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1. GENERAL

The main thrust of this meeting was the interpretive techniques cur-
rently being applied to radiography (both X and N). The X-ray advances
discussed were in many instances an adaptation of recent medically oriented
techniques, particularly edge enhancement, color contrast enhancement,
and various derivations from laminography and tomography. It is very sur-
prising that so much time has passed before these techniques have been
applied to commercial radiography. At General Atomic we applied edge en-
hancement and color contrast enhancement to our NR work as early as 1971.
While these techniques have been known in X-radiographic circles for sev-
eral years, there is still little application. Even less application has
been made in the NR field. At this meeting, one of the first applications
of laminography to commercial ¥-radiography was described and is available
from Medicom Corp. in Weymouth Landing, Massachusetts. Although a sim-
plistic application to inspection of ersatz fuel bundles has been made
by MBS and reported elsewherel, no results were reported at this meeting.
An even simpler application of laminography to boiling between fuel ele-
ments in a water-cooled power reactor was described by workers at LASL.
This was the result of a very limited feasibility study. A tomographic
study was reported by one R&D group; namely, that at Oregon State Univer-
gity. While this study gave encouraging vesults, it is apparent that much
development is needed before tomography can be routinely applied to in-
spection of fuel bundles.

It is worthwhile noting that measurement of fuel pin diameters from
NR negatives is still receéiving development and study. Prof. A. A. Harms
(cf. below) reported results of his study that make clear why it is that
such diverse results appear from different researchers.

We conclude from this meeting that the standard neutron radiographic
examination techniques for spent nuclear fuel arranged in single layers
will remain unchanged for some time in the future. Much development of
techniques, procedures, and equipment will be required before laminography
or tomography will be available for routine examination of nuclear fuel
bundles. When laminography techniques are applied, special scanning
microdensitometers will be required ($30 K to $100 K) for the neutrom
radiographs. When tomography techniques are applied (2 Ta Computerized
Axial Tomography), still another step increase in analyzer equipment
costs will occur ($100 K to $500 R) for the data obtained from neutron
transmission data.




2. LAMINOGRAPHY AND TOMOGRAPHY

Before proceeding further with the Conference, it will prove useful
to explain briefly the basic technique involved with laminography and

tomography.

A. Laminography

In medical usage the technique works along the lines shown in Fig. 1.

Moving X~Ray Source
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Host Body

Region of Interest

Fig. 1. Principle of Laminography

The human entity remains fixed while the ¥-ray source and cassette move

in related opposition. This coupled motion assures that the regiom of
interest remains in static register on the cassette while all other regioms
are blurred in the radiograph. The neutron experiments somewhat related

to the above are usually conducted with the neutron source and cassette
locations at rest but with a number of different object rotational angles.
A separate neutron radiograph is made for each angular orientation of the
object (eg., a simulated bundle of fuel elements).

B. Tomography

The latest scanners developed by EMI for example use X~ray or y-ray
gauging techniques. As sketched in Fig. 2, the human head is usually
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Fig. 2. Principle of Tomography
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stationary. The small (point) radiation source is located opposite (180°)
from a set of finely collimated detectors. Transmission measurements

are made for this angular setting. A large number of additional trans-
mission measurements are made, one for each of several angular intervals.
For medical purposes, there are typically between 18 and 180 intervals

in the 180° scanning arc. A dedicated computer stores the large collec—
tion of gauging data (which are essentially nothing but sets of transmis-
sion data) and reassembles the data making overlays selected to give an
image of whatever section within the body interests the physician. See
Fig. 3 for a typical cross section view of a human head.

Fig. 3. A Tomography Section of a Human Head Just Above the Eye Socket




3. INDIVIDUAL PRESENTATIONS

*
. pAL2
In the following where possible we will refer to the Paper Summaries"

for the Conference wherever possible. A number of useful items are enclosed
in this package and are also itemized in Appendix A. Reference A.3 is the
NR Program.

3.1 Progress in Reactor-Based NR

Mr. Newacheck presented a summary of commercial applications of NR.
These were non-nuclear in orientation and are adequately summarized in
Ref. A.2.

3.2 Progress in Californium-~252 Based NR

Dr. J. John presented a summary of industrial applications of Cf-252
neutron sources for NR work. No summary is available. No fuel inspection
applications have been made with Cf-252 sources.

3.3 Progress in NR for the Nuclear Industry

In Ref. A.2, the reader will find a summary of the talk presented by
Dt. J. Bartom. Barton summarized the fuel inspection facilities in the
US. More material has already been presented in the GA-J series of reports
submitted by GA. Barton outlined the detector systems used for the exami-~
nation of spent fuel pins, pointing out that dysprosium and indium trans-
fer foils are used exclusively in the US and in the rest of the world
{Englend, Denmark, Belgium, Germany, France, Sweden, Norway, and France)
except for Saclay in France which uses the track etch technique. All in-
stallations make NR examinations of single layers of fuel pins. At this
time none are routinely examining entire fuel bundles with NR techniques.

3.4 Seven-Dimensional Radiography

J. Barton presented the paper for the absent A. DeVolpi. The system
described is used to image in-core destructive tests of fuel elements in
the US Reactor Safety Program at Idaho. See Ref. A.2 for a brief descrip-
tion of the hodoscope using 334 Hormyak buttons to measure fission neutrons
from 10-ft long steel collimators pointed at a 3 x 20 in. vertical section
of a test fuel section centrally located in a pulsed test reactor. Each
of these detectors is attached to a light display board and is operated
to give X,Y spatial and time representations (three dimensions) of the be-
havior of the fueled sections of the capsule. Nal detectors are placed
in back of the Hornyak buttons and used to detect iron gamma rays (E>6 MeV)
and thus give time and spatial information on the steel cladding of the
test fuel (fourth and fifth dimensions). A third layer of detectors (He3)
is equipped with scandium filters which have a window at approximately
2.0 keV which is exactly right for the enhancement of 2 keV neutrons
from sodium that occurs just below the 3-keV resonance in sodium coolant
(sixth dimension). This enormously complicated setup is

*
A reference in the form A.2 signifies entry 2 in Appendix A.
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repeated at three locations around the core (120° separation) to give
information for three-dimensional reconstruction (7th dimension) of the
destructive fuel tests. Laminography reconstructions will be used for
the emission data thus obtained. Tests to date indicate that horizontal
resolutions of the order of '0.010 in. can be obtained (3-in. direction)
with 0.230 in. axial resolution (20-in. direction) with pulses from the
TREAT reactor.

3.5 Exact Diménsional Measurements in NR

Dr. A. A, Harms presented another in his series of mathematical papers
on NR resolution problems. See Ref. A.2 and A.4, especially the latter
which was a copy of the author's lecture. This paper succinctly describes
the experimental phenomena that affect determination of fuel pin diameters
from neutron radiographs.

3.6 Color Image Processing Technigues for NR

V. Panhuise, a graduate student from University of Missouri (Columbia),
described complicated information theory procedures to enhance contrast
through color reproductions. See Ref. A.2. This may have applications
for fracture mechanics NDT work but is not useful in any obvious way for
examination of spent fuel radiographs. It produces pleasing colored pic-—
tures of the object in question. Opinion is divided om the actual benefits
to be derived from this technigue.

3.7 ZXeroradiography with Neutrons

This paper was delayed until a2 later session. See Ref. A.2 for a
suitable summary of this work.

3.8 Digital Deblurring of ¥-Ray Images

Lagin and Becker (Refs. A.2 and A.3) presented some simplifications
in an otherwise complex computer analysis of radiographic data. In many
cases, this procedure results in sharpening the edges of an image (deblur-
ring) and produces a more useful image.

3.9 Tomography and Laminography in X~Radiography

The Paper Summaries (Ref. A-2) contains a number of examples where
tomography and laminography are just being applied to X-radiography. At
this time no spectacular result has been found from these applicationms.
Much more effort is needed to produce techniques directly applicable to
the examination of nuclear fuel bundles. What is clear at this time is
the fact that high-speed scanning microdensitometer equipment is necessary
to "read" the several laminar radiographs and present the digitized data
in a form useful for the computer input. See Ref. A.9 for a description
of apparatus costing $30 K to $100 K, depending upon the resolution re-
quired, the length of the radiographs to be scanned, and the computer soft-
ware to be used.



3.10 X-Ray Films

J. K. Aman and several others. presented papers on X~ray film charac-
terization, improvements, and image quality indicators. See Ref. A.2 and
A.7. The latter reference summarizes rather completely the enormous
number of factors that affect image quality. Altrhough this was produced
with XR in mind, most of the considerations apply to NR imaging as well.
It is encouraging that improved films may be available for use in NR in
the future.

3.11 "Quantitative Determination of Corrosion in Aluminum Structure Using
NR," by J. John and H. Harper.

See Ref. A.2 for summary. Because halide corrosion of aluminum
structure leads to formation Al(OH)3 with a large hydrogen content, the
sensitivity of NR to thin corroded regions is large. Regions of a few
thousands of an inch can be quantitatively measured.

3.12 "Performance of an Inexpensive Cold Neutron Radiographic Facility,"
by R. Bossi and J. Barton.

See Ref. A.2 for 4 summary of application to the imaging of fuel clad-
ding using cold neutroms (£<0.005 eV). Bartomn drew heavily on the previous
literature forapplications of cold neutrons to NR problems. He shows
that when the prime interest is in details of the steel clad on nuclear
fuel, greater definition can be obtained through use of cold neutrons. How-
ever, he is in great error when he quotes the fluxes of cold neutrons from
his 1-MW reactor. His error arises from his failure to measure the cold
neutron spectra with a chopper or crystal spectrometer technique. His
unreasonably optimistic predictions are based on crude flux estimates
based on film exposures which accept the thermal contamination as well.

Note: A proper cold filter (beryliium at liquid N5 temperature) or
a cold neutron source can easily be designed for any of the beam ports
proposed with the PNC TRIGA reactor for use in spent fuel examination.

3.13"Subthermal Neutron Radiography with Californium-252," by J. Antal
et al. .

See Ref. A.2 for a summary of Antal's work. Antal demonstrates that
a cold source will enhance the cold flux from a californium neutron source.
The intensity with a source of reasonzble size (<5 mg) is too small to be
useful in examination of spent fuel.

3.14 "Performance of a Californium Multiplier (CFX) for Neutron Radiogravhy,"
by K. Croshie, et al.

Ref. A.2 contains a summary of this work. The advantage of a fuel
multiplier is that less californium is required to provide a beam inten-
sity useful for some NDT work with a much lower financial penalty due to
decay of Cf-252. The intensity is much too small to be useful in examina-
tion of spent nuclear fuel.
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3.15 "Resonance Energy Neutron Radiography from Computerized Axial Tomog—
raphy,”" by C. T. Oien et al.

Ref. A.2 contains a summary of this work. This work complements the
other papers at this conference on applications of axial tomography to
X-ray analysis. The work described is a combination of laminography and
tomography. It is a study of 37-and 217-pin bundles and deals mostly with
a computer study based partly on densitometer traces from six neutron radio-
graphs made with an indium resonance filter (1.4 eV) on nonfueled models.
The work is promising but indicates the need for extensive development
before this will become the standard analysis technique for spent fuel.

At present, voids of a few millimeters size can theoretically be detected
in a bundle of 217 FFIF fuel pins. A first experimental measurement shows
that neutron penetration in the indium and maybe gold resonance region

be used.

3.16 "An Experimental Method for Determination of L/D Ratio for Neutron
Radiography Systems,” by J. C. Young et al.

Ref. A.2 contains a summary of this paper. The work described here
outlines a procedure to determine the L/D characteristics of an NR system
from measurements to be made only on X-ray film exposed in the usual detec—
tor locations. This method is particularly useful in special applicatioms
where the actual geometry precludes use of the usual definitions.



APPENDIX A
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4. "The Physical Basis for Accurate Dimensional Measurements in Neutron
Radiography," by A. A. Harms, et al., McMaster Undiversity, Hamilton,
Ontario, Canada.

5. "Digital Deblurring of Radiographic Images," by L. J. Lagin, Grum-—
man Aerospace Corp., Long Island, New York.

6. "High~Speed Rotating Drum Digital Scanning and Writing Systems," a
brochute published by Optromics International, Inc., Chelmsford,
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Aman, E, I. du Pont de Nemours & Co., Inc.
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REACTOR RADIATION DIVISION PROGRAMS

THE NEUTRON RADIOGRAPHY PROGRAM

D. Garret, H. Berger, M. Ganoczy, M. Dorsey
and
W. Parker
(Reed College, Portland, OR)

The goals of the Neutron Radiography Group of the Reactor Radiation
Division are to develop neutron radiographic standards, techniques and
hardware and to participate in the National Bureau of_Standards Nonde-
structive Evaluation Progrém. In these cépacities, the group provides
assistance to both the public and private sectors in the development of
neutron applications.

Accomplishments of the Neﬁtron Radiography Group during the past
year consist of a number of collaborative efforts with outside agencies
in the public sectors. Internal efforts have been devoted to the develop-
ment of three dimensional laminagraphy, three dimensional image enhanced
laminagraphy, extensive beam diagnostics on the thermal column, modifi-
cations to the thermal column beam facility and fabrication of the new
vertical beam facility. Preliminary conceptual design work has been

completed on the external hardware for both the thermal and fast vérticai

~facilities.

1. Three-Dimensional Inspec%ion Ey Thermal-Neutron Laminagraphy

Radiographic inspection of thick, complex objects presénts proﬁiems
because overlaying radiograﬁhic shadows from different object depths
complicate interpretation and because it is often difficult to assign an
object depth to an obsexrved shadow. Three-dimensicnal (3-D) radiographie
methods inecluding computerized image reconstruction opticél and holographic
methods, and multiple-film laminagraphy mimimize these inspection problems.
In this work, multiﬁle—film laminagraphy has been demoustrated with ther-
mal neutrons, thereby expanding the capabilityrof neutron radiography to

inspect complex objects.

28
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REACTOR RADIATION DIVISION PROGRAMS

In this technique, radiographic views from several angular orien~
tations are obtained and superimposed to bring a desired objéct image
plane into registration (focus) whilé information from other planes is
blurred. New developments reported here include the use of thermal
neutrons as the imaging radiation and the rotational movement of the
object-detector assembly as opposed to the usual translational source
movement to obtain the angular views. _

One object used to demonstrate the method was a simulated EBR-IT
fast reactor fuel subassembly. A hexcan, ' 5.7 cm across the flats,
normally holds 91 rod-shaped fuel elements in 11 rows. For.our tests
the can was filled with solid aluminum rods'and occasional Bakelite rods.
These neutron attenuating rods:were used to demonstrate spatial resolution
at various locations in the assembly. To aid im that determination sev-
eral through holes varying in size from 0.5- to 2.5~ mm diam wére drilled
in each Bakelite rod. ' _

Thermal-neutron radiograph of the fuel subassembly'wére obtained
over a 40-deg angular coverage, with a 5-deg rotation between exposures.
These nine individual neutron radiographs were viewed superimposed to
focus on aﬁy desired plane. Since it is necessary to view through all
the films, a light exposure on each film (typical density 0.4) and a
clear base are desirable. This was accomplished by one of two methods.
In one approach the neutron radiographs were obtained on a clear base
x—ray film. In the other, neutron radiographs were obtained with con-
ventional x-ray film; the films were then copied on clear-base gféphic
arts film.(Kodak types 6127 and 4135 were used). In both cases, neutron
radiographs were prepared with gadolinium vapor—deposited screems in.
vacuum cassettes.

