FPI (see section 3.2.7) successfully
observed a surface of metallic foil which had been placed inside a lucite target.
In the present work the main method for measuring the particle velocity of the
shock impacted materials has been that of the free surface velocity
approximation. For some of the impact experiments there is evidence of
observation of the impacted surface through the shock front (Chapter 6). Thus
measuring the particle velocity more directly appears to be possible, at least for
transparent targets. For opaque materials, and the lower shock pressures
investigated in the present work (less than 20 GPa), it is thought that the free
surface velocity measurement to estimate the particle velocity should be
accurate to within a few percent [van Thiel 1966].
1.3.5 Spall stress
Impacted materials quite often fail and break up upon loading and then release
produced by the passage of a shock wave. The failure mechanism is known as
'spallation' and can occur when the rarefaction wave following the shock meets
the rarefaction caused by the shock's reflection at the free surface. On the P-Up
plane, this occurs in a region of negative pressure, i.e. tensile, rather than
compressive, stress. If the intersection of the two rarefactions occurs at a
(negative) pressure higher than the tensile yield stress, then the material will
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break apart at that point. This is the well known effect observed at bullet
impacts on windscreens: a small entry hole compared to a large departure
crater on the other side of the screen.
This is relevant to measurements of free surface velocities. The initial free
surface velocity will always be approximately twice the particle velocity of the
material following the shock front, as noted in section 1.3.4 above. However, if
the material were to spall, then this observed velocity would not return to zero
since one would be seeing a spalled fragment, or the onset of material failure, in
the experimental measurement time. The difference between the maximum rear
surface velocity and the velocity of the spalled fragment is then a measure of
the spall stress, or dynamic tensile failure stress, of the material.
It must be stated that although the spall stress will be of similar magnitude to
the dynamic compressive failure (the stress at which a plastic, rather than
elastic, response to the pressure starts), it will not necessarily be the same. Thus
the spall stress is not the same quantity as the Hugoniot Elastic Limit (HEL),
but one does indicate the likely magnitude of the other.

1.4 Aims of this thesis
The general aim of the research reported on in this thesis was to produce a
simple laboratory method for producing and measuring shock waves in solid
materials. It was desirable that such a setup would have a low cost per shot,
and a fast turnaround time to allow many experiments per day. It was also
necessary that no special firing chamber be required to carry out the
experiments.
Such a setup would provide measurements of the shock properties of a wide
range of materials, specifically those materials which have been investigated to
a relatively lesser extent, such as plastics and insulating materials. It was also
desirable that the accuracy of the experimental setup could be checked by
testing the standards of shock wave research, such as aluminium.
The objective was to produce a system capable of producing flying plate or
projectile impactors of at least 5 mm in diameter to allow the testing of targets
of at least 2 mm thickness to be used. It was also important that such projectiles
were able to be accelerated to speeds in the range of 1 to 5 km /s, which would
allow the investigation of shock pressures up to 10 or 20 GPa, even using
materials as simple as aluminium or plastic as the impactor.
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Given these considerations, two different experimental shock production
methods were developed. One of these, a small scale gas gun, is described
Chapter 4, and the other, a type of electric gun, called in this work the
exploding foil flying plate accelerator (EFFPA), is described in two separate
incarnations in Chapters 4 and 5. Optical methods of measurement of the
projectile flight and impact events were developed and then used to obtain the
required parameters necessary to determine the shock wave conditions in some
simple targets.

Figure 1.1(a) The hard sphere model. The initial separation is l and
the diameter of the beads is d. The piston strikes the first bead on the
left with a velocity v, causing it to rebound to the right with a
velocity of 2v, from conservation of momentum and energy. A
'shock' will occur in this model for any impact velocity.

elastic constant, k; sound velocity, c

2v

Figure 1.1(b) The next order of model sophistication from part (a).
A first order model of the interatomic potential seen by atoms is
that of a Hookes' Law type spring. This model provides a great deal
of insight into crystalline energy levels. Applied to shock waves, it
also provides a minimum velocity that has to be achieved to
produce a shock: the sound velocity of the medium, c. The initial
bead rebound velocity will be the same as before, 2v, but will be
slowed down by the spring restoring forces before impact with the
next bead. If 2v is less than c, then a shock wave will not form.

distance along chain
Figure 1.2 The glass bead model schematic of the beads' positions
(horizontal direction) as a function of time (vertical direction). The shock
front is represented by a dark line to delineate the two different linear
densities of the beads. A line is drawn following the time evolution of
particle number 5 from the left, which is initially at 4/ away from the
initial particle. After this particle is struck, it moves at 2v until it hits the
next particle, then remains stationary until the previous particle hits it
again. This goes on to give it an average speed of v. From the time that the
particle is first struck from the left and until it hits the particle on its right
for the first time, this particle is the shock front.

F luUr? !;3 ^ rlth a sim Ple shock wave m odel of particle interaction in a
following a°shlckfront.BeCkett fl966]
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Unshocked material of
density 9 , no material
velocity and atmospheric
pressure P .

Shocked material
of density p,
particle velocity up
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Figure 1.4 A simple one-dimensional shock wave travelling through a material.
For the purposes of the derivation of the shock jump conditions, a region of
cross-sectional area A is considered. The initial pressure can, for shock waves in
solids, be considered to be zero.
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Figure 1.5 Plot of Steinberg's [1991] data for the Grüneisen index, T, as a
function of the slope of the linear shock velocity particle velocity relation
(equation (1.8) in the text). The correlation coefficient for the plot is 0.81.
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Volume
Figure 1.6 Pressure versus volume schematic for the shock compression of a
material whose Hugoniot has a cusp (point C). The line connecting the initial
pressure to the final pressure (A to E) - the Rayleigh line, dashed in the figure crosses the Hugoniot at two points (B and D). This shock wave (A to E) does
not form, instead, two separate shocks (one from A to C and a second from C to
E) are created to get the material to the higher pressure. Since the slope of the
first shock is greater than that of the second one, the second shock does not
catch the first. If point E were at a pressure such that the Rayleigh line did not
cross the material's Hugoniot, then a single shock would again be stable.
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Longitudinal
stress
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Hugoniot

Hydrostat

Engineering strain (e)
Figure 1.7(a) Stress versus strain schematic (figure 24 from Nicholas and
Rajendran [1990]). In real experim ents m ost of the lines are not actually
straight, but the relativities remain the same. Y is the yield stress in uniaxial
tension. At pressures above a few GPa, the difference between the hydrostatic
curve and the H ugoniot is quite small, which makes it difficult to m easure
the m ean (i.e. hydrostatic) stress. H ow ever, m easuring the initial elastic
unloading behaviour should provide tw ice the difference (4Y /3) in the
figure, thereby allowing one to indirectly measure the hydrostat.

Pressure
(stress)

Figure 1.7(b) Pressure versus volume schematic for a dynamic compression
of an elastic-plastic material.
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Figure 1.8 The release waves from the edge of the impact. After a time t the
shock front has a planar section in the m iddle and a diffracted part to the
sides of this. The lightly shaded area is the region which has undergone a
planar shock wave. The more heavily shaded region is at some time earlier
than t to show the tw o-dim ensional shape of the shock wave. The rear
p o rtio n of this shape is the release w ave from the back surface of the
impactor. In a flying plate experiment the target thickness m ust be kept to a
small num ber of impactor thicknesses, if planar shock waves are desired.
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Figure 1.9 W hen the im pactor and the targ et are the sam e m aterial the two
Hugoniots are the same shape, that for the impactor merely being reflected about
the origin and shifted by its initial velocity. This shape is unknow n before the
experim ent. If the shock velocity and the impacting velocity are m easured (and
using P-p U u ) then a series of experiments can be carried out to determ ine this
Hugoniot? s *
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Figure 1.10 With the Hugoniot of the impactor known and the
shock and im pact velocity m easured then u is determ ined by
the intersection of the im p acto r’s H ugoniot and the straight
line
P=p0U$up

Hugoniot

Isentrope

Specific Volume

Figure 1.11(a) The Hugoniot, in pressure-specific volume space, has a
similar shape to the isentrope, and does not differ greatly from it at low
pressures. (Figure 11.7 of Z'eldovich and Raizer 1967).

Hugoniot of target

Isentrope of target
Hugoniot
of target
Particle velocity
Figure 1.11(b) Assuming that the release isentrope is very close to the
Hugoniot for the target means that the measured free surface velocity
should be twice the particle velocity. This approximation works well for
low pressure experiments but becomes less accurate for pressures more than
about 50 Gpa [van Thiel 1967] and it is not applicable to experiments
involving porous targets. If it is a symmetric impact the measurement can
be used to determine a point on the release isentrope, as long as the impact
velocity is also measured.

2 Methods of generating shock waves
In the following I describe the common ways that shock waves have been
produced in solid materials, with particular reference to the methods that were
used in the course of the present project.
Cable [1970] describes each of the major particle accelerators: the two stage
light gas gun, electromagnetic guns, explosively driven guns, exploding wire
and foil accelerators, high-explosive and shaped charge accelerators, as well as
glass bead accelerators. In general terms, the explosive guns deliver the largest
mass projectiles, of up to 10 or 20 kilograms, at speeds of up to 500 m /s. The
gas guns, including the two- and multi-staged variety, can produce masses in
the 10s of grams to a few kilograms range at speeds of up to 8 km /s. Glass
bead accelerators, generally electrostatic or electric in some form, have the
highest velocities of up to 20 or 30 km /s, but also very small mass (10'I*7grams
per bead or less). In the present work, small scale macro-particle accelerators
were sought. The most appropriate types of accelerator for this were thus the
^Electric Gun' type and small gas guns.
The principles behind the various ways of accelerating impactors have not
changed greatly since Cable's review, but recent modifications and new
materials have often improved upon the design and capabilities of each.

2.1 Explosives
Much of the interest in shock wave physics had its origins in the need to know
more about explosives and how various materials and structures are affected
by their detonation. Explosives have also been extensively used to generate
controlled shock wave experiments. Nuclear explosions produce the highest
shock pressures available to (some) experimentalists. However, explosive shock
generation for most laboratories has generally given way to sophisticated gas
gun and electric gun methods.
I will describe a few of the more common methods of using explosives for
shock wave studies, although I did not employ any of these methods in the
present work.
2.1.1 Direct contact

By 'direct contact' I mean the process whereby a sheet of a target material is
covered by a layer of explosive and this is then detonated at one edge. This
technique is extensively used in materials processing applications where the
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extreme, short-lived, high-pressure and temperature conditions which are
caused by shock waves are used to weld dissimilar materials, or to shock
harden plates of steel (for example, see Blazinski [1983 & 1987]).
2.1.2 Plane wave shaper
A more sophisticated method is to firstly ensure that the shock front will be
planar at the time that the shock reaches the target. This allows the
investigation of a one-dimensional shock, which is the simplest to study and
model. Explosive plane wave shapers (also called explosive lenses) consist of a
particular arrangement of two or more different explosives and a detonator so
that by the time that the detonation front (i.e. the reactive shock front) reaches
the other side of the explosive, a planar front exists. This is most easily achieved
using a block of two explosives whose cross-section is as shown in figure 2.1: a
cone of material with lower velocity of detonation is placed inside a block of
material which has a higher detonation velocity. Flying plates of 5 mm to 50
mm thick metal have been used. However, large amounts of explosive are
required to produce the larger and faster flying plates (up to 50 kg).
There are many different explosive geometries that one can use to produce a
plane shock wave, of which this is just a particularly simple one to show the
principle.
2.1.3 Flying plate thrower
The flying plate thrower normally uses a plane wave shaper as its 'first stage'.
Instead of the explosively produced planar shock wave directly travelling into
a target, a slab of material (usually a metal) is placed on the face of the
explosive, and an air gap separates this slab and the target. When the shock
reaches the metal slab, called the flyer plate (or more simply, the flyer), it
pushes the flyer towards the target material, accelerating the flyer to high
velocities prior to impact. Stronger shock conditions can be reached in this way
than the direct contact of explosive on target surface. A typical setup is as
shown in figure 2.2.
This technique is related to that used in the present work. The flying plate mass
and velocity are normally found by Gurney's routine [Stanton 1968]. In this a
'Gurney energy7 of the explosive (which is related to the Chapman-Jouguet
pressure) and the mass and density of the flyer are used to calculate the flying
plate velocity.
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2.2 Laser heating
High power lasers have been used in two ways to produce shock waves:
directly, by heating a material with a sufficiently high power pulsed laser
switched in a very short time, so that a shock is induced by the subsequent
material ablation; and indirectly by accelerating light foil projectiles by laser
ablation methods. An example of the first is Newlander, Stone and Bums'
[1990] measurement of pulsed laser generated stress waves in polymers. An
example of the second method of shock generation using lasers was described
at the same conference by Paisley [1990]. He described the acceleration of 5 Jim
thick aluminium foils to speeds of up to 6 km /s, using the latter technique
where a Nd:YAG laser pulse of only 10 ns duration ablates the back few
molecular layers of the foil, providing a high pressure plasma to accelerate the
remainder.

2.3 Gas guns
One of the most common ways of accelerating projectiles for shock impact
studies is by a gas gun. There are a large number of such devices in use,
ranging from the cheaper propellant guns (which are much like normal guns
for firing bullets) to the larger and more expensive two stage light gas guns
(2SLGGs). The range of projectile mass and velocity achievable with these
devices is from many kilograms travelling at a few hundred metres per second
with propellant guns, up to a few grams travelling at up to eight kilometres per
second with the 2SLGGs.
All gas guns operate along the same principle, that of the simple Carnot cycle:
the pushing gas is compressed and heated with respect to the atmosphere. The
greater the temperature of the compressed gas, the higher the maximum
theoretical efficiency (see section 4.2.2). In a propellant, or powder gun this is
achieved by burning an explosive powder. In a 2SLGG a piston compresses and
adiabatically heats the pushing gas. The piston can itself be pushed by a
powder explosion, although there are other ways to accelerate it.
A 2SLGG is usually a 'light7 gas gun in that the compressed gas used is usually
light, i.e. of low molecular weight. This is because the limiting velocity of the
projectile is that of the sound velocity of the compressed gas, and the lighter the
gas, the higher the sound speed.
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Cable [1970] details the more common ways that have been used to accelerate
projectiles with guns. Cable states that the 2SLGG was invented by Crozier
and Hume [1948], who describe the operation of a powder first stage.
Asay, Chhabildas and Barker [1985] provide a more up-to-date summary of the
work done with the various gas gun launchers. Their Table 1 is reproduced
here, as Table 2.1.
Table 2.1 A comparison of the potential of various gas
guns, from Asay et al. [1985].

Gun type
Single-stage
Powder
Two stage

Projectile
Mass
<R)
1000
960
20 to 40

Bore
Diameter
(mm)
100
89
29

Velocity
(m/s)
353
1540
2700 to 6400

Peak
Acceleration
(m/s2 )
2.4 x 103
2.0 x 104
1.8 to 9.3 x 103

A recent development in this area is to combine a two stage gas gun with an
electromagnetic launcher to increase the projectile velocity [1989 conference on
shocks in condensed matter]. The reason such a hybrid may prove better than
either on its own is that gas guns are the most efficient at providing the initial
acceleration. At high speeds (say over 5 km/s), the electromagnetic accelerators
can provide better efficiencies because they use no moving mechanical parts
(other than the projectile itself, of course): the 'pusher7 consists of a plasma.
Chhabildas et al. [1990] have developed a novel projectile design. Their
technique involves a conventional 2SLGG accelerating a pillow impactor which
generates a shockless pressure loading in a target. The target is itself
accelerated to become a hypersonic projectile. They report that a 1 mm thick
aluminium alloy plate could be accelerated to speeds of up to 10.4 km /s in this
fashion.
2.3.1 Explosive-based methods
Some systems have been developed which use more sophisticated explosives
techniques to produce high velocity impacting projectiles (as compared to the
more direct explosive contact and plane wave shaper methods).
Cable [1970] describes a method which uses an explosive to collapse a metal
liner, much like a shaped charge. This in turn accelerates the projectile.
Velocities as high as 8 k m /s for 0.1 g projectiles (and 6 k m /s for 100 g
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projectiles) have been achieved. A disadvantage with this device is that it
requires hundreds of grams of explosive to function.
Marsh, McQueen and Tan [1989] describe two systems for accelerating steel
plates: one is as above with a plane wave shaper; the other is a two-stage
system where the first part of the flyer plate's acceleration is a plane wave
shaper, and as the flyer is accelerated along a barrel, a secondary detonation is
initiated to push the projectile a bit faster. The flying plate starts to move when
the explosively driven shock wave reaches the surface of the plane wave
shaper that it starts on. A tube of high explosive which forms part of the barrel
for the flying plate's motion is triggered at about the time that the flyer reaches
it, providing a second pressure wave behind the plate to increase its final
velocity. With this first model they were in fact only able to achieve modest
improvements in plate velocity (from 6.4 km /s using a 1.5 mm thick flying
plate with a conventional system to about 7 km /s with the two stage system).
2.3.2 Two stage light gas gun
Cable [1970] found that this device had first been developed by Crozier and
Hume [1948] at the New Mexico School of Mines. A schematic diagram of a
typical 2SLGG is shown in figure 2.3. The two sections on the left are just a
single-stage gas gun which accelerates the piston to high speed. This piston
compresses a light gas, such as hydrogen or helium, which then ruptures a
diaphragm separating this gas from the impactor and launch tube. Usually the
launch tube is initially evacuated.
To achieve the fastest and most planar impactors, the projectile is often
mounted on a sabot made of lexan, or similar material, which has a snug fit in
the tube, preventing blow-by of the accelerating gas. This configuration allows
the experimenter to replace the actual impactor side of the projectile with any
desired material. The projectile, although it is usually accelerated into an
evacuated tube, can be fired into air by placing a thin plastic sheet seal at the
end of the launch tube. The projectile breaks this plastic sheet without losing
too much kinetic energy. This enables researchers to duplicate conditions of
impact in air.
Asay, Chhabildas and Barker [1985] reviewed the available accelerators for
plate impact experiments (table 2.1). The 2SLGGs were capable of achieving
velocities in the range of 2.5 to 6.4 km /s. Typical modern 2SLGGs have a
maximum velocity of 8 km /s, with a 50 g mass projectile. A diagram by Asay
and Trucano [1990], reproduced here as figure 2.4(a), is instructive on the
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question of what part of the P-up Hugoniot phase space can be currently
achieved with such devices. In the figure, the maximum flyer plate velocity
possible with current technology is thought to be about 15 km /s. If one
assumes that a flyer plate made of tungsten could be accelerated to this
velocity, then the states of matter within the largest pseudo-triangular region of
figure 2.4(a) would be reachable. Asay and Trucano [1990] point out, however,
that solid states above around 600 GPa can only be achieved with shockless
methods due to the fact that shock compression to these pressures causes far
too much heating of the target, so that it melts and is no longer in a solid state.
I have sketched the region of the P-up space reachable in the present work in
figure 2.4(b). The maximum speeds that were achieved for flying plates were
about 1.1 km /s for an aluminium projectile with the two stage gas gun, and
around 3.7 km /s for a polycarbonate flying plate with the electric gun.
Piston base pressure

Figure 2.5(a) is a representative x-t diagram for a two stage light gas gun, from
Seigel [1955]. The shock in front of the piston accelerates the projectile, then the
reverberations of this accelerate it further. In figure 2.5(b) is shown the base
pressure of a projectile in such a gas gun, based on experimental measurements
[Seigel 1955].
Most of the simple models to predict gas gun projectile velocities use a much
simpler form for the pressure at the back of the projectile than that which is
actually seen. Usually a 'constant base pressure' is assumed, or else an
isentropically expanding gas which therefore has a time-varying but simple
decrease in pressure with time. In order to achieve a constant base pressure
experimentally, many of the 2SLGGs use a deformable piston [Asay et al. 1985].
Normally a teflon or nylon piston is used in these cases, and the compression
tube is tapered for the last few feet of piston travel (or less). Since the plastic, on
reaching the end of the compression tube, continues to move, it deforms to fill
the tapered section and therefore maintains a more consistent pressure on the
base of the projectile. However, measurements have shown that this is only a
first order improvement.
Higher order gas guns

The Carnot principle indicates that increasing the number of stages in a gas gun
can improve the thermodynamic efficiency. The reason for this is that each
successive stage can increase the temperature of the compressed gas without
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excessively increasing the pressure. There are, however, practical limits which
restrict designs to at most 3 or 4 stages. The advantage to be gained over two
stage gas guns is that the later stages use a similar pressure to the 2nd stage,
but operate in a higher temperature regime. The sound speed in the
compression gas would then be higher allowing a higher projectile velocity.
Glenn et dl. [1989] showed that a speed improvement to 20 km /s from the
current maximum of around 10 km /s could be achievable with a multistage
gasdynamic gun.

2.4 Electric guns
2.4.1 Electromagnetic launchers ('railguns')

The principle behind the electromagnetic gun is the employment of a magnetic
field caused by current flow to push a charged projectile, by means of
Ampere's rule (the 'right hand rule'):
F = e vxB ,

(2.1)

where v is the velocity of the charge and B is the magnetic field, e is the
electronic charge and F is the resultant force on that charge. This can be done in
a number of ways. Firstly, a metallic (i.e. conducting) projectile can be
accelerated inside a coil using inductive coupling. The second and more
popular way of achieving very high speeds is the railgun. In this device the
projectile (or a conducting baseplate of the projectile) forms a sliding closed
contact across two conductors which moves down the 'rails' when the current
is switched on. The projectile is driven by the Lorentz force derived from the
magnetic field of the current through the rails and the armature. For railguns
which have perpendicular current and magnetic fields, the Lorentz force upon
the projectile can be written as
F = y2U 2 .

(2 . 2)

In this equation L is the inductance per unit length of the rails and I is the
driving current.
Rashleigh and Marshall [1978] described a modification to this whereby the
electrical contact of the solid conductor is replaced by an exploded foil plasma.
A separate solid projectile in front of this plasma is accelerated by the
movement of the plasma. Their setup is shown in figure 2.6. Because the
projectile is not required to close the electrical circuit a non-conductor can be
used. Rashleigh and Marshall accelerated 12.5 mm cubic blocks of PMMA
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(Plexiglas) to 6 km /s. Osher and Parker [1989] stated that the maximum
velocity achieved for projectiles of about this size is around 10 km /s [Hawke
1982]. The most potential for achieving greater speeds, with substantial sized
projectiles, appears to lie with the hybrid gas gun/electromagnetic launchers.
One of the hybrid-type accelerators is the HELEOS launcher under
development at Sandia National Laboratories [Asay and Trucano 1990]. In that
device a fairly conventional 2SLGG is used to accelerate projectiles to over 7
km /s and a third stage consisting of a plasma armature railgun is used to
further accelerate the projectile. In their 1990 paper, however, the maximum
velocity reported was 7.2 km /s for a 3 g projectile from the complete 3 stage
system.
2.4.2 Exploding Wires and Foils
Exploding wires are mainly used to accelerate very small projectiles (e.g. glass
beads of 0.1 mm diameter). Exploding foils can be used to accelerate small
flying plates to velocities of up to 18 km /s. Nellis et al. [1985] reported this
speed for a 1 cm2, 13 pm thick mylar flying plate. A fast risetime current is
passed through a short piece of metal foil, usually copper or aluminium. In the
case of the exploding foil, a section of smaller width is formed in a ribbon of
foil material. Compared to the current carrying wires and the rest of the foil,
this part has a much smaller cross-sectional area for the current flow. It is called
the "bridge' of the exploding foil. As the current rises, resulting from the
switching of an energy storage capacitor for example, the bridge temperature
rises, increasing the resistance of the foil. In the bridge region the ohmic
heating caused by the flow of current causes the foil to explode. The explosion
generates a short duration high pressure in the bridge region which may be
used to accelerate a plate. If designed properly, the explosion of the foil occurs
near the peak of the current.
One example of the application of this technique is the slapper detonator which
uses an exploding foil to accelerate a small plate which initiates an insensitive
explosive on impact.

2.5 The exploding foil flying plate accelerator
The primary apparatus used to produce projectiles suitable for impact in this
work is the Exploding Foil Flying Plate Accelerator or EFFPA (also known as
an 'Electric Gun'). This device has been used since the late 1950s but there has
been a great deal of development over the last 20 years. The slapper detonator
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is an off-shoot of the idea, being a small version of the device (size of less than 1
mm with energies of the order of 0.1 J). In order to better predict the
performance of exploding foil devices, Tucker and Stanton [1975] developed an
electrical analogue of the Gurney energy concept used to determine the
velocities of flying plates produced by (chemical) explosive generators.
Various electric guns have been used for shock wave studies at Sandia National
Laboratories and Lawrence Livermore National Laboratories [eg Osher et al.
1987, Gathers et al. 1988 - both using LLNL's 100 kV gun]. Other laboratories
have also taken up the technique (UK: Grief, Ward & Coley [1985]; Israel:
Hasman et al. [1985]; China: Xianwen, Yubin & Xinghai [1986]).
The EFFPA is a device which accelerates small plates of insulating material,
usually plastic, to hypersonic velocities. Electrical energy initially stored in a
capacitor is converted into the kinetic energy of the flying plate. In this work I
suggest that part of the acceleration of the flyer plate is due to the Lorentz force,
in a manner somewhat similar to a railgun. The major acceleration of the flyer
plate is due to the expansion of the gas caused by the foil's vaporization. A
railgun's best conversion rate of electrical to kinetic energy has been reported to
be less than 10% [Zukas 1990], as compared to the EFFPA where efficiencies of
30% have been quoted [Podlesak et al. 1991].
Essentially in the same manner as an exploding wire, an EFFPA functions by
using the Ohmic heating of a thin metal foil, caused by current flow, to
vaporize the foil. The current must be very large and delivered to the bridge
foil in a very short time. It is therefore essential that fast, low inductance,
circuits are used. If the foil is confined in some way then the pressure caused by
its vaporization will rise to values of a few GPa. A thin plate of insulator is
bonded to one side of the foil, and a much thicker one on the other side, prior to
the current discharge event. On foil vaporization the thin plate will be thrown
outwards at high speed, the thicker plate acts to tamp the foil's explosion and
increase the duration of the high pressure pulse which accelerates the flying
plate. The motion and size of the flying plate can be partially controlled
through the use of a barrel along which the flying plate is pushed by the
plasma from the foil's explosion.
2.5.1 Rogowski coil & ringdowns
A block diagram of the circuit of an EFFPA is shown in figure 2.7, with the
inductance and resistance of the conductors connecting the capacitor to the
exploding foil shown as lumped series items. Typically the capacitor has a
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value of 1 to 1000 pF, and is charged to a voltage of 1 to 100 kV. The values
chosen for this project were C=200 pF and a voltage range of 1 to 10 kV. The
shape of the exploding foil is shown in figure 2.8. Note the rounded corners of
the foil design to facilitate smooth current flow and even current density in the
bridge area of the foil (the thinnest part). In order to ensure high speed
operation, the conductors between capacitor and foil must be designed for low
inductance.
It is important to know the experimental values for circuit inductance and
resistance. One of the simplest ways to determine the D.C. circuit parameters
(but not the time dependent operating parameters, such as circuit resistance,
which obviously must change considerably during foil vaporization) is to 'ring'
the circuit and dynamically measure the voltage developed across the load as
the oscillation decays (known as a 'ringdown'). A conducting rod is placed in
the load position across the terminals which normally holds the exploding foil.
The circuit is then treated as an R-L-C circuit, where the capacitance is that of
the discharging capacitor, the inductance is that of the current loop, and the
resistance is the total resistance of the circuit, including bus bars, connectors
and the switch.
The circuit capacitance is typically insignificant when compared to that of the
energy storage capacitor (of the order of a few nF, compared the main
capacitance of tens or hundreds of pF), so that the shunting effect caused by
this capacitance can be ignored. The impedance of the shorting rod is lower
than that of the exploding foil, partly because the rod is much thicker than the
skin depth at the frequencies used, whereas the exploding foil is normally
substantially thinner than the skin depth (which is about 230 pm at the
frequencies of interest, see section 2.5.4 below), and also partly because it is
wider than the exploding foil. Clearly the foil's impedance must also rise
dramatically as it heats, whereas the shorting rod's temperature is not
significantly affected by the rapid current discharge. In the present work, a
conducting bar of 5 mm thick, 30 mm wide aluminium was used in the
ringdowns (resistance < 0.05 mQ), as compared to the normal exploding
aluminium bridgefoil, which was 35 pm thick and 11 mm wide (resistance
about 2.5 mQ).
The currents in fast discharge circuits can be of the order of megamperes and
last less than 10 ps. An inductive method of measuring the current in the circuit
was chosen. McClenehan [1987] described the Rogowski inductive coil as a way
to measure fast risetime, high current devices. Podlesak [1990] described the
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operation and installation of a Rogowski coil device for exploding foil flying
plate accelerators of the type used in the present work, w here a Rogowski coil
was used as the primary dynamic circuit indicator. Figure 2.9 is a schematic of a
simple Rogowski coil.
The Rogowski coil produces a voltage proportional to the change in magnetic
flux and therefore the change in current flowing in the circuit, viz.
d&
dl
dt ~ Sdt

(2.3)

In this equation Vr (t) is the voltage induced on the Rogowski coil, the m utual
inductance of the Rogowski coil is written as s, and the current in the prim ary
discharge circuit is I. Thus the Rogowski voltage is 90° out of phase w ith the
discharge. The m utual inductance of a Rogowski coil is called the sensitivity of
the coil [McClenehan 1987]. To enable the induced voltage to be m easured it
was required that the coupling between the prim ary circuit and the Rogowski
coil be weak, so a coil with a sensitivity of 22.4 nH was used. The current was
then calculated from the induced voltage across the terminals of the Rogowski
by the following equation:
(2.4)

(k is a factor representing any other attenuation of the current).
A 1000:1 high voltage probe was also placed across the term inals of the
capacitor to enable the charging voltage to be m onitored for each shot. This
latter device had a risetim e of m any m illiseconds, m eaning th at it was
effectively a DC device. This probe has a resistance across its term inals of 1000
MQ and an output impedance of 1 MD.
By m easuring the sizes of successive peaks of the current and also the period of
the ringdow n, Richardson [1986] shows that the inductance, L, and resistance,
R, of the circuit can be calculated according to the following equations:
2 \ -1

L

R

+ '°g<

y2L.loge

'L "

(25)

V^2 J J

( 2 .6)
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where C is the capacitance of the circuit, Ef and I2 the magnitudes of the first
and second positive peaks of the current waveform, and T is the period of the
ringing.
2.5.2 M odels - CAPRES and FUSE

Richardson [1986] points out that any type of electrical circuit in which one of
the elements is designed with a component whose resistance changes with time
will reduce the accuracy of the results calculated from these equations. In the
exploding foil case, up to the point where the bridgefoil begins to melt, the
circuit will exhibit essentially the same resistance as measured by the
ringdown. The CAPRES model of Kennedy and Stanton [1985] indicates that
the resistance of the foil only rises to about twice its original value after about
nine tenths of the time from switching until burst. Figure 2.10 shows the
CAPRES prediction for foil resistance as function of time.
The predicted resistance across the bridge foil is shown in figure 2.11 indicating
that the large resistance values are only important for a short period of time.
The foil's resistance changes considerably as it melts and then vaporizes. The
greatest efficiency of conversion of stored electrical energy to kinetic energy in
the bursting foil is thought to occur at the first peak of the current (i.e. 1/4 of
the period). Here most of the energy previously stored in the capacitor is
flowing in the circuit, and can thus heat the material in the bridge region. If the
foil does not burst in this time, then energy dissipation in the entire circuit
reduces the likelihood of the bridge bursting at a much later time.
If the foil is to burst before the first peak then not all of the capacitative energy
will have flowed into the circuit. The foil explosion would thus occur with less
than the maximum available energy applied to the bridge. As pointed out by
Osher et al. [1987] for their smallest and fastest flyer plates, residual current
flow in the plasma caused by the explosion of the foil could also continue to
push the flying plate via the Lorentz force, as long as there is a sufficient
conduction path through this plasma.
2.5.3 Skin depth effects

The objective was to produce a system capable of accelerating 0.5 mm thick
plastic flying plates to velocities in excess of 3 km /s and preferably in excess of
5 km /s. It can be shown, for the capacitance of 200 pF and a circuit inductance
of the order of 100 nH, that the period of the circuit is around 30 ps. An attempt
was made, using CAPRES [Kennedy & Stanton 1985] as modified to include an
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electrical Gurney model, to maximize the energy efficiency of the exploding foil
by optimizing the metal foil thickness and bridge diameter.
The thickness of the metal foil could not be increased indefinitely, however,
since for high-frequency current, skin depth effects can become important.
Lorrain and Corson [1970] give an approximate relation for the thickness of
conductor which is penetrated by a high frequency current as
8 = —= .
ypoxt

(2.7)

In this equation, S is the skin-depth, p the magnetic permeability of the
medium, cothe current frequency and cr the conductivity of the material (where
o=l/p, and p is the resistivity). The skin depth is where the current has dropped
to \ /e of its value at the surface of the conductor, p is very close to one for non
magnetic metals such as aluminium and copper, even for high frequencies, so
that for the 30 (is period of the EFFPA in the present work a skin depth of 230
(im is expected for an aluminium conductor, and 150 |im for copper. These
values are much larger than the exploding foil thickness (which was not more
than 35 (im), but are much less than the thicknesses of the bus bars connecting
the capacitor terminals and the bridgefoil (which are at least 5 mm thick at all
points).
Osher et al. [1987] reported that using foil thicker than 50 (im did not improve
the flying plate velocities of their electric gun, so that they may have found a
skin-depth limit. However, the EFFPA device that they used had a period of
about 5 (is, thus equation (2.7) would indicate that the skin depth for their
circuit would have been 140 (im. A more probable reason for a limit being
reached with performance of the EFFPA devices is that inconsistent Ohmic
heating through a thicker foil would result in a more drawn out foil explosion.
Podlesak et al. (1991) tested 120 (im thick aluminium foil and found that there
was a great deal of residual, non-vaporized, aluminium, after exploding a foil
of this type.

42

Shock Waves in Solids

The skin depth can be used to give an approximate value for the resistance of
the bus bars used in the EFFPA of this work. A DC-type calculation can be
made for the resistance of a 1.5 m long, 150 pm x 120 mm (2 off) cross-sectional
area copper bus bar (DC resistivity: 1.678 x 10-8 Q.m) giving a result of 1 mQ of
resistance (compared with its DC resistance of about 0.05 mQ). In this
calculation I have approximated the varying impedance of the copper through
the thickness of the bus bar as being the same as the DC resistance of copper for
a thickness equivalent to the skin depth of the copper at the frequency. The
measured ringdown resistance of the system was about 5 mQ, so it would seem
to be of the correct order. Probably the other resistance is in the terminals
connecting the bus bars to the capacitor, and in the capacitor itself.
2.5.4 Ringdowns
In the present work, available capacitors limited the EFFPA design. The system
chosen caused the foil to burst at times shorter than the peak of the current. The
burst time was predicted to be at 2.5±0.5 ps, compared to the period of 7.5±0.5
ps. Nevertheless it was observed in the velocity traces produced by the VISAR
system (see Chapter 5) that there was significant acceleration after the initial
acceleration (due to the initial impulse from the bridge burst). This later
acceleration is attributed to the Lorentz force, due to the continuation of
current flow in the partially ionized and confined gases which result from the
burst of the bridgefoil. The j x B force pushes the gas in a similar manner to the
plasma armature of a railgun (see section 2.4.1).
A typical ringdown measurement is shown in figure 2.12 (for the Mk II EFFPA,
see below). The resistance of the circuit as measured by this and repeated
measurements is 7±2 mQ, and the inductance 140±10 nH. These results were
regularly confirmed to ensure that the operation of the device had not
deteriorated over time.
Two EFFPAs were used in the present work. Both devices used a similar type
and size of energy storage capacitor. The Mk I version, described more
completely in section 4.3, was designed to minimize the circuit inductance as
much as possible. The exploding foil setup was thus placed directly on top of
the capacitor in order to minimize the circuit loop. It was later decided that
better switching of the device was desirable at the expense of some greater
circuit inductance, so a system of bus bars was built to separate the exploding
foil from the switching method. The Mk II EFFPA is described in Chapter 5.
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Table 2.2 sum m arizes the two different exploding foil devices used in this
work. From this table it is clear that the inductance of the Mk II device was
significantly greater than that of the Mk I. The switch placem ent on the earlier
device was quite problematical however, since the bridge foil itself acted as one
of the switch terminals. Since the switching consisted of a mechanical removal
of an insulating sheet (in both devices), the sw itching of the Mk II device,
which did not cause any mechanical strain on the bridge foil provided a more
consistent switching.
Table 2.2 The exploding foil flying plate generators that
were used.
Param eter

Mk I EFFPA

M k II EFFPA

Capacitance

200 pF

200 pF

Inductance

97±10 nH

160±8nH

Resistance

6±3 mQ

7±2m£l

Ringdown period

27 ps

34 ps

Bus-bars

aluminium blocks
directly over the
capacitor terminals

copper bars, 100 mm
w ide x 1000 m m long,
bolted to capacitor
terminals

Length of bus bars

150 mm

1500 m m

Area of circuit loop

=7.5 x 10-4 m 2

=3.1 x 10-2 m 2

Switch type

pneumatic 'pull-switch', pneum atic 'pull-switch',
using 150 pm Kapton as
using 125 pm mylar as
the insulator
the insulator

Switch placement

1000 m m aw ay from the
switch's insulator
separating the bridge
bridge foil
foil and one of the
capacitor terminal block
busbars

Switching control

entirely pneumatic

electrical Safety
Interlock System, with
solenoid-controlled
pneum atic pull-switch

Foil material

aluminium

alum inium

Foil thickness

15 pm

34 pm
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Tamper material

PMMA

polycarbonate

Tamper thickness

9 mm

9 mm

Flyer plate material

polycarbonate

polycarbonate

Flyer plate thickness

470 pm

470 pm + retro-reflector

Retro-reflector

none

'Scotch-Lite' tape by 3M
Corporation (120 pm
thick)

Barrel

none

<}) 11.5 mm, 9 mm thick
lexan

F urther details on the EFFPA m ay be found in other M aterials Research
Laboratory reports, such as Ryan et al. [1989], Podlesak et a l [1991], Richardson
et a l [1988] and Platt and Ryan [1992, in press].
2.5.5 L im itations o f the EFFPA

In the present work, where the EFFPA was used as an electrical version of a gas
gun, the EFFPA has some clear limitations.
One of the m ost im portant is the large am ount of electrom agnetic radiation
produced upon discharge of the circuit. This can trigger recording devices early
and cause laser pow er supplies to m alfunction. This can m ake electrical
m easurem ents of events difficult. In Chapter 4 I have described a num ber of
techniques used to overcome these problem s, in particular Faraday screening
cages for the location of the EFFPA discharge circuit, and careful attention to
design to avoid ground loops.
The EFFPA has a larger reported range of flying plate velocities than any other
com peting m acroparticle accelerator (not including the acceleration of
m icrobeads for m eteoric im pact studies, w hich is usually done using
electromagnetic launchers). Osher et al. [1987] have reported speeds of up to 18
k m /s for very small flying plates. In the present work, the range of m easured
EFFPA velocities is around 1 to 4 k m /s; but it is clear that even lower impact
velocities could be chosen m erely by placing a target closer to the exploding
foil, or by using more massive flyers than were used in the present work. Osher
also reported that the highest velocities were achieved with a bridge foil to flyer
plate thickness ratio of 1 to 5. In the present work this ratio was substantially
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smaller (the flyer plate was about 15 times as thick as the bridgefoil). If thinner
flyers or thicker foils had been used greater flying plate velocities could
possibly have been achieved. (Although Podlesak et al/s [1992] paper indicated
that a thicker bridgefoil on its own did not increase flyer velocities: they
reported evidence of molten aluminium particles, but no extra flyer plate
speed.)
On the other hand, EFFPAs are generally not capable of accelerating large
objects to useful velocities for the applications described here. Lawrence
Livermore researchers (Osher et al. [1989]) are attempting to produce 1 kg-sized
projectiles travelling at velocities in the 1 to 10 km /s range, using foil explosion
methods. However, the difference between EFFPAs and railguns is not clear in
these designs.
One question only partially addressed in the present study was that of flatness
of the flyer plate. High speed photographs, done at MRL and elsewhere [Frank
1990] indicate that the flyers produced in EFFPAs probably exhibit deformities.
Although some high speed photographs were taken of the flying plates from
the Mk II EFFPA (see section 5.2.2), there is insufficient evidence to determine
the flatness or otherwise of the flying plates produced in the present work.
The flyer plate material must be nonconducting, at least on the side which is
fixed to the exploding bridgefoil. Lamination of plastic flyer plates has been
used in other studies; in the present work 130 pm thick aluminium foil was
glued to the normal polycarbonate flyer plates to examine the possibility of
varying the impactor material using an EFFPA. No great problems were
observed with this method, indicating that, as with gas gun projectiles,
composite impactors may easily be used. As is clear from figure 2.4(b), a much
greater region of the phase space is made available when one can use a metal
projectile impactor rather than a plastic one.

exoplosive
with a high
detonation
velocity

exoplosive
with a lower
detonation
velocity

thin sheets of Cu foil to
delineate the interfaces

250 mm

Detonation

i f

explosive plane
wave lens (150 mm
thick)

explosive
(75 mm thick)

inert target
(75 mm thick)

Figure 2.1 A direct contact explosive plane wave shaper. The plane wave lens is any
geometry of explosives which results in a planar detonation wave at the front face.
This is usually achieved through the use of two explosives with different detonation
velocities. To ensure that the plane wave is flat, as well as allowing a more variable
shock condition without having to design a new lens each time, a second slab of
explosive is normally placed againt the explosive lens. The diagram is from
Minshall [1955].
steel flyer plate

Detonation

explosive plane
wave lens

explosive

Figure 2.2 An explosive flying plate thrower.
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Figure 2.3 A Two Stage Light Gas Gun (2SLGG). Normally it would have a piston of

teiis of kilograms, and a projectile of tens of grams.
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Figure 2.4(a) Maximum pressure-particle velocity states achievable in several different
materials at various impactor velocities (reproduced from Asay and Trucano [19901). In
the present work the maximum impactor velocity was found to be 3.7 km /s with the
Mk II EFFPA (see Chapter 5), and a little over 1 km /s with the small scale two stage
gas gun (Chapter 4).

