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Preface

This is the eighth in a series of books published on High-Pressure Shock
Compression of Solids. In this book, the emphasis is on the science and
technology of high velocity impact, a subject that is relatively new. It is
a direct outgrowth of World War II research and the manned spaceflight
program for well-controlled impact studies to understand material response
to intense dynamic loading. This book is based on plenary lectures presented
at the 54th Aeroballistic Range Association (ARA) Meeting held in Santa
Fe, New Mexico, October, 20–24, 2003. The many chapters were prepared by
leading researchers and fellows of the Association who have made significant
contributions to the field.

The ARA is an international organization of experimental and computa-
tional range facilities, operating in research or commercial mode that requires
projectiles or macro-objects to be launched at high velocities. Studies include
projectiles’ aeroballistic characteristics or hypervelocity impact mechanics or
phenomena that arise as a result of their impact on other bodies. The asso-
ciation holds annual meetings to discuss topics pertaining to state-of-the-art
research and applied programs on ballistic studies, hypervelocity launch tech-
niques and applications, diagnostics development, and safety issues associated
with the operation of range facilities. The topics of discussion are pulished
informally as ARA Proceedings that are held proprietary to its members.
This philosophy is adopted to foster frank discussions, to stimulate technical
advances, protect intellectual property rights, and allow open disclosures of
embarrassing accident descriptions or unsuccessful trials – all of which are
necessary for advanced technological development. The ARA has succeeded
in promoting the safe and efficient operation of range facilities, the develop-
ment of many of the test methods now routinely used, and the formation of
a contributing commercial industry that supply the needed research tools.

One of the primary motivations for this book is to document the history of
the development of high velocity launchers and the relevant high-speed and
high-time-resolution diagnostics. The examples presented in this book are
strong evidence of the significant contribution the development of smoothbore
research guns has had in the field of high velocity impact. The tools have been
extremely useful in obtaining well-controlled and well-characterized projectile
launches, not only of flat plates for the material property studies generally
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referred to as shock physics, but also for arbitrarily-shaped projectiles for
both aerodynamic and impact studies.

The first chapter, by Hallock F. Swift, highlights the history of two-stage
light-gas gun technology development, beginning in the late 1940s and con-
tinuing to the present. He discusses the motivating factors and the program
needs that led to the focused development of the two-stage gun technology.
The second chapter, by Henri Bernier, describes in detail the theory and tech-
nical methods used to design and operate two-stage light-gas guns. Projec-
tile launch velocities approaching 9 km/s represent the technological limit of
conventional two-stage light-gas guns, and programs are underway to devise
means for achieving higher launch velocities. One such effort is the develop-
ment of a plasma drag accelerator described in Chap. 3 by Eduard Igenbergs
and Martin Rott. A high velocity, plasma “drags” small diameter particles to
velocities well over 10 km/s. This technology was driven in part by the need to
investigate micrometeoroid impacts on spacecraft. Chapter 4, by Lalit Chha-
bildas and Marcus Knudson, describes the technical conditions that must be
met to launch projectile plates to velocities approaching 30 km/s. Early study
in the 1990s enhanced the capability of two-stage guns to launch plates at ve-
locities as high as 16 km/s. More recently, pulsed-electrical-power techniques
have produced magnetic pressures sufficient to launch plates at velocities
approaching 30 km/s.

In Chap. 5, Alois Stilp discusses the development of sabots to launch
arbitrarily-shaped projectiles. This technology has allowed evaluation of the
lethality and vulnerability of many conventional weapon systems. The tech-
nology needs to be precise in that the sabot package must not only protect
the projectile during launch but also ensure a proper and stable flight path
after it exits the muzzle.

To assist with the interpretation of ballistic events, explosions, etc., imag-
ing methods such as high-speed photography and flash x-radiography have
proven to be indispensable. Chapter 6, by Vernon Draxler, highlights many
of the applications and provides examples of the use of these imaging tech-
niques. In Chap. 7, Peter Fuller traces the historical development of high-
speed photography over the past 150 years. It should be emphasized that
obtaining images of projectiles moving at velocities of from a few hundreds
of meters per second to ten kilometers per second imposes stringent condi-
tions balancing the accuracy requirements with the exposure time necessary
to prevent blurring. This is addressed in these chapters. With the advent of
lasers, the diagnostics have recently been extended to include imaging holo-
grams of ballistics events, as discussed in Chap. 8, prepared by Gray Hough.
In many respects, this is a revolutionary development since construction of
three-dimensional holographic images offers the potential for making this a
powerful tool to promote improved understanding of ballistic events.

Complementing the high-speed imaging techniques are nanosecond high
time-resolution time-resolved test methodologies that use interferometry,
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piezoresistive, or piezoelectric gauges to infer the deformation features re-
sulting from shock structures in impacted solids. William Isbell discusses
this subject in Chap. 9. The final chapter by Jim Asay and Marcus Knudson
highlights recent developments in which pulsed magnetic fields were used to
investigate isentropic compression in materials. When combined with shock
Hugoniot data and isotherms obtained using static techniques, this offers
the potential for determining more comprehensive equations of state, over
wider temperature, pressure and specific volume ranges, than any heretofore
available.

We would like to acknowledge all the authors for their contribution to
this book and in particular their personal contribution to the science and
technology of high velocity impact. As indicated, this is a dynamic, diverse,
mature, and challenging field ranging from material science studies to ballistic
impact investigations. The development of new technology, even to this date,
continues to be inspiring and educational.

Albuquerque, New Mexico Lalit C. Chhabildas
Tijeras, New Mexico Lee Davison
Los Alamos, New Mexico Yasuyuki Horie
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1 Light-Gas Gun Technology:
A Historical Perspective

Hallock F. Swift

1.1 Introduction

Since their inception during 1948, two-stage light-gas guns have evolved into
the primary laboratory devices for launching macro-size models to veloci-
ties above 2.5 km/s (8200 ft/s). Today, light-gas guns are used routinely to
launch projectiles with sizes ranging from spheres and cylinders 0.1 mm in
diameter and weighing a few micrograms to complex models with trans-
verse dimensions up to 175 mm that weigh several kilograms. Some of the
larger units have been launched successfully with active electromechanical
systems aboard. Large and complex models can achieve launch velocities
above 7.0 km/s (23,000 ft/s) without experiencing damage. Smaller and more
rugged models made from a variety of plastics, metals and ceramics are
launched intact to velocities exceeding 9.0 km/s (29,500 ft/s). Bore fitting
plastic cylinders with limited aspect ratios have achieved velocities above
11.0 km/s (36,000 ft/s). Finally, disks of low-density titanium-alloys have been
launched to velocities up to 16 km/s (52,500 ft/s) by using light-gas guns in
conjunction with impact-driven velocity amplifiers mounted at their muzzles.

Two-stage light-gas guns have emerged as virtually the only devices avail-
able for launching models in support of a wide range of laboratory studies
that require high-speed flights. Fortunately, such gas guns have proven to
be reliable and easily used laboratory devices. Hypersonic aerodynamic phe-
nomena associated with atmospheric reentry of space-traveling vehicles have
been simulated, as have aerothermal phenomena. These phenomena have
been produced in laboratory equipment where they can be studied closely
and measured with high precision. Hypervelocity impacts producing local
stress levels up to nearly 1.0 TPa (150 million lb/in2) during planar impact
experiments have proven invaluable for studying details of the response of
materials to ultra high-pressure environments. Armor systems for protecting
space vehicles from natural meteoroid impacts and from similar encounters
with man-made particles have been developed almost exclusively using re-
sults from gas gun impact studies. The effectiveness of supervelocity artillery
projectiles impacting modern armor systems has been studied extensively
using light-gas guns. Aeroelastic phenomena that ultimately control the aim-
ing accuracy of very high velocity slender projectiles as they fly through the
atmosphere have been simulated. Many other research areas ranging from
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fabrication of new materials to evaluating modern methods for processing
food have also benefited from modern light-gas gun technology.

The occasionally convoluted story of light-gas gun technology develop-
ment over the past half century provides significant lessons about how to,
and not to, exploit modern technological breakthroughs. The story of this
development effort is often entertaining as well.

Organization of this chapter is necessarily complex because many of the
points discussed occurred simultaneously or were superimposed upon one-
another as they evolved over an extended period of time. We start with a
description of the early history of light-gas gun technology development that
extends up to about 1980 when modern development began in earnest. Then
the technology is treated by individual subject areas. The chapter concludes
with a discussion of recent history (1980 to the present) and an abbreviated
estimate of what the near future may hold for the technology.

1.2 Early History

1.2.1 The Post World War II Technology Situation

The story of two-stage light-gas gun development extends back well before
their original invention in 1948. It is widely agreed that the Allies won World
War II mainly through supplying their fighting troops with more and gen-
erally superior equipment than was available to troops of the Axis Powers.
These materials were produced mainly in the United States. One notable
exception to allied superiority in material quality over the Axis powers was
gunnery extending in size from larger small arms to heavy artillery. The
Germans, in particular, produced weapons with higher velocity capabilities
and better workability than many of their allied counterparts. A prime ex-
ample is the famous German 88-mm field gun. It was initially distributed
as an antiaircraft canon but it was found to be a superb antitank gun and,
finally, it served admirably as the main armament for the famous German
Tiger Tank. Among the Allies, the USSR also produced several important
guns that outperformed their American counterparts.

After World War II, farsighted officers in the United States Army and
Navy became concerned about this perceived technology gap, especially as
the USSR emerged as a potential military opponent during the early post-
war years. Research and development projects were quietly initiated to lay
groundwork for improving American ordnance capabilities. At the same time,
technology from the German V2 rocket project during World War II was
being married to nuclear weapons development to create modern ballistic
missile weapons systems in both the United States and the USSR. Rocketry
development also triggered engineering interest in space exploration in both
camps. Development of space-traveling missiles and research vehicles required
laboratory capability for launching a variety of models to velocities up to
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6.0 km/s (21,500 ft/s) for ICBM technology development and to much higher
velocities for satellite and deep space vehicle development.

No technology was available during early post-war years for producing
the required model velocities under laboratory conditions. The nearest ap-
proach came from single stage solid propellant guns (powder guns) whose
muzzle velocities were limited to approximately 2.75 km/s (9000 ft/s). Thus,
the stage was set for fundamental new thinking in the area of launching
macro-projectiles to high velocities.

1.2.2 Two-Stage Light-Gas Gun Invention

Professor E.J. Workman and his research group at the New Mexico Insti-
tute of Mining and Technology (NMIMT) approached the technical staff at
the United States Army Ballistic Research laboratory during early 1948 with
a revolutionary proposal for extending launch velocity capabilities of guns.
He pointed out that launch velocities of powder guns had been maximized
at levels near 2.75 km/s (9000 ft/s) by minimizing launch mass, lengthening
the launch tube, evacuating the launch tube to eliminate back pressure on
the projectile face, increasing the mass and volume of the propellant charge,
and making propellant burn rates correspond to gun launch needs. Prof.
Workman asserted that velocity limits of solid propellant (powder) guns could
be traced to the nature of the propellant burn products that formed the driver
gas charge for these devices. Only a finite amount of energy is released by
combustion of the propellant to form the burn products that expand to ac-
celerate the projectile. At least part of this energy must be used to accelerate
the mass of the local burn product gas to the instantaneous velocity of a
projectile as it is being launched along the gun tube. As projectile velocities
approach 2.75 km/s, essentially all the available energy is used up accelerating
the driver gas so little or none is left for further acceleration of the projec-
tile. This factor causes a pressure gradient to develop along the gas column
in the launch tube. This gradient results in the gas pressure at the base of
the projectile decreasing to values well below the pressure in the propellant
chamber as the projectile achieves high velocities during its travel along the
launch tube.

Professor Workman proposed to alleviate this problem by replacing pro-
pellant burn product gas with a column of light-gas for projectile launches.
The new gas charge would have a much lower molecular weight than pro-
pellant burn products while retaining or even exceeding energy densities of
propellant burn products. In this way, similar energy densities within the
driver gas could produce much higher peak flow velocities that would reduce
the effects of gas pressure gradients along the gun tube and allow higher
projectile velocities to be attained. Typical propellant burn products con-
sist of mixtures of H2O, CO2, and N2 with average molecular weights near
30 g/mole. Substituting helium as a driver gas lowers the gas molecular weight
to 4.0 g/mole (only ∼1/8 that of the gas from propellant burn products.) The
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(a) Gun Ready to Fire

(b) Piston Compressing Gas Charge

(c) Projectile Release During "Dual Flow" Regime

(d) Launch Cycle End with Projectile Launch and Piston
      Deformation into Transition Section.

Fig. 1.1. Light-gas gun sketches showing various stages in the firing process

problem then becomes “How is energy to be added to a column of helium
gas to develop energy densities comparable to (or greater than) those con-
tained by propellant burn products [1]? The technique chosen was adiabatic
compression of helium gas originally contained within the tube of a smooth-
bored gun byfigure a propellant-driven piston. The equipment configuration
is shown in Fig. 1.1 at various stages of a gas gun launch operation. The
rear half of the launcher (the pump tube assembly) is a smooth bore solid
propellant gun of ordinary design with its projectile replaced by a weighted
compression piston. The piston seals the rear end of the pump tube. The
muzzle end of the pump tube assembly is sealed by a massive steel cylin-
der (the central breech.) This unit contains an extension of the pump tube
bore, a conical transition to a smaller bore diameter, and a forward-facing
receptacle. The receptacle supports a valve mechanism that seals the rear
end of the launch tube until it is opened by high gas pressure. A second
gun tube (the launch tube) used for accelerating the final projectile package.
Typically, the launch tube has a smaller bore diameter (often near one-third)
that of the pump tube. A projectile package to be launched is mounted at
the base of the launch tube just ahead of the valve.

The gun is loaded by installing a piston at the base of the pump tube,
installing a valve and a projectile at the base of the launch tube, and adding
a propellant and ignition charge to the rear chamber. Air is then evacuated
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from the pump tube and central breech volume between the piston face and
the valve. A charge of low-molecular-weight gas (helium) is added to the
evacuated volume. This situation is depicted in Fig. 1.1a.

Gas gun firing begins with ignition of the propellant charge. Rapidly in-
creasing gas pressure in the chamber causes the piston to accelerate forward
into the gas charge thereby compressing it rapidly. Compression continues
until the piston uses up the last of its kinetic energy and lodges itself in the
transition cone within the central breech. The duration of the compression
stroke is short enough to assure that only a very small portion of the energy
added to the gas column by compression is transferred to the pump tube wall
via radiation, convection, and/or conduction. Thus, the compression stroke
of the piston produces nearly adiabatic compression of the gas column. Some-
time after the front piston face enters the central breech, pressure within the
gas column rises to the point where the quick-opening valve operates. Gas
then flows past the valve and impinges on the projectile to start the launch
process. A fairly complex situation now ensues in which the volume of the gas
column continues to decrease and its pressure increases by continued forward
(but decelerating) motion of the compression piston. At the same time, the
volume available to the gas is being increased by rapid acceleration of the pro-
jectile along its launch tube. Immediately after valve operation, gas volume
decreases and gas pressure rises until pressure levels achieve several multiples
of the projectile’s release pressure. Then the situation reverses as net gas
volume increases due to piston deceleration and projectile acceleration. Peak
gas pressure is reached as the instantaneous projectile velocity exceeds nine
times instantaneous piston velocity for typical gas gun geometry. Finally, the
launch cycle is completed as the piston uses up the remainder of its kinetic
energy by lodging itself into the transition taper and the driver gas expands
adiabatically behind the projectile until it clears the launch tube muzzle.

Professor Workman’s group received a contract from the United States
Army Ballistic Research Laboratory (BRL) to explore the light-gas gun con-
cept and built a prototype that was tested carefully [1]. Almost immediately,
the gas gun launched light projectiles to velocities near 3.0 km/s (9800 ft/s)
even without evacuating the launch tube bore. Peak launch velocities were
worked up from this level to nearly 4.0 km/s as experience was gained choos-
ing appropriate gun loading conditions. Choosing ideal loading parameters
became relatively complicated because so many means of controlling the
launch cycle are available. They include:

• Pump piston mass
• Solid propellant mass and burn rate
• Initial light-gas charge pressure
• Projectile release pressure, and
• Projectile mass.

In addition, the following gun design parameters were found to affect launch
velocity directly:
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• Chamber volume
• Pump tube length
• Pump tube diameter
• Convergence angle of the taper section
• Launch tube diameter, and
• Launch tube length.

All of the loading factors interact closely with one another to determine
projectile launch velocity and peak projectile acceleration levels during the
launch cycle. It became obvious during early tests that light-gas guns are ca-
pable of producing gas pressure profiles intense enough to shatter projectile
packages and to deform (or even rupture) gun components. Thus, develop-
ing peak performance capabilities of gas guns required delicate balancing of
the five controlling loading parameters. As can be imagined, the listed de-
sign parameters also control launch velocity, and several of their interactions
with each other became understood only after years of analysis and exper-
imentation. Both computational and experimental processes continue today
as gas guns operated by at several facilities are adjusted carefully to achieve
progressively higher performance levels.

Professor Workman’s early results were spectacular and attracted consid-
erable attention among BRL managers. A decision was made that the two-
stage gas gun breakthrough was important enough to subject it to military
classification. At the time, (about 1950) classified research was not allowed
at academic teaching institutions so the light-gas gun development work at
NMIMT was terminated and the equipment on hand was shipped to BRL.
Unfortunately, development was not continued at BRL, or elsewhere, and the
NMIMT equipment was misplaced. Light-gas gun technology lay dormant for
several years until political developments caused its resurrection.

1.2.3 Light-Gas Gun Contributions to Space Activities

During the early 1950s, modern ballistic missiles were chosen as one of three
primary delivery mechanisms for strategic nuclear weapons. Vehicle develop-
ment needs, particularly pertaining to reentry science, spurred renewed inter-
est in laboratory launching of macroprojectiles to hypervelocities. Light-gas
gun technology had not yet achieved velocities of interest to such efforts but
the theoretical potential of gas guns and their position as the fastest launch-
ers available assured their detailed consideration by government laboratories
in the United States and Europe and by a few commercial firms involved in
defense activities. These efforts were also supported by the beginning of the
civilian space effort that started during the mid 1950s when orbiting of man-
made Earth satellites began being treated as a current engineering problem.
These activities prompted interest of NASA facilities, especially the Ames
Research Center (Now NASA Ames). A large light-gas gun laboratory was,
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accordingly, set up at NASA Ames. The number of facilities employing light-
gas guns for space and missile research grew rapidly during the second half
of the 1950s. Several dozen operations in the United States, Canada, and
Western Europe became active by 1960.

Interest was triggered for investigating the potential problem of mete-
oroid impacts upon satellites in orbit. The United States Navy planned to
place a satellite in earth orbit during the International Geophysical Year,
1957. Development of effective armor to protect it from meteoroid impacts
became a priority project. Somewhat later, (1960) methods for defeating hos-
tile ballistic missiles became an important consideration. Attacking ICBM
warheads during mid-course flight and during early reentry with fields of
macro-particles was looked upon for several years as a fruitful defense mea-
sure. Both of these problems lead to intense research into increasing velocity
capabilities of light-gas guns and to studies of hypervelocity impact mechan-
ics (impacts that produced initial stress levels many times greater than those
that could be resisted by target or projectile materials strengths.)

1.2.4 Organizations that Supported Light-Gas Gun Development

The earliest organized activity to coordinate individual research efforts, ex-
change results, and consider means for proceeding in a coherent progres-
sion involved the Tri-service Hypervelocity Impact Committee formed by
the United States Army, Navy, and Air Force. The principal activity of this
committee was sponsoring a series of seven international symposia on hy-
pervelocity impact, the first of which was held at the Rand Corp. in Los
Angeles CA during the spring of 1956. Nearly half the papers presented at
the first symposium described efforts to launch projectiles to the highest ve-
locities possible. The highest velocities reported were produced by a variety of
explosively powered projectors rather than light-gas guns. Explosive launch
effectiveness was limited severely because projectiles had to be formed during
launch processes, which limited available shapes and materials severely. Also,
no means were then available for accurately determining sizes or masses of
launched items. Release from these limitations provided by light-gas guns as-
sured continuing interest in the technology. Many papers covered two-stage
light-gas gun developments. Steady progress in attaining higher velocities
was reported as many gun geometries and firing parameter combinations
were investigated. Peak light-gas gun velocities reported at the first Rand
Symposium were just over 5.0 km/s (16,400 ft/s). The symposia were held at
approximately 18-month intervals until the 7th Symposium during February
1965. During this period, work on light-gas gun development divided natu-
rally between efforts to achieve maximum possible velocities, mostly without
regard for projectile materials or shapes launched, and efforts to exploit the
technology for supporting exterior and terminal ballistic tasks. Figure 1.2
presents reported maximum velocities achieved in these two areas of work
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Fig. 1.2. Reported peak light-gas gun velocities vs. time from 1948 to the present

throughout the history of light-gas gun technology. Peak velocities rose even-
tually to somewhat over 11.0 km/s (36,000 ft/s), but projectiles launched at
velocities above 9.0 km/s (29,500 ft/s) were limited to short plastic cylinders
of bore diameter that were of limited usefulness for precise quantitative re-
search and development. Velocity limits extended quickly to near 8.0 km/s
(26,200 ft/s) for light-gas guns used as research tools (guns that could launch
projectiles of multiple shapes made from a variety of materials). The size
and complexity of launched projectiles developed rapidly during this period,
as progressively larger light-gas guns with controlled peak acceleration levels
became available.

A second important development that supported organizing and coor-
dinating gas gun development was the founding of the Aeroballistic Range
Association (ARA) in the fall of 1959. The ARA is an association of facili-
ties that operate advanced ballistic research activities. During its early years,
each member organization had to operate at least one two-stage light-gas
gun. The ARA met at informal symposia every six months where all member
organizations were required to present papers on their facility development
efforts. The proceedings of these symposia were held confidential to the mem-
bership to protect release of trade secrets and to promote frank discussions
of potentially embarrassing subjects such as operational accidents and failed
projects. The ARA is still an active and vibrant organization that now meets
annually. It held its 54th meeting during the fall of 2003. Its membership is
still closely controlled but has expanded to encompass other related technol-
ogy areas and some equipment vendors.
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Finally, the light-gas gun field has received substantial support from the
Hypervelocity Impact Society (HVIS) formed in 1985 by a group of eminent
scientists headed by Dr. Harry Fair, then with the United States Defense
Advanced Research Projects Agency (DARPA). The organization is interna-
tional and has been very active since its inception. It sponsors a series of
symposia that started in October 1986 and continue to the present. They
are, effectively, continuations of the seven Hypervelocity Impact Symposia.
The HVIS also sponsors individual recognition for exceptional contributions
to the hypervelocity field with their “Distinguished Scientist” awards that
include substantial stipends. They promote academic studies in related fields
with student scholarships, student paper competitions, financial support for
symposium attendance, visiting lecturers, etc.

1.3 Development of Technologies Needed
for Modern Light-Gas Guns

Development of critical light-gas gun components and supporting technolo-
gies is described in this section. These developments dominated the occasion-
ally halting progress of light-gas gun technology that has succeed in trans-
porting laboratory curiosities of the late 1940s to important assets needed to
support a significant number of current national research and development
goals.

Time periods covered here extend from the original concept demonstra-
tion in 1948 to the present, so some of the events described earlier must
be revisited briefly but from different viewpoints. The same holds for mod-
ern and future light-gas gun chronologies discussed at the conclusion of this
chapter.

Figure 1.3 presents a sketch of a generic two-stage light-gas gun, identi-
fying the components that are discussed below.

COMPONENT
CLAMPS

PROJECTILE
PACKAGECENTRAL BREECH

LAUNCH TUBE

QUICK OPENING
VALVE

PROPELLANT
CHAMBER

LIGHT GAS
CHARGE

PUMP
TUBE

COMPRESSION
PISTON

SOLID
PROPELLANT
CHARGE

PROPELLANT
IGNITION UNIT

Fig. 1.3. Light-gas gun sketch with names of major components



10 Hallock F. Swift

1.3.1 Sealing Light-Gas Gun Joints

Inspection of early gas gun hardware after firings showed clearly that signifi-
cant gas leakage occurred at all joints subjected to light-gas charges pressur-
ized during firing cycles. Another factor that supported the assumption that
gas leakage affected light-gas gun performance significantly was that launch
velocities varied widely (by ±20% or so) for individual firings of particu-
lar guns when loading parameters were held constant. Presumably, different
shot-to-shot leak rates reduced gun performance to various degrees. At min-
imum, the joints that leaked badly were those between the pump tube and
the central breech and those between the central breech and the launch tube.
Typical early gun designs included additional joints within the central breech
at both ends of the taper between the pump tube and launch tube diame-
ters. Still more joints, which also leaked, were generally added at both ends of
short launch tube extensions that were used to mount the projectile packages
to be launched and the quick-opening valves used to release them.

The state-of-the-art for gun joint seals when light-gas gun development
began involved using rubber o-rings mounted in grooves on flat faces (per-
pendicular to the gun axis) and/or on cylindrical surfaces of boss/receptacle
joints. Peak gas pressures produced in light-gas charges during gun firing
cycles typically exceeded 500 MPa (74,000 lb/in2), which defeated o-rings by
pushing them aside. Face seal surfaces were also subjected to very large forces
that tended to separate them. Even small surface movements reduced seal
effectiveness to nil. These forces were produced by both gas pressure operat-
ing on the surfaces inside the seal and the large recoil forces that arise during
the gas gun firing processes.

The first effective steps taken to seal light-gas guns were to reduce the
number of joints exposed to highly pressurized light-gas charges to an ab-
solute minimum. The first to go were joints at the ends of tapers between
pump and launch tube diameters. The central breech assemblies became sin-
gle units fabricated from strong and tough steel. Next, the projectile package
and the quick-opening valve was moved to the rear of the launch tube, thus
eliminating the joints needed to seal launch tube extensions. It is interesting
to note that these joints reappeared in modern light-gas gun designs once
fully adequate seals came into common use. Finally, the launch tubes were
made from single steel forgings to eliminate joints along the bore walls as
well as bore surface imperfections produced by joint misalignments.

The second effective effort for joint sealing involved development of seals
that could withstand very high gas pressures without leaking. The new seals
required both high intrinsic strengths and insensitivity to joint motion (open-
ing/closing and diametrical deformation) produced by gas pressure and recoil
forces. Two basic seal designs have come to dominate the field. The first, and
most classic, uses a metal ring having the cross section of a rather flat metal
wedge to produce the seal as is sketched in Fig. 1.4. Gas pressure acting on
one face of the feather edge presses it against the mating seal surface with a
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HIGH PRESSURE
GAS

Fig. 1.4. Bridgman type gas seal applied to light-gas gun

force that grows proportionately with the pressure of the gas that is trying
to escape. The overall effect of this situation is that the mechanical strength
of the seal material becomes progressively less important as the gas pressure
increases. These seals can be designed to withstand at least moderate axial
and diametrical joint movements during gas pressure application by having
the feathered surface engage a mating surface whose radial position varies
only slowly with small joint opening motions.

A more radical group of seal designs (that have come to dominate sealing
functions in modern light-gas guns) employ conventional rubber o-rings in
geometries that allow them to withstand almost infinitely high gas pressures.
A fine example of this arrangement is the famous diamond seal invented dur-
ing the 1960s at the General Motors Defense Research Laboratory (GMDRL)
and sketched in Fig. 1.5. Diamond seal designs have been copied throughout
the industry and they, together with their many variations, are in wide use
today. The diamond seal operates between two flat faces that are fitted with
opposing o-ring grooves. A metal ring with an outside diameter that nearly
fits the outer surfaces of the o-ring grooves is installed between them. The
length of the ring is made just less than the sum of the depths of the two
grooves. The inner corners of the ring are precisely beveled to form trian-
gular openings within the inner corners of the two o-ring grooves when the
seal is assembled. These triangular openings contain a pair of conventional
rubber o-rings whose cross sections are squeezed nearly triangular. The cross-
section diameter of the o-ring is chosen so that ring areas are near 80% of the
areas of the triangular openings. When gas pressure is applied to the joint
surfaces inboard of the seal, it forces gas into the grooves at full pressure.
This gas engages the two o-rings, forcing them outward toward the narrow
openings between the rings and the groove bases. Extremely high gas pres-
sures would extrude the o-ring materials through these gaps and around the
outside diameter of the ring to cause seal failure if the seal ring retained
its size and shape during pressure application. However, the outward radial
force produced on the ring by the gas pressure causes it to expand, thus
blocking escape of the o-ring material and assuring maintenance of gas seal-
ing. Diamond seals operate at peak pressures above 800 MPa (117,000 lb/in2)
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O-RING

HIGH PRESSURE
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Fig. 1.5. A diamond seal that is typical of many modern light-gas gun seals

through dozens of individual applications without even damaging the rubber
o-rings.

A third approach to gas sealing in light-gas guns bears mentioning. Here,
the seals are not expected to work perfectly but only to delay significant gas
flow for the duration of gas gun firing cycles. One example is the threading of
the outside diameter of the launch tube into the down-range end of the cen-
tral breech. The projectile package and the quick-opening valve are installed
before the tube is screwed in place. Before a firing, rudimentary o-ring seals
at this joint contain the light-gas charge. These seals fail as high gas pressures
develop, but the long and tortuous escape path through the threaded joint
assures that negligible amounts of gas escape during firing cycles.

Over a period of thirty years or so (1947–1977) application of modern
gas sealing technology succeeded in eliminating gas leakage as an important
problem blocking advancement of light-gas gun technology. One result of this
success provides striking evidence of how effective modern light-gas guns are
in sealing gas within them. During early days, even small gas guns produced
ear-splitting roars when they were fired, regardless of atmospheric conditions
beyond their muzzles. These blasts were caused by explosive escape of gas
charges. Today, even large light-gas guns produce little noise when they are
fired into evacuated ranges.

1.3.2 Developing Light-Gas Gun Clamps

A factor closely related to sealing gun components together to prevent gas
leakage during firing is the method used to clamp the gun components to-
gether. The clamps must hold light-gas guns together during firings and also
restrain relative component movement produced by forces associated with
high internal gas pressure and forces produced by complex recoil processes
associated with gun firing. The gas pressure forces are produced by high-
pressure gas operating against opposing surfaces between the gas column(s),
and the gas seals. We assume that these surface areas are exposed to fully
pressurized gas whether or not any openings between them are expected. We
further assume that no gas is allowed to escape past the seals and impinge
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on these opposing surfaces outboard of the seals. Actually, many gun clamps
would fail catastrophically if pressurized gas were allowed to reach outboard
surface areas and thereby greatly increase the opening force. Good gas gun
design practice dictates that these outboard surfaces be reliably vented to the
gun exterior. Obviously, gas pressure forces on flat surfaces are minimized by
positioning seals as close as practical to the interior gas columns within the
gun components.

Forces produced at seal closure surfaces by gun recoil cannot be either
increased or decreased by any seal design features. They arise from accelera-
tion and deceleration profiles of the relatively massive pump pistons and they
can become very large. For instance, the recoil force at central seal surfaces
can reach 1.32 × 106 N (315,000 lb) during energetic firings of a two-stage
light-gas gun with a 50-mm (2.0-inch) diameter pump tube. This force pro-
file appears alternately as an opening and closing force on central gas gun
joints. As was mentioned earlier, modern gas seal designs can withstand small
movements between gun components but much is to be gained if these move-
ments are minimized. Thus, gas gun clamps need to be both strong and rigid
if they are to be effective.

Originally, gun components were clamped together using techniques that
produced adequate closing forces and were strong enough to survive firing
loads without damage, but they were extremely flexible. Thus, large inter-
component movements were typical during early light-gas gun operations.
Steel flanges were screwed onto the outside diameters of components to be
connected near the closing ends. These flanges contained matching hole pat-
terns near their outer edges which were aligned with each other and fitted
with bolts, washers, and nuts that were tightened to provide clamping force.
During gas gun firings, when opening forces were applied, the flanges flexed
into conical shapes (like Belleville disc spring washers) allowing partial joint
opening. The relatively slender shafts of the holding bolts also stretched un-
der applied axial loads, thereby increasing joint openings. Together, these
movements allowed the joints to open to alarming degrees. The situation
reached its extreme when flanges and bolts were used routinely to clamp cen-
tral breeches between pump tubes and launch tubes. Flanges were screwed
onto pump tube and launch tube outside diameters near their ends facing
one another and long thin bolts were used to provide closure forces for all
central gun joints. These clamps proved so flexible that joints between pump
tubes and central breeches opened substantially. After each firing, they were
pulled closed by elastic recovery of the flanges and bolt shafts with enough
velocity to produce component damage. Copper discs were occasionally in-
serted between critical joints to prevent gun components from being peened
over by such repeated impacts.

More rigid seals started being installed between gas gun components dur-
ing the early 1960s at facilities like GMDRL. Their use spread slowly through-
out the world, but examples of flange and bolt joints can still be found on



14 Hallock F. Swift

smaller two-stage light-gas guns operating today. Basically, rigidity of mod-
ern gas gun clamping is improved markedly by eliminating flanges that can
distort out of their plane, and by replacing bolts for providing closure force
with thick-walled tubes that surround the clamped components and deform
only slightly when subjected to extreme opening forces. A good example of
such a coupler is a right-hand/left-hand nut clamp depicted in Fig. 1.6. One
component to be clamped is threaded on its outside diameter adjacent to
the facing surface with right-hand threads. Similar threads on the other com-
ponents are of the same pitch but are left-handed. A long hollow nut with
female right and left hand machined into each end is started onto each com-
ponent simultaneously. The nut is then rotated enough to bring the two gun
components together to form an extremely rigid coupling.

BORE

LEFT-HAND
THREADS

RIGHT-HAND
THREADS

BOSS/RECEPTACLE
JOINT

Fig. 1.6. Right-hand/left-hand threaded coupler for joining light-gas gun compo-
nents

Finally, a jump was made to infinitely rigid couplers. These couplers allow
no joint opening at all during light-gas gun firings. Workers at the Ernst
Mach Institute (EMI) were among the first to develop gun clamps in which
the closing force is produced hydraulically. An example of such a clamp is
depicted schematically in Fig. 1.7. These couplers operate by producing joint
closing forces that are typically 130% of the sum of maximum gas pressure and
gun recoil forces applied to the joint being clamped. Since very high-pressure
water pumps are now available at low cost, the sizes of hydraulic enclosures
needed to provide such forces could be limited to reasonable values. Under
these closing forces, the net force on the joint (closing forces less opening
forces) may be counted upon to remain positive (closing) under even the most
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(3)

Fig. 1.7. Hydraulic clamp used to join light-gas gun components

extreme joint loads. The joints remain closed as they would if the clamps were
infinitely rigid.

Most recently designed light-gas guns use rigid nut clamps of one design
or another between pump and launch tube segments. Either rigid mechanical
clamps or hydraulic clamps close the joint connecting the propellant chamber
and the pump tube. Hydraulic joints are now widely used to close central
joints roughly at each end of the central breech. We anticipate that hydraulic
clamps will become progressively more common gun design items as time
goes on.

1.3.3 Central Breech Development

Central breeches absorb the most intense punishment of any light-gas gun
component. During each firing, they must withstand, first, the peak pressure
produced by light-gas compression. Second, the transition between pump
and launch tube diameters receives the most intense surface heat loading
associated with gas gun operation. Gas densities are high at this location and
convergent gas flow scours away most of the boundary layer that protects,
at least partially, other gun components such as the launch tube bore, which
also experience gas flow. Finally, the transition must withstand impact of
the compression piston as it comes to an abrupt stop during the last part of
its compression stroke. These factors combine to assure that central breeches
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in all but the most gently fired light-gas guns eventually accumulate enough
damage to require their retirement if catastrophic rupture is to be avoided.

Light-gas guns of early design used at the United States Naval Research
Laboratory (NRL) and at a few United States Army laboratories were oper-
ated with expendable central breeches. Since the cost of each of these breeches
had to be amortized over a single gun firing, they were carefully designed to be
inexpensive to fabricate. This feature alleviated much apprehension for gun
development engineers whose efforts might otherwise be inhibited through
fear of destroying an expensive component. Low cost central breeches al-
lowed for the use of compression pistons made from mild steel. These pistons
massively distorted transition sections within central breeches when sharp im-
pacts occurred. Light-gas guns at most other facilities used weighted plastic
pistons with easily deformable forward sections that produced large stresses
when they impacted the transition section, but did not cause central breech
failure as a result of a single firing. Today, such pistons are used exclusively,
making central breeches semi-capital gas gun equipment (with lifetimes of
hundreds or thousands of firings).

Gas dynamicists noted by 1960 that a potential existed to shape transi-
tions between pump and launch tube diameters to minimize gas flow resis-
tance to flows that started subsonic but became sonic as the firing sequence
continued. At considerable expense, such surfaces were machined into special
transition sections that were tested during energetic light-gas gun firings at
several facilities in the United States and Europe. Light projectile packages
were fired at velocities as high as possible using these central breeches. No per-
formance advantages could be identified for gas guns using central breeches
with tailored transition sections over performance from the same guns using
transition sections with more conventional conical designs. Finally, engineers
at the Arnold Engineering Development Center (AEDC) conducted an exper-
iment that has effectively eliminated transition-section shape as an important
factor for optimizing light-gas gun performance levels. They fabricated and
tested a special central breech for one of their smaller light-gas guns (whose
capabilities were well researched.) The special unit was made with a flat bot-
tom on the rear bore opening and a coaxial hole of launch tube bore diameter
through the remainder of the forging. This transition section could be con-
sidered to be a cone with an included angle of 180◦. When the special central
breech was tested, the resulting light-gas gun performance levels were neither
better nor worse than those achieved with central breeches containing stan-
dard transition taper angles (30◦ included angle). Of course, the lifetime was
notably short. This design of the special central breech was not adopted at
AEDC or elsewhere, but an important point had been made.

Biolettie at NASA Ames, in 1963, proposed a light-gas gun operational
concept entitled accelerated reservoir. The idea was that a compression piston
made from soft plastic would deform at nearly constant material density as it
entered the transition section during the later portion of the firing sequence.
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Under these conditions, the front piston face must accelerate even though the
center of mass of the piston is steadily decelerating due to resistance forces
acting on it. Piston face acceleration may be expected to increase light-gas
compression rates at just the time when the resultant extra gas pressurization
is needed to combat the pressure drop during the latter part of the projectile
acceleration profile. Hence, a potential existed for increasing light-gas gun
performance. Central breeches were constructed with very long conical tran-
sition sections to maximize the accelerated reservoir tendency. These guns
operated effectively at very high launch velocities so the accelerated reservoir
concept was widely accepted. Later, launch performance levels at and above
accelerated reservoir levels were achieved with similar light-gas guns that
contained the steeper tapers typical of older central breech designs, and the
accelerated reservoir concept slowly disappeared. The author was never sure
whether or not the concept might yet be employed to gain future light-gas
gun performance advantages.

Heat inputs to the tapered transition section produced by energetic gas
gun firings remain an important factor limiting the lifetime of central breeches
for large two-stage light-gas guns. The gas flow produces mechanical surface
failures called heat checking. When all other gasdynamic parameters are held
constant, total heat input per unit area to the transition surfaces exposed to
energetic light-gas flows rises linearly with gun size so it reaches very sub-
stantial values in large guns (generally ones with pump tube diameters of
150 mm, 6 inches, and larger). The heat increases local wall surface temper-
atures. This temperature increase causes metal expansion, which, in turn,
induces large compressive stresses in the affected material since thermal ex-
pansion cannot occur. The large stress fields are released through a series
of cracks that form in roughly rectangular patterns on the transition wall
surface. Fortunately, the cracks extend only characteristic short distances (a
few millimeters) into the central breech body and then turn parallel to the
transition surface. This is the phenomenon called heat checking. During sev-
eral gun firings after the cracks first appear, the outlined rectangles start to
fall out leaving a surface that looks like a shingled roof with some of the
shingles missing. Clearly, although this damage is fatal to the central breech,
it appears to present little or no extra danger of catastrophic rupture of the
affected central breech. This problem is still vexing because of the obviously
large expense of big central breeches that may have their lifetimes shortened
considerably by heat checking.

1.3.4 Improving Launch Tube Bores

Early light-gas guns used launch tubes from high performance powder guns
(typically smooth-bored ones). Initially, the bores were finished to normal
reamed surface smoothness. Bore straightness conformed to capabilities of
normal gun drilling practice (0.003–0.005-inch T.I.R. per inch along the bore).
The relatively higher projectile acceleration profiles generated by light-gas
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guns produced failures of launch packages in these launch tube bores. The
failures destroyed individual launches and often caused serious cratering of
the tube walls. Early launch tube repair practice at many facilities involved
removing raised lips from the craters with bore fitting drills or reamers. The
tubes were kept in service. Strangely, these repairs worked reasonably well as
long as launch velocities remained below, perhaps, 5.0 km/s. Repeated firing
failures at higher launch velocities, however, forced reconsideration of launch
tube bore wall conditions.

The bore walls were honed initially to smoothness levels of 1–2 µm RMS
(25–50 micro-inch) or even better. Bore cleanliness prior to firing also be-
came an extremely important issue. Several laboratories used spring hones
and even positive-displacement hones to clean and polish launch tube bores
after each firing. Optical and mechanical techniques were used to evaluate
bore straightness. During fabrication, special techniques were developed to
improve the straightness of gun-drilled holes and bending techniques were
used to further straighten tubes after drilling and bore surface preparation.

Joints in gun tubes were found to be inadequate to meet the new higher
standards for gun bore integrity. Slight misalignments between bore surfaces
at joints produced positive steps that shattered oncoming projectile packages
and abrupt changes in direction of bores at even smoothed joints also caused
projectile failure. For thirty years (from 1960 to 1990), the first-quality light-
gas gun operation required that launch tube joints be eliminated through
use of one-piece launch tubes. This restriction limited aspect ratios to those
achievable through gun drilling of individual steel rods. Aspect ratios up to
about 125 could be achieved readily and values up to 150 or so could be
reached in some cases, but only with reduced straightness tolerances. The
tubes became extremely expensive, which added to the cost of light-gas gun
firing and also made occasional bore damage an extremely serious matter.

Very large diameter tubes with ordinary aspect ratios would prove too
long to transport to range sites. Methods were developed to weld such tubes
together precisely enough to allow special machining processes to produce
excellent bore conditions near and at the original joint sites.

Finally, joint design techniques were developed that allowed tubes to be
coupled precisely enough to remove the requirement that no joints be used.
Since about 1990, launch tubes with multiple joined sections have become
common. Semi-expendable tube segments mounted at the up-range ends of
the launch tube assemblies are installed to absorb the pressure deformation,
erosion, and general wear and tear that occur during early phases of projectile
launches. These segments can be removed and replaced once surface damage
becomes irreparable, so to launch tube assemblies can be rejuvenated at a
fraction of the cost of complete launch tube replacement.

One example of a modern joint innovation that made launch tube joints
possible is the upset metal boss–receptacle geometry. Bosses and receptacles
have been used to join tubes for many years because they provide good
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alignment and accept a variety of seal technologies. Normal machine shop
practice allows concentricity of the two joined bore walls to be specified within
25 µm (0.001 inch). Of course, tolerances of individual surface are additive
for an actual joint. Careful fabrication using modern machine tools can re-
duce total joint concentricity tolerances to 2.5 µm (0.0001 inch). In addition,
clearances must be added to accommodate joint assembly/disassembly. Gen-
erally, diametrical clearance of 5.0 µm/cm bore diameter is needed to allow
proper assembly of standard boss-receptacle joints. No control is available to
determine where bore ends are located within their diametrical clearances.
The upset metal joint design concept eliminates the clearance portion of the
problem. Basically, the boss of the joint is machined very slightly larger in di-
ameter than that of the receptacle so that the joint must be forced (pressed)
together. The press fit is made very light so that conventional gun clamps
such as right-hand/left-hand nuts can both close and reopen the joints. The
important advantage of upset metal joints is that they eliminate clearance-
produced bore misalignments. Obviously, the alignment shift caused by joint
movement within the clearance that results from recoil loading also ceases to
exist.

Upset metal joint techniques plus other related ones have effectively elim-
inated serious gas gun operational problems produced by joints. As a result,
bore joints have proliferated in modern light-gas gun designs.

1.3.5 Evolution of Quick-Opening Valves

An obviously critical parameter controlling light-gas gun firing cycles is the
point in the cycle when the projectile package is exposed to the light-gas
charge. An important characteristic of the projectile release valve is the
speed with which it operates (from fully closed to fully open). The valve
should open quickly enough to ensure complete operation before significant
projectile package motion occurs. For small gas guns launching projectiles
to hypervelocities, opening times under 10−5 s (10 µs) are required to meet
this criterion. The valves must also open completely so that no impediment
to gas flow remains in the launch tube if the valve is not to limit gas flow
efficiency and, hence, light-gas gun capability. Finally, and most importantly,
the valve must operate at the proper instant during the firing cycle. The local
gas pressure achieving a critical value usually establishes the proper time for
projectile launch to occur. This requirement is not as extreme for two-stage
gun operation as might be assumed since it usually occurs during a period
when gas pressure is rising very rapidly (well before peak light-gas pressure
is reached). Thus, an error in release pressure produces only a small change
in projectile release time.

The first quick opening valves were shear diaphragms (which are still
used with some light-gas guns). This valve is a disc (generally, but not always,
metallic) that closes the upstream end of the launch tube immediately behind
the projectile mounting location. Conventional o-rings in grooves are used to
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seal the gas in the pump tube before gun firings. As applied gas pressure
increases, shear stress develops across a cylindrical surface through the disc
material at the edge of the launch tube bore. A bore-diameter plug is punched
to open the valve. This plug accompanies the package as it accelerates along
the launch tube.

The most important advantage of shear disc valves over competing devices
is their simplicity and predictability of operation. They open very rapidly
(within a single microsecond) and expose the entire launch tube diameter
to gas flow almost immediately. The most serious disadvantage involves the
plug which accompanies the projectile package along the launch tube.

• The plug is nearly bore fitting and its edges occasionally scratch the bore
wall as the plug travels the length of the launch tube.

• The plug has mass, which must be accelerated along with that of the launch
package.

• The plug accompanies launched projectile packages downrange. It may ei-
ther disturb the sabot/projectile separation processes or impact the target
immediately after projectile impact, thereby obliterating useful data.

• The plug may impact the launch package and destroy it early in the launch
cycle. If light-gas seeps around the shear disc and enters the launch tube
prior to firing, it can cause the launch package to move forward a short
distance. During gun firing, the valve is sheared and the plug is accelerated
violently as it approaches and impacts the launch package. Often the launch
tube bore wall is cratered by such an event.

Several quick-opening valve mechanisms have been developed to replace
shear diaphragms. All of them were designed to prevent launch of valve mate-
rial along the launch tube during and after projectile release. A notable early
design is sketched in Fig. 1.8. It consists of a duct with a rectangular cross
section somewhat wider than the launch tube bore diameter and mounted
across the up-range end of the launch tube, plus a specially designed metallic
slider that can move freely along the track but seals its cross section [2]. The
slider, referred to as a broken beam, is much too thick to be perforated by
the pressurizing light-gas. It contains a blind slot in its up-range face that is
exposed to the light-gas charge. Gas pressure within the slot produces forces
within the slide that tend to move the right-hand side of the slider to the
right and the left-hand side to the left. These forces are resisted by the tensile
strength of both the slider material located out-board of each slot end and
the material below the bottom of the slot. At a critical gas pressure, the slider
fails in tension and its two segments are driven rapidly outward to open a
gas flow path along the launch tube bore. The segments proceed nearly to
the ends of the retaining slot where they are deformed in one way or another
to prevent their reversing direction and re-closing the valve.

These broken-beam valves work very effectively and reliably. As with shear
diaphragm valves, critical pressure levels needed to open them can be eval-
uated easily. They can be configured readily to open at a wide range of gas
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Fig. 1.8. Sketch of a broken beam quick opening valve installed at the base of a
light-gas gun launch tube

pressures. Also, they can be configured to operate on command rather than
only when critical gas pressure levels are reached. This unique capability is
potentially useful for precise control of the time of gun firing.

All of these technologies have been largely supplanted by petaling di-
aphragms, which have proven to be inexpensive, reliable, and simple to use.
These diaphragms are designed to bulge into radiused receivers and then
tear open as the applied gas pressure reaches a pre-chosen critical value.
The discs contain two or three evenly spaced scored grooves across their di-
ameters, which control the pressure needed to initiate tearing. The formed
petals then bend over a rounded retainer surface to open a clear path for gas
flow. When they operate properly, no material is projected down-range and
no significant resistance is offered to gas flow. The principal disadvantage
of petaling diaphragms is complexity of their design [3]. Rupture pressure
is established experimentally, even today. Rupture pressure is generally con-
trolled by adjusting the score depth, but each diaphragm thickness chosen
can accommodate only a small range of score depths so a variety of petal-
ing diaphragm blank designs is needed if a wide range of burst pressures is
needed. If the groove depth chosen is too small, the diaphragm may shear
rather than petal or material tearing may not follow the grooves. Diaphragm
material is generally projected along the launch tube whenever this class
of failure occurs. If the scores are too deep, the petals may not experience
enough force initially to open them completely (this factor does not usu-
ally plague light-gas gun operation because gas pressures rise rapidly and
far immediately after valve operation during two-stage light-gas gun firings).
Full-opening failures are more serious for other petaling diaphragm appli-
cations such as single-stage light-gas gun operations. With all these prob-
lems, petaling diaphragms have still become by far the most popular of the
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quick-opening valve mechanisms available to light-gas gun designers and op-
erators. The few light-gas guns that do not use petaling diaphragms at present
employ shear disc valves.

1.3.6 Choice of Light-Gas for Gun Operation

All early light-gas gun operations were conducted using helium for the light-
gas charge. It was chosen as being the only notably light gas which was
chemically inert. Helium used in light-gas guns proved effective in boosting
gas gun launch capabilities to velocities up to about 4.5 km/s (14,800 ft/s,)
but serious problems were encountered when higher velocities were sought.
The principal problem seemed to be over-heating of gun surfaces exposed
to peak gas pressures (such as the taper within the central breech, the quick
opening valve and the up-range portions of the launch tube bore). Evidence of
gross material melting was impossible to ignore and hints existed of localized
material boiling. Thin layers of steel were “plated” onto ballistic range com-
ponents exposed to the gun muzzle blast. Obviously, steel was being launched
along with projectile packages by energetic light-gas gun firings. At best, the
steel gun walls were melted and fine metal droplets were entrained in the gas
flow, which caused the total mass launched to climb rapidly above that of the
designated package. At worst, steel was vaporized and iron gas mixed with
the light-gas charge, which caused the molecular weight of the driver gas to
increase well above the 4.0 g/mole value characteristic of helium.

The reason for intense gun heating can be demonstrated at least partially
by considering the pressure produced by isentropic compression of an ideal
gas. This pressure is given by the equation

P = P0C
γ , (1.1)

where P is the instantaneous gas pressure, P0 is the original (loading) gas
pressure, C is the gas compression ratio, and γ is the ratio of gas specific
heats (γ = 1.67 for helium.) The temperature of the isentropically compressed
perfect gas is given by the equation

T = T0C
γ−1 , (1.2)

where T is the instantaneous gas temperature and T0 is the original gas
temperature.

Note that the relatively large valve of γ for helium causes higher gas
temperatures than are produced by isentropic compression of alternative di-
atomic gases such as hydrogen, for which γ = 1.40. Additionally, the small
size of helium atoms and their chemical inertness combine to make helium the
best gas there is for transferring heat convectively (the process that controls
heating of gun walls exposed to flowing gas).

Most workers in the field concluded that hydrogen should prove more ef-
fective than helium for light-gas gun charges. Fear was prevalent, however,
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that use of hydrogen might cause catastrophic explosions. After much de-
bate, staffs at several laboratories including the staff at NRL and NASA
Ames decided that hydrogen could probably be used safely if the gas guns
were sealed well and fired into evacuated range tanks so that hot hydrogen
never encountered atmospheric oxygen. The range atmosphere contains so
little oxygen that hydrogen burning becomes impossible. Some time after
each firing, when the launch gas has cooled thoroughly in the range tanks,
these tanks could be re-evacuated and the hydrogen expelled through vac-
uum pumps located some distance from the range and exhaust lines that were
vented out-of-doors.

Hydrogen was first tried during the early 1960s and the results were
startling. Light-gas gun launch velocities increased immediately and substan-
tially. These results were supported and extended during subsequent gas gun
firings at many laboratories around the world. Very few fires or explosions
have ever been reported during conduct of several hundred thousand light-gas
gun firings using hydrogen. Little serious damage has been done and no range
personnel have ever been hurt. These factors have combined to make hydro-
gen accepted nearly universally as the gas of choice for operating two-stage
light-gas guns.

1.3.7 Search for Higher Gas Temperatures

The stunning success of hydrogen as a driver gas for light-gas guns under-
scored the importance of gas characteristics to gas gun operation. Clearly,
the most important gas characteristic of all is the peak speed it can achieve
flowing along a launch tube, since this speed provides an ultimate limit for
two-stage light-gas gun launch capabilities. A convenient means of ranking
such capabilities is to consider the speed of sound in the gas. Sound speed
also affects gun operation in another related way. Information traveling at
velocities near the local sound speed controls communication between the
down-range end of the pump tube where gas pressures are produced and the
base of the projectile package already traveling at high speed where package
acceleration is produced. If communication along the launch tube is seri-
ously delayed or broken, high gas pressures developed in the pump tube can
no longer affect subsequent projectile package acceleration. Guns operating
under these conditions are referred to as being communications limited.

As is commonly known, sound speed for an ideal gas is specified by the
equation

a0 =
√

(γ R T )/M , (1.3)

where a0 is the sound speed for an ideal gas, R = 8.314 J/(mole·K) is the
universal gas constant, and M is the molecular weight of the gas (MH2 =
2.0 g/mole and MHe = 4.0 g/mole).

The shift from helium to hydrogen increased sound speed significantly
(by a factor of 1.29), which is largely responsible for gas gun performance
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improvements. No gas exists that is lighter than hydrogen so a new approach
was needed to seek yet further improvements in light-gas gun performance
capabilities. Apparently, the only reasonable choice was to increase the op-
erating temperature of the gas. Researchers already knew that this approach
would ultimately be limited when high hydrogen temperatures caused melt-
ing and boiling of gun component surfaces exposed to energetic gas flows.
Still, a substantial window of opportunity appeared to exist before gas heat-
ing limits became serious. Thus, the rush was on to operate light-gas guns at
higher gas temperatures in order to achieve higher launch velocities.

The earliest approach investigated was to increase the compression ratio,
C, of light-gas charges by making pump tubes longer. Longer pump tubes
(loaded to lower initial gas pressures, P0 in (1.1), produce larger compression
ratios when pressure profiles similar to those in gas guns with shorter pump
tubes loaded to higher initial pressures are reached. Equation (1.2) shows that
doubling the length of a pump tube (thus doubling C) increases the peak gas
temperature by a factor of 1.32 (at least for the case of ideal gas charges).
Actually, compression ratios rise more quickly as do peak gas temperatures
when real gas effects are considered [4]. Guns with pump tubes having as-
pect ratios above 300 were constructed at NASA Ames and GMDRL. They
produced modest performance increases over similar guns with conventional
dimensions but nothing to “write home about”.

The next gas-heating approach pursued was called the shock-heated gun.
Velocities of pump tube pistons in conventional light-gas guns are well sub-
sonic with respect to their light-gas charges. Piston velocities were increased
to the point where they moved supersonically into their gas charge columns
(above 1.0 km/s for helium and 1.3 km/s for hydrogen) [5]. The resulting
strong shock waves produced in the gas charge caused gas heating substan-
tially above that anticipated for isentropic (subsonic piston) compression.
Temperatures several times those of isentropic compression guns appear to
have been developed when shock compression was employed. Unfortunately,
very fast gas compression cycles were found to produce final gas pressure pro-
files that increased far too rapidly for effective light-gas gun launches. Even
rugged projectile/sabot packages were often shattered. Shock compression
guns could not launch projectile packages successfully even to velocities that
were routine for their isentropic counterparts. After thorough investigation at
a number of research facilities, shock compression light-gas guns were either
converted to isentropic compression units or were retried. To the author’s
knowledge, no shock compression light-gas guns are currently in operation or
are being considered for the future.

Another group of approaches for increasing gas temperature profiles in
light-gas guns involved heating the gas in the pump tube before firing the gun.
Equation (1.2) shows that increasing the original temperature, T0 increases
the final temperature, T , proportionally. Simply heating the pump tube to
increase, T0, was quickly found to be of limited effectiveness because the gas
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temperatures must be evaluated on an absolute scale (Kelvin or Rankine) so
that the light-gas gun pump tube must be heated by nearly 300◦C (540◦F)
to double the gas temperature.

Pulse-heating the gas within the pump tube of a light-gas gun and then
firing it before the gas could cool significantly seemed to be a better idea. An
experiment involving a combination of extreme gas compression and gas pulse
heating was investigated by Porter at NRL during 1963 [6]. He used a tube
with a bore diameter of 75 mm (3 inches) as a primary pump tube to inject
hydrogen into the pump tube of a small 20 mm/7.62 mm two-stage light-
gas gun. Initial hydrogen pressure below one atmosphere (partial vacuum)
was loaded into the composite pump tube assembly before the coordinated
firings. When actuated, this apparatus loaded the 20-mm pump tube with
hydrogen preheated to 800 K. The small gun was fired immediately after the
first compression stroke. Ideal gas sound speed during the small gas gun firing
cycle should have increased by nearly a factor of 1.9 over firings initially at
room temperature. Instrumentation showed that the system worked nearly
exactly as expected from a thermal viewpoint but no performance increases
over those from operating the small light-gas gun alone could be achieved.

The author at NRL [7] and Eckerman at AVCO Defense Research Labo-
ratory (AVCO) [8] conducted independent experiments starting in 1962 that
involved pulse heating gas charges in light-gas gun pump tubes with intense
electrical arcs powered by capacitor energy storage banks. We at NRL were
able to demonstrate initial gas temperatures up to 3000 K in the gas gun
pump tube (just over ten times room temperature). Just before gun firing,
sound speed increases up to a factor of 2.5 above room temperature were
expected. In every case, the light-gas gun could be made to achieve launch
velocities as great as those achieved when the gun was fired at room temper-
ature, but no performance increase could be achieved.

1.3.8 Importance of Real Gas Effects
Upon Light-Gas Gun Operation

During 1963, information came to the attention of the author that showed
that sound speeds in real gases are significantly different from those for ideal
gases. Specifically, sound speeds rise rapidly with increasing gas density (in-
stead of being independent of gas density, as is the case for ideal gas) [9]. This
news was electrifying! Increasing gas temperatures during light-gas gun firing
lead to relatively modest increases in ideal gas sound speeds but to substantial
reductions in gas density profiles when particular gas pressure levels needed
for effective gas gun firings are achieved. A careful appraisal of gas sound
speed vs. temperature for real hydrogen at peak pressure levels achieved
during high performance light-gas gun firings (near 1.0 GPa, 150,000 lb/in2)
showed that the sound speed was nearly independent of elevated gas temper-
atures produced by external gas heating [10,11]. Increases in gas sound speed
could be achieved by operating the gas gun at lower peak gas temperatures
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than were typical of those produced during room temperature firings. We at
NRL decided to explore cool gas firing regimes. The most straightforward
approach to reducing peak gas pressure was to cool the gas in the pump tube
before gun firing. Initial temperatures down to 100 K near (liquid nitrogen’s
temperature) should produce substantial sound speed increases. The most
straightforward way to lower initial gas temperatures was to cool the light-
gas gun pump tube and let the gas within it come to thermal equilibrium.
This direct experiment proved impossible to conduct because the steel of the
pump tube and central breech would become brittle when these units were
cooled below the critical temperature of the steel. The gun would burst if fired
under these conditions. Instead, low initial gas temperatures were simulated
indirectly by reducing the original length of the light-gas column, thereby
reducing compression ratios. We inquired about how much gas compression
is needed to heat real hydrogen, initially at temperatures down to 100 K, to
room temperature (295 K)? This “compression” was produced geometrically
by introducing diaphragms across the pump tube at appropriate points (of
which the most extreme turned out to be the joint between the pump tube
and the central breech), adding the hydrogen at room temperature ahead of
them and evacuating the pump tube behind them. The piston was launched
along the evacuated pump tube up to its customary velocity and was then al-
lowed to crash through the secondary diaphragm and compress the light-gas
charge (preloaded to appropriate pressures up to 15.0 MPa, 2200 lb/in2). The
results of these experiments, presented in Fig. 1.9, show that actual gun per-
formance followed the theoretical sound speed quite closely. The peak velocity
achieved with the simulated initial gas temperature of 100 K was 9.85 km/s
which was, very temporarily, the world velocity record for two-stage light-gas
guns.

The conclusions drawn from these results are that very high performance
gas guns are communication limited and that extreme performance of light-
gas guns appears to be largely independent of compressed gas temperature
profiles. This last conclusion has received substantial support from the evolv-
ing performance levels of modern energetic light-gas guns. A good example
comes from the Ernst Mach Institute. The size and shape of their original
ballistic range facility precluded use of light-gas guns with anything but rel-
atively short pump tubes. Thus, operations at high gas temperatures were
beyond their capabilities. Their light-gas guns have been fired over the years
at progressively higher velocities until their capabilities reached and exceeded
those of any other ballistic range facilities in the world.

It is well to ponder this overall situation carefully. Many years of effort and
millions of dollars were spent on numerous projects to extend performance
levels of high performance two-stage light-gas guns by increasing gas tem-
perature profiles achieved during energetic launches. When such temperature
increases were achieved, firing results showed temperature levels to be largely
irrelevant. Finally, the physics to explain this situation was understood and



1 Light-Gas Gun Technology: A Historical Perspective 27

ROOM TEMP.

O
P

T
IM

IZ
E

D
 P

R
O

JE
C

T
IL

E
 V

E
LO

C
IT

Y
 (

K
M

/S
)

EQUIVALENT INITIAL GAS TEMPERATURE (K)

6

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

7

8

9

10

11

12

Fig. 1.9. Peak velocity firing results vs. equivalent initial gas temperatures for a
high performance light-gas gun

carefully demonstrated. Meanwhile, attention to gun designs and the precise
tuning of gun firing parameters was successful in extending performance levels
from early capabilities near 2.5 km/s (8200 ft/s) to somewhat over 10.0 km/s
(32,800 ft/s).

1.4 Analyses of Light-Gas Gun Operation

Attempts to model two-stage light-gas gun operations mathematically extend
back nearly as far as the initial gas gun proposal. Access to an accurate
and reliable behavior model is especially important for guiding two-stage gas
gun operations because their firing cycles are so complex. In particular, a
large number of parameters (both gun design and gun operational ones) are
available for tailoring performance to specific needs.

1.4.1 Basic Models of Light-Gas Gun Operation

The earliest models developed used drastic simplifying assumptions to make
them mathematically tractable. Their governing equations were almost sim-
ple enough to solve in closed form. All gases associated with the firing pro-
cesses were assumed to be ideal, which flew in the face of general understand-
ing that perfect gas assumptions break down when gas densities rise to high
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levels, especially when they approach liquid densities (which actually occurs
during energetic gas gun firings). Little or no consideration was given to pres-
sure variations produced by piston and projectile motion along the pump and
launch tubes. Thus, wave action within gas columns was ignored, and no need
was expressed for evaluating maximum gas flow speeds or communication be-
tween various gun locations during firing sequences. As might be expected,
these models failed to yield accurate performance predictions. Generally, they
over-predicted measured launch velocities. However, they were able to reflect
with some reliability some important qualitative trends produced by vary-
ing gun-loading parameters. For this reason, they were useful for guiding
experimental searches for optimum firing parameter combinations to achieve
specific operational goals, i.e., they served as interpolation tools for seeking
gun performance levels as long as these performances were well within ex-
tremes that had already been examined experimentally. The fact that these
initial programs were relatively simple to use and ran rapidly on even the
slow computers available during the 1960s promoted their extensive use.

The first steps toward developing programs that more realistically mod-
eled gas gun operations involved replacing the ideal gas equation-of-state
with equations that accounted for some real gas effects. Equations in closed
form such as the famous van der Waals equation were tried, as were some
involving series expansions such as the virial equation of state. Some mod-
ern semi-empirical equations of state that rely upon tabulated values for key
gas-specific parameters were also considered. Expectations that improved de-
scriptions of gas behavior provided by real gas equations would improve code
performance failed to occur. The reverse actually occurred, at least initially.
Overestimates of launch velocities became gross and the codes seemed to
lose their ability to predict performance trends resulting from systematic
variations of loading parameters. Later, these problems were partially re-
solved and the codes gained usefulness as aids for interpolating gun loading
parameters to achieve specific performances within proven gun capabilities.
These codes are still in use at some laboratories.

1.4.2 Method-of-Characteristics Codes
for Modeling Light-Gas Gun Operation

About this time, (the late 1960s) early measurements of gas pressure lev-
els vs. time within pump tubes and along launch tubes of operating light-gas
guns became available. These plots showed large and apparently chaotic vari-
ations in gas pressure during gun firing sequences, with only general trends
being recognizable. Clearly, intense waves propagated in both directions along
both pump and launch tubes and their effects dominated gas gun operation.
Accurate and reliable analysis codes for two-stage light-gas guns must treat
carefully the formation and subsequent movement of these waves if they are to
describe gun performance reliably. Workers at the United States Naval Ord-
nance Laboratory (NOL) formulated the first complete and coherent code
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for describing light-gas-gun operation in terms of the pressure waves along
the gun tubes [12]. The method-of-characteristics formalism was used to de-
scribe formation and propagation of such waves. Basically, small pressure
disturbances produced at the faces of moving objects (piston and projec-
tile package faces) were evaluated at small time intervals. Propagation of
these disturbances along the tubes at local sound speeds was followed mathe-
matically during subsequent time intervals. Particular “characteristic waves”
often overtook others generated during earlier intervals to produce larger
pressure discontinuities that might or might not evolve into shock waves. For
some unaccountable reason, ideal gas sound speeds were employed to evaluate
characteristic wave motions in early method-of-characteristics gas gun codes
even though sophisticated real gas equations of state for evaluating local gas
temperatures and pressure levels were employed.

Results from these codes provided pressure/time variation plots at pres-
sure gauge points along the pump and launch tubes. Measured pressure vs.
time plots corresponded qualitatively with computed results. Good quantita-
tive comparisons still eluded investigators. The original method-of-character-
istic code also failed to predict gun performance with detailed accuracy, but
general reliability was far better than that achieved by any previous code.
Later, method-of-characteristic codes developed using the original NOL code
as a model have employed realistic sound speed computations. Initially this
improvement also rendered these codes notably less reliable than the NOL
code for making gun performance predictions, but problems were worked out
quickly for codes such as those developed at AEDC and for GMDRL [13].
These codes now give accurate predictions of light-gas gun operations where
results are sought that are within the explored gun operating limits. Predic-
tive reliability falls off as progressively more extreme gun performance levels
are modeled. These codes and others have proven very useful both for guiding
operations of current light-gas guns and even for supporting designs of new
ones.

Several investigators, including the author, are of the opinion that some
significant physics is still missing from these codes. Errors tend to accumu-
late during code operations, but balance one-another so that the codes per-
form well at least over familiar ranges of loading and gun design variables.
Improvements tend to upset these balances and degrade overall code perfor-
mance until the balance can be reestablished. In spite of all these problems,
modern method-of-characteristics codes have come into wide use for predict-
ing light-gas gun performance levels and for choosing loading parameters for
individual firings when specific operational levels are sought.

1.4.3 Finite Element Codes
for Modeling Light-Gas Gun Operation

Meanwhile, a new series of gas gun performance codes has been devel-
oped that employ finite-element methods to solve the differential equations
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governing light-gas gun operation. These codes treat the gun interior as a two
dimensional space (positions defined by locations along the tubes and radial
positions away from the gun axis, but not azimuthal positions). Boundary
layer effects in the gas near metallic surfaces can be treated analytically as
can effects of turbulence within gas volumes, especially within the taper sec-
tion between pump and launch tube diameters. Finally, dynamic mechanical
analyses of the light-gas gun structures, also using finite-element formalisms,
can be coupled to the gas dynamic programs to produce nominally complete
analyses of gas gun operation.

An early version of one of these finite element codes was developed at the
Lawrence Livermore National Laboratories (LLNL) [14]. It served well for the
design of a large medium velocity light-gas gun but its capability for analyzing
operations of conventional gas gun geometries has not yet been evaluated
rigorously, especially when the guns are fired energetically in attempts to
extend performance limits.

1.5 Recent History of Light-Gas Gun Development

During 1968 a plateau appeared in the performance limits of both ultra-
performance light-gas guns and those used as research tools. Increased ve-
locity capabilities were not obtained until the end of depressed activities
that occurred between 1970 and 1977. This period saw a general economic
slowdown which put pressure on government revenues. Catastrophe struck
defense and space research and development activities in the United States.
Funding problems quickly spread to Western Europe. Basically, decisions
were made in high United States government circles to turn away from gov-
ernment sponsored basic research. The era was epitomized by the Mansfield
Amendment to the 1970 United States Defense Appropriation Act. It for-
bade military sponsorship of research that could not be credibly related to
officially sanctioned weapon development projects. The overall philosophy
spread to NASA and was reflected in budget cuts for nearly all government
agencies that traditionally sponsored non-medical basic research. The effect
of this governmental attitude was the rapid shutdown of most research activ-
ities that employed light-gas guns. At the depth of the technology recession
in 1973 or so, only a few light-gas gun facilities remained in operation and
they functioned well below full-scale levels. The attitude toward not sponsor-
ing basic research appeared highly successful to government agencies for the
first few years of its application because research costs were held down and
technology in the pipeline served current needs admirably. By 1978, however,
realization spread that problems associated with reduced research output
were accumulating rapidly. Governmental policy began an accelerating shift
back toward support for advanced research and development and two-stage
light-gas gun activity revived at least tentatively. Revival accelerated rapidly
during 1979, as the NATO countries became aware of a rapid military buildup
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in the USSR that required a response if they were not to experience a defini-
tive shift of relative military power vis-à-vis the Soviet Union. Rearmament
activities accelerated somewhat toward the end of the Carter administration
in 1979 and much more rapidly during the first Reagan administration (1980–
1984). This acceleration continued during the second Reagan administration,
especially with the advent of the famous Space Defense Initiative (Star Wars)
that aimed at shielding whole continents from ballistic missile attack.