Figure 1 pictures example of two laminagraphic views from these
tests. The results show that one can focus on individual fuel rows and
that detail as small as 0.5 mm can be resolved in the hexcan assembly.
Tn tests with a high-contrast cadmium test object, a spatiai resolution

of 0.25 mm was obtained for a similar thickness object,

29
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Figure 1. Photographs of 9-film thermal neutron laminagrams of an EBR-II
. fuel subassembly hex-can containing aluminum and Bakelite rods

instead of fuel. View a focuses on a plane adjacent to one
hex—-can face and shows a single Bakelite rod in focus; four
holes 2.5 mm, 1.5 mm, 1.0 mm and 0.5 mm (left to right) are
detectable. View b focuses on the middle row of simulated
fuel rods; one Bakelite rod is in focus. Three holes (1, 1.5
and 2.5 mm in diameter) are visible on the print. Note the
different images of the radiographic markers at the left of
each view. These two laminagrams were obtained with one set

of neutron radiographs.

Three~dimensional thermal-neutron radiography with a épatial reso-—
lution better than 1 mm can noﬁ be accomplished with a technique re-
quiring minimum equipmeﬁt investment. This broadens the application of
thermal-neutron radiogrsphy. The 3-D method will prove useful for assem~
bly inspection. Additional capabilities of isotopic differentiation and
radioactive material inspection make this neutron laminagraphic method

particularly attractive for nuclear problems.
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REACTOR RADIATION DIVISION PROGRAMS

'

2. Film Investigations

Work has continued on the investigation of the suitability for
neutron radiography of other emulsions than the standard x-ray emulsions.

Most of this work has been done with an electron-sensitive emulsion de-

veloped for transmission electron microscopy. This film is now produced 

on a regular basis by Eastman Kodak as Type SO 163. It has from two and

a half to three times the speed of Type SR, depending on the.develoﬁment.
Qualitatively the resoluti&h approaches that of SR, but a radiograph on
S0 163 does not have the "snap" of one of the same density done on SR.
The ratio of neutron sensitivity to gamma ray seﬁsitivity is definitely
better than that for the double:emulsion x-ray films.

We have also looked at the possibility of using graphic arts filmg
for neutron radiography. Generally these are high contrast emulsions
with eitremely fine grain with resulting high resolution. They are also
single emulsion on a clear base. With proper development they will pro-
dﬁce a gray scale satisfactorily. Preliminary work indicates that the
ones tried so far are much too slow when used with a gadolinium foil con-
verter to be useful. There does appear to be a possibility that they
can be used for certain applications with a scintillating screen such as
6LiFZnS:Ag or GdZOZS:Tb. They may also be useful for neutron lami-

nagraphy where low density and a clear base are required.

3. Image Enhancement

A Spatial Data Image Enhancement system has been installed and
placed in operation in the image analysis laboratory of the Neutron
Radiography Group. The purpose of this unit is to perform farious op-
erations on the radiographic image which causes subtle details to become
mofé easily visible to the eye. This image enhancement systeﬁ operates
striétly in the analog mode, utilizing a standard video camera and moni-
tor. The signal from the video camera is routed to the enchancement

circuitry which_manipulates the image in such a way that it can be dis-
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REACTOR RADIATION DIVISION PROGRAMS
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| played in one of three ways, i.e. (a) edge enchancement in which the

B first derivative of the black and white image is displayad, (b) a normal
enlargement of the original image is displayed and (c¢) color enhancement
in which the shades of gray of the radiograph are divided ingto the hues
of twelve colors. A standard radiographic image is illustrated in
figure 2, Color enhanced and edge enhanced images of this radiograph

l : are illustrated in figure 3 and figure 4 respectively.

A
Figure 2. Normal neutron radiograph, no image enhancement.
32 '
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Figure 3, Neutron radiograph,

Figure 4.

Neutron radiograph,
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4, Image Enhanced Laminagraphy

A successful demonstration has been made to adapt the color image
enhancement system to three dimensional laminagraphy viewing. The video -
camera of the image enhancement system views the laminagraph image as
the depth below the surface of a test object is viewed.. As the layer
image comes into view, the enhanced image of the structure under ob-
servation is displayed on the video output of the enhancement system.

The method can be employed to view complicated structures or‘it can
be employed to view in three dimension microstructure below the surface
of components. Figure 5 illus;rates microshrinkage below the surface of
a stainless steel casting covering a depth of approximately 1/4 in., in

equal depth steps.

Figure 5. Color enhanced laninagraph microshrinkage in stainless steel -
casting showing the shape of the cavity at various depths
below the surface.
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FLASH X-RAY, THE VERSATILE SCIENTIFIC TOQOL

Dick Espejo
Hewlett-Packard, McMinnville, Oregon

High-speed radiography became an important tool for the
development of conventional ballistic devices during
-World War II. This technique however failed to gain
acceptance as a research tool, possibly because of the
size and the nature of the equipment. Ten years passed
without any significant activity in this field of en-
deavor. The technical requirements currently associated
with ballistics, shaped charges, explosives and aerospace
phenomena have brought renewed interest in flash radiography.
This interest has been prompted by a vast array of complex
problems such as visualization of impact of shock waves in
s0lids, detonation waves in explosives, large ballistics
where smoke, debris, speed of the event and pressure
variations which exclude high-speed cameras. This paper
describes the use of standard flash X-ray systems ranging
from 100 to 2000 kV peak output voltage. Different system
configurations are available to meet present and future
research and development technology applications.

NOTES




TRIGGERING SYSTEMS FOR FLASH X-RAY
C. L. FRANCIS
MATERIEL TESTING DIRECTORATE
US ARMY ABERDEEN PROVING GROUND, MARYLAND

Measurement of the dynamic properties of fuzes, projectiles, fragments,
shaped charges, and armor plate penetration provide valuable information
used in the research and development cycle of ordnance materiel. At '
Aberdeen Proving Ground Flash X-Rays are used to provide qualitative

and quantitative information on parameters such as veloecity, flight
path, pitch, yaw, size of fragments, fuze arming, propelient flow, sabot
functioning, and projectile breakup. The capability to capture events
in bore, out of bore, before target impact, between targets for spaced
armor and exiting targets has been enhanced by the development of reliable
triggering systems.

The primary transducers utilized are break screens mounted in the
flight path and strain gages mounted on the tube of the weapon being
fired. The break screen is a heavy paper sheet on which a conductive
paint pattern is placed. The size of the break screen and the conductive
pattern are dependent on the type of projectile or fragment being fired.
The resistance of the screen is 50 - 100 ohms. When a projectile or
fragment penetrates the screen, an open circuit is created. Commercial
strain gages are used with a nominal resistance of 500 ohms. Two gages
are connected in series and mounted on opposite sides of the tube.

The break screen trigger uses a low impedence current source to
drive the break screen. A differential input amplifier monitors the
output of the break screen and when the screen breaks triggers a pulse
generator. The output of the pulse generator goes to X-ray system.

The strain gage trigger drives the strain gage with a DC voltage.
The output of the gage is AC coupled to an adjustable gain amplifier
which drives a comparator. When the comparator threshold is exceeded,
a pulse generator is triggered which drives the X-ray system. Prov151on
to inhibit the circuitry on electrically fired weapons is provided,
as well as isolation of different circuit grounds.

Both trigger systems are designed to function in a harsh field
environment. Typical conditions encountered include RF radiation from
transmitters, RF radiation from blast, high shock levels from blast,
multiple ground loops, and high transient levels on power sources.

NOTES




INNOVATIVE USES FOR FLASH X-RAY
FOR IMPACT INVESTIGATION

. o by
' ' H.F. Swift

. . University of Dayton Research Institute
- Dayton, Ohio 45469

After its appéarance, some twenty years ago, flash
radiography has become a primary tool for ballistic impact ‘in-
42 . vestigations. Two factors are responsible for this developﬁent.
| First, the resulting shadowgraphs are sensitive to the aerial
;i density of materials encountered. Thus, massive projectiles and
] large fragments can be observed readily in the presence of mists
of finely divided debris which'form opagque clouds that prevent
éonventional photography. Second, intehse flash X-ray sources
of hard radiation can penetrate impacted objects to the point
where useable internal radiographs can be cbtained. Analysis
of these radiographs provide a unique view of impact cratering

phenomena.

Our staff at the University of Dayton has employed both of

these capabilities to support studies of a wide variety of impact-
related phenomena. We have used low voltage flash X-ray sources
B to determine mass contentrations within debris clouds eminating

- from hypervelocity impacts. We have used a blend of density de-
tection and radiographic penetration capabilities to study the
impacts of yawed rods against armor plate, and we have employed
the penetrating capability of energetic flash X—raf sources to
.measure the growth rates of craters produced in aluminum targets

by simulated meteoroid impacts.

Protection for space vehicles from meteoroid impacts is
provided primarily with dual layef particle shields. Incoming
meteoroids burst through the sacrificial outer shield spaced some
distance from the vehicle hull, but are either'shattered, liquified,
or vaporized in the process. The resulting bubble of debris ex-

pands until it reaches the hull of the space vehicle. Here it




deposits impulse over a relatively large area and produces no
irreparable damage when the shield is operating properly. We
investigated the operation of meteoroid shields by determining
the mass distribution within typical debris bubbles together
with establishing the total impulse and particle size distri-
bution of the bubble material using a variety of flash X-ray

techniques.

We have also used flash radiography to study impacts of
yawed rods impacting armor plates. ' Since yaw angle {angle be-

tween the rod axis and thetvelocity vector) was the parameter

requiring critical control, we chose to conduct the experiment
by mounting the rod at a preset yaw angle and launching a sheet “_
of armor against it using a large-bore powder gun. The armor -
plate was decellerated with a specially designed catch assembly w
for recovery and subsequenE examination. The impact process was :
observed with flash radiographs which were also used to_determine
the length of unconsumed portions of the rod that passed through
the armor plate. Special technigues were developed to allow these
residual rod elements to traverse a cavity within the sabot that
supported the armor plate while being radiographed through the
sabot walls before they were subsegquently destroyed by impact

with the body of the sabot.

.E :

Finally, we used an array of twélve flash radiographic
generators to form an effective cine camera éystem for studying
crater formation in aluminum targets subjected to hypervelocity
impacts. Four generators were set to produce plan views of the
developing crater at four fixed time intervals after initial i
contact between the hypervelocity pellet and the targef surface. Z“
Lead masks were employed to insure that clear radiographic images '
were formed which were unfogged by radiation from other X-ray 1
sources. The plan view images were used to determine both crater 1
diameter and crater depth as functions of time after impact.

The eight other flash X-ray generators were used to génerate

images of the crater opening by projecting beams nearly parallel




to the hybervelodity pellet trajectory. These images were used
to make crater diameters vs time measurements,duriné crater for-
mation. Again; masks were employed to assure that each image
was unfogged by X—raYs from the other generators. A variety of
techniques were developed to calibrate the X-ray caméra system
so that specific crater dimensions could be deduced from the

resulting radiographs.

NOTES
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PROGRESS IN FLASH X-RAY FILM/SCREEN EVALUATION
By
L. E., Bryant
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

Considered are flash x-ray energies of 180 kV, 300 kV, 480 kv,
600 kV, and 2 MeV. '

This work is a continuation of previous efforts to compare the
relative speed of various medical type films and fluorescent intensi-
fying screens as used for flash x-ray. The present effort includes
some new films and screens (including a screen specifically designed
for high energy flash x-ray as opposed to mostly medical energy
: related screens)}. In addition to updating the data for the relative
!’}ﬁ speeds of the new films and, screens, for the first time a relative

‘ comparison has been made of the resolution and contrast of the
various combinations. :

[ : The resolution data was obtained by placing a series of steel wires

: of decreasing diameter on an aluminum plate, radiographing this
o - object at the differing flash x-ray energies on the multiple film/

5 screen combinations. Then an experienced film interpreter made judgements
1 on the resolution of the wire images on the various films.

The contrast data was compiled from graphical plots of film density
versus thickness of aluminum with the plots of greater slope being
given a higher rating of contrast. The films in turn were made by
exposing aluminum step wedges of appropriate thickness for the range
of flash x-ray energies. _ '

By combining the cost of screens with the data on relative speed,
resolution and contrast, certain combinations of film and screen are
shown to be leading candidates for certain applications.

NOTES




FLASH X-RAYS IN BALLISTICS
By

| L. Zernow

Sheock Hydrodynamics Division

Whittaker Corporation

North Hollywood, California 91602

SUMMARY

It may seem strange to discuss the use of flash radiography in
ballistics at a meeting concerned with nen-destructive testing, but the
rationale is not difficult to understand. A ballistic experiment usually
involves projection of material by means of explosive or propellant and
possibly .the impact of that material upon another object. The projected
material is moving at high velocity and the non-destructive aspect of the
flash x-ray observation involves obtaining information about the whereabouts
and condition of the moving material without interfering with the ballistic

processes,

Flash x-ray is only one of -ne optical tools used by ballisticians,
but it is particularly well suited to ocallistics problems because very often
‘the emitted visible light and smoke, accompanying the projection or the
impact process, will completely obscure the ballistic processes insofar as
ordinary high speed photography in the visible spectral range is concerned.

Another reason for the use of flash x-ray in ballistics is of
course concerned with the ability to control and maintain the short duration
of the x-ray flash., When material is moving as rapidly as it often does, e.g.
25,000 feet per second for the velocity of the tip of a shaped charge jet, _
flash durations in the 10-20 nanosecond range are required to avoid or reduce
motion blur.

Finally, when the ballistic events of interest are hidden, because
they are occurring for example deep inside an optically opaque target, it
requires the penetrating capability of the x~ray radiation to reveal the
ballistic processes going on in the otherwise hidden interior of. the target.

Typical examples of these special situations which call for flash
radiography will be shown and discussed. These will include shaped charge
jets, impacting fragments and explosively projected material,




Flash Radiography Of Small-Scale
Explosive Devices

Vernon C. Draxler

Defense SystemsDivision, Honeywell, Inc.
Minneapolis, Minnesota

Modern trends in explosive technology have been toward
the miniaturization of explosive components. Among
these items the detonator‘is of special interest, since
it is the first element in an explosive train. A flash
x-ray system, utilizing low energy or "soft" radiation,
was used to investigate the operation of.miniature

electric initiators.

Test specimens included the XM-100 detonator, commonly
referred to as the microdetonator. This device contalins
approximately 40 mg of explosive pressed inside a 0.25

inch long, 0.10 inch diameter aluminum cup.' A two channel
flash x-ray sjstem, with orthOgonally oriented x-ray tubes,
was used to record the dynamic characteristics of the

0.005 inch thick aluminum case and end cap or "flyer ﬁlate"
at various stages after initiation. Radiation detectors

measured the sub-microsecond interframe time, from which

flyer plate velocities were calculated.




Some cdncerns,_which appear unique to this experiment,

and which the paper will discuss include: 1) radiographic
technique for iﬁaging the flyer plate which, in the

dynamic state, is an extremely thin, low d.ensity, ﬁlat'erial.
2) Generation of sub—micrésecond delay times with standard
equipment. 3) Implementing a trigger system compatible

with the time domains and miniature test specimen.

NOTES
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OVERVIEW OF HIGH ENERGY RADIQOGRAPHY
by
- Bruce C. Meyer

Varian Associates, Palo Alto, California

The paper will review principles and progress of high energy radiog-
raphy, discuss -current applications and problem areas, present infor-
mation on recent work in the field, and predict future directions for
high energy applications and equipment.

PRACTICAL LIMITS OF HIGH ENERGY RADIOGRAPHY FOR FLAW DETECTION
' IN PRESSURE VESSELS '

by
Harold C. Grabef
Babcock and Wilcox, Barberton, Ohio

The presentation describes the capabilities of various high energy
sources for performing radiography of pressure vessels. Flaw detec-
tion capability as related to the ASTM penetrameter (image quality

indicator) and equivalent penetrameter sensitivity (EPS) will be
discussed.

