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INTRODUCTION

The high-speed objects and the considerable light, dust. and smoke
characteristic of a chemical energy warhead test firing necessitate the use of
flash radiography as a major diagnostic tool. This paper reviews many of the
applications of radiography to chemical warhead studies conducted by many
researchers at Los Alamos National Laboratory. Each type of contribution is
illustrated by a figure, and the contributors are listed by figure number at the
end. The emphasis of the paper is on the reiationship between the kind of
information obtained and the radiographic technique employed. Details of the
techniques ara provicled only when it is necessary for clarity. A few examples of
analysis of the radiographic data are given, but they are in no way exhaustive.

The applications span a wide spectrum of flash x-ray energies and fluence,
from 150-keV commaercial machines to the 30-MeV, 120-R PHERMEX* machine.
Low-energy x rays are useful in the study of small or lov-density objects such
as highly disrupted penetrators, iragments, or spall. Medium-energy x rays are
useful when blast and fragment protection is necessary, such as in the study of
penetrator interactions with reactive armor, or if a moderate penetrating x-ray
capability is required. High-enargy x rays are useful when the data desired are
internal to the structure and significant penetrating x-rzy capability is required.
This division of the techniques according to energy is rather loose. Significant
overlap does exist and, therefore, each new application deserves individual
consideration.

LOW-ENERGY APPLICATIONS

The examples of low-energy x-ray applications given here used the
Hewlett-Packard 150-keV flash x-ray system. The typical geometry used for
multiple-exposure x rays is shown in Fig. 1. The heads are separated vertically
to allow for image separation on the film. The object-to-source distance is
usually 3 m and the object-to-film distance is usually 300 or 600 mm. Minimal
protection is used on the heads and film so that the detail-revealing softest
x rays are not absorbed.

* Pulsed High-Enerpy Ruadiograpme Machine Emitung X Rays,
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Fig. 1. Stacked x-ray heads for multiple exposures.

In the first example, the objective of the test was to image the low-density
ejecta from the rear surtace of a target as it was penetrated by a shaped-charge
jet. The soft x-ray tubes have beryllium windows that do not absorb the lowest-
energy x rays, and a window in the film cassette was covered with only Mvlar
and some low-density foam for shock absorption. Two layers of film-screen
combinations were used in the cassette. The first tiim-screen layer absorbed
nearly all the softest x rays. The soft x-ray radiograph, Fig. 2a, revealed a few
larger particles and an encompassing cloud of very finely particulated material
preceding the main portion of the jst. By comparison, the cloud of fine particles
is not well resolved by the relatively hard x rays that exposed the second layer
of film in the cassette, Fig. 2b. The soft x rays exposed details of the structure of
the ejecta that we would otherwise have not beer aware of.

The ring jet formation process is a double-collision process that produces
very high velocity jet material. Figure 3 shows the ring-jet-producing device and
an idealization of the collapse process. The driver system is detonated and
drives the flyer plate into the shim in the entrance of the die. The shim is driven
through the converging die and produces a ring jet near the wali of the die. At
the centarline of the die, the ring jet then collapses on itself producing the
secondary jet of interest. Radiography of the ring jet is demanding because of
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(a) Fig. 2. Soft (a) and hard (b) x-rays of a jet exiting a target. (b)
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Fig. 3. Ring jet device (left) and idealized co'lapse process (right).

the high fragment field and large blast produced bty the driver device, in con-
junction with the small size and disperse condition of the jet.

Under certain conditions, the velocity of the second convergence of the ring
jet is high enough that compressibility and/or thermal (phase-change) effects in
the stagnation region cause the jet to become incoherent. Therefore, the
radiographic objective was to observe the condition of the secondary jet.
Because of the conditions created by the driver device, we decided to use a
single puise of the Hewlett-Packard 150-keV system and protect the equipment
with large siabs of steel (3 ft by 3 ft by 3 in.) and numerous sandbags.
Additionally, the front of the cassette had an aluminum cover. Figure 4 shows a
radiograph of a tantalum ring jet (secondary jet) as it bifurcates. Although all the
detail of the jet structure may not yet be resolved, the technique allowed us to
determine the major characteristics cf the relativeiy disperse jet, in spite of the
high fragment field and blast produced by the driver device.

Fig. 4. Bifurcating ring jet.

SECONDARY JET



MEDIUM-ENERGY APPLICATIONS

Medium-energy x rays are useful in obtaining shadowgraphs when
significant cassette and x-ray head protection is required. and for penetrating
radiography of relatively small or low-density objects. In the examples of
medium-energy x-ray applications, we used geomaetric setups similar to that
shown in Fig. 1 with 450-keV Hewietl-Packard systems or a single pulse from a
2.3-MeV Hewlett-Packard system. The object-to-source distance is usually 6 or
7 m and the object-to-film distance is usually between 600 mm and 1400 mm.
The cassettes are protected by 1/2- to 3/4-in. (1.27- to 1.91-cm) aluminum
covers for fragments and 1/2-in. (1.27-cm) Lexan for blast protection. The
heads are protected by 1/2-in. Lexan.

A typical application is to determine the late-time characteristics of a jet or
an explosively formed projectile (EFP). Figure 5 shows the radiograph obtained
with the 450-keV system in a typical jet characterization expenment. The
straightness, coherency, and other general characteristics of a jet can be
directly observed. Measurements or estimates of the tip and tail velocities, the
particulation time, the necking rate of instabilities, and the mass-velocity
distribution can oe made from radiographs such as these.