The recent era of light-gas gun development (since 1980) has seen the
demise of efforts to maximize launch velocities regardless of the usefulness
of the launched projectiles. Rather, emphasis has been placed upon achiev-
ing useful experimental results with launched projectiles, i.e., light-gas guns
became research tools rather than developmental ends in themselves. A few
years were required after the general shut down between 1971 and 1977 for
new ballistic research range staffs to achieve launch velocity capabilities al-
ready reached by earlier groups that dispersed. General pressure to reach
higher velocities emerged slowly after 1980 but only limited progress was
made until a breakthrough was achieved at the Sandia National Laboratory
(SNL).

The research goals at SNL involve studying the response of materials
to extremely high-pressure environments. Flat plates of precisely character-
ized materials (typically metals) were launched to impact targets mounted
adjacent to launch tube muzzles and oriented to produce flat-on impacts. In-
strumentation was then used to observe the motion of shock waves resulting
from the impact and the subsequent release waves that returned impacted
materials to low stress levels. The resulting data could be interpreted to re-
veal required information about the response of materials to the high-pressure
levels achieved. Fortunately, relatively simple projectile shapes (flat plates)
sufficed for conducting such experiments. These shapes could be maintained
even when projectiles were subjected to extreme acceleration levels (hun-
dreds of mega-gees and above) so the plates could, in principle, be launched
by impact-induced shock waves. The breakthrough involved mounting a third
stage onto the muzzle of a two-stage light-gas gun. In this third stage, plates
of material in which the shock impedance varied through the thickness (typ-
ically from low density at the impact face to high density at the back of
the plate) was launched against a metal plate of a material like aluminum
or titanium that is resistant to fragmentation. Basic isentropic compression
physics dictates that the second plate will be projected forward at a velocity
that is a multiple of the original impact velocity. Special care was required to
prevent melting of the second plate [15]. Launch velocities achieved by this
new approach were both immediate and substantial. Velocities approaching
16.0 km/s were achieved as third stage techniques were optimized and im-
proved upon. Further increases of velocity capability are anticipated as a
group of related gun muzzle techniques are evaluated in detail. Progress has
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also been made launching short cylinders with some of these techniques [16].
Chapter 4 of this volume describes these techniques in detail.

Meanwhile, interest in increasing launch velocities of military ordnance
re-emerged just after 1980 and remains a priority today. Interest centered
initially in the range of 2.5–4.0 km/s [17]. Extensive testing programs were
needed to evaluate performance of launched projectiles traveling through the
atmosphere and determining their lethality against a variety of targets. Light-
gas guns could easily reach needed velocities and were considered carefully for
these new tasks. Fortunately, light-gas guns originally designed to launch light
projectile packages to very high velocities proved to be effective for launching
relatively heavy payloads to lower velocities. The robust designs needed to
reach high velocities proved ideal for containing high gas pressures needed for
launching massive payloads. Several investigators found that light-gas guns
could produce constant peak kinetic energies of their projectile packages if
their designs were conventional (with launch tube diameters one-third that of
the pump tube) when operated at velocities between 1.5 km/s and 6.0 km/s.
This fact allowed the simple equation

Up =

√
2Gd3

p

Mp
or, equivalently, Mp =

2Gd3
p

U2
p

, (1.4)

to be derived. In this equation Up is the maximum attainable launch ve-
locity, Mp is the total launch mass, dp is the launch tube diameter, and
G = 40.0 GPa is an empirical factor adjusted to fit theory to observation.
Equation (1.4) has proven useful for making convenient estimates of gun per-
formance limits for light-gas guns as long as velocities below Up = 6.5 km/s
are of interest. Experience has shown that predicted performance levels can
always be reached (and usually exceeded by small amounts).

Another recent trend involves launching very large payloads to veloc-
ities up to about 6.5 km/s (21,300 ft/s). A good example is development
of a new very large light-gas gun at AEDC. [18] Their current method-of-
characteristics code for evaluating light-gas gun performance was used to
evaluate the performance of a light-gas gun with a 355-mm (14-inch) diam-
eter pump tube that is 30.5-m. long. It was found that launches requiring
unusually low peak acceleration (below 80,000 g) were possible from launch
tubes 83-mm (3.3-inches) in diameter and 30.5-m (100-ft) long at veloci-
ties up to 6.4 km/s. In addition, launch tubes with diameters up to 203 mm
(8.0 inches) were found useful for launching very large and massive projec-
tiles, many with complex shapes and internal instrumentation. On the basis
of these estimates, a decision was made to fabricate the gun, a view of which
is presented in Fig. 1.10. To date, this is the largest light-gas gun yet con-
structed and evaluated experimentally. It has met its design requirements
and is expected to provide exceptional performance for many years to come.
Much larger gas guns have been proposed (with pump tube diameters up
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Fig. 1.10. The largest existing light-gas gun, which is currently operating at AEDC

to 935 mm (37 inches), but detailed design and construction has not been
authorized [19].

Finally, a recent trend has developed for powering small- and medium-
sized light-gas guns with highly compressed helium rather than with solid
propellant (gunpowder). Sensitivity about perceived safety and security prob-
lems with chemical propellants is responsible for this development. Except for
gun cleanliness, no advantages for powering light-gas guns with compressed
gas have yet been identified. Significant disadvantages of using compressed
gas to power light-gas guns include increased system cost and relatively in-
tense danger of handling very high-pressure gas (typically between 34 MPa
or 5000 lb/in2 and 102 MPa or 15,000 lb/in2). Most workers in the field an-
ticipate that this trend will pass and the future guns will return to being
powered by solid propellant.

1.6 Future Trends

Predicting future trends in technology is an extremely dangerous sport that
exposes most of those attempting it to embarrassment! This consideration
leads me to limit my predictions of future light-gas gun developments to only
a single area. The demise of two-stage light-gas guns has been predicted and
even proclaimed several times in the past. Each time their inherent capabil-
ities and technical “friendliness” have saved them from extinction and have
lead to their more or less continuous gain in popularity. They have found use
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in an ever-widening range of important research and development activities.
I feel safe in predicting that light-gas guns will retain their popularity for the
foreseeable future. Frankly, I am unsure what new tasks will emerge for them
to support as time goes on, but I am convinced that new tasks will arise to
make use of their special capabilities.
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2 Scaling and Designing Large-Bore
Two-Stage High Velocity Guns

Henri Bernier

2.1 Introduction

A number of different methods can be used to launch a projectile at a high
velocity exceeding a few kilometers per second. In preparing this chapter, I
have chosen to limit the presentation to a device called a two-stage light-gas
gun that is capable of doing this.

The information related here is not always new and may not be completely
up-to-date. The use of new materials with new capabilities, and a better
knowledge of coefficients such as friction, heat transfer, and head loss, might
have modified the final results obtained. Nevertheless, most of the mechanical
problems remain unchanged. The general equations of the behavior of the
materials and the methods for scaling and designing such a device are the
same, or nearly the same, as thirty years ago.

This chapter is divided into four parts: (i) the scaling of a two-stage
light-gas gun, (ii) the design of such a gun, (iii) the operation of a two-
stage gun and, (iv) a comparison between the numerical simulations and the
experimental results.

In this chapter many examples have been chosen from the large two-
stage light-gas gun of the Commissariat à l’Énergie Atomique (CEA), studied
and built between 1968 and 1974. Unfortunately, this gun has now been
dismantled and the laboratory is shut down.

2.2 The Scaling of a Two-Stage Light-Gas Gun

2.2.1 The Single-Stage Gun

The Single-Stage Gun as a Projectile Launcher

For many years, two types of single-stage guns were in general use: powder
guns using a standard gunpowder as the propellant, and gas guns using a
compressed inert gas as the propellant. A powder gun with a reasonably large
bore launches a projectile with a maximum velocity of about 2.0–2.2 km/s.
The achievable velocity does not exceed 3 km/s for a low weight projectile. A
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single-stage light-gas gun using helium or hydrogen as the propellant provides
increased projectile velocity.

After a description of this type of single-stage gun, we will examine the
reasons for the limitations on this projectile velocity. To increase the projectile
velocity, two possibilities are examined: first, increasing the initial reservoir
pressure and, second, reducing the decrease in base pressure that occurs as
the projectile is launched. These two ideas form the basis of the two-stage
light-gas gun.

The single-stage light-gas gun illustrated in Fig. 2.1 can be described in
terms of its two main elements:

• a reservoir that is filled with gas under high pressure, and
• a launch tube that guides the projectile.

launch tube

reservoire valve or diaphragm

projectile

Fig. 2.1. Schematic illustration of a single-stage gas launcher

The downstream part of the launcher is separated from the reservoir by
a fast-opening valve. When this valve is open, the pressure of the reservoir
rapidly accelerates the projectile from rest. At the moment the valve is opened
a rarefaction fan is formed at the base of the projectile and propagates back-
ward to the rear face of the reservoir. As long as the projectile moves forward
in the launch tube, its velocity increases but its base pressure decreases. This
evolution continues until the base of the projectile reaches the muzzle of the
launch tube.

During the motion of the projectile in the launch tube, the internal energy
of the driving gas is progressively converted into kinetic energy. A part of this
energy resides in the projectile and the remainder resides in the gas. In a first
approximation for a given initial internal energy, minimization of the kinetic
energy of the driving gas maximizes the kinetic energy of the projectile. The
kinetic energy that can be taken by a gas is directly connected to its molecular
weight. Therefore, the use of a gas of low molecular weight, such as helium
or hydrogen, seems most appropriate. We now consider the advantages that
can be obtained by using a low molecular weight driving gas.
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The Capabilities and Limitations
of the Single-Stage Light-Gas Gun

If the molecular weight of the gas seems an important element, the final ve-
locity of the projectile is, in fact, the direct consequence of the law describing
the pressure on the base of the projectile. To get a velocity as high as pos-
sible with a launcher, it is important to choose the driving gas for which
the pressure decrease at the base of the projectile during its motion in the
launch tube is as small as possible. Here we use a simple analytical solution
to compare the capabilities of the two light gases, helium and hydrogen. For
reference, nitrogen is also considered (Air, a mixture of nitrogen and oxygen,
would give almost the same results.)

Using a one dimensional tube, one in which the reservoir has the same
diameter as the launch tube, this method has the advantage of providing a
complete analytical solution for the flow, assumed to be isentropic, with only
one family of characteristic curves as shown in Fig. 2.2 (the length of the
reservoir is assumed to be long enough that the rarefaction fan coming from
its rear face does not catch the base of the projectile). In this mathematical
model, the behavior of the gas is given by a perfect gas equation of state with
constant specific heats. Only the main problem is examined. The losses by
friction, heat transfer, etc., are not taken into account. This model gives the
equation

p = p0

[
1 − γ − 1

2 a0
v

]2 γ/γ−1

(2.1)

for the pressure decrease at the base of the projectile. In this equation, the
values p0 , a0 and v are, respectively, the values of pressure and sound velocity
at the initial time, and the velocity of the projectile; γ is the ratio of the
specific heats.

For a launcher with a launch tube of internal cross-sectional area S, of
length L, accelerating a projectile of mass M , the equation giving the velocity
is

p0 S L

M
=

2 a2
0

γ + 1

⎡
⎢⎢⎢⎣1 +

(γ + 1) v
2 a0

− 1[
1 − (γ − 1) v

2 a0

]γ+1/γ−1

⎤
⎥⎥⎥⎦ . (2.2)

This equation gives the length of the launch tube as a function of the velocity
of the projectile at its exit (muzzle). The easiest way to solve this equation
is to use v as parameter, and calculate the length of launch tube required to
achieve this velocity.

From the (2.2), the maximum velocity for the projectile is the value cor-
responding to a complete release of the driving gas from p = p0 to p = 0,[

1 − γ − 1
2a0

v

]
= 0 ⇒ vlim =

2a0

γ − 1
. (2.3)
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first family of characteristics

second family of
characteristics

launch tube

reservoir

x

t

Fig. 2.2. An x–t diagram

Calculations for three gases, with initial conditions chosen for T = 300 K,
are presented in Table 2.1. Obviously, these values are not experimentally
achievable but, at least, they show the relative effectiveness of these three
gases.

Table 2.1.

Gas γ a0, m/s vmax,m/s

nitrogen 1.400 343 1715
helium 1.663 970 2926
hydrogen 1.406 1258 6197

The distance of the projectile travel, x, is given as a function of its velocity,
v, with the same model and with initial conditions p0 and a0, is given by the
equation

x =
M

Sp0

2a2
0

(γ + 1)

⎡
⎢⎢⎢⎣

(
γ + 1
2 a0

)
v − 1(

1 − (γ + 1) v
2 a0

)γ+1/γ−1
+ 1

⎤
⎥⎥⎥⎦ . (2.4)

The results given by this equation for a launcher of length L, using a
projectile of 100 mm caliber (S = cross-sectional area of this barrel), a mass
M of 1 kg, and a reservoir filled to a pressure p0 = 50 MPa (500 bars) are
presented on Table 2.2.
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Table 2.2.

Launcher length,
L 1 m 2 m 3 m 4 m 5 m 6 m 7 m 8 m

p/p0 0.129 0.080 0.059 0.048 0.040 0.034 0.030 0.027
nitrogen

V ,m/s 434.5 517.8 567.9 603.7 631.5 654.3 673.5 690.0

p/p0 0.316 0.224 0.178 0.149 0.129 0.114 0.102 0.093
helium

V , m/s 599.6 753.0 850.8 922.9 980.2 1027.6 1068.1 1103.4

p/p0 0.449 0.348 0.296 0.255 0.228 0.207 0.190 0.176
hydrogen

V , m/s 675.6 874.7 1007.5 1108.8 1191.1 1260.6 1321.0 1374.2

One can see that the base pressure decreases very rapidly at the beginning
of the launch tube (the first two meters). The acceleration, A, in direct cor-
relation with the base pressure, decreases in the same manner (A = pS/M).

2.2.2 The Two-Stage Light-Gas Gun

To increase the muzzle velocity of a gas gun it is necessary to:

• increase the initial pressure in the reservoir,
• reduce the decrease of the base pressure that occurs during the motion of

the projectile in the launch tube.

This is what the two-stage light-gas gun is designed to do.

How to Improve the Capabilities of a Gas Gun

The Effect of Increasing the Initial Pressure in the Reservoir

What results can reasonably be achieved by increasing the initial pressure
in the reservoir? To answer this question, we calculated the muzzle velocity
of a single-stage light-gas gun with initial conditions obtained by isentropic
compression of the driving gas (treated as a perfect gas).

In order to obtain a good comparison, we introduced the same initial
compression energy,

Ei = E0 − E00 =
1

γ − 1
(p0 v0 − p00 v00) , (2.5)

in each of the gases considered. The initial values chosen for these calcula-
tions were: p00 = 5 × 105 Pa (5 bars) in the first case and 1 MPa (10 bars)
in the second case. The reservoir volume, v00, is 500 liters and the initial
temperature is 300 K.

For two compression energies E1 and E2 chosen to obtain, for hydrogen,
the same pressure p0 at the end of the isentropic compression for the two
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cases, the results are presented on Table 2.3. The quantity Vlim is the the-
oretical maximum velocity given by (2.3). For nitrogen and hydrogen, the
maximum pressure is about 1 GPa (10 kbar), but is 400 MPa (4 kbar) for
helium.

Table 2.3.

Case Gas p0, bars a00, m/s a0,m/s Vlim,m/s

P00 = 5 × 105 Pa nitrogen 10935 343 1029 5145
E1 = 5 × 106 J helium 3925 970 3662 11049

hydrogen 10555 1258 3799 18714

P00 = 1 × 106 Pa nitrogen 10867 343 931 4655
E2 = 7.9625 × 106 J helium 4635 970 3297 9947

hydrogen 10555 1258 3437 16932

To see which gas is the best for accelerating the projectile, the muzzle ve-
locities in m/s for three lengths of the launch tube are presented in Table 2.4.

Table 2.4.

Designation Gas L = 6m L = 30m L = 60m

nitrogen 2538 3062 3262
Case 1 helium 3976 5581 6237

hydrogen 5761 7958 8878

nitrogen 2357 2823 3000
Case 2 helium 3918 5349 5919

hydrogen 5458 7443 8267

These results have been obtained for a 100 mm caliber projectile of 0.5 kg
mass. Nitrogen is presented as reference, and the 60 m launch tube is certainly
a practical limiting value.

Comparing the three gases, the highest muzzle velocity is obtained with
hydrogen. The increase of the velocity between 6 m and 30 m is about 500 m/s
for nitrogen, about 1500 m/s for helium, and about 2000 m/s for hydrogen.
Between 30 m and 60 m, the increase of velocity is about 200 m/s for nitrogen,
about 600 m/s for helium, and about 900 m/s for hydrogen. But the most
important result of these calculations is that, with the same final pressure,
p0, it is the lowest initial pressure (Case 1) that gives the highest velocity.
The reason for this is that the final temperature is higher in the first case
than in the second case.
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Dynamic compression of the driving gas appears to be a good method for
increasing the muzzle velocity. Technically, one uses a tube, called a pump
tube, filled with a light-gas. A piston, generally pushed by the combustion of
gunpowder, compresses the light-gas. This first part of the total launcher is
called the first stage of this gun. When the compression is obtained, the gas
has a low volume but is at high pressure. The problem is to use this small
reservoir to initiate the motion of the projectile. The solution is to open a
valve that connects this end of the pump tube with the launch tube. In many
cases, this valve is a diaphragm that ruptures at a predetermined pressure.
By this method, the first condition, provision of a reservoir at high pressure,
is satisfied.

For the second condition, we have to consider how it would be possible to
reduce the pressure decrease that occurs at the base of the projectile during
its motion in the launch tube.

Release of the Pressure at the Base of the Projectile

Table 2.1 showed the drastic decrease of the pressure at the base of the
projectile, especially at the beginning of its motion.

To reduce this release of pressure, a suggestion is to use the motion of the
piston in the pump tube, motion that reduces the volume of the reservoir.
The best possibility would be to realize the motion of the piston in such a
way that the pressure at the base of the projectile remains almost constant
during all the motion of the projectile in the launch tube. This is the very
simple basis for a theoretical simulation: to assume that the base pressure
is constant throughout the motion of the projectile in the launch tube. This
model is called the constant base pressure model.

With the assumptions of an isentropic one-dimensional flow, without
losses, without heat transfer, and treating the gas as a perfect gas, the math-
ematical solution is analytic. Such a flow exhibits three principal character-
istics:

• the base pressure is constant during all the motion of the projectile in the
launch tube,

• the flow velocity behind the projectile is a function only of time, u = u(t),
whatever the position, x, of the projectile is, so

∂ u

∂ x
= 0 , (2.6)

• at any given time, all the gas particles in the launch tube experience the
same acceleration.

It is easy to show that these assumptions are equivalent, so the choice
of any one of them ensures that the other two are satisfied. G. Wilenius [1]
chose the second assumption as the basis of his work, J. Curtis [2] chose
the third one. This type of study gives the time dependence of the pressure
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in the reservoir that is required to maintain a constant pressure at the base
of the projectile. Knowing this pressure history makes it possible to determine
the required motion of the piston, but no one knows how to ensure that
the piston actually undergoes this motion. Therefore, one tries to produce a
motion approaching this ideal by a combination of three ideas:

• use a pump tube of an internal diameter larger than that of the launch tube
(the velocity of the projectile very quickly exceeds that of the piston),

• begin the motion of the projectile before the piston stops moving,
• adjoin a conical shape at the end of the pump tube to reduce the final

volume of the light-gas.

With these conditions, the light-gas flows forward and begins pushing the
projectile immediately after the diaphragm ruptures. Its pressure decreases
in the neighborhood of the projectile but increases near the front face of
the piston as it moves forward, and in this way reduces the volume of this
moving reservoir. This volume decreases drastically when the piston enters
the conical portion of the pump tube. This is frequently called accelerated
reservoir operation.

The conical shape provides a smooth transition from the pump tube to
the and launch tube. In addition, it both forces the extrusion of the front face
of the piston and arrests its motion. Figure 2.3 is a schematic illustration of
such a gun (the CEA two-stage light-gas gun).

powder chamber

piston

pump tube

diaphragm

projectile

launch tube

Fig. 2.3. Schematic illustration of the parts of the CEA two-stage light-gas gun

To scale such a gun one must take into account the complexity of all
arameters that describe the geometrical characteristics of the elements of a
two-stage light-gas gun, and the choice of the best initial conditions to obtain
the required projectile motion. Numerical simulation of the behavior of all
flows in the two tubes is very useful for this purpose.

General Information on a Two-Stage Light-Gas Gun

Thermodynamic and gasdynamic considerations show that the light gases
(those of low molecular weight) are the most attractive gases for launching
projectiles at high velocity. This is the reason these launchers are called light-
gas guns.
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The motion of the piston is produced either by the combustion of gun-
powder or the release of an inert gas under high pressure.

The operation of a two-stage light-gas gun can be described as follows:

• combustion of the gunpowder (or the release of an inert gas) launches the
piston that compresses the light-gas.

• when the gas pressure is high enough, the diaphragm ruptures. The light-
gas then enters the launch tube and flows to the base of the projectile.

• under this increasing pressure, sometimes a shock wave, the projectile be-
gins moving and is pushed to the muzzle of the launch tube. During this
time, the light-gas pressure decreases.

A general scheme is shown on Fig. 2.4. As this device is made of two guns,
the first one pushing the piston and the second one the projectile, it is often
called a two-stage light-gas gun.

Breech

Combustion products

Powder Piston

Pump tube

Light gas

Ready for the Shot

Compression of the Light Gas

Launching of the projectile

Compressed light gas

Rupture of the Diaphragm Starting of the projectile

Extrusion of the piston Projectile

Rupture of the diaphragm

Launch tube

ProjectileDiaphragm

Fig. 2.4. The operation of a two-stage light-gas gun
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Some Historical Aspects

We believe that it was at the end of the Second World War that the first two-
stage light-gas guns were built. As explained by A.C. Charters [3], the idea
of the light-gas with a driving piston was suggested by a group of scientific
professors of the New Mexico Institute of Mining and Technology (U.S.A.).
W.D. Crozier and W. Hume published the first paper of this group in 1957 [4].
With this concept, several variants of this device were built in many countries,
especially in the United States. In France, light-gas guns were built at LRBA
in Vernon and ISL in Saint Louis.

At that time, the only method of scaling such a gun was to find a mathe-
matical model to simulate the internal ballistics of the projectile in the launch
tube. One of them was the constant base pressure model.

In 1962, J.S. Curtis [2] added a cone as a transition just before the di-
aphragm between the pump tube and the launch tube. The piston is made of
two parts: a heavy, rigid rear part and a front part made of plastic material
that is easily extrudable. To maintain the pressure at the base of the projec-
tile as constant as possible, the diaphragm is designed to rupture shortly after
the piston motion begins. This type of gun is called an accelerated reservoir
gun.

To define the optimal dimensional characteristics of the different parts of
the gun, and the optimal initial conditions for a shot, it was important to
simulate, by calculation, the behavior of all parts of such a gun.

At the beginning, with simple assumptions, the system of equations was
analytically integrable. Later, rapidly expanding computer capabilities com-
pletely changed the approach because they allowed simulation of not only the
internal ballistics of the projectile but also the total internal ballistics of the
gun (piston motion, compression of the light-gas, diaphragm rupture, release
of the light-gas, motion of the projectile, etc.)

R. Piacesi, D.F. Gates, and A.E. Seigel wrote one of the first computer
codes in 1963 [5]. Focusing on the main problem, while neglecting friction
losses and heat transfer, this code takes into account all the parts (gun
powder, piston, light-gas, projectile). The conservation equations for mass,
momentum, and energy are written in Lagrangian coordinates for a one-
dimensional plane flow (in fact, one and a half dimension). This code, em-
ploying finite difference equations, permits analyzing the discontinuities in
the flow (shock waves) by the Richtmeyer–von Neumann method. This pro-
cedure is used as the basic method of many other computer codes. Other
progressively different types of computer codes, using other mathematical
methods to solve the general equations of the gasdynamics appeared [6–9].
Many laboratories were therefore able to develop more or less sophisticated
codes.
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The Code Used by the CEA

As an example, the computer code written and used by the CEA [10] is
presented here. This code was first written in 1966–1967, and often improved
during the next twenty years.

The Fundamental Equations of Gasdynamics. For one-dimensional nonsta-
tionary flow, the general equations of fluid mechanics can be written

∂F

∂t
+

∂G

∂x
= H (2.7)

with

F =

⎡
⎣ ρ

ρu
ρ

(
e + 1

2u2
)
⎤
⎦ , G =

⎡
⎣ ρu

ρu2 + p
u

(
ρe + 1

2ρu2 + p
)
⎤
⎦ , and H =

⎡
⎣ 0

H1

H2

⎤
⎦ ,

(2.8)
where ρ, u, e, p, x, and t are, respectively, mass density, material velocity,
internal energy per unit mass, pressure, spatial position, and time.

These equations describe the Lagrangian form of the conservation laws of
mass, momentum, and energy for all the fluids. The variable H1 corresponds
to the momentum loss (sliding friction losses for the piston and the projectile,
frictional force and head loss per unit volume of the fluid), and H2 represents
the loss due to heat transfer.

Thermodynamic Treatment of the Fluids. In these calculations, the burning
of the gunpowder and the motion of the driving gas (light-gas) is simulated.
The gunpowder is treated as a reactive medium with mixed solid and gas
phases. During the burning, the solid phase is treated as incompressible and
the gaseous phase is described by the Clausius–Sarrau equation of state,

p (v − η) = nR T . (2.9)

where η is the covolume, n is the mean number of moles in the combustion
products, R is the universal gas constant, and T is the current absolute
temperature. With this formulation, the internal energy, E, is independent
of the volume so that

T
∂p

∂T
− p = 0 ⇒ dE = cv dT , (2.10)

where cv is the specific heat at constant volume. We can also write

dE =
f

T

dT

γ − 1
, (2.11)

where f is the specific force of the powder (f = nR T ) and γ is the polytropic
exponent of expansion of the gaseous combustion products. The internal en-
ergy difference between T0, the explosion temperature of the gunpowder, and
T is given by
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E − E0 =
f

γ − 1

(
1 − T

T0

)
. (2.12)

Defining z as the mass fraction of powder that has been burned (0 < z < 1),
we obtain

E − E0 =
fz

γ − 1

(
1 − T

T0

)
. (2.13)

The powder, initially solid, becomes gaseous during its combustion. The com-
bustion law is written

dz = S Φ(z) Θ (p) dt or dz = (S/V )u dt , (2.14)

where Φ(z) (or S/V ) is a geometrical factor taking into account the shape of
the gunpowder granules and Θ(p) (or u) is the linear combustion velocity of
this propellant. This velocity is generally a function of pressure.

The density, ρ, of the solid–gas mixture is given by

1
ρ

=
1 − z

δ
+

z

ρg

, (2.15)

where ρg is the mass density of the gaseous products (ρg = 1/v), and δ is the
mass density of the solid gunpowder.

The pressure, pf , needed for initiating motion of the piston is obtained by
calculation of the burned mass of gunpowder, z0, at constant volume needed
to produce the required pressure:

z0 =
pf

(
1
∆ − 1

δ

)
f

[
1 +

(
η − 1

δ

)
pf
f

] , (2.16)

where
∆ =

total mass of the powder
powder chamber volume

. (2.17)

For the light-gas, the equation of state chosen is(
p +

a

v2

)
[ v − α (v) ] = nR T . (2.18)

The internal energy is given by

dE = cv dT + (a/v2) dv . (2.19)

With this equation, cv is a function only of T (∂cv/∂v = 0). To take into
account the dependence of cv on temperature, T , the chosen law is cv =
AT + B. Three linear ranges are possible.

For helium, α(v) is chosen constant, but for hydrogen, this relation is

α (v) =
a1 v

v + b1
. (2.20)

However, each laboratory generally has its own preferred equations of state
of these materials.
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Geometrical and Mechanical Simulations. It is generally easy to simulate the
geometrical shape of a two-stage light-gas gun in either one and one-half or
two dimensions.

In Fig. 2.5 the geometry that was chosen by the CEA is presented. The
combustion chamber is a cylindrical tube connected to the pump tube by a
conical transition. The downstream end the pump tube is formed by two cones
of different angles followed by a short cylindrical section and the diaphragm.
The launch tube is cylindrical. The piston is made of two parts. The rear
part is treated as an incompressible material. The front part is treated as
an elastic–perfectly-plastic material. The projectile is simulated only by its
weight. A counter-pressure may be applied on its front face [11].

Fig. 2.5. Internal geometry of the CEA two-stage light-gas gun

The piston motion begins when a given initial pressure, corresponding to a
certain amount of burned gunpowder, is achieved in the combustion chamber.
To stop the piston in the different cones, a friction term is added as counter-
pressure on each mesh situated either partially or totally in one of these
cones. The head loss associated with the opening time of the diaphragm is
simulated by a counter pressure decreasing to zero after a time corresponding
to the total opening time of the diaphragm. Experimentally, ingeneral cases,
the base pressure increases rapidly at the beginning of the projectile motion.
This is followed by a more or less rapid pressure decrease as the projectile
moves toward the muzzle.

The constant base pressure model gives the pressure as a simple step func-
tion of time, but everyone knows that this pressure history is not achievable
in practice. Is this the model that must be followed up? Maybe not; it seems
that other possibilities could be used. The computer calculations will easily
show whether such ideas are reasonable.
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2.3 The Design of a Two-Stage Light-Gas Gun

After the first scaling of the gun, further calculations must be made to de-
termine whether this gun can withstand the stresses associated with all the
expected shots. The first calculations concern the stresses correlated with the
gas pressures. Other calculations concern the axial stresses associated with
the motion of the parts of the gun during the shot.

The scaling allows for the establishment of the internal dimensions of
the gun, whereas the mechanical design establishes its external dimensions
(thicknesses of the breech, pump tube, high pressure section, and launch
tube).

2.3.1 The Stresses Associated with the Internal Pressures

The Tangential and Radial Stresses

The internal ballistics calculated with the digital computer provide the pres-
sure at every point of the gun during the entire firing process. Combining
all this information, we can draw the pressure distribution p(x) along the
various parts of the gun at any time, ti. As shown in Fig. 2.6, the drawing of
all these curves on the same graph, with the same coordinates, produces an
envelope that describes the maximum pressure that the gun must withstand
at each point during the shot.

By making further calculations describing all the expected shots for this
gun, an envelope of all the maximum pressure curves (one for each shot) can
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Fig. 2.6. Gas pressure distribution within the gun at various times
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be drawn. The final maximum pressure is obtained by adding a safety margin
of about 20–30% at each point. This curve will be used for calculating the
material strength of all the parts of the gun (see Fig. 2.7).
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Fig. 2.7. Envelope of the maximum pressure for the CEA two-stage light-gas gun

Except at specific points, most of the metallic parts of the gun (the breech
and the important parts of the pump and launch tubes) can be examined by
the classical methods of the strength of materials in the range of elastic
strains. The values of the radial and tangential stresses are determined for
the design values of the internal pressures.

The calculation of these stresses for a thick tube is known as the problem
of Lamé. For a tube of internal radius a and external radius b, with an internal
pressure, pa, (the external pressure, pb, is assumed equal to zero), the radial,
σr, and tangential, σt, stresses are given by

σr =
p a2

b2 − a2

(
1 − b2

r2

)
and σt =

p a2

b2 − a2

(
1 +

b2

r2

)
. (2.21)

The tangential stress, σt, achieves its maximum value,

σt|r=a = p
b2 + a2

b2 − a2
, (2.22)

on the internal skin (r = a), and the radial stress on this skin is σr = −p. If
the tube is closed, there is an axial stress σz given by
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σz =
p a2

b2 − a2
. (2.23)

In applying this equation, it is assumed that the tube is long enough to admit
that this stress is uniform over its entire length.

The Special Case of the Taper

The taper is the transition part that connects the pump tube to the launch
tube. In this part of the gun the internal pressure may increase to several
hundreds of MPa up to 1 GPa (several kilobars, up to ten kilobars). The
taper has to withstand pressures higher than the classical elastic limit of a
metallic piece, so studies of design options such as frettage (in two or more
layers) and autofrettage are needed.

Frettage, shrink-fitting an external cylinder over another tube, produces
a state in which σt is compressive in the internal tube. Introduction of an
increasing internal fluid (or gas) pressure into the assembly first relieves the
tangential compression produced in the inner tube by the frettage. A further
increase in the internal pressure produces a state of tension in the inner
cylinder. The final tensile stress at the inner surface of this cylinder is smaller
than the stress that would be produced by the same fluid pressure in a single
tube that is initially unstressed. In executing this design, it is essential to
control the strength of the external cylinder.

With autofrettage, a high enough internal pressure, called the autofrettage
pressure, is applied to produce plastic deformation of the internal skin of
the tube. When this internal pressure is relieved, elastic tensile stresses are
maintained in the external part of the cylinder and compressive stresses are
present near its inner surface. If one again introduces an internal pressure that
is lower than the autofrettage pressure, the residual tangential compressive
stresses are added to the tangential tensile stresses caused by the internal
pressure. The tensile stress arising as a result of these two effects is less
than it would be if autofrettage were not used, and the material undergoes
no plastic deformation if the applied pressure is lower than the autofrettage
pressure.

For high pressures, about 1–1.2 GPa (10–12 kilobars), a combination fret-
tage and autofrettage is often used.

For these calculations, the following assumptions are generally made:

• there is no axial stress whatever the internal pressure may be

σz = 0 , (2.24)

• no cross section changes shape whatever the strains may be

∂εz

∂r
= 0 , (2.25)

• the plastic deformation does not cause a change of volume
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ε′1 + ε′2 + ε′3 = 0 , (2.26)

• the addition of several equilibrium states is valid if the total of the stresses
is again in the elastic state,

• the external pressure is always zero.

Several theories may be used, with either the Tresca or the von Mises yield
criterion. With the Tresca criterion, the behavior of the material is given by:

elastic range σθ − σr < Y0

elastic limit σθ − σr = Y0

plastic range εθ − εr = f(σθ − σr) ,
(2.27)

where Y0 is the yield strength of the material.
With the von Mises criterion, the following equations are used:

elastic range (σr − σθ)2 + (σθ − σz)2 + (σz − σr)2 < 2Y 2
0

elastic limit (σr − σθ)2 + (σθ − σz)2 + (σz − σr)2 = 2Y 2
0

plastic range (σr − σθ)2 + (σθ − σz)2 + (σz − σr)2 = 2Y 2
0

(2.28)

In all these calculations, the strength of the material is calculated in a
static manner, with the radial and tangential stresses being taken into ac-
count. To calculate the axial stresses associated with the different motions of
the parts of the gun during a shot (recoil of the breech associated with com-
bustion of the gunpowder, extrusion of the piston, and the force associated
with the transition from the pump tube to the launch tube,) it is necessary
to make dynamic calculations.

2.3.2 The Dynamic Stresses During the Shot

The first paper on this subject was probably that written by C.M. Leech [12].
With some classical elastic assumptions and introduction of the pressure field
p(x, t) given by the results of the internal ballistic calculations, it is possible
to determine the time dependence of the axial stress at each point of the gun.
The examination of these results confirms, or not, that all the parts of the
gun are stressed within the elastic range.

What are the physical assumptions for these calculations? They are gen-
erally not explicitly written. The first assumption is that the strains are in
the purely elastic range. If a force is responsible of an elastic strain, to add
another force, giving again an elastic strain, will give a final strain that is
the algebraic sum of the two strains. This assumption is valid if both strains
are small enough that the occurrence of plastic behavior is precluded. With
this assumption, it is possible to dissociate the calculations of the different
stresses. It is important to check, after the calculation of all the stresses (ax-
ial, radial, and tangential,) whether this assumption is valid in every part of
each piece of the gun that was analyzed.
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Another assumption is the validity of the Saint-Venant principle: When a
system of pplied forces is changed to another one that is statically equivalent,
it is only in the neighborhood of the points of force application that the
stresses and strains are changed. For example, this principle allows for the
introduction of sudden changes in the diameter of a tube without the stress
being significantly altered in regions remote from the transition. The final
assumption is that no cross section of the gun changes during the shot.

With these three assumptions, that are valid except at some specific points
of the gun, it is possible to simplify the shape of the gun parts and the
equations used to calculate the axial stress during a shot.

To simulate the behavior of the material used to build the gun, Hooke’s
law,

σz = E εz , εz =
z − z0

z0
, (2.29)

has often been chosen. In these equations the coefficient E is Young’s modulus
of elasticity, z0 is the initial length of an element of the mesh used for the
calculation, and z is its length after deformation. The pressure, p, and the
density, ρ, are related to the strain by the equations

p = −E
z − z0

z0
= −E

(
ρ0

ρ
− 1

)
. (2.30)

With these equations, it is easy to show that the choice of a one-dimensional
code (in fact, a one and one-half dimensional code) can give a good value for
the velocity of the longitudinal waves in the material. The values obtained for
the stresses are valid, but unfortunately volume and density values calculated
are incorrect. However, these values are not used for the continuation of the
calculations.

By introducing the forces associated with the operation of the gun, the p(t)
curves showing the law of combustion of the gunpowder and the force associ-
ated with the change of cross section between the pump tube and the launch
tube, and by adding the forces introduced by friction, one can calculate the
axial stress. Another result of these calculations is a prediction of the motion
of the gun during the shot, especially the recoil of the gun.

As an example, the results of a calculation explaining the motion of the
gun are presented on Figs. 2.8 and 2.9. The results of some calculations of
axial stresses are presented on Fig. 2.10. These calculations show the par-
ticular motion of the launch tube. Axial stresses are large, especially in the
neighborhood of the rear part of the launch tube. To reduce these stresses, a
design called the “sliding launch tube” has been suggested.

To conclude, the combination of these results – the axial, tangential, and
radial stresses – confirms that all parts of the gun experience elastic behavior
during a shot. These combinations are applied for all of the expected shots.

After many digital calculations of internal ballistics and material strength
for all of the expected range of shots, and some iterative calculations, the
scaling and mechanical design of a gun can be fully determined.
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Fig. 2.8. Motion of the gun during a shot

Fig. 2.9. Explanation of the motion of the gun during a shot



56 Henri Bernier

Fig. 2.10. Calculated axial stresses in the CEA two-stage light-gas gun

2.3.3 Some Simple Calculations

For the final design of a gun it is important to calculate its motion, andspecifi-
cally its recoil, during a shot. The previous chapter gives a method for making
this calculation using a digital computer code, but it can be interesting to
obtain a rough result with a simple calculation.

The axial recoil value can be determined with good accuracy by a simple
method. The recoil motion can be divided into two phases. The first calcula-
tion takes place when the piston has obtained its maximum velocity, V ∗

p . At
this time, it is assumed that the diaphragm has not ruptured and the piston
has not yet extruded. The law of conservation of momentum gives

Mv1 = m1V
∗
p + λ2m

′
1 V ∗

p = (m1 + λ2 m′
1 )V ∗

p , (2.31)

where M is the total mass of the gun, m1 is the mass of the piston, m′
1 is the

mass of the gunpowder, and λ2 is the ballistic coefficient for the gunpowder
(which velocity increases from zero at the rear of the breech to V at the base
of the piston; its value is generally chosen equal to one-half of the piston
velocity).

The maximum velocity, V ∗
p , of the piston is determined by application

of the internal ballistic computer code, so this equation gives the maximum
recoil velocity of the gun, v1:

v1 =
(
m1 + 1

2m′
1

)
V ∗

p /M . (2.32)

The value obtained is generally several meters per second. This result
shows that it is difficult to stop the gun during this first phase of the recoil
because the recoil velocity is too large to permit relying on friction to arrest
the motion of the gun. (This result can be compared with the numerical code
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calculating the axial stresses and the motion of the gun during and after the
shot.)

The second calculation takes place just after exit of the projectile from the
launch tube. Assuming that the extrusion of the piston in the taper is finished
and the momentum of the piston and gunpowder have been transmitted to
the gun, the equation for the total momentum is

M v2 = m2 V2 + λ2 m′
2 V2 = (m2 + λ2 m′

2 )V2 (2.33)

where m2 and V2 are the mass and the muzzle velocity of the projectile, m′
2 is

the mass of the light-gas, and M = M +m1 +m′
1. Finally, the recoil velocity,

v2, is given by
v2 =

(
m2 + 1

2m′
2

)
V2/M . (2.34)

The value obtained is generally 15–25 cm/s. To stop this recoil, it is possible
to dissipate the associated energy by friction. The stopping distance, x, using
friction only, is given by

x =
1

2 fg
v2
2 , (2.35)

where f is the friction coefficient and g is the gravitational acceleration. Using
f = 0.2, which is a reasonable value, and with a recoil velocity, v2, of 0.25 m/s,
one obtains x = 0.016 m, a very small value that permits arresting the gun
recoil by friction without use of a shock absorber. Using ∆t1, the duration of
the motion of the piston given by the computer code, a rough total recoil is
X = v1∆t1 + x.

2.3.4 The Sliding Launch Tube

We have seen that the recoil of the gun during a shot produces large axial
stresses. Study of the motion of the launch tube before exit of the projectile
shows longitudinal vibrations and axial stresses of high intensity. To with-
stand these axial stresses, a thick enough tube is needed. However, a thin-
walled launch tube is easy to align accurately because it can be bent with
ordinary screws.

The requirement for a thick tube can be reduced by disconnecting the
rear part of the gun, the pump tube and taper, from the launch tube. With
this solution, illustrated in Fig. 2.11, the motions of the rear part of the gun
and of the launch tube are independent.

However, this solution does present some new problems. Before the di-
aphragm ruptures, a slight volume appears at its front face, between the
taper that recoils and the rear face of the launch tube. This volume is not
very large, only a few liters, corresponding to an increase of the total launch
tube volume of 2–3% (the external diameter and the wall thickness of the
launch tube are both small). A slight decrease of the light-gas pressure on
the base of the projectile subjects it to a rather smoothly increasing force
and lower acceleration than would be produced by an impinging shock wave.
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Diaphragm Launch tube

Taper

Fig. 2.11. Schematic drawing of the sliding launch tube

A second problem is that the launch tube moves forward, pushed by the
gas pressure on its rear cross-section. Some shock absorbers are needed to
arrest this motion.

A third problem is the recoil distance of the first stage of the gun. A simple
calculation shows that this value does not change significantly. In fact, the
only change occurs because the launch tube mass is subtracted from the total
mass of the gun (a change that is, in general, less than 10%).

It is interesting to see how the behavior of the gun is changed when a
sliding launch tube is introduced. Using the code for calculation of the axial
stress, with a slight adaptation, the behavior of different parts of the gun
can be simulated. The forces that act on the rear face of the launch tube
(derived from the pressure near the front face of the device maintaining the
diaphragm) are given by the internal ballistic code. The motion of the gun
during a shot is presented in Figs. 2.12 and 2.13.

An examination of the axial stresses in the launch tube shows that they
are only about one-half as large as the values calculated in the classical case.
The motion of the different parts of the gun and the comparison of the axial
stresses between a classical and a sliding launch tube are shown on Fig. 2.14.

Study of the p(x) curves shows that the pressure decreases very rapidly
along the first fifty centimeters near the front of the diaphragm. For this
reason, it is judicious to put the rear part of the launch tube at this position.
The force applied on the cross section of the rear face of the launch tube will
be small in proportion to this pressure (the evolution of the pressure at this
station is responsible of the motion of the sliding launch tube).

2.4 The Operation of a Two-Stage Light-Gas Gun

2.4.1 The Compression of the Light-Gas

We have seen that it is useful to compress the light-gas before the rupture of
the diaphragm. The method to obtain such a result is to push the piston. But
how should one push it to get the best result? Thermodynamically, two meth-
ods can be considered: isentropic compression and compression by a shock
wave. To produce isentropic compression one needs a low piston velocity. To
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Fig. 2.12. Motion of the CEA gun with a sliding launch tube

Fig. 2.13. Explanation of the CEA gun with a sliding launch tube
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Fig. 2.14. Axial stresses in the launch tube. Comparison of classical and sliding
launch tubes (CEA two-stage light-gas gun)

achieve this, the diaphragm must rupture soon after the piston motion be-
gins. The piston and the projectile move together. This solution corresponds
to the accelerated reservoir.

But, is this the best method? If one increases the rupture pressure of
the diaphragm, the piston compresses the light-gas and, if its velocity is
high enough, the compression waves propagating through the gas reflect at
the rear face of the diaphragm (before it ruptures) and become shock waves.
Figure 2.15 shows the compression waves becoming shock waves. The question
now is whether gas heated by shock compression or by isentropic compression
is a better propellant, i.e., for the same initial volume, is the final pressure
higher for the multi-shock compression or for isentropic compression?

To check this comparison, some one-dimensional calculations have been
performed for hydrogen modeled as a perfect gas. From an initial pressure pi,
hydrogen gas is compressed either isentropically or by one shock wave. These
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Fig. 2.15. Flow in the light-gas before diaphragm rupture (numerical simulation)
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calculations are ideal cases because the compression is neither completely
isentropic nor is it produced by only one shock wave. The first result is
probably too low and the second one is certainly too high.

The chosen initial pressure is pi, the final pressure is pF, the initial tem-
perature is 300 K, the final temperature is TF, and EH/ES is the ratio of the
final internal energy achieved by the shock compression, EH, to the internal
energy, ES, obtained by isentropic compression.

Results for the two cases

• pi = 500 kPa (5 bars), pF = 50 MPa (500 bars)
• pi = 1 MPa (10 bars), pF = 200,MPa (2000 bars) .

that have been studied are given in Table 2.5.

Table 2.5.

Compression to Compression to
pF = 50MPa pF = 200MPa

Compression process TF,K (EH/ES)F TF, K (EH/ES)F

Isentropic compression 1157 1 1376 1
Shock compression 5324 6.67 10346 10.0

With shock wave compression, the final temperature is about five times
and seven times higher, and the increase of the internal energy is about six
times and ten times higher than is obtained by isentropic compression.

However, it is not the temperature but the pressure that pushes the base
of the projectile. Using the final pressures obtained by compression, with
the same assumptions of perfect gas behavior and one-dimensional flow as
a single-stage gun with a projectile of 1 kg and a caliber of 100 mm for the
launch tube, the release of the gas has been calculated to achieve velocities
from 3000 to 6000 m/s. The base pressure, pB, applied to the projectile at
the muzzle, the needed length, LM, for the launch tube and the time, tM, to
achieve this velocity, are presented in Tables 2.6 and 2.7 and on Fig. 2.16.

Table 2.6.

Release to achieve a Release to achieve a
velocity of 3000 m/s velocity of 5000 m/s

pF = 50MPa pB, MPa LM, m tM, ms pB, MPa LM, m tM, ms

Isentropic compression 7.601 42.39 21.7 1.51 387.95 102.8
Shock compression 25.238 18.26 10.95 15.481 71.21 23.92



62 Henri Bernier

P, MPa L, m

0

100

200

0

100

200

S

H
S

H

3000 4000 5000 6000
V, m/s

Fig. 2.16. Pressure release and length of the launch tube versus projectile velocity

From the Table 2.6, pF = 50 MPa (500 bars), the pressure at the base of
the projectile when it is at the muzzle is about three times larger with shock
wave compression than with isentropic compression for a final velocity of
3000 m/s, and about ten times larger for 5000 m/s. The lengths of the launch
tube and the internal flight durations required to achieve these velocities
are much greater in the isentropic case than in the case with shock wave
compression.

From Table 2.7, the results are more interesting because the velocities
are greater. The values obtained are more realistic. For example, for a final
velocity of 6000 m/s, the needed length of the launch tube is about 26 meters,
corresponding to 260 calibers.

Table 2.7.

V = 3000m/s V = 4005m/s

pF = 200MPa pB, MPa LM, m tM, ms pB, MPa LM, m tM, ms

Isentropic compression 36.9 9.21 4.8 18.8 26.7 9.74
Shock compression 113 4.20 2.56 92.5 8.61 3.81

V = 5010m/s V = 6000m/s

pB, MPa LM, m tM, ms pB, MPa LM, m tM, ms

Isentropic compression 8.96 72.4 19.7 3.94 193 41.4
Shock compression 75.1 15.5 5.35 60.9 25.8 7.21
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From these results, the solution with shock waves seems of great interest.
However, the pressure and temperature near the diaphragm may reach very
high values (several hundreds of megapascals (several kilobars) and several
thousands of Kelvin). For this reason, it is very important to design this part
of the gun, called the taper, with great care.

2.4.2 The Motion of the Piston

The existence of several types of gunpowder makes it possible to select the
one best suited to produce the needed motion for the piston. Various final
motions of the piston can be realized by varying the initial pressure of the
light-gas:

• the piston compresses the light-gas in an almost isentropic manner. The
diaphragm ruptures soon after the piston motion begins. The velocity of
the piston decreases in the conical shape of the pump tube and stops. This
is the accelerated reservoir solution.

• the diaphragm ruptures after the light-gas is highly compressed. At the
end of its travel the piston compresses the light-gas, usually with shock
waves.
• The light-gas pressure is high, but not high enough to stop the piston

before its extrusion in the cone. In the final phase of the compression
the gas pressure is too high and the piston rebounds at low velocity.
When this happens a strong rarefaction fan forms at the front face of
the piston, moves forward into the light-gas, and rapidly decreases the
pressure at the base of the projectile. But the piston extrudes later,
without counter-pressure.

• The light-gas pressure is not high enough to prevent the piston stopping
in the cone. This is the good behavior sought in the design.

Is it advisable, for the same amount of gunpowder, to use a lightweight
piston with a high velocity or a heavy piston with a low velocity for the best
transfer of the kinetic energy of the piston to the internal energy of the light-
gas? What is the effect of each of these options on the extrusion and stopping
of the piston in the conical shape of the taper?

What is the best means of achieving the desired projectile velocity? Cer-
tainly, it is a compromise among all the parameters: the weights of the gun-
powder and of the piston, the initial light-gas pressure, and the diaphragm
burst pressure. The best means of answering this question is to conduct a
great many calculations with a computer code.

2.4.3 The Conical Shape for the Piston Extrusion

The first two-stage light-gas guns had a simple change of barrel diameter
at the connection of the pump tube to the launch tube. In this case, it was
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important that the piston not collide with the rear part of the launch tube
and damage it. It was necessary to be sure that the piston would rebound
from the compressed gas.

After rupture of the diaphragm, when the piston velocity decreases, a
release wave moves forward from the front face of the piston, catches up
to the base of the projectile and produces a rapid decrease of the applied
pressure. However, if the piston rebounds, a stronger rarefaction fan produces
a large decrease in the base pressure. To avoid this rebound and the associated
decrease of pressure, a conical shape of the front face of the pump tube was
designed. The intent in introducing this feature is that the piston will come
to rest as it extrudes into the cone.

The choice of a half angle of the order of 15◦ for the cone seems best
suited to stopping the piston. However, forces arising from the extrusion of
the piston, combined with the high temperature of the light-gas, damage the
tube at the entrance to the cone (see Fig. 2.17). This damage increases with
each successive shot and the piston removal becomes increasingly difficult. A
method for avoiding this difficulty is to use two cones. The first cone, with a
half angle of only a few degrees, decreases the velocity of the piston, and a
second one stops it. This biconic shape, has been chosen by the CEA for its
two-stage light-gas gun.

Fig. 2.17. Damage to a launch tube

Sometimes the front part of the piston breaks during its extrusion. The
broken piece of the extruded part acquires a velocity higher than the rear part
of the piston and can move into the launch tube and damage it. The addition
of a short cylindrical extension of internal diameter slightly larger than the
launch tube diameter solves this problem (see Fig. 2.18.) An extruded piston
recovered after a shot is shown in Fig. 2.19.

Fig. 2.18. Launch tube with and without a cylindrical part
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Fig. 2.19. The front part of an extruded 100 mm caliber piston. Some cracks are
visible at the rear part of the cylindrically extruded piston

.

2.4.4 The Diaphragm

In the transition section, to separate the pump tube from the launch tube,
many laboratories use a valve in the form of a metal sheet with grooves.
When the light-gas pressure on its rear face is high enough, this diaphragm
ruptures, generally along the grooves. It opens like a flower with petals.

To scale such a diaphragm, two problems must be solved: the opening
at a definite pressure, as accurate as possible and, after opening, the petals
must lie against the side of the tube so they do not obstruct the cross-section
of the gas flow. Another requirement is that the petals must not break free
of the diaphragm.

Each laboratory has its own method. For example, the diaphragm used
at the CEA for its large two-stage light-gas gun is as shown in Fig. 2.20.

As the design of a diaphragm seems very simple, many laboratories made
only few experiments and, on the basis of these few experiments, generally
estimate that the results obtained are satisfactory enough to proceed with
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Fig. 2.20. Drawing of the CEA diaphragm
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the design of the diaphragm. For this reason, only a few reports have been
published.

For the pressure range from several 107 Pa (several hundreds of bars) up
to 108 Pa (one kilobar), only metallic diaphragms with grooves are used. The
materials that have been have been tested include stainless steel of several
types, aluminum, and copper.

Several solutions have been tested (such as a pile of several sheets of metal
for the different breaking pressures), but the most frequently used is a sheet
of stainless steel with grooves on one side, sometimes on both sides. Using
the same diaphragm, a large range of rupture pressure can be obtained by
changing only the depth of the grooves.

For a given diaphragm, for the range 0.05 < ε/e <0.4, the rupture pres-
sure, p, is generally approximated by the semi-empirical relation

p =
A

B
e3/2 (ε/e)−1/2 with B = 1 + 3.75 (ε/e)3 , (2.36)

where e is the thickness of the working part of the diaphragm and ε is the
depth of the groove (obviously this equation is not valid for ε = 0). The
coefficient A depends on the diaphragm dimensions, the depth of the groove,
and material properties (elastic limit of and the stress intensity factor for
a crack propagation in the material) (see [13]). For a given ε/e value, the
burst pressure varies like e3/2. The radius at the bottom of the groove is an
important factor. For the best results, it must be as small as possible [13].

The diaphragm must open without the petals obstructing the gas flow
or breaking free and entering the flow. It is important that the rupture pres-
sure be reproducible because this pressure is an important factor affecting the
compression of the light-gas. Unfortunately, the variation is generally more
than 10%. Depending on the shape of the pressure pulse, the rupture pressure
of the diaphragm can be modified by about 30%, with an accuracy of about
10%.

To improve the accuracy of the rupture pressure and its reproducibility,
it would be useful to understand the real behavior of the diaphragm. The
characteristics of the material are often a function of the sample history. For
a diaphragm taken from a sheet of rolled stainless steel, it is important to
place the grooves symmetrically relative to the rolling direction. It is likely
that a hydraulic pre-deformation may improve the reproducibility.

The method of clamping the diaphragm at the end of the pump tube is
also important (see Fig. 2.21). If the diaphragm can slide, the surface that
withstands the gas pressure can change significantly. Therefore, it depends on
the opening angle of the diaphragm holder. The holder must be configured
in such a way that the petals of the diaphragm do not tear or break free,
but it is also important that the petals do not obstruct the flow after the
diaphragm opens.
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Pump tube

diaphragm
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Launch

Tube

Projectile

Fig. 2.21. Diaphragm and holder

If the choice of the material from which the diaphragm is made (its char-
acteristic properties and its history) are important factors, the curvature of
the holder where the petals lie after opening is also an important factor, as
well as whether the shape of the launch tube is of circular or square cross
section. Figure 2.22 illustrates exaggerated deformations of diaphragms be-
fore breaking. The drawing of the cylindrical diaphragm shows how such a
diaphragm could be deformed by pressure. The square diaphragm can be seen
as a combination of two cylinders.

Circular diaphragm Cylindrical diaphragm Square diaphragm

Fig. 2.22. Suggested deformations of diaphragms before rupture

For the square diaphragms a new problem appears. The tearing begins
not in the center of the diaphragm, but between the center and the corners
of the tube [14]. This problem is difficult to solve. A good possibility is to
make the grooves slightly deeper near the center of the diaphragm, in order
to reduce the strength of the material in this region. As a beginning of expla-
nation, it seems that the breaking begins at the point of maximum radius of
curvature. Theoretical calculations would probably show whether this idea is
satisfactory.
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Evolution of the Light-Gas Pressure at the Base of the Projectile

The general law of mechanics F = mA, where F is the force applied to a
body, m is its mass, and A is the resulting acceleration, shows that the motion
of the projectile is given by

pS = MA = m
dv

dt
⇒ v =

S

M

∫
p dt , (2.37)

where S is the cross-sectional area of the launch tube, M the mass of the
projectile and p(t) the base pressure. The area between the p(t) curve and the
t axis,

∫
p dt, is a geometrical representation of the final projectile velocity.

By the same means, one obtains∫
v dv =

S

M

∫
pdx ⇒ 1

2
M v2 = S

∫
pdx . (2.38)

To obtain the largest achievable velocity for a particular shot, the p(t) graph
must be such as to maximize the area,

∫
p dt, under the curve. For the same

reason, the final kinetic energy of the projectile can be represented by the
area,

∫
p dx, under the p(x) curve (see Fig. 2.23).

t

p

x

p

Fig. 2.23. Temporal and spatial graphs of projectile base pressure

Experimentally, in general cases, the base pressure increases rapidly at
the beginning of projectile motion. Then the pressure decreases more or less
rapidly as the projectile moves toward the muzzle.

The constant base pressure gives a simple rectangular area to the p(t)
and p(x) graphs, but everyone knows that this solution is not achievable in
practice. Is it this solution that should be followed up? Perhaps not; it seems
that other possibilities may be used. The computer calculations will easily
show whether such ideas are reasonable.

2.4.5 The Alignment of the Gun – Breech-Pump Tube
and Launch Tube

The Breech and the Pump Tube

Before the shot, the alignment of the first stage of the gun is easily obtained
by construction. During the shot, all the forces that are responsible for its
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motion are aligned along the line of sight of the gun, and all the pieces of
this tube have this line as axis of revolution.

Therefore, there are no lateral forces of great intensity because the max-
imum velocity of the piston is generally low (several hundreds of meters per
second) and the tube is heavy (several tons). These forces cannot significantly
change the recoil direction. Accordingly, it is not necessary to guide the gun
during its recoil, but one may leave a small capability of a lateral motion for
the breech and the pump tube. The support of this tube can be simply a
group of tables that are slightly longer than the calculated recoil. The use of
a hydraulic system to reposition the pump tube after a shot allows determi-
nation of the friction coefficient needed to calculate the recoil distance. This
is the design that has been chosen for the CEA two-stage gun (Fig. 2.24).

Fig. 2.24. The support of the first stage (breech)
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The Launch Tube

Precise alignment of the launch tube is a fundamental requirement for a
successful shot. Using a thin-walled launch tube, which is easily deformed
by simple screws, facilitates its alignment after each shot. If a thick-walled
tube is used, the alignment obtained with the first honing is very difficult to
restore after each shot (a large device is needed for this). However, one must
take into account the axial stresses that occur during the recoil of the gun.
Each laboratory has to make a choice about resolving this problem.

2.4.6 The Acceleration of the Projectile

During its motion in the launch tube, the projectile is subjected to a large ac-
celeration, generally several tens of thousands of g. This acceleration induces
very drastic stresses within the projectile, and these stresses can destroy its
integrity when it begins its free flight.

The stress in the rear part of the projectile can exceed the elastic limit of
the material during the first phase of its internal motion although its front
face remains elastic.

In the second phase of its internal motion in the launch tube, the base
pressure decreases and, after an elastic release, the rear part of the projectile
can undergo a plastic release. For this reason, it could have the shape shown
in Fig. 2.25 as it exits the launch tube.

Fig. 2.25. Exaggerated shape of a projectile when its base is located at the muzzle
of the launch tube

If the base of the projectile is subjected to a pressure higher than the
elastic limit, it will exhibit elastic–plastic behavior at the beginning of its
free flight. Some simple calculations [15] show that if the maximum pressure
at the base of the projectile is

• lower than Y0: the behavior of the projectile is elastic during both the
increase of the stresses and their release. (Y0 is the elastic limit of the
material, i.e., the quasi-static yield strength).
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• between Y0 and 3Y0: the behavior is completely elastic during the projectile
motion in the launch tube, but its behavior can be elastic–plastic if the base
pressure at the muzzle exceeds Y0.

• between 3Y0 and 6Y0: during the increase of the stresses the rear part of
the projectile will exhibit elastic–plastic behavior. As long as the projectile
is in the launch tube, all the releases are elastic. If the base pressure at the
muzzle is lower than Y0, its behavior will be completely elastic, but if this
pressure is higher than Y0, a part of the projectile has an elastic–plastic
behavior.

• higher than 6Y0: Elastic–plastic behavior occurs during the increase of the
stresses and can occur during release if the stress relief is greater than 6Y0.

These calculations are only theoretical ones, because the projectile (model)
is generally very complicated. As an example, for a classical plastic material,
the usual values are ρ ∼ 1.15 g/cm3, ν ∼ 0.40, Y0 ∼ 70 MPa (700 bars), and
E ∼ 1300 MPa (13000 bars).

The pressure range that seems to ensure the integrity of the projectile is
shown in Fig. 2.26.

Muzzle

6Y0

x

Typical
curve

Suggested
range

Fig. 2.26. Pressure range in which projectile integrity is preserved

In the case of a projectile made of two (or three) pieces, an impactor
(generally a flat piece of metal at the front of the projectile) and a sabot,
the interaction between the impactor and the sabot must be considered. The
axial stress, σi, at the impactor–sabot interface is given by

σi = Pb
Sb

Si

(
1 − ms

m

)
, (2.39)

where pb is the base pressure, mi is the mass of the impactor, ms is the mass
of the sabot, m is the total mass of the projectile (m = mi + ms), Si is the
cross-section of the impactor and Sb is the cross-section of the sabot (which
is usually the caliber of the launch tube).

If the acceleration of the projectile during its internal flight is too high,
and if the stress at the impactor–sabot interface is higher than the maximum
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stress that the sabot material can withstand, the impactor could become
embedded into the sabot.

With the same type of calculation, assuming that the axial stress, σ, is
constant all along the sabot and must not take a value higher than σm, the
maximum mass of the impactor is given by the relation

mi = σm
Si ms

pb Sb − σm Si
. (2.40)

If the mass of the impactor exceeds this value, it could become embedded in
the sabot during the shot.

2.4.7 Stopping the Piston After its Extrusion

After the shot, an important task is to extract the piston from the taper. Dif-
ferent solutions have been designed, depending on the laboratory. Because the
piston is heavy, many laboratories use a small gunpowder charge to extract
it. Use of a hydraulic device is rarely effective.

When gunpowder is used for the extraction, one needs a certain charge
weight to be sure that the piston does not stop in the pump tube. For this
reason, the achievable velocity of the piston is not negligible when it arrives
at the exit of the pump tube. It is difficult to stop the piston because its
weight (generally several hundreds of kilograms) and velocity are large. Sev-
eral solutions have been tested in different laboratories, but I would like to
present the one used in the CEA laboratory for the big two-stage light-gas
gun.

The principle of this solution is a ballistic pendulum. The piston impacts
in the percussion center of the system and is stopped by several sheets of
iron. Most of the kinetic energy of the piston is transformed into rotational
energy of the ballistic pendulum. Only few sheets of iron have to be changed
to prepare for the next shot (Fig. 2.27).

In our case, the total device weights about 20 tons and after the impact,
it rolls on curved rails.

What is interesting about this solution is that it is easy, from the angle
of rotation of the pendulum, to know the exit velocity, v1, of the piston.
Assuming that all the momentum of the piston is totally transferred to the
ballistic pendulum,

m v1 = (m + M)v2 , (2.41)

where m is the piston mass, M the ballistic pendulum mass, v1 is the piston
velocity before impact, and v2 is the velocity of the ballistic pendulum after
the impact of the piston.

Assuming that the energy of deformation of the iron sheets is negligible,
one can write the energy of the ballistic pendulum

1/2(m + M)v2
2 = (m + M)gh , (2.42)
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Fig. 2.27. The ballistic pendulum

where h is the increase in height of the center of gravity and g the gravitational
acceleration (∼10 m/s2). With R the radius of the rotation circle of the
ballistic pendulum, and θ the maximum angle of rotation of the ballistic
pendulum during the shot,

h = R(1 − cos θ) . (2.43)

The ballistic pendulum velocity is given by

v2 =
√

2 g h =∼ 4.472
√

h (2.44)

and
v1 = [(m + M)/m] v2 . (2.45)

Once the value of h (or θ) is recorded, one can easily calculate the exit
velocity, v1, of the piston.
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2.5 The Comparison Between the Numerical Simulation
and the Experimental Results

To know the real behavior of a two-stage light-gas gun, and especially to un-
derstand its efficiency and to improve its capabilities, a comparison between
the numerical simulation and the experimental result is needed. This requires
that the gun be equipped with many gauges and measuring devices along its
entire length.

In the following section, we present the results of a shot obtained with the
CEA two-stage light-gas gun [16]. General views of this gun are presented on
Figs. 2.28 and 2.29.

Fig. 2.28. General view of the CEA gun

2.5.1 The Experimental Instrumentation on the Gun

The instrumentation on the CEA two-stage light-gas gun is composed of

• six piezoelectric pressure gauges on the pump tube and taper,
• six strain gauges applied to the launch tube to record axial and angential

strains,
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Fig. 2.29. General view of the CEA gun

• chronometric gauges near the muzzle of the launch tube to determine the
projectile velocity.

The measurements on the powder chamber and the pump tube with the
piezoelectric gauges CP1 to CP6 give the pressure history at each gauge
location. With these records, a graph of the piston motion in the pump tube
can be made. A graph of the motion of the projectile in the launch tube can
be made using the records from the strain gauges J1 to J6. These records
must be filtered to eliminate the large oscillations.
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2.5.2 The Comparison Between the Numerical Study
and the Experimental Results

The Pressure History in the Rear Part of the Gun

The different coefficients of the computer code, especially those for the gun-
powder, the friction, and the head losses have been chosen to produce a sat-
isfactory agreement with the measurements. The calculations were stopped
when the agreement was within the experimental uncertainty (see Fig. 2.30).

Fig. 2.30. Pressure histories. The dashed curves correspond to experimental results
and the solid curves represent the numerical simulation

To take into account the dynamic behavior of the starting pressure of the
piston, this pressure has been chosen equal to 60 MPa (600 bars) instead of
the 40 MPa (400 bars) that is the mechanical value for its breaking pressure,
i.e., the starting pressure.

For the powder chamber (the breech) there is a good agreement between
numerical and experimental results (CP1), especially for the maximum pres-
sure (0.11 GPa). The general shape of the pressure history curve is also in
good agreement; only the decrease of the pressure shows a slight discrepancy.

For the pressure gauges CP2, CP3 and CP4, the maximum values and
general shapes show a relatively good agreement between numerical and ex-
perimental results (Fig. 2.30).
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For the CP5 gauge, the computed maximum pressure is about 0.3 GPa
and the spike is of 500 µs duration. The experimental result does not give
this value. The reason could probably be either a mistake in the calculation
or the response time of the gauge.

An important result that can be obtained from the records of CP4 and
CP5 is detection the reflection of the compression waves from points near the
taper in the final phase of the compression of the light-gas. These waves are
also obtained by computer alculation.

The Motion of the Piston

From the records of the gauges, a reconstruction of the piston motion is
possible. The comparison between the numerical study and the experimental
results shown on Fig. 2.31 shows a satisfactory agreement.
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Fig. 2.31. Pressure pulses recorded at different stations on the first stage of the
gun during the shot
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After the diaphragm ruptures, the code shows that the piston rebounds
rather than stopping in the conical shape of the taper. This result has been
experimentally verified by two methods. It is possible to detect the rebound
from the records CP1 to CP5 (Fig. 2.32). The large extrusion of the piston is
also evidence of the rebound. After rebounding, the piston is again pushed by
the combustion products and, as no counter-pressure diminishes its velocity,
it extrudes deeply into the cone. This result shows that the muzzle velocity
could have been made higher than the value obtained by either diminishing
the initial pressure of the light-gas (if the launch tube is not too long) or by
increasing the weight of gunpowder used.

Fig. 2.32. Internal ballistics of the piston

The Motion of the Projectile

By reconstruction from the records of the strain gauges (Figs. 2.33 and 2.34),
with the adjustment of the different coefficients of friction, head losses, etc.,
it is possible to calculate the motion of the projectile in the launch tube with
relatively satisfactory accuracy (Figs. 2.35 and 2.36).



2 Scaling and Designing Large-Bore Two-Stage High Velocity Guns 79

Fig. 2.33. Axial signals σa obtained for the stations J1, J2, J3, and J5

Fig. 2.34. Pressure pulses versus time recorded on the launch tube
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Fig. 2.35. Internal ballistics of the projectile. The symbol � designates the begin-
ning of the strain gauge signal and the symbols • and � indicate modification of
the signal
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Fig. 2.36. Motion of the projectile. The dots are obtained from the experimental
records
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The General Simulation of the Experiment

To see a general view of the shot, several graphs show the numerical simula-
tion of an experiment.

The three-dimensional graph of p(x, t) in Fig. 2.37 shows the release of the
combustion products, the motion of the piston, the compression of the light-
gas, the diaphragm rupture, and the motion of the projectile. The shading,
a fourth dimension, shows the temperature.

The three-dimensional graph of T (x, t) in Fig. 2.38 allows for the visu-
alization of the total motions of all the parts of the gun during the shot. In
this case, the pressure is shown by the shading.

Fig. 2.37. Three-dimensional p(x, t) diagram of a calculated shot

2.6 Conclusion

Scaling and designing a large two-stage light-gas gun for use at high velocities
is a complicated challenge. Many calculations are needed. The design of the
gun itself is always a compromise between the expected performance and the
strength of the metal used to build it (generally special steel for the most
highly stressed pieces).
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Fig. 2.38. Three-dimensional T (x, t) diagram of a calculated shot

From a technical point of view, many problems have to be solved, and
many ompromises made. The final result depends on the weakest part of the
device.

Here, I tried to present briefly the principle of the computer codes (today
many laboratories have developed their own codes), but I especially focused
on some of the main difficulties that must be studied and overcome during
the conception phase.

For examples, I tried to describe some particular solutions we have chosen
for the CEA large two-stage gun.

Many other problems remain to be addressed, (see [17] for some of them)
including the fluid connections to the gun, the honing of the launch tube (Do
we move the launch tube or the honing machine?), the experimental assembly
located in front of the muzzle of the launch tube, etc.
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3 The Coaxial Plasma Drag Accelerator

E. Igenbergs and M. Rott

3.1 Introduction

The transfer of stored electrical energy to increase the kinetic energy of a mass
(which may also be called a projectile) can be characterized by attributes like

• the acceleration process
• the accelerator configuration and principle
• the energy storage and power supply to the accelerator, and
• orders of magnitude describing the process, the accelerator, and the power

supply.