PANEL DISCUSSION - HIGH ENERGY RADIOGRAPHIC TECHNIQUES

William Tait, DFASCO, Hamilton, Ontario, Canada
Harold Graber, Babcock and Wilcox, Barberton, Ohio
Pascal DiPaola, Thiokol Corp., Elkton, Maryland
Carl Naylor, Allis-Chalmers Corp., York, Pennsylvania
Charles Storrie, Armco Steel Corp., Torrance, California
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PROGRESS [N REACTOR BASED NEUTRON RADIOGRAPHY
R. L. Newacheck, Aerotest Operations, Inc.

After more than a decade of commercial use, the neutron radiography NDT techni-
que can be said to have reached maturity, High quality neutron radiographs are produced
commercially by four privately owned facilities in the U.S.A, A much larger number of
government-operated and University based research and development facilities also produce
excellent quaﬂi radiographs, Table | shows the key features of the currently active non-
government faciriﬁes. The first extensive use of neutron radiography was begun in the mid—
1960"s for the Apollo Space program. All of the explosively operated devices were neutron
radiographed to assure their integrity. Since that time, all man-rated space systems for
NASA and the military have utilized nevtron radiography extensively. :

Nevutron radiography is now being used for inspection of explosively operated pilot
“ejection systems in the F-14, F-15 and F-16 fighter planes, B-1 bomber, and Space Shuttle

system. It's application has been expanded o include the routine inspection of "O" ring
installation, electronic componenis for potting integrity, epoxy bonding, aluminum airframe
companents for corrosion, non-fueled reactor elements for poison distribution, reactor fuel
elements for enrichment, impurities, and defects, ceramic capacitors for delamination, _
cast and machined assemblies for contaminants in flow channels, and gas cooled turbine blades
for residual core material, - '

: Most of the applications for neutron radiography take advantage of the unique capa~
bility of thermal neutrons to penetrate many high density materials and be aftenugted by low
density materials, especially hydrogenous materials. This, of course, is the key difference
between X-radiography and neutron radiography. :

A major factor restricting the growth of neutron radiography applications is the char—
acter of the source for obtaining neutrons. Considerable progress has been made in develop-
ing "portable” or "in plant" neutron sources and faster imaging systems but at this time they
are af least 100 times ress effective than the conventional nuclear reactor system. Nuclear
reactors are still the only practical neutron source for production neutron radiography.

Neutron radiography quality improvements by reactor based facilities have been

~ largely in the area of contrast sensifivity. Ten years ago the maximum Film density change
attributable to thermal neutrons was about 60% of fotal film density. Today, a “clean®
facility will produce 75% to 80% of the film darkening by thermal neutrons. For specific
applications, contrast sensitivity can be improved by use of "cold® (sub~thermal) neutrons.

In certain cases, such as for steel and zirconium, the penetration of neutrons can be increased
by more than [0 fold by using cold neufrons rather than thermal. On the other hand, other
materials such as boron and hydrogen have much higher attenuation coefficients for cold .

- neutrons,

' A beam purity indicator (BPI) and a set of sensitivity indicators have been adopted
by the ASTM as a standard method for determining image quality. The BP provides infor~
mation about the contrast capability of the facility including separate indications for beam
gamma and scattered neutrons. The sensitivity indicators provide information concerning

the ability fo see various sizes and types of defects in different thicknesses of a plastic step
wedge, The ASTM approved indicators are fully discussed in "Standard Method for Determin—

ing Image Quality in Thermal Neutron Radiographic Testing", ASTM E 545-75.



TABLE |
Neutron Radiography Facility Comparison

_ Reactor Power Flux@ Film Plane Range L/D available Film Size  Horizontal or  Source to Film

-Commercial Production . KW (th) n/em“=Sec available  Vertical Beam - distance "L"
Facilifies ' (Std L/D) : _ (inches) inches
Aerotest Operations, Inc, v :
San Ramon, Ca, 250 I x 10 63=-500 14 x 17 \ 250
: 17 x 17 .
Atomics Infernational 2
Canoga Park, Ca, 3 Not disclosed (1) 64 i4x17 (1) Vv (1) 128
" - . (2) 80 (2) H (2) 160

General Electric Co, 6 | ,
Pleasanton, Ca, , 100 ‘ i’l 2x ’06 - (1} 70-300 o 14x 17 ?1; H . (1) 100-275

. . 2) 3x10 (2) 150-300 17 x 17 2) H (2) 300
Cryogenic Technology, Inc. _ ‘ '
(Using General Atomic Co. (1) 1500 - (1) Not disclosed (1) Not disclosed EI) 14 x 17 EI) \' (1) 260
Reactor) San Diego, Ca. (2) 250 "Colcl"Ne.ufrog facility {2) 50 or more 2) 14x 17 2) V - {2) 216

(2) 2x10° ‘

Active University Facilities
University of Missouri ‘ . . o —
Columbia, Missouri 10,000 Ix 10 45-400 ' 14 x 17 H 112-240
Oregon State University . v )
Corvallis, Ore, 1000 : 4 x 10 100~600 l0x [0 H - 93
North Carolina State Univ, . _ ‘ |
Raleigh, N, C. 1000 Not available 20 - lox1o H 136
(Planned initial operation ' : '
late 1977)
NOTES: (1), (2), refer to multiple facilities . Government facilities and nuclear fuel inspaction facilities not included. _
An excellent review of facilities in the United Kingdom and France are included in the "Neutron Radiography Newsletter” No. 14 avail-
able from the ASNT, 3200 Riverside Drive, Columbus, Ohio 43221, ' ,




Progress In NR For The Nuclear Industry -

- J.P. Barton

Oregon State University
Corvallis, Oregon 97331

Many nations have constructed their own NR facilities for
nuclear fuel evaluation. Examples of some of the larger of these
facilities are listed in Table 1. A point to notice here is that
the power (usually related to neutron intensity) available at many
of these facilities is two orders of magnitude greater than that
available at the centers performing highly successful general
industrial neutron radiography. For certain specialized appli-
cations, such as those involving use of selected energies of
neutrons, the higher fluxes will be useful. S

In many countries the diversity of application justifies more
than one facility. For example, over forty such installations
have been commissioned on existing reactors in the five countries
Britain, France, Germany, Japan and the USA. :

This year two new reactors are being installed specifically
for neutron radiography of nuclear fuel. One, at the Hanford
Engineering and Development Laboratory, is designed initially for
examination of large guantities of unirradiated nuclear fuel. (1)
It entered service in April, 1977. The other, at Argonne-West, is
designed primarily for examination of highly radioactive fuel in
the hot cell complex. It is in an advanced stage of construction. (2}

Whereas the majority of general industrial NR is performed
for guality control én manufactured products the majority of NR
in the nuclear industry is concerned with design and development
programs. One consegquence is that unusual applications frequently '
arise calling for highly specialized techniques. BAnother conse-
quence is that much of the work is proprietary in nature, and is
not reported. : '

Neutron radiography for nuclear applications, unlike general
§pplication work, places considerable reliance on use of gamma
insensitive imaging techniques such as dysprosium foil activation
transfer, or track etch imaging using boron and lithium converters.
Indeed the track etch imaging has been specifically developed for

;help%ggose of radiographing large quantities of light water reactor
uel. _ :




Another technique unique to the nuclear industry is the
use of underwater exposure facilities. Seven underwater systems
- have been constructed in France alone, and this approach is used
at the high intensity facility at Oak Ridge National Laboratory
in the USA.

The ability to distinguish between isotopes of the same
element is of prime importance in some nuclear applications.
This, and the need to penetrate considerable thicknesses of
comparatively dense material, leads to increasing emphasis on
- resonance energy neutron techniques as an alternative to thermal
neutron techniques. For example the subtraction of two neutron
radiographs taken with different resonance filters in the beam
can reveal the location of isotopes with certain high resonance
cross sections in the object. (4)

Thermal neutron radiography can be used to reveal uranium 233
in a single thorium pin, or plutonium 239 in a single pin consisting
mainly of natural UO3. However, to penetrate objects of higher '
enrichment or greater thickness; resonance energy neutrons are
preferable. - ' o : '

Other sophisticated techniques can be useful including use
of cold neutrons and microdensitometer film analysis for appli-
cations such as precision measurement of fuel swelling following
burn up(7), or detection of minute quantities of hydrogen in
zirconium (8- '

Applications in the nuclear industry have not been limited
to fuel inspection. Neutron radiography was, for example, the
only NDT technique that could sufficiently detect faults in brazed
Joints between fine wall tubes and heavy flanges in an important
reactor pressure circuit(10).

NOTES




TABLE 1

Examples of NR Facilities Installed for Fuel Examination

Country Center : Reactor Power

France Saclay Osiris 70 MW
Belgium‘ ' Mol BR 2 | | 70 MW
W. Germany 'karlsruhe | ~ FR 2 50 Mw
Sweden | Aktiebolaget R 2 50 MW
Holland Petten ~ HFR - 45 Mw
Canada Chalk River NRX 30 MW
U.K. Harwell . . DIDO ' 22 MW
- Japan Tokai-Mura JRR N 2 MW
Usa ocak Ridge = ORR 5 MW
' HEDL NRR 250 KW.

GE Vallecitos NTR ; 100 Rw

- ANL~W. TREAT ' 80 KW




1)

2}

- 3)

4)

5)

6)

7)

8)

9)
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References

C.N. Jackson, Jr. et al. "Neutron Radiography of Fuel
Pins" ASTM Special Publication 586. Ed. H. Berger, Editor
January, 1976.

W.J. Richards and W.E. Stephens, "Design of HFEF/N Neutron
Radiography Facility”. To be submitted to American Nuclear
Society Winter meeting, 1977. '

G. Farny, "Neutron Radiography of Irradiated Fuel Elements
Using Cellulose Nitrate Film"” Brit. Nuc. Energy Soc. Conf.
M.R. Hawksworth, Editor, 1975. -
H. Reijonen and P. Jauho, "On the Determination of Pu239 and

Pu240 From Reactor Fuel by Neutron Radiography with Filtered

Beams". Technical Research Center of Finland, Electrical and
Nuclear Technology Publication 4. Helsinki, 1973.

A.R. Spowart, “The Advantages of Epicadnmium Neutron'Beams_in
Neutron Radiography"”. Nondestructive Testing, February, 1968.

J.P. Barton, "Neutron Radiography for Nuclear Fuel Assemblies”.
8th World Conf. on NDT, France, 1976.

J.C. Domanus, "Accuracy of Dimensional Measurements from _
Neutron Radiographs of Nuclear Fuel Pins". 8th World Conf.
on NDT, France, 1976.

A.M. Ross, "Detecting Cladding Leaks in Irradiated Fuel
Elements by Neutron Radiography”. ASTM Special Technical
Publication 586. H. Berger, Editor, January, 1976.

S.J. Crutzen et al., "Use of Neutron Radiography for
Quantitative Measurements of Sorbed Hydrogen in Getters

and Quality Control of Nuclear Pins". International Seminar
on Nuclear Fuel Quality Assurance. OSLD, May, 1976.

TAEA St 1/PuB) 435. '

?.J.M. Robertson, "The Development, Operation, and Présent
Position of Neutron Radiography in the URAEA". Euratom
Report 1DWG 74/P 3.1. May, 1974.




WEDNESDAY, AUGUST 3

NEUTRON RADIOGRAPHY T1I
10:30 a.m.

 CHAIRMAN: John P: Barton.

Seven Dimensionallkadiograthf

A. DeVolpi

Exact Dimensional Measurements in Neutron Radiography

A. A. Harms

Color Image ProcesSing Techniques for NR

V. Panhuise, 8. R. Bull and J. Seydel

Xeroradiography with Neutrons

W. L. Parker




SEVEN-DIMENSIONAL RADIOGRAPHY

A. DeVolpi
Argonne National Laboratory
.Argonne, Illinois 60439

Traditional application of nuclear radiation to re-create graphic
images of optically opague bodies has centered around planar recon-—
struction of material-density variations. There now exist well-estab-
lished extensions of these techniques to a third space dimension, and
there have been some applications using time-resolved images. This
paper will discuss further dimensional attributes of penetrating nuclear
radiation.

At TREAT nuclear test reactor in Idaho, the hodoscope system [1.2]
has been operating with an.ability to collect data in five simultaneous
dimensions ~- two dimensional space, continuous time resolution, and
the ability to distinguish between two types of materials. Plans are
being made for extension to seven simultaneous dimensions -~ adding the
third spatial component and the capablllty to dlfferentlate a thlrd
material.

The TREAT reactor causes fissions in a sample of test fuel at the
center of the reactor. The hodoscope, which consists of a collimator
with over 300 channels, monitors radiation emitted from the test sample
through a slot within the reactor. The hodoscope system seeks to ob-
serve the spatial redisposition of the constituents of the test —-
uranium ox plutonium fuel, steel cladding, and sodium coolant -- during
such a test, whose duration typically ranges from 300 msec to 30 sec.

The result of this instrumentation is a series of time-resolved
“radiographs" of the dimensional and density characteristic of each of
the major reactor constituents. Time resolution can be less than a
millisecond, and deadtime is less than 10%.

Penetrating fast neutrons and gamma rays are utilized to obtain

‘the necessary results. Although spacial resolution is sacrificed

during transient tests, the hodoscope can be operated prior to or after
a transient in a higher resolution mode. 1In this respect, the hodoscope
is being developed for use in tomographic applications with penetratlng
radiation from a stable source.

[1] A. DeVeolpi, et al., "Fast Neutron Hodoscope at TREAT: Development
and Operation,"™ Nucl. Techn., 27, 449 (Nov. 1975). :

{21 A. DeVolpi, et al., "Fast Neutron Hodoscope at TREAT: Data Pro-
cessing, Analysis, and Results," Nucl. Techn., 30, 398 (Sept. 1976).




EXACT DIMENSIONAL MEASUREMENTS IN NEUTRON RADIOGRAPHY

‘A.A. Harms
McMaster University
Hamilton, Ontario., Canada L8S 4M1

One of the more significant and interesting recent applications of
neutron radiography is the determination of dimenional variations in radio-
active nuclear fuels. In these applications, the principle objective is to
locate the edge of the radiographed object on the basis of a spatially
varying optical density on the film. |

Several researchers have recently addressed themselves to this radio-
graphic measurement problem and have employed some empirically developed
criteria for this purpose. Aside from the agreement on the 1mporténce of
this problem and the realization that many factors have a bearing on it, no
widely accepted methodology which consistently yields accurate dimensional
measurements has emerged.

We investigate here this dimenionality probiem on the basis of some
fundamental considerations. As one approach, we incorporate both the neutron
conversion process in the converter and the characteristic curve of the film
into one gfaphica] algorithm. Figure 1 provides a schematic representation
of the correlation between the converter response and the film response for
the case of an ideal knifeFedge object. As is evident, variations in either
of these curves - which depend upon the radiographic system used - will lead
to relatively different optical density ratios DO/DMaxiassociated with the
position of the edge of the object.

The case of radiographing a nuclear fuel pin is more complex because
of geometric and burnup effects. We have mathematically analyzed each of
these contributions and illustrate a typical result in Figurg 2. The important
optical density variation caused by burnup is dramatically apparent.

In general, we have found that unless the detailed neutron imaging
and fuel characteristics are included significant errors in dimensional
measurements of nuclear fuel pins are highly likely.
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Color Image Processing Techniques
for Neutron Radiographs,

V. Panhuise, S. R. Bull, and J. Seydel
{University of Missouri-Columbia)

A method to convert a black and white radiographic image
to a color image has been developed. This project is one step
in the development of a portabie neutron radiography system
coupled to a video.monitor with computer-controlled automatic
inspection capability. The human eye is considered by many to
be more sensitive to.color differences thanrgray shades. There-
fore, 64 color shades were used to encode the gray shades dufing
the processing of the raéiographic iméges.' F0r the deve16pment
effort in progreSS, a reéctor—based neutron radiography facility
is employed. The faciiity is located at the University of Missouri
Research Reactor. The flux at the object can be varied from

4 to 1.6 x 108 n/cmz—sec, and the gamma dose

approximately 6 x 10

rate varies approximately 1.12 to 3.0 mR/sec. Radiographs are

taken at this facility and then processed at the Advanced

Autdmation,tomputer Laboratory, University of Missouri-Columbia.
A radiograph is scanned with an image dissector camera

using standard 35 mm lenses. The radiograph is scanhed and

the density is digitized in a 240 x 256 array. The camera may

be focused on select portions of the radiograph, so magnification

can be used in this step.

