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1. TINTRODUCTION

This study was undertaker to demonstrate the feasibility of using
tomography %o obtaln ballistic data which was heretofore either inaccessible
or very diificult to obtain. It 1is based on the premise that an
interdiscipilinary approach, using insights gained within the last dicade f{n
nedical radlology as well as computational algorithms, though unfamiliar to
most ballisticians, could help in the development of a new experimental
technique with a considerable payoff potential., This first report, in the
tallistic context, details our {nitial findings and Js subdivided into the
foiloving sections. First, the general theory of tomograoshy is outlined with
an overiview of the reconstruction algorithm. Next, the ballistic requirements
are discussed {inciuding the 1nsights gained from rad?ation transport
calculations to determine the energy requiremente nseded dor the x-ray sources
as wel) as an estimate on thue amount of scattered radiation., In 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 proposed BRI system .s ivtroduced in Section 5 with che advantages and
disadvancages of the various arraugements, and choires of sources and enersgies
are detailed. Section 6 presents iaformaticn on  availanle detection
systems . The report concludes with an overall assessment of the
accomplichments and zives the areas whero addltional work is planned.

2. PRINCIPLES OF TOMOGRAPHY

2.1 What is Tomography?

Tomography 1s a noninvasive radiographic technique which allows the
recnostruction of cross sections of density distributions inside an object
from a finite set of 1ts weasured x-ray projection values. Tts implementation
recuires a large number of x-ray projection data taken at several view angles
around the object and an efficient algorithm implemented on a computer with a
large data storage capability. The whole process 1s usually referred to as
computed tomngraphy (CT). The access :to cross-sectional density distributions
offers the ballistician a unique tool for the s:tudy 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 obhtained,
In addition, the method s noninvasive. Therein 1lies the tremendous
advantage that this new technique confers. Multiphase flow phenomena inside
the gun tube, closed bomb experiments, liquid propellant dynamics 1inside 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 1n medicine for the detection of deusity
differences, i.e., tumors in the human body. It 1is a giant step beyond the
conventional x-ray whose limitations are readily apparent. One only has to
recall that a radiograph 1is a projection of the x-ray absorption of a bady
onto a two—-dimensional planar detector, usually an x-ray sensitive filwm. Such

9

FHECEDING PAGE BLANK-NOT FILMED

i
|

B

N

—d



T R o U v e - P

N B e R e
- o e g

a system offers excellent spatial resolution -ten line pairs per millimetre fis
quite feasible - but the contrast resolution is rather poor. Several limiting
factors are important here: First, the shadowgraph 1is a superposition of the
attenuation of the x-ray by the materials between the source and the detector;
thus, there may be unwanted shadows of objects which are >f no {Interest.
Second, scattering of the x-ray during 1its traverse of the object can produce
fogging. Third, the dynamic range of the film may not be adequate for the
resolution of necessary details. Computed tomography overcomes many of thesc
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 1is 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
transm’tted x-ray signal as the source is moved in a semicircle around the
object. Typlcally, an exposure 1s taken at one-degree intervals. This will
yield 180 differeat projections. The source 1s 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
thres »x-ray photon-object interactions are 1illustrated 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 1is scattered at an angle to its original
path. This photon, if recorded by the detector, yields no useful information
about the object. 1In fact, it contributes "fog" or a background signal that
degrades the quality of the projection. Consequently, focused collimators are
used to prevent this scattered radlation 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 optimun collimation characteristics.

One of the chief advantages of tomography over conventional radiography
is the greatly increased density resolution that can be achieved. Since,
basica:ly, tomography uses a series of radiographs taken at different angles,
how 1is it possible to have higher density resolution than on the original
vadiographs? The following expl. ation will not prove this point but,
nopefully, will give an appreciation of the basis of this fact. Consider the
object shown in Figure 3(.) which consists of a solid material with a lower
density finclusion 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, 1s 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 prcduce an increase 1in
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, radlograph
B' will be substantially different from B. The fiterative reconstruction will
then generate the object in Figure 3(b) which must have characteristics that
will produce radiographs A' and B'. Thus, although A and A' are identical,
the difference in B and B' contiibute information 41in determining the
properties of the object. In practlcal tomography, the 180 views require
extensive iteration to yleld 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 intensitv is given by

dl = -Iyds , (1)

where I is the intensity, ds is the path length, and y 1s the proportionality
constant or absorption coefficlent. 1y 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

~-1n %— = [ uds (2)
o o
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where the {integral 1s from the source to the detector. The x-ray shadowgraph
or projection is a measure cf I/I . The problem of tomography then, is to
invert this equation and solve for p of the object.

The density 1s deduce¢ from the absorption coeff.cient by the
relationship

M = po (3)

vhen o is tile 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 1s 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 1s interested in reconstructing an n-dimeusional function,
representing the value of a spatially distributed object, from its projectious
into an n-1 dimensional subspace. Assume that f(s) defined only in the
circular region s:8si< R. Assume further that along lines L; in R" the values
of the line integrals g(L;) = IL f(s) ds are known, The problem, then, 1is

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

ne -1 3g(t,0)

f t-x cosb - y sind at dr do ()
-0

£(3) = —lf
4n

O N

where (t-x cosd - y sin®) 1is the perpendicular distance from s to the line
1(t,6) and g(t,8) is the integral of f(s) along the line 1(t,8). See
Figure 4a.

