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A B S T R A C T  

This paper surveys a variety of diagnostic tools that are available for use in studies of hypervelocity impact. Emphasis is on 
time-resolved methods for measuring pressure or particle velocity histories of stress waves induced under these conditions, 
and on the new developments of the past decade. 

I N T R O D U C T I O N  

In this paper, diagnostic techniques commonly used in conjunction with hypervelocity impact are reported. The concept 
of hypervelocity impact, however, is somewhat arbitrary, since a physical phenomenon associated with impact can be 
observed in different materials at different impact velocities, i.e., at different stresses. As an example, shock-induced 
melting is observed in lead at ~ 50 GPa, and at -~ 280 GPa in tantalum. The former can be achieved at plate impact 
velocities of ~ 2 km/s obtained on a propellant gun, whereas the latter requires plate-impact velocities of 5.6 kin/s, which 
can be achieved with two-stage light gas guns or through the use of explosively-driven flyer plates. 

Hypervelocity impact studies entail a wide range of topics, such as constitutive equations of state for materials (Asay and 
Kerley, 1986), the study of shock Hugoniots (McQuesn, et al., 1970), strength of materials (Davison and Graham, 1979), 
fracture (Curran, 1982), kinetics of phase transition (Duvall and Graham, 1977), shock-induced melting and vaporization, 

• impact cratering, and penetration mechanics (Zukas, et al., I982). Needless to say, the gauge or the experimental technique 
employed to study these phenomena should be sensitive enough to observe the physical effect to be determined. A wide 
variety of tools such as piezoelectric, piezoresistive (Murri, et hi., 1974; Graham and Asay, 1978), electromagnetic (Fowles, 
i9T2), interferometric (Barker, 1983), photographic, and radiographic techniques (Swift, 1982) are available and have been 
used to study thermophysical and mechanical phenomena resulting from hypervelocity impact. Prior to qualifying a gauge 
for standardization, well controlled experiments are needed to determine the properties of the gauge, its reliability, precision, 
time resolution and limitations. The experimental geometry/configuration used to qualify these gauges is frequently that of 
one-dimensional uniaxial-strain loading obtained with smooth-bore guns or through the use of explosive loading techniques 
(Graham and Asay, 1977; Murri, et al., 1974). In most hypervelocity impact events, however, the materials are subjected 
to a complex state of loading. With the recent development of well controlled one dimensional pressure-shear loading 
conditions, the gauge response can be determined under planar biaxial strain configurations. This is a crucial development 
since it is the first step towards characterizing both the material and the gauge under general states of loading. In this 
paper, diagnostic techniques successfully used at high stresses and strain rates will be reported. Although the emphasis 
will be on gauges used in uniaxial-straln configurations, the response of these gauges in biaxial strain configurations is also 
considered. 

E L E C T R O M A G N E T I C  T E C H N I Q U E S  

Electromagnetic Particle Velocity Gau~e 

The electromagnetic particle velocity gauge technique is based on Faraday's law of induction. The motion of a conductor 
of length I', when placed in a magnetic field of intensity B generates an EMF E, which is proportional to its velocity 6, as 
given by the relation 

E =/'. (,7 x B) (I) 
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In s uniuial-straln configuration, i.e., in a material shocked by s plane wave, if the active gauge element, the particle 
velocity direction, and the magnetic field vector are oriented orthogonal to each other, then the measurement of induced 
voltage E(t),  gives a direct measurement of the particle velocity motion u(t), through the relation u(t) = E(t) / IB.  

The accuracy of this technique will therefore depend upon the precision with which this alignment can be performed and 
the precision with which the measurements of magnetic field intensity and the gauge lengths are determined. [n particular, 
the passive signal leads are oriented parallel to the applied field (or perpendicular to the active gauge element), so that 
there is no voltage induced in them. In principle, calibration of the gauge is not necessary, and the gauge is suited for 
use as an embedded gauge if the matrix material does not become conductive at high stresses, in practice, the gauge 
is calibrated to account for effects due to the uncertainty in the thickness of the gauge element, magnetic fringing, and 
difficulty in obtalning perfect orthogonality between the gauge element, the magnetic field and the particle-velocity flow 
field. For a nominal gauge thickness of 35 ~m, the wave reverberation time when embedded in sapphire shocked to 60 
GPa is determined to be ~ 30 ns (Mashimo and Sawaoka, 1981). The gauge has been successfully used to determine both 
loading and release states in materials such as fused silica up to 22 GPa (Sugiura, et al., 1981), and rocks and minerals up 
to 40 GPa (See references in Grady, 1977). These investigations report an uncertainty of 2% in determining the particle 
velocity at these high stresses. An important feature of this technique is that gauges can be embedded at different locations 
in a sample to allow the use of Lagrangian wave analysis to determine the relevant stress-volume behavior (see Fig. 1). 

TIME 

Fig. 1. Electromagnetic particle velocity profiles in limestone at 12 GPa. Profiles indicate both the arrival 
of the shock wave, and the release wave from the free surface (Murri, et al., 1975). 

This gauge is particularly attractive for use as an embedded gauge in an insulating material for biaxial-strain loading 
(Koller and Fowles, 1979; Young and Dubugnon, 1977). In.pbrticular, in a one-dimensional pressure-shear environment 
(Abou-Sayed, et al., 1976; Chhabildas and Swegle, 1980; Gupta, et  al., lg80a), the electromagnetic particle-velocity gauge 
can be used to determine both the longitudinal and shear pffirticle velocities associated with the pressure-shear waves. The 
technique has been described in detail by Gupta (1976) and Swegle (1978). in a pressure-shear configuration, the normal 
to the impact surface can be defined as the x-axis, and the direction of the shear-wave particle velocity as the y-axis; then 
the gauge element can be located in the impact plane (yz plane) and orthogonal to both the x- and y- axis, i.e., along the 
z-axis. (This is not necessary, but is done for simplification.) If the magnetic field is oriented such that it is parallel to the 
xy plane, i.e., it has components B= and By, then the induced EMF, E, will be given by 

E = t(u,B v - uvB, ) , (2) 

where uffi and u v are the longitudinal and shear components of the particle velocity, respectively. A minimum of two 
experiments with identical impact configurations but with different B components thus allows a determination of us and 
u v. In particular, if the magnetic field is chosen to be either parallel to, or perpendicular to, the impact interface, then each 
experiment would yield uffi or % accordingly. This gauge has been used to detect pressure-shear waves in PMMA (Gupta, 
1980b) ~ d  in polycrystalline alumina (Gupta, 1983) (see Fig. 2). 

O P T I C A L  T E C H N I Q U E S  

Optical lnterferomet D" 

The advent of lasers has made optical interferometry an attractive and useful technique to determine surface motion in 
shocked materials. Of all the interferometer systems available for use in shock studies (Barker, 1983; Graham and Asay, 
1978; Goosman, 1983), the two most commonly used are the VISAR (Barker and Hollenbach, 1972) and the Fsbry-Perot 
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velocity interferometer (Johnson and Burgess, 1968; Durand, et al., 1977). There are distinct similarities between t h w  two 
systems. Both systems use Doppler-shifted light from the target, which can have a reflecting surface that is either specular 
or diffuse. Both systems in the diffuse mode are relatively insensitive to surface tilt. In both cases, the fringe sensitivity of 
the interferometer is dependent on the delay time. In the case of the VISAR, the delay time is introduced through the use 
of glass etalons or a lens combination (Amery, 1976) in one leg of the wide-angle Michelson interferometer system, whereas 
a set of (Fabry-Perot) plates separated by a aistance L provides the necessary delay for the Fabry-Perot system. The time 
resolution of the VISAR is dependent on the delay time used in the delay leg system, whereas that of the Fabry-Perot 
system is determined by the photon fill time (Burgess, 1967) of the Fabry-Perot plates. 