Software programming is used to generate the color image

which is displayed on a RAMTEK color display. The program allows

‘the selection of 1 to 64 colors which were chosen from 4096

colors generated by the computer system. After choosing the



64 co]oré they were ordered according to tﬁe color spéctrum
for easy gray shade identification. The scanner can read 256
gray shade levels with zero correSpoﬁding to the brightest shade
and 255 to the darkest. The program allows the selection of
gray shade 1evg15 but the number of gray shades must aiways |
exceed the number of coiofs chosen. The program fhenraSSOCi-
ates each gray shade with a color, such that a calibration
between color number and gray shade level can be obtained.
This calibration is of obvibus importance in the portable system
where no intermediate step is taken to produce a radiograph.
Preliminary results of this programming technique show that
the same information is avajlable through the Qse of color pro-
cessing. Figures 1 and 2 are some examples of the proceSs. -
Figure la is a radiograph of a compact tensfon specimen under
no applied Toad. Figure 1b is a color reproduction of ﬁhis
radiograph using 64 colors representing 256 graj shades. Sym-~
metric variations of colors evident about the center of the
specimen result from the use of a éircu1ar aperture at'the‘
radiography facility. - Figure Z2a is a radiograph of the staﬁdakd
image quality indicatoﬁ (SIQI) and Figure 2b is the corresponding
" color reproduction. It can be seen that all holes are vfsibTe
and the resolution is maintained even though edge sharpness is
diminished. The color image processing technique is useful
because of immediate recognition of color vairiations whereas
by comparison variations‘in gray shadés are not always readily

~apparent.

T
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Presently research is being continued with image filter-
ing techniques. The filtering process is being devé1oﬁed with
the goal of decreasing the noise levéls associated with the
aperture siié and any other background noise. Edge enhancement
techniques may also complement the color image processing tech-

nique.

NOTES




FIGURE la

Neutron Radiograph of .Compact Tension Specimen

FIGURE 1b

Color Reproduction of Figure la
Colors - b4 -
Gray Shades - 256

(Color slides will be shown at conference)




FIGURE Za

Neutron Radiograph of SIQI

FIGURE 2b

Color Reproduction of Figure 2a
Colors - 32
Gray Shades - 95




XERORADIOGRAPHY WITH NEUTRONS

W. L. Parker¥*
Institute for Materials Research
National Bureau of Standards
Washington, DC 20234

Xeroradiography has become increasingly important in dlagnostlc
radiology over the last several years. One of the reasons for this
is the "edge effect," an enhancement of small differences in object
density which results in improved contrast and increased accuracy in
interpretation of the radiograph. This research was undertaken to
see if the technique could be applled to neutron radlography to pro-
duce the same enhancement of the image.

In the xeroradlographlc process the image is formed electro-
statically on a layer of.selenium (Se} 0.012 mm thick deposited on
an aluminum (Al) backing plate. Before exposure, charge (+) is sprayed
uniformly on the Se to produce a potential difference across the Se
of from 1000 to 1500 volts. The potential difference is reproducible
and can be varied. When exposed to ionizing radiation, the Se becomes
conducting, the charge leaks off to the grounded backing plate in an
amount proportional to the exposure provided that saturation does not
occur, and the resulting pattern of surface charge distribution is the
"image.!" It is developed by spraying on a cloud of charged fine powder,
blue in color, which adheres to the Se in some places but not in others.
The resulting image can be either a positive or a negative, depending
on the potentials applied to electrodes in the developing chamber. The
image is then transferred to a specially coated paper to which it is
thermally bonded to form the final radiograph. The edge effect results
from distortion of the electric field lines at a discontinuity in the
surface charge density with a resulting apparent greater difference in
density on the radiograph. -

To avoid absorxrption and scattering of the neutrons by the plastic
wall of the cassette a window was cut in one wall and the plastic re-
placed by a 0.63 mm Al sheet. The first successful radiographs were
made by putting a converter screen inside the cassette. It was a 0.012
mn gadolinium (Gd) film vapor-deposited on a 3.13 mm Al plate. It was
used as a back screen, i.e. the neutron beam passed through the Al
window, the Al plate, and then the Se before striking the Gd, which
was separated from the Se by approximately 0.6 mm. Compared to AA film,
“the required exposure for an optimum radiograph was roughly double, but

the resolution was considerably poorer. Much better radiographs were
obtained using a gadolinium oxysulfide screen mounted on a cardboard
backing and also about 0.6 mm from the Se. Optlmum exposure was compa-
rable to that for AA film--about 10% neutrons/cm?--and resolution was in
the positive mode comparable to AA and definitely SUpexr1or to that for
faster emulsions. Resolution in the negative mode is quite inferior,
and the edge effect is greatly reduced. The latter effect is also ob-
served in xeroradiography with x-rays.




!

Preliminary applications of the technique have been most encourag-
ing, giving particularly good results with samples of aluminum corrosion
and ancient Chinese art objects. In addition to the high caliber of the
radiographs, other advantages are the absence of the dark room and the
capability of having a flnlshed radiograph some two minutes after com-
pleting the exposure.

We have also tried screens consisting of gadolinium oxide paint
applied to a lucite plate. The quality of the resulting radiographs is
comparable to those made using the gadolinium oxysulfide screen. The
exposure time is increased by about one-third. We conclude from this
that most of the image produced by the gadolinium oxide screen is pro-
duced by electrons emitted following neutron capture by the Gd nuclei
and not absorbed in the screen and much less by visible light emitted
when the electrons are absorbed in the screen.

Perhaps the most interesting result is that moving the screen ap-
proximately 1.0 mm further from the Se surface produced almost no degra-
dation in the image. Apparently the electrons, which are emitted iso-
tropically, follow the field lines to the Se. It seems surprising that
fields produced by a difference of potential of about 2000 volts have
that much effect on electrons whose energy at emission is of the order
of 70 Kev. Hopefully, further experimentation will provide an explana-
tion.

We acknowledge with thanks the loan of the equipment to the Reactor
Radiation Division by the Xeroradiography Division of the Xerox Corpora-
tion. This project was originally conceived at Reed College in con-
nection with research contracts funded by the Dental and Surgical
Branches of the U. 8. Army Medical R. § D. Command.

*Summer Faculty Appointee, National Bureau of Standards.
Permanent Address: Department of Physics, Reed College, Portland, OR
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WORD ON CINE RADIOGRAPHY
by
L. E. Bryant
Los Alamos Scientific Labdratory

Los Alamos, New Mexico

Cine radiography at relatively low x-ray energies and high frame
rates has been reported ‘previously by other authors. A cooperative
effort by Los Alamos Scientific Laboratory, and other agencies is
attempting to develop a cine radiographic technique at high energies
{(up to 13 MeV with a linear accelerator) but at relatively low frame
rates (approximately 300 frames per second). Other parameters of the
technique which are of interest include: '

1. large target-to-image plane distance (~16 m),
2. large object-to-image plane distance (.~5 m},
3. significant radiographic filtration (~5 cm steel),

4. interchangeable input fluorescent screen (optimized
for energy response and decay time)

NOTES




DIGITAL DEBLURRING OF X-RAY IMAGES

By | | .

Lawrence J. Lagin and Dennis J. Becker
Grumman Aerospace Corporation

Bethpage, N.Y.

This paper describes the results of a study in which a digital mini-
computer was used to deblur x-ray images. The blur (penumbra effect)
in a radiographic image results from the physical characteristics

of the focal spot in the x-ray machine. The computer technique used
effectively reduced this penumbra, resulting in an image which would
have been produced had the radiograph been taken with a point source.
Digitized video signals of a radiographic image and focal spot image
are processed in a 24K mini-computer (disc operating system) using
the developed deblurring algorithm. The final result of this process-
ing is a new image played back on a television monitor.

NOTES




MULTIPLE PLANAR LAMINOGRAPHY

by
. : : Jay Ladd

Medicom Corp.
Weymouth Landing, MA

I What is Multiple Planar Laminography?
A. Definitions and explanations
1. Conventional radiographs
2. Conventional tomography
3. Multiple planar_laminography
a. How it relates to radiographs
and tomography
b. When to use it
B. The Medicom system for MPL (to be referred to at 3-DR)

1. Equipment needed for exanms
2. Other related equipment from Medicom 3 DR systems

a. Conventlonal table
b. Tilting table

II How are radiographs exposed?
A. Run through an exam on conventional table
B. Explain geometry with drawings

C. Repeat using tilting table
_ I1T Summary

A. Again, differences between radiographs and tomograph and
when to use it,

NOTES



100 X 160mm PHOTO-SPOT FILM IMAGING SYSTEM FOR INDUSTRIAL USE

by
D. F. de Cou

Machlett Labs
Stanford, Connecticut

and
D. A. Bracher

01d Delft Corp. of America
Fairfax, Virginia

A special camera is used to- photograph the output phosphor of an
X-ray image intensifier on 100 x 100 mm sheet film. It includes a
-specially developed and patented film-changing device including a
removable supply magazine which can hold 50 to 70 umexposed 100mm
sheet films and a removable take-up magazine for 20 sheet films.

The Anodica is fully automatic and operates only if both the supply
and the take-up magazine are fitted in position in the camera.

A safety device prevents any operating errors, Further technical
characteristics of the Anodica are:

® Automatic film transport, without the risk of scratches on the
film or running askew.

® Single as well as series exposures up to 20 at a rate of 2 exp./sec.

© Identification on the exposure, by means of an IBM patient's card
or counter.

® Automatic exposure counter which is switched back to zero at the
end of an exposure series.

Improvements incorporated in the new cesium iodide x-ray image
intensifier tube:

Higher resolution and modulation transfer characteristics (MTF)
Higher conversion factor ("Gain'")

Improved signal-to-noise

Improved temporal response

Greater x-ray absorption

Greater quantum detection efficiency (QDE)

NOTES




FIELD USE OF DAYLIGHT FILM HANDLING SYSTEM AND IMAGE ANALYSIS
_ by
Alfred Bro:z
Aberdeén Proving_Ground

Aberdeen, Maryland

Special equipment allows the Industrial Radiography Facility of the
Materiel Testing Directorate of Aberdeen Proving Ground, Maryland,
to operate with automatic film handling in room light. The equip-
ment automates the loading and unloading of film cassettes and the
feeding of films into an automatic processor. The film handling
system has been successfully employed in field operations realizing
both time and personnel savings.

A technique has also been developed to interpret radiographs of pro-

jectile bodies. The technique easily determines body dimensions in
critical areas with the use of an image analysis system.

NOTES



RADIOGRAPHY USING SCATTERED RADIATION

by
F. A. Hasenkamp
Sandia Laboratories

Albuquerque, New Mexico

Efforts to image cracks in many parts by ordinary radiographic tech-
niques frequently fail. In addition to the usual problems of crack
orientation and beam alignment the crack may be sufficiently tight
that, even if imaged, it may be unobserved. In such cases the use of
aids such as radio-opaque penetrants may be of little help, or may
not even be permissible. -

One method that is thought to be new and has been successful uses
scattered radiation in the part. An image formed on a film in contact
with the surface may be due primarily to fluorescence at or near the
surface, or it may be a combination of fluorescence and scattered
radiation depending on the geometry and energies used.

An example of this method is illustrated in Figures 1 through 6.
Figure 1 is a photograph of the setup used to image cracks in the
glass portion of the glass-to-metal seal bridge-wire headers shown

in Figure 2. The part is positioned on a lead plate 1/4 inch above

the focal spot of the x-ray tube so that direct radiation strikes

only the upper portion of the part. The scattered radiation causes
the part to fluoresce at the bottom surface which is in direct contact
with the film emulsion.

Figure 3 is a photomicrograph of the transversely cut metallurgy
specimen in Figure 2 which clearly shows cracks and surface voids

in the part, Figure 4 is an enlarged copy of a radiograph of the

same part using the technique described above with a source to object
distance of 7 inches at 200. kV, 10 mA, fine-grain positive film and
30 second exposure time. It clearly shows the same cracks and voids
as Figure 3, but it also shows some crack extensions and some sub-
surface voids not shown in Figure 3.

Figure 5 is an enlarged copy of a radiograph of the longitudinally
"cut specimen shown in Figure 2. The same radiographic technique was
used as for the specimen of Figure 4. It is interesting because it
shows cracks that are perpendicular to the surface and are secen as
sharp lines at the surface with a gradually increasing film density
extending away from the sharp line. It also furnishes evidence that
both scattered radiation and fluorescence combine to form the image.
The pin which can be observed over its full length at the surface
is seen as a high film density object in the region of the potting
material due to fluorescence, while the same pin extending through
the glass is observed as a low film density object because of ab-
sorption of scattered radiation or fluorescence by the glass.




Figures 4 and 5 were made of parts that had been subjected to a
radio-opaque penetrant in an effort to image the cracks by ordinary
radiographic techniques which were unsuccessful. Because it was
thought that the penetrant might have had some effect on the results,
an additional sample that had not been exposed to the penetrant was
radiographed using the same technique as before. The results are
shown in Figure 6, and by comparison to Figure 4 there appears to be
no significant difference. The crack images in Figure 4 are slightly
sharper than those in Figure 6 indicating that the penetrant may
have acted as an absorber for the scattered radiation.

Admittedly, these experiments were conducted under idealized con-
ditions. The specimens examined were sectioned and polished metallo-
graphic samples used in a study of the cause of the cracking. Time
has not permitted extension of this study to its use in practical
applications, but there is little reason to doubt that it should be
useful in the detection of surface or near-surface defects in many
kinds of parts. '

It is a valid question to ask why the same result could not be
obtained with the direct beam aimed perpendicular to the film rather
than parallel to the film., An apparent answer is that in the scattered
radiation technique one can rather quickly and experimentally adjust
the primary beam energy and distance from the film to create an intense
source of lower energy photons (in this case primarily by Compton
scattering) in the part which can cause the surface of interest to
fluoresce strongly with no penetrating component of the direct beam
present to overshadow the image caused by the flourescence. With

the direct beam perpendicular to the film, because scattering and
absorption processes cause the beam to have a higher average energy
after traversing the part it would be much more difficult to select

an energy that would have just the proper amount of penetration to
cause far surface flourescence adequately large to overshadow the
penetrating component of the direct beam. Such a process becomes

even more difficult with thicker parts.

Additional studies are planned which will be directed towards a
quantitative analysis of the process. '
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COMPUTER PROCESSING OF RADIOGRAPHIC IHAGES*

by

D, H. danney
R. P. Kruger
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Computer processing is a powerful tool for extraction of information
from radiographs. Seldom can a radiograph be considered a perfect represen-
tation of the object under study. Degradations arise from effects in the
X-ray source, effects in the object under study and effects in the'recording
system. The opjective of computer processing is usually one of three things:
the removal of known degradations or "image restoration"; exaggeration of
obscure details or "image enhancement"; exaggeration of obscure details or
"image enhancement"; or computer-aided location and mensuration of seiected
features. , '

In terms of current interest and activity, image restoration is of
little consequence in radiography. Its primary utilization is as a precursor
to quantitative interpretation of film density data. A secondary use is to
restore images formed under very adverse conditions as in flash radiography.