To make these 1deas clearer, suppose that one 1is 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
absorption coefficient along rays in a plane through the object; such a ray in
transmission tomography can be i1dentified 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).

17. Radon, "Ueber die Bestimmung von Funktiomen durch thre Integraluwerte
laengs gewiseer Manningfaltigkeiten,' Berichte Saechsische Akad. Wiss.,
Vol. 69, pp. 262-277, 1917.

14




[
30153130 f.amwﬁﬁv

£133W08H UOTIONIISUOIBY *H 2aInBrg

(q) (p)

NOILOIMOdd IHL ONOTV ILVNIQYOOD = /
NOILD3dIA NOILDIrodd 3H1 O1 TYVWION =9
(P-) s03 1=

o us AgppQ sod x =)

\
/
a3ianis 38 _ a
Ol 123rg0
/
N +
\-13X1d

Wwv3g AVE-X wl

B T T S P TS PO S

15




A ray 1s defined parametrically by the relation t = r cos(6-¢) and an
idcal, 1i.e., noise-free measurement assoclated with the ray, taken at the
angle 6, 1s defined by

g(t,0) = [/ £(t,8) slt-r cos(8~¢)|Nrudrds (5)
R

where g(t,6) 1is the total x-ray absorption along the ray and the §
funccion exists only along the line of measurement, Figure 4b. The equation i
defines the measurement in terms of the unknown two-dimensienal density. The !
reconsfrruction problem is to invert the measurements taken for a large number l
of rays to recover f(t,6) throughout the disk R. That is, given measurements !
of the Radon transform

g(t,8) at (t,8) ¢ A (6)

where A is the measurement set, determine an estimate of f(s) for s eB, where
B 1s the reconstruction set. |

In practice the reconstruction 1is made difficult by the fact that only a
finite number of line integrals are avallable 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 scme 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 cherein.

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. i
Thus, the object 1is 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 studv, 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.

2R.A. Brooks and G. DiCthiro, "Principles of Computer Asetsted Tomography (CAT)
in Radiographic and Radioisotopic Imaging," Phys. Med. Riology, Vol. 21,
NO. 5, ppl 689-732, 19760

3z, Herman, Image Reconstruction from Projections, Academic Prees, New York,
1980.
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2.2.2 3eries Expansion Methods. 1In the series expuansion algorithm, the
function f(8) 1s approximated by a finite number of terms in a series
axpansion on a known basis set. This problem formulation leads to a matrix
problem which can bLe solved by a nq?ber of different techniques, such as
numcrical relaxation used by Gordon and Herman,5 for example, in the
Algebraic 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 combhination of a fixed set of
basis pictures. The reconstruction problem 1s then one of estimating an N-
dimensional column vector whose i-th component 1is the coefficient of the 1i-th
basis picture in the linear combination., A good cholce of the basis function,
b;(r,$) 1is to assure it to have a value of one if (r,¢) 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 f,, The radiation, after it traverses the object through
the beam j, 1is detected at the detector element p,. The line integral,
Fq. (2), 18 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 f1 and
calculating the projection p; along the ray path, If the ray sum is not 2qual
to the projection values, t{e value of the cell that contributes to the ray
sum is changed by an appropriate amount and the calculation 1is repeated for
all cells and rays. The iteration is continued until the desired accuracy is
obtained.

Iterative algorithms are more tolerant *o missing data,2 but overall give
less accurate results than some of the newer algorithms. The reason far the
inaccuracy can be found in the fact that here one attempts to find a function
which 1s plecewise constant on the pixels. Also, the x-ray beam 1is
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, {terative 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 1s missing, such as in the case of
limited number of angles and limited view of the object of reconstruction.

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

5. Herman, "ART: Mathematics and Applicatione," J. Theor. Biology, Vol. 42,
pp. 1-32, 1973.
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This is quite an important consideratic for the application of tomopraphy for
transient phenomena.

2.,2.3 Convolutional Algorithm. The other large class of reconstruction
methods comes under the heading of convolutional algorithms.G’ 7 1n guch an
approach, one obtalns the density estimata by applying a linear mapping to the
set of measurements. A number of different algrrithms can he derived based on
these ideas depending on the choice of the welght functions or filters used in
these mappings. The steps of the algorithm are

a) at each value of Gk, filter the measurement g(t,ek) to
obtain s(t,ek), ’

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

¢) 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 cthe
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
ameunt of data with the result of the appearance of artifacts. Also, noise in
the data can produce a mottled appearance because high frequency components in
the prcjected data are emphasized, leading to computational errors.