Many combinations of these attributes are feasible and have been analyzed
theoretically and experimentally. The results are published in journals such
as the IEEE Transactions on Magnetics. The present authors do not intend
to cover all these very interesting efforts, but do rather restrict the remainder
of this chapter to research work which they conducted together with their
colleagues and co-workers.

The acceleration process is purely gasdynamic, excluding a small elec-
tromagnetic interaction during the acceleration. The acceleration process in-
volves the generation of a high velocity/high density flow of a partially ionized
gas (called plasma) using a coaxial plasmadynamic accelerator, and introduc-
ing the mass into the flow where it is drag accelerated. The electrical energy
is stored in a capacitor bank. This energy supply system must enable the
very fast transfer of the stored energy to the accelerator. The expected result
of this process is acceleration of particles 0.1–1 mm in diameter to a velocity
in the order of 10 km/s. The length of the accelerator should not exceed 1 m
and the energy storage system should deliver up to 50 kJ of stored energy
within 100 µs.

A model of this type of accelerator is shown in Fig. 3.1, which illustrates
a configuration having a plasma generator on the left side and a compressor
coil on the right side. The plasma generated is confined by the magnetic
field produced by an electrical current in the coil. The plasma density is
in the order of 0.01 kg/m3 and it flows from left to right at a velocity of
approximately 50 km/s. The corresponding drag force on a 1 cm diameter
sphere would be 103 N and the interaction time 20 µs. If the sphere were made
from aluminum and not attached the holder, then it would be accelerated to
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Fig. 3.1. Schematic of plasma accelerator with photograph of plasma flow around
a sphere

10–100 m/s. Even a reduction of the size of the sphere from 1 cm to 1 mm
diameter would result in an increase of the final velocity to only 100–1000 m/s.
This was the situation when the work described in the subsequent sections
began.

Starting with the coaxial accelerator, which is the primary plasma gen-
erator in all the configurations, we demonstrated in detail why the coaxial
accelerator does not provide sufficient acceleration. As the velocity of the
plasma flow is high enough, an attempt was made to increase its density. This
raised the performance significantly; a velocity of approximately 10 km/s was
reached with glass beads of 0.1 mm diameter as projectiles. Measurements
and theoretical analysis of the plasma flow in the compressor coil indicated
that the maximum dynamic pressure in the direction of the plasma flow oc-
curred inside the coil, near the narrow end. This led to the idea to use a
pre-accelerator to inject the projectile into the compressor coil at the opti-
mal time and place. The light-gas gun/coaxial accelerator with a compressor
coil configuration accelerated a glass bead with a diameter of 0.6 mm to a
velocity between 16 and 20 km/s.
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3.2 Test Environment

The experiments described here were conducted at the Space Sciences Lab-
oratory of the NASA George C. Marshall Space Flight Center (MSFC),
Huntsville, AL, USA and in the Ernst Stuhlinger Laboratory of the Institute
of Astronautics, Technische Universität München (TUM), Germany. Here the
test environment at the MSFC, where all this work began, is described. The
functionality of the environment at the TUM is the same [2, 3].

3.2.1 Test Range with Plasma Accelerator

The test range is made of a 2.0 m long, 15 cm diameter aluminum tube with a
flange at both ends. It has one 38- by 12.5 cm window of 2.5 cm thick Plexiglas
for photographing the plasma flow and the particle acceleration. The inner
surface of the window is covered with a 3 mm-thick replaceable Plexiglas
cover for protection against the hot plasma. Two other windows on top of
the range have 3.5 cm-thick aluminum covers with 5.0 cm diameter, vacuum-
tight, feed-through plugs. A vacuum pump is connected to the range through
a flexible hose. The coaxial plasma accelerator is mounted on a fiberglass
plate that closes the front end of the test range. The other end of the test
range is closed by an aluminum cover with another feed-through plug and a
vacuum gage.

3.2.2 Capacitor Bank and Switch Assembly

The capacitor bank consisted of 72 individual l5 µF capacitors connected in
parallel in 4 groups of 18 capacitors each. The experiments were all made with
only one-quarter of the bank. The maximum charge voltage was 20 kV and the
corresponding stored energy was 54 kJ. Three capacitors connected in parallel
by copper bus bars formed a module, and every module was connected to the
switch assembly by two coaxial cables. All the cables were the same length.
Each quarter of the bank was equipped with four ignitron switches in parallel.
These were fired by a trigger assembly containing a set of capacitors and a
thyratron to prevent back current to the igniters of the ignitrons. The switch
assembly is connected to the coaxial accelerator by six coaxial cables.

The capacitor bank is charged from a high voltage supply which is con-
trolled by an autotransformer and is disconnected before firing. For emer-
gencies a dump circuit is incorporated to discharge any energy stored in the
capacitor bank through the charging network. A schematic diagram of the
test range, capacitor bank, charging circuit, and switch assembly is shown in
Fig. 3.2.

3.2.3 Diagnostics and Particle Velocity Measurement

Photographs of the plasma flow and the accelerated particles were made
through the 38- by 12.5 cm window in the range. Two single frame image
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Fig. 3.2. Schematic diagram of the plasma hypervelocity range

converter cameras were used for high-speed photographs. They were triggered
by the pulse from the delay generator to the capacitor bank firing circuit.
Using the adjustable exposure delay of the cameras, the time interval between
the two exposures could be set between 10 and 100 microseconds.

A unit made up of eight individual image converter cameras was used for
sequential photographs. In this unit the plasma image is deflected by a prism
which is located in the center of a drum-shaped container, to the eight image
converter tubes located at 45◦ intervals. For particle detection in the very
bright plasma light, filters were placed between the prism in the center and
the image converter tubes. The eight cameras could be triggered at a maxi-
mum time interval of 1 µs between successive frame exposures. The minimum
exposure time was 10 ns and the maximum exposure time was 100 ns. The
trigger pulse for the image converter cameras came from a transient light
detector or from the delay generator which also triggered the capacitor bank
firing circuit. In both cases, the trigger pulse for the first camera was recorded
on an oscilloscope.

Light probes were placed in various positions in front of the plasma range
window to measure the plasma front propagation velocity. The output of these
detectors was recorded on an oscilloscope. The particle velocity was measured
with the eight-camera unit and an impact detector. Using light filters, the
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particles could be photographed when they left their position at the Mylar
film. The time delays between the eight photographs were recorded on time-
interval counters. These delay times, together with the recorded trigger pulse
for the first camera, bracketed the time when the particles left their position
at the front of the compressor coil.

The impact detector placed between 0.2 and 0.4 m downrange had a de-
tector mounted coaxially with the plasma accelerator and compressor coil.
An aluminum sheet was held in place by a nut. The accelerated particles
perforated this sheet, and a light flash was generated which was deflected
by a mirror into a photomultiplier mounted on the top window cover of the
range. A hole was punched through one aluminum sheet to determine the
origin of the light recorded by the photomultiplier. The plasma light coming
through this hole for a discharge with no projectile particles had the same
intensity as the signal from a perforation by an accelerated particle. It may,
therefore, be concluded that the recorded light flash from an aluminum sheet
perforation by an accelerated particle is generated by the plasma, either in
the accelerator or in a shock wave in front of the impact detector.

The output of the photomultiplier detector was recorded on the same dual-
beam oscilloscope as the trigger pulse for the first camera. The particle flight
time, together with the known distance between the compressor coil front end
where the photographs were made and the aluminum sheet in the particle
impact detector, was used to determine the average particle velocity. The
capacitor bank voltage was measured with an inductive pickup coil mounted
on top of the positive leads of the coaxial cables leading from the ignitron
switch assembly to the coaxial accelerator. The shields of the coaxial cables
were stripped from the cables in the switch assembly; the positive leads go
through the ignitrons and the shield goes through a ground plate.

3.3 Acceleration of Small Particles

Glass beads with diameters between 0.125 mm and 0.795 mm were used for
acceleration experiments. There was no indication of any forces other than
gasdynamic forces acting on these beads.

In gas dynamics the force, F , acting on a body can be expressed as the sum
of a dynamic pressure term and the product of the pressure gradient, ∇P ,
and a characteristic length, ∆z. These terms are multiplied by a characteristic
surface area, S, which is assumed to be the same for both terms:

F =
(
CD

ρ
2

V 2 + ∇P ∆z
)

S , (3.1)

where CD is a constant called the drag coefficient. For constant particle size
and flow velocity, V , the dynamic pressure term is a function only of the
flow density, ρ. Plasma accelerators for neutral particle acceleration were,
therefore, designed for high flow densities.
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In a magnetogasdynamic flow the pressure gradient term, ∇P , may be-
come large if the plasma density is high enough to permit an immediate
transfer of the electromagnetic force into gasdynamic pressure. Maximum
gasdynamic acceleration of neutral particles, therefore, is obtained by high
density flow and a large negative pressure gradient.

First measurement indicates a plasma density of ρ = 2.5 × 10−2 kgm3.
Another estimate can be obtained by dividing the mass of the aluminum foil
(the plasma source) inserted into the coaxial accelerator by the volume of the
coaxial accelerator of 0.2 m length,

ρPLASMA =
foil mass

accelerator volume
= 1.06 × 10−1kg/m3 .

The measured density can be introduced into (3.1). Assuming that there
is no contribution from the pressure gradient term, the acceleration of a glass
bead may be computed using the dynamic term of (3.1),

a =
FD

MBEAD
=

CD

2
ρPLASMA

ρGLASS

3
4RBEAD

V 2 . (3.2)

With the drag coefficient CD = 2.0 from the Newtonian approximation for
hypersonic flows and the glass density ρ = 2.5 g/cm3,

a =
3 V 2

4RBEAD
× 10−5m/s2 . (3.3)

A comparison of the results from (3.2) and (3.3) shows that the measured
density is approximately one-fourth of the calculated value. This indicates
that only a part of the aluminum foil mass is accelerated. High-speed pho-
tographs using a movie camera show that plasma columns are accelerated at
every half-period of the circuit consisting of the capacitor bank, the cables,
and the coaxial accelerator.

3.3.1 Coaxial Accelerator for Particle Acceleration

The electromagnetic force in the coaxial accelerator is generated by the in-
teraction of the radial current density jr between the center electrode and
the annular electrode, and the azimuthal magnetic induction BΦ around the
center electrode. Both are functions of the radial distance r from the center
electrode:

jr ∼ 1
r

and BΦ ∼ 1
r

. (3.4)

The axial electromagnetic force is

Fz = jr BΦ ∼ 1
r2

, (3.5)

and the axial momentum equation becomes
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ρ
dVz

dt
+

∂P

∂z
= Fz ∼ 1

r2
. (3.6)

The maximum acceleration and pressure gradient will occur in the vicin-
ity of the center electrode. The plasma leaves a coaxial accelerator with an
equally long center and annular electrodes in a conical shape, as shown in
Fig. 3.3. During the acceleration, plasma is forced radially toward the wall
of the annular electrode. After 10–20 firings, the inner surface of the annular
electrode is covered with an aluminum deposit. The maximum acceleration of
the particles was observed when they were placed near the center electrode,
as shown in Fig. 3.3. A ring-shaped copper holder was inserted into the an-
nular electrode, and the center electrode was shortened. If the ring-shaped
holder is in metallic contact with the annular electrode, then the secondary
discharge indicated in Fig. 3.4 occurs. This discharge was photographed with
the center electrode protruding beyond the annular electrode (Figs. 3.5 and
3.6). The discharge starts when the plasma fills the gap between the center
electrode and the ring-shaped holder. The azimuthal magnetic field around
the discharge interacts with the axial current density and produces both a
radial force and an axial force due to the conical shape of the discharge. A
thin Mylar film with glass beads attached to it by a thin coating of vacuum
grease was placed across the ring holder. The maximum particle velocity (1–
2 km/s with 0.7 mm diameter beads) was achieved with the holder in front
of the center electrode inside the annular electrode.

insulator
annular electrode

center electrode

Fig. 3.3. Coaxial plasma accelerator

The center electrode, the insulating plug, and the annular electrode, form
the coaxial accelerator. An aluminum foil is placed between the center elec-
trode and the annular electrode before every firing. The positive side of the
charged capacitor bank is connected to the center electrode through the
switch assembly, and the negative side is connected to the annular electrode.

It should be noted that the configuration with the center electrode longer
than the annular electrode (Fig. 3.5) produced a very high velocity luminous
front travelling down the range if no Mylar film was placed on the ring holder.
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Fig. 3.4. Particle acceleration near the center electrode of coaxial accelerator

Fig. 3.5. Description of secondary discharge between the center electrode and the
copper ring

Fig. 3.6. Photograph of secondary discharge
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The plasma arrived at the gap between the center electrode and the ring
holder with a velocity corresponding to the coaxial accelerator configuration.
The secondary discharge provides additional acceleration because of its con-
ical geometry and, thus, acts as a second acceleration stage.

Finally, the coaxial accelerator without the compressor coil produces a
fast-moving, low-density plasma. The vaporized and ionized aluminum foil
does not stay together, and the plasma leaves the accelerator as a column
that is at least as long as the accelerator.

3.3.2 Compressor Coil Configuration [1,2, 4]

The effectiveness of the system is increased by the addition of a compres-
sor coil at the end of the coaxial accelerator, as described earlier and shown
in Fig. 3.7. The emerging plasma initiates a discharge between the center
electrode and the copper compressor coil, which is connected to the annu-
lar electrode. If the spacing between the coil windings is large enough, the
electric current will flow through the copper coil windings and will gener-
ate a mostly axial magnetic field inside the coil. This magnetic field changes
with time and induces an azimuthal current density in the plasma inside the
compressor coil. This current interacts with the magnetic field and results
in a radial force on the plasma. While the axial magnetic field is increasing,
this radial force acts toward the axis, keeping the plasma inside the com-
pressor coil. The current from the center electrode to the compressor coil has
axial and radial components. The azimuthal magnetic field and the radial
current density component generate an axial force as in the coaxial accelera-
tor. Therefore, the plasma will be simultaneously compressed and accelerated
into the compressor coil. The current density from the center electrode to the
compressor coil is controlled by a local equilibrium between the radial force,
which tends to push the plasma away from the compressor coil surface, and
the current density needed to produce this force.

Fig. 3.7. Compressor coil with magnetic field and plasma current density
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Fig. 3.8. Photograph of plasma flow in the compressor coil during the compression
period

There are two ways to connect the compressor coil to the annular electrode
potential, and they lead to two different modes of operation. These modes
are called the decreasing and increasing inductance modes. In the decreasing
inductance mode, the compressor coil is insulated from the annular electrode
by an insulator ring Fig. 3.8. The end of the compressor coil is connected to
the annular electrode through the holder rail. As the plasma moves into the
compressor coil, the current density will assume the same distribution along
the compressor coil. The current flow to the wide end of the compressor coil,
which is close to the coaxial accelerator end and attached to the insulator
ring, will have to traverse all the windings of the compressor coil, whereas the
current going to the narrow end of the compressor coil will flow only through
the final winding. In an equivalent circuit for this configuration, every current
element must be combined with a different inductance, varying from the total
inductance L1 at the wide end to a small inductance at the narrow end. If ∆l
is a length element of the compressor coil, then the position measured from
the wide end of the coil is given by i∆l, with i varying from zero to n, where
n∆l = l, the length of the compressor coil. The inductance Li for a current
density entering the compressor coil at i∆l will be

Li = L1 − i∆l
L1

n ∆l
. (3.7)

The total inductance, L, is obtained by adding the different inductances
according to the rule for parallel circuits,

1
L

=
i=n−1∑

i=0

1
Li

=
i=n−1∑

i=0

[
L1

(
1 − i

n

)]−1

,
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L1

L
=

i=n−1∑
i=0

(
1 − i

n

)−1

or
L1

L
= 1 +

i=n−1∑
i=1

(
1 − i

n

)−1

. (3.8)

It is assumed that there is no current flowing into the last element of the
compressor coil, eliminating the infinite term for i = n. This is equivalent
to a residual inductance at the end of the compressor coil representing the
inductance of the backstrap lead to the annular electrode. Since

0 < 1 − i

n
< 1 then

L1

L
> 1 ,

the initial inductance, L1, will be larger than the effective inductance. The
plasma flow into the compressor coil will, therefore, reduce the inductance in
the equivalent circuit from the initial value, L1, to the value L.

In the increasing inductance mode, the compressor coil is connected di-
rectly to the annular electrode. Then the inductance in the equivalent circuit
will increase as the plasma moves into the compressor coil.

Both configurations were tried. The decreasing inductance configuration
was selected for further investigation after initial experiments indicated that
it would be more efficient for the acceleration of glass beads with diameters
between 100 and 700 µm. These were attached to a Mylar film and then placed
across the hole in the coil space plate.

3.3.3 Theoretical Investigation

Artisimovitch developed the theory of the rail-type accelerator. Other inves-
tigators have extended this theory to describe the coaxial accelerator.

Equivalent Circuit

The addition of a compressor coil can be represented by an equivalent circuit
which consists of the coaxial accelerator circuit to which is added a mesh
with variable plasma resistance and a variable inductance simulating the
compressor coil. An additional switch is incorporated in the mesh to simulate
the arrival of the plasma in the coil.

In Fig. 3.9 the acceleration of the plasma in the coaxial accelerator is
represented by the variable inductance L2. The parameters L0 and R2 are the
capacitor bank inductance and resistance, which are constants. The resistance
R1 simulates the arrival of the plasma at the compressor coil and L1 simulates
the compressor coil inductance (see previous discussion of compressor coil
configuration). The differential equations for this equivalent circuit with the
additional switch closed are
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Fig. 3.9. Equivalent circuit for coaxial accelerator with compressor coil

U0 − 1
C0

t∫
0

(I1 + I2)dt = L0
d

dt
(I1 + I2) + R2(I1 + I2) + R1 · I1 +

d

dt
(L1 · I1)

(3.9)
and

U0− 1
C0

t∫
0

(I1 + I2)dt = L0
d

dt
(I1 + I2) + R2(I1 + I2) + R1 · I1 +

d

dt
(L2 · I2) ,

(3.10)
where U0 is the capacitor bank charging voltage. Equation (3.9) is the current
in the compressor coil and (3.10) is the current in the coaxial accelerator.

Magnetogasdynamic Flow

The in the vicinity of the compressor coil axis can be described by the inviscid
magnetogasdynamic momentum equation,

ρ
dV
dt

= −grad p + j × B . (3.11)

The magnetogasdynamic force arises from the interaction of the electric cur-
rent density,

j = σ (E + V × B) , (3.12)

with the magnetic induction B given by

B = µ H . (3.13)

The components of the vector product j × B are, in cylindrical coordinates,
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j × B =

⎛
⎝ jΦBz − jzBΦ

jzBr − jrBz

jrBΦ − jΦBr

⎞
⎠ . (3.14)

The radial component will perform the compression of the plasma. The cur-
rent density, jΦ, is

jΦ = σ (EΦ + Vz Br) . (3.15)

The first term in (3.14) comes from the change of the magnetic field with
time,

Ḣ = − 1
µ
∇× E . (3.16)

The axial field on the compressor coil axis can be written

Hz = A(z) I(t) , (3.17)

where A(z) is a function derived from the compressor coil geometry and I(t)
is the compressor coil current. By integrating (3.16), the azimuthal electrical
field from the time varying magnetic field becomes

EΦ = −r

2
µ A(z) İ(t) . (3.18)

The second term of (3.15) is the product of the axial plasma velocity and the
radial magnetic field. The latter can be approximated with the assumption
that the axial magnetic field does not change in the vicinity of the compressor
coil axis with the radius r. Then,

∇ · H = 0 (3.19)

gives an approximation for the radial magnetic field,

Hr = −r

2
dA(z)

dz
I(t) . (3.20)

The azimuthal electrical current density is then

jΦ = −σ µ
2

r

[
A(z)

dI(t)
dt

+ vz
dA(z)

dz
I(t)

]
. (3.21)

The first term of the radial force acting on the plasma is the product of this
current density with the axial magnetic inductance,

Fr = jΦ Bz =
σ µ2

2
r A(z) I(t)

[
A(z)

dI(t)
dt

+ vz
dA(z)

dz
I(t)

]
. (3.22)

As long as Fr is negative, the force acts towards the axis and the plasma
is compressed in the coil. The first term is negative during the first quarter
period of the compressor coil current when the time derivative of the magnetic
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induction is positive. The sign of the second term depends upon the direction
of the radial magnetic field. This will be negative for approximately the first
80 percent of the coil length. The second term in the radial component of
the magnetogasdynamic force in (3.14) will always be negative. It is the
interaction between the axial current density from the center electrode to the
compressor coil with the azimuthal magnetic field induced by this current
density.

The azimuthal component of the magnetogasdynamic force produces an
azimuthal plasma velocity which is small near the compressor coil axis be-
cause of the symmetry of the configuration. The axial component of the force
Fzmax cannot be negative if there is to be particle acceleration. The square of
the flow velocity in (3.1) indicates that the axial term,

Fz = jr BΦ − jΦ Br ,

should always be positive. A first approximation would be that these forces
are transferred without delay into thermodynamic quantities such as pres-
sure and density. The compressor coil, therefore, increases the density of the
plasma flow leaving the copper axial accelerator.

The plasma resistance has little influence upon the characteristics of the
equivalent circuit. It may be regarded as part of the impedance Z of the
circuit mesh with compressor coil inductance L1, where a typical example is

Z =
√

R2
1 + ω2L2

1 , (3.23)

with R1 = 4.8 × 10−3 ohm, L = 2 × 10−6 H, and ω = 9.45 × 104 s−1. Then
the plasma resistance term is three orders of magnitude smaller than the
inductance term.

The increase of the coaxial accelerator inductance L2 in Step 1 is propor-
tional to the constant

K7 =
U2

0 C0

2m

b2 C0

L0
, (3.24)

where b is the inductance gradient. The first factor of (3.24) is the stored
energy per unit of plasma mass, m. For a coaxial accelerator with given
geometry and constant plasma mass, K7 changes with the capacitor bank
charging voltage U0.

The theory developed in the preceding section is compared with experi-
ments performed in the Plasma Hypervelocity Range of the Space Sciences
Laboratory at the George C. Marshall Space Flight Center.

Plasma Flow

The theory can be correlated with a specific experiment through the elements
of the equivalent circuit shown in Fig. 3.9. The inductance of the compressor
coil, L1, and the inductance of the capacitor bank with coaxial cables and
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switch assembly, La, were measured prior to the experiment. Throughout
the experiments described here, the capacitor bank and the switch assembly
have remained unchanged. Then the only unknown quantities are the plasma
resistance, R1, and the constant K7, calculated according to (3.24).

The results of the computation of the plasma velocity at the 3.3.4. Ex-
perimental Results end of a coaxial accelerator 14 cm long are compared with
measured values in Fig. 3.10. For this example, K7 = 1.0 corresponds to a
charging voltage of 18 kV. The plasma velocity was measured with two light
probes located 20 cm apart, one at the end of the coaxial accelerator and
the other behind the compressor coil. The order of magnitude of the velocity
from theory and experiment is the same. The velocity increases with larger
values of U0, the charging voltage. The light probes could only measure the
propagation velocity of a luminous front, which may not coincide with the
major portion of the plasma mass.
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Calculated
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Fig. 3.10. Plasma velocity at the end of the coaxial accelerator

The photographic recording of the oscilloscope trace of the current in
the compressor coil as well as the capacitor bank voltage indicates the time
when the plasma leaves the coaxial accelerator. The capacitor bank voltage
recordings show irregularity when the compressor coil current begins to rise.
The arrival time has been plotted in Fig. 3.11 as a function of the capacitor
bank charging voltage U0. For comparison, the recordings of the first light
detector used for velocity measurement are also shown.

Capacitor Bank Voltage

The capacitor bank voltage measurement was described in Sect. 3.2.3. The
voltage across the capacitor bank is
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Fig. 3.11. Time of arrival of the plasma at the compressor coil

U

U0
= 1 −

T∫
0

(X1 + X2)dT ,

where X1 and X2 are the corresponding currents divided by ω0 U0 C0:

X1 =
I1

ω0 U0 C0
, X2 =

I2

ω0 U0 C0
,

where
ω0 =

1√
L0 C0

. (3.25)

The recorded curve is compared with the calculated curve in Fig. 3.12. The
experimental curve shows a potential drop approximately 30 microseconds
after initiation of the discharge. This potential drop has also been observed
without the compressor coil, and it coincides approximately with the transi-
tion of the coaxial accelerator current through zero. If the coaxial accelerator
is still filled with a plasma, then another discharge can be initiated, causing
a shift in the potential drop. There is an indication of the same effect after
another half-period of the discharge. During these experiments with differ-
ent compressor coil configurations, high-speed motion pictures were tried. A
camera with up to 20,000 frames per second was used so that the exposure
time corresponded roughly to one half-period of the discharge. These motion
pictures did not give detailed information about the compressor coil flow, but
they showed that there were several subsequent accelerations of the plasma
cloud. These observations tend to confirm the explanation given for the po-
tential drop observed on the experimental curve. The measured period of
the discharge was nearly constant during the experiments, varying by only
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Fig. 3.12. Capacitor bank voltage

2 µs. The integrations of the equivalent circuit equations with different values
for the compressor coil inductance showed the same behavior. The frequency
of the discharge is, therefore, determined mainly by the capacitor bank pa-
rameters C0 and L0.

Compressor Coil Current

The magnitude and the change with time of the compressor coil current
determine the efficiency of the compressor coil. The experimental curve is
compared with the calculated curve in Fig. 3.13. During these experiments,
the amplitude of the compressor coil current trace was not calibrated. The
absolute value of the compressor coil current can, therefore, only be estimated
by comparison with the theory. The theory shows that the magnitude of the
compressor coil current depends upon the ratio of the inductances L0, L1,
and L2, all of which are well known. Therefore, it seems justifiable to use the
correlation between theory and experiment to estimate the magnitude of the
compressor coil current:

I1 = X1ω0 U0 C0 or , X1 =
I1

ω0 U0 C0
. (3.26)

Experimental and Theroretical Data

Data describing the experiment are
Bank capacitance: C0 = 2.7 × 10−4F
Bank inductance: La = 4.16 × 10−7H
Bank resistance: R2 = 7.9 × 10−3Ω
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Fig. 3.13. Compressor coil current

Coaxial accelerator inductance: L2 = 0.72 × 10−6H
Compressor coil inductance: L1 = 4.43 × 10−7H
Coaxial accelerator inductance b = 3.58 × 10−7H/m it is H/m!!
per unit length:
Coaxial accelerator length 20 cm
(for plasma acceleration):
Compressor coil length: 13 cm
Plasma resistance: R1 = 4.8 × 10−3Ω
Aluminum foil mass: m = 0.04 g
Glass particle diameter: D = 0.25 mm
Charging voltage: Ua = 16 kV
Measured particle velocity: vp = 5.3 km/s.

With the values given above, the maximum value of the compressor coil
current becomes

I1max = 4.08 × 105X1 = 4.96 × 104A .

The experiment shows that the compression is terminated when the compres-
sor coil current is at its maximum value.

The comparison of theory and experiment shows that the equivalent cir-
cuit and the corresponding theory described in the foregoing section simulate
the characteristics of the coaxial accelerator with attached compressor coil.
One of the principal reasons is that the behavior of the experiment, as well
as the equivalent circuit used for the theory, is dominated by the capacitance
C0 and the inductance L0 of the capacitor bank, coaxial cables, and switch
assembly, and the ratio of L0 to the inductances of the coaxial accelerator,
L2, and the compressor coil, L1.
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Particle Acceleration

The acceleration of the particles placed on a Mylar film stretched across the
narrow end of the compressor coil can be used as an indication of the amount
of compression of the discharge. Figure 3.14 is a photograph of the beads after
they have left the Mylar film. They have an initial diameter of 0.8 mm and a
velocity of 4–5 km/s. The velocity measurement method has been described
previously. During the experiments the pressure in the range was always kept
at a vacuum below 25 µm of mercury, and the capacitor bank charging voltage
and the particle initial diameter were varied. Only spherical glass beads were
used.

Fig. 3.14. Photograph of accelerated particles in the plasma flow within the com-
pressor coil

Figure 3.15 shows the particle velocity as a function of the capacitor bank
charging voltage for three initial particle diameters. The dashed curve in these
figures is obtained from the assumption that after the acceleration, kinetic
energy of the particles with the mass mp is proportional to the energy stored
in the capacitor bank, C0U0/2, multiplied by the particle cross sectional area,
S, and a coefficient C1 representing the energy transfer efficiency

mp

2
v2 = C1 S

C2
0 U2

0

2
. (3.27)

Then the velocity of a particle with the initial diameter D is given by

v = C2
U0√
D

where C2 =

√
3C1 C0

2 ρGLASS

. (3.28)

In the case of the 700 µm diameter particle, the straight line representing
this theory could easily be drawn through the experimental results. The the-
oretical line for particles of another initial diameter will have a slope that is
related to the slope of the 700 µm curve by the equation
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Fig. 3.15. Particle velocity as function of capacitor bank charging voltage

tan α
tan α700

=
(

700
D

)1/2

. (3.29)

The slopes of the curves in the figures for the 250 µm and the 125 µm particles
were calculated from this equation. The absolute level of these curves was ad-
justed to the 700 µm experiments. The constant C2 in (3.28) was determined
from the line approximating the 700 µm results. The lines for 250 µm and
125 µm can then be computed with (3.28). In Fig. 3.16 the final velocity is
plotted as a function of the particle initial diameter. The theoretical curves
are also calculated from (3.28).

The difference between the velocities measured in different experiments
with the same initial particle size, which increases with large capacitor bank
charging voltage, is very probably due to particle ablation during its interac-
tion with the plasma.

During the experiments which resulted in these data many variations were
tried, including

• variation of the length of the center electrode or the coaxial accelerator,
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Fig. 3.16. Particle velocity as function of the particle initial diameter

• variation of the length of the compressor coil,
• insulation of the last two front windings of the compressor coil,
• insertion on the glass beads into the compressor coil at a position 1 cm

from the narrow end,

together with varying the size of the glass beads and the charging voltage
of the capacitor bank. From these observations, it seemed appropriate to
consider another method for the injection of the projectiles.

Compressor Coil Diagnostics [5–7]

The measured projectile velocities indicate that pressures in the kbar regime
must be generated inside of the compressor coil. The plasma flow pressure
inside and outside of the compressor coil was investigated using a coaxial
accelerator where, instead of the aluminum foil, gas is injected (Fig. 3.17).

The Pressure Sensor

The current from the center electrode to the compressor coil is of the order
of 50 kA, the magnetic induction of the order of 1 Tesla, and the discharge
frequency is approximately 15 kHz. The photograph shown in Fig. 3.18 may
give an impression of the compressor coil in operation.
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Fig. 3.17. Coaxial accelerator with gas injection

Fig. 3.18. Compressor coil environment

This environment requires a sensor which is not based on an electric prin-
ciple. The method that was chosen here is the observation of the displacement
of a small plate that is exposed to the plasma pressure. This pressure sensing
plate is mounted on the front end of a steel tube, as shown in Fig. 3.19.
The deformation of the plate by the pressure of the plasma flow is measured
by the change of its reflectivity to incident light. A He-Ne laser beam is di-
rected towards its rear surface through an optical fiber inside the steel tube.
The reflected light is recorded by a photodiode that is located at the end of
another optical fiber outside of the vacuum tank of the plasma accelerator.
This is done to reduce the influence of the strong electromagnetic field in the
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Fig. 3.19. Sensor for the measurement of the transient pressure

accelerator. The change in the output voltage of the photodiode is measured
as a function of the displacement of the pressure sensing plate. The theory
of shock waves in metals was used to calculate the pressure from the defor-
mation or the displacement of the pressure sensing plate. The accuracy of
the method can be estimated from the ratio of the work performed for the
deformation of the plate to the work that is required to accelerate the plate.
It was found that, in the experiments that are described here, the inaccuracy
was less than 5%. It should finally be noted that the pressure that is mea-
sured by this method is the total pressure, being the sum of the static and
dynamic pressures.

Experimental Results

A typical experimental curve of the voltage output from the photodiode is
shown as a function of time in Fig. 3.20.

Failure of
the Sensor
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Fig. 3.20. Output of the photodiode in an actual experiment
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Fig. 3.21. Pressure as a function of time at various locations (arrows indicate
failure of the sensor)

The pressure in kbar at various locations inside and outside the compres-
sor coil is shown in Fig. 3.21. Negative values of the coordinate s correspond
to locations inside the compressor coil.

In the region where the projectiles are first exposed to the plasma flow,
that is, near s = 0, a pressure in the order of 5 kbar has been measured
during an interval of approximately 10 µs, from 8 to 18 µs, after initiation
of the discharge. This pressure will accelerate a 100 µm glass bead (density
2.5 g/cm3) along a path of 1 cm to a velocity of 7.5 km/s. This is in agreement
with the experimental data and present operational characteristics of this
type of accelerator.

The current theoretical predictions and the experimental results are com-
pared in Fig. 3.22. The acceleration time is shorter than the duration of the
pressure pulse in the compressor coil because the axial extension of the high
pressure region is of the order of 1 cm and the mass is very quickly pushed
beyond this region. The same figure indicates that the measured pressure
buildup is quite different from the theoretical expectations. Two pressure
peaks appear at 10 and 20 µs, with a strong decrease being observed between
them. This might be a magnetogasdynamic effect. The current from the center
electrode of the coaxial accelerator and passing through the compressor coil
winding might have been reduced by a short circuit formed between the tip
of the center electrode and the narrow end of the compressor coil. The low
compression resulted, in turn, in a lower conductivity in the plasma, and the
current from the center electrode to the compressor coil windings increased
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Fig. 3.22. Experimental pressure and theory at 25 mm inside the coil as a function
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again. At the location s = −44 this oscillatory effect occurs three times, as
shown at the top of Fig. 3.21. This indicates that the magnetogasdynamic
flow inside the compressor coil is indeed non-stationary.

Radial Pressure and Divergence of the Plasma Flow

It has been observed that the projectiles that are exposed to the plasma
flow at the end of the compressor coil do not fly axially but rather tend to
diverge. Only a small number of particles will be accelerated axially. This
can be explained by the fact that the total pressure has a radial component.
This radial pressure has been measured with the same sensor as was used to
measure the total axial pressure.

Figure 3.23 shows the results of experiments in which the sensor was
placed perpendicularly to the axis of the coaxial accelerator and the compres-
sor coil and just beyond the narrow end of the compressor coil at different
distances, r, from the axis. The value of the radial component of the total
pressure is in the order of 1 kbar.

Figure 3.24 shows the addition of both components and the angle, a, of
divergence. The total pressure has its maximum of 10 kbar at approximately
10 µs after the initiation of the discharge. The angle, a, of divergence increases
after 20 µs.

The measured axial and radial pressure is in good agreement with the
operational characteristics of the plasma accelerator. The pressure sensor
seems, therefore, to be well applicable for the measurement of high transient
pressures in the environment of a plasma accelerator. During the experiments
there was some evidence that more projectiles would hit the target when they
were introduced 1 cm inside the compressor coil, at the narrow end.
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Fig. 3.24. Total pressure at the end of the compressor coil and angle as a function
of time

Pressure Measurement with an Active Probe [6]

A series of experiments was conducted to measure the dynamic pressure in
front of the muzzle. Kistler Type 6157 BA pressure probes were used. The
evaluation of these measurements was assisted by measurement of the current
in the coil ground loop, the inductance of the system, and by high speed pho-
tography. Three different coil shapes were used to evaluate the influence of the
coil shape on the compression. A non-conducting coil with a shape identical
to one of these coils was tested to determine the contribution of aerodynamic
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forces to the plasma compression. Additional tests were performed with a
non-conducting conical tube to see whether a coil has aerodynamic benefits
compared to a closed contour. Finally, the coil was completely omitted. Only
the coil holder, attached to the ground loop, remained in the system. This
configuration forced a mainly axial discharge from the tip of the center elec-
trode of the coaxial accelerator to the holder, and allowed the investigation of
the contribution of the z-pinch to compression. These results are compared
to each other and conclusions are drawn on how to improve the coil.

3.4 Effects of Varying
the Compressor Coil Configuration

3.4.1 Configurations Investigated

Six compressor coil configurations (Fig. 3.25) were investigated in this series
of experiments. Three different copper coils – two conical and one conical–
cylindrical form – were used. The first conical coil, referred to as the large
conical coil, represents the present configuration of the plasma-dynamic accel-
erator. Due to the high frequency of the discharge, this coil has a rather high
inductive impedance, especially in the larger turns. This reduces the amount
of current entering the coil, thereby reducing the effect of electromagnetic
compression by coil currents. Hence, a coil with fewer turns and smaller di-
ameters, the small conical coil, was experimentally investigated. The third
coil, the conical-cylindrical coil, is introduced to investigate whether a cylin-
drical extension of the conical part is helpful in obtaining a homogeneous
plasma flow parallel to the coil axis.

Fig. 3.25. The six configurations investigated during the experimental series
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In addition to the copper coils, a coil made of polycarbonate (PC), a
non-conducting plastic material, was employed. This coil had the same shape
as the long conical coil. The coil holder plate was also made of PC, and
the connection to the coil holder that forms the ground loop of the device
was insulated. This minimized the current flow in the system and caused the
magnetic fields due to coil currents to be zero. The use of this coil allows
for the comparison of the effect of electromagnetic compression with that of
mere aerodynamic compression.

Experiments with a PC cone instead of a coil were conducted to inves-
tigate whether a coil has superior aerodynamic compression compared to a
closed surface. The inner surface of this cone matched the inner contour of
the long conical coil. This allowed for the direct comparison of these config-
urations.

All experiments were performed at an ambient pressure of less than
100 Pa. To stay comparable to previous experiments, the charging voltage
was kept at 16 kV, thus providing 39.4 kJ of stored energy.

3.4.2 Experimental Results

High-speed photographs of the plasma flow through the compressor coil show
a bright light phenomenon that begins at the tip of the center electrode
and extends to the last three or four wire rings. In the first two thirds of
the coil it is concentrated on the axis. This phenomenon is most probably
caused by an axial discharge. The photographs show the path that the current
follows until it enters the coil turns. Most of the current seems to evade
the first two thirds of the coil; only the last turns seem to carry notable
current levels. This is in agreement with the observation that the inductive
impedance of the larger turns of the compressor coil is significantly greater
than the plasma resistance. Hence, a z-pinch may have an important influence
on plasma compression. So, if one omits the coil completely and retains only
the coil holder, keeping it at exactly the same position as it is with the large
conical coil in place, the current entering the ground loop takes a mostly axial
path through the plasma, thereby causing a z-pinch. Aerodynamic effects are
significantly reduced in such a setup. This configuration was also included in
the experimental series.

Several experiments have been performed with each of the configurations
discussed above. Interesting results can be obtained by comparing the dy-
namic pressure at the muzzle of the compressor coil.

Kistler Type 6157 BA pressure probes were used. These are piezoelectric
pressure gauges that show a linear relation of pressure to signal strength while
operated within their design limits. The maximum safe load is 200 MPa. The
pressure gauge has to be pre-charged. The output signal was read into an
optical transceiver and transmitted to the shielded instrument room.

The experimental setup is shown in Fig. 3.26. The probe is mounted in
front and outside of the compressor coil in order to keep the gauge outside
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Fig. 3.26. Experimental setup featuring PC coil

of the electromagnetogasdynamic environment within the compressor coil.
The probe signal is fed into the instrument room via fiber optics. Inside the
shielded room another optical transceiver reconverted the signal. It was then
transferred to a Nicolet MultiPro digital oscilloscope. Since the sensor is sen-
sitive to high temperatures and electric discharges, its surface was protected
by a thin layer of rubber coupled to the sensor with vacuum grease. Prior to
each experiment, the sensor was aligned on the axis of the compressor coil,
with the measuring surface being perpendicular to this axis.

Figure 3.27 shows the signal from the Kistler pressure gauge. At the time
of the publication, these were not compared with the results shown before
on Figs. 3.21 and 3.22, indicating a pressure oscillation with 10 µs between
two pressure peaks. The same time difference between two pressure peaks has
been measured and recorded on Fig. 3.27. This indicates that these measure-
ments confirm the non-stationary, oscillatory characteristics of the plasma
flow in the compressor coil.

The frequency of the coaxial accelerator and the compressor coil is only
one tenth the frequency of this internal compressor coil oscillation, and it will
be an interesting task to find out why. It can be guessed that the dynamic
pressure shown in Fig. 3.28 is, in its order of magnitude, confirmed also by
the results shown in Fig. 3.21.

The largest number of experiments concentrated on the long conical coil.
A total of 20 data points were taken. The closest distance to the muzzle was
24 mm, the point at which the maximum safe load of the gauge was reached.
At this distance dynamic pressures of 75 MPa and 190 MPa were measured,
yielding an average value of about 130 MPa. The pressure drops to nearly
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Fig. 3.27. Pressure Signal 32 mm from the muzzle of the long conical coil

Fig. 3.28. Dynamic pressure in front of the muzzle of the long conical coil

zero within the next 30–40 mm. This means that a particle initially placed
in the muzzle of this coil has a maximum acceleration length in the order of
50–60 mm.

Fewer experiments were conducted with the other configurations. Fig-
ure 3.29 shows the results obtained. The short conical coil, represented in
the plot by open triangles, generally shows twice the dynamic pressure of the
long conical coil. One reason for this is that the muzzle of this coil is much
closer to the muzzle of the coaxial accelerator, so that less material is lost on
the way to the coil muzzle. It is possible that there is also stronger electro-
magnetic compression involved. The conical–cylindrical coil, represented by
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Fig. 3.29. Measured dynamic pressure of alternative shapes in comparison to dy-
namic pressure in front of the long conical coil

open circles, shows only slightly higher dynamic pressure compared to the
long conical coil. The cylindrical extension does not seem to provide the de-
sired effect of forming a homogeneous parallel plasma flow. To validate these
measurements, particle acceleration experiments were performed. In these,
neither configuration was able to accelerate particles to the same velocity as
normally found with the long conical coil. The short conical coil was not able
to deliver fast particles with a diameter in the range of the particles loaded.
Instead, impacts of very fast, hut also very small particles were detected.
Obviously, the glass beads broke apart during acceleration, sustaining the
higher dynamic pressure. The conical–cylindrical coil only delivered rather
slow particles. High-speed photographs of this configuration show that the
plasma flow jams in the transition from conical to cylindrical contour. The
pressure gauge only detects the first plasma front that passes the coil unin-
hibited by this jamming dynamic pressures of over 1000 MPa are possible

• inside the long conical coil, and
• within the coil at a distance of 1/3 of its length, as measured from the

muzzle.

Since this pressure decreases rapidly with increasing distance from the
coil, it would be reasonable to move the initial particle position to the inside
of the coil. This could most easily be done by using a pre-accelerator as an
additional first stage, accelerating the particles inside the center electrode.
This also allows for the choice of time for the introduction of the particles
into the compressor coil by setting the delay between the ignition of this first
stage and the plasma dynamic accelerator.
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In the current setup of the plasma dynamic accelerator, the most im-
portant mechanism of plasma compression is shock-dominated aerodynamic
compression caused by the turns of the compressor coil. To enhance the ef-
fect of electromagnetic forces due to coil currents, the inductive impedance
of the coil has to be reduced. This can be done by choosing coils with fewer
turns and smaller turn diameters, or by reducing the discharge frequency.
The small conical coil proved that such a configuration can deliver higher
dynamic pressures.

Aerodynamically, it is important to use a geometry that allows for venting
to prevent the plasma flow from jamming. Also, the distribution of the coil
turns is important, because this distribution forms the system of shocks that
compresses the plasma while electromagnetic forces are weak. The conical–
cylindrical configuration, for example, forms an adverse shock system, leading
to inferior performance.

It is obvious that if electromagnetic forces can be established, and if they
are large enough to influence the plasma flow, then the effect of such forces
is limited mostly to the interior region of the coil. This is also the region
where the highest dynamic pressures can be found, extending over greater
axial distances than in front of the muzzle. To achieve higher final velocities,
it may be sensible to choose the initial particle position to be within the coil.
In addition it would be helpful to influence the instant when the particles take
this initial position. One way to do this is to use an additional pre-accelerator.

3.4.3 Simulations [7]

The first set of simulations was concentrated on analysis of electromagnetic
effects for the long conical coil, including electromagnetic forces and ohmic
heating. Here, dynamic pressures at the coil muzzle were calculated and were
of the same order of magnitude as measured data. Figure 3.30 shows the calcu-
lated axial dynamic pressures at various times, while Fig. 3.31 shows the tem-
perature distribution in the coil at 10 µs. The coil muzzle is at z = 160 mm. A
test particle, a glass bead with a diameter of 100 µm that was initially placed
there, was numerically accelerated to a final velocity of 10.2 km/s – a value
that is well within the known performance range of the present accelerator
setup. This indicates that shock dominated aerodynamic compression is an
important mechanism in the operation of the compressor coil. On the other
hand, the pure gasdynamic shock-dominated flow behind the shock or shocks
could not exceed the local Mach number, which should make its velocity less
than 5 km/s.

Current flow in the wire rings causes compression, but also decelerating
forces, like an eddy current brake. Moderate currents, as they occur in the
experiment, smooth the formation of shocks. Close to the wire rings, repelling
electromagnetic forces form a buffer zone and soften the impact of the fluid.
The region of higher dynamic pressure (Fig. 3.30) extends farther out of the
coil muzzle, yielding a slightly higher particle velocity of 10.6 km/s.
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Fig. 3.30. Axial dynamic pressure at r = 0 in the long conical coil (neglecting
electromagnetic effects) at various times

Fig. 3.31. The temperature distribution in the coil at t = 10 µs, revealing the
structure of the shock system

Figure 3.32 shows a simulation of the axial dynamic pressure, where cur-
rents would only flow in the coil windings, not accounting for the z-pinch
effect. There is again a strong indication that there will be a high dynamic
pressure region 1/3 of the coil length inside the compressor coil, measured
from the compressor coil muzzle.

The plasma flow jammed in the transition from the conical to the
conical–cylindrical shape, and electromagnetic forces could not compensate
for that. This becomes evident when looking at the fluid density at t = 10 µs
(Fig. 3.32). Hence, the dynamic pressure at the muzzle decreased so much
that the particle velocity dropped below 7 km/s.

In theory, the short conical coil worked much better. Particle velocities
of 11.2 km/s aerodynamically, and 10.9 km/s with complete electromagnetics,
were calculated. Electromagnetic forces again limit their positive conditioning
influence to the interior part of the coil. It was already mentioned that,
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Fig. 3.32. Axial dynamic pressure at r = 0 in long conical coil (considering only
coil turn currents) at various times

although all other results of the simulations could be experimentally verified,
the short conical coil did not deliver the calculated particle velocities in the
experiment. Only fast, but very small, particles were detected, indicating that
the dynamic pressure was too high and broke the particles apart. This may,
of course, also be regarded as indication that the short coil is very effective
in introducing magnetogasdynamic forces, perhaps also because of a different
internal oscillation frequency.

3.5 Two-Stage Operations

3.5.1 The Coaxial Accelerator with a Compressor Coil
and an Electrothermal Accelerator

The Electrothermal Accelerator [8,9]

Accelerator Design and Electrical Storage System

A schematic of the electrothermal accelerator and its principle is shown in
Fig. 3.33. Following the discharge of the capacitor bank by closing of the
ignitron switch, a high electrical current vaporizes an aluminum wire in a
small chamber and generates a hot plasma by joule heating. It is assumed
that the entire plasma is formed from the material of the wire. The expansion
of the plasma accelerates the projectile through a barrel. The aluminum wire
is enclosed in a cylindrical chamber, and has contact to two electrodes. The
axis of the cylinder coincides with the axis of the barrel to minimize the loss
due to friction of the plasma flow. The steel barrel and the steel electrode
have circular sealing lips, which are pressed into the inner liner (Nylon) of the
explosion chamber. This connection is gas tight before the shot and resists
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Fig. 3.33. Schematic of the electrothermal accelerator

the high chamber pressure during the experiment. The inner diameter of the
chamber is the same as the barrel bore to minimize flow losses.

The following values are representative for an operational accelerator used
for the experiments described here:

Length of barrel 140 mm
Inner diameter of barrel 4 mm
Length of exploding chamber 20 mm

To operate the accelerator, a capacitor bank with four modules, each of 14 µF,
is used. The switching is done by one GE 7704 ignitron. The following elec-
trical values are representative for the system:

Charging voltage: up to 12 kV
Capacitance: 56 µF
Inductance: 0.72 mH
Resistance: 24 m Ω
Discharge frequency: 25 kHz.

Experimental Results

Experiments have been performed with the electrothermal accelerator alone
to demonstrate its performance and to solve operational problems for the
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proposed two-stage operation. Figure 3.34 shows the measured and calculated
discharge current as a function of time. The small notch in the curves at the
time tv indicates the very high resistance in the chamber during evaporation
of the aluminum wire.

The performance of the electrothermal accelerator is plotted in Fig. 3.35
as a function of the charging voltage of the capacitor bank. The velocity was
inferred from a time-of-flight measurement. The projectile was detected at
the muzzle by a light guide, and a piezoelectric sensor gave the impact sig-
nal. All experiments have been performed with the 56 µF capacitor bank. A
maximum overall efficiency of 7.8% was reached. Meanwhile, a few experi-
ments have been performed with a 352 µF capacitor bank. Velocities of up
to 3.6 km/s have been measured for 28 mg particles, but these high velocities
are not representative for the operational service of the accelerator. Parts of
the insulators were destroyed.

The plasma accelerator is installed in a large vacuum blast tank and
is connected to the energy storage system (a capacitor bank consisting of
16 modules with separate ignitron switches) by low inductance cables. The
following values are representative for the system

Capacitance: 352 µF
Inductance: 329 nH
Resistance: 4.65 mΩ

The plasma gun itself consists of a coaxial accelerator to which a com-
pressor coil is attached via a ground loop (Fig. 3.36). The discharge of the
capacitor bank into the coaxial part of the accelerator generates a plasma
between the center electrode and the outer electrode by ionization of a few
cm3 of helium gas that is injected through the outer electrode prior to the
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Fig. 3.35. Performance of the electrothermal accelerator for 43 mg projectiles
(polyamid cylinders)

discharge. The following dimensions apply to the plasmadynamic accelerator
described here

Length of coaxial accelerator: 160 mm
Length of compressor coil: 110 mm
Outer diameter of center electrode: 12 mm
Inner diameter of annular electrode: 33 mm.

For two-stage operation it is necessary to inject smaller particles than the
large projectiles that were used for the development of the electrothermal
gun. Therefore, many small glass beads, mixed in epoxy and cast into a solid
projectile, were accelerated through the barrel. Due to the high accelerating
forces, the compound projectile breaks apart, and a loose but compact cloud
of single particles leaves the barrel. This property of the compound projectiles
was optimized during many experiments.

Figure 3.36 shows the setup of the two-stage facility. The muzzle of the
electrothermal accelerator is connected to the center electrode of the coaxial
accelerator. For this purpose, the center electrode has to be a tube which
is elongated backwards through the cable adapter of the plasma gun. This
design leads to a very long injection path of more than one meter. The inner
diameter of the center electrode is about 2 mm larger than the barrel bore.
With the barrel and the center electrode having electrical contact, the energy
storage systems of the two accelerators are connected.

For a successful post-acceleration of the particles through the plasma
flow, it is very important to have accurate timing of the two accelerators.
About 10 µs after the discharge of the capacitor bank of the plasmadynamic
launcher, the plasma front reaches the end of the compressor coil. The main
compressed plasma flow is able to accelerate the particles because at lasts
about 12 µs. It is obvious that the injected particles have to be within the
compressor coil at the time of discharge. The exact timing was realized in
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Fig. 3.36. Schematic of the two stage facility

the experiments with a break wire in the compressor coil. A particle out of
the injected cloud of glass beads cut a 0.1 mm diameter wire of a battery
feed circuit with an LED. A trigger signal then was generated by a fast op-
toelectronic circuit. This simple device guaranteed very accurate and reliable
timing of each launcher.

3.5.2 Experiments with the Two-Stage Facility

To investigate the augmented launch facility described above. The following
diagnostics have been used: Rogowski coils measured the transient total cur-
rent in both systems and the transient current in the compressor coil. The
velocity of the plasma flow was obtained by magnetic pickup coils. Cordin
single-frame cameras were used to take photographs of the plasma flow in
the compressor coil. A time-integrated value of the dynamic pressure of the
plasma flow could be derived from the bending angles of thin copper rods that
were placed perpendicular to the plasma flow at the end of the compressor
coil. This measurement technique is described in detail in [3]. The velocity of
the particles was derived from time-of-flight measurements.

The first experiments with the two-stage facility demonstrated a safe and
reproducible operation. Both capacitor banks could be discharged in the ex-
pected way without mutual interference.

With the first feasibility tests it was not possible to reach the expected
velocity increase through the post-acceleration. For most experiments, the
final velocity was below the performance of the plasma accelerator alone.
The dynamic pressure, q = ρ/(2V 2), dropped to 25% of the nominal value.
The total current through the compressor coil increased by a factor of up to
two. The measurements of the axial plasma velocity in the compressor coil
gave reduced values. From this, it was obvious that the two-stage operation
causes a severe malfunction of the compressor coil. In comparison with a
nominal shot, the plasma is quenched out of the windings in a typical two-
stage experiment. This can be seen in Fig. 3.37.
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Fig. 3.37. Photographs of the plasma flow in the compressor coil

3.5.3 Theoretical Analysis of the Compressor Coil

More detailed experiments showed that more or less of the accelerating alu-
minum gas flows into the compressor coil along with the injected particles.
At the time of discharge there is a column of aluminum gas or droplets in
extension of the center electrode. As aluminum has a low ionization potential,
it will be ionized again by the He-plasma flow out of the coaxial accelerator.
This effect leads to an increasing conductivity along the centerline of the
compressor coil, which is followed by a reduced current through the windings
of the coil. The typical conical discharge channel starting at the tip of the
center electrode can be recognized. A schematic of the new situation in the
compressor coil is shown in Fig. 3.38.

Fig. 3.38. Processes in the compressor coil
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Analytically, this can be described with a refined equivalent electrical
circuit of the compressor coil, which is depicted in Fig. 3.39. Each winding is
represented by its own mesh circuit. The movement of the plasma flow will
be simulated by closing the switches S1 to S12 one after another. The plasma
resistance RAX is a function of the geometry and the conductivity, q, of the
discharge channel. The formulation of all mesh circuits A, B, and C1 to C11

leads to a system of differential equations for the total current in the system
and the currents in the windings.

Figure 3.40 shows a comparison of the Rogowski signals of Is for an ex-
periment with and without electrothermal injection. The capacitor bank is
discharged at the time t = 0, and the steep rise between t = 6 µs and 8 µs
represents the motion of the plasma front through the coil.

The high current flow in the case of an injection of the projectiles by
the electrothermal accelerator is caused by the plasma generated discharge
channel. The same behavior can be simulated in the model with a lower
resistance RAX (by the factor 0.5).

The changing conditions in the compressor coil concerning the plasma
resistivity, and therefore the current distribution, have a direct influence on
the plasma density. The plasma flow can be described by the inviscid magne-
togasdynamic momentum equation. Including the z-pinch effect, (3.26) can
be rewritten in the form

P (z, t) = σ
r2
s

4
b2I

dI

dt
+ σ

r2
s

4
Vz b′ b I2 + µ0

r2
1

4
j2
z , (3.30)

T1 T2 T3

where rs is the radius of the compressor coil, Vz is the axial plasma velocity
through the coil, µ0 is the permeability of free space, and r1 is the radius of
the discharge channel. The first term T1 is the term for the tune dependence
of the current I, the second term, T2, is dominated by the inductive change
of the current and the plasma velocity, and the third term, T3, represents the
z-pinch effect of the axial current density, jz. The function b(z) is the gradient
of the magnetic induction of the coil. Numerical calculations showed that the
term T1 is about one order of magnitude smaller than the other two terms
T2 and T3 in (3.30).

Assuming the perfect gas equation, one can calculate the plasma density.
The compressing action of the coil, and therefore the dynamic pressure of
the plasma flow, is mainly determined by the inductance of the compressor
coil, the current through the windings, and the axial plasma velocity. All
these quantities are influenced by the aluminum blow-by of the electrothermal
injector.

Figure 3.41 gives calculated values for the pressure terms T2 and T3

according to (3.30) for various divergence angles, β, of the discharge channel
as functions of the total current through the compressor coil. The calculations
were made at a location 20 mm inside the narrow end of the compressor coil.
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Fig. 3.40. Rogowski signal of the current through the ground loop for an experi-
ment with and without injection of the electrothermal gun

Fig. 3.41. Plot of the calculated pressure terms T2 and T3 versus the maximum
current Is through the compressor coil

3.5.4 Sabot Technique

Design Criteria

As result of the first tests, it was concluded that it is absolutely necessary that
no aluminum gas from the electrothermal injector enter the compressor coil.
Blow-by during the acceleration in the barrel and during the free flight of the
particles through the center electrode had to be avoided. These requirements
were met by using a special sabot that was completely stopped at the end of
the barrel leading to a gas-proof closure of the barrel. The different phases
of the acceleration, the separation of the particles from the sabot, and the
gas-proof closure are illustrated in Fig. 3.42.
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Fig. 3.42. Acceleration of particles in the electrothermal gun with the sabot tech-
nique

Fig. 3.43. Cross sections of sabots

The chamber for the glass beads in the front side of the sabot was opti-
mized for a good particle/sabot separation. The sabot itself was optimized
with regard to minimum mass and a gas-proof motion in the barrel.

In Fig. 3.43 the cross sections of different sabots that were examined in
the experiments are depicted. A sabot of design A leaked during acceleration,
design B had a high friction between the sabot and the barrel bore, and the
sealing lip broke at the location Z during most experiments. Finally a sabot
of design C was used. The sabot material was aluminum with a diameter of
5.7 mm. The sealing lip at the back of the sabot was pressed into the polished
barrel bore by the pressure of the accelerating aluminum gas.

Experimental Results

With the technique described above, a maximum injection velocity of 1.3 km/s
was reached for a 250 mg sabot. Two-stage experiments have been performed
with glass beads, ranging in size from 204 µm to 420 µm. The performance
of the combined facility is documented in Fig. 3.44 in comparison with the
performance of the plasma accelerator alone. With the two-stage operation,
an addition of the velocities of the single accelerators was possible. Another
important result was a considerable increase in the accuracy of fire, especially
for the larger particles.

The severe problems arising from the interaction of the propellant plasma
from the electrothermal gun with the He plasma in the compressor coil were
solved with a special sabot design. Finally, it was possible to improve the
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Fig. 3.44. Performance of the two-stage facility in comparison to the plasma ac-
celerator alone

performance of the system. The result was an increase of the particle ve-
locity of up to 45% for 400 µm-diameter glass beads. In addition, the first
difficulties led to a better understanding of the processes in the compressor
coil. Parameters that had not been considered previously were found to have
substantial influence on the operation of the compressor coil. This could be
confirmed by a refined theory. On this new theoretical basis, it seems possible
that the efficiency of the compressor coil can be improved by injecting a cold
insulating gas (e.g., helium) into the center of the coil. This will force more
current through the windings, producing a more compressed plasma.

3.5.5 Two-Stage Operation with a Light-Gas Gun
First Stage [10,11]

Description and Operation

In this configuration two completely different systems, a light-gas gun and a
plasma accelerator, were combined

• the light-gas gun, which is extensively described in other chapters of this
book and powered mostly from chemically stored energy, and

• the electrically powered plasma drag accelerator.

For the combination of these systems, the basic problem of the different time
scales of their operation had to be considered first. The time scale of the
light-gas gun is in the order of milliseconds, whereas the time scale of the
plasma accelerator is in the order of a few microseconds. The solution was to
have the plasma system triggered by the light-gas gun system, because the
plasma system can easily operate to an accuracy of a millisecond.
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The two-stage accelerator has a light-gas gun as the first stage and a coax-
ial plasma accelerator with compressor coil as the second stage. The light-gas
gun is shown in Fig. 3.45. It has a powder charge for initiating the acceler-
ation process, a piston for compressing the light-gas used as the projectile
driver, and a pump tube to supply the initial reservoir for the light-gas used.
The light-gas reservoir is separated from the barrel and the projectile by a
diaphragm.

PNEUMATIC
ACTUATOR

FIRING
PIN

POWDER
CHARGE

PISTON

PUMP
TUBE

HIGH-PRESSURE
SECTION

DIAPHRAGM

PROJECTILE

PROJECTILE

SABOT

Fig. 3.45. Light-gas gun used in the experiments as first stage

To begin the acceleration process, a pneumatic actuator ignites the pow-
der charge. The powder charge gas expansion accelerates the piston and com-
presses the gas in the reservoir. The diaphragm will rupture at a known
pressure of the compressed light gas. The sabot and the projectile are ac-
celerated in the barrel by the expansion of the compressed light-gas. For
maximum performance the pump tube should be filled with hydrogen, but
helium was used in these experiments for safety reasons. Glass beads with
a diameter of 600 µm were accelerated to an average velocity of 3.8 km/s by
the light gas accelerator.

The second stage is a coaxial accelerator with a compressor coil. The ex-
ample is shown in Fig. 3.46 is identical with the system described previously.
Again, the positive side of a charged capacitor bank (270 µF, 20 kV maximum
charging voltage) is connected via a discharge switch to the center electrode,
which is separated by an insulating plug from the surrounding annular elec-
trode. This center electrode, of course, is now the barrel of the light-gas gun.
Prior to the discharge, an aluminum foil is installed connecting the center
and annular electrodes. At that time, the aluminum foil operation was the
only mode available because the gas injection mode was not yet installed. The
annular electrode is connected to the negative side of the capacitor bank. An
insulating ring separates the compressor coil from the annular electrode. The
holder rail with ground loop connects the front end of the compressor coil to
the annular electrode. The front end of the compressor coil is held in place by
the coil spacer plate. At the beginning of the discharge the annular electrode
is at a negative potential. After the discharge switch is activated, the current
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INSULATING PLUG
CENTER
ELECTRODE

ANULAR ELECTRODE

COIL SPACER ADAPTER
HOLDER RAIL WITH
GROUND LOOP

COMPRESSOR COIL

ALUMINUM FOIL

"0" - RING SEAL

HOLDER FOR GROUND LOOP
COIL SPACER PLATE

INSULATING
RING

Fig. 3.46. Coaxial plasma accelerator with compressor coil used in the experiments
as second stage

Fig. 3.47. Two-stage accelerator with timing setup

evaporates the aluminum foil and generates an aluminum plasma. The dis-
charge current density from the center electrode to the annular electrode will
interact with the azimuthal magnetic field around the center electrode and
will accelerate the plasma axially. After the plasma has entered the compres-
sor coil there will also be a discharge between the center electrode tip and
the compressor coil. The current in the compressor coil windings generates
a magnetic field that interacts with the plasma flow. This results in a com-
pression and an axial acceleration of the plasma. A fast, high-density flow is
generated in which projectiles can be accelerated by gasdynamic drag.

The new two-stage accelerator is shown in Fig. 3.47. The light-gas gun
barrel is used as a center electrode of the coaxial plasma accelerator. The two-
stage operation begins with the loading of the light-gas gun with beads and
propellant powder and with the insertion of the aluminum foil into the second
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stage coaxial plasma accelerator. Then the capacitor bank is charged to the
preselected value. The acceleration is initiated by the ignition of the light-gas
gun powder charge. The shock wave in front of the beads travelling along
the light-gas-gun barrel generates a light flash at the muzzle. This signal is
detected by a transient light detector which triggers a delay generator. After
a preset delay, this generator triggers the thyratron firing circuit, which, in
turn, gives a firing pulse to the ignitrons of the capacitor bank. There is
a time interval of 2 µs between the output of the delay generator and the
beginning of the capacitor bank discharge.

The successful operation of the two-stage accelerator depends upon the
proper timing of the two stages. Each stage must show good reproducibility,
and a reliable method is needed to trigger the second stage at a well-defined
time during the first stage operation.

The required reproducibility of the first stage depends upon the second
stage compressor coil characteristics. From experimental and theoretical in-
vestigations of the coaxial plasma accelerator with a compressor coil, the
following averaged values were obtained. The time during which the pressure
and the density are high enough to provide acceleration is 15 µs. The posi-
tion from the end of the light-gas-gun barrel along the axis of the compressor
coil at which acceleration occurs is 8.5 ± 1.5 cm. With a 4 km/s final veloc-
ity of the first stage, the position accuracy becomes ± 6 µs. Reproducibility
of the second stage is ± 3 µs. The requirement for timing derived from the
position in the compressor coil is the most restrictive one. The light-gas gun
first stage must show a reproducibility of ± 3 µs because the reproducibility
of the second stage must be taken into account. A specific loading process
of the light-gas gun was developed to obtain the required reproducibility.
The projectiles used were 595- to 600 µm diameter glass beads with a density
of 2.5 g/cm3 and a mass of 2.74 × 10−4g. The beads were inserted into the
light-gas-gun barrel between layers of aluminum oxide powder to provide
good spread and minimum clumping.

A special effort was made to ensure that each loading was as identical as
possible. In addition to the standard procedures used to clean and set up
the powder charge, the pump tube, and the high-pressure section, the barrel
and the barrel holder were checked carefully. The barrel had to be replaced
frequently because it showed damage from the current discharge. Calibration
tests of the first stage light-gas gun were performed to determine the time
after the muzzle flash at which the beads leave the barrel and their exit
velocity. The time was determined with high-speed image converter cameras
located in front of two windows in the test range. A transient light detector
was focused through one window on the end of the barrel. The muzzle flash
triggered the light detector, which, in turn, triggered a delay generator. After
a preset delay, an image converter camera is fired and a shadowgraph of
the beads emerging from the barrel is taken. These experiments showed that
the beads emerged from the barrel at 80.0±2.0 µs after the muzzle flash. The
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velocity was measured with three photomultiplier tubes mounted along the
test range. This standard procedure showed that the beads have an average
velocity 3.8± 0.2 km/s. These values and their reproducibility are within the
limits derived from the second stage characteristics.

Theory of the Two-Stage Acceleration

The performance of the first stage of the light-gas gun was not changed. The
velocity of the beads and the time when the beads left the light-gas-gun barrel
were kept within the limits described in the preceding section. Therefore, no
theoretical analysis of the acceleration of the projectiles in the light-gas gun
is necessary, and the experimental values for position and velocity of the
beads leaving the first stage became the initial values for the calculation of
the acceleration in the second stage.

The theoretical investigation begins with the theory for the equivalent
circuit for the capacitor bank with the coaxial accelerator and compressor
coil. Then the electromagnetic field inside the compressor coil and the plasma
flow are calculated. Finally, a theory for the acceleration of the projectiles by
aerodynamic drag forces is used to determine the influence of the timing of the
two stages on the final velocity of the projectiles. It is based on the theory
developed for the coaxial accelerator with a compressor coil in Sect. 3.3.
Equation (3.30),

P (z, t) =
σ µ2 r2

0 AI

2
(Aİ + Vz A′I) +

µ I2

4π2R2
e

(1 − z/L)2, (3.31)

is also valid in this application. The second term contributes only inside a
column of radius r = R′′ because the axial current density is zero for r > R′′

and is small in the vicinity of z = L.

Theory of the Projectile Acceleration

The projectile in the plasma flow experiences a gasdynamic drag force that
is described by (3.1):

F =
[
CD · ρ

2
(Vz − vp)2 + ∇P∆z

]
S . (3.32)

The drag coefficient CD is set constant and equal to 1 using the Newtonian
approximation for hypersonic flows. The second term of this equation de-
scribes the force resulting from a pressure gradient in the flow where ∆z is
a characteristic length of the projectile. Both terms are multiplied by the
projectile cross sectional area S. The density in the dynamic term is calcu-
lated according to (3.11) from (3.24), in which the second term has not been
taken into account because numerical calculation showed that it does not
contribute significantly to the acceleration of the projectile. The axial deriva-
tive of this equation for the pressure P (z, t) determines the density and the
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pressure gradient. The same estimate of the order of magnitude is applied to
the left side of the terms of the axial component of the momentum equation
for the radial term. The result is similar and shows that the change of the
axial plasma velocity Vz is small if the partial derivative with respect to time
is neglected. Then a first approximation will give a constant axial velocity
Vz. The constant value of Vz is set equal to the velocity of the plasma when
it leaves the coaxial accelerator. The resulting equation for the acceleration
of the projectile is then

dV

dt
= CD

σ µ2 r2
cAI

4R TR
(Aİ + vzA

′I)(Vz − vp)2

+
σ µ2 r2

c ∆z

2

[
2AA′Iİ + Vz I2(A′2 + AA′′)

] S

mp
.

(3.33)

An analysis of the order of magnitude of the terms of (3.33) shows that the
acceleration by the pressure gradient is much smaller than the dynamic term
and that the azimuthal current density arises mainly from the interaction
between the radial magnetic field and the axial plasma flow. Then only one
term remains on the left-hand side for a first approximation:

dV

dt
= CD

r2µ2σ
4TR

I2 Vz AA′ (Vz − vp)2
Ap

mp
. (3.34)

The position and the time of maximum acceleration of the projectiles can
be calculated from the partial derivatives of (3.34) with respect to the axial
coordinate and the time. These are then set equal to zero, and the optima are
determined. The position for maximum acceleration can be calculated from
the derivative with respect to z:

(A′)2 + AA′′ = 0. (3.35)

The position is a function of the axial coordinate z only. It can be calculated
for a specific compressor coil configuration and current density distribution.
The values are indicated in Fig. 3.48 for a compressor coil with a 2 cm ini-
tial radius, 0.5 cm end radius, and linear current density distribution. The
magnetic field distribution and plasma flow are shown in Fig. 3.49.

The time for maximum acceleration can be determined with the results
of the integration of the differential equations for the equivalent circuit or
from the experiment. From the differentiation of (3.34) with respect to the
time, the condition

dI

dt
= 0

for the maximum is obtained, and corresponds to the first maximum of the
compressor coil current.

This analysis shows that for maximum acceleration the projectile should
be about 9 cm inside a 12 cm-long compressor coil at the time of the first
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Fig. 3.48. Magnetic field function A(z) and dA(z) for a conical coil with linear
current distribution

compressor coil maximum. This is not necessarily the optimum timing for
the two stages of the accelerator, but it will probably be close to it and was
used for the timing of the first two-stage experiments. These experiments
showed the feasibility of the two-stage acceleration.

