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1. INTRODUCTION

This study was undertaker.- to demonstrate the feasibility of using
tomography '.o obtain ballistic data which was heretofore either Inaccessible
or very difficult to obtain. It is based on the premise t-hlat a n

Interdisciplinary approach, using insights gained within the last d.1,cade in
medical radiology as well as computational algorithms, though unfamiliar to
most ballisticians, could help in the ievelopment of a new experimental
technique with a considerable payoff potential. This first report, In the
I.allistic context, details our initial findings and Is subdivided into the
following section.o, First, the general theory of tomography i; outlined with
an overview of the reconstruction algorithm. Next, the ballistic requirements
are discussed including the insights gained frrom radi ition transport
calculations to determine the energy requirementc nýeded ,:or the x-ray sources
as well as an estimate on tht amount of scattered radiation, Tn the following
section, the results of static experiments are described which established the
lower limit on the number of views required for an adequate reconstruction.
The p-'opoý'ed BRJ system 's i'ntroduced in Section 5 with the advantages and
disadvantages of the various airangements, and choices of sources and energies

are deteilld. Section 6 presents iaformation on availai~le detection
systom-,. The report concýudes with an overall assessment of the
accomplishments and gives the areas where additional work is planned.

2. PRINCIPLES OF TOMOGRAPHY

2 .1 What i.• Tomography?

Tomogra-hy is a noninvasfve radiographic technique which allows the
recnýstrucdion of cross sections of density distributions inside an object
from a finite set of its itiea.ured x-ray projection values. Its implementation
reouire3 a large number of x-ray projection data taken at several %yiew angles
around the object and an efficient algorithm implemented on a compoter with a
large data storage capability. The whole process is usually referred to as
computed toaiography (CT). The access to cross-sectional density distributions
offers the ballistician a unique tool for the study of phenomena heretofore
inaccessible to experimentation or, indeed, observation. While conventional
methods can give either a local value or an integrated value of a parameter,
such as density, by means of tomography, the actual distribution of the
parameter through a cross section of the region of interest may be obtained.
in addition, the method is noninvasive. Therein lies the tremendous
advantage that this new technique confers. Multiphase flow phenomena inside
the gun tube, closed bomb experiments, liquid propellant dynamics inside the
chamber, actual fragment dispersion while in flight, and dynamic mechanical
loading of materials are but a few of the many possible applications of
computed tomography.

It is only within the last decade that th• full potential of tomography
was realized and put to use in medicine for the detection of density
differences, i.e., tumors in the human body. It is a giant step beyond the
conventional x-ray whose limitations are readily apparent. One only has to
recall that a radiograph is a projection of the x-ray absorption of a body
onto a two-dimensional planar detector, usually an x-ray sensitive filmc. Such

1I'IECED&NG PAGE BLANK-NOT MAID



a system offers excellent spatial resolution -ten line pairs per millimetre is
quite feasible-but the contrast resolution is rather poor. Several limiting
factors are important here: First, the shadowgraph is a superposition of the

attenuation of the x-ray by the materials between the source and the detector;
tbud, there may be unwanted shadows of objects which are )f no interest.
Second, scattering of the x-ray during its traverse of the object can producte

fogging. Third, the dynamic range of the film may not be adequate for thc

resolution of necessary details. Computed tomography overcomes many of these
limitations and gives, for the first time, an accurate "inside view" of the

object without overlapping shadows or artifacts.

A typical CT layout, see Figure 1, consists of an x-ray source, an object

to be studied, and an x-ray detector, usually a scintillation counter. Each
detector element produces a signal indicating the attenuation along the ray

path between the detector and the x-ray source. Any detector system,
including photographic film can, in principle, be used to record the data for

the projections. These data are then digitized and subsequently used in the

reconstruction of the cross-sectional image. The x-ray beam is collimated

into a thin (1.5 - 10 mm) fan that lies at an angle to the major axis of the

object being studied. The experiment proceeds by making measurements of the
transmitted x-ray signal as the source is moved in a semicircle around the
object. Typically, an exposure is taken at one-degree intervals. This will
yield 180 different projections. The source is far enough from the detector

array so that the object is completely enveloped by the fan of the x-ray
beam. Figure 2 shows details of the source and detector configuration. The
three x-ray photon-object interactions are illustrated in this figure. One
photon goes directly through the object and is recorded by the detector. A
second photon is absorbed. These two phenomena lead to the contrast observed
on a radiograph. The third photon is scattered at an angle to its original
path. This 1,hoton, if recorded by the detector, yields no useful information
about the object. In fact, it contributes "fog" or a background signal that
degrades the quality of the projection. Consequently, focused collimators are

used to prevent this scattered radiation from reaching the detector. They are

made from an x-ray absorbing material such as lead and are focused back to the

x-ray source for optimum collimation characteristics.

One of the chief advantages of tomography over conventional radiography
is tht greatly increased density resolution that can be achieved. Since,
basicaiLy, tomography uses a series of radiographs taken at different angles,
how is it possible to have higher density resolution than on the original
radiographs? The following expl, ition will not prove this point but,
hopefully, will give an appreciation of the basis of this fact. Consider the
object shown in Figure 3(a) which consists of a solid material with a lower
density inclusion C. Contours of radiographs taken at two different angles
are shown at A and B. One of the techniques of computed tomography, to be
considered in greater detail in a later section, is an iterative calculation
of the absorption characteristics of the object that will make all of the
radiographs taken at different angles self-consistent. For example, the
signal on A produced by the x-ray transmission along path "a" must be
consistent with the signal on B produced by the transmission along path "b."
Since in an ordinary tomograph there are not just two but perhaps 180 views it

can be seen that the self-consistency requirement will produce an increase in
resolution of the object compared with that of a single radiograph. Consider
now Figure 3(b) which has a region C' that has an absorption coefficient

10
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Figure 2. Source and Detector Arrangement

slightly less than the rest of the object and greater than inclusion C. The
radiograph A' will have the same essential features as A. However, radiograph

B' will be substantially different from B. The tterative reconstruction will
then generate the object in Figure 3(b) which must have characteristics that
will produce radiographs A' and 1'. Thus, although A and A' are identical,

the difference in B and B' contitbute information in determining the
properties of the object. In practlcal tomography, the 180 views require
extensive iteration to yield self-consistent projections.

2.2 Theory of Reconstruction

2.2.1 General Ideas. X-ray radiation is attenuated when it traverses an
object. The change in radiation intensity is given by

dl = -Ijds , (1)

where I is the intensity, ds is the path length, and p is the proportionality
constant or absorption coefficient. It can depend on the energy of the x-ray

as well as the composition of the material in each path length of the

object. Solving the equation we get,

x
-ln - f ds (2)

0 0

12
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where the integral is from the source to the detector. The x-ray shadowgraph
or projection is a meabure of I/I . The problem of tomography then, is to
invert this equation and solve for p of the object.

The density is deducec from the absorption coeff-ctent by the

relationship

P = pa (3)

when a is the x-ray cross section of the material. These cross sections have
been measured and calculated and depend on the x-ray energy and the atomic
make-up of the material.

Computed tomography (CT) was made possible through an elegant

mathematical proof by the Austrian mathematician Johann Radon' who in 1917
showed that an arbitrary function which is bounded, continuous and has
continuous first partial derivatives can be uniquely reconstructed from an
infinite set of parallel line integrals, such a those in Eq. (2). More
generally then, one is interested in reconstructing an n-dimensional function,
representing the value of a spatially distributed object, from its projections
into an n-l dimensional subspace. Assume that f(s) defined only in the
circular region s:UsIIC R. Assume further that along lines Li in Rn the values
of the line integrals g(L) = fL f(s) ds are known. The problem, then, is

to estimate the value of f(s) from the g(L 1 ). Mathematically, this is
equivalent to inverting the integral equation. Radon's exact solution, now
called the inverse Radon transform, can be expressed as

= -2r 3g(tO) d O()!
f(s) f a t-x cose - y sinO a dt cl(4

where (t-x cosO - y sine) is the perpendicular distance from s to the line
l(t,O) and g(t,O) is the integral of f(6) along the line l(t,O). See
Figure 4a.