2.2.4 Maximum Entropy Image Reconstruction. Iun communication theory
iaformation has the same mathematical form as that of entropy in
thermedynamics 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 1is known that a system left to
itself will evolve in a cevtain direction and entropy gives an indication of
the direction and stage of the¢ process. FEquilibrium 1s reached when the
entropy reaches a maximum. Ton statistical mechanics entropy can be given a
probabilistic meaning which makes a direct comparison between the concepts of
information and entropy possible,

65.4. Shepp and J.B. Kruskal, "Computerized Tomography: Te New Medical X-Ray
Technology," Amer. Mathematical Monthly, Vol. 85, pp. 420-439, 1977.

’RuN. Bracewell and A.C. Riddle, "Inversion of Fan Beam Scans in Radio
Ae“ronomy," Astrophys. J., Vol. 150, pp. 427-434, 1967.

18

T e ey,

oo e s

e AT T il e




1

Entropy 1s then defined ar S = k&nP where P zre the number of equally
probable microscoplc states of .he system and k is the Boltzmann conetant.
The definfition can be generalized somewhat 1{f not all states are equally
probable to the following form § = -kEpif,npi with 2p1=1 where Py is the
probability that the system 1is 1n state 1.

In the communication theory wusage of the concept, entropy has to be
reinterpreted somewhat, A measure of Iinformation could be, for example, a
monotonic function of the number of messages in a set from which a particular
message 1s selected. The log of this function 1s used because it makes the
information a linear quantity proporticnal to such charvacteristics as duration
of the message or the number of communication channels, Thus, information in
a message 1is usually defined as T = kinP 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.

Racalling the observation of Boltzmann that entropy 1s a measure of
missing Information and noting that a reconstructed 1image free of artifacts
should contain less {information than one with artifacts, the notion of
marimizing 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’fZ""fM) each of which could represent a sample of the object,
fi = f(xi?yi). Since the number of measurements needed to adequately describe
an object 1is wusually much greater than the actual number of measurements
taken, the object 1s underdetermined leading to an infinite possible number of
descriptions of tne object. To make the system determinate constralnts are
imposed such as an entropy criterion leading to a constrained optimization
problem. The connection between the Py and actual observables can bhe 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

where E 1is the energy of a photon, Ty the rate of absorption in the 1{i-th
pixel . Then the probability that a photon is absorbed in the i-th pixel 1is

r
P, = =t (7)

i Ir
L i

The entropy of the discrete probability distribution then becomes

N

§$=-1 P,¢nP . (8)
= L1
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Minerbo.8 noting that the source function obeys

f(x,y) » D (9)
jdx [ 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. 1If projection data are available as

Siﬁ+l %
G, = [ ds [ f(s cos®, - t sinf_,, s sind
jm 3 - h| h|

jm

3 +t cosej) dt

(11)

=]
it

= 1,...M(3)
= 1,e0ed

[N
[

where 6i are the projection angles and Sji are the abscissas for the j-th
M(3)

view, Of course, G1m > 0 and mél Gjm = 1. Minerbo then proceeds to define

the entropy of f as

n(f) = -[ dx fD f(x,y) ¢n [f(x,y)A] dy where (12)

A 1s 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 millimetre. To

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

from Projection Data," Computer Graphice and Image Proceseing, Vol. 10,
ppo 48-68, 19790
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avoid blurring in the reconstructed images due to motion, all the transmission
measurements will ha : to be taken Iin a few tens of microseconds. Thus, for a
ballistic application, there 18 no time to move the source to succeeding
locations but rather, an arrangement must be 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 minimize
the number of views; i.e., the nuuber of sources required for a system,
Therefore, one of the basic questions that this study sought to answer was:
What 1is 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 ballistic application are summarized in Table 1.

3.2 Speciai Aspects of Ballistic Tomography

3.2.1 Materials of Interest. Ton graphy on real gun tubes 1s 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
rattier 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,? who used a polyamid
fiber reinforced plastic (Kevlar) tube to study propellant grain motion under
conditions 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. l.arge 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
wall thickness of 3 to 4 mm,10-12 The x-ray sources used were 300 kV and

. Hormemann, "Investigation of Propellant Combustion in X-Ray Transparent
Gun Tubee," Frmst-Mach-Institut/Abteilung fuer Ballietik Report No. 3/79,
Weil am Fhein, West Germany, 1979.

Wp.0, Minor, "Characterization of Ignition Systems for Bagged Artillery
Charges," ARBRL-TR-02377, USA ARRADCOM/Ballistic Research Laboratory,
Aberdeen Proving Ground, MD, 1981 (AD A108119).

14w, Horet and T.C. Minor, "Ignition Induced Flow Dynamics in Bagged Charge
Artillery," ARBRL-TR-02257, USA ARRADCOM/Ballistic Reseanch Laboratory,
Aberdeen Prov.ng Ground, MD, 1980 (AD A030681).

