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EPRI PERSPECTIVE 

PROJECT DESCRIPTION 

This report addresses the potential of two-dimensional gamma scanning as a 
nondestructive technique to determine the axial and radial distribution of fission 
products in irradiated LWR fuel rods. Topics discussed include (1) different. 
unfolding techniques that are used to calculate fission product distributions from 
measured gamma-ray spectra, (2) a brief review of the components that make up a 
scanning system, (3) analytic results obtained by using different reconstruction 
methods (unfolding techniques) from a small number of projections, and {4) experi­
mental results obtained from measurements on a fast breeder fuel pin and a LWR fuel 
rod. 

PROJECT OBJECTIVES 

This work was supported as part of the core materials subprogram. The primary goal 
of this subprogram is to reduce nuclear plant capacity factor losses that arise from 
concerns about fuel rod failures due to pellet-clad interaction. Earlier work 
reported in EPRI Final Report NP-1557 indicated that the migration and release of 
fission products from fuel pellets to the inner surface of the Zircaloy cladding is 
one key step in the process that eventually can result in cladding failure. There­
fore, an incentive exists to evaluate nondestructive methods that could provide 
information as to when the distribution of aggressive fission products at the 
periphery of the fuel pellet has reached an unacceptable level. Two-dimensional 
gamma scanning routinely has been used to nondestructively inspect breeder fuel 
pins. The primary aims in supporting this work were (1) to pr9vide background 
information about the technique and (2) to assess the feasibility of using this 
technique to inspect LWR fuel rods. 

PROJECT RESULTS 

This review suggests that two-dimensional gamma scanning holds potential as a non­

destructive method for inspecting LWR fuel rods. Significant support would be 
required before this technique could be used to inspect LWR fuel rods at either a 
poolside site or in a hot cell. The design of a given system would depend upon the 
information desired. Hequirements tor both hardware and software differ depending 
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upon whether the primary interest is in learning about deposition of fission prod­
ucts in the pellet-clad gap region or about fission-product migration within the 
fuel pellets. For the various methods that were used to reconstruct a picture from 
a small number pf projections, the filtered backprojection Fouri~r transform tech­
nique yielded the best reconstruction. 

This report should be of interest to utility personnel with interests or responsi­
bilities in nondestructive inspection, core physics, or fuel performance. 

Howard Ock~n, Project Manager 
Nuclear Power Division 

,• 
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ABSTRACT 

Reconstruction of the radial two-dimensional distributions of fission products 
using projections obtained by nondestructive gamma scanning was evaluated. 
The filtered backprojection algorithm provided the best reconstruction for 
simulated gamma-ray sources, as well as for actual irradiated fuel material. 
Both a low-burnup (11.5 GWd/tU) light-water reactor fuel rod and a high-burnup 
(179.1 Gwd/tU) fast breeder reactor fuel rod were examined using this 
technique. 
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Section 1 

INTRODUCTION AND SUMMARY 

Nondestructive measurement techniques are widely accepted as an integral part of 

any complete fuel characterization program. Precision gamma scanning has been 
repeatedly demonstrated as the only nondestructive technique capable of quanti­
tatively measuring the axial and radial distributions of fission products in ir­
radiated fuel materials. The specific distributions of fission products can be 
used to describe accurately the performance of the fuel material. 

The use of prec1s1on gamma scanning to measure the axial distribution of fission 
products has been described by many investigators (1,2). The radial isotopic 
distributions of fission products have usually been measured by sectioning the 
fuel rod and performing subsequent analyses by gamma scanning or electron micro­

probe. A technique was developed at Los Alamos National Laboratory to obtain 
nondestructively the two-dimensional distribution of fission products at specific 
axial positions by measuring diametral scans at two or more angular orientations 
and unfolding these projections (3,4). This nondestructive technique has been 
applied for the past ten years in the postirradiation examination of experimental 
fuel materials. 

This type of unfolding technique can be applied to the examination of light-water 
reactor (LWR) fuels at either a hot-cell facility or at the reactor spent-fuel 

storage basin. To demonstrate the applicability of this type of technique, both 
low-burnup LWR and high-burnup fast-breeder reactor (FBR) fuel specimens were 
measured·. We have included a discussion of various unfolding techniques and the 

effects of counting statistics and slit sizes on the reconstructed images, and 
have identified areas where further refinements may be possible. The filtered 

backprojection reconstruction technique appears to provide the best represen­

tation of the radial distribution of fission products within actual fuel rods for 
the reconstruction techniques we have evaluated. 

This report is basically divided into four sections, followed by four 

appP.ndices. The first section discusses the theoretical backqround of 
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reconstruction and several of the techniques evaluated during this investi­
gation. The second section presents the components of the scanning system. The 
third section shows results of using filtered backprojection on test cases and 
irradiated fuel mat~rials. The fourth section presents some of the problems that 
must be considered in any implementation. A series of appendices covers the 
effects of statistical uncertainties and slit collimation and compares four 
reconstruction techniques. The conclusion of the work reported here is that it 
is feasible to adapt this technique for implementation at reactor spent-fuel 
storage facilities as a routine part of fuel examinations. 

1-2 



Section 2 

THEORETICAL BACKGROUND 

A. GENERAL 

Reconstruction of images from projections has many scientific and medical 

applications where the invasion or destruction of the object is unacceptable. 

This noninvasive technique or procedure has been labeled many things: "computed 

tomography," "computerizerl axial tomography," "transaxial tomography," and 

"reconstruction from projections." Regardless of the varying names of the 

techniques, the procedure is that of mathematically combining projections from 

radiation emissions or transmissions at various angles to obtain an accurate 

representation of the original object. 

The first work in the reconstruction of an object possessing circular symmetry 

from projections was published in 1826 by Abel (i). The groundwork for the 

present-day procedures was laid in 1917 by the Austrian mathematician Radon (~). 

who solved the basic mathematics of the problem. Radon's significant· 

contribution was a set of integral equations that related two-dimensional, 

non-symmetric objects to their projections. He mathematically proved that a two­

or three-dimensional object can be uniquely reconstructed from an infinite set of 

its projections. These formulas have served as the basis of the theoretical and 

practical development of the reconstruction technique. Mathematicians, image 
analygtg, radio astronomers, and medical radiologists have repeatedly 

rediscovered and made modif1cat1ons of Radon's classical inversion formula. 

However, the application of reconstruction techniques has been tied to the 

development of computer technology because of the tremendous number of 

computations involved. 

The input data for all of these techniques are projections obtained at two or 

more angular orientations. In Fig. 2-1 the function g{x,y) represents the 

distribution of the physical property of interest -- in our particular case, the 

radial distribution of a fission product. The projection data are estimates of 

the line integral of the function g(x,y), where the li~e of integration is 

spP.cified by the parameters s and 9. The s,t axes are rotated by an angle 9 from 
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Figure 2-1. Each projection is 
an estimate of the line integral 
of the function g(x,y), where 
the line of integration is spec­
ified by the parameters s and 
9. Geometrical relation between 
a two-dimensional source g(x,y) 
and the measured projection 
1Rg(s,9). 

the x,y axes. Then, the line i~tegral of g along the line specified by (s,9) can 
be denoted by [1Rg](s,9), where IRis the Radon operator (named in honor of 
Radon). The function IRg is obtained by a line integral along t as 

[1Rg](s,9) = j g(s ·cos 9- t ·sin 9, s ·sin 9 + t ·cos 9)dt. (1) 
-a> 

Radon was the first to study this transformation that maps a function g into a 
function IRg, and subsequently, the inverse transformations to compute g from 
IRg ( 7, 8). 