GAUGE 

MAGNETIC 
FIELD 

Fig. 2. Electromagnetic particle velocity profiles in alumina. Profile indicates the arrival of the longitudinal 
wave and the shear wave (Gupta, 1983). 

VISAB S~'stem 

In a standard VISAB system, the reflected beam from a diffused target is split equally into two beams to form the two 
different legs of a wide-angle Micheison interferometer, in which one leg is delayed in time with respect to the other. 
Either glass etnlons or a lens systems are used to introduce a temporal delay in the delay leg of the interferometer, while 
maintaining the apparent optical path length of the two legs to he the same. When these two beams are superimposed, 
fringes F(t),  are produced in the interferometer and are related to the change in velocity n(t) of the reflecting surface by 
the relation (Barker and Hollenbach, 1970; Barker and $chuler, 1974): 

1 ~ F(t) u(t (3) 
~" = 2~ (I ÷ 6)(I + ~I~)" 

The wavelength of the light used is A, and 8 is a correction term due to the wavelength dependence of the refractive index 
of the etalon material (8 = 0.034 at 514.5 nm when fused silica etalons are used to achieve the necessary delay, or 8 --- 0 
when a lens combination is used). The optical correction term A v / v  results from the change in refractive index of the 
window material with shock stress (Barker and Hollenbach, 1974). If the measurements are made at a free surface, Av/ l ,  
is 0. The use of window materials for laser interferometry will be discussed in a later section. 

In the VISAR (Barker and Hollenbach, 1972), quadrature coding has been included to eliminate ambiguity in the sign 
of acceleration and to improve fringe resolution. This is accomplished by adding a quarter-wave retardation plate, and a 
polarizing beam splitter to separate the two fringe signals 90 ° out of phase. These fringe signals are recorded with the aid of 
photomultiplier tubes, although streak cameras have been used to record fringes (Parker and Chau, 1977; Bloomquist and 
Shet~eld, 1982). The VISAR has an accuracy of ~ 2% for peak surface velocities of ~ 0.l kin/s, with much better accuracy 
at higher velocity since more fringes are measured. Amery (1976) has developed an air delay .leg lens interferometer which 
permits longer delay times to be used in the interferometer, thereby allowing an improved sensitivity in measuring velocities 
as low as 0.02 km/s. The analysis of VISAR data is quite sophisticated and usually a computer is required for best accuracy. 

A significant improvement to the original VISAR (Barker and Hollenbach, 1972) has been made (Hemsing, 1977) which 
has the effect of increasing the fringe signal amplitude, while eliminating time-dependent beam intensity signals due to 
incoherent light sources generated during the experiment. This makes it obsolete to monitor the reflected beam intensity 
signal as is presently done. In the VISAR system it is essential that the beam intensity be monitored separately to account 
for reflectivity changes (on the fringe signals) of the mirrnrized surface during shock compression. 

Fabry-Perot Velocity" 1nterferometer 

In the case of a Fabry-Perot int~rferometer, the Doppler-shifted light from the moving surface is passed through a set of 
flat and parallel plates (Fabry-Perot plates) separated by a distance L. A spherical lens is then used to image either the 
circular fringe pattern or dots at the slit of an electronic streak camera. The fringe diameter of the resulting fringes can 
be controlled by changing the focal length of the lens, or by adjusting the Fabry-Perot plate separation. As the frequency 
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of the light from the moving target changes, the fringe diameter mmumes a new value of DSi from its static value Dl .  The 
velocity V of the moving surface can be calculated using the relation 

~A ( ( D',' - o;) ) 
v = ~g ~ i-6~' - b-~,) ÷ "  ' (4) 

where A is the wavelength of the light used, D2 is the static fringe diameter of the next fringe, c is the speed of light, and 
m is an integer. In case of shocks, the number of fringe jumps inserted is controlled by the integer m, through a prior 
knowledge of V, or the fringe constant c)~/4L may be adjusted to obtain the desired velocity with minimum number of 
jumps. The precision of the system can he varied over the range of 0.1 to 2% and is determined by the spacing between 
the plates, the number of fringe jumps inserted, and the focal length of the lens used. The data reduction is simple, since 
only estimates of D~ as a function of time are needed to estimate the velocity profile. Some of the applications of this 
interferometer system have been summarized in the SPIE Proceedings 427, Paisley (1983). 

Window Materials 

In principle, there is no upper hound in measurements of particle velocity (or stress) using the laser velocity interferometer. 
In practice, there are limitations in performing free-surface velocity measurements, due to surface instabilities such as jett ing 
from the free surface (Asay, et el., 1976) caused by the arrival of the shock front. To alleviate this, optically transparent 
materials are usually bonded to the sample, and particle velocity measurements are made at the sample/window interface. 
This has the added advantage of simulating in-eitu conditions if the shock impedance of the window material approximates 
that of the sample. This necessitates that the window materials be both optically transparent and be characterized to 
account for refractive index changes with shock stress. Solid-state window materials that  have been optically calibrated 
to date include polymethy|methacrylate (PMMA), fused silica, s-cut sapphire, (Barker and Hollenbach, 1970; Setchell, 
1979) and lithium fluoride (Wise and Chhabildas, 1986). An aqueous solution of zinc chloride (Wise, 1984), has also been 
characterized for use as a window. 
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Fig. 3. VISAR fringe records at a quarts/l i thium fluoride window interface at 123 GPt .  ']['he arrival 
of the shock wave (a), and the reverberating release waves (b) and (c) in tantalum are clearly i,dicated 
(Chhabildas, 1986). 

The upper stress limit for PMMA windows has been determined to be 22 GPa (Chhabildas and Asay, 1979), after which 
there is a transparency loss. Although there is no reported transparency loss in fus~l silica, there is a significant lees in 
fringe contrast (Setchell, 1981) when used above its elastic limit of 8.7 GPa (Chhabildas and Gr~ly, 1984). Z-cut sapphire 
has been optically calibrated up to its elastic limit of 15 GPa (Barker and Hollenbach, 1970). Shock experiments in s-cut 
sapphire by Lee (1976) up to 43 GPa and by Chhabildas (1986) over the stress range of 90 to 170 GPa suggest a severe 
loss of fringe contrast. This is also corroborated by recent studies of ramp loading of z-cut sapphire, which alto suggest a 
loss of contrast at stresses above 30 GPa (Barker, 1986). Sapphire is apparently not suited for use as a laser interferometer 
window at stresses above 30 GPa. It should, however, be pointed out that sapphire has been used as a transparent 
window anvil in shock luminosity studies for shock stresses up to 80 GPa (Urtiew, 1974). The physical mechanism for 
this apparent transparency loss needs to be determined to resolve the conflicting results of these two different types of 
experiments. The transparency of single*crystal lithium-fluoride windows has been established up to 160 GPa (Grady, 
1985) and has been optically characterized over the stress range of 1.6 to l lS GPa (Wise and Chhabildas, 1986) for use as 
a laser interferometer window. It would seem, therefore, that lithium fluoride is the most obvious and versatile material for 
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use with laser interferometry at extremely high stresses (see Fig. 3). When used with high-impedanos materia l- such as 
tungsten, equation-of-state studies to stresses greater than 600 GPa can be performed. The upper stress limit for the use 
of LiF as a laser interferometer window has not been determined. The fact that LiF is optically transparent at these high 
shock pressures and temperatures also suggests  that it should be an insulator, and should potentially he a good candidate 
material when electrical or magnetical insulating properties are desired. The combination of lithium fluoride windows 
and laser interferometry has allowed material studies to megabar pressures such as the strength of aluminum (Asay, et aL., 
1986), the reverse phase transformation kinetics of stishovite quartz to a low density phase (Chhabildas, 1986), the dynamic 
isentropic compression of tungsten up to 80 GPa (@hhabildas and Barker, 1986) and the identification of rarefaction shocks 
in z-cut calcite at ~ IS GPa (Grady, 1986), which is indicated in Fig. 4. 
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Fig. 4. VISAR fringe record and the velocity profile at the calcite/lithium fluoride interface at ~ 18 GPa. 
The excellent time resolution of the interferometer allows an unambiguous determination of the rarefaction 
shock in calcite (Grady, 1986). 