Impact
pressure
(GPa)

Figure 2.4(b) Maximum pressure-particle velocity states achievable in the present
work. An aluminium flying plate used with the electric gun, the EFFPA, would achieve

distance
projectile

gas gun
barrel

shock wave
position of
diaphragm

compression
tube

Figure 2.5(a) A schematic of the x-t diagram for a gas gun, after Seigel [1955]. The
shock is responsible for the initial motion of the projectile, but the eventual velocity can
be found approximately by using isentropic compression considerations.

70Mpa (diaphragm burs )

atmospherie

Figure 2.5(b) With the same time scale as the above, a representation of the pressure
history behind the projectile. The two peaks corresponding to the initial diaphragm
burst and the first reverberation of the shock wave between the piston and the
projectile.

Figure 2.6 The principle of a railgun's operation (from Stihlp and Hohler
[1990]). The plasma completes the current loop, and in doing so, forms a
magnetic field which exerts a force on it and thus the projectile also.
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Figure 2.7 A circuit schematic of the EFFPA. The equivalent circuit
inductance and resistance are shown as separate circuit elements, even
though they are in fact a part of every circuit element - mainly the busbars
connecting the capacitors to the bridge foil.

Figure 2.8 Exploding bridge foil design.The comers are all rounded to
ensure even heating of the foil upon capacitor discharge, (not to scale)
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Figure 2.9 The Rogowski coil. The smaller loops of the coil thread the magnetic field
induced by the current flow in the conductor. In reality there are many more turns on
conventional Rogowski coils than are shown here, and the radius of the secondary
coils is very much less than the radius of the primary (less than one-tenth). As long as
the coil is virtually a complete ring, variation in the position of the central conductor
(that in which it is desired to measure the current) will have no effect on the induced
voltage of the Rogowki. Since the Rogowski coil is an inductive device, the voltage
across its terminals will only provide information regarding a change in current flow,
so that it is most useful in transient or AC circuits.

M k I EFFPA R in g d o w n Current
First peak
Second peak

-

10

-

Time (ps)

Figure 2.10 A ringdown from the Mk I EFFPG described in chapter 4. The
peaks used to determ ine the inductance and resistance of the circuit
according to equations (2.1) and (2.2) are labelled. This trace is the voltage
provided by electrically integrating the Rogowski coil output for a 3 kV
discharge. The current peak, 1} , is 110 kA.The negative peaks of the voltage
trace were clipped in this record. The period of the ringdown is the time
between the two labelled peaks, 27 ps.
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Figure 2.11 The resistance of the bridge foil as modelled by the program
CAPRES. The static vsTuce does not change much until about one-half of the time
up to bridge burst, and does not increase to more than 50 mO until within 100 ns
or so of bridge burst.
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3 Methods of measuring high velocities
In our shock experiments there are two types of fast moving objects which
need to be measured: the impactor, be it flying plate or piston, and the (rear
surface of the) target. Velocities of impactors are typically in the 500 m /s to 5
km /s range although Nellis et al. [1988] have reported impact velocities as high
as 18 km/s. What is often important from the perspective of determining these
velocities is the acceleration of the object. Asay et al. [1985] found that in a gas
gun the impactor may be accelerated over a time scale of tens of microseconds,
up to accelerations of 107 m /s2, whereas the target's rear surface may reach its
maximum velocity in tens or hundreds of nanoseconds, at accelerations of up
to 1010 m /s2 [also see Graham and Asay 1977, Yadav 1979].
In what follows I describe a number of methods for measuring high velocities
and accelerations and explain which of these were used in the present work.

3.1 'Simple' methods
3.1.1 Shorting pins
For measuring the velocity of the impactor from a gas gun, the most common
methods are to use shorting pins located at the sides of the launch tube [Asay et
al. 1985] and to break laser beams passing across the diameter of the tube
[Graham and Asay 1977]. The velocity obtained is necessarily an average for
the distance between the pins or beams, but the error can be small if the
velocity is measured towards the end of the launch tube (less than 2%) since
the impactor is usually travelling at a constant velocity by this time. In the gas
gun developed as part of the present work (Chapter 4), a laser break beam
method was used as the velocity detection system. A similar device was used
with the exploding foil accelerators, but was found to give unreliable results at
higher voltages, due to interference between the plasma resulting from the
foil's explosion and the laser beam (see sections 4.3.4 and 5.2.2).
3.1.2 Breakwires
With an electric gun flying plate launcher, greater accelerations with a total
travel over a shorter distance are experienced than for a gas gun. Podlesak et al.
[1990] have used a breakwire system to measure the flying plate velocity. A
schematic of the system is shown in figure 3.1. A thin wire is stretched tightly
across the path of the flying object, with a small current flowing through it.
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When the flying plate hits the wire, it breaks, thereby breaking the circuit,
which gives a signal of the time that the plate had arrived at that position.
Knowing the time of the start of the flying plate's motion, or by using a series
of such breakwires, a measure of the velocity of the object is made. Podlesak et
al. found that this system tended to damage or destroy the flying plate and so
it was not particularly suitable for simultaneous shock experiments. Such a
system would still be suitable for calibrating the performance of a particular
electric gun apparatus.
In the present work, some limitations of this method were identified,
particularly relating to its accuracy. These are described in section 5.2.2.
3.1.3 Break beams
Break beams, such as the system shown in figure 3.2 are another way of
determining flying plate velocities. The velocity of a flying plate produced with
a 10 mm diameter exploding bridgefoil has been measured using discharge
voltages of less than 3 kV (see figure 4.9). Higher voltage discharges cause
unreliable break beam measurements of the flying plate velocity; they do not
agree with interferometric measurements made simultaneously in some
experiments (see section 5.2.2). Further examination of this discrepancy, using a
high speed Imacon framing camera, revealed that a plasma resulting from the
explosion of the foil was interfering with the break beam's transmission —
frequently it appeared that the plasma would arrive at the break beam position
(but to the side) before the flying plate. Since the break beams passed parallel
to the face of the flying plate, the plasma would sometimes block out the light,
giving an erroneous timing mark.
3.1.4 High speed photography
Flying plates which are used for impact studies can be viewed by framing
camera or interferometric methods. Frank [1989] describes a high speed
microphotographic facility, including methods for imaging small plastic flying
plates produced in the LLNL electric gun. He did not, in that report, quote the
flying plate velocities obtained in this way, but the images given in that paper
show that the flying plate's shape can be severely distorted with this type of
accelerator. In the present work, some high speed photographic results were
also obtained (see section 5.2.2), however, these results are inconclusive
regarding flying plate flatness. Interferometric methods are described below in
section 3.3.
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3.2 Electromagnetic methods
The electromagnetic velocity gauge (EMV gauge) is a Lagrangian velocity
measurement: the embedded gauge moves with the material. A circuit loop is
placed within the target, perpendicular to the intended shock front, and the
induced voltages produced by the movement of the loop with respect to an
external magnetic field are measured. The velocity of the gauge can thus be
determined.
Fowles [1972], in his review of experimental methods, shows that the induced
voltage is proportional to both the length of the wire and its velocity. With
typical setups then used, sensitivities of 1 mV per m /s were achievable. He also
described an innovation where a modification of the technique was used to
directly measure momentum, rather than the particle velocity.

3.3 Interferometric methods
Interferometric methods can provide a detailed history of the flight of an object
or motion of a surface, rather than merely sensing its position at a few selected
times. A description of the main optical interferometric methods used to
determine velocity follows.
3.3.1 Michelson Interferometer

The operating principle of a standard Michelson interferometer is well known
[for example, see Jenkins and White, 1981]. A single input beam of light is split
into two beams by a beam splitter. These are reflected from a mirror in each
arm, and then recombined by the beam splitter (figure 3.3). Since one of the
beams of light passes through the beam splitting surface twice, while the other
is merely reflected from it, a path length difference would normally be
introduced between the beams with conventional partially silvered mirrors
used as beam splitters. By using a cubic beam splitter, as shown in part (a), a
path length difference is not introduced from this, since the light traverses an
equal amount of glass whichever path it takes. Otherwise, a corrector plate in
one of the arms would be needed (part (b)). The interference depends on the
optical path difference between the two beams:
pX =2(n1Ll- n 2L2)

(3.1)

[Jenkins and White 1981]. Here, p is the number of wavelengths of light that
separate the light from the two interferometer arms (the 'order' of the
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interferometer); A is the wavelength of light used; nj and n2 are the refractive
indices of the media in the two arms respectively and Lj and L2 are the lengths
of the two arms. The order, p, is indirectly related to the visibility of the fringes
(high order usually means low fringe contrast). More complicated
arrangements can be made, such as having more than one medium in each arm
of the interferometer, but as long as the optical path length for each medium is
allowed for (by replacing
with
equation 3.1), there is no essential change.1

anc* n2^2 with X w2/^2;
;

Usually a laser light source is used due to the single emission line radiation that
can be obtained, but if the path length difference (PD, or the RHS of equation
(3.1)) is sufficiently small, it is possible to obtain interference with a plain white
light source. For this to occur, however, the PD would have to be very close to
zero. For example if the PD were equal to eight wavelengths of blue light (@
A=450 nm), which would give a bright fringe if the light was only of this
wavelength, then it would be an uneven number of wavelengths of red light (@
A=650 nm) and with a white light source the fringes would thus be smeared out
by the various wavelengths so that they would not be visible.
All real light sources have a bandwidth: a range of frequencies at which they
emit light, even if such a range is very small. There are techniques for reducing
the bandwidth of lasers to less than 1 kHz, or 1 part in 1016. PDs approaching
infinity w ill not form fringes, because at very large PDs the different
frequencies which make up the light have interference orders which are not
related to one another. The smaller the bandwidth of the source, the longer the
PD can be and still form a system of interference fringes. There is also the fact
that lasers normally emit light at a number of discrete frequencies (each of
which separately has a bandwidth). In section 3.4 these frequencies (the mode
structure) are discussed for their effect on interferometers.
The standard Michelson interferometer can be used to measure low velocities,
but it is usually used for measuring lengths. Referring to figure 3.3, if one
mirror of the interferometer is the object whose velocity needs to be measured,
say M 2, then as it moves it changes the length of L2 ; dL2/dt is then its velocity.
If equation (3.1) is differentiated with respect to time we get
dp
dt

dX_
dt

dn,
\~di

(3.2)
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Since for low velocities the wavelength change due to the Doppler shift is very
small, and the refractive indices are constant, as is the length Lj, this can be
arranged to give the equation for the velocity, v, of the body under study:
dl^ _
dt

X dp
l n 2 dt

(3.3)

W ith visible light, and a velocity of 100 m /s the fringe frequency, dp/dt, at the
detector will be at least 300 MHz. In order to successfully detect this frequency
of fringes, the detection system would need to have an effective sampling rate
of about 1 gigasample per second (GS/s). The optical instrum ent at the heart of
such a detection system would need to have a risetim e of at m ost 1 ns. The
fastest photom ultiplier tubes can achieve this, and photodiodes can have
risetim es of the order of 500 ps. Velocities m uch higher than this, however,
w ould require longer w avelengths of light in order to be m easured (for
example, microwaves could be used).
As an example consider an object travelling at 500 m /s using visible light in air
(«2 = ri2 = 1). From equation (3.3) the fringe frequency w ould be about 1 GHz.
A detection system using the fastest photodiodes w ould not be able to follow
this fringe frequency. There would be aliasing of the fringe signal, and an
apparent frequency lower than the proper fringe frequency w ould be observed.
Replacing the visible light w ith microwaves can be successful in the range up
to about 1 k m /s but there are major problems regarding the wave-guiding and
reflection of microwaves w ithout interference. Vest et al. [1955 and 1957] and
H endrix [1966] used m icrowave interferom etry to m easure the velocities of
projectiles from large bore guns.
Other than measuring the frequency of the fringe's arrival at the detector, dp/dt,
a dynam ic m easurem ent of the interference order, p, w ould provide a more
direct position-time relation for the moving object. Differentiation of this would
provide the velocity of the body, according to equation (3.3). If a 10 m m travel
distance was considered, then, using visible light, at least 15000 fringes would
have to be counted. Such a feat would severely strain, if not defeat, m ost data
recording systems (in the times of relevance to shock work of less than 10 ps or
so).

3.3.2 Doppler
Using visible light, a Doppler m ethod is m ore appropriate for high velocities.
The Doppler shift of reflected light from a moving target is m easured. Since it
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is a direct velocity m easurem ent, rather than a position measurement, the large
num ber of fringes and extrem ely high fringe frequencies of the sim ple
Michelson interferometer are avoided.
In the velocity interferom eter, show n in figure 3.4, light is reflected from the
object w hose velocity is to be m easured and passed into the Michelson
interferometer, as shown. The two interferometer arm s are of unequal lengths
to create a high order interference system. Because the order is high, the order
num ber, p, is sensitively d ep en d en t on the w avelength. D ifferentiating
equation (3.1) shows that for a Doppler shift, AX, the resulting change in order,
Ap, will be given by:
pAX+XAp = 0.

(3.4)

The Doppler relation for light is [French 19681
v'=

f C -uY2
\ C + uJ

(3.5)

w here u is the velocity of the source to be m easured; v, v' are the original and
shifted frequencies respectively; and c is the velocity of light. Using the
binomial theorem,
(l + a)K= l + Ka,

(3.6)

equation (3.5) can be rew ritten in terms of the change in frequency Av, where
Av=V - v,
Av
v

u
c

(3.7)

The relative change in the wavelength has the same form, since
c-vX.

(3.8)

If differentials are taken of equation (3.8) and equation (3.4) is used,
AX _ Ap _ Av
X
p
v

u
c'

(3.9)

(I will henceforth write the last 'approxim ately equals t o ', =, as 'equal', =) this
can be rearranged to give the usual Doppler relation for the velocity of the
source,
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u = —A
n.(3.10)
P
The object being m easured is not norm ally the prim ary source of the light,
rather it reflects light from another source, such as a laser. In this case, the
apparent velocity of the source is then twice the velocity of the reflector,
u = 2v,

(3.11)

where v is the velocity of the object being studied. This relation is clear from the
picture in figure 3.5. In part (a) a moving light source is observed reflected in a
mirror. In that case u=v. In part (b) it is the m irror which is moving. The source
is thus apparently moving with a velocity twice that of the mirror, or u=2v. If p
is substituted from equation (3.1) and v from (3.11), (3.10) becomes
v

cX
4 ( ^ 1 Lq — ^

(3.12)
2

^

2

)

The bracketed quantity on the RHS is the 'fringe constant', K, for a Doppler
interferometer, which is the velocity increment per complete fringe m easured.
It m ust be noted that if the target is travelling at a constant velocity, the
D oppler interferom eter will not produce any fringe information. W ith light
from an accelerating target, since the light which traverses each interferometer
arm takes a different am ount of tim e to retu rn to the beam splitter for
recom bination, there is a difference betw een the tw o w avelengths of light
which are interfered. This wavelength difference is exhibited in equation (3.12)
as a change in fringe order, as per equation (3.9). If there was no physical path
length difference between the two interferometers in a Doppler interferometer,
then there w ould be no time difference betw een the two parts of the light
w hich are recom bined, and thus there w ould be no m eaningful velocity
information.
The question of different refractive indices due to the fact that the light is being
Doppler shifted is addressed in the section on the VISAR, section 3.3.4 below.
This is, however, a second order effect. The m ain reason for the appearance of
interference fringes in an interferom eter of this sort is the fact that one is
interfering light w hich has come from the target at different tim es, during
which its velocity, and thus its Doppler shift, has changed.
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Barker and H ollenbach [1970] and Clifton [1970] developed a velocity
interferom eter at the Sandia N ational Laboratory. It operates by splitting part
of the light into an air delay leg, so that L2»Lv and n1=n2 =1 in equation (3.12).
Barker and Hollenbach wrote the velocity equation in terms of the time delay
between the two arms of the interferometer, t=(Li ~L2)/c. This instrum ent works
well provided that the reflected beam is spatially coherent, such as that from a
mirror. Once the m irror surface deforms, or if it does not have a good reflecting
surface to begin w ith, then the fringe contrast deteriorates and the fringes
become unresolvable.
A convenient aspect of this interferometer is that a different fringe constant can
be selected merely by varying the length of the delay arm. It can therefore be
used over a very w ide velocity range.
3.3.3 W AM I

Barker and Hollenbach [1972] refer to an instrum ent, called a W ide Angled
Michelson Interferom eter, or WAMI, developed by CW Gillard at Lockheed
during WWII [also see Zwick and Shepherd 1971]. This instrum ent avoids the
problem of spatial incoherence of the target by interfering light which comes
from the same portion of the target, but at a different times. It does so by
m aking the delay leg of the Michelson such that the optical path difference
between the two arm s is substantial, but that the optical thickness is the same.
This is done by inserting into the delay leg an optically transparent material of
thickness L2 and refractive index n2, which is greater than that of the air. This is
called an etalon since it has parallel sides. To ensure that the apparent position,
w ith respect to the refractive effect of the interferom eter arm, of the m irror in
the delay leg is at the same distance from the beam splitter as the other mirror,
the undelayed leg's length is dependent upon n2 and L2. The equation to
determine the length of the air arm is
U =—

(L
, 3.13)

«2

so that equation (3.12) becomes
(3.14)

v
\ n2

This assumes that there is only the m aterial of refractive index n2 in the delay
leg. If there is a thickness of air in this leg as well as the glass, tair, then that
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length of air has to be added to the calculation for Lj. However, the following
analysis does not change, since the total length of arm 1 of the interferometer is
just Lj plus tajr (both of Mj=l) and the total length of arm 2 is L2 (with refractive
index «2 ) plus *air
refractive index n ^ l). The PD equation, is thus
unmodified by the presence of an equal amount of a medium in each of the
arms. Figure 3.6 shows how a WAMI operates.
This approach has been adopted in the present work (see section 4.4), and also
with the VISAR modifications to the WAMI which are mentioned below
(Chapter 6). Other modifications of the WAMI are the ORVTS (section 3.3.5), the
'Michelson Spectrometer' (section 3.3.6) and the field-widened Michelson
interferometer (section 3.3.7).
One can have multiple etalons and extra air in either or both arms, as long as
condition (3.13) is met for the sums of all the path lengths. In the VISAR used in
the present work (Chapter 6), there is a large amount of air common to each
arm, which can therefore be ignored, but there is also the effect of the beam
splitter and an eighth-wave plate to be taken into account. The eighth-wave
plate is in the non-delaying arm.
Although the path length is different between the two arms in a WAMI,
enabling the light from the target at two different times to be interfered, the
optical 'depth', or apparent thickness, of each arm must be kept the same. This
requirement comes about because the light at the target is distributed about
some point, providing a reflected wavefront which has some unknown
curvature. It is thus important to match the curvatures of the two wavefronts
when they recombine at the beamsplitter. If this is not done then interference
fringes would only result if the target was flat to within one part in 106 of one
wavelength, again, due to the extremely high order of interference in these
Doppler interferometers. Since this sort of flatness is not possible, even for the
finest optics, there would no longer be a definite relation between any two
points on the interference plane, so that a random speckle pattern would be the
result.
The WAMI was developed in the first place to increase the acceptance angle of
light suitable for interference. The light in each arm entered and returned with
the same angle with respect to the optical axis. For the WAMI used for Doppler
interferometry described here, this means that the light from a specific position
on the target interferes with other light from the same point.
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3.3.4 V ISA R

Barker and Hollenbach [1972] developed a modified WAMI called a Velocity
Interferometer System for Any Reflector, or VISAR. Figure 3.7 shows the main
features of the VISAR. The top diagram is drawn with a right angle between
the interferometer arms while the actual setup with large angle which Barker
and Hollenbach built is shown below. The functional difference in the two
configurations is that the use of a large angle in the VISAR system facilitates
the extraction of a second interference signal, as shown by Hemsing [1979,
1983, also see Crump and Stanton 1988]. The reason for the large-angled setup
is that beam splitters have different reflection and transmission coefficients for
light of various polarizations at large incident angles with respect to the normal
of the beam splitter. Keeping the incident angle small minimizes such
differences.
The major difference between a VISAR and a WAMI is that a VISAR uses the
polarization of light to generate two different interferometer signals with
orthogonal planes of polarization. These two differently polarized signals
contain the same velocity information, but the combination of the two allows
more accurate measurements to be made. This is known as quadrature, first
used in interferometric systems by Bouricious and Clifford [1970] who wanted
to determine a path difference more accurately than other interferometric
systems allowed.
This method is achieved firstly by linearly polarizing the light which enters the
interferometer to 45° from the horizontal. An eighth-wave plate in one of the
interferometer arms is used to phase shift one polarization with respect to the
other. The eighth-wave plate is a birefringent crystal with different refractive
indices for different polarizations. This means that it can retard one
polarization with respect to another by one-eighth of a wavelength. When these
two polarizations are combined with the other light at the beam splitter they
have thus traversed the eighth-wave plate twice, so that in total, the two
polarizations are separated by one quarter of a wavelength, or n/2. After the
primary beam splitter has interfered the two sets of interference signals, a
polarizing beam splitter is used to separate these polarizations, which allows
the measurement of two separate fringe systems which are out of phase by tt/ 2 .
Compared to the time delay introduced by the etalon, this tt/ 2 phase shift is
insignificant. The two systems of interference fringes contain exactly the same
amount of information, and each of them could separately be used to
determine the velocity of the object. However the device uses these separate
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polarization interference signals to unambiguously reconstruct the phase of the
Doppler shifted light, and hence the sign of the acceleration.
In Barker and Hollenbach's original setup, a quarter-wave plate can be used
since there is a slight spatial separation between the light path into the mirror
and that returning from the mirror. They thus achieved a. k / 2 phase shift in a
single pass. In the present work an eighth-wave plate was used to achieve the
n 12 phase shift by arranging that the light pass through the phase shifting plate
twice.
The interferometer signals are sinusoidal. Since there are two signals which are
k / 2 out of phase it is convenient to say that one is sine-like and the other is
cosine-like. Hemsing [1983] describes how the vectorial combination of these
interference signals, one on the X-axis and one on the Y-axis, forms a Lissajous
figure which will be circular if the signal levels are of equal magnitude (since
sin26 + cos26=1). This is shown in figure 3.8. Part (a) shows the two sinusoidal
intensity variations and part (b) shows a Lissajous figure constructed using
these sinusoids.
This method allows a far more accurate velocity measurement to be made than
that which could be done using a single interference signal of the same signal
to noise ratio. According to Barker and Hollenbach's [1972] paper, when one of
the signals is at the maximum amplitude, where larger phase shifts correspond
only to small amplitude changes, the other signal is at the region of most linear
response of phase to amplitude. Referring to figure 3.8(a), when the leading
data signal is at a local extremum then the other signal is in a section of linear
intensity variation with velocity change. Effectively, quadrature interferometry
provides a continuously linear relationship between the quantity that is being
measured and the interference signals. In equation (3.14) the fringe order, p,
can be replaced by <&2it, where <Pis the phase of the light reflected from the
target measured in radians. Hence there is a continuous linear relationship
between phase and velocity, but it requires the measurement of the two
interference signals out of phase to reconstruct the total phase change of the
reflected light.
Due to this linearity, it is also possible to determine whether the change in
velocity is an acceleration or a deceleration. In practise, one of the
interferometer signals is arbitrarily chosen to be the 'sine-like' signal and the
other is then the 'cosine-like' one. With an acceleration the sine wave precedes
the cosine wave, and putting the sine-like interference signal on the X-axis of a
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Lissajous plot, with the cosine-like signal on the Y-axis results in a circle being
traced out in the clockwise direction. If for some reason the circle is going the
other way, or turns back on itself, then there is a deceleration.
One experimental problem with the technique is that the two interference
signals are not actually phase signals which can fluctuate about zero, rather
they are intensity signals, a measure of the radiant energy at a particular point.
It is possible to set up the interferometer such that prior to an experiment they
have the same magnitudes, so that the centre of the Lissajous figure would be
at (0.5, 0.5) in a normalized (x,y) plane. In shock wave experiments, however,
the intensities of the fringe signals can vary by an order of magnitude in a
timescale similar to the delay between the beams. Even though most VISARs
use a three beam system, where one of the signals is a measure of the intensity
of the event, so that it can be subtracted to produce signals which would
oscillate about zero, the rapid intensity changes do not always allow for a
perfect reconstruction. Also, if the intensity drops to a very low level, the noise
on the interferometer signals can become a much larger fraction of the radius of
the Lissajous figure, thereby decreasing the accuracy of the measurement.
The standard method for deconvoluting the velocity information from the
signals is to have an operator interactively choose the centre of the interference
fringes [Hemsing 1983]. If there is less than one half of a complete circle (i.e. a
fringe count of less than 0.5), or if there are extremely rapid accelerations that
are not properly tracked by the apparatus then the reconstruction of the
velocity history of the bodies under study can rely on a quite difficult
determination of the centre of the Lissajous figure.
A variation in the intensity of light entering the interferometer means that the
Lissajous figure, which would otherwise be a circle (figure 3.8), can be a spiral
or more complicated shape, depending on the intensity variation. Small
intensity variations can effectively be ignored since the phase angle around the
centre of the Lissajous figure gives the fringe shift (for example, see Gourdin
[1990], and Hemsing's reply [1990]).
Barker and Schuler [1974] showed that the VISAR velocity relationship should
be modified to allow for the variation with respect to wavelength of the
refractive index of glass, even though the wavelength change caused by the
increase in velocity of the object is of the order of 1 in 105. They discovered that
this accounted for the VISAR giving results which were about 3% smaller than
the velocity measured by other methods. A linear relation for the refractive

Methods of Measuring High Velocities

59

index change in the vicinity of the unshifted wavelength can be used since the
relative wavelength change is so small. The proper equation for the velocity of
the object is then a modified version of equation (3.14),
_
cX
Ap .
(3.15)

(1 + 8 )

44 -----«:
\ ni

5 is the correction due to the refractive index change which can be w ritten as
[Barker and Schuler 1974]

6

n . dn
n2- l d X '

(3.16)

H ere n is the original refractive index, and X is the unshifted wavelength. The
CRC Handbook of Chemistry and Physics [1984] provides a table of values for
the index of refraction of fused quartz, the m edium usually chosen for the
etalon in VISARs. From these data a value of dn/dX of approximately -4.9x1 O'5
n m '1 can be calculated at 514.5 nm. This wavelength is due to the green line of
an argon ion laser. 5 is thus -0.03, i.e. the fringe constant is increased by about
3% from the value calculated assuming dn/dX is zero. Barker and Schuler [1974]
quoted values for 8 of -3.39% at 514.5 nm and -2.39% at 632.8 nm.
There is one final modification of the VISAR's velocity equation resulting from
the frequent practice of using a w indow material to view a rear surface of a
target in an impact problem. When the shock wave arrives at this surface, it
p ro p ag ates into the w indow m aterial. As long as the w indow rem ains
transparent under the shock loading (and the materials norm ally used for this
purpose have known limits in this regard, such as 22 GPa for PMMA [Barker
and Hollenbach 1970]), then it will continue to transm it the reflected light
signal from the target's back surface. However, the w indow m aterial will be
com pressed by the shock, and therefore it will have different refractive
properties in the shocked and unshocked states. Barker and Hollenbach [1970]
give the resulting equation, a modification of equation (3.12), as
v{t-ir)

Ayv

Xc

2r(l +

dp.

(3.17)

The quantity X in this equation is the RHS of (3.1) (which is a path difference,
b u t can also be thought of as a time it takes for light to traverse that path
difference). Barker and Hollenbach wrote the LHS to be a function of (r --^ t)
because the velocity determ ined by this m ethod is an averaged velocity over
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the time delay caused by the etalon material in the interferometer. X is usually
very small even com pared to the timescale of m ost shock events (for example,
for the VISAR employed in the present work, X=200 ps - see Chapter 6), so that
I will drop it from the rest of the analysis.
If this last m odification to allow for a w indow m aterial u n d er shock is
combined with the refractive index change, then the final VISAR relation is
(3.18)

which is from Barker and Schuler [1974]. Usually the velocity sensitivity of
VISARs is of the order of hundreds of m etres per second per fringe, meaning
that they would be able to resolve quite small velocity changes of, say 1 / 50th of
a fringe, or a few m /s. In the present work, a WAMI of 225 m /s /frin g e (section
4.4) and a VISAR of 901 and 1698 m /s /frin g e were used (Chapter 6), although
fringe constants as low as 50 m /s are quoted by m anufacturers of commercial
VISARs. The smaller fringe constants require larger am ounts of high refractive
index material. There is some limit on the am ount of high refractive index
material that can be used, due to its finite absorption of the light.
The VISAR is one of the m ost common interferometric m ethods of measuring
fast surface velocities in shock w ave studies of solids [for example Asay 1977,
Lipkin and Kipp 1976, Gourdin 1989 (and subsequent reply by Hemsing 1989),
Lauber-Altman and Müller 1986, Setchell 1985].
Push-pull VISAR
Hemsing [1979] describes a useful modification of a VISAR using four detectors
rather than three. Two pairs of detectors each m easure a separate system of
interference fringes which are /r/2 out of phase (i.e. there are two 'sine-like'
interference signals and two 'cosine-like' ones). This is achieved by using the
interference beam in a large angle type of VISAR which is norm ally not used.
The two sets of fringe signals in quadrature are out of phase by n. Since the
intensity variations caused by various shock and impact effects are in each set
of signals, subtracting one set from the other leaves a sinusoidal signal which
oscillates about zero w ith twice the signal am plitude. One set of signals is
(I(t)+sin(ci)t)) the other is (I(t)+sin(cot + n/2)) which is the same as (I(t)-sin(cot)).
Their subtraction results in 2sin(cot). This process is best illustrated using
Hem sing's [1979] diagram, reproduced here as figure 3.9(b).
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Part (i) of the figure is the pair of interference fringes from one set of
photomultipliers; part (ii) is the pair from the other set. The two fringe sets
contain the same Doppler information, but since they also contain incoherent
light intensity in the same direction, then subtraction results in a sine-like and a
cosine-like signal of higher magnitude but without this incoherent light
component. The resulting signal is shown in part (iii).
Hemsing's push-pull VISAR uses the interference signal produced at the beam
splitter which would otherwise travel back in the direction of the event and not
be used. The existence of this interference signal is clear from the diagram of
Barker and Hollenbach's original VISAR [1972], shown in figure 3.7. The
relevant section of that diagram is reproduced here in figure 3.9, being the
interference beam splitter and the two arms of the interferometer. There is a
spatial separation between the incoming Doppler shifted light and the
interference signal which returns to the same side of the beam splitter. In
normal VISARs (and in the one used in the present work), this signal is
ignored.
Mathematically, one of the data signals can be represented by
D,'(f) =

+ J„w,sin(a>f),

(3.19)

while the other is
D,"(t) = 1

sin(cu( +180°)
= ,h
co
n

(3.20)

so that their subtraction leaves
D /0 = D /-D /’= ll^ s in ic o t) .

(3.21)

I have represented the background and noise in these equations by Iincoherent'
where the Doppler information is contained in the term Icoherent- The two
signals can be subtracted by the oscilloscope before downloading to the
computer for analysis. The data reduction process is particularly simple,
requiring merely the arctangent of the ratio of these resultant data signals
(along with counting how many times the fringes pass through In). In order to
achieve this level of simplicity the various response functions of the
photomultipliers have to be calibrated, and the reflectivity and transmissivity
of the optical elements have to be controlled. If this is not done sufficiently well,
or if it is not possible for some reason, then all four signals would need to be
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recorded and the analysis would require software normalization of the levels.
Even so it is still more elegant than the basic VISAR technique.
Since the intensity variations follow the interference signals exactly, the
resulting interference signals provide a Lissajous figure with a constant centre
at (0,0). The intensity of the interference signal may vary, which would give
some sort of spiral Lissajous rather than a circle, but, as with all interferometers
of this type, the phase information is all that is required to determine the
velocity.
3.3.5 ORVIS

Bloomquist and Sheffield [1982] replaced the photomultiplier detectors of the
WAMI and VISAR with a streak camera, creating an Optically Recording
Velocity Interferometer System, ORVIS. This has a major advantage over the
VISAR that two polarized signals are not measured and then processed to get
the velocity. Instead a fringe pattern is streaked across a piece of film,
appearing as a set of lines going across the film. With a change in velocity
creating a fringe shift, the lines move up or down the film depending on
whether it is an acceleration or deceleration. ORVIS is shown in figure 3.10.
Like the VISAR, this device can also provide accurate results (errors of less than
5% are standard).
Parker and Chau [1977] used a similar device to measure the velocity of a
mylar flying plate produced from an exploding foil flying plate accelerator of
the type discussed in Chapter 2. Hemsing [1985] also used a streak camera to
record the data from a push-pull, 4-detector VISAR.
3.3.6 Smeets' & George's Michelson Spectrometer

Smeets and George [1981] described a VISAR-type instrument in which the
incoming light passes through a Pockels cell. Figure 3.11 is a schematic of their
apparatus. The output of the photomultiplier tubes from the two polarizations
of a VISAR-like interferometer modulate the voltage on the Pockels cell to
phase shift the light going into the interferometer, thereby acting as a phase
stabilizer. The Pockels cell effect is linear with applied voltage. The voltage
applied to the Pockels cell in this device is determined, via a transistor feedback
circuit, from the radiant fluxes measured by the photomultiplier tubes. The
fluxes are adjusted to be equal prior to the experiment. A change in the
wavelength of the light changes these radiant fluxes which in turn changes the
voltage on the Pockels cell until the original phase is restored. Therefore there

Methods of Measuring High Velocities

63

is a direct linear relationship between phase, and thus interference order, and
the Pockels cell voltage, p=aVp0Ckeis./ where a is the constant of proportionality.
Equation (3.12) is the relationship between the velocity and the fringe order for
this type of interferometer, so that a simple relationship between the pockels
cell voltage and the velocity of the object can be obtained.
3.3.7 Other VISAR variations

Amery [1976] replaced the glass etalon of the delay leg of the VISAR with a
dual lens system, where the two lenses are separated by the sum of their focal
lengths. This method was also used by Bailly-Salins [1977] in order to measure
low velocities (<100 m/s). Bailly-Salins called his device a '4 /telescope' since it
used two lenses of the same focal length. It is shown in figure 3.12. Using a
simple system of two lenses of the same focal length placed at a distance of one
focal length from the virtual position of the mirror in the undelayed leg of the
interferometer, Lj', it is possible to make a low velocity Doppler interferometer.
The two lenses of focal lengths fj and (2 are placed the sum of their focal
lengths apart, so that there is a real image plane of the position L j' at a focal
length away from the second lens. This means that the optical depth of the
arrangement is zero, while at the same time the path difference is 2(fa + fj)Any path length difference can be set simply by replacing the lenses in the
telescope. The need to use very long pieces of fused silica, for lower VISAR
velocity measurement, is thus eliminated. Small velocities can obviously be
measured with normal VISARs, even using larger fringe constants, but
interferometric accuracy is best served by having a finite number of fringes to
measure, rather than a fraction of a fringe. To avoid the problems of having too
many fringes to count, while ensuring that even a lower-than-expected velocity
would have more than one fringe, an appropriate number of fringes to aim for
would be around five during a full measurement. The fringe constant should
thus be about l/5 th of the expected velocity. The Amery-style interferometer
has an advantage in that the sensitivity of the instrument can be radically
altered easily. For example to change from 100 m /s per fringe to 1000 m /s per
fringe, the lenses need to be replaced, and the mirror M2 needs to be moved
appropriately. Figure 3.12 also shows how such a device is a WAMI. The main
problem in the use of this device for high velocity impact studies is that the
short focal length lenses required for high velocity measurement can introduce
too much spherical and other aberration into the signals, thereby reducing the
fringe contrast. Bailly-Salins [1977] used a 50 m /s fringe constant to investigate
low impact velocities.
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In order to allow greater velocity sensitivity from an increased delay length
W ang et al. [1991], instead of using lenses like Amery and Bailly-Salins, used an
etalon, placed at a slight angle with respect to the light in one of a VISAR's
interferom eter arms. Their etalon's end faces were mostly 100% reflecting, with
small gaps in the reflection coating to allow the light to pass through at each
end. By varying the angle of the etalon with respect to the optical axis, different
num bers of total internal reflections within the etalon were possible, from 2 to 4
to 6 (see figure 3.13). It should also be noted here that they were able to obtain
velocity results for speeds of 750 m /s using a 30 mW He-Ne laser. Although
the velocities that they were investigating were similar in m agnitude to those
used in the present w ork, the peak acceleration of 1.4 x 106 m / s 2 was
considerably lower than that of the exploding foil m ethod investigated here
(accelerations of up to 2 x 109 m /s 2 have been observed in the present study).
3.3.8 Fabry-Perot
McMillan et al. [1988] describe the application of a Fabry-Perot interferom eter
(FPI) to the m easurem ent of fast-moving reflecting surfaces. Their experimental
arrangem ent is show n in figure 3.14. The light reflected from the target is
passed into the Fabry-Perot and the interference rings are m onitored by
imaging them onto the slit of a streak camera. Johnson and Burgess [1968] give
the equation governing the FPI as used for velocimetry as
v

c Xf .
4h{

d l-d f\
d , - d 2)

(3.22)

Here h is the separation of the FP plates; dR is the diameter of the shifted rings;
dL is the diam eter of the same ring before the shift; ^ and d2 are the diameters
of any tw o adjacent unshifted (or shifted) rings; X is the w avelength of the
unshifted light and i is the num ber of new fringes which appear at the centre of
the FP pattern (see section 3.3.9 for a discussion of a discontinuous jum p in a
fringe record, w hich also applies here). This is an elegant solution to the
problem of velocity measurement, due to the small num ber of optical elements
required. As compared to the VISAR, which has many beam splitters, mirrors,
polarizers etc., the FPI merely uses two high reflection m irrors w ith a small air
gap between them, and a detector system.
The advantage of using this interferom eter is that the intensity of the light is
not im portant as long as the FP fringes are still visible on the streak record.
Taniguchi et al. [1989] used the FPI velocimeter to characterize the free surface
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of a partially compacted powder material undergoing shock loading, both
because of the simplified analysis which this system allows, compared to the
VTSAR, and also because they were expecting extreme intensity changes in this
target material. As with the ORVIS, however, a fast streak camera is required.
Asay et dl. [1990] have developed a Line Imaging FPI for Velodmetry. In this
device, a fringe pattern from a line of the target is streaked across the film.
Variations in the fringe count at various positions on the film then correspond
to the position on the target. Thus information regarding curvature of a shock
arrival at a surface can be obtained, or planarity of a flyer plate produced in an
exploding foil system can be measured, at the same time as measuring the
velocities of these objects.
3.3.9 Recovery of missing fringes
One drawback of interferometric work is the need to recover missing fringes
due to the inadequacy of the recording device. One solution to the difficulty in
using a Michelson interferometer as a velocity measurement device is to use it
to measure the Doppler shift instead (see section 3.2.2). In studies of shock
waves, however, it is quite often found that even this method is not sufficient
to decrease the fringe frequency sufficiently to allow the phase to be
continuously measurable on the passage of a shock front, due to the nearly
discontinuous nature of the shock. Fringes may thus be lost. The rapid phase
variation appears on the interferometer record to be a discontinuous change of
the fringe pattern on the film or oscilloscope. The amount of fringe shift often
appears as only a fraction of a fringe, but it could easily be one or more whole
fringes plus this fractional portion.
This is most easily explained in figure 3.15. A constant wavelength fringe signal
is shown in part (a), with the 'missing fringe shift' concatenated in part (b). The
fringe shift can thus be represented as
Ap = N +f .