The reconstruction of images from projections is based on the development of 
techniques for solving variations of the above integral equation. No single 
technique has been found capable of satisfactorily processing the wide variety 
of projection-measurement geometries and the quantity and precision of data 
that occur in practical applications. 

In the measurements of isotopic distributions of fission products in LWR fuel 
pins, the data may be considered to be projection measurements or sets of line 
integrals of gamma-ray emission at specified intervals across the pin. 

2-2 



B. ALGORITHMS 

The problem of reconstruction is essentially: "Given a subset of all possible 
projections of an object, estimate its internal density distribution. All 

algorithms for reconstruction take as input the projection data, and all produce 
as output an estimate of the original structure based on the available data. The 
estimate varies from method to method. The relative performance of the various 

methods depends on the object and how the data are collected." (~) 

All of the reconstruction techniques are limited because they can only provide an 
estimate of the internal density distribution. Mathematical reconstruction from 
a finite set of projection data is known to be an indeterminate problem (~). 
A very large number of algorithms exists for reconstructing objects from their 
projections. It would be useful to have some guidelines to determine which 

algorithms are most appropriate under specific circumstances. Unfortunately, 
little has been published in this direction. 

Several criteria must be kept in mind when selecting a reconstruction algorithm. 
First and most important is the requirement that the reconstruction be consistent 
with the data available to the algorithm (artifacts are not introduced). This 
means that the projections (ray-sum) of the reconstructed picture should be the 
same as the ray-sum of the original distribution. With a finite number of 
projections, an approximation is the best result that can be attained (~). 

Secondly, a simple way must be available of deciding whether the reconstruction 
algorithm has successfully approximated the original distribution. A third 
factor involves the cost (manpower and financial) of applying a specific 

reconstruction algorithm. In actual applications, a large number of 
reconstructions and interpolations are involved and these may be cost prohibitive. 

There are two ways of comparing reconstruction algorithms: theoretical and 
experimental. A theoretical comparison can be either a mathematical or a purely 
descriptive discussion of the nature of the methods under consideration (for 
example, method A is better than method B because it has a certain desirable 
property). The experimental method of comparison consists either of constructing 
test objects (phantoms) and physically taking their projections, or of designing 

test patterns and working out their projections mathematically; in either case, 
the various algorithms are used on the projection data, and the reconstructions 
are then compared to the original distribution (~). 

2-3 



• 

An exhaustive experimental comparison between algorithms must span the following 

combinations of factors: 
1. A diversity of test patterns representative of all possible cases· of 

interest •. 
2. A diversity of modes of taking projections. This includes, for example: 

a. variation in the number 9f projections to obtain both well­
determined and highly underdetermined cases 

b. variation in the range of angles of the projections 
c. both parallel and divergent rays and overlapping rays defined by 

partial collimators, as in nuclear medicine. 
3. Variation in the range of angles of the projections. 
4. Errors due to mechanical problems, such as accuracy in measuring the 

angles and spacings of the projections; and location of a common origin 
for the projections, motion, or degradation of the object being examined. 

5. Variation in the fineness of digitization or the number of basis 
functions to be used. 

No reconstructio_n algorithm has been tested for all combinations of these 
factors, nor has any been compared to another using them. The combinations of 
factors involved in such a comparision are overwhelming, especially considering 
the large number. of algorithms. Thus, all experimental comparative studies to 
date must.be taken as more or less inadequate. However, Budinger and Gullberg 
(}£) have reviewed the status of three-dimensional reconstruction by iterative 
least-squares and Fourier transform techniques. 

Most of these factors have not been studied from a theoretical viewpoint. As 
Herman and Rowland pointed out (11), theoretical comparisons are difficult 
because there is no common mathematical foundation for the reconstruction 
algorithms (without gross oversimplificati6ns). Moreover, the most we could hope 

for would be an estimate of average- or worst-case performance. Since a given 
application usually concentrates on one type of picture, for which one algorithm 
may excel, general theoretical pronouncements may be of little value. For these 
reasons we have concentrated on experimental comparisons. 

1. Backprojection 

The most common reconstruction algorithm includes an operation referred to as 
backprojection, based on the previously described work of Radon (~). Fundamental 
to understanding reconstruction from projection is the central-slice, or 
projection-slice, theorem. This theorem states "that a one-dimensional Fourier 
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transf~rm of a one-dimensional projection of a two-dimensional opject is 
mathematically identical to one line (a slice) through the two-dimensional 
Fourier transform of the object itself. Thus, knowledge of all one-dimensional 
projections is sufficient to synthesize the two-dimensional transform of the 
object from which the object is readily obtained by an inverse two-dimensional 
transform. "(.J.i) 

The quality of the projection images can be improved by using appropriate 
correcting functions. Correcting in the Fourier spaces is done by taking the 
Fourier transform of the degraded image, multiplying the transform by a 

correcting filter function, and performing the inverse Fourier transform. The 
filter we used performed a ramp function that tended to filter out high-frequency 
noise. 

The Fourier method depends on transforming the projections into Fourier space, 
where they define part of the Fourier transform of the whole object. Each 
projection may be shown to yield values on a central section of Fourier space, 
which is a line or plane (corresponding to the two- or three-dimensional problem) 
through the origin at an angle corresponding to the direction of the projection 
in real space. An attempt is then made to interpolate the unknown values of the 
full Fourier transform from the values on the central sections. After 
interpolation a reverse Fourier transform provides an estimate of the object's 
structure. 

2. Iterative Techniques 

Iterative techniques are the basis 9f another set of algorithms used in the 
reconstruction of distributions from projections. One iterative technique is the 
algebraic reconstruction technique (ART). It can be called a "direct technique" 
because the reconstruction is done entirely in the density or real space without 
using Fourier transforms. 

As the number of projections increase, ART results gradually improve. In Herman 
(]_2), eight projections seems to be a "critical" number with five iterations 
produc~ng "superior" results. It should be emphasized that one can only hope to 

obtain a reasonable representation, since it has been proved that a nontrivial 
picture cannot be uniquely determined from a finite number of projections (~). 
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Gordon explains the basic idea behind ART: "Starting from a blank picture, the 
ray-sums of all the projections are satisfied one ~fter the other by distributing 

the difference between the des ired ray-sum and the actual ray-sum equally among 
all the points in the ray. While satisfying the ray-sums of a particular 
projection, the process usually disturbs the ray-sums of previously satisfied 
projections. However, as we repeatedly go through satisfying all the 
projections, the disturbances get smaller and smaller, and eventually the method 
converges to a picture which satisfies all projections."(l5) 

Because changes are made fairly uniformly, the final product is the smoothest 
reconstruction satisfying the given projections. In general, the reconstructed 
image shows only those features that are forced on it by the projections and not 
those features introduced by the reconstruction process. 