12y R, Burrell and J.L. Fast, "Effects of Production Packing Depth ana
Ignition Techniques on Propelling Charge Reactton and Progjectile Kesponse,”
NSW/DC TR-3705, Ncval Surface Weapons Center, Dahlaren, VA, 1979.
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TABLE 1. COMPARISON OF MEDICAL AND BALLISTIC REQUIREMENTS

Medical Raliistis
Time =58 1-100 us
Spatial Resolution <1 mm Several mm
Temperature Ambient 3000 K
Pressure Ambient 1-300 MpPa (Blast)
Number of Views 180 ~20
Contrast Bone~Tissue Hydrocarbon
Scattering 1 View 20 Views
Dynamic Range 8 2
Requirement 10 10

450kV. The maximum pressure obtained in these experiments 1is approximately
70 MPa. Other materials with wminimum absorbing x-~ray properties are
available, As shown in Table 2, several of these materlals are as strong as
steel. One drawback to their use is that at elevated temperatures they lose
their tensile strengthy thus, they cannot be 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 wmock-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 photen
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 propeliant 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 comjosition 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 ahsorbed,
forward-scattered, back-scattered and unattenuated, and the energy
distribution of the scattered photons, Scattered radiation 1s defined as all
radiation transmitted through the object with a different energy than the

18;5.4. Halbleib and W.H. Vandevender, "TIGER: A One-Dimensional Multilayer
Electron/Photon Monte Carlo Transport Code,'" SLA-73-1026, Sandia
Laboratories, Albuquerque, WM, 1974.
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input radiation. An example of this cutput is given in Figure 6, 1in which the
champer 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 steel 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

Densigy 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\

AR

I

TR PROPELLANT ~# '
L-l« 6.4 mm 124 mm 23.5 mm -L-——*J

Figure 5. Propellant-Chamber Mock-Up for X-Ray Transport Calculations
23

MM et t n s T

P2




WTp—

TABLE 3. RESULTS OF THE MONTE CARLO CALCULATION OF X~RAY INTERACTION
WITH 155-MM CHAMBER SIMULATORX*

Percent FEnergy Percent Photons
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 Figure § for configuration.

forward-scattered radliation. The presence of forward-scattered radiation in a
radiograph 1is 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
ridiation, a useful quantity to consider 1s the ratio of wunattenuated to
forward-scattered radiation. It is clear from Table 3 that the high energy x-
rays are superior, whether the chamber 1s 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 caiculations 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 cnergy 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 hetween 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 1is worth
noting that above 0.25 MeV there 1is little difference between the steel and
fiberglass chambers. This is not surprising since the dominant patbh length is
through propellant in this thin-walled chamber configuration. At 0.1 MeV,
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Figure 6. 0.5 MeV X-Ray Transport Calculations
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Table 3 shows that the wunatteni.ateod-to-forward scattered ratio 1s more
favorable for the steel chamber. However, the transmitted radiation 1s an
order of magnitude lower which may be too small to produce acceptable
radiographs,

Calculations were carried out on the actual 155-mm howitz. . chauber
configuration, in which the wall was 71-mm thick steel, 1.0-MeV x-rays arec
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 uqittenuated-to-forward
scattered photons 1s 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 1s not the only concern here. Will there be enough
contrast 1in 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 propeliant 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 rontrast is shown in Table 5., No attempt has “een made tc assess
the importance of scattered radiation on the contrast, There are arrors
inherent 1in 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, 1t 1s desirable to 1limit the number of sources, and,
consequently, the number of views which will be available for a
reconstruction. But the fewer the views the less information is available and
the more likely that artifacts in the form of streaks will appear 1in the
reconstructed image. The distance between the streak and the object 1is a
function of the number of views and the spatial resolution.

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

14,1, Broz, '"Methodology Investigation of Techniques for In-Bore Flash

Radiography, " TECG Project No. 7-CO-PB5-AP1-086, Material Testing
Directorate, Aberdeen Proving Ground, MD, 1977 (AD B0228342) .
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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 0.1 114 0.27
8
Steel 0.1 124 0.25
Steel 0.5 114 9.3
20
Steel 0.5 124 7.7

AConfiguration éhown in Figure 5

**Contrast calculated as the percent change in unscattered photoms in going from

114 to 124 mn propellant.

determiTg the least number of views for an acceptable reconstrggtion, Snyder
and Cox -~ give the formula N = LU while later Joseph and Schulz""~ proposed

Dv
N=2n —2— (13)
(1-sin %)
where N is the minimum aumber of views, N the maximum object diameter, u_ the
maximum resclvable spatial frequency a4 - the opening angle of the °fan.
Experience with these equations shows thar the results which they give are
only reliable if one assumes the number of views and calculates D. In fact,

15D.L. Snyder and J.R. Cox, "An Overview of Recomstructive Tomography and
Limitation Imposed by a Finite Number of Projections,"” in Reconstruction
Tomography in Diagnostic Radiology and Nuclear Medicine, M.M. Ter Pogossian,
et al, editors, University Park Press, Baltimore, MD, 1977.