Fiber Optics Interferometry 

With the development of fiber optics technology, laser light is being transmitted to and received from the moving target 
using multimode silica/silicone type optical fibers (Durand, 1984; Gidon, e ta / . ,  1984). The diameter of the fibers that 
have been used range from ().2 mm to 0.6 mm. A lens is positioned at each end of the fiber a focal length away. With 
this geometry a large spatial area (2 mm to 6 mm) of the target is illuminated when the fiber is placed .~ 40 mm away 
from the moving target. Durand (1984) used the same fiber to transmit light both to and from the target, whereas Gidon 
and coworkers (1984) used two fibers placed side by side, one for transmitting the light signal, and the other to receive the 
reflected light signal from the target. In both instances, the reflected light was channeled to a Fabry-Perot interferometer. 
Results from both investigations indicate much better fringe sharpness when the signals are channeled through fiber optics, 
as compared to air transmission techniques. This is illustrated in Fig. 5. In addition, a static fringe pattern is superpesed 
(Durand, 1984) on the dynamic fringe pattern as a result of reflections from the front end of the fiber. Needless to say, light 
transmission by fiber optic cables has many advantages, including enhanced operatlonal'safety, and the ability to transmit 
light easily in hostile or remote environments such as those caused by explosive products or by electromagnetic pulses. 

Laser lnterferometric Techniques to Measure Transverse Motion 

In the last decade, a variety of techniques has become available for dynamic pressure-shear loading of materials (Abou- 
Sayed, et ~.,  1976; @hhabildes and $wegle, 1980; Gupta, et al., 1980; Meshimo, et al., 1984). In addition, a number of 
interferometric techniques (Abou-Sayed, e ta / . ,  1976; Kim, et al., 1977; Chhabildas, eta/ . ,  1979) have been developed to 
determine the transverse motion resulting from pressure-shear loading. Only the transverse displacement interferometer 
(TDI) (Kim, et al., 1977) and the shear-wave velocity interferometer (Chhabildas, ¢t 6/., 1979) will be discussed here since 
these are more commonly used due to their fringe sensitivity, and also because both the longitudinal and transverse motions 
can be determined s~multansously at the same location with one normally incident laser beam. 

Transverse Displacement Interferometer (TDI) 

In the transverse displacement interferometer technique, a diffraction grating perpendicular to the plane of transverse wave 
propagation is deposited on the free-surface of the specimen. This is usually done using photoresist techniques. When a 
laser beam is incident normally on this diffraction grating, s reflected beam normal to the grating and diffracted beams at 
angles On given by the relation nA = dsinO,  are generated; d is the spacing between the diffraction grating, and n is the 
order of diffraction and tskas on vc*itive or nqa t ive  inteVal values. When the two diffracted bear~  located ,qrmme~rically 
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from the normally incident beam are recombined, then the change in phase A¢ due to the transverse displacement y is 
given by 

and the fringe sensitivity, i.e., the transverse displacement per fringe, is d/2n. Typical fringe sensitivity is less than 1 /Jm 
per fringe. The fringe sensitivity can be controlled by varying d and/or n, the order of the diffracted beam to monitor both 
small and large transverse displacements without exceeding the frequency response of the recording system. The normally 
reflected beam can be monitored directly by using one of the laser interferometric techniques discussed above to obtain 
the longitudinal motion due to pressure-shear loading. The transverse displacements determined using this technique are 
totally deeoupled from the longitudinal motion, which enhances the sensitivity for detecting shear motions at large normal 
displacements. 

FROM LASER J_ . , FIBER 
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Fig. 5. Fabry-Perot fringe records of a moving reflector. Comparison of the two different records suggest 
superior fringe signals when optical fibers are used to transmit light signals (Gidon, et al., 1984). 

Shear-Wave Velocity Interferometry 

Experimentally, this technique is very similar to the TDI technique described above. A laser beam is incident normally on 
a diffraction grating or a preferentially scratched mirror deposited on the surface to obtain the normally reflected beam 

and the diffracted beams as described above. Instead of recombining the two beams that are located symmetrically from 
the normally reflected beam, each individual beam at an angle :[:8 is monitored by a VISAR. Fringes F0 ~ produced in the 
interferometers are proportional to a linear combination of both the longitudinal U(t) and shear components V(t) of the 
free surface velocity (Chhabildas, et al., 1979) and are given by the relations 

A F: ( t )  _ ; U ( t ) ( l  + c o 8 0 ) +  ~V(t)sinO. (6) 

Thus, by using two VISARs and by monitoring two beams at =k 0 both the longitudinal velocity and the shear-wave velocity 
can be determined simultaneously by solving the two above equations. With an air delay leg VISAR (Amery, 1976), a 
precision in determining V(t) to ~ 2% can be achieved. The longitudinal and transverse particle velocity profiles obtained 
in a study of aluminum (Chhabildas and Swegle, 1980) are indicated in Fig. 6. 

Fiber-Optic Pins 

The fiber optic technology has also had an impact in the development of fiber-optic pins to be used as wave arrival time 
indicators. In one version of the fiber optic pin (Benjamin, et al., 1984) a small microballoon 0.25 mm in diameter filled with 
a noble gas such as argon or xenon is attached to the end of an optical fiber. A strong pressure pulse shock heats the gas in 
the microballoon producing a flash which is channeled to the recording system via optical fibers. The recording system could 
be either a combination of photo diodes, photomultiplier tubes, or a streak photography. The whole assembly is shielded 
by using a metal case to protect the microballoon and to eliminate stray optical signals. In an impact experiment where a 
flat BB pellet is made to impact the pin at ~ 0.2 kin/s, the rise time of the flash signal as registered by a photomultiplier 
tube is ~ 80 ns. At higher impact velocities rise times are expected to be much shorter and the flash signals much stronger. 
The pin has been used in explosives to determine the detonation velocity (Benjamin, et al., 1984) and also to diagnose a 
magnetic flux compression generator (Caird, et al., 1984), which produces 20 MJ of electrical energy and currents in excess 
of 50 MA (see Fig. 7). Some of the useful features of this pin are (i) it is passive, i.e., no external power sources are 
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required as in electrical pins, and (ii) it is electrically and am4netic-Iiy inert and is therefore not susceptible to electrical 
noise especially when used in s harsh electromagnetic pulse environment such as thos~ that  exist with rsilguns. 
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Fig. 6. Experimental configuration and velocity profiles demonstrating the use of VISAR interferometric 
techniques in (a) a diverging flow environment resulting from hypervelocity impact (Lipkin and Kipp, 1976) 
and (b) pressure-shear environment to determine the in-plane motion (Chhabildas and Swegle, 1980). 