One iteration is considered to be the process of satisfying all projections one 
after the other only once. Predictably, accuracy of ART increases with the 
number of iterations. At first, the successive pictures become progressively 
better, but once an "optimum stopping point" is passed, the reconstructions 
become progressively worse. This phenomenon has been further examined by Herman 
et al (__!~_). One must remember that the "ideal outcome cannot be attained due to 
limitations on the amount and quality of data as well as the reconstruction 

a 1 gor ithms th emse 1 ves. "(..!2.) 

Iterative methods may differ in the way the corrections are calculated and 
reapplied during each iteration. In Gordon's tutorial on ART (Jl) he states that 
the choice between additive ART and multiplicative ART (MART) depends on the 
physics of the radiation used. "For transmitted radiation, the form of the 

reconstructed object should be independent of an additive constant. Such a 
constant may result from variable exposure in an x-ray, variable development of 
the film, or an intervening filter •••• " 

In studies by Minerbo and Sanderson (~). and Gordon, Bender, and Herman (~), 

MART reconstruction was claimed to be. able to produce a solution with the largest 
maximum entropy. As early as 1971, Gordon, Bender, and Herman were trying to 

develop reconstruction algorithms that would give solutions that were minimally 
biased because of maximized entropy. It has been noted (~) but not proved for 
the general case that since the entropy of the source function increases with 

iteration when the multiplicative ART algorithm is used, there is a relation 
between MART and the maximum entropy solution. 
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One 'terative algorithm, maximum entropy (MENT), has been implemented to produce 
a maximum entropy solution to the problem of reconstructing a source from a 
discrete set of projections (20). In general, maximum entropy techniques are 

powerful but expensive with respect to computing time. From the standpoint of 
information theory, the maximum entropy technique is conceptually attractive. It 
yields the image with the lowest information content consistent with the 
available data. Thus with this approach one avoids introducing extraneous 
information or artificial structures. The problem of reconstructing a source 
distribution from a limited number of projections is known to be indeterminate. 
"A maximum entropy method thus seems attractive for this problem, especially when 

the available projection data are incomplete or degraded by noise errors"(20). 
By being an indeterminate problem, it is implied that an infinite number of 
non-unique solutions can satisfy the limiting criteria imposed on the sol~tion by 
the actual data. When the data source has a simple structure or is close to 
circular symmetry in shape, one can use this a priori knowledge to eliminate 
various "unacceptable" results. 

MENT may be considered 
optimization problem. 
data at the expense of 

an iterative technique for solving a constrained 
A constraint approach enhances a desired feature of the 
blurring other parts. The maximum entropy approach will 

not introduce new information but may not reproduce all "real" information either 
( 20). 

Minerbo has shown (20) that with a small number of views (<10) iterative methods 

generally perform better than either Fourier space inversions or convolutional 
backprojection methods. MENT was originally developed to provide a maximum 
entropy solution that would not exhibit some of the "streaking" artifacts of ART 
and MART, which occur with a small number of projections. 

3. Geometrical Unfolding 

The original unfolding technique developed at Los Alamos, Two-dimensional 
(TWODIM} (3,4}, involved the computation of the source intensity of successive 
rings that were defined by the stepsize of the diametral scans or projections. 
This successive solution of each ring has the tendency to be highly dependent on 
the noise of the projection data. A subsequent modification of the technique 
eliminated this instability problem but decreased the resolution of the 

technique. This effect is clearly demonstrated in Appendix D. 
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4. Summary of Algorithms 

We have evaluated the applicability of four techniques: backproje~tion, MART, 

MENT, and TWODIM, for reconstructing project.ions of a fission product to 
obtain the best estimate of.its two-dimensional distribution. The 
backprojection technique appeared to be superior for all of our test cases, as 
weJl as for the two fuel specimens examined. Therefore, th~ backprojection 
technique will be used in the remainder of the report as .the preferred 
technique. For a detailed comparison of the four techniques, refer to 
Appendix D. 
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Section 3 

SCANNING SYSTEM COMPONENTS 

The precision gamma scanning system used in the measurements essentially 
consisted of four separate components: (a) a scanning mechanism for the precise 
positioning of the irradiated fuel rod, (b) collimators for the precise 
definition of the volume segment from which the gamma-ray spectra were collected, 
(c) a high-resolution detector assembly, and (d) an automated data acquisition 

un i t ( F i g • 3-1 ) . 
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Figure 3-1. Schematic of scanning system used in this investigation. 
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A. SCANNING MECHANISM 

The scanning mechanism shown in Fig. 3-2 had five degrees of movement: x, y, z, 

tilt, and rotation. Each motion was controlled by precision stepping motors 

coupled to absolute posit ion shaft encoders with binary-coded-decimal (BCD) 

readouts. ··The individual degrees of movement: x, y, z, and tilt, were 

positioned with a precision of 0.0025 em (±0.001 in.), and the rotation motion 

was set with a precision of ~1.8°. The scanning mechanism accommodated fuel pins 

60.to 160 em (24 to·63 ·in.) long and up to 7.5 em in diameter. 

---- . . 
The accuracy of the x, y, and z motions were: x (horizontal}, ±0.00127 em 

(±0.0005 in.) over 15.0 em (6.0 in.); y, ±0.0051 em (±0.002 in.) over 80 em (32.0 

in.); and z (vertical}, ±0.0051 em (±0.002 in.) over 160 em (63 in.) of travel. 

The precision ball screws had a 0.508-cm (0.200-:-in.) pitch resulting in five 

FUEL 
CAPSULE 
LENGTH 

AOJ:~ENT 

FUEL 
-cAPSULE 

.:-.-... ...... 

PRECISION BALL SCREW 

2" dla BALL BUSHING 
SHAFTS 

Z·MOTION 

ENCODER 

SCANNING MECHANISM . 

Figure .3-2. Scanning mechanism for 
positioning irradiated fuel rods. 
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resolutions per inch of travel. The ball screws were attached to Slo-Syn 

precision stepping motors having 200 steps per revolution. The absolute position 

of each motion was obtained from bidirectional position shaft encoders with a BCD 

readout from 0.0 to 254.000 em (0.0 to 99.999 in.). The shaft encoder and the 

bifilar stepping motors had 200 divisions per revolution and therefore were 

attached to the stepping motor shafts. Because of space limitations in the hot 

cell, the z (vertical )-shaft encoder was attached directly to the stepping motor 

shaft, and the x, y, tilt, and rotation encoders were coupled to their motors 

through spring-loaded anti-backlash gears. 

The scanning mechanism was designed without any structural material in line with 
the collimating slit and the fuel rin. This desiyn reduced the occurrence of 
backscatter peaks from the Compton scattering that might have interfered with or 

been mistaken for the full-energy peaks. The scanning mechanism was placed in a 
180 x 180 em (6 x 6ft.) hot cell with 88-cm (34.75-in.) - thick walls that allowed 
the examination of irradiated fuel pins with up to 10 kCi of 1 MeV gamma rays 

(Fig. 3-3). 

A similar scanning mechanism can be designed for handling LWR fuel rods in a hot 
cell facility. The most criticdl factor to be considered is the precision of the 
horizontal motion because it will limit the spatial resolution of the technique. 
The scanning mechanism described above had very rigid restrictions placed on all 

the positioning components; these restrictions would probably not be essential 
except for the restriction on the horizontal motion. 