(3.23)

N represents the integral number of fringes lost by the rapid fringe variation,
and / the fractional part which is successfully measured. The missing
information - the integral number of fringes lost - can be recovered by
repeating the experiment with a lower sensitivity interferometer which will
measure fewer fringes. This can be done by using a shorter delay leg in a
WAMI to give a larger fringe constant, which could easily be much larger than
the expected variation. As long as the change can be observed with this other
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interferometric system, and is not lost in the noise, then this is perhaps the best
method of determining fringe jumps.
Unphysical velocity results which arise from various N values can also be
easily eliminated. If the impact velocity were 2 km /s and the particle velocity
or the free surface velocity of an impacted (inert) target is being measured, then
it is not possible for that velocity to be greater than 2 km/s. Selection of a fringe
constant larger than 2 km /s would thus mean that any measured fringe shift,
even if brought about by a discontinuous jump in the interferometer record,
would have to be the actual shift. A more sophisticated variation on this
method would be to take the fractional fringe and add (or subtract) an integral
number of fringes to give various values of the velocity. Most likely only one of
these would be physically possible.
With the VISAR employed in the present work (see section 5.1.6), the fringe
constant was chosen with the intention of making the value of N have only a
very small set of values. A fringe constant of 900 m /s was most often used, but
in a few shots one of 1700 m /s was used. In the present work, where impact
velocities are of the order of 2 to 3 km/s, either of these fringe constants should
mean that N could only be 0 or 1, for any evidence of missing fringes. If a
minimum of assumptions is made about the nature of the process involved in
any particular event, the value of N should be unique.
In most cases it should be possible to calculate an approximate expected fringe
shift even before the experiment. The measured fractional fringe shift should
then indicate the lost integral part. For example if the dynamics of the
experiment show that a particle velocity of approximately 1300 m /s is
expected, then, with a sensitivity of 500 m /s per fringe, and if the fractional
fringe shift is measured to be 0.5, N must be 2. If one were to select N=3 or N=1,
one would get a velocity result that would be very much different from
expected. A series of experiments varying the impact velocity could confirm
this result.
Alternatively, repeating the experiment using a different fringe constant would
provide two simultaneous equations in three unknowns, of which the velocity
and the integral fringe number are constrained variables. The two equations
would be
v = JC,4p, = K,(N, + /,)
and

v - K2Ap2= K2(N2+ / 2).
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The Ks are the fringe constants for the two different thicknesses of glass in the
delayed arm of the interferometer, and the Ns and fs are the integral and
fractional parts of the measured fringe shift in each case. The constraints on
these equations are that the Ns are integral, and that the velocity result
achieved must be physical. It is also found that if the fringe constants (K) are
similar, that the Ns would differ by one at most. The Ks are known and the fs
are measured. Even if the Ks are very different, then the fact that N| and N2 are
integral should nevertheless determine the velocity, as long as the
measurements are taken with sufficient accuracy.
Different fringe constants simultaneously
A similar method to this is the use of a dual interferometer system. If the fringe
constant in one of the interferometers is much larger than any expected velocity
change, then a particular fringe intensity change should correspond to an exact
fringe change. That is, using the above terminology, if Nj has to be zero, then
the velocity change is just the fractional fringe change. This will not be very
accurate, so a second interferometer of much lower fringe constant is used to
improve the accuracy. As long as the fringe constant of the second
interferometer is greater than the error in the measurement provided by the
first interferometer, then N 2 is determined.
For example, if the first has a fringe constant of 10 km /s per fringe and 0.25
fringes are counted with an accuracy of l/20th of a fringe, then the velocity is
2.5 ± 0.5 km/s. If the second interferometer is chosen to have a fringe constant
of 1 km /s, with the same accuracy, then even if the change in velocity is too
rapid to be tracked by the second interferometer, a fractional fringe jump of
0.55 would indicate that the value of N 2 was 2, giving a velocity of 2.55 ± 0.05
km /s, a significant improvement in the accuracy of the measurement.
3.3.10 Lasers for interferometry

A complication with any of these WAMI and VISAR instruments is that they
must take account of the longitudinal modes of the laser light being used as the
source. This is because the path length difference between the two arms of the
interferometer is typically of the same order as the length of a gas laser. The
interferometer can be considered as a cavity which should support the same
modes as the laser cavity in order to get the best fringe contrast. That is, if the
laser mode spacing is 100 MHz (a 1.5 m long gas laser) then the interferometer
'spacing' should be 100 MHz or 100// MHz where i is integral.

68

Shock Waves in Solids

The interferometer 'mode spacing' is equivalent to the frequency shift per
fringe. If equation (3.14) for a WAMI is rewritten in terms of the change in the
frequency of the light from a single fringe, it becomes
Av = ------------ rAp.

(3.24)

For a particular fringe constant, K (given in equation (3.12)), the spacing of
interference fringes which will constructively interfere (what I have termed
'interferometer mode spacing7, an inaccurate term, but useful in the context of
matching the interferometer and the laser), is given from (3.24) as
Av = — ,
A

(3.25)

with Ap=1.
The spacing of the longitudinal modes of a gas laser, Av, can be easily derived
since the cavity can support only an integral numbers of wavelengths:

Here L is the length of the laser cavity and c is the velocity of light in the cavity.
Since the refractive index of gas is close to one, c is within one part in 1000 of c
in a vacuum.
Any atomic transition has a Lorentzian linewidth and also Doppler broadening
of this line due to the temperature of the medium [see, for example, Bransden
and Joachain 1983 or Thorne 1989]. There will be a number of possible
wavelengths in the transition line which can be supported by the particular
cavity. This is shown schematically in figure 3.16.
In the present work it was observed that a 1 mW helium-neon laser, with a
mode spacing of 750 MHz gives high contrast fringes in a WAMI with 25 cm of
glass as the delay. This was compared to a 10 mW laser with a spacing of 320
MHz which gave much lower contrast fringes together with a lower absolute
variation, despite the much greater intensity of the laser. An argon-ion laser
with a mode spacing of 85 MHz resulted in a fringe system of almost zero
contrast, despite a much higher power still of 200 mW.
Doppler interferometers typically employ lasers operating in a single mode
through the use of an internal mode-selecting etalon [Barker and Hollenbach
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1972, Bloomquist and Sheffield 1981, Bailly-Salins 1977]. This is the approach
taken with the VISAR used at MRL (see Chapter 6).
However it should be possible to use a laser operating in many longitudinal
modes, if the laser and interferometer are matched appropriately. To achieve
the 85 MHz spacing of the argon-ion laser previously mentioned the
interferometer's spacing should be 85 MHz (or 85/ i MHz, where i is integral).
This would allow a higher power signal, without the losses introduced by an
internal etalon in single-mode operation. Using the 514.5 nm line
approximately 25 mm of glass would be required in the WAMI, giving a fringe
constant of about 22 m /s per fringe.
This matching was not attempted in the present work, and it is unlikely to be
appropriate for the impact velocities investigated. From equation (3.25) it is also
clear that the other possibilities for matching would require either a stillsmaller fringe constant, or else longer wavelengths. Since one is trying to match
the interferometer to a particular laser, changing the wavelength is not a simple
process. As described in Chapters 6 and 7, there was enough difficulty in
determining the velocities of the internal surfaces impacted by flying plates
without using an interferometer where the value of N (the integral number of
fringes that can often be lost in a shock wave measurement) is high.
The use of multiple laser longitudinal modes to optimize an interferometric
signal for shock wave work was demonstrated by Gidon and Behar [1988], who
measured velocities of back surfaces of shock-impacted targets using FabryPerot interferometry (section 3.3.8). In that work a broadband laser was used
rather than specifically constructing a Fabry-Perot cavity to match a particular
laser. The light from the laser was first passed through the FPI to select a set of
single-frequency lines. The light reflected from the target was then passed
through the same Fabry-Perot interferometer, selecting the same frequencies
that had been selected on the input side. Gidon and Behar state that multiple
line matching of interferometer and laser cavities would be applicable to any
interferometric system.
Earlier, Gilson [1967] had used a broadband laser beam which was passed
through a Fabry-Perot to achieve a specific set of lines. These set frequencies
were used to analyze laser frequency modulation. The interference fringes at
each line interfered constructively, giving a resultant improvement in accuracy.
This method allowed the measurement of frequency variations smaller than the
laser's Doppler bandwidth.
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3.4 Velocity measurement methods chosen
A quick and supposedly simple system of projectile measurement was needed
which was not subject to the large electromagnetic interference from the
exploding foil event. Optical methods were therefore used, and the simplest
was the break beam technique. Projectile time of flight data was obtained in the
present work through the use of laser break beam methods (Gas gun: section
4.2.7; Mk I EFFPA: section 4.3.5; Mk II EFFPA: section 5.2.2). For the exploding
foil devices, the plasma interfered with the beams for the experiments which
used a barrel, preventing accurate measurements. There is some evidence,
obtained in some high speed photographic tests on the Mk II EFFPA, that the
break beam velocities that were obtained were actually a measurement of the
shock wave caused by the foil's explosion.
To obtain dynamic projectile velocity measurements and also to be able to
measure the velocity of a shocked surface - both of which involve very rapid,
large accelerations - Doppler interferometric methods were chosen. A WAMI
was initially constructed for determining the flying plate velocity from the Mk I
EFFPA (section 4.4.1). Due to lack of recording bandwidth and large signal to
noise ratios, this WAMI was not successful in measuring flying plate velocities.
A more accurate and precise instrument was used on the Mk II EFFPA at MRL
(section 5.1.6): a commercial three detector VISAR from Systems, Science and
Software (on loan from the Wright Research Laboratory, Eglin Air Force Base,
United States Air Force). The vast majority of velocity results reported in this
thesis were obtained with this device due to its large optical bandwidth, and
correct recording bandwidth, and also close experimental attention to the
problem of the signal to noise ratio.

Flying plate
moving to the left

Figure 3.1 The break wire method of velocity measurement. If the current
in the circuit is monitored then as the wire is broken by the passage of the
object then a drop in the current to zero will be detectable. For small flying
plates this method is unsatisfactory since it adversely affects the plate, often
breaking it up.

Flying plate
m oving to the left
Photodetectors
(e.g. pin
photodiodes)

F ig u re 3.2 The b reak beam m ethod of velocity m easu rem en t. The
photodetectors register a continuous signal level u n til the passage of
the flying plate. W ith the separation, x, of the beam s set p rio r to the
experim ent then the average velocity betw een the tw o beam s is found
using the difference in the tim es that the beam s are cut off by the flying
plate. If there is no other absorption of the beam s they w ill re tu rn to
this level after the passage of the flying plate. W ith a long object (say 10
m m or longer) a single beam could be accurate enough. M ore th an tw o
beam s can be used to approxim ate a continuous velocity m onitor.
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Figure 3.3(a) A standard Michelson Interferometer can be used as either a
simple displacement measuring device, or if the displacement is measured as
a function of time, a velocity device. If the two arms are in air, then the path
difference is just twice the difference in length of the arms,
path difference =2d = 2( L| = pX
[Jenkins and White 1981].
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Figure 3.3(b) The normal Michelson with a corrector plate and planar beam
splitter. The light in each arm traverses the same amount of glass, so that the
only path length difference is that caused by the movement of the object that
mirror M2 is mounted upon.
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A Velocity Interferometer is a modification of a Michelson. The
longer arm of the interferometer introduces a delay into the light coming from
that mirror. This delay means that the changing Doppler shift of an
accelerating or decelerating object can be measured. The velocity is related to
the change in fringe order by equation (3.3), which by substitution of equation
(2.1), with m=ni=l becomes [Fowles 1972]:
v(0 =

cX

dp
2( A - i y dt'

Image
velocity is

Source
velocity
Stationary
//

Detector

Figure 3.5 The velocity of the virtual image is different in each of the above
cases. The change in frequency of the light as observed in a Doppler
interferometer therefore depends on what is the light source. The first case
above is equivalent to the one where the mirror, or the object being observed
by the detector, is the light source. With all the Doppler interferometers
examined in the present work, the second case is the relevant one: the object,
be it flying plate, impactor or target, is illuminated by a bright light source.
The source remains stationary, so that the Doppler relation is
Av
V

where

v o b je ct

is the velocity of the object.
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Figure 3.6 A Wide-Angled Michelson Interferometer, WAMI.
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Figure 3.7 A VISAR-type device. There are a num ber of possible geom etries for
these in terferom eters, for ease of com parison they are show n as having right
angled beam splitters. The figure below shows Barker and Hollenbach's set-up. The
eighth-w ave plate is used so that the two polarizations of the light travelling into
the interferom eter can be separated out by a total of a quarter-w ave (two passes
through this plate). This is a way of getting m ore inform ation from the incom ing
light, and thereby increasing the accuracy of the velocity m easurem ent.

Mirror

Window to
view target ^ Target
through — I— r

collimating
Lens

Impactor
Diffuse or
specular
surface

Mirror

telescopi
Light
from laser

polarizers^
BS V

Mirror

Beam splitter Etalon

polarizing
beam
splitter

Fringe data

E

0.0

Time ((is)

Lissajous

0.5 -

-0 .5 -

-

1. 0

-

D atal (sin-like)

Figure 3.8 With interferometer fringe data
as shown in (a) above, a Lissajous figure
such as the one at left is constructed.
A lthough not perfectly clear from this
diagram, it is an easy matter to count the
fringes to get an idea of the velocity of the
object u n d er study. The next stage of the
analysis provides a velocity versus time
curve som ething like that of the figure at
the bottom of the page, which uses the
sample data and a fringe constant of 500
m / s per fringe. The velocity reversal is easy
to see on the Lissajous figure. With a data
set that is not as 'clean' as the sample of (a)
above, the Lissajous figure is a great aid to
understanding the event.

Velocity
800600400-

200 -

-

200 -

-4 0 0 -6 0 0 -

time (p.s)

Photomultipliers

Photomultipliers
Incoming Doppler
- shifted light

Polarizing

Polarizing
Delaying
eta Ion

Eighth-wave
plate

Beam splitter

Figure 3.9(a) The push-pull VISAR. Each signal beam is used, whereas the normal
VISAR wastes one of the beams (e.g. the one travelling to the left in this figure). By
subtracting the primed signal amplitudes from the unprimed ones, the background,
incoherent, light is removed and the fringe variation is increased. This markedly
improves the fringe contrast.

I(Ö+7c/2)-I(0+37 c/2)

Figure 3.9(b) The fringe system s from a hypothetical push-pull VISAR. Part (i) is
the norm al set of fringes, part (ii) is the 'push-pull' extra set, which is 180° out of
phase w ith the first set. Part (iii) is the sim ple subtraction of these two sets,
which results in two things: fringes of higher am plitude than either (i) or (ii),
rem oval of the offset from zero of each of the fringe sets, since they are
intensities (draw n with increasing intensity down the page).
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Figure 3.10 Optically Recording Velocity Interferometer System, ORVIS.
An advantage over the VISAR in that acceleration and deceleration
correspond to different directions of the fringe shift [Bloomquist and
Sheffield 1981]. The diagram on the right is a schematic of the streak
record obtained. The fringe shift upwards, of about 1.5 fringes, corresponds
to an acceleration. The fringe contrast in a shock experiment will usually
decrease very rapidly, limiting the effective measurement time.
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Figure 3.11 A 'M ichelson Spectrom eter' as designed by Smeets and George
[1981]. A fast acting phase stabilization is realized by m eans of the Pockels
cell. The electro-optic system m aintains a phase at w hich there are equal
radiant fluxes to both of the photocathodes. A sudden change in w avelength
alters the radiant fluxes of the two photom ultipliers, w hich in turn alters
the voltage on the Pockels cell until the phase is restored. By m onitoring the
voltage on the Pockels cell a direct dynam ic m easure of the velocity can be
m ade.
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Figure 3.12 Bailly-Salins [1977] 'Field-W idened M ichelson'. The glass slab of
the WAMI is replaced by a pair of confocal lenses. A point on the m irror M2
has a real im age on the plane M2', and, since the light passes th ro u g h this
lens sy stem tw ice the level of 'co h eren t' sp atial in coherence w ill be
m aintained, as in a regular WAMI. For some of the high velocities in shock
stu d ie s, this m ethod is not appropriate, because the focal lengths of the
lenses req u ired are too short, introducing too m any ab erratio n s into the
phase.
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Figure 3.13 Wang's [1991] modification of the WAMI or VISAR method.
Greater path lengths are available with the same etalon merely by rotating it
to a position where the light passes through it the corect number of times.
This technique works best with light which has small divergence.
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Figure 3.14 The Fabry-Perot velocim eter [McMillan et al. 1987]. The fringes
exist at all tim es, as long as the contrast and intensity are correct. The
sep aratio n of fringes is due to the w avelength of the light. W hen high
velocities change this w avelength, the separations of the fringes also
changes. Due to the sm all num ber of com ponents this is an elegant
technique for m easuring velocity provided that a good streak cam era is
available.

Amplitude

Time
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Fringe jump
Ap=N+f
Figure 3.15 When the fringe variation, Ap, is faster than the interferometer
system can track, due to PMT response or data collection bandwidth, a fringe
jump, Ap, as shown above can be observed. Ap is resolved into two parts by
equation (3.23) in the text. The fractional part of the fringe jump, f, will
always be recovered, but the integral part of the jump, N, presents some
difficulties. If the correct jump is to position B in the top diagram (N=l),
with Ap being the shaded region, from the information available to the
experimenter, it is apparent that Ap could just as easily be to other positions,
such as A, B or D (N= -1, 0 and 2 respectively). Resolution of this ambiguity
depends on other information that is known about the event.

Intensity

emission curve envelope

frequencies of emission
supported by the cavity of
length L

frequency, v
Av = c/2L
Figure 3.16 The longitudinal modes of a laser. A laser of infinite length
would support all of the frequencies in the emission curve. For a small
alignment He-Ne laser, there would typically be three or four modes of
relatively high intensity with a separation of about 700 MHz. In a gas laser,
the refractive index of the lasing medium is so close to one that it is really
just the length which determines the spacing, Av, of these modes.
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4 ANU macro-particle accelerators
In this chapter I present work done in the ANU's shock waves laboratory of the
Department of Physics. This work was to determine the feasibility of some of
the methods of accelerating small masses to high speeds for the present
application of producing impactors for shock wave experiments. The two main
methods are that of the exploding foil flying plate accelerator (Mk I EFFPA,
section 4.3) and the gas gun (2SLGG, section 4.2). Each of these devices has its
merits, but each is also somewhat limited. The 2SLGG for example produced a
moderately sized projectile of a few grams travelling at up to a kilometre per
second in air. The EFFPA produced thin plastic plates travelling at speeds of
over three kilometres per second.
I also describe some of the background work regarding the monitoring of these
devices (sections 4.1, 4.2.3, 4.3.3 and 4.3.4) and the development of a WAMI
(section 4.4) for determining the objects' velocities. In the final section of this
chapter, 4.5,1 discuss the advantages and disadvantages of the techniques and
measurements carried out.

4.1 Software for data analysis and data gathering
To obtain the best quality data necessary for the analysis of interference fringes,
a means of getting digitally sampled data was needed. From work done with
exploding foil flying plate systems elsewhere (mainly at LLNL, Osher et al.
[1987, 1989, 1990]), it seemed that the major part of the acceleration of the foil
would be in the first couple of microseconds after the discharge of the
capacitor. A system which could sample with a resolution of 20 points per
microsecond (i.e. a sampling rate of 20 megasamples/s) was considered to be
the absolute minimum requirement for obtaining reasonable velocity data. A
Phillips PM3302 digital storage oscilloscope (DSO) with the required sampling
resolution was used for most of the work. A Hewlett-Packard 542100A DSO
was also used, which had a sampling rate of 200 MS/s, or 200 samples per
microsecond. However, any digital oscilloscope could have been used,
provided it could satisfy the minimum sampling rate requirement.
An IOtech Mac488a GPIB bus controller was used to connect a personal
computer, in this case a Macintosh Plus, to IEEE-488 GPIB devices, to capture
the raw sampled data for analysis. It was thought that this was necessary to
correctly process the velocity information from a Doppler-type interferometric
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measurement of the flying plate's velocity. The photomultiplier record of the
interferometric fringe data is in terms of intensity, rather than the phase of the
fringes. To properly reconstruct the phase of the fringes, and therefore the
velocity information, an inverse trigonometric function is required, as well as a
method of counting when there is a 2rc phase shift.
Hemsing's [1983] algorithm is appropriate for a VISAR. With the WAMI, two
k / 2 phases were not measured, so that a more simple inverse sine would be
appropriate. In fact, due to a lack of data obtained with the WAMI, from poor
signal to noise ratio and a bandwidth of the recording device too small to track
the very high accelerations of the flying plate, it was not necessary to develop
an appropriate analysis routine. However, it is thought that the Hemsing
algorithm as shown in the Appendix, could be simply modified to
accommodate these changes. One of the main differences between the single
fringe system of the WAMI and the two-signal system of the VISAR is that the
WAMI cannot determine the direction of the phase shift, so that one is not sure
whether the measured shift is an acceleration or a deceleration.
I wrote a program, in Microsoft's QuickBASIC compiler for the Macintosh,
('Mac488') to transfer the data from a CRO to the computer and capture it to
disk for later analysis.
The program communicates with the interface bus at 19,200 baud via one of the
computer's serial ports. It instructs the controller to call a particular IEEE-488
device and then to send the data as one continuous string of 8-bit bytes. The
data appears to the computer as a stream of extended ASCII characters.
Converting this stream to a series of numbers representing voltage levels of the
CRO is achieved via the BASIC command ASC$() and then appropriate scaling
depending on the CRO settings. The program also plots the data on the
computer's screen, reproducing the CRCTs screen in order to verify that the
downloaded data set was that desired. This plot can be directly printed to a
connected printer, such as a laser printer - see figure 4.1 for an example of its
output, which is merely a photocopy of the laser printed output of shot 1-151.
The upper trace is the interferometer signal of the WAMI used with the Mk I
EFFPA (see section 4.3), where increasing intensity is down, while the lower
trace is a background intensity monitor signal, where increasing intensity is up.
The data set is automatically stored in a file of tab-delimited values, in the form
"<time>tab<yl value>[tab<y2 value>]return". The file name consists of a
prom pted-for shot num ber, and then the date and time, eg
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'Shotl50_19/7/90_17.45' for the data shown in figure 4.1. An automatic record
of when the data set was obtained is thus made. The program also prompts the
user for any comments, which are written as the first line of the data file.

4.2 Gas Gun
4.2.1 Modification of a shock tube
In this work a method was sought to produce high velocity impactors by
means of a gas gun. Since a 2SLGG was not available, I decided to make my
own 2SLGG starting from one of the small shock tubes in the ANU's
Department of Physics and Theoretical Physics.
The ANU has a number of shock tubes of the free-piston design of Stalker
[1965]. A shock tube of this type functions by having two compression regions.
A reservoir of air at about 10 MPa is separated from the compression tube gas,
at a pressure of the order of a few tens of kPa, by a massive piston. A freepiston shock tube design is shown in figure 4.2. As described by Stalker, no
diaphragms are used between the compression tube and the reservoir. The
piston is held in place by an ingenious technique first suggested by Greif [1962]
in which the piston itself acts as the moving element in a pneumatic valve. The
reservoir pressure is confined to act perpendicularly on the walls of the piston,
until the pressure is released into the 'piston space', causing the piston to move
past the O-ring seals which confine the reservoir gas. The reservoir pressure
then can act on the rear of the piston, forcing it down the compression tube.
When the piston is released, it is accelerated with virtually no resistance on the
low pressure side to speeds of the order of 300 m /s. This piston then proceeds,
via its inertia, to compress the gas in the 'compression tube' (see figure 4.2) to a
pressure of 100 MPa. This second compressed gas then ruptures a diaphragm
causing a high speed shock wave to form in a stationary gas, called the 'test
gas'.
If instead of a test gas being placed in front of the metal diaphragm separating
the compression tube from the shock tube, a solid cylinder which seals the tube
is put there, then that cylinder will act as a secondary piston. In figure 4.3, the
free-piston tube of figure 4.2 is shown with this modification. This secondary
piston is able to attain much higher speeds than the first piston due to the
amplifying effect of the first stage (which converts the 7 MPa reservoir pressure
into a 70 MPa pressure at diaphragm burst). Of course, this gain in speed is at
the expense of mass of the piston, the piston of the first stage weighing around
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a kilogram in the tube used, as compared to the second 'piston' or projectile
impactor, which weighed of the order of 5 grams.
By a suitable choice of initial conditions - filling the compression tube to
roughly atmospheric pressure (whereas for studies of shock waves in gases,
filling pressures are typically of the order of a few kPa or less), a large volume
of gas at the high pressure of diaphragm burst (about 70 MPa) can be obtained.
The larger the gas volume, as well as the higher the pressure, the higher the
projectile velocity that can be obtained (up to the limit of the velocity of a shock
wave that would be produced in the air without the projectile). The high
pressure gas is the means of accelerating the projectile.
Thus a free piston shock tube can be simply converted to two stage gas gun
operation. A difference between this free-piston technique and that of many
two stage gas guns in use elsewhere, is that the piston of the first stage is
reusable (it is made of solid steel, with ’O’ rings to ensure a close fit in the
tubes). Other 2SLGGs usually use a plastic deformable piston. This type of
piston is chosen to allow a closer approximation to the 'constant back pressure'
models of gas gun performance than a rigid piston. A deformable piston
functions by being dynamically extruded into an end-cone of the first stage of
the gas gun (see figure 2.3), allowing the pressure between the stopping piston
and the projectile that is beginning to move to be maintained at roughly the
diaphragm burst pressure for a longer time. A rigid piston can produce the
same final projectile velocities, but only at the expense of having to produce
higher pressures, and thus it has greater containment problems.
A small free piston shock tube, called T l' in the nomenclature of the designer
(Professor Ray Stalker of the University of Queensland), with a compression
tube of length 1.7 m and a bore of 50 mm was studied in the present work. A
solid cylinder fits into the barrel, directly in front of the steel diaphragm. This
cylinder becomes the second stage projectile after the diaphragm is ruptured
by the compressed light gas. The gas compression results from the motion of
the 0.8 kg mild steel piston which initially separates a reservoir of air at 7 MPa
from helium at approximately 100 kPa in the compression tube. Projectiles of
12 mm diameter and varying in length from 10 to 25 mm have been
accelerated, the apparatus producing a final velocity of around 1 km /s, both in
air and in vacuo. The acceleration distance is 300 mm. The velocity was
monitored by the use of laser beams broken by the passage of the projectile.
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4.2.2 Energy considerations

It is required to accelerate a 5 g projectile to 2 km /s, a kinetic energy of about
10 kJ. Such a speed would produce shock pressures of up to 30 GPa in a
symmetric impact of aluminium on aluminium. The mass is important because
it allows thicker or wider flying plates to be used as the impactor, so that the
one-dimensional shock propagation will last for longer in the target material.
The piston of the T1 shock tube has a maximum kinetic energy of about 36 kj
from its mass of around 0.8 kg and its maximum velocity of about 300 m /s.
Thus a desired efficiency of conversion is 30%.
The efficiency of the Carnot cycle is the limiting efficiency for any
thermodynamic system which does work. Zemansky and Dittman's [1981]
textbook on thermodynamics states that the efficiency, rj, of a Carnot cycle is
=

(4-1)
l h

where Tc is the temperature of the cold reservoir and T/, is the temperature of
the hot reservoir. The temperature ratio term is the one which designers of gas
guns typically focus upon: a two-stage gas gun is an attempt to raise the
temperature of the compressed gas without raising the pressure to impossible
levels. Although a gas gun is clearly not a reversible process, like the Carnot
cycle, the very quick compression of the gas can be treated as being adiabatic.
In the present case (see section 4.2.4) the temperature rise of the compressed
gas is to about 3300 K. The limiting efficiency of the system in converting the
compression energy into useful kinetic energy of the gas and the projectile is
then about 90%. Since the projectile of a few grams is much more massive than
the gas (again, in the present case, the mass of compressed gas is about 0.05 g),
then effectively the limiting projectile kinetic energy is 90% of the energy of the
compressed gas.
Since the system was by no means reversible, being close to a free expansion of
the compressed gas, as well as there being many other losses in the system, the
actual efficiency was far less than this. The losses in the system are due to: the
energy required to burst the steel diaphragm; the continuing drag on the piston
by the walls of the compression tube after it reaches maximum velocity; the
drag on the projectile from the walls of the launch tube; real gas behaviour of
the working gases; and losses due to blowby of the compression tube gas past
the projectile in the launch tube. As already stated, the maximum velocity
achieved in this work was 1130 m /s, for a 2.7 g mass (£*.=1.7 kj). This
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represents an efficiency of 4.7%. It is likely that this efficiency could be greatly
increased by more careful attention to the factors mentioned. Further work is
needed to optimize the efficiency. If it was possible to attain even one-half of
the ideal, Carnot, efficiency for a system with the same two temperature limits
(3300 K and 300 K), then the maximum velocity for a projectile of the same
mass would be 3500 m /s.
4.2.3 The free piston shock tube
Since the pressure in front of the piston (the first stage) is initially about l/50th
of the pressure behind the piston (the reservoir pressure), the piston achieves a
high velocity before the compression of the light gas in front (in the
compression tube) begins to slow it down. By the time that the pressures have
equalized, the piston velocity has reached a significant fraction (approximately
30%) of the sound velocity of the gas which it is compressing. It continues to
compress the gas in front, due to its own inertia, until a much higher pressure
is reached (i.e. until it is stopped by this high pressure gas). If the pressure was
not released, then the piston would undergo a damped oscillation, eventually
coming to rest at or near the position where the pressures were equal on each
side.
A free piston shock tube functions because the highly compressed gas ruptures
a diaphragm, typically a metal sheet situated between the compression tube
and the shock tube. These metallic diaphragms are regularly tested in hydraulic
presses to confirm the pressure at which they fail. Upon rupture, a classic
'shock tube problem' of the interaction at a planar interface of two, most likely
different, gases at greatly different pressures can be solved (see for example
Z'eldovich and Raizer [1968]), which gives a shock wave of a particular velocity
and pressure characteristic. Using a free piston tube, gas velocities of over 15
km /s have been achieved in the laboratory [Sandeman & Allen 1971].
If the projectile is extremely light, then the initial acceleration may be so great
that the pressure directly behind it drops to such low values that further
acceleration is not achieved. On the other hand, if the projectile is of very high
mass, then it may only move slightly before the pushing gas could blow past.
Using O-rings and other types of seals, this could be much reduced. On the
system employed in this project, however, the projectile is a loose fit in the
launch tube (12.1 mm diameter projectile compared to the 12.5 mm diameter
launch tube). An object of greater than 50 grams or so would probably not
move very far before the pushing gas would blow past.
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4.2.4 M odel of the gas gun's operation
The characteristic relation for a free-piston tube, is, according to the Stalker
design [Stalker 1966],
1U
D

(4.2)

K

w here R is the reservoir pressure, D is the diaphragm rupture pressure, K is the
tube constant and A is the compression ratio. It m ust be noted here that this
relation is a semi-empirical one. The tube constant, K, depends on the various
geometrical factors in the compression tube design, such as piston mass, tube
diam eter and length. For the shock tube used in this study, K = 3.7 [Stalker
1966].
The compression ratio is defined as
l

(4.3)
with C being the compression tube pressure and y the ratio of the specific heat
at constant pressure to that at constant volum e (equal to 5 /3 for monatomic
ideal gases and approximately 1.4 for air [Zemansky and Dittm an 1981]). This
ratio of specific heats is weakly related to the G rüneisen index, r . The
relationship between the two can be approxim ated at room tem perature, by y~
r+1 [Murri et al. 1974].
Compression of the gas in the compression tube occurs in a time which is short
com pared to that required for therm al energy to be conducted away. This
allows one to make an adiabatic approxim ation, so that (for the same molar
am ount of gas)
PV?= constant

(4.4)

assum ing ideal gas compression. In this equation P is the pressure, V the
volume and yis the ratio of the specific heats [Atkins 1982].
Since we know that the diaphragm is to rupture at pressure D then we can
express the volum e compression, from the initial volum e, V

to the final

volume, Vf, in terms of the initial and final pressures, P[ and Pf respectively:
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f

1
Yi\r

(4.5)

v yj

The right hand side is equal to C/D. The temperature change from the initial, T/,
to the final condition, Tf, can be written as
f D \( h i

Tf = Ti

r)
(4.6)

for an ideal gas compression [Zemansky and Dittman 1981]. For example, if the
initial temperature is 300 °K, then for an initial pressure of 160 kPa and final
pressure of 70 MPa, the final temperature is about 3300 °K.
4.2.5 Launch tube parameters

After the diaphragm has burst, the compressed gas can be considered to
expand again adiabatically. While it is accelerating the projectile one can relate
the movement of the projectile to the pushing gas pressure by simple
mechanics. For simplicity, hydrodynamic equilibrium is assumed to apply
since the acceleration time is long enough to allow many reverberations of
pressure waves in the compressed gas. Thermodynamic equilibrium cannot be
assumed since the timescale is far shorter than those for radiation and
conduction of heat.
The projectile will move due to the imbalance of pressures on either side, the
force upon it being given by the pressure difference multiplied by its crosssectional area. The initial acceleration of the piston will therefore be given by:
gas

W°1

P f A proj

(4.7)

where the subscript 'prof refers to the projectile, a is acceleration, A is crosssectional area, m is mass and Pj is the rupture pressure of the diaphragm
(which is the final pressure of the compression tube before the gas expands into
the launch tube). One can ignore the initial pressure of air on the other side of
the projectile since for the pressures of interest, atmospheric pressure is less
than 1/1000th of the pushing pressure (i.e. 100 kPa is atmospheric pressure
compared to the initial pushing pressure of 70 MPa). It was found
experimentally that atmospheric pressure had little, if any, effect on the
projectile's final velocity. Although some experiments carried out in a vacuum
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did provide a velocity result higher than most shots carried out in air, the
results are inconclusive (see section 4.2.7 and 4.2.9).
The equilibrium pressure behind the projectile is a function of position of the
projectile as it moves down the tube and the high pressure gas expands into a
larger volume. The volume changes according to
V(x)=V„ + m-2x ,

(4.8)

w here r is the radius of the launch tube, x is the position of the rear of the
projectile (assumed flat) and V0 is the initial volume of gas in the instant before
the diaphragm bursts.
From equation (4.4), with an adiabatic expansion, one can then write
Y
f
V.
P(x) = P0
\ V0+ nr2x /

(4.9)

If one assumes that the cross-sectional area of the projectile is the same as the
cross section of the launch tube (i.e. 7U2)and substitutes this and equation (4.9)
into equation (4.7), the projectile acceleration is given by

y0

Y

(4.10)

V0+ tvt2x /

From m echanics, we know that, if the functions a=a(x) and v= v(x) are
continuous, then
a(x) =

d(±v2)
dx

(4.11)

Using this and integrating equation (4.10) with respect to x, then rearranging to
get the square of the velocity as a function of x:
v \x )

\r

iM2pyj

(4.12)

V„ + n r x '

(In this equation, x ' is a dum m y variable). Doing the integration yields the
projectile velocity:

v(x)

2P0V0

\ir

Vr-i)
l -

yV0+ nr2x

(4.13)
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W hen the tube volume in the denom inator of the second bracketed term (jur2x)
is large, so that V0«wp-x, and given that (y-l)=2 /3 (for an ideal monatomic gas)
then equation (4.13) can be approxim ated to give the m aximum speed,

v(x^)

3 P.V.

(4.14)

P™]

Ideal gas behaviour is thought appropriate if a m onatom ic noble gas, such
helium or argon, is used as the compression tube gas.
For exam ple, in the present case, w ith a projectile m ass of 5 g, initial
compressed gas volum e of 5 x 10-5 m 3 and pressure of 70 MPa, the maximum
attainable speed of the projectile, assum ing no losses during launch and firing
into a vacuum , is then 1450 m /s. For a pellet mass of 2 g, the m axim um speed
w ould be 2300 m /s.
de Icaza, Renero and Prieto [1989 & 1990] used slightly different reasoning to
obtain another sim ple m odel of gas gun operation. Their equation relating
initial base pressure on the projectile to projectile speed is:
P0AL
m

y+1

1+

[(r+ i)/(r-i)][p /t> L] - i
r, / / Yib+iVb-i)

IMwJ

(4.15)

W here P is the initial pressure on the projectile, A is the cross-sectional area of
the launch tube, L is the length of the launch tube, m is the m ass of the
projectile, yis the ratio of specific heats for an ideal gas, and v i is (2c/(y-l)). This
equation represents a better m odel of the expansion of the high pressure gas
into the launch tube than the pseudo-static model that I used. The term on the
left hand side of equation (4.15) (labelled as £ by de Icaza et al. [1989]) was
show n to be a reasonable quantity for m easuring the capability of gas guns.
Assum ing that one is using an ideal m onatom ic gas as the 'pushing' gas then
by num erical approxim ation, this equation can be recast as projectile velocity
as a function of £, i.e. v(E)
v(£) = k0+ kle~k2*+k3e~ki*.