To make these ideas clearer, suppose that one is interested in
determining the two-dimensional density distribution f(s), within a body. It
is not possible to determine f(s) directly, but, rather, it must be inferred
from a set of external measurements. These are modeled as integrals of the B
absorption coefficient along rays in a plane through the object; such a ray in
transmission tomography can be identified with a particular orientation of a
highly collimated source and detector: The integrals are obtained by
measuring the energy flux exiting the body along various paths, Li, as in Eq.
(2).

1J. Radon, "Ueber die Bestimmung Von Funktionen durch ihre Integralwerte
laengs gewiseer Manningfaltigkeiten," Berichte Saechsische Akad. Wiss.,

Vol. 69, pp. 262-277, 1917.
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A ray is defined parametrically by the relation t - r cos(O-S) and an
ideal, i.e., noise-free measurement associated with the ray, taken at the
angle 0, is defined by

g(t,6) = f f(t,6) 6[t-r cos(e-$)Jllrlldrdý (5)

R

where g(t,6) is the total x-ray absorption along the ray and the 6
funccion exists only along the line of measurement, Figure 4b. The equation
defines the measurement in terms of the unknown two-dimensional density. The
reconstruction problem is to invert the measurements taken tor a large number
of rays to recover f(t,O) throughout the disk R. That is, given measurements
of the Radon transform

g(t,O) at (t,e) c A (6)

where A is the measurement set, determine an estimate of f(s) for s cB, where
B is the reconstruction set.

In practice the reconstruction is made difficult by the fact that only a
finite number of line integrals are available and the data can be noisy.
Thus, the basic assumptions of Radon's theory are not satisfied. One seeks
algorithms which approximate Radon's transform in some sense. Three general
approaches to the reconstruction problem have been developed: the series
expansion, the convolution, and statistical algorithms. We will now discuss
these briefly. The interested reader is also referred to Brooks and DiChiro,2

Herman,3 and the references cited -herein.

The problem of reconstruction is approached by dividing the plane which
contains the object of interest into equal sized picture elements, also called
pixels. It is assumed that the x-ray attenuation in each pixel is constant.
Thus, the object is represented by a two-dimensional array of numbers,
typically a matrix of 256 x 256 (Figure 4). The measurements of x-ray
attenuation along the rays then provides information on the total attenuation
along a chosen line and known location.

For this feasibility study, we have examined three classes of
reconstruction algorithms with the view to determine their degree of tolerance
to missing information when only a limited number of views are available. In
the following sections we summarize the basic ideas of each of these methods
and give the relevant entries to the literature. L

2R.A. Brooks and G. DiCziro, 'Principles of Computer Assisted Tomograrhy (CAT)
in Radiographic and Radioisotopie Tmaginq, " Phyis. Aled. Biology, Vol. 21,
No. 5, pp. 689-732, 1976.

3 G. Herman, Tmage Reconstruction from Project ione, 4cademic Prevs, New Yo'rk,
1980.
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2.2 2 3eries Expansion Methods. In the series expansion algorithm, the
function f(s) is approximated by a finite number of terms In a series
expansion on a known basis set. This problem formulation leads to a matrix
problem which can be solved by a number of different techniques, such as
num.ri,-al relaxation used by Gordon and Herman,5 for example, in theAlgebraic Reconstruction Technique (ART) family of algorithms.

This method proceeds from the idea that a picture of the object under
study can always be represented by a linear combination of a fixed set of
basis pictures. The reconstruction problem is then one of estimating an N-
dimensional column vector whose i-th component is the coefficient of the i-th
basis picture in the linear combination. A good choice of the basis function,
b (r 0) is to assure it to have a value of one if (r,o) is inside the J-th
plxel, and zero outside.

The problem is then one of finding a function whose Integrals over a
given domain match the measured values. The object to be reconstructed is now
subdivided into pixels (Figure 4(b)), each of which is assigned a value of
the unknown function fi" The radiation, after it traverses the object through
the beam J, is detected at the detector element pj . The line integral,
Eq. (2), is then estimated as a sum of its values in the pixels along the ray
path.

The calculation commences by assuming a value for the funccion fi and
calculating the projection p1 along the ray path. If the ray sum is not equal
to the projection values, the value of the cell that contributes to the ray
sum is changed by an appropriate amount and the calculation is repeated for
all cells and rays. The iteration is continued until the desired accuracy is
obtained.

Iterative algorithms are more tolerant to missing data, 2 but overall give
less accurate results than some of the newer algorithms. The reason for the
inaccuracy can be found in the fact that here one attempts to find a function
which is piecewise constant on the pixels. Also, the x-ray beam is
represented by a strip of finit width instead of a line.

There are several other drawbacks to the series expansion technique.
First, one needs all the projection data before a reconstruction can be
commenced and, also, it requires more operations than other algorithms.
Further, iterative reconstructions are more susceptible to errors caused by
noise in the data.

A decided advantage of this type of approach is that it can be used to
generate reasonable results when data is missing, such as in the case of
limited number of angles and limited view of the object of reconstruction.

4 R. Gordon, "A .Ttorial on ART," IEEE Transactions on Nuclear Science NS-21,
pp. 78-93, 1974.

5 G. Herman, "ART: Mathematics and Applications," J. Theor. Biology Vol. 42,
pp. 1-32, 1973.
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This is quite an importanL consideratl(i for the application of tomography for
transient phenomena.

2.2.3 Convolutional Algorithm. The other large class of reconstruction
methods comes under the heading of convolutio-%al algorithms. 6' 7 Tn such an
approach, one obtains the density estimate by applying a linear mapping to the
set of measurements. A number of different alg)rithms can be derived based on
these ideas depending on the choice of the weight functions or filters used In
these mappings. The steps of the algorithm are

a) at each value of 0k, filter the measurement g(t,Ok) to
obtain s(t,k ki

b) back project s(t,ek) as a constant along all points of x on each
line, t,

c) add the projections over k - 0, • . . K

Note that without a filter function, a blurred image Is obtained due to the
unavoidable contribution from each back projected profile to the area around
the object. Filtering introduces negative values into the profile that cancel

out undesired components in the field image. The process of multiplying the
values of each profile by a set of values, the filter function, is called a
convolution; hence, the name convolved filtered back projection is sometimes
used. Back projected images are sensitive to a reduction of the available
amount of data with the result of the appearance of artifacts. Also, noise in
the data can produce a mottled appearance because high frequency components inthe projected data are emphasized, 'Leading to computational errors. !

2 .2 .4 Maximum Entropy Image Reconstruction. IL communication theory
information has the same mathematical form as that of entropy in
thermodynamics or statistical mechanics. They both express the logarithm of
the number of possible messages or the number of possible states in a given
system.

By the second law of thermodynamics, it is known that a system left to
itself will evolve in a certain direction and entropy gives an indication of
the direction and stage of thLe process. Equilibrium is reached when the
entropy reaches a maximum. In statistical mechanics entropy can be given a
probabilistic meaning which makes a direct comparison between the concepts of
information and entropy possible.

6 L.A. Shepp and J.B. Kruskal, "Computerized Tomogqralhy: Vie Neid Medical X-Ray
Technology," Amer. Mathematical Monthly, Vol. 8,6, pp. 420-439, 1977.

7 R.N. Bracewell and A.C. Riddle, "Inversion of Fan Beam Scans in Radio
Astronomy," Astrophys. J., Vol. 150, pp. 427-434, 1967.
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Entropy is then defined ap S - ktnP where P are the number of equally
probable microscopic states of Lhe system and k is the Boltzmann constant.
The definition can be generalized somewhat if not all states are equally

probable to the following form S = -krpi Xnp1 with Zp1 =l where pt is the
probability that the system is in state i.

In the communication theory usage of the concept, entropy has to be
reinterpreted somewhat. A measure of information could be, for example, a
monotonic function of the number of messages in a set from which a particular J
message is selected. The log of this function is used because it makes the

J ~information a linear quiantity proportional to such cha-zacteristics as duration !
of the message or the number of communication channels. Thus, information in

a message is usually defined as I - k•P where k is the constant and P the
number of messages in a set of equally probable messages from which a
particular one has been selected.

