
Chalk River
TOMOGRAPHY

GIVING INDUSTRY A NEW DIMENSION

NUMBER 2, 1985
AECL-8633



On the cover are tomographs of four different objects. Clockwise from the
upper left we see a section through: (a) a motorcycle carburetor, (b) a simu-
lated fuel bundle used in a thermal hydraulic experiment, (c) a turbine
blade, and (d) a sandstone drill core containing cracks ~0.1 mm wide.



THE INDUSTRIAL POTENTIAL OF TOMOGRAPHY

Already widely accepted in medicine, tomography can also be useful in industry. The theory
behind tomography and a demonstration of the technique to inspect a motorcycle carburetor
is presented.

The discovery of the X-ray by Wilhelm
Roentgen in 1895 was quickly followed by its
application in medicine. Today radiography is
widely used as a non-destructive testing (NDT)
technique not only in medicine but also in in-
dustry, for everything from automobile car-
buretors to aircraft frames. Now a new medical
diagnostic technique, tomography (derived
from the Greek word for slice, tomos), is being
developed as an industrial tool. Tomography,
also known as CAT (computer assisted tomog-
raphy l scanning, is closely related to radiog-
raphy, but has a significant advanHge over the
latter: while radiography provides a distorted
two-dimensional (2-0) image of a three-dimen-
sional 13-D) object, tomography provides a dis-
tortion-free 2-D image of a 2-D cross section
through the object. A distortion-free 3-D map-
ping of an object can be constructed from a
series of 2-D tomographs.

While tomography's principles were discovered
decades ago | 1 | , the availability of low cost
computing power is now making it practical for
widespread use. Tomography is most useful for
investigating complex processes and for distin-
guishing features within complex geometries
where other NDT techniques provide ambigu-
ous information.

Chalk River Nuclear Laboratories (CRNL) is
developing tomography for application in both
nuclear and non-nuclear industries. It is well
suited for fundamental and applied research,
product development, process investigation,
trouble-shooting, and quality assurance. Specif-
ic applications outside the nuclear area include:

- studies of multi-phase flow/mixing [2], cast-
ing and extrusion processes, and new mate-
rials such as composites and ceramics.

- inspection of products such as rocket motors
[3], complex castings and structures, concrete
columns and beams, turbine blades, artillery
shells [4]

- dimensional measurements of the internals of
complex objects and vessels such as castings,
moulds, and even rotating machinery.

In these applications tomography can provide
better information than that available from
more traditional NDT techniques such as
radiography.

To illustrate the industrial potential of tomog-
raphy, a section of a motorcycle carburetor
(Figure 1 ) has been imaged using a series of 2-
D transverse slices 15]. Twenty-four parallel
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Figure 1: Location of the twenty-four scan planes of the carburetor. Each plane is perpendicular
to the vertical axis of the carburetor and separated by 0.86 mm.

(transverse) cross-sectional images, Figure 2,
were taken through a section of the carburetor.
The clarity of the tomographic images and the
ease with which detailed features can be
analyzed is vastly superior to that of a radiog-
raph of the same object (see Figure 3). Because
true 3-D information has been obtained in the
region-of-interest, the data can be reorganized
to generate image slices perpendicular to the
slices shown in Figure 2. Three such images
are shown in Figure 4 for vertical (y-z) planes
passing through the mounting flange and
choke lever, the vent tubes, and the gas inlet
port. Thus, tomography makes possible very de-
tailed examinations of even the most complex
objects in a simple, human understandable
form.

Because tomography is not yet used widely as
an industrial NDT technique, a brief account
of the theory of tomographic imaging is in
order [6]. Consider the attenuation of a
monoenergetic collimated beam of gamma rays

as it passes through a slab of material (see Fig-
ure 5). For a uniform slab the attenuation is
given by [7]

where

I = loe^ (1)

is the initial intensity of the gamma
ray beam,
is the intensity after passing through
the material,
is the linear attenuation coefficient of
the material (cm1), and
is the path length in the material
(cm).