(4.16)

In the approxim ation, k0 is 1.153xl03, kj is -7.727xl02, k2 is 7.968xl0-7, k$ is
-3.248x102 and k± is 1.589x10"5. M easured projectile velocities in de Icaza et al.'s
papers [1989 & 1990] were always below the value predicted by equation (4.14),
however.
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The two models that I have described, when plotted as peak velocity against
projectile mass, predict projectile velocities w hich are very similar. They are
both plotted in figure 4.4, for a diaphragm burst pressure of 70 MPa and a
launch tube of 300 mm length (using helium as the compression tube gas). The
particular part of the parameter space plotted in this diagram is due to the fact
that it is in this region that the present two stage gas gun produced projectiles
(see section 4.2.7 and 4.2.10).
Both of these models ignore a number of factors, such as
• frictional losses in the travel of the pellet along the launch tube;
• gas pressure losses around the edges of the pellet; and
• the component of acceleration of the pellet due to the shock interactions
betw een the piston, the compressed gas, the tube walls, and the pellet
(although such acceleration could not possibly be greater than that
calculated here)
If these other effects w ere taken into account, then it is thought that the
m axim um speeds of projectiles so calculated w ould be less, thus providing a
better prediction of projectile velocities that were actually m easured (in either
the present work or de Icaza et al.'s [1989]).
4.2.6 Experimental arrangement
A gas gun's launch tube has to be able to w ithstand the extrem e pressures
produced by the compression of the pusher gas which is then allowed to
expand, behind the projectile, in the launch tube. If the pressure of the
diaphragm burst is to be 70 MPa then the launch tube needs to be a thick
w alled tube. Steels have a tensile stress of about 400 MPa, and to find the
appropriate wall thickness for pipew ork to w ithstand high pressure, I used
Parrish's [1973] relation:
t

_pD _
2se + p

(4.17)

In this relation D is the external diameter of the launch tube, p is the pressure
that it m ust withstand, s is the tensile stress of the material used to construct it,
and e is a factor very close to 1. If the outside diam eter is taken to be 25 mm
then the wall thickness required would be 2 mm. W ith a further safety factor of
3 the wall thickness should be 6 mm. A tube of 25 m m outside diam eter and
12.5 mm inside diam eter was used, that is, one w ith a wall thickness of more
than 6 mm. It should be noted that the wall thickness required according to
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Parrish's relation is for consistent pressure loads, rather than the brief pulsed
loads actually used in a gas gun.
The shock tube of a small free piston shock tube was replaced with a launch
tube of 490 mm length, 12.5 mm inside diameter, 25 mm outside diameter of
mild steel. The diaphragms used throughout the experiments were 1 mm thick
circular mild steel plates of 70 mm diameter. The burst pressure was measured
in static tests (using a hydraulic press) to be 69±1 MPa. To ensure consistent
bursting pressure, a single sheet was used to make all the diaphragms. The
diaphragm was placed at the launch tube end of the compression tube (see
figure 4.3), and held in place by the launch tube's capstan and a number of Orings.
The projectile was placed in the launch tube next to the diaphragm. It was
made of either solid aluminium or Teflon. The aluminium was a loose fit in the
tube to prevent pressure welding during a shot, typically a 12.1 mm diameter
in the 12.5 mm tube. To achieve the mass required in a particular shot, only the
length of the projectile was varied. The leading edges of the projectiles were
made flat to within 0.2 mm and the corners were chamfered to reduce the
amount of scoring on the tube (and therefore reduce the frictional braking on
the projectile).
The launch tube was 300 mm long, and was open to the air. The projectile was
thus fired along this tube and by the time it has travelled about 100 mm it is
thought to have obtained its maximum velocity. When it comes out of the tube
it interrupts the passage of two laser break beams used to determine its velocity
and is then caught in a 'momentum trap' (see section 4.2.4).
4.2.7 Break beam velocity measurement

The projectile motion was measured by the use of a laser break beam
technique. A helium-neon laser beam (Spectra-Physics model 1335p, 10 mW
polarized beam) was split into two beams using a 10 mm cubic fused silica
beam splitter. The beam separation was approximately 40 mm. These beams
were passed across the projectile's trajectory and their intensity monitored with
PIN photodiodes (BPX65 high speed response - quoted as 5 ns - and 1 mm2
active area). When the projectile cut a beam off during its flight, a timing signal
was recorded. Due to the finite length of the projectiles, and since two beams
were usually used in the shots reported, this process should have resulted in
three separate measures of average velocity of the projectile. That is, the
average velocity between the position of the two beams and the average

ANU Macro-Particle Accelerators

83

velocities found by timing each separate beam's cutoff by the projectile of
known length.
However, not all of this information was usually recovered due to the amount
of light produced by the expansion of the compressed gas into the air (muzzle
flash). Only the timing mark of the projectile cutting off each beam was
recorded for most experiments, as shown in figure 4.5 (which is a
representative trace of the photodiodes' signals), so that only the average
velocity between the two break beams could be found.
The majority of shots carried out used a reservoir pressure of 4.1 MPa and a
compression tube pressure of 93 kPa. Most shots were of aluminium projectiles
fired into air. The fastest speed achieved in air was 850 m /s, with a 17 mm
long, 2 g projectile. When the projectile was fired in an evacuated chamber the
maximum measured speed was 1130 m/s.
Figure 4.6 is a summary of the velocities achieved with this device. In the few
shots that were done with this gas gun, the smallest mass projectiles did not
produce the highest velocities.
4.2.8 Impactor recovery

The projectile was fired into a 'momentum trap' or 'soft recovery chamber'.
This was a i m long aluminium box with 5 mm thick rubber sheets at 15 cm
intervals suspended along it. The 1 km/s, 5 g projectiles were typically stopped
by the third or fourth rubber sheet.
Although I measured the mass of the projectile before the experiment, I did not
measure the recovered projectile afterward, and so cannot comment on any
change of mass. The recovered projectiles appeared to be complete although
they were usually severely damaged and distorted in shape.
4.2.9 Evacuated system

A vacuum chamber was designed and built to examine the effect of the air in
front of the projectile. This is shown in figure 4.7. A box of 200x200x300 mm,
with walls of 6 mm thick aluminium, was built. This box had a Wilson seal - a
circular seal to fit a smooth bore tube - on the launch tube end to enable
relatively free movement of the shock tube while at the same time maintaining
a vacuum in the launch tube and chamber. A vacuum was obtained by using a
rotary pump; the same pump was used to flush and evacuate the compression
tube. The vacuum obtained in the launch tube was around 1 torr (or 131 Pa). It
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was not thought necessary to make the vacuum system of such high quality
that very good vacuum of fractions of a torr could be obtained.
At the rear of the box, a square hole of 100 mm sides was cut out and sealed
with a single thickness of 125 pm mylar. This mylar sheet served a dual
purpose: it broke the forward motion of the projectile, or any target material;
and in doing so its own breakage released any pressure build up in the vacuum
chamber. This potentially high pressure is due to the compressed gas from the
compression tube expanding into the launch tube and vacuum chamber
following the projectile.
It was originally thought that the removal of the air from in front of the
projectile would dramatically increase its final velocity. In fact this was not
measured to be the case as shown in figure 4.6, where the shots done into this
vacuum chamber are represented by open markers.
4.2.10 Experimental testing of the gas gun
45 experiments with the gas gun were done, summarized in Table 4.1. The
velocities were determined solely through the use of laser break beam
techniques, described in section 4.2.7.
Table 4.1 The two stage light gas gun results
S h ot #

1 to 5

R eservoir
Pressure
(M Pa)

C om p
tu b e
p ressure
(kPa)

7

165

len g th
(m m )

P ellet
m aterial

m ass
(g)

M easured
V elo city
(m /s)

C om m ents

d id not burst
diaphragm

6

7

70

d id not burst
diaphragm

7

4.13

60

burst test

8

4.13

65

burst

9

4.13

69

burst

10

4.13

71

d id not burst

11

4.13

70

15

A1

=750

first velocity
m easurem ent

12

4.13

71

13,14
15

17

A1

5.2
m isfire, no result

4.13

70

no pellet
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8

OO

4.3

70

19

A1

5.8

17

4.13

70

27.5

A1

8.4

18

4.15

70

17

A1

5.2

19

4.13

70

12

A1

3.0

20

4.13

70

17

A1

5.2

20a

4.13

70

17

A1

5.2

m issed signal peaks

21

4.13

70

18.5

A1

6.0

no laser

22

4.13

70

17

A1

5.2

23

4.83

94

17

A1

5.2

24

4.83

94

16

A1

5.0

25

4.83

94

15

A1

4.8

n

16

300

350±50

evidence of projectile
tum bling after
leaving the launch
tube

26

4.13

73

17

A1

5.2

445±20

27

4.83

94

17.5

A1

5.3

450±30

28

4.13

70

29

4.13

70

no CRO trace
in 

started using an

conclusive

evacuated target
cham ber

30

4.13

70

m issed cutoffs

31

4.13

70

20

A1

32

4.13

70

30

A1

9.2

<300

33

4.13

70

11.5

A1

3.5

1000?

34

4.13

70

14

A1

4.3

640+50

35

4.13

70

A1

36

4.13

70

A1

37

4.13

70

17

N ylon

2.3

850+50

plastic pellet

38

5.51

116

15

N ylon

2.1

1060+50

dam aged vacuum

350±50
2nd BB noisy

CROs trig 'd early

cham ber
39

4.55

70

18

N ylon

2.4

980+50

over-condition
reservoir pressure
needed; fired into air.

40

6.07

116

12

A1

3.6

41

6.20

114

14

A1

3.03

700+50

42

4.55

70

10

A1

2.09

700+50

43

5.51

93

9

A1

2.79

hollow pellet
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44

6.20

116

19

A1

2.43

45

6.89

142

9

A1

2.68

113Q±50

From this table it is seen that the projectiles of approximately 5 g mass only
achieved a velocity of around 400 m /s whereas the smaller mass projectiles of 2
to 3 g reached speeds of up to 1100 m /s. From the examples quoted earlier
using equation (4.14), or de Icaza et a/.'s [1989] model, these experimentally
measured speeds are found to be less than those predicted by that simplistic
theory.
Figure 4.6 summarizes this data and includes a curve representing the simple
model for the most common pressure used in the experiments: 4.13 MPa.
4.2.11 Further possibilities & future work

Although the gas gun project did not prove to be the final means of achieving
the high velocities aimed for in this study, it could still be used to produce
quite significant shocked states. As described in Chapter 2, gas guns are the
primary instruments used in most accurate shock wave research. Compared to
the exploding foil flying plate work discussed below, the gas gun has an
advantage in the freedom of choice of impacting material, and the mass of the
projectile that can be produced. The mass is important because it would allow
greater thickness flyer plates, meaning that the release wave from the back
surface of the projectile could be ignored for a longer experimental time. A
higher mass projectile would also most likely be of larger diameter, allowing a
greater distance of 'planar' shock wave conditions before the rarefactions from
the boundary of the impact reached the centre of the disturbance.
If copper were used as the projectile material, pressures of up to 10 GPa in a
symmetric impact of Cu on Cu could be achieved with this gas gun in its
present state. It is thought that modest improvements in the design of this gun
could result in a doubling of the impact velocity, while improvements much
beyond that (say increases beyond 2 km /s) would require a larger scale freepiston tube as the first stage.
The T1 gas gun was also used to evaluate the conversion of one of the larger
free-piston shock tubes in use in Australia - such as T3 at the ANU or T4 at the
University of Queensland - to studies of shock wave and impact effects in
solids. Given the large increase in compression tube volume in going from the
small tube investigated here to the T3 shock tube (a factor of about 100), this
could enable the development of a two stage gas gun with considerably higher
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performance than the T1 gas gun. The two main improvements needed for a
scaled-up version are
• better coupling of the compression tube diameter into the projectile's
launch tube; and
• closer fit of projectile in the launch tube via the use of O-rings and
possibly a plastic sabot.
The first could be best achieved through the use of a deformable plastic piston,
such as nylon, rather than the 90 kg steel one used at present in this shock tube.
The second improvement would probably require the construction of a
dedicated launch tube for projectile acceleration. This tube could replace the
shock tube and later be removed to allow other gasdynamic studies to be done.
WBM Stalker Inc. has, independently of this project, proposed a light gas gun
based on the free-piston design [WBM Stalker product literature, 1990].
No attempt was made here to determine the projectile velocity by
interferometric means. This has been done successfully by other workers:
Barker and Hollenbach used their original VISAR to measure the velocity of a
gas gun projectile [1972]; Munson and May [1966] used microwave Michelson
interferometry to determine the piston velocity of a shock tube. It is thought
that the acceleration of the projectile in a 2SLGG like the T1 gas gun would
match the capabilities of the WAMI interferometer system that was developed
in the present work (see section 4.4). The projectile in such guns takes more
than 50 microseconds to reach its maximum velocity, as compared to the
exploding foil flying plate accelerators, where the maximum velocity may be
reached after less than 10 ps (see Chapter 5).
The gas gun was not used for instrumented impact experiments because it was
thought that a higher velocity impact regime was required. As it turned out,
the maximum velocity that was achieved in either of the exploding foil devices
(section 4.3 and Chapter 5) was 3.8 km/s, using a 0.5 mm thick polycarbonate
flyer. If this flyer were impacted upon an aluminium target, the peak shock
pressure would be about 20 GPa. If, on the other hand, the gas gun here was
used to produce an impact of an aluminium projectile upon an aluminium
target, then, for the highest velocity measured using an aluminium projectile
(about 700 m /s, see section 5.2.2), the peak shock pressure would be 6 GPa.
Figure 2.4(b) shows the pressure-particle velocity space reachable by each of
the two projectile systems developed in this project.

88

Shock Waves in Solids

If further work on the system could achieve a consistent (aluminium) projectile
velocity of more than 1000 m /s, then the peak pressure in a symmetric impact
would be about 10 GPa. Even though this pressure would still be lower than
that available with the exploding foil flying plate accelerator, the thickness of
the projectile in the gas gun, being many millimetres as compared to 0.5 mm
with the EFFPA, means that the available 'target thickness' which still produces
a one-dimensional shock front at the rear surface of the target would be greater.
Alternatively, a copper, or some other more exotic metal, projectile (Cu has
higher shock impedance than aluminium) could easily be used in the gas gun
setup, allowing pressures in excess of 20 GPa to be reached with such an
impactor.

4.3 Mk I Exploding Foil Flying Plate Accelerator
A medium scale exploding foil flying plate accelerator (EFFPA) was, in 1987,
constructed at MRL. This device can accelerate pieces of plastic of up to 3 mm
width to at least 2 km /s [Ryan et al. 1988]. The design is an evolution of the
exploding wire and foil techniques that have been used to accelerate very small
projectiles and to detonate explosives. One of these is the slapper detonator
[see, for example, Weingart et al. 1976, Richardson 1986, Von Holle et al. 1988],
in which small plastic disks are used to initiate a secondary explosive. The
medium scale EFFPA uses a bridgefoil of 5 pm thick copper on a 25 pm kapton
laminate backing. A 0.2 pF capacitor is discharged through a 1 to 5 mm wide
bridge foil and, upon vaporization of the foil due to Joule heating, the kapton
backing of the foil is pushed away to become a flying plate. The discharge
energies of this system are up to 10 J, providing flying plates with velocities of
up to 3 km /s [Hatt 1992].
This development followed work being carried out at Lawrence Livermore
National Laboratories on their 'Electric Gun' (a name chosen to indicate that it
can produce high speed impactors like a gas gun). Livermore's 'Electric Gun'
works on the same principle of discharging a capacitor bank across a flat metal
bridgefoil, using the vaporized foil as the accelerating medium to push a
projectile to high speeds. The maximum velocity that they have reported is 18
km /s for a 1 cm2 flyer plate, and about 10 km /s for a 10 cm2 flyer plate [Osher,
Chau etal 1987].
The technology developed at MRL and elsewhere for slapper detonators was
adapted to a still larger scale to provide a device which could be used for shock
wave studies. The desired projectile size was to be greater than 5 mm in
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diameter and the minimum thickness would have to be at least 0.1 mm in order
to make such a project worthwhile. These dimensions enable a target material
of not less than 0.5 mm to be used and still produce an observable planar, or
one-dimensional, shock wave at the rear of the target.
A 200 pF low inductance capacitor was chosen as the energy source for the
discharge into a bridgefoil. Modelling, using the programs CAPRES [Kennedy
& Stanton 1985] and FUSE [Zentler 1980], indicated that 10 to 50 pm thick
aluminium foil would be capable of accelerating 0.5 mm thick polymeric flyers
of 10 mm diameter to speeds in excess of 1 km/s.
4.3.1 Velocity measurement

Podlesak et al. [1992] carried out some modelling studies of the system, and also
measured the velocity of the flying plate produced with a similar system by
means of a breakwire method (see section 3.1). Interestingly, their experimental
data gave velocities about a factor of two higher than the models predicted. It
must be noted, however, that such time-of-arrival methods of measuring
speeds have inherent limitations: only a couple of timing marks per shot are
taken, and further, the interpretation of the electrical signal to determine the
precise cut-off or break in the signal can be quite difficult.
Podlesak et al. [1992] also found that the flyer plate was broken up upon impact
with the first breakwire, so that the timing mark produced by the second wire
is of limited reliability. Often only the first breakwire signal was used, together
with information about the time that the flyer started to move, in order to
obtain a velocity result. The time of initial flyer plate movement was assumed
to occur at the time of the first current peak. This larger scale system was not
optimized so that the foil would explode at the first maximum of a ringdown. It
tended to explode at about 3 ps rather than about 8 ps which is the quarterperiod of the ringdown. The first peak in the current record is a very sharp one
and the drop occurs due to the sudden removal of a highly conducting path
(due to the foil's vaporization). It is thought that the time of this peak is an
accurate reflection of the start time for the motion of the flying plate. This time
also correlates very well with observed motion from VISAR records using the
Mk IIEFFPA described in Chapter 5.
The average velocity between the two positions is thus determined in a
breakwire method. In the present work it was found that the plasma resulting
from the foil explosion probably affects these sorts of measurements. Using a
laser break beam technique, the velocity results obtained were thought to be
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affected by the plasma produced by the foil explosion. This was shown to be
the case with the Mk II EFFPA in which a barrel was mostly used. However
barrels were not used on the Mk I EFFPA, nor in Podlesak et al/s [1992] work.
In these cases the plasma was not confined to travelling in the same direction as
the flyer plate. The velocity results obtained with the Mk II EFFPA were closer
to the prediction of the computer models. Figure 4.8 shows the discharge
voltage versus the flying plate velocity as measured by the break beam method
with the Mk I EFFPA. The predictions of CAPRES for the same conditions are
also shown. Figure 4.9 shows a couple of the break beam results.
The Mk II EFFPA discussed in the next chapter was also tested using a laser
break beam method. These results similarly gave substantially higher velocities
than the predictions of the computer models. At the same time, these
'velocities' were substantially greater than sim ultaneous velocity
measurements made with the VTSAR interferometer. It appears that the plasma
and possibly the air shock in front of the flying plate are capable of breaking the
beam before the flying plate actually passes the position of the beam. For
further discussion on this point, see section 5.2.2.
4.3.2 Experimental layout

A pneumatic control system was used to order the sequence of events required
to perform an experiment. The EFFPA was sited within a Faraday cage to
reduce the electromagnetic interference effects of the high energy discharge on
the recording devices sited outside the cage. The system is drawn in figure 4.10.
An extension of one of the pneumatic control cylinders to the control of a slave
cylinder within the Faraday cage enabled the electrical isolation of the EFFPA
system from the charging and dumping cables which lead outside the cage. The
cage itself remained grounded at all times. Where the capacitor could not be
discharged in the normal way, a guillotine-like plate of aluminium could be
dropped onto the capacitor terminals, resulting in an immediate discharge of
energy. This plate was also used when the EFFPA system was not in use to
prevent any accidental charging of the capacitor or build-up of static charge
from the environment.
4.3.3 Circuit design

Previous work, including modelling [e.g. Richardson & Jones 1986], showed
that low inductance, low resistance circuits are necessary to achieve the rapid
discharge times required for efficient flying plate production. In order to
minimize the inductance, the Mk I EFFPA was constructed with the exploding
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foil device directly on top of the energy storage capacitor. This minimized the
lengths of conductors needed to carry the current from the capacitor and also
minimized the current loop formed by the circuit. In figure 4.11 are a couple of
diagrams of the M k I EFFPA arrangement. These show that the area of the
current loop formed upon discharge of the capacitor has been held to the
absolute minimum.
The storage capacitors available for use in the EFFPA were 200 jiF capacitors,
made by Maxwell Scientific, of internal resistance 5 mQ and internal inductance
40 nH. These capacitors are 185x355x615 mm, and weigh approximately 20 kg.
The two terminals are floating w ith respect to the case (i.e. they are not
connected to the case).
The modelling code CAPRES [Kennedy & Stanton 1985] was used to predict
the velocity of flying plates produced, given appropriate values for the
resistance, inductance and capacitance of the circuit. CAPRES uses a modified
Gurney routine to determine the terminal flying plate velocity w ith an
exploding fo il device. A study of some of the design parameters was
undertaken [Podlesak et a l 1992], with some of the results shown in figure
4.12. The main items of interest from this series of plots are that increasing the
voltage provides a higher flyer plate velocity, as does decreasing the flying
plate thickness - no surprises there. Varying the circuit inductance has only of
small effect, as does changing the bridge foil thickness. CAPRES does not take
the effect of the skin depth of the conductors carrying the current into account,
however, at the frequencies used in the present work, the skin depth is much
greater than 140 |im. The bridge size and length have some effect on the flying
plate velocity, where increasing the size of the bridge foil reduces the velocity.
In the present work it was necessary to have a flying plate of at least 10 mm
and so that was the size chosen - any greater would have given a lower
velocity, according to this CAPRES prediction.
Lindemuth's [1986] CONFUSE code was not available for use, but results from
this latter program seem to correlate closely with the larger scale exploding foil
devices at LLNL [Osher 1989].
An analysis based on the work of Barnes and Dannenberg [1980] suggests that
a lower capacitance would be better than the 200 jiF capacitor used (all other
conditions being equal). Barnes and Dannenberg developed an algorithm for
calculating the largest energy discharged into a load consisting of resistive and
inductive elements only. They wanted to be able to determine the most
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favourable circuit elements (such as capacitance of a capacitor bank and the
discharge voltage) which w ould result in the m axim um energy discharge in a
given time. Fixing the total am ount of stored energy at 1225 kj, they found that
a capacitance of about 400 pF w ould provide the optim um energy input to the
load w ithin the first 30 to 40 ps. All the different capacitance values tended
towards a m axim um energy input of around 1150 kj, but at the time of interest,
the largest energy deposition occurred w ith the 400 pF bank. They had
assum ed a constant load resistance and inductance.
A similar analysis for the present EFFPA device, show n in figure 4.13, gives an
optim um capacitance of about 50 pF. This plot is based on the capacitor bank
energy being kept constant at 2.5 kj. There is considerable early time variation
in load energy betw een the different capacitance values. Barnes and
D annenberg [1980] show ed that at later tim es (i.e. t=>°o) they should all
approach a common value:
(
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In this equation, E^ represents the energy dissipated in the load resistance and
inductance, Eß(0) represents the initial capacitor bank energy, R j is the circuit
resistance (not including the load), Cj is the capacitance of the bank, co is the
angular frequency of the circuit and k = R/2L.
This 'better' value for the capacitance is based on the assum ption that it is best
to discharge the energy into the circuit before the foil has exploded, which for
the Mk II EFFPA occurs at around 4 or 5 ps. This burst time, also w ritten as ty,
depends on the circuit param eters as well, but only weakly [Richardson 1987].
The resistance and inductance of the foil were assum ed to be constant for this
calculation. Such an approxim ation is thought to be satisfactory for at least the
initial foil response to the energy discharge. From the figure it is clear that the
200 pF capacitance that was used gives quite poor performance. If the faster
deposition of energy into the foil (that w ould be a result of using a smaller
capacitance) was to affect the foil's time to burst, it is thought that such a
change w ould be sm aller than the energy difference betw een the large and
sm aller capacitances at 5 ps. The 200 pF capacitor bank has, by 5 ps, only
deposited 700 J into the load, whereas the 50 pF bank has deposited 1400 J (out
of a m axim um of 1.6 kj in each case using equation 4.18 above). Even though t^
w ould probably decrease if a lower capacitance was used, due to the faster
deposition of energy into the foil, it w ould be unlikely to decrease by the factor
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of two that would be required to get the same amount of dissipated energy as
for the slower circuit. A better calculation could be done using the specific
action and electrical Gurney routine of Tucker and Stanton [1975], and
calculating the Joule heating of the foil. In fact that is, in effect, what CAPRES
does. Putting a 50 pF capacitor into the CAPRES calculation results in a burst
time of 3.5 ps, compared to the 200 pF case of 4.7 ps (keeping the total stored
capacitative energy, 1/2 CV2, constant - i.e. a higher voltage discharge). This
would indicate that the difference in deposited energy in the foil would be of
the order of 50%, if a smaller capacitor had been used. A flyer plate could be
expected to travel about 20% faster, due to the higher pressure plasma that
would be the result of larger energy input.
The CAPRES modelling suggested that the ideal thickness of aluminium for the
exploding foil would be 120 pm. Foils of this thickness were not tried in this
work, although Podlesak et cd.'s [1991] investigations of a similar device to the
Mk I EFFPA using 130 pm thick aluminium foil showed that these larger
thicknesses (than the 15 to 35 pm foils normally used) did not produce higher
speed flying plates. In fact there were large amounts of partially melted foil
pieces remaining after discharges using such foils. This indicated that there
were large variations in temperature through the thickness of these thicker
foils. Clearly any non-vaporized aluminium is not going to contribute to the
flying plate velocity.
A possible reason for this contradiction between CAPRES and Podlesak et al.'s
[1991] experiments is that the modelling program does not take any magnetic
forces into account. It is really an electrical circuit modelling program, although
some degree of information regarding flying plate velocities has been included,
through the Gurney model. In the EFFPAs studied in this project, it is thought
that magnetic pressure is important in the achievement of flying plate velocities
above 1 km/s.
A set of aluminium capacitor terminals was built which would minimize the
inductance and resistance of the circuit. With a metal bar placed across these
terminals, the circuit could be discharged and the subsequent ringing of the
damped R-L-C circuit allowed calculation of the circuit's inductance and
resistance (as shown in sections 2.2 to 2.4). The ringdowns carried out with this
Mk I EFFPA are tabulated below. These show that the resistance of the circuit
(not including the exploding foil, since these shots are done without the
bridgefoil in place) is 6±3 mil and that the inductance is 97±10 nH.
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Table 4.2 Ringdown results for the Mk I EFFPA.
H e ig h t o f

H e ig h t o f

P e r io d o f

In d u c ta n c e

R e sista n c e

Shot

first

secon d

r in g d o w n

fr o m e q n 2.1

fr o m e q n 2.2

N um ber

v o lta g e p e a k

v o lta g e p e a k

(jus)

(n H )

(m fl)

1-25

84±3

20±3

28±2

94±15

9±2

1-26

114±5

65±5

28±2

98±10

4±1

1-27

26±1

13±1

28±2

98±10

5±1

Note that the absolute values of the voltage peaks are not important. The
heights of the peaks are measured in mm on the CRO photograph of the shot.
The values in the fifth and sixth columns are calculated according to equations
(2.1) and (2.2), using the experimental voltage peaks of columns two and three.
Although it appears from this analysis, based on a Barnes and Dannenberg
[1980] style approach, and using CAPRES to test it out, that a smaller
capacitance would have been better, appropriate capacitors were not available.
It would have been possible to construct some capacitor bank made of a series
of capacitors which were available for use (200 pF each). By connecting four of
these capacitors in series it would be possible to construct a 50 |iF capacitor
bank. However, such a bank would necessarily have a much larger inductance
than a single unit. It was thought that the increased inductance would negate
any improvement available from a lower capacitance, however, results
obtained with the Mk II EFFPA (see Chapter 5), indicated that a modest
increase in capacitance did not adversely affect the final flying plate velocity.
A lower capacitance would also have required the use of a higher voltage
power supply than was available (one-quarter the capacitance means that, for
the same energy, twice the voltage is required). For the EFFPAs of the present
project, where the maximum discharge voltage was about 10 kV, a power
supply able to charge up to about 20 kV would have been required.
4.3.4 Circuit characteristics & components
Switching of the discharge

Various types of switching arrangements were considered, including triggered
spark gaps, but none apparently had the speed, current carrying capacity, or
reliability and simplicity desired for the present application. A triggered switch
could have provided better synchronization of the instrumentation. However,
it was felt that the discharge itself would provide a signal via rise of current
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(through the Rogowski inductive probe), electromagnetic radiation or light
flash as a trigger for the synchronization of the instrumentation.
The device chosen for its simplicity was a pneumatically operated switch, with
mechanical insulation removal. Other high power switches do exist, such as
trigatrons, but none match the simplicity of this device. Clearly it will not
exhibit the accurate timing of an electrically triggered switch, however, being
entirely pneumatic in operation means that it is not subject stray electrical
discharges. The switch was dubbed the 'pull-switch' since a sheet of insulating
material is pulled away to allow the current to flow. The location of the
insulating sheet on the Mk I EFFPA was as shown in figure 4.11: between one
of the ends of the exploding foil and one of the terminal blocks of the capacitor.
The foil was not clamped down hard on the insulation sheet, since then the
pulling action would probably have damaged the foil.
Upon the removal of the insulation, the air gap breaks down in the presence of
the very high electric fields. The breakdown of air occurs at an electric field
strength of around 800 V/mm [CRC Handbook 1984]. In order to ensure a
relatively consistent switching with any voltage of more than 1 kV, a gap of less
than 1 mm was used. A 150 Jim thick insulating sheet of Kapton™ (a
proprietary polyimide made by DuPont) was attached to a pneumatic cylinder,
as shown in figure 4.11. Switching is effected by the application of compressed
air (50 psi or 350 kPa) to the pneumatic cylinder. The arm of the cylinder is
pulled back and the insulating sheet is removed allowing current to flow from
the terminal into the foil.
Despite the slow operation of the puller itself - pneumatic control occurs in
milliseconds rather than microseconds - when the insulation is removed from
between the terminals conduction takes place almost immediately. Although
there would be jitter of up to 10 milliseconds in the time of the closure across
the terminals due to the speed of the switch and the rate at which the insulator
is removed from between the terminals, the variation in the time that it would
take to rise to some specified current after conduction begins is less than a
microsecond (i.e. the switching time is fast). In the present work it was only
important to have the timing relative to this initial conduction of current across
the gap between the terminals; it was not necessary to have an absolute time
relative to the operator's pushing the firing button, which operated the
pneumatics.
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This switch has very low resistance, as demonstrated, for example, by the low
resistance values calculated from the ringdowns shown in the last section.
Using the quoted value of 5 mQ for the resistance of the capacitor, and the
measured circuit resistance from the previous section (6 mQ), it would seem
that the switch's resistance is 1 mQ or less. The time that the switch takes to
conduct large currents is well under 100 ns. The performance of the pull-switch
compares favourably with other fast switching methods. The pull-switch thus
has several advantages over other switches for this application:
• simplicity,
• robustness, and
• cost.
4.3.5 Break beam velocity measurement
The first method for obtaining the velocity of the flying plate was by using
break beams. A helium-neon laser beam was divided into two parallel beams
by a mirror with the aluminized side on the back. The two beams were then
arranged to pass across the path of the flying plate, at a position of 5 and 15
mm from the starting point of the flying plate. The capacitor discharge
adversely affected the laser when it was sited within the Faraday cage, so that
the laser was placed outside the cage and the light ported into the cage via a 7
mm internal diameter, 150 mm long aluminium pipe acting as a waveguide
beyond cutoff.
Figure 4.14 shows the photodiode response for a shot in which a velocity
measurement was not possible. In that shot a laser line filter was not placed in
front of the second break beam, so that it was not possible to determine the
time of passage of the flyer. Figure 4.9 shows a sample of the photodiodes'
response for a velocity measurement shot. Note the different signal intensity
trace between this plot and that of figure 4.5, in which basically the same setup
was used to monitor the passage of the gas gun projectile. It is thought that the
reason for the more complete cutoff of laser light with the EFFPA device is due
to the effects of the accelerating plasma, and exploding foil products.
The laser beams were reflected out of the Faraday cage through a second
aluminium port and passed through a dielectric filter with a 1 nm passband.
This filter was necessary to cut out the large background radiation of the foil
explosion. A pair of PIN photodiodes was used to monitor the intensity of the
beams, and the output voltages of the diodes were recorded on a digital storage
oscilloscope. When the beams were cut by an object the photodiodes provided
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a negative pulse corresponding to the time of cutoff. This provided cutoff times
at two separate points as well as the time taken for the flyer plate to traverse the
distance between the beams. This second measure was intended to be used to
check that the flyer had not tilted greatly, since a tilt would result in a longer
cutoff time for a single beam than would be expected at a particular velocity,
for the 0.5 mm thick flyer plates used. Unfortunately the cutoff times were
never measured to an acceptable confidence level due to the interference with
the beams of the plasma resulting from the foil's explosion.
The velocities measured by this method are therefore average velocities of the
flying plate between the two measuring points. Later work, using the VISAR on
the Mk II EFFPA, indicates that the velocity increase over this distance is
around 30 to 50% of the velocity at 5 mm. For example, in figure 5.10, of shot
number 11-238 on the Mk II EFFPA, the velocity at 5 mm is shown to be around
1600 m /s and at 15 mm, 2100 m /s. It should also be noted from this figure that
the flyer has reached its maximum velocity at about the latter position. To get
an approximation for the maximum velocity possible with the Mk I EFFPA,
simply multiply the measured velocities by 1.1 to 1.2.
Figure 4.8, referred to earlier, is a voltage versus velocity calibration curve
produced using the break beam technique. I have shown the velocities
measured using the break beams, which are velocity averages over the distance
5 to 15 mm from the original flyer position. I have also shown a curve of best fit
through these points, and an estimated maximum velocity curve that would
probably be obtained given the above discussion.

4.4 Interferometer
Any method of recording information is limited by the frequency response of
the recording device. The sampling theorem states that for ideal signals, the
lower limit for resolution of sinusoidal signals is a sampling of two points per
period. Any interferometer employed to measure the velocity or position of the
flying plate or other objects would need to take account of this sampling theory
limit. In Chapter 3 the Doppler interferometers used here, the WAMI and its
close cousin the VISAR, were discussed. These devices provide velocity results
which are proportional to the fringe change observed at the detector. These
fringes are observed as intensity changes on photomultiplier tubes. The
number of fringe shifts in an experiment thus determines the limiting
bandwidth of the recording devices.
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It is noted also that in shock wave work (including that done in gases) the
fringe shift occurs too rapidly to be observed with any current interferometric
system. In such cases, other information must be used to reconstruct the proper
phase change based upon the limited information provided (see also section
3.3.9).
4.4.1 Design of the WAMI

A Wide Angled Michelson Interferometer (WAMI - see section 3.3.3 for
description) was set up in order to measure the Doppler shift of light reflected
from the flying plate. A schematic of this instrument is shown in figure 4.15.
The interferometer was located inside the Faraday cage to minimize the
problem of getting the diffusely reflected light outside the cage by means of
small ports in the side. However, in most cases the light from the
interferometer was passed out to detectors which were located outside the
cage. The Mk II EFFPA at MRL had the VISAR placed some 3 to 5 m from the
walls of the screening room enclosing the exploding foil, however, in that case,
a smaller solid angle of reflected light was used. One advantage of placing the
interferometer within the Faraday cage was that during the setup and
alignment of each experiment it was simpler to ensure that the particular target
still provided a VISAR signal.
A cubic beam splitter was used to divide and recombine the beams from the
two interferometer arms.
The alignment process with this interferometer was as follows: firstly the beam
from the laser source was sent directly through the interferometer by rotating
the collecting mirror 90° and ensuring that the beam was travelling centrally
through all of the optics. Interference fringes were visible over a very wide
range of angles and delay leg lengths. However, the fringes would have the
maximum contrast when the angle between the arms of the interferometer was
almost zero and when the delay position was at approximately the correct
WAMI condition. The interference spot was monitored via a photodetector - a
PIN photodiode powered by a 20 VDC power supply. It was possible to
maximize the contrast of the interference signal by adjusting the mirror angle
and path length screws on the mirror mounts. When the contrast was
maximized in this way, a beam expander - a 20x microscope objective lens
together with a collimating lens - was put into the path of the beam to enlarge
the interference pattern.
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An interesting effect was that the interference signal obtained on an image
screen was a circular fringe pattern of about 30 mm diameter with a fringe
separation of 1 to 2 mm. One expects that with a Michelson interferometer put
into the position of zero path length difference one would obtain spatial fringe
separations approaching infinity. This is because the recombination of the two
beams, if there is no angle induced by the interferometer mirrors, will be the
same across the whole field of view. Thus a single bright or dark spot should be
seen on the image plane.
Any WAMI or VISAR-like device, however, is not operated at zero path length
difference, rather, it is operated at zero optical depth. The "order7 of the
interference signal in a WAMI can be hundreds of thousands of wavelengths
from the condition of zero path length difference. This high order arises from
the WAMI design. The WAMI interferes light returning from the target at
different times by delaying one of the beams from the beam splitter with
respect to the other. This delay is just a path length difference, which can be
measured in terms of the wavelength of the light being used. The number of
wavelengths of path length difference is the 'order7 of the interference, p, from
equation (2.1). Spatial fringes are seen - as compared to a single bright or dark
spot - even when the WAMI is perfectly aligned. The slight differences in path
length caused by optics not operating exactly in the thin lens or axial
approximations are effectively magnified by the extremely high order of the
interference. If the interference order is 105 then a variation in the refractive
index across the face of the delaying etalon in a VISAR type of WAMI, for
example, of 1 in 105 will result in a whole spatial fringe being observed.
At this point it was possible to still move the adjusting screws on the mirrors of
the interferometer and yet maintain an interference signal. In order to get closer
to the correct WAMI condition, of zero optical depth, the spatial coherence of
the beam was gradually reduced, and the interference fringes were continually
observed on a screen.
The spatial coherence of the laser beam was reduced by passing it through a
limb of a spinning 100 mm diameter disk of 3 mm thick sandpapered PMMA.
The relatively rough surface of the PMMA provides variations in thickness,
while the PMMA is not optical grade with consistent refractive index
throughout. Thus if a large diameter beam is passed through such a spinning
disk, then its spatial coherence will be destroyed. On the other hand, if a small
beam, such as that at the exit aperture of a laser, was to pass through the disk,
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spatial coherence will only be slightly affected, since the thickness and
refractive index variations are much less.
In the present case, if the spinning disk were placed at the focal point of the
microscope objective lens, then the reduction in the spatial coherence was the
minimum, since the beam at that point was very small. Therefore the disk was
first placed at this position, and the visibility of the fringes was checked and
adjusted to ensure a circular fringe pattern of high contrast. The disk was then
m oved away from the focal point of the microscope objective, thereby
increasing the spot size of the laser beam upon its surface, which therefore
decreased the spatial coherence of the beam. The interferometer was
continually adjusted for maximum fringe contrast during this process, until the
spinning disk was finally placed at the collimating lens - the position of
maximum beam diameter. The interferometer was then in the correct position
to obtain interference fringes from a diffuse source, such as a flying plate
produced in the EFFPA.
The laser light was reflected from a stationary target, such as a piece of paper or
plaster, to verify that interference fringes were visible after the WAMI had been
set up.
The fringe constant used was 226 m /s per fringe, from equation (2.14), using an
L2 = 250 mm etalon, « 2 = 1.462 for fused silica and X = 514.5 nm for an argon ion
laser.

4.4.2 Different lasers examined
To obtain the highest quality fringe information, it was desirable to get the
highest power laser source which could provide high contrast fringes. Due to
the high order of interference desired in these Doppler velocity interferometers,
the lasers used must operate in a single longitudinal mode (also see section
3.3.10). Gidon and Behar [1986] suggested that the same effect can be achieved
using an air-spaced etalon both on the input and output sides of the target that
is being viewed; they thus were able to use a broadband laser source. The
frequency of the light is changed by the high velocities of the objects, but this
change is of the order of MHz. The laser's own frequency must therefore be
accurate to within less than a MHz.
In this study, a number of different laser light sources were examined for their
application to such interferometers. It would seem that single mode Diode
lasers hold some potential for applications of this sort, if the available power
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and frequency range can be increased. They are small, have low power
requirements, do not (generally) require large cooling systems to operate, and
are cheap compared to gas lasers of similar power. Their one main defect is of
variable frequency with operating temperature. However, this can be
compensated for by the use of suitable temperature controlled environments.
Helium-neon laser

A Spectra-Physics model 124, 1 mW cw He-Ne laser was used for the initial
setting up of the interferometer. It was thought that this laser would not have
the power necessary to discriminate the signal against the expected levels of
background light that would be obtained with the EFFPA. This laser was
surprisingly good, however. The only other laser source tried which proved to
be better for the present application, was an argon ion laser, of power 400 mW.
The reasons for this require some explanation. The small He-Ne laser has,
according to the manufacturer's manual, a longitudinal mode spacing of 720
MHz. This number can be easily checked against the length of the laser, using
the fact that the refractive index of the lasing medium is very close to one, so
that the spacing is equal to c/2L, where L is the length of the cavity. In the
present case, the tube containing the laser was about 200 mm long, so that the
spacing should have been close to 750 MHz.
With this mode spacing, it is thought that there would therefore be 3 or 4
modes under the gain curve of this laser's cavity. Without selecting a particular
mode using something like an external air-spaced etalon, the laser power was
approximately as quoted by the manufacturer, or 0.95 mW.
The interferometer used with this laser had a delay leg etalon length of 250
mm. This means that each interference fringe of the interferometer
corresponded to a Doppler shift in frequency of about 750 MHz (at a
wavelength of 632.8 nm, the normal red emission of He-Ne lasers). Each
separate laser mode would be affected by the velocity of the target in the same
way, according to equation (3.14), so that the different modes of the laser would
constructively interfere after passing through the interferometer. Placing two
separate values for wavelength into equation (3.14), corresponding to two
adjacent longitudinal laser modes 750 MHz apart, the value for the order of
interference is different by almost one. In other words, the mode spacing of the
laser is equivalent to the fringe constant of the interferometer. Thus, with this
type of laser there would be no advantage gained in singling out a particular
longitudinal mode.
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A few other He-Ne lasers were tested to verify that this small alignment laser
provided the best contrast fringes. A Uniphase model 1335p laser, with a mode
spacing of 320 MHz was tested. This laser's modes actually almost
destructively interfere after passage through the interferometer, because the
mode spacing is one-half of the fringe constant. This was verified by the
difficulty in obtaining interference fringes using a diffusely reflecting target. An
external mode selection device, such as an air-spaced etalon, could probably
help in this case. Such a device would, however, reduce the total intensity
passing into the interferometer since only one of several modes of laser
oscillation would be used and that even for the desired line the transmittance is
less than 100%. The reduction in intensity would therefore probably be about
ten times, removing any advantage that such a 10 mW laser has over the 1 mW
laser previously mentioned. If the etalon was able to be placed intra-cavity,
then that would be different. It would suppress the other laser modes and only
allow a single mode to propagate (within the gain curve of the lasing medium).
This is the approach adopted with the argon ion laser.
The interferometer could, of course, be modified to match the laser selected. For
this larger power He-Ne laser, the etalon length would need to be around 100
mm. Such an etalon would give a fringe constant of about 500 m /s per fringe.
This would be an acceptable fringe constant, but this possibility was not tested
in this project.
Diode laser
Diode lasers have an extremely short cavity, so they usually only support a
single lasing mode within each laser line. Some are available as single-line
single longitudinal mode lasers. Such lasers are ideal for the sort of high-order
interferometry that is required with the present systems. A 30 mW cw diode
laser made by DICONIX of wavelength 803.2 nm was examined for its
suitability in this application. Unfortunately, the sensitivity of all the available
photodetectors was low at this wavelength. Also, although high power diode
lasers are used extensively in the communications industry, the matching
photodetection systems do not have the rapid response time, i.e. the
bandwidth, needed to resolve accelerations of objects from stationary to speeds
of kilometres-per-second occurring within microseconds. The bandwidth
required would thus be 1 GHz or more.
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Carbon dioxide laser
Another potential laser light source was a carbon dioxide laser with an output
of over 10 W, and longitudinal mode spacing of 150 MHz. This was, however,
not suitable mainly due to the lack of optics for its 10.6 pm wavelength. In
order to produce interference fringes from a WAMI or VISAR-like device using
such a laser, a 500 mm long etalon made of a material transparent at 10.6 pm
such as zinc selenide (which has a refractive index at this wavelength of 2.4)
would be required. This length is based on the high power of the CO 2 laser
arising from the generation of a large number of longitudinal modes. If one
wishes to obtain high contrast fringes, then these modes must be accounted for
by having the fringe spacing of the interferometer matched to this mode
spacing. In the present case, this gives a velocity resolution of around 800 m /s
per fringe, from equation (3.14). The mode matching could also be achieved by
using a proper fraction of the length quoted, such as 250 mm (1/2), 17 cm (1/3)
etc. These other etalon lengths would be more achievable given the cost of
ZnSe, however, the resolution of the device would drop due to the rise in fringe
constant, to 1600 and 2400 m /s per fringe respectively.