R:calllng the observation of Boltzmann that entropy is a measure of
missing information and noting that a reconstructed image free of artifacts
should contain less information than one with artifacts, the notion of
maximizing the entropy of a reconstruction suggests itself.

To make the connection between the notions of communication theory and
actual x-ray absorption measurements, consider an object to be described by M
parameters (fl,2,...fM) each of which could represent a sample of the object,

f = f(xi:Yi). Since the number of measurements needed to adequately describe

an object is usually much greater than the actual number of measurements
taken, the object is underdetermined leading to an infinite possible number of
descriptions of the object. To make the system determinate constraints are
imposed such as an entropy criterion leading to a constrained optimization
problem. The connection between the Pi and actual observables can be made by
considering the object to be partitioned into N pixels each of uniform area
a. Let f, be the attenuation of an x-ray in the i-th pixel. Now

E
f =-- rii ai

where E is the energy of a photon, ri the rate of absorption in the i-th
pixel. Then the probability that a photon is absorbed in the i-th pixel is

r

= i(7)
i

The entropy of the discrete probability distribution then becomes

N
S E 1- UPg~ 8

i=11
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Minerbo, 8 noting that the source function obeys

f(x,y) > D (9)

f dx f f (x,y) dy 1 (10)
D

where D is the compact support, observed that the function f can now be
regarded as a probability distribution. If projection data are available as

Gjm i+1 ds f f(s cosaj - t sineV s sine + t cosa) dt

jm m -•

jni (11)

m-- 1,...M(J)

where 6 are the projection angles and Si are the abscissas for the J-th
i M(j) i

view. Of course, G 0 and E G = I. Minerbo then proceeds to define
the entropy of f as 

.'

n(f) = -f dx fD f(x,y) Xn [f(x,y)AJ dy where (12)

A is the area of D. Next, lagrange multipliers are introduced for each of the
constraints and Lagrangians are formed. The standard procedure is concluded
by using a nonlinear Gauss-Seidel technique to solve the system of equations.

The MENT technique has been used with some success for reconstruction of
objects and seems to yield smoother images than the filtered back projection
or the ART family of algorithms when the number of views is restricted.

3. BALLISTIC REQUIREMENTS

3.1 The Ballistic Environment

The ballistic environment imposes rather severe constraints on the system
under consideration. These can be summarized as follows: The time constant
of a typical phenomenon inside a gun tube, for example, is of the order of
tens of microseconds while typical length scales are around a millimLtreo To

8G. Minerbo, "MENT: A Maximum Entropy Algorithm for Reconstructing a Source

from Projection Data," Computer Grapics and Image Procescin, Vol. 10,
pp. 48-68, 1979.
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avoid blurring in the reconstructed images due to motion, all the transmission
measurements will ha ! to be taken in a few tens of microseconds. Thus, for a
ballistic application, there is no time to mov•e the source to succeeding
locations but rather, an arrangement must he considered whereby the data is
gathered by flashing a number of sources in a short time interval. With the
high cost of each additional source in mind, as well as the difficulties of
sequencing the flashes and recording the results, it is desirable to mni~nflze
the number of views; i.e., the numuber of sources required for a system.
Therefore, one of the basic questions that this study sought to answer was:
What is the least number of sources that are necessary for a reconstruction
consistent with a resolution of the image of the order of millimetres?

Due to the high pressures and temperatures of the operating environment,
special attention must be given to protecting the recording equipment in the
experiments. Pressure of the order of several hundred atmospheres and
temperatures of around 3000 K are not uncommon. The differences between the
medical and billistic applicition are summarized in Table 1.

3.2 Speciai Aspects of Ballistic Tomography

3.2.1 NIaterials of Interest. Toni graphy on real gun tubes is made
difficult by the fact that the x-ray signal has to traverse several
centimetres of highly absorbing steel. To obtain a sufficient detector signal
for reconstruction, high energy x-rays are needed. Such equipment becomes
rather bulky and difficult to operate. In addition, the hydrocarbon
propellant material within the chamber is of a much lower density and has a
lower absorption coefficient than the steel walls, leading to problems with
contrast on the x-ray projections.

This difficulty has been overcome by Hornemann, 9 who used a polyamid
fiber reinforced plastic (Kevlar) tube to stndy propellant grain motion under
o'onditions approximating an actual firing of a 20-mm gun system. The tube
could withstand pressures up to 200 MPa when the wall thickness was 10 mm, and
was transparent to 120 kV flash x-ray source pulses. Large caliber
investigations on the ignition and early combustion phase in 155-mm and 5-inch
cannons have been carried out using filament-wound fiberglass tubing with a
• 4aLl thickness of 3 to 4 mm. 1 0 -1 2 The x-ray sources used were 300 kV and

9 U. Hornemann, "Investigation of PropelZant Combustion in X-Ray Transparent
Gun Tubes," ,rnst-Mach-Inatitut/Abteilung fuer Batlistik Report No. 3/79,
Weil am Itein, Weet Gernmany, 1979.

1 0 T.C. Minor, "Characterization of Ignition Systems for Bagged Artillt ry
czarges," ARBRL-TR-02377, USA ARRADCOM/Ballistie Research Taboratory,
Aberdeen Proving Ground, AD, 1981 (AD A108119).

1 2 A.W. Horset and T.C. Minor, "Ignition Induced Flow Dynamics in Ragge(d Carcge
Artillery," AHBRL-TR-12257, USA ARRADCOM/Batlistic Research Laboratory,
Aberdeen ProK,-g Ground, MD., 1980 (AD A090681).

1 2 W.R. Purrell and J.[l. Past, "Effects of Production Packing Tlepth and
Tgnition Techniques on Propelling Mharge Reaction and Projectfle kheponse,"
NSWC/DC TR-3705, Naval Surface Weapons Center, Dahilgrn, VA, 197,9.
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TABLYE 1. COMPARISON OF MEDICAL AND BALLISTIC REQUIREMENTS

Medical Ballistic

Time 2-5 s 1-100 ps

Spatial Resolution <1 mm Several mm

Temperature Ambient 3000 K

Pressure Ambient 1-300 MPa (Blast)

Number of Views 180 -20

Contrast Bone-Tissue Hydrocarbon

Scattering I View 20 Views

Dynamic Range
Requirement 108 102

450kV. The maximum pressure obtained in these experiments is approximately
70 MPa. Other materials with minimum absorbing x-ray properties are
available. As shown in Table 2, several of these materials are as strong as

steel. One drawback to their use is that at elevated temperatures they lose
their tensile strength; thus, they cannot he used for cyclic firing.

3.2.2 Radiation Transport Calculations. A useful assessment of these
materials as chambers for ballistic investigation can be carried out by doing
radiation transport calculations on a propellant-chamber mock-up. A one-
dimensional Monte Carlo code, TIGER, developed by the Sandia Laboratories , 13

was used to carry out the transport calculations. From 1000 to 50,000 photon
histories were followed with the code. Mono-energetic x-rays were used as
input. The chamber propellant configuration is shown in Figure 5. A
monolithic propellant grain is used to simulate the granular propellant bed,
with a thickness (124 mm) equivalent to that found in a relatively high
loading density configuration. Using the known geometry, density, and
chemical comlosition of the object, the code calculates the percentage of
energy absorbed, forward-scattered, back-scattered and unattenuated within the
object material. The output also includes the percentage of photons absorbed,
forward-scattered, back-scattered and unattenuated, and the energy
distribution of the scattered photons. Scattered radiation is defined as all
radiation transmitted through the object with a different energy than the

1 3 J.A. Halbleib and W.H. Vandevender, "TIGER: A One-Dimensional Multilayer
Electron/Photon Monte Carlo Transport Code," SLA-73-102P6, Sandia
Laboratories, Albuquerque, NM, 1974.
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input radiation. An example of this output is given in Figure 6, in which the
chamber was made of fiberglass. This is a one-dimensional code and does not
give an angular distribution of the scattered radiation but only an energy
distribution. Table 3 gives the results for a fiberglass and a bteel chamber
with input x-ray beams of 0.1 MeV up to 1.0 MeV for the unattenuated and