Equation (1) can be solved for the product (i-L:

rn(Io/I)= M-L, (2)

If the ray passes through a non-homogeneous
material the path can be considered to consist
of a number of elements of width w with at-
tenuation coefficients ix.lt n.2,...M.n, as indicated
in Figure 5(b).



NEEDI

FLANGÏ

ïï: ; :rïvv ' - 12
èOA^ INLET PORT-

19 21 22

Figure 2: Twenty-four tomographic images of the carburetor. Each image is labelled with the number of the scan plane (see Figure 1).
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Equation (2) then becomes

f'n(Io/I)= ...|xnw (3)

That is, the logarithm of the measured trans-
mission along a particular ray represents the
sum of the attenuation coefficients of all the
elements that the ray traverses. In tomog-
raphy, the quantity (n(ljl) is normally called
a ray sum.

Figure 3: Radiographs of the carburetor
taken parallel to the tomographic
images shown in Figure 2. The
upper radiograph is a top view; the
lower one is a bottom view.

A single ray sum cannot, by itself, give any in-
dication of the distribution of attenuation coef-
ficients in the material. For example, the
homogeneous sample illustrated in Figure 5(c)
has precisely the same ray sum as the non-
homogeneous sample shown below it. However,
a series of ray sums obtained from other direc-
tions will provide useful information about the
distribution of attenuation coefficients. Multi-
ple radiographs of a single object obtained from
many viewing angles around the object are
sometimes obtained for this very reason: they
allow the radiographer to visualize the relative
location of different materials inside the object.
Tomography is similar. One obtains sets of ray
sums at many different angles about the object
being tested. A mathematical algorithm is then
used to reconstruct the unique distribution of
attenuation coefficients within the object that
gave rise to the experimentally measured ray
sums.

In its simplest form, a tomographic scanner is
designed to obtain sets of parallel ray sums in
a single plane from many directions around the
object. A translate-rotate tomographic scanner
is schematically illustrated in Figure 6. It con-
sists of a collimated source of radiation, either
an isotopic source or, as shown here, an X-ray
tube, and a collimated detector. Each parallel
line in Figure 6(a) represents one ray sum. One
set of parallel ray sums, obtained by translat-
ing the source and detector relative to the
object (or vice versa) is called a projection.
Projections from many directions around the
object are obtained by rotating the source and
detector relative to the object (or vice versa)
and repeating the translation procedure at each
new orientation. Figure 6(b) illustrates a typi-
cal tomographic scan pattern consisting of
translations at 1 degree increments over 180
degrees.

For clarity only the 1st, 60th and 120th trans-
lations are shown. More sophisticated scanners
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Figure 4: By stacking the twenty-four images shown in Figure 2 together, new tomographic images
along planes parallel to the y-z plane can be generated. Three such images are shown for
vertical planes through the mounting flange and choke lever (B), the vent tubes (C), and
the gas inlet port (D). Transverse image 19 is also shown for reference (A). The horizontal
dotted white bars to the side of images B, C and D indicate the location of the reference
slice shown in A, while the vertical bars above and below image A (labelled B, C and D)
mark the location of the vertical images shown in B, C and D.

employ arrays of detectors to speed up data ac-
quisition and make better use of the available
photon flux.

Because of the large amounts of data involved,
all practical tomographic scanners are com-
puter controlled; hence the acronyms CT for
computed tomography or CAT for computer as-
sisted tomography. A computer is also required
to reconstruct the tomographic image from the
measured ray sums. The reconstruction tech-
nique most often used is termed filtered back-

projection. The details of this technique are de-
scribed in reference 7.

Tomographic images are, by their nature,
digital images. They are constructed on a grid
of picture elements (or pixels) typically from
64 x 64 to 1024 x 1024 in dimension.