Ring dye laser
A Coherent ring dye laser with a wavelength of 576.4 nm (the sodium lines) at
its maximum power of around 280 mW was used as the source. This was
pumped by a Spectra Physics model 2030 argon-ion laser operating with a 25 A
current producing about 10 W of power. This laser combination was located in
a laboratory on the floor above that in which the Mk I EFFPA was placed. In
order to transport the laser light to the experiment, a single mode optical fibre
coupling/decoupling was used (see section 5.4.4). The maximum power output
from the fibre was 160 mW but usually it was closer to 100 mW; these powers
come from the usual output of the dye laser at this frequency of around 300
mW. Transporting the light by mirrors was also tried, but this provided less
light with a more divergent beam than the fibre optic system.
This dye laser had the best temporal resolution of any of the lasers used, with a
linewidth of less than 20 MHz. To prevent reflection of laser light back into the
same laser, acousto-optic modulators are the standard means of shifting the
frequency of the beam slightly. Since the bandwidth is only 20 MHz, then an
(ultrasonic) acoustic wave of 20 MHz or so can be used to shift the primary
frequency away from the original line. Any reflection that passes back into the
laser through such a modulator will be modulated further (i.e. in this case the
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return would be 40 MHz away from the laser line centre), not de-modulated, so
that the laser is well isolated.
The bandwidth of the ring dye laser (20 MHz) is a very small fraction of the
interferometer's fringe spacing thus making this an ideal source for a Doppler
interferometer. However, the limitation with this particular instrument was one
of light power, due to the extremely high levels of background light produced
by the foil explosion.
A method that was not tried using this laser was the retro-reflector which was
used on the Mk IIEFFPA. On that device, a retro-reflector on the interferometer
side of the flying plate increased the signal levels observed by a factor of 10 to
100, so it is likely that a dye laser of the power used (100 mW) could have been
perfectly suitable (if a retro-reflective target had been used).
However, the devotion of an expensive and finely-tuned ring dye laser for this
experiment was not possible. Rather, a single-mode argon-ion laser, or else a
laser and interferometer system which are matched to each other (see sections
4.4.3 and 3.3.1) were thought to provide adequate signal levels.
Argon-ion laser

The argon-ion laser used was a 5 W Spectra Physics model 2030. The same fibre
optic coupling system used for the ring dye laser transported the argon-ion
light into the Faraday cage for the interferometer. A temperature controlled
mode selection etalon was placed into the laser cavity to reduce the laser
linewidth from approximately 1.6 GHz (consisting of about 20 longitudinal
modes spaced about 80 MHz apart) to about 40 MHz which was needed to
observe the interference fringes with an interferometer at such a high order.
The power increase over the ring dye laser was about a factor of 3. However,
the increase in power that could be delivered to the EFFPA laboratory through
the single mode fibre was only about a factor of 2 - around 200 to 250 mW from
an input of close to 1100 mW of laser light. This is due to the limit of power
transmission through the particular fibre having been reached.
As was verified with the Mk II EFFPA using MRL's VISAR, this laser power
would have been more than adequate, using a reflective target of some sort, or
else removing the target from the exploding foil flash by time or distance. It
appears from the results achieved with the Mk I EFFPA and the WAMI in use
at the ANU that fringe information was obtained. In the final analysis,
however, the available bandwidth of data recording devices was insufficient to
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resolve the very fast fringes that occurred at the start of the motion of the flying
plate. It was therefore decided to relocate the experiment where suitable data
recording devices would be available. In Chapter 5 the MRL EFFPA is
described and tested together with a better interferometer system, the VISAR
(since it used two polarizations and also dynamically measured the light
intensity separately from the interferometer signals).
4.4.3 Optic fibres for light transmission
The argon ion and ring dye lasers were located in the Laser Laboratory of the
Department of Physics which was directly above the T1 shock tube laboratory,
in which the Mk I EFFPA was placed. Thus the light from these lasers had to be
transferred into the Faraday cage and reflected from a target surface for use in
an interferometric measurement.
A single mode optic fibre of 25 m length was trailed from the output of the
laser to the outside of the Faraday cage. An optic fibre coupler was placed at
each end of the fibre. A photodiode was placed at the Faraday cage end of the
fibre and its output was returned, via BNC cables, to a calibrated laser power
meter placed next to the laser. The output of the fibre was maximized by
varying the angles of the fibre coupler and the position of the focus of the
microscope objective lens with respect to the position of the fibre. At times, the
fibre would need to be recut, requiring the use of a dimethyl bromide solution
to firstly strip the jacket from the fibre and then a fibre cutter to ensure a
straight edge to the fibre. To allow the simplest repeated operation, the laser
input light was firstly reflected from its direct line by a mirror so that the laser
light could be used for other purposes merely by the removal of this initial
mirror.
The best output obtained with this optic fibre laser transmission was of the
order of 50%. This seemed to be independent of the two wavelengths tested
and length of the fibre (since a shorter fibre was also tested). This latter result
would seem to indicate that the limiting factor is the method of coupling of the
light into and out of the fibre, rather than the transmission of the light along the
fibre itself.
The main advantage of the technique was to allow the use of laser systems
which would not have been otherwise available. Further, it allowed the use of a
laser power which could have provided adequate resolution of velocity
information if retro-reflectors had been tried, and if the data recording methods
had not been so limited in frequency.
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4.4.4 Optical filtering for the interferometer
The break beam velocity m easurements were obtained using dielectric filters. If
the filters w ere not used, the light signal from the laser was sw am ped by the
light flash from the foil explosion, so that accurate tim ings were not possible.
The use of such filters was not, how ever, adequate for the interferom etric
m easu rem en ts. It is th o u g h t th at there w as not as m uch light in the
perpendicular directions which were viewed by the break beams as there was
in the direction of the norm al to the flying plate which was observed w ith the
interferometer.

Spectral filters
With the 1 mW He-Ne laser light as the source, a 1 nm passband dielectric filter
centred on the He-Ne w avelength (632.8 nm) was used to reduce the effects of
the background radiation em anating from the exploding foil event. This was
not sufficient, how ever, to discrim inate the laser-based signal from the
background, despite decreasing the background intensity by a factor of about
300 (assum ing a relatively uniform intensity of radiation across the visible
spectrum). This was a reason that higher power light sources were sought.

Fabry-Perot etalon as a filter
A further filtering technique that could have been used w ould be to place a
Fabry-Perot etalon into the output beam of the interferom eter, in front of the
dielectric filter, before the PMT. By a suitable selection of free spectral range
(FSR, or separation in the frequency dom ain of the various positions of
m axim um transm ission of the light) and finesse of the etalon, a passband
corresponding to an arbitrary num ber of Doppler fringes could be designed.
The FSR for an air-spaced Fabry-Perot etalon is merely the standard relation to
obtain supported modes w ithin a cavity,
FSR

c
_________ 2 1 _________

in terms of frequency

A!

2L
in terms of wavelength

(4.19)

A

w here L is the separation of the m irrors of the etalon, c is the velocity of light
and A is the wavelength of the light being used. If used together w ith a 1 nm
passband dielectric filter, one w ould prefer an FSR of 1 nm (equivalent to a
separation of about 1 THz). For the 514 nm light of an argon-ion laser, a
separation, L, of the etalon plates of 0.13 mm w ould be required.
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The finesse, F, of a Fabry-Perot is defined by F=FSR/FWHM, and one would
want a passband (i.e. FWHM) which is equivalent to at least 5 km /s, or 20
fringes for K=225 m/s. This corresponds to a frequency window of the etalon
of about 15 GHz, meaning that the finesse required is around 60. The total
effect of such a combination of dielectric filter and Fabry-Perot would be a
drastic decrease of the background radiation, 1/60 of that observed with the
dielectric filter alone, or around 1/20,000 of the unfiltered background. It
would also result in a further decrease in the desired signal light of about a
factor of 3 - the signal to background would thus be increased by a factor of 20
compared to the dielectric filtered system. However, this would require an
appropriate Fabry-Perot cavity.
Spectrometer
A 0.5 m McPherson diffraction grating spectrometer was used to reduce the
background light intensity to acceptable values, allowing some measurement of
Doppler fringe information. This was done when the ring dye laser was
available for use at the required wavelength, since a complete set of dielectric
filters was not available. The dispersion of this spectrometer is 1.4 nm per mm
of slit. A slit width of 0.3 mm on each of the input and output slits was needed
to get sufficient signal levels to be observed with the photomultiplier meaning an effective passband of 0.7 nm which is not much better than a
dielectric filter. A number of methods were tried to decrease this slit width and
still obtain reasonable fringe information, but without success.
The main problem appeared to be that the beam coming from the WAMI was
divergent by the time it was fed into the spectrometer, and that the mirrors and
optical fibres used to carry this beam also reduced the available intensity by an
unacceptable amount.
4.4.5 Faraday cage and grounding considerations
A 2 mm thick aluminium walled room of 2 x 2 x 2 m size, designed by D. Bone
[1987] for an entirely different purpose, was used as a Faraday cage to screen
the capacitor discharge from any recording devices, power supplies and lasers
which could be affected by the electromagnetic interference pulse produced
upon discharge of the capacitor. There were a number of ports into and out of
this room for electrical, fibre optic, and direct light access to and from the room
while maintaining its screening properties. A single cable connecting the
negative terminal of the capacitor to the cage and a cable from the outside of
the cage to outside the laboratory and into an earth stake were used to ensure
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safe operation of the device, and to minimize the occurrence of 'earth loop'
currents.
AC power to and from the screened room was disconnected for each shot, and
the cable enclosed within the room during firing. Upon completion of the shot,
the door to the room was opened and the AC power was reconnected, which
enabled the exhaust fan of the room to operate.
The capacitor terminals had a 200 MQ resistor connected across them to act as a
permanent 'bleed' of the capacitor in case of misfire. There was also a
guillotine-like safety discharge bar which could be remotely dropped across the
terminals, via a string. Lastly, the dumping resistors of the pneumatic control
unit (20 MO) were isolated from the capacitor until it was fired. A final safety
grounding wand of a 1 m long PMMA rod with a 2 MO discharge resistor at
one end to place across the capacitor terminals was also permanently available
adjacent to the Faraday cage. After each firing, the guillotine was dropped and
the safety wand was also touched across the terminals of the capacitor to
ensure that there was no residual charge.
4.4.6 Interferometric results
Figure 4.16 is an analysis of a WAMI experiment with the Mk I EFFPA. Part (a)
shows the photomultiplier response to two successive shots. Both shots exhibit
a large amount of background light that had not been successfully
discriminated against. The earlier shot, 1-117, was the intensity of the signal
with one of the arms of the interferometer blocked off. By keeping the
discharge voltage constant between the two experiments, it was intended that
the two intensities could be subtracted leaving the proper Doppler information
which is present in shot 1-118.
The result of this subtraction is shown in part (b). It is clear that there is some
fringe information there: at most possibly two fringes. The fringe constant used
with the WAMI was 225 m /s per fringe, so that the maximum possible flyer
plate velocity from this Doppler measurement was 450 m /s. However, from the
earlier break beam work, the velocity expected for the 3 kV voltage discharge
was about 1.6±0.4 km /s (figure 4.8). A table of the interferometric velocity
results is given below in table 4.3. These experiments were all carried out at a
discharge voltage of 3 kV, using a 0.5 mm thick polycarbonate flying plate. The
expected velocity was well over 1 km/s.
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Table 4.3 The Interferometric results obtained with the
Mk I EFFPA.
Shot Number

Fringe Count

Velocity (m/s)

1-116
1-118
1-119
1-120
1-121
1-127
1-131
1-132
1-146
1-159
1-161
1-162
1-164
1-166

1.5
2
0.5
1
0.5
1
1
1
0.5
3
2
2.5
3.5
3

340
450
110
225
110
225
225
225
110
675
450
560
790
675

It is apparent from this table that the photomultipliers and oscilloscopes used
were too slow to pick up the entire acceleration history of the event. Results
closer to the predicted and measured velocities were obtained for the later
experiments, but one or two fringes are thought to have been missed, even for
shot 1-164, in which 3.5 fringes were observed. Due to this failure of the
bandwidth resolution, attempts to further increase the signal to background
discrimination were not made. The later series of experiments on the Mk II
EFFPA in fact showed that an increase in flyer plate reflectivity by a factor of
around 100 could be achieved through the use of retro-reflecting tape.
Further work with the Mk I EFFPA system would involve the application of
retro-reflective or other improved reflectors to enable flying plate Doppler
information to be obtained in a single shot, without the need for shot-to-shot
repeatability (which has been shown to be quite poor). However, successful
velocity measurements would require vastly improved bandwidth of the
recording devices. Probably a WAMI with a lower velocity per fringe
relationship would also help to obtain the correct maximum velocity (the
VISAR used with the Mk II EFFPA was operated with fringe constants of 901
and 1698 m /s per fringe).
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In changing from the Mk I EFFPA at the ANU to the Mk II EFFPA at MRL, the
bandwidth of the detectors and recording devices was increased by a factor of
twenty or so, allowing a complete flying plate acceleration history to be taken
(Chapter 5). (Bandwidth limitations still existed with the latter setup when
attempting to resolve velocity jumps due to impact - see Chapter 6.)

4.5 Results and limitations of ANU setups
The flyer plate velocity data that was obtained via the break beam method,
produced with the Mk I EFFPA did provide a degree of agreement with the
models of CAPRES (see section 5.3.2). However, it must be pointed out that an
attempt to reproduce this break beam result on the Mk II EFFPA did not
succeed. The main difference between the two setups (other than the design of
the bus bars) was that a barrel was not, on the whole, used on the Mk 1 device
whereas it was on the Mk II.
The interferometric results using the ring dye laser did provide some indication
of Doppler information. Subsequent work with the Mk II EFFPA indicated that
far too much of the early-time record of the event (in the Mk I EFFPA
experiments) had been lost due to the inadequate sampling rates of the
digitizing oscilloscopes used on the Mk I EFFPA.
The laser power available was not deemed suitable in the first analysis, since
the fibre optic coupling method meant that the maximum power of light that
could be obtained was around 200 mW. However, by comparison with the
work done on the Mk II EFFPA at MRL, it is clear that this laser power could
have been sufficient to produce reasonable interferometric data, had the
method of retro-reflective tape on the flyer plate been employed at that time.
Also, had the MK I EFFPA device been used for instrumented impact
experiments, it would appear that it could also have provided useful data, since
the light background is reduced considerably by the time of an impact located
25 mm from the original flyer position (at a time of 10 to 25 ps after foil burst).
Another limitation of the systems tested in this part of the work was the
absence of the dual polarizations that are used in a VISAR. This meant that any
interference data that could be obtained had a sign uncertainty in the phase, i.e.
one would not know a priori whether the target was accelerating or
decelerating, and would have to rely on various assumptions (which can
nevertheless be quite reasonable). Of course there was also the bandwidth
limitation of the recording devices used.

ANU Macro-Particle Accelerators

111

4.6 Conclusions from the ANU work
Two methods for accelerating small objects suitable for use in shock wave
studies were investigated in this work. The gas gun was shown to be capable of
projecting 3 g masses to speeds of around 1 km /s in air (a kinetic energy of 1.5
kj). The EFFPA could project 60 mg flying plates at speeds of up to 3.5 km /s in
air (an E*. of 400 J). The means for instrumenting these devices was not entirely
satisfactory, and so one of the devices, the EFFPA, was re-designed and set up
at MRL, where a greater bandwidth VISAR interferometer was available for
use. It was not possible to relocate the gas gun, although this does show some
promise as a method for accelerating more massive particles than the EFFPA to
a still quite reasonable speed.
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Figure 4.1 A sample of the output from the Mac488 program written by the
author. This trace was copied from the CRO to the computer within a few
minutes of the experiment, and was then printed on the networked laser
printer. The data file is saved with the filename shown as the title of this plot.
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Figure 4.2 A free piston shock tube. Note the similarities between this and the
2SLGG described in Chapter 2. The gas pressures in the compression and shock
tubes are usually much lower than those used in the gas guns. The shock
velocities achieved with free piston tubes can be as high as 25 km/s.
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Figure 4.3 The free piston gas gun. Although it would not be optimized for the
production of high velocity projectiles, as might the 2SLGGs described earlier,
it is a simple modification of existing shock tube designs. If it is desired, the
target chamber and launch tube could be evacuated, otherwise, the launch tube
could be fired directly into air. Experiments with the gas gun used in the
present study indicate that the velocities attainable in air or vacuum are quite
similar. One of the main differences in operation of the tube as a gas gun is that
the compression tube is filled to a much higher pressure prior to firing (100 kPa
compared to about 1 kPa). This allows a much greater volume of high pressure
gas upon diaphragm burst, which is needed in order to accelerate the projectile
to substantial speeds.
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Figure 4.4 The maximum velocities achievable with the two stage light gas gun
used in the present work. The simple model presented in the text agrees fairly
well with the model of de Icaza et al.
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Figure 4.6 The gas gun projectile speeds. It is clear from this figure that the
difference betw een firing into an evacuated cham ber and into air is not
significant, given the errors and the fact that only a few shots have been
done w ith each arrangem ent. The m ost im portant things to note from this
graph are that the experim ental data points, obtained w ith a non-optim ized
gas gun accelerator, are in the sam e velocity as m odel predictions (see also
figure 4.4 for the model predictions).
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Figure 4.7 The vauum chamber constructed for use with the gas gun. A misfire
broke the Wilson seal at the tube end after only 10 shots, preventing the
intended application of the WAMI interferometer to measuring the pellet
speeds.
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Figure 4.8 The calibration curve for the Mk I EFFPG based on dual break beam
data. Also shown are some predictions for flyer plate velocity from the CAPRES
program's Gurney routine.
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Figure 4.9 A couple of the break beam shots. The top graph is of a shot at at 3
kV discharge energy, and provided an average velocity of 1.8 m m /ps over the
distance that the beams were separated, 14 mm. The lower graph was a 2 kV
discharge, providing a flying plate travelling at 0.9 m m /ps over the same
distance.
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Simplified Mk I EFFPG experimental layout. The dashed lines
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lines.
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Figure 4.11(a) The busbars of the EFFPA a r e l 0 c m x l 0 c m x 3 c m thick blocks
of aluminium, with rounded comers, bolted securely to the terminals of the
capacitor. They are fitted together with only a small gap between them to
minimize inductance of the circuit. The insulation sheet is removed from
between one of the busbars and one side of the foil during firing which
closes the circuit directly to the foil. The other side of the foil is securely
bolted to the other busbar. In the Mk II EFFPA, the switch and foil were
separated to provide more consistent switching. The circuit loop is absolutely
minimized in this arrangement, where the flyer plate assembly sits right on top
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Figure 4.11(b) An isometric sketch of the Mk I EFFPA.
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Figure 4.12 Results of modelling of various parameters of the Mk I EFFPA
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Figure 4.13 Using the method of Barnes and Dannenberg, of a constant
resistance lumped circuit to model the operation of the exploding foil
device, different optimum capacitances exist for foil bursts at early times. In
the present work, the foil bursts at 3.5 to 6.5 ps from switching. In these
times, the best capacitance would be 50 pF, for the same discharge voltage.
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Figure 4.14 A break beam experiment in which one of the photodiodes was not
filtered with a 633 nm line filter. A velocity cannot be determined from this
result, although it is clear that that beam break would have occurred sometime
during the offscale section of that trace. It is interesting to note that despite all
of the spatial filtering of the setup (the photodiodes were located about 2 m
away from the event, with a small 15 mm aperture into the Faraday cage) there
was still a very large amount of optical radiation from the event. In the Mk II
EFFPA this light was used to illuminate a screen for high speed photographic
investigation of the shock waves in front of the flying plate.
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Figure 4.15 The Wide-Angled Michelson Interferometer (WAMI) that was
designed for use with the Mk I EFFPG. During alignment, lens M4 could be
rotated so that the laser light could bypass the diffuse target. The dashed line
box is merely to clarify that these elements make up the interferometer. The
interferometer sat on a 2 m x 1 m table inside the Faraday cage. The energy
storage capacitor on a table adjacent to this.
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Figure 4.16(b) If the two amplitudes of part (a) are normalized and then the
two are subtracted, a picture such as this results. This could have been fed
through a velocity reconstruction cycle, however, it was felt that there was
too much missing information due to the slow response of the system,
including the photomultipliers and the recording oscilloscopes. It seems
that there is only one fringe in this figure, possibly another faster one at the
start. However, at 3 kV, a velocity of 1 km /s is expected. A single fringe, with
the low fringe constant that was employed with this WAMI, means a
velocity of around 225 m /s.

5 The MRL flying plate accelerator
In this chapter I present the second exploding foil flying plate accelerator which
was designed and built at MRL. A summary of the performance characteristics
for the Mk II EFFPA system that was later used to produce shock waves is
included.
Section 5.1 is a description of the mechanical and electrical setup of the device,
including discussion of the design considerations and some computer models,
as well as the laboratory layout and EMI screening methods. Figure 5.1 shows
the physical arrangement of the bus bars, the location of the bridgefoil, and the
capacitor and spark gap pull-switch.
Section 5.2 discusses the exploding foil environment, and the experimental
solutions required to address the hostile environment.
In section 5.3 the main results of flying plate velocity measurements are given:
the VISAR results, break beam velocity measurements, experiments with and
w ithout barrels, and an introduction to the complete shock wave
measurements that seem to be possible with this system. Section 5.4 concludes
the chapter with a discussion of these results and a sketch of further work that
could be pursued to improve the accuracy and consistency of the Mk II EFFPA.

5.1 Mk II exploding foil flying plate system
To achieve the best possible combination of capacitance and inductance,
computer models were used to design and evaluate the performance of the rig.
CAPRES, a program developed at Sandia National Laboratories [Mitchell &
Stanton 1985] to aid the design of slapper detonator characteristics was the
main code employed; FUSE, from the Lawrence Livermore National
Laboratory [Zentler 1982] was also used to predict the voltage and current
characteristics of the system.
Some parametric modelling of the EFFPA devices was carried out by D.
Richardson using the program CAPRES [private communication 1990; also see
Podlesak et al. 1992] and is shown in figure 4.12.
The Mk II EFFPA is shown in figure 5.1. One of the main modifications from
the Mk I EFFPA discussed in the previous chapter was the addition of long bus
bars which separate the experiment from the capacitor. The switch was also of a
better and more stable design, since the exploding foil itself was no longer one
of the terminals of the arc discharge. The separation of the experiment from the
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capacitor via the bus bars also made the foil/flyer and target assemblies more
accessible for measurements.
5.1.1 Power supplies
The capacitor was charged to high voltage by a Quentron Electronics dual
capacitor bank power supply, capable of delivering up to 15 kV at 20 mA. To
charge the capacitor up to 5 kV therefore took about 1/2 minute. Its operation
was controlled through the SIS system discussed in the next section.
5.1.2 Safety interlock system
A system of safety interlocks was devised to ensure safe operation of the Mk II
EFFPA. An eight interlock system was used:
• one for each door of the laboratory
• one for the door of the Faraday electrical screening cage containing the
Mk II EFFPA
• two safety cutout interlocks (one inside the EFFPA's Faraday cage,
another in the laboratory, external to the Faraday cage)
• one to ensure that warning lights and siren were switched on during
firing
• one on the pneumatic pull switch to ensure that the capacitor could not
be charged without the insulator in place between the terminals, and to
ensure that after firing, or upon premature firing, the capacitor would not
immediately re-charge itself
• a keyed switch on the control panel.
If any one of these interlocks opens, then the high voltage power supplied to
the charging unit is immediately cut off. The SIS was tested at regular intervals.
The siren was located directly above the laboratory holding the Mk II EFFPA
and was audible within a radius of 100 m. Warning lights were located in each
of the rooms directly adjacent to the Mk II EFFPA laboratory.
5.1.3 Radiation safety
J. Ternan [private communication, 1991] investigated the potential radiation
hazard of the EFFPA. Other work (not related to the present study) carried out
within the building housing the EFFPA included the use of electric detonators
which can be sensitive to electromagnetic radiation. The potential EM radiation
hazard can be divided into two components, one of low frequency and the
other of high frequency.
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The low frequency component (frequencies lower than 100 kHz), for the
purposes of radiation estimates, can be represented by a circular current loop of
radius 60 mm. This is just a simple approximation to the EFFPA's current loop
for the purpose of making the calculations easier. The current can be
represented by an RMS value of 200 kA (for a 10 kV discharge of the capacitor
across a metal bar in place of the bridgefoil - as is done for a ringdown). The
frequency of the circuit is around 30 kHz since the ringdown period was
measured to be about 35 ps. Without taking the attenuation effects of the
Faraday cage screened room into account, this source was not found to be
hazardous for the operation of the explosive devices in use.
The high frequency component (frequencies higher than 100 kHz) can be
represented by a circuit loop of the same area as the LF source, but with a much
smaller current and much higher frequency. This component was observed
when attempting to reduce the electromagnetic interference of the EFFPA in the
recording of flying plate velocity using the VISAR. The high frequency
components originate from fluctuations in the spark gap operation. These
fluctuations have an RMS amplitude of 500 A. The inductance of the loop is
around 140 nH. Capacitance of a transmission line is given by [Lorrain &
Corson 1981],
C = ere0
j ,

(5.1)

where er is the relative permittivity of the medium separating the bus bars,
(about 4); e0 is the permittivity of free space; / is the length of the transmission
line (670 mm); h is the width of the transmission line (75 mm); and t is the
distance between the current carrying conductors (0.3 mm). Equation (5.1) then
gives a capacitance of 6 nF. The ringing frequency that these components
would produce in an LC circuit is about 7 to 8 MHz. This value correlates well
with the observed frequency of electromagnetic radiation pickup on the
recording devices. The EM pickup is shown on an original data plot from the
Tektronix DSA602 oscilloscope in figure 5.2.
The high frequency source had to be screened in order for the EFFPA to be
operated safely at all times. A Faraday cage was used for this purpose.
5.1.4 Arrangement of laboratory
As shown in figure 5.3, the EFFPA laboratory was arranged with a Faraday
cage containing the capacitor and target assembly to one end. The Faraday cage
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is shown in figure 5.4. The VISAR and laser were located on a table running
longitudinally through the room, at a distance of about 3 m from the Faraday
cage. The reason for this distance was twofold: to reduce the residual
electromagnetic interference coming from the Faraday cage during a discharge,
and to reduce the chances of debris from the EFFPA damaging any of the
VISAR's optics.
A beam channel was constructed for the class IV laser light, according to laser
safety regulations. This was placed on a table between the Faraday cage and the
VISAR table. The argon ion laser could thus be operated more safely at high
power. Normally it was only necessary to run the laser at 2 mW during
alignment, but, to ensure that the VISAR was operating correctly, the fringes
were checked at the entrance apertures of the photomultipliers prior to every
shot. To see the fringes at this position clearly enough it was necessary to run
the laser at 10 to 20 mW. Power varying between 60 mW and 850 mW was used
for the beam during VISAR velocity measurements. Using the retro-reflecting
tape on the flying plate, 80 mW was normally sufficient laser power.
5.1.5 Lasers

The main laser used for the Doppler interferometry was a Coherent Innova 90,
5 W cw argon ion laser, with internal mode selecting etalon. The maximum
power available at the 514.5 nm line of the laser, the brightest line in the
emission spectrum of Ar+, was 850 mW. The laser beam was, however, run in a
low power mode of 2 mW for alignment purposes. It was also possible to
remotely switch the laser from low to high power.
The laser beam could be further time-gated through the use of a Pockels cell to
reduce the exposure of the target. However this was not done here since the
laser beam was not sufficiently focussed that the target was adversely affected
by long laser exposure.
A Spectra Physics model 1335 P 10 mW cw polarized He-Ne laser was also
used at times for alignment purposes. This laser was also tried out for a break
beam tester, as described in sections 5.3.2 and 4.3.5. The break beam technique
did not prove to be a reliable velocity measurement technique, for reasons
given in section 5.3.2 describing the high speed photography of the Mk II
EFFPA.
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5.1.6 The VISAR used for shock wave studies

The optical setup is as shown in figure 5.5.
The VISAR optics and detector parts were made by Systems, Science and
Software (S3), Model 3SLVI-401. The recording oscilloscopes used were of two
types: Tektronix DSA 602 and Gould 4094 or 4084. The data reduction software
was based on Hemsing's algorithm [Hemsing 1983]. The optics and detectors
were mounted on a one square metre aluminium plate of 10 mm thickness,
blackened to reduce stray reflections. All components were bolted to this plate.
This VISAR has three photomultipliers to detect the sine-like and cosine-like
signals (both of which are necessary for the quadrature of interference signals
of a VISAR, see section 3.3.4) and also the intensity signal from the event of
interest. There is a fourth photomultiplier which is used as the detector for a
secondary interferometer, which is a WAMI (see section 3.3.3). The intention of
the manufacturers was that this interferometer be arranged with a much larger
fringe constant than the VISAR so that fringe changes on this device would
help to resolve any ambiguities in the fringe records of the VISAR signals. Such
ambiguities usually arise in shock wave studies, since shock waves can produce
very rapid velocity changes. There is thus a good possibility that fringes will be
lost, due to their high frequency of arrival at the detectors and the bandwidth
limitations of the apparatus. The WAMI of the S3 VISAR was not used in the
present work. Other methods were used to resolve inconsistencies or
ambiguities in the interferometer fringe records produced by the VISAR, as
explained in Chapter 6.
For future work with the Mk II EFFPA it is intended that a different fourdetector VISAR be set up similar to the push-pull VISAR devised by Hemsing
[1983]. Hemsing analyzed the signals mathematically and determined that a
push-pull device can get twice the signal levels while at the same time
considerably reducing the self-light or background of the event (see section
2.3.7). Such an improvement in signal to noise ratio would be of particular
value in the present EFFPA design where adequate signal levels were obtained.
Crump and Stanton [1988] also described the push-pull VISAR, and show that
it is relatively simple to alternatively use the same instrument in a dual-VISAR
mode (where either two different points on the target(s) are observed, or else
different fringe constants are employed simultaneously).
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Photomultiplier power supplies
The photomultiplier tubes (PMTs) are connected in pairs. As described above,
there are actually four PMTs in this VISAR, even though only three have been
used in the present work. Each pair of PMTs is contained in an aluminium
housing which acts as a partial shield for EM radiation. The PMTs are powered
at high voltage (normally 2400 volts DC, +ve earth) by custom built power
supplies.
During an event, the PMTs can actually draw much more current than the
supply can provide which is why in the circuit used each PMT has an energy
storage capacitor charged up by the power supply. These capacitors provide
extra energy for acceleration of electrons between the PMT dynodes allowing
the PMT to continue to provide an intensity signal for a longer time. As
prescribed by S3 the peak current of 0.5 A can be supplied for up to 2 (is.
The work done with the Mk IEFFPA indicated that the distance over which the
flyer was moving is of the order of 10 mm, and that the acceleration time is of
the order of 10 |is. Hence, such a short PMT 'on' time pulse is not long enough
for the measurements. The capacitors in the original PMT circuits were
therefore replaced with ones of substantially higher capacitance - allowing the
PMTs to function for a much longer period of up to around 50 |is.
Interferometer table
The VISAR was located on a custom built table of dimensions 1x2 m, 1.1 m
from the floor. The table top was 12 mm thick aluminium plate, this was
mounted upon shock and vibration resistant D-mounts, which themselves were
bolted to a sturdy metal frame.
Based on simple observation of fringe stability during a static test, it was felt
that any vibrations of the table would be of a frequency much too low to
adversely affect the VISAR readings. The table's stability was more important
from the point of view of being able to ensure that good fringes were visible
prior to any shots.
Beamsplitter
The interference beamsplitter, also shown in figure 5.5, introduces a minimum
effective etalon length since the light from one arm of the interferometer only
goes through it once, compared to light from the other arm traversing it three
times.
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If the interferometer was to operate in a conventional Michelson, or
displacement, mode, then this minimum effective etalon length would have to
be corrected by placing a further glass plate in the interferometer arm whose
light only traverses the beamsplitting glass once.
The MRL VISAR beamsplitter has a minimum effective length which is
equivalent to 3.77 mm of fused silica, the material used in the standard etalons.
The reason for quoting an effective length like this is that it can be merely
added to the other etalon length, the resultant total length being used in
equation (3.15) to calculate the velocity per fringe relationship.
The MRL VISAR is arranged in the standard manner [Barker and Hollenbach
1972], with a small incoming beam angle to the beam splitter. The main reason
for this is to minimize the effects of birefringence of the beam splitting medium
on the incoming light. Since a crucial item with the VISAR is the division of the
light into two polarizations, then it is important that the interferometer itself
does not introduce any further polarization effects. It is also important that the
two arms of the interferometer have equal intensities of each polarization, and
a beamsplitter at a larger incident angle can have, for the different
polarizations, very different reflection and transmission coefficients. The minor
difference between the polarizations that will always remain can be removed
by tilting the eighth-wave plate and rotating the polarizing beamsplitter when
doing a piezo-electric translator test setup.
Length variation in delay leg

Although there were a number of different etalons available for use with this
VISAR, only two were used in the present work. One, of length 24.77 mm,
provided a fringe constant of 1700 m /s (once the delays caused by the
beamsplitter and the eighth-wave plate were taken into account). The other, of
length 49.74 mm gave a fringe constant of 901 m /s. Both of these values come
from the application of equation 2.15, with
1 (air), «2=1.46 (fused silica),
L2-Ietalon + feffective/ where leffectwe is 3.77 (from the beamsplitter) + 1.45 (from the
eighth-wave plate). The wavelength used at all times was the green line of an
argon ion laser, 514.5 nm. The value of 8 used is that quoted by Barker and
Schuler [1974] of -0.03 from the change in the refractive index of the delay-leg
etalon caused by the fringe shift itself.
The interferometer arm containing the etalon was the one whose length was
varied in order to accomodate these different etalons. In fact, due to the
mechanical stability of the table, each etalon could be set up and the correct
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mirror position determined with the aid of a steel ruler on the etalon arm.
When the etalons were changed, one merely had to move the mirror to the
(previously determined) correct position and fine tune the setup to obtain
VISAR fringes.
Photomultiplier tubes

The photomultiplier tubes (PMTs) used in this VISAR are RCA model 7326,
operated in pulsed mode. The circuit is shown in figure 5.6 [Hatt 1991]. The
triggering is provided by a separate trigger unit, which also supplies the
required voltage for the operation of a piezoelectric translator used to test the
interferometer.
The light into the PMT is controlled by means of iris diaphragms and diffusers,
as well as a 1 nm line filter, centred on 514.5 nm, to reduce the background light
levels from the events themselves. The iris diaphragm allows the selection of
the central region of the interferometer pattern to obtain the highest contrast
fringes. The iris was operated with a hole size of 2.5 mm for this entire
experimental series, on an initial fringe pattern of about 25 mm diameter. The
iris also allows the operator to ensure that the two signals are properly phase
shifted by 90° - slight variations in the positions of the final turning mirrors
(which direct the beams into each of the PMTs) allowed the placement of a
particular part of the fringe signal on the photomultiplier. The diffusing screen
acted merely to distribute the incoming light over the surface of the
photocathode. Any motion of the fringes not caused by acceleration, such as
that which would come from a defocussing of the fringes upon target
movement, would be less disturbing to the fringe signals obtained (see
Hemsing [1989] for a more complete discussion of this point).
These PMTs have nominal pulse risetimes of 3 ns. They were connected to the
storage oscilloscopes with 50 ohm characteristic impedance coaxial cables. It
was confirmed that the photomultipliers had a linear response up to an output
voltage of 0.75 V during the installation of the VISAR [Hatt 1992].
Shielding and grounding

The VISAR PMTs were encased in 3 mm thick aluminium boxes bolted onto the
VISAR's aluminium baseplate, as noted earlier. These are 10 cm high, 30 cm
long, 15 cm wide boxes with small openings at the front capable of holding
filters.
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The PMTs are all shield grounded to their power supplies. When the
interferometer table was itself grounded with a separate grounding strap there
was no decrease in observed EMI levels.
Filtering

The filters used in the PMT holders were dielectric, 514.5 nm centred, passband
of 3 nm. The optical arrangement of the VISAR being sited some distance from
the experiment, as well as the fact that a collecting mirror and lens direct and
focus the light into the VISAR act as a spatial filter also, largely removes light
which does not begin at the point of interest (i.e. near the flying plate). Of
course, this is the region that produces most of the unwanted light (from the
foil explosion occurring behind the flying plate).
Standard setup procedure