Theoretical and Experimental Results

In the experiment, the timing between the first and the second stage is ad-
justed through the delay setting between the light-gas gun muzzle flash and
the trigger pulse to the thyratron firing circuit of the second stage. For the
theoretical investigation, this delay is converted into the position of the pro-
jectile,

z = (t − 80.0) v0 ,

at the time when the integration of the equations describing the discharge
of the capacitor bank is started. The coordinate z0 = 0 is at the wide end
of the compressor coil which is mounted at the coaxial accelerator end. In
the configuration used in the experiments described here, z0 = 0 coincides
with the end of the light-gas-gun barrel. A variation of the delay, t, is then
equivalent to a variation of the initial position.

Figure 3.50 shows the theoretical two-stage velocity as a function of the
delay setting for various values of the capacitor bank charging voltage. The
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Fig. 3.49. Magnetic field lines and photograph of plasma flow

delay for maximum velocity decreases with increased charging voltage be-
cause the plasma velocity increases. The projectile velocity, together with
the time of the end of the acceleration and the compressor coil current, is
shown in Fig. 3.51. The maximum velocity is obtained when the acceleration
ends, approximately at the time of the first compressor coil maximum. The
curves in Fig. 3.51 are from the same calculations that were made for the
timing of the two-stage experiments. A variation of the delay setting equiva-
lent to the inaccuracy of the operation of the first and the second stages leads
to large changes in projectile velocity. From the curves shown in Fig. 3.51, a
velocity change up to 4 km/s is obtained for a 5 µs time change. This example
shows the importance of the timing of the two stages.

In the experiments, the time interval between the light flash at the muzzle
of the light-gas-gun barrel and the impact of the beads at the impact detector
was recorded (see Fig. 3.47). This time interval has its maximum value for
minimum projectile velocity, i.e., if only the light-gas gun is used. When the
plasma gun is added, the time interval decreases and reaches the minimum
value for optimum timing or maximum final velocity.

Figure 3.52 shows the theoretical curve and the experimental results. The
good agreement of the theoretical and experimental curves indicates that the
theoretical model provides adequate timing for the two-stage accelerator. In
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Fig. 3.50. Theoretical velocity as function of delay setting for 14, 16, 18 and 20 kV
capacitor bank charging voltage

the same figure, the theoretical velocity is plotted; the maximum theoretical
value is 17.9 km/s. Because no other projectile velocity measurement was
made, the actual velocity of the projectile is not known. It must, however, be
between the maximum theoretical value and a hypothetical minimum velocity
of 14.0 km/s, that is computed from the distance between the end of the light-
gas-gun barrel and the recorded time interval minus the calibrated delay
of 80 µs. This minimum velocity implies that the projectile is accelerated
to its final velocity without delay as it leaves the light-gas-gun barrel. It
can be assumed that the actual velocity is closer to the theoretical velocity
because the experimental and theoretical curves for the time interval between
muzzle flash and impact agree well. The curves for the theoretical velocity in
Figs. 3.50–3.52 and the curves for the time interval in Fig. 3.52 show a second
acceleration. Figure 3.51 shows that this second acceleration occurs at the
time of the second maximum of the compressor coil current. This indicates
that there are several sequential plasma acceleration and compression phases,
as predicted.

Figure 3.53 shows theoretical and experimental results when the charging
voltage was increased from 14 kV to 18 kV. The projectile velocity is shown
as a function of the charging voltage in Fig. 3.54. The charging voltage was
limited by the rating of the capacitor bank and the switch. From the results
obtained, it can be assumed that glass beads with a diameter of 600 µm
diameter have been accelerated to a velocity near 20 km/sec.
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3.6 Concluding Remarks

Both the experiments and the simulations indicate that our understanding
of the magnetogasdynamics of the coaxial accelerator with the compressor
coil are not good enough, to predict what happens. Instead, we were for-
tunate to obtain the result described in this report. The magnetogasdy-
namic flow within the compressor coil is probably only partially ionized,
fluid-dynamic/thermodynamic, and electrodynamic effects interact, depend-
ing upon the configuration and the corresponding electromagnetic fields.

The functionality does not, as earlier assumed, depend only on the con-
ductivity and therefore the distance between the center electrode and the
compressor coil windings, but rather on the inductance and the inductance
gradient of the compressor coil. An example for this can be seen in Fig. 3.29,
where the short conical coil shows the best performance.

Oscillations with a frequency in the order of 100 kHz were observed,
whereas the frequency of the coaxial accelerator with the compressor coil
is in the order of 10 kHz. This oscillation within one cycle of the discharge
of the main capacitor bank is, of course, a great challenge for an appropriate
simulation.

The same is valid for the configuration of coaxial accelerator and com-
pressor coil concerning an optimum electrical current in the windings of the
compressor coil in connection with a minimum short current between the
tip of the center electrode and the narrow end of the compressor coil or an
effective configuration of both. The authors will try to make some additional
measurements inside the compressor coil and will also try to measure the
electrical current in the coil windings in support of a simulation, which may
help us to understand.

All the experimental and theoretical work was done at the NASA MSFC
and the LRT of TUM by the authors and their colleagues and co-workers
and has been widely published. We learned that the integration of this work
that was attempted here taught us more than the addition of the separate
publications. It is this expectation that we would like to share with those
who read our report and wish, as we do, to continue our work and adventure.

Nomenclature

a = ratio of outer and inner electrodes in coaxial accelerator
A = magnetic field function, amp/m, and area, m2

b = gradient of inductance, henry/m
B = magnetic induction = H, gauss
CD = drag coefficient
C = capicitance, farads
E = electric field, v/m
F = force, Newtons
H= magnetic field, amp/m,
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I = electric current, amp
j = electric current density, amp/m2

L = inductance, henry
m = mass, kg
P = pressure, N/m2

r = radius, radial coordinate, meters
R = ohmic resistance (ohm), gas constant, radius
t = time, time coordinate, s
T = temperature, K
U = voltage
v = velocity, km/s
X1, X2 = nondimensional current
z = axial coordinate, meter
σ = electrical conductivity, I/ohm m
Φ = azimuthal coordinate
µ = magnetic susceptibility
ρ = density, kg/m3

κ = polytropic exponent
∇ = gradient operator
∆ = finite difference

Subscripts

0 = time
1 = right-hand equivalent circuit mesh
2 = left-hand equivalent circuit mesh
z = axial
r = radial
Φ = azimuthal
C = compressor coil
d = delay
D = drag
E = center electrode
p = projectile
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4 Techniques to Launch Projectile Plates
to Very High Velocities

Lalit C. Chhabildas and Marcus D. Knudson

4.1 Introduction

The history of early launch capabilities and the developments of various
launcher techniques up to the late nineteen sixties, which includes the de-
velopments of explosive lenses [100], explosive liners [109], and smooth-bore
guns [6, 22,25] has been well documented. A detailed account on the history
and development of the guns over the last six centuries makes highly recom-
mended reading [22]. Explosive lenses [100] are routinely capable of launching
flyer plates to velocities as great as to 6 km/s. Among conventional smooth-
bore guns, a two-stage light-gas gun propels projectiles the fastest. Current
two-stage light-gas gun technology [6, 22, 25] allows routine launching of 10–
20 gm projectiles to a velocity of ∼8 km/s, although velocities in excess of
10 km/s have been reported for ten milligram particles [96,98].

The interest in increased velocity launch capabilities was renewed in the
early nineteen eighties. This in part was motivated by strategic defense initia-
tive research, and concern regarding impact of micro-meteoroid and orbital
debris particles on space voyagers. Techniques that are either available or
are under development include (i) electromagnetic techniques such as the
rail-gun [5,9], which can launch a few grams to 7.5 km/s, (ii) explosive tech-
niques [79], which can launch 1-mm-thick steel plates to 9 km/s, (iii) inhibited
shaped-charge techniques [49], which can launch a shaped charge jet tip of
0.4 gm to velocities of 11 km/s, (iv) electrical discharge techniques such as
the electric gun [87], which can launch 43 mg kapton flyer plates to 18 km/s,
(v) plasma accelerators [58] which can launch micron size (10−6) gm glass
beads to velocities of 18 km/s, (vi) Van de Graaff accelerators [59], which can
launch sub-micron size (10−13 gm) particles to over 100 km/s, (vii) implo-
sion techniques [104], which will accelerate spherical shells to over 22 km/s,
(viii) an impact technique [29–31] in which a structured ∼100 GPa pressure
pulse is generated (upon impact) to launch 0.5–1.0-mm thick flyer plates to
velocities up to 16 km/s, and (ix) structured ∼300–400 GPa pressure pulses
generated by magnetic fields to accelerate flyer plates to 27 km/s [67, 72]. It
is the purpose of this chapter to describe the techniques that are currently
used to launch flyer plates to velocities in excess of 8 km/s, which is the limit
of the conventional two-stage light-gas-gun technology.
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There are two main requirements to launch flyer plates to hyperveloc-
ities. First, very high pressures are needed to launch the flyer plate and,
second, this loading must be nearly shockless and uniform over the entire
surface. The kinetic energy of a flyer plate moving at very high velocity is
quite large. For example, the kinetic energy of a plate moving at 30 km/s is
450 kJ/gm. For most metals, the melt or vaporization energy is of the order
∼10 kJ/gm. Therefore, the energy deposition must be controlled so that it
does not transform to internal energy. The shockless loading criterion pre-
vents the plate from melting or vaporizing. The uniform loading criterion
prevents the plate from fracture.

In the case of the modified two-stage light-gas gun (also referred to as
the three-stage light-gas gun), a graded-density material referred to as a
“pillow” [11] or a “multi-ply” [24, 26] is used to impact the flyer plate in
order to achieve both these criteria. When this graded-density material is
accelerated to a high velocity by a two-stage light-gas gun and impacted upon
flyer plate, nearly shockless, 100 GPa pressure pulses are introduced into the
flyer plate [25, 27]. Since the loading on the flyer plate is nearly shockless,
excessive heating is minimized and melting of the flyer plate is prevented.
The method has been used to launch a 2 -mm thick titanium alloy Ti-6Al-
4V plate to a velocity of 8.1 km/s, and 1 -mm thick aluminum, magnesium,
and titanium alloy plates to velocities in excess of 10 km/s, and 0.5 -mm
thick titanium and aluminum alloy plates to 12.2 km/s [29,31]. With further
improvements to this technique launch velocities approaching 16 km/s has
been achieved [30].

A new technique that has been developed uses fast-pulsed electrical power
at the Sandia National Laboratories Z accelerator [80] to launch macroscopic,
planar flyer plates to ultra-high velocities. The technique uses smoothly
increasing ∼300–400 GPa magnetic pressure pulses to launch plates ∼200–
300 µm in thickness to velocities approaching 30 km/s. The absence of shocks
in the magnetic loading drive is the key in achieving the enormously high flyer
plate velocities while keeping the plate cool. Successful launches of aluminum
to ∼27 km/s and titanium to ∼22 km/s have been demonstrated.

4.2 Technical Issues

The principle of gun operation is primarily based on using the energy release
from highly compressed gases to propel projectiles to high velocities. This
technique is schematically depicted in Fig. 4.1. If P (t) is the time dependent
driving pressure used to propel a projectile or a plate of mass M in a gun
barrel having a cross sectional area A, then it can be shown that the velocity
of the projectile at time t, V (t), is given by

V (t) =
A

M

∫ t

0

P (t) dt . (4.1)
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Fig. 4.1. Principle of using high pressures to accelerate projectile or plates

This principle of gun operation is applicable in the operations of smooth-
bore gun launchers developed for controlled impact studies. Specifically, in
a 100-mm bore single-stage compressed-gas gun a 0.04 GPa gas pressure is
used to drive a projectile weighing approximately 1 kg to a terminal velocity
of ∼1.1 km/s. Gaseous combustion products from nitrocellulose propellants
in a 89-mm bore diameter powder gun will yield a pressure of 0.3 GPa and
propel a ∼1 kg projectile mass to a velocity of over 2.3 km/s. In a 29 -mm
bore two-stage light-gas gun the hydrogen gas is dynamically compressed to
a peak pressure of ∼0.7–1.0 GPa to launch a projectile mass of 10–20 gm to
a velocity approaching 8 km/s [6]. Note that, to achieve higher velocities,
the mass of the projectile is decreased and the average driving pressure is
increased. (The projectile mass is dependent on the bore diameter of the
gun.) This relation is illustrated in Fig. 4.2 as a plot of projectile velocity as
a function of projectile acceleration.

Notice that (4.1) implies a time-dependent pressure history. This is es-
pecially true for launching projectiles or plates to extremely high velocities.
It would seem, therefore, that either gas loading pressures of ∼0.7 GPa be
sustained for a longer duration, or yet higher driving-gas pressure and higher
acceleration be used to accelerate projectiles to hypervelocities. The former
has been attempted on the two-stage light-gas gun by using collapsible launch
tubes (using explosive techniques) to achieve projectile velocities in excess of
11 km/s [15]. These attempts which, at the time were limited to launch-
ing of lexan sabots, were successful. These early attempts were abandoned
either due to a lack of interest, or due to the expense associated with re-
placing launch tubes after every experiment. Other attempts to launch flyer
plates to high velocities, using gas at the higher pressure of ∼100 GPa [13,14]
and higher acceleration, have resulted in plate fragmentation [27, 28]. Under
these conditions the flyer plate is subjected to driving gas pressures that are
orders of magnitude above its elastic limit, and severe deformation will oc-
cur. Because the flyer plate has limited tensile strength, the non-uniformity
in gas pressure loading over its face can be sufficiently large to cause flyer
fragmentation [27, 28]. The non-uniformity in gas pressure loading over the
entire face of the flyer plate should not exceed the fracture strength of the
plate.
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Fig. 4.2. Variation of projectile velocity with “g” loadings for current smoothbore
gun operations. The inset shows the driving pressure loading history for single-stage
compressed gas gun, propellant gun and the two-stage light-gas gun

Evidently, the loading pressure used to accelerate a flyer plate to high
velocity must be extremely uniform and the compression of the plate must
be isentropic; more so than is achieved through high dynamic gas pressure.
Two successful schemes have been developed; a three-stage light-gas gun tech-
nique and a magnetic technique. Both of these techniques rely on isentropic
compression of the flyer plate over significantly shorter timescales than those
achieved in conventional gas gun techniques. These approaches will be briefly
outlined below.

4.2.1 Isentropic Loading Techniques – Gun Systems

Dynamic, quasi-isentropic loading techniques using light-gas guns are not
new. Techniques were first introduced by Russian investigators to synthesize
very hard materials, such as diamond and boron nitride, for commercial grind-
ing applications. They used graded-density layers on a target to introduce a
time-dependent pressure pulse into the target. The use of graded-density lay-
ers on a target, however, limits the sample size that is maintained at uniaxial,
one-dimensional loading conditions. Other isentropic-loading techniques in-
clude cylindrical compression schemes either using explosives or magnetic
fields. The time-dependent collapse of a cylindrical liner induces the isen-
tropic compressive waves into the material of interest. The former was used
to make synthetic diamonds for commercial use, and the latter was used for
a material property study exploring for metallic hydrogen [55]. However, no
attempt was made to use these techniques for launching flyer plates to high
velocities.
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In the early 1980s interest was rekindled in development of isentropic
loading techniques for material studies [11]. Concepts using particle sedimen-
tation techniques were introduced to make “pillow” impactors. A pillow was
fabricated using powder metallurgical techniques [11] such that a relatively
smooth variation in its shock impedance was obtained through the thickness.
The shock impedance of the impact surface of the graded-density pillow is
similar to that of polyolefin, whereas the impedance of the back of the pillow
is similar to that of copper or tantalum. Other concepts introduced included
multi-ply layered materials of graded densities [26]. A multi-ply layered im-
pactor is fabricated by bonding a series of thin plates in order of increasing
shock impedance from the impact surface. By using the graded-density ma-
terial as the impactor, samples having a larger lateral dimension could be
investigated in material property studies under uniaxial strain conditions.
Early studies were focused on determining isentropes for metals [11, 26] and
the dynamic shear strength and the spall strength of materials under isen-
tropic loading [26,28,29].

It was not until the early 1990s that the graded-density impactors were
used to launch plates to velocities in excess of 10 km/s [29]. First, very high
pressures are needed to launch the flyer plate to hypervelocity. Second, this
loading must be nearly shockless, structured, and uniform over the entire
plate surface. Shockless acceleration of the plate is crucial to prevent shock-
induced heating and subsequent melting of the flyer plate during the loading
process. A structured pressure pulse is required to prevent tensile failure of
the flyer plate. Uniform loading across the entire face of the flyer plate is nec-
essary to prevent plate fragmentation. A graded-density impactor provides
these required conditions. When this impactor is used to impact a flyer plate
at high velocities in a two-stage light-gas gun, nearly shockless, ∼100 GPa
pressure pulses are introduced into the flyer plate. This time-dependent load-
ing subsequently propels the flyer plate to high velocities. The resulting accel-
eration of these plates is of order 1012 cm/s2 (109 g). Incidentally, this concept
of velocity multiplication using graded density materials was proposed in the
late 1970s [46].

4.2.2 Isentropic Loading Techniques – Magnetic Systems

Recently a new capability for producing smoothly increasing pressure waves
using fast, pulsed power as the energy source has been developed at the
Sandia National Laboratories Z accelerator [50]. The Z accelerator [80] is a
low inductance pulsed power generator capable of capacitively storing 11.6 MJ
of electrical energy. The accelerator utilizes a combination of fast switches
and transmission lines to deliver a ∼20 MA, ∼200 ns rise-time current pulse
to a short circuit load at the center of the accelerator. This pulse generates
a time-varying magnetic field between the anode and cathode of the short
circuit. As a result of the Lorentz force, these high currents and magnetic
fields produce nearly isentropic loading of the cathode and anode over the
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discharge time of the pulse [4]. Fields of the order several MG are produced,
which result in magnetic pressure levels approaching 400 GPa.

With the aid of accurate magnetohydrodynamic (MHD) simulations,
which will be described in the following sections, short circuit loads have
been designed that are capable of generating planar stress waves with rise
times of order 200 ns in centimeter sized material samples. The experimental
configuration is shown schematically in Fig. 4.3. Typically, four anode panels
are arranged about a central stainless steel cathode post, forming a symmet-
ric anode-cathode (A–K) gap. The nominal panel size is 20–35 mm in width
and 30–50 mm in height. A short circuit is created between the anode panels
and cathode post through a shorting cap at the top of the coaxial load. The
interaction of the current density and magnetic field produced in the insu-
lating gap results in a time-dependent pressure, P (t), that is applied to the
inner surface of the electrodes. The magnitude of this loading is given by

P (t) = B2
/
2µ0 = µ0J

2(t)
/
2 = µ0 I2(t)

/
2S2 . (4.2)

Here, I(t) is time-dependent current at the sample location; S is the scale
factor (typically ∼2–10 cm) necessary to cvert I(t) to the current density, J(t)
(amps/unit length); B is the magnetic field strength; and µ0 is the magnetic
permeability of fonree space.

Fig. 4.3. Experimental configuration for isentropic loading on Z, in this case the
square short circuit geometry. The square cathode and flat plate anode produce a
planar magnetic field within the A–K gap

The magnitude of the magnetic field in the A–K gap, and thus the driving
pressure pulse, can be adjusted by changing the geometry of the short circuit
load, and therefore the current density. Two typical short circuit geometries
are routinely used: a square coaxial geometry, in which four equal width anode
panels surround a square cathode stalk, and a rectangular geometry, in which
the width of two of the sides of the square geometry are reduced by roughly
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one-half. The square geometry is capable of producing up to a ∼100 GPa
driving pressure pulse. The rectangular or slab geometry, which increases the
current density at the expense of two panels, is capable of producing up to
a ∼300–400 GPa driving pressure pulse. Besides changing the short circuit
geometry, the current density for a given geometry can also be lowered by
reducing the charge voltage of the accelerator. Since the peak current scales
approximately linearly with the charge voltage, the driving pressure can be
reduced by as much as 45%. These two parameters, the geometry and the
charge voltage, allow the peak magnetic pressure to be varied continuously
over the range of a few tenths of a GPa to several hundred GPa.

Since this initial development, a large number of applications and spin-offs
of the technique have been developed. In particular, experiments have been
performed to determine material isentropes [41, 50, 54, 89], to study solid–
solid [39, 93] and liquid–solid [40] phase transformations, and to investigate
the compressive yield strength of material at high pressure [107]. Further-
more, the ability to identically load multiple samples to high pressures makes
the Z accelerator a particularly attractive test-bed for performing high-fidelity
relative comparisons of dynamic material response [90,91].

It has also been recognized that the magnetic loading achievable on the Z
accelerator is very well suited for acceleration of flyer plates to ultra-high ve-
locity [51,72]. In particular, the timescales and peak accelerations achievable
on Z are such that velocities approaching 30 km/s are attainable. Further-
more, the exceptionally smooth and uniform pressure pulse enables intact,
high integrity plates to be launched in spite of the extreme accelerations (of
order 1010g). In fact, flyer plate velocities as high as 27 km/s have been mea-
sured in which the condition of the plate at impact is essentially ambient
temperature and density [73].

We note that the technique is similar to conventional electromagnetic
launcher (rail-gun) technology [5, 9], however the Z technique uses much
higher currents, the loading is applied in approximately 200 ns instead of
milliseconds, and the flyer attains maximum velocity in millimeters instead
of meters. Furthermore, with the Z technique as many as to four plates can
be launched simultaneously in a single firing of the accelerator.

4.3 Experimental Techniques

4.3.1 Gun Systems

This section briefly describes the experimental techniques employed to aug-
ment the launch capabilities of two-stage light-gas guns. The experimental
impact configuration is indicated in Figs. 4.4a and 4.4b. The two-stage light-
gas gun used in these studies had a bore diameter of 29 mm. As indicated in
the figure, a two-stage light-gas gun projectile, which has a graded-density
impactor facing is made to impact a thin flyer plate located at the gun muzzle.
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Implementations of these techniques require that the barrel of the two-stage
light-gas gun be extended [14], and that the flyer plate be laterally confined
to minimize two-dimensional effects [29,31]. Tungsten makes a good confine-
ment fixture, but calculations have indicated that a cheaper material such as
steel could provide a satisfactory confinement for the geometry indicated in
Fig. 4.4a. Impact velocities over the range 6–7.5 km/s have been used to ob-
tain flyer plate velocities from 10–12 km/s. Typically, the flyer plate velocity
resulting from impact is ∼1.6 times the impact velocity, when the experi-
mental set up shown in Fig. 4.4a is employed [31]. The flyer plate velocity is
further increased if the experimental configuration shown in Fig. 4.4b is used.
In this case, the high pressure in the tungsten barrel is sustained for a longer
time and increases the integrated loading pressure history that is driving the
flyer plate. A flyer plate velocity that is over twice the velocity produced by
the initial graded-density impactor design is obtained [30].

(a) (b)

Fig. 4.4. Experimental configuration that yields flier plates velocities up to 12 km/s
is shown in (a), whereas the stepped down configuration shown in (b) propels flier
plates up to 16 km/s

Flyer Plate Designs

The flyer plate used in these experiments consists of a center plate made to
fit exactly into a guard ring. The outside diameter of the guard ring used in
these studies was 29 mm, whereas the inner diameter of the guard ring and
the diameter of the center plate can be varied. Typical center plate diameters
are approximately 19 mm. Two-dimensional effects due to radial release waves
(generated upon impact) emanating from the edges of the plate would cause
a velocity gradient across the radius of the plate. Large velocity gradients
across the radius of the plate would cause the flyer plate to bend and, perhaps,
even fragment. As depicted in Fig. 4.5c, the guard ring geometry shown in
Fig. 4.5a allows a controlled separation of the center plate from its edges
without causing the entire flyer plate to fragment. Confinement in a target
fixture is desirable for maximizing the diameter of intact flyer [29]. However,
this may not be essential for launching the central region of the flyer.
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Two-stage projectile

(a) (b) (c)

Guard Ring

Flyer Plate

Tantalum
Titanium

6061-T6 Aluminum

Magnesium

TPX
Copper

Fig. 4.5. Configuration of the three-stage, launcher; (a) shows a two-stage projec-
tile with a graded density impactor and three-stage flyer plate with a guard ring. (b)
Details of the materials used in the graded density impactor. The TPX facing im-
pacts the stationary flier plate (TPX is a trademark for poly 4-methyl-1-pentene.)
(c) X-radiograph of a typical three-stage flier plate traveling at 11.1 km/s

The flyer plate materials that have been used to date consist of titanium
alloy Ti-6Al-4V, aluminum alloy 6061-T6, and magnesium alloy AZ31. As
indicated in Fig. 4.4, a TPX plastic buffer with a density of 0.81 g/cm3 is
used because it further cushions the input pressure pulse and has a tendency
to minimize the tensile stress induced in the flyer plate [29,31].

Projectile Designs

A lexan projectile that has a facing of a graded-density material such as a
pillow or a multi-ply impactor backed by tantalum is used in these studies.
A pillow is fabricated using powder metallurgical techniques [11] such that
a smooth variation in its shock impedance occurs through its thickness. The
shock impedance of the impact surface of the graded-density material is that
of polyolefin, and the shock impedance of the back surface of the pillow
resembles that of copper or tantalum. A multi-ply impactor is fabricated by
bonding a series of thin plates in order of increasing shock impedance from the
impact surface. The series of layered materials used is shown in Fig. 4.5b. The
impactor consists of layers of plastic TPX, magnesium, aluminum, titanium,
copper, and tantalum. The thickness of each layer is precisely controlled to
tailor the time dependent stress pulse required to launch the flyer plate intact
[24, 26]. When these graded-density materials are used to impact a titanium
alloy flyer plate at a velocity of ∼6.4 km/s, an initial shock of approximately
50 GPa is introduced into the flyer plate, followed by a ramp wave to over
100 GPa. At higher impact velocities the input pressure profile would result
in a higher peak pressure pulse, and thus the launching of flyer plates to yet
higher velocities.
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Velocity Measurements

Following impact, multiple flash x-rays are taken of the flyer plate while it
is in motion. They are used to estimate the velocity of the flyer plate and
also to assess its integrity following impact and subsequent acceleration by
the shockless pressure pulse. These x-ray sources have a 300–450 keV energy
and a 25 ns pulse duration. Due to the hypervelocities achieved in this study,
the 25 ns pulse duration can cause up to 250 µm blurring of the flyer plate
while in flight. Radiographic pictures of the flyer plate taken in flight over
these large distances allow an accurate measurement of its velocity. The flyer
plate velocity is determined to better than ±1%.

The velocity of the flyer plate can also be determined using a velocity
interferometer, commonly referred to as VISAR [12]. Figure 4.6 shows the
velocity history of a flyer plate launched to 11.1 km/s. However, depending on
the configuration and nature of the experiment being conducted, it may not
always be convenient to perform such a velocity measurement using VISAR.
It has been shown [21] that, if the graded-density impact configuration is
known exactly, then hydrodynamic codes such as CTH [81] can be used to
predict the flyer plate velocity. The input parameters for the CTH code are
the dimensions of the layers of the graded-density impactor, the TPX buffer,
and the flyer plate, all of which can be determined to within ∼0.1%. The
velocity of the graded-density impactor, which is the two-stage gun projectile
velocity, can also be determined to ∼0.2% [88]. As indicated in the figure,
the measured flyer plate velocity agrees with the CTH code predictions to
within ∼1% [21]. The velocity profile shown in Fig. 4.6 also yields an average
acceleration greater than 1012 cm/s2 (109 g).

Fig. 4.6. Velocity history of a flyer plate launched at 11.1 km/s. Also shown are
the CTH simulations of the experiment yielding a velocity of 11.2 km/s
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Results

In this section, the results of research investigations where the projectile is
allowed to impact the buffer-flyer plate combination (see Fig. 4.4a) are sum-
marized. Plastic buffers are used because they further cushion the launch. The
plastic buffer will also reduce the magnitude of the tensile stress generated
within the flyer plate material as a result of wave interactions [29, 31]. Tita-
nium and an aluminum alloy flyer plate are generally used because of their
high fracture resistance [27, 28]. At an impact velocity of ∼6.3 km/s, this
technique has launched intact, 1-mm thick titanium alloy Ti-6Al-4V plates
to 9.5 km/s, and 1-mm thick aluminum alloy 6061-T6 plates to 10.4 km/s.
As the impact velocity is increased to ∼7.4 km/s, velocities of 0.5 -mm thick
aluminum and titanium flyer plates have been increased to over 12 km/s. An
example of a radiograph of a flyer plate launched at 11.1 km/s is shown in
Fig. 4.5c and in Fig. 4.6 as an inset.

The mass of the plate is given by M = ρ x A, where ρ is the density of
the plate, x is its thickness, and A is its cross sectional area. Insertion of this
relation into (4.1) results in

V (t) =
1

ρ x

∫ t

0

P (t)dt . (4.3)

Equation (4.3) suggests that V is inversely proportional to ρx, the mass
density, and should be independent of the cross-sectional area of the gun. It
is therefore useful to express the velocity of the flyer plate as a function of
its mass density. This dependence is plotted in Fig. 4.7. As indicated in the
figure, the terminal velocity of the flyer plate is dependent on the impact
velocity of the graded-density driver. Also, as shown in Fig. 4.7, the presence
of plastic buffers further increases the terminal velocity of the flyer plates.
To increase the velocity of the flyer plate further, one needs to decrease the
thickness of the plate or increase the time-dependent pressure loading pulse.
This relation also suggests that scaling should apply, i.e., heavier masses can
be launched on a larger bore-diameter gun.

Figure 4.8 indicates that the maximum mass that can be launched on a
29 -mm bore gun, in the absence of any two-dimensional effects, as a function
of the mass of the center plate (currently a 19-mm diameter plate). At higher
loading pressures, however, the two-dimensional loading times are reduced
by a factor of ∼two since the sample thickness is approximately one-half.
This reduction in loading time would make it permissible to have a larger
center plate diameter at higher velocities. As indicated in Fig. 4.8, a mass of
approximately 0.5 gm can be launched to velocities of 12.2 km/s. If techniques
were introduced to mitigate two-dimensional effects, then the potential of
launching heavier flyer plates exists for the same bore diameter. This type of
scaling has been demonstrated by launching a heavier mass (a titanium alloy
Ti-6Al-4V plate that was 2 mm thick, 34 mm in diameter and had a mass of
7.6 gm) to 9.3 km/s on a 64 -mm bore diameter gun [30].
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Fig. 4.7. Variation of mass density (areal density) versus velocity of the flier plate
for the experimental configuration shown in Fig. 4.4a

Fig. 4.8. Variation of mass versus velocity of the flier plate launched on a 29 -mm
bore gun. The mass launched will depend on the bore diameter of the two-stage
gun

There has been a systematic study to characterize the flyer plate integrity,
in particular for applications to equation of state (EOS) studies [88]. For
flight distances of approximately seventy millimeters, the plate remains flat.
In particular, the flatness, the non-simultaneity (tilt) of the impact, and the
temperature rise of the flyer plate has been determined experimentally [88].
The results of this study indicate that the tilt and bow at impact is compara-
ble to the two-stage light-gas gun experiments, thereby making it a valuable
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tool for EOS measurements at impact velocities not attainable with con-
ventional two-stage light-gas gun technologies [88, 110]. The temperature of
the flyer plate, based on the quasi-isentropic loading pulse that results from
graded-density impact, suggests a temperature increase of ∼300 K. For accu-
rate EOS measurements it is necessary that the temperature increase of the
impacting flyer plate be taken into account.

Higher flyer plate velocities can be obtained using the graded-density im-
pactor technique by impacting the stationary flyer plate that is confined in
a smaller diameter barrel compared to the diameter of graded-density im-
pactor [30]. As shown in Fig. 4.4b, an undersized flyer plate is inserted in the
tungsten barrel. A projectile that has a graded-density impactor embedded
in the sabot impacts the TPX plastic buffer, which is attached to the tung-
sten barrel. Upon impact, the high pressures in the tungsten barrel confine
the flyer plate (more efficiently than the geometry in Fig. 4.4a) and augment
the loading pressure history that is accelerating the flyer plate. The resultant
flyer plate velocity depends on the tungsten barrel diameter. An increased
flyer plate velocity over twice the initial (graded-density) impact velocity can
be obtained. Plastic buffers not only reduce the magnitude of tensile stress
states induced in the material, but further increase the flyer plate velocities.
Figure 4.9 shows the results of a graded-density impact on a 1 -mm thick by
6 -mm diameter titanium plate at 6.75 km/s. The flyer plate is travelling at
a velocity of 14.4 km/s. As indicated in the figure, the flyer plate velocity
is determined over a distance of 1400 mm. Unlike the experiments described
previously, no guard ring is used in this experiment. Due to high pressure
confinement, the edges of the flyer plate are not expected to be traveling
slower than the center portion, as they do in the geometry illustrated in
Fig. 4.4a [32]. Notice that, for long distance throws, the flyer plate does not
remain flat. No x-ray measurements close to muzzle are available to evalu-
ate the flyer plate flatness conditions because high-density tungsten barrels
were used. This technique has also been adopted to form plates into chunky
projectiles and launch them at velocities in excess of 10 km/s [34,102].

Specifically, the flyer plate diameter, dfp, is small and the diameter of
the graded-density impactor, Dgdi, is significantly larger. In Fig. 4.4a, the
flyer plate diameter is the same as the graded-density impactor diameter,
i.e.,dfp/Dgdi = 1. In Fig. 4.10a, the variation of flyer plate velocity is shown
as a function of the ratio of the flyer plate diameter to the graded-density
impactor diameter. The same results are shown in Fig. 4.10b, in which the
flyer velocity is normalized with respect to the impact velocity. As shown
in these figures, the flyer plate velocity increases with decreasing dfp/Dgdi.
The values shown at dfp/Dgdi = 1 are calculated values based on previous
studies [32]. Thus, to enhance flyer plate velocities, a necessary requirement
is to impact a step-down barrel as indicated in Fig. 4.4b.

In this configuration, the barrel itself is loaded to high pressures upon
impact. The stress states at the barrel/flyer boundary are now maintained
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Fig. 4.9. Radiographs of a projectile/plate launched at 15.8 km/s using the exper-
imental configuration shown in Fig. 4b

at high pressures (when compared to the configuration shown in Fig. 4.4a).
This prevents the release of the driving pressure behind the flyer plate and
sustains higher loading stresses over a longer duration. As the graded-density
impactor material enters the step-down barrel, it accelerates further, main-
taining an efficient push behind the flyer plate. All of these factors contribute
toward accelerating the flyer plate to yet higher velocities. The experimental
geometry indicated in Fig. 4.4b to launch flyer plates, therefore, operates as
an (impact-generated) accelerated reservoir.

4.3.2 Magnetic Systems

In the magnetically accelerated flyer plate technique, the flyer plates comprise
the anode of a short circuit load at the center of the Z accelerator, as shown
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(a) (b)

Fig. 4.10. (a) Variation of flyer plate velocity versus the ratio of the stepped-down
barrel diameter to the graded-density impactor diameter. (b) Flyer-plate velocity
normalized to impact velocity versus the ratio of the stepped-down barrel diameter
to the graded density impactor diameter

schematically in Fig. 4.11a. The interaction of the current density and mag-
netic field produced in the insulating gap results in an impulsive ramp load,
providing momentum to the anode, launching it as an effective flyer plate
to high velocity. Each anode panel becomes a flyer plate; this is achieved by
machining the entire current carrying portion of the aluminum anode panel
to a prescribed material thickness of approximately 800–900 µm. To retain
rigidity, and to allow the panels to be assembled together, the flyer frame is
attached to a panel back as shown in Fig. 4.11b. The panel back also allows
for mounting of the experimental target at a prescribed distance from the
flyer plate, which is typically ∼3–4 mm, and the mounting of optical probes
used to diagnose the target. The current carrying surface of each panel and
the impact surface of the flyer are flat to ∼200 nm and parallel to ∼2 µm
with ∼20 nm surface finishes. Each of the panel backs can hold two separate
targets, allowing up to eight simultaneous shock wave experiments during a
single firing of the accelerator.

To a crude approximation the final velocity of the flyer can be estimated
analytically by applying conservation of momentum, and treating the mag-
netic pressure pulse as an impulsive load, integrating over time to determine
the total momentum transferred to the plate. However, due to significant joule
heating and ablation near the current carrying surface as well as magnetic
field penetration into the metal associated with this technique, the details of
the flyer plate launch are complicated, and cannot be approached through
simple analytical means. Computer simulations, which include all the exper-
imental parameters and necessary physics, are of great value in designing the
experimental configuration that minimizes density gradients and accurately
predicts the final flyer plate velocity and optimal flight distance [75,76]. These
simulations will be described in the next sections.
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Fig. 4.11. Schematic of the load used to launch flyer plates on the Z accelerator, in
this case the rectangular short circuit geometry. (a) Section view of the coaxial load.
Also shown are the probe mounts used to hold the fiber optics used to diagnose the
sample. (b) Section view showing more detail

Short Circuit Design

In order to optimize the short circuit load used to launch flyer plates
on Z, both one- and two-dimensional Eulerian simulation schemes have
been developed that use the finite element, arbitrary Lagrangian–Eulerian,
magnetohydro-dynamic (MHD) code ALEGRA [99] to solve the MHD equa-
tions for a compressible material with material strength. EOS models valid
for a wide range of pressures (P < 500 GPa), densities (ρ < 50.0 g/cm3), and
temperatures (T < 10 eV) are used for the anode and cathode materials,
in addition to models for the thermal and electrical conductivities [42, 43].
Density and internal energy are used in the EOS to obtain stress and tem-
perature. The density and temperature are used in the conductivity model
to obtain electrical and thermal conductivities. The form of Ohm’s law used
in ALEGRA is J = σ (E + ν × B), where J is the current density, σ is the
electrical conductivity, E is the resistive electric field, and B is the applied
magnetic field. More details concerning the MHD modeling of the flyer plate
launch can be found in previous references [75,76].

Results of one-dimensional MHD simulations driven by a prescribed load
current are in very good agreement with the experiment, and have provided
significant insight into the details of the flyer plate launch [75]. As an illus-
tration, Fig. 4.12 shows a comparison between the predicted velocity profile
of a ∼22 km/s aluminum flyer plate and the actual measured velocity profile
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Fig. 4.12. VISAR measurement of an aluminum flyer plate launched to over
22 km/s

obtained using a conventional VISAR [12]. The agreement between the ex-
periment and simulation is of the order of a few percent over the entire
trajectory of the flyer plate launch, and the final velocity, corresponding to
the impact velocity in a Hugoniot experiment, is in excellent agreement with
the measurements.

The agreement between simulation and experiment over the entire trajec-
tory indicates that several key details concerning the launch of the flyer plate
are accurately reproduced in the simulations. In particular, the two portions
of the flyer trajectory highlighted in Fig. 4.12 provide a good indication as
to the peak current at the load, the magnitude of the current slightly beyond
the peak, and the extent of magnetic diffusion and associated Joule heating.
The initial velocity increase, over the first ∼75–100 ns of the launch, is the
result of the driving pressure pulse reaching the free surface (impact surface)
of the flyer plate. This wave interaction results in acceleration of the free
surface and the propagation of a rarefaction wave back into the flyer plate.
Thus, the peak velocity at the end of this stage of the launch provides a
measure of the magnitude of the driving pressure wave, and therefore the
magnitude of the peak current at the load. Somewhat later in time the rar-
efaction reaches the portion of the flyer plate in which the majority of the
current is flowing. This region is a few hundred µm into the flyer plate due
to magnetic diffusion. The interaction of the rarefaction with the magnetic
pressure results in a recompression wave that propagates back toward the
free surface of the flyer. The magnitude of the magnetic pressure at the time
of this interaction, which relates to the magnitude of the current at that
time, dictates the magnitude of this recompression. When the recompression
reaches the free surface, the free surface is again accelerated, and the flyer
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plate receives a second impulse driving it to higher velocity. Thus, the mag-
nitude of the second increase in velocity provides a measure of the current at
the load just beyond peak current. Finally, the extent of magnetic diffusion
and Joule heating can be inferred from the sharpness of the reverberation.
If there were very little diffusion and Joule heating, there would be a rela-
tively sharp density gradient at the power-flow side of the flyer plate, and the
reverberation would be quite pronounced. In contrast, if there were signifi-
cant diffusion and Joule heating, the density gradient would be quite broad,
and the resulting reverberation would be smeared out and difficult to iden-
tify. Given the level of agreement in the form of the reverberation between
simulation and experiment, it appears that the extent of diffusion and Joule
heating is well reproduced in the simulations.

In order to construct a fully predictive MHD capability that accurately
predicts the performance of arbitrary anode/cathode configurations in the
launch of high velocity flyer plates, two-dimensional MHD simulations must
be performed [76]. Due to the significant deformation of the load that occurs
during the rise time of the current pulse (the anode is accelerated across a ∼3–
4-mm gap during this time), the inductance of the load increases dramatically.
Simulations must account for the coupling between the accelerator and the
load in a self-consistent manner to accurately reproduce the load current, and
therefore to accurately reproduce the time-dependent profile of the pressure
wave that accelerates the flyer plate. This is accomplished by coupling an
accurate circuit model of the accelerator to the two-dimensional simulation
of the load [76].

The specific circuit, shown in Fig. 4.13, includes equivalent resistances
and inductances for the accelerator, as well as a time-dependent model of
current loss and a time-dependent resistance that emulates a short circuit,
both of which occur upstream of the MHD load. Values for the inductances
Lm, Lconvolute, and Lim are determined from geometrical considerations. The
inductance of the MHD load is calculated self-consistently in the simulation
using an effective transverse length representative of the actual experimen-
tal load. The circuit can be driven by a time-dependent accelerator voltage
obtained from experimental measurements of accelerator performance where
similar short circuit loads were used.

Results of these two-dimensional simulations are also in good agreement
with experiment. In particular, both the simulated magnetically insulated
transmission line current (MITL, the feed lines inside the vacuum section
of the accelerator), denoted as Iu (upstream current), and the load current,
denoted as Id (downstream current), are accurately reproduced, as shown in
Fig. 4.14. This level of agreement indicates that the circuit model accurately
reproduces the details of the electrodynamics involved in the discharge of the
accelerator. This is significant in that without explicitly taking the increase in
inductance into account, the predicted peak current would be too large, and
thus the driving pressure would be overestimated. Furthermore, as discussed
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Fig. 4.13. Circuit model of the Z accelerator with a two-dimensional simulation
as one of the circuit elements. In this case, the two-dimensional simulation is of a
rectangular geometry short circuit load

above, the magnitude of the reverberation is dependent on the magnetic
pressure just after peak current, when the release interacts with the drive
surface. These key features are necessary in being able to accurately predict
the performance of an arbitrary load configuration.

In developing the self-consistent, two-dimensional modeling capability for
these high velocity flyer plate experiments, it was determined necessary to
invoke a time dependent loss and crowbar model that emulates a short circuit
at the convolute of the accelerator in order to obtain this level of agreement
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Fig. 4.14. Comparison of the simulated (gray) and measured (black) load current,
Id, and MITL current, Iu

between simulation and measurement. Evidently, due to the presence of mag-
netic nulls in the complex geometry of the convolute section (see Fig. 4.13),
there is significant electron loss to the anode. Electron bombardment of the
anode creates a plasma which eventually results in shorting of the A–K gap
at a time just after peak current. The effect of this current loss and short
circuit is twofold. First, the peak load current, Id, is reduced somewhat due
to the current loss upstream of the load. Second, after the short circuit oc-
curs, flux is trapped downstream of the short circuit load, and the current
subsequently decays with a time constant indicative of the inductance down-
stream of the short. This tends to result in a slower decay of the load current
relative to the MITL current. Indeed this phenomenon is predicted in the
two-dimensional simulations, as illustrated in Fig. 4.14. This slower decay of
the load current is necessary to reproduce the magnitude of the reverberation
observed experimentally. Thus, both experiment and simulation indicate the
presence of a machine dependent loss impedance and short circuiting.

Using this simulation capability we have explored various load configura-
tions in order to identify the optimal load geometry to launch high velocity
flyer plates that are suitable for use in EOS experiments. The final design
that is routinely used to launch flyer plates to the highest velocities (∼22–
27 km/s) is shown in Fig. 4.15. The nominal cathode outer dimensions are
9 mm wide by X mm thick (where X = 4, 2, or 1), and the nominal anode
inner dimensions are 17 mm by X + 2 mm. Thus, the A–K gaps are 4 mm on
the unused sides of the coaxial load and 1 mm on the flyer plate sides of the
load. The thickness of the cathode is determined by the desired velocity of the
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Fig. 4.15. Top view of the optimal load geometry used to launch flyer plates to
over 22 km/s on the Z accelerator

flyer; 4-, 2-, and 1 -mm cathodes result in approximately 22, 25, and 27 km/s
aluminum flyer plate velocities, respectively. A few comments regarding this
optimal geometry are warranted.

The optimal geometry is one that maximizes the current density on the
power flow side of the flyer plate. The rectangular geometry with unequal
A–K gaps satisfies this requirement. The load can be thought of as a circuit
with four parallel inductance elements, i.e., the four sides of the rectangular
geometry. The unequal A–K gaps result in unequal inductances for the sides
of the load. By increasing the relative size of the A–K gaps on the unused
sides of the load, the load inductance is significantly increased, resulting in
a preference for the current to flow on the flyer plate sides of the coaxial
load. To minimize the inductance increase, it is desirable to choose a high
impedance material for the cathode stalk. The high impedance minimizes the
deformation of the cathode, which results in the smallest possible increase in
the load inductance during the launch of the flyer plate. Typically tungsten
is used as the cathode material; however, stainless steel has also been used.

The velocity dependence on cathode thickness, with all other dimensions
the same, can be understood by the fact that a thinner cathode corresponds
to a lower overall current carrying surface on the anode, and a lower overall
inductance. Both of these characteristics result in a larger driving pressure,
and therefore a higher flyer plate velocity. The optimization of the cathode
width is a compromise between the current density and two-dimensional ef-
fects resulting in flyer plate deformation. Clearly, a larger current density is
achievable with a smaller cathode width. However, flyer plate deformation
is also magnified with a smaller cathode width. The two-dimensional nature
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of the short circuit load results in magnetic pressure gradients across the
horizontal direction of the flyer plate (perpendicular to the axis of the load).
The uniformity of the magnetic pressure for the initial load geometry can be
determined through use of the electromagnetic code, QUICKSILVER [95].
Examination of typical initial geometries indicate that the magnetic pressure
is uniform to better than 1% over the central ∼2/3 of the flyer plate. How-
ever, the pressure drops quite rapidly towards the corners of the cathode.
These gradients cause velocity variations across the flyer surface, leading to
non-uniform increase in the A–K gap that increases as the flyer is launched
toward the target. Independent of any edge effects, this process gives rise to
further velocity gradients within the flyer plate that result in further curva-
ture of the plate. Consequently, the area over which the magnetic pressure
is uniform is reduced. Nevertheless, two-dimensional MHD simulations that
account for the time-dependent deformation of the A–K gap [76] suggest that
the central ∼3–4 mm width remains planar at impact for a configuration with
a 9 -mm-wide cathode.

In contrast, the magnetic pressure gradient hould be independent of height
along the flyer portion of the coaxial short circuit load. There are variations
as a function of height near the transition of the cathode from a radial feed
to a coaxial feed (see Fig. 4.13), however, the current density is quickly re-
distributed, and becomes substantially uniform over the coaxial region of
interest for these experiments. This suggests that there should be little to no
curvature of the plate along the vertical direction; i.e., the principal curvature
effects are limited to the horizontal direction.

Flyer Plate Design and Pulse Shaping

As mentioned above, a significant portion of the power-flow side of the flyer
plate is vaporized due to magnetic diffusion and associated Joule heating.
Thus, on the one hand, it is desirable to start with a relatively thick flyer
plate to accommodate diffusion. However, the driving pulse also tends to
steepen with propagation distance. Thus the flyer cannot be too thick or
a shock will form in the driving pulse prior to the pulse reaching the free
surface (impact surface) of the plate. These two considerations, diffusion and
steepening of the driving pressure pulse, are conflicting requirements, and a
suitable compromise must be found.

The process of optimizing the flyer plate thickness has been accomplished
through one-dimensional MHD simulations. Representative snapshots of a
typical simulation are presented in Fig. 4.16. Shown in the figure are the
evolution of the hydrodynamic wave, the diffusion of the field and current
into the flyer, and the density of the plate as a function of position. The
snapshots in Fig. 4.16a, 4.16b, and 4.16c correspond to 0.69 µs, 0.74 µs, and
0.82 µs, respectively, in the 22 km/s launch shown in Fig. 4.12. At 0.69 µs the
release wave has reduced the drive pressure to a local minimum, which occurs
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Fig. 4.16. Snapshots of the magnetic pressure, hydrodynamic pressure, and density
profiles at three different times during the launch of a ∼22 km/s aluminum flyer
plate. (a) t = 0.69 µs, the time at which the release has reduced the hydrodynamic
pressure to a local minimum. (b) t = 0.74 µs, the time at which the reverberation
is fully developed. (c) t = 0.82 µs, the time just prior to impact. Also indicated in
(c) are the solid–liquid (1), liquid–vapor (2), and vapor–plasma (3) transitions in
the density profile

at 0.45 cm. The reverberation wave originates at this location, and is deter-
mined by the value of the magnetic field at that time. The fully developed
reverberation wave is shown at 0.7 µs in Fig. 4.16b. Figure 4.16c corresponds
to a time just prior to impact with a target. Note that the condition of the
flyer plate at impact spans the states of plasma, vapor, liquid, and solid. The
result of several simulations indicate that a rise time of ∼200 ns is optimal for
the acceleration of the flyer plate; this rise time mitigates the magnitude of
current diffusion, while maintaining the ability to propagate a ramp through
the flyer plate without shock formation. Based upon these simulations we
have settled on an initial flyer plate thickness of ∼850 µm. Of this, approxi-
mately 350–400 µm remains unaffected by diffusion and represents the usable
portion of the plate for impact experiments.
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Fig. 4.17. (a) An x–t diagram showing characteristics emanating from a 200 ns
shaped ramp. (b) Ideal pressure profile to launch an aluminum flyer plate to ultra-
high velocity

The optimal pulse shape for accelerating the plate is shown in Fig. 4.17.
This pulse is considered to be the ideal ramp wave profile in that the propa-
gation of the ramp will result in an abrupt shock formation at a single plane
in the material. Such an ideal profile maximizes the propagation distance
prior to shock formation for a pressure pulse having a given rise time. The
ideal profile can be determined by considering a position–time diagram, as
illustrated in Fig. 4.17a. It is desired that all of the characteristics converge
at a single time and position in the sample. Projecting these characteristics,
which have a slope given by the inverse of the Lagrangian wave speed at the
particular pressure, backwards in both space and time to a given location
in the material results in the desired optimal pressure–time profile. As an
example, the optimal profile determined in this way for a ∼300 GPa ramp
wave in aluminum is shown in Fig. 4.17b. In this case the rise time is 200 ns,
and the shockless propagation distance is ∼1.28 mm. Since the flyer plate
thickness is 850 µm, the driving pressure pulse remains shockless for the en-
tire propagation through the plate, and ensures that the plate experiences
only quasi-isentropic loading and release. Hence, the condition of the plate
at impact is essentially ambient temperature and density, as illustrated in
Fig. 4.16c.

We note that we have also performed experiments with composite flyer
plates of aluminum and titanium [72]. In this case the aluminum layer, which
is typically 500-µm thick, is sacrificial, acting as the power-flow electrode;
nearly the entire aluminum portion of the flyer plate is consumed by field
diffusion and Joule heating. The titanium layer, typically 300-µm thick, re-
mains unaffected by the field and is at essentially ambient temperature and
density at impact. We note that this type of composite flyer should enable
sound speed measurements to be performed, since the wave interaction at
the aluminum titanium interface has been shown to provide a prominent
rarefaction wave that propagates back toward the shocked sample.
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These simulations also allow us to determine the optimal flight distance.
In particular, the accurate reproduction of the flyer trajectory enables the
acceleration profile to be predicted with confidence. The flight distance can
then be chosen such that the acceleration of the plate is minimized. At that
point the residual pressure in the plate is minimized, and the plate is nearly
at ambient conditions. For flyer plate velocities of ∼22–27 km/s the optimal
flight distance is ∼3.75–4.5 mm.

Results

Figure 4.18a shows the results achieved for aluminum flyer plates on the Z
accelerator using the geometries discussed in the previous sections. Shown
are representative velocity profiles for aluminum flyer plates for experiments
from ∼9–27 km/s. The details regarding the load configurations (anode and
cathode dimensions) and charge voltages are listed in Table 4.1. As indicated
in the table, the flyer velocity was varied by altering the geometry of the short
circuit load and/or the charge voltage of the accelerator. Similar results for
the aluminum/titanium flyer plates are shown in Fig. 4.18b. The experimental
details for these composite flyers are also listed in Table 4.1.

Fig. 4.18. VISAR measurements of aluminum (a) and titanium (b) flyer plates.
Note that the velocity profiles are time shifted for clarity

The planarity of the flyer plate at impact has been verified experimen-
tally. Figure 4.19 shows line-imaging VISAR [101] measurements of stepped
aluminum target plates impacted by an aluminum flyer at ∼20 km/s. The
line-imaging VISAR diagnostic images the sample of interest through an
interferometer and onto the slit of a streak camera. The interferometer is
slightly de-tuned to produce a line interference pattern across the image,
with the interference lines perpendicular to the slit of the streak camera. The
streak camera then provides a time-resolved measure of fringe displacement,
which is proportional to velocity, along a line of ∼7 mm across the sample of
interest. In these experiments the sample of interest was a stepped aluminum
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Table 4.1. Flyer plate configurations. Cathode and anode geometry are in mm,
charge voltage is in kV, and flyer velocity is in km/s

Short plate Cathode Anode Charge Flyer
number configuration geometry geometry voltage velocity

Z668 Al 11 × 11 15 × 15 60 9
Z698 Al 11 × 11 15 × 15 74 13
Z792 Al 11 × 11 15 × 15 90 16
Z1201 Al 9 × 4 17 × 6 90 22
Z1136 Al 9 × 2 17 × 4 90 25
Z1238 Al 9 × 1 17 × 3 90 27
Z1014 Al/Ti 11 × 11 15 × 15 65 9
Z1012 Al/Ti 11 × 11 15 × 15 90 13
Z1109 Al/Ti 9 × 4 17 × 6 90 17
Z1110 Al/Ti 9 × 2 17 × 4 90 21

Fig. 4.19. Streaked line-imaging VISAR records of shock break out in stepped
aluminum targets impacted by an aluminum flyer plate at ∼20 km/s. Orientations
of the streak camera slit relative to the target image was (a) perpendicular to the
coaxial load, and (b) parallel to the coaxial load. In each case the spatial extent of
the image was ∼7 mm

target with dimensions of 300 and 900 µm on the thin and thick portion of
the step, respectively.

In both images shown in Fig. 4.19, the parallel nature of the fringes prior
to loss of reflectivity indicates that there was no motion of the rear of the
stepped targets before arrival of the main shock (in this case ∼500 GPa).
This result suggests that the impact of the flyer with the target produced
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a sharp shock input to the sample. As expected, curvature was observed in
the shock arrival at the rear of the stepped target when the streak camera
slit was oriented perpendicular to the coaxial load (Fig. 4.19a). Analysis of
the extent of curvature after the shock traversed the 300 µm step of the
aluminum target indicates that the flyer plate was essentially planar over
roughly 3–4 mm at impact, in very good agreement with the two-dimensional
MHD simulations of the experiment [76]. Also, as expected, no curvature was
observed when the slit was oriented parallel to the coaxial load (Fig. 4.19b).
Based upon these findings, diagnostics in EOS experiments are positioned
along a vertical strip in the center of the target to ensure that measurements
are being made within the rectangular area encompassing the planar region
of the flyer plate (∼3–4 mm width by ∼25 mm height).

The best indication of the constancy of stress produced at impact by
these magnetically accelerated flyers is from data obtained in experiments
performed on cryogenic liquid deuterium [69, 70, 73]. These experiments will
be described in more detail in the following section. Both VISAR measure-
ments made directly off the deuterium shock front and measurements of self-
emission intensity as a function of time indicate that the drive pressure re-
mains constant to better than ∼1–2% over the timescale of the experiment,
approximately 30–40 ns.

As indicated by the data, the use of pulsed power techniques to launch
flyer plates to high velocity is a rapidly maturing technology. Experimental
data indicate that the quality of the impact is excellent; impact occurs after
the plate acceleration has essentially ended, the plates are intact and planar,
and the resulting pressure is essentially constant for times of order several 10s
of ns. The plates are relatively large, with a planar region of dimensions ∼3–
4 mm by essentially 25 mm. Furthermore, two to four plates are launched for
each firing of the accelerator The multiple flyer plates and the relatively large
size enables multiple targets and numerous diagnostics to be fielded, resulting
in unprecedented accuracy in EOS measurements at several hundred GPa.

4.4 Applications

4.4.1 Gun Systems

The development of the high-speed launcher, also referred to as the three-
stage light-gas gun, with capabilities approaching 16 km/s, can be used for
well-controlled EOS studies of materials shocked to high pressure and tem-
perature regimes never before accessible in the laboratory. Since titanium
alloy Ti-6Al-4V flyer plates are used routinely, the three-stage launcher has
been used to extend its shock EOS to 250 GPa [88]. New experimental tech-
niques and diagnostic capabilities have also been developed to allow time-
resolved measurements of shock loading and release wave profiles resulting
from impact at over 10 km/s [35,47]. Melting was inferred from these studies.
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These capabilities were also applied for use with applications such as shock-
induced vaporization studies [19,36] and to assess impact damage to substruc-
tures [34, 36]. In this section, the two applications that will be highlighted
are the techniques that have been established for EOS [88] and shock-induced
vaporization measurements [19,36].

EOS Measurements

The experimental premise for the EOS experiments is determined by the
Rankine–Hugoniot relations [92], which are based on the conservation of mo-
mentum, mass, and energy across the shock front as it travels through matter.
These relations are

P − P0 = ρ0 Us up (4.4)

V = V0 [1 − (up/Us)] (4.5)

E − E0 = 1
2 (P + P0)(V0 − V ) , (4.6)

where P0, ρ0, V0, and E0 are initial pressure, density, specific volume, and
specific internal energy of the material. The quantities P , V , and E are final
shock pressure, specific volume, and specific internal energy, respectively, and
Us is the velocity of the shock wave and up is the mass velocity behind the
shock front. Thus an accurate determination of the shock velocity Us and the
mass velocity up are essential to determine the EOS, namely the pressure–
volume compression curve of the material.

Shock wave velocities are determined by measuring shock transit times
over a known distance between two parallel planes in the target. In these
experiments, the planes are about 2 mm apart and shock transit times are of
the order of 150–200 ns measured with two types of time-of-arrival detectors
(anodized pins and needles). To achieve these objectives a “two-stepped-
target” (Fig. 4.20) is used. As shown in the figure, and unlike previous studies
[83,84], two different sized holes were drilled into the target on two separate
diameters. The outer diameter, which is referred to as the A plane, has twelve
locations for six anodized self-shorting pins and six 100-µm diameter optical
fiber “needles”. The fibers are inserted into a 500 µm hypodermic tube (hence
the reference to fibers as “needles”). The center of the target accepts either
a pin or a needle, which bottoms out on the A plane. Inside the A plane
diameter are twelve more pin and needle locations, distributed over the B
plane and located at the same angular positions as the A-plane pins and
needles.

The locations of the pins and needles are such that the edge release dis-
turbance starting from the A plane pin or needle does not interfere with those
detectors on the B plane. Electrical pins work extremely well in high-pressure
regimes attained from conventional two-stage and three-stage light-gas gun
impact velocities. In addition to the anodized pins, fiber-optic needles were
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Fig. 4.20. Top-hat configuration used for EOS measurements on the three-stage
light-gas gun. Two different types of pins are used – fiber optic and anodized pins

utilized as passive time-of-arrival detectors. Since the diameter of the fiberop-
tic cables is smaller than that of the electrical anodized pins, they become
ideal detectors, and have the potential of being employed in smaller diameter
samples to measure transit times smaller than those used in this study – and
to the same degree of precision.

The fibers consist of Polymicro 100-µm diameter, pure fused silica core
inserted into a 500-µm tube and its end coated with a thin metal layer,
normally aluminum, thick enough to shield any extraneous light. As the shock
front arrives at the tip of the fiber, the fiber will luminescence [105,106] and
is diagnosed using low-noise photomultiplier units electronically modified to
obtain 1 ns rise times. Embedding the fiber/needle assembly in the target
ensures that all of the fibers have the same external configuration so that
the mechanism of luminescence when the stress front arrives is identical in
all instances. Anodized pins are placed in a tight tolerance drilled hole to
shield them from extraneous sources such as ionized gases or ejecta from the
material.

The outputs of the fiber-optic signals are shown in Fig. 4.21 indicating
the arrival of the shock front arrival on both the A and B planes. Notice that
the time of closure resulting from tilt over an impact diameter of 13 mm is
less than 12 ns. Likewise, the B plane fiber closure time indicates less than
6 ns closure time over a diameter of 6.5 mm.

The experimental records suggest that the flyer is axially symmetric; the
two circular arrays of needles produce the same tilt angle of the impactor
(with respect to the target), and the impact distortion is parabolic. The data
from the fibers indicate a flyer plate bow of less than 5 ns and a corresponding
tilt of about 8.5 mrad. The precision of our diagnostic system is better than
a nanosecond, which translates to a shock velocity measurement of approxi-
mately 11± 0.05 km/s for this experiment. Comparing the fiber-optic-needle
data with the anodized pin data provided redundancy on the experiment
while validating the new technology of fiber-optic needles to obtain shock
velocity to within 0.1%.



172 Lalit C. Chhabildas and Marcus D. Knudson

Fig. 4.21. Output histories of the fiber-optic luminescence signals that are gener-
ated upon shock arrival. The two measurements at A and B pin locations yield the
same tilt and bow information

As mentioned above, a time-dependent pressure pulse is used to launch ti-
tanium alloy Ti-6Al-4V flyer plates. As a result of using quasi-isentropic com-
pression pressures approaching a ∼100 GPa, the flyer plate will experience a
temperature increase. This temperature increase was measured for the flyer
plate that attained a peak terminal velocity of 9.8 km/s and 10.8 km/s, respec-
tively, using a four channel fiber-coupled infrared pyrometer. Conservatively,
the temperature did not exceed 850 K when the flyer reached a terminal ve-
locity of 10.8 km/s, or 650 K when it reached a velocity of 9.8 km/s. To use
impedance matching techniques, a Hugoniot for the warm flyer plate material
must be used to determine the particle velocity in the target plate. Based on
the measured thermal expansion coefficients, the new density of the warm
flyer plate can be determined. With this value, the predicted densities are
4.368 and 4.341 g/cm3 at approximately 650 and 850 K, respectively. A de-
tailed analysis [88,110] has indicated that it is accurate to use the new density,
and a new coefficient c, the coefficient in the Us − up relation to represent
the Hugoniot for the warm material. The slope of the Us − up curve is very
nearly the same in each case.
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Fig. 4.22. Shock velocity vs. particle velocity measurements obtained on the three-
stage light-gas gun for a titanium alloy Ti-6Al-4V plate for impact velocities over
11 km/s

Fig. 4.23. Stress strain behavior of titanium alloy Ti-6Al-4V as obtained from
three-stage light-gas-gun measurements

To summarize, the three-stage launcher has been used to estimate the
EOS of materials at impact velocities over 11 km/s (see Figs. 4.22 and 4.23.)
Note the higher pressure response deviates from previous measurements up
to 200 GPa. This has been attributed to melting in the shocked state [63],
and is also consistent with the recent results obtained on the Z machine using
magnetic flyer plate techniques [70].

Shock-Induced Vaporization Measurements

Historically, experimental efforts to understand high-pressure melting and
vaporization have been hindered by unavailability of experimental launchers
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that are capable of speeds needed to induce vaporized states [20]. This prob-
lem has been circumvented to some extent by studying materials such as
lead, cadmium, and zinc, which have relatively low melting and boiling
points [7, 8, 85]. For materials of greater interest (such as aluminum), an
alternative is to shock porous samples for which irreversible pore collapse en-
hances heating of the matrix material [65,112]. Using the three-stage light-gas
gun, a tantalum flyer plate was launched to speeds from 8 km/s to 10.1 km/s
to impact a thin target plate of zinc, producing shock pressures of about 300
to over 550 GPa, and temperatures as high as 39000 K (∼3.4 eV). Zinc was
chosen, because the zinc liquid–vapor co-existence diagram [19] suggests the
feasibility of approaching the critical region using the three-stage light-gas
gun technology. The release isentropes computed from these states pass near
the thermodynamic critical point of zinc, and it is therefore believed that
significant, perhaps complete, vaporization of the zinc target occurred (see
Fig. 4.24).

Fig. 4.24. Phase diagram for Zinc suggesting that full vaporization is achieved at
a stress level of 5.5 Mbar

The vapor states are characterized by measuring the stagnation history
of the expansion products against a witness plate using a velocity interfer-
ometer. The experimental configuration is shown in Fig. 4.25. The target
and witness plate were approximately 35 mm in diameter. The LiF window
was approximately 22 mm in diameter and 25 mm thick in the direction of
motion. To maintain one-dimensional impact conditions, the tantalum flyer
traversed a gap of 30 mm prior to impacting the zinc target plate. Impact
of the flyer plate against the zinc plate produced a debris cloud of rarefied
liquid–vapor zinc, which was permitted to traverse a gap of known dimen-
sions before stagnating against an aluminum witness plate. The subsequent
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Fig. 4.25. Experimental configuration used for shock-induced vaporization studies
on the three-stage light-gas gun

particle velocity history at the witness plate/window interface [111] was mea-
sured using a velocity interferometer [12]. Measurements of stagnation veloc-
ity history of experiments conducted at impact velocities of 10 km/s (shocked
to 550 GPa) are shown in Fig. 4.26. Note that the results show that the peak
velocities decrease whereas the rise times increase with increasing gap. This
is because the expansion products consist of mixed aerosol/liquid exhibit-
ing both a velocity and density distribution. The leading edge of the debris
cloud consists of fast-moving low-density vapor products followed by slower-
moving higher-density products, leading to a time-dependent loading on the
aluminum witness plate and consequent finite rise time measurements. The
phase separation as a function of propagation distance results in increased
rise times. The amount by which peak witness plate velocity decreases for
increasing distance between the zinc target and witness plate is an indicator
of the degree of vaporization.

The aluminum witness-plate/LiF window can be regarded as a target
with which the liquid/vapor debris cloud interacts. The peak interface ve-
locity measurement, uwp, is an indicator of the maximum stress resulting
from this interaction. Although not shown, the measured peak velocities
are higher for the lower-speed 9.1 km/s shots than for the corresponding
10.1 km/s shots [19], which suggests that greater vaporization occurred in
the 10.1 km/s shots. Figure 4.27 shows that the peak witness-plate velocity,
uwp, and therefore the target/debris interaction stress, decrease monotoni-
cally with increasing propagation distance (gap size). All curves in Fig. 4.27
must – in one-dimensional theory – asymptote to some constant value as the
gap size is increased. When such a curve asymptotes very nearly to zero, the
sample must have vaporized completely. When a curve asymptotes to some
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Fig. 4.26. Stagnation particle velocity history measurements for zinc for various
gap dimensions at the aluminum/window interface. The experimental configuration
is shown in Fig. 4.25

Fig. 4.27. The ratio of the measured particle velocity history to the anticipated
peak particle velocity for zero gap vs. gap dimension. No variation implies lack of
vaporization kinetics. Any departure from unity implies the concentration of vapor
falls in the mixed phase. The slope of the line determines the rate of the vaporization
process
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non-zero value of uwp/Umax, the sample must have vaporized only partially.
The velocity Umax is the anticipated peak particle velocity measurement for
zero gap distance. When a curve is constant, no vaporization occurred and
the maximum interaction stress will be independent of gap size. In Fig. 4.27,
the lowest speed experiment (5.92 km/s) [112], exhibits negligible expansion.
That is, the zinc target remains essentially intact as it crosses the gap. In
contrast, the highest speed (10.1 km/s) experiment shows considerable ex-
pansion of the zinc, which corresponds to a much lower stress on the buffer
than the lower-speed lower-vaporization experiments. Even though loading
stress can be reduced substantially by vaporization, the survivability of any
target nevertheless depends on many other parameters, including the du-
ration of the pressure pulse, the thickness of the target, and the yield and
fracture strength of the target. For zinc, the rapid approach to an asymptotic
limit suggests that boiling occurs more rapidly from super-critical states. A
detailed discussion of both the experiments and the limitations of the current
vaporization model, the reader should refer to the article by [19].

For symmetric impact velocities of 10 km/s, aluminum is shocked to
160 GPa and is molten in the shocked state [35,47]. When impacted by tita-
nium at a velocity of 11.1 km/s, aluminum is shocked to over 230 GPa [36].
In this study, the velocity history produced by stagnation of the aluminum
expansion products against an aluminum witness plate is measured using ve-
locity interferometry, as shown in Fig. 4.25. In addition, x-ray measurements
of the debris cloud are recorded prior to stagnation against the witness plate.
Shocks followed by rapid releases are observed at an aluminum/lithium fluo-
ride window interface [36], suggesting that thin “plate-like” debris is interact-
ing with the witness plate even though the debris was allowed to propagate
through a 50-mm gap. The stagnation particle velocity history is shown in
Fig. 4.28. The magnitude of the loading suggests peak stresses approaching
230 GPa. This is confirmed by the radiographic measurements of the impact-
generated products, which confirm that the expansion debris is plate-like (see
Fig. 4.29). This relatively high density, plate-like debris generates stresses of
several hundred GPa when allowed to interact with the witness plate. Even
though the debris plate expands over 40 mm, it does not disintegrate, sug-
gesting that the vaporization process is time dependent. However, when alu-
minum is shocked to lower pressures, results have indicated little or no vapor-
ization products when expanded over similar distances. Both radiographs and
witness-plate velocity measurements suggest that the vaporization process is
both time dependent and heterogeneous when the material is released from
shocked states at or below 230 GPa. Experiments strongly suggest that the
vaporization kinetics in aluminum should become dominant when expanded
from shocked states over 230 GPa.