The images in Figures 2 and 3 are photographs
taken from a cathode ray tube (CRT) display
consisting of a 128 x 128 array of pixels too
small for the human eye to discern. Each pixel
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Figure 5: Attenuation of gamma-rays of inten-
sity Io incident on

(a) a homogeneous slab,
(b) a non-homogeneous slab, and
(ci homogeneous and non-homogeneous

slabs having identical ray sums.

represents a volume, or voxel (in this case 0.86
mm on a side, and 0.86 mm high), in the object
itself. Each pixel is assigned an integer number
that is related to the linear attenuation coeffi-
cient (density) in the corresponding voxel.

X-RAY /
TUBE %

1st
TRANSLATION

Rather than attempt to display these integer
numbers themselves, each number is assigned
a unique shade of grey. In the case of the car-
buretor the largest integers (the largest linear
attenuation coefficients) are assigned the dar-
kest shades of grey and the smallest integers
are assigned the lightest. The operator is free
to use any assignment of grey scale, or colour,
he chooses. Certain choices may tend to en-
hance some features and suppress others. How-
ever, the data, the actual reconstructed attenu-
ation coefficients, remain unaltered.

Because tomographic images are reconstructed
from gamma-ray intensity measurements that
are subject to statistical variation, the recon-
structed (x's will also have an associated statis-
tical variance, o^2. The standard deviation, tr^,
is the precision with which a given jx can be
determined from a single pixel in a tomog-
raphic image. Typically a^ is —1 to 5r/r. Com-
pared with normal radiography, this represents
an improvement in the contrast resolution of at
least two orders of magnitude.
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Figure 6: A schematic illustration of a translate-rotate CT scanner.
(a) The source and detector are first translated relative to the object. Each parallel line

represents one ray sum.
(b) Multiple projections are obtained by rotating the source and detector around the ob-

ject.
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A technology that offers such detailed informa-
tion non-destructively and non-invasively prob-
ably has as much to offer industry as medicine,
though tomography is presently more highly
developed in medicine. The ability of CAT to
determine small variations in density makes it
a useful tool for anatomical examinations.
Other types of tomography, positron emission
tomography (PET) and single photon emission
computed tomography (SPECT), are used in
medicine to determine the distribution of
radioactive tracers and are therefore useful in
the study of metabolism. Imaging using nucle-
ar magnetic resonance (NMR) is now being de-
veloped as a non-invasive medical tool that
does not use ionizing radiation. Yet another to-
mographic technique is based on ultrasonics.
While the various types of tomography are

common in principle, each field requires dis-
tinct expertise.

Early work in tomography at Chalk River in-
cluded such diverse activities as the design of
the hardware and electronics for a prototype
positron camera (the Therascan 3128) now in-
stalled at the Montreal Neurological Institute,
an examination of the use of tomography to
study the hydrocracking of bitumen, and an in-
vestigation of CAT's usefulness in examining
saw logs for knots and rot [8], Our R&D efforts
are now concentrated on CAT [9], the field best-
suited to industrial exploitation.

The next article gives one example of the rapid
progress being made in this field.
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AN INDUSTRIAL APPLICATION OF COMPUTER ASSISTED TOMOGRAPHY:
DETECTION, LOCATION AND SIZING OF SHRINK CAVITIES

IN VALVE CASTINGS*

To demonstrate the potential of computer assisted tomography (CAT) to accurately locate
defects in three dimensions, a sectioned 5 cm gate valve with a shrink cavity made visible
by the sectioning was tomographically imaged using a Co-60 source. The tomographic images
revealed a larger cavity below the sectioned surface. The position of this cavity was located
with an in-plane and axial precision of approximately ±1 mm. The volume of the cavity was
estimated to be approximately 40 mm'1.

Computerized tomography (CT) images contain
a wealth of distortion-free spatial information.
One possible industrial application of CT is to
re-inspect items that have failed to conform to
standard QA acceptance tests, in order to char-
acterize the defect in greater detail. CT re-
inspection may be especially useful if the non-
conforming item is to be repaired or upgraded.
This study demonstrates the use of CT re-
inspection to detect, locate and size shrink
cavities in valve castings earmarked for up-
grading.