TABLE 2. COMPARISON OF TYPICAL MATERIAL PROPERTIES

Densisy Tensile Strength Tensile Modulus

Material g/cm GPa GPa

Steel 7.75 1.38 200

S-glass/epoxy 2.08 1.66 48

Kevlar/epoxy 1.38 1.38 76

Carbon
fiber/epoxy 1.55 1.38 124

CHAMBER WALL

SX-RAAY or,

INAI

PROPELLANT
16.4mm 124rmm 23.5 mm

Figure 5. Propellant-Chamber Mock-Up for X-Ray Transport Calculations
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TABLE 3. RESULTS OF THE MONTE CARLO CALCULATION OF X-RAY INTERACTION
WITH 155-MM CHAMBER SIMULATOR*

Percent Energy Percent PIhotons
Chamber Wall X-Ray Forward Forward
Composition Energy (MeV) Unattenuated Scattered Unattenuated Scattered

Fiberglass 0.1 3.4 10 3.4 15

0.25 7.7 16 7.7 28

0.5 14 18 14 37

1.0 24 18 24 38

Fe 0.1 0.4 0.3 0.4 0.3

0.25 9.7 15 9.7 28

1.0 24 18 24 34

"*See Ft qure S for confiigu•.ation.

forward-scattered radiation. The presence of forward-scattered radiation in a
radiograph is undesirable as it contributes fog or background noise to the
signal. In addition, tne percentage of energy transmitted is also important
since this dctermines the strength of the signal from the detector. Hence, in
the absence of the knowledge of the angular distribution of the scattered
radiation, a useful quantity to consider is the ratio of unattenuated to
forward-scattered radiation. It is clear from Table 3 that the high energy x-
rays are superior, whether the chamber is made of steel or fiberglass. As
will be discussed in Section 4.2, the x-ray sources under consideration are
poly-chromatic and are similar to those used in References 9 through 12.
Further tests must be carried out to determine the significance of radiation
below 0.1 keV on the quality of these radiographs.

Results for calculations at 0.1, 0.25, 0.5, and 1.0 MeV are given in
Figures 7 (steel chamber) and Figure 8 (fiberglass chamber). A low anergy x-
ray filter, such as copper or aluminum, could be used between the object and
the detector. Calculations must be done to determine the amount of scattered
radiation that would be contributed from these filters themselves. These
figures show an apparent anomaly between the absorbed energy and the absorbed
photon fraction. This is because the scattered x-ray photons are in lower
energy bins than the incoming radiation. To conserve energy, the remainder of
the energy of the scattered photons is lost through absorption. It is worth
noting that above 0.25 MeV there is little difference between the steel and
fiberglass chambers. This is not s,,rprising since the dominant path length is
through propellant in this thin-walled chamber configuration. At 0.1 MeV,
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PHOTON FRACTION° l
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0.10
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8u OUTPUT (PERCENT PHOTONS)
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0 FORWARD SCATTERED 37 %
0 BACK SCATTERED 32%

CL 0.05
UNATTENUATED 14%z

0

U. Lillr

0.0
0.0 0.1 0.2 0.3 0.4 0.5

ENERGY (MeV)
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Table 3 shows that thg unattenk~atod-to-forward scattered ratio is more
favorable for the steel chamber. H-owever, the transmitted radiation is an
order of magnitude lower which may be too small to produce acceptable
radiographs.

Calculations were carried out on the actual 155-mm howitz, - cia;:Ler
configuration, in which the wall was 71-mm thick steel. 1.0-MeV x-rays are
too soft for this application with less than 0.1% transmission. Results for
5.0-MeV x-rays are shown in Figure 9. It is seen that most of the scattered
radiation is between 0 and 1.5 MeV. The ratio of uitttenuated-to-forward
scattered photons is reasonably good at 5.0 MeV. Broz has carried out an
experimental investigation on gun tubes with a 2.3 MeV flash x-ray unit.
Acceptable radiographs through 99 mm of steel were made using this system.

In summary, it appears that high energy x-rays (5.0 MeV) would be needed
to acquire the projections of radiographs adequate for tomographic
reconsruction, when examining an actual 155-mm cannon. However, using a thin-
walled chamber of either steel or fiberglass, the calculations show that x-ray
energies between 0.1 and 1 MeV should give a reasonable amount of transmitted
radiation.

Detectability is not the only concern here. Will there be enough
contrast in the image to produce signals with an adequate signal-to-noise
ratio? The propellant-chamber configuration does not vary greatly in density
unless there are large void spaces within the propellant bed. To obtain some
idea of image contrast, calculations were carried out with the configuration.
of Figure 5 with two propellant thicknesses, 124 mm and 114 mm. This
simulates an arbitrary ten percent change in propellant loading within the
chamber. Results of calculations using a fiberglass and a steel chamber for
0.1 and 0.5 MeV are shown in Table 4. A summary of this table and the
calculated contrast is shown in Table 5. No attempt has been made to assess
the importance of scattered radiation on the contrast. There are errors
inherent in the calculations and the contrast numbers should only be
considered an order of magnitude. A more straightforward calculation using
standard absorption coefficients could have been used but the TIGER code
includes the scattered component as well. Table 4 indicates that no
unexpected results due to scattering were observed.

3.2.3 Limited Number of Views. Due to the constraints discussed in
Section 2.1, it is desirable to limit the number of sources, and,
consequently, the number of views which will be available for a
reconstruction. But the fewer the views the le3s information is available and
the more likely that artifacts in the form of streaks will appear in the
reconstructed image. The distance between the streak and the object is a
function of the number of views and the spatial resolution.

Since in medical diagnostics there was little incentive to minimize the
number of views, only a few authors even comment on this problem. To

1 4 A.L. Broz, "Methodology Investigation of Techniques for In-Bore Flash
Radiography," TEC'UI Project No. ?-CO-PB5-AP-086, Material Testing
Directorate, Aberdeen Proving Ground, MW, 1977 (AD B0228342)
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INPUT 5 MeV PHOTONS
OUTPUT (PERCENT PHOTONS)

ABSORBED 77%
FORWARD SCATTERED 6%
BACK SCATTERED 17%

0.03UNATTENUATED 1.8%
zw

0OUJ
0 TRANSMITTED

zU 0.02- PHOTON FRACTION

0.0

w.. .. :~*..*.*. ....... **...~i

0 1 2 3 4 5

ENERGY (MeV)

Figure 9. Transport Calculations for 5 MeV X-Rays for Actual 155-mm Chamber
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TABLE 5. X-RAY CONTRAST CALCULATIONS

Propellant Photon

Energy Thickness Unscattered Contrast**
Chamber* (MeV) (mm) (%) (%)

Fiberglass 0.1 114 4.6
19

Fiberglass 0.1 124 3.2

Fiberglass 0.5 114 16
14

Fiberglass 0.5 124 14

Steel O.1. 114 0.27

Steel 0.1 124 0.25

Steel 0.5 114 9.3
20

Steel 0.5 124 7.7

*Configuration ehown in Figure 5
"**Contrast calculated as the percent change in unscattered rhotons in going from

114 to 124 wnn propellant.

determiyi the least number of views for an acceptable reconstr ýtion, Snyder
and Cox give the formula N i=u while later Joseph and Schulz7 proposed

0

Du
0N 2T o (13)

(1 -sin 2

where N is the minimum number of views, T) tht maximum object diameter, u the
maximum resolvable spatial frequency a 4- the opening angle of the °fan.
Experience with these equations shows that the results which they give are
only reliable if one assumes the number of views and calculates D. In fact,

1 5 D.L. Snyder and J.R. Cox, "An Overview of Reconstructive Tomography and
Limitation Tmposed by a Finite Number of Projections," in Reconstruction
Tomog•aphy in Diagnostic Radiology and Nuclear Medicine, M.M. Ter Pogosqian,
et al, editors, University Park, Press, Baltimore, MD), 1977.

1 D.M. Toseph and R.A. %,-hulz, "View Sampling Requirements in Fan Ream
Computed Tomograpy," Med. Phys., Vol. 7, No. 11, 19R0.
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it is more reasonable to interpret D, not as the diameter of the object but
the distance at which an artifact appears from a sharp edged object.