For zinc, the latent heat of vaporization is approximately 2 kJ/g. The la-
tent heat of vaporization for aluminum, however, is 11 kJ/g. Unlike zinc, sym-
metric impact velocities approaching 30 km/s would be necessary to obtain
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Fig. 4.28. Measured stagnation particle velocity history measurements for alu-
minum are shown. The shock loading and release waveform is characteristic of a
thin flier plate impact

178 mm

Target Plate

Fig. 4.29. X-radiographs of a “vaporized” aluminum plate after traversing a gap
dimension of 45 mm and over 210 mm. Impact-generated flier-plate-like debris sug-
gests time dependent vaporization kinetics

full vaporization of aluminum. This is achievable using the magnetic flyer
plate techniques described above. These are the first quantitative measure-
ments of shock-induced vaporization processes made using the three-stage
light-gas gun. For zinc, the time-dependent kinetics leading to full vaporiza-
tion is observed whereas, for aluminum, the threshold pressure of 230 GPa
appears to be the onset for time-dependent vaporization kinetics. For detailed
discussions of both the experiments and the limitations of the current vapor-
ization model, the reader is referred to the original articles both for zinc [19]
and aluminum [36]. At 16 km/s impact, high pressures of 2 TPa (20 Mbar)
and temperatures of 10 eV are attainable in (high-impedance) engineering
materials such as tungsten or steel. Isentropic expansion of these engineer-
ing materials shocked to such a high pressure molten state would result in
partial vaporization. Taking advantage of the nearly 30 km/s impact velocity
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available using magnetic flyer plate techniques would allow us to probe the
vapor dome for most engineering materials.

4.4.2 Magnetic Systems

To date, the predominant application of the high velocity magnetically ac-
celerated flyer plate technique has been for accurate EOS experiments in the
several hundred GPa regime. The ability to launch intact, well characterized,
and relatively large flyer plates to velocities approaching 30 km/s enables ex-
periments to be performed with accuracies near those achieved using gas guns
at pressures of the order of five times that achievable with conventional gun
techniques, and over two times that achievable with the three-stage light-gas
gun technique [30,32].

The initial experimental campaign was focused on symmetric impact ex-
periments on aluminum [71]. Due to the extensive study of the response
of aluminum at high stress [1–3, 48, 74, 83, 95, 108], the results obtained in
the present study could be independently checked against techniques used
previously. Agreement with existing high-stress data would help to estab-
lish this technique as a suitable shock wave driver. In conjunction with the
aluminum experiments, Hugoniot experiments were also performed on liquid
deuterium [69, 70, 73]. Results of these experiments have helped to resolve a
discrepancy in the dynamic response of deuterium in the pressure range of
∼50–150 GPa. These applications will be described in the following sections.

We have also begun to explore the use of this high-velocity flyer capability
to study relatively hot matter at densities near ambient – so called warm
dense matter. The relatively large size of the magnetically accelerated flyer
plates allow shock and release experiments to be performed with multiple
diagnostics to probe the released state. Due to the significant temperature
increase associated with high-pressure shock compression, the released states
achieved are near the liquid–vapor critical point. In particular, release states
from Hugoniot pressures of ∼1 TPa (10 Mbar) in aluminum (corresponding to
∼30 km/s symmetric impact) are predicted to intersect the vapor dome very
near the critical point. This region of the EOS surface is not well characterized
for most materials. Preliminary shock and release experiments in aluminum
aimed at probing this region of the EOS surface will be discussed briefly in
the next section.

Aluminum Symmetric Impact

The experimental configuration used to obtain symmetric impact data on alu-
minum using the magnetically driven impact technique [71] is shown schemat-
ically in Fig. 4.30. Shock waves were generated by planar impact of an alu-
minum alloy 6061-T6 flyer plate onto a target of the same material mounted
in the anode panel. The rectangular flyer plate was accelerated across the
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Fig. 4.30. Experimental configuration for symmetric impact experiments on
aluminum

nominal 3–4 mm flyer gap by the magnetic field. A conventional, single-point
VISAR [12] was used to directly measure the velocity history of the flyer
plate, from launch to impact, with an accuracy of ∼0.5–1%.

Two different target designs were used in these experiments; a top-hat
design or a single-step design. The top-hat design, illustrated in Fig. 4.30,
consisted of a ∼10-mm diameter plate of 300 µm nominal thickness, with a
raised central area ∼3 mm in diameter and 900 µm nominal overall thickness.
The single-step design consisted of a ∼10 mm diameter disc, half of which
had a nominal 300 µm thickness and half a nominal 900 µm thickness. In
all cases, the targets were prepared by diamond turning the surfaces to the
desired dimensions. The surfaces were flat to ∼200 nm and parallel to ∼2 µm
with ∼20 nm surface finishes. Step heights were measured to an accuracy
better than 1 µm using interferometry techniques. Nominal initial densities
of the targets were 2.699 g/cc.

The shock response of the aluminum samples was diagnosed with a fiber-
optic-coupled-shock-break-out (FOSBO) diagnostic. The FOSBO diagnostic
is sensitive to the sudden change in reflectivity that occurs upon emergence of
a strong shock. Light is reflected off the surface of interest and collected into
an optical fiber that delivers the reflected light to a streak camera. The streak
camera provides high-time-resolution recording of the signal. Typically, the
streak rate of the camera was set to provide ∼100–200 ns of recording time,
resulting in a temporal resolution of ∼0.5–1 ns. In some cases, a line-imaging
VISAR diagnostic [101] was used for shock timing. Here, the target image
was directly coupled to the streak camera. For the line-imaging VISAR ex-
periments the streak camera was set to provide ∼50–100 ns of total recording
time, resulting in a temporal resolution of ∼0.25–0.5 ns.
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Several pairs of 100-µm diameter fibers were used, allowing FOSBO mea-
surement of shock arrival at several locations on the aluminum sample. Mul-
tiple FOSBO measurements were necessary to assess and account for impact
tilt (typically less than ∼4 mrad), mainly due to slight misalignment of the
target relative to the flyer plate. For the top-hat-design target, FOSBO mea-
surements were made on either side of the raised central area in addition to
the top of the central area. For the single-step design two FOSBO measure-
ments were made on each side of the step. In both cases, differences in the
time of shock break out could be compared over distances of several mm, en-
abling the magnitude of the tilt to be accurately determined and accounted
for in the determination of the shock velocity in the target. In the case of
the line-imaging VISAR measurements, impact tilt was clearly observed and
accounted for by noting the break out as a function of time across the tar-
get. These measurements enabled the shock velocity to be ascertained to an
accuracy ranging from 1–3%.

The Us − up Hugoniot data for aluminum are plotted in Fig. 4.31a. Also
plotted in the figure are data from the compendium published by Los Alamos
National Laboratory [78] (chemical-explosive driver), [84] (gas-gun), [1–3,48,
72] (explosively driven striker plate), [97, 108](nuclear explosion). The solid
line is the predicted Us − up response from SESAME 3700 [61, 62]. The σ–ρ
Hugoniot data are plotted along with predictions from several SESAME EOS
models [56] in Fig. 4.31b.

Several points are apparent from these comparisons. First, Fig. 4.31 illus-
trates the fact that the various SESAME models exhibit rather significant dif-
ferences in the high-stress response, particularly above the limit of the gas-gun
data(∼170 GPa) [84]. Thus, the data generated in these experiments are use-
ful in distinguishing among the various models. Second, the results obtained
using this technique are in excellent agreement with the previous data over
the pressure range of 100–500 GPa. In particular the lowest stress results from
this study (∼120–130 GPa) agree very well with the results reported by [84],
obtained in very accurate two-stage light-gas-gun experiments. In addition,
data from the present just above the gas-gun regime (about 160 GPa) show a
decrease in the slope of the Us−up response, in good agreement with previous
results [1–3, 48, 74, 97, 108]. This decrease in slope is likely due to the melt-
ing of aluminum on the Hugoniot, as expected from the EOS calculations.
This conclusion is further reinforced from a previous study utilizing release
measurements on a three-stage gun, which suggests that shock-induced melt-
ing occurs in the stress range of 125–150 GPa [35, 47]. The Hugoniot below
this stress range is indicative of the response of solid aluminum, whereas the
Hugoniot above this stress range is indicative of liquid aluminum, with a
correspondingly lower slope in Us − up. Finally, as shown in Fig. 4.31, the
present data exhibit higher accuracy and less scatter than previous data ob-
tained in the stress range of 200–500 GPa, lending higher confidence to the
understanding of the high-stress response of aluminum. We also note that
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Fig. 4.31. Us−up and P −ρ Hugoniots for aluminum: This work (black diamonds);
LASL compendium (open circles); Mitchell and Nellis (gray circles); Al’tshuler and
Kormer (gray squares); Kormer (open square); Al’tshuler and Chekin (open trian-
gles); Al’tshuler and Kalitkin (gray inverted triangle); Glushak (open inverted trian-
gles); Volkov (open diamond); and Simonenko (gray triangles). Theory: SESAME
3700 (solid line); 3711 (dot-dashed line); 3715 (dashed line); and 3719 (dotted line)

recent experiments have extended the absolute Hugoniot data for aluminum
to ∼830 GPa [67]. These results further substantiate the conclusions drawn
above.

Liquid Deuterium Hugoniot

The experimental configuration used to obtain Hugoniot data for liquid deu-
terium (LD2) with the magnetically driven impact technique is shown in
Fig. 4.32. The necessary cryogenics are provided by an expendable cryocell
connected to a survivable cyrostat [52, 53]. The cavity of the cryocell is de-
fined by a stepped aluminum alloy 6061-T6 pusher plate and a Zcut sapphire
window, with cavity dimensions of approximately 5 mm in diameter and 300
and 600 µm in thickness. The LD2 samples are condensed in the cryocell by
filling the cavity with high purity deuterium gas at 0.124 MPa (18 psi), cool-
ing the cryocell to its equilibrium temperature of 16–18 K, and then warming
the cell to 22.0 ± 0.1 K [52,53]. This produces a quiescent LD2 sample below
the boiling point of about 25 K, with nominal initial density of 0.167 g/cm3.

Shock waves were generated by planar impact of either an aluminum alloy
6061-T6 or a titanium alloy Ti-Al6V4 flyer plate onto the aluminum pusher
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Fig. 4.32. Experimental configuration for Hugoniot experiments on liquid deu-
terium

plate at the front of the cryocell. The rectangular flyer plate was acceler-
ated across a nominal 3–4 mm vacuum gap by the magnetic field. Titanium
flyer velocities as high as ∼22 km/s have been achieved, which are capable
of generating shock states to ∼700 GPa in the aluminum drive plate and
transmitting up to ∼100 GPa shock waves into LD2. Conventional velocity
interferometry [12] (VISAR) is used to directly measure the velocity history
of the flyer plate from launch to impact with an accuracy of ∼0.5%.

The shock response of LD2 is diagnosed with a number of fiber-optic-
coupled diagnostics. Typically, several optical fiber bundles of 100 and 200 µm
diameter fibers are used, allowing multiple, redundant diagnostics, includ-
ing (i) conventional VISAR, (ii) FOSBO, and (iii) temporally-resolved spec-
troscopy. Figure 4.33 shows sample data obtained from a typical LD2 exper-
iment. In all, up to 16 channels of data are obtained for each experiment,
allowing up to 16 independent measurements of Us in LD2 and up to four
independent measurements of Us in the aluminum drive plate. The uncer-
tainty in Us is ∼2–3% from the measured transit time through the cell and
the initial cell dimensions. Since the uncertainties were due to random errors,
statistical techniques can be used to decrease the uncertainty in Us to ap-
proximately 1% and 2% for the LD2 sample and the aluminum drive plate,
respectively.

The VISAR records for the higher-pressure experiments confirm the con-
stancy of the pressure drive obtained from the flyer-plate impact, as shown
in Fig. 4.33. In this case the VISAR velocity is indicative of Us in the
LD2 because LD2 becomes reflective at shock pressures above ∼30 GPa [37].
From these records it is determined that the shock pressure is constant to
better than 1% as the shock traverses the cryocell. For the lower-pressure
experiments, the shock front is not sufficiently reflective to obtain VISAR
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Fig. 4.33. Typical data obtained in a LD2 experiment. (i) VISAR record of the
shock front (solid black line), (ii) FOSBO record (dashed black line), and (iii) self-
emission record (gray line). Vertical dotted lines indicate break out of the shock
from the aluminum/LD2 interface and the arrival of the shock at the LD2/window
interface

measurements. However, Us is obtained for all experiments using the FOSBO
and self-emission data. As seen in Fig. 4.33, both of these measurements
provide a clear signature of shock arrival at the aluminum/LD2 and the
LD2/sapphire interfaces. Also, in all experiments, high quality spectra are
obtained over the continuous wavelength region between 250 and 700 nm.
The spectral dependence of the self-emission can be analyzed to provide a
measure of the temperature of the shocked LD2. We emphasize that the con-
stancy of the emission signal during the traversal of the shock through the
cryocell further verifies the constancy of the pressure states achieved with the
flyer-plate impact, as the intensity of emission is proportional to the pressure
of the LD2 to the ∼1.75 power [69].

An impedance matching method, utilizing the Hugoniot jump conditions
[45], was used to obtain Hugoniot points for the shocked LD2. As shown in
Fig. 4.34a, the initial shocked state of the aluminum drive plate is described in
the pressure–particle velocity (P −up) plane by the point labeled A, and the
shocked state of LD2 is constrained to lie on a straight line, with the slope of
the line given by ρ0 Us, where ρ0 is the initial density of the LD2 sample. An
EOS model for aluminum [61,62] was used to calculate the release isentrope
from the shocked state in the aluminum drive plate. The intersection of the
calculated release isentrope and the line defined by the LD2 shock velocity
determines up of the shocked deuterium sample. The uncertainty in up for
LD2, typically 2–3%, was determined from the uncertainty in the shocked
state of the aluminum drive plate, and thus from the uncertainty in Us for
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Fig. 4.34. (a) Impedance matching technique used to determine the Hugoniot of
deuterium. (b) Experimental Hugoniot results for liquid deuterium

the aluminum drive plate. The density compression was determined using the
jump conditions given by (4.5–4.6).

The pressure–density compression states determined in this way are dis-
played in Fig. 4.34b. The lowest pressure experiment was found to be in good
agreement with the results reported from the earlier gas-gun experiments and
the lower pressure laser experiments. However, at higher pressures, particu-
larly the data above ∼70 GPa, there is a distinct deviation of the present
results from those reported from the laser-driven experiments. Further, the
data obtained from our study are in quite good agreement with the pre-
dictions from the ab-initio models throughout the entire range of pressures
investigated.

Also shown in Fig. 4.34b are the results of recent LD2 Hugoniot measure-
ments obtained using a convergent geometry technique [16–18]. The results,
shown as a weighted average point in the figure, appear to confirm the stiffer
response observed in the present experiments. Given the fact that these ex-
periments utilize completely independent experimental configurations, the
agreement of the inferred density compression makes a strong case for a
∼fourfold limiting compression for the equilibrium response of LD2 along
the principal Hugoniot.

Aluminum Release Measurements

As a first step towards performing measurements of aluminum near its liquid–
vapor critical point, release experiments were performed using a low density
(200 mg/cm3) silica aerogel. We note that these release measurements into
aerogel are also relevant to the liquid deuterium experiments described above;
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this particular density aerogel has a shock impedance very close to that of
liquid deuterium, and thus the release into the aerogel simulates the unloading
of aluminum in the deuterium impedance matching experiments. It is also
noted that the technique described here is similar to that used by Holmes to
measure the release response of aluminum from ∼80 GPa [57].

To determine the Hugoniot response of the aerogel, several direct impact
experiments were performed using high velocity aluminum flyer plates. The
shock speed in the aerogel was measured using a passive shock break out
technique. The aerogel is highly distended silica (ρsilica

/
ρaerogel ≈ 13) and

thus, due to pore collapse upon shock compression to several tens of GPa,
the temperature of the aerogel approaches ∼7 eV. This provides copious self-
emission that can be used as a fiducial for the onset of shock compression.
The aerogel was backed by LiF, both to provide physical support for the low
density material, and to provide a clear fiducial of the shock reaching the
rear of the sample; since the LiF has a considerably higher shock impedance,
the several tens of GPa shock in the aerogel results in a several hundred
GPa shock in the LiF, which causes the LiF to become opaque. These two
clear fiducials provided an accurate measure of the shock transit time in the
aerogel. Given the shock velocity in the aerogel, the particle velocity could
then be determined through impedance matching using the measured flyer
plate velocity and the known compression response of aluminum.

The release measurements were performed using a similar configuration;
the only difference being the inclusion of an aluminum drive plate on the
impact side of the aerogel. Thus, the flyer plate impacts aluminum and the
shock releases from aluminum into the aerogel. The method described above
was again used to determine the shock velocity in the aerogel. In this case,
however, the particle velocity in the aerogel was determined from the mea-
sured aerogel shock velocity and the Hugoniot obtained from the direct im-
pact experiments. The measured shock velocity and inferred particle velocity
then determine a point in P − up space that the aluminum release isentrope
must pass through. Results from a series of experiments in which release
points were measured from initial shock states in the range of ∼250–500 GPa
are shown in Fig. 4.35. Also shown in the figure are the predicted release
isentropes obtained from the Sesame 3700 model for aluminum [61, 62]. The
agreement between experiment and calculation is within experimental uncer-
tainty over this entire range. Thus, these release measurements validate the
Sesame 3700 release behavior over this pressure range, and indicate that no
significant errors in the inferred deuterium density are the result of the alu-
minum EOS. In particular, these release results, along with the near-absolute
Hugoniot measurements, make a strong case for the use of the Sesame 3700
EOS model for aluminum in performing impedance matching experiments.

We have also performed several full-release experiments for aluminum. In
these experiments a LiF window was placed a known distance from the rear
of an aluminum target, and the shock response of aluminum was diagnosed
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Fig. 4.35. Aluminum unloading experiments. (a) Experimental configuration. (b)
Release data obtained using low density aerogel

(a) (b)

Fig. 4.36. Full-release experiments in aluminum. (a) experimental configuration.
(b) Data obtained from a ∼500 GPa experiment. Note that two distinct events are
recorded at the LiF witness plate

through the LiF window, as shown in Fig. 4.36. When the shock reached
the rear surface of the aluminum target, the pressure fully released to zero,
and the aluminum was accelerated toward the LiF window. A seen in the
figure, two distinct impacts at the LiF window were observed. These two im-
pact times were analyzed to determine two nominal velocities for the released
aluminum. The results of three experiments released from ∼250, ∼300, and
∼500 GPa are shown in Fig. 4.37, plotted as the measured velocity less twice
the particle velocity of the shocked state (this velocity is referred to as the
expansion velocity in that it represents the increment of velocity above that
one would obtain by approximating the release path as the reflected Hugo-
niot) as a function of the particle velocity of the shocked state. This apparent
two-phase flow is being interpreted as a fast vapor component followed by
a slower, possibly liquid component, and is preliminary evidence that the
release adiabats are intersecting the vapor dome. Also plotted in the figure
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Fig. 4.37. Full-release experiments in aluminum. Plotted are the measured expan-
sion velocities as a function of particle velocity in the shocked state

are results obtained from Russian investigators [10, 48] in experiments in
which aluminum was released into an atmosphere of air (as opposed to vac-
uum). Note the slower component observed in our experiments correlates
well with the Russian results, whereas the faster component observed in our
experiments apparently was not observed in the Russian experiments. This
absence of the faster component in the Russian work is likely due to the fact
the air tamped the release, preventing the release path from entering the
vapor dome.

4.5 Discussions

Historically, it was not until the early nineteen fifties that smooth-bore guns
were developed to launch projectiles to high velocities. Prior to the early
fifties, the propellant gun was the fastest gun available, and allowed pro-
jectiles to be launched at about 2 km/s. In particular, the development of
two-stage light-gas gun in the early fifties was a significant achievement in
which projectile velocities around 5 km/s were first obtained. Since then the
two-stage light-gas gun capability has been enhanced to achieve velocities ap-
proaching 8 km/s, even though many attempts were made to get yet higher
velocities. High pressures approaching 1 GPa, combined with Mega “g” ac-
celeration are used to launch lexan projectiles or projectile packages to ob-
tain the high two-stage light-gas gun velocities. Much higher megabar pres-
sures and Giga “g” accelerations are necessary to obtain velocities faster than
10 km/s. The high pressures required exceed the structural strength of both
the gun barrel and projectile materials and is the main limiting factor in
achieving high velocities on a traditional two-stage light-gas gun. The energy
required to launch a flyer plate to 30 km/s is approximately 50 times the
energy required to melt and vaporize the projectile or the plate. The energy
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must, therefore, be deposited in a well-controlled quasi-isentropic manner to
prevent melt or vaporization. The high-pressure loading must also be uni-
form to prevent fracture. On the modified two-stage light-gas gun (the three-
stage light-gas gun), this is achieved by using a graded-density assembly to
impact a stationary flyer plate. Upon impact, time-dependent, structured,
∼100 GPa pressure pulses are generated and used to propel the plates to hy-
pervelocities approaching 16 km/s without melt or fracture. On the Sandia Z
accelerator, time-dependent and smoothly increasing 400 GPa magnetically-
generated pressure pulses are used to launch plates to ultra-high velocities
in excess of 27 km/s without melt or fracture. For both systems, titanium
alloy Ti-6Al-4V and aluminum alloy 6061-T6 are used for the flyer plate ma-
terial. These are the highest metallic projectile-plate velocities ever achieved
for masses in the range of 0.1–1.0 g. Both the technologies have matured
to allow dynamic material property measurements to accuracies comparable
to traditional light-gas gun techniques. Most significantly, dynamic material
property measurements can now be obtained at pressures and temperatures
that were not previously accessible in the laboratory.

Very high pressures are needed to launch flyer plates to hypervelocities.
The loading must be very nearly shockless, time-dependent, and uniform.
Figure 4.38 displays an example of a stress loading history driving the flyer
plate to high velocities on a three-stage gun. The stress loading history of a
flyer plate driven by magnetic fields is shown in Fig. 4.17b. There are two
main differences when compared to the pressure histories shown for driving
projectiles on conventional smooth bore guns. First, the peak driving pressure
levels are 100 to 400 times higher and, second, the time durations are three
orders of magnitude less than the conventional two-stage light-gas gun. This
results in the very high plate accelerations 109–1010 g as shown in Fig. 4.39.
Not only must the loading history be time dependent, but it must also be
very rapid. This also necessitates that the flyer plates be thin – otherwise the
time dependent stress pulse would shock up and melt or even vaporize the
flyer plate. At these high stresses, the plate is compressed to approximately
half its thickness and then released to zero stress. For uniform deformation
and release to occur over the entire plate, its lateral dimension has to be large
compared to its thickness so that one-dimensional loading conditions persist.

There is what appears to be a sudden transition between the peak ac-
celerations observed on the traditional two-stage gun versus those indicated
for the three-stage and the magnetic flyer plate technique. This is because,
for peak accelerations at or below those achieved in the two-stage light-gas
gun, the peak loading stresses are lower than the structural strength of the
barrel or projectile material. At high peak accelerations, 109 g or greater,
the peak loading stresses are significantly above the dynamic yield and frac-
ture strength of the material and factors such as pulse uniformity, shape, and
width become more significant in preventing melt and fracture. It should also
be noted that both the impact technique used on the three-stage gun and the
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Fig. 4.38. Typical driving pressure history at the base of the flyer plate for a
flyer-plate launched on the three-stage light gas gun at around 10 km/s

Fig. 4.39. Flyer plate velocity versus peak accelerations for flier plates launched
to ultra high velocities using the three-stage light-gas gun and using magnetic field
on the Z accelerator

magnetically accelerated flyer plate technique can be used to propel plates
to velocities lower than those reported herein, even though the emphasis of
this article is on achieving higher velocities than those so far obtained on
conventional two-stage guns.

The mass of the plate that can be launched is directly proportional to the
volume of the material that is launched. This reduces to the areal density
or the mass density, ρx, where ρ and x are the density and the thickness of
the flyer plate. Figure 4.40 shows the dependence of the velocity of the flyer
plate on its mass density and, as expected, it is inversely proportional to
its mass density and is independent of its lateral cross section because one-
dimensional conditions are maintained during plate launch. This also implies
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Fig. 4.40. Variation of mass density versus velocity for flier plates launched on the
three-stage light-gas gun and the on the Z accelerator using magnetic fields

that scaling is easily applicable as long as one-dimensional loading conditions
are maintained.

As indicated in this chapter, the principle and the techniques developed to
achieve velocities in excess of traditional two-stage light-gas gun are summa-
rized. The flyer plates have been well characterized to determine their “ini-
tial” state prior to using them as impactors in subsequent applications. It is
crucial, especially for EOS determination, that the initial conditions be very
well known and are repeatable. The use of this technology to obtain the EOS
of metals [68,88], foam, and deuterium [69,70,73] are also described. Other ex-
amples include characterization of shock and release states [35,47,68], shock-
induced vaporization processes [19,36], and debris propagation [34,36]. These
are just a few examples that suggest the maturity of the technology for ma-
terial property studies to stresses in excess of 500 GPa in the laboratory.

Further improvements and enhancement to the technology are being pur-
sued. Impact techniques used on three-stage light-gas guns indicate that the
use of frozen hydrogen buffers, replacing TPX, has the potential of achieving
velocities around 20 km/s. Furthermore, significant progress has been made in
both the understanding of the magnetically driven flyer plate technique and
in the optimization of the experimental configuration. As a result, velocities
in excess of 27 km/s have been realized. We anticipate that flyer velocities of
∼30 km/s can be achieved on the Z accelerator with further load optimiza-
tion.

In the next few years the infrastructure of the Z accelerator will be mod-
ernized and upgraded. The resulting accelerator, referred to as ZR, is ex-
pected to have twice the energy storage capacity, and should produce nearly
28 MA in a short circuit load configuration. This upgrade should substan-
tially increase the capability of the magnetically driven flyer technique. In
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particular, load designs have been identified that should result in flyer veloc-
ities in excess of 40 km/s, while still maintaining intact flyer plates at essen-
tially ambient temperature and density. This increase in capability will fur-
ther expand the pressures and temperatures achievable in EOS experiments.
Furthermore, through shock and release studies, it should be possible to ac-
cess material states near the liquid–vapor critical point. These types of ex-
periments may allow determination of the location of the vapor dome, as well
as measurements of transport properties for materials in these hot, slightly
expanded states for most engineering materials, not merely low-boiling-point
materials such as zinc, lead, and cadmium.
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5 Sabot Designs for Launching Penetrators
and Projectiles

Alois J. Stilp

5.1 Introduction, Function and Basic Construction

Sabot is the French word for a wooden shoe. It is a successful word choice in
the present case because some important features of a functioning projectile
sabot are included in the word: The wooden shoe must be light and strong,
must conform to the foot, and should be easily removable.

These and other requirements play an important role in the design of
sabots for impact and free-flight tests. The design and fabrication of sabots is
a small but important part of the complex operation of impact and free-flight
ranges, because a satisfactory sabot is necessary if success of an experiment
is to be guaranteed.

What is a sabot? It is a technical device conforming on its outer surface
to the launch tube wall and on its inner surface to the projectile. It carries
the projectile through the launch tube under the action of the driver gas.
In a weapon system it is designed to deliver a specific projectile to a target
with an acceptable dispersion and velocity. With a sabot it is possible to
launch most regular and irregular shapes and subcaliber projectiles over a
wide range of velocities.

The functions of sabots are diverse:

• The sabot positions and supports the projectile during launch.
• It seals, or obturates, the driver gases within the launch tube. Imperfect

sealing permits blow-by of the driver gas, resulting in asymmetric load-
ing of the sabot–projectile assembly and disturbance of the sabot as it is
separated from the projectile.

• It should minimize undesired lateral or yawing motions produced by bore
and/or projectile asymmetries, variations in bore friction, and asymmetries
in pressure loading. Imperfect machining of the sabot results in a tight
or loose fit in the launch tube, with the consequences of either excessive
friction or blow-by of driver gases. Imperfect honing of the launch tube
and cleaning after firing can also cause variation in bore friction. Undesired
lateral effects can be caused by disturbances of the propellant burning rate
in powder guns or by shock waves in light gas guns.
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• The sabot should separate from the projectile without disturbing its flight.
It should not induce yaw or pitch and should separate without creating
hazards to personnel or equipment.

Three phases of sabot/projectile interactions can be distinguished:

• The interaction during the acceleration phase. The roundness, straightness,
inner wall roughness, and cleanliness of the launch tube, on one hand, and
the quality of sabot fabrication and the maintenance of tolerances, on the
other hand determine this part of the interaction. Careful cleaning of the
launch tube is often ignored with fatal results, especially at high velocity.

• The second stage of sabot–projectile interaction is the sabot separation
phase. At low ambient pressure the separation proceeds smoothly, which
means that the separation process takes place over a long flight path, and
leads to a correspondingly long period of interaction of the sabot and pro-
jectile that is caused mainly by shock waves. At higher ambient pressure
the separation occurs more rapidly.

• Depending upon the construction of the impact or free-flight range, a strong
sabot–projectile interaction can occur as the sabot is caught or deflected.
At most ranges it is necessary to use a catcher plate to stop or deflect the
sabot parts after separation from the projectile. The simplest construction
is a strong steel plate with a hole in the middle to allow passage of the
projectile. As discussed later, some elaboration of this design is necessary
to ensure that particles of shattered sabot parts cannot hit the passing
projectile.

The sabot is a parasitic part of a sabot–projectile assembly, and serves
no purpose after completion of the separation process. Because of this, the
weight of the sabot should be as small as possible. However, the sabot must
be able to withstand the large acceleration and centrifugal forces imposed on
it during its passage through the launch tube. Therefore a compromise must
be found between low weight and high dynamic strength. This compromise
restricts the selection of sabot materials. For all high velocity operations
a further restriction on the material selection is imposed by the fact that
no metallic sabot part can slide along the metallic wall of the launch tube
without damaging the tube. Plastic materials and fiber reinforced plastics
are the best choice, and one of the best of these is polycarbonate, known
as Lexan in the US and Makralon 4tlg r© in Germany. This material is also
attractive because it is inexpensive.

A sabot consists, with few exceptions, of three major parts: the base or
obturator, the driver or pusher, and the finger petals.

The base or obturator is a single or a serrated piece of plastic. Its function
it to form a seal to prevent blow-by of the driver gas. The driver or pusher
plate is usually a high strength steel, titanium, or aluminum alloy disc or
cup that is thick enough to prevent the projectile punching through it as it
transfers the gas pressure to the projectile.
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The sabot finger petals (two–four fingers) support and stabilize the projec-
tile during its passage through the launch tube. The sabot fingers are usually
made from plastic. Special sabot finger petals for kinetic energy (KE) pen-
etrators and rods are fabricated from high strength aluminum or titanium
alloys.

Diverse elements and features determine the design of sabots. The mass,
shape, and velocity range of projectiles, the type of launch facility, the pro-
pellant (powder, gas, or light gas), the gun caliber, and the ratio of maximal
to average base pressure in the launch cycle are important parameters [1].
Their role depends upon whether the projectile is being launched for impact
or aerodynamic studies or is part of a weapon system.

The development of sabots for aerodynamic or impact studies is usually
accomplished through empirical approaches and by intuition. Adoption of this
procedure is possible because of the long history of successful experimental
experience. The exchange of results, both good and bad, and experimental
know-how in meetings of the Aeroballistic Range Association (ARA) has
made an important contribution to the step-by-step optimization of sabot–
projectile assemblies for many applications.

The experiments cover a wide range of velocities and employ projectiles
of various shapes and materials and having various values of mass. Usually
only a small number of tests of a given kind are conducted. For this reason,
computer-aided design (CAD) methods have been little used. The situation
is completely different when sabots for KE weapon systems are designed and
fabricated. In this case it is reasonable to use CAD methods.

5.2 Sabots for Rods and Kinetic Energy Projectiles

Rods and KE penetrators are slender bodies having circular, rectangular, or
triangular cross sections, and for which the axial dimension is larger than the
greatest lateral dimension. If the ratio of axial dimension to greatest lateral
dimension (called the length-to-diameter or L/D ratio) is less than ten we
speak of short rods and if it exceeds ten we speak of long rods, although this
classification is arbitrary. Because the mass per unit cross-sectional area of
these projectiles is large, special sabot designs are necessary.

Short rods are usually launched with a sabot that pushes the projectile
from the rear, whereas long rods are usually launched with a sabot that
pulls it from the front. Kinetic energy penetrators used in weapon systems
are always accelerated with a pulling sabot. The principle of each of these
designs is illustrated in Fig. 5.1.

Because the sabot diameter is several times larger than the rod diameter,
a specially designed pusher plate is placed at the back of the rod to transfer
the accelerating force to its rear surface. This device is usually a truncated
cone made of high strength steel or titanium alloy. Its base has a diameter
nearly as large as the bore. The height of this cone depends on the peak
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Fig. 5.1. Design principle of push and pull sabots

pressure applied to its base. If the pusher is too thin, it can fail in shear
allowing it and the obturator to accelerate past the projectile so that the
total sabot package is pushed past the rod. Fatal damage to the launch tube
is often a consequence of this event.

Depending upon its density and strength, the rod can experience plastic
flow at extremely high peak pressures. This leads to a large increase of the
friction between launch tube wall and the sabot. The sabot–rod assembly
may fail under high compressive load.

An example of a typical push sabot used for steel and sintered tungsten
alloy rods, proved in many tests for different caliber launch tubes, is shown in
Fig. 5.2. This is a sabot using four serrated polycarbonate fingers and having
an inverted hollow cone at the front to improve the aerodynamic separation.
The rod itself is pressed into a cylindrical cavity in the steel cone, which
serves as a flight stabilizer. A thick steel or titanium alloy disc acts as the
driver plate. The rear of the polycarbonate obturator has a spherical shape
to improve the seal formed to prevent passage of the driver gases. If all sabot
parts are well fabricated a symmetric aerodynamic separation from the rod is
guaranteed, as demonstrated in Fig. 5.3. The shock waves form a symmetric
pattern.

The acceleration of rods with length to diameter ratios exceeding about
ten can only be performed with the pull technique. The acceleration force
is transferred to the outer surface of the rod by a threaded or corrugated
surface on the inner wall of the sabot.

The dimensions of this thread, its length, pitch, and the angle or shape
(sharp, trapezoidal, or round) of the thread form depend mainly upon the
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Fig. 5.2. Push sabot construction for steel and sintered tungsten alloy rods

Fig. 5.3. Shadowgraph picture of a symmetric sabot separation

test velocity, the length of the rod, its diameter, and the strength and density
of the sabot and rod. The stresses produced at the sabot–rod interface can be
withstood only by high strength metals such as aluminum or titanium alloys.
A plastic ring used as a bore rider at the front and a plastic cup used as an
obturator at the rear of the metal sabot to prevent its coming into direct
contact with the launch tube.
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Three failure modes can be identified for pull sabots launching long rods:
The part of the rod extending in front of the sabot is subjected to large
compressive loading and can buckle or bend and the rear part of the rod can
fail in tension. Finally the threaded or corrugated part of the sabot or rod
can fail by shearing.

A typical pull sabot design, proven satisfactory in many tests for L/D =
15 rods, is shown in Fig. 5.4. This sabot is fabricated from a high quality
aluminum alloy. It is a four piece aluminum body with a forward bore rider.
A four piece plastic obturator fabricated from Polycarbonate with a serrated
interface seals the assembly against the base pressure. In addition, the rear of
the obturator is covered with a silicone rubber. These sabots were designed
and constructed empirically, and have been improved over a long period of
experience.

Fig. 5.4. Pull sabot for L/D = 15 rods

If long rods with L/D = 25 or greater are accelerated to velocities up to
2.5 km/s, many problems can arise due to the large acceleration loads. Small
imperfections in the sabot design and tolerances in the launch tube can cause
catastrophic damage to the expensive tube.

It is an important requirement for terminal ballistic tests that the rod hit
the target with a yaw angle near zero. Details of a successful sabot design are
reported in [2]. Figure 5.5 shows a basic sabot design for rods with different
L/D ratios.

205

50 110

6441

27

5.
5

5.
5

Fig. 5.5. Typical long-rod penetrator (L/D = 35) and the sabot designed to
launch it
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Fig. 5.6. Flash x-ray photographs of two phases of a perfect separation

Two phases of a perfect sabot release are shown in the flash x-ray pho-
tographs in Fig. 5.6.

Large yaw and pitch angles are generated and, in the worse case, rod
bending can occur if the launch tube is not perfectly straight. The flash
x-ray picture in Fig. 5.7 shows an example of rod bending due to use of an
imperfectly straight launch tube.

A thick steel catcher plate with a hole and a short steel tube in the middle
stops all parasitic parts when placed at the correct distance from the muzzle.
The short tube on the catcher plate prevents the impacting sabot parts from
influencing the passing rod. If metallic jets from the sabot impact area hit
the rod and the stabilizing fin they can cause damage to the rod. Incorrectly
positioned catcher plates induce yaw and pitch angles of the rod. The imprint
of the impacted sabot fingers on the catcher plate show clearly the profile of
the sabot thread. The sabot must be turned as each shot is loaded to prevent
its parts impacting the catcher plate at the same position on successive shots.
The catcher plate must be replaced after two or three rounds. The photograph
in Fig. 5.8 shows an impacted catcher plate.

Kinetic energy penetrators with large L/D ratios are an efficient means
of defeating heavy armor. The sabot for these penetrators was designed em-
ploying CAD methods with the goal of minimizing the sabot weight and
maximizing the sabot strength. The basic form of these sabots is similar to



208 Alois J. Stilp

Fig. 5.7. Bending of a long rod launched from an imperfectly straight tube

Fig. 5.8. Impacted catcher plate

the that of the sabot used for laboratory ballistic tests. However, one should
keep in mind that sabots for KE weapons are optimized for one velocity, one
caliber, and one L/D ratio. Sabots for laboratory experiments are used over
a wide range of parameters, so their design must be much more flexible.

An example of an actual KE weapon consisting of a depleted uranium
(DU) penetrator and an aluminum alloy sabot is shown in Fig. 5.9 [3].
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Rod Sabot Obdurator Fins Wind screen Tip

Fig. 5.9. Schematic illustration of an M829 sabot–penetrator assembly

5.3 Sabots for the Simulation
of Warhead Fragment Impact

Missile warheads with preformed fragments are used for extended-range air
defense to defeat theater ballistic missiles (TBM) and aircraft.

The defense against TBMs with conventional, chemical, or biological pay-
loads, especially with chemical or biological submunitions, is a tremendous
technical challenge if total destruction (hard kill) of the payload is demanded.

Of the several defense concepts that have been proposed, the one con-
sidered here is fragment impact. If the fragment shower is to be effective
enough to destroy the TBM payload, each individual fragment must be able
to penetrate deep into the inner layers of the TBM submunition.

Several anti-TBM warheads with preformed fragments such as high den-
sity cubes, spheres, discs, rods, and high performance shapes are being tested.
Field tests often ignore the real encounter situation because neither the war-
head nor the target is moving in the test arena.

The performance of light-gas guns and highly sophisticated sabot designs
allow the acceleration of differently shaped warhead fragments such as cubes,
cylinders, spheres, discs, and rods as single or multiple fragments over wide
velocity and mass ranges. Sequential or simultaneous multiple impacts by
fragments of specified orientation at the moment of impact can be produced
under controlled test conditions.

For several years, the author was the head of the Ernst Mach Institute Im-
pact Physics Division and was concerned with many aspects of the lethality
endgame in different joint programs. The TBM defense endgame is hyperve-
locity impact research (Fig. 5.10). One part of this research program is the
development of an efficient sabot for launching high density fragments.

To prevent the sabot from being perforated and pushed past a high density
projectile (steel, sintered tungsten alloy, DU, etc.) by the propelling gas, the
back end of the projectile must be supported in the sabot by an inner metal
cup or plate made from high strength aluminum or titanium alloys as shown
in Fig. 5.11.

The terminal ballistic effectiveness of cubes, discs, and rods depends
strongly on their orientation at the moment of impact. The sabot developed
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Fig. 5.10. Encounter situation of TBM and interceptor. The relative velocities of
the TBM and the interceptor are in the range 2–4 km/s. The target TBM is usually
a complex structure comprising multiple widely-spaced plates of differing materials.
The fragments impact the target at angles ranging from 0 to 90 degrees

Fig. 5.11. Basic construction of sabot with an inner metal cup
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Fig. 5.12. Orientation variety of cubes and discs

makes it feasible to achieve the desired orientation for cubes and discs, as
shown schematically in Fig. 5.12.

A four-piece serrated polycarbonate sabot with a thick metal driver plate
designed to launch high-density discs for side and head-on impact is shown
in Fig. 5.13. This sabot design has been tested successfully for 15–40-mm
caliber launch tubes and fragment masses up to 100 g. Flash x-ray pictures
in Fig. 5.14 show that the discs keep their orientation after separation of the
sabot.

Fig. 5.13. Sabots to deliver fragments oriented for side and head-on impact
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Fig. 5.14. Separation of the sabot parts from 20 g discs launched at 2.3 km/s with
two orientations

The impact of a fragment by sabot parts, especially the metal parts,
alters the effect of its impact on the target. To avoid this, double-plate sabot
catchers are usually used. The plates are positioned close together with small
holes in the middle that allow only the fragment to pass through. Sometimes
the very stable flying driver plates are fabricated with asymmetries, such as
holes or cuts, to produce instabilities so they can be captured by the sabot
catcher.

Modified sabot designs with inner metal cups and driver plates are also
applied for multiple-fragment impacts with discs, L/D = 1 cylinders, cubes,
and rods. Some examples are shown in Fig. 5.15 for three-rod fragments,
three discs with two orientations, and cylindrical fragments in two layers.
Spacers or disc springs between the individual fragments or layers produce
rapid dispersion of the fragments. These and other types of sabot–fragment
assemblies have been used with great success in several lethality and target
hardening projects. The impact of a shower of six cylindrical fragments on
a double-plate steel target is shown in the flash x-ray picture in Fig. 5.16.
Each fragment forms its own debris cloud which can interfere with the other
debris clouds and increase the effect on the second target plate, producing
perforation or spallation.
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Fig. 5.15. Sabots for multiple-fragment impact studies

Fig. 5.16. Impact of six cylindrical fragments on a double-plate target (3.1 km/s)
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Many missiles have warheads that produce explosively-formed projectile
fragments (EFP) to defeat ground vehicles and aircraft. Softly-recovered real
EFPs formed from Armco iron, copper, or tantalum as well as replica EFPs
are developed and tested to study the influence of the actual impact velocity
and other relevant parameters.

Figure 5.17 shows a sabot with a replica of an Armco iron EFP at the
top and flash x-ray pictures of two phases of the separation process at the
bottom. The greatest care was taken to catch all sabot parts with the double-
plate sabot catcher technique. The alignment of the plates between the launch
tube end and the aiming point must be performed very carefully using a laser
beam.
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Fig. 5.17. Sabot with replica EFP and flash x-ray pictures of two phases of the
sabot separation process. Makrolon 4tlg. is a polycarbonate material

Two-flash x-ray pictures in Fig. 5.18, one taken at the moment of im-
pact on a composite target and the second taken behind the target show
clearly that all parasitic sabot parts have separated and been stopped. The
evaluation of EFP performance and the stopping power of the target is not
influenced by secondary impact effects.
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Fig. 5.18. Flash x-ray pictures of the impact of an EFP replica

5.4 Sabots for Reverse Ballistic Experiments

A number of impact experiments can be performed only in the so called
reverse ballistic mode, which means that the projectile is at rest and the
target is fired against it. This method is required to conduct impact tests in
which the projectiles have extreme dimensions or are flat discs, needles, or of
other unusual shapes.

Many of the segmented rod studies were performed using this method, as
were most of the rain, ice, or dust erosion studies. With multiple flash x-ray
systems or laser stroboscopes, the impact process, including the penetration
process that occurs inside the target, can be observed. Highly sophisticated
soft recovery methods are used to catch the target without producing any
secondary damage.

Sabots for reverse ballistic tests are usually cup shaped. The cups carry
the target (ceramics, metals, foams, layers of different materials, etc.) These
cups are fabricated from plastic materials, often with an inner cup made from
aluminum or titanium alloys.
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5.5 Sabots for the Simulation of Micrometeoroid
and Space Debris Impact

Earth-orbiting satellites and space stations encounter a fairly continual flux
of natural meteoroids and man-made orbital debris. The meteoroid flux is not
a serious hazard to most spacecraft in earth orbit. Only sensitive components
such as thermal surfaces, optics, mirrors, windows, etc. can be damaged by
the very small meteoroids. To simulate a meteoroid impact in the labora-
tory, advanced launchers such as plasma drag launchers, capacitor discharge
launchers, electrostatic launchers, and other devices are used to accelerate mi-
croparticles (both metals and non-metals) to velocities as great as 100 km/s.
None of these launchers requires the use of sabots. Larger projectile masses
can be accelerated to lower velocities by shaped-charge and explosive tech-
niques. No sabot can be used for these methods. The varying and uncertain
shape and mass of objects launched by explosive or shaped-charge techniques
complicates the data analyses.

The best choice for simulation of hypervelocity impact is the long proven
light-gas-gun technique. These are the only accelerators capable of firing
projectiles with well defined masses, shapes, and material consistency up to
velocities as great as 11 km/s. The illustration in Fig. 5.19 gives an overview
of the capabilities of hypervelocity launchers.

0.01 0.1 1.0 10 100 1000 10000

Projectile (Plate) Mass, g

Modified light
Gas Guns

Fast Shock
Tube

Railguns

Powder
Guns

Single-Stage
Guns

Shaped-Charge Jets

Needed Additional Capabilities

Two-Stage Light-Gas Guns

Electric Gun

0

2

4

6

8

10

12

14

16

18

P
ro

je
ct

il
e 

V
el

oc
it

y,
 k

m
/s

Fig. 5.19. Capabilities of hypervelocity launchers [4]
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The total weight of the sabot–projectile assembly depends on the launch
tube diameter. It is uneconomic to accelerate small projectiles with large-
caliber guns, because the sabot must be so much larger than the projectile.

Actual debris objects have complex shapes but, for shield design, accep-
tance tests, and validation of spacecraft components, aluminum, glass, or
other low density spheres or discs are usually used for the simulation.

The sabots for these low density projectiles are simple constructions be-
cause no special pusher plate is necessary to prevent punch through. Usually
a two- or four -inger sabot, serrated or not, with an obturator is used. An-
other sabot construction consists of a polycarbonate cylinder with an opening
for the sphere or disc. The cylinder is cut across its diameter (or across two
perpendicular diameters) by a razor blade installed in a precision cutting
device that includes a dial indicator to monitor the depth of the cut.

For launching high-density projectiles, a two-piece aluminum cup fit into
the polycarbonate cylinder as shown in Fig. 5.20 is used. A hole for the projec-
tile is made in the aluminum cup. This construction prevents the high-density
projectile punching through the plastic part of the sabot. After leaving the
launch tube, aerodynamic forces separate all sabot parts from the projectile
as shown in Fig. 5.21.

5.6 Sabots for Subscale Bomb
and Geopenetrator Models

Field tests with large caliber guns or sled tests with real bombs or full-scale
geopenetrators are very expensive. The preparation time associated with full-
scale tests, the costs for the field crew, test equipment, the ammunition and
the target increase as the caliber of the gun increases. Only a few tests can
be conducted; parameter studies with variations of the target construction
or weapon design are only exceptionally possible. These and other reasons
make model testing in this area less expensive than prototype testing.

Application of replica model laws have shown that experiments with
small-scale models satisfy many mechanical similarity requirements associ-
ated with penetration of full-scale projectiles.

Bombs or geopenetrators impact targets in the low or intermediate tran-
sition velocity stage. The low velocity region of impact is characterized by
little or no deformation of the projectile. The strength of the bomb is greater
than the dynamic pressure of impact and the bomb is only insignificantly
deformed. The mechanical properties of the target and the bomb are of im-
portance.

To study the influence of concrete strength, effects of burster slabs, sand
and rock-rubble overlays, bar screens, multilayer materials, fiber reinforce-
ment, etc., tests with scaled classical general purpose (GP) bombs are per-
formed at scale factors of 1/4 or 1/5.
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Fig. 5.20. Sabot designs for launching high-density spherical projectiles

Figure 5.22 shows the cross-section of a 500 lb bomb and its 1/4.5 scale
model. The sabots for this model are shown in Fig. 5.23. The sabot consists
of a four-finger petal part fabricated from hard Styrofoam. These petals are
melted in a mold. Differential swelling of the basic Styrofoam material allows
for the changing of the density and strength of the Styrofoam petals. Once
fabricated, they retain their form and are resistant to deformation. Their
surface is compact and smooth. The bomb fits into an obturator in the form
of a polyethylene cup. The bomb–sabot assembly is accelerated to velocities
as great as 400 m/s with a smooth-bore powder or gas gun of 100–120 mm
bore diameter. The same basic sabot construction is used for other GP bomb
and MK bomb models, the latter being a prototype of World War II German
bomb (Fig. 5.24).

In recent decades crucial changes have taken place in both threats pre-
sented and protective measures taken to mitigate these threats. The increase
of the protection level is no longer restricted to trivial solutions such as
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Fig. 5.21. X-ray photograph of the separation of the outer and inner cups

Fig. 5.22. Cross sections of a 500 lb bomb (left) and its subscale model (right)
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Fig. 5.23. Sabot for the 1/4.5 scale bomb model

69
385

Fig. 5.24. Bomb model with sabot

increasing the thickness of concrete barriers. Buried bunkers and tunnel fa-
cilities with a large variety of anti-penetration shields have been developed.
Burster slabs with loose boulders or boulders embedded in concrete are in-
stalled over the structures. The functions of these measures are diverse. They
can deflect a bomb, break the bomb case, destroy the fuse, or cause prema-
ture detonation. Yaw-inducing barriers can deflect bombs or cause them to
impact at an angle to their line of flight. A strong reduction of the penetration
capabilities is the consequence. In response to this new challenge, new gen-
erations of bombs and improved geopenetrators have been born. These new
types of bombs, which are capable of perforating several meters of concrete
and overlays, had their baptism of fire during the First Gulf War.

It was necessary to test high strength penetrator materials, new shapes
with large L/D ratios, and highly sophisticated nose configurations to in-
crease the angle of attack and shift the ricochet angle to higher values. The
impact velocity of these new bomb types is higher than the drop velocity of
classical gravity bombs. Again, tests with scaled models were very effective
for parameter studies.
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The sabots for these penetrator models must be stronger than those used
for GP bombs, and Styrofoam is no longer applicable. Serrated polycarbonate
fingers with a resin filler adapted to the fin contour, titanium alloy pusher
plates, and polycarbonate obturators are developed, tested, and shown to
provide good solutions over a wide range of velocities (250–1700 m/s). Fig-
ure 5.25 shows a geopenetrator model in its sabot.

Fig. 5.25. Geopenetrator with sabot. Fin, penetrator with sabot fingers, and
pusher (upper photograph). Sabot with penetrator (lower photograph)
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5.7 Sabots for Bird and Hailstone Impact Simulation

The loss of aircraft and repair costs caused by bird and hailstone impact
are an important economic factor. Hailstones, birds, or pebbles that impact
aircraft engines, windshields, and canopies can produce serious damage or
catastrophic failure resulting in total loss of the aircraft, loss of the crew
members, or mission abortion. The impact velocities of these objects vary
from several meters per second up to several hundred meters per second,
depending on the point in the mission at which the impact occurs.

Besides computer simulation, experiments are necessary for the design
of aircraft components and to provide understanding of the impact process
and the structural response of the aircraft components to impact. Usually
free-flight ranges with gas guns equipped with double-diaphragm or other
fast opening valves are used for the simulation tests. The acceleration of the
objects must be kept at a low level to prevent destruction of the ice balls or the
birds being launched. To prevent their breakup during launch, appropriate
sabots must be used. The objects must be separated freely from the sabot.
The sabots are usually of the cup type. They are often decelerated in a tapered
launch tube extension with longitudinal slits to vent the driver gases. The
sabot starts to decelerate in this section and the object to be launched begins
to move out of the cup. A stopper plate or a sabot cutter at the end of the
tube stops the sabot or deflects the sabot parts from the object trajectory.
The sabots are usually fabricated from balsa wood or Styrofoam. The density
of each of these materials can vary, with the denser and higher strength
materials being used for higher velocity tests. Balsa wood and Styrofoam
are good thermal isolators suitable for firing ice balls and bird simulants
(chickens).

5.8 Sabot Separation Techniques

For all free-flight operations, and especially for impact studies, the sabot
parts must be separated before the impact on the target can be carried out.
Fragments of the sabot flying close to the projectile disturb the aerodynamic
flow field or cause undesired secondary impact damage to the target. De-
pending on the size of the range and its mission, several methods of sabot
separation have been developed. Some of these are discussed briefly in the
following paragraphs.

The most common way to separate the sabot parts from the projectile is
the use of aerodynamic forces. When the sabot–projectile assembly leaves the
muzzle a combination of aerodynamic forces from muzzle blast and the flow
field outside of the blast act on the sabot parts and the projectile. Strong
asymmetries of the muzzle blast caused by blow-by of the driver gas or defects
such as small burrs or indents of the muzzle, begin a chain of causation
of undesired separation effects and projectile instabilities. The aerodynamic
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forces increase with the strength of the muzzle blast and the density of the
ambient atmosphere [5].

The sabot parts should separate radially from the projectile without sub-
sequent contact. Beveling of the front of the sabot front increases the surface
subjected to aerodynamic pressure and, thus, the rate of radial separation
of the sabot from the projectile. The sabot pieces can be stopped by impact
into a steel catcher that has a hole in its center that is large enough for the
projectile to pass through without touching.

Catching the pusher plate and the obturator is a difficult problem because
these parts are follow the same trajectory as the projectile. Double- and triple-
plate catchers are most suitable for catching the pusher plate and obturator.

It is necessary that the sabot parts be stopped, deflected, or destroyed
with very low probability of interaction with the projectile. For tests at low
ambient pressures, the aerodynamic forces are not large enough to separate
the sabot parts during a short flight path. For this application a small tank
with a higher ambient pressure can be installed between the muzzle and the
impact or free-flight area. The entry and the exit of this tank are sealed with
very thin Mylar films. This technique is applicable for small and medium size
ranges [3].

For medium velocities and robust projectiles, mechanical devices can be
used to decelerate the sabot and deflect it from the projectile trajectory. Two
devices consisting of a contracting (tapered) section and a deflecting section
are shown in Fig. 5.26.

1˚

gas pressure release ports

contracting section deflecting ramp

gas pressure release ports

contracting section deflecting section

1˚

Fig. 5.26. Sabot separation device applicable for medium velocities

The sabot is decelerated in the contracting section. During this process,
the projectile starts to separate from the sabot. The base pressure is reduced
by gas release ports or slits. These mechanical separation devices are only
applicable for cup sabots, they are not applicable for encapsulated projectiles.
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The use of tangential forces, induced by a short rifled section at the launch
tube entrance can initiate spinning of the sabot–projectile assembly. The
spinning is stable and is maintained during both the acceleration and free-
flight phases. This method cannot be applied for hypervelocity tests.

As a consequence of the high energy release through the muzzle blast
and the sabot catch process, all indoor ranges are enclosed and a blast and
projectile catcher tank is an important component of a range with a high
safety standard.

The installation of a single- or a double-stereo flash x-ray system close to
the gun muzzle gives valuable information about the sabot separation process
itself and about the quality of the sabot design and fabrication. Triggering
the flash x-ray systems close to the muzzle is accomplished an intense laser
and narrow filters on the photocell side.

5.9 Conclusions

Sabot design is highly empirical, it has required a great degree of intuition
to fulfil the basic design requirement that a sabot be strong and stable.

Modern sabot technique allows for tests with variety of projectile shapes,
masses, and materials over a wide range of velocities up to 10 km/s under
exactly defined and controlled test conditions. Sabot design is the secret of
light-gas-gun performance.
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6 High-Speed Diagnostics for Ballistics
and Explosive Studies

Vernon C. Draxler

6.1 Introduction

High-speed data acquisition systems are often a necessity when conducting
studies in ballistics and explosion dynamics. This is a result of the high reac-
tion rates occurring in these areas, which leave normal-speed instrumentation
being of little value in obtaining meaningful information. Two of the more
widely used diagnostics for this research are flash x-ray and high-speed opti-
cal photography. Although considerably different in physical characteristics,
these technologies compliment each other by sharing one important feature –
their ability to record data during rapidly moving events. This chapter will
discuss selected experiments in these fields and will show how each technology
was applied to obtain the desired test information. This work was performed
at the Alliant Techsystems Proving Ground, located near Elk River, Min-
nesota.

Flash radiography and high speed photography have proven to be versatile
diagnostic tools for conducting studies in ballistics and explosive phenomena.
High-speed photography can yield information on rapid visual events, but
the by-products of smoke and flame associated with explosive and ballistic
reactions sometimes precludes the use of photography. In these cases, flash
x-ray can be applied to overcome the limitations of photography. With its
ability to penetrate not only smoke and explosive debris, but also other opti-
cally opaque materials, x-radiography often provides test data not obtainable
with standard photographic methods. Thus, together, these two types of in-
strumentation provide the researcher with useful diagnostics for studies in
ballistics and explosives.

6.2 Flash X-Radiography

Flash x-ray instrumentation is a system that produces a high intensity, short-
duration burst of radiation in the x-ray wavelength spectrum. With its ability
to penetrate optically opaque media and possessing a short exposure time,
this technology has a unique capability for stop motion recording of high
speed events associated with ballistics and explosive reactions.
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The following is a brief description of the x-ray equipment. The com-
ponents of an x-ray system include a high voltage power supply, an energy
storage device called a pulser, an x-ray tube that is the radiation source, and
delay generators for triggering the system at the proper time. A system is
comprised of one or more “channels”, each channel capable of producing one
single or stereo x-ray pulse per event. To obtain more than two radiographs
requires adding more channels.

In operation, the pulser is charged, via the high voltage power supply, to
a level between 12 and 30 kV. An event-initiated trigger signal from a device
such as a foil switch or a pin switch, or the fire pulse to a detonator, is input
to a delay generator. After a pre-determined time delay, which allows the test
item to move into the radiographic area, the delay generator sends a trigger
signal to the pulser. The pulser, with its Marx generator design, amplifies the
charging voltage and discharges this increased voltage across the electrodes
of the x-ray tube, thereby producing the x-ray pulse by a process called
cold-cathode emission. Designs of the system allow the tube to be positioned
within the pulser or in a remote tubehead that is connected to the pulser via
a coaxial cable. The x-ray systems used in our testing were manufactured by
Hewlett-Packard Corp. in energy levels of 300 kV and 2.3 MeV, the voltages
indicative of the tube input voltage. These systems have a fixed flash duration
of approximately 18 ns, measured at the full-width, half-maximum (FWHM)
point on the intensity waveform. The pulse duration is independent of the
x-ray tube voltage. This short exposure time can freeze the motion of such
things as a shaped-charge jet traveling at 10 km/s or reveal the integrity and
position of internal parts of an ammunition fuze while in flight. Since the
penetration of x-rays into material is dependent on x-ray tube voltage, the
lower energy model was used for shadowgraph and penetrating radiography
of low-density materials and the higher voltage system for penetrating radio-
graphy of thicker, high density media. The experiments discussed below will
illustrate the systems capabilities and show how both hard and soft x-rays
were used, depending on the test parameters and information desired.

6.2.1 Application of Flash X-Radiography to Explosion Dynamics

Explosively Formed Penetrator

An explosive warhead that underwent extensive research and development at
the Alliant Techsystems Proving Ground was known as an explosively formed
penetrator (EFP) warhead. A diagram of an EFP warhead is presented in
Fig. 6.1.

In operation, the high explosive charge is initiated with an exploding
bridgewire (EBW) detonator. The high pressure of the resulting detonation
front inverts and collapses the liner into a penetrator that remains coherent at
considerable downrange distances. Various shapes and characteristics of the
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Fig. 6.1. EFP Warhead

penetrator can be obtained by varying the design of the liner and explosive
charge.

Flash x-radiography was used to determine the velocity and shaping char-
acteristics of EFPs within the first 20 calibers after being launched from
the warhead. The schematic in Fig. 6.2. shows the test arrangement. The
x-ray setup for this testing consisted of a fixture called a ballistic sled, which
contained a six-inch-thick steel blast shield, an angle iron arrangement for se-
curing the orthogonally oriented x-ray films, and a structure for holding the
top-view x-ray tubeheads. The side-view tubeheads were encased in protec-
tive housings and secured with sandbags. On selected tests, a side view x-ray
was placed up-range of the blast shield to obtain an early-time radiograph
of the liner. The warhead was mounted to an adjustable wooden stand on
the uprange side of the blast shield. A hole in the blast shield allowed the
EFP to pass through while preventing the blast and explosive debris from
damaging the downrange x-ray films and equipment. Prior to each shot, a
precision grid of 1 cm by 1 cm squares, was positioned in the EFP trajectory
and statically exposed on the films to provide the magnification factor and
interfilm distance correlation. For the film on the uprange side of the blast
shield, this grid was replaced with a lead sheet containing a row of coded
holes. Exposing the lead sheet prior to the shot resulted in imaging the holes
to provide the magnification factor and distance correlation while allowing
the data area of the film to be single exposed. The x-ray system for this
application was a two or three channel, 300 kV, system in a single or dual
tubehead configuration, which produced shadowgraphs of the external shape
of the EFP.

Radiographs of an EFP warhead containing a tantalum liner are shown
in Fig. 6.3, where the direction of the EFP flight is from left to right. The
radiograph on the left is a side view showing early time formation. Orthogonal
radiographs obtained further downrange are shown on the right.

Folding of the EFP into a coherent mass generally results in an axial void
in the inner part of the EFP. To better understand the mass distribution
properties of EFPs, a high energy 2.3 MeV flash x-ray system was used to
characterize their internal shape. This high energy radiation was necessary
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Fig. 6.2. Test Arrangement for an EFP Test

Fig. 6.3. Radiographs of a tantalum EFP
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since tantalum, of which many liners are made, is very dense and x-ray ab-
sorbent.

Figure 6.4 shows a tantalum EFP radiographed with a 2.3 MeV system.
The internal void is evident. Also noteworthy is the mass of tantalum that
has formed in the interior and immediately behind the nose of the EFP.

Fig. 6.4. A 2.3 MeV radiograph of a tantalum EFP

Miniature Initiator Experiment

On the opposite end of the explosive spectrum, an investigation was con-
ducted into the functioning characteristics of the M100 detonator, which is
a small, electric initiator commonly called a microdetonator (see Fig. 6.5).
Although this test was conducted quite a number of years ago, it is presented
here to illustrate that, at times, limitations in equipment can be circumvented
by using rather simple variations to the standard x-ray method. This work
was also of historical significance as it led to the development of the “spit-
back” type of fuse that has been widely used in medium caliber shaped-charge
munitions.

The detonator for this research was 0.25-inch long and 0.10 inch in diame-
ter with a 0.008-inch thick aluminum case. A stub protruding from the header
of the detonator serves as one electrical contact for the bridgewire and the
case itself is the other bridgewire contact. For this test, a two-channel 300 kV
system producing soft x-radiation was used in a setup shown in Fig. 6.6. For
explanation, soft x-rays are those for which the intense radiation occurs in
the long wavelength portion of the x-ray spectrum. This type of radiation,
along with a complimentary radiographic technique, can better image thin,
low density objects. To verify the need for soft x-rays for imaging the small
aluminum particles associated with this experiment, hard radiation was at-
tempted with negative results.
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Fig. 6.5. Drawing of a Microdetonator

Fig. 6.6. Test Setup for the microdetonator experiment

It was desired to obtain information on the shape and velocity of the
end cap of the detonator, called a flyer plate, within the first few millime-
ters of travel. Since explosive equations predicted an approximate velocity
of 4 mm/µs, this meant that to acquire data it was necessary to obtain sub-
microsecond delays between x-ray flashes. However, when this test was per-
formed, the available delay generators possessed a minimum setable delay
time of one microsecond, meaning that if they were used in their normal
mode, the radiographs would occur too late in time to be of interest. This
limitation was overcome by i) setting both delay generators in the “out” po-
sition (no delay), ii) triggering both generators with the same trigger signal,
and iii) using the jitter (the random, uncontrollable difference in time) in the
system to produce the required submicrosecond time intervals. Two dynamic
radiation detectors, positioned to sense the x-ray pulse from each tubehead,
were input to a high sweep speed oscilloscope to record the x-ray flash times.
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Triggering of the x-ray system was accomplished with an ionization type
pin switch manufactured by Dynasen, Inc. The pin was positioned against
the metal case of the detonator, then retracted until the electrical continuity
was broken. Expansion of the metal case, caused by the detonating explosive,
shorted the pin and produced the signal to trigger the x-ray system.

Dental x-ray film, in a size of 1-1/4 inches by 1-5/8 inches, was chosen for
this test. The films were double exposed, with the static exposure imaging
the detonator to provide the magnification factor and distance correlation.
Post test radiographs were read on an optical comparator having a resolution
of 0.001 inch.

Results of the nine shot test series are given in Table 6.1. Velocities of
the flyer plate agreed well with explosive theory. It is also noted that the
system jitter for the nine shots produced delay times covering the entire
submicrosecond range, from 805 nanoseconds down to 10 ns. By using this
jitter technique interframe times corresponding to framing rates as high as
108 fps were obtained.

Table 6.1. Results of the microdetonator experiment

Shot Plate Travel Interframe Time Plate Velocity
Number mm ns mm/µs

1 1.25 305 4.11
2 2.76 730 3.77
3 3.13 805 3.89
4 0.05 10 5.03*
5 0.93 235 3.94
6 0.52 130 4.04
7 0.45 150 3.00*
8 1.30 360 3.62
8 1.30 360 3.62
9 0.68 175 3.87

*Suspect due to resolution of the time measurement.

Figure 6.7 contains orthogonal radiographs of four of these microdetona-
tors with interframe times of 175 ns, 360 ns, 730 ns, and 805 ns. The rectan-
gular section in the center of each film is an image of the detonator, obtained
by a static exposure. These results show that the flyer plate changes from the
static concave shape to a convex shape early in flight and only the center of
the plate is focused down on axis to provide the energy for impact initiating
the next explosive element.
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Fig. 6.7. Radiographs of four microdetonators

6.2.2 Application of Flash X-Radiography to Ballistics

Medium Caliber Ammunition

Flash radiography was also effectively applied to ballistic testing of medium
caliber ammunition. Requirements in the design of fuzes for medium cal-
iber ammunition usually dictate that the fuze be functionally safe within a
certain distance from the gun muzzle and fully armed at a further distance
downrange. Flash x-radiography has been used extensively to quantify the
fuze arming characteristics. Since the fuze components are completely en-
closed within the fuze ogive, data could not be obtained with photographic
methods. The radiographs shown below were obtained with a 300 kV x-ray
system.

Figure 6.8 contains two flash radiographs of a point detonating, self de-
struct, 20 mm fuze. The x-radiograph on the left, taken at 15 m from the
muzzle, shows the firing pin engaged in a slot on the rotor, resulting in a
safe condition. The radiograph on the right, taken at 40 m downrange, shows
the piston and firing pin moved forward and the rotor moved to the aligned
position, indicating the fuze to be armed at the 40 m distance.

Terminal ballistics effects of medium caliber ammunition were also stud-
ied using flash x-ray. One experiment was to determine the sensitivity to
oblique impact of a 30 mm fuze similar to that described previously. The test
procedure consisted of impacting the fuzed projectiles against a steel target
placed at various angles of obliquity.
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Fig. 6.8. Radiographs of a 20 mm fuze

The radiograph on the right in Fig. 6.9, taken 50 m downrange, verifies
that the fuze is fully armed. On the left is an x-ray of the same fuze taken
20 µs after striking a steel target at 60◦ obliquity. The reduced film density
in the area of the fuze where the explosive booster is located, along with
structural deformation of the material below the booster indicate that this
explosive component has already detonated at 20 µs after impact. Therefore,
the fuze is sensitive to, and normal function has occurred, at 60◦ oblique
impact.

Fig. 6.9. Radiographs of a 30 mm fuze during an oblique impact

6.3 High-Speed Photography

The complimentary instrumentation to flash x-ray for ballistic and explosive
studies is that of high-speed photography. Often easier to interpret than ra-
diographs, photographs yield a visual, front view representation of the event.
This chapter describes two types of photographic instrumentation that were
successfully applied to obtain the desired test information: (i) strobe light
photography and (ii) a high-speed rotating mirror camera.
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6.3.1 Strobe Photography

As part of a munitions development program, it was desired to measure
the velocity and spatial distribution of projectiles launched from a missile
bulkhead. The projectiles, called projectors, traveled radially outward from
the bulkhead, resulting in the need to acquire data over a large circular area.
Another important consideration in choosing the data acquisition method
was that requirements limited the measurement error in velocity and spatial
distribution to less than 0.5% and less than 1◦, respectively. Several diagnostic
techniques, such and flash x-ray and high speed framing photography were
investigated, however, strobe photography was chosen since it appeared to
better meet the above constraints.

The missile bulkhead incorporated 210 projectors arranged circumferen-
tially around the warhead perimeter and in five vertical rows (see Fig. 6.10).
Note that in rows two through five, the projectors are staggered within each
row. The bulkhead was mounted vertically so that the projectors traveled
radially outward in a horizontal pattern. Each projector was 2-1/4 inches
long by 1-1/4 inches in diameter and contained a cylindrical cavity that was
mated to a barrel assembly. The barrels were loaded with a propellant that
was initiated by an explosive line cord. Arrangement of the explosive cords
was such that the projectors were launched in five vertical rows with a time
delay between the initiation of each row.

Fig. 6.10. Photo of Projectors

The strobe system consisted of two xenon-filled flash tube light sources
(Xenon Corp.) that could be remotely triggered. To meet the velocity error
constraint, the system components were selected to produce a flash duration
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of less than 10 µs. With this short exposure time, the light intensity was
insufficient to photograph the projectors directly. However, this deficiency
was overcome with the use of High Gain Reflective Sheeting (3M Corp.), a
reflective tape having properties similar to those found on road signs. The
tape was applied to the projectors in a coding arrangement so the projector’s
in-flight orientation could be recorded.

Testing was performed in an enclosed building having an arena diameter
of approximately 35 ft. Both the interior of the building and the projectors
were painted flat black to minimize light reflections. Two still-frame cameras,
one for redundancy, with an 8 inch by 10 inch film format, were positioned
approximately 35 ft. above the arena floor (see Fig. 6.11). The primary cam-
era was placed directly above the axis of the warhead. Both cameras were
suspended via cables from the roof of the building to isolate them from move-
ment caused by the explosive shock wave.