Radiographs of valve castings are routinely
used for QA, with the choice of acceptance stan-
dards depending on the intended end use of the
valve. If an unacceptable shrink cavity is indi-
cated on the film the casting may be upgraded
by gouging out the cavity and backfilling the
entire area with weld material. Because of the
complex shapes involved, it is sometimes diffi-
cult to accurately locate the cavity in three di-
mensions by referring to radiographs alone. In
some cases this leads to the removal and back-
filling of considerably more material than nec-

essary. In other cases the cavity is not
adequately repaired on the first attempt and
the casting must be upgraded a second time.

The present study was carried out to demon-
strate how CT imaging can eliminate such
costly upgrading errors. The tomographic scan-
ner used in the study is illustrated schemati-
cally in Figure 1. It comprises a control and
data acquisition computer, scintillation detec-
tor with associated electronics, a radioactive
source, source and detector collimators and
shielding and a computer controlled motorized
assembly for translating and rotating the test
object.

The computer system consists of a Digital
Equipment Corporation (DEC) LSI-11/23
microcomputer with 256 k bytes of on-board
me/nory, a 20.8 M byte (Winchester) disk and
a V-2 M byte floppy disk.

An Nal scintillator, hermetically sealed to a
photomultiplier tube, was used as the detector.
The detector preamp and single channel

* Abridged from Atomic Energy of Canada Limited report AECL-8626.
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Figure 1: A block diagram of the CRNL totnographic scanner apparatus.

analyzer have been customized tu enable mea-
surement of pulse rates of up to 50 kHz without
software correction for pile up. With software
correction this limit can be extended by more
than an order of magnitude. Detector output
pulses are counted in a standard counter/timer
and interfaced to the DEC Q-bus through the
Canberra 1788 and DEC DLV11-J serial inter-
faces.

The test object is placed on a turntable
mounted on a translatable carriage. The turnt-
able and carriage are driven by individual step-
per motors and their absolute positions are con-
tinuously monitored by shaft angle encoders.
The stepper motors and encoders are interfaced
to the bus through ADAC 1600 series interface
cards.

The photon source may be Cs-137, Ir-192 or

Co-60, depending on the requirements. A
Co-60 source with a useful penetration of up to
24 cm of steel was used in the present study.

The source and detector colümators are identi-
cal tungsten-alloy cylinders, 165 mm in length,
mounted in V blocks. The apertures are con-
tinuously variable in width from 0 to 6.4 mm
and are available m three discrete heights:
1.59 mm, 3.175 mm and 6.35 mm.

Tomographie reconstruction is executed on the
LSI-11/23 with the assistance of the Computer
Design and Applications (CDA) MSP-3 array
processor. Typical reconstruction time is about
90 seconds for a 128 x 128 reconstruction grid.

After reconstruction, the images are displayed
on a colour graphics screen using the CDA
MDP-3B graphics processor. Images can be
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photographed off the screen for further study
and can be archived in digital form on disk or
magnetic tape.

For this study a class 600 flanged-end gate
valve casting with a 5.08 cm (2") bore was
examined. The casting had been bisected along
a plane passing through the bore and the stem
port axes (see Figure 2). As indicated, a shrink
cavity in one of the crotch areas is exposed at
the sectioned fr.ce. Shrink cavities generally
represent a tear rather than a smooth internal
void and therefore they may propagate, like a
crack, under vibration. For this reason they are
considered a serious defect. They are caused by
the uneven solidification of liquid metal in the
mold and often occur in regions where external
and internal surface contours change rapidly.
The crotch area of a gate valve is a typical ex-
ample of this.