Without giving details, K.T. Smith, et al,17 report on reconstructions
of a pig's head phantom using 18 x-ray directions. Density vartatiot::; without
obscuring artifacts are clearly visible.

18b

Finally, the paper by Crowther, et al. 1 8 , should be mentioned. It states 4
that the minimum number of vievs, N, to reconstruct a particle of diameter D
to a resolution of d is given by

N 1 T D/d . (14)

More quantitative research is needed before the least number of views question
can be answered with any degree of certainty. An effort to determine the
minimum number of views for the ballistic application is described in
Section 4.

4. RESULTS OF STATIC EXPERIMENTS

Early in the study it was realized that a limited number of static
experiments would be useful in helping to establish the feasibility of
building a tomographic system for ballistic applications. The experiments
were designed to answer the question on the least number of sources that could
be used for an acceptable reconstruction and whether sufficient contrast could
be obtained from x-ray sources in the sub-MeV regime. As it turned out, both
of these questions could be answered in an acceptable manner. The experiments
wejý performed at the Los Alamos National Laboratory. The experimental set-
up consisted of a source, a detector, a rotating table, and ancillary
electronics required for the subsequent data reduction. See Figure 10.

The source was Iridium with most y-radiation at 316 keV and 468 keV. The
beam was collimated to a cone with a 2 cm diameter base at the detector. The
source to detector distance was 0.6 m. A detector consisting of a NaI(TL)
scintillator fronting a single photomultiplier tube was used to record the

1 7 K.T. Smith, D.C. Solman, and S.L. Wagner, '"Practical and Mathematical
Aspects of the Problem of Reconstructing Objects from Radiogras, " Bulletin
of the American Math. Society, Vol. 83, pp. 12?7-1270, 1977.

18 R.A. Crowther, -. J. DeRosier, and A. Klug, "The Reconstructton of a Three-
Dimensional Structure from Projections and its Applications to Electron
Microscopy," Proc. Royal Society London, Vol. A317, pp. 319-340, 1910.

1 9R.P. Kruger, "Nonmedical Applications of Computer Tomogra y to Power
Capacitor Quality Assessment," IEEE Transactions on Nuclear Science, NS-28,
pp. 1721-1 725, 1981.
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Figure 10. The IANL Experimental Setup
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transmitted radiation. It was placed behind a detector collimator having
movable plates which permits the collimator aperture to be varied in size from

0.5 mm tip to several millimetres on a side. A 12-bit analog to digital
converter w~th a 40 ps digitizing time was used for the recording of the x-ray
transmission through the object. The study module was placed o. a table
allowing three degrees of freedom of motion. The axes were driven by direct
current stepping motors controlled by an LSI-11 computer. The projection data
was recorded on fl~oppy disks.

The experiments were performed on two different test phantoms. In the
first, a 20.0 cm diameter fiberglass cylindrical tube, with a wall thickness
of 3 mm was filled with inert, 7-perforation (diameter 1 mm) propellant
grains, of 1.0 cm in diameter and 2.0 cm in length. This material contained

31 percent Pb304. For the second test, the test pellets, the same size as
before but now consisting of lucite, were embedded in a styrofoam matrix and
oriented at random angles (Figure 11c). This approximates the fluidized
regime within a gun tube. In both cases, x-ray absorption measurements were
made with 800 data points per view angle and the experiment was repeated 180

times, stepped at one-degree intervals. The scan aperture was 0.5 mins by 1 mm
and the step over between samples was 0.25 mm. it took approximately six
hours to acquire the data for one reconstruction. This was the basic data set
used in the reconstructions.

With the data in hand, using the MENT and a filtered back projection
(FBP) codes, computer experimentation was begun. The objective was both to
determine the quality of the reconstructed image when data points were
intentionally omitted and when fewer than 180 views were used. Indeed, the
question we sought to answer was: What is the least riumber of views which will
allow a reasonable tomographic reconstruction to be obtained?

The result of the study is illustrated in Figures Ilae throuigh lli. In
(a), the first phantom was reconstructed with the filtered back projection
using 180 views and 400 points per view angle. Thirty-six views were used for
the reconstruction shown in (b). Note that the artifacts become discernible
and detail is lost. The second phantom is shown in (c) with a 180-view FBP
reconstruction in (d) and an eighteen-view reconstruction (e). When the
reconstruction is performed using NENT for the same number of views alid two
hundred points, the image seen in (f) exhibits fewer artifacts. Finally, in
(g) nine views were used and the results show the clustering of the propellant
grains and the general topology of the flow but quantitative evaluation is no
longer feasible. Further analysis of the experimental data was carried out
for the purpose to be discussed in Sections 5.2 and 6. Reconstructions were
done when only 100 (h) , 50 (1) , and 25 sets of data points per view were
used. Below 50 data points, the fuzziness of the obtained picture precludes
any quantitative use of the results. We conclude from this that the
reconstructed picture def inition is determined by the number of projections
(18) rather that the number of points per projection.

It is pobsible that another algorithm may yet be devised which would
allow a reconstruction yielding reliable quantitative data at or below nine
views. An effort in this direction is on the way. However, at present,
between 15 and 20 views represent the lower bound of usefulness of these
techniques with MENT conferring the advantage of fewer artifacts and a
smoother picture for the restricted data set.

34



Y9

a b c

0., 7%00{

II

q h

Figure II. Reconstructions for BallistLc Mock-Ups

*35



It may be noted here that both the monochromatic source and detector were
collimated. Consequently, there was; no scattered radiation from off-line
elements of the test object that could reach the detector. This technique
helped greatly in minimizing the problems associated with scattered
radiation. Thus, these reconstructed images represent near optimum conditions
with respect to interference from scattered radiation. In the short-time
ballistic application it is not known how much scattered radiation will
interfere with the reconstructed image. However, interior ballistic
investigators have been routinely recording radiographs of interior ballistic
processes for a number of years using polychromatic flash x-ray sources with
no collimation at energies from 100 Key up to I MeV. Propell&'t grains are
clearly observed in these radiographs including perforations (-0.1 mm) and
other small details. Clearly scattered radiation could not possibly be a
serious problem or radiographs of this quality could not be produced. The
interested reader is referred to References 9-12 and reports cited therein forexamples of radiographs described above.

5. PROPOSED BRL SYSTEM

5.1 Geometrical Layout

It is clear from the work conducted at LANL, and described in Section 4,
that a minimum of 15 to 20 views will be required in order to reconstruct a
reasonable image, even for a low loading density configuration shown in
Figure l1c. All of these projections should be acquired in a time frame that
is short compared with any geometrical changes in the subject under
investigation. For some ballistic systems, a time frame of 10 microseconds to
100 microseconds will be adequate. A chamber which simulates a large caliber
configuration should have a diameter of between 150 and 200 mm. With these
constraints in mind, two systems will be described which have the potential
for satisfying these requirements. Details on x-ray sources and detectors
will be given in a later section.

5.1.1 System 1. Investigators at two installations have constructed x-
ray systems which hag characteristics that meet some of these requirements.
Trimble and Aseltine at BRL have developed an x-ray cinematography system
that has the capability2 ?f taking images at the rate of 100,000 pictures per
second. Ritman, et al, * at the Mayo Clinic have designed a dynamic x-ray
tomographic system called a Dynamic Spatial Reconstructor (DSR) which has a
number of components similar to those used by Trimble and Aseltine. The DSR
was designed to image the beating heart. It uses twenty-eight projections

20J.J. Trmble and C.L. Aseltine, "Ftagh X-Ray Cineradiography at 100,000
FPS," Tihe Seventh Symposium (International) on Detonation, 11, Naval Academy,
Annapolis, AD, 11-19 June 1981.