B. COLLIMATORS 

Precise collimation of the gamma-ray beam is required to obtain the spatial 
distributions of the gamma-ray emitting isotopes. In this particular 

investigation, we used a collimator arrangement consisting of three separate 
collimators: a primary collimator, which precisely defined the volume segment of 
the fuel rod, and two beam scraping collimators that shielded the anticoincidence 
annulus from the gamma-ray beam. 

Selection of the size of collimator to use for examination of a specific fuel rod 
depends on the spatial resolution desired and the activity of the fuel material. 

For example, the fraction of gamma rays originating in the volume segment of a 

typical LWR fuel rod defined by the collimating slits that strike the surface of 

the detector was about 2.2 x lo-8 for gamma rays with energies of 600 keV. In 
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Figure 3-3. Scanning mechanism installed in hot cell. 

typical LWR fuel with exposures of about 30 GWd/tU, there are 45 x 1018 137cs 

atoms/cm3. Incorporating the fraction above for a fuel volume of 0.023 cm3 

(maximum fuel volume viewed by our system) and the branching ratio of the 

661.6-keV gamma ray of 137cs (0.851), only 850 gamma rays will strike the 

surface of the detector per minute. If a detector with 15 percent efficiency for 

this energy were used, it would require at least 10 minutes to obtain 1000 counts 

in the full-energy peak, which may have approximately a 5 percent error 

associated with it depending upon the background from higher energy gamma rays. 
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This discussion may be somewhat involved, but it is esse~tial for understanding 
how critical the selection of the collimators is in obtaining meaningful results 
within reasonable examination periods. Both source activity levels and spatial 
resolution requirements must be considered in the design of any gamma scanning 
system. 

C. DETECTOR ASSEMBLY 

The detector assembly consisted of a large, high-resolution Ge(Li) detector 
surrounded by a 20 x 30 em Nal (Tl) anticoincidence annulus encased in a low 
gamma activity lead cask. This detector assembly produced very high-quality 
gamma-ray spectra with peak-to··Compton ratios greater than 100. Present day 
detectors can give peak-to-Compton ratios of at least 30 to 1 and are more than 
adequate for measuring LWR spent fuel. Lead shielding is required to reduce the 
background, with S em of lead being more than adequate. 

D. DATA ACQUISITION UNIT 

The data acquisition unit was automated to control the scanning mechanism as well 
as to collect and analyze gamma-ray spectra (£!). The unit positions the fuel 
rod, collects the gamma-ray spectra, then automatically moves the fuel r·od to the 
next position. Similar data acquisition systems are readily available from 
private inc1ustry. 

The processing of the two-dimensional data was not performed on the data 

acquisition unit, but rather on larger computers that had enhanced graphics 
capabilities. The data processing techniques used in the generation of the 
two-dimensional distribution could be implemented on a minicomputer. 

E. COMPONENT SUMMARY 

Each of the four components of the gamma scanning system has been discussed in 
the previous sections. Most of the discussion has been centered on the design of 
the scanning mechanism and the collimators because they are the most critical 
components. Detectors and data acquisition units are available from a wide 
variety of vendors and can be modified as necessary. However, if the scanning 
mecharisms or collimators are not designed appropriately, the system may never 

function correctly. 
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The next section discusses various unfolding algorithms that.may be applied to 
the data obtained using the scanning systems. None of these algorithms can 
compensate for data obtained from a poorly designed scanning system. 



Section 4 

RESULTS 

A. SIMULATED TEST CASE 

Four techniques to reconstruct a picture from a small number of projections have 

been compared experimentally: a filtered backprojection Fourier transform 

technique (TOMO) (12,22), a multiplicative algebraic iterative reconstruction 
technique (MART) (~}), and finally, a recent adaptat ·ion of the algebraic 
reconstruction technique (ART) algorithm to a maximum entropy (MENT) criterion 
(20,24), and the TWODIM unfolding algorithm (3,4). 

The data used for comparision of these techniques were projections generated by a 

computer program (TWOCHK) described in Appendix A. This program analytically 
simulates projections at specified angular orientations of various distribution 
functions. This code was used to generate the set of test data discussed in 
Appendices A through D. A typical example of the type of test data generated is 

presented in Fig. 4-1, in which a narrow ring was superimposed on a uniform 

source. This distribution is similar to the distribution of a volatile isotope 
that migrates radially to the pellet-cladding interface (for example, cesium and 

iodine isotopes). The entire source was skewed over the simulated scan region to 
reflect a 30 percent change across the diameter of the fuel rod. The data were 

constructed to cover a 1.27- x 1.27-cm area in 0.0127-cm steps (101 x 101 
matrix). Six projections WP.re calculated at 30" intervals from o· to 150" (Fig. 

4-2). The six resulting projections were the test input data for the 

reconstruction algorithms. 

The filtered backprojection Fourier transform technique resulted in the best 

reconstruction. A comparison of all four reconstr'uction techniques is presented 
in Appendix D. The computer code TOMO is, by nature of the backprojection 

algorithm, best suited for a large number of projections. When only a few 

projections are used in the algorithm, the reconstruction is very poor. 

A much more real is tic-appearing reconstruction can be obtained from the 

backprojection algorithm, however, by providing a larger number of projections. 
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Figure 4-1. Radial scans across the diameter of the simulated gamma-ray source 
and isometric projection of the density distribution matrix. 
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Ideally, if time permits, real measured projections would be preferred. However, 
if only two projections (or some small number) are measured, the visual 
appearance of the reconstruction can be greatly improved by an interpolation 
scheme that provides a large number of calculated projections interpolated from 
the measured projections. This does not increase the information content of the 
reconstruction, but does produce a reconstruction more consistent with the known 
circular shape of the fuel pin. The concept is somewhat similar to that of 
smoothing data to improve its appearance even when information is actually lost 
in the process. 

The projections (2, 4, or 6) have been interpolated to 181 projections in the 
0°-180° range at 1° intervals. The calculated projections were created by the 

interpolation formula 

PROJ(I) = PROJ(A) * cos2 
9 + PROJ(B) * sin2 

9 (2) 

in which I is the index of the projection that lies between PROJ(A) and PROJ(B). 
The change of angular orientation between projections A and B is normalized to be 
equivalent to n/2 radians. Cos 9 and sin 9 range from 0.0 to 1.0 and 1.0 to 0.0 
in the angular change from projection A to projection B, and since cos2 9 + 

sin2 
9 = 1.0, the resulting projection PROJ(I) is appropriately a mixture of 

projections A and B. 

An example of the weighting function for interpolating two projections is shown 
in Fig. 4-3. In this case, there are only two scans taken at Oo and 90° (scans A 
and B). 

PROJ( I) PROJ(A) * cos2 ~ + PROJ(B) * sin2 ~ (3) 

and 

PROJ(I) = PROJ(B) * cos2 ~ + PROJ(-A) * sin2 ~ 90 < ~ .s. 180°, (4) 

where ~ is equal to 2 9. 

is measured and PROJ(-A) 
interpolation techniques 

The angle 9 is the actual angle at which the projection 

is the reverse projection of PROJ(A). Other possible 
were not investigated in the study. 