16p .M. Joseph and R.A. Schulz, "View Sampling Requirements in Fan Beam
Computed Tomography," Med. Phys., Vol. 7, No. 11, 1980.
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it is8 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 31,17 report on reconstructions
of a pig's head phantom using 18 x-ray directions. Density variatiou: without
obscuring artifacts are clearly visible,

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

N~ D/d . (14)

More quantitative research 1s needed before the least number of views question
can be answered with any degree of certainty., An effort to determine the
ninimum number of views for the ballistic application 1is described 1in
Section 4,

4. RESULTS OF STATIC EXPERIMENTS

Farly in the study 1t was realized that a 1limited number of static
experiments would be wuseful 1in 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
wefs 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

17g .7, Smith, D.C. Solman, and S.L. Wagner, "Practical and Mathematical )
Aspects of the Problem of Reconstructing Objecte from Radiographe,' Bulletin
_of the American Math. Society, Vol. 83, pp. 18%97-1270, 1977.

18R.4. Crowther, ~.J. DeRosier, and A. Klug, "The Reconstruction of a Three-
Dimenstonal Structure from Projections and Ite Applications to Electron
Microscopy,"” Proc. Royal Soctety London, Vol. A317, pp. 319-340, 191N.

19p.p. Kruger, "Nonmedical Applications of Computer Tomography to Power
Capacitor Quality Assessment,” IEEE Transactioms on Nuclear Science, NS-28,
pp. 1721-1725, 1981.
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Figure 10. The LANL Experimental Setup

33




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 up to several millimetres on a side. A 12-bit analog to digital
converter with a 40 us 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-1l compucer. The projection data
was recorded on floppy disks.,

The experlments were performed on two different test phantoms. In the
first, a 20.0 cm diameter fiberglass c¢ylindrical tube, with a wall thickness
of 3 mm was fiiled with inert, 7-perforation (diameter 1 wm) propellant
grains, of 1.0 cm in diameter and 2,0 cm in length. This material contained
31 percent Pb30,. 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 llc¢). 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 mm by 1 mm
and the step over between samples was 0.25 mm. It took approximately six
hours to acqulire 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 tack 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 1s the least number of views which will
allow a reasonable tomographic reconstruction to be obtained?

The result of the study is illustrated in Figures 1la throvgh 1li. 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 detall 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 MENT for the same number of views aud two
hundred points, the image scen in (f) exhibits fewer artifacts. Finally, in
(g) unine views were used and the results show the clustering of the propellant
grains and the general topology of the flow but quantitative evaluation 1s mno
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 plcture precludes
any Juantitative wuse of the cresults, We conclude from this that the
reconstructed picture definition is determined by the number of projections
(18) rather that the number of points per projection,

It 1is possible that another algorithm may yet be devised which would
allow a reconstruction yielding reliable quantitative data at or below nine
viaws. An effort in this direction 1is 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 plcture for the restricted data set.
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Figure 11.

Reconstructions for Ballistic Mock-lps i




It may be noted herc 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 wminimizing the problems assoclated 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 1is not known how much scattered radiation will
interfere with the reconstructed 1image. However, 1interior ballistic
investigatois 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 Kev up to 1 MeV., Propells -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 i{s referred to References 9-12 and reports cited thereln for
examples of radiographs described above.

e e i e o

5. PROPOSED BRL SYSTEM

5.1 Geometrical Layout

It 1{s clear from the work conducted at LANL, and described in Section 4,
that a winimum of 15 to 20 views will be required in order to recomnstruct a
reasonable image, even for a low loading density configuration shown 1in
Figure llc. All of these projections should be acquired in a time frame that
is short compared with any geometrical changes 1in the subject wunder
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 8sources and detectors
will be given in a later section.

5.1.1 System 1. Investigators at two installations have constructed x-
ray systems which ha¥8 characteristics that meet some of these requirements.
Trimble and Aseltine at BRL have developed an x-ray cinematography system
that has the capabilitysz 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

20g.7. Tr.mble and C.L. Aseltine, "Flash X-Ray Cineradiography at 100,000

i
E
FPS," ™e Seventh Symposium (Intermational) on Detonation, US Naval Academy, i
Annapolie, MD, 11-19 June 1981. |
{
|

2lg.r. Ritman, J.H. Kinsey, R.A. Robb, L.D. Harrig, and B.K. Gilbert, "Phyeice
and Technieal Considerations in the Design of the DSR - A High Resolution
Volume Scannenr," American Journal of Roentgenology, Vol. 134, pp. 363-374, P
1980 b

36

¥
B e e TN P S e —n-_—#




which can be acquired in 10 ms, A ballistic tomographic setup based on
References 20 and 21 1is shown in Figure 12. This 1is an axial view of the
chamber containing propellant grains. The 17 sonrces, x-ray conversion
screen, and the 1lmage 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 1ntensifiers focused on a particular portion of the screen. A
second series of sources, 2, 6, 10, and 14, can then be pulsed but only after
a time long enough to allow rccovery of the conversion screen. The {mage g
retaigid on the screen should be less than five percent of 1its original I
value or succeeding images will have a residual signal and will disiort 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 1in Section
3.2,2, a significant amount of forward scattering takes place during
transmission of the radiation through the sample. This scattered radiation .
degradgg the quality of the shadowgraph. Ordinarily, grids (Potter-Bucky p
grids) coustructed 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. Tt is not
possible to focus the grid for a single detector screen back to multiple 3
sources, as 1in Figure 12. For example, a grid placed at region 1 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 1 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,