Shock Luminescence: Optical Pyrometr 7 

Most of the optical techniques discussed above are based on the principle of laser interferometry with an external light source 
and are used to determine particle velocities associated with the propagation of stress waves. In addition to stress-volume 
change upon dynamic compression, there is also an internal energy change of the material. The technique mentioned in 
this section takes advantage of the copious radiation emitted by materials when shocked to high pressure from which the 
temperature of the shocked material is inferred. Temperature measurements allow a critical evaluation of the equation 
of state, and the determination of melt boundaries of s material in the shocked state. The technique was first proposed 
and implemented by Kormer and coworkers (1965) to determine the shock-induced temperatures of alkali halides. It was 
not until much later that the technique was further refined (Lyzenga and Ahrens, 1979; McQueen, et al., 1982; Sugiura, 
1980) both in time resolution mad in spectral coverage to increase the accuracy of the temperature measurements. In the 
technique used by Lyzenga and Ahrens (1979), the emitted radiation is filtered (half-width ~ 9 urn) into six channels 
over the wavelength range of 450 nm to 800 nm and recorded using silicon photodiodes and is illustrated in Fig. 8. The 
measured radiation is calibrated against the radiation of a tungsten ribbon lamp to determine the spectral radiance N~. A 
least squares fit to the measured values of Ark as s function of the wavelength A using the Planck radiation function 

N:~ = cCIA-s(e c,/~T - I) -t (7) 

yields both the emissivity c and the temperature T of the rediating body (Cl and C2 are constant). McQueen and Fritz 
(1982) use s streak camera and a detonating wave in nitromethane as a standard to determine the temperature of the 
emitting body based on the assumption that the emitted rediation is a black-body source, i.e., e = 1. The uncertainty 
in determining temperature measurements ranges from 2% to 5%. This technique is useful to determine the temperature 
of the radiating body at high stresses and over the temperature range of 2000 K to 6000 K. Temperature determinations 
above 6000 K are not very accurate due to the relative insensitivity of the visible spectrum shape to the temperature in 
this region. The technique has been used most recently to determine shock-induced temperatures in transparent materials 
(Lyzensa, et al., 1982, 1983; Nellis, et eJ., 1984; Bosloush, e t a / . ,  1984), so that the thermal radiation from the hot 
compressed material is observed through the unshocked portion of the transparent sample. At low stresses, however, shock 
luminescence resulting from inhomogeneons deformation. (Brannon, et 4/., 1984), triboluminescence (Graham and Brooks, 
1971), and spall fracture (Branuon, et al., 1984) becomes significant so that the radiation spectrum is not black body. As 
an extension of this technique, infrared pyrometry (Van Holle, 1984) has been developed for use s t  relatively low stresses to 
estimate hot-spot temperatures in explosives, as observed through a transparent window (KBr), to determine the detonation 
reaction zone structure. However, the infrared radiation spectrum observed is usually di~cul t  to interpret (Van Holle, 1984) 

and  requires supplementation through framing camera pictures of the surface to identify the source of the radiation. 
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Fig. 7. Fiber optic pin (Benjamin et d., 1984) used to diagnose a magnetic flux comprsmion generator 
(Caird, et a/., 1984). 

Shock Luminescence: Optical Analyzer 

The technique of using an optical analyzer (McQueen, et el., 1982) to measure arrival times of release waves is based on 
the principle that the intensity of the shock-induced luminescence observed would be sensitive, since it is proportional to 
the fourth power of temperature. In a fiat-plate impact experiment, a shock wave travels both into the target and into 
the impacting plate. If the impact plate is backed by a low-impedance material, the shock in the impact plate will reflect 
back as a rarefaction wave. If material rigidity is important, then the leading edge of the rarefaction wave travels at the 
elastic wave speed of the material which is much faster than the shock speed of the shock travelling into the target. If the 
sample target is thin, then the dwell time of the shock at the sample/optical analyzer will be relatively long. As the sample 
thickness is increased, the dwell time of the shock at the interface will decrease, amuming a constant impactor thickness. A 
critical target dimension exists for which the shock in the target and the release wave from the back surface of the impactor 
arrives at the sample/analyzer interface simultaneously, i.e., the dwell time of the shock at the sample/analyzer interface 
is zero. If zo is the critical target dimension for which this occurs for an impactor thickness of zt, then it can be shown 
that C/. the Lagrangian wave speed for the leading edge of the release, wave is given by 

C~. = U,(R ÷ I ) / (R - I)~ (8) 

where U, is the shock velocity and R = z c / z l .  For simplicity, symmetric impact loading conditions are assumed. Ex- 
perimentally, since explosive loading techniques were used (McQueen, et el., 1982) and the dwell time At of the shock is 
determined at ten different sample/analyzer locations by registering the intensity of the shock radiation, the critical target 
dimension zc is deduced very accurately (0.5~). Fiber optic cables were used to transmit the radiation signals to photomul- 
tiplier tubes whose output was recorded on scopes. Sound speed determinations in shocked material allow determination of 
either melt boundaries or phase boundaries that cannot be easily observed in the shock velocity, particle velocity relation, 
i.e., on the shock Hugnniot. This technique has been used to locate the melt boundary in iron (Brown and McQueen, 1980), 
tantalum (Brown and Shaner, 1983) and 2024 aluminum (McQueen, eta/. ,  1983). Bromoform, fused quartz, and a high 
density gleam were commonly used for optical analyses ia the above investigations. The requirement is that the analyzers 
be optically transparent, emit radiation at stresses of interest like a black body. Al'tshuler and coworkers (1971) used the 
same technique to determine the elastic release wave speeds and the shear stress in the shocked state by measuring the 
free-surface velocity of the target and determining the thickness of the target at which the m~in shock attenuates. Velocity 
interferometric techniques, axisymmetric gauges (Fritz and Morgan, 1973) and embedded ganges (Grady, et el., 1975) are 
also appropriate tools to determine the sound speed in the shocked state from which the melt boundary of a material in 
the shocked state could be inferred (A~y and Hayes, 1975). 
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Fig. g. Time-resolved shock luminosity record from one of the channels in shock pyrometry experiment 
(Lyzenga and Ahrens, 1979). 

P I E Z O R E S I S T I V E  T E C H N I Q U E S  

Many materials exhibit a change in resistivity as a function of both pressure and temperature. The resistance change in 
manganln is much more sensitive to pressure than it is to temperature and thus is a good candidate for use as a dynamic 
stress transducer. At low shock stre~ee, however, carbon (Homing and lsbell, 1975) or ytterbium (Ginsberg, et d. ,  1973) 
can be used since the resistance change in these materials is larger that it is for manganin when shocked to the same stress. 
Experimentally, the resistance change in carbon (Perez and Chartagnac, 1980) as a function of stress is reproducible up to 
2 GPa and is limited for accurate use over this low stress range. Ytterbium is restricted for use to streeses below 4 GPa, 
due to a phase transformation approximately at that  stress. Manganin, however, has been demonstrated to be useful to 
stresses greater than 100 GPa (DeCarli, et al., 1986) and is, therefore, the most widely used piezoresistive gauge at high 
stresses (see Fig. 9). The main emphasis in this section will be focused on the manganin gauge, although the discussion in 
general is valid for any piezoresistive gauge. 
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Fig. 9. Fractional change in resistance as a function of shock stress for constantan (Carlson and Charest, 
1981) and manganin (P. S. DeCarli, et al., 1976). 