The fact that shrink cavities are likely to occur
near contoured surfaces presents special diffi-
culties in the interpretation of radiographs. In
particular, determining the coordinates of the
defect in three dimensions from radiographs, as
required for upgrading, is subject to er; or be-
cause of the changing film exposure due to var-
iation in the path lengths through the irregu-
larly shaped object. This difficulty is com-
pounded by the ever-present magnification dis-
tortion due to the divergence of the x-ray beam
on its path from source to film.

To demonstrate the effectiveness of CT in cir-
cumventing the problems inherent in conven-
tional radiography, the valve casting was to-
mographed in the region of the shrink cavity.
The casting was mounted in the scanner as
shown in Figure 2. In order to delineate the de-
fect in three dimensions, six adjacent slices,

Figure 2: Orientation of the casting and MTF test piece on the scanner turntable. The scanning plane
was changed by slipping 1.59 mm (1/16") shims underneath the casting.
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each perpendicular to the axis of the bore and
separated by 1.59 mm along the bore axis, were
scanned. The general location of these slices is
indicated by the scan plane illustrated in Fig-
ure 2. For ease of reference in the discussion
that follows, the height of the scan plane above
the bottommost surface of the casting will be
referred to as distance Z in the axial direction.
The distance Z to the midpoint of the topmost
slice was 109.5 mm and this was reduced for

each of the six slices by slipping a succession
of 1.59 mm (1/16") shims underneath the cast-
ing.

The rules of thumb normally applied in collect-
ing tomographic data on a translate-rotate

scanner are:

1. The total number of projections, m. should
be greater than or equal to nir 4, where n
is the number of ray sums per projection.

2. When formed with identical source and de-
tector collimator apertures, the effective ray
width (i.e. the full-width at half-maximum)
of the beam midway between source and de-
tector is approximately half the width of the
collimator aperture.

3. The ray sum sample spacing should be less
than or equal to half the effective ray width
(Nyquist criterion).

Source

TABLE 1: DETAILS OF SCANNER SET-UP

Source type
Source strength

Co-60
4.4 x 10" Bq (12 curiesi

Detector

Detector type
Detector size

Nal iTli
5 cm x 5 cm

Geometry

Colliinator aperture opening Iw x h x 1)
Si/urco-to-detector spacing
Centre of rotation to source

Scanning Pattern

Total number of images
Vertical spacing between images
Projections per image
Angular spacing between projections
Rays per projection
Spacing between rays (At)
Count time per ray

3.175 mm x 3.175 mm x lfi.5 mm
711 mm
394 mm

6
1.59 mm
201
0.9
256
0.86 mm
1 s



- 1 3 -

The details of the scanner set-up are sum-
marized in Table 1. The 4.4 x 10"'Bq 112 curiel
Co-60 source delivered an unattenuated
gamma-ray exposure of approximately
29.7 R hr at the face of the Nal detector. The
corresponding count rate, as measured using
the test assembly counting electronics and cor-
rected for pile-up, was approximately 7 x 10n

counts per second.

A modulation transfer function (MTF) tust pat-
tern was also included in each scan. As de-
scribed in Appendix A, it was used to deter-
mine the system MTF. The 50'Xr point on the
system MTF corresponds to 2.1 line pairs per
cm (see Figure A-2).

Tomographie images of the six parallel slices
are shown in Figure 3.

A useful method of understanding these images
is to imagine that the casting and MTF test
piece have been cut through the scanning plane
indicated in Figure 2, and that the material
above the cut has been removed. The tomog-
raphic images represent what an observer,
standing over the source and facing in the di-
rection of the detector, would see when looking
down on the surface from above, except that the
tomographic image is a map of linear attenua-
tion coefficients, not a true photographic image.
The series of images (at through (f) in Figure
3 represent a succession of these surfaces re-
vealed by a succession of cuts from top
(Z 109.5 mm l to bottom
(Z 101.6 mm).