2 1 E.L. Ritman, J.H. Kinsey, R.A. Robb, L.D. Harris, and B.K. Gilbert, 'Physice
and Technical Considerations in the Design of the DSR - A Hig-h Resolution
Volume Scanner," American Journal of Roentgenology Vol. 134, pp. 369-374,
1980.
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which can be acquired in 10 ms. A ballistic tomographic setup based on
References 20 and 21 is shown in Figure 12. This is an axial view of the
chamber containing propellant grains. The 17 sources, x-ray conversion
screen, and the image intensifier detectors are co-planar. The system works
as follows. The x-ray sources numbered 1, 5, 9, 13, and 17 are flashed
simultaneously, producing five nonoverlapping shadowgraphs, or projections
indicated on the x-ray conversion screen. These are then recorded by the
gated image intensifiers focused on a particular portion of the screen. A
second series of sources, 2. 6, 10, and 14, can then be pulsed hut only after
a time long enough to allow recovery of the conversion screen, The image
retaimd on the screen should be less than five percent of its original
value or succeeding images will have a residual signal and will. disLort the
reconstruction process. Therein lies the chief difficulty associated with
this setup: finding a screen with both high x-ray conversion efficiency and
short decay time. There exists another problem. As discussed in Section
3.2.2, a significant amount of forward scattering takes place during
transmission of the radiation through the sample. This scattered radiation
degrade the quality of the shadowgraph. Ordinarily, grids (Potter-Bucky
grids)4J constructed of lead can be placed in front of a screen to reduce
the amount of scattered radiation. However, to be most effective, these grids
should be focused towards the x-ray source, as in Figure 2. It is not
possible to focus the grid for a single detector screen back to multiple
sources, as in Figure 12. For example, a grid placed at region I on the
conversion screen cannot be focused back to all sources 1, 2, 3, and 4 even
though all of these sources will project at least a portion of the radiograph
on region I of the conversion screen. In summary, two problems are
encountered in implementing this system; viz., the recovery time of the
converter screen and inadequate collimation.

5.1.2 System 2. The problems associated with the previous setup can he
avoided by the arrangement shown in Figure 13. All detectors and sources are
located in a single plane, and each source has its own detector scree".
Moreover, the shadowgraph of the object must fall within the 100 angle as is
shown in Figure 13. With this arrangement the images do not overlap and all
17 x-ray sources can be fired simultaneously (w•.thin 1-2 ps). As was
mentioned in Section 5.1, the chamber diameter is assumed to be 200 mm. Since
Lhe x-ray intensity decreases as I/r 2 it is desirable to minimize the source-
to-detector distance. Geometrical calculations show that with these
constraints the minimum distance fcom the source-to-detector is 4.6 metres,
with the object being midway between the two. For these conditions, hne
radiograph or projection would be relatively poor in quality because of the
finite effective size of the x-ray source. A large object-to-detector
distance does have one advantage; some of the forward scattered radiation
which has a broad angular distribution will miss the detector and reduce the
unwanted background fogging. To reduce the finite source size problem an
arbitrary figure of 2.5 was chosen for the source-to-object/object-to-

2 2 E.L. Ritman, 'Private Communication.

2 3 S.C. ushong, RadioZogical Science for Technologists, (..V. Mosby Co.,

St. Louis, Toronto, London, 2nd Edition, p. 797, .1980.
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detector ratio. With these constraint, the paramet ers shown In Fl|gie• 13 wcrc

determined. The source-to-detector di •t ance was calc C1at? d t i e 'i.6 h
metres. This relatively large distanrwe could load to a probi em with x-, i ,V
intensity at the detector. The settip desccribed in Refer•ni•e 12 empi1yed
similar dimensions. Nevertheless, useful IIdi ographs were obtahied

ldividual detector arrays or screens for each source allowsv use of
focused grids to reduce the amount of forward scattered radiation as is showil
in Figure 2. In summary, System 2 has many advantages over System I but it
must be demonstrated that there is suffi ci et x-ray lit easi t y for an
acceptable image,

5.2 X-Ray Sources

The choice of an x-ray source is driven largely by the time constraints
imposed by the ballistic application, and the attenuation charactertistics of
the chamber and propellant. As has been previously discussed, all projection
data must be acquired within 50 to 100 microseconds. Medical x-ray units used
in tomographic applications are largely of the thermionic type. The chief

attraction of these tubes is their reliability, availability, and their small
effective source size of I to 2 umm. However, there are certain drawbacks
associated with these tubes; i.e., blooming or enlarging of the focus size as
the x-ray output is increased, and a heel effect which results in a nonuniform
intensity distribution across the sample being radiographed. The most
important limitation, however, app jrs to be in the maximum pulse rate. The
tubes used in the Mayo Clinic DSR have a pulse width of 350 microseconds.
This appears to be near the limit for thermionic tubes and is too slow for the

94
intended ballistic application. Field emiasion tubes' have a number of
advantages. Pulse-widths are on the order of 25 ins. A series of tubes can be
pulsed at one-microsecond intervals. Hence, it is possible to take up to 20
shadowgranhs in 20 microseconds. Moreover, the design of a tube is such that
there are no blooming or heel effects. Unfortunately, the effective source

size is somewhat large (5 mm), and the shot-to-shot reproducibtil[ty requkired
for tomographic application has not been tested. The problem of a large
source size is purely geometrical in the sense that any finite size -ource
will generate inferior shadowgraphs as the size increases. To alleviate this

problem, the source-to-object over object-to-detector ratio can be.
increased. However, this leads to geometrical constraints on the system as is

seen in Figure 13.

We recall here that in Section 4 tests were carried out using 200, 100,
50, and 25 points per projection. It was concluded that as few as 50 points
could be used without seriously degrading the reconstruction (Figure 1l1).
These results will have an impact on the source-to-object-to-screen
arrangement. Since only 50 points/project ion are requl red for a good
reconstruction, a relatively large source size can be used without degrading
the reconstruction image. The field emission flash x-ray syst emrs are
commercially available and were used to obtain the radtographs In References 9

through 12.

Ayt,. daunet and G. 'homner, K.aeh Radiogra9'id " ', ' ,' 'n 7jp( r,7 I i inl
Cormpzny, Amsterdmvn, 0xfj'77Nc , 75 7p.%,-7, ;9;'t.
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Although the output from these tubes contains characteristic radiation of
tle target material, these sources are essentially polyclhromatic having an
output spectrum from 10 keV on up to the energy associated with the maximum
operating voltage of the tube (100 keV - I MeV). This Introduces another
problem known as beam hardening. Because of two attenuatilon mechanisms
(photoelectric effect and Compton effect) the softer x-rays are preferentially
absorbed, leading to an alteration in the spectral distribution of the
radiation emerging from the sample, with the average energy shifted to a
higher value. This can be a particularly vexing problem in medical CT where
one is trying to reconstruct images from a body that has materials containit1 g
calcium (bone) as well as hydrocarbons. The total attenuation cross section
for calcium changes by 300 percent in going from 100 key to 50 keV. However,
the elements C, N, and 0 change between 20 percent and 30 percent over the
same energy range. The large change due to calcium cross section can lead to
artifacts in the reconstruction image. Considerable work has gone into
addressing this problem and, for the application involving essentially a two-
phase distribution of propellant and gas, this does not appear to be an
important problem. The propellant-gas configuration is made up principally of
1H, C, N, and 0 with the mass fraction of It being small. The total attenuation
cross sections of C, N, and 0 are virtually identical with each other at.
energies greater than 100 keV. With those materials at these enpi.gies we are
dealing almost exclusively withi the Compton effect where beam hardening
problems are not of primary concern. Radioactive sources or accelerators
could be used to generate a relatively monochromatic x-ray source which would
avoid the beam hardening problem, but the former cannot easily be pulsed and
the cost of assembling multiple accelerators would be prohibitive.