Fig. 6.11. Photo of Camera Instrumentation for the projector test

The two flash tubes were placed as close to the camera lens as possible,
(approximately 1◦ between light, tape, and lens). This was necessary because
the reflectivity of the tape is maximized at an angle of zero degrees between
the light source and the lens. As this angle increases the reflectivity decreases
significantly. Also, early development tests were conducted at night in an out-
door arena. During one such test, it was discovered that even a thin coating
of moisture caused by dew condensing on the projectors was sufficient to de-
stroy the reflective properties of the tape. Subsequent tests, in an enclosed
building where the environmental elements could be controlled, resulted in
all data being acquired.
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The camera film was double exposed by the two light sources. The delay
time between triggering of the flash tubes was selected to allow the projec-
tor pattern to completely separate between the first and second exposures.
Subsequent film measurements, done on an optical comparator having a res-
olution of 0.0001 inch, yielded information from which the velocity of each
projector’s center of gravity could be calculated.

Since the velocity of the projectors was low (approximately 200 ft/s), it
was necessary to account for their gravitational drop in our velocity calcula-
tions. This was done by impacting the projectors into Styrofoam panels that
were pre-test marked with the theoretical (gravity not considered) impact
point and measuring the displacement. Also, pre-test fiducial measurements
to determine the magnification factor for each projector row were made by
photographing a grid made of reflective tape placed in the projector pattern.

A 6-ft. diameter plywood disk was placed above the warhead to act as a
light shield to prevent over-exposing the films by light from warhead initia-
tion.

Results from a typical test are shown in Fig. 6.12. For this test, 209 of
the 210 projectors were successfully launched. The strobe system recorded
all 209 of these projectors for both flash times, and yielded the necessary
data to determine the projector’s velocity and spatial distribution within the
stringent accuracy requirements.

Fig. 6.12. Results of the projector experiment
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6.3.2 Framing and Streak Photography

The camera used for the explosive research discussed in this paper is a Model
116, synchronous type, rotating mirror camera, manufactured by the Cordin
Company. The camera is a dual purpose instrument, capable of operation
in either the streak or framing mode. The experiments which follow were
selected to illustrate the type, quality, and quantity of data obtained in each
operating mode. For the framing mode these experiments consisted of: (i) ob-
servation of explosive initiators, and (ii) fracturing of the liner of an explosive
warhead. For the streak mode the tests were: (i) high-resolution photographs
of explosively formed penetrators, and (ii) explosive shock-front simultaneity
measurements using fiber optics.

Cordin Camera Parameters and Operation

The camera can be operated in either the streak or the framing mode. Con-
version from the streak to the framing mode is accomplished by removal of
the streak module from within the camera body and replacing it with a relay
lens assembly. External to the camera, the slit assembly is replaced with a
framing aperture. Figure 6.13 shows the internal configuration of the camera
in both the streak and framing modes.

The beryllium single-surface mirror is turbine driven by a compressed
gas such as nitrogen. A rotational speed of up to 5000 rps can be obtained.
As implied, the film is stationary in the camera and the image is swept
across it by the rotating mirror. At the higher operating speeds, the inside
of the camera body is filled with a low density gas such as helium to reduce
aerodynamic drag on the mirror.

This camera is of a synchronous type, which means that events to be
photographed must be synchronized to the position of the mirror. The pho-
tographic record is obtained during only a small portion (10%) of one mirror
revolution. Thus, the camera records for only 10% of the mirror period. An
optical emitter and sensor are located near the mirror base to detect mir-
ror rotational speed and produce a voltage pulse once each mirror revolution.
The emitter and detector are at fixed positions so that detection of the mirror
position is constant. Sequencing of explosive firings to the mirror position is
done using time delay generators, with delay times chosen so that the event of
interest occurs while the mirror is in the portion of its period when recording
occurs.

Frame Mode

Black and white or color film, in standard 35 mm format, is used in the fram-
ing mode. The film supply can be either a bulk roll or an individual cassette.
An electromechanical shutter, located between the aperture and mirror, is
automatically opened when the camera reaches its programmed speed and
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Fig. 6.13. Photos of a Cordin camera. The upper photograph shows the camera
in the framing mode and the lower photograph shows it in the streak mode

closes after the dynamic record is obtained. Since the closure time of the
shutter is about 10 ms, several revolutions of the mirror occur, which can
cause rewriting of the film if sufficient light from the experiment is available.
A capping shutter, explained later in this chapter, is used to prevent this
from happening.

Three objective lenses having focal lengths of 900 mm, 620 mm and 320 mm
are available, with selection based on achieving optimum image size on the
film. The objective lens is mounted on an optical rail external to the camera.
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Although the mirror is sweeping the image along the film track, the inter-
nal lens module of 26 relay lenses produces 26 individual frames by a process
known as the Miller shuttering effect. The dynamic record consists of 26
frames taken at a rate ranging from 25,000 to 1.25 × 106 frames per second.
These parameters are summarized in Table 6.2.

Streak Mode

Operation in the streak mode is quite similar to operation in the framing
mode, although some camera modification is necessary. Primarily, this con-
sists of replacing the relay lens assembly inside the camera with a film track
module and installing a slit assembly on the external front of the camera. The
object is focused on the slit via the objective lens, and the resultant image
transferred in a one-to-one size ratio to the film. The film format is 70-mm
wide with a data record length of 300 mm. The writing speed can be varied
between 0.4 mm/µs. to 20 mm/µs. For a summary of the parameters in the
streak mode see Table 6.2. During operation, the rotating mirror sweeps the
image of the slit along the stationary film. Thus, the spatial dimension is
across the width of the film and the temporal dimension is along the length
of the film.

Table 6.2. Camera Parameters

Streak mode Framing mode

Writing Speed (max) 20 mm/µsec 1.25 ×106

Record Length 300 mm 26 frames
Film Format 70 mm 35 mm
Mirror Speed (max) 5000 rps 5000 rps
Static Image Full field-slit removed Frame no. 5
Fine Focus Traveling microscope Traveling microscope
Shutter Electro-mechanical Electro mechanical
Slit Width 50–750 µs N/A
Slit Length 60 mm N/A

Experiments

Framing Mode

Two experiments are presented to illustrate the framing mode applied to
explosion dynamics. The first of these involved a device known as an initiator
plate. This plate consisted of a 12-inch diameter by 1/2-inch thick aluminum
plate with a track system (grooves) machined into its front face. At the
termination of each of the 32 legs of the track was a hole through the thickness
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of the plate. The track and the hole were filled with extrudable explosive.
Behind the plate and centered on the holes were 32 cavities each containing
a PBXN-5 booster explosive charge. The objective of this design was to have
a single-point detonation on the front of the plate transition to a multipoint
detonation at the back of the plate. An equally important criterion was to
have the 32 booster outputs occur simultaneously to within one microsecond.
The test arrangement is shown in Fig. 6.14.

Cordin Camera
Frame Mode

Objective Lens

Safety Glass

Capping Shutter

Front Surface
Mirrors (2 each)

Front Surface Mirror

Argon Candles
(4 each)

Front Surface Mirror

Test Unit

Fig. 6.14. Test Setup for the initiator experiment

Two front-surface mirrors, one front of the plate and inclined at 45◦ and
the other behind the plate and also inclined at 45◦, turned the images 90◦

relative to the optic axis. Two additional mirrors then turned these images
90◦ into the camera lens. This setup allowed the camera to record both the
front and back sides of the initiator plate simultaneously. Two explosively-
driven argon light sources illuminated each side of the plate. The camera was
operated at 106 fps resulting in a 1 µs interframe time.

Three sequential frames from the 26-frame camera record are shown in
Fig. 6.15. The first frame shows the detonation after its having progressed
through the track system and entering the hole through the plate. The next
frame shows that all of the boosters have initiated. Since the boosters have
detonated within one elapsed frame, we can conclude that the detonation
output of the 32 boosters occurred simultaneously within 1 µs.

This experiment illustrates that the camera’s framing mode can record
both functioning parameters and timing data of an explosive event. It should
be noted that this test was conducted prior to the advent of fiber optics. With
a camera speed of 10◦ fps, the framing mode provided adequate temporal
resolution (1 µs) for this experiment. However, a better method would have
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Fig. 6.15. Results of the initiator test

been to use fiber optics in conjunction with the streak mode because, for
the same camera speed, an improvement in temporal resolution of about
100× could have been obtained. This technique will be explained more fully
in a later section of this chapter.

The final framing-mode experiment that is presented is that of an explosive-
filled submunition. This device operates in one of three selectable modes,
which produces either an explosively formed penetrator (EFP), a stretched
rod, or a fragmenting liner. The framing mode was applied to the fragmenting
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liner design. The objective of the test was to photograph the surface of the
liner as fragmentation is occurring. This technique provided a non-intrusive
method of determining the functioning characteristics of a complex, com-
pletely enclosed explosive system.

Figure 6.16 shows the test arrangement. The warhead was mounted on a
wooden stand that provided both azimuth and elevation adjustments. The
stand was positioned such that the warhead was approximately 24 inches up-
range from the blast shield of the ballistic sled. The purpose of the ballistic
sled was to allow the warhead liner fragments to proceed through the port
hole in the shield and on to the target, while protecting down-range flash
x-ray equipment from blast and explosive debris. A front-surface mirror lo-
cated near the down-range end of the sled turned the image of the warhead
liner approximately 90◦ into the camera lens.

Test Munition

Argon Light
Source
(3 ea.)

Mirror (3 ea.) 

Fig. 6.16. Photo of the fragmenting liner test setup

The liner was illuminated with three explosive-driven argon candles. With
the setup it was necessary to place the light sources up-range of the warhead
and focus the light onto the liner via mirrors, as shown in Fig. 6.16.

A capping shutter, consisting of a bag of powdered charcoal surrounding
a short piece of Primacord, was located immediately outside the port hole of
the test building. Detonation of the Primacord caused the charcoal to blacken
the glass in the porthole, thereby preventing light from entering the camera
on post-data mirror revolutions.

Sequencing of the light sources, warhead initiation, and capping shutter
was accomplished using time delay generators.

Results of this test are shown in Fig. 6.17, which contains eight selected
frames from the 26-frame record.
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Fig. 6.17. Photographic results of the fragmenting liner test

Streak Mode

Two areas in which the Cordin Streak Camera has seen extensive use are
the synchroballistic photography of EFPs and simultaneity measurements of
explosive initiators using fiber optics. The following is a description of each
of these methods, along with some experimental results.

Front lighted synchroballistic photos of EFPs have been obtained with
both the Cordin Model 116 camera operated in the streak mode, and the
Model 318 rotating drum streak camera. The primary asset of the Model 116
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streak camera is its 70 mm film format, as compared with the rotating drum
camera’s 35 mm size. Images obtained with the rotating drum camera are
adequate, but the larger-format Model 116 camera produces streak photos of
exceptional quality. The film size of 70 mm, in conjunction with a long-focal-
length lens, produces a large image that allows photographic enlargements
to reveal minute features on the surface of the EFP that are normally unde-
tected with lower resolution photographic techniques. Since the photographic
methods for both cameras are quite similar, this discussion will center on the
rotating mirror camera.

The streak method involves focusing the object, via an objective lens,
onto a slit positioned immediately in front of the camera. Relay lenses then
focus the slit onto the film plane in a 1:1 ratio, meaning that the size of the
image at the slit is the same as the size of the image on the film. As time
passes, the rotating mirror sweeps the image along the film. A rotating prism
in front of the slit assembly rotates the object (the EFP trajectory) 90◦ so
that the orientation of the image is perpendicular to the horizontal camera
slit.

To obtain a synchroballistic photograph, the speed of the image as it is
swept along the film must be matched to the speed of the object, taking into
account the size reduction (reduction ratio) determined by the geometry of
the setup and the lens focal length. Thus, S = V ×R, where S is the camera
writing speed, V is the velocity of the EFP, and R is the reduction ratio. If
this condition exists, dimensions in the spatial and temporal directions are
equal.

For EFPs traveling at about 2 mm/µs, and with a reduction ratio of 1/4,
the required camera speed is approximately 0.5 mm/µs, which is near the
minimum operating speed of the camera.

A summary of instrumentation parameters for the majority of EFP pho-
tographs is given in Table 6.3.

Table 6.3. Test Parameters

Camera Cordin Model 116, Streak Mode
EFP Velocity 1.5–2.6 mm/µs
Reduction Ratio 1/4
Sweep Speed 0.4–0.65 mm/µs
Film Type 70 mm, Tri X, 400 ASA
Slit Width 175 µm
Film Track 30 cm
Light Duration 225 µs

The test setup for EFP photography has been shown previously in Fig. 6.2.
After passing through the hole in the blast shield, the EFP is flash x-rayed to
record its velocity and shape characteristics. The EFP is allowed to proceed
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some distance downrange before being photographed. This was found to be
necessary as it takes some time for the EFP to emerge from the cloud of smoke
and flame associated with the explosive detonation. At the photographic
station, the EFP passes through a box constructed of plywood and Plexiglas,
and containing a helium atmosphere (see Fig. 6.18). A polymeric film (Saran
Wrap) covers the ends of the box. Previous experiments had indicated that
many EFPs traveling in air are obscured by a luminous shroud caused by
aerodynamic heating. An inert gas (helium) inside the box eliminated this
photographically detrimental effect. The box is positioned perpendicular to
the optical axis and approximately centered on the plane defined by the
camera slit. The EFP is then photographed as it passes the slit plane. For an
orthogonal image, a front-surface mirror is positioned in the box along the
slit plane to reflect a bottom view of the EFP into the camera lens. The EFP
is front lighted with two explosively driven argon light sources, and a similar
arrangement illuminates the bottom (reflected) view. After exiting the helium
box the EFP impacts a target to determine performance capability.

Fig. 6.18. Photo of the helium box

Figure 6.19 is a single-plane, synchroballistic photograph of a tantalum
EFP. As is seen, the photograph reveals folding, buckling, and surface features
that would not be visible in an x-ray shadowgraph. Small striations on the
surface are also apparent.

The second type of experiment consists of measurements of explosive
shock simultaneity. In many sophisticated munitions, precise initiation timing
of the explosive components is required to obtain optimum performance. The
Cordin Model 116 camera has been used to record the output simultaneity
of multipoint explosive initiators using fiber optic cords in conjunction with
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Fig. 6.19. Synchroballistic photo of an EFP

the camera’s streak mode. This technique is accomplished by placing the end
of a fiber optic cord a short distance from the surface of each initiator pellet,
and positioning the opposite end of the cord in a holding fixture called a
face plate. The ends of the cords in the face plate are focused on the slit
of the streak camera. When the explosive shock front reaches the surface of
a pellet, the light from the detonating explosive is transferred to the face-
plate via the fiber cord. The camera sweeps each of these light traces along
the film as a function of time. To serve as a distance reference line, the slit
itself is statically imaged on the film prior to the shot. Subsequently, the dis-
tance between the start of each of these comet-like traces is measured on an
optical comparator having a resolution of 0.0001 inch. Knowing the writing
speed of the camera, these distances are converted into delta-time data of
explosive pellet initiation. By operating the camera at a minimum slit width
and near maximum writing speed, a time resolution on the order of 5 ns can
be realized. This technique lends itself well to geometrically complex-shaped
devices, because the optical-fiber cords are flexible and can be bent to ac-
commodate any configuration. Initiators containing as many as thirty eight
output pellets have been tested. Thus, the camera can be used as a simple,
high speed, multichannel, optical recorder, thereby eliminating the need for
expensive electronic signal recording equipment.

Shown below is the photographic record from an integral initiator for a
shaped charge. The initiator, loaded with extrudable explosive, had eight
output ports and was designed to eliminate the age-old problem of off-center
initiation of the high-explosive charge. Simultaneity of the output ports was
measured with the above fiber cord/streak camera technique. The plastic
sheathed, 1000-µm-core fiber cords were approximately four feet long and
were secured against the output ports by a machined receptacle. An RP 2
EBW initiated the process. A photograph of the test hardware is shown in
Fig. 6.20 and the streak record of the dynamic test is shown in Fig. 6.21.
The data traces are located in the lower right portion of the figure. The long
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bright streak in the upper part is the flash of a detonator simulator, which
was fired for reference timing only.

Fiber Optic
Output

Test Item

Fiber Cords

Fig. 6.20. Photo of test hardware

Fig. 6.21. Streak record of the integral initiator test

Results of this test show that the maximum non-simultaneity between the
first and last initiator port was 77 ns. Subsequent tests showed this initiator
produced a symmetrical, linear, shaped-charge jet.

6.4 Conclusions

High speed photography and flash radiography have proven to be indispens-
able tools for conducting studies in ballistics and explosion dynamics. The
experiments described above highlight some of the uses of this equipment.
When conditions of an experiment suggest that one of these technologies
may be unsuited, the alternative system can often be applied to acquire the
desired information, and do so within stringent accuracy requirements.



7 Some Highlights in the History
of High-Speed Photography
and Photonics as Applied to Ballistics

Peter W.W. Fuller

7.1 Introduction

This Chapter describes some of the highlights in the history of high-speed
photography and photonics (HSPP) as applied to ballistics studies. It de-
scribes some of the developments that enabled photographic methods to
make a huge contribution to the advancement and development of ballis-
tics research. Indeed, it is true to say that without this particular branch of
instrumentation technique, much of what we now know of the detail and data
of the behavior and study of ballistic processes would still remain unknown.
From the mid 1800s to the present day, photography has played a unique role
in ballistics research, and with the rapid advances currently taking place, it
promises to continue to do so far into the future. Many of the famous names
in scientific research used and developed photographic techniques in their
work, which often involved one or more aspects of studies allied to ballistics.

Webster’s Dictionary defines ballistics as “The scientific study of projec-
tiles, their launch, flight and impact.” Consciously or unconsciously, man has
studied ballistics since he first learned to throw stones. Over the centuries
as projectiles have become more complex and their method of launch more
varied, many of the foremost scientific brains have been engaged in the search
for explanations, the production of theories, and the experimental verifica-
tion of those theories in continuing attempts to fully understand the science.
During that long period as scientific methods and new means of measurement
have been devised, they have immediately been applied to ballistics studies.
In fact, many new measurement methods have emerged in the first instance
from attempts to measure specific ballistic phenomena.

As with many other branches of science, the invention of photography
offered a new and powerful means of observation and measurement. It had
particular advantages for ballistics, bearing in mind that by their very nature,
guns and projectiles are not easy or particularly safe to measure and observe.
With photography, measurements could be made at some distance from the
danger zone, observations could be made on otherwise inaccessible projectiles
in flight, and perhaps most valuable of all, unlike most transducers, a picture
could give information on more than one parameter at a time.

It is in the nature of ballistics that phenomena are often of short dura-
tion, processes proceed at high rates, and objects tend to travel very fast.
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It is natural, therefore, that high-speed photography and photonics (HSPP)
should be used a great deal in all areas of ballistic studies. Whilst in the
present day a large range of high-speed photographic systems are available
to the ballistic experimenter, this was not always the case. Ballisticians of
the middle and late 19th century were very fortunate that a high-speed pho-
tographic method in the form of the electric spark was available to them very
soon after the emergence of photography as a scientific tool. Spark photog-
raphy was to remain their only real means of high-speed photography until
the 1890s. This good fortune was recognized by many scientists and much
use was made of spark photography, allowing ballistics to be in the forefront
in scientific exploitation of the new technology.

7.1.1 Historical Development

The use of photography in ballistics work extends over a period of more than
140 years, it being recorded that a cannon ball was photographed in flight at
Plumstead Marshes, near Woolwich Arsenal London, by T. Skaife in 1853.
This picture is shown in Fig. 7.1. At this time photography was still in its
infancy and somewhat of a mystery to the average person. It is thus not
surprising to read that Mr. Skaife was asked in all seriousness “How did you
manage to stop the cannon ball in mid flight in order to take its picture?”
Skaife took the picture using a camera of his own invention which can still
be seen in the Science Museum in London. It has a shutter consisting of
two small flaps like miniature barn doors. These doors were driven by elastic
strings running round small bobbins on the flap hinges. When triggered, the
doors opened for about 0.02 s.

Fig. 7.1. Cannon ball in flight, Woolwich 1851
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Fig. 7.2. W.H. Fox-Talbot spark light source experiment [1]

Whilst the electric spark had been discovered and the Wimshurst ma-
chine had been invented as a laboratory source of high voltages, no one had
applied sparks to high-speed photography. The first recorded use was by
William Henry Fox Talbot, a famous pioneer in early photography. In 1851
he demonstrated a spark source to the Royal Society. He set up a page of the
Times on a revolving disc that could be spun at high speed. Using a spark
to illuminate the moving surface, he photographed a small area of print (see
Fig. 7.2). On development of the negative the print could be clearly read; the
motion of the subject had been effectively frozen (Fig. 7.3) and high-speed
photography had been born [1].

By 1883 Mallard and Le Chatelier had made streak records of flames from
explosions. Le Chatelier used a photographic plate dropping under gravity
upon which the flame image was projected. This could be considered as an
early form of streak photography.

In 1884 Ernst Mach in Prague was making use of spark photography
to record bullets in flight, which he continued to do for many years. Mach
employed a simple Schlieren apparatus recording quite small images and trig-
gered the optical spark by firing the bullet through a series gap in the circuit
which fed the main light-producing gap. He later employed an ingenious trig-
ger system, using the bullet shock wave to blow a candle flame into the trigger
gap. The ionized gas completed the circuit and fired the spark.

Mach had been led into ballistics studies following his attendance at a
lecture on ballistics by the Belgian expert, Meisen. Meisen had proposed that
part of the effect of bullet impact was due to a parcel of highly compressed
air that the bullet carried ahead of its nose. To explore this theory, Mach
attempted to make photographs of bullets in flight.

In his initial attempts he produced no sign of flow in front of the bullets
but showed shock waves proceeding from the spark itself. He concluded that
the bullets were travelling below the speed of sound and that shock waves
would only become visible when they exceeded this velocity. Following help
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Fig. 7.3. Candle flame trigger. Used by E. Mach for Schlieren photography [2].
K: charging circuit, C: storage capacitor, S: photographic spark, B: bullet, J: camera,
A: candle, T: trigger tube, H: side tube, F: blown flame, W: ionization switch

from the Naval Academy at Fiume, he was able to fire bullets at supersonic
velocities and obtain pictures of their associated shock waves. By firing bullets
through plates, he was able to show that Meisen’s theory was incorrect and
that the compressive effect ahead of the nose was a continuous process due to
motion, with the shock waves reforming again following their passage through
the plate.

By 1892 Sir Charles Boys in England was continuing the spark photogra-
phy begun by Ernst Mach [2]. Boys realized that it was not necessary to use
Schlieren methods to visualize flow and used a simple shadowgraph technique
to obtain high quality photographs of shock waves and disturbances around
projectiles.

Boys also added to the experimental knowledge by measuring the duration
of the spark. The flash from the spark was reflected from a mirror revolving
at some 60,000 rpm and recorded on film. This was an early use of the high-
speed rotating mirror camera principle. The length of the recorded trace was
used to determine the flash duration using the known revolution rate and
the geometry of the setup. Boys also attempted to determine spin rates by
drilling holes in the projectiles at right angles to their axes and taking two
consecutive spark photographs at different points along the trajectory. Lights
were set up along the trajectory to backlight the holes. By observing the
changed positions of the holes at the two photographic stations and knowing
the distance between the stations he could calculate the spin rate. It was
not a very efficient method but it is interesting as being one of the earliest
attempts to measure spin of projectiles in flight.

In 1892 the Prussian Armaments Testing Commission developed a multi-
camera system with a revolving disc shutter capable of speeds of 1000 frames/s
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and exposure times of 100 µs. This had been strongly influenced by the work
of Muybridge in California in the 1870s. But, whereas Muybridge had used a
line of cameras each one being separately triggered, these later experiments
used twelve cameras arranged in a vertical circle and shuttered by a revolving
disc with radial slits. By the late 1890s Cranz and Koch began taking spark
photographs to study rifle barrel vibrations [3]. Exposures were made at in-
creasing delay times after firing to build up a picture of the whole vibration
cycle.

From the 1900s onwards there were steady improvements and innova-
tions. The principles of rotating mirror, disc, and drum cameras became well
established and framing rates increased.

By 1905, Kranzfelder and Schwinning had succeeded in discharging 10
capacitors through a single spark gap in rapid succession to give a series
of light pulses. The sequential discharges were achieved by using a rotating
switch. This was followed in 1909 by Cranz building a multi-spark camera
capable of 5000 pictures/s. This used an oscillator feeding a pulse network
to discharge a spark gap. With this apparatus he was able to take multiple
pictures of projectiles of a wide variety of calibers.

In 1913 Major Franz Duda of Vienna took a series of photographs of
projectiles in flight using a camera having a cylindrical slit shutter. Sequential
photographs were recorded on a single plate which was moved by clockwork
between exposures. Timing marks were introduced by a tuning fork moving
another separate shutter. In 1916 in Germany, Ernemann built a cine camera
using a rotating polygonal mirror for optical compensation and having a
recording rate of 500 frames/s. This camera was used successfully for ballistic
studies during the First World War.

In the early 1920s Dr. G. Bull (France) used a drum camera with a syn-
chronized magneto-driven spark to take multiple pictures of bullets in flight.
By 1925 Karolus had succeeded in making Kerr’s electro-optical polarizing
discovery into a practical camera shutter. These shutters were used for pho-
tography of atomic bomb explosions in World War II. They are sometimes
still used today in ultra fast cameras, but the development of fully electronic
cameras has meant that Kerr cells have largely been superceded.

In 1925, P. P. Quayle tried to resolve the controversy as to whether pro-
jectiles continued to accelerate after leaving the muzzle. At the United States
Bureau of Standards he used improved spark gaps and a shock operated di-
aphragm trigger switch to take a series of photographs of bullets leaving a
rifle barrel. These showed clearly that the bullet continued to accelerate up
to 6–8 inches after exit. He also produced much interesting new information
about the gas flow in the intermediate area, i.e., the period just after shot
exit from the muzzle.

In 1926 Jenkins produced a camera with a ring of rotating lenses ca-
pable of 3200 frames/s using 35-mm film. These developments later led to
cameras such as the Vinten HS3000 in 1939. In 1938 Western Electric Corp.
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Fig. 7.4. Rotating prism compensation Principle of the Tuttle system using a two-
sided rotating prism [4]. This was used in Eastman 3, Fastax T, and Stalex WS3
cameras

in the United States introduced the Fastax camera (Fig. 7.4) which is still
in current use in many ballistic research establishments. This camera used
the rotating prism system for optical movement compensation [4]. Also in
1938, H. E. Edgerton perfected his high-speed gas discharge lamps that were
capable of use as an alternative to spark light sources [5].

By the 1940s most of the current techniques of ballistic photography,
including image converter tubes for electronic cine and streak cameras, had
been established or were being developed.

The Second World War provided a boost to ballistic and general high-
speed photography development, particularly in high-speed streak and fram-
ing cameras for the study of explosives and high-speed cine of projectiles
and rockets in flight. In the latter part of the war the C4 rotating mirror
camera capable of 200,000 frames/s was developed at Aldermaston for the
study of explosive reactions. Just after the war, rotating mirror cameras ca-
pable of over a million frames/s were developed for the study of atomic bomb
explosions.

Since the war probably the main advances in the application of HSPP
in the Ballistics area have been in high-speed laser photography, image
converter cameras, image intensifiers, the development of cine radiography,
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improvements in intensifying screens, the use of high-speed video techniques,
and improved light sources, all mostly in the electronic/photonic area.

During the development of high-speed video systems, the old high-speed
film systems held their position due to their ability to retain high quality
resolution at high framing rates. However, digital cameras have now caught
up with film for still or lower-framing-rate cine. Due to its many advantages,
the use of digital photography will equal or surpass film-based photography
in many areas in the near future. It is still likely, however, that film will
retain its special advantages at the highest framing rate areas for some time,
although new breakthroughs in digital technology may suddenly wrest even
that area from it.

Photographic methods have needed to advance to keep pace with advances
in ballistics. During the 1960s and early 1970s, light-gas guns developed very
quickly and it became necessary to be able to study projectiles travelling at
hyper-velocities, i.e., Mach 5 and higher, and to visualize impact processes
at similar velocities. Since then the renewed interest in electromagnetic guns,
liquid propellant guns, shaped charges, higher velocity long rod projectiles,
explosively formed projectiles, and continuous research into new types of
propellants has produced new problems for the ballistics photographer. The
constant leapfrog progress of new weapons and counter defenses has ensured
that there are always more problems to which high-speed photography and
photonics (HSPP) can be applied.

Today, ballistics research investigators have a formidable range of tech-
niques to call upon wherever a photographic record is required and there are
few areas of ballistics in which photography cannot make a very valuable
contribution.

7.2 Application Areas

7.2.1 Introduction

The use of HSPP in the ballistics field is probably one of the most interest-
ing and challenging areas for the photographer. The variety of applications
is such that, apart from a few special areas where routine repetitive meth-
ods are employed, each project represents a new problem and possibly the
development of a new technique. In addition, the exacting requirements are
such that a huge range of cameras, lighting, and backup equipment are likely
to be employed, including the latest state-of-the-art developments. Add to
this the difficulties of often having to operate literally “out in the field,” in
possibly far from ideal weather conditions and away from the benefits and
convenience of the studio, and it can be seen that this area of photography
is both rewarding and demanding.

In order to achieve blur-free photographs of the very fast movements
encountered in ballistics, much use is made of short exposure shutters or
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short duration light sources. One way of looking at the problems of blur for
a variety of sizes of subject is to consider the time it takes for the subject to
move through its own length. If this time is say t, then exposures of the order
of 0.001 t will give quality equal to good 35-mm photography of stationary
objects. If exposure time rises to 0.002 t, then quality falls to the standard
of good quality television pictures. Let us consider, for example, a project to
record a good quality picture of a 7.62 mm bullet moving at right angles to
the camera axis. Let us consider the worst case in which the image is required
to nearly fill the frame area. If its velocity is about 2800 feet/s, it will cover
its own length in about 30 µs. Thus, for a good quality picture, we shall
need to use an exposure in the order of 0.03 µs. This is readily obtainable
with modern equipment, but serves to illustrate the high demands of even a
relatively slow ballistic photography problem.

High-speed photography is employed directly in all branches of ballistics
including, internal, intermediate, external, and terminal ballistics. It is also
applied to the study of explosives, hypervelocity ballistics, rockets, flow vi-
sualization in wind tunnels and ranges, and in every sphere of research and
development which has applications to ballistics. Whilst the term ballistics
conjures up thoughts of guns and projectiles, many of the projects may involve
studies of combustion, the observation of processes, mechanisms, or machin-
ery and, in the research area, subjects which at first glance have little obvious
involvement with ballistics at all. Photography is also used extensively in an
indirect way as a recording device for information from transducers of various
kinds via oscilloscope traces or other means of visualizing waveforms.

7.2.2 The Two Basic Types of Studies

The studies in the main areas of interest are split into two kinds, basic re-
search and development and routine or field testing. Whilst basic photo-
graphic techniques will be common to both areas, the general approach and
requirements for method and apparatus will be different as shown by the
comparisons in Table 7.1.

Thus, it will be seen that whilst a particular research problem may be
solved using a new or adapted old technique, the transformation of that
technique into one that can be used routinely in the field may take some
time and considerable effort.

7.2.3 Five Main Regions of Interest

In the following paragraphs, a selection of five main regions of interest is
defined together with the kind of measurement required in each region so
that it can be seen in what way and where photographic methods may be
applied.
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Table 7.1. Comparison of high-speed photography for research and testing

High-speed photography for High-speed photography for routine
research testing

Initially short term Long term
Can be complex Preferably simple
Can require careful handling Preferably rugged
May demand new techniques Preferably well proven techniques
May need long setup period Preferably short setup
Initially may need a favorable Operates in a hostile

environment environment
Possibly unreliable Preferably reliable
Specific application General application
Can perform at the most Should perform

favorable time on demand
Opportunity for many attempts Every attempt should count
May be in development Fully developed
Processing and data extraction Processing and data extraction

may be long and complex should be simple and quick

Internal Ballistics

This region is concerned with the gun and projectile during the period be-
tween charge ignition and shot exit. This involves the pressure and temper-
ature in the chamber, the axial and yawing motions of the projectile in the
bore, the motion of the gun barrel and carriage, and the general interactions
between gun and projectile including the flow of propellant gas. Internal
ballistics presents obvious problems of access for photography. However, the
projectile can be observed directly down the bore or through the barrel with
x-rays. In some experiments, windows or fiber optic paths in the barrel wall
have provided alternative means of access. The external behavior of the gun
can be followed more easily and direct photography of gun movement and
barrel vibration occurring during the in-bore motion of the shot can be car-
ried out with fewer restrictions. Observations of barrel temperature changes
can also be made using thermal imaging.

Internal ballistics is also a major area where photography is used as an
indirect means for recording information from transducers of many kinds.

Intermediate Ballistics

This region is concerned with the period during which the projectile has just
escaped from the physical restraints of the barrel but is still within the in-
fluence of the escaping propellant gases. Access for observations is easier but
complicated by the presence of the hot, self-luminous propellant gas full of
particles, and by the accompanying blast waves. However, these problems
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can be overcome in some measure by the use of special techniques. In this
region it is required to study projectile velocity, physical condition, orienta-
tion, spin rate, sabot separation processes, the temperature, composition and
flow patterns of the propellant gas, and flow patterns about the projectile it-
self. X-ray shadowgraphs together with special selective optical techniques
using differential focussing or laser light are particularly useful in this region.
The need for special imaging techniques is due to the presence of smoke,
shock waves, and high temperature gas flows, all of which may prevent the
use of conventional photography. Many of the techniques employed in flow
visualization can be used here.

External Ballistics

This region is concerned with the projectile during the time from when it
escapes the influence of the propellant gas to its arrival at the target. In the
case of full range firings in the open, the trajectory of the projectile may well
be such as to prevent direct observation. However, in closed range firings or
in high velocity flat trajectory firings on open ranges, the projectile will be
accessible for the majority of its flight path. Here we are concerned with the
orientation of the projectile (yaw), spin rate, its condition, velocity, decelera-
tion (drag), and the surrounding flowfield. If it is possible to set up sufficient
photographic stations as in an aeroballistic range, the trajectory can be re-
constituted. Data can be produced for many of the observations mentioned,
together with the yaw cycle times. In this case spark photography provides a
convenient means of illumination and shuttering for shadowgraphs. In addi-
tion, ballistic-syncro cameras or flight follower systems together with single
or multiple shot cameras can be used for frontal-illumination photography on
the open range. Flash bulbs, flash tubes, sparks, or laser light will be used
for illumination.

As well as looking at projectiles fired from a variety of launchers, studies
can also be made of various stores carried on rocket propelled sleds. In this
case high-speed cine may be used as well as the methods mentioned above.

Terminal Ballistics

This region concerns the moment when the projectile strikes the target and
the processes which follow. In this case, observations are complicated by the
possible presence of self-luminosity from the impact and the production of
flying fragments. It is required to observe the way in which the projectile
penetrates the target, the condition of the projectile and target with time,
the production of debris, and the formation of shock waves. X-ray processes
again play a particularly important role in this area, although ordinary pho-
tographic methods can also be used. Usually this equires use of long focal
length lenses to allow the cameras to be placed at some distance away.
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Dynamic Processes

A further region, which does not fit conveniently into any of the others is a
very important one which we can call dynamic processes. These processes,
whilst highly dynamic, do not involve movement over long distances which
require the camera to be tracked to keep the subject in view. In this region we
can include the study of explosions, the burning of propellants, the action of
primers and ignition devices, the action of mechanisms, rocket motors, studies
of models in wind tunnels and shock tubes, shaped charge and explosively
formed projectile processes, and a large number of other ballistic related
phenomena which do not fit into the four primary regions. Nearly all types
of photography will find application in this region but, because of the nature
of the phenomena, exposures will usually have to be extremely short.

7.3 Equipment for Ballistics Photography

7.3.1 Lighting Requirements

Lighting requirements are usually demanding due to the short exposure times
needed in ballistic events, and the photographer invariably wishes more light
were available. Both continuous and short duration lighting is used as appro-
priate, including strobe lighting synchronized with cine cameras and short
duration flash to provide short exposure times for still or multiple-still pho-
tography.

7.3.2 Types of Lighting

The important types of lighting used for high-speed photography include
those listed in Table 7.2.

Sunlight/Daylight

Sunlight and indirect daylight are used as much as possible but of course have
the disadvantage of not being fully under the control of the photographer.
In bright sunlight using wide aperture rotating prism cameras, framing rates
up to 10–20,000 fps are possible using fast film. Forced processing may also
be needed to achieve satisfactory density. For digital cameras, there should
be no problems, as the results from a typical test exposure can be checked
immediately.
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Table 7.2. Types of lighting used for high-speed photography

Source Typical Durations

Sunlight Continuous
Tungsten filament Continuous

lamps of various types
Arc Sources Continuous
Flashbulbs 0.5–5 × 10−3

Electronic Flash 10−3–10−6

Argon Bomb 10−6–10−7

Electric Spark 10−5–10−8

X-ray Flash 10−7–10−9

Pulsed Laser 10−6–10−12

Super Radiant Light Sources 10−12

Tungsten Filament Lamps

Tungsten filament lamps have a low efficiency and low color temperature and
are not very appropriate for ballistic subjects. Tungsten–halogen lamps are
used for general lighting purposes including studio type photography of static
or slow moving subjects. Projector type lamps which incorporate a reflector
are often used where general lighting is required. Low voltage types, such as
those which will operate on 6 or 12 volts, are particularly useful in external
trials where it may be difficult to connect to ac transmission lines.

In general, continuous lighting lamps of the filament or discharge type
that are operated using utility power should be used with caution as the
light often fluctuates at the ac frequency. Whilst appearing continuous to
the naked eye, the fluctuations may cause problems when the short duration
exposures commonly needed in ballistics are used.

Gas Discharge Lamps

Xenon gas discharge lamps are suitable for many applications and the short
arc high intensity point source types are very useful where intense collimated
beams are required, for example in illuminating down gun barrels or other
long narrow apertures.

Metal–halide discharge lamps have a high efficiency but also have a par-
ticularly high fluctuation level when powered by ac transmission lines.

Expendable Flashbulbs

Expendable flashbulbs occupy an intermediate position in that their useful
operating time of around tens of illiseconds makes them suitable for both cine
and single-flash photography. For ballistic applications the exposure time is
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rather long for any but the slowest moving events but, combined with a sepa-
rate fast shutter, they can be used successfully. Their light output is roughly
equivalent to a 1000 Joule electronic flash tube, and this factor combined with
their small size, weight, portability, and simple power requirements make
them very efficient light sources. Additionally, their relative cheapness and
expendability make them ideal for photographic situations where the light
source may be damaged or destroyed. As a consequence, they are extremely
valuable as photographic light sources for ballistic purposes.

By the simultaneous firing of a large number of bulbs, large areas can
be illuminated to a level equivalent to many kilowatts of light output from
other sources. Using modern control devices, bulbs can be fired singly or in
groups or can be ripple fired to give almost steady light output over half
a second or longer. Because of their long burn-up time appropriate delays
must be allowed in synchronization circuits. A major drawback is the need
to replace all bulbs after each firing. Flash bulbs are used extensively for cine
applications such as synchro-ballistic studies.

Flash Tubes

Electronic flash tubes are used extensively in ballistics photography for many
applications. The flash duration may range from 1–2 ms down to one mi-
crosecond or less, with output levels going down as exposure time decreases.
The flash tube is convenient because it will operate in a single or repetitive
mode and can be synchronized with a cine camera if required to flash during
the period in which the shutter is open. Synchronization is relatively simple
because triggering delays are very short, a useful attribute for ballistic sub-
jects. Several sources can be fired simultaneously from a common trigger or
can be fired from built-in triggers that detect the light from another flash
unit. Flash tubes are often used in range photography where a short section
of the range is enclosed in a temporary light-proof tunnel through which the
projectile passes by piercing thin covers at each end of the section. The flash
tubes are triggered during the passage through the center of the tunnel and
good front-illuminated pictures can be obtained because the lighting direction
is controlled by the placement of the flash tubes.

Argon Bombs or Argon Candles

Argon bombs are a light source reserved nearly exclusively for ballistics pho-
tography. They are intended primarily to allow the photography of highly
self-luminous events such as explosions or shaped charges. They produce suf-
ficient light output to allow the self-luminosity to be effectively ignored; the
cameras are stopped down to the point where only the argon bomb output is
significant. A typical bomb is made using a cardboard tube that has a trans-
parent diaphragm at one end and a small explosive charge at the other. The
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tube is filled with argon gas. The light is produced when detonation of the
explosive charge sends a shock wave through the container of argon gas. The
shock wave ionizes the gas, producing an intense light flash. The intensity is
governed by the strength of the shock, and its duration by the length of its
path through the gas. Typical durations are of the order of 100 µs and the
sources are suitable for use with high-speed rotating mirror cameras which
provide the necessary short duration shuttering required. Because of the use
of explosives in its construction and its primary application areas, this de-
vice is usually only found in government or approved research establishments.
Winning and Edgerton showed that the flash duration is equal to about 2 µs
for each centimeter of the argon path. Many types of argon explosion driven
sources have been made [6–8].

Spark Sources

As was mentioned earlier, spark light sources have an important place in the
history of ballistics photography. For many years the spark source was the
only available method for effective freezing of ballistic subject motion and
much very important work was carried out with its use. Spark light sources
can be made in various configurations; however, basically, they consist of a
high voltage source, which may be many thousands of volts, that is used to
charge a capacitor through a high resistance. When triggered, the charge is
allowed to jump across a gap between metal electrodes, producing a bright
short duration flash. To allow close control of the flash timing, a trigger
electrode is usually incorporated into the spark gap. A trigger pulse applied
between this and a main electrode will induce sufficient ionization in the gap
to allow the main charge to discharge across the gap.

Shadowgraph photography is an important method in the study of pro-
jectile aerodynamics, and spark sources are ideal for this application because
they can be of short duration and can be constructed relatively easily as
point sources. Durations are normally one microsecond or less and sparks
can be fired singly, repetitively, or in groups from multiple positions. A very
important application is in aeroballistic ranges where multiple orthogonal
spark pictures are taken and analyzed to reconstruct projectile trajectories.
A particular feature of point source sparks is that they can be employed to
obtain high quality shadowgraph photographs using only the spark source
and a sheet of film, i.e., without using a camera.

X-rays

X-rays are used in many areas of ballistics due to their unique ability to pen-
etrate normally opaque objects. Particularly applicable in the internal and
terminal areas, both flash and cine x-rays are widely used. Flash x-rays are
produced using similar circuitry to spark sources. However, the stored energy
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is discharged across the electrodes of an x-ray tube. Here the electrons bom-
bard the tube anode and produce an x-ray beam that is emitted from the
front of the tube. X-ray systems come in many configurations and penetra-
tion capability. The higher the operating voltage, the harder or more highly
penetrating the x-rays become. The x-ray film is normally kept in cassettes
that are placed on the further side of the object under test. The variation
in object absorption and transmission are reproduced on the film as varying
shadow density. The x-ray beam effects are often enhanced by the use of
screens on one or both sides of the film. The screen material fluoresces and
changes the x-radiation into wave-lengths which react more readily with the
film stock.

Modern practice is tending toward the use of digital detectors instead of
film, with their concomitant advantages.

Laser Sources

Lasers have had a very high impact on ballistics photography methods. Us-
able in continuous mode, or as a single or multiply-pulsed source, the laser has
made possible many new techniques. Its inherent characteristics of monochro-
matic output, intense light levels, low dispersion, and extremely short pulse
duration have brought many benefits to the ballistics photographer. Lasers
are used in synchronized mode with cine cameras for short duration exposure
cine photography, in conjunction with narrow band filters to observe highly
self-luminous subjects, to freeze the motion of extremely fast small objects,
and to allow still and cine holography of ballistic events. Another very useful
attribute is the ease with which the output can be coupled into an optical
fiber and conveyed into areas otherwise inaccessible to an illuminating beam.
Another benefit is the wide range of wavelengths available including infrared,
which can be used in some areas where visible light may be absorbed or highly
attenuated.

Super Radiant Light (SRL)

Super radiant light (SRL) sources represent an alternative to argon bombs or
lasers as intense short duration light sources. SRLs are obtained by applying
a short intense burst of electrons to certain special crystals. A typical source
might be a plate of CdS (cadmium sulfide), backed by a thin aluminum
grounding foil. The crystal plate is stimulated much in the same way as a
crystal laser, and the individual crystals lase to produce an intense light
output during the duration of the electron burst.

SRL sources are not widely known or used as they require an electron
beam tube for operation. However, some flash x-ray systems can be used in
a dual role for x-rays and as electron beam sources, and can be modified for
SRL work. Exposure durations of a few nanoseconds ensure that very fast
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moving objects can be imaged without blur. For specific applications on self-
luminous events or where very fast objects must be frozen in motion, SRLs
are very appropriate.

7.3.3 Photographic Recording Devices

Camera Requirements

Camera requirements will range over an extremely wide sweep of capabil-
ity and complexity and a choice will need to be made bearing in mind the
characteristics of the subject.

Some of the techniques and equipment in current use will be described
in the following sections. As ballistics photography is such a wide-ranging
subject, it is proposed to cover only techniques that are reasonably well es-
tablished and shown to be capable of use “in the field.” To give coherence to a
variety of camera descriptions they are ranked roughly in increasing framing
speed and decreasing exposure times.

Generally events take place quickly and objects move at high speeds in
ballistics work. In order to freeze motion and give clear pictures, exposures
are usually short. As object movement becomes faster, exposure times must
decrease and illumination must increase or the image brightness must be
enhanced electronically.

Subjects may range from a guided missile launch where framing rates
of 400 frames/s may be adequate, to the detonation of explosives where a
framing rate of 1012 frames/s or above may be required.

Exposure times may range from 1/1000th second to tens of nanoseconds
or less. In each case the method and apparatus are selected according to
the subject characteristics, available light, synchronization, event duration,
location, etc. Particularly important will be the form in which the record is
required and the purpose of the record, i.e., pictorial or data retrieval.

Slow Speed Cine

In the slow speed cine camera the shutter is mechanical and the film motion
is intermittent, the film being advanced by a claw mechanism that engages
with the film perforations. The film remains stationary in the gate during
the exposure time and is advanced to the next frame whilst the shutter is
closed. There are various methods of achieving this motion but all are limited
to an intermittent film speed of about 5 m/s to avoid overstressing the film.
This results in framing rates limited to about 300–400 frames/s for 35-mm
film. Exposures are usually of the order of 1/1000 s. This type of camera is
particularly useful for high quality pictorial work where the subject movement
is not too fast. Typical applications might be the initial stages of rocket
launch, studies of gun recoil motion and generally subjects which have a
characteristic time span of seconds rather than milliseconds. Video cameras
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are finding steadily increasing usage in the range of application of slow speed
cine.

Medium Speed Cine

This type of camera, giving cine sequences up to about 10,000 full frames/s
and up to 40,000 frames/s with quarter height frames using 16-mm film, is
extremely versatile and probably the most widely used in ballistics work.
Beyond 300–400 frames/s the cine film must be moved continuously past the
lens and compensation must be provided to prevent a blurred image. Most
commonly used cameras use a rotating glass block or prism geared to the
film drive sprockets to provide movement compensation [4].

The picture image is arranged to sweep in the same direction as the film
motion and at the same speed, thus giving a picture that, although moving,
is stationary relative to the film. Although compensation is not perfect at the
frame edges, definition is adequate for all but the most demanding require-
ments. Exposure time will be about 1/3 to 1/8 of the frame repetition rate.
The framing rate is controlled by the motors driving the sprocketed drive
wheel and take-up spool which, in turn, are controlled by applied voltage.
In some cameras, exposure time will be variable by the use of different shut-
ter discs. Useful recording time is governed by the time used in accelerating
the camera film to operating speed. Use of electronic control systems in cur-
rent cameras such as the Fastax 11, Hyspeed, or similar types ensures fast
acceleration and a long controlled operating speed utilizing 70–80% of the
film footage for useful recording. It is common practice to record a time base
on the film edge to allow accurate estimation of the event timing. Formerly
achieved by small spark gap light sources or pulsed neon lamps, this is now
performed by pulsed LEDs. In some systems coded pulses can print infor-
mation on each frame of elapsed time from event start or the frame number
from a given reference.

Event synchronization is usually achieved by triggering the camera from
an external detector, and then allowing the built-in control system to take
over. In earlier cameras a separate system was used, one well known example
being the “Goose” control unit used on Fastax cameras. Most recent camera
designs have the control and timer units built into the camera itself, making
for a compact portable system.

Alternatively, the camera may be allowed to control the event, sending
out a triggering pulse when it has reached operating speed and is ready to
record.

Special cameras, such as the Lexander type, which use controlled pinch
rollers to carry a short loop of film through the camera at high speed, over-
come some of the drawbacks of the normal designs. They are very economical
on film, have formats up to 70 mm, and need only a few milliseconds from
trigger instant to full speed recording. The main disadvantage is that the top
framing rate is limited to 1000 frames/s.
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Subject illumination from natural sources is not usually adequate and
artificial lighting must be used. This will be from continuous high intensity
lamps or a shutter synchronized strobes using flash lamps or lasers. In many
ballistic applications, banks of simultaneous or sequentially fired flash bulbs
will be used. Continuous high intensity lighting uses a great deal of power and
in the field flash bulbs giving a light duration of 50–500 ms can be used to ad-
vantage, although synchronization must allow for burn-up time for the lamps
to reach full brilliance. Over the last few years more and more applications
are being found in ballistics work for metal vapor laser/medium speed cine
combinations, where the laser pulses are synchronized with camera shutter
opening. These allow much shorter exposure times than the camera alone is
capable of, but retains the advantages of a cine record.

High-Speed Cameras

Beyond a certain acceleration rate and velocity, the movement and handling
of unsupported film becomes impracticable as the film fails mechanically and
higher framing rates must be achieved by alternative means. There are a large
number of types of high-speed film cameras, including rotating drum, rotating
prism, and rotating mirror, the latter being currently the most widely used.
In the rotating drum camera, the film is supported by being fixed outside
or inside the periphery of a rotating drum. Thus, although the film may be
moving at an extremely high-speed, it is not subjected to destructive forces.
These cameras give framing rates into the hundreds of thousands of frames
per second.

Alternatively, rotating prism and rotating mirror cameras (Fig. 7.5) allow
the film to remain completely stationary and sweep the image across it. They
are constructed in two forms, as streak or framing cameras and, according
to construction, will be synchronous or continuous access types. They are
capable of writing rates of several cm/µs or several million frames/s. These
cameras are used very often for the study of explosive events or hypervelocity
impact processes as, despite their extremely high framing rate capability, they
produce excellent quality pictures. They were initially developed to study
early atomic bomb explosion experiments.

Drawbacks for range use are the large amount of light required to illu-
minate the subject (i.e., they have high f numbers) problems of event and
mirror position synchronization, limited number of frames/film length, and
general bulk and power requirements. They, thus, tend to be set up in test
facilities where they can be left in place for a long time and where the work
is brought to them rather than the other way around. Backup lighting will
often be supplied by the use of argon bombs. Because of their high framing
rates and limited film capacity, at top speed they are only applicable to very
short duration events of the order of half a millisecond or less.
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Fig. 7.5. Rotating mirror framing camera with diaphragm

Image Converter Cameras

If still higher framing rates are required than are readily available with
high- speed film cameras, the experimenter must turn to electronic record-
ing techniques. Image converter cameras, coupled in some cases with image
intensifiers, have two main advantages. They can electronically enhance the
brightness of an observed event and, through this property, can give very
short exposure pictures which can be transferred to ordinary film, i.e., they
have relatively low effective f numbers. They can also have extremely high
framing rates for cine sequences, although the number of frames is limited.
For example, the framing rates of the Imacon type 468 camera can range from
100 frames/s, to 100 million frames/s with exposure times down to 10 ns. The
cameras can also be used in streak mode. With the arrival of multiple tube
cameras of this type it is now feasible to manipulate framing rate, framing
intervals, and exposure times in the same photographic sequence, which of-
fers imaging possibilities unavailable in other types of cameras. Images stored
on CCD chips can be fed out directly to frame grabbers and thence to com-
puters for subsequent analysis. For the ballistic experimenter the immediate
availability of the image, as with video cameras, offers great advantages in
time and money. Decisions on whether to proceed with a firing series can be
made very quickly and vital measurements can be available very soon after
an event.

It can be argued that resolution and quality may still lag behind film
possibilities, but for many requirements this is not a major problem. Also,
some of the advantages of electronic cameras are unique to the type. As with
all photographic work, equipment is chosen to give the best usage and results
for a given project. These cameras are extremely versatile and are used for
a large number of purposes such as impact, explosion, and initiator research
and, in fact, for any extremely fast events where the very high framing rates
are invaluable. Synchronization requirements for these cameras are relatively
modest as the response times are almost instantaneous. Also, due to their low
light level capabilities, their lighting needs are less onerous than those for film
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cameras under equivalent lighting conditions. Cameras such as the Imacon
486 and Ultranac can be remotely set up and controlled by a computer.

Video Systems

Over the last decade video cameras have been gaining increasing use in the
ballistics area. As in other high-speed photographic work, video cameras are
already playing an important role. Whilst still not suitable for cine applica-
tions at the very high speed end of the scale, variations on the basic systems
are becoming extremely powerful tools for ballistic work.

The immediate playback, on-screen analysis, re-usability of tape, and com-
paratively low complexity of operation are extremely valuable in the ballistics
testing field. The arrival of solid state video storage has also added new fea-
tures in terms of variable framing rates, no moving parts, and programmed
recording so that no memory is wasted during a sequence. Test facilities such
as ranges are extremely costly for hiring time and the long wait for con-
ventional film results has always been a problem. Using video, subsequent
analysis work, the immediate production of results, and the enhanced possi-
bilities for automation, are very attractive.

For areas where short exposures and fast framing rates are essential, devel-
opments such as the still/video cameras have made an enormous difference.
In general, the inability to produce fast video framing rates is due to the
problem of clearing the CCD chip ready to receive a new image in a very
short time. The CCD response itself is very fast and the still/video system
takes advantage of this by recording multiple images on the chip, which can
then be downloaded at a relatively low rate. Images may be superimposed or
placed on different sections of the pixel area. Whilst the number of images
is limited, the quality and definition is good and in many instances no other
photographic system is required. Currently several developments in image
sensor types such as CMOS may bring further increases in performance.

Where the higher framing rates and definition of film cameras are consid-
ered really essential, video cameras are often used to provide enough informa-
tion to enable film cameras to be set up and optimized relatively quickly. As
time passes, video capability steadily improves and much research is going on
to devise video camera replacements for aeroballistic range cameras. In this
area analysis time for film is extremely long and labor intensive, and video
coverage could allow extensive automation of these processes.

As the development rate of video cameras is so fast, it is difficult to
predict how soon they will equal film or image converter camera performance
in the very high framing rate region of imaging. This may come about with
the dramatic introduction of newly invented systems which circumvent the
problems of pixilated systems.
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Fig. 7.6. The Cranz–Schardin camera system using multiple spark sources. The
spark light sources are fired in a chosen sequence with selected delays. S: spark
source; L:condensing lens; E: observed event; O: objective lens; M: multi-lens cam-
era; F: film surface; K: shadowgraph images

7.3.4 High-Speed Still Photography

An alternative method of obtaining short duration exposures is to allow the
light source duration to become the means of shuttering the film whilst using
an open shutter on the camera. Convenient sources for this are flash tubes,
sparks, argon bombs, flash x-rays, and lasers. Any good quality camera is
suitable for this kind of photography, but advantages such as interchangeable
lenses, interchangeable film backs and variable camera geometry are very
worthwhile.

Multiple spark photographs can be made using repetitive triggering of a
single gap or multiple gaps. By controlling the spark interval, valuable time
related information can be obtained. A typical example is the Cranz–Schardin
system shown in Fig. 7.6, where multiple independent source cameras are
arranged in a block, all using a common large lens and recording onto a
common film.

In a case where a subject is self-luminous, e.g., gas at a gun muzzle or
a rocket jet, a spark can be used with special optical arrangements to en-
hance the spark source light whilst cutting out most of the extraneous light
(Fig. 7.7).

7.3.5 Special Techniques

Streak Photography

When a camera is used without image motion compensation, it is called streak
photography. There are two types of streak camera where a slit is used, one



272 Peter W.W. Fuller

Fig. 7.7. Optical system using a Fresnel lens for spark photography of self-luminous
events

in which the slit is parallel with film motion as shown in Fig. 7.8, and the
other in which it is perpendicular to film motion. (For the perpendicular
case see section Ballistic-Synchro Photography). In the parallel case, it is
particularly applicable to explosives studies and the record is taken in a
continuous exposure as the film passes the lens. It records boundary and
particle motions and intensity changes from the subject image which fall
within an area defined by a slit in front of the lens parallel to the direction
of subject motion. The film motion is used directly to give movement with
time to high resolution without the interframe gaps that would normally be
present. As only a fine strip of the subject is seen, it ceases to be recognizable
as a discrete object. The record for a solid subject will appear as a diagonal
shadow on the film, its angle being dependant on subject velocity and film
velocity.

With a knowledge of film velocity and the geometry of the photographic
setup, the subject velocity can be calculated. If Vp and Vf are the velocities
of projectile and film respectively, M is the magnification of the system, and
θ is the angle between the streak image and a stationary image of the slit,
then

Vp =
Vf

M tan θ
.

The method is often used to record the outputs from a series of fiber op-
tics placed to observe the arrival time of flame fronts arising from burning
processes. Alternatively, fiber optics embedded in an object and illuminated
from an external source can show the passage of a shock wave through the
subject as their light is sequentially cut off. The streak method is applicable to
most cine cameras and these may include medium speed rotating block, high-
speed rotating mirror or prism cameras, drum cameras, and image converter
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Fig. 7.8. Streak camera system operating in the parallel-slit mode

cameras in which the image motion compensation is temporarily removed.
Streak photography is very valuable in the ballistics field due to the very high
time resolutions obtainable. Writing rates of several tens of millimeters per
microsecond are common, with resolutions of 2–3 ns.

An ingenious method of combining streak and ballistic-synchro photog-
raphy has been used at Wright Patterson Air Force Base in the United
States [9]. As will be seen, the essential difference between the two systems
is the orientation of the slit relative to the film travel direction. When using
a streak system to obtain projectile velocity a small Dove prism, which turns
incoming light beams through 90 degrees, was inserted into the middle of the
field of view which covered the path of the projectile. The placement was so
arranged that, as the projectile passed the field of view of the prism, the slit
orientation was effectively turned through 90 degrees. The resulting picture
showed the normal diagonal line with a break in the center in which there was
a ballistic-synchro image of the projectile. This effect would not necessarily
be possible in all such setups as the optical system and the actual projectile
size need to be compatible in scale. Also, the projectile trajectory must be
predictable within close limits.

Projectiles in Flight

When there is a requirement to photograph projectiles in flight, several possi-
ble methods are available. The usual requirement is to make the view normal
to the trajectory so that the projectile is seen from the side. Unfortunately
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this represents the hardest problem from the point of view of obtaining a blur-
free picture and also filling the picture frame with the object. The reasons
for this are twofold. First, movement normal to the camera plane requires
very short exposures to ensure a blur-free image and, second, we need pre-
cise synchronization to ensure that when the exposure is made the subject
is within the camera field of view. One way around the problem would be to
stand back from the trajectory and take a wide angle view. This will give a
chance of registering the projectile at some point in the field of view, even if
synchronization is not too well resolved. Also, as the crossing rate is lowered,
the exposure time will not need to be so short. Unfortunately, when this ap-
proach is adopted the subject image will be so small that usually it will not
be of much practical use. Also, the picture will not be very bright.

Another approach would be to somehow follow the projectile with the
camera to dramatically cut the crossing rate or to arrange that the projectile
image moves in synchronism with the film movement. If this were possible it
would then be feasible to once more greatly reduce the image size to frame size
ratio. Fortunately there are some special methods which have been devised
to overcome these problems.

Syncro-Ballistic Photography

Syncro-ballistic photography is a powerful technique mostly using the medium
speed cine camera in a streak mode with its compensating block replaced by
a slit perpendicular to the film motion. This technique produces high quality
front-illuminated photographs of objects such as projectiles or missiles pass-
ing in front of the camera. In the public area the method is more commonly
known in the world of sport where it is used to give a photographic record of
competitors as they pass the finishing post. Due to loose correlation of film
speed and image speed the pictures may be quite strongly distorted in the
horizontal dimension. Nevertheless they indicate quite clearly the order of
arrival of competitors. This device is used to decide the winner and has led
to closely contested results of many kinds being described as “photo finishes.”

In ballistic applications, an appropriate name for the method has been
the subject of debate for many years, and it is variously known as ballistic-
synchro, synchro-ballistic, smear, ballistic streak, or image motion compensa-
tion photography. More recently the term image-sync photography has been
suggested. As the method involves the attempted synchronization of image
and film movement and in this chapter it is being applied to the study of
ballistic subjects, the term synchro-ballistic photography has been chosen.
The first ballistic application was by Paul in 1924 when he used a two-slit
system to measure projectile velocity.

The basic layout of the system is shown in Fig. 7.9. The objective is to
project the image of the subject onto the moving film so that the velocity of
image movement and film surface movement are as near as possible the same.
This can be achieved by arranging a 1:1 ratio by a suitable choice of lens,
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Fig. 7.9. Synchro-Ballistic technique

film velocity and the distances L0 and Li. For reasonable success, it must
be possible to estimate the velocity of the projectile to quite close limits. In
the figure, Vp is projectile velocity, Vf is film velocity, L0 is the subject to
lens distance, Li is the lens-to-recording-medium distance and F is the focal
length of the lens.

To produce a completely blur-free picture the film and image velocities
need to be identical. In practice, the subject velocity is seldom predictable
to an accurate enough degree to achieve this requirement. It is thus arranged
that the moving image is focused onto a narrow slit perpendicular to the film
movement. The slit may be placed very close to the film plane or the slit
image may be refocused onto the film or recording surface at some distance
away. The image is relayed onto the recording surface as a continuous series
of narrow strips. The strips form a complete image of the projectile along
the direction of motion of the film. By considering Fig. 7.9 it is possible to
formulate some of the relationships involving the various parameters involved.
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If projectile velocity is Vp and film velocity is Vf , the ratios of distances
L0 and Li must be arranged such that

Vp

Vf
=

L0

Li
=

Pd

Id

T =
Pd

Vp
=

W

Id
,

where Pd and Id are projectile length and image length, respectively, with
Pd/Vp being the time, T , for the projectile to travel its own length. The
quantity T is also the time for the image of the projectile to traverse the
edge of the slit. If the slit width is W , then the exposure time for one slit
width of the image is Ti, where Ti = T W/Id. This will also be the effective
exposure time of the whole image as it is composed of multiple slit widths.
Image exposure time is thus a function of slit width. If the slit image width
could be reduced to be equal to the film grain resolution there would be no
blur and the film could even travel in the opposite direction. However, in
practical terms this is not feasible and the slit width is normally reduced to
a point where blur satisfies the criteria of the experiment. We can also note
that exposure time is effectively reduced without the usual penalty of having
to increase the lighting level. When L0 and Li have been determined, the
actual focal length of the lens required can be calculated. From simple lens
theory we can say

1
F

=
1
Li

+
1
L0

=
L0 + Li

L0 Li
.

This is an exact solution for shorter standoff distances. For long standoff
distances it can be seen that F will be approximately equal to Li. Scan rate
will be limited by the camera characteristics, i.e., if the film can only be moved
through the camera at velocity Vf then the lens focal length and stand-off
distance from the trajectory must be arranged such that image scan rate is
less or equal to Vf . For example, if the maximum film velocity is, say, 60 m/s
and projectile velocity is 600 m/s, then the ratio of stand-off distance to lens
focal length would need to be approximately 10:1. Thus, a 250 mm lens would
be used at a distance of 2.5 m from the trajectory. If the projectile was 40 mm
in diameter and 200 mm long, the image would be 4 mm wide across the film
width and 20 mm long. Its total scan time would be 0.2/600 or 1/3000 s. For
a slit 1 mm wide the effective exposure time is reduced to (1/3000) × (1/20)
or 1/60000 s.

With a fixed upper limit to camera film velocity, it will be seen that
in order to achieve a reasonable image to frame size ratio some problems
will arise as the projectile size is reduced and projectile velocity increases.
Cameras of the normal rotating prism type have a relatively low top film
speed of about 60 m/s. In cameras specially built for ballistic-synchro work,
speeds of up to about 85 m/s are possible. For a reasonable picture, such
cameras will only be suitable for projectiles of say 30 mm diameter travelling
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at less than about 600 m/s. If it is required to photograph projectiles that are
smaller and faster, the reduction ratio required will reduce the image size to
the point where little useful information will be obtained. As projectile size
increases, the ability to adequately capture higher velocity subjects will of
course also increase. Other types of film camera do have higher possible film
velocities. However, they also have relatively short film lengths and thus will
need very high resolution for synchronization, particularly in the case where
projectile velocity is not accurately predictable. Because of such problems,
the only other type of camera that is practicable for regular use with smaller
and faster projectiles will be the electronic image converter types which have
a very high range of sweep speeds. The sweep speeds available will allow low
reduction ratios to be used and as sweep speeds can be finely controlled it
will be easier to match sweep speed to projectile velocity [10].

A slight mismatch in relative velocities of film and subject image only
causes the recorded image to be slightly longer or shorter than its true pro-
portions, the length mismatch being proportional to the velocity mismatch.
The vertical size will remain constant for a velocity mismatch as it is inde-
pendent of velocity.

A typical result is shown in Fig. 7.10. A valuable attribute of the system
is that it records all objects passing the camera during the recording period
and relates them in time and sequence. This attribute is particularly useful
when a multi-part projectile and sabot is being studied or when a projectile
breaks up or when unknown objects fly before or behind the main projectile.
When using normal detectors for velocity measurement, incorrect velocities
will be measured if objects other than the projectile trigger the detectors.
If false readings are suspected, the use of the single or dual synchro-ballistic
system will enable such objects to be seen and identified.

Other projectile characteristics such as velocity, angular attitude, and spin
rate can be obtained from single synchro-ballistic records but are not often
carried out as other independent methods are available which are generally
more easily analyzed [11].

Dual Synchro-Ballistic System

The synchro-ballistic method can also be used as a velocity measuring system
using two or more stations arranged to record their images on a common film.
The earliest record (1924) of a similar system is from Paul. His system used
only one incoming image but had two fine slits about 30 cm apart. The ratio of
projectile to film velocity was eliberately made unequal so that two separate
images were formed on the film. Knowing film velocity and using the system
geometry, projectile velocity could be deduced. A system recording multiple
separate views from two and four stations on the same film was produced
at Fort Halstead, England in the 1960s. In this case the station images were
all combined into one imaging lens and slit by the use of mirrors and beam
splitters. In the United States the arrangement is sometimes known as the
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Fig. 7.10. Synchro-ballistic photograph showing 105 mm sabot separation FS-
APDS (projectile velocity 5000 feet/s) taken using a Hytax 2 camera at
250 frames/s. Lighting using the Visual Instrumentation continuous xenon high
intensity photographic illuminator (HIP!)

Hall system [12]. This system was slightly different because, instead of using
a slit placed in front of the film, the effect of the slit is reproduced by the
use of fine line light sources placed on the further side of the trajectory or by
viewing the backlit image via a slit before it passes onto the objective lens
(see Fig. 7.11). All these systems give shadowgraph images at the film plane.
Layout geometry will need to take into account that all the images will need
to lie within the confines of the film width.

The dual synchro-ballistic system has two major attributes, it allows the
measurement of object velocity to high accuracy and it also, in common
with the single system, records all objects that pass the camera during the
exposure period and relates them sequentially and in time scale with one
another.

In some instances the views can be arranged to give orthogonal images
if required. Analysis is usually done by reading the film under a travelling
microscope. The distance between viewing positions along the trajectory is
accurately known and the time of separation of the images can be deduced
from a knowledge of the film velocity. Usually the images will be contained
within a short length of film and so film speed variations can be ignored.
If projectile velocity is Vp, film velocity is Vf , Xt and Xf are the distances
between the axes of the viewing stations along the trajectory and the dis-
tance between the shadowgraph images on the film in the direction of travel,
respectively, then

Vp =
Xt Vf

Xf
.

As the system is primarily intended to measure projectile velocity and not
produce high quality pictures, the film and image velocities do not need to be
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Fig. 7.11. A two station Hall Velocity Measurement system. One station provides
a view of the passing projectile from a horizontal viewpoint, and the other provides
a view from a vertical viewpoint. Note the displacement of the images on the film

so closely matched. Elongation or shortening of the projectile images will be
the same for the several images and will not affect the measuring accuracy.

Disadvantages are the delay during film processing and another delay in
making the readings under the travelling microscope. Obviously it is essential
to have very good time calibration on the film.

Flight Follower Systems

For a single object the ballistic-synchro method will give a single high quality
picture at one point along the trajectory of the object. It will, of course, record
a picture of all objects that pass the camera during the recording period. If,
however, we wish to obtain a close up cine record of the projectile during
a reasonably long section of its trajectory, the ballistic-synchro method is
not suitable and an alternative must be found. In subjects such as motor
racing, it is feasible for the cars to be photographed for quite long distances
by the camera operator panning the camera to keep the cars in view as they
pass. However, the translational rate of projectiles is so fast that moving the
camera in this way to keep the subject in view is not feasible. An alternative
and feasible approach is taken in the flight follower system.

In flight follower systems the camera is kept stationary and the image of
the moving subject is relayed into the camera objective via a fast panning
mirror as illustrated in Fig. 7.12a. The basic principle is simple, but practical
implementation is relatively difficult. The first successful system using the
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Fig. 7.12. Flight follower system: (a) Optical arrangement in basic layout. (b)
Angular velocity for correct tracking

swinging mirror principle was produced at RARDE UK [13]. In order to
follow the trajectory and direct the image into the camera, the mirror must
be swung at a varying rate. Initially it must be accelerated to a peak rate when
the projectile is normal to the viewing axis and then decelerated to follow a
parabolic curve as shown in Fig. 7.12b. For a projectile velocity of Vp, the
correct angular displacement of the line of sight to give perfect tracking will
be when tan θ = Vp t/D, where t is the time for the projectile to cover the
distance from a point where the line of sight is normal to the trajectory to
the point under observation and D is the stand-off distance of the camera,
measured normal to the trajectory. The angular rotation of the line of sight
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is given by
dθ
dt

=
Vp cos2 θ

D
.