The gauge is usually calibrated in a well-controlled uniaxial strain experiment by measuring the fractional change in 
resistance AR/Ro and the results are empirically correlated to the stress o through the relation 

A R / R o  = k o  , (9) 

where k is a piezoresistive coefficient. In general, k is dependent on the stress (Keough and Wong, 1970), the composition 
of the material (Graham and Asay, 19"/8), and the gauge shape, i.e., whether a foil gauge or a wire gauge is used (Graham 
and Asay, 1978; Rosenberg, eta/. ,  1980). 

The gauge element in the form of a foil (50 ohms) is normally embedded in materials such that  the active gauge element 
is normal to the stress wave p m p q a t i o n  direction. It is usually electrically isolated from its matrix material through the 
use of insulating gauge package materials (such as kapton, mica, or teflon). Unfortunately, at higher stnmass, most gauge 
package materials become psrtially conducting (Graham, 19"/9), which hampers an accurate calibration of the gauge at 
higher stress. This is ~lleviated to some extent through the use of low-impedance gauges (DeCarli, et d . ,  1976; Wmtine, 
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et aL, 1980), in which the initial manganin gauge resistance ueed is as low as 50 milliohrm. Mangaain, however, hi tlw only 
in-situ stress gauge available for use at these high stresses and can be embedded at multiple locations to determine the 
wave evolution. It has been used successfully (see Fig. 10) with relatively little difficulty to stresses up to 50 GPa (Grady, 
et al., 1974a; Murri, et al., 1975). 
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Fig. I0. Manganin stress-wave profiles for Arkansas novaculite at 25 GPa (Grady, et al., 1974). 

Recently, both manganin (Kanel, et al., 1978; Rosenberg and Partom, 1985c; Chartagnac, 1982) and ytterbium (Gupta, et 
aL, 1980; Gupta, 1983; Gupta and Gupta, 1985) have been used to measure the lateral stress state that exists in a material 
under uniaxial-strain loading, by placing the gauge element parallel to the shock propagation direction. Manganin has also 
been used in a preliminary attempt to detect shear waves in compressed materials (Rosenberg and Bless, 1986). 

There has always been a theoretical effort (Barsis, et al., 1970; Grady and Ginsberg, 1977) to understand the dynamic 
response of manganin and ytterbium gauges, respectively. More recently, these attempts have been continued by Partom 
and coworkers (1981) and Gupta (1983). In their theoretical framework, they propose that the resistance change of a gauge 
element is made up of components due to a plezoresistive effect and a gauge plasticity effect. The gauge plasticity effect in 
these theoretical studies (Partom, et al., 1981; Gupta, 1983) demonstrates that the stress and the strain state in the gauge 
is more complex and will be different than in the matrix material (Gupta, 1983; Partorn, eta/., 1981). This analysis is quite 
significant because it allows an understanding of the piezoresistive gauge response when used also as a lateral stress gauge 
(Gupta and Gupta, 1985; Rosenberg and Partom, 1985e). The different gauge calibration coefficients observed for wire 
gauges or for foil gauges (Graham and Asay, 1978; Rosenberg, et sl., 1980) and the hysteresis effects observed in manganin 
upon unloading (Keough, 1968; Yaziv, eta/., 1980; Vantine, et al., 1980) is also explained through gauge elastic-plastic 
effects (Rosenberg and Partom, 1985b). A finite yield strength for the gauge material, such as manganin (Rosenberg and 
Partom, 1985a), would cause the stress release path in the gauge to be different than the loading path (Gupta, 1983), which 
would cause the gauge behavior to appear hysteretic. 

Strain Compensated Ga..uge 

Constantan is unique in that the fractional change in resistance as a function of shock stress (up to 15 GPa) is negligibly 
small (Carlson and Charest, 1981; DeCarli, 1981; Rosenberg, et al., 1984). This is indicated in Fig. 9. However, under 
compressive strain or tensile strain, the strain-gauge coefficient is approximately 2 (Carlson and Cbarest, 1981; Chert, et 
al., t984) (see Fig. II). The strain gauge coeffcieot is defined to be the ratio of the fractional change in resistance to the 
fractional change in gauge length. Hence, constantan is used as a strain gauge material. Attempts have been made recently 
to use manganln in an axially symmetric diverging stress flow in a material to determine the axial stress history (Carlson 
and Charest, 1981; DeCarli, 1981; Rosenberg, et a/., 1984) and is illustrated in Fig. 12. This is based on the principle that 
the fractional change in resistance of the manganin gauge (or any piezoresistive gauge) when placed in a diverging flow 
is a result of both the changing axial stress history and gauge strain (stretching). Estimates for the magnitude of gauge 
strain (stretching) is determined through measurements of the change in resistance of a const&ntan gauge located in the 
same plane alongside the piesoresistive manganin gauge. This is an interesting concept that definitely needs to be pursued 
further. It is at this stage strictly based on the assumption that the strain measured by constantan is the same as that  in 
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the matrix material and in manganin. Although this assumption seems plausible, more careful study is still necessary to 
determine the accuracy and reliability of the resulting measurements.  
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Fig. t l .  Strain gauge coefficient as a function of strain for constantan and manganin (Carlson and 
Charest,  lgSl). 

Fig. 12. An experimental scheme to estimate the magnitude of gauge stretching (in a diverging flow) by 
using constantan in conjunction with a piezoresistive gauge such as manganin (Rosenberg, et al., 1984). 
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Fig. 13. Current vs. time and charge vs. time profile determined by PVF2 in sapphire at ~ 12 GPa 
(Graham and Lee, 1986). Profiles indicate both a shock loading and release profile. 

P I E Z O E L E C T R I C  T E C H N I Q U E S  

Of all the piezoelectric crystals that  are available for use as shock wave transducers, the two that  have received the 
most attention are x-cut quartz and lithium-niobate crystals (Graham and Reed, 1978). They are the most  accurately 
characterized stress wave transducers available for use up to stresses of 4 GPa and 1.8 GPa,  respectively. Excellent review 
articles describing the gauge characteristics and capabilities also exist (Graham and Asay, 1978; Murri, et al., 1975; Grady, 
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1977; Davison and Graham, 1979) and will not be repeated here. Gupta and Murri (1982) have demonstrated that lithium- 
niobate crystals when cut to the proper orientation could be used also as shear-wave transducers. 

Recently, mechanically-stretched polyvinylidene fluoride (PVF2), a polymeric film which exhibits piezoelectric properties 
when poled in an electric field (Kawaii, 1969), has received some attention (Bauer, 1982, 1983, 1984). Since it is in the form 
or" a 25-,m-thin flexible piezoelectric plastic, it has the potential of developing into a thin piezoelectric stress transducer to 
be used in materials at the impact interface or in an embedded mode. It has the advantage of being seg-powered, yielding 
large voltage signals upon shock loading. The wave reverberation time will depend on the thickness of the gauge and the 
shock impedance of the material that it is embedded in, and is on the order of 25 ns in sapphire. Bauer (1982, 1983, 1984), 
realizing this potential, undertook a careful and systematic study of various polymeric films. He noted that the piezoelectric 
activity of the film depended on the polarization process which was highly irreproducible with conventional processes. He 
has since developed a poling process in which the thin PVFz film attains a remnant polarization approaching 10 ~C/cm ~. 
This seems to be the dominant criteria to achieve the highly reproducible behavior required for shock gauges. 