Hatt [1991] describes the VISAR's setup. For simplicity I will largely repeat it
here, but will include the changes adopted when using the Mk II EFFPA rather
than slapper detonators. The setup is all done with the laser in its low-power
mode, running at 2 mW in continuous wave operation.
The alignment done prior to setting up the EFFPA device was to ensure that the
laser travelled through an electro-optic modulator and prism polarizer before
passing off the VISAR table through the VISAR's turning mirror (mirror M2 in
figure 5.5). These devices were then fixed to the table to prevent the need for re
adjustment. A planar mirror was then used to return the light to the table; some
of the light was reflected into the VISAR by the turning mirror, the rest
returned in the direction of the laser. The laser was protected from mode
pulling effects that would occur with re-entry of a beam at the same
wavelength by an electro-optic modulator .
The light was made to go centrally through all of the VISAR's optics, without
any etalon in the delaying arm. With laser light and a specular reflector source,
having the delayed arm mirror at any length position produces interference
fringes at the beamsplitter (up to a point: the coherence length of the argon ion
laser is about 3 km so that a delay leg of more than this would not produce
good interference fringes). In order to approach the correct position for the
operation of the VISAR with the etalon, a method of reducing the spatial
coherence of the laser was needed so that the interferometer would operate at
the correct WAMI condition. To achieve this it was firstly essential that the
position of equal arm length, without any delaying glass, was determined,
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interferometrically. This was done by replacing the laser light source with a
mercury vapour lamp. This is a much broader wavelength source than a laser,
so that interference fringes would only be obtained if the path length difference
between the two arms of the interferometer were less than the coherence length
of such a source, or about 0.1 mm. In other words, it was important that the
equal arm length position of the interferometer be determined precisely.
By adjusting the path length appropriately until this position was reached, the
proper 'zero' for the later adjustment of the mirror's position when the arm
held the etalon, was obtained. In fact, it was possible to maximize the contrast
of these fringes meaning that the equal arm length position was able to be
found to substantially smaller than 0.1 mm. A white light source was then used
to verify that this was the case: white light will only produce fringes within a
few wavelengths, or about 0.01 mm. After this was done, the etalon was placed
into the delaying arm and the mirror position adjusted to give the correct
WAMI condition by ensuring that the appropriate lengths of air and glass in
the two arms are set by equation (3.13). The mercury lamp was again used to
verify that fringes could be obtained.
The lamp was then removed and a plaster target was used to diffusely reflect
the argon ion laser light into the interferometer. The path length was adjusted
until fringes were visible, and then the interference mirror angles were
corrected for the highest contrast fringes (mirrors Ml and M2 in the figure). In
this state, the VISAR was aligned. It was not, however, sufficient for the
instrumentation and analysis of the fringes to be obtained. For that, the two
interference signals need to be of the same amplitude, and the intensity monitor
signal has to maintain a particular relationship to these signals (i.e. to remain a
constant factor of their intensity maxima).
A piezoelectric stack on Ml (the mirror in the non-delaying interferometer arm)
allowed a recursive alignment of the eighth-wave plate and polarizing
beamsplitters. Switching the piezo-electric stack, a small oscillation in the path
length of one of the arms is produced. This produces a dynamic simulation of
fringes caused by the acceleration of a target. Such fringes were still slower
than the expected target fringes, by a factor of 100 or so, but were useful
nevertheless. On the triggering of this oscillation event, the photomultipliers
picked up fringe signals which could then be calibrated. Rotating the polarizing
beamsplitter around the optical axis changes the 'selection' of the two out-of
phase polarized signals that are provided by the presence of the eighth-wave
plate. The latter separates the light arriving at it into two perpendicular
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polarizations by an amount of one eighth of a wavelength since it is a
birefringent crystal, with slightly different refractive indices for the different
polarizations. Note that without the wave plate one would still be able to
obtain two separate polarized signals, but they would be in phase, which
would not normally allow the construction of a Lissajous figure.
Since the interference fringes at the positions of the PMTs are actually extended
over a spot size of about 20 mm, it would be possible to manually produce
VISAR-like signals, by selecting regions of the interference fringe system which
are out of phase by 90°. However, this would not be entirely satisfactory since
then the two signal PMTs would be observing different regions of the target.
Furthermore, if there was any focussing effect during the event, causing the
interference beams to shrink or expand, the two signals would not be affected
in the same way.
The plaster target was then replaced with a more realistic target, such as a real
flyer plate with retro-reflective tape, at the real target position. The process
using the piezoelectric stack was repeated until the two signals were properly
out of phase by 90° as well as being of equal amplitudes, i.e. the Lissajous
figure produced by this test was circular.
It was also important that the three different PMT apertures were aligned to the
same portion of the beam. This was ensured by adjusting the target position
until only a small spot of light the same size as the PMT apertures was visible:
centring this on the apertures and then re-positioning the target to get a large
30 mm diameter spot achieved this.
5.1.7 Flying plate generator components
The flying plate generator, the Mk IIEFFPA, is shown in figure 5.1. In figure 5.7
an exploded view of the bridge foil/flyer/barrel assembly is given.
Tamper
The tamper was usually a block of 9.4 mm thick PMMA. It has two roles: one is
to simply confine the high pressure gas, forcing it to push the flying plate to
high speed; the other role is to reflect the shock caused by the foil's explosion
back, also into the flying plate, providing a second means of acceleration. The
vaporized foil is confined between the tamper and the flyer plate. The flyer
plate is accelerated up the barrel, with the tamper acting as an 'anvil' [Tucker &
Stanton 1975].
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Glass tampers have been shown to give better performance with the smaller
scale devices [Richardson et al. 1989], due to their higher density - also
probably due to their better shock reflection properties. In the present work it
was decided that using glass as a tamping material would be a hazard to
experimenters, due to the quantity of glass shards that would be produced each
shot.
PMMA was chosen in the present study because it is a good insulator, it is
cheap, and it is made in sheets of suitable thickness and so can be easily cut to
desired size. PMMA also has good shock resistance for the pressures produced
(Barker and Hollenbach [1970] showed that PMMA, by staying transparent,
exhibited little structural change up to about 20 GPa).
Flying plate
The flying plate is of critical importance to shock wave studies. To get the most
efficient conversion of impact kinetic energy into a shock wave, it should be
impedance matched to the target [Z'eldovich and Raizer 1968]. In the simplest
case it would be the same material as the target, providing symmetric impact
conditions (see section 1.3.4). An ideal flyer would not be adversely affected by
the extreme accelerations and temperatures caused by the explosion of the foil.
Such accelerations can lead to shock modification of the flyer plate material,
ablation of the material on the foil side due to the high temperature plasma
which is pushing it through the air, or simply multiple shock waves travelling
through the flyer.
If the flyer plate was to impact a target at a time when it was not itself at
atmospheric (effectively zero) pressure, then P0 could not be ignored in the
jump conditions (equations (1.4) to (1.6)). The best flyer would also remain flat
leading to a one-dimensional impact as well as remaining everywhere parallel
to the target surface (i.e. no tilting caused by variable acceleration across the
face of the flyer). The ideal flyer's thickness would allow a long duration
pressure peak in the target sample.
The plastic flyer plate material usually used is one of the high dielectric, high
mechanical strength materials such as: mylar [Osher et al 1989]; polycarbonate,
such as Lexan made by GE [present work]; teflon; polyimides, such as Kapton
made by DuPont [Ryan et al 1988]; or polymethyl methacrylate (PMMA,
Plexiglas) also known as Perspex made by ICI. These materials are similar in
that they all have densities of 1 to 1.5 g/cm 3 (1 g/cm 3 = 103 kg/m 3) and their
shock Hugoniot curves are similar. This means that a similar range of shock
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pressures in target materials can be achieved with any of these, in a single
material-flyer configuration. Mylar is the toughest of these materials, but is not
generally available in thicknesses greater than about 100 }im. If a multiple
thickness flyer plate used then problems regarding lamination of such a
compound flyer would become important.
Keeping the impact velocity constant, an increase in the shock pressure
achieved on impact would result from making the impacting surface of the
flyer plate a material of higher shock impedance than the plastic normally used.
Depending on the thickness of the high-shock impedance material, this high
pressure region could be of long or short duration. For a small thickness, such
as a 5 pm thick reflective coating of aluminium on a 0.5 mm thick plastic flyer,
then the duration of the higher pressure zone in the target would be extremely
short, and probably not measurable. If the "facing7was a significant proportion
of the thickness of the flyer, however, then the duration of the higher pressure
region would be important.
If, instead of merely bonding a facing material on the normal flyer, as was done
in the present work, one were to use compound flyers of relatively constant
mass per unit area then one would expect that the velocities achievable with the
EFFPA would be the same, at least to first order. Even if this is not done,
however, the freedom to choose a particular impactor regardless of the need to
use an insulating material directly adjacent to the bridgefoil is very worthwhile.
For example the ability to use the same materials for the target and the
impactor, which is the symmetric impact condition, simplifying the
measurement requirements of the experiment, is desirable. This also allows the
most accurate determination of an unknown material's Hugoniot curve.
Graham [1967,1977] describes such a technique as applied in gas gun research,
and shows that such a method allows an experiment to be carried out with the
least number of assumptions about the behaviour of the impactor and the
target.
Glenn et ol. [1989] found, when modelling multistage gasdynamic launchers,
that lower mass projectiles tended to 'run away" from the pushing gas so that
the lowest mass did not necessarily correspond with the highest modelled
velocity. This could well apply to the smaller scale devices such as this Mk II
EFFPA, where it may well be the case that the flying plate velocity is only
weakly dependent on its mass.
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It is important to know the flyer plate's Hugoniot accurately. Continuity
requires that at the impact interface the pressure and particle velocity must be
the same. Thus by measuring the particle velocity of the target one knows the
pressure - as long as an impactor of known Hugoniot is used - and can plot
that point as a position on the target materials' Hugoniot (section 1.3.4).
Frank [1989], in a review of LLNL's high speed microphotographics facility,
shows some streak photographic evidence of a device similar to the EFFPA of
the present work. He showed that a 50 pm thick mylar flying plate tended to
bow in the middle. The middle of the plate appeared to be hitting the target
before the edges. This might be expected, since the pressure in the centre of the
plate would be the maximum if the initial pressure across the face of the flyer
was uniform and some rarefaction of this pressure would occur towards the
edges. However, it is quite possible that there could be higher initial pressure at
the edge of the flying plate because the currents passing through the foil prior
to its explosion concentrate on the edges. This could result in greater energy
deposition there and the flyer's edges thus leading, rather than lagging, the
flyer's centre. The flyer plate's edges could also be slowed down by friction
with the barrel. If such distortion of the flyer plate could be measured here then
a better estimate of the accuracy of Hugoniot-type measurements could be
made. In Chapter 6 the experiments using a high speed Imacon framing camera
are discussed which indicate that in the present work distortion of the flyer
plate is not significant by the time it exits the barrel.
There has been work reported which shows a 'saddle shaped' flying plate
[Frank 1989]. Such a shape is thought to be caused by non-uniformity of the
foil's explosion.
Some workers suggest that the optimum bridge foil-to-flyer plate thickness
ratio is 1:5 [Chau et al. 1987], so that one should use 170 pm thick flyer plates
with the 34 pm foils used here (discussed below under 'exploding foil'). In fact,
590 pm thick flyer plates, made of 470 pm of polycarbonate with 120 pm of selfadhesive retro-reflecting tape were normally used here. The mass per unit area
of this construction is 0.76 kg/m 2, so that the flyer's mass, with an 11 mm
diameter barrel, would be about 70 mg. Initially the retro-reflecting tape was
not used, but the interferometric fringes were swamped by the background
light intensity of the exploding foil event. Some shots were done with an
aluminium impact facing instead of the reflecting tape.
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An ideal impactor would allow pressure pulses of any duration. This is not
possible for the two reasons outlined in Chapter 1: the flyer plate is of finite
thickness and so the rarefaction from its back surface eventually catches up
with the shock front in the target; secondly the rarefaction or release waves
travelling into the shocked material from the edges of the impact. With EFFPAs
in use here the maximum flyer plate thickness tested was 470 pm polycarbonate
+ 200 pm aluminium (therefore of mass per unit area of 1.1 k g /m 2). The
maximum plastic-only flyer plates were the standard 590 pm thick ones (made
of polycarbonate and the retro-reflective tape). The pulse duration can be
simply estimated by assuming that it is double the time for the shock to travel
through the flyer plate to the free surface. The release wave which comes from
this free surface is actually faster than the shock wave, so that this estimation is
greater than the actual initial pulse duration. Either of the flyer plates
mentioned would produce a total pulse duration of around 250 ns from an
impact of 2.5 km/s. The duration of the highest pressure pulse from the 200 pm
thick aluminium facing of the first flyer would be only about 50 ns (depending
on the choice of the target) of the 250 ns of the total pulse, due to the higher
shock velocities in Al.
One major advantage that gas gun systems have over exploding foils is the
ability to use much more massive and thicker impactor materials, thus allowing
a wider range of experimental conditions to be investigated.
Pull switch
The Mk II EFFPA was controlled by means of a so-called 'pull-switch', similar
to the one used in the Mk I (section 4.3). Figure 5.1(b) is a schematic of the Mk
II pull-switch. The main difference between this device and that used with the
earlier EFFPA is that the switch is located about 1 m away from the exploding
foil event. The reason for the placement in this way was to try to ensure more
consistent circuit characteristics. Also, since the latter switch uses a pair of
electrodes the gap in the switch is a constant distance.
The two electrodes are arranged in such a way that their potential difference is
larger than the breakdown voltage of the air gap resulting from the removal of
a sheet of insulating material. In the Mk II EFFPA, as in the Mk I, a pneumatic
cylinder was used to remove the insulation. Pneumatic switching was also
desirable since it reduced the number of electrical wiring paths which could
cause interference with the recording devices. It also removed possible earthloop paths.
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A double thickness sheet of 75 pm thick Kapton (a proprietary polyimide made
by DuPont, with a dielectric strength of about 100 kV/mm), is held in the air
gap in the bus bar, as shown in figure 5.1(b). The gap (of less than 0.5 mm) is
such that the fit of the insulating sheet is loose, but close enough to ensure that
upon removal of the sheet, even for voltages as low as 1 kV, the air gap would
still break down. This distance also means that, without the insulating sheet in
place, potential differences in excess of 400 V cannot be sustained. (Halliday
and Resnick [1966] state that the breakdown potential of air is 800 V/mm. The
exact figure depends on a number of factors such as pressure, humidity,
temperature, and the geometry of the electrodes.)
In order to sustain repeated discharges with similar operating characteristics,
the terminals of the pull-switch are 10 cm long, solid, copper-tungsten alloy
cylinders of 15 mm diameter welded to the ends of the bus bar. These terminals
are rounded to a radius of 10 mm on the top and the bottom to prevent corona
discharge.
When high pressure air (300 kPa) is applied to the pneumatic cylinder attached
to the Kapton insulator, the piston moves away from the bus bars. The Kapton
is thus removed from between the terminals which allows conduction across
the air gap.
The pull-switch is an air spark gap, triggered by the pneumatically controlled
removal of an insulating sheet from two terminals with a large potential
difference between them. It was found that switch performance, such as turn
on time and resistance, was not affected by small changes in the terminal
separation, nor was it affected by the rate at which the insulation was removed.
Exploding foil or bridge foil

In a flying plate experiment, the foil, normally aluminium, is placed across the
bus bars, as shown in figure 5.1. Aluminium was chosen as the foil material
due to its high conductivity, low cost and high electrical Gurney energy
[Tucker & Stanton 1976]. Figure 2.8 shows the shape of the exploding foil. Note
the rounded comers which reduce irregularities in the heating characteristics of
the foil. After the circuit is switched on by the action of the pull-switch, the bus
bars begin to conduct electrical energy in the same way as for a ringdown. The
foil heats up, and its resistance increases, increasing its ohmic heating. This
process continues until the material vaporizes. After the foil has vaporized, if
there is still energy in the circuit then this partially ionizes the foil vapour
allowing a continuation of current flow in the resulting plasma. This current
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flow continues to energize the system, causing the plasma to accelerate the
flying plate more than a simple gasdynamic expansion would do. This late time
acceleration is similar to that used in plasma armature railguns of the type first
developed by Rashleigh and Marshall [1978] (see section 2.5).
There are thought to be at least three mechanisms for flying plate acceleration
in the present device:
• the expanding piston of the gas from the foil's vaporization;
• the Lorentz force due to the magnetic field and current in the resulting
plasma; and
• the shock wave caused by the explosion of the foil.
Barrel

A barrel was used with the Mk IIEFFPA for a number of reasons:
• it was felt that the extra confinement effect of the barrel would allow
higher velocities;
• the barrel defines the size of the flying plate projectile; and
• setting the distance to a target as a fixed distance was made easier with
a rigid barrel of known thickness.
Data available on exploding foil systems are not conclusive as to whether such
barrels act merely as spacers, or whether there are other effects. If there is any
confinement effect, then it would be desirable to have the barrel diameter
smaller than the bridgefoil width. This was the approach used in the present
work. Initially an 11 mm diameter barrel was used, with a foil width which
varied from 11.5 to 13 mm. However, after observing the function of the barrel
and the plasma resulting from the explosion of the foil using a high-speed
framing camera (section 6.2.2), barrels of 9 mm diameter were used.
The barrel material used was 9.4 mm thick Lexan™ by GE (a polycarbonate).
Normally a 40x40 mm block of lexan had a hole drilled in it of the appropriate
diameter. This block was then attached to the flying plate assembly with two
lengths of double-sided tape so that the flyer itself was pushed hard up against
the barrel hole. Note that the flying plate was not pre-cut to fit the barrel,
rather, the force of the foil's explosion would cut the flying plate out of the
polycarbonate sheet.
A few flying plate velocity measurements were done without a barrel. In those
shots, the velocity was measured to be about 10% less than with the barrel, for a
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similar discharge voltage (see section 5.3.2). More work is required to exactly
determine the effects of a barrel on the flyer plate's motion.
5.1.8 Instrumentation and data-logging devices

Data recording in this experiment was done with one or more of three digital
CROs: a Tektronix DSA602 digitizing signal analyzer; a Gould 4094 DSO and a
Gould 4084 DSO. The DSA602 has a sampling rate of 2 gigasamples per second
(GS/s). This corresponds to a single channel bandwidth of 1 GHz, from the
sampling theorem which states that at least two sample points per oscillation
would be required to determine the correct frequency of a sinusoidal wave.
Although real signals are not necessarily sinusoidal, the theorem applies given
that at this minimum sampling limit all that one is concerned with is the
frequency of the signal, and not the entire signal reconstruction. Naturally for a
situation like the present, where reconstruction of the entire waveform
provides much more accurate data over the whole time of the experiment, it is
important to obtain many more than two samples per oscillation.
The DSA602 has a maximum storage space of 32,000 samples, and was
normally operated in a 4 channel mode at either 4 ns per point (250
megasamples per second (MS/s) for each channel) or 10 ns per point (100 MS/s
for each channel). The Gould CROs both had a maximum sampling rate of 800
MS/s, with a maximum storage of 1024 points for each of 4 channels, and were
normally operated at 20 ns per point (50 MS/s) or 40 ns per point (25 MS/s). A
rate less than the maximum sampling rate for each of these devices was chosen
to provide a longer time window for the capture of the event. The smaller
sampling rate used with the Gould CROs was only used to increase the
window of observation: it was felt that the low sampling rate was insufficient
to resolve the very rapid acceleration of the flyer at the start of its motion.
However at later times, when the acceleration of the subjects of interest was
less, then the 40 ns per point sampling rate would be sufficient.
The earlier studies done with the WAMI on the Mk I EFFPA (section 4.4)
suggested that higher bandwidth recording devices would be required than
were used in that work. In the earlier work I had mainly used a 10 MHz (20
MS/s) oscilloscope. Although, given ideal signals, this bandwidth might have
been suitable, it did not prove to be so for the EFFPA. The Tektronix DSA 602
was capable of resolutions 100 times that used previously, when operated in
single channel mode. However, it was operated in 4 channel mode instead, and
at less than its maximum sampling rate. Sampling rates used for most of the
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work with the Mk II EFFPA were 5 to 10 times that of the work that had been
done on the earlier device. The VISAR interferometer uses two phase signals
which would increase the effective bandwidth of the measurement over that of
an interferometer which used only a single phase single, such as the WAMI of
the earlier work.
The highest sampling rate used on the Mk II EFFPA corresponded to 4 ns per
point per channel. At this rate the interferometer signals were possibly limited
by the photomultiplier response of about 5 ns, meaning that extra sampling
would probably not have provided any more accuracy.
The current in the EFFPA circuit was monitored by a Rogowski coil (section
4.3). There is no suitable method of measuring currents up to a hundred
kiloamperes directly - doing so would necessarily affect the circuit
characteristics, such as inductance and resistance. Furthermore, there is not
commercially available an instrument capable of withstanding the extremely
fast current variation. Luckily, inductive probes are quite appropriate and noninvasive. Also, such probes, since they function by picking up a magnetic field
induced by the current, must have a large attenuation factor, so that high
voltage/high current cabling is not required to monitor the circuit.
The Rogowski coil probe used in this study had a (mutual) inductance, Lm, of
26 nH (its self inductance was about 10 mH). It was placed, as shown in figure
5.1, directly on top of the capacitor, around what was used as the grounded
terminal of the capacitor. The probe was connected directly into a 50 O coaxial
line, and from there was passed through a 35 times voltage divider. The output
of this divider was fed directly to a digital CRO. The signal was thus
proportional to Lm dl/dt of the circuit (since it is the current changes which
induce the voltage on the probe's windings). The proper current levels were
found by integrating this voltage signal with respect to time and multiplying
the result by 1.36 x 109 (which is the voltage scaling factor introduced by the
voltage divider divided by the mutual inductance of the probe, Z^).
A Radio Spares 1000:1 attenuation high voltage probe was used to monitor the
voltage on the EFFPA capacitor. Since it was effectively a DC device it was not
possible to use this probe to record the voltage during the shot dynamically.
The probe was, however, able to provide an indication of the status of the
discharge after a shot, as well as showing the initial capacitor voltage.
The digitally stored data obtained on the CROs were copied across to a
Tektronix PEP 301 Systems Controller (an IBM AT compatible computer with
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GPIB, IEEE-488, interface card) using a macro routine in the program
'Asystant'. This routine displays the data directly on screen, repeating the
CRCXs output, and then does the main data subtraction and scaling required to
use the data in the data analysis program. The three photomultiplier signals,
datal, data2 and the intensity monitor are used in this way (written here as Dl,
D2 and Mon). The manipulation is (Di - Mon), where Di is each of the Dl and
D2 signals, then the resulting series of values is normalized by dividing by
Mon.
5.1.9 Data analysis

The analysis of the fringe data was done using a program written for the IBM
PC and compatibles in Turbo Pascal by Griffin [1988], and modified as part of
the present study. The algorithm for this program is the one given by Hemsing
[1983]. The program, VISAR.EXE, with modifications carried out by Collins
[personal communication 1989] and Richardson [personal communication
1991], requires two data files, one being the sine-like data and the other the
cosine-like data, and from these calculates the velocity, position and
acceleration versus time, as well as producing the parametric Lissajous figure
and other plots, such as position versus time.
The procedure for the correct analysis of the data relies on the correct centring
of the Lissajous figure, as explained by Hemsing [1983]. VISAR.EXE allows this
through an interactive visual display of the Lissajous figure which allows
movement of the centre of the Lissajous figure by means of the arrow keys of
the keyboard. When the user is satisfied with the new centre for the figure,
located by eye, the data is saved within the program and is then used to
calculate the various desired quantities.
In order both to verify the analysis and to facilitate the production of highquality graphs the algorithm to reduce the VISAR data was reformulated in a
data analysis macro program. The macro to produce the velocity curve from
the sine- and cosine-like data files is shown in Appendix 1, along with the block
diagram of the algorithm given by Hemsing [1983].
5.1.10 Control of experiment

The current monitoring that was carried out through the use of the Rogowski
coil also provided the major event synchronization. The Rogowski coil voltage
divided output (of the order of 1 to 10 volts) was used as the trigger signal for
the photomultiplier tubes. The tubes operated in pulse mode, and so it was
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important that the window of their peak response was coincident, as far as
possible, with the event observed. The PMTs' window was about 2 ms, and the
'switch-on' time of the pull-switch, from when the solenoid operated up to the
time of breakdown of the air gap between the switch's terminals, was measured
to vary from 1 to 10 ms from the commencement of the solenoid operation. It
was thus not appropriate to merely switch the PMTs on when the pull-switch
itself was triggered. The time that it took the PMTs to switch on (i.e. to begin
responding to light on their photocathodes) from the time that their trigger
signal was provided was around 2 ps.
The Rogowski coil, since it responds to the current variation, dl/dt, of the
circuit, has a characteristic jump at the time of initial air gap breakdown (since
the current rises suddenly). Thus the Rogowski coil output was easy to trigger
from: as long as the trigger voltage was set at a level that the coil would always
provide in any discharge, then the minor variations in the timing of this dl/dt
initial rise varied the triggering by a few nanoseconds. The foil normally burst
at about 4 ps after switching, the PMTs were thus ready to begin responding to
light variations caused by interferometric fringes as soon as the foil actually did
burst.

5.2 Hostile environment
5.2.1 Energy considerations

The energy used in vaporizing the foil can be calculated from thermodynamics,
using the specific heats of the material in the solid and liquid forms, and the
heats of liquefaction and vaporization [Richardson et al. 1988]. For the 11 mm
wide, 34 pm thick aluminium bridge foil used in the majority of experiments in
this work (Mk IIEFFPA), this energy is calculated to be around 700 J. Since the
energy stored in a capacitor is 1/2 CV2 then a capacitor of 200 pF would need
to be charged to at least 3 kV in order just to vaporize the foil assuming 100%
efficiency.
Thus, in the Mk II EFFPA, a voltage in excess of 3 kV is required before there
would be sufficient energy available to accelerate a flying plate. With the Mk I
EFFPA tested in this work, a minimum voltage of 2 kV (an energy of 400 J) was
found necessary in order to observe a flying plate. The Mk I EFFPA only used
foils of 15 pm thickness, however, so that the various energies would be less
than one half of that calculated for the 34 pm foil used in the Mk II EFFPA. In
the Mk II rig, the minimum voltage for measurements was 3 kV. A flying plate
was formed with sufficient integrity to be measured with the VISAR at this
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voltage, indicating that the m inim um energy (and therefore m inim um voltage)
required to form a flyer plate of this size is closer to 500 J (V=2.2 kV).
At 5 kV discharge, the flyer plate (of mass approxim ately 70 mg) has a kinetic
energy of approxim ately 260 J at a velocity of 2.5 k m /s. The efficiency of the
EFFPA is thus about 10% at this voltage. The rest of the energy initially stored
in the capacitor is estimated to appear as
• blackbody radiation of a 1.2 cm2 source at about 20,000 K = 200 to 1000 J
• energy required to push the air in front of the flying plate * 50 J
• sound energy of the discharge and foil explosion » estimated to be 100 J
• energy lost in cracking the 9.4 mm thick plastic tam per = 400 J
• energy used in the switch, including radiation and ionization ~ 100 J
• losses in the circuit due to its characteristic impedance * 60 J
• kinetic energy of the barrel being pushed away at 10 m /s * 400 J.
The energy balance is thus (approxim ately) 2.5 kj stored going to 600 J to
vaporize the foil and raise it to high temperature; 260 J to accelerate the flying
plate; and 1200 to 2000 J in the above miscellaneous losses.
A current-tim e plot of an experim ent (shown later in figure 5.9) indicates that
virtually all of the stored capacitative energy is discharged into the circuit and
plasm a during the first 30 ps of the event. It is fairly safe to assume that, other
than circuit im pedance losses discussed below, there is no other loss in the
capacitor.

Blackbody radiation
The radiation of the exploding foil can be approxim ated by a blackbody
distribution. Planck's law can be w ritten [Bransden and Joachain 1983 eqn
(1.30)]
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With the temperature that Tucker and Stanton [1975] used in their modelling of
exploding foils of 45,000°K, this results in a total power radiated of about 3 kj.
Tucker and Stanton were primarily modelling foils of much smaller physical
dimensions (up to a few mm in bridge width) than the Mk II EFFPA which
would explode in a much shorter time (less than a microsecond). It is
reasonable to think that a slower event would exhibit a smaller temperature
rise. Without any evidence to justify selection of an actual bridge foil
temperature, a factor of 2 less than Tucker and Stanton's [1975] model would
result in a radiated energy of around 200 J. Due to the fourth power law of
equation (5.3), a reasonable estimate for radiated energy might be in the range
of 200 to 1000 J.
A ir in front of flying plate

The amount of air pushed by the flying plate would at maximum be the
amount separating the flyer plate from the target, about 25 mm away. If one
assumes that this air is compressed and shocked by the motion of the flying
plate, then it would travel at a speed of probably twice the flyer velocity, or 5
km /s, and would have required (1/2 mv2) of kinetic energy. The mass of air is
about 4 mg, so that the energy required would be 50 J.
Sound energy

The sound energy from the foil explosion is extremely hard to quantify. It
would be closely related to the air shock caused by the foil explosion and also
by the flyer plate motion. Effectively the initial disturbance, being a shock
wave, would eventually spread out in a spherical region about the event, and
would attenuate until the shock velocity dropped below the sound velocity in
the air. Since I have already estimated an amount of energy for the shock wave
caused by the flyer plate motion, that would already account for a large portion
of the air shock wave energy. There would also be some sort of shock or
disturbance in other directions, including the switching of the spark gap. I
would estimate these shock energies, which would be mainly manifested in
terms of the noise of the event, to be around 100 J.
Tamper destruction

Energy was also used in fracturing the tamper. In most cases, the tamper was
broken into at least four pieces. The upper bound for the energy that would be
required to do this could be the shear energy required to shear the tamper all
the way across in two perpendicular directions. With a shear modulus, G, for
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PMMA being approximately 1.2 GPa (assuming that Poisson's ratio, <7, is 1/3
and using G=0.5*E/(l+a), where E is Young's modulus [Tennent 1971]), then
shearing a 30 mm length of 10 mm thick PMMA would take 3.9 kj. In the two
directions (since it was broken into 4 pieces), the shear energy required would
thus be 7.8 kj, much more energy than was available. A lower bound on the
energy required to break the PMMA into pieces would probably be close to that
required to shear the block a distance of 0.5 mm, about 400 J.
Pull-switch
The pull-switch is not an ideal switch. It requires that the air ionizes between
the two terminals. The energy required to do this comes from the circuit.
Secondly, in forming the ionized gas which closes the circuit, the switch has
also formed a radiating plasma. The energy of both of these processes is
estimated to be 200 J.
Circuit impedance
Assuming that the circuit impedance remains constant at

(5.4)

where R is the constant circuit resistance of 5 mQ, L is the measured circuit
inductance of 160 nH (see section 5.2.1) and C is the capacity of the energy
storage capacitor (200 pF), then the energy distributed in the circuit as
impedance losses can be calculated to be around 60 J (at the frequency of a
ringdown of around 30 kHz). Although an exploding foil event does not have a
'frequency7 in the sense of an oscillation, the curvature of the voltage and
current curves is commensurate with an effective frequency which is very
similar to the ringdown one.
Movement of the barrel
The barrel was much more massive than the flying plate, so that relative to the
flyer plate motion it was stationary. However, it did get moved by the
exploding foil. Post-shot evidence of the remains of the barrel being distributed
about the Faraday cage suggests that the barrel is also pushed away from the
exploding foil. The barrel was also usually broken up into three or four major
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pieces. If one assumes that this speed was 10 m /s, then it would require about
400 J to move the 10 x 40 x 40 mm barrel at such a speed.
5.2.2 Self-light and background

The exploding foil generates intense light, with an estimated peak plasma
temperature of 30,000 K. Assuming that this light is approximately blackbody,
it spans the entire visible spectrum and also the near ultraviolet. In order to
avoid this light entering the optical systems, three main techniques were
employed:
• a narrow bandwidth laser was used as the light source for the VISAR,
allowing the subsequent filtering of other wavelengths of the light;
• the break beams and high speed photographic studies were done using
dielectric filters in front of the detectors (which have a bandpass of 3 nm);
• high power light sources were used so that the signal levels are much
greater than the background light levels;
• separation of the object being measured from the exploding foil source
either by time or by screening (i.e. measuring at a time later than the
greatest light background levels, or by having an opaque screen between
the source of the bright light and the object being observed by the optical
device).
The light levels were dynamically monitored to allow later correction for the
signals measured during the event, as was done with the VISAR. It was then
merely a matter of subtracting this background and normalizing the signal
level. These background levels provide direct information about the system
being measured: if there are major changes in the light background, it is an
indication of significant events which produce or cut off the light. An example
of this is the observation of the arrival of the flying plate at the front surface of a
transparent target. The impact produces a short duration flash of light due to
the very high air pressures obtained between the flyer and the target.
The optical filters used were of the dielectric type, with a passband of 3 nm full
width at half maximum.
Another way to filter out the background is to use a spectrometer: these
typically have dispersions of the order of 1 A (0.1 nm) per mm of entrance slit,
depending on the grating ruling density and the focal lengths of the mirrors
used in them. In order to obtain the best dispersion, the f number of the
spectrometer must be matched by the input optics. The light coming into the
spectrometer must not over-fill the mirrors, since that would lead to an intense
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white-light background on the signal, The light also must not under-fill the
grating, since that would lead to a loss of resolution even though the dispersion
would be unchanged.
Spectrometers represent a vast improvement in wavelength resolution
compared to dielectric filters, since slit widths would normally be of the order
of 0.1 mm, which would thus theoretically pass a wavelength band of only 0.01
nm. Suitable choice of the width of the input and output slits allows a great
variation in the amount of filtering.
When a spectrometer was used in the Mk I EFFPA, the light levels at the exit
slit were so small that the VISAR signal was almost lost in the electrical and
shot noise of the photomultiplier detector. Although such an instrument can be
a highly tuned filter for some types of work, with the EFFPAs the flyer plate
moves a significant distance during a shot. Thus a position of initial perfect
collimation and alignment for the spectrometer is ruined during the event since
the focus of the optical system moves so that the collimation changes. Therefore
spectrometry was not found to be a good method for filtering in the present
work.
A third possible filtering method would have been to use a Fabry-Perot cavity,
as Gidon and Behar [1986] showed (see section 3.3.10). An appropriate FabryPerot cavity was not available to test this means of filtering, however, as shown
in the earlier chapter, such a cavity could dramatically improve the ability of
the interferometer to discriminate against background light produced by the
event.
The first velocity result achieved with the VISAR on the Mk II EFFPA was shot
number 11-132. In that shot, a plain polycarbonate flying plate was used, grit
blasted to improve its diffuse reflective properties. The signal to background
levels were quite low, however, so a method was sought to improve the
reflectivity of the flying plate. This was done using self-adhesive ScotchLite™
tape, by 3M Corporation. This tape is 120 pm thick, consisting of an 80 pm thick
layer of spherical glass microbeads of less than 50 pm diameter, and a 40 pm
thick adhesive PVC backing. It has a mass per unit area of 0.18 kg/m 2. The tape
has the property of reflecting light diffusely back towards the source, which
arises from the combined effects of reflection, refraction and total internal
reflection, of the beads. In other words, for the present purpose, it is able to
substantially increase the direct backscatter of light from the target. The solid
angle over which the light was reflected from the target (which would be, for a
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diffusely reflecting target, a solid angle of 2it steradians) was about 0.1
steradians. In linear angle terms the beam reflected from a retro-reflective
target subtends about 15 degrees.
Adhering this material on the VISAR side of the flyer plate allowed the
reduction of the laser power from 850 mW (its maximum effective single mode
output) to 60 mW, while at the same time increasing the signal levels by an
order of magnitude. The reflectivity of the flyer plate had thus been increased,
in the direction of the interferometer, by a factor of about 100.
With the few shots in which an aluminium fronted piece of polycarbonate was
used, the only preparation of the surface was to ensure that the non-shiny side
of the aluminium sheet was on the interferometer side. The (diffuse) reflectivity
was less than that with the retro-reflector, partly since there was a significant
specular reflecting beam which was turned out of the input path of the
interferometer. A laser power of about 500 mW was required to get adequate
VISAR signals from these flyer plates.
If the event's background light levels are monitored dynamically, then it should
be possible to remove the influence of the background on the signals. However,
if the difference between the two is so great that the background noise is of
greater magnitude than the variations in the signal levels due to interference
fringes, then the subtraction of the background from the signal would not
provide resultant signals of very high accuracy. This is generally what occurred
with the Mk IEFFPA.
5.2.3 Electromagnetic interference

One major problem with the EFFPA is that the exploding foil event is a
significant source of electromagnetic interference, or EMI. A calculation based
on the bus bars of the EFFPA as a current loop indicates that the electric field
would be roughly 5 V at a distance of 5 m from the discharge, and that the
magnetic field would be about 600 pT (or 6 gauss). It was found that any
instrumentation had to be isolated from this large EM source and/or be used to
measure a very large signal.
Isolation of the instrumentation was achieved in a number of ways. Firstly a
Faraday cage, shown in figure 5.4, was placed around the EFFPA rig. This cage
is (2x2x3) m in size, of dual wire mesh construction [Lindgren 1975]. A doublewalled, single point grounded cage has about 20 dB greater shielding than the

140

Shock Waves in Solids

same double walled cage with multiple electrical contact points [Don White
Consultants].
The ground point is earthed by means of a 5 mm x 150 mm x 2 m bus bar
connected to a copper tube staked 1 m into the soil outside the laboratory. The
earth stake is a copper tube, 60 mm internal diameter, filled with copper
sulphate, water and earth in order to increase the conduction paths from the
stake to the ground around it. This method is often used in lightning protection
systems [Beck 1954].
The sides of the cage are two layers of brass wire mesh, separated by an air gap
of 80 mm. The mesh has a spacing of 4 mm and a wire diameter of 1 mm. It is
thus effectively two separate Faraday cages, one inside the other, with the
single grounding point between the inner and the outer layers of the mesh at
the position where the earth-stake bus bar is connected to the cage. The mesh
acts as a waveguide beyond cutoff of 200 GHz, i.e. waves lower than this
frequency would be attenuated by at least 60 dB (or 10,000 times less
magnitude) on passage through the cage walls (see below under 'Shielding7).
For an ideally constructed Faraday cage, with sheet metal walls and perfect
electrical connections to the ground stake and earth point, then the attenuation
would be in the range of 100 to 120 dB. However, it is felt that the large
attenuation achieved with the wire mesh cage was sufficient for the purposes
of the project. The attenuation level was not measured at the observed
frequencies of the electromagnetic interference signal. Due to the nature of
some of the other work carried out within the building, where electro-explosive
devices were being tested, it was not thought safe to discharge the capacitor
with the Faraday cage door open to the room (to enable observation of the EMI
on the photomultiplier tubes, for instance).
A high power microwave source was not available for testing the performance
of the Faraday cage. A battery powered shortwave radio receiver and a
standard signal generator were used to do this. Due to the signal-amplifying
nature of a radio receiver, it is hard to know exactly how much signal
attenuation there was. Teaks' in the EM shield provided by the cage were
studied by moving the radio around inside the cage. This revealed regions
where it appeared that there was leakage through the cage walls. Such things
as: an unlocked cage door; small tears in the mesh; poor electrical connection at
the edges of the cage; unsatisfactory electrical connection of the single point
ground to the cage walls; and coaxial cables that were not earth grounded at
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the cage wall were shown to increase the passage of EM into the cage. After
attending to the various problems, the test was repeated to verify that the
attenuation was fairly uniform within the cage. It was always true, however,
that the geometric centre of the cage had the best attenuation of the signals that
were used.
To ensure that the photomultipliers and other instrumentation was not being
affected by the discharge EMI, a number of fine-tuning measures were carried
out. The rf-shielded AC power to the cage was disconnected. All the wiring
into and out of the cage was properly shield grounded at the cage wall.
Further, the earth stake ground of the cage was measured to have an
insignificant difference in potential from the electrical ground that was
provided to the instrumentation (in other words, when the two were
electrically connected, there was no decrease in EM noise compared to when
they were not connected). These practices had the combined effect of reducing
the residual EMI observed on the PMTs by a further order of magnitude, from
a peak to peak value of about 200 mV at the point of pull-switch operation, to
about 20 mV.
As well, some of the main instrumentation used (the VISAR, break beam
systems and impact timing optical fibres) were optical systems, and thus were
not subject to EMI. Of course when coupled into photomultiplier tubes, or
other optoelectronic systems, they are then susceptible to EMI. This was
minimized by location of such optoelectronics a substantial distance (about 8
m) away from the EMI source (with the Faraday cage walls in between).
The main EMI frequency range measured in this work was a broad band
centred at around 7 MHz. This value corresponds to that which one would
calculate from viewing the bus bar and bridgefoil system as an electrical dipole.
By altering the mechanical setup of the design, it may have been possible to
alter the frequency of the source of EMI.
O ptical measuring techniques

Even though most of the apparatus used in this work was optical in nature,
there is still the electro-optic coupling of the photomultiplier or photodetector.
The photomultipliers of the VISAR were housed in earthed metal boxes, with
apertures only for the light that was being measured. These were also sited
outside the Faraday cage containing the EFFPA.
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Shielding
Most of the work involved optical instrum entation of an event occurring inside
the F araday cage. To allow the light beam s into and out of the cage, a
w av eg u id e attenuation m ethod was used. A cylindrical brass tube was
electrically connected to the walls of the cage, acting as a w aveguide which
w ould very strongly attenuate waves of less than a certain frequency. Terman
and Pettit [1952] quote a value for the cutoff w avelength for the transverse
electric TE11 m ode in such a waveguide to be 3.42 times the radius. In order to
m axim ize the am ount of light transm itted back to the various instrum ents,
mainly the VISAR, a w aveguide of 7 cm radius was chosen. This form ula gives
a cutoff w avelength of 0.239 m (which is the m axim um passable wavelength),
which is equivalent to a cutoff frequency of 1.25 GHz (which is the minim um
passable frequency). H igher frequencies than this are m icrow aves, w ith
w avelengths of the same order as the Faraday cage's mesh. It was therefore not
profitable to consider cutting these waves out with the w aveguide attenuator
w hen the rest of the cage itself would not be screening them.
In fact the term 'cutoff' is not quite correct. Rather the signal is significantly
attenuated at frequencies below the cutoff. Terman and Pettit [1952] provide
the formula to determ ine the degree of attenuation of an electromagnetic signal,
based on the wavelength of the signal and the wavelength of the w aveguide's
'cutoff':

Attn unit length

m

54.6

1

-

Va y

(5.4)

Using this equation the attenuation per unit length of the waveguide is 228 dB
(note that for 7 MHz EMI signals the term Xq/X is very m uch less than unity). To
achieve an attenuation of 100 dB, an attenuator of about 450 mm w ould be
needed. In practise an attenuator of 580 m m total effective length was used.
Two separate pieces of brass tube of 250 m m length were bolted and also
soldered to the Faraday cage (to ensure good electrical contact) on opposite
sides of the dual m esh system, as shown in figure 5.4.
The walls of the cage also acted as waveguides w ith cutoff w avelength of 1.7
m m or frequency 200 GHz. Since the tw o walls are thin, how ever, the
attenuation w ould only be around 35 dB for each wall (at that m axim um
frequency), but together they give a cage attenuation of about 60 dB.
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It did not prove possible to construct a system which would allow all the
charging and discharging to be done in a Faraday cage with only pneumatic or
optical signals into and out of the cage. However, this could be done using
capacitative storage systems that would be connected to the mains at the cage
wall for charging and then disconnected at that point. In fact, this was one
major advantage that the Mk IEFFPA had over the Mk II: pneumatic control of
all of the charging and firing functions of the system, coupled with a pneumatic
disconnection and therefore isolation - when charged for firing - of the energy
storage capacitor. It was not possible to move the pneumatic system from
Canberra to Melbourne when it was decided to develop the new Mk II EFFPA
at MRL rather than the ANU.
For the Mk II EFFPA, the power supply which charged its capacitor was placed
in the laboratory external to the Faraday cage, and it was connected to the
EFFPA by means of a high voltage coaxial cable travelling through the cage
walls. Initially, this electrically insulated coaxial cable was merely passed
through the walls of the cage. It was felt that some component of EM radiation
was being conducted out of the cage using this charging cable, so it was
subsequently shield earthed to the internal Faraday cage wall (as had been all
of the other BNC coaxial connections).