In Fig. 4-4, the results using the filtered hackprojection technique are 
presented. The reconstruction does estimate the original distribution. The 0° 
radial scan is symmetrical within the precision of the data and the 90° radial 
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Figure 4-3. Interpolation function used to 
generate additional projections. 

scan does show a skewness similar to the original data. However, the left-hand 
side of the 90° radial scan should have been at a calculated value of 0./3 and 

not at the measured value of 0.87. The backprojection algorithm underestimated 
the skewness, but it estimated the value for the Oo radial scan as 0.88, compared 
with the true value of 0.87. Considering that this projection was obtained from 
only six projections, the agreement between the reconstructed image and the 
original image was very good. 

B. LOW-BURNUP BWR FUEL ROD 

A low-burnup BWR fuel rod (~) was analyzed using the backprojection 

reconstruction technique. Table I lists the initial fuel parameters and 
irradiation history information. The projection data was obtained using a 
precision scanning mechanism and detector system at the Los Alamos hot cell 

facility (4). Since the fuel rod had been removed from the reactor for over four 
years and had a low level of burnup, only the 137cs isotopic distribution was 

·measured at two angular orientations. The statistical uncertainties of the other 
isotopes precluded their use except for possibly the 134cs isotopic 
distribution that was similar to the 137cs distribution. 
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The two diametral projections are shown in Fig. 4-5. The first diametral scan is 

rather symmetrical as compared with the second diametral scan that indicates a 
slightly skewed distribution. It should be stressed that by examining the 
diametral scans, the experimenter can intuitively determine what the original 
distribution should be. In Fig. 4-6, the results without any attenuation 
correction are presented to illustrate the significant influence that the 
attenuation correction has on the reconstruction. The interpretation of Fig. 9 
would imply that the radial 137cs fission product distribution was distorted 
toward the outer surface of the fuel pin. 

Attenuation corrections significantly alter the results, as can be seen in Fig. 
4-7. Only about 60 percent of the 661.6-keV gamma rays of 137cs escape the 

surface of the fuel pellet at the center line of the projection; therefore, the 
attenuation correction procedure exaggerates the structure of the radial scans, 
particularly in the interior region. This is evident when the o" scans are 
compared for the unattenuated results and the attenuated results. 

TABLE I 

FUEL PARAMETERS AND IRRADIATION HISTORY OF BWR FUEL ROD 

Initial 235u enrichment 
Stack density 
Pellet diameter 
Cladding 

Material 
Thickness 
Outside diameter 

Fuel Rod Parameters 

2.56 wt percent 
10.32 g/cm3 

1.237 em (0.'187 

Zr-2 
0.094 em (0.037 
1.1130 em (0.563 

Ir.radiation History 

7- by 7-fuel assembly geometry 

in.) 

in.) 
in. ) 

Part of an experimental test assembly that contained M02 and uo2 rods 
One cycle exposure - July 1974 to January 1976 

Declared burnup - 11,1150 MWd/tU 
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C. EXPERIMENTAL FAST BREEDER FUEL ROD 

Another fuel section from an experimental assembly was scanned to demonstrate the 

applicability of using the backprojection reconstruction technique. Only the 
137cs isotopic distribution was measured for the LWR fuel section because of 
the low burnup and long cooling time. On this FBR fuel section, the 

two-dimensional isotopic distributions were determined for three fission products 
( 137cs, 134cs, and 125 sb) and two cladding activation products (54Mn and 
60co). Table II presents the relevant initial fuel parameters and irradiation 
history information. 

This particular fuel section was scanned at six angular orientations, each 
separated by 30°, to obtain the input data for the filtered backprojection 

reconstruction technique. Six projections of the 137cs isotope are shown in 

Fig. 4-8. From these projections, it is clear that the isotope is distributed as 
a ring source, which is confirmed by the calculated results shown in Fig. 4-9. 

The uncertainty of the input data due to counting statistics was of the 

TABLE II 

FUEL PARAMETERS AND IRRADIATION HISTORY OF FBR FUEL ROD 

Fuel material 
Pellet density 
Pellet diameter 
Cladding 

Material 

Thickness 
Outside diameter 

Irradiated in EBR-II 

Fuel Rod Parameters 

(u0.75' P~0.25) 02 
]0.5 g/cm 
0.538 em (0.212 in.) 

316 Stainless Steel 

0.038 em (0.015 in.) 
0.635 em (0.25 in.) 

Irradiation History 

Cladding temperature - 510-540oC 

Discharge date - October 1975 

Declared burnup - 179,100 MWd/tU (19.19 atomic percent) 
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order of 0. 2 percent. By comparing these radial scan results with the 

reconstructed results from the fuel cladding activation products shown in Figs. 

4-10 and 4-11 for 54 Mn and 60co, respectively, it is clear that the 137cs 

is deposited in the pellet clad zone. 

The quality of the reconstructions for the 54 Mn and 60co cladding activation 

products was not as good as the 137cs reconstruction because of the uncertainty 

of the input data due to counting statistics. The deviations of the individual 

data points for the 54 Mn data ranged from 5 to 13 percent, with the lower value 

being qn the ring source and the higher value being near the central region of 

the projection. For the 60co projection data, the uncertainty in the data 

ranged from 4 to 9 percent; consequently, the reconstruction of the 60co is 

better than the reconstruction of the 54 Mn. The problems of the quality of the 

input projection data are addressed in more detail in Appendix B. 

Figures 4-12 and 4-13 shaw the input projection data and the results for the 
134cs fission product. These results are very similar to the 137cs results, 

which is not always the case (~). Counting statistics for these projections 

ranged from 0.2 to 1.5 percent. 

The reconstruction of the 125sb distribution (Fig. 4-14) shows that it also has 

moved radially, depositing in the pellet cladding zone. Counting statistics for 

these projections ranged from 5 to 11 percent. The three results for 137cs, 
134cs, and 125sb illustrate the affect that counting statistics can have on 

the reconstructed images for nearly identical distributions. 

D. DISCUSSION OF EXPERIMENTAL RESULTS 

The irradiation conditions of this FBR fuel rod are obviously more extreme than 

the conditions that LWR fuel rods are routinely exposed to. However, it does 

demonstrate how the technique can be used to identify the relative location of 

fission products. Both the LWR and FBR fuel rods were cooled for nearly five 

years; this long cooling time restricted the number of isotopes that could be 

measured. On other fuel rods we have measured the radial isotopic distribution 

of fission products with shorter half-lives. A listing of isotopes whose 

projections have been used to reconstruct the two-dimensional radial 

distributions is shown in Table III. 

We have discussed the importance of counting statistics and their affect on 

actual and simulated (Appendix B) distributions of gamma-emitting isotopes. 
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Other sources of error that can have equally comparable affects on the results 

are the errors associated with the positioning of the fuel specimens and changes 
in the collimation system. The specific reconstruction technique used in these 
examinations assumes that the projection data (scans) do not have any associated 
errors. Therefore, considerable care should be exercised in designing the 
scanning system to ensure minimal positioning errors with respect to the spatial 
resolution requirements. 

Since this technique requires that each data point of the projection be obtained 
under exactly the same measurement condition, the design and fabrication of the 
collimation system must be performed very carefully. A more detailed discussion 
of the effect of various collimating slits on the resolution of the system is 

presented in Appendix C. 