The current output from a thick piezoelectric gauge is proportional to the stress difference between the two faces of the 
gauge and the reading time depends on the thickness of the gauge. For a thin piezoelectric film, embedded in a material, 
the current output, i(t), will be proportional to the time-averaged stress derivative which is a significant feature in that  
for times greater than about 20 ns, the current is a function of the stress rate. Such measurements provide a much more 
sensitive indication of rate-dependent wave properties. The charge, Q, which is the' t ime integral of the measured current, 
will therefore be proportional to the stress, i.e., 

o o ~ / i ( t ) d t  . (10) 

The gauge, henceforth referred to as the Bauer gauge, or the ISL gauge has been calibrated up to 4 GPa (Bauer, 1984) 
fqr both shock loading and release. The same Bauer gauge has been used by Lee and coworkers (1985) in shock studies 
and has shown a reproducible charge vs stress behavior. Recently, Graham and Lee (1986) have extended these calibration 
studies to ~ 20 GPa, and have measured both a shock loading and release profile in sapphire at 12 GPa and is indicated 
in Fig. [3. Effects of gauge hysteresis and a spall signal have been observed when released from 12 GPa. Studies by Perez 
and Tougue (1985) on a different batch of material exhibiting a remnant polarization of ~ 5.3/~c/cm 2 show a different 
calibration curve from the Bauer gauge, which is approximately 30% less sensitive at ~ 5 GPa. This study and other work 
by Bauer show the dependence of material and the poling process on the piezoelectric response curve and points toward 
a need in establishing both material and gauge qualification procedures. The same study (Peres and Tougue, 1985) also 
suggests the range of practical utilization of their gauge to be ~ 13 GPa. 

The early studies on thin PVF2 polymericfilms are encouraging and demonstrate the usefulness of this material as a 
thin piezoelectric gauge. Further studies are needed, however, not only to characterize the gauge but also to develop an 
understanding of the gauge response. 

S ~ A R Y  

A variety of time-resolved techniques that can be used in conjunction with hypervelocity impact studies have been summa- 
rized. Manganin gauges have been developed to be used to stresses above 100 GPa, and when used jointly with constantan 
have the potential of yielding axial stress properties in diverging flow situations. The use of electromagnetic particle ve-  
locity gauges has been extended up to 60 GPa, but is limited to insulating materials. The transparency of lithium-fluoride 
windows to stresses approximating 160 GPa allows velocity interferometric techniques to be used to much higher stresses 
in high-impedance materials. The development of both fiber optic interferometry and fiber optic pins has a particularly 
significant impact on hyperveloclty impact studies, since they could potentially be used in electromagnetic environments 
for equation-of-state studies at extremely high impact velocities. The development of thin polymeric piezoelectric PVF2 
films is also encouraging since they would be self-powered and provide large voltage signals, which is a desired property in 
electrically noisy environments. 

A C K N O W L E D G I ~ I E N T S  

The author would like to acknowledge J. R. Asay, L. M. Barker, M. B. Bo61ough, D. E. Grady, R. A. Graham, R. E. 
Setchell, and J. L. Wise, Sandia National Laboratories; and L. M. Lee, Ktech Corporation, for fruitful discussions and a 
critical review of the manuscript. Special thanks are also due to P. S. DeCarli, Stanford Research Institute; W. M. Isbell, 
General Research Corporation; and Z. Roeenberg, University ol Dayton Research Institute, for discussions relating to strain 
compensated gauges. 

R E F E R E N C E S  

This work performed at Sandia National Laboratories supported by the U.S. Department of Energy under contract number 
DE-AC04-76DP00789. 

Abou-Sayed, A. S., R. J. Clifton, and L. Herman (1976). Exp. Mech., 16, 127-132. 



Survey of diagnostic tools used in hypervelocity impact studies 217 

Al'tshuler, L. V., M. I. Bruhnick, and G. S. Telegin (1971). J. Appl. Mech. Tech. Phys., 12, 921-920. 

Amery, B. T. (1976). 6th Symposium on Detonation AC-R-221, Office of Naval Research - Department of the Navy, 
Arlington, VA, 673-681. 

Asay J. R. and D. B. Hayes (1975). J. Appl. Phys., 46, 4789-4800. 

Asay J. R., L. P. Mix, and F. C. Perry (1976). Appi. Phys. Letters, 29,'284-286. 

Asay J. R. and G. [. Kerley (1986). The Response of Materials to Dynamic Loading. lnt'i. J. of Impact Engr., 5. 

Asay, J. R., L. C. Chhabildas, T. G. "Prucano, and G. I. Kerley (1986). High Pressure Strength of Shocked Aluminum. In 
Y. M. Gupta (ed.), Shock Waves in Condensed Matter, Plenum Publishing, 145-149. 

Barker, L. M. and R. E. Hollenbach (1970). J. Appl. Phys, 41, 4208-4226. 

Barker, L. M. and R. E. Hollenbach (1972). J. Appl. Phys, 43, 4669-4675. 

Barker, L. M. and K. W. Schuler (1974). J. Appl. Phys, 45, 3692-3693. 

Barker L. M. (1983). Velocity lnterferometer for Time-resolved High-velocity Measurements. In Dennis L. Paisley (ed.), 
High Speed Photography, Videoyaphy, and Photonics, Proc. SPIE, 427, 116-126. 

Barker, L. M. (1986). Sandia National Laboratories, private communication. 

Barsis, E., E. Williams, and C. Skoog (1970). J. Appl. Phys., 41, 5155-5162. 

Bauer, F. (1982). Behavior of Ferroelectric Ceramics and PVF2 Polymers Under Shock Loading. In W. J. Nellis, L. Seaman, 
and R. A. Graham (eds.), Shock Waves in Condensed Matter-1981. American Institute of Physics, 251-267. 

Bauer, F. (1984). Ferroelectrics, 49, 231-240. 

Bauer, F. (1984). Piezoelectric and Electric Properties of PVF2 Polymers Under Shock Wave Action: Application to 
Shock Transducers. In J. R. Asay, R. A. Graham, and G. K. Stranb (eds.), Shock Waves in Condensed Matter-1983. 
Elsevier Science Publ., B.V., 225-228. 

Benjamin, R. F., F. J. Mayer, and R. L. Maynard (1984). Microshell-tipped Optical Fibers as Sensors of High-pressure 
Pulses in Adverse Environments. In R. A. Greenwell (ed.), Fiber Optics in Adverse Environments 11, Proc. SPIE, 
506, !16-121. 

Bloomqulst, D. D. and S. A. Sheffield (1982). Optically Recording Velocity lnterferometer System (ORVIS) for subnanosec- 
ond Particle Velocity Measurements in Shock Waves. In L. Endelman (ed.), 15th High Speed Photosraphy, Proc. 
SPIE, 348, 523-528. 

Boalough, M. B., T. J. Ahrens, and A. C. Mitchell (1984). J. Geophys. Reg., 89, 7845-7851. 

Brannon, P. J., R. W. Morris, C. H. Konrad, and J. R. Asay (1984). Shock-induced Luminescence from X-cut Quartz and Z- 
cut Lithium Niobate. In J. R. Asay, R. A. Graham, and G. K. Straub (eds.), Shock Waves in Condensed Mat~fIr-1983, 
Elsevier Science Publ., B.V., 303-306. 

Brown, J. M., and R. G. McQusen (1980). Geophys. Pea. letters., 7, 533-536. 