A much more common radiographic activity is image enhancement. The
radiographer is constantly seeking ways to readily find obscure details with
greater reliability or to exaggerate them for manual mensuration. In this
usage image enhancement has enjoyed reasonable success. Unfortunately, we
still are seldom able to make the invisible into the visible. Often, however,
we can make the obscure readily apparent. o

Probably the greatest ultimate utility of computer processing of radio-
graphs comes from computer aided 1ocat1on and mensuration. The need for such

work performed under the auspices of the Energy Research and Development
Administration, Contract No. 7405-ENG-36.
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aid arises in any radiographic surveillance scheme fequiring'high throughput.
1t may be a med1ca] application which requires mass screening of a high-risk
population; it may be an industrial application which requires inspection at
production-line rates. Theoretical developments in pattern recognition are
potentially applicable to these needs. Most successes have been achieved

by ad hoc schemes based on obvious characteristics of the desired feature.
For the NDE facility which must inspect a great variety of structures it
usually is best if the computer and the operator can analyzé the. image inter-
actively. In this mode the operator usually views the image on a television-
type display. By means of a cursor hé guides the computer algorithm to a
feature of interest. The algorithm then performs the tedious work of precise
location and mensuration, However, by use of -the interaction it is often
possible to use a relatively simple algorithm. '

‘Examples of selected types,of the image processing épp]ications described

above will be shown.

NOTES




Application of Computed Axial Tomography

*
“to Industrial Radiography

R. P. Kruger
T. M. Cannon
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Computed transverse axial tomography (CAT)} has been applied to such
diverse disciplines as electron microscopy,] radio astronomy,2 and most notably
nuclear medicine3 and radio]ogy.4 Its introduction in the later instance
has provided a new dimension for that discipline. The ability to image a slice
through an object or scene without obstruction from overlying or underiying
features has proven invaluable to the radiologist. . However its applicability
in industrial inspection and nondestructive testing has yet to be fully-explored.
Three possible reasons for this relative lack of industrial application are the
high cost of commercial scanners, uncertainty as to which type of X-hay source/
detector to use, and the possibly cumbersome physical equipment configurations
that would be necessary. Also as with any new techniques, there is a learning

‘period which potential users must initially undertake. The purpose of this paper

is to explain a tomographic NDT application underway at LASL.

This work centers about a feasibility project undertaken to measure air
bubbles in liquid reactor coolant. Figure 1 shows a 300 keV flash radiograph
of a mockup designed to simulate a bubble in a reactor coolant pipe. In this
instance the coolant is simulated by a polymer material and the pipe by a steel
sleeve. - Thirty-six flash radiographs at 5 degree incremenis over 180 degrees
around the assemb]y'were exposed. These radiographs were then digitized. In
this case each scan line across an assembly represented a projection Pe(r) used
far later reconstruction. Thirty-six such projections at the same height were

* .
Norg performed under the auspices of the Energy Research and Development
Administration, Contract No. 7405-ENG-36.
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‘then used to reconstruct the corresponding~transverse plane. Figure 2 shows
a typical scan line (projection) across the assembly. Figure 3 shows a typical
transverse reconstruction F(x,y) across the center of the air void using the
convolutional back projection reconstruction aIgorithm.6

In its most elementary form this algorithm can be presented as follows.
Let a projection at angle 6 be represented by Pe(r) and its Fourier transform
by

Py (R) =./, Py(r) e 9e™Tar (1)
The two dimensional transverse section f(x,y) can be reconstructed using
" ‘ _ .
Fx,y) =v/—pe(x cos + y sing)de - (2)
0

Here ps.is the ramp or rho-filtered projection defined as
pg(r) =/ P, (R) |R[e32™Rr 4R . (3)
where R is spatial frequency.

The reconstruction, f(x.,y), is exact only in the case of an infinite
number of projectibns equally spaced between Q and w radians. The use of a
finite number of projections gives rise to certain reconstruction artifacts.

Once individual transverse planes have been reconstructed, novel boun-
dary detection and graphical display techniques such as a three-dimensional
gr‘adients7 and shaded graphics8 ¢an be used to display and measure_surfaces
and volumes. This aspect of the work is now just beginning and preliminary
results will hopefully be available at the time of paper presentation.

NOTES
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COMPUTER ANALYSIS OF DYNAMIC EVENTS RECORDED ON FLASH RADIOGRAPHS

by .
Leo Heppner, Aberdeen Proving Ground, Aberdeen, Maryland

The use of flash radiography has incressed considerably at the Materiel -
Testing Directorate of Aberdeen Proving Ground in the last few years.

The processing and analyses of the data from these photographic records
has been expedited by the use of electroniec computers. The radiographs
are measured and the results are recorded on magnetic tape. The com-
puter accepts this data and specific programs calculate the desired dats.
The calculated data is then tabulated in the form desired for -insertion
in the final report. This is a very general description of what is being
done in the field of computer analysis of dynemic events recorded by flash
radiography. This subject is described in more detail for several spe-
cific test programs that have been conducted at Aberdeen.

One of the test programs involved the use of an electronic computer to
process data from multiple orthogonzl radiographs of high veloclty pro-
gectiles before, during and after penetration of an armor target. Mul-
tiple orthogonal X-Ray heads were placed perpendicular to the line of
flight of the projectile. The orthogonal X-Rays gave a vertical and
horizontal view of the projedtile on an array of 26 - 1k x 17 inch X-Ray
films. A surveyed horizontal and vertical grid was exposed on each film
and the point of perpendicularity of each X-Ray head to the film surface
vas marked by a lead X. PFrom the accurately measured geometric relstion-
ship between each X-Ray head and the film plane, it was p0551ble to cal-
culate the desired data.

The film records were measured using film reading equipment with digi-
tized output in X, Y coordinates. The measured projecii le position with
respect to the reference marks on the film were recorded direcily on
magnetic tape. This data was input to an electronic computer program
that solves the geometric algorithm and outputs the projectile position,
velocity, yaw and pitch angle before, during snd after target penetration.

The effect of the projectile on the target can be determined and the ef-
feet of the target on the projectile can also be measured. If the pro-
jectile and target are shattered on penetration of the target, the
dimensions, volume, weight, direction of travel, velocity and energy of
each fragment can be calculated by the electronic computer program.

The flash radiographic techrnique is a considerable improvement over
previous methods that have been used to obtain this kind of data. Prev-
iously, the photographs were taken with ultra high speed motion picture
cameras (10,000 frames/sec) or syncro ballistics cameras and the frag-
ments behind the target were collected in celotex. The photographs vere



not very satisfactory because of the great amount of plate flash during
and after penetration of the target. The recovery of the fragments from
the celotex was a very time consuming procedure and gave only partial
data. '

Another program that has used computer analysis of flash radiographs

to obtain test data is the radiography of the jet particles from very
large shaped charges. The particles in the shaped charge jet have a
velocity of as high as 20,000 fps and glow like meteors. They are nearly
impossible to photograph well in visible light with high speed cameras.
Multiple orthogonal X-Ray technigues have been used to record the flight
of the jet particles. This has been done by using a film holder that
weighs 125 tons and is 40 ft long. A total of 168 - 1k x 17 inck X-Ray
films are exposed by two X-Ray heads placed orthogonal to the jet path.
An accurately positioned grid is exposed on the film records and the
geometric locations of the tube heads and film plane are accurately
measured.. On the film records the jet particles are measured with re-
spect to the reference grid and the measurements are recorded on mag-
netic tape. This data is input to an electronic computer program that
solves the geometric algorithm to give the desired data. The data ob~
tained are the location (X, ¥, Z coordinatesL size, weight and velocity
of each jet particle. - : —

The use of flash radiography has provided a method for obtaining excel-

lent date from these and other tests that would have been impossible by
any other technique. ' o

NOTES

i



AUTOMATIC X-RAY INSPECTION SYSTEM (AXIS)

JOINT ARRADCOM-LOCKHEED PRESENTATION
- by N
Rolland Struebing § Marvin Jacoby
SUMMARY OF ARRADCOM PRESENTATION_

| X-ray inépection of explosive filled art%}lery; mortar and rocket ammuni-

tion has been the Army's mein means of assuring that critical flaws in muni-
tions explosive fill are not released to field service. The Army's use of
X-ray film, for ammunition ;nspection, during periods of active conflict
exceeds that of the entire Us industrial community. Currently, all film ié
read by eye and therefore,‘subject to human error and spiraling labor costs.
~Acceleration of production ratesithrough Plant Modernization Projects places
an additional deﬁand upon film readers to keep pace with continuous production.

The AXIS progrém is a three year effort that started in FY76. The intent
of the program is to develop techniques énd aéquire proﬁuction prototype
equipment for sutomated scanning and analysis of X-ray film. The initial
implementation is to be on an automated melt—péur line, for 105MM Projectiies..

Systems specifications and initial restatement of the Military Specifica-
tion requirements into terms more suitable for compqter analysis have been
generated, | o |

Defect stendards have been develqped and raﬂiographs of them suﬁplied.
Initial iﬁvestigafions into proposed hardware and software systems have been

completed,



- SUMMARY OF LOCKHEED PRESENTATION

The main effort in the AXIS Program was aimed at the development of

. algorithms to detect automatically defects such as cracks, cavities; porosity,

and Basé separation on x-rays of 105 mm projectiles. Ten distinck steps, each

automated to flow together were used to evaluate the x-ray image. These steps,
listed below, will need to be modified to meet the time requirements of the

prototype production model,

" EVALUATION STERS: (all performed automatically)

1. Locate shell image on the 14 x 17 inch x-ray f£ilm.

2. Align shell.image with raster scan area.

3. Scan, digitize, and store shell image in memory.

4, Daetermine shell boundaries to lacalize and delimit the area to be

searched for defects.

5. Flatten image field to simplify defect detectien.

6. Detect individual defect picture elements (pixels).

7. Associate the defect pixels into disjoint "defect groups".

8. For each defect group measure the area, length, width, orientation
- and location.

9. Classify the defect group as to type, void, crack, etec.

10. Rescan base region at high resolution to locate any base separations.

The algorithms used in the evaluation steps will be described briefly and an

automatic evaluation of a shell x ray will be shown on video tape.

NOTES
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SUMMARY: OVERVIEW OF RADIOGRAPHIC STANDARDS

by

JOHN K. AMAN
E. I. DU PONT DE NEMOURS & CO., INC.

Radiographic NDT, although one of the oldest and more mature
of the NDT methods, still lacks a measure of repeatability. Much
of the value of Radiographic NDT is its adaptability,to many NDT
problems or situations. This adaptability is a function of many
variables which can be controlled to produce the required radio-
graph needed. Standardization (calibration) is needed in several
variables to increase the precision (repeatability) and reduce
the cost of radiography. :

When considering this need, it is essential to have a clear
picture of all the variables involved in the radiographic processes.
Figure 1 lists most, if not all, of these variables. We ask that
you review it before reading on. ,

For the purpose of standardization, the radiographic system
may be broken in three segments:

® Personnel
® Procedure

* Eguipment & Supplies

Figure 2 shows how these segments are interrelated to achieve a
reliable, permanent radiograph that meets the specification and
can be compared to an acceptance standard. To continue the _
growth of the radiographic method, the needed precision in testing
should be achieved at minimum cost. ‘

Figure 3 outlines some of the existing standards that may be
used by specification to control various areas of the standards
structure in Figure 2.
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Later a panel discussion will cover the most needed areas

as seen by the panel. To list a few for your thought (found in

Figure
a
o

Reader

3):

X-ray beam energy and output

Radiographic source/focal spot size
Processing Conditions

Storage requirements

Image quality indicators for thin sections
Film classification |

Quantitative anéleis of flaws

input is earnestly invited as we seek to improve and

enlarge the use of radiographic NDT.

Attachments:
Figures 1, 2, and 3
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Radiographic Standards Framework




RADPIOGRAPHIC STANDARDS -

Acceptance
Standards

Q-

- Personnel

Procedure

Equipment
& Materials

Records
Maintenance

Present

ASTM Reference Radiographs
ASME Boiler Code |
ASTM E-142
Mil. Std. 453

Mil. Std. 271
NASA-355

SNT-TC 1A

Supplement A — X & Gamma Ray

Supplement D — Neutrons
453 & 271

- ASTM E94

APl-1104
Company Standards
P& W XRMIP

ANSI PH 28 — 1975
(HVL & Film Sensitometry)

HBS HFE (100 kV), HFG (]50 RV) _

HF1 (220 kV)
P& WMCLO17
ANSI N43-7
(Radiation Safety of X-ray Equip.)
NBS Density (0-4) SRM 1001

ANSI 141 — 1973
P& W XRMIP

~“Eigurez3

Present Status and Future Needs

Future

Flaw Quantification

US. Std. Plaque 1Q

Finer Tuned Quality Levels
Unsharpness Meter (CERL)

Neutron and Real Time

‘Common Wire/Plaque Std. -

Level Il Exam

Processing Control
Screen Technology
Thickness
Fluorescent.
(with Type 1 & 2 Films)

E-94 Table Il Film/Processing
System Classification

Calibration of:
KV — HVL Energy &
Variability
mA — Roentgens QOutput ¢
Variability

Focal Spot Size

Lead Screens

E-94 to Include Definitive
Storage Recommendations



RADIOGRAPHIC IMAGE QUALITY INDICATORS
by E. L. Criscuolo, Naval Surface Weapons Center, Silver Spring, Maryland

Designs for image quality indicator (penetrameters)
have evolved over many years. In the early days of industrial
radiography the question was always raised "what is the de-
tection capability of the radiographic method." At first it
was felt there was a need for a defect simulator. This
consisted of radiographing an artificial or natural defect
along with the test part. Shortly thereafter it was
realized how difficult it is to obtain a general defect
simulator, therefore, the concept of measuring image quality
was accepted instead of simulating defects. The percentage
change in thickness of material detected became a means of
contrast sensitivity where practical limit was 2%. Since
contrast and resolution both play as important role in image
quality other designs were soon evolved such as plagues with
holes, spheres, wires and mesh. Present day types used are
the hole plaque and wire penetrameters. The plague type
contain three holes where the diameter is an even multiple
of the plague thickness.

In order to achieve 2% sensitivity (as defined in the
USA) a hole with a diameter of 4% of the specimen thickness
in a 2% plaque must be visible (this sensitivity level also
noted as 2-27). Egquivalencies of sensitivity between various
diameter holes has been established and used. More recently
equivalencies between the plague/hole and wire type IQI have
been of interest. ASTM E7 has an active task group to develop
a standard method for controlling radiography using wire
penetrameters. The wire system must be compatable with the
present ASTM system as described in El42.

The equivalencies between wire and plaque penetrameters
can be calculated with the following equation:

form factor for wire (.79)

wire diameter

effective length of wire (0.4")
ratio of penetrameter hole to depth
{generally 1, 2 or 4}

penetrameter thickness

where

0

5o RHQH
I

I




Figure 1 is a plot of the above relationship for 1T
and 2T holes where the wire diameter and plaque penetrameter
thickness are equated. This data was converted to penetra-
meter sensitivites for specimen thickness from 1/2" to 4",
figure 3 and 4. From Figure 4 the following conclusion is
obtained: : :

2-2T on 1/2" absorber is equivalent 1.2% wire

2-2T on . 1" absorber is equivalent 1.5% wire
2-2T on 2" absorber is equivalent 1.9% wire

- NOTES
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ASNT Conference

Innovative and Advanced NDT Radiography

August 2-4, 1977, Wilmington, Delaware

Session 8 - Radiographic Standards

Film Classification Standards and Activities - Summary
Robert C. Placious

National Bureau of Standards

Washington, DC 20234

Nondestructive evaluations of materials and components
by radiography has enjoyed wide acceptance and growth in
industry. A wide variety of applications, techniques and
equipment have resulted from this industrial interest. As
a consequence of this growth the industrial radiographer
has to choose,from the many film types and systems available,
that which will provide the best combination for a particu-
lar application. The increased availability of different
radiographic films, screens, processing machines and chemis-
tries has posed a dilemma to the user when confronted
with choosing equivalent or substitute systems. Both
radiographic equipment manufacturers and users recognize
the importance of test or measurement standards. The need
for such standards exists not only for the radiographer
but also to form the basis for a material specification for
purchasing. The most pressing need would appear to.be a
film classification standard. At the present time standards
for film classification have been actively pursued
by film manufacturers, national standards organizations,
user groups, government and private laboratories.