TABLE III 

RADIAL ISOTOPIC DISTRIBUTIONS MEASURED USING RECONSTRUCTION TECHNIQUES 

I so topes 

Fission Products 

132Te 
131 I 
140Ba-La 
95Nb 
103Ru 

95zr 
144ce-Pr 
106Ru-Rh 
134Cs 
137 Cs 

Activation Products 
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Half-Life 

77.7 h 

8.05 days 
12.8 days (40.22 h) 
35.0 days 
39.5 days 
65.5 days 

285 days 
369 days 

2.05 yr 
30.17 yr 

27.8 day 
303 day 

5.26 yr 



Section 5 

CONCLUSIONS AND RECOMMENDATIONS 

Projection data (diametral) of irradiated fuel rods can be used to estimate the 
actual two-dimensional distribution of fission and activation products. The 
filtered backprojection reconstruction technique was applied to various test 
cases, as well as to both LWR and FBR fuel rods. The results demonstrated the 
type of data that can be obtained using this technique. 

The correct design and fabrication of a measurement system, including (1) the 
scanning mechanism, (2) the collimation assembly, (3) the detector assembly, and 
(4) the data acquisition and analysis system, are essential to obtain precise 
projection data. If these components are not correctly integrated into the 
entire scanning system, the reconstruction algorithm is useless. Therefore, in 
any implementation program, equal attention should be given to the hardware and 
software components. 

The total cost of a scanning system similar to that described in this paper can 
range from several hundred thousand dollars to over a million dollars. Prior to 

the construction of such a system, the investigator must identify the information 
he expects to obtain so that the design of the system can be optimized. For 
example, if the deposition of fission products in the pellet-cladding interface 
zone are of primary interest, then narrow collimating slits and very precise 
diametral positions are required. On the other hand, if the primary interest is 
in the interior of the fuel rod, then larger collimating slits can be used (which 

smear the results more). Once a decision is made about the objectives of a 
specific system, the design should be simulated to determine if it will provide 
the desired information. The time permitted for data collection may be the most 
limiting factor; typically it can take 2-10 hours for each projection depending 

upon the activity of the fuel specimen and the design of the integrated system. 

We have simulated our specific scanning geometry at Los Alamos using Monte Carlo 
simulation techniques (~) to the total response of the gamma scanning system. 

Similar calculational techniques can be applied to any conceptual design to 
assess its advantages and limitations. 
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This system could be applied to a variety of fuel characterization problems: 
investigation of fission products in the pellet-cladding interaction zone, 
measurement of radial power levels in fuel rods, and measurement of experimental 
or standard fuel irradiated under nonroutine conditions. This technique is the 
only one available for measuring nondestructively the distribution of fission and 

activation products within irradiated fuel materials. 
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APPENDIX A 

SIMULATED GAMMA-RAY EMISSION SOURCES 

A computer code was written to simulate the projections of emission sources for 

testing the various unfolding and reconstruction techniques. This code has the 
capability of generating ring, solid, or. combination sources that can be skewed 
across the diameter at any angle. Another option permits the transformation of 
perfect data to data having a normal distribution with a specified standard 
deviation; this option was used in Appendix B to demonstrate the affect of 
changes in counting statistics on the reconstructed data. 

Basically, seven test cases were used to evaluate the applicability of the 
specific reconstruction techniques. The individual test cases are listed in 
Table A-1. Six projections separated by 30° were generated for each of the seven 

test cases. 

Figures A-2, -4, -6, -8, -10 and -12 show the reconstructed images resulting from 
use of the filtered backprojection technique on the data given in Figs. A-1, -3, 
-5, -7, -9, and -11. The backprojection algorithm appears to have done an 
excellent job on reconstructing the original images in all six test cases, as 
well as in the simulated cesium example described in the Section 4. 
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TABLE A-1 

SIMULATED GAMMA-RAY SOURCES 

Figure Number 

Perfect cylinder A-1 

Skewed cylinder - 90 percent A-3 

Skewed cylinder- 20 percent A-5 

Perfect ring A-7 

Skewed ring - 90 percent A-9 

Skewed ring- 20 percent A-ll 

Cesium s1mulation 2 

A-2 

Description 

Simulates a uniformly distributed 
source 

Simulates a source that varies by 
90 percent across the diameter of 
the scan region 

Simulates a source that varies by 
20 percent across the diameter of 
the scan region 

Simulates·a uniformly distributed 
ring source that has a width of 6 
percent of the total radius 

Simulates a uniformly distributed 
ring source that has a width of 6 
percent of the total radius but is 
skewed by 90 percent across the 
diameter of the scan region 

Simulates a uniformly distributed 
ring source that has a width of 6 
percent of the total radius but is 
skewed by 20 percent across the 
diameter of the scan region 

Described in the Results Section 



0- Degree Scan 90- Degree Sca n 

1.2 
I ·> 

1.0 1.0 

>. >. 
-' 

> 0.6 > 0.6 
__. 
(... 

< < 
v 06 l 

0.6 l I 

> > I 

.• I .• oA -i 
04 1 i ~ 

::!:: 

02 l i 0.2 l ' 

II . ! 

0.0 0.0 

- 0.26 -0.13 0.00 0.1:.1 0.26 -O.~ti - 0.13 0.00 013 0.26 

Radial Position Radial Position 

-:; 

,.zl 
,;' 

oa1 7 
..-: 
;) I 
A. I 

"' Aj 
7 0· I 

..-: I 

~ 
,J ,.... 
Cl 
ct o.o 

Figure A-1. Perfect uniform source simulating a uniformly distributed source. 

A-3 



0 - Degree Scan 90- Degree Scan 

12l 
12 

Lu -j 10 

:>.. _, :>.. _, 
> 0.8 > 0.8 
_, 
() 

<t: 
0.6 

<ll 
> 

_, 
() 

<t: 
0.6 

<ll 
> 

:;:::; _, 
<ll 0.4 <ll 0.4 

<ll 
0:: 

<ll 
0:: 

0.2 0.2 

0.0 35.0 70.0 105.0 0.0 35.0 70.0 105.0 

Radial Position Radial Position 

t.Z 

~ 
·"" ?' 
j 
C) 

o.B 

~ 

Q) 
o.4 ?' 

:;) 

~ 

Figure A-2. Filtered backprojection results for the data in Fig. A-1. 

A-4 



0- Degree Scan 80- Degree Scan 

J'> 

ul 
10 

LOl 
>, >, 

O.B ·-
> > OB l 
~ 

(.) v 
~ < 

0.6 0.6, 
Cl) ;:.. 
> > 
~ 

~ 0.4 
.• 

04-
::> 

0:: ::!:! 

0.2 0.2-
/ 

0.0 0.0 
- 0.26 -0.13 0.00 0.13 0.26 - 0.26 - 0.13 0.00 0.13 0.26 

Radial Position Radial Position 

,~ l 
I 

' 
7: ' 
/ i ..... 

0a-: 7 ..... 
/ 
:.J 
L 

:;, _. -l 
7 o. ' ..... 
~ .v 
/ 
:;, 
rt o.o 

Figure A-3. Skewed uniform source that varies 90 percent across the scan region. 