Brown, J. M. and J. W. Shaner (1984). Rarefaction Velocities in Shocked Tantalum. In J. R. A.say, R. A. Graham, and G. 
K. Straub (eds.), Shcfk W~ves i0 Condensed Matter-t983, Elsevier Science Publ., B.V., 91-94. 

Burgess, T. J. (1967). The Photon Fill Time of a Fabry-Perot Spectrometer, Lawrence Livecmore National Laboratory 
Report UCID-15224, unpublished. 

Caird, R. S., R. F. Benjamin, R. G. McQuesn, and D. J. Erickson (1984). Application of Optical-fiber Pins to Explosive, 
Pulse-power Generators. In R. A. Gresnwell (ed.), Fiber Optics in Adverse Environments !I, Proc. SPIE, 506, 122- 
126. 

Carlson, G. H. and J. A. Charest (1981). Pressure Measurements of Nonplanar Stress Waves. Los Alamos Scientific 
Laboratory Report No. LA.UR-812343, unpublished. 

Chartagnac, P. F. (1982). J. Appl. Phys., 53,948-953. 

Chen, D. Y., Y. M. Gupta, and M. H. Miles (1984). J. Appl. Phys., 55, 3984-3993. 

Chhabildas, L. C. and J. R. Asay (1979). J. Appl. Phys., 50, 2749-2756. 



218 L.C. Chhabildas 

Chhabiidas, L. C ,  H. J. Sutberl~d, and J. R. Asay (1979). J. Appl. Phys., 50, 5196-5201. 

Chhabildas, L C. and J. W. Swegle (1980). J. Appl. Phys., 51, 4799-4807. 

Chhabildas, L. C. and D. E. Grady (1984). Shock Loading Behavior of Fused Quartz. In J. R. Asay, R. A. Graham, and 
G. K. Straub (eds.), Shock Waves i~ Condensed Matter-1983, Elsevier Science Publ., B. V., 175-178. 

Chhabildas, L. C. (1986). Shock Loading and Release Behavior of X-Cut Quartz. In Y. M. Gupta (ed.), Shock Waves in 
Condensed Matter, P|enum Publishing, 601-605. 

Chhabildas, L. C. (1986). Unpublished data. 

Curran, D. R. (1.982). Dynamic Fracture. In J. A. Zukas, T. Nicholas, H. F. Swift, L. B. Greszczuk, and D. R. Curran 
(eds.), Impact Dynamics, John Wiley, New York. 

Davison, L. W. and R. A. Graham (1979). Phys. Rep., 55, 257-379. 

DeCar[i, P. S., D. C. Erlich, L. B. Hall, R. G. Bly, A. L. Whitson, D. D. Keough, and D. Curran (1976). Stress-Gage System 
for the Megabar (100 GPa) Range. Defense Nuclear Agency Report No. DNA 4066F, unpublished. 

DeCarli, P. S. (1981). Stanford Research Institute, private communication. 

Durand, M., P. Laharrague, P. Lalle, A. Lebihan, J. Morvan, and H. Pujois (1977). Rev. Sci. lnstrum., 48, 275-278. 

Durand, M. (1984). Use of Optical Fibers for Velocity Measurement by Laser Doppler Interferometry with a Fabry-Perot 
lnterferometer. In M. Andre and M. Hugenschmidt (eds.), High Speed Photosraphy and Photonics, Proc. SPIE, 
491,650-656. 

Duvall, G. E. and R. A. Graham (1977). Rev. Modern Phys., 49, 523-579. 

Fowles, G. R. (1972). Experimental Technique and Instrumentation. In P. C. Chou and A. K. Hopkins (eds.), Dynamic 
Response of Materials to Intense Impulsive Loedin~, 405-480. 

Fritz J. N. and J. A. Morgan (1973). Rev. Sci. Instrum., 44,215-221.. 

Gidon, S., G. Garcin, and H. Behar (1984). Doppler Laser lnterferometry with Light Transmission by Two Optical Fibers. 
In M. Andre and M. Hugenschmidt (eds.), High Speed Photo~;raphy and Photonics, Proc. SPIE 491,894-898. 

Ginsberg, M. J., D. E. Grady, P. S. DeCarli, and J. T. Rosenberg (1973). Effects of Stress on the Electrical Resistance of 
Ytterbium and Calibration of Ytterbium Stress Transducers. Stanford Res. Inst. Final Report, Menlo Park, CA, 
unpublished. 

Goosman, D. R, A. M. Franck, H. H. Chau, and N. L. Parker (1983). Fabry-Perot Velocimetry Techniques: Is Doppler Shift 
Affected by Surface Normal Direction? In D. L. Paisley (ed.), High Speed Photography, Videography, and Photonics, 
Proc. SPIE, 427, 1.27-135. 

Grady, D. E., W. J. Mufti, and G. R. Fowles (1974). J. Geophys. Res., 79, 332-338. 

Grady, D. E. and M. J. Ginsberg (1977). J. Appl. Phys., 48, 2179-2181. 

Grady, D. E. (1977). In S. Akimoto and M. H. Mangnani (eds.), Hi,;h-Pressure Research, Applications in Geophysics, 
Academic Press, New York, 389-438. 

Grady D. E., W. J. Murri, and P. DeCarli (1975). J. Geophys. Res., 80, 4857-4861. 

Grady, D. E. (1.985). Sandia National Laboratories, private communication. 

Grady, D. E. (1986). High-Pressure Release-Wave Measurements and Phase Transformation in CaCOs. In. Y. M. Gupta 
(ed.), Shock Waves in Condensed Matter, Plenum Publishing, 589-594. 

Graham R. A. and W. P. Brooks (197].). J. Phys. Chem. Solids, 32, 2311.. 

Graham R. A. and J. R. Asay (1978). High Temperatures-High Pressures, IO, 355-390. 

Graham, R. A. and R. P. Reed (1978). Selected Papers on Piezoelectricity and Impulsive Pressure Measurement. Sandia 
National Laboratories Report No. SAND78-19tl, unpublished. 

Graham, R. A. (1.979). J. Phys. Chem., 83, 3048-3056. 

Graham, R. A. and L. M. Lee (1986). Sandia National Laboratories and Ktech Corporation, private communication. 



Survey of diagnostic tools used in hypervelocity impact studies 219 

Gupta, Y. M. (1976). Appl. Phys. Left., 39, 694-697. 

Gupta, Y. M., D. D. Keough, D. Henley, and D. F. Walter (1980). Appl. Phys. Letters, 37, 395-397. 

Gupta, Y. M., D. D. Keough, D. F. Walter, K. C. Dao, D. Henley, and A. Urweider (1980a). Bey. Sci. Instrum., 51, 
183-194. 

Gupta, Y. M. (1980b). J. AppI. Phys., 51, 5352-5361. 

Gupta, Y. M. and W. J. Murri (1982). Piezoelectric Shear Stress Gage for Dynamic Loading. [n W. J. Nel[is, L. Seaman, 
and R. A. Graham (eds.), Shock Waves in Condensed Matter - 1981, American institute of Physics, 525. 

Gupta, Y. M. (1983). J. Geophys. Res., 88, 4304-4312. 

Gupta, Y. M. (1983). J. Appl. Phys., 54, 6256-6266. 

Gupta, S. C. and Y. M. Gupta (1985). J. Appl. Phys., 57, 2464-2473. 

Hernsing, W. F. (1979). Rev. Sci. Instrum., 50, 73-78. 

Homing, 11. R. and W. M. Isbell (1975). Rev. Sci. [nstrum., 46, 1374-1379. 

Johnson, P. M. and T. J. Burgess (1968). Rev. Sci. Instrum., 39, 1100-1103. 