I e

5.1.2 System 2. The problems assoclated 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 1its own detector screen,
Moreover, the shadowgraph of the object must fall within the 10° angle as is
shown 1in Figure 13. With this arrangement the images do not overlap and all
17 x-ray sources can be fired simultaneously (within 1-2 us). As was
mentioned in Section 5.1, the chamber diameter is assumed to be 200 mm. Since
the x-ray intensity decreases as 1/r“ it is desirable to minimize the source- :
to~-detector distance. Geometrical calculations show that with these ;
constraints the minimum distance from the source-to-detector is 4.6 metres, ‘
with the object being midway between the two. For these conditions, *ne
radiograph or projection would be relatively poor in guality 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-

22 . . L
?E.L. Ritman, Private Communication.

2 , . . .
285.0. Bushong, Radiological Sctience for Technologists, C.V. Mosby Co.,

St. Loutis, Toronto, London, 2nd Fdition, p. 197, 1980.
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detector ratio, With these constrainte the parameters shown in Fipure 13 were

determined. The source-to-detector distance was  calculated to be 5.6
metres., This relatively large distance could lead to a problem with x-vav
intensity at the detector, The sctup described in Reference 12 cmployed

similar dimenslons. Nevertheless, useful radiographs were obtalned

Individual detector arrays or screens for cach source allows use of
focused grids to reduce the amount of forward scattered radiation as is shown
in Figure 2. 1In summary, System 2 has many advantages over System 1 but it
must be demonstrated that there s sufticlent x-ray intenstty for an
acceptable image,

‘
1
1
!

;

5.2 X-Ray Sources

The choice of an x-ray source 1s driven latrgely 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 1is their reliability, availability, aund their small
effective source slize of 1 to 2 mm, However, there 4dare certain drawbacks
associated with these tubes; i.e., blooming or enlarging of the tocus size as
the x-ray output is increased, and a heel effect which results {n a nonuniform

A i

intensity distribution across the sample being radiographed. The most
ilmportant limitation, however, appegrs 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
Intended ballistic application. Field emission tubes®™’ have a number of
advantages. Pulse-widths are on the order of 2% ns. A series of tubes can be
pulsed at one-microsecond intervals. Hence, it 1s 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 reproducibility required
for tomographic application has not been tested. The problem of a large
source size 1ig purely geometrical 1in the sense that any finite size source
will geuerate inferlor shadowgraphs as the size iuncreases. To alleviate this
problem, the source-to-object over object~to-detector ratio can Dbe
increased. However, this leads to geometrical constraints on the system as is
seen in Figure 13,

oy

B

We recall here that in Section 4 tests were carvied out using 200, 100,
50, and 25 points per projection. It was concluded that as few as 50 pofats
could be used without seriously degrading the reconstruction (Figure 111).
These results will have an {impact on the source~to-object-to-screen

arrangement, Since only 50 polunts/projection are rvequired for a good
reconstruction, a relatively large source size can be used without degrading
the recoustruction image, The field emission flash x-ray systems are

commercially avallable and were used to obtailn the radiographs in References 9
through 12,

4y, Jamet and G. Thomer, Flash Radiography, wlecoicr seientific Mublishing
Company, Amsterdam, Oxford, New YorkK, pp. 16=70, 1376,
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Although the output from these tubes contains characteristic radiation of
the target material, these sgources are essentially polychromatic having an
output spectrum from 10 keV on up to the energy associated with the maximum
operating voltage of the tube (100 keV - 1 MeV), This introduces another
problem known as beam hardening., Becaugse of two attenuation wechanisms
(pnotoelectric effect and Compton effect) the softer x-rays are preferentially
absorbed, leading to an alteration 1in the spectral distributtion 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 containiug
calcium (bone) as well as hydrocarbons. The total attenuation cross section
for calcium changes by 300 percent in going from 100 kev 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 1in the reconstruction image. Considerable work has gone {nto
addressing this problem and, for the application involving essentially a two-
nhase distribution of propellant and gag, this does not appear to be an
important problem, The propellant-gas configuration is made up principally of
H, C, N, ard O with the mass fraction of H being small. The total attenuation
cross sections of C, N, and O are virtually identical with each other at
energies greater than 100 keV, With those materials at these enevgles we are
dealing almost exclusively with the Compton effect where beam hardening
problems are not of primary concern, Radiocactive 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 easiiy be pulsed and
the cost of assembling multiple accelerators would be prohibitive,