A-5 



0-Degree Scan 90- Degree Scan 

12 1.2 

1.0 1.0 
:>, _, :>, _, 
> 0.8 
:;; 
0 
< 
QJ 

0.6 

> 
:;; 
~ 0.4 
QJ 

0:: 

> 0.8 
:;; 
() 

< 
0.6 

QJ 

> 
:;; 
~ 0.4 
QJ 

0:: 
02 02 

0.0 35.0 70.0 105.0 0.0 35.0 70.0 105.0 

Radial Position Rad!al Position 

,.z 

~ ..... 
:;> a. a :;:: 
~ 
<11 

o.4 ;>: :;:: 
~ 
~ 

Figure A-4. Filtered backprojection results for the data in Fig. A-3. 

A-6 



0- Degree Scan 90 - Degree Scun 

"1 
1.2 

1.0 
10 

>, 
-' 

I 
>, 

0.8 ~ -' -----> I 0.8 

i > 
I -' 

< () 

06 l <t: 
v i 06 
> ' Q) 

I i 
> 
-' - 0.4-; ~ ! ' 0.4 

::!::: Q) 

0:: 

0.2-i 
IIi'. 

0.0 
- 0.26 - 0.13 0.00 0.13 026 0.0 

Radial Posilion 
- 0.26 - 013 0.00 0.13 0.26 

Radial Position 

7' 

,zl 
./ 

o.a1 
.... 
7 ..... 
;; I 

I 
L ' 

' ' :;, " ...j 
7 o. I ..... 
-;: 
.~ 

/ 
:;, 
~ o.o . 

Figure A-5. Skewed uniform source that varies 20 percent across the scan region. 

A-7 



0-Degree Scan 90- Degree Scan 

12 1.2 

1.0 1.0 
>. 
-' >. 

-' 
> 0.8 
:;; 
(.) 

< 
0.6 

QJ 

> 
:;; 
~ 0.4 
QJ 

0:: 

> 0.8 
-' 
(.) 

< 
0.6 

Q) 

> 
-' 
~ 0.4 
QJ 

0:: 
02 02 

0.0 35.0 70.0 105-0 0.0 35.0 70.0 105.0 
Radial Position Radial Position 

,.z 

~ ..... 
:;> 
j 
u 

o.e 

.& 

()) 
o.4 :;> 

j 

~ 

Figure A-6. Filtered backprojection results for the data in Fig. A-5. 

A-8 



0-Degree Scan 90-Degree Scan 

1.2 1.2 

1.0 1.0 

;:., ;:., ::::! 0.8 -' 
> 0.8 

:;::; > 
(J :;::; 
< C) 

0.6 < 
Cll 0.6 
> Cll 

:;::; > :;::; 
!! 0.4 !! 0.4 Cll 
P:: Cll 

P:: 

0.2 0.2 

0.0 0.0 
-0.28 -0.13 0.00 0.13 0.26 - 0.28 - 0.13 0.00 0.13 0.28 

Radial Position Radial Position 

o.a 

o.o 

Figure A-7. Perfect ring source with a width 6 percent of total scan region. 

A-9 



:>, ..... 
> 
..... 
() 

<1: 

<IJ 
> 
..... 
~ 
<IJ 
0:: 

0- Degr ee Sca n 

12 

10 

0.8 

06 

0 •1 

0 ~ 

oo :1:>0 ?oo 
!{udia l Pos ition 

1·2 

3' 
.;...' 

7 o.e 
j 
~ 

(1) o.4 7 
j 
~ 

~ 
~ 

~ 
> 
..... 
() 
_,; 

<IJ 

~ 
~ 

<IJ 
0:: 

1.2 

10 

OB 

06 

04 

0 2 

00 

90- Degree Sca n 

:150 700 

Rad ia l Po~ il.ion 

Figure A-8. Filtered backprojection results for the data in Fig. A-7. 

A-10 



0 -- 0egree Scan 90- Degree Scan 

1.~ 1.2 

1.0 10 

~ >, 
-' ~· 

OB ;... 0.0 
;... __, 
-' (J '-' --r. < 0.(; 0.6 <lJ v ;... :> __, 
-' <tl 

01 .:g 0.4 v <lJ 

a:: a:: 

o·' 0.2 

0.0 0.0 
0.~(; -0.13 0.00 013 0.26 - 0.26 -0.13 0.00 0.13 0.26 

Radial Posilion Radia l Posi l ion 

t 2 

o6 

a. a 

Figure A-9. Skewed ring source that varies 90 percent across the scan region. 

A-ll 



0-Degree Sca n 90- Degree Scan 

12 12 

1.0 1.0 
» » .... .... 
> 0.8 

::> 
> 0.8 

::> 
CJ CJ 
< < 

0.6 
QJ 

0.6 
QJ 

> > 
::> ::> 
~ 0.4 ~ 0.4 
QJ QJ 

0:: 0:: 
0.2 0.2 

0.0 35.0 70.0 105.0 0.0 35.0 70.0 105.0 

Radial Position Radial Position 

Figure A-10. Filtered backprojection results for the data in Fig. A-9. 

A-12 



90- Degree Scu n 
0- Degree Scan 

1.2 

12 l 

10 

!Ol 
>. .... >. J n 

:1~ 
-- > ·- "I 
> 0.8 ' II .... 
-- I . () 

<( 

< : 
0.6...! "-> 

> 
> .... 

04 II .• 
04-' ::!:: 

::!:: "I I i 02-

0.0 
00 - 0.26 - 0.13 0.00 0.13 026 

- 0.26 - 013 0.00 0.13 026 Radial Position 
Radial Position 

o.O 

Figure A-ll. Skewed ring source that varies 20 percent across the scan region. 

A-13 



0- Degree Scan 
90- Degrec Sca n 

1.2 

12 

1.0 
>. ...., 10 

> 0.8 
~ 
() 

>. 
~ 

> 08 
<C ...., 

0.6 () 
Cll 
> 
~ 

<C 
06 

Cll 

~ 0.4 > 
Cll 

0:: 
~ 

~ 04 

02 "' 0:: 
02 

0.0 35.0 70.0 105.0 
Radia l Pos ition 00 :too 700 

f{adi<-11 Posit io n 

t.Z 

~ . ..-' 

~ o.B 
:_...; 
C) 

..d: 

a.> 
o.4 7 ;; 

ttl ,.,... 
a.> 
~ 

Figure A-12. Filtered backprojection results for the data in Fig. A-ll. 

A-14 



APPENDIX B 

EFFECT OF COUNTING STATISTICS ON THE FILTERED BACKPROJECTION ALGORITHM 

The computer code TWOCHK was used to generate simulated projection data having 
various levels of counting statistics based upon a normal distribution of 
errors. Four test cases are presented in Figs. B-1 through B-4 for a uniform 
source and a ring source, with no errors and 0.2-percent, 1.0-percent, and 
2.0-percent errors. The seed of the random numbers generator was identical for 
each set of the projections; that is, the functional variation for the uniform 
source test case was identical, except that the magnitude of the deviation 
changed. In each test case, six projections were used in the reconstruction 
algorithm with the interpolation described in Section 4, Results. 

As is evident from the two test cases, the counting statistics can have a 
significant influence on the resulting reconstruction. However, it should be 
stressed that to perform a set of measurements on a fuel section, a finite period 
of time can be expended. Instead of concentrating on obtaining very good 
statistics on a few scans, it may be more beneficial to obtain more projections 
with poorer statistics. Additional calculational and experimental work should be 
performed to determine the trade-offs between the two data collection approaches. 