The mirror angular speed is half this rate. In the RARDE system this was
achieved by mounting a mirror on a large galvanometer coil and driving the
coil with a series of increasing pulses from storage capacitors. At the point
of highest swing rate, the pulses were reversed in polarity and gradually
reduced to slow the swing rate again. The pulses were fed in via a wiper arm
connected to the coil which swung across a series of contacts. Total swing
angle was about 90 degrees. To accommodate various projectile velocities the
pulse amplitude could be varied to change the swing rate over a range up
to 40 radians /second. By using various stand-off distances and varying the
focal length of the camera lens, a variety of lengths of trajectory and image
to frame size ratios could be obtained.

The system could be operated from rechargeable lead–acid batteries so
that access to an ac transmission line was not required.

Because of the inherent inertia in the mirror mechanism, the mirror swing
(panning) must be started before the rojectile comes into view such that the
mirror swing (panning) rate has reached synchronous speed by the time the
subject first appears in the mirror view as it exits the muzzle. This was
achieved by triggering the mirror swing from the gun firing with an appro-
priate delay or monitoring the projectile movement within the bore. Obvi-
ously a close estimate of the subject velocity was required in order to set the
apparatus. If a series of experiments of approximately the same projectile ve-
locity was scheduled, the system values could be quickly adjusted to keep the
projectile in the middle of the field of view. For bench calibration purposes,
several systems could be used. In one, a line of small diodes was set up and
pulsed sequentially at varying rates to represent the positions of a passing
projectile. This could be recorded on the film and the panning accuracy de-
termined. The possible distance of trajectory over which the projectile can be
observed is a function of mirror panning angle and stand-off from the trajec-
tory. The panning angle is limited by the angle subtended from the extremes
of trajectory span such that the mirror will be able to reflect the projectile
into the camera. A basic system set up is illustrated in Fig. 7.12.

Let us consider the set-up calculation for a perfect situation in which
Vp = 1500 m/s and required trajectory observation length, L, is 100 m. The
projectile is one meter long and a field of view of 2×1.3 m is needed, i.e., ap-
proximately proportional to the 16-mm film frame format. If the full 90 degree
swing is used, θ = π/4. Then tan θ = (L/2)/D, where D is camera standoff,
and D = (L/2)/ tan θ. Substituting, D = 50 tan(π/4) = 50 m. Let the angu-
lar rotation rate of the line of sight be U . Then U = (Vp/2D) cos2 θ. Max-
imum value of U is when θ = 0, i.e., when U = Vp/(2D). Then max U =
1500/(50 × 2) = 15 radians/s. The lens is required to give a field of view of
2× 1.3 m at 50 m. Considering the horizontal field, the magnification M will
be
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M =
field width on the film

field width at the projectile
.

Using 16 mm film, the frame size is 10.4 × 7.4 mm. Then

M = 0.0104/2 = 0.0052 .

Using the relation (1/M) + 1 = u/F , where u is the distance to the object
and F is the focal length, we obtain

F =
u

(1/M) + 1
=

50
193.3

= 258mm

for the horizontal field. Then the lens required will have a focal length of
258 mm.

To allow for errors in tracking and settings, the actual lens chosen will
be of shorter focal length than ideal to give a slightly wider field of view. In
practice image/frame ratios were often 1:5 or greater although, with a series
of firings at very close velocities, lower ratios were possible.

Whilst the original system worked adequately, it did have some areas
where it could be improved. As a consequence, alternatives to, or develop-
ments of, the original system have been made or proposed. In the mid 1980s
a system was developed for Aberdeen Proving Ground in the USA. A nickel
plated beryllium mirror 300 mm by 500 mm and backed by a honeycomb
structure was panned using a servo motor. Mirror acceleration profiles for
some 20 velocity variations were stored in a computer and selected according
to the particular gun and charge in use. Closed-loop control with mirror posi-
tion feedback coming from a laser rotary encoder allowed peak accelerations
of 100,000 (deg/s)/s. Sensors on the gun tracked the projectile motion in the
bore and started the mirror panning motion at the appropriate time to allow
for a 3 millisecond start-up delay that would have the mirror pointing at the
muzzle at projectile exit time. They also allowed the projectile velocity to
be calculated. With this information the computer switched in the appropri-
ate acceleration program for the mirror. Typical mirror swing rates reached
600 deg/s and driving currents for the servo motor were 200 amps at 165 V
dc. The system has worked effectively, typically taking pictures at 1 meter
intervals along the trajectory [14].

The latest United Kingdom design includes a servo-galvanometer carrying
the mirror, which is driven by a current supply controlled by a microproces-
sor. Initially, mirror and camera are carefully aligned with the gun and the
expected trajectory to ensure that the projectile will remain in view over the
required distance. After experimental details are fed into a computer key-
board, the processor selects a tangent acceleration curve appropriate to the
expected projectile velocity. The mirror is automatically positioned to allow
for a few milliseconds delay in reaching the programmed swing rate such that
its line of sight will coincide with the muzzle as the projectile exits. For even
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more precise tracking or where the projectile velocity cannot be closely pre-
dicted, a velocity detector system can be placed close to the muzzle. In real
time the velocity is determined and the mirror is instantly adjusted through
a sight angle to the correct position relative to the projectile velocity. Simul-
taneously, the corrected new tangent velocity curve is applied to the control
of the mirror swing rate. Extra features include the ability to operate on
either side of the trajectory as the mirror operation can be bi-directional,
and the possibility of sequential operation of several units each programmed
with corrected information and triggered to take up the record as the previ-
ous unit reaches the end of its sweep coverage. The units are compact, man
portable, and capable of operation from either an ac transmission line or a
battery supply.

7.4 Flow Visualization

Flow visualization is used extensively in research ballistics to assist in the
design of projectiles, missiles, and various stores. Flow visualization enables
the shock waves and flow around bodies passing through liquids and gases to
be determined. This enables the designer to see where external shapes can
be modified to cut drag and generally increase aerodynamic effectiveness.

In recent years flow visualization has become very important in the study
of interactions between bodies flying in close proximity to one another. Typ-
ical examples include multiple long rod or segmented long rod projectiles,
launch of tandem small arms bullets, and interaction between missiles or
shells and their sub-munitions during the release phase. In aeronautical re-
search, it is also of use in checking interactions between external stores such as
bombs or rockets and the aircraft carrying them. In intermediate ballistics,
the way in which sabot segments separate from the main projectile comes
under detailed study.

Studies are initially made in wind, shock, or water tunnels and then pro-
ceed to model or full scale studies in free flight conditions. Shadowgraph,
Schlieren and, to a lesser degree, interferometry and holography techniques
can all be used to build up the information required. The various techniques
used can be seen in any good book on flow visualization. Unfortunately, there
is not space to discuss them here (see [15, 16]). An excellent example of flow
around a projectile can be seen in Fig. 7.13.

7.5 Synchronization and Triggering

Synchronization and triggering are extremely important in ballistics photog-
raphy due to the generally fast movement and fine resolution required for
effective triggering of exposures.
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Fig. 7.13. Differential Interferometry using YAG laser polarized light. The projec-
tile caliber is 20 mm, its velocity is 500m/s, its Mach number is 1.46, the Reynolds
number is 2.7 × 106, and the exposure time is 15 ns

Triggering techniques are much the same as for general HSP in the sense
that similar physical parameters are used. However, in the ballistics area
there is a need to make all equipment in an extra robust form to withstand
the rigors of blast, overpressure, heat, shock, and vibration. In many cases
it may also be necessary to make devices that cannot survive more than one
experiment, so considerable ingenuity may be required to produce reliable
and cheap equipment.

7.6 Specific Applications in the Five Main Areas

In the following sections more specific details are given of some of the type
of problems and high-speed photographic solutions that may be encountered
in the main areas of ballistics photography. It must be emphasized that they
represent only a very small sample of the huge range of ballistic work that is
done with the help of high-speed photography. Unfortunately, although much
of the most interesting work is not made public for security reasons, many
reports are published and the reader is referred to proceedings of meetings
listed in the General References.

7.6.1 Interior Ballistics

Shot Movement From Rest

The measurement of shot acceleration and velocity within the gun barrel from
rest to shot exit is currently carried out using microwaves or laser beams using
a Doppler system [17]. Before the development of these methods, various other
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electronic instrumentation methods had been employed. In early attempts in
this area, a photographic method had been used. The early movement of the
shot was measured by cutting the gun barrel down until it was only a few
feet long. A long rod connected to the projectile nose and moving within a
centralized guide at the end of the barrel was photographed from the side by
a cine camera. The motion of the rod tip could be seen against a reference
background and hence the shot movement could be monitored with time as
it accelerated from rest.

Gas Blowby

As has been mentioned earlier, direct observation of the projectile can only be
carried out by observing down the barrel. This can be difficult if propellant
gas escapes past the projectile and obscures the observation path. Gas blowby
is also of interest to the gun and ammunition designer since any blowby
constitutes a loss of propellant gas which should be assisting the projectile
from the gun and thus represents a waste of energy. A method of observing
this phenomenon has been devised in which a powerful collimated beam of
light is directed down the bore via a sacrificial mirror. The source can be
a high intensity xenon beam or a laser beam. The light is reflected from a
pattern of retro-reflecting tape that is fixed onto the face of the projectile.
The tape reflects the light beam back down the barrel where it is redirected
into a cine camera and recorded (see Fig. 7.14).

The gas blowby can be clearly observed as the reflections are cut off and
gas leaks in front of the moving shot. Reference to the synchronized and
calibrated film record gives a timed history of the process. The system has
the added bonus that the spin rate can also be measured from the record [18].

In-Bore Yaw

The yaw of the projectile as it moves up the barrel is of great interest to gun
and ammunition designers as it has an effect upon wear and accuracy. Several
methods have been devised to measure the angular yaw. Again access is via
the muzzle with a powerful collimated beam of light being shone down the
barrel onto the front of the projectile. Mirrors have been attached to the pro-
jectile nose so that the movements of the reflected beam could be recorded on
a cine camera. Whilst successful to a degree they have suffered from complex
calibration requirements. A different approach has used a special diffraction
grating on the projectile nose [19, 20] (see Fig. 7.15). This grating with two
halves inclined at 90 degrees, reflects a double line of three dots that are at
right angles and superimposed to give a square of light spots with another
spot in the center. The spot pattern is reflected back and recorded on a cine
camera. As the projectile spins and yaws during its progression up the bar-
rel, the spot pattern also turns and moves across the film frame. The spot
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Fig. 7.14. Setup for gas blowby observation

separation distance is a function of the diffraction grating design and thus
each film frame carries its own calibration and the yaw angle for each frame
and the spin rate can be measured. Static fiber optics are rear illuminated
to also appear in each frame and provide an absolute measuring reference.
The calibration markings on the film provide a time scale against which the
motion can be plotted.

Studies of In-Bore Movement

There is interest in the way the projectile moves within the bore and also in
the way that propellant burns and moves within the gun chamber and bore.
Flash x-rays have been used to observe both phenomena. Radiographs of in-
ternal functions in guns require high energies in order to achieve penetration.
Sometimes a temporary barrel may be made of a substance such as fiberglass
and resin that is less opaque to x-rays. Often the gun barrel will be machined
to give a thinner section through which the x-rays can pass more easily. In
the study of charge movement and burning, lead salts are often mixed with
the propellant. These salts have a higher absorption of the x-rays and show
propellant movement much more clearly.

Alternatively, the barrel may be made of transparent material or have
windows fitted along its length. High intensity lighting and ordinary film
cameras can then be used to show the internal events [21]. As transparent
materials such as plastics will not have the same tensile strengths as steel, the
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Fig. 7.15. Fuller system for measurement of in-bore yaw

constructions will sometimes fail under the pressures involved, but by then
the desired observations will have been made.

7.6.2 Intermediate Ballistics

The region just beyond the muzzle where the projectile is moving through
the expanding propellant gas is a particularly difficult region for photographic
observations due to the large amount of flash emanating from the burning
gases and their high density of entrained particles. Radiographs can be used to
study the mechanisms of sabot detachment and the integrity of the projectile
itself. By using x-ray photography against a background of preset datum
wires, the projectile yaw can also be seen when required. For smaller calibers
the smoke and flash problem is not so great and the normal methods of flow
visualization can be used [18]. To combat the problem of high flash levels,
a different system was used [22]. A Fresnel lens is used to focus the light
from a point source, often a spark, into the camera. The event takes place
between the Fresnel lens and the camera and the general gun-produced flash
is diffused. The camera can be stopped down to receive the focused light
and sometimes a narrow band filter is also used to exclude still more of the
unwanted illumination (see Fig. 7.7).

To study the growth of expanding shocks from the propellant cloud, mul-
tiple spark pictures can be used [22]. The shock velocity can be found in two
dimensions from the known intervals between the sparks.



288 Peter W.W. Fuller

The incandescent gas cloud at the muzzle is used successfully as a light
source to take cine photography of the exit of projectiles into the interme-
diate region. The camera is placed down range and focussed on the muzzle
area. The expanding gas cloud provides a luminous background against which
the projectile is clearly seen. The illumination lasts sufficiently long for the
discard process of saboted projectiles to be observed.

Holography has also been applied in the flowfield [23]. A Q-switched laser
with a pulse duration of 20 ns was used in a double pulse mode to make
holograms of the flow from the muzzle of a 20 mm cannon. One exposure
was made without the disturbance and the other during the firing. The beam
was initially split into two parts, one passing straight to the photographic
plate and the other passing through the disturbance. Three-dimensional shock
formation about the projectile was clearly evident.

7.6.3 External Ballistics

In the case of full range firings the projectile trajectory will usually be so
high that normal detailed photographic studies will not be possible. How-
ever, photography is still used to provide a record in optoelectronic trackers
that follow the trajectory of projectiles and missiles. Once confined to film
cameras, this area is now employing video systems as well. As in other appli-
cations, the ability to apply digital processing directly to the image carries
with it many advantages.

In the case of firings in enclosed ranges or for flat high velocity trajectories
on open ranges, the projectile will be photographically accessible over much
of its flight path. Several of the methods used in this area are discussed in
detail in Sect. 7.3.5.

Considerable use is made of mirrors placed to give views of several dimen-
sions on a single frame. Temporary enclosures also offer the ability to control
the type and level of lighting over a short part of the trajectory. Thin walls
at each end allow unimpeded passage of the projectile whilst keeping light
out.

Flash x-rays are not used so much in external ballistics, as in this area
conventional photography is usually more effective. However, x-rays can be
usefully employed for observations near the gun muzzle to study the condition
and operation of internal mechanisms such as fuzes after the launch process.

Rocket Sled Experiments

As an alternative to free flight, many projectiles and missiles are tested on
rocket sleds that are confined to move on rail tracks. The use of rockets
enables very high velocities to be obtained. Such tests have many advan-
tages where the pure aerodynamic characteristics of the object are not the
paramount study. The specific constraints of movement allow instrumenta-
tion to be set up with the certainty that the subject will pass in a certain
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direction or distance from a measuring device. Thus, cameras and lights can
be set close to the rails to give close up detail of events and even placed on
the sled to move with the subject.

In some instances synchro-ballistic pictures may be taken or flight follower
techniques may be appropriate if a record covering a long distance of travel is
needed. Subjects other than guns or missiles will also be studied. These will
include items such as the operation of aircraft canopy release and the launch
of aircraft ejection seats and parachutes.

Aeroballistic Ranges

A special case of external ballistics is the aeroballistic range. In both the pre-
and post-design stages of projectile development as much information as pos-
sible is required of the aerodynamic behavior of the device in actual flight. In
the early stages this may be gained by firing scale models, but it will eventu-
ally have to extend to full scale experiments. The desired measurements can
be gained by firing the device in a controlled and instrumented facility called
an aeroballistic range. Such ranges may be completely enclosed or have only
part of the trajectory enclosed. In both cases the main observations will be
made photographically. The experiments are normally carried out in dark-
ness and shadowgraph pictures are recorded on multiple cameras arranged in
orthogonal pairs at carefully measured positions along the trajectory. Spark
sources are employed to provide lighting and control exposure time. At each
station pairs of retro-reflective screens provide a background against which
the projectile is imaged.

Suspended catenary wires along the full length of the range carry small
markers at carefully measured intervals. These wires appear in all the pho-
tographs with at least one wire appearing in both photographs of an orthog-
onal pair. They provide a means of relating the photo pairs to each other
and to the successive photo pairs along the length of the range. The cameras
are focussed on the shadowgraph picture on the retro-reflective screen. The
front-illuminated image of the projectile is thus out of focus. If both camera
and light source axes can be arranged to be coincident, the out of focus im-
age will appear within the confines of the shadowgraph image. This makes
for a less cluttered picture and assists analysis. The pairs of photographs
thus obtained can provide information on yaw, pitch, precession, nutation,
and projectile status. The full projectile trajectories and three dimensional
orientations can be reconstructed from these photographs (see Fig. 7.16).

The analysis of the photographs and the reconstruction of the trajectories
was a long and tedious manual process, which, with cuts in manpower and
funding, led to the closing of several such facilities. However, much of the
work has been automated and complex computer programs now calculate
the results in a much shorter time. To enable the process to be further auto-
mated, much effort is being placed on replacing the film cameras with very
high resolution CCD cameras [24]. If this can be done, the electronic images
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Fig. 7.16. Layout of one orthogonal photographic station in a ballistic range

will be fed directly into computers, scanned, and analyzed in a relatively short
time. As well as basic design studies, the aeroballistic range is used to study
other phenomena such as the interactions between multiply-launched projec-
tiles and the launch process of sub-munitions. The enclosed, permanent, and
controlled nature of the aeroballistic range allows the use of complex photo-
graphic methods such as Schlieren, shadowgraph, and interferometer systems
to be set up on a long-term basis.
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7.6.4 Terminal Ballistics

Terminal ballistics is an area in which high-speed photography can be widely
applied. By the nature of the subject, many of the processes involve pen-
etration of objects and thus this is an area where x-rays are widely used.
Many target materials of great interest are metal or other materials that are
opaque to normal photographic methods. Flash radiography, thus, offers a
unique method of observing the interactive process between projectile and
target during penetration. Another advantage of radiography is the ability to
photograph through the smoke and luminosity often associated with impact.
In 1938, Steenbeck was already demonstrating the usefulness of radiography
in records of bullets penetrating wood targets.

In order to adequately observe this kind of phenomena, multiple expo-
sures are desirable. Multiple exposures enable the speed of growth of craters
and the rate of material flow to be observed. Much use is made of cine x-rays
to allow the history of the process to be recorded. In addition, the penetra-
tion of projectiles through plates and the production of ejecta and projectile
break-up, can be seen as a continuing process. Flash x-rays are also widely
used in the study of explosive processes where the insensitivity to the self lu-
minosity of the phenomena is a valuable asset. Although explosives are fairly
transparent to x-rays the progress of detonation waves can be followed due
to the local increase in absorption. If a calibrated wedge is simultaneously
photographed, calculations of the detonation wave density can be made.

The progress of the penetration with time and the evolution, velocity,
size, and direction of behind-target debris is all of great interest. This can
also be studied with x-rays, but other methods such as still video, high-speed
rotating mirror cameras, and multiple pulsed lasers are all used successfully.
Some very interesting observations of the growth of the jet from a shaped
charge have been obtained using short duration pulses from ruby lasers (see
Fig. 7.17). Previously, the jet has been observed from the side with x-rays. The
changing shape of the copper cone as it turns inside out and transforms into
a thin metallic jet had been modeled on computers but had not previously
been observed experimentally in real firings [25].

Work has also been done using a ruby laser stroboscope to study im-
pact phenomena. The ruby stroboscope offers long recording times (1 ms) at
frequencies up to 500 kHz with exposure times down to 20 ns [26].

There are many other terminal ballistic phenomena not necessarily con-
cerned with the impact of projectiles on steel armor.

Wound Ballistics

During the development of small arms rounds, there is great interest in what
happens when the bullets penetrate into human tissues. The penetration is
often associated with the formation of temporary cavities that often pro-
duce extreme trauma. In order to study such phenomena, specially prepared
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Fig. 7.17. Photograph of a shaped charge jet taken using a ruby laser and an
image converter camera at 50 million frames per second

gelatin blocks are used which are translucent and also have similar properties
to tissue. High-speed cine cameras are used in conjunction with strong back-
lighting to observe the growth history of the cavities produced. The records
can later be analyzed to make plots of the shape and size of the cavities.
Similar studies are made in the development of bullet-proof vest designs. Al-
though it is hoped that bullets will not penetrate the vest there is distortion
of the area immediately behind the impact region that can be relayed to the
wearer via the protective layers. In this case the studies can be made from the
side using cine x-rays or high-speed cameras looking at a sectioned sample.
An image converter camera can be used in conjunction with flash lamps [27].

Bird Strike

In the civilian area, much work is done to study the effects of bird strikes on
aircraft cockpit covers and their effects on turbine blades if ingested into jet
engines. Here the strike velocities are rather low and extensive use is made
of medium speed cine and video cameras.

The target subjects are real full-scale objects and in the case of engine
tests, individual fan blades may be impacted in the laboratory, but tests on
running engines are also made in open air facilities. The birds are sometimes
dummy objects made from materials with similar properties to real birds.
However, most realistic tests are made with dead chickens of appropriate
sizes that are fired from air or propellant guns using sabots.
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Bullet-Proof Vests

Other types of test might be made on bullet-proof vests or helmets and the
fibers used in their construction. High-speed rotating mirror cameras or image
converter types will be used to obtain the framing rates that are needed.
Multiple single plate studies have also been made using high repetition rate
spark sources such as the Strobokin system. Having all the images on one
frame can be very convenient, particularly in the study of the behavior of
single-fiber breakage [27,28].

Similar tests are made to observe the mode of breakup of ceramic tiles
often used as facings for vests. Here there is interest in the rate at which the
penetration takes place, the rate of crack propagation in the ceramic, and the
breakup or distortion of the projectile itself. These processes occur on a very
short time scale so very high-speed film cameras or image converter cameras
will be required, and may be used together with high intensity lighting.

7.6.5 Dynamic Processes

This area includes processes such as explosions that are dynamic but remain
in the cameras field of view for the total event time. Much work is done using
flow visualization techniques to observe the blast waves coming from large
scale explosions [29,30]. Typical of processes in the area will be the study of
small full scale samples or models of projectiles and missiles in wind, water, or
shock tunnels. Here the device will be suspended on a sting in the tunnel and
air or water will flow around it to simulate flight conditions. Schlieren and/or
shadowgraph pictures will be taken to study the flow patterns. For some
subjects that may have an oscillatory flight, medium speed cine sequences
will be used to record the motions. (see also Sect. 7.4, Flow Visualization).

Gun Recoil and Barrel Vibration

The motion of the total gun or particular parts of the moving mechanisms
such as the recoil system or loading system is slow enough to be recorded
by medium speed cine or video cameras. Sometimes particular elements of
the subject may be painted with a bright color or have a piece of retro-
reflective material fixed to it in order to increase its visibility in the pictures.
As the subject is basically static, lighting is relatively easy and some time
can be spent to place sources to the best advantage.

The study of barrel vibration is often required when analyzing new designs
or when attempts are being made to optimize gun performance and accuracy.
In large guns vibration before shot exit, although significant ballistically, is
very small in actual amount and must usually be measured with very sensitive
electronic or electro-optical devices. However, after shot exit the movement
can be of quite large dimension and can be studied by high-speed film cam-
eras or high-speed video. The view will normally be from the side, sometimes
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in orthogonal arrangements and normally incorporating a scaled grid back-
ground to assist analysis. In some experiments a line of bright reflectors has
been placed centrally along the length of the barrel and illuminated with a
high power strobe source. Observations have been made with high-speed cine
cameras located far enough away to include the complete barrel in the field
of view. Firing at night to reduce background interference has resulted in
the film showing a line of bright dots undulating with time and analysis has
given a history of the motion.

Combustion

A large part of the work in this area will be concerned with combustion in
all forms. The action of firing devices such as squibs, detonators, caps, and
primers takes place in very short time scales, ranging from microseconds to
milliseconds. High-speed rotating drum, rotating mirror, or electronic cam-
eras will be used to record their action in framing or streak mode. Light-
ing will be supplied by flash bulbs, flash tubes, or high intensity continuous
sources [31].

For explosions, similar types of camera will be required but, because there
will be a large amount of self luminosity, lighting will be by argon bomb or
high power laser pulse. Filters will also be used to selectively cut out the light
from the combustion process. However, in some cases, it will be required to
study the progress of flame fronts and in this case color photography will be
employed to assist the definition of various areas. In addition, in some cases
fiber optics will be placed to transmit the arrival time of the flame front
from various positions on the explosive charge. These arrival times will be
recorded by streak cameras. For these experiments cameras will have to be
well protected from blast effects and will either view the scene through thick
windows in a safe enclosure or will be behind blast walls and set to view the
event via relay mirrors.

Flash x-rays are also used to study explosive processes and, in this case,
the problems of self luminosity do not apply as the x-ray cassettes can be
completely enclosed to visible light. X-rays are particularly useful when the
motion of metallic parts of an exploding device is needed. In this case cine
x-rays or multiple sequentially fired x-ray units surrounding the area will be
used.

When x-rays are used, the film and intensifying screens will usually have
to be placed quite close to the explosion site. Over a long period of experiment
many ingenious systems have evolved to allow the film to be recovered intact.
Film cassettes include internal foam padding and are sheathed externally in
plywood covers. They are also often not rigidly fixed in place but are allowed
to be blown away by the blast to be recovered after the event. This resilient
placement avoids much of the direct shock damage that would be experienced
by a rigid attachment.



7 The History of High-Speed Photography 295

Arena Firings

In some cases the primary objective will be to find out the general action
of an exploding store and its fragmentation performance. It will be set up
in a temporary enclosure often known as an arena. The store will be placed
in the center and around one half of a surrounding enclosure will be placed
sheets of straw board that will be used to trap fragments. Around the other
half will be placed light support sheets faced on the inside with thin metallic
foil. Under the semi-circular foil wall, mirrors will be placed to show the wall
surface to a series of cine cameras arranged around the outside of the wall in
protective enclosures. Bright continuous lighting or synchronized flash bulbs
will be arranged to illuminate the outer surface of the wall. When the store
is fired, fragments from one half of the device are trapped in the strawboard
wall for later recovery, with their location, weight, and shape being recorded.
When the flying fragments from the other half reach the foil screen wall they
pass through and their passage is marked by the appearance of a star-like
spot on the camera record due to the external light sources now becoming
visible through the hole. Their time of appearance can be deduced from the
cine timing record. This will provide data on the velocity of the fragments as
their flight path distance will be known. The temporary arena structure will
usually be destroyed, but not before the data have been recorded.

Gun Temperature

The temperature history of gun barrels during firing is of great interest as
it is closely linked with wear rate. Measurements are often made with ther-
mocouples or other devices placed on the gun structure. A method has been
developed [30] in which the output from a thermal imaging device is recorded
to give a history of temperature change over a section of the barrel. Thermal
imagers have a relatively long response time if a recognizable image is re-
quired. This is due to the scanning action used that gradually builds up the
image from a series of horizontal scans which are rastered down the viewing
screen. However, the time of one scan can be quite short, 5 ms, and if the pic-
ture is limited to a narrow strip equal to one scan width it becomes possible
to produce a history of temperature change over the area under observation.
The scanner produces a false color picture in which color represents a tem-
perature band. In the experiment, these picture were recorded on film and
also plotted out onto a color printer from a digital store.

7.7 Conclusions

High-speed photography has been a valuable tool in ballistics research for well
over 100 years. The applications and usage are constantly expanding. New
methods of applying established techniques are regularly discovered and there
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is a steady growth of new methods, particularly in the electronic/photonics
area. Video capabilities pose a constantly increasing challenge to film systems.
However, long established film methods such as medium and high-speed cine,
flash, and spark photography continue to form a large part of general day-
to-day usage, particularly for work requiring the highest resolution. Means
of data recording of waveforms using electronic methods continue to grow in
number and complexity and in most areas have taken over from conventional
photography of oscilloscope displays. It is certain that, in the future, ballistic
work will make increasing use of video and other types of electronic recording.
Whatever the methods used, the ballistics experimenter is likely to affirm in
the future, as in the past, “that a good image is worth a thousand words,”
or more likely “several megabytes of explanation.”
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8 Ballistic Holography

Gary Hough

If a picture is worth a thousand words, then a hologram is worth a thousand
pictures.

8.1 Introduction

Improvements in the visualization of ballistic events have long occupied the
attention of researchers in this field. Conventional methodology includes
streak cameras, shadowgraph and Schlieren images, high-speed still and cine
cameras, high-speed video, and flash x-radiography. Their use has been de-
scribed by Swift [1]. However, these approaches provide only two-dimensional
images (although a limited degree of three dimensionality may be obtained
by using, for example, orthogonal flash x-rays), a serious drawback for study
of what is almost always a three-dimensional phenomenon. Recent needs for
improving both the quantity and the quality of event data, as well as the
opportunity of obtaining high-fidelity information for the validation of hy-
drocodes, have led to the exploration of pulsed-laser holography as a practical
approach for providing such answers.

Pulsed-laser holography has many potential advantages. In addition to
providing a true three-dimensional picture, these include a large depth of
field and high spatial resolution. Furthermore, two separate and independent
holograms can be exposed on the same film by double pulsing the laser with
the intervening time precisely controlled. From this double image, vector
velocities of bodies of interest can be determined.

Applications for which the promise of holography appears particularly
attractive include behind-target debris formation and dispersal, the formation
and breakup of hypervelocity jets, and impact crater ejecta.

This chapter introduces the holographic principle, provides a brief history
of early work in the field, some subsequent successes, data reduction efforts,
and an assessment of the current state of the art.

8.2 Holography

A hologram, literally whole image, is a way to retrieve the likeness of a sub-
ject from a record of its diffraction pattern. This now well-known concept
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originated in the studies of Gabor in 1947. It became a practical reality with
the work of Leith and Upatnieks in the early 1960s. Their key contribution
was that the use of laser light.

The basic technique of hologram formation is to divide the coherent light
from a laser into two beams: one to illuminate the subject and one to act
as a reference (see Fig. 8.1a.) The reference beam is directed so as to inter-
sect the light transmitted or reflected by the subject. An interference pattern
is formed in the region where the beams overlap. A photosensitive medium,
placed in this region, undergoes chemical or physical changes due to exposure
to the light intensity. After processing, the medium (a glass plate or flexible
film) becomes the hologram. When the hologram is illuminated by the orig-
inal reference beam, the original subject is reproduced (see Fig. 8.1b.) The
hologram thus acts as both a recording and a projection system.

subject beam

reference beam
photo-
sensitive
medium

laser beam

subject

(a)

mirror

real image hologram

(b)

Fig. 8.1. Making and viewing a hologram (a) Making the hologram. (b)Viewing
the hologram

Conventional holograms are made of static subjects and, in fact, motion
of the subject (and of the optical components) is strictly limited to less than
a small fraction of the laser source wavelength. This restriction is necessary
for the proper formation of the interference fringes and appears to preclude
application to ballistic events. Fortunately, it can be bypassed if we instead
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limit the subject travel to be a suitably small fraction of its length during
the duration of the laser pulse, as is done in conventional photography. The
result is a shadowgraphic hologram image that reveals the essential three-
dimensional shape of the subject, but not surface details.

An important consideration in making ballistic holograms is the choice of
the laser. Two possibilities exist: a pulsed ruby laser or a pulsed, frequency-
doubled, Nd-YAG laser. The ruby laser has the advantages of low cost, rel-
atively high power output, ease of triggering, and reliable beam coherence.
Offsetting these advantages is the fact that it is not possible to operate a ruby
laser in a continuous-wave mode for the reconstruction system. This intro-
duces a scale shift in the image that complicates the required data analysis.
The Nd-YAG laser has a key advantage in that Nd-YAG systems are avail-
able to provide a continuous monochromatic light source for reconstructing
the image system. This simplifies the data analysis considerably. Also, they
are available with the shorter pulse durations that may be needed to capture
hypervelocity events. On the other hand, these lasers are costly and require
a quite complex triggering system to generate a reliable pulse output at the
desired time. Table 8.1 expands and summarizes the features of these two
lasers.

Table 8.1. Comparison of Pulsed Lasers for Ballistic Applications

Feature Ruby Laser Nd-YAG Laser

Wavelength 694 nm 532 nm
Pulse duration Nanoseconds Less than Ruby
Output Power Joules Less than Ruby
Cost Modest More Expensive
Triggering Simple Complex
Image Analysis Complex Straightforward

Each of these lasers has been employed for ballistic holography. For recon-
struction of holograms made using a ruby laser, an inexpensive continuous-
pulsed He-Ne laser (633 nm) can be used because these two laser wavelengths
differ by less than 10%. Later in the chapter, alternate approaches to this
problem are suggested.

8.3 Early Ballistic Holography

Applications of holography to ballistics first appeared in the 1970s. The prob-
lems of primary interest were those of characterizing behind-target debris
fields and of measuring surface deflections of the impacted target. A pa-
per related to debris characterization was given at an Aeroballistic Range
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Association (ARA) meeting in 1973 [2]. Royer and Giraud at Institut Franco-
Allemand de Recherches de Saint-Louis (ISL) in France reported on several
tests to measure debris particles sizes [3, 4]. Some work was also undertaken
at SAI in California [5] to look at both the debris field and the target surface
deflection problems. This latter problem was also the focus of work by Albe
in France [6].

The various approaches were marginally successful, but apparently were
not pursued or extended. Possible reasons range from image interference by
impact-generated flash or obscuration by smoke and/or dust to perceived
difficulties in data analysis.

8.4 Breakthrough

In the mid 1980s, research was initiated at the LTV Missiles Division in
Dallas with the goal of developing a workable system that would overcome
the deficiencies of the earlier approaches, provide a capability to capture data
equal or superior to that of flash x-radiography, and be cost effective. Here
too, the problem of interest was analysis of behind-target debris.

Preliminary proof-of-principle tabletop tests were carried out in 1987,
and ballistic-range testing with a 30-mm powder gun was initiated in 1988.
A pulsed ruby laser was used, and it and associated optical components were
mounted on massive optical benches adjacent to the gun. The laser had a
pulse width of 30 ns and a peak energy output of about 350 mJ. The laser
was pulsed at a pre-selected time after impact of the projectile on the target
plate. A sketch of the experimental setup is shown in Fig. 8.2.

reference beam portion

object
beam
portion

projectile

cylindrical
holographic
film holder diverging lens

mirror

mirror

pulsed
laser

target cylindrical
diffusely
scattering
surface

Fig. 8.2. Holographic System Schematic
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The holographic film holder (interior diameter 15 cm) is shown in Fig. 8.3.
One of the key features of the approach was to make the holograms on flexible
film, in a semi-cylindrical configuration, filling one-half of the holder. The
other half was filled with a diffusely scattering surface, similar to that of a
movie screen, to provide the laser illumination of the desired subject. The
advantage of the semi-cylindrical arrangement is that it enables the user to
select optimal, well over 180 degree, views of the scene after the hologram is
made (holograms made on a flat-plate film have a range of viewing angles
less than about 20 degrees). For example, it is quite difficult to observe a
common target impact phenomenon, the generation of spall rings, without
this technique.

Fig. 8.3. Holographic Film Holder

Although the holographic film placed as described above is vulnerable to
being struck by debris particles and perforated, this is not a serious draw-
back. Any undamaged portion of the film contains all the information needed.
However, for some applications, catastrophic perforations could possibly oc-
cur. In such cases, the film can be protected behind a thin curved Lexan
sheet, with the space in which the film is inserted being filled with a re-
fractive index-matching liquid. The properties of the liquid can be selected
to virtually eliminate the effects of spurious reflections from the enclosure.
After some experimentation, glycerin was selected as the best compromise.
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Another novel feature of this system was the inclusion of a fiducial grid
into the hologram to provide linear and angular scaling capability. This was
done by inserting a polycarbonate rod (on which a cylindrical co-ordinate
grid was scribed) along the film axis and pulsing the laser to record the grid
image on the film. The rod is then removed and the gun and laser fired to
superpose the debris field on the grid. When viewed, the debris particles
appear to “float” in the grid system. An example photograph is shown in
Fig. 8.4. This arrangement provides an approximate means of determining
the true scale of the image.

Typically, the holograms could be developed within a few minutes after
test completion and were available for viewing in less than half an hour. This
rapid turnaround provides close to a real time capability for examining the
test results. A point worth noting is that a considerable amount of time and
effort was spent on the holographic film development process. Bleaching was
found to improve the clarity of the image.

Fig. 8.4. Superposition of a reference grid on a hologram

A fiber-optic delivery system for the pulsed laser beam was also investi-
gated. However, the fiber optic was unable to sustain the peak pulse energies
needed to ensure holograms of sufficient brightness and so this approach was
abandoned.

Numerous holograms were made at impact velocities from about 850 to
1500 m/s (the ordnance regime). Figure 8.5 illustrates the difference in the
behind-target debris patterns for steel and aluminum plates providing roughly
equivalent ballistic protection.

Double-pulsed holograms, useful for determining velocities, were also
made. There are two important considerations for making these successfully.
The first is selection of the time interval between laser pulses, which must
be chosen to ensure that all objects of interest appear in the hologram. This
interval depends on both the size of the film available and the velocity of
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(a)

(b)

Fig. 8.5. Debris patterns behind aluminum and steel targets (a) Aluminum Target.
(b) Steel Target

Fig. 8.6. Double-pulsed hologram of 30-cal bullet

the objects. For the LTV studies, time intervals of about 100 to 300 µs were
typical. The second consideration is the allocation of the total available laser
energy between the two pulses. Experimentation established that the ratio
of the energy contained in the first pulse to that in the second should be
slightly less than unity. A higher value leads to film overexposure by the first
pulse, whereas a value that is too low leads to underexposure of the first
image. Figure 8.6 is a photograph of a double-pulsed hologram of a 30-cal.
rifle bullet in flight. Using the known laser interpulse time, the bullet velocity
was calculated to be 876 m/s. This is in excellent agreement with the value of
881 m/s measured by a laser-beam break signal. The actual hologram shows
clearly the flow details such as shock waves and turbulent boundary layers.
Summaries of the LTV work are found in [7, 8].
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8.5 Later Studies

The LTV efforts led to offshoots and extensions at several other organizations.
In the early 1990s, Sandia National Laboratories carried out studies along
these lines, with the emphasis on hypervelocity impacts. Sandia chose to use
a Nd-YAG laser (5 ns pulse, 750 mJ) as the light source and carried out the
testing using their two-stage light-gas gun. A key engineering accomplishment
was the integration of the difficult laser triggering subsystem into the gun
control circuits. Sandia also used a flat glass plate holographic medium that
has better dimensional stability than does flexible film. This is important
when more accurate measurement of object size and location is required as,
for example, when extremely small objects are of primary interest. On the
other hand, this also generally requires some form of plate protection, and the
Sandia system placed the holographic plate in a liquid gate with an index-of-
refraction matching fluid. A schematic of their system is shown in Fig. 8.7,
wherein the perspective is from the impact chamber looking back towards
the gun.

datum
pins

image
volume

holographic
plate

translucent
backsheet

 beam
splitter

750 mJ pulse
5 ns duration

free-doubled
Nd-YAG laser

reference
beam

front surface
mirror

open shutter
stereo cameras

Fig. 8.7. Schematic of Sandia Holography Layout

Sandia made holograms of behind-target debris resulting from impact
velocities up to nearly 4.4 km/s. The results, and more details of their holo-
graphic system, are reported in [9].
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Later efforts have included studies at the University of Alabama in
Huntsville using a Nd-YAG laser having a 130 ps pulse width and extensive
studies with a powerful ruby laser at the United States Air Force Armament
Laboratory, Eglin Air Force Base. The latter was directed towards increasing
the useful size of holographic images that could be made.

8.6 Hologram Analysis

Ballistic holograms are a source of valuable information. On the one hand,
having for the first time a true three-dimensional visualization provides key
insights into the dynamics of these impact events. On the other hand, by
extracting specific information such as particle masses and velocities from
the holograms, valuable quantitative data can be obtained. The ability to
extract these data in a timely and economic manner is the key to the ultimate
usefulness of ballistic holography.

The holographic image can be reconstructed by illuminating the plate or
film with a continuous laser light source. This source does not have to be of
the same wavelength as that used to make the hologram. However, using a
source of different wavelength introduces nonlinear amplitude changes into
the image. Although this is not bothersome for qualitative viewing, it is
important for quantitative analysis. There are several ways to alleviate this
problem, including introduction of a fiducial reference into the hologram or
by comparison with a static hologram made of objects of known size, but
these still raise questions about attainable accuracy (as well as increasing the
data analysis time). It is obviously better to use the same wavelength for
both making and analyzing the hologram, all other aspects being equal.

Both LTV and Sandia used essentially the same approach for data analy-
sis. This involved converting the information contained in the hologram into
two-dimensional form, digitizing it, and conducting subsequent analysis on a
computer. The basic LTV arrangement is sketched in Fig. 8.8; a photograph
of the Sandia image processing system is given in Fig. 8.9.

The hologram can be placed on a precision rotary turntable, illuminated,
and viewed with a suitable CCD camera. The desired image is captured by us-
ing a commercially-available image processor board on a personal computer.
This software permits the user to locate debris pieces relative to a common
reference point and hence to one another. This establishes two of the coor-
dinates necessary to specify the position of the piece. The third coordinate
is obtained by a 90◦ rotation of the turntable and repeating the operation.
Some trials at LTV suggested that the center of mass locations of the ma-
jor debris pieces could be found to within an accuracy of about 5% of their
largest dimension. Velocities could be determined from successive individual
center of mass positions tracked in double-pulsed holograms.

In principle, the area of each piece can be determined at incremental an-
gles and used to estimate its volume. In practice, areas are more difficult



308 Gary Hough

HeNe
laser

illuminated
hologram

rorary
table

video
camera

computer

Fig. 8.8. Digital analysis schematic

Fig. 8.9. Sandia image processing system
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to determine accurately because of subjective user selection of edge-defining
contrasts. Accuracy also suffers as areas decrease in that the digital repre-
sentation must contain a sufficient number of pixels so that this does not
become a limiting factor. An additional issue complicating mass determina-
tion is that one cannot distinguish among different materials in the hologram.
Hence, densities have to be assigned to establish particle masses.

Overall, the data extraction process has not yet been sufficiently well
developed for behind-target debris to provide holography with any realis-
tic advantage over the processes used, for example, in orthogonal flash x-
radiography. Myriad pieces “clog” the region of interest, and it is not always
possible to separate every individual piece from another.

One feature that data analysis has been able to establish is that of the
minimum size of particles that can be resolved. In the LTV tests, a diameter
of 125 µm was estimated. In the Sandia studies, particles as small as 5 µm
were identified.

8.7 Conclusions

The practical application of holography to visualization of high-speed bal-
listic events has been amply demonstrated. The holograms provide a unique
viewing perspective and are potential sources of valuable information relat-
ing to event dynamics. However, although the capability to make holograms
is now in hand, the task of analyzing the data contained therein remains in
relative infancy. Until considerable progress has been made in this area, the
value of holography will likely remain in that of qualitative viewing of impact
events.
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9 Time-Resolved Gauges for Measurements
of Shock Waves in Solids

William M. Isbell

9.1 Introduction

To a large extent, the development of physical models to describe shock wave
phenomena has closely followed the development of shock wave instrumen-
tation and the production of physical data. As instrumentation has become
more capable, it has been possible to move from measuring simple, one-
dimensional geometries in the laboratory to the measurement of “real-world”
phenomena, which frequently involve complex, multi-dimensional waves. This
chapter describes instrumentation for shock wave research that provides the
experimenter with capabilities for measurement of complex phenomena. The
intent of the chapter is to inform the reader of selected capabilities and to
direct him or her to the appropriate references.

It has been said that, “One good piece of data is worth a thousand expert
opinions.” This is particularly true in the field of shock waves, where the event
is far too brief for the eye to observe and the release of energy which creates
the shock waves tends to overwhelm the senses. For such studies, researchers
are placed in the role of indirect observers, with only their instruments to
record the phenomena. It is a curious fact that we researchers into shock
wave phenomena have never actually seen a shock wave – only its effects on
gases and solids.

Thus, instrumentation is at the very heart of the science of shock waves
and the quality of the available instrumentation substantially influences our
understanding of shock waves and material behavior. New developments in
instrumentation are welcomed by researchers, as they lead to improved under-
standing of the mechanical, thermodynamical, and electromagnetic response
of materials to high intensity waves.

As the field of shock wave physics matures, the problems that can be
addressed grow more complicated. One-dimensional shock waves produced
in the laboratory for the measurement of basic material parameters are ex-
tended to real-world applications in which multi-dimensional shock waves are
customary. To a large extent, the “easy” problems have been solved and the
researcher is challenged with more complicated questions – which lead to
more stringent instrumentation requirements.

This chapter summarizes several techniques for measuring shock waves in
solids
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• In-material gauges: Strain-compensated stress gauges for measurements of
multi-dimensional stress fields within a specimen

• Rear-surface gauges: X-Cut quartz gauges for measurement of equation-of-
state (EOS) parameters and transmitted wave profiles

• Surface velocity: Velocity interferometers for measurement of surface mo-
tion (including VISARs and Fabry–Perot interferometers).

Note that the references in the chapter have been augmented by additional
entries not quoted in the text. Since neither time nor space in this chapter
is sufficient to cover the field of time-resolved gauges completely, the author
has included many other references than just those quoted in the paper. In
particular, the reader is encouraged to examine papers that describe the other
diagnostic techniques listed in the references under “Recommended Reading
on other Time-Resolved Diagnostics.”

9.2 Instrumentation Techniques

9.2.1 In-Material Gauges: Strain-Compensated Stress Gauges
for Non-Planar Waves

Development of gauges for in-situ measurements of planar shock waves in
solids began in the 1960s, using thin foils of piezoresistive materials inserted
between layers of specimen materials. Manganin, carbon, ytterbium, lithium,
and other materials were calibrated for use over a range of pressures of
0.1 GPa to over 100 GPa. Since the late 1970s, thin films of piezoelectric
materials such as PVDF (poly-vinyl difluoride, often referred to PVF2) have
been utilized as the stress-sensitive element [2, 3].

Whereas these gauges have proven useful for measuring one-dimensional
shock waves, the real world usually involves more complicated structures,
producing waves of multi-dimensions. For such waves, standard stress gauges
can produce quite misleading results. The problem arises from the fact the
gauge materials are sensitive to both stress and lateral (in-plane) strain ef-
fects. Thus, as a multi-dimensional stress wave passes over the gauge, the
response is the sum of two independent effects, the normal stress and the
lateral strain.

A solution has been to provide a simultaneous and independent measure-
ment of the strain in the gauge [2, 3, 8, 9] and then to subtract the strain
contribution from the stress record. This is accomplished by placing a mate-
rial that is sensitive only to strain (typically constantan) in close proximity
to the stress gauge itself. Figure 9.1 shows an example of such a gauge. Two
dual-element packages are shown, consisting of one stress gauge (typically
manganin, carbon, or PVF2) and one strain gauge.

Details of the calibration and construction of strain-compensated stress
gauges are given in [6, 8–10]. Calibration test configurations are shown in
Fig. 9.2 for different combinations of stress and strain.
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Fig. 9.1. Superimposed PVF2 and Constantan or Carbon–Constantan gauges
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Fig. 9.2. Experimental approach to measuring stress and in-plane strain. (a) Plane
wave compression test. (b) Plane wave compression stress/compression strain test.
(c) Time-varying compression stress/tension strain test
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• Compressive plane wave stress
• Compression plane wave stress – compressive strain
• Multi-dimensional wave stress and strain

The applicable equations are shown beside each configuration.
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Fig. 9.3. PVF2 and carbon gauge records after correcting for the effects of lateral
strain. These results demonstrate the effectiveness of the analysis and the ability
of such gauges to measure multidimensional fields

Figure 9.3 shows the strain-corrected outputs from the PVF2 and carbon
gauges, demonstrating the effectiveness of the analysis and of the gauge con-
cept. Calibration curves utilized in the analysis of the PVF2 and the carbon
gauges are shown in Fig. 9.4.

The development of stress gauges for multi-dimensional testing allows the
experimenter to explore a much wider field [1]. One-dimensional tests of basic
material parameters are augmented by two-dimensional configurations such
as spherically-diverging waves, and by multidimensional configurations such
as the impact of an irregular fragment into a spacecraft shield.

9.2.2 Rear Surface Gauges: X-Cut Quartz Gauges
for Measurement of Equations of State
and Transmitted Wave Profiles

In contrast to the in-material, piezoresistive gauges previously described, a
very large amount of valuable test data has been taken with piezoelectric
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Fig. 9.4. Calibration curves used in the analysis of impact tests

crystals, either mounted at the rear of the specimen or impacted directly on
the specimen surface.

X-cut quartz crystals generate a current when opposing faces are at dif-
ferent stress levels. In shock wave applications, one face remains at zero stress
while the face in contact with the specimen is subjected to a time-varying
stress pulse. This condition lasts until the shock wave reaches the back face
of the gauge, at which time the useful recording ends.

Measurement of the generated current as a function of time permits cir-
culation of the stress history. The quartz gauge is generally used in two
configurations: direct impact or transmitted wave, as discussed below.

Direct Impact

The direct impact technique is shown in Fig. 9.5. At impact, one stress wave
propagates into the quartz crystal and one into the impactor or specimen.
The current generated by the stress difference between the impact face and
the rear face of the quartz is collected from an electrode in the center of the
rear face of the crystal, with the impact face at ground potential. The current
is passed through low-loss, foam-dielectric cable to digitizing oscilloscpes, and
the piezoelectric current vs. time signal is recorded.

Since quartz calibration data become non-linear above about 3 GPa, a
variation in the above technique is used to obtain data at higher stresses. An
elastic, high impedance buffer material (e.g., tungsten carbide) is bonded to
the front of the quartz gauge and is impacted by the specimen. Because of
the large difference in impedance of the buffer and the quartz, high stresses
are generated in the specimen and the buffer without exceeding the well-
calibrated stress range of the quartz. Tungsten carbide buffers, for example,
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Fig. 9.5. Quartz direct impact technique

reduce the stress induced in the quartz to about one-quarter that in the
specimen, allowing measurements to ∼12 GPa.

Transmitted Wave

The technique for measuring the profile of a shock wave transmitted through
a specimen is shown in Fig. 9.6. An x-cut quartz crystal is placed on the back
face of the specimen, and the assembly is impacted with an impactor either of
the same material as the specimen (where, because of symmetry, up = vI/2)
or an impactor of different material with a known Hugoniot. A stress wave
is generated at impact and propagates through the specimen to the interface
with the quartz gauge. Here the wave is partially reflected back into the
specimen and partially transmitted into the quartz, as determined by stress
and particle velocity continuity requirements. Data recording is essentially
the same as with direct impact.

Elevated Temperature Testing

For testing at elevated temperatures, the target may be radiantly heated by a
nichrome-wire heater element placed between the target and the launch tube,
as shown in Fig. 9.7. The system is shown both with the heater in position
before firing and retracted for firing (with the target removed to show heater
and projectile detail). The target is heated from the front face only, to permit
instrumentation or optical access to the rear, and temperature is monitored
by a thermocouple. Heater element voltage is adjusted to bring the target
to temperature in ∼10 minutes, and the target is then allowed to stabilize at
test temperature for 5–10 minutes.

The target and impactor are aligned at room temperature for planar im-
pact. As the target is heated its alignment is monitored by an optical-lever
system in which a laser beam is reflected off the rear face of the target and
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Fig. 9.6. Quartz transmitted wave technique

Fig. 9.7. Target heating system (target chamber removed)

displayed, through a series of mirrors, on a screen in the control room. If
the target position changes during heating, a remote control system using
DC-drive motors allows realignment by rotating the target assembly about
either of two axes. Tilt at impact is comparable to that achieved at room
temperature.

Although designed primarily for quartz gauge testing, the heating system
can be used with any type of instrumentation, provided the transducer, if
any, can withstand exposure to elevated temperature, or if the rear surface
remains reflective, when optical techniques are being used. Velocity interfer-
ometer measurements at elevated temperatures can be performed with this
technique.
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9.2.3 Surface Velocity Measurements:
VISAR and Fabry–Perot Interferometers

VISAR Interferometry

Among the several methods used for measuring the motion of surfaces under
the action of shock waves, laser interferometry has become a standard tech-
nique for laboratory and field testing. In such instruments, a laser beam is
focused on the specimen surface and the reflected beam is returned to the
interferometer.

Within the interferometer, the beam is divided into two paths, one path
proceeding through an optical delay line (the delay leg) and the other through
a shorter path (the reference leg). Upon recombination of the beams, inter-
ference fringes are formed.

As the specimen surface moves under the action of the shock wave, the
light in the return beam is shifted by the Doppler effect by an amount propor-
tional to the instantaneous velocity of the surface. The result is a movement
of the fringe pattern, which is subsequently recorded by photomultiplier tubes
or by streak cameras.

Development of velocity interferometers has taken two forms, a Fabry–
Perot interferometer, in which the light is multiply reflected in the delay
leg, and the VISAR interferometer [16], in which the light passes through
the delay leg but one time before recombination. Each technique has its
advantages; the Fabry–Perot technique for the simplicity if its design and
use and the VISAR technique for its greater velocity range and higher time
resolution.

The use of velocity interferometers in tests involving complex, non-planar
shock waves is made possible by the use of diffuse surfaces on the specimen to
reflect the beam. Non-planar shock waves tend to rotate the specimen surface.
For specular (mirror-like) surfaces, the beam is rotated away the collecting
optics, rapidly decreasing the amount of light collected. In contrast, for diffuse
surfaces the reflected beam is relatively unaffected by surface tilt for tilts in
the range of a few degrees.

The wealth of data available from a single interferometer test is demon-
strated in Fig. 9.8. The test involved the impact of two aluminum alloy 6061-
T6 plates, one (the target) being twice as thick as the other (the impactor).
Upon impact, a complex wave consisting of an elastic wave and a plastic
wave is created and propagates into each plate. When the waves reach the
free rear surface of the impactor, they are reflected as decompression waves
which, having higher velocities, can overtake the compressive waves in the
target.

As the waves in the target reach its free surface, they too are reflected as
decompression waves. Superposition of the decompression waves within the
target results in development of a region of tension, and in this case, forma-
tion of a plane fracture surface (spallation) within the target. The remaining



9 Time-Resolved Gauges for Measurements of Shock Waves in Solids 319

Fig. 9.8. Demonstration of the wide variety of parameters that can be measured
in a single VISAR test. Details are described in the text, below
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wave, entrapped between the target rear surface and the newly-formed spall
surface, reverberates between the two surfaces, producing the damped sinu-
soidal “ringing” seen at the target rear surface.

From this single test the following parameters can be obtained.

• Elastic wave and plastic wave velocities
• Hugoniot elastic limit (HEL) wave amplitude
• A point on the Hugoniot of the specimen
• Elastic and plastic release wave velocities
• A measure of the spallation strength, from the amount of “pullback” before

spallation occurs
• An indication of the number of dislocations created in the target material,

from the damping of the spallation signal.

Figure 9.9 shows a fixed cavity VISAR system, developed at Sandia Na-
tional Laboratories, in which the fringe adjustments are permanently aligned
within an optical delay leg [24,48]. Changing of sensitivities is accomplished
by removing one permanently aligned delay unit and replacing it with an-
other. More recent developments in velocity interferometers have concen-
trated on increasing the utility of the instruments and on their use in more
complicated geometries (see Fig. 9.10).

With VISAR Interferometry becoming an accepted standard for mea-
suring the shock loading of materials and providing information for the de-
velopment of new explosives and pyrotechnics, it has become necessary to
extend the lower limit of the velocity range of standard VISARs to tens of
meters per second, with velocity changes as small as 1 m/s being resolvable.
This was accomplished by developing a stable air delay leg for the fixed
cavity VISAR [20]. The new delay module has a maximum sensitivity of
44 m/s/fringe, a factor of two–four times lower than that of standard glass
etalon delay units.

Fig. 9.9. A schematic of the fixed cavity VISAR configuration developed at the
Sandia National Laboratories
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Fig. 9.10. Applications of VISAR systems to impact tests and to measurements
of projectile motion. The laser beam is transmitted by fiber optic cable from the
laser to the target and from the target back to the VISAR, allowing the laser and
interferometer to be placed remote from the test itself

Conversely, new advances in laser-driven foils require very insensitive de-
lays of ∼20,000 m/s/fringe, so that fringes will not be lost in the rapid accel-
eration of the foil. For these tests, time resolutions of tens of picoseconds are
required. This was accomplished by a modification to the fixed cavity VISAR
design that allows fringe constants nearly a factor of eight greater than pre-
vious etalon designs. Combined with electronic streak cameras, theoretical
time resolutions of 10–50 ps are possible.

Figure 9.11 shows a modified design, in which a balance bar has been
added to the reference leg side of the optical delay leg. In effect, this bar
subtracts time from the delay bar, making the delay leg much less sensitive
and allowing tests at extremely high velocities (to 20,000–30,00 m/s). The
fringes are focused on a slit and a streak camera is used to record the fringe
motion [25].

For VISARs, the range of velocities is covered by a series of delay units,
as shown in Fig. 9.12, which demonstrates the relationship between time and
velocity resolutions. Time resolutions can be as short as tens of picoseconds
for high velocity events.

Fabry–Perot Interferometers

Concurrent with the VISAR, Fabry–Perot interferometers have also been
developed by several organizations (see for instance [18, 23]). This technique
also utilizes the Doppler-shift of laser light, reflected from a target surface,
to measure surface motion. The light is passed through a Fabry–Perot etalon
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Fig. 9.11. The differential etalon technique provides measurements at very high
velocities

Fig. 9.12. (a) Time resolution to tens of picoseconds is possible at high velocity
and using streak cameras as a recording medium. (b) The velocity range from
30–30,000 m/s is covered with individual delay modules

(for instance, a Burleigh Instruments Type RC150 etalon) in which fringes
are created for recording by a streak camera.

Figure 9.13 shows the test arrangement and test results for the accelera-
tion of a thin (250 µm) Kapton flyer from an exploding foil test [23]. The laser
beam is led to and from the test fixture by an optical fiber and is focused on
the surface of the foil by a small diameter lens.
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Fig. 9.13. The top part of the illustration is a schematic of a test conducted to
measure the acceleration of an exploding-foil-driven plate. Test results are shown
in the bottom part of the figure. On the left is the streak camera record and on the
right is the analyzed result

Fig. 9.14. An advantage of the Fabry–Perot interferometer illustrated in this figure
is that one can measure (1) the velocity of the Kapton flyer, (2) the particle velocity
of the interface, and (3) the shock wave velocity in the sample, measured by both
the interferometer and the ionization fibers

The amount of displacement of the fringes from their initial position on the
left of the record is a direct measure of the change of velocity. The analyzed
record is seen at the right of the figure.

An arrangement to measure simultaneously both the velocity of the flyer
and that of the interface between a specimen and a transparent “window”
of PMMA is shown in Fig. 9.14. In this configuration, the interferometer has
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Fig. 9.15. LLNL five-beam Fabry–Perot interferometer, focused on one side of
an imploding shaped-charge warhead, provides substantial information and insight
into the mechanisms of liner collapse

been modified with a multi-mode coupler that allows the output from both
fibers to be recorded on the same streak camera record. Such an arrange-
ment provides an unambiguous measurement of a point on the Hugoniot of
the specimen, by recording the flyer velocity, the shock wave velocity in the
specimen, and the velocity of the interface of the specimen and the PMMA
window. The particle velocity in the specimen can be inferred from these
data.

A five-beam Fabry–Perot system has also been built [18] at Lawrence
Livermore National Laboratory. Using several of these interferometers, data
from as many as 20 positions can be recorded during a single test.

The experimental configuration for a five-beam system is shown in
Fig. 9.15. In this test, five beams, spaced 2 cm apart, are focused on the
inside of a shaped charge liner. Test results are compared with hydrocode
calculations to determine the accuracy of the predictive routine and to aid in
optimizing the shaped charge design.

9.3 Summary

The instruments described in this chapter are examples of the types of new
instruments that are becoming available to researchers for advanced studies
of the interaction of shock waves in materials. As the research moves from
the laboratory to the field, the problems faced place greater requirements on
the instrumentation. Planar shock waves are replaced by multi-dimensional
shocks, requiring measurements at several places in the specimen simultane-
ously in order to record the complex motion of the materials.

Similar advances in measurement techniques for the bulk motion of targets
and specimens are also underway. Examples include laser-illuminated image
converter cameras and holographic techniques, which provide new insights
into the complex world of shocks in solids. More advances are expected.
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10 Use of Pulsed Magnetic Fields
for Quasi-Isentropic Compression Experiments

James R. Asay and Marcus D. Knudson

10.1 Introduction

An understanding of material response to dynamic loading is required in a
large number of applications ranging from planetary physics to hypervelocity
impacts on space assets. In order to describe these phenomena under a variety
of impact conditions, it is necessary to know the physical, mechanical, and
thermodynamic properties of materials over the appropriate pressure range.
The complete equation of state (EOS) plays a fundamental role in these stud-
ies by specifying the thermodynamic states of a material occurring in these
events, including solid, liquid, vapor states, polymorphic phase transitions, or
chemical reactions. In addition, a wide range of compressed mechanical states
are produced, including elastic behavior, plastic flow, and tensile failure.

The high-pressure EOS of materials is usually determined by shock com-
pression experiments [8,29] that provide access to the thermodynamic regions
of interest. In the large majority of these experiments, flat cylindrical spec-
imens are subjected to planar loading for time durations of a few hundred
nanoseconds to several microseconds and the kinematic properties of the
steady shock wave produced in the experiments are measured; this is usually
the shock velocity and the particle velocity. The steady shock wave produced
by this process is a transition from an initial equilibrium state of pressure,
specific volume, and specific internal energy to a final equilibrium thermody-
namic state. The data obtained from these experiments can then be used to
determine the pressure-volume-energy states produced by the steady shock
wave for a specific experiment; results from several experiments determine
the Hugoniot curve, which is the locus of end states produced by shock com-
pression. The principal Hugoniot curve initiating at standard thermodynamic
conditions is a unique path on the equation-of-state surface and valuable for
developing and validating thermodynamic models. The vast majority of dy-
namic experiments fall in this category.

Although shock wave techniques are extremely useful for generating high-
pressure EOS properties, there are many applications where the dynamic
loading paths differ significantly from shock loading and are closer to shock-
less or quasi-isentropic loading. A specific example is the path followed by
cryogenic fuels in an inertial confinement experiment to compress hydro-
gen isotopes to fusion ignition conditions [66]. In these applications, it is
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desirable to obtain dynamic compression data for conditions emulating the
loading path, which is quasi-isentropic compression in this case. Thus, it is
necessary to develop experimental techniques that allow EOS information
to be obtained for both shock and isentropic compression. In some cases
the region of the EOS surface that is of most interest lies away from the
Hugoniot curve. A specific example relates to our understanding of the in-
teriors of the Jovian planets. The inferred structure of the Jovian planets,
i.e., whether the planets have a solid core, and if so the size of the core, is
quite sensitive to the EOS of hydrogen at several hundredGPa pressures and
a few thousand degree temperatures, which is much closer to the principal
isentrope of hydrogen. The inferred structure provides important clues into
the formation process of these giant planets [80]. Finally, Hugoniot and isen-
tropic compression data complement EOS data acquired by other methods,
such as isothermal compression, that together provide a more comprehensive
description of the complete EOS [8].

The relationship between these thermodynamic responses is shown in
Fig. 10.1. The isotherm represents the pressure–volume response obtained
by compressing a material at constant temperature. The cold curve is the
isotherm obtained at a temperature of absolute zero, in which the compres-
sion behavior is controlled by elastic stresses. The Hugoniot represents an
adiabatic compression process by steady shock transitions to various final
states, but is highly irreversible, resulting in a higher temperature in the
shocked state, and a pressure offset from the isotherm. The isentrope, which
lies between the isotherm and the Hugoniot, represents the response obtained
for continuous, adiabatic, and reversible compression. In this case there is only
a modest temperature increase from the isotherm, resulting in a compression
curve that generally lies close to the isotherm. At low pressure where the
temperature increase produced by the shock wave is small, the isentrope and
the Hugoniot are similar, as illustrated in the figure. It is well known that the
isentrope and Hugoniot are second-order tangent at the initial volume state
and differ from each other at modest pressures as the third order in volume
compression [21].

It is extremely difficult to produce states of isentropic compression with
static methods since this requires simultaneous control of pressure, volume,
and temperature, but it is possible to approach these states in inviscid liquids
using dynamic methods. In the case of liquids, dynamic loading on microsec-
ond time scales is continuous, adiabatic, and presumed to be reversible if there
are no viscous effects. Dynamic methods can also be used to produce shock-
less, adiabatic loading in solids with rate-independent mechanical response,
but the loading process in this case is irreversible because of elastic–plastic
processes. In solids the longitudinal stress differs from the hydrostatic pres-
sure because of resolved shear stresses that produce an entropy increase from
the irreversible work done by deviator stresses. For this reason, ramp loading
in solids is usually assumed to be quasi-isentropic although detailed studies
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Fig. 10.1. Notional relationship between the zero-temperature isotherm (cold
curve), the compression isentrope, and the Hugoniot. Also shown is a release isen-
trope

are needed on a specific material to determine the extent of departure from
isentropic response [33]. For the quasi-isentropic response of aluminum, Ding
has shown that the temperature increase at 100 GPa is about 200 K and the
resulting stress offset from the theoretical isentrope is within experimental
error for an assumed yield stress of 1.6 GPa. He has also explored the effects
of strain rate on the departure from isentropic response. Preliminary results
assuming a specific dissipation model for aluminum exhibit minimal effects
for strain rates two to three orders of magnitude below the shock loading
rate.

Flat-plate projectile impact is the presently accepted procedure for ob-
taining precision loading of condensed matter at high pressures. The basic
concept is shown in Fig. 10.2a. Planar impact of a flat-plate projectile results
in abrupt loading and propagation of a planar shock wave into the specimen.
Each experiment produces a unique state of pressure, volume, and internal
energy, which can be determined from the shock jump conditions, as we will
illustrate. It is important to note that only a single datum representing a
final equilibrium state is obtained in each steady shock wave experiment.

Barker and Hollenbach were the first to produce well-controlled con-
tinuous, or quasi-isentropic, loading of solids using projectile impact tech-
niques [14]. The first measurements of this nature were made using a fused
silica ramp wave generator, which has a longitudinal stress–uniaxial strain
loading path with concave curvature to about 3 GPa. A steady shock is un-
stable for this compression behavior and will evolve into a compression “fan”
that spreads in time with propagation distance. If a planar sample is mounted
behind a planar fused silica buffer, as shown in Fig. 10.2b, a continuous
loading history is produced at the impact surface of the sample. Generally,
this ramp wave will evolve into a shock wave because of convex non-linear
response of the specimen. Fused silica ramp generators are limited to pres-
sures of about 3 GPa since the mechanical response above this stress becomes
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Fig. 10.2. (a) Typical impact condition for shock loading of planar samples;
(b) fused silica buffer for producing shockless loading; (c) graded density impactor
for shock/shockless loading

non-linear with convex curvature. Pyroceram, another material that exhibits
concave curvature in its stress-strain response to ∼20 GPa, was used by
Benedick and Asay (1976) for ramp studies on aluminum. However, no other
material is known to exhibit concave curvature in the stress-strain response
to higher stresses. Thus, the technique of using a suitable ramp generator for
these studies is limited to stresses of ∼20 GPa.

To overcome this stress limitation, Barker developed a projectile impact
method using graded density impactors that produce a small shock upon
impact with a planar specimen, followed by a gradual increase in loading
pressure at the input to the sample [13]. He referred to this as the ICE tech-
nique, an acronym for “isentropic compression experiment.” The concept for
this method is shown in Fig. 10.2c, which depicts a low impedance projectile
facing that initially produces a low stress shock wave, followed by a contin-
uous increase in pressure that results in quasi-isentropic loading of a solid
specimen. The graded density impactor, prepared with particle sedimenta-
tion techniques and referred to as a “pillow” [13], has been used in a variety
of experiments to study the high pressure EOS and mechanical properties of
materials. However, this technique has offered limited success in providing
quasi-isentropic loading curves because of the difficulty in precisely control-
ling the pillow density gradient and subsequent stress history input to the
sample, and the inevitable initial shock wave, which is undesirable in many
experiments. Variants of the pillow impactor technique have been developed
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using plasma spraying techniques to produce impactors that result in quasi-
isentropic compression in planar impact experiments [72]. Most recently, an
improved method of preparing graded-density impactors was developed [71]
that promises to provide more controllability in specifying pressure histories
to specimens.

In addition to gun techniques for producing continuous pressure loading,
an intense laser energy deposition technique has been developed that pro-
duces a stagnating plasma on a planar specimen and shocklessly loads it to
high pressures. Presently, ramp wave risetimes available with this method are
on the order of a few tens of ns and a few tens of GPa of peak pressure. Work
is underway to increase both the loading time and the peak pressure for EOS
and material property studies [37,76,77].

Isentropic compression experiments have also been conducted under cylin-
drical loading conditions. Reference [46] used an explosive-driven magnetic
field generator to radially compress hydrogen to pressures on the order of
200 GPa. This was an attempt to detect metallization, which has been pre-
dicted theoretically to occur at pressures of order a few hundred GPa at low
temperatures. In Hawke’s experiments, x-radiography was used to determine
the density produced by radial compression. The resistivity was measured
in the compressed hydrogen and the pressure was calculated from volume
measurements. Although these experiments indicated that metallization did
occur, subsequent experiments with diamond anvil cells to even higher pres-
sures have not confirmed the metallic transition.

This article will focus on recently developed techniques using pulsed mag-
netic sources to both significantly improve the smoothness of the ramp load
introduced into a planar specimen and also to extend the pressure range
accessible with smooth ramp loading. This breakthrough in capability first
occurred with techniques developed on the Z Accelerator [67] and has resulted
in several recent publications [6, 11,41,42,44,74].