Kanel, I., A. M. Moladets, and A. N. Dremin (1978). Combustion, Explosion, and Shock Waves, 13, 772-777. 

Kawaii, H (1969). Jpn. J. Appl. Phys., 8,975. 

Keough, D. D. (1968). Procedure for Fabrication and Operation of Manganin Shock Pressure Gauges. Stanford Res. Inst. 
Final Report, Menlo Park, CA, unpublished. 

Keough, D. D. and J. I. Wong (1970). J. Appl. Phys., 41, 3508-3515. 

Kim, K. S., R. J. Clifton and P. Kumar (1977). J. App[. Phys., 48, 4132-4139. 

Koller, L. R. and G. R. Fowles (1979). Simultaneous Generation and Measurement of Longitudinal and Shear Waves in 
Shock Compressed Media. In K. D. Timmerhaus and M. S. Barber (eds.), High Pressure Science and Technology', 
Plenum Publishing, New York, 2, 927-934. 

Kormer, S. B., M. V. Sinitsyn, G. A. Kirillov, and V. D. Urlin (1965). SOy. Phys. JETP, 21, 689--700. 

Lee, L. M. (1976). Shock-Induced Index of Refraction Variations in PMMA, Sapphire and Lithium Fluoride. Ktech Report 
No. T11-76-04, unpublished. 

Lee, L. M., W. D. Williams, R. A. Graham, and F. Bauer (1986). Studies of the Bauer Piezoelectric Polymer Gauge (PVF2) 
Under Impact Loading. in Y. M. Gupta (ed.), Shock Waves in Condensed Matter, Plenum Publishing, 497-502. 

Lipkln, J. and M. E. Kipp (1976). J. AppL Phys, 47, 1979-1986. 

Lyzenga, G. A. and T. J. Ahrens (1979). Rev. Sci. [nstrum., 50, 1421-1424. 

Lyzenga, G. A., T. J. Ahrens, W. J. Nellis and A. C. Mitchell (1982). J. Chem. Phys., 76, 6282-6286. 

Lyzenga, G. A., T. J. Ahrens, and A. C. Mitchell (1983). J. Geophys. Res., 88, 2431-2444. 

Mashimo, T., A. Sawaoka (1981). Jpn. J. Appl. Phys., 20, 963-970. 

Mashlmo, T., S. Ozaki, and K. Nagayama (1984). Hey. Sci. Instrum., 55, 226-230. 

McQueen, R. G., S. P. Marsh, J. W. Taylor, J. N. Fritz, and W. J. Carter (1070). The Equation of State Of Solids from 
Shock Wave Studies. In R. Kinslow (ed.), Hish Velocity Impact Phenomena, Academic Press, NY, 293. 

McQueen, R. G., J. W. Hopeon, and J. N. Fritz (1980). Rev. Sci. Instrum., 53,245. 

McQueen R. G. and J. N. Fritz (1982). Some Techniques and Results from High-pressure Shock-wave Experiments Uti- 
lizing the Radiation from Shocked Transparent Materials. In W. J. Nellis, L. Seaman, and R. A. Graham (eds.), 
Shock Waves in Condensed Matter - 1981, American Institute of Physics, 193-207. 

Murrl, W. J., D. R. Curran, C. F. Petersen, and R. C. Crewdson (1974). In R. H. Wentorf, Jr. (ed.), Response of Solids 
To Shock Waves in Advances in Hi~h-Pressure Research, Academic Press, NY. 



220 L.C. Chhabildas 

Murri, W. J., D. E. Grsdy, and K. D. Mshrer (1975). Equation of State of Rocks. Stanford Research Inatitu~ Fin"' Report, 
Menlo Park, CA, unpublished. 

Nellis W. J., F. H. Ree, R. J. Trainor, A. C. Mitchell, and M. B. Boslough (1984). J, Chem. Phys., 80, 2789-2799. 

Parker, N. L. and H. H. Chau (1977). Stgeak Camera Recording of Interferometer Fringes, Lawrence Livermore National 
Laboratory Report No. UCID-17531, unpublished. 

Partom, Y., D. Yaziv, and Z. Rosenberg (1981). J. Appl. Phys., 52, 4610-4616. 

Perez, M. and P. Chartagnac (1980). Rev. Sci. Instrum., 51,921-925. 

Perez, M. and D. Tougne (1985). J. Phys. Colloq. C5, Suppl. to No. 8, 46, 655-660. 

Rosenberg, Z., D. Yaziv, and Y. Partom (1980). J. Appl. Phys., 51, 3702-3705. 

Rosenberg, g., Y. Partom, M. Mayseless, and J. Falcovitz (1984). J. Appl. Phys., 56, 1434-1439. 

Rosenberg, Z. and Y. Partom (1985a). J. Appl. Phys., 57, 5084-5086. 

Rosenberg, Z. and Y. Partom (1985b). J. Appl. Phys., 58, 1814-1818. 

Rosenberg, Z. and 1". Partom (1985c). J. Appl. Phys., 58, 3072-3076. 

Rosenberg, Z. and S. J. Bless (1986). J. Appl. Phys., 59, 3928-3930. 

Setchell, R. E. (1979). J. Appl. Phys., 50, 8186-8192. 

Setchell, R. E. (1981). Combust. Flame, 43,255-264. 

Sugiura, H., K. Kondo, and A. Sawaoka (1980). Rev. Sci. Instrum., 51,750-'152. 

Sugiura, H., K. Kondo, and A. Sawsoka (1981). J. Appl. Phys., 52, 3375-3382. 

Swegle, J. W. (1978). J. Appl. Phys., 49, 4280-4281. 

Swift, H. F. (1982). Image Forming instruments in Impact Dynamics. In J. A. Zukas, T. Nicholas, H. F. Swift, L. B. 
Greszcsuk, and D. R. Curran (eds.), Impact Dynamics, John Wiley, New York. 

Urtiew, P. A. (1974). J. Appl. Phys., 45, 3490-3493. 

Vantine, H., J. Chan, L. Erickson, J. Janzen, and R. Weingart (1980). Rev. Sci. lnstrum., 510, 116-122. 

Von Holle, W. G. (1984). Shock Wave Diagnostics by Time-Resolved Infrared Radiometry and Non-Linear Raman Spec- 
troscopy. In J. R. Asay, R. A. Graham, and G. K. Straub (eds.), Shock Waves in Condensed Matter-1983, Elsevier 
Science Publ., B.V., 283-291. 

Wise, J. L. (1984). Refractive Index and Equation of State of a Shock-Compressed Aqueous Solution of Zinc Chloride. In 
J. R. Asay, R. A. Graham, and G. K. Straub (eds.), Shock Waves in Condensed Matter-1983. Elsevier Science Publ., 
B.V., 317-320. 

Wise, J. L. and L. C. Chhabildas (1986). Laser Interferometer Measurements of Refractive Index in Shock-Compressed 
Materials. In Y. M. Gupta (ed.), Shock Waves in Condensed Matter, Plenum Publishing, 441-454. 

Yaziv, D., Z. Rosenberg, and Y. Partom (1980). J. Appl. Phys., 51, 6055-6057. 

Young, C. and O. Dubugnon (1977). Exp. Mech., 17, 470-477. 

Zukas, J. A. (1982). Penetration and Perforation of Solids. In J. A. Zukas, T. Nicholas, H. F. Swift, L. B. Greszczuk, and 
D. R. Curran (eds.), Impact Dynamics, John Wiley, New York. 