B-1 



OJ 
I 

N 

90- Degree Sca n 
90- Degree Sca n 

1.2 
1.2 

1.0 1.0 
>.. >. ...., _, 

'"" :> 0.8 > 0.8 _, ...., 
CJ 
<: 

0.6 
CIJ 
:> ...., 
~ 0.4 

() 

< 
0.6 

QJ 

> 
:;:; 
~ 0.4 
QJ 

0:: 
CIJ 

0:: 
0.2 

L 
02 

l 
0.0 35.0 70.0 

Ra dia l Pos ition 
0.0 35.0 70.0 105.0 

Ra dia l Position 

lz 

3' 7' 

·" ~ 
E oB 7 oB ;; 
C) 

~ .<!. 

Ill o.4 C)) 
7 o.4 
~ 

7 ;:: ,... 
~ ~ ~ 

Figure B-1. Results for perfect and 0. 2 percent error data using the filtered backprojection algorithm on a 
uniform source . 

105.0 



CP 
I 
w 

90- Degree Scan 

1.2 

1.0 
>. 
-' 

> 

=1r-V0~~\J\rvv :;::: 
u 
< 
Ill 
> :;::: 
~ 0.4 
Ill 

0:: 
0.2 

0.0 35.0 70.0 105.~ 

Radial Position 

J.Z 

; .... ; .... 
7 ;;: 
~ 

.~ 
~ 
..:t: 

1)1 
7 o.'* 
j 
ft 
~ 

1)1 

7 
j 
~ 
~ 

1.2 

1.0 
>. 
~ 

> 0.8 :;::: 
u 
< 

0.6 
Ill 
> 
~ 

~ 0.4 
Ill 

0:: 
0.2 

J.Z 

o.B 

o.'* 

l 
0.0 

90- Degree Scan 

35.0 70.0 

Radial Position 

"o 
}(,~ 

()~it · 
I ell 

105.0 

Figure B-2. Res;lts for l percent and 2 percent error data using the filtered backprojection algorithm on a 
uniform source. 



co 
I 
~ 

0- Degree Scan 0- Degree Scan 

12 1.2 

1.0 1.0 
>. 
-' 

>. 
::: 

;> 0.8 
-' 
tJ 

;> 0.8 :;; 
tJ 

< < 
0.6 

QJ 
;> 

06 
QJ 
;> 

:;; :;; 
~ 0.4 ~ 04 
QJ 

0:: 
QJ 

0:: 
02 02 

JL ~ 
0.0 35.0 70.0 105.0 0.0 35.0 70.0 105.0 

Radial Posilion Radial Position 

J.Z1 - Jili~IHIDIJIJ\J\HIIIIIJIYJI111111?11/MJJ1 A ,z 

~ ~ 
..... ..... 
7 o.B ~ oB 
;J 

....., 

~ 
C) 
~ 

41 
o.4 

I)) 
o.-4 

7 7 

:;:; ;J 

Jl Jl 
~ ~ 

Figure B-3. Results for perfect and 0.2 percent error data using the filtered backprojection algorithm on a ring source. 



a:l 
I 

(.)1 

:>.. 
:::! 
-~ ... 
() 

< 
Ill 
> :;:; 
~ 
Ill 

0:: 

t.Z 

oil 

o.4 

1.2 

1.0 

0.6 

0.6 

0.4 

0.2 

0.0 

0- Degree Scan 

35.0 70.0 

Radial Posilion 
105.0 

:>.. ... 
> :;:; 
() 

< 
Ill 

-~ ... 
~ 
Ill 

0:: 

t.Z 

~ -"' 7 oa 
j 
~ 
()) 

o-4 ~ :,..> 

~ 

1.2 

1.0 

0.6 

0.6 

0.4 

0.2 

0.0 

0- Degree Scan 

35.0 70.0 

Radial Position 
1()5.0 

Figure B-4 . Results for l percent and 2 percent error data using the filtered backprojection algorithm on a ring 
source. 





APPENDIX C 

EFFECT OF SLIT SIZE ON SPATIAL RESOLUTION 

The TWOCHK computer code was used to generate two idealized source distri­
butions--a uniform source and a ring source--which were scanned calculationally 
to simulate various slit sizes. Four slit widths were used: 0.0127, 0.0254, 
0.0505, and 0.127 em. Each collimating slit was moved in 0.0127-cm steps across 
the two idealized source distributions. The results for the various slit sizes 
on the uniform source and the ring source are shown in Figs. C-1 and C-2. 
Increasing the collimating slit size does not significantly alter the uniform 
source distribution; however, changing the slit sizes alters the projections for 
the ring source. 

Similar effects of varying the collimating slit size are seen in the 
backprojection results shown in Figs. C-3 and C-4 where the 0° radial scans are 
presented. The ring source was smeared appreciably as the slit size increased. 
The width of the uniform source decreased slightly (-10 percent) as the slit 
width increased from 0.0127 to 0.127 em. A similar effect is seen in the results 
of the ring source (Fig. C-4), with a 10 percent smearing of the inner region of 
the source. 
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Figure C-1. Projections of a uniform source using various collimating slits. 
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APPENDIX D 

COMPARISON OF FOUR RECONSTRUCTION AND UNFOLDING TECHNIQUES 

Four techniques to reconstruct an image from a small number of projections were 
compared experimentally. These are filtered backprojections, Fourier Transforms 
Technique (TOMO)(~). a multiplicative algebraic iterative reconstruction 
technique (MART)(~), a recent adaptation of the algebraic reconstruction 
technique (ART) to a maximum entropy (MENT) criterion, and the unfolding 
technique (TWODIM) developed at Los Alamos (3,4). 

The reconstruction of a picture from its projections is a highly indeterminate 
problem. Particularly for a small number of projections, one can only obtain an 
approximation of the original distribution function. It has been proved that, 
even for ideal cases, a nontrivial picture cannot be uniquely determined from a 
finite set of its projections (9-11). Thus, reconstruction techniques are 
heuristic, and an analytical estimate of their performance is difficult. The 
most reasonable evaluation technique is to qualitatively and quantitatively 
compare the performance of the algorithms for typical sets of data 
characteristics of the particular problem of interest. 

For the comparison of the four techniques, we used the test case described in 
Section 4, Results (a combination of a skewed uniform source plus a skewed ring 
source). The results are shown in Figs. D-1 through D-4 with two radial scans 
and the isometric projection presented. The version of MART used in this 
investigation was set up to handle only three projections as input, hence, the 
hexagonal reconstruction was to be expected. The radial scans indicate that MART 

was not providing a reasonable reconstruction. 

The MENT algorithm reconstructed the original image reasonably well as is shown 

in Fig. D-3; however, it failed to accurately reconstruct some of the other test 
cases. It also has a tendency to introduce ring artifacts in reconstruction that 
should be uniform. MENT also has a distinct disadvantage in that it requires 

about four times as long to compute the reconstruction. 
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' : 

TWODIM reconstruction results (Fig. D-4)_ are reasonable, but the radial scans are 
smeared by the volume averaging technique used in the code. 

Based upon these results, filtered backprojection was selected as the preferable 
reconstruction te~hnique for determining the two-dimensional distribution of 
fission products in fuel rods. 
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