The problem of developing a universally acceptable
standard for film classification has been rendered extremely
difficult, if not impossible, because of the wide variety
of methods that have been suggested for measuring film
response and because of proprietary restraints. Standards
writers have available to them, for incorporation, character~
istic curve data, modulation transfer functions, Wiener
power spectra, perceptibility curves, and image quality
indicators including step wedges penetrameters or other
test objects. Film classification is further complicated hy
the changes in fiim response produced by processing, beam



guality or the addition of metal or fluorescent screens.
When resolving power and unsharpness are also considered,
in addition to film gradient and speed, the magnitude of
the problem is further escalated. In medical imaging for
example, two film-screen systems of equal exposure speed can
be shown to have widely different response to a combination
of high and low density objects.! While this refers to

a film-fluorescent screen system it may also apply to a
film-metal screen system, which are extensively used in
industrial radiography. The industrial use of fluorescent
screens is., incidently, being encouraged and adopted.

The need for an effective film classification system
or standard is quite clear, The most effective way of
providing it is not clear at the present time but progress
is being made. Until now the ANSI standard on sensitometry?
has found the widest acceptability among groups involved in
film classification. This document however does not attempt
to test image quality. On the other hand a task force
of the ASTM committee on nondestructive testing (E-7) is
attempting to produce a standard on Tilm classification
which includes an image quality test. Other efforts are
bheing made by national and international organizations
such as the Society of Automotive Engineers and the
International Standards Organization.

In any system of film classification that may
eventually enjoy wide acceptance it would appear that the
selected method must find some way of uniquely determining
a useful figure of merit for each film typed.

]K. Rossmann, Diagnostic Radio1ogic Instrumentation, Ch. 19

R. D. Moseley and J. H. Rust (Eds.), Charles C. Thomas
Co., Springfie]d, I11inois (1965).

Zupmerican National Standard Method for the Sensitometry
of Industrial X-Ray Films for Energies up to 3 Mitlion
Electron Volts™, ANSI PH2.8 (1975).
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Summary

The title describes the subject of a Panel Discussion
at this Conference. As Chairman of this Panel I do not
‘propose to prejudge the outcome, an outcome 1 Took toward
‘with great anticipation. On the other hand, the purpose
of this brief summary is to put forward some ideas
concerning radiographic standards in the hope that they
will assist the audience participation we seek at the
Conference,

There are standards needs in many parts of the
radiographic system. Consider the radiation source, Do
‘we now adequately (for the purpose of reproducibility)
define characteristics such as focal spot, beam uniformity
or spectral makeup? From a detector point of view there
is controversy over film classification. We might also
ask about film processing; is that outlined in sufficient
detail to obtain reproducible film density and contrast?
Do we know what is necessary to achieve long term film
storage? Are there satisfactory methods for reducing
space storage problems by microfilm, magnetic tape or other
procedures? :

When we begin to consider radiographic systems
there are other problems that emerge. There has been
some discussion about a need for finer steps of control
for our placque-type image quality indicators (IQI's).
Do we also need better comparisons between American and
foreign IQI's? Should these same methods of judging
image quality apply to other detectors such as radiographic
paper or to other types of systems such as real-time
fluoroscopy or flash radiography? These other systems
imply a need for additional procedures to measure image
quality and to determine the characteristics of the
euipment. '

Neutron radiography has now emerged as an accepted
nondestructive evaluation method with its own sets of
standards. Will the industry follow this approach for
other new radiographic methods such as charged particle
radiography? One-might also ask about the need for
comparison standards between various forms of radiography -
and for other nondestructive evaluation methods.




These are some of the questions that radiographic and
nondestructive testing professionals are raising. It is
certainly not a complete 1list. For example, can the
industry now agree on an accepted procedure for the rather
basic measurement of radiographic unsharpness? The items
discussed here are meant only to provide a framework for
an anticipated 1ively discussion of radiographic standards.
What changes are needed to help the industry achieve
greater reproducibility and to improve the comparisons
between your radiographic results and those of others?

I'm sure the outcome will help radiographers put these

_problems in perspective.

- NOTES
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R. Bollen |
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Measuring Quantum Noisé in Radiographs as Influenced by Exposing Energy

Russell S. Holland




VARIABLES IN THE SENSITOMETRY OF FIIM
by Daniel Polansky

Attempts by Committee E-7 of ASTM to classify industrial
X-ray film have led to a rather extensive review of the film/
processing system. The conclusion reached was that a specific
system had to be described in order to measure film performance.
The variations in the system will be reviewed with some discussion
of the general agreement reached on acceptable tolerances.

Let us look at the characteristics of film, i.e., speed,
contrast and graininess. It was agreed upon in committee to use
definitions approved by ANSI. The speed of a £ilm could be
stated within plus or minus 10% in a system. What the film
manufacturers are saying is that their process is consistent
enough so that a given exposure in roentgens should not vary more
than 10% to achieve a selected film density. Basically we have a
consistent product to characterize. , : -

The average gradient of a film is a measure of the film
response to a series of exposures. One takes the characteristic
curve of a film and decides between what density ranges one
wishes to evaluate the average gradient. It became evident that
the choice of a gpecific minimum density was important due to the
speeds of the different X-ray films. A choice of a low density

"of 0.5 had the effect of seriously under evaluating the performance

of fine grain films. Although no final range of densities for
measuring average gradient was selected, tables of gradients
measured between densitieg of 0.5 - 2.5, 1.0 --3.0, 2.0 - 4.0
clearly indicated the need for a higher minimum density than that
specified by ANSI.

The graininess of a film was not measurable by any generally
avallable commercial equipment. Some measure of the affect of
different graininess is a change in the speed of a film. At the
present time it was decided to merely maintain a review of the
literature and not attempt to characterize film graininess as a
measurable parameter.

The development of the automatic processor is surely considered
a major advance by its developer, by production people and in
general by radiographers who do a relatively large amount of film
processing. I have often wordered what the emulsion chemist
thought of the automatic processor. At that period of time when
the recommended processing temperature was 60° in order to minimize
graininess and maximize apparant resolution one can only imagine his
reaction when told to develop a film emulsion coating system that
would be rolled, processed, squeezed and dried beginning with



solution temperatures that could be as high as 95°F. The increased
use of automatic film processors gave rise to the gquestion, what

is the performance of a film in the gsystem? In general terms it
can be said that the result of the high processing temperatures
increased the apparent graininess of a film. To the general user
in the field the result was that Class II film developed by hand

at 68°F look very similar to Class I film developed in an automatic

pProcessor.

It was reported in the literature and especially well documented
in the extensive work of E. Lomerson and D. N. Tousignant of Pratt 1
and Whitney that the response of a given f£ilm varied considerably
when used with different solutions. Their work resulted essentially
in an in-house qualification procedure that evaluated films for
their specific use. The task group in E-7 then specified a system
in which film would be evaluated. They selected an X-ray energy,
absorber and stated that automatic processing would be used with
the film manufacturers recommended chemistry. This approach
minimized the problem that whas raised as to whether a given film
was not properly processed. ‘

In selecting and defining the system in which film would be
evaluated the committee standardized a method of measuring Film
characteristics. The translation of the data received into a
method of film classification is still underway. The variables
in the film/processing system have been given tolerances and the
procedure standardized as to method of measurement. The work
on image quality evaluation is continuing and this afternoon this
work will be discussed by several authors.

1/ Materials Evaluation, December 1974, Vol. 32, No. 12

- NOTES

- r— r— [,



A Practical Image Target for Evaluation of Radiographic Variables

. by
George L. Becker

To evaluate the effects of Radiographic Variables on Image Quality, some subjec-
thlty must be replaced by objectivity. With the plaque or hole-type penetrameter sys-
tem, subjectivity creeps in when only one penetrameter is used on any single thickness
of the test object and an observer is-asked to determine which penetetrametr2r ‘looks
better when comparing Radiographs from different exposing or processmg systems.

By using an array of standard penetrameters on a single thickness block, a nu'mbé_r-
ox 'visibility score’ can be placed on hole visibility. A half-inch thick plate was used
because the 2T hole in the correct thickness penetrameter was just at the minimum di-
ameter of 020" and was almost a visibility threshold for Class II films. ASTM pene-
trameters were chosen over mlhtary types because their 1dent1f1cat1on numbers were
simpler to use in visibility scoring.

An array of No. 5, 7, 10, 12, 15, 17, 20 and 30 penetrameters were placéd on top

- of the steel plate and were x-rayed using different type films, different killovoltages

and different processing conditions. The Radiographs were viewed by three different
obsexvers with each observer generating 2 number for hole visibility. These numbers
were the total of the numbers of the thinnest peretrameter-on which the 1, 2 or 4T di~
ameter holes were still visible.

The visibility scores were compared to the density differences between the No. 30
penetrameter and the plate, to the average contrast of the films and the granularity
numbers generated by a granulometer.

In general, any Industrial Radiographic Facility can easily as sérnble_and use this
array type of Image Target as a reliable means of measuring the effect of variables on -
Radiographic Quality when setting up new techniques or as means of monitoring Radio-
graphic Systems to control such variables. -

" NOTES




A New Characterization of X-Ray Films

by R. Bollen
Agfa-Gevaert NV

In the field of Industrial X-Ray, it has long been recognized
that the sensitometric curve alone is not adeguate to charac-
terize x-ray films with regard to their suitability in a
particular application. Other parameters, such as sharpness and
granularity must also be taken into account. These parameters
can be quantitatively determined by sensitometry, modulation
transfer and Wiener spectral measurements. It is difficult,
however, to make a quantitative determination of their combined
effect on image quality. Therefore, methods have been introduced
that attempt to characterize films directly by image quality
measurements, an example of such a test is the DIN - IQI method.

The new method presented in this paper is not an attempt to add
another characterization technigue, but to make existing methods
more meaningful while giving clearly discernable values for dif-
ferent X-ray films to help provide proper classification. The
method also permits the introduction of a quantitative relation-
ship between the above mentioned parameters and image gquality.

The New Method, the Perceptibility Curve.

The starting point in developing a new method is the fact that
a fundamental property of the film is its ability after develop-=

ment to render perceptible to the average viewer the radiation -
contrasts incident on the film during exposure.

By radiographing a test object, containing a number of radia-
tion contrasts at a series of increasing exposures and plot-

ting a curve of the reciprocal of the minimum radiation con-
trast perceptible vs. the corresponding radiation dose, a curve
displaying some significant film characteristics can be obtained.

The integration of this curve between two exposures is equal

to the number of just perceptible radiation contrast steps the
film renders perceptible within that given exposure range. The
peak of the curve indicates the minimum radiation contrast per-
ceptible in the system and the optimum radiation dose. The
width of the curve at a given radiation contrast gives the ex-
posure range within which that contrast is still perceptible.
The left hand cutoff value of the curve indicates the minimum
radiation dose required for a given radiation contrast to be
.perceptible.




If we assume that the limiting factor in detail percep-
£ibility 1s the signal fto noise ratio, an equation can be
derived for the minimum signal to noise ratio. This equation
fits the experimental perceptibility curve. By inserting the
measured MTF and other variables in this equation, and fitting
it with the experimental perceptibility curve, we believe that
it will be possible to establish a quantitative relationship
between the measured parameters and their 1nf1uence on the
image quality.

RP:mc 3/10-11
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Measuring Quantum Noise in Radiographs as
Influenced by Exposing Energy

by R. §. Holland
E. I. du Pont de Nemours & Co., Inc.

Superimposed on the information bearing modulation of the
radiographic image is a generally random modulation pattern we
call noise. Noise not merely contains no useful information
but may actually destructively interfere with the signal we
are trying to read in a radiograph, and result in a false
interpretation. It is significant further because it affects
mostly the very critical low contrast image areas.

Sources of this intrusive modulation include film grain,
a significant contributor to the noise in non-screen radiographs
but a minor factor in the total noise of screen radiographs, and
quantum noise, caused by the statistical fluctuations in the
probability of absorption of a small number of photons.

Quantum noise is by far the major contributor to the total
noise, particularly in screen radiographs, because the radio-
graphic system is go fast in terms of exposure energy required
to produce a typical film density, and relatively few of the
very energetic x-ray photons are required to form the image.

Considerable progress is being made in tools and techniques
to permit radiographers to make their own subjective and quasi-
objective image quality measurements but the requirements for
the objective measurement of roise are generally beyond the
scope of most users. Such measurement requires either a
conventional scanning microdensitometer with digital density
reading capability, or a special purpose microdensitometex
designed to carry out the so-called analog method of noise
measurement on a film sample which is rapidly moved past the
measuring aperture. With either method the measured noise may
be expressed simply as a single value broadband noise, commonly
known as root-mean-square granularity or noise, a value we
- have found useful in comparing the noise recorded by differeunt
films or evaluating the effects of processing conditions on
noise, for instance. Alternatively, the Wiener spectrum, Or
~spatial frequency distribution of noise power, may be computed

for a more detailed look at noise as related to exposure variables

and viewing conditions.




These techniques have been used to compare the noise
recorded on several films representative of the available
range of speed classes and at four commonly employed exposure
techniques representing different photon energy distributions.
The increase in rms noise with increasing film speed is clearly
demonstrated, while the rate at which noise increases with film
speed is shown to increase with increasing mean photon energy.

RSH:alm

NOTES
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. NEUTRON RADIOGRAPHY I1I1I
8:30 a.m.

CHAIRMAN: John P. Barton

Quantitative Determination of Corrosion in Aluminum Structures Using
Neutron Radiography

Joseph John and H. Harper -

Performance of an Inexpensive Cold Neutron Radiography Facilify

R. H. Bossi and J. P. Barton ‘

Subthermal Neutron Radiography with Californium-252

J. J. Antal and A. A. Warnas

Performance of a Californium Multiplier (CFX) for Neutromn Radiography

K. L. Crosbie, J. C. Young, H. Harper and Joseph John

Electronic Imaging Applied to NR

D. A. Garrett and D. A. Bracher

Real Time Radiography for Military Equipment

. E. Roser, D. Minuti, M. Devine,_F; Patricelli, R. Policher § V. Orphan




Resonance Energy Neutron Radiography for Computerized Axial Tomography

C. T. Oien, K. Bailey, C. F. Barton, R. Guenther and J. P. Barton

An Experimental Method for the Determination of L/D Ratio for Neutron .
Radiography Systems

J. C. Young, H. Harper, K. L. Crosbie and Joseph John




QUANTITATIVE DETERMINATION OF CORROSION IN

ALUMINUM STRUCTURES USING NEUTRON RADIOGRAPHY

Joseph John and H. Harper
IRT Corporation, San Diego, California

SUMMARY

A nutber of programs have been tonducted at IRT Corporation to develop and
evaluate neutron radiography as a nondestructive inspection technique for the
detection and identification of surface and intergranular corrosion in aluminum
aircraft structure. In these studies the ability of neutron radiography to
detect corrosion has been clearly established. Its ability to image corrosion,
whether it is hidden behind thick pieces of metal, or present at the interface
of two metallic components, is particularly suited for inspecting aircraft.

A program has been carried out to evaluate the potential of using this
technique as a quantitative tool to measure the extent of corrbsion so that
rework decisions could be made based on these radiographs. Results of this
investigation show that an experimental relationship can be formulated which
quantitatively determines the corrosion depth from film densities with a
precision of 2-3%. These results have been verified with controlled samples
as well as actual aircraft components.