5.3 X-Ray Energles

As was mentioned in the last section, fileld 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 by the photoelectric effect which
produces little scattering and depends on 27, where Z is the atomic number of
the absorbing material. In medical applicatious, this can be usefully
exploited. The calcium~containing bone material has substartially greater
absorption than the 1low 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 1{introduce unwanted
chemical perturbations into the system, The attenuation of high energy x-rays
(> 150 keV) is dominated by the Compton effect which geuneraies 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 vthan ten times higher dosage compared with the 150-kV unit.)
Additionally, the photoelectric effect 1is less significant at the higher
energies and the beam hardening problem becomes less dimportant, The TANL
tests described in Sectlon 4 indicated that acceptable data could be obtained
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using a high energy source (3lo keV, 468 keV). Radiation trans| ¢
calculations in Section 2.2.2 also indicate the advantage of high energy. 'a
summary, the above arguments suggest that the 450-kV field emission x-rvay
system or higher should be used in the initial testing.

6. DETECTION SYSTEMS

Each of the layouts previously desc.ibed have shortcomings with respect
to detector requirements. Consequently, twn different detectcr configurations
are being investigated. System 1 requires a detector with a fast :acovery
time so that 1mage 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 1s very sensitive to small variations in the recorded signal, so that
strict requirements must be 1imposed 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, 10 to 1l 1s desirable
because of the large differences 1in x-ray absorption coefficients between
different parts of the human body. In the ballistic application being
considered in this strudy, the opposite problem exists. Because of the
contiguration of the propellant grains 1in the chamber, small changes in
abcorption coefficient are produced., Consequently, large dynamic ranges are
not required but good contrast performance 1s necessary for low—noise data.
The following paragraphs will discuss some of the potential solutions.

The two-dimensional detector intensifying screen used 1in References 20
and 21 was of the rare earth variety, gadolinium-oxy-sulfide doped with
praseodymium (Gd,0,S:Pr). The measured lifetime for this screen was ten
microseconds, 20 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 1interact with the conversion screen,
producing visible 1light. The 1image is then collected by the appropriate
optics and imaged on the 1image intensifier. A vidicon or solid state imaging
devirs 1s then coupled to the output of the intensifier. The signal from this
devi:e 1s recorded on a video disc or magnetic tape system which {is later
trausmitted 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 counversion screen format must be optically
reduced to be compatible with the vidicon or solid state array detector.
Optical losses are 1involved In this process and the large gain of the
intengifier compensates for this. As 1s 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 avold a double exposure on the vidicon from succeeding
pulses. The magnetically focused 1intensifiers are somewhat bulky and
cumbersome to use, The microchannel plate intensifiers have limited diameter,
uniformity problems, limited lifetime, and spatial resolution. However, the
advantages of these devices are pulsing speed, low distortion, and variable
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gain, This latter feature is important for insuring that all detector chains
have the same sensitivity. Reference 25 should be consulted for more detalls
on intensifiers.

For applications where a wide dynamic range 1is needed, charge coupled
devices (CCD's) will be considered., These semiconductor devices, operating
in the optical bandwidth of 120-1100 nm, are characterized vy high quantum
efficlency, approaching 70 percent im contrast to a photomultiplier tube of
less than 20 percent efficlency, low nolse level, and a dynamic range of !
around 5000 versus 100 for that of a photographic plate. They also offer
excellent spatial resolution. The Texas Instrumerts CCD, for example, has an A
imaging area of 800 x 800 pixels, with each pixel measuring 15 um on a side. ﬁ
With the amortization of the development costs of (CD's for the space
telescope and TV cameras, the high cost of these devices should decline &
sufficiently and become a practical alternative for tomographic work, ¥

If the Gd 0, S:Pr couversion screen decay time 1is too 1long for the
ballistic applfcation, 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 1s 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 1in Figures llh and 1.
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 %cagtillators such as Nal(Tl), CdWo,, ZnWO,, CsI(Tl), CsF, or
Bi,Ge These detectors have selectively large =x-ray absorption
coeff%cients 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(T!) has an emission peak at 415 nm and 1is 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, 1t 1s hygroscopic and difficult to handle. In medical
tomography, it is desirable to take 180 views in as short a time as possible

a5y, 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.

26).R. Farukhi, "Seintillation Detectors for CT Applications; An Overview of
the History and State-of-the-Art," TP16REVA0679, Harshaw Chemical Company,
Solon, OH, 1978.

27M.R. Farukhi, "Recent Developments in Secintillation Detectors for X-Ray CT
and Positron CT Applications," TP211281, Harshaw Chemical Company, Solon,
OH, 1881.
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to avoid blurring due to patient wov:ment, Cousequently, the decay time ..
these scintillators 1s of great impurtance gince the signal from one vicw
should decay to less than 5% of the original signal strength bLefore anotiw
view can be acquired. Although the primary decay for NaI(T1l) is aporoxim:tely
230 ns, 3-4% afterglow from secondary processes can remain for u: ‘o 150 mas,
For this reason, several other inorganic scintillators have been developea :uid
are listed above, The integrated light output of these other materials 1is
lower than the NaI(Tl); however, they, In general, do not have the long
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 1in any shape or size, so that
dense packing 1s not a problem and they can be individually collimated. The
detection process 1s started when the incoming x-ray 1s absorbed by the
scintillator and converted to visible radiation which, in turn, 1is 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 1is
slightly removed from the peak sensitivity of the photodiodes which occurs at
750 nm. Because of this, there is a loss of sensitivity of between a factor
of two and three from the maximum obtainable,

Returning to the Gd20 5: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
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 1nput 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 wigh_%oleaded 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

28,1, Bryant, J.P. Lucero, and R.P. Espegjo, "X-Ray Film/Intensifying Screen
Study for Flaseh Radiography,'" H-P §952-6838, Hewlett-Packard, MeMinnville,
OR, 198G.