5.3 Performance
5.3.1 Electrical characteristics

Using a Rogowski coil of sensitivity 25 nH, and a passive integrator of RC time
constant 200 ps, the first shot of the Mk II EFFPA was a ringdown (see section
4.2). The result of this was a first positive voltage peak of 7.2 V and a second
positive peak of 3.6 V. The period of the ringing was 33 ps. From equations (2.1)
and (2.2), the inductance and resistance of the R-L-C circuit are thus 154 nH
and 4 mQ respectively. Mostly, however, the passive integrator was not used;
instead, a 34.5x voltage divider was placed between the Rogowski coil and the
recording device. This still allowed the high voltages of the Rogowski coil to be
dynamically monitored. The Rogowski voltage signal could be integrated
numerically to obtain the current signal in a particular shot. A number of other
ringdown shots were carried out, resulting in a mean value of 160±8 nH
inductance and 7±2 mQ resistance.
The self-inductance of the Rogowski coil was 10 pH, and the capacitance of the
coaxial cable transmission line that it was connected to was 100 pF. This created
an LC ringing on the first few ringdown shots. This ringing was eliminated by
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terminating the Rogowski voltage output with a 50 Q resistor across the input
terminals of the voltage divider.
Figure 5.8 is a plot of the Rogowski coil output and the software integrated
current in the Mk II EFFPA from a ringdown shot, number 11-13. Figure 5.9 is
the Rogowski output and also current from a typical flying plate experiment,
shot Ü-315. The maximum Rogowski output voltage is significantly higher in
the ringdown event, however, the peak currents are very similar in each. In the
exploding foil event, the current is maintained at levels above 20 kA for around
20 |is.
5.3.2 Flyer plate velocities

A sample of the VISAR analysis for a flying plate velocity experiment is given
in figure 5.10, of shot 11-238, at a discharge of 4.06 kV. The graph on the top left
of that figure (part (a)) is the data from the D1 and D2 signals of the CRO after
normalization using the monitor beam intensity trace. The VISAR's fringe
constant was 1698 m /s/fringe in that experiment. Although it is not very clear
in this black and white plot, the two interference traces cross each other more
than once.
The plot on the top right hand side of figure 5.10 is the Lissajous figure formed
by plotting the traces shown in part (a) against one another, rather than against
time. It was possible in the analysis routine to vary the centre of this Lissajous
curve if, despite all of the work in normalizing and ensuring that the two
signals are of equal amplitude, the there was still some degree of off-centre
effect (n.b . for a dual polarization interferometer signal of light of constant
intensity, the Lissajous figure should be a perfect circle). In the Lissajous figure
of figure 5.10 it is more clearly seen that there is more than a complete circuit
(in fact, about 1.3), so that the velocity is definately more than 1698 m /s, but
less than 3400 m /s.
The second row of graphs (parts (c) and (d)) are the position vs. time and
velocity vs. time plots, which are in fact calculated from the velocity vs. time
relationship shown in part (e), the graph on the bottom of the page. Also
marked in part (c) is the position-time point of a break beam used
simultaneously in shot 11-238. As discussed below, this and other results
indicated that the break beams were not observing the flyer plate proper.
The velocity taken to be the maximum flyer velocity with this data is 2160150
m /s, and is shown on the graph (part (e)). The error in this number is based
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partly on the noise on the velocity plot, and partly on variations to the
maximum velocity that would come about through the operator's subjective
selection of the centre of the Lissajous figure.
Many flying plate velocity experiments were carried out with fringe constants
of 901 m /s /fringe. The maximum flyer plate velocities are tabulated:
Table 5.1 Flyer velocities obtained with the 15 pm foil.
Shot

Voltage
(kV)

Fringe Constant
(km/s per
fringe)

Maximum
Velocity
(km/s)

11-130

4.05

901.4

1.5

11-131

5.3

901.4

1.8

11-132

5.3

901.4

0.9

11-133

5.3

901.4

2.25

n -134

5.33

901.4

1.7

11-137

3.82

901.4

1

11-139

7.3

901.4

1.3

11-156

5.3

901.4

2.4

11-158

5.2

901.4

1.86

11-159

5.17

901.4

1.72

11-160

4

901.4

1.84

11-163

4.21

901.4

1.6

11-164

4.09

901.4

1.53

11-165

7

901.4

2.1

11-167

6.95

901.4

1.89

11-168

4.52

901.4

1.88

11-170

5.86

901.4

2.19

11-171

5.85

1698

2.85

11-172

4.96

1698

1.63

11-173

5.99

1698

1.65

11-174

5.99

3530

1.1

11-175

6.94

1698

2.2

11-183

5.13

1698

2.04

11-185

7.07

1698

1.5

11-191

6.47

1698

2.25

11-192

6.5

1698

2.14
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11-193

6.59

1698

1.7

These results are also shown in figure 5.18.
Table 5.2 Flyer velocities obtained with the 34 |im foil.
Shot

Voltage
(kV)

Fringe Constant
(km/s per
fringe)

Maximum
Velocity
(km/s)

11-194

6.51

1698

3.2

11-195

6.51

1698

3.15

11-196

6.53

1698

2.6

11-197

6.5

1698

3.3

11-198

6.53

1698

2.75

11-199

8.3

1698

3.75

11-200

7.46

1698

3.1

11-201

7.48

1698

2.9

11-202

5.51

1698

3.07

11-203

5.52

1698

2.63

11-204

7.02

1698

3.1

11-205

7

1698

3.4

11-206

7

1698

3.5

11-209

5.35

1698

2.57

11-210

5.06

1698

2.58

11-211

5.03

1698

2.54

11-212

5.04

1698

2.27

11-226

5.54

1698

2.74

11-235

6.8

1698

3.14

11-236

6.91

1698

2.8

11-237

4.07

1698

2.1

11-238

4.06

1698

2.16

11-239

5.17

1698

1.98

11-242

5.18

1698

2.02

11-249

3.17

901.4

1.72

11-250

3.19

901.4

1.9

11-251

3.19

901.4

2.05

11-252

5.05

901.4

2.43

11-254

5.01

901.4

2.3
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11-255

5.04

901.4

2.57

11-257

6.05

901.4

2.7

11-258

6.03

901.4

2.73

11-259

4.06

901.4

2.16

These results are also displayed in figure 5.19.
Effect of barrel

Some shots were done without a barrel to determine the effect of the barrel on
the final velocity of the flying plate. This was prompted by Podlesak et al/s
[1992] work, where a similar device was found to produce velocities about
twice what was measured here. The VISAR was used to measure the velocity of
the flying plate projectile in experiments with and without a barrel. The
maximum flying plate velocity for a number of these experiments is shown in
figure 5.11. The no-barrel shots are shown on this plot by the filled markers and
the shots done with a barrel are the open markers. An increase in velocity to the
values measured by Podlesak et al. was not found. The shots done without a
barrel were, on average, of lower velocity than those with one.
Breakwire and break beam work

The velocities measured with laser break beam methods were typically twice
what the models predicted - much higher than those measured with a break
beam technique on the Mk I EFFPA. A barrel had not been used on the Mk I
EFFPA. Simultaneous measurements of the complete flying plate velocity
history on the Mk II EFFPA with the VISAR and a break beam method
determined that on that system at least, the break beam results were spurious.
To investigate this problem further, a high speed framing camera was used to
obtain pictures of the event which indicated that the exploding foil's product (a
plasma) was most likely interfering with the laser beams. The experimental
setup is as shown in figure 5.12(a).
A sample of the high speed photographs is given in figure 5.12(b). In that shot
it is apparent that some plasma from the explosion of the foil has passed beside
the flying plate in its travel up the barrel, and this plasma then leads the flying
plate. It does not appear that there is any, or much, of the plasma directly in
front of the flying plate, so that impacts of the flying plate upon targets are
unlikely to be adversely affected. However, any laser beam passing across the
face of the flying plate was most likely absorbed by the plasma. A timing signal
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of beam cutoff earlier than the time that the flying plate arrived at the position
of the beam was thus obtained with the break beams on the Mk IIEFFPA.
In the work using the Mk I EFFPA, a barrel to constrain the travel of the flying
plate was not used. The plasma in that case was probably less of a problem for
break beam velocity measurements since the ionized gas had a larger space to
expand into than it had in this Mk II system, where it was confined to travelling
in the barrel.
Further work is needed to resolve the inconsistency between the present work
and that of Podlesak et al. [1992]. They had used a device of the same design as
the Mk I EFFPA with thin current carrying wires stretched across the flight
path of the flying plate. When the wires were struck by the flying plate, a
timing signal would be obtained. One would expect that such a 'hard' method
would, if anything, result in a later timing signal, due to the fact that the wire
must stretch before breaking (even if only very slightly). A later timing signal
would give slower velocities than the VISAR. However the opposite was true:
the breakwire system resulted in a voltage vs. velocity calibration of v - 3000+1500V where v is the flyer plate velocity (in m/s) and V is the capacitor
voltage (volts).
In the present study most of the shots were carried out at 5 kV, which would
give a flyer velocity of 4.5 km /s according to Podlesak et al. [1991]. The average
of the maximum velocities measured with the VISAR at 5.0 ± 0.2 kV was 2.5
km/s. A possible explanation for this would be that a shock wave in the air in
front of the flying plate, or perhaps plasma from the foil's explosion, could
disturb the breakwires enough to provide a false signal of flyer plate arrival
time.
The flying plate velocity results of the present work are not in agreement with
the results of Podlesak et al/s [1991] work. Although the repeatability of the
flying plate velocity in the present study leaves something to be desired, the
accuracy of each individual measurement was very good. Velocities
approaching those of the earlier work were only found when a breakbeam
system was used, however, it appears that the breakbeams were being
triggered before the passage of the flying plate, by an air shock wave, or
perhaps obscuration caused by plasma blowby. The methodology of the
present work, where a complete acceleration history of the flying plate was
obtained in each experiment, rather than a couple of timing markers from
which a velocity and acceleration history was derived (in the earlier work of
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Podlesak et al. [1991]), provides a much more accurate picture of the exploding
foil event.
High speed photography

A high speed photographic system was used to further investigate the flying
plate exit from the barrel. It was initially thought that a flashed light source
would be able to light up the event sufficiently to observe it, but this did not
prove possible with the extreme levels of background light. The background
self-light was thus used to illuminate the event.
An Imacon 910 streak/frame camera was used in framing mode to observe the
barrel and flying plate. It was arranged in a diffuse reflective mode. The
camera was stopped down to / 2.8 and each frame's exposure was 100 ns with
400 ns separating the frames (i.e. 2 frames per microsecond was the framing
rate). Figure 5.12 shows the layout of this experiment. The camera was located
outside the Faraday cage, with the objective lens being about 0.5 m from the
event. A card with equal thickness black and white stripes at 45 degrees to the
horizontal was placed directly behind the event. The intention was to observe
the barrel and the flying plate, to see what was causing the discrepancy
between the breakwire/break beam work and the VISAR velocity results.
Figure 5.13(a) is a diagram to aid in understanding parts (b) to (d), being high
speed photographs of the exploding foil event. When the (11 mm) barrel was
successfully imaged, two features were made apparent: the plasma was getting
past the flying plate and out of the barrel before it (figure 5.13(b)), and an air
shock wave was clearly visible 1 to 2 mm in front of the flying plate (figure
5.13(c)). To minimize the plasma effects a smaller barrel diameter was used (9
mm). The plasma with this barrel was much better confined behind the flying
plate upon its exit from the barrel (figure 5.13(d)). It appears that a problem
with the larger barrels was that they allowed leakage of the plasma past the
flying plate; the flyer plate seemed to form a better seal in the smaller barrel.
Another item of interest as regards the high speed photography was to
compare the results with those of Frank [1989] who observed a bowing effect of
the flying plate produced in one of Livermore's 'electric gun' devices. This
effect was not clearly seen in the present study due to relatively poor spatial
resolution. Further work is required to determine the precise shape and flatness
of the flying plate prior to impact in our work.
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Break beam results
Figure 5.14 to 5.16 summarize the main flyer plate velocity results obtained
using break beams. In figure 5.14 a comparison is made between simultaneous
measurements using a break beam system and an optic fibre placed directly in
the face of the flying plate, at the same distance as the break beam [Hatt and
Ryan 1992]. A piece of aluminium foil was placed over the end of a fibre which
would shield the fibre from light from the explosion of the foil. On impact by
the flying plate, however, there would be a flash of light caused by the rapid
compression of the air between this foil and the fibre. The points marked as
triangles in figure 5.14 are the impact fibre results, shown in terms of average
velocity that the flyer must have travelled to reach that point. The circles are the
single break beam data points, also shown in terms of average velocity.
Figure 5.15 compares single break beam experimental velocity data with
average velocities calculated from the VISAR results. In all of the experiments
shown in which there was both a single break beam and a VISAR measurement
obtained, the VISAR (average over the distance) velocity was lower than the
break beam data. This supports the results from the High Speed Photographic
work suggesting that the break beams were being broken no by the passage of
the flying plate projectile, rather by an air shock or perhaps the plasma from the
foil's explosion.
In figure 5.16 this is made even more clear when the velocity between two
break beams is compared with the VISAR velocity at the position midway
between the beams. Although simultaneous VISAR and dual break beam
experiment were carried out, none provided both data sets. However, the
results shown in figure 5.16 do show that there is a large difference between the
velocity measured with the VISAR and that obtained using break beams, at
least for the higher voltage measurements. The work carried out on the Mk I
EFFPA using break beams is thought not to have been severely affected by the
air shock and the plasma for two reasons: a barrel was not used, so that the
plasma was not confined; the discharge velocity was lower than that usually
used on the Mk II EFFPA (3 kV compared to 5 kV).
Aluminium foil reflector on flying plate
Some flying plate velocity experiments were carried out using an aluminium
foil reflector on the flying plate rather than the 120 pm thick ScotchLite™ tape.
The results of these experiments are shown in figure 5.17, and are there
compared to the results using the standard reflector. No significant statistical
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difference can be seen between the different types of flying plate, indicating
that it would be possible to use either flying plate type for impact experiments.
5.3.3 Flyer maximum velocity

The flyer plate's maximum velocity is plotted as a function of the firing voltage
of the capacitor in figures 5.18 and 5.19. These shots were all done with the
standard arrangement of a 9.4 mm thick PMMA or polycarbonate tamper.
Figure 5.18 is of the early work using the 15 pm thick foils, while 5.19 is of the
later work in which 34 pm thick aluminium foil was used. In all of the
experiments shown a 470 pm thick polycarbonate flyer plate with the 120 pm
thick retro-reflecting tape ('ScotchLite'™ by 3M Corp.) was used. Although the
tamper was not the same in all cases (i.e. it was either PMMA or
polycarbonate), it was thought that since the densities and shock Hugoniots of
these two materials are almost the same, that changes to the shock reflection of
the foil's explosion wave from this material would be second order at best.
From the figure it is clear that the repeatability of the Mk II EFFPA is not
particularly good, although there is a fair degree of confidence that a particular
voltage will produce a flyer velocity within around 20% of the curve of best fit.
The scatter on the plot represents variations in the construction and discharge
of the exploding foil device. The plot can be used as an approximate predictive
tool for the velocity that would be obtained with a particular voltage. It is
mainly of use in those experiments which would not allow some other
measurement of the velocity to be made. Each velocity point on the graph has
an experimental error associated arising from the methods of the VISAR data
reduction and the photomultiplier response. This error of around ±5% is
included in figure 5.19.
The scatter in the flyer plate velocity is the result of a number of factors:
• quality and consistency of bonding of foil, flying plate, retro-reflector
assembly. These assemblies were all put together by hand, by the author.
• accuracy of cutting of the exploding foil shape. These, too, were all done
manually with a scalpel, by the author, by cutting around a plastic
template. A mechanical or electrical process could be devised to produce
these foils to within some small tolerance. With smaller scale devices,
photographic methods are used to produce the correct shape in a thin film
process. It would probably be possible to develop a similar method for
these larger scale devices.
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• degree of electrical contact maintained between the lands of the foil and
the bus bars. The contacts were regularly cleaned and the bolts were
tightened for each experiment, but no testing of DC contact resistance was
carried out.
• variations in the operation of the spark gap switch. These would be
mainly due to the insulating arm being coated in carbon from the
discharge arc and eventually affecting the discharge process. The
insulator was cleaned with alcohol between every shot, and was replaced
every 20 or 30 shots due to cracking.
In order to use the EFFPA for shock wave studies without requiring that the
velocity be measured dynamically in each shot, the time for the flyer plate to
reach an arbitrary position, 25 mm, was also plotted in figure 5.20. This 'timeof-arrivaT plot is calculated by determining the time of foil burst and the time
that the flyer takes to arrive at a particular position. The travel time is taken
from the distance-time plot for each trace provided by the VISAR data analysis
method. The position for the standard distance of arrival time was chosen as 25
mm from the initial flyer position since at that distance all the velocity traces
show that the flyer has reached a nearly constant velocity. The scatter of the
points in figure 5.20 is substantially less than that of figure 5.19. One would
expect such a result given that the velocity and time of arrival at a point are not
independent quantities. The lack of independence, however, does not reduce
the utility of the plot: placing a target object at 25 mm from the initial flyer
position and observing the time of impact and the time of foil burst would then
give a fairly good velocity measurement. The time of foil burst could be taken
from the Rogowski coil response, and the impact time would be the only other
quantity required.
Some sort of electrical contacting device, or an optic fibre placed at the surface
of the target, could provide the impact time. However, this was not done, due
to the electromagnetically noisy environment of the EFFPA. As shown in
Chapter 6, one of the problems with the shock studies done in the present work
was that the shock velocity measured in the target was not thought to be
accurate enough. Although measurements were made of this velocity using the
VISAR signal traces, a more satisfactory shock velocity measurement is needed.
Part of such a better shock velocity measurement could well come from a more
direct measurement of the impact time.
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From either of these two plots (figures 5.19 and 5.20) it can be seen that this
particular foil-flyer combination can produce flying plate impactors with
velocities ranging from about 1500 to 3500 m /s.
5.3.4 'Complete' shock wave measurements
Using transparent targets, it proved possible to measure the flying plate for its
entire travel right up to the time of impact. An accurate measurement of the
impact velocity was thus made.
The PMT signals which gave the flyer velocity also displayed a number of other
important features: the time of impact, the time of arrival of the shock front at
the rear surface of the target (and thus the shock velocity), and, less reliably, the
particle velocity of the impacted surface. Figure 6.2 in the following chapter
shows these features (part (a) is an 'idealized record', while part (b) is the
analyzed VISAR velocity plot for shot 11-299). Referring to figure 6.2 (b), Point
A on the plot marks the explosion of the foil and the beginning of the flying
plate motion. Point B marks the impact of the flyer on the target, in this case, a
4.1 mm thick piece of polycarbonate. Point C marks the drop in velocity
observed at impact, due to the lower velocity of the impact surface than that of
the flyer before impact. Point D marks the arrival of the shock wave at the rear
surface of the target. Point E is the final velocity measured in this event.
AB shows the characteristic rise in velocity exhibited in all of the flyer plate
experiments. BC is smaller than expected (being a drop from 2450 to 1850 m /s,
when the internal particle velocity is expected to be one-half of the impact
velocity), however, assuming that a fringe is lost in this drop, the particle
velocity would then be 950 m/s. Given the speed of the transition from B to C which corresponds to only 2 or 3 data points on the PMTs - it is thought likely
that a fringe is lost at this position. At D a rise to the free surface velocity is seen
(and again, a fringe is lost due to the speed of this transition). It was expected
that the free surface velocity should be about the same as the impact velocity
(in fact, without any attenuation, it should be a little greater, given that the
Isentrope is of lower slope, in P-V space, than the Hugoniot). The free surface
velocity observed, 2170 m /s, is less than the impact velocity.
It was also expected that the final drop due to complete release of the shock,
would return the velocity to zero. However, the thickness of the shock at the
rear surface is very small, so that the release would occur soon after the arrival
of the shock wave. In this diagram it is observed that there is a 'plateau' of
shock wave-caused free-surface motion of less than 0.5 |is. Assuming that the
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release wave velocity is similar to the shock velocity of about 4.5 mm/(is, then
one would expect that the 'plateau time' would be of the order of 0.3 (is (given
that the flying plate is 0.59 mm thick). The initial release wave could be very
fast, meaning that, again, an interferometer fringe is lost. Otherwise, material
failure of the target could mean that the target does not actually return to zero
velocity in the measurement time.

5.4 Discussion
The flying plate motion is caused by at least two factors: the simple gas
pressure acceleration from the fact that the foil has turned from a solid into a
gas; and the continuing current flow in the products resulting from the foil
explosion, which provides a railgun-like acceleration.
Assuming that the foil is turned completely into a gas, a pressure of 3 GPa
results. Accelerating the flying plate by just assuming that this gas adiabatically
expands would give the flyer a maximum velocity of about 900 m /s, occurring
about 1 (is after foil explosion. Other things, including the continued Joule
heating of the plasma by the current flow (which maintains the gas at a
pressure higher than it would drop to if it were simply adiabatically
expanding) and the Lorentz force (from the interaction of the current flow and
the magnetic field due to the current flow) are thus thought to account for at
least 50% of the final velocity of the flying plate (for discharges at
approximately 5 kV, where the flying plate velocity reaches about 2.5 km/s).
Improvements in the maximum flying plate velocity could therefore come from
better exploded foil pressures or from maintaining higher currents in the
plasma for a longer time.
5.4.1 Limitations and advantages
The two most important limitations of the exploding foil device are the small
possible dimensions of the flyer, and the requirement that the material which is
adjacent to the foil is an insulator (which usually means that the flying plate is
the same material). Other workers, notably Chau and Osher with others from
LLNL [see, for example, Osher et al. 1987, Chau et al. 1989] have had success
with larger scale devices indicating that the size limits are not fundamental.
The problem of requiring an insulator as the flyer was addressed in this work
by placing an aluminium facing on the insulating flyer, in some of the later
shots.
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The advantage of the exploding foil type of accelerator for shock wave research
is that it is much smaller and less complex than most of the two stage light gas
guns. There is a place for the sort of experiments which can be carried out by
EFFPAs such as those examined in this work - even when two stage gas guns
are available. Many shots can be made in rapid sequence with low tolerance
consumable components.
Another application for these devices is as a standard sensitivity test for
explosives [Voreck & Velicky 1981]. At MRL a program of research is under
way to install a standard test using a smaller scale system to the one used in the
present work [Hatt 1992, private communication].
5.4.2 Conclusion
An exploding foil flying plate generator capable of accelerating 70 mg flyer
plates of 9 mm diameter to speeds of up to 3500 m /s has been developed.
Calibration of the plate velocity versus the voltage of the capacitative discharge
was performed, and it was found that the repeatability of the device is not very
good. However, when the calibration was re-plotted against the time of arrival
of the flying plate at the intended target location of 25 mm, a much better and
more useful graph resulted.
A second means of measuring the flyer plate velocity was attempted viz. the
break beam technique, but it was found that either the air shock or else the
plasma resulting from the foil's explosion was cutting the laser beams prior to
the passage of the flying plate. High speed photographic evidence of both of
these possible causes was produced.
More work regarding the effects of the barrel on the flyer plate, including the
effect that a barrel may have on the planarity and integrity of the flying plate, is
needed.
Using transparent targets, it was possible to obtain a great deal more
information from a single set of data recordings than merely the flying plate
velocity. The results of such work is discussed more completely in the
following chapter. In any case, it was possible to measure the impact velocity,
the shock wave average velocity through the target (from the impact time and
the shock arrival time at the rear surface) and the release at the back surface.
Some shots allowed a measurement of the internal particle velocity of the
material at the impact face, and a further measurement of the rise to the rear
surface velocity. The biggest source of error in this type of measurement is the
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subjective uncertainty in the exact impact time. Also, the signal intensities for
the Doppler information from the rear surface are much reduced from the
levels occurring during the flying plate acceleration.
To better study shock wave effects, a separate means of measuring the time of
impact is required. This would allow the more general study of opaque
materials, since the time-of-arrival calibration curve would provide the
impactor's velocity. Also, a better optical arrangement allowing a greater depth
of field change for a smaller intensity variation, would be an advantage.
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Figure 5.7 The arrangment of the foil with flying plate, retro-reflector and
barrel. All components are bonded together with cyanoacrylate glue except for
the barrel which is mounted on the rest of the assembly with double-sided tape.
The total thickness of the assembly is approximately 20 mm, with 9.4 mm thick
lexan barrel and tamper, 0.47 mm thick lexan flyer and 0.12 mm thick Scotchlite
retro-reflecting tape.
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Figure 5.10 VISAR data analysis lots for Shot 13-238. The discharge volage was
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Mk II EFFPA: Comparison of velocities
obtained with and without barrels at 5kV
3 0 0 028 0 0O

2600-

(296)
0(307)

O (303)

(255)

0(211)

O

0(315)

° <2I2)

2 4 004-»

*0

O

o 2200>

(297)

0 (252,

V i

J -i

QJ

E

■ (294)

u (293)

2000O

1800-

(308)

■ (295)

n (309)
O Maximum velocity with barrel
■ Maximum velocity without barrel

16001

1

1

4.99

5.00

5.01

1

5.02

5.03

1

1

5.04

5.05

1

5.06

Discharge voltage (kV)
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Figure 5.12(b) A scan of one of the high-speed photographs done with the Mk
II EFFPA device at MRL (shot 11-287). The discharge voltage was 5.12 kV, a
lexan flyer w ith retro-reflector was used without a barrel. The frame order is as
show n on the right w ith 500 ns between frames (100 ns exposure time per
fram e, camera on fll). The illum ination is provided by the exploding foil
device. The diagonally ruled lines are clearly visible in this picture, these serve
to accentuate the presence of an air-shock travelling in front of the flying plate
(clearest in frames 3 and 4).
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Figure 5.13(a) The high speed photographs are explained in this figure. Some
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Figure 5.13(c) This is a scan of the high speed photograph of shot 11-282, at 5.09

kV. This shows the plasma exiting from the 11.5 mm barrel (on the right edge
of each frame), as well as some evidence of an air shock ahead of the flying
plate (in frames 5 and6). 100 ns exposure time, 500 ns between frames.
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Figure 5.13(d) This scan of the high speed photograph of shot 11-283 at 5.09 kV

shows the reduction in the plasma interference when a smaller barrel diameter
was used. The flying plate is marked in frame 7. 100 ns exposure time, 500 ns
between frames.

Mk IIEFFPA: Comparison of single break beam
average velocity and time to hit optic fibre
4500-I
4000 —
'c ß

'g

3500-

N w »'

|?

3000-

>

2500-

j|5
O)

t>0

2

o>> 2000

<

T
| (263)

-

I
I
A

15001000-

& Single break beam
A Average speed up until fibre impact

r

3

1

I

I

I

I

4

5

6

7

8

Discharge voltage (kV)

Figure 5.14 To test whether air shock waves were affecting the break beam
results, an optic fibre was put in front of the flying plate at the position of the
break beam. This graph shows that the beam was being broken before the
impact of the flyer on the fibre.

Mk IIEFFPA: Comparison of single break beam
and VISAR average velocity measurements
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Mk IIEFFPA: Comparison of dual break beam
and VISAR velocity measurements
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Figure 5.16
A comparison of the dual break beam data with the VISAR
experiments. Even though simultaneous measurement was not obtained in these
shots, it is clear that the dual break beams are seeing something that is faster than
the flying plate.

Mk IIEFFPA: Comparison of velocity data with
34 |im foil reflector and 120 fim retro-reflector
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Figure 5.17
The flying plate had a retro-reflecting piece of ScotchLite tape to
improve the discrimination between the returned light and the light produced by
the event. Some shots were done with a 34 pm aluminium foil reflector instead. The
velocity of the flying plate does not appear to have been adversely affected by this
difference.

Mk II EFFPA: Voltage versus velocity for
15 |im foils
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The VISAR velocity data for the first series of bridge foils - which
were 15 Jim thick. These results, although lower in magnitude than those of
Podlesak et al. [1992], show the same plateau effect of a limiting velocity at about
2200 m /s despite greater energy input, from about 5 kV.

Mk II EFFPA: VISAR maximum
velocity vs voltage calibration
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Figure 5.19 VISAR maximum velocity data versus voltage of discharge. A linear
fit to the data is also shown. It is thought that the large amount of scatter could be
reduced through producing the bridge foils in a mechanical or photographic
manner.
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Figure 5.20 The sam e velocity data as figure 5.19 replotted against the tim e taken
for the flyer to reach the distance of 25 mm. A lthough these tw o quantities are not
independent, the p lot is very useful for obtaining the im pact velocity, if you know
the travel tim e of the flying plate. In the p resen t w ork, the start of m otion w as
indicated by the c u rren t p eak (w here the R ogow ski coil voltage o u tp u t crossed
zero), and the im pact tim e w as u sually obtained by m eans of a b rig h t flash u p o n
com pression of the air betw een the flyer and the target.

6 Shock wave experiments
A number of shock wave experiments were carried out. These constitute the
first shock measurement tests done with the EFFPA and VISAR already
discussed in Chapters 4 and 5. The primary feature of these experiments is that
they demonstrate the feasibility of doing small scale shock wave experiments
with these instruments.
In Chapter 2 the requirements for measuring shock wave properties of
materials were set out. In this chapter measurements of the free surface velocity
and the shock velocity of an impacted target are discussed. It was intended to
measure these two of the five variables set out in Chapter 2 which define the
shock wave, and rely on the shock jump conditions to calculate the rest of the
parameters from these two.
More than this minimum was obtained in some of the experiments, when using
a transparent target material: the velocity of the projectile was obtained for its
entire trajectory up until impact; the time of impact was measured; the particle
velocity internal to the target was provided by the drop from the flyer velocity
to the velocity of the impact surface; the shock transit time was measured; and
the release of the free surface from the shock was also obtained.
These diverse measurements were all provided by the single, three-detector
VISAR that was discussed in Chapter 5: a single set of data recording devices
was sufficient to provide a large amount of data on a single experiment. To a
certain extent this large amount of collected data for each shot, particularly that
of the flying plate velocity, removed the need for a highly repeatable projectile
velocity. The scatter in the flying plate velocities discussed in Chapter 5 (see
figures 5.19 and 5.20) was not as important as the measurement error of each
velocity, i.e. a change from a 300 m /s uncertainty (3a) in the repeatability of a
particular velocity to a 50 m /s or less measurement error.

6.1 Introduction
In section 6.2 the targets chosen are discussed, including a consideration of the
choice of opaque or transparent targets. Table 6.1 shows the shock Hugoniots
from the literature for the three target materials used.
Section 6.3 discusses the methods for measuring the shock parameters
necessary to determine a Hugoniot point for a particular impact. Since the
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flying plate velocity has been extensively covered in Chapter 5, this section
deals with the impact time and shock transit times.
The particle velocity measurements are discussed in section 6.4. A comparison
between the three different ways of determining the internal particle velocity is
given in table 6.2.
Section 6.5 discusses the so-called 'complete' record of all possible parameters,
using a transparent target.
The Hugoniot results for PMMA and PC are given in section 6.6, and the
aluminium experiments are covered in section 6.7.
The chapter concludes with a short section describing some possible future
directions for the research.

6.2 The targets used
In order to dynamically record the flyer plate velocity from initial position until
impact, it is important that the target material be transparent - or have some
sort of hole in it allowing VISAR data recording. Holes will affect the passage
of the shock wave that it is desired to study.
Opaque materials may be studied using the velocity versus time of arrival plot
of figure 5.20 and a measurement of the impact time to determine the flyer
plate's impact velocity. As discussed in Chapter 5, improvements to the design
and consistency of the bridgefoil/flyer assembly should lead to greater
repeatability of the EFFPA, which in turn should lead to a better calibration
curve for impact time versus impact velocity. An ideal situation would be to
have various velocity versus time of arrival curves for different masses per unit
area of the flying plate, which would allow greater freedom as regards
impactor facings.
One problem with the use of transparent targets is that of separating the
various signals from the PMT records: the different surfaces of flyer plate, front
side of the target (impactor side), rear surface of the target and possibly the
shock front itself. With an opaque material, the only possible signal is that of
the rear surface of the target.
In the present work it was possible to determine the difference between the
interferometer fringes caused by the flyer plate and those caused by any other
accelerating surface due to a number of factors. Firstly, a retro-reflecting or
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otherwise intentionally reflecting material was used on the impact (i.e. VISAR)
side of the flying plate so that the fringe intensities were larger than those due
to the surfaces of the target. Secondly, the different motions were separated in
time, so it was not necessary to subtract the influence of one motion to
determine any other.
It was possible to obtain the time of impact, since this event did two things: it
produced a flash of high intensity light in a short time (20 to 40 ns), and
subsequent to this flash the VISAR signal levels were reduced by an order of
magnitude. The flash of light is thought to have been caused by rapid air
compression between the flyer and the target. It was possible to determine the
time at which the shock reached the rear surface of the target, as long as the
target was in a simple configuration without having any secondary material
directly behind it. In experiments where this was not the case, quite often a
secondary set of impact and transit times was observable.
A sample of a single photomultiplier response in an impact experiment is given
in figure 6.1, from shot 11-315. In that diagram the relevant times are marked
(switch time - point A, burst time - point B, impact time - point C, and time of
shock transit through the target - from C to D).
The Mk II EFFPA's operation has been characterized (see Chapter 5), for the
production of 0.5 mm thick polycarbonate flying plates. Impacts of these flyer
plates upon three different materials were carried out in this work:
polycarbonate, PMMA and aluminium.
The densities and Hugoniots of these three materials are given in table 6.1. One
should note that PMMA (polymethyl methacrylate, also known as perspex,
lucite and Plexiglas) has a Hugoniot curve which is very close to that of
polycarbonate (lexan). These data are from Steinberg [1991], and are summaries
of many other published Hugoniot values. The precise composition of each of
the three materials was not determined in the present study. For this reason,
such Hugoniot relationships must be viewed as approximations to the
materials which were used in the present work.
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Table 6.1 Hugoniot data for PMMA, polycarbonate and A1
from Steinberg [1991].
Material

Density

C0 (km/s)

Si

S2

S3

PMMA

1.182

2.18

2.088

-1.124

0

polycarbonate
(lexan)

1.196

1.933

3.49

-8.2

9.6

aluminium

2.703

5.24

1.40

0

0

(6061-T6)
The Hugoniot relation used by Steinberg [1991] to summarize the available
data is given in equation 1.10. (Steinberg actually quotes the value for C0 in
cm / jis, however, in the present work k m /s or m m /jis are more appropriate.)
The two plastic materials were chosen because they were transparent and
because their Hugoniots are close to that of the flying plate (which was
polycarbonate). The effect of the retro-reflector on the impact is unknown,
however, it is thought that since it was much thinner than the rest of the flyer,
and that it's density would not be much different from that of PC, that its shock
Hugoniot would be similar to the PC - at least to first order.
The choice of aluminium as a target was twofold: it is an opaque metal, and is
also one of the most common materials used for producing shock wave
standards.

6.3 Impact time and shock transit time
The impact time and the time that the shock reaches the free surface are needed
in order to calculate the shock velocity in a target (along with the thickness of
the target). With the opaque A1 targets used in some of the work, the impact
time was not measured.
The stock velocity was measured by using the interferometer signals. This
could >e done in two ways which are not independent (since they both rely on
the sane basic data, PMT voltage levels). The photomultiplier records of the
evert tsine-like, cosine-like and intensity monitor signals from the VISAR) also
measu ed the ambient light levels of the event. The first method was to observe
that tie PMT traces give a clear indication of the impact time and time of
arrival of the shock front. The second method uses the VISAR data analysis
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procedure and these two times, which determine the shock transit time through
the target, are seen to be points of sharp velocity change on the velocity versus
time plot.
6.3.1 Using the raw interferometer signals
The exploding foil system is a very bright light source. Upon impact of the flyer
upon the target, which compresses the air between them to a very high
pressure, an even brighter flash results. This flash, which comes before a large
drop of the background light intensity, due to the masking effect of the flyer
plate on the target, allows one to pinpoint the impact time to within 30 ns. At
later times interferometer signals which correspond to movement of the back
surface of the target are observed. The difference between the 'flashtime' and
these interference signals is the travel time of the shock wave through the
target.
The velocity calculated in this way is the mean velocity of the shock front
through the material. For targets which are thick compared to the width and
thickness of the impactor, a large degree of attenuation will have occurred by
the time that the wave reaches the back surface. In the present work it is
thought that the 1 to 4 mm thick targets used were thin enough to minimize
such attenuation effects. The error in this mean velocity is of the order of 200
m /s, from the subjective nature of the measurement.
A series of experiments with successively thinner targets could be used to
determine the proper shock velocity conclusively: if the mean velocity in the
thinner targets was found to be higher, then one would know that :here was
some shock attenuation in the thicker ones. If a constant mean shodc velocity
was achieved, even though the target thickness was still further reduced, then
that would be the actual shock velocity. In this work, some experiments were
done with different thickness targets. The only difference in shock velocity that
was found to be significant (as in greater than the errors in the measurement!)
was when very thick (9 mm) targets were used.
6.3.2 Using the analyzed VISAR data
The second method of shock velocity measurement based ipon th e
interferometer arises from the data analysis procedure. The impact time is
clearly defined on the record as the time when there is a sharp junp in the
velocity. There is an effective discontinuity in velocity caused by the fact that
the flyer plate is slowed down virtually instantaneously upon impart, to the
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particle velocity of the interface. If it had been possible to replace the 5 ns
photomultiplier tubes used with faster ones, say 500 ps response, then it may
have been possible to resolve this jump. However, then the sampling frequency
of the storage oscilloscope (2 ns minimum) would have been a limiting factor.
Due to the finite time that it takes for the flying plate to compress the air in
front of the target, and for subsequent shock reverberation to take place, the
timing mark of the impact was not as clear cut as it might have been. This is
perhaps shown more clearly in figure 6.1. The impact time was taken to be
during the transition from the time of local maximum light intensity (increasing
intensity is downwards in the figure) to the average intensity of the
photomultiplier after the impact. By using all three photomultiplier records, as
well as correlating with the VISAR analyzed, position-vs-time plot it was
possible to determine the impact time to within 20 to 50 ns.
The accuracy of impact timing could probably be improved by conducting the
experiments in a vacuum system with using a small amount of gas such as
argon (a few kPa) to provide a 'flashpoint' upon compression by the flying
plate. Such techniques have been reported by Osher and others [1987,1989 and
1990]. In the present work the simplicity and convenience of running the
experiments in air enabled a rapid turnaround time from shot to shot. Also,
since the intended application of the device is to quickly produce Hugoniot
data for materials of engineering interest - particularly their impact response in
air - then it was felt that producing Hugoniot data measured in impact
experiments conducted in air would be more realistic.
Harlan et ol. [1981] showed that the air compression in front of a flying plate
affected the detonation characteristics of an explosive, making the explosive
less sensitive. This may be due to the pre-compaction of the voids that are
thought to be the centres of 'hot-spot' formation and cause subsequent
detonation of most explosives. Most solids, including those that were chosen
for impact experiments in the present work, are not as porous as common
explosives, such as those investigated by Harlan et al. [1981]. Had the impact
experiments been conducted in a partial vacuum it is thought that the same
results as those reported here would have been obtained.
Upon passage of the shock wave through the target, there is a further
discontinuous jump in the velocity record (point C on figure 6.2(a)). This jump
corresponds, if positive, to an increase from the particle velocity of the impact
face to the free surface velocity of the target, or, if the velocity jump is negative,
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to a decrease in the observed velocity due to transit of the shock into a
secondary target or window material. These jumps in the velocity record can be
measured with a greater accuracy than can the 'flash point' measurement,
typically giving a transit time with a 20 ns error. This means that the mean
shock velocity can then be determined within 100 m /s (i.e. o=50 m/s).
6.3.3 Discussion of shock velocity measurement

Each of these methods relies on the interferometric signals: the first method on
the actual raw data signals, the second method on the data as analyzed with the
VISAR.EXE program. They are therefore not independent, but they can
corroborate one another. For example, on some records the impact time is quite
difficult to determine amongst the other signals on the printouts of the storage
oscilloscope records, but once they have been normalized, and the background
light removed, a signal remains - which is not the light flash signal, but a true
interferometer record of the jump in measurable velocity that occurs when the
flyer plate hits the target and slows down to the particle velocity of the
interface. The normalization process consists of firstly subtracting the monitor
signal from the data signals, and then dividing the resulting data signals by the
monitor beam signal. At later times, all the PMT signals have dropped to low
levels which means that, at later times, a meaningless series of high frequency
velocity jumps is produced by the VISAR program, which corresponds merely
to the noise on the traces.
The impact time measured with each of the methods outlined in this section
can be used to verify one another. For those shots where the two transit times
differed substantially, it was assumed that errors were too large for the results
to be useful. These results were therefore not used for subsequent Hugoniot
analyses based upon the shock velocity, although they could usually still
provide useful data as regards impact velocity and release wave velocity.