5.3 X-Ray Energies

As was mentioned in the last section, field em'ssion tubes are available
with x-rays that range in energy from 10 keV up to 1 MeV. What energy offers
the best possibilities for the ballistic application? Absorption of low
energy x-rays (below 60 keV) is caused bý the photoelectric effect which
produces little scattering and depends on Z , where Z is the atomic number of
the absorbing material. ln medical applications, this can be usefully
exploited. The calcium-containing bone material has substantially greater
absorption than the low atomic number tissue material. Consequently,
superior, high-contrast radiographs are possible using low energy x-rays. The
units for these x-rays are physically smaller and less expensive than the high
energy units. Although the absorbed dose increases with the low energies,
this is not a factor in the ballistic application. Because propellants are
largely hydrocarbon materials, it may not be possible to take advantage of the
greater contrast possibilities with low energy x-rays unless propellants are
doped with contrast agents. Unfortunately, this would introduce unwanted
chemical perturbations into the system. The attenuation of high energy x-rays
(> 150 keV) is dominated by the Compton effect which generates undesirable
forward scattered radiation. On the other hand, high energy tubes are more
efficient at converting electron energy into x-rays and can generate larger
doses, alleviating the detection problem. (The Hewlett-Packard 450-kV unit
has more hin ten times higher dosage compared with the 150-kV unit.)
Additionally, the photoelectric effect is less significant at the higher
energies and the beam hardening problem becomes less important. The IANL
tests described in Section 4 indicated that acceptable data could be obtained
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using a high energy source (31b keV, 468 key). Radiation transp
calculations in Section 2.2.2 also indicate the advantage of high energy. In
summary, the above arguments suggest tha-t the 450-kV field emtission x-, 1y
system or higher should be used in the initial testing.

6. DETECTION SYSTEMS

Each of the layouts previously descibed have shortcomings with respect
to detector requirements. Consequently, twi different detectcr configurations
are being investigated. System 1 requires a detector with a fast '-covery
time so that image retention from overlapping projections will n-t be a
problem. System 2 avoids this difficulty but, because of the large source-to-
detector distances, needs a more sensitive detector. The reconstruction
process is very sensitive to small variations in the recorded signal, so that
strict requirements must be imposed on the detection system. Indeed, low
noise, linearity, uniformity, and stability are needed to avoid the appearance
of artifacts in the image. The dynamic range requirements will depend largely
on the material under study. In medical tomography, 106 to 1 is desirable
because of the large differences in x-ray absorption coefficients between
different parts of the human body. In the ballistic application being
considered in this study, the opposite problem exists. Because of the
configuration of the propellant grains in the chamber, small changes in
absorption coefficient are produced. Consequently, large dynamic ranges are
not required but good contrast performance is necessary for low-noise data.
The following paragraphs will discuss some of the potential solutions.

The two-dimensional detector intensifying screen used in References 20
and 21 was of the rare earth variety, gadolinium-oxy-sulfide doped with
praseodymium (GdO 2 S:Pr). The measured lifetime for this screen was ten
microseconds. 2 0 Although this proved to be sufficiently short for the 100,000
picture/second x-ray cinematographic system and the DSR, it has not yet been
tested for the ballistic tomographic system. Figure 12 schematically shows a
screen-detection setup. The x-rays interact with the conversion screen,
producing visible light. The image is then collected by the appropriate
optics and imaged on the image intensifier. A vidicon or solid state imaging
devir2 is then coupled to the output of the intensifier. The signal from this
devi:e is recorded on a video disc or magnetic tape system which is later
traismitted to a computer for processing. The image intensifier, which can be
of the magnetic focused type or the microchannel plate configuration, is used
for several purposes. The large conversion screen format must be optically
reduced to be compatible with the vidicon or solid state array detector.
Optical losses are involved in this process and the large gain of the
Intensifier compensates for this. As is seen in Figure 12, 17 views are used
for full reconstruction. Since the x-ray tubes are pulsed, the detectors must
be gated so as to avoid a double exposure on the vidicon from succeeding
pulses. The magnetically focused intensifiers are somewhat bulky and
cumbersome to use. The microchannel plate intensifiers have limited diameter,
uniformity proble'ms, limited lifetime, and spatial resolution. However, the
advantages of these devices are pulsing speed, low distortion, and variable

42

____-__________ i



g1,ain. This latter feature is important for insuring that all detector chains

have the same sensitivity. Reference 25 should be consulted for more details
on intensifiers.

For applications where a wide dynamic range is needed, charge coupled
devices (CCD's) will be considered. These semiconductor devices, operating
in the optical bandwidth of 120-1100 nm, are characterized y, high quantum
efficiency, approaching 70 percent in contrast to a photomultiplier tube of
less than 20 percent efficiency, low noise level, and a dynamic range of
around 5000 versus 100 for that of a photographic plate. They also offer
excellent spatial resolution. The Texas Instruments CCD, for example, has an
imaging area of 800 x 800 pixels, with each pixel measuring 15 Vm on a side. :
With the amortization of the development costs of CCD's for the space
telescope and TV cameras, the high cost of these devices should decline :4

sufficiently and become a practical alternative for tomographic work.

If the Gd0 2 S:Pr coaiversion screen decay time is too long for the
ballistic appli cation, a faster detector will be required. Organic
scintillators used in nuclear spectroscopy have lifetimes of less than one
microsecond. However, the sensitivity of these detectors is substantially
lower than the rare earth materials. It may be possible to increase this
sensitivity by arranging the scintillators in a configuration shown in Figure
2. Since only 15 - 20 views or projections will be used to reconstruct the
image, it will not be necessary to have a high degree of resolution on each
projection as was discussed in Section 4 and seen in Figures llh and i.
Consequently, the detectors can be arranged to integrate the signal over a
relatively large area (Figure 2), increasing the signal at the output.

The sensitivity of the detector can be greatly increased by using
inorganic scitillators such as NaI(TL), CdWO 4 , ZnWO 4 , CsI(TI), CsF, or
Bi 4 Ge3?012 ' 2 These detectors have selectively large x--ray absorption
coefficients requiring from 3 to 10 mm thicknesses to absorb 90% of 150 keV x-
rays. They can be grown as single crystals with good optical properties such
that self-absorption of the visible emission radiation is not a problem.
NaI(TI) has an emission peak at 415 nm and is coupled to a photomultiplier
tube with a S-20 photocathode which has a maximum sensitivity at 420 nm. This
system was used in the early CT units. Although this material has the highest
light output, it is hygroscopic and difficult to handle. In medical
tomography, it is desirable to take 180 views in as short a time as possible

2 5 V. Chalmeton, "Microchannel X-ray Image Intensifiers," in Real-Time

Radiologic Imaging: Medical and Industrial Applications, ASTM-STP-716, D.A.

Garrett and D.A. Bracher, Eds., American Society for Testing and Materials,

pp. 66-89, 1980.

2 6 M.R. FarukJii, "Scintillation Detectors for CT Applications; An Overview of

the History and State-of-the-Art, " TP16REVA0679, Harshaw Chemical Company,

Solon, OH, 1978.

2 7M.R. Parukhi, "Recent Developments in scintillation Detectors for X-Ray CT

and Positron CT Applications, " TP211281, Harshan Chemical Company, Solon,

OH, 1981.
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to avoid blurring due to patient iiov inent. CoULsequently, the duc:iy tioi.
these scintillators is of great IMiOrtance since the signal from one v!
should decay to less than 5% of the original signal strength before anotiwl
view can be acquired. Although the primary decay for NaI(TI) Is aporoxI.te•ly
230 ns, 3-4% afterglow from secondary processes can remain fov ui,, 1o () wm;.
For this reason, several other inorganic scintillators have been dtuvelopeo ;,ui
are listed above. The integrated light output of these other materials I,--
lower than the NaI(TI); however, they, in general, do not have the Ionp
secondary afterglow decay time that is present in Nal(Tl).

These scintillators are coupled to photodiode detectors and constitute
one of the newer advances in CT detection systems. They have the advantage of
solid state detectors that they can be made in any shape or size, so that
dense packing is not a problem and they can be individually collimated. The
detection process is started when the incoming x-ray is absorbed by the
scintillator and converted to visible radiation which, in turn, is detected by
a silicon PN junction photodiode. The generated current is then amplified.
These materials scintillate in the 400 to 550 nm wavelength range which is
slightly removed from the peak sensitivity of the photodiodes which occurs at
750 run. Because of this, there is a loss of sensitivity of between a factor
of two and three from the maximum obtainable.