This basic procedure has been extended to many random samples of aircraft
skin and substructure containing surface and subsurface corrosion. These samples
‘are made of different alloys of aluminum, and have been exposed.to a variety of
environmental conditions during service. Iﬁ these cases,'the quantitative
measurements were made with a precision of +10%.

These measurements indicate that the extent of corrosion can be determined
with a precision of *10% without any‘detailed knowledge of aircraft model, type

of alloy used, or its prior service and rework history.




PIsRFORMANCE OF AN IWEXPENSIVE COLD NEUTRON RADIOGRAPHY FACILITY

p.ll. Bossi and J.P. Barton
Oregon State University
Coxrvallis, Oregon 97331

Thormal neutrons have a range of energies generally following the
l-Boltzman kinetic ensrgy distribution of the moderator atoms with
which they are colliding- The mean thermal neutron energy is about
0.025 eV for moderator at room ?emperature. Cold neutrons are a portion
of tho thormal neutron energy §15t¥ibution.at the low energy {long wave-—
Langtl) end. A common definlition l% Fhose neutrons below 0.005 eV,
nluéu rhis is the cut off of an efficient filter material (beryllium).
AL raom temperature about 5% of the Maxwell-Boltzman distribution lies
fyer Low 0.005 evV. The proportion can be increased by cooling the mod-

arator.

Metwe L

many neutron radiography applications for which use of
oxr at least a soft energy spectrum of neutrons, may be
advantageous. Some materizls, such as hydrogen, are more opague and
Lhorofore more visible when using cold neutrons, while other materials,
quch a8 crystalline metals, are moxre transparent.(1~4) One example
. noutron spectrum control is useful is in examination of nuclear
funl pins. To penetrate thsz fFel a relatively hard energy spectrum
(n rogulred: to cobtain a precision measurement of the fuel pellet dia-
matar inside the can a relatively soft energy spectrum is regquired.
por Mast Flux Test Facility fuel the attenuation across the pellet

e increased from a factor of 12 to a factor of 300 by

( Limmator can b
1ging from thermal to cold neutrons.

hore are
cold neutxons,

whi?

¢l

Noutron radiography facilities that provide for control of spectrum
aay thermal to cold or partially subthermal neutron energies have
t been widely adopted. This paper .describes such a facility .
racuntly installed at the Creagon State University TRIGA reactor. The
main message is that conversion from hard spectrum to soft spectrum

ided very inexper.sively, and that significantly extended

can bg provi
jefulness of neutron radicgraphy can result.

fyom
not y¢

u

Although some cold neutron beam facilities have a cryogenically
coolad moderator volume at che source end of the beam, it is argued
phat this expensive item is gpot essential for neutron radiographic
purposes. The conver§ion of the beam from a full Maxwellian spectrum
to a subthermal beam is prizarily dependent on good filter design. A
cryogenically cooled source only serves to increase the available cold
heutron intensity, usually oy a factor of less than 10. Thus, it
may be petter to extract a b<am from a high flux region and work with
rilter only, rather than usz> & comparatively low flux region in which
can be placed a refrigerated source. o _




A good filter design would consist of polycrystalline beryllium
(20 cm to 30 cm thick), cooled by liquid nitrogen to about 1l00°K
(cooling reduces the beryllium attenuation coefficient for .005 ev
neutrons from 0.06 cm™ -1 o 0.006 cm~1). This need not be expensive.

An even simpler and cheaper filter has been used in the present
OSU facility. It consists of a cylinder of beryllium 20 cm in dia-
‘meter and 10 em thick which is available commercially at about $2,500.
For this thickness of beryllium at room temperature, the attenuation
of thermal neutrons is about 5 % 103 , and the attenuation of .005 eV
neutrons is less than a factor of 2. Cooling by liquid nitrogen is
therefore unnecessary. o

The filter is movable into or out of the beam line (roller
shutter #3 in Figure 1) so that the system may be alternated between
one with very hard energy spectrum (cadmium ratio for indium = 2)
to one with very soft spectrupm (The ASTM BIPI gauge shows zero visi-
bility of the holes filtered by 1 mm of boron nitride). Since the
beam is designed for radioactive fuel applications, little gamma
filtering has been included and only dysprosium transfer or track etch
imaging are used. A typical exposure time for dysprosium transferxr
to Kodak AA film is 30 minutes. This corresponds to a cold beam
intensity of about 2 x 105n/cm—sec, which can be compared with the
intensity of 1 x 10%n/cm?-sec quoted for the 5 MW HERALD reactor cold
beam. (3) For both facilities the collimator ratio is about 100:1.
The inexpensive system therefore provides a filtered beam only a factor
of five less intense than that at HERALD (which uses a cryogenically
cooled moderator volume and a liguid nitrogen cooled 30 cm long beryllium
filter). The filtered beam on the OSU TRIGA is, of course, only par— .
tially filtered but this degree of inexpensive spectrum control could
be important in a variety of applications. (Figure 2) :
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THEORETICAL NEUTRON TRANSMISSION ACROSS
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SUBTHERMAL NEUTRON RADIOGRAPHY AND CALIFORNIUM-252

J.J. Antal and A.A. Warnas
Army Materials and Mechanics Research Center
Watertown, MA 02172

Crystalline materials may be either very opague or Very transparent
to very low energy (subthermal) neutrons in accordance with their
crystal structure and the precise neutron energy. This phenomenon can
be exploited in the radiography of materials and for the purpose of
selecting subthermal neutrons from sources.

Subthermal neutrons can be obtained from nuclear reactor souxrces
by filtering a thermal neutron beam with a polycrystalline beryllium
filter. Diffraction scattering in beryllium removes all neutrons of
energies greater than 0.005 eV, but only about 1/3% of the original
intensity remains. Fortunately an enhancement of the number of sub-
thermal neutrons in a beam can be produced by reducing the temperature
of the moderator material from which the neutrons issue., This has been
accomplished successfully in a number of reactors with rather complex
low temperature Ffacilities.,

The large amount of heat induced by radiation into redctor fac-
ilities requires that only a small amount of moderator be cooled and
that the facility be located away from the highest radiation fluxes.
This results in a poor efficiency for the production of subthermal
neutrons. This efficiency for any neutron source might be expressed
in terms of the. fission neutron activity needed to create a flux den-
sity of one subthermal neutron per cm? in a beam. A rough calculation
for an operating reactor source shows this to be approximately 6 x 1011 -
fission neutrons/subthermal neutron/cm®. We are interested in knowing
what efficiency might be attained with a low temperature facility em-
ploying Californium-252 as a source. Californium-252 is a low heat-
generating source of high specific neutron activity. These character-
istics would seem to allow for a much improved efficiency since the
gource is small enough that all of the moderator material and the source
itself may be cooled completely in a vexry favorable geometry where
the source is totally enclosed by the moderator.

We chose to begin with a 130 mm (5") diameter sphere of paraffin
as a moderator with a 2 mg SR-CF-100 Californium-252 source to be
positioned at its center. The radial thermal neutron flux profile
within the sphere was proved with gold wire dosimetry which showed a
strong flux depression caused by the stainless steel source encapsu-
lation and indicated the need for removal of the source eyelet and
handling cable. Initially, a 25 mm diameter (1%), 38 mm (1-1/2") deep
reentrant hole in the sphere was used as a beam port. Experiments were
performed with the sphere cooled by evaporating liquid nitrogen while
enclosed in a polyfoam dewar and were successful in producing at -140C
a factor of two increase in subthermal neutron flux over that at room
temperature.



The beam flux obtained in these experiments was extremely low,
5 n/cm?/sec, making it apparent that much care would have to be taken
to produce a working subthexmal source with Californium-252. After
improvements were made in the mounting of the sphere and the beam
collimation, improving the detection sensitivity by a large factor,
measurements could be made to determine the optimum depth of the re-~
entrant beam hole in the sphere. The optimum depth was located as
13 mm beyond the sphere center. The optimum position for the source
was found to be critical also.  With these improvements in geometry
very reproducible data giving the beam intensity as a function of
moderator temperature from 20 C to -150 C were obtained. Similar
data was obtained for methyl methacrylate and polyethylene by replac;ng
the paraffin plug in the beam hole with those materials.

In these last experiments, a flux of 1l neutronS/cmz/sec was ob-
tained at ~150 C.. The source was emitting 3. 6x10° fission neutrons per
second at this time which gives an efficiency for the production of
subthermal neutrons of 3.3 x 10® fission neutrons/subthermal neutron/
cmz, a value 1800X the calculated reactor efficiency.

With the use of a larger Californium-252 source, bettex moderator
materials than paraffin, less absorbent source encapsulation, and
cooling of the bexyllium filter, it is estimated that a subthermal
neutron flux of 1 x 103 may be reached. The additional complexity of
a liguid hydrogen modexator may be required to reach the flux levels
of thermal neutron radiography.

NOTES




PERFORMANCE OF A CALIFORNTIUM MULTIPLIER (CFX)

FOR NEUTRON RADIOGRAPHY

K. L. Crosbie, J. C. Young, H. Harper and Joseph John
IRT Corporation, San Diego, California

SUMMARY

The simplest neutron radiography system, exploiting the capabilities_of
252Cf, consists of a single source within a moderating and shielding medium,
usually a tank containing a few hundred gallons of water. In such a device,
the thermal neutron flux is peaked at the location of the source with a
magnitude of approximately 1 x 107 n/cmz—sec per milligram of 252Cf. ¥hen
higher flux levels are required, this can be achieved only through the use of
more 2520f with increasing investments in the californium source. For example,
'to achieve thermal neutron f£lux levels of 2 x 108 n/cmz—sec in systems with

radiography ports, requires 30 mg of 252

Cf with an initial cost of over
$400,000 for source material and encapsulaﬁion and a source replacement cost
of more than $100,000 per year. _

The Californium Multiplier (CFX) provides an attractive alternative to
using such large sources to achieve the desired flux levels. For example, a
thermal neutron flux level of 2 x 108 n/cmz-sec has been obtained in CFX
252Cf. Thus, the CFX has achieved a
252Cf is

reduced to about $24,000 and the decay of the source represents a cost of

radiography systems with only 1 mg of

thermal neutron flux multiplication of 30. The initial cost of the

only $6,000 per year.

Several CFX systems have been designed, built and tested to date. Neutrom
radiogréphy systems are available with either horizontal or vertical beam
capability. The performance and design characteristics, of the system are given
in the table.

One important feature of the CFX is its expansion ca?ability. A given

CFX system can be easily upgraded to provide higher performance by simply

252 2520

adding more Cf. Systems capable of accommodating up to 40 mg of °

have been constructed.



PERFORMANCE AND DESIGN CHARACTERISTICS OF

252

252Cf source

235 10ading
Uranium enrichment
Fuel form
Moderator

Maximum keff

. 235
Akeff increase for 20-g

U sample
Control poison

Thermal flux

Fast flux

Thermal flux multiplication
Radiography collimator ratio (L/D)
Thermal flux at L = 40 inches

Film exposure area at L = 40 inches
Beam uniformity at L = 40 inches
Neﬁtron/gamma ratio at L = 40 inches
Cadmium.ratio (fission chamber)

Dose rate at shield surface

Fission power level

CF_MULTIPLIER (CFX)

1 mg

2000 g

93.4 percent

Clad metal plates
Water |
0.990

0.004

Cadmium, A% clad

2 x 108 n/cmz—éec
6 x 108 n/cmz—sec
30

15 or'greatef

5 x 104 n/cmz—sec
18 inches x 18 inches

15 percent

ix 105 n/cmz—mR

15
Less than 10 mR/hr

3.8 W




Electronic Imaging Applied to

-~ Neutron Radiography

‘Donald A. Garrett .

National Bureau of Standards
Washington, D.C. 20234

Donald A. Bradher

0ld belft Corporation of America
Fairfax, Virginia 20230

Details of an advanced electronics imaging system which has

been applied to field neutron radiography are presented in

this paper. Heretofore, many applications of neutron radiography
have not been utilized due to system mobility and long exposure
times. A modified Delcalix image intensifier was used with a
Hughes Model 6339 Scan Conversion Memory and Neurad-3 Mobile
Neutron Radiography system to obtain neutron radiographs on a

television monitor in .5 to 10 minutes.

The electronic imaging system consists of a phosphor screen
coupled to a light amplifier by a Bouwers' concentric mirror
system with an aperature of GRA 1:0.65. The image is trans- )
ferred from the light amplifier through relay optics to an image
isocon television camera. A standard EIA 525 line system is
used to interface easily with output devices such as frame
integrator, video tape recorder, kinescope, and monitor.

Some application areas of neutrdn radiographic systems for
quality control are discussed, i.e.

1. Aircraft maintenance for detecting corrosion.

2. Ammunition inspection: Charging gradients

3. Biomedical for pathological investigation of bone tumors.

Real time imaging is tied to reactors, accelerators, and large
Californium-252 sources.

Field applications dictate small Californium-252 sources for
portability. When small sources are used, a frame integrator
is added to the systen which enables exposures to be made from
seconds to ten minutes. '



RESONANCE ENERGY NEUTRON RADIQOGRAPHY FOR COMPUTERIZED AXIAL TOMOGRAPHY*

C.T. Oien, K. Bailey, C.F. Barton, R. Guenther, J.P. Barton

Oregon State University
Corvallis, Oregon 97331

For neutron radiography of large complex objects there are two poten-—
‘tial problems: (1) penetration (can sufficient signal to noise ratio be
obtained?) and (2) decoding (can the information be sorted out so that
signals from one plane do not hide signals from a plane behind it?). In
this study, the large complex object of interest consists of a 217 pin
bundle of enriched nuclear fuel arranged in hexagonal arrays. With thermal
neutron radiography, transmission can be seen along the clear avenues
between fuel pin rows when radiographed in the apex to apex orxientation,_
but thermal neutrons produce no useful penetration of the fuel {u=5.7 cm 1;
attenuation across the 8.4 cm thickness = 1021), :

Experiments using material selected to simulate the neutron opacity
of real fuel have shown that useful signal to noise ratios can be obtained
using filtered beam resonance energy methods (Figure 1}. Calculations of
the indium resonance reaction rate as a function of neutron energy show
that a wide range of neutron energies contribute significantly to the image
(Figure 2). These methods have enabled multiple foil packs and alternative
materials for resonance detectors to be evaluated. Other calculations
have shown that fission neutrons generated in the object by the incident
neutron beam will contribute only small noise levels for a wide range of
fuel enrichments.

B computer program has been developed which shows at which precise
angles the object should orientated relative to the neutron beam, to provide
the best signal to noise ratio (Figure 3).