29¢, Hagemann, D. Tollner, D. Saure, and J. Freyschmidt, "Neue
Verstaerkerfolien in der Klinischen Radtologie," Eortse
Vol. 124, pp. 483-489, 1976.

300.k. Dick and J.W. Motz, "Image Information Tranefer Properties of X-Ray
Fluorescent Screens," Med. Phys., Vol. 8, pp. 337-346, 1981.

4,




absorption edges. However, they alco exhibit a broader pulse neight
distribution which, potantially, can result in larger statistical noise on the
detected signal. The major shortcoming of these materials is that they are
polycrystalline, and hence there 1s a limit to the thickness of the screen
that can be used., As the screen is made thicker, the emitted luminescence 1is
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 resuvlts were
discussed in Section 4 and are shown in Figuresllh and i, It is clear that
between 50 aand 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 rtequire good sensitivity so as to avold 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 1individual 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. Dynamlc range and calibration
also present problems., This method is seldom employed in medical tomography
because of the long turnaround time for image analysis and processing. This
time constraint, however, 1s not 1mportant 1In 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 1is a statistical fluctuation in the numbe of photons at the
detector. This fluctuation is proportional to YN , where N is the number of
x-ray photons. The fewer the number of detected photons, the more severe the
problem of nolse becomes. For examplza, 25 photons will produce a variation of
20 percent in the detected signal. There 1s another source of quantum
nottle. The absorption and optical conversion of a single x~ray photon does
not necessarlly produce exactly the same number of visible photons for each
interaction. This phenomenon is referred to as "noilse equivalent absorption”
and further compounds the fluctuation problem. Thus, the fraction of x-ray
photons absorbed does not completely determine how well the x-ray 1imaging
detector is performing with respect to picture noise. Reference 31 gives more
details on this problem.

31;.p. Kingsley, "X-Ray Phosphors and Sereens," in Real-Time Radiologic
Imaging: Medizal and Industrial Applications, ASTM-STP-718, D.A. Garrett
nd D.A. Bracher, Eds., American Society for Testing and Materials, pp. 98-
112, 1980.
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As was pointed out in a recentl. granted US patent, Referenc: 32, neower
1iquid scintillation detectors can overcome many of the shortcomings of
crystal detectors and may be the detector of cholce for tomographic studies,
In conventional 1liquid sciuntillation detectors, the x-ray photous 1interact
with the material by undergoing Compton scattering, wherebhy the scattered
photons are deflected into the collimator plates where they are absorbed,
producing no optical output. Also, these detectors have low quantum detection
efficiency, so that a detector cell length of 20 ¢m is not uncommon.

These problems have been overcome by the use of high 74 value compounds in
the scintillator 1liquid. Typically, fluoro compounds and bromonaphthalene
have been used. The x-ray absorption of the solvent may be improved by adding
organic solutes such as lead and tin alkyls. Such liquids offer quantum
detection efficiences of 90% and an attenuation leugth of around 7 mm in the
70-150 keV x-ray energy region. Also, the fluorescence speed 1is in the
nanosecond rather than the microsecond regime typlcal of crystal scintillation
detectors. Added advantage 1is 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 wmin{mum
fluctuation. This can be used in the system shown in Figure 13, A second
system should have a recovery time compatible with the recordiug 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 can 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 1 reasonable reconstruction. Fifth,
a statistical recomstruction 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 problem of the
selection of the best detector array with the recovery time and sensitivity
required for the reconstruction algorithm and run tests on the Dbest
arrangement of sources and detectors. The scattering problem from multiple
sources will also be examined at this time,

32 . , s _
DoA. Cusano and F.A. DiBianca, Seintillator Deteelor Apvan, 18 Patent
4262202, April 1981.
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Our recommendation 18 to build the initial system to generate tomograms
of slices of the object to be studied. This will allow the use of currently
avallable reconstruction algorithms. Concurrently with this task, the
development of truly three-dimensional algorithms should be purgued. With the
avallability of such a code the system can be upgraded to 1its 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
information which was heretofore inaccessible by any experimental means.
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LIST OF SYMBOLS

measurement set
reconstruction set
basis function

region, object diameter
resolution

function

projection data
function

radiation intensity
index

index

index

index

line 1

minimum number of views
filtered function

path length

area

radius

distance
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position

atomic number

delta function

denotes member of a set

entropy
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