Returning to the Gd 2 023:Pr intensifying screen, the importance of image
retention or afterglow will *depend largely on the requirements of System 1
versus System 2. A long decay time will not be a problem for System 2 and, in
fact, may increase the overall sensitivity of the system. Conventional I
radiographic film can be used in place of the gated image camera or photodiode
array for permanent recording of the data. Data from densitometer analysis of
the film subsequent to the firing can be used as input to the image
reconstruction algorithm. Collimator grids consisting of alternate strips of
lead and aluminum can be used adjacent to the screen to remove scattered x-
rays. Furthermore, a honeycomb grid could be used in which the scintillating
material, either liquid or solid, would be placed in the opening cells of the

grid which would optically isolate the light output of each cell with respect
to every other cell. Moreover, if the web of the honeycomb were made of a
leaded material or coated witAi501eaded paint, it would also act as an x-ray
collimator. Several studies have been conducted on the efficiency of
intensifying screen-film combinations which include such materials as calcium
tungstate, gadolinium-oxy-sulfide doped with terbium, barium halide, and
lanthanum-oxy-bromide doped with terbium. The rare-earth doped compounds show
a greater sensitivity, especially at energies greater than 60 keV due to

2 8 L.E. Bryant, J.P. Lucero, and R.P. Espejo, "X-Ray Film/Intensifying Screen

Study for Flash Radiography," H-P 5952-6838, Hewlett-Packard, McMinnville,
OR, 1980.

2 9 G. Hagemann, D. Tollner, D. Saure, and J, Freyschmidt, "Neue
Vevstaerkerfolien in der Klinischen Radiologie, " Fortsahr. RoentCentrn.,
Vol. 124, pp. 483-489, 1976.

3 0 C.E. Dick and J.W. Motz, "Image rnformation Tranefer Properties of X-Ray
Fluorescent Screens," Med.l Phys. Vol. R, pp. 337-346, 1981.
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absorption edges. However, they also exhibit a broader pulse height
distribution which, potentially, can result in larger statistical noise on the
detected signal. The major shortcoming of these materials is that they are
polycrystalline, and hence there is a limit to the thickness of the screen
that can be used. As the screen is made thicker, the emitted luminescence is
scattered and absorbed within the material and never reaches the film or
detector. A compromise must be found between x-ray absorption thickness and
optical translucency. Reference 30 discusses the absorption characteristics
of these materials at energies up to 68 keV.

Tests were carried out at LANL to determine the largest detector area
that can be used, consistent with a satisfactory image. The results were
discussed in Section 4 and are shown in Figuresllh and i. It is clear that
between 50 and 100 points per projection will be required so as not to
seriously degrade the quality of the reconstruction. Although System 2 does
not have a problem with the decay time of the detector, the large source-to-

detector distances require good sensitivity so as to avoid statistical
fluctuations, or quantum mottle. An efficient x-ray conversion material can
be employed without regard to decay time. As was discussed earlier, the
maximum size of an individual detector element was determined by testing its
effect on the quality of the reconstructed image. The simplest detector
system that can be used with System 2 is a combination collimator, conversion
screen and x-ray photographic film, the technique ordinarily used in
conventional medical radiology. This offers advantages in simplicity of data
acquisition during the ballistic event. However, the resulting shadowgraphs
must then be digitized in an image analyzer. Dynamic range and calibration
also pre3ent problems. This method is seldom employed in medical tomography
because of the long turnaround time for image analysis and processing. This
time constraint, however, is not important in the analysis of a ballistic
event since infrequently would there be more than a few tests in the course of
a day.

As was discussed in an earlier section, fluctuations in the intensity of
the detected signal can have a deleterious effect on the quality of the
reconstructed image. This can come about simply because, with so few x-ray
photons, there is a statistical fluctuation in the numbe of photons at the
detector. This fluctuation is proportional to AN , where N is thc number of
x-ray photons. The fewer the number of detected photons, the more severe the
problem of noise becomes. For example, 25 photons will produce a variation of
20 percent in the detected signal. There is another source of quantum
nottle. The absorption and optical conversion of a stngle x-ray photon does
not necessarily produce exactly the same number of visible photons for each
interaction. This phenomenon is referred to as "noise equivalent absorption" H

and further compounds the fluctuation problem. Thus, the fraction of x-ray
photons absorbed does not completely determine how well the x-ray imaging
detector is performing with respect to picture noise. Reference 31 gives more
details on this problem.

31j.D. Kingsley, "X-Ray Phosphor•s (id %-reens, " in Real-Time Radiologic
Imaging: Aledia'al and Industrial Applications, ASTM-STP-718, D.A. Garrett
'znd D.A. Bracher, Mds., American Soe,-iety fo- Testing and Mater•ials, pp. 98-
112, 1980.

45



rI

As was pointed out in a recelltl\ granted US patent, Refereiiv,'32, 12 wc
liquid scintillation detectors can overcome many of the short .oml ligs o f
crystal detectors and may be the detector of choice for tomogi iphic studite.
In conventional liquid scintillation detectors, the x-ray photons I ntcract
with the material by undergoing Comptooi scattering, wherehy th( scattered
photons are deflected into the collimator plates where they arc absorbed,
producing no optical output. Also, these detectors have low quantum detection
efficiency, so that a detector cell length of 20 cm is not uncommon.

These problems have been overcome by the use of high Z, value compounds in
the scintillator liquid. Typically, fluoro compounds and bromonaphthalene
have been used. The x-ray absorption of the solvent may bL improved by adding
organic solutes such as lead and tin alkyls. Such liquids offer quantum

detection efficiences of 90% and an attenuation length of around 7 mm in the
70-150 keV x-ray energy region. Also, the fluorescence speed is in the
nanosecond rather than the microsecond regime typical of crystal scintillation
detectors. Added advantage is a smaller minimum cell size allowing better
image resolution.

In summary, the search for a detector array will take two directions. An
effort will be made to find one with the maximum sensitivity and minimum
fluctuation. This can be used in the 3ystem shown in Figure 13. A second
system should have a recovery time compatible with the recording requirements
for the ballistic event (Figure 12).

7. CONCLUSIONS

Thus far, this study has established a number of critical requirements on
a tomographic system for ballistic applications. First and foremost, it showed
that with 15 to 20 views, under static conditions, good reconstruction of
density profiles of a fluidized propellant. grain, combustion gas system may be
obtained. Second. conventional field emission x-ray sources canl provide the
time resolution required for ballistic application. Third, dynamic
resolution, even when the atomic numbers of the materials studied only differ
slightly, is not a problem with a state-of-the-art detector array. Fourth, as
few as 50 points per projection will give i reasonable reconstruction. Fifth,
a statistical reconstruction technique, such as MENT, is the best algorithm
when the number of views is limited. Sixth, for studying low pressure events,
such as ignition, thin-walled steel chambers can be used with high energy x-
rays. Seventh, tomography can be obtained in the microsecond regime.

The remainder of this feasibility study will address the probloem of the
selection of the best detector array with the recovery time and sensitivity

required for the reconstruction algorithm and run tests on the best
arrangement of sources and detectors. The scattering probleim from multiple
sources will also be examined at this time.

[).A . Cusano a(Vd P.A A. Pi•anca, ,'01 r 11 l f tc O P , ,,' , , .1 ?'Y , < i ' a.',W A'
4262202, April. 1.87.



Our recommendation is to build the initial system to generate tomograms
of slices of the object to be studied. This will allow the use of currently
available reconstruction algorithms. Concurrently with this task, the
development of truly three-dimensional algorithms should be puroued. With the
availability of such a code the system can be upgraded to its full three-
dimensional capability. Ballistic tomography has the potential of
considerably adding to our knowledge of diverse aspects of ballistics. We
have already been able to demonstrate that under static conditions it can give
informat~ion which was heretofore inaccessible by any experimental means.
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LIST OF SYMBOLS

A measurement set

B reconstruction set

b basis function

D region, object diameter

d resolution

f(x) function

G projection data
I

g function

I radiation intensity

J index

index

K index

k index

Li line i

N minimum number of views

s(t, 6k) filtered function

s path length

P area

R radius

t distance

x position

y position

Z atomic number

6 delta function

E: denotes member of a set

n entropy
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6 angle

1 absorption coefficient

V maximum resolvable spatial frequency

opening angle
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