Fig. 5. Late-time radiograph of a particulating jet.

Figure 6a shows a segment of the jet shown in Fig. 5 as it particulates. The
particle outline data obtained from digitizing the segments with a hand-held
digitizing tablet are shown, along with the computed necking rate in Fig. 6b.
This information can be related to the strength characteristics of the jet, through
computer simulations of the particulation process.

The 450-keV units have enough penetration capability to resolve the
conditior: of internal missile components contained by a thin skin (Fig. 7). This
radiograph was used to evaluate the blast-shielding capability of the TOW flight
motor for a tandam warhead system. Small warhead assemblies can be
penetrated by the 450-keV machines as well. The collapse and subsequent
jetting of a 12-mm-diameter shaped charge is shown in Fig. 8. In this case, the
quality of the image was improved by collimating the x rays near the object to
prevent multipie exposure of the film.
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Fig. 6. Radiograph of jet particulation
(left) and digitized images and
estimating neckirig rate (above right).

Fig. 7. Tripie exposure of mock missile assembly.



Fig. 8. Radiograph of the shaped-charge collapse process.

Another example of the usefulness of the penetration capability of medium-
energy x rays is in the study of jet penetration of energetic materials such as
propellant and explosives. The radiographs in Fig. 9 show the penetration of a
fine-grained propellant by a jet. The location and shape of the reaction zone
can be clearly seen, along with the jet.

When fragments or blast waves pose a hazard to x-ray film and heads, the
cassette and head protection must be increased. When this is done, most of the
penetration capability may be consumed by the protection, and the images
obtained of most metals are shadowgraphs. However, the shadowgraphs
obtained do provide valuable information. Figure 10 is a double exposure,
taken with the Hewlett-Packard 2.3-MeV system, of a cased, hemispherical
shaped charge before it was fired and shortly after firing. The static image
provides a useful reference and the dynamic contains considerable detail, such
as the condition of the jet and images of the fragments produced by the case.

The last example of medium-energy radiography applications is the
estimation of a jet mass-velocity distribution from early-time shadowgraphs
taken with the Hewlett-Packard 2.3-MeV system. The two radiographs shown in
Fig. 11a were digitized with the hand-held digitizing tablet. The data wers then
integrated, assuming constant jet density, from the tip to the tail, to obtain the

accumulated mass (Em)-vs-position distribution. The mass point velocity (the

velocity of a constant value of Zm) was then caiculated using the known time
difference between the exposures and the known position of the tip in each
exposure. The mass-velority distribution is labeled "SHADOWGRAPH" in Fig. 11b.
This technique of estimating a mass-velocity distribution is due to Foster et al. at
Eglin Air Fo.ce Base.



Fig. 9. Penetration »f a fine-grained propellant by a jet.

HIGH-ENERGY APPLICATIONS

The examples of penetrating radiography given here were obtained at the
PHERMEX and Ector facilities at Los Alamos. These machines produce
significantly more radiation at significantly higher energy levels than the
Hewlett-Packard machines applied in the previous examples. The Ector and
PHERMEX machines produce a single pulse, and the source-to-object distance is
usually about 1 m.



Fig. 10. Double exposure (static and dynamic) of a cased shaped charge.

The penetrating capability of these larger machines can be used to reveal
some details of the internal structure of jcts and EFPs. The jet shown in the
upper image of Fig. 11a was radiographed by Ector at the same epoch of
formation (Fig. 12a). This radiograph reveals a region of lower density in the
center of the jet. The radiograph was digitized by a scanning
microdensitometer and the numerical data analyzed to give the tomographic
reconstruction in Fig. 12b. The reconstruction shows that the material in the
low-density region is rarefied to about half the nominal density of the metal. A
later-time Ector radiograph of the same jet indicates that the low-density region
"heals" itself. The density profiles obtained with the anzlysis of the Ector
radiographs were approximated by mathematical functions and used in the
integration routines *0 obtain the curve labeled "PENETRATING" in Fig. 11b. The
comparison shows that although the penetrating x ray revealed the low-density
region, the mass-velocity distribution estimated from the shadowgraph was not
drastically in error.

The aerodynamic stability of an EFP is determined by the position of the
center of pressure, relative to the center of mass. The center of pressure can be
estimated, when the velocity and outer shape of the EFP are known, but the
internal contour must be known to accurately estimate the center of mass. An
Ector radiograph of a Honeywell EFP, Fig. 13, clearly defines the inner contour.
The tomographic reconstruction of this radiograph allowed an accurate estimate
to be made of the center of mass of the EFP.
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Fig. 11. Early-time radiographs (a) of a jet: mass-velocity distribution (b)
calculated from radiograptic data in (a).



Fig. 13. Penetrating radioaraphy of the Honeywell EFP.



Fig. 1., Penetrating radiography of a jet penetrating a target.

The mechanics ¢t target penetration by ets, (L FP-, anc -2as can be
axamined by penetrating raaiography. Figure 14 s a radiograpnr cztained with
*he PHERMEX machine that shows the penetration of a target mace from a filled
cylindrical tube of areal density 410 g/cm? This is equivalent {0 coserving a jet
cehind a 2-.n. :5-cm) steel nlate. Thus. many detaills are revealed by
penetrating raqiography even 11 situations 1nvolving smali variat'zns in object
censity.
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