The images shown in Figure 3 are photographs
taken from a CRT display, which consists of a
256 x 256 array of square picture elements or
pixels. Each pixel represents a volume (voxel),
0.85 mm on a side, and 1.59 mm high, in the
object itself.

It is immediately apparent from Figure 3 that
the shrink cavity is not confined to the surface
of the sectioned face of the valve but that a
larger cavity is located somewhat below the
surface. This subsurface cavity is particularly
evident in Figures 3 (c) and (d) but is detectable
in all the images. Also notable is a second
smaller subsurface cavity in Figure 31 a) that is
not evident in the other images.

To demonstrate the dimensional accuracy of
the tomographic images, known dimensions,
the lengths a,b,c and d defined in Figure 3(b),
were compared with those determined from the
tomographic reconstruction. The reconstructed
dimensions were measured by counting pixels
and converting this to mm using the conversion
factor 1 pixel - 0.86 mm. Reconstructed and

measured dimensions agreed to within 1 mm
(see Table 21.

The in-plane coordinates of the centre of the
main body of the subsurface shrink cavity can
thus be determined in relation to a reference
coordinate system. The location and orientation
of one possible reference coordinate system is
shown in Figure 3(c). The axes are oriented
parallel and perpendicular to the straight edges

TABLE 2: COMPARISON OF RECONSTRUCTED AND ACTUAL DIMENSIONS

Dimension (see Figure 3(b)) Reconstructed (mm) Actual (mm)

a

b

c

d

174.5
34.4
85.1
49.0

175.0
35.0
85.5
50.0
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(f)

Figure 3: Tomographie images of the six parallel slices. The height of the scanning plane, Z, is 109.5
mm for image (a) and decreases in steps of 1.59 mm in each of the subsequent images (b)
through (f). The large subsurface cavity is particularly evident in images (c) and (d) but
is detectable in all images. A second smaller subsurface cavity is evident in (a) only. The
modulation transfer function (MTF) test pattern is analyzed in Appendix A.
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of the flange, thereby providing useful direc-
tional references both before and during up-
grading. With reference to this coordinate sys-
tem, the centre of the main body of the subsur-
face shrink cavity lies 28 ± 1 mm below the
surface in the x direction and 72 ± 1 mm from
the edge of the flange in the y direction.

The axiai (Z) coordinate of the centre of the
main subsurface shrink cavity is apparently
somewhere between Z = 106.4 mm and
Z = 104.8 mm, corresponding to Figure 3(c)
and (d), respectively. The intermediate value
Z --- 106 ± 1 mm is a reasonable compromise.

The volume of the main body of the subsurface
cavity may be estimated by assuming the cav-
ity is approximately spherical in shape with a
diameter of approximately 6 mm, as estimated
from Figure 3(c). On this basis the volume is
estimated to be approximately 40 mm3.

Tomography not only provides quantitatively
accurate dimensional information. It can also
be used to determine, again quantitatively, the
linear attenuation coefficients of the materials
in the image. The theoretical linear attenua-
tion coefficents, |j.Lh, of brass, iron and air for
1.25 MeV gammas are compared, in Table 3,
to the corresponding average coefficients deter-
mined from the reconstructed images, jlrel.. The
excellent agreement between n.th, which has an
associated uncertainty of about 5%, and jlrel. is
typical of tomographic imaging.

The u.„.c of each material was obtained by av-
eraging the IJL'S assigned to a number of pixels
representing that material. Thus the uncer-
tainty in the jlrec, o-p-, is considerably smaller
than the pixel-to-pixel standard deviation in
(j.rec, represented by oy. In fact, u^ is o fVn
where n is the number of pixels used to deter-
mine jlret.. For the images in Figure 3 cr^is ap-
proximately 0.011 cm"1. Since 120 pixels were
used to determine jlrec, tr^ is 0.011/V120 or
0.001 cm"1, as quoted in Table 3.