The magnetic ramp loading concept is illustrated in Fig. 10.3a. In this
technique, planar specimens of about 6–10 mm diameter are mounted on a
flat anode of either aluminum or copper. A direct short between the anode
and cathode produces a planar magnetic field between the conductors and a
magnetic pressure proportional to the square of the field [6]. The current is
applied in these experiments over a time scale of about 200–300 ns, so that a
high-pressure ramp wave, similar to that shown in Fig. 10.3b, is introduced
into the anode conductor and then into the planar specimen [42], which is
typically 0.5–1.5 mm thick. Using this concept, experimental designs have
been developed that allow simultaneous studies of several materials on each
experiment. We will show that this is particularly useful for relative compar-
isons of dynamic response. Since this initial development, a large number of
applications and spin-offs of the technique have been developed. These will
be discussed in the following sections.
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Fig. 10.3. Experimental technique for producing shockless loading with a magnetic
drive. (a) sample geometry, (b) typical input stress-time profile

10.2 Basic Concepts of Ramp Loading

10.2.1 Wave Propagation

Wave propagation in a material is governed by its dynamic properties. In
most materials the local sound speed increases with increasing pressure. This
is illustrated conceptually in Fig. 10.4a, which shows a convex isentrope and
Hugoniot in the P–V plane. For the inviscid fluid response assumed here,
continuous compression produces a ramp wave that propagates with the lo-
cal sound speed at the corresponding pressure in the ramp. Thus this wave
tends to steepen as it propagates into the sample, as illustrated in Fig. 10.4. If
the propagation distance is sufficiently long, the wave will eventually evolve
into a steady, nearly discontinuous jump in pressure, density, energy, tem-
perature, and entropy; this wave is referred to as a steady shock wave, as
discussed earlier. Since the wave evolution is governed by the local elastic
modulus of the material, measurement of the wave evolution as a function of
propagation distance provides information that can be analyzed to determine
the continuous isentropic loading response.

In later sections we will discuss the requirements for the accelerator to
produce pulses with a specific current history that optimizes propagation dis-
tance prior to shock formation. In the idealized optimal case, the ramp will
abruptly form a single high-amplitude shock at a specific location in the spec-
imen. At this point, the isentropic pressure will generally drop precipitously
from the drive pressure to a state on the Hugoniot for the material. Also at
this point, a contact discontinuity in density will occur, which is associated
with a forward propagating shock wave into the ambient density material and
a backward facing ramp rarefaction wave into the isentropically compressed
material. All states to the left of the contact discontinuity are isentropically
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Fig. 10.4. (a) Isentrope and Hugoniot for a fluid, (b) ideal pressure history applied
to the fluid that optimizes the distance for shock formation, (c) resulting ramp and
shock wave evolution produced in the specimen. The pressure profiles are offset for
clarity

compressed and all states to the right are shock compressed. The contact dis-
continuity is the location where the density changes abruptly between these
two states.

Figure 10.4a shows schematically an isentrope and a Hugoniot curve for
a fluid that is isentropically compressed to a high pressure state with the
idealized input pressure history shown in Fig. 10.4b. Figure 10.4c illustrates
snap shots in time of the resulting ramp and shock waves that are formed later
in time. For the applied pressure history and specific material represented in
this figure, a single shock wave is formed at approximately 0.55 mm into
the material. At this point, a rarefaction fan is observed to propagate back
into the compressed material and a shock is formed that propagates to the
right. The specific current history necessary to produce this optimal pressure
history will be discussed in Sect. 10.3.3.

The governing equations for planar shock or ramp loading are summarized
as follows for a solid initially at rest [1, 8, 29].

For a shock wave, we have

σ − σ0 = ρ0 Us, up (10.1)
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V/V0 = 1 − (up/Us) (10.2)

E − E0 =
1
2
(σ − σ0)(V0 − V ) (10.3)

and for a ramp wave we have

∂σ
∂h

= − ρ0

∂up

∂t
(10.4)

∂V

∂t
= V0

∂up

∂h
(10.5)

∂V

∂t
= V0

∂up

∂h
. (10.6)

Here, σ is longitudinal stress, up is particle velocity, V is specific volume, ρ
is density (1/V ), h is Lagrangian position, and E is specific internal energy.
Zero subscripts refer to the initial state. For simple waves where there is no
rate dependence and the flow is isentropic (S = S0 = constant) (10.4)–(10.5)
reduce to

dσ = ρ0 CL dup (10.7)

dσ = ρ0 CL dup (10.8)

dE = −σ(S0) dV . (10.9)

Measurement of any two of the shock variables in (10.1)–(10.3) allows de-
termination of all five quantities. The locus of end states produced by steady
shock compression defines the Hugoniot curve illustrated schematically in
Fig. 10.1. Typically, the shock velocity and one other variable are measured
in a shock wave experiment. In plate impact experiments where the impact-
ing plate and the sample are identical, measurement of the projectile velocity
precisely defines the particle velocity in the shocked state, which is exactly
one half of the projectile velocity. In ramp wave experiments, it is also nec-
essary to measure two variables for the complete ramp loading history. This
is typically accomplished by measuring the velocity profile of either a free or
windowed surface for at least two different specimen thicknesses.

A variety of shock wave diagnostics have been developed for making these
measurements [18,23]. Velocity interferometry is one of the most useful tech-
niques for measuring wave profiles at high stresses because of the high pre-
cision in particle velocity and the high time resolution that can be achieved.
The VISAR (Velocity Interferometer System for Any Reflector) technique
developed by Barker and Hollenbach [15] has been particularly useful and
has been employed in all of the experiments discussed in this chapter. In this
technique, the measured particle velocity, up, is related to the wave length
of the laser light used, λ, the delay time of the interferometer, τ, and the
measured fringe count in the interferometer as follows:

up(t) =
λ

2τ
(1 + δ)−1(1 + ∆ν/ν0)−1F (t) . (10.10)
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Here, δ is an optical correction that accounts for wave length dispersion in
the optical etalons used in the interferometer [17], and the correction factor
1 + (∆ν/ν0) accounts for the change in refractive index of the window due
to compression. The VISAR has been particularly useful for analyzing ramp
wave profiles because of the small samples required in these experiments and
the concomitant high time resolution needed. However, it is necessary to
evaluate the correction factor, 1 + (∆ν/ν0), under ramp loading, as will be
discussed later.

Lagrangian and Backward Analysis Techniques

Given the velocity profiles for at least two sample thicknesses subjected to
ramp wave loading, the general equations of motion in (10.4)–(10.6) can
be applied for non-simple waves [1] or (10.7)–(10.9) can be used for sim-
ple waves [1, 42, 74]. In either case, the histories of ramp compression at
various sample thicknesses must be precisely measured because of the short
transit times obtained from the necessarily small samples required in mag-
netic loading experiments. Typically, the particle velocity must be measured
to ∼1% or better and the relative timing of wave profiles for the various sam-
ple thicknesses (typically of order 0.5–1 mm) to within ∼0.5 ns in order to
achieve accuracies on the order of 2–3% in stress and comparable accuracies
in density from experimental records in the pressure range below ∼100 GPa.

Ideally, in situ wave profile measurements are needed to determine accu-
rate wave velocities to implement the Lagrangian wave analysis technique.
This is difficult to achieve while maintaining good time resolution, so the
method has not yet been applied to ramp loading experiments with the Z Ac-
celerator. Optical windows can be used in laser interferometer experiments to
achieve the required time resolution, but the impedance mismatch between a
specimen and window results in wave reflections and interactions that perturb
the ramp wave. This causes the measured profile to be considerably differ-
ent than the profile that a true in situ gauge would record, as illustrated in
Fig. 10.5.

For cases where the yield stress is negligible compared to the peak stress
and the waves are shown to be self-similar (simple), Hayes has developed a
numerical integration technique that is particularly useful [48]. This method
uses the measured wave profiles at two or more sample thicknesses, either
from a free surface or a sample/window interface measurement, and a “back-
ward” integration technique to determine the stress–time profile at a specified
location within the sample that resulted in the measured wave profiles. By
iteratively changing the assumed stress–volume material response used in the
backward integration such that the stress–time profiles determined from the
measurements at each of the sample thicknesses converge, it is possible to
obtain a unique stress–volume curve for the material, within the assump-
tions stated above. Accuracies of a few percent have been quoted for this
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approach for compressive response over a modest stress range in this ap-
proach. A notable advantage of the technique is that it exactly corrects for
wave perturbations caused by impedance mismatch at free surfaces or sam-
ple/window interfaces for inviscid liquids and is a very good approximation
for materials with low yield strength [48]. The backward analysis technique
and the Lagrangian wave analysis method are illustrated in Figs. 10.5a and
10.5b.

Fig. 10.5. (a) Illustration of the affect of wave interactions at an interface. The
reflected waves perturb the oncoming compression wave, causing a slight change
in the characteristics. This results in a significant difference in the observed wave
profile as compared to the in situ response. (b) Backward integration method for
determining compression states in ramp loading experiments. The EOS for alu-
minum is iteratively adjusted until the wave profiles measured from two sample
thicknesses (784 and 1283 µm) integrate back to a common loading profile at x = 0.
The inferred pressure profiles for the two sample thicknesses differ in peak pressure
as a result of wave interactions, which must be carefully considered in analyzing
the results. In particular, data above 100GPa in this experiment are not usable

Forward Analysis Techniques

The backward integration technique and the Lagrangian analysis method are
useful for analyzing continuous material response in several different appli-
cations. However, both methods have limitations in certain cases. For ex-
ample, the integration technique is strictly applicable for rate-independent
response of fluids where the material flow should be isentropic. The presence
of elastic–plastic response in solids with high compressive yield strengths vi-
olates this condition and results in non-unique solutions. The Lagrangian
analysis technique is powerful for analyzing generalized wave propagation for
either rate-independent or rate-dependent response, but it is generally neces-
sary to measure wave profiles at several sample positions to accurately apply
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the method. Further, the wave profiles should be measured with both stress
and particle velocity gauges if possible.

In many material studies, it is not possible to meet either of these re-
quirements; for example, either only a single continuous wave profile can be
measured at a specific sample thickness or the compressive material strength
of the sample being investigated is extremely high. In these situations, an
alternate method of probing material response is attractive and has proven
to be quite useful. The technique makes use of measurements of the particle
velocity history directly on the drive plate, which is assumed to have a low
yield strength, and simultaneously on the back surface of a sample mounted
on the drive plate. Using the measured velocity history from the drive plate,
the backward integration technique can be used to estimate the input stress
history to the plate, which is also the input stress history applied to the sam-
ple mounted on the plate. Once this history is known, a forward calculation
can be used to model the measured wave profile at the back surface of the
specimen. A major advantage of this approach is that accurate simulations
can be obtained for arbitrary material response, including rate-dependent
behavior or excessively high yield strengths of the specimen.

The technique is illustrated in Fig. 10.6a, which depicts a sample of molten
tin contained on a drive plate. Measurement of the wave profile on the back
surface of the drive plate, either with a laser window or on the free surface
of the plate, as shown in the figure, determines the input particle velocity
or, equivalently, the stress history to the drive plate. As mentioned above,
the drive plate should be a conductor with low compressive yield strength.
Reference [48] have shown that accurate backward calculations can be per-
formed for either copper or aluminum drive plates at low pressures since they
both have low yield strengths. For a specific experiment that will be discussed
later, this configuration produces the measured back surface plate velocity
shown in Fig. 10.6b and the calculated input particle velocity history to the
specimen, which is also shown in Fig. 10.6b. This input history can be used
in a forward computer simulation of the drive plate/sample configuration to
accurately account for the drive plate/sample impedance mismatch. A calcu-
lation and comparison with experimental data obtained on liquid tin is shown
in Fig. 10.6c. This result and conclusions regarding kinetic effects of the phase
transformation that occurred in the tin are discussed in Sect. 10.4.2.

This technique allows evaluation of material response using the standard
methods of comparing numerical simulations and measured wave profiles
through a forward calculation in time with a known input history. This is
a powerful method that can be used on a variety of time-dependent and
arbitrary material response problems. However, it is important to note that
the experiment must be properly designed to prevent wave interactions be-
tween the ramp wave and the actual input history (in this case, calculated)
which can easily occur because of the long risetime of the input ramp wave.
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Fig. 10.6. Forward integration method for determining the dynamic response of a
specimen. (a) experimental configuration showing velocity measurements on both
a drive plate and a tin specimen. (b) Measured free surface velocity history on the
back surface of the drive plate (right) and the calculated input velocity history to
the drive plate and specimen determined with a backward calculation from the free
surface velocity (left). (c) Forward calculation of the sample response using the
calculated input history and an assumed equation of state for the tin sample. Also
shown is an experimental profile to compare with the numerical simulation

10.3 Experimental Technique

10.3.1 Experimental Configuration

The examples discussed in later sections were obtained using pulsed magnetic
fields achievable with the Z Accelerator. The accelerator is a low inductance
pulsed power generator capable of capacitively storing ∼11.5 MJ of electrical
energy [67]. The machine uses a combination of fast switches and transmis-
sion lines to deliver a ∼20 MA, ∼100–300 ns rise-time current pulse through
parallel anode and cathode plates to generate a time-varying magnetic field
between the plates. The detailed experimental configuration used for the
magnetically driven ICE technique is shown schematically in Fig. 10.7. The
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Fig. 10.7. Experimental configuration for Magnetic drive, in this case the square
short circuit geometry. The square cathode and flat plate anode produce a planar
magnetic field within the A–K gap. The sample of interest (which may be backed
by a window) is mounted onto the anode plate. The typical dimension of the short
circuit load is ∼20–35 mm square (outside dimension of the cathode) by ∼30–50 mm
in height

sample holder comprises the anode of a square or rectangular coaxial short
circuit load at the center of the Z Accelerator. The interaction of the current
density and the magnetic field produced in the insulating gap results in a
time-dependent magnetic pressure, P (t), through the Lorentz force exerted
on the inner surfaces of the anode and cathode plates. The magnitude of this
loading is given by

P (t) = B2/2µ0 = µ0 J2(t)/2 = µ0 I2(t)/2S2 . (10.11)

Here, J(t) is the time-dependent current density (amps/unit length) at
the sample location, B is the corresponding magnetic field strength, µ0 is the
magnetic permeability of free space, and S is a scale factor (generally time
dependent) used to convert the current, I, into current density, J . The scale
factor S is typically between 2 and 10 cm, and is both load geometry depen-
dent and time dependent. The magnetic pressure applied to the anode surface
induces a hydrodynamic stress wave of equal magnitude and rise-time that
propagates into the anode material.

Typically, four anode panels are arranged about a central stainless steel
cathode post to form a symmetric anode–cathode (A–K) gap. A short circuit
is created between the anode panels and cathode post through a shorting
cap at the top of the coaxial load. Each anode panel becomes an experimen-
tal platform with the capability of holding up to five samples that are all
subjected to essentially identical loading. Two dimensional magnetohydrohy-
namic (MHD) calculations have been performed for this configuration and
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show that magnetic field uniformity of about 0.5% can be obtained over the
central horizontal region of the anode plate [74]. These numerical simulations
were confirmed with a line-imaging VISAR technique [86] that measures spa-
tially resolved particle velocity [42]. In addition, similar interferometer mea-
surements obtained along the vertical direction of the magnetic drive indicate
considerably better uniformity along the entire length of the coaxial load. As
many as twenty samples can be subjected simultaneously to identical, planar
loading histories in a single firing of the accelerator.

The magnitude of the peak magnetic field in the A–K gap, thus the peak
magnetic pressure, can be adjusted by changing the geometry of the short
circuit load and therefore the current density. Two typical short circuit ge-
ometries are routinely used in materials testing: a square coaxial geometry,
in which four anode panels of equal width surround a square cathode stalk,
and a rectangular geometry, in which two sides of the square geometry are
reduced to roughly half the width. The square geometry produces magnetic
pressures up to ∼100 GPa. The rectangular or slab geometry produces up to
∼300–400 GPa of magnetic pressure through increased current density, but at
the expense of available sample area. In addition to varying the short circuit
geometry, the current density for a given geometry can also be lowered by
reducing the charge voltage of the accelerator. Since the peak current scales
approximately linearly with the charge voltage, the magnetic pressure can
be reduced by as much as ∼45% using this approach. These two parameters,
the geometry and the charge voltage, allow the peak magnetic pressure to be
continuously varied from a few tenths of a GPa to several hundreds of GPa.

Due to significant joule heating and resulting ablation of the conducting
plate near the current carrying surface as well as magnetic field penetration
into the metal associated with this technique, the specific details of ramp
loading are extremely complicated [63, 64]. Computer simulations, which in-
clude all the experimental parameters and the necessary physical properties
of the conducting plate, are of great value in designing the experimental
configuration. This is particularly true for high pressure ICE experiments in
which there is significant deformation of the anode and cathode plates dur-
ing the rise-time of the current pulse. This deformation results in significant
increases in load region inductance with time and affects the shape of the
current rise and the peak current. Furthermore, the load deformation alters
the scale factor, S, used in converting current to magnetic field strength and
thus to magnetic pressure acting on the anode. This further modifies the
shape and peak of the resulting pressure pulse.

10.3.2 MHD Modeling

Both one- and two-dimensional Eulerian simulations have been performed us-
ing the finite element, arbitrary Lagrangian–Eulerian, MHD code ALEGRA
[85] to solve the MHD equations for a compressible material with material
strength. In these simulations, a complete equation of state valid for a wide
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range of pressures, densities, and temperatures is used for the conductor
materials, in addition to physical models for thermal and electrical conduc-
tivities [30,32]. Material density and internal energy are used in the EOS to
obtain pressure and temperature at each time step in the calculation. The
calculated density and temperature are used in the conductivity model to
obtain electrical and thermal conductivities. The form of Ohm’s law used in
ALEGRA is

J = σ (E + v × B) (10.12)

where J is the current density, σ is electrical conductivity, E is the resistive
electric field, v is velocity of a charge element, and B is the applied magnetic
field. More details concerning the MHD modeling can be found elsewhere
[63,64].

Results of one-dimensional MHD simulations using measured current
drives as the input are in very good agreement with experiment and have
provided significant insight into the details of the magnetic loading [63].
As an example, snapshots at three different times from a one-dimensional
MHD simulation are shown in Fig. 10.8. These snapshots nicely illustrate the
physics involved in the magnetically driven ICE experiment. In particular,
note the time evolution of the hydrodynamic pressure wave, the magnetic dif-
fusion front, and the material density profile. Several points are evident. First,
there is significant diffusion of the current and field into the electrode during
the timescale of the experiment; the location of the current is bounded on
the left by the density profile (the current must reside in the anode material)
and on the right by the magnetic pressure profile. However, the predictions
of the magnetic diffusion rates, of order 2–3 km/s, depending on the current
density, are significantly lower than the wave speeds of the hydrodynamic
front. This is significant since the stress waves, which typically propagate at
speeds of ∼4–7 km/s, outrun the lagging diffusion wave; this ensures that the
hydrodynamic wave propagation occurs in pristine material and is not yet
affected by magnetic field effects and Joule heating. The predicted diffusion
rates are in good agreement with experimental results [63, 83]. Second, note
that there is not a well-defined boundary at which the magnetic pressure is
applied. Instead, due to the significant diffusion and Joule heating, the mag-
netic pressure broadens with time and propagates into the electrode. Finally,
there is significant ablation of the anode material, evident by the broadening
of the density profile at the rear of the anode. This is significant since wave
interactions emanating from either a free surface or window interface will
interact with this rather ill-defined pressure boundary earlier than would be
expected had the pressure boundary been at the initial power-flow surface.
Careful attention to this effect is required when designing ICE experiments.

Two-dimensional MHD simulations enable determination of the extent of
pressure gradients due to magnetic field gradients within the A–K gap as
well as the effect of load deformation on the resulting current pulse. The
two-dimensional nature of the square or rectangular short circuit load results
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(a) (b)

(c)

Fig. 10.8. Snapshots of a one-dimensional MHD calculation at three different
times (2.46, 2.51, and 2.56 µs) during loading; in this case an ICE experiment on
aluminum to ∼170 GPa. Indicated in the figure are the density profile, and the
hydrodynamic, magnetic, and total pressure

in magnetic pressure gradients across the horizontal direction of the anode
plate (perpendicular to the axis of the load). The electromagnetic (EM) code
QUICKSILVER [81] was used to determine these gradients for the initial
geometry of the anode and cathode. As a specific example, the simulations
indicate that magnetic pressure is uniform to better than 1% over the central
6 mm of a 15-mm wide anode plate. However, the applied pressure drops quite
rapidly toward the corners of the cathode due to magnetic field gradients that
cause slight hydrodynamic pressure variations across the anode surface. The
pressure variations result in an unequal expansion of the A–K gap, which,
independent of additional edge effects, gives rise to further pressure gradients
across the anode. Consequently, the area over which the magnetic pressure is
uniform decreases as a function of time. Nevertheless, two-dimensional MHD
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simulations that account for the time-dependent deformation of the A–K gap
suggest that the central ∼4–5 mm width of the original 15-mm wide anode
remains at a nearly uniform pressure to late times [64].

In contrast, the magnetic pressure gradient is rather independent of height
along the coaxial short circuit load. There are variations as a function of
height near the transition of the cathode from a radial feed to a coaxial feed;
however, the current density is quickly redistributed and becomes substan-
tially uniform over the coaxial region of interest. This suggests there should
be little to no gradient along the vertical direction; i.e., the principal cur-
vature effects are limited to the horizontal direction. This has been verified
experimentally using a line imaging VISAR diagnostic [42].

As mentioned above, power flow into the ICE load is affected by the dy-
namics of the electrodes caused by the magnetic pressure. Deformation of the
load conductors, material motion, and Joule heating all result in an increase
in the inductance and resistance of the load during the current pulse. Simu-
lations must account for the coupling between the accelerator and the load in
a self-consistent manner in order to accurately predict the drive current and
the time-dependent loading profile of the stress wave. This is accomplished by
coupling an accurate circuit model of the accelerator to the two-dimensional
simulation of the load [64].

The specific circuit, shown in Fig. 10.9, includes equivalent resistances
and inductances for the accelerator, as well as a time-dependent model of
current loss and a time-dependent resistance that emulates a short circuit,
both of which occur upstream of the MHD load. Values for the inductances
Lm , Lconvolute, and Lim are determined from geometrical considerations. The
inductance of the MHD load is calculated self-consistently in the simulation
using an effective transverse length representative of the actual experimental
load. The circuit is driven by a time-dependent accelerator voltage obtained
from experimental measurements of accelerator performance in which similar
short circuit loads were used.

Two-dimensional simulations using such a circuit model produce currents
upstream (load current) and downstream current (current in the magnetically
insulated transmission lines, MITL, the feed lines inside the vacuum section
of the accelerator) of Zflow, denoted Iu and Id, respectively, that accurately
match the experimentally measured values shown in Fig. 10.10. It is the load
current, Id, along with the time-varying scale factor, S, that effectively deter-
mines the shape of the pressure pulse that drives the ICE load. These MHD
simulations are invaluable for providing an accurate means to predict peak
pressures and magnetic diffusion for arbitrary short circuit configurations and
are critical for designing ICE experiments. This recent advance in the ability
to predict the performance of arbitrary load geometries from known input
conditions and material properties has allowed the identification of optimal
anode and cathode geometries, which have resulted in peak stresses of nearly
400 GPa applied to planar samples.
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Fig. 10.9. Circuit model of the Z accelerator with a two-dimensional simulation
as one of the circuit elements. In this case, the two-dimensional simulation is of a
rectangular geometry short circuit load

Fig. 10.10. Comparison of calculated (gray) and measured (black) load (dashed
line) and magnetically insulated transmission line (mitl) (solid line) currents

10.3.3 Pulse Shaping

In the normal firing configuration for the accelerator, all of the 36 individ-
ual transmission lines are triggered simultaneously. This firing configuration
results in essentially a linearly increasing current pulse with a rise-time of
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approximately 200 ns. In most materials, the ensuing ramp wave will tend to
form a shock at the base of the wave after propagation of only a few hun-
dred microns. It is possible to substantially increase the propagation distance
without shock formation by tailoring the current pulse.

As was briefly discussed in Sect. 10.2, the ideal wave profile will result in
an abrupt shock formation at a single plane in the sample. Such an ideal pro-
file maximizes the propagation distance for a given rise time prior to shock
formation. This ideal profile can be determined by considering a position-time
diagram, as illustrated in Fig. 10.11a. It is desired that all of the character-
istics converge at a single time and position in the sample. Projecting these
characteristics, which have a slope given by the inverse of the Lagrangian
wave speed at the particular pressure, backwards in both space and time to
a given location in the sample results in the desired optimal pressure–time
profile. Note that the rise time of the resulting pulse depends upon the de-
sired thickness of the sample; i.e., a longer rise time is required to delay shock
formation for propagation through a thicker sample. As an example, the op-
timal pressure profile determined in this way for a 200 GPa ramp wave in
aluminum is shown in Fig. 10.11b. In this case the rise time is 300 ns, and
the shockless propagation distance is ∼2mm.

For completeness, we note there are slight modifications necessary to ac-
count for MHD effects and the significant deformation of the load. Never-
theless, this profile accurately represents the form of the required current
pulse. Note that the shape differs significantly from the essentially linearly
increasing current pulse produced by the accelerator in the normal firing con-
figuration. Current tailoring, or pulse shaping, is required to reproduce the
desired current shape. This is accomplished through proper staggered trigger-
ing of the individual transmission lines. To do this, individual laser triggers
have been installed at the accelerator to enable individual triggering of the

(a) (b)

Fig. 10.11. (a) An x–t diagram showing characteristics emanating from a 300 ns
tailored ramp, (b) Ideal pressure profile for 200 GPa aluminum, 300 ns risetime
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transmission line gas switches. This modification to the accelerator enables
significant flexibility and allows arbitrary current profiles to be produced.
In particular, it has enabled a more concave current profile to be produced,
which is necessary to delay shock formation to a few millimeters propaga-
tion distance for most materials. This type of pulse shaping was critical in
performing many of the experiments that are described below.

10.4 Applications

10.4.1 Isentropic EOS Measurements

Although the smooth compression profile shown in Fig. 10.3b is extremely
useful for material property studies, several issues must be addressed to ob-
tain high quality data with this technique because small deviations in mate-
rial response produce noticeable inflections in the transmitted wave profiles.
One issue is that the high magnetic field (of order a few MG) produced in
the A–K gap between the conductors rapidly diffuses into the anode as dis-
cussed in Sect. 10.3.2. This requires an optimal design for both the conductor
and sample geometries with MHD simulations as described above in order to
prevent magnetic disturbances on the measured velocity profile [63, 64] and
resulting errors in interpreting material response. In addition, it is necessary
to shape the current history to prevent premature formation of shock waves
in the samples [41,63], as discussed in Sect. 10.3.3. Finally, in order to apply
the various analysis methods discussed earlier, it is necessary to estimate the
minimum rise time or peak strain rate where dissipative effects become im-
portant and to determine the conditions for thermal conduction across the
ramp wave that result in non-isentropic loading. Theoretical work to evalu-
ate these limitations is in progress for aluminum quasi-isentropic compression
experiments [33] and should lead to general rules that can be applied to ex-
perimental configurations and loading conditions sufficient to obtain accurate
loading data for any material.

A recent example illustrating the use of the ICE technique to estimate the
high pressure compression response of aluminum is shown in Fig. 10.12 [27].
In this experiment, pairs of planar aluminum alloy 6061-T6 samples were
mounted on aluminum drive plates as illustrated in Fig. 10.12a and subjected
to a shaped current pulse that produced a peak pressure about 170 GPa.
Thicknesses of the aluminum samples ranged from about 0.77 mm to 1.56 mm.
For thicknesses greater than 1.56 mm a small shock was observed to form
at the foot of the ramp wave. This implies that the input profile, though
designed to minimize shock formation, was not fully optimized to form a
single, 170 GPa shock, as we discussed earlier. Single crystal LiF windows
(< 100 > orientation) were used to record the ramp wave profiles at these
different thicknesses. The average strain rate produced in this experiment
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Fig. 10.12. Ramp loading of aluminum alloy 6061-T6 to 170GPa. (a) Experimental
geometry, (b) measured wave profiles, (c) stress-volume response

ranged from about 4–8 × 106 s−1. Careful analysis of the wave profiles indi-
cated that self-similar response was achieved, to a good approximation, and
therefore that the material response is quasi-isentropic to within experimen-
tal error. Using the reported equation of state for LiF and the high-pressure
optical properties of LiF determined for shock compression, the backward in-
tegration technique was used to estimate the high-pressure loading response
of aluminum (the validity of this of this assumption is described below).

The resulting compression curve is shown in Fig. 10.12b, along with a cal-
culated isentrope and the Hugoniot curve using the Sesame 3700 equation of
state [52,53]. The experimental compression curve agrees with the calculated
isentrope to within the experimental error of about ±7% in stress over the
stress range to about 170 GPa and further confirms the assessment of simple
flow from the wave profiles. It should also be noted that there is a signifi-
cant difference between the isentrope and the Hugoniot near the peak stress
level, as observed in Fig. 10.12b. The good agreement observed between the
calculated and experimental isentropes shown in Fig.10.12 implies that this
method should be valuable for off-Hugoniot measurements of EOS properties
for a wider variety of materials, once all sources of errors in the assumed isen-
tropic response are evaluated. We note the data are still preliminary, since the
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high pressure isentropic response of single crystal < 100 > LiF has not been
experimentally evaluated at these stress levels and the refractive index must
also be established in this stress range. Experiments are underway to obtain
these data, which should allow refinement of this analysis and reduction in
experimental uncertainty.

With these caveats, it is useful to put the Hugoniot and isentropic curves
in the context of an equation-of-state surface. Figure 10.13 depicts the EOS
surface for aluminum and illustrates the thermodynamic paths followed by
shock loading and for isentropic loading from room temperature. The large
departure of these curves at the higher pressures illustrates the EOS range
that can be covered with these combined loading techniques and further
emphasizes the importance of ICE experiments for developing EOS theories.

The observed correspondence between theoretical and experimental isen-
tropes in Fig. 10.12 also provides preliminary information on the high-stress
mechanical properties of aluminum by placing an upper limit on the magni-
tude of compressive yield strength for the specific strain-rate loading history
applied in these experiments. This analysis indicates that the compressive
yield strength of aluminum can be no more than 12 GPa at a stress level of

Fig. 10.13. Equation-of-state surface for aluminum showing the approximate lo-
cation of the isentrope, Hugoniot and the unloading path from a Hugoniot state of
about 700 GPa (Courtesy of V.E. Fortov 2004)
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170 GPa. Additional loading and unloading experiments from the compressed
state are needed to provide a more direct measurement of the compressive
strength during ramp loading [22]. Experiments are presently in progress on
the Z accelerator to evaluate this method [88].

A second example of using this technique for EOS measurements is illus-
trated by recent ramp loading experiments on energetic materials. The ICE
technique has particular significance in this case since the considerably lower
thermal energy produced by quasi-isentropic compression in comparison with
shock compression allows investigation of the EOS of energetic materials to
higher stresses. In contrast, shock loading at significantly lower stresses will
induce energetic reaction. ICE experiments were recently conducted on LX-
04, which is an energetic material (an explosive) consisting of 85% HMX (oc-
tahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocihne) and 15% Viton-A (vinylidene
fluoride/hexafluoropropylene copolymer) [45]. The unreacted response of this
material under compression is necessary for developing models of energetic
initiation, but previous experiments using shock wave techniques were unable
to obtain this information in the required stress range. Ramp compression
experiments were conducted on LX-04 to about 20 GPa. These experiments
used an aluminum drive plate to conduct the current from the accelerator.
Several samples of LX-04 were bonded to the back side of the drive plates
and NaCl windows were used to monitor the velocity history at the rear of
the LX-04 samples, as shown in Fig. 10.14a. A shaped current pulse was used
to minimize the formation of shocks over propagation distances on the or-
der of 0.4 to 0.7 mm and the Lagrangian wave analysis method described in
Sect. 10.2.1 was used to determine the stress–volume response. Figure 10.14b
shows the resulting compression curve for LX-04, which is assumed to be
quasi-isentropic, along with a calculated Hugoniot and other data. These
measurements represent the first dynamic data on the unreacted response of
this material over this pressure range and illustrate the potential for mining
new information – in this case an unreacted compression curve that is not
accessible with other methods.

10.4.2 Phase Transitions

Since ramp loading produces continuous loading curves, the measured wave
profiles and resulting stress–strain response are sensitive to very small changes
in material response; in fact, the wave profiles represent, essentially, the
derivative of the loading curve, as is apparent from inspection of (10.7)–
(10.9). First order polymorphic phase changes produce a discontinuity in the
loading curve with a typical volume discontinuity of a few percent [36]. The
effect of a first order phase change is illustrated schematically in Fig. 10.15a.
For this example, the stress–volume loading response is assumed to be con-
tinuous to point A, where a transition to a higher density phase occurs. If the
material is shocked to stress B, the loading curve, referred to as the Rayleigh
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Fig. 10.14. Determination of the unreacted isentrope in LX-04. (a) Experimental
technique showing the current drive a, aluminum drive plate b, the LX-04 sample
c, and a NaCl window d, (b) Calculated unreacted isentrope (lower solid curve)
and Hugoniot (upper solid curve). From [45]

line, is the path followed for steady shock compression. For the case illus-
trated, a single shock wave would be observed so that the phase change at
point A would not be detected. However, if the material is loaded with a
ramp wave to point B, it will be continuously compressed along this path
and the discontinuity at point A is easily observed as a disturbance in the
propagating wave. Several recent ramp wave experiments performed on phase
transforming materials have illustrated the potential of the method. Three
examples are provided in the following discussion.

ICE experiments to demonstrate the ability of the technique to detect
phase transitions were initially performed on Armco iron, since iron has well-
established phase transition and kinetic properties [16]. The high-pressure
Hugoniot response of iron to about 30 GPa is shown in Fig. 10.15b and illus-
trates a transition from the α (bcc) phase to the ε (hcp) phase beginning at
approximately 13 GPa. At this pressure, a volume discontinuity of about 3%
occurs.

Ramp wave profiles obtained on several samples simultaneously loaded to
30 GPa with an input ramp compression are shown in Fig. 10.16a [26]. Sample
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Fig. 10.15. Phase transition studies with ramp waves. (a) Stress-volume paths
followed by isentropic and shock loading, (b) Stress-volume response for iron in the
vicinity of the α–ε phase transition

thicknesses ranged from 0.3–0.9 mm. In this experiment Z-cut sapphire in-
terferometer windows were placed on the back side of the iron specimens to
approximate in situ wave profile measurements. For the set of experiments
shown, the base of the ramp waves exhibit evidence of elastic–plastic compres-
sion, as expected. Following initial elastic compression, the iron is compressed
plastically to the final drive stress. The resulting wave profiles show a clear
break at an interface particle velocity of about 0.35 km/s, corresponding to
a stress of about 13 GPa and onset of the α–ε transition. Further compres-
sion occurs in the high-pressure phase. These data are providing important
information on the kinetic properties of the α–ε phase transition in iron [26].

Another example of using the ICE technique to detect very small volume
change phase transitions, and also to evaluate the effects of impurities on
phase transition kinetics, is illustrated by experiments on highly characterized
zirconium samples. In these experiments, two different samples of zirconium
with differing impurity levels (principally oxygen) were subjected to identical
loading to a peak stress of ∼25 GPa. Figure 10.16b shows the resulting wave
profiles obtained with single crystal LiF windows [78]. As noted in the figure,
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(a)

(b)

Fig. 10.16. Examples of using ramp waves for detecting polymorphic phase tran-
sitions. (a) iron [26], (b) zirconium [78]

two phase transitions, evident as small disturbances in the wave profiles at in-
terface velocities of about 0.6 and 1.2 km/s, are observed during compression.
The lower stress perturbation occurring at the α–ω transition is of particular
interest. As observed in the figure, the signature of this transition on the
wave profiles is significantly different for the two samples; the signature is
much more pronounced and appears to occur at a higher interface velocity
for the high-impurity sample. In contrast, the signature at the higher stress
ω–β transition appears to be similar for both samples. Presently, it is unclear
whether these differences are due to different kinetic effects in the α–ω tran-
sition or to an increased transition stress induced by the impurities. It is also
not clear why only the α–ω transition appears to be affected by the differing
impurity levels and not the ω–β transition. In both cases, the volume change
and therefore the effect on the ramp wave profile, is very small. This would
make the transitions difficult to observe in shock wave experiments unless the
transition pressure is well known and the shock amplitude is carefully chosen
to not produce an over-drive effect, as illustrated in Fig. 10.15a.
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Quasi-isentropic loading can also be used to study other types of phase
transitions occurring under dynamic compression. In particular, the possi-
bility of freezing on dynamic time scales has been of interest from both a
theoretical and an experimental perspective for several years. Whether dy-
namic freezing can occur in shock wave experiments has been a long-standing
controversy, but there has been no definitive evidence for the dynamic resolid-
ification under shock compression [34]. Recently, however, [35] demonstrated
that freezing of water does occur on the 100 ns time scale for step-wise loading,
which results in quasi-isentropic loading. The ICE wave technique developed
on the Z Accelerator can be used to study such effects with more preci-
sion, since the technique produces a smooth compression loading history to
extremely high pressures, in contrast to the step-wise loading produced in re-
verberating wave experiments. Therefore, this is a potentially new approach
for probing these transitions. The graded density impactor techniques being
developed by [71] and the laser drive technique by [76,77] are also potentially
useful for these studies.

Ramp loading techniques have been used to study dynamic resolidifica-
tion of both liquid tin [27] and liquid bismuth [71]. Results for liquid tin
are discussed here since they illustrate several important requirements for
performing these investigations. Reference [27] have described experimental
techniques for performing freezing experiments on the Z Accelerator. In these
experiments, two to four aluminum or copper drive plates, similar to the con-
figuration shown in Fig. 10.7, are used to ramp load preheated cells containing
liquid tin. Each cell contains a rear window of sapphire or LiF for measuring
the wave evolution properties with a VISAR [16] after a specified propagation
distance in the liquid. In addition, the rear surface velocity of the aluminum
drive plate is also directly measured with a VISAR, so that the input pres-
sure history to the sample can be precisely determined. The known loading
history applied to the tin sample, as determined in this way, is used in a
forward numerical simulation method that includes a kinetic transformation
capability. Since each liquid cell is subjected to the same nominal input pres-
sure history, this technique allows for the determination of kinetic effects for
solidification from the liquid phase by comparing the observed wave evolution
with rate-dependent models of the phase transition at different propagation
distances. It is particularly important to properly design these experiments
to minimize wave interactions that can give rise to misinterpretation of the
results. In particular, the necessary conditions for obtaining good data re-
lated to liquid–solid transition are: (i) the input pressure history must be
precisely known and shaped in time to minimize premature shock formation,
(ii) each liquid sample must be subjected to identical pressure histories, and
(iii) ramp wave histories should be measured at several propagation distances
in order to assess the importance of kinetic effects.

Figure 10.17a illustrates the path followed in the temperature–pressure
plane for isentropic and shock loading of tin. Under the assumption that
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Fig. 10.17. (a) Phase diagram for tin showing the paths followed by shock and isen-
tropic loading [27]. The lower dashed line in the solid phase represents a metastable
response (no phase transition) of liquid tin. (b) The calculated wave profiles versus
propagation distance for a ramp input at constant pressure of 15 GPa

thermodynamic equilibrium is achieved at all times during the loading pro-
cess, isentropic compression produces a final state in the solid (bct) phase
for initial temperatures of 600 and 700 K. Note that shock loading produces
end states either on the melt boundary or in the liquid state at high pressure
for both cases, and is thus not useful for probing dynamic resolidification of
tin. If freezing is suppressed for the isentropic loading case, the metastable
isentrope extends into the stability field of the solid phase as an extension of
the liquid isentrope. Figure 10.17b illustrates the wave profiles expected for
both the cases of metastable and equilibrium loading of liquid tin to 15 GPa
from an initial temperature of 700 K. For a given ramp input condition, a sin-
gle ramp wave output will be observed for metastable response of the liquid,
a structured two-wave ramp for equilibrium response, and a complex evolv-
ing ramp wave for time-dependent freezing. For propagation distances near
1 mm, the structured ramp representing equilibrium freezing shown in Fig.
10.17b is observed to evolve into a shock, illustrating the need to measure
profiles at different propagation distances, especially for thin samples.

Experimental ramp profiles obtained from pure tin samples preheated to
530 K and loaded into the stability field of the solid phase for propagation
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Fig. 10.18. (a) Ramp profiles observed in pure tin continuously loaded to 13 GPa at
an initial temperature of 530 K. (b) Ramp profiles observed in liquid tin containing
impurities for ramp loading at an initial temperature of 600 K [27]

distances of 531 and 580 µm are shown in Fig. 10.18 [27]. Comparison of the
experimental and calculated profiles in the figure suggests that equilibrium
freezing does not occur on the timescale of the experiment for this driving
stress and propagation distance. Furthermore, the experimental profiles do
not agree with simulations assuming metastable response, i.e., liquid response
on this time scale, as also illustrated in the figure. The experimental data
strongly suggest that kinetic effects are important for this particular loading
condition, although further work is necessary to substantiate this hypothesis
and to systematically evaluate the kinetic effects [27].

Figure 10.18b shows a similar ICE experiment on liquid tin that was
known to contain large amounts of aluminum contaminants, some of which
were likely present as suspended solid particulates in the liquid tin, presum-
ably coming from the sample holder of aluminum used to contain the liquid
tin. A significant observation from this experiment is that the measured wave
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structures are much more compatible with those expected for equilibrium re-
sponse, suggesting transformation to the solid phase is occurring over this
time scale. These tentative results indicate the possibility that contaminants
in the liquid phase may play a significant role in the freezing process, possibly
by providing nucleation sites for solidification. Further work is necessary to
investigate this hypothesis [27].

Similar discontinuities shown for the impure tin samples in Fig. 10.8b have
been observed in water and preheated bismuth subjected to quasi-isentropic
compression [71], although the purity of these materials was not reported. In
contrast, recent experiments have shown that freezing in ultra-pure water in-
volves an incubation time and is in general of a heterogeneous nature [34,35].
These effects will have definite consequences on continuum wave profile mea-
surements, as discussed in this section. In particular, wave profile predictions
based on one-dimensional, homogeneous and instantaneous freezing will likely
not provide an accurate representation of the freezing process. Systematic
studies using ramp loading to explore dynamic freezing at different propaga-
tion distances and for different peak pressures should be useful in resolving
these issues.

10.4.3 Optical Properties

The optical properties of transparent materials under dynamic compression
are of interest in a variety of shock physics applications. For velocity interfer-
ometer measurements of arbitrary wave profiles, it is necessary to know how
the refractive index depends on the compressed density or uniaxial stress
state produced in the window material. Optimal materials that have been
qualified for shock or ramp measurements are presently extremely limited.
Most interferometer wave profile measurements have been performed with ei-
ther sapphire, quartz or LiF windows. Specifically, previous refractive index
measurements under shock loading have been made on sapphire, polymethyl-
methacrylate, fused quartz, single crystal quartz, and LiF to determine the
correction factor, 1 + (∆ν/ν0) appearing in (10.10). This factor accounts for
the change in refractive index with density occurring as a shock or arbitrary
wave propagates through the window, and is required for accurately inferring
particle velocity from VISAR measurements [16,51,82,90]. The refractive in-
dex change induces an additional Doppler shift in the VISAR measurement of
particle velocity. The correction factor is usually assumed to be independent
of stress or particle velocity. Reference [47] has shown that this approxima-
tion is valid if the refractive index is linear in material density and a function
only of density (i.e., temperature independent). For this special case, the
index determined from shock experiments can be applied to unloading wave
profile measurements or for any other arbitrary wave profile.

Only a limited number of experiments have been performed to test this
hypothesis, primarily because of the complexity and time involved in making
these measurements. Techniques have been developed using ramp loading
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that result in a more efficient way to evaluate the refractive index under
compressive loading. Hayes and colleagues have developed an experimental
approach for evaluating this property continuously during ramp loading [47].
The configuration for these experiments is illustrated in Fig. 10.19a, in which
the refractive index of Z-cut sapphire was determined continuously to about
20 GPa. In these experiments, two or more thicknesses of sapphire were placed
on a drive plate and subjected to ramp loading. Velocity interferometers
(VISARs) were used to measure the free surface velocity simultaneously with
the interface velocity between the window and the drive plate. As was dis-
cussed earlier, the drive plate measurement defines the initial pressure input
to the sapphire window using the backward integration technique, and thus
determines the actual interface velocity, uA, at the window interface. The
measured interface velocity produces an apparent particle velocity, ua, which
differs from the actual particle velocity because of changes in the index un-
der compression. The apparent and free surface velocity measurements for

(a) (b)

(c)

Fig. 10.19. (a) Experimental configuration used to study optical effects under
ramp loading in Z-cut sapphire, (b) VISAR measurements of the interface and free
surface velocities, (c) index properties of sapphire versus density [49]. The dotted
line designated GD corresponds to the Gladstone–Dale dependence of index on
density
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an experiment on Z-cut sapphire are shown in Fig. 10.19b. These combined
measurements determine the flow variables during ramp loading in a rate-
independent material – specifically, the stress and density during compressive
loading.

Reference [47, 49] has shown that the apparent and actual velocities can
be determined continuously during ramp loading from the relationship

dua/duA = n − ρ (dn/dρ) , (10.13)

where n is the refractive index and ρ is corresponding density. By using the
free surface velocity history to determine the actual velocity history and com-
paring that with the measured apparent velocity at each point in the profile,
(10.13) can be applied incrementally to determine the refractive index as a
function of density in a single experiment. The results from two experiments
on Z-cut sapphire are shown in Fig. 10.19c, along with shock wave measure-
ments of the refractive index [14, 51, 82]. The excellent agreement between
measurements obtained with shock and ramp loading indicates that the re-
fractive index of Z-cut sapphire is essentially independendt of density over the
stress range of 0–20 GPa and further illustrates that the correction factor for
Z-cut sapphire previously determined from shock measurements [14, 51, 82]
can be used to determine the correction factor for arbitrary wave profile mea-
surements. It should be noted that this correlation may not hold at higher
stresses where the Hugoniot differs substantially from the isentrope and tem-
perature effects may become more important. Experiments are in progress
to evaluate the optical properties of LiF at elevated stress levels [28], which
should be useful for addressing this issue.

10.4.4 Constitutive Properties

In the ICE technique, the loading time can be precisely controlled, resulting in
applied strain rates from about 105/s to 107/s, so that material properties can
be continuously measured over a large stress range to a few hundred GPa and
at variable strain rates. Since the loading history is known to substantially
influence thermomechanical and physical states produced in high-rate loading
[9,70], and therefore the constitutive properties, ramp loading provides a way
to change these states for a given stress level. In particular, the dynamic yield
strength is thought to depend on the loading history [9]. The use of ramp
waves for exploring the range of constitutive properties that can be studied is
only beginning. However, a few examples will be presented here to illustrate
the potential of the method.

It is known that grain size affects the quasi-static yield strength of mate-
rials, but the effects under dynamic loading are less well understood. Refer-
ence [73] has demonstrated the possibility of using ramp loading to determine
small changes in mechanical properties. Again, the ability to simultaneously
load multiple samples in one experiment makes the technique attractive for
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this type of high-fidelity A–B material comparison. The ramp waves pro-
duced in different materials, all for the identical input history, follow the
actual loading curve for the corresponding strain rate. Thus, independent of
whether the material is rate dependent or not, a comparison of the ramp
profiles and resulting stress–strain paths enables a critical evaluation of dif-
ferences in mechanical properties.

Figure 10.20 illustrates the results of ramp loading on two polycrystalline
uranium alloys with average grain size that varied by about a factor of two.
Microscopic photographs of the materials studied in a single experiment are
shown in Fig. 10.20a. The stress–density curves obtained for each of the mate-
rials to stresses of about 20 GPa are shown in Fig. 10.20b. As illustrated, there
is no observable difference in the constitutive response, at least to within ex-
perimental uncertainty. Also shown in the figure is a calculated hydrostat for
both materials, which provides an estimate of the compressive yield strength
from measurement of the difference between the longitudinal stress and the
hydrostatic pressure [39]. For this case, there is no difference in mechani-
cal response, including yield strength, to within experimental error. These
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Fig. 10.20. Effects of grain size for ramp loading of polycrystalline uranium alloy.
(a) Grain structures studied; the bar in the graph on the left is 100 µm and 200 µm
in the graph on the right. (b) Stress-strain response (Courtesy of Reisman 2003)
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experiments illustrate the power of the ICE technique for quickly making
relative comparisons of dynamic material response.

A second example concerns the effects of atomic-scale porosity that can
be induced in metals through radiation-produced defects. Reisman and col-
leagues [75] performed a single experiment on various samples of stainless
steel subjected to different levels of irradiation, resulting in different levels
of atomic porosity. Four sets of steel samples were prepared, ranging from
the as-received, un-irradiated material to samples that contained 0.4%, 1.1%
and 2.7% levels of radiation-induced porosity. Two sample thicknesses of each
concentration were mounted on four separate panels and subjected to mag-
netic pressure that continuously increased to 16 GPa in 200 ns, as shown in
Fig. 10.21a. The resulting wave profiles for the four samples are shown in
Fig. 10.21b. For the three samples containing porosity, the initial part of
the wave profile up to a particle velocity of about 0.15 (∼4 GPa) overlaps
with that of the virgin material. At higher stress levels, the wave profiles
diverge for higher particle velocities. In particular, there is a plateau region
in the wave profiles similar to effects previously observed in the compaction

304 SS samples

LiF window

VISAR

(a)

(b) (c)

400 µm

Fig. 10.21. Effects of radiation-induced defects on ramp wave propagation in stain-
less steel. (a) Experimental configuration. (b) Wave profiles for different defect
volumes. (c) Calculated and experimental wave profiles [75]
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of porous materials. As shown, these data make it possible to easily discrim-
inate the dynamic response for the different defect concentrations, and to
detect differences in mechanical response from the virgin material for defect
concentrations as low as 0.4%.

Reference [75] have developed a model of the atomic void collapse pro-
cess based on discrete atomistic effects. These include void shrinkage due to
the emission of vacancies and vacancy clusters, and the absorption of self-
interstitials or interstitial clusters. In this model, the emission of vacancy-type
dislocation loops results in the shrinkage of voids during compression, which
produce an overall volume reduction of material containing voids. When com-
bined with the EOS and constitutive behavior for the material, a compaction
model is obtained that can be used to simulate the ramp wave experiments in
a one-dimensional wave code. Figure 10.21c shows the resulting wave profile
predicted with this model for the 2.7% porosity sample [75]. Good agreement
is observed in comparison with experimental results – in particular, predic-
tions of the crush up response between 4 and 8 GPa. The slight discrepancy
noted between simulations and experiments could result from several fac-
tors, including a good description of porous material release and the crush
strength [75]. Evaluation of these small variations would be very difficult
using conventional methods that would literally require tens of experiments.

The ability to perform this evaluation in a single experiment is another
demonstration of the powerful capabilities provided by ramp waves for quickly
discriminating changes in the dynamic response of materials. It is expected
that these methods will also be useful for evaluating the effects of several
other applications, including the aging of materials resulting from changes
in chemical or mechanical effects or the effects of impurities on mechanical,
chemical or optical properties. For example, it might be possible to determine
the correlation between defect concentration and dynamic elastic yielding
that heretofore has required a large number of shock experiments [10].

Likewise, this technique should be able to identify subtle changes in me-
chanical response due to small changes in dynamic strength. In using this
approach, it would be desirable to determine the absolute magnitude of dy-
namic compressive strength of a standard material under ramp loading that
could then be used for making relative comparisons of strength as discussed
for the uranium alloy. Self-consistent test methods have been developed for
determining dynamic compressive strengths for shock loading followed by ei-
ther unloading or reloading from the shocked state [5, 7]. In principle, this
approach could also be used with ramp waves and would allow the determi-
nation of material flow strength under isentropic or much cooler conditions
than possible with shock experiments. The input pressure profiles produced
by magnetic loading, as shown in Fig. 9.3b, allow evaluation of the continuous
unloading response from the peak stress state. Implementing the approach
of Asay and Chhabildas would require determination of the loading and un-
loading response in the vicinity of the peak stress, which would provide a
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measure of dynamic material strength. Reference [88] is presently exploring
analytic techniques for making these estimates for ramp loading of aluminum.
The results of his work may lead to new capabilities for estimating material
strength under quasi-isentropic loading.

10.4.5 Magnetically Driven Flyer Plates

The ramp loading technique can also be used to launch flyer plates to high ve-
locities [43,58,59]. In this application, the impulsive pressure produced by the
loading provides sufficient momentum over a specified time duration to launch
a flyer plate to high velocity. The configuration for launching flyer plates in
this way is illustrated in Fig. 10.22. In most cases, the current-carrying alu-
minum anode plate also becomes the flyer plate. However, it is also possible
to mount a different material, such as a titanium plate, onto the aluminum
drive plate to create a composite flyer. It is also extremely desirable to de-
sign the flyer plate configuration so that shock formation in the flyer plate,
resulting from evolution of the driving ramp wave, is minimized and so that
magnetic diffusion through the plate is also minimized. These are conflict-
ing requirements since minimization of shock formation requires a minimum
plate thickness for a given current profile, while minimization of magnetic
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Fig. 10.22. Schematic of the load used to launch flyer plates on the Z accelerator,
in this case the rectangular short circuit geometry. (a) Section view of the coaxial
short circuit load. Also shown are the probe mounts used to hold the fiber optics
used to diagnose the sample. (b) Section view showing more detail. The height of
the anode panel is ∼36 mm
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diffusion is accomplished with a thicker plate. This is a highly coupled mag-
netohydrodynamic problem, since successful plate launch requires properly
shaping the current pulse in order to minimize shock formation, while also
limiting magnetic diffusion. Nevertheless, these obstacles have been overcome
through combined experimental and computational studies and magnetically
launched flyer plates are now routinely used on the Z Accelerator. Design of
the flyer plate configuration is accomplished using the fully self-consistent two
dimensional MHD simulations described in a previous section that include
accurate equations of state and conductivity for each component in the as-
sembly and accurate representation of the accelerator performance, including
prediction of the significant deformation occurring in the anode load during
the pulse rise time [63,64].

One-dimensional solutions can be used to address shock formation and
magnetic diffusion effects, while two-dimensional representations are neces-
sary to model the lateral geometries of the flyer plate in order to optimize
flatness of the flyer plate during launch. Figure 10.23 illustrates use of a line
imaging VISAR [86] to measure shock breakout along the vertical and hori-
zontal directions of stepped aluminum target plates that were impacted with
the flyer plate. Shock breakout is indicated by loss of light when the shock
wave reaches the back surface of the stepped aluminum plate. The near si-
multaneous breakout of the shock at each step in Fig. 10.23a indicates both
the effect of low impact tilt of the flyer plate on the target and the extremely
good uniformity of magnetic loading over the vertical dimension of the flyer
plate [59]. Similar Line VISAR measurements made across the lateral dimen-
sions of the flyer plate, as in Fig. 10.23b, indicate curvature near the edges of
the plate with a near planar portion in the center 3–4 mm of the plate. Both
experimental observations agree with two dimensional MHD simulations of
the experiment [63,64], as shown in the figure.

Figure 10.24 shows an experimental measurement of flyer plate veloc-
ity versus time for an aluminum flyer plate accelerated to over 25 km/s. In
this case, design of the launch geometry resulted in a flyer plate that was
continuously accelerated without shock formation, so the flyer plate impact-
ing surface remained essentially in the ambient thermodynamic state. For
symmetric impact experiments, i.e., the flyer plate and target are the same
material, measurement of the final flyer velocity precisely determines the par-
ticle velocity needed in the solution of (10.1)–(10.3). Measurement of shock
velocity then allows solution of the three equations relating five independent
variables of shock compression. It is important to note that these experiments
must be carefully designed with MHD simulations, as with the ICE exper-
iments previously discussed, in order to specify the initial impacting state
of the flyer plate and thus the effective shock impedance of the flyer plate
before impact. MHD calculations are also necessary to determine the optimal
flight distance to minimize the flyer plate acceleration (and therefore residual
stress) at impact. If shock formation and magnetic diffusion are eliminated,
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Fig. 10.23. Streaked line-imaging VISAR records of shock break out in stepped
aluminum targets impacted by an aluminum flyer plate at ∼20 km/s. Orientations
of the streak camera slit relative to the target image was (a) parallel to the coaxial
load and (b) perpendicular to the coaxial load. In each case the spatial extent of
the image was ∼7 mm
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Fig. 10.24. VISAR measurement of an aluminum flyer plate accelerated to over
25 km/s
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the front surface of the flyer plate remains at the ambient thermodynamic
state so that the particle velocity produced in the target for a symmetric
impact experiment is precisely one half of the measured impact velocity.

The flyer plate technique has been used to determine Hugoniot curves
in several materials. Two examples will be shown to illustrate the poten-
tial of the magnetically-driven flyer plate method. The first example involves
symmetric impact experiments of aluminum alloy 6061-T6 samples [58]. The
experimental configuration is shown in Fig. 10.25a. Symmetric impact of an
aluminum flyer plate onto an aluminum target results in near-absolute Hugo-
niot data for aluminum if the velocity of the flyer plate is measured, along
with the shock velocity in the aluminum sample and the physical state can
be inferred as discussed above. In the early experiments with this technique,
current shaping was not available so shock formation occurred in some of the
impact experiments. Because of this, it was necessary to make a small correc-
tion for the change in density and shock impedance of the flyer plate before
impact [58]. When these corrections are made, the state of the impactor can
be determined and Hugoniot data to nearly 500 GPa are obtained, as shown
in Fig. 10.25b. Since only small corrections to the measured states are nec-
essary to obtain these data from the measured flyer plate velocity and shock
velocity, the Hugoniot data shown in the figure represent nearly absolute
measurements.

Fig. 10.25. Magnetically driven plate impact technique for near-absolute Hugoniot
experiments on aluminum. (a) Experimental configuration. (b) Hugoniot results for
aluminum
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Several points are apparent from the figure. First, Hugoniot data obtained
over the stress range of about 120–500 GPa with the magnetic flyer technique
overlap with gas gun data at the lower stresses where previous data have
been obtained. Gas gun data are generally considered to have the highest
accuracy. Agreement of the magnetic-flyer-generated data with these data
provides a partial validation of the technique. At higher stresses, agreement
is obtained with Hugoniot results from several other investigators, including
an absolute Hugoniot measurement obtained by Russian investigators in a
nuclear-driven shock wave experiment. Good agreement is also obtained with
a well-established theoretical EOS for aluminum over the full range of data
taken with magnetic drive technique [59], as shown in the figure.

The magnetically driven flyer plate technique was also used to investigate
the high pressure EOS of liquid deuterium. There is considerable interest in
the equation of state of hydrogen and its isotopes for scientific applications.
Prior gas gun data on this material were limited to about 20 GPa [69]. These
data agreed with existing theoretical models, which extrapolated to density
compression ratios of about four at higher pressures [56]. However, Hugoniot
data obtained with a laser-shock technique disagreed with these theoretical
estimates and indicated substantially higher compressibility at pressures of
200–300 GPa [24,25].

The experimental configuration shown in Fig. 10.26a was used to study
the Hugoniot response of liquid deuterium over the pressure range of about
30–100 GPa with magnetically driven flyer plates. In these experiments, ei-
ther aluminum or titanium flyer plates were used to impact a cryogenic cell
of liquid deuterium initially at a temperature of about 21 K. The liquid was
confined by an aluminum front plate and a Z-cut sapphire window back plate
that was also used for optical access, as illustrated in Fig. 10.26a. Impact of
the flyer plate on the aluminum drive plate produced a constant pressure

Fig. 10.26. Impact technique for Hugoniot experiments on liquid deuterium. (a)
Experimental configuration. (b) Direct shock velocity measurements
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drive for 30–40 ns, which, in turn, propagated a steady shock first into the
aluminum drive plate and then into the deuterium cell. Shock steadiness was
verified by directly measuring the shock velocity in the deuterium cell at two
different cell thicknesses using the VISAR diagnostic. This was possible be-
cause the shock front in liquid deuterium becomes reflective for shock stresses
exceeding about 30 GPa allowing direct measurement of shock velocity with a
VISAR [56]. The measured constant velocity of the shock wave in deuterium
shown in Fig. 10.26b indicates that the drive pressure is constant for at least
30 ns (at which point the shock reaches the sapphire window), with the result
that the shock pressure is steady for the timescale of the experiment.

The Hugoniot of liquid deuterium was determined from an impedance
matching technique in which the deuterium sample was placed behind an
aluminum drive plate and the shock velocities measured in both the driver
plate and the deuterium sample. The experimental configuration for using an
impedance matching technique to obtain Hugoniot data in liquid deuterium
is shown in Fig. 10.27a. Impact of an aluminum or titanium flyer plate on the
aluminum drive plate produces a shock state in aluminum that is determined
from measurement of the flyer velocity and the shock velocity in the drive
plate. Since aluminum has a well-established Hugoniot curve for shock load-
ing over the range studied [58], measurement of the flyer velocity accurately
determines the impact stress state. Determination of the shocked state in
deuterium is thus established by measuring the shock velocity in liquid deu-
terium and using the unloading response of aluminum to impedance match
to the impact state in deuterium, as illustrated in the figure. This approach
requires an accurate knowledge of the unloading response of aluminum from
high impact stresses. Knudson et al. [55] have experimentally determined the
unloading response of aluminum from various impact stresses to 500 GPa in

Fig. 10.27. (a) Impedance matching technique used to determine the Hugoniot of
deuterium, and (b) experimental Hugoniot for liquid deuterium
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order to establish the required accuracy of aluminum unloading that allows
accurate measurements of low impedance materials such as liquid deuterium
by impedance matching.

Figure 10.27b presents the Hugoniot response of liquid deuterium to about
100 GPa, along with experimental results using light-gas guns [69], a laser
drive [24,25] and a multi-stage explosive device [19,20,87]. The magnetically
driven flyer plate results agree well with results from the gas gun and explo-
sive drive techniques in the region of data overlap. These combined data do
disagree with results obtained using a laser shock drive technique and a laser
backlighter to determine absolute Hugoniot states [24]. Reference [55–57] dis-
cussed potential reasons for this discrepancy and provide further data to
support the stiffer response of deuterium determined by the magnetic flyer
results.

Also shown in Fig. 10.27b are theoretical curves that include a tight bind-
ing model for deuterium [65], a chemical mixing model by Kerley [54], a chem-
ical mixing model by Ross [79], and an ab-initio quantum mechanical model
based on density functional theory developed by Desjarlais [31]. It is noted
that except for the laser Hugoniot results, good agreement is achieved with
data from the other experimental approaches and with the theories for deu-
terium mentioned above. This good agreement gives some confidence that the
shock compression response of deuterium over the pressure range to 100 GPa
is well established.

The relatively large size of the flyer plates launched using this technique
also allows high-pressure shock and release experiments to be performed.
Due to the significant temperature increase associated with shock compres-
sion, the release states achieved are relatively hot and expanded. In par-
ticular, release states from Hugoniot pressures of ∼1000 GPa in aluminum
(corresponding to ∼30 km/s flyer plate impact) are predicted to intersect the
vapor dome very near the liquid-vapor critical point. This region of the EOS
surface for most materials is not well understood. Such experiments further
expand the EOS surface that can be accessed through experiments on the Z
accelerator, as shown in Fig. 10.13.

As a first step to performing these types of experiments, release exper-
iments in aluminum were performed for initial shock stresses ranging from
∼250–500 GPa, using a low density (200 mg/cm3) silica aerogel. We note that
these measurements are also relevant to the deuterium data described above
since the release into the aerogel simulates the unloading of aluminum in
the deuterium impedance match experiments. We also note that this tech-
nique is similar to that used by Holmes to measure the aluminum release
from ∼80 GPa with an accuracy of ∼1% in up [50]. Direct impact experi-
ments were performed to generate Hugoniot data for aerogel in the range of
∼30–75 GPa. Experiments were then performed in which a shock was trans-
mitted from an aluminum drive plate into the silica aerogel, as illustrated
in Fig. 10.28a. The measured shock velocity in the aerogel in the release
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Fig. 10.28. Aluminum unloading experiments. (a) Experimental configuration.
(b) Release data obtained using low density silica aerogel

experiment, along with the measured aerogel Hugoniot, determines a point
in P − up space through which the aluminum release isentrope must pass.
A series of experiments was performed, in which release points in aluminum
were measured from initial shock states in the range of ∼250–500 GPa. The
results of these experiments are plotted in Fig. 10.28b, along with aluminum
release calculations from the Sesame 3700 model for aluminum [52, 53]. The
agreement between experiment and calculation is within experimental uncer-
tainty over this entire range. Thus, these measurements validate the Sesame
3700 release behavior over the pressure range of interest in this study and in-
dicate that no significant errors in the inferred deuterium density are a result
of the aluminum EOS. In particular, these release experiments make a strong
case for the use of the Sesame 3700 EOS model for aluminum in performing
impedance matching experiments.

We have also performed preliminary full release experiments for alu-
minum. For these experiments a LiF window was placed a known distance,
typically of order 1 mm, from the rear of the aluminum target and the re-
sponse of the aluminum was diagnosed by looking through the LiF window.
When the shock reached the rear surface of the target, the shocked aluminum
fully released to zero pressure and accelerated toward the LiF window. Two
distinct impacts at the LiF window were observed for initial shock states in
the aluminum of over ∼250 GPa (particle velocity of >7 km/s). The results
of three experiments at ∼250, ∼300, and ∼500 GPa are shown in Fig. 10.29.
The data are plotted as the measured release velocity less twice the particle
velocity of the shocked state (this velocity is referred to as the expansion
velocity since it represents the increment of velocity above that obtained by
approximating the release path as the reflected Hugoniot) as a function of the
particle velocity of the shocked state. Notice that the slower feature observed
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Fig. 10.29. Full release experiments. Plotted are the measured expansion velocities
(ufree – 2up) as a function of the particle velocity of the shocked state

in our experiments is in good agreement with data obtained by Russian in-
vestigators in experiments where the shocked aluminum was released into an
atmosphere of air. It appears that the faster feature observed in our exper-
iments was suppressed in their experiments. This is likely due to the fact
that the air tamps the release somewhat. This apparent two-phase flow is
being interpreted as a fast vapor component followed by a slower, possibly
liquid component and is preliminary evidence that these release adiabats are
intersecting the vapor dome (as indicated in Fig. 10.13). However, further
experiments are required to investigate this hypothesis.

10.5 Conclusion and Future Applications

The magnetic loading technique discussed here provides an experimental ca-
pability for accessing states of matter previously inaccessible in the labo-
ratory. In particular, the ability to continuously load a planar specimen to
peak pressures of several hundred GPa is unique and allows access to ther-
modynamic states of matter that approach planar isentropic compression.
In this regard, the technique provides an important bridge between tech-
niques such as the diamond anvil cell that produce high-pressure data under
isothermal conditions and shock loading data that produce high tempera-
ture states associated with the high compression. The ability to obtain EOS
data intermediate between these two extremes enables a critical evaluation
of EOS theories. When combined with the ability to explore highly expanded
regions of the thermodynamic surface using combined magnetically-driven
flyer impact and unloading, as illustrated in Fig. 10.13, the method provides
a powerful capability for EOS studies. The continuous loading technique is
also useful for identifying various phase transformations that can occur un-
der dynamic loading. Examples presented in the text on iron, zirconium and
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tin illustrate the ability to effectively determine transition stresses associated
with a transformation and bound the associated kinetic effects.

In addition to thermodynamic information, the ramp loading technique
is also useful for evaluating the dynamic mechanical response of materials at
loading rates intermediate to those obtained in shock experiments and with
techniques such as Hopkinson bars. The ICE technique is especially useful
for detecting relatively small differences in mechanical behavior that could
result from differences in grain sizes or by defects introduced into materi-
als. Examples presented in the text include effects of grain size on the dy-
namic mechanical response of two different uranium alloys and the effects of
radiation-induced defects on the high-stress mechanical response of stainless
steel. Differences of 1% or so in stress can easily be detected. More impor-
tantly, the tests on several different grain sizes or levels of radiation damage
can be conducted in a single experiment. With conventional methods this
could literally require tens of experiments.

The magnetic compression technique is also potentially useful in a variety
of other material property measurements. We have illustrated use of the
technique to simultaneously obtain the mechanical and optical properties
of laser windows used for dynamic wave profile measurements. The ability
to obtain this information in a single experiment can considerably reduce
the time and expense of acquiring this information compared to conventional
methods.

An important spin-off of the technique is the continuous acceleration of
flyer plates to high velocities for conventional plate impact shock wave exper-
iments. In this approach, the continuously varying magnetic field is used to
accelerate flyer plates on the order of 1 mm thick and 10 or more mm in width
to velocities exceeding 20 km/s. With the magnetic drives presently available,
flyer velocities of 25 km/s have been achieved. This capability has several im-
portant applications, one of which is to produce essentially absolute Hugoniot
data through symmetric impact of a flyer plate onto a sample of the same
material to access stresses considerably higher than possible with conven-
tional techniques. An example is presented for aluminum shock-compressed
to stresses of about 500 GPa, which is almost three times higher than that
possible with light gas guns. The comparable accuracy to gas guns and other
well established techniques possible with the magnetic drive technique helps
to establish its validity as a useful tool for acquiring high-pressure Hugo-
niot data. Another example presented in the text concerns use of the flyer
technique to obtain relative Hugoniot data on liquid deuterium to pressures
about five times higher than conventional techniques, but with accuracies
comparable to those techniques. These results are helping to validate first
principles calculations of the high pressure response of hydrogen and its iso-
topes and are providing important ancillary data to other techniques such as
diamond anvil cells in order to establish the EOS of hydrogen over extended
EOS ranges.
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Several additional applications have also been identified that illustrate
further potential for the magnetic loading technique. It has been recently
shown that the Z Accelerator can be used in a cylindrical loading mode to
characterize porous materials, such as ceramic powders [62]. In this configura-
tion, the square load shown in Fig. 10.3 is replaced by a cylindrical cathode
and anode. The anode is used for the cylindrical drive for the cylindrical
sample which is placed in contact with the anode. This produces a one di-
mensional cylindrically diverging wave in the sample that can be diagnosed
at different propagation distances to evaluate constitutive response for cylin-
drical loading. Initial experiments performed to demonstrate the technique
in porous powders have been very promising [62]. An important factor in us-
ing the approach for highly compressible materials, such as porous materials,
is that edge perturbations, which limit sample thicknesses in planar impact
experiments, are essentially eliminated, resulting in longer times to perform
experimental measurements.

Another possible application of the magnetic isentropic compression tech-
nique concerns soft recovery and material synthesis applications. In typical
plate impact experiments, soft recovery of the target is exacerbated by the
requirement that the projectile used to launch the impacting plate must be
separated from the recovered target in order to prevent late-time damage to
the target. This requirement is essentially eliminated in the magnetic drive
technique. It is only necessary to configure the sample so the momentum
produced by the magnetic field is dissipated in the sample assembly. Similar
principles can be used in the synthesis of novel materials through magnetic
compression. In addition, it should be possible to compact several samples
simultaneously using isentropic compression techniques. An advantage of this
approach over shock compaction using conventional plate impact techniques
is that the additional heating associated with shock loading is not present so
the sample should be considerably cooler.
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