6.4 Particle velocity: internal and at rear surface
The particle velocity was determined in a few ways
• for the symmetric impact case (section 1.3.4), it could be taken as 1/2 vf
• the velocity 'jump' at the time of impact indicated the difference
between the flyer plate velocity and the internal particle velocity, to
within the limitations imposed by discontinuous velocity changes on
VISAR records (see section 3.3.9)
• the free surface velocity of the target should initially travel at close to
twice the particle velocity, since for the relatively low shock pressures
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studied in this thesis, of less than 20 GPa, the difference between the
isentrope and shock Hugoniot is small. Since the rest of the shock wave
must also reach this position, including the rarefaction which originated
at the back surface of the flying plate, then this initial velocity must drop
to zero, if spallation is not observed. The difference, therefore, between
the maximum free surface velocity and the final (zero) velocity is thus
very close to twice the particle velocity of the material behind the shock.
Combinations of these three techniques were used for greater accuracy. For
example, the release wave speed could be correlated with the measured impact
velocity in a symmetric impact experiment.
For the polycarbonate and PMMA targets investigated in this project, whose
Hugoniots are similar [Steinberg 1991], the symmetric impact condition (the
particle velocity being one-half of the value of the impact velocity) is a good
approximation. This value could thus also be compared with the velocity
'jump' on the VISAR record from the flyer plate's velocity down to some other
velocity which is thought to be the internal particle velocity, at the impact time
(point B on figure 6.2(a)).
In some experiments all three methods could be compared. Unfortunately the
three methods rarely agreed particularly well with each other. This probably
arises from some release wave effects that have not been accounted for. For
example, non-planarity of the flying plate impactor would tend to smear out
any shock wave front. Also tilt of the impactor away from planar, one
dimensional impact would mean that the measured internal surface particle
velocity and rear surface velocity would not be simply related to the impact
velocity, even in situations where the same material was used for the flying
plate and the target. Except for those shots where very thick targets were used,
the target material was thin enough that the release waves coming from the
edge of the impact face would not have had time to overtake the front.
Despite these efforts, it is thought that the shock arriving at the rear of the 3
mm thick polycarbonate targets was slightly attenuated. This result comes from
the observation that the free surface velocity would normally immediately
begin to drop after an initial 'jump' to a high velocity. If the shock were not
attenuated, and there was still some 'shock thickness' - or time of peak shock
pressure - then the rear surface would continue to move at its peak velocity
until such time as the release waves arrived. Since it appeared that the shock
profile at this rear surface was in fact basically triangular in shape, then one
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must assume that the release waves had caught the front prior to the shock's
arrival at this rear surface. However, estimates made of the time of shock catch
up indicate that such a catch up could only have occurred just prior to arriving
at the rear surface.
The particle velocity measurements for the impacts of polycarbonate flyers
upon polycarbonate targets are shown in table 6.2 following. All of these results
are read from the initial rise in the velocity record up to the peak velocity
(column 3, or one-half of this peak velocity value), a direct reading of the
velocity at the trough in the record (column 4) and one-half of the release wave
velocity at the free surface (column 5).
Table 6.2 A comparison between various means of
measuring the internal particle velocity with
polycarbonate targets.
vf
(m/s)
±50

from VISAR
(m/s)
±200

Shot
number

Target
thickness
(mm)

E -296

4.1

1340

900

850

n -2 9 7

4.1

1130

960

-

H -299

4.1

1232

1000

1300

n -3 0 0

3.05

1120

970

1040

n -3 0 i

3.05

965

-

950

n -3 0 2

3.05

1260

-

1000

n-303

3.05

1260

-

1130

n -3 0 5

3.05

1260

-

1150

n -3 1 5

4.1

1110

960

-

n -3 2 4

3.05

1220

900

1/2

Up

1/2 V f r e e su rf
(m/s)
±150

In a symmetric impact at 2.24±0.10 km/s, shot 11-300, the back surface's velocity
was measured to be 2.08±0.20 km/s. The particle velocity was thus 1.04±0.10
km /s at the back surface (column 5), rather than 1.12±0.05 km /s as expected
from the 1/2 vj condition of symmetric impact (column 3). These results are
within their errors. The other way of measuring the internal particle velocity
was to use the drop from the flyer velocity occurring after impact. This was a

166

Shock Waves in Solids

rapid shock transition and in all of the results given here it is assumed that a
fringe was missing from the record. For some inexplicable reason, the particle
velocities measured in this way were consistently lower than those determined
by the other means. The difference in shock velocity would not be appreciable,
and the drop in the shock Hugoniot measurements would only increase the
error by about 1 % to 6%.
More experimental results are needed to determine whether the directlydetermined particle velocity (column 4 in table 6.2) is accurate enough to be
used as the primary means of measuring the particle velocity. Although the
rear surface velocity and impact velocity also do not correlate perfectly, it was
decided that for the purposes of the present study, in which the impact velocity
was the most accurately determined velocity, that the particle velocity would
be taken from this (i.e. column 3). Another reason for the lack of good
correlation between the three ways of measuring the particle velocity is that the
signal intensity was mostly much lower during the impact part of the
experimental photomultiplier record.

6.5 The 'complete' record
The VTSAR was initially employed to measure the rear surface velocity of the
targets impacted by the polycarbonate flying plate. The polycarbonate and
PMMA targets were transparent to the VISAR probe beam, so that the front
surface of the target, as well as the rear surface, could also be monitored for
acceleration changes. It was found that the flying plate could be simultaneously
monitored by this system as well. Thus a complete determination of the shock
event could be carried out with the one record (with transparent targets): the
flyer plate velocity could be monitored from start of bridge burst until impact;
the impacted surface motion could be monitored up until the time that the
shock reached the free surface, and the free surface motion could then be
measured. A schematic of such an experimental result is shown in figure 6.2(a)
and a real experimental result, from shot 11-296 is given in figure 6.2(b).
The drop in velocity observed at the front surface (point A in figure 6.2 (a))
occurs because the velocity of the flying plate is instantaneously reduced to the
velocity of the contact surface between the projectile and the target. For a
symmetric impact (see Chapter 1) one would expect the drop to be to one half
of the flying plate velocity. With the majority of experiments carried out, the
differences between our non-symmetric impacts and a symmetric one are
small, due to the similar shock Hugoniot curves of PMMA and PC.
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Since the impact is an extremely rapid event, in most cases it was not possible
to track the fringe changes cause by this rapid deceleration (from flyer velocity
to the velocity of the contact surface). Using the techniques mentioned in
section 3.3.9 for recovery of data from missing fringes, a correction of (usually)
one fringe was made to provide a value close to that which would be expected.
In those experiments where a larger fringe constant was employed, such that
the drop in velocity could not be greater than one fringe, it was hoped to obtain
better agreement between the hydrodynamic theory and the measured drop in
velocity. The difficulty in centring the Lissajous figure (section 5.1), due to the
difficulty in finding the centre of a short arc, meant that these shots did not
produce better data.
The second 'jump' shown on the idealized record (point B in figure 6.2(a)) is
that which would be observed of the free surface of the target accelerating to a
velocity approximating twice the particle velocity of the material behind the
shock front. If there were no attenuation of the shock, and it was a symmetric
impact condition, this free surface velocity should then be about the same as
the flying plate velocity, if anything, it should in fact be more than the flyer
velocity, since the release to a state of zero pressure follows an isentrope rather
than a Hugoniot. However, as Rice, McQueen and Walsh [1958] show, the
difference between the Hugoniot and isentrope at these relatively low shock
pressures is very small.
The last two items that could be observed from such an event as shown in
figure 6.2(a) are the duration of the shock wave at the rear surface of the target
(point C), and the release from the high pressure state to zero pressure of this
rear surface (point D). The shock duration for shock impacts in the present
work is generally less than 50 ns. In fact a distinct 'plateau' of high pressure
was not observed in any of the experiments carried out. This could mean that
the attenuation of the shock front is quicker than one would think from simple
hydrodynamic means. A more complicated model of shock wave propagation
would perhaps provide better agreement with the experiment.
Tyndall [1991] used an elastic-perfectly plastic computational model of shock
waves in impacts of aluminium flyers on aluminium targets and found that the
peak pressure and shock front had significantly smeared out much faster than
the simple hydrodynamic shock wave model described in Chapter 1.
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Further experiments which more closely follow the conditions of the
computational models are needed to determine the exact nature of the shock
wave attenuation.

6.6 Hugoniot results for PC and PMMA
Two plastic materials were examined: PMMA and polycarbonate. These were
chosen because they are transparent media. Some shots were also done with an
opaque material, aluminium, to test the method's suitability for that sort of
experiment.
The targets were placed at 25 mm from the flyer plate's starting point. The flyer
plate velocity data available from the present work (see Chapter 5) indicated
that the position of maximum acceleration was within the first few mm of the
flyer's travel, and that it had reached a plateau of velocity at anything from 15
to 20 mm from the explosion of the foil. Secondly, the data indicated that the
flyer plate continued to travel at this velocity for a reasonable distance (see the
position versus time plot of shot 11-238, figure 5.10(d)). The impact damage of
PMMA window materials that had been used to view the flyer plate motion
using the VISAR also showed very little difference when placed at distances
from the initial flyer position of 30 to 150 mm.
In order to most simply use a voltage versus velocity calibration curve, the
curve would have to be drawn with a particular distance of intended impact. In
most of the impact shots a dynamic measurement of the flyer's velocity right
up until the point of impact was made. However, the calibration curves (figure
5.19 and 5.20) served at least to predict what the impact velocity would be at a
particular voltage discharge. A PMMA spacer of 16.6 mm thickness was made
to ensure that the target could be set at the correct distance given the 9.4 mm
thick barrel that was used. It is estimated that this distance is accurate to ±0.25
mm.
Since release waves reduce the peak pressures and particle velocities of the
shock waves produced, it was important to minimize these effects by
measuring within the zone of planar, non-attenuated shock waves. For the two
plastics examined here, an estimated 5 mm thick target would be at the limit of
planarity (i.e. the point where the edge release waves reach the centre of the
target, for a 10 mm wide impactor); the release wave from the back surface of
the flying plate would catch the shock front at approximately 4.5 mm into a
target. Except for the first shot of an impact into a 9.4 mm thick PMMA block,
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all of the impact experiments were done with targets of less than 4.5 mm
thickness. Most shots were in fact done with targets of 1 or 3 mm thickness.
Upon impact the target would normally break-up or shatter in some way. The
barrel of the EFFPA would also fly in the direction of the target. Thus the
objective mirror of the VISAR - and the lens which was sited outside the cage needed protection from the fragments. A piece of right angled steel of 200 mm
each side length and 10 mm thick was placed in front of the EFFPA. An 80 mm
diameter hole was cut into this to allow viewing of the event by the VISAR
optics. On the inside of this hole was placed a block of PMMA to cover the hole
completely and allow safe viewing of the event by the VISAR. On the few
occasions when this block itself was damaged or broken by the EFFPA, the
degree of damage was slight, saving the mirror from any major impact.
6.6.1 Polymethyl methacrylate (PMMA)
The experiments with PMMA as the target material were all done with a fringe
constant of 901.4 m /s, at a voltage of around 5 kV. From the calibration curves
(figures 5.19 and 5.20) the expected flying plate velocity for this discharge
energy was 2300±200 m /s. In fact the measured impact velocities varied from
1780 to 2510 m /s despite the fact that the charging voltage was kept virtually
the same. Figure 6.3 is the VISAR analyzed data of one of these experiments,
shot number IE-306.
The results of these experiments are shown in figure 6.4. In comparison the
shock Hugoniot for PMMA as summarized by Steinberg [1991] is also given.
The numbers in brackets at each data point are the shot numbers on the Mk II
EFFPA of that experiment. The error bars on that plot are the result of
uncertainty in the exact impact time and shock transit time, and represent
confidence limits for the shock velocity of the target. The particle velocity for
these experiments is assumed to be one-half of the impact flyer velocity.
Polymers such as PMMA are complicated materials, consisting of very long
chains of atoms. Variations in the production process from batch to batch, let
alone from country to country or from different production processes entirely,
would lead to a scatter in the Hugoniot for such a material. In the present work,
the PMMA used was all supplied by ICI Australia; the polycarbonate used for
the targets was supplied as Lexan™ by GE (USA). The targets, of approximate
size 50 mm x 50 mm, were cut from large sheets of at least 1 m on each side, so
that it is most likely that all the targets of the same thickness actually came
from the same sheet. The scatter of the results here is greater than that shown
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by Deal [1955] in his summary of PMMA and Lucite Hugoniot data. Thus the
scatter in the results shown here cannot be attributed to different polymer
formulations, since such differences would have shown up in Deal's summary,
with one proviso: the samples tested in this work are thin compared to those
tested in traditional, explosive, experiments - where sample thicknesses of 10 to
20 mm are much more common. Smaller scale variations could thus be more
important in the present work.
It is interesting to note that the two earlier experiments (shots 11-268 and 11-269)
produced results of larger error and further from Steinberg's Hugoniot than the
later shots. The later impact experiments, which have smaller errors quoted, are
found to be in closer agreement with previous workers' experiments. Further
experiments would be needed to test the complete parameter space available
with the present system. The Mk II EFFPA was able to produce flying plates at
speeds of about 1500 to 3500 m /s, so that the parameter space available for
experimentation with this system would be in the Up = 750 to 1750 m /s range.
Despite the inconsistencies of the Mk II EFFPA system shown in figure 6.4, the
device is a successful small scale shock testing system. Gathers et al/s work
[1990] using the LLNL electric gun facility exhibited scatter of similar
magnitude to the present work.
6.6.2 Polycarbonate (lexan)

There were two sets of experiments done with PC as the target material. In one
series, an aluminium-faced flyer plate was used instead of the standard
'Scotchlite'™-tape faced flyer. Again, all of the experiments were carried out at
a discharge voltage of about 5 kV. Figure 6.5 is an example of the VISAR record
for a PC impact, shot 11-302.
Figure 6.6 shows the results of the standard flyer impacts on PC, while figure
6.7 shows the result of the Al-faced flyer impacts. The particle velocity in each
of these plots is again taken to be one-half of the impact flyer velocity.
As with the PMMA plot of figure 6.4, there is a much larger scatter in the
results produced with this system than is commonly found in the literature. For
example, the shock velocity is measured to be more than 1 km /s away from the
lexan Hugoniot for a number of shots in figure 6.6 (300, 315, 299). For a shock
velocity of around 4 km /s this represents a difference of 25%. For those results
which are lower than the expected value, one must consider the very real
possibility that the flyer plate did not impact the target as a flat plate, but was
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either tilted, buckled, or both. For the result which produced shock velocities
much greater than expected (shot 299), however, the explanation is not so
simple. The most obvious possibility is that the observed shock transit time was
incorrect for some reason: possibly the observed rear surface motion was
actually an internal surface, due to some change in the reflectivity of the
otherwise transparent material.
It is interesting to note that the aluminium faced flying plates which produced
the results shown in figure 6.7 are of smaller scatter than either figures 6.4 or
6.6. However, the number of experiments in each of the plots is too few for a
statistical analysis.
The main course for future work in this area is to extend the experimentally
tested space, with greater attention to the details of consistent flyer plate
construction. Even accepting the scatter of the data as shown in these three
plots (figure 6.4, 6.6 and 6.7), doing a series of experiments on some unknown
material would provide a great deal of information, using small target samples,
on the impact resistance of such materials. At this stage the method is most
suited to transparent materials, however if a more consistent flying plate
velocity could be produced, perhaps by attending more closely to some of the
construction details mentioned in Chapter 5, then it is thought that impact
velocities to within 100 m /s or less could be 'dialled up' simply by picking the
correct charging voltage. This would thus allow opaque materials to be
examined in an equally quick fashion.
If it were not possible to improve the consistency of the Mk II EFFPA's flying
plate velocity, then it would be necessary to either observe two positions on a
stepped target - this would provide the shock velocity from the difference in
event times between the two points, and particle velocity using the free surface
velocity approximation - or else it would be necessary to measure the flyer
plate's velocity by some other means. In the present work the latter was
attempted through the 'arrival time' plot of figure 5.20. Although these arrival
times were observed through a transparent medium, (either air or a transparent
solid target), if a suitable small electrical or optical contact could be placed at
the impact surface of an opaque target, then an arrival time measurement could
be made. This would mean that a plot similar to figure 5.20 could be used to get
a good indication of the actual impact velocity.
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6.7 Spall stress of A1
Some experiments were done with aluminium as the target. All of these were
done with a fringe constant of 901.4 m /s. The first six of the aluminium target
shots were done with an aluminium-on-plastic flyer plate. This composite
flying plate comprised aluminium of thickness 200 pm and polycarbonate of
thickness 470 pm. They were bonded together with a drop of cyanoacrylate
adhesive. The other experiments were done without any type of reflector on the
flying plate. Both of these types of flying plate were different to the earlier work
done calibrating the flyer velocity and the impact experiments on PMMA and
polycarbonate. The reason for this choice of a new flyer type was that since
aluminium is opaque anyway, retro-reflectors or other types of reflector on the
flying plate were not necessary to provide increased signal for the
photomultipliers. However, changing the flying plate between the calibration
curves of figure 5.19 and 5.20 and these experiments means that impact
velocities predicted using these curves must be only approximate.
The aluminium-faced flyers provided a symmetric impact condition so that the
Hugoniot of the aluminium could be checked. The data was inconclusive in this
regard, since it was a different mass per unit area of the flyer plates normally
used and it was not possible to simply read off the velocity versus time of
arrival curve of figure 5.20. The mass-per-unit area of the flying plate was
greater than that used in the work summarized in figure 5.20. If one assumes
that the flyer plate will be slower for a small increase in mass, based on an
assumption that the kinetic energy able to be transferred to the flying plate is
the same in each case, then the mass change would result in a change in
predicted velocity from 2300 m /s for the standard flyer to 1900 m /s for the
aluminium-faced flyer. The 200 pm of aluminium is about three times as
massive as the 120 pm thick retro-reflector: 0.54 kg/m 2 vs. 0.18 kg/m 2; this is as
compared to the lexan base of the flying plate of about 0.60 kg/m 2.
However, there is no experimental evidence to support the assumption that
heavier flyers will necessarily be slower than lighter ones. Glenn et al.'s [1990]
model of gas gun capability found that lighter projectiles could run away from
the pushing medium so that there was probably an optimum mass projectile
which would attain the maximum velocity. In the present work there is no
evidence to show where the 'standard' (i.e. retro-reflective) flying plate is on
such a curve. Clearly this calls for further study. Ideally, a multiple parameter
space flying plate calibration curve would exist which would tell the
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experimenter what thickness flying plate and what charging voltage to use to
obtain a particular impact velocity.
The aluminium targets spalled as a result of the impact (at 2.5 km /s, 0.5 mm
polycarbonate flyer). The spallation was monitored with the VISAR. Chau and
Osher [1990] used FPI velodmetry for the same purpose. In that paper Chau
and Osher claimed that a measure of the change of the rear surface velocity,
from the rapidly attained peak to the first minimum in its drop, is a measure of
the spall strength of the material. They quote the following relationship
between the drop in free surface velocity resulting from a spalled piece and the
spall stress of the material [Novikov and Chernov 1982]:
=

P°UsAui<.

(6 . 1)

where Auß is the change in the free surface velocity. There is some doubt as to
the correct value to use for Us. Chau and Osher use C0, the wave velocity of the
plastic (release) wave, though it might be better to use the speed of sound of the
compressed material.
To derive equation (6.1) note that the free surface velocity is approximately
twice the particle velocity of the shocked material. The hydrodynamic
conservation relations are then used to get the Hugoniot jump conditions
P,or crx = p 0Usiip. This is merely the original density multiplied by the wave
velocity and the material velocity. For the case of spallation, the material
velocity at the time of the spall is very nearly one-half of the free surface
velocity at that point (see Chapter 1 for a comparison of the Hugoniot and the
isentrope).
Figure 6.8 is a pressure-particle velocity plot of the interactions for the
experiments carried out in the present study: flyer plates of PC impacted
aluminium targets. The impact velocity was assumed to be 2.5 mm/(is for the
purposes of the analysis. The point of impact shows the pressure and particle
velocity that would exist in the aluminium following the impact. The shock
wave would travel into the aluminium and to the free surface. A reflection from
that surface, which should be the isentrope but can be approximated by a
reflection of the A1 Hugoniot, then results in a rarefaction wave travelling back
into the Al. If the 'spall point7is at a stress level greater than the failure or spall
strength of that material, then a spall will result.
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For the purposes of the illustration, I have shown all aluminium waves to be
reflections and translations of the Hugoniot. This would not be true in reality,
particularly for thicker targets in which shock attenuation is important.
In table 6.3 are shown the results of the spall strength measurements from the
aluminium impact experiments.
Table 6.3 Spall strength measurements of Aluminium
Calculated free
surface velocity
(mm/[is)

Spall strength
[Steinberg 1991]
(GPa)

1.4

1.2

Measured free
surface velocity
(mm/jis)

Measured spall
strength (GPa)

1.38

1.13

1.50

1.11

1.27

1.84

1.44

1.30

1.35

1.91

Figure 6.9 is a sample of the velocity of the free surface in an aluminium impact
experiment (shot 11-246). The maximum measured velocity in that experiment
was 450 m /s. Assuming that a fringe was missed on the rapid shock jump, this
means that there was a free surface velocity of 1350 m /s. The pull-back velocity
is about 300 m /s in this shot, giving a spall strength of 1.91 GPa. These spall
strength measurements compare quite favourably with the literature, in which
variations from 0.5 to 2.3 GPa have been reported [Davison and Graham 1979]
for various aluminium alloys.
From the aluminium impact experiments it was not possible to determine
conclusively the presence of an elastic precursor. Some evidence of the
precursor, shown by the slight rise in the VISAR analyzed velocity prior to the
main velocity jump (which is just visible in figure 6.9), leads me to believe that
higher accuracy measurements, and faster data recording devices, would be
able to distinguish a precursor from the background and also from the plastic
part of the shock front.

6.8 Future work
This Chapter reports the results that have been carried out so far with the Mk II
EFFPA located at MRL. There are many gaps in the understanding of the
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operation and capability of the system as developed. With the system as it
stands, however, there is still a great deal that can be done. A complete
investigation of the parameter space that has been made available with the
EFFPA system should be carried out using one of the transparent targets that
were employed in the present study. I would propose that the material studied
be the polycarbonate since the type that is available is lexan, made by GE. This
material is, presumably, more closely related to the lexan that has been studied
elsewhere. Direct comparisons between our data and other researchers' work
would thus be possible without the uncertainties caused by using a non
specific PMMA.
A greater variation in target thicknesses that are examined is desirable to
ascertain whether there is attenuation of the shock in the 3 to 4 mm thick
targets examined in the present work. Unfortunately the flying plate will
merely punch a hole through very thin targets so that a limited range of thinner
targets is possible, without going to a 'windowing' system (i.e. where a
secondary material is bonded directly to the back surface of the material to be
studied - or a liquid is used for the same thing). However, using thicker targets,
where the attenuation is expected, could provide useful information.
Some materials not previously studied for their shock behaviour should be
examined using the techniques of the present work. Other, more conventional,
tests could then be done to verify the results produced using the Mk II EFFPA.
The main improvement to the current system would be to use a better method
of shock transit timing rather than relying on the PMT records.
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The record of the 'DT photom ultiplier signal from shot 11-315.
Point A is the time of the pull-sw itch operation, point B is the position of
the first current m axim um - which is the foil explosion. From B to C the
flyer plate is accelerating (although it is virtually at a constant speed by point
C). Im pact w ith the polycarbonate (lexan) target occurs at point C. Point D is
the tim e th at the shock w ave reaches the rear surface of the target.
C haracteristic of m ost of the im pact shots is the difference in intensity
betw een fringes observed during the flyer plate acceleration and any fringes
seen in the im pact stage.
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c
shock arrival
at rear surface

Free surface
velocity (twice the
internal particle
velocity)

Time

'Plateau' time which
is a measure of the
time to catch up of the
rleease waves

An idealized record of an impact experiment. The main
features are labelled. If all of these measurements were possible in a single
experiment then determining a complete shock Hugoniot would be a
relatively simple matter.
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Figure 6.2(b) An experim ental velocity record for an im pact experim ent
(shot 11-299). M any of the features explained in figure 6.2(a) are visible. The
shock transit time, through a 4.1 m m thick polycarbonate target, is 0.93±0.04
ps (so th at the shock velocity is 4.4±0.1 m m /|is). The im pact velocity is
2.4710.05 m m /p s. The im pact time is 12.5610.05 ps (which, using figure 5.20,
predicts that the impact velocity will be 2.4010.15 m m /ps).
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Figure 6.3 The VISAR velocity record of shot 11-306, an im pact on PMMA.
A double target w as used, of 2.6 and 3.4 m m thick PMMA lam inated
together w ith cyanoacrylate adhesive (less than 20pm thick). The velocity
record shows the dual nature of the target. Due to the very high speed of the
transitions at the surfaces, there are probably a num ber of fringes that w ere
missed.

Impact experiments on perspex with
Lucite Hugoniot from Steinberg [1991]
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Figure 6.4
E xperim ental H ugoniot points for PMMA com pared to
Steinberg's [1991] polynom ial fit to data collected for Lucite. The error bars
are based on the fact th at the shock velocity m easurem ent depends on a
subjective determ ination of the im pact time.
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Figure 6.5 The VISAR record of shot 11-302, an im pact experim ent w ith a
3.05 m m thick polycarbonate (lexan) target. N ote th at m uch less detail is
available on this record than was hoped (com pare w ith the 'idealized'
record of figure 6.2(a)). H ow ever, the flyer plate's acceleration to 2550±50
m /s is clear, as is the tim e of arrival of the shock at the rear surface. The
shock transit time was read from the photom ultiplier traces to be 0.69±0.05
ps, giving a shock velocity of 4.4±0.4 m m /ps.

Impact experiments on polycarbonate with
Lexan Hugoniot from Steinberg [1991]
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Figure 6.6
Results of im pact experim ents w ith polycarbonate (lexan)
targ ets, com pared w ith a poynom ial-form H u g o n io t for lexan from
Steinberg [1991]. The Mk II EFFPA experim ental shot num bers for each
experim ent are m arked. The particle velocity is taken to be one-half of the
im pact velocity and the shock velocity is determ ined from a m easurem ent
of the transit time of the shock through the target.

Impact experiments on perspex using Al-reflector flyer with
Lucite Hugoniot from Steinberg [1991]

..... Steinberg's polynomial fit for Lucite
□ Experimental results of impact on PMMA with Al-reflector flyer
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Figure 6.7
R esults of im pact experim ents on PM M A u sin g the
alum inium -faced flying plate impactors. Steinberg’s [1991] polynom ial-form
H ugoniot is again given for comparison. Shot num bers are quoted for each
data point.

Impact of PC flying plate on aluminium target:
Rarefaction and spallation
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Figure 6.8 The pressure-particle velocity plot for an im pact of a lexan flyer
on an alum inium target. If the intersection of the rarefaction from the free
surface and the rarefaction from the back of the flyer (the position m arked as
'spall point' on the above plot) is of greater m agnitude than the spall
strength of the m aterial then the m aterial will spall. The spall strength is
usually very similar to the yield stress of the material.

Aluminium free surface velocity, shot 11-345
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The free-surface velocity of an alum inium target w hich spalled
(VISAR velocity record from shot 11-346). It is thought that there is at least
one m issing fringe (at 904 m /s /frin g e ) on the initial velocity jum p of this
record. The im p o rtan t inform ation is the change in velocity from the
m axim um to the follow ing m inim um . This velocity change of 255 m /s
p ro v id es a m easure of the spall stress (yield stress in tension) of the
alu m in iu m , in this case, 1.8 GPa, from equation (6.1) [w hich is from
Novikov and Chernov 1982].

F i g u r e 6 .9

7 Conclusion
In this thesis three different accelerators were built for the purpose of
producing high speed projectiles suitable for the production of shock waves in
solid materials. Altogether these methods can reach only a small fraction of the
parameter space that has been investigated by other workers. Nevertheless the
small-scale nature of the accelerators and projectiles used in this work is a great
feature, giving the experimenter a rapid turnaround time and requiring only
small volume samples to be studied.
The gas gun experiments show that it is possible to construct a viable projectile
accelerator based on a free-piston shock tube. Future work in this area would
be to design a better launch-tube and to ensure that the projectile was a closer
fit to such a tube. The maximum projectile velocity measured with this
accelerator, using a time-of-flight measurement between two laser beams at the
end of the launch tube, was 1130±50 m /s. This velocity was achieved firing an
aluminium pellet of 2.68 g into air with an air reservoir pressure of 6.89 MPa
and a compression tube pressure of 142 kPa of helium.
The exploding foil method of projectile acceleration was explored in two
different systems. The differences between the systems, in placement of the
switch and size of the conductors separating the capacitor and the foil, did not
greatly affect the performance of the device. The maximum projectile velocity
measured was with the Mk II EFFPA: a 0.47 mm thick polycarbonate flying
plate, with a 0.12 mm thick retro-reflecting self-adhesive tape (of approximate
mass: 65 mg) was accelerated to 3400±100 m /s.
The hostile electromagnetic environment of the exploding foil system required
the use of a Faraday screening cage to minimize the effects of electromagnetic
radiation caused by the rapid switching and circuit response. Careful attention
to detail as regards electrical connections to and from the Faraday cage had to
be observed to ensure that the interference was kept to a manageable level. The
methods of flying plate velocity and shock measurement were exclusively
optical in this work to de-couple the measurements from the acceleration
system.
The exploding foil itself was also a source of intense optical radiation. Despite
reducing the optical window used by the photomultiplier tubes in the VISAR to
a FWHM of 3 nm, through the use of a dielectric filter, it was still found to be
necessary to selectively increase the reflectivity of the flying plate with a
reflector. A retro-reflector was used which improved the reflection from the
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flying plate by a factor of around 100, although later work with unpolished
aluminium foil reflectors indicated that the reflectivity required for satisfactory
flying plate velocity measurements was only one-tenth that provided by the
retro-reflector.
Prelim inary shock measurements were carried on three materials:
polymethylmethacrylate (PMMA, lucite, perspex, Plexiglas), polycarbonate
(lexan), and aluminium. The particle velocity vs. shock velocity points
produced in these experiments (figures 6.4,6.6 and 6.7) are within 10 to 30% of
values quoted in the literature. The measurements thus essentially agree with
those of other researchers. The large degree of experimental scatter is thought
to be due to a number of factors, such as the subjective nature of the
determination of the shock velocity, inconsistent foil and flyer plate
construction (i.e. which produces flying plates which are tilted or non-planar),
and material irregularities.
The investigation of impacts on aluminium targets provided a measurement of
the spall strength of the material used. The average measured spall strength for
the 1 mm thick targets used here was 1.310.2 GPa. This value compares well
with the literature where values between 0.8 and 2 GPa have been quoted. The
evidence of a precursor, elastic, wave in the aluminium targets was not
conclusive, probably due to the very thin targets used.
A highlight of this study was the discovery that it is possible to measure all the
parameters required for complete characterization of the shock wave in a
transparent target, in a single experiment. The flyer plate velocity, the shock
velocity, the particle velocity and the free surface velocity were all measured
from a single record of the VISAR system. This technique considerably
improved the experimental accuracy.
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Appendix 1

For i=l to N
=W______i<N
A ö)=K(D2ü>-xH D 1 ÜVy)*cos(ß)
B(i>«(Dl(i)-y)*sin(ß)

Finish

If Bö)-0
If A(i)>0

If B(i)>0

Q I --9 0

Algorithm for
VISAR data
analysis
(figure 2 from
Hemsing
[1983]).

If A(i)<0
Q l= Q l-180

If IQ4 I<180

If A(i)>0

Q2=v(i)

nexti

IGOR macro

macro visar(ShotNum)
string ShotNum
prompt ShotNum, "Sin and Cos wave name postfix (waves must be
sin_shotnum and cos_shotnum)"
PauseUpdate; silent 1
string SinData = "sin_"+ShotNum
string CosData = "cos_"+ShotNum
variable $1,52^1=0^2=0,43=0,44=0
duplicate/O $SinData, NumFringes
iterate (numpnts($SinData))
sl=$SinData[i]
s2=$CosData[i]
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if (s2==0)
if (sl>0)
q l= p i/2
else
q l= -p i/2
endif
else
q l= atan (sl/s2 )
if (s2<=0)
if (sl<0)
ql= ql-pi
else
ql= ql+ pi
endif
endif
endif
q4=ql-q3
NumFringes[i]=q2+q4
if (abs(q4)>=pi)
if (sl>0)
NumFringes[i]-=2*pi
else
NumFringes[i]+=2*pi
endif
endif
q3=ql
q2=NumFringes[i]
lcx>p
if (NumFringes[0]!=0)
variable offsetFringe=NumFringes [0]
NumFringes=NumFringes-offsetFringe
endif
Resum eUpdate
EndMacro

A ddendum to
Production and M easurem ent
of
Shock W aves in Solid M aterials
by

P h ilip F ran cis X avier R yan
a PhD th esis, ANU, D ecem ber 1992
1. p l8 , 3rd p ara, 3rd line: ‘generally’ should read ‘specifically’.
2. C larification. p37: A fter the explosion of the foil, there is a high
tem p erature, high-pressure plasm a which h as two ways of causing the flyer
plate to move: th e first is by simple gasdynam ic expansion; the second is
due to the fact th a t current continues to flow through the plasm a. This is
best seen by com paring figure 2.11 w ith figure 5.9. CAPRES predicts th a t
th e cu rren t drops rapidly following bridge burst. This is not w hat was
experim entally observed. C haracteristically, w ith these EFFPAs, the
cu rren t would rem ain close to the m axim um for tim es of 10 or more
microseconds after th e explosion of the foil. P a rt of th e reason for th is is
th a t the foil b u rsts a t a tim e m uch earlier th a n the peak of the ringdow n (3
microseconds compared to about 8 or 9 microseconds) so th a t there is still
lots of capacitative discharge to occur. Since th ere is cu rren t flowing and
th ere is definitely no other significant p a th the cu rren t m ust be passing
through the plasm a rem ains of the foil. This plasm a m ust therefore also be
subject to a Lorentz force, which, in tu rn , due to the confinem ent of the
event by the barrel, m ust have some affect on the motion of the flying plate.
The conducting plasm a will follow the flying plate along the barrel, due to
th e Lorentz force which will continue u ntil such tim e as th e plasm a cools
significantly, or the current drops below some critical value.
3. p42, 3rd para: ‘Fig. 2.12’ should rea d ‘Fig. 2.10’.
4. Caption of fig. 2.4(b) should read:
‘M axim um pressure-particle velocity states achievable in th e presen t work.
An alum inium flying plate used w ith the electric gun, th e EFFPA, would
achieve an im pact pressure into an alum inium ta rg e t of about 80 G Pa (if it
were possible to accelerate it to the m axim um velocity m easured w ith the
plastic flying plates actually used in th is work). A plastic flying plate would
be able to achieve a m axim um im pact pressure of about 30 G Pa w ith the
EFFPA. Due to the sm aller velocities m easured w ith th e gas gun, the
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m axim um pressure w ith an alum inium targ e t and projectile would be about
10 G Pa.’
5. Fig. 2.11 caption: Vs;lure’ should read Value’.
6. p53, 3rd p ara: ‘fringe inform ation’ should read ‘fringe m otion’.
7. p53, 4th para: ‘The question of different refractive indices...’ should read
‘The dispersion...’.
8. E quation (3.18) should actually read
v ( t - \ x)

(3.18)

9. Correction. p66, 1st para: It is possible for the free surface velocity to be
g reater th a n the velocity of the im pactor.
10. p82, 4th p ara, 5th line: ‘section 4.2.4’ should read ‘section 4.2.8’.
11. Discussion to be added a t the end of section 4.2.11 (p87).
A closer fitting projectile would alm ost certainly have increased the
projectile velocities obtained w ith the gas gun launcher. It is very h a rd to
estim ate how m uch more efficient the device m ight have been made:
perh ap s a doubling of the highest speed m easured could be obtained.
R egarding th e pre-loading of the target: in fact m ost of th e experim ents
w ere carried out in air, so th a t pre-loading would occur in any case. It was
alw ays th e intention, however, th a t an experim ental im pact program would
be carried out in a vacuum . The design of the vacuum cham ber which was
used for a few shots allowed for blow-by by having the point of im pact out of
th e muzzle of the launch tube. Tilt of the projectile in the launch tube was
perceived to be a problem, and recovered projectiles showed evidence of
h ittin g the back wall of th e m om entum cham ber a t some angle. A proper
gas gun sabot and launch tube could have been designed to fix all of these
problem s, however, th a t w as not the intention of the project. The aim of the
gas gun lau n ch er work w as to see w hether one of th e older, now unused,
(gasdynam ic) shock tubes could be p u t into useful service as a high speed
projectile generator. As such it showed th a t the m ethod has prom ise w ithout
any m odification of the first stage (the reservoir and compression tube).
F u rth e r work on the a p p aratu s would involve a complete rebuild of the
launch tube and a new projectile system.
12. plOO, p a ra 4.4.2: ‘MHz’ should read ‘GHz’.
13. p l l 3 , sec 5.1: The reference to CAPRES should read: CAPRES [Tucker
and S tanton 1975; m odelling work carried out by Podlesak, Richardson and
Ollsson 1992].
14. p l3 5 , 2nd para: M istake. The velocity of the a ir cannot be more th a n the
velocity of the ‘piston’, in th is case, the flying plate. The velocity of th e shock
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wave in air, and how m uch energy such a shock m ay carry, is another
question.
15. p l5 3 , 3rd para, 2nd line: ‘BC’ should read ‘Drop a t B’.
16. p l5 3 , 3rd para, 5th line: ‘from B to C’ should read ‘a t B’.
17. p l5 3 , 3rd para, 7th line: ‘D’ should read ‘C \
18. Fig. 6.2(a): Point D is m issing from the figure and should be a t the far
rig h t, on th e axis, w here the curve has retu rn e d to zero velocity.
19. p l6 7 , 1st para, 4th line: ‘point B’ should read ‘point C’.
20. p l7 9 , 8th para: The series of conference proceedings of the biennial
conference of the Am erican Physical Society’s Topical Group on Shock
W aves in Condensed M atter are variously entitled ‘Shock Waves in
Condensed M atter’ and ‘Shock Compression of Condensed M atter’. Readers
should use both when searching for these volumes.
21. p l8 4 , 4th para: ‘H em ising WF (1985).’ should read ‘H em sing WF (1985).’
22. References m issing:
C h arters AC (1987). The Developm ent of the high-velocity gas-dynam ics
gun. Int.J.Im p.E ng. (1987) 5, ppl81-203.
R ajendran AM and Nicholas TN (1988). Dynamic constitutive failure
models; final report May 1988. U niversity of Dayton Research
In stitu te, Dayton, Ohio. UDR-TR-88-110.
Griffin C J (1986). VISAR d a ta reduction on an IBM PC. M aterials Research
Laboratory Vacation Scholars’ Report. MRL-VS-8613.