Expressed as a percentage of the (x of iron, o^
is approximately 3%. It is important to note
that this 3% is not equivalent to radiographie
contrast normally measured with a shim type
penetrameter. Radiographie penetrameter con-
trast refers to an integrated contrast along the
line between source and film, taking into ac-
count all the material along this line, whereas
a^ is the precision with which the |x of a specif-
ic pixel anywhere within the interior of the
object can be determined. If the difference be-
tween the reconstructed u.'s of two pixels is
greater than 2a | i then there is a 95<7r chance
that these two pixels represent different JJL'S in
the object. Since in tomographic images any
two pixels or groups of pixels can be compared
in this way, U-̂ /JJL is equivalent ,o a much smal-
ler radiographie contrast, typically two orders
of magnitude smaller.

This case study underscores tomography's abil-
ity to accurately locate defects in three dimen-

TABLE 3: COMPARISON OF RECONSTRUCTED AND THEORETICAL
LINEAR ATTENUATION COEFFICIENTS

Material

brasô
iron
air

0.450
0.422

-0.001

± .001
± .001
± .001

0.45
0.42
0.00
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sions. The precision with which the cavity used
in our study was located is useful for upgrading
the valve. The standard deviation in a recon-
structed linear attenuation coefficient (about
0.011 cm"1 or 3% of iron) is typical of CT im-
ages, and is an improvement of one to two or-
ders of magnitude over the contrast obtained
with film radiography.

Although each scan in this study required ap-
proximately 14 hours for data acquisition, the
scan time can be greatly reduced by employing
arrays of detectors rather than a single detec-
tor. Scan times of 4 seconds or less are typical
of current generation medical CAT scanners,
and similar scan times can be achieved in in-
dustry. The potential for tomography in an in-
dustrial environment is very promising.

Written by P.D. Tonner and G. Tosello, Elec-

tronics, Instrumentation and Control Division,

CRNL.
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APPENDIX A

Determination of the System Modulation Transfer Function (MTF)

To determine the modulation transfer function (MTF) of the imaging system an MTF test pattern
was included in each scan. It consisted of a cylindrical block of brass containing 21 holes 4, 3, 2,
1.5, 1.0, 0.75 and 0.5 mm in diameter arranged in seven parallel rows of three. The diameters of
holes in a given row were equal and the centre to centre spacing between holes in each row was
twice the hole diameter.

Each of the seven sections in Figure A-l (a) through (g) show, at the left, the portion of Figure 3(a)
containing the image of the MTF test pattern. The linear attenuation coefficients of the pixels along
the horizontal line superimposed on each reproduction of the test pattern are' plotted at the right
of the image. Plots through all seven sets of holes, from largest to smallest, are shown in Figure
A-l (a) through (g), respectively.

The three smallest sets of holes (Figures A-l (e), (f) and (g)) show no evidence of separation. In all
the others (Figures A-l (a), (b), (c) and (d)) separation is evident. However, the JJL'S associated with
the holes do not extend all the way down to the air level, nor do the JJL'S representing the brass between
the holes fully recover to the (A of brass. The peak to peak variation between the reconstructed ft
of the holes and that of the brass between the holes, expressed as a percentage of the full range from
air to brass and plotted as a function of inverse hole diameter, is a measure of the system MTF.

The system MTF, based on the data shown in Figure A-l, is plotted in Figure A-2. The conversion
between line pairs/mm (lp/mm) and hole diameter is 1 lp/mm = l/2d. The 50% point on the MTF
corresponds to 2.1 lp/cm.
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Figure A-1: Plots of the linear attenuation coefficients along lines passing through the seven rows of
equal size holes in the modulation transfer function (MTFl test pattern of Figure .'J(a). Hole
diameters are: (a) 4 mm, (b) 3 mm, (c) 2 mm, (d) 1.5 mm, (e) 1 mm, (f) 0.75 mm and (g) 0.5
mm.
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Figure A-2: The system modulation transfer function (MTF) determined, as explained in the text,
from the data in Figure A-l.
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