Information decoding is being evaluated using focal plane methods such
as multiple film laminography, (1-3) and computerized axial tomography with
algebraic reconstruction techniques (4-5), convolution technicques (6), and
legendre polynomial technigues (7) (Figure 4). :

* Work supported by the U.S. Energy Research and Development Adninistration
through Argonne National Laboratory Contract 31-109-38-~3229,
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Figure 1

Penetrating (epithermal) Neutron Radiograph of 91 Pin Bundle

of Simulated Fuel Orientated Flat to Flat {0°)

T Z_Timaging screen

~_cadmi :
cross section of - O OO0 Cgog&“g’;\}g;ger and

9] PIN BUNDLE OF
SIMULATED FUEL

Void in Center Pin
ot Level 3

PC?AOQO 1‘ £ cadmium filter
incident
1\ 1 l I | ‘ II\ | lnC‘raeé1i0I11ieour3ron

PENETRATING
NEUTRON
RADIOGRAPH

Level 53—

Level 5

RESULT OF SUBTRACTING MICRODENSITOMETER TRACES, LEVEL 5 ~

LEVEL 3 i _
/VOIds at Level 5

‘ ’ Awﬂ Tk A\I!?\-'
%\f/ "o \%{P:M\L\A(“ -

Single Void ot Level 3
{Line Subtracted)




INTERACTION RATE

Figure 2

Neutron Reaction Rates for Indium Converter Behind FFTF

Type Fuel (top) and Simulated Fuel (bottom)
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Figure 3

Comparison of Calculated Transmission Patterns Across a 217 Pin

Bundle for Fine Angle Rotations Starting from 0°
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Figure 4

Computerized Axial Tomography Reconstruction From Theoretical

Projections Across Typical Fuel Bundle Geometries
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AN EXPERIMENTAL METHOD FOR THE DETERMINATION

OF L/D RATIO FOR NEUTRON RADIOGRAPHY SYSTEMS

J. C. Young, H. Harper, K. L. Crosbie and Joseph John
IRT Corporation, San Diego, California

SUMMARY

In actual operation of a neutron radiography system, the final resolutidn
of a particular radiograph is dependent on the relative geometry of the system,
the object being radiographed, and the film. The part of the resolution o
dependent on the system is essentially the effective solid angle subtended by
the thermal neutron source at the film plane. In practice, the term L/D is
often used to define this effective solid angle, where the source of effective
diameter, D, is assumed to pass through a piane at some effective distance, L,
from the £film plane. ‘ | ‘

It often happéns that the effective size and location of the.source is
quite di fferent from those of the defining aperture. In such cases, the values
of L/D computed from physical dimensions could be misleading. This is particu-
larly significant in comparing the resolution capabilities of different systems.
It is, therefore, very desirable that a technique be available fox the deter-
mination of L/D by image analysis.

An experimental technique for the measurement of L/D ratios is proposed.
Holes of various sizes are cut in a cadmium sheet, and radiographs are taken
with the sheet located at different distances from the film plane. The sizes
of resulting images are used to compute L/D ratio.

This technique was utilized to evaluate L/D ratios for two neutron radio-
graphic systems manufactured by IRT Corporation.' The results and conclusions

will be discussed.

. n




""r"sf'-"\‘ "oy
i ms BT i F o

—Meutron Radinaraphy

YD

8:30 a.m.

HAIRMAN: Jonx P Bawrron. Oregen State Universicy,
Carvglisa, OR

Froaress tn Keacter Daeed Vi

R NEwe sdeck, Aventesp Operatons, foel San Ramon, UA
b provide anstroducian te the stateothe-art of rence
tor based sewtron radwe aphy fur geaeral industey sies, nonnuelean
apphiatione-, Ateas of signHwant Progress i technegues and appt
pior s with beemphasized. and a vomparative review will be provided of
facibity copeinlities avnilabie world wode,

Progreoss in Celifornngn 232 Reswd NR
Joskps Jons, ME Corpe, San Dieso, A
Severa] Ualifornium-202 hased netron rad
i speration Tor diverse dppheations, A revoow wiil be provided of
receBt DROSTesa i lechagae apphicatiens. In additiun to
the standard in-house Naed = vz, other facilities such a
mebite svstems and senenben] Jux baosted svatems will be dis-
cirsaed, -
Progin

rraAphy Svste mas are now

aan NI por Hie Necioar Industrs
P Bares, Oregop Stite University, Corvallis, OR

SignHicant imvesdments ars being made 1n neurron radiography
faethities L niet clepr fued l'\.;"m'wn royuirements both m thos
eountiy and ove Aoy voall e durthese rocentadey
vpinenta which have diverse rurpn-m. i thverse perlnrm
characterizries. Apphentions rimee from evalation of hedroding m
Lieht water reactnr Tuels tuation of 1==1le sontent an-
hottugenities in adsiaeed reactor fucis: from preaision dimeasionsd
MEE=UTeIne i son saadbsingete puss o peactratsng radiography of vors
targe rued bundies

e

10:30 a.m.-—Neutren Radicgraphy I

CHAIRMAN: Joun P Bagros, Oregon State University
Corvallis, OR

Seven Dimepsianat Redograpiy
AL DEVerr Argonne N ty, Arponne, [

The nevtren hy et the TREAT roey 1t ANL-ldatio has been
operated o velloer Nseadireasineat dotin peniely o spaee duven
slons, cuntinuons e reen e, wnd Lao g o aterud, are
heing made 1o extend this te sevenstrs nsomd rcbogaphy soelad-
it all three space ditnensons, and @b $ree materiad dimensions,
muclear fuet, stecl claddme, aad <aom voesland

atinnal Ladses

Exavt Ihmveasumal Mecsurements in

A A Hasas MeMaster Universony
Direet inlerpretnion ob o radizraph e
smal resuli, Correetions cin e estabhis
tributinas Lo un nre anel
film nonhinenr spatial netren afteme Lels RN el s,
Tt Talter apponrs !‘Jﬂl(‘u‘.:u'\ HEPOTIESE ID examinaben of nuciear
fueiz. A relateve by ey apphiod formulation s propased to pereet
more avcurate dunnzenal easnr

yhasda

Lo incorrect dieen-
mmetrical ena-
iputiuns include

e Tevdinrpuer
SR B and L Sevoe Eindversity of Missonrl.
0 ’

Color Interge Proe
SV Pawies
Cuolurebia, M

A portable neurron ridiveraphs sy=ten cenied tooa videe momter

with computer-controllod sntneutic insgeehion capability 1 being .

developed UVrhin hos oo used as the mnowe recoriins companent bt
u reai-tinne aving systemy s planned. The s We=5ng U -es B
volor=, Further pnagse enfuiDeerient is pertertecd dyataily using
Fourter analvers and o low lregueney suppression Giter w Al o PP
11 At comp g

Neroradpraphy ek Ne
Wl Panses. Howst 0

o Poriiand, OF

o
Vil telyd teennda
sereen sebocent 1o the (e Lonestn pliates
with steastnant edpe enbancenns ba s bner dobieved Tor et
expresures ealatin Y e alotiooa esssatide et aters aad
G paant proved superor esnverters to pasdalinmm il and dhe
results renunned sharp s the soparanen between copverter and
selenilmn phate wis incredsed from 2 om to oo

DeULEON COVATLSE
fenl temiroe guality

s been demongrated v oostan-

" Lamtineeerspdoe s Badi

1:00 p.m.—Naw Radiography Technigues li
CHAIRIAN: K Preter Mangunt,

Iares e Vidlaee, A

Seifert X-Hay Corp.,

Tli~ i 2 Loatiniativn ot the eaelier session of short papers.

Cirndnent Fluoresceont Sereens for Cinnging Cross Section Radrogra-

e i - »
FlaLeit Srear. Kansas Armvy Ammunition, FParsons, KS

i A .
& E. BeyaxT, Lus Alamus Scientilic Laboratory, Los
NM ’

Digitid Debizremng of X-fey Tees
jawiesce 4 Laces, Grumman Aercspace Corp.. Bethpage,

LAWREN
\ RLLALERN

by
Jay me Aesdienm Cofp., Weymouth Landing. MA

100w Fe e Curn iar Heulilorleas Radiography
tesoans Al Bracuer, Old Delll Corsoration of Amenca, Fair-
fin, VAL and Doxawn Fraxg puCou. Machlet: Laberatortes,
Mpanond, 1

Foolid Use nr Bievdehd Frfo Hoandiing Sses
Avren Buoas, Aberdeen Proving tJruuruJ. Al

!

vr g Forepe Analvsis
leen. MD

it e




iy

: g g 3
FRIDAY, AURUST S

v

|
!
!

Due to the intenge mierest in aestron radiography. an astdifional
wossinn has been added on Fridoy mornmge for those interested in
remaining at the conferenve fur an exura day. There will be o ade
tiemal charge for this =es:

an.

8:30 a.m. — Neutron Radiography

CHAIRMAN: Jous P Bartos. Cregos State Univers
0O

ty, Corvadls,

-

uanetitire [heteeopnoton f” Clarrosien v Aluminam Stractiires
[atme Nenpron Radeograrin
deest e domis el L Haneer, TRT Corp., San Dicgo, CA

The rrsalis of s tavest yration show that an expermmentad reltinne
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Fur seme neutrua radiography applicatiens, control of the neutren
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runed. For a toral cost of undor 35000 4 simple colid nevtron ety
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sity. i a cobimator ratio of 140:1. 13 sutficient to obtam dy=prosium
transter radiveruphs of fuel in exposure times of about 30 minttes

Subthermal Nentron Radivgraphy with Californium-252
J.J AxTarnLand A. A, Warxas, Army Materials and Mechanics
Reszcarch Center, Watertown, MA
A standard methoed to increqse the intensity wfavailable cold neutrons
is 1o refrigerate a volume ot modsratar material. Thaoretically very
large gams may be pradicted by thiz method. but in practice with
renctor based sources the zain is limited to about = 10, For Cf-252
saurces. however, miuch larger duins shnuld be poussible because the
enutre saurce and moderator mav te couled. Experiments using a
small. 2 mg C-232 souree are uniterway 1o test whethier a worthwhile
efficiency can be obtained, which would later be the basisuia sealedup
design.

Performunce of a Calrforniam Multipher f{CFXi for Neutren Rautog-
raphy
K. L. Creeeie. J. C. Youne, H. Haarer. and Josged Jons, IRT
Corp., San Diego, CA
Californium Multipliers ¢ CFX1, whieh prixluee flux enhancements of
30 when compared to conventional 252Cf systems, have heen de-
signed. licensed. bwft, and tested. This pager describes the design
philosophy and performance charasteristics of suvh systems.

Etectroric Imaging Applicd ta NR
. A. GARRETT. Nnlional Burean of Standards. Waszhington,
DC. and D. A. Bracuen. Old Detft Corp. of America, Fuirfax,
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Real time neutrun radioprachy i

wring reguites high tensity
sources, aceeloratorsor reactor s, Faeld applwations r-quire low
intensity seurces snd a frame inteygraing io extond data necitinelation
times. A moadified Dulealix image itensiter has been uredwith e sean
eonversinn memory &nd Neurads! mubtle neutron radicEranny sys-
tem to ohtain tadivgraphs in seconds to ten minutes

Rial Time Radiography for dilttary Equipment
E. [iser. D, Mixure, M. DEving. Naval Alr Devetopiment Cen-
ter, War Minster, DA F. Patricseet, R, Poucnenr, V. OrPHAN,
Seicnee Applicatns foc. La Juile CA
Heal time radivgraphy for bath N oray and X ray was demonstrated
urder the anaivticnl rework provram at the Naval A Rework
pactl:bies in Peneacoln, FL. aud Novth Lilund. CAC The resuits illus-
frate varus applications that can now be inspeeted by reat time
winch previously required Bim exposures. ‘

Hesnasrce Encrgy Neutron Raduwwrapiiy for Coamputerced Axwf To-
RTDLTHE

CT. thes. K. Batev. CF, Baarox, K GresTtarn. . B Bar-

1y, Upegon Boate Unever- ity Uorea 314 i
Comprterized axiel tomography eneblos rachiozraphic data Lo be ob-
tabted frons a wide speetrem of snebesond anci o reranstructod 1S
W einte Bod rul the ohieet qiTiess 1 axes ot rntatnn d vivwed 1t shom?
the sxia, The techmigue appears e<peally vahiable B wspection af
awp et of Large and comslex etass set Ao o faree bumdie of
mclear tiel Experiments with somodad el tumudies have shown
that intetisttus of epethermal reutrons sefiicient 10 penetfiate barpe
bundies are available from atvpical 1 MW reactor, and that by careful
choice of angles, adequate signal to noise ratios cian be athieved. The
data are being used to compare various tanngraghic techniques.

An Experimental Method for the Doterminalion af LID Ratio far Neu-
tron Rodiwgrephy Svalems

4.U. Yorxe, H. Hareer, K. L. Crospig 2nd Josern Joux, IRT

Corp.. San Diego. CA
In actusl operativn of 5 neutron radicgraphy system, the final vesoiu-
tion of a particular radisgraph is dependent on the relative goometry
of the swstem. the ohject heing radiographed, and the film. The part of
the resclution dependent on the system 18 essentially the effective
solid angie subtended by the thermud nentron source at the il plane.
In practice, the term L 1) is ofien uzed 10 define this effective solid
angie, where the soutce of effective diameter. V. is assumed to pass
throuzh r plane at some effective distanee, L. from the &lm plane. This
paper describes 8 possible general method to measure this quantity,
Ls D, for practical systems.
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Abstract

The dominant neutron radiographic and image forming prncesses
are -considered and used to develop a methodology for accurate d1mens1ona1
measurements of radiographed objects. A graphical algorithm which incor-
porates'neutron conversion and film characteristics is developed and
used to illustrate the cause and éxtent of dimensional errors associated
with regular objects.. A mathematically more rigorous formulation specifically
for dimensiona1'measuremeﬁts of nuclear fuel pins, incorporating therefore
both geometric and burnup effects, fs thereupon established and evaluated.
Suggestions for the general usé of the methodology presentéd_here are

discussed.



Introduction

Neutron radidgraphy has become an effective tool in many spécial—
ized cases of nondestructive testing. Among these are the Tocation of
low density substances, penetration through high density materia?s,:isotope
discrimination, and imaging of radioactive specimen;

Ong of the significant and interesting recent applications of.
neutron radiography is thé determination of dimensional changes in radio-
active nuclear fuels. In these applications, the principle objective is
to locate ihe edge of the radiographed object on the basis of a spatially
varying optical density oﬁ the fi]m, The dimensionaT precision often
required is in the 10-100 um range. | |

Several researchefs have recently addressed themselves to this
Vadiggraphic measurement problem(1"6) and have employed some empirically
ﬁével?ped criteria for this purpose. ‘Aside from the agreement on the
-impSFfénce of this problem and the realization that many factors have a
bearing on it, no widely accepted methodology for accurate dimensional
measurements.has emerged. | |

: We investigate here this dimensionality problem on the basis of
somé fundamental considerations. As.a general qhaiitative approach, we

.~ 4incorporate both the neutron conversion process in the converter and the

characteristic curve of the film into one graphical algorithm; this approach

#

is very effective in illustrating the several factors which contribute to the

accurate dimensional measurements of objects. Subsequently we establish a
rigorous mathematical-physical formulation for the location of the edge of
a radioactive nuclear fuel pin incorporating both cylindrical geomeﬁry

and nuclar fuel burnup.



Physical-Graphical Descr1pt1on

In Fig. 1 we illustrate some neutron radiograph1c character1st1cs
pertinent to the development of a methodoIogy for accurate dimensional
measurements. In this figure, we have enlarged the spatial variation of .
the optical density to illustrate the effecté caused by the edges of an
' _idealized neutron absorbing object; this spreading out of the bptica1
density is neither a diffraction nor a neutron beam d{vergence effect but
is entirely due to the conversion processes of neutrons in the converter(7 8)
In addition, here and in all subsequent work, we assume that background film
- fog has been subtracted from the optical density.

The basic problem of determining the dimeﬁsions of a knife-edge
obJect being radiographed now becomes obv1ous. what relative value of the
opt1ca1 density, to be des1gnated by D/Dy,.» Should be used to identify the
'ekact location of the edge of the object? Thié value appears somewhat
arbiﬁ;ahy for a given object provided that accurate mechanical calibration
is employed to obtain a reference point(z); in general, mechanical cali-

bration is not available and a specific value D/D must be chosen. It

Max
is thought that D/Dmax = 1/2 = 0.50 might seem reésonab]e while others have
suggested and used D/Dmax = 1/7 = 0.14 fRef. 1 and 3). In some multimedia
‘cases, optical density extrema were found and subsequently used as corre-
sponding to the edge of a mater1a1(4"6). Clearly., eiimihation of this
ambiguity is most desirable.

Before the optical density of the Tilm can be related to a spatial
coordinate, it is necessary to consider the neutron conversion processes
~ which leads to the formation of an image; a schematic illustration of this

process is shown in Fig. 2. This process involves the absorption of a

neutron followed by the isotropic emission of secondary or photosensitive



radiation. It i§ of basiCzimportance'that this secondary radiation
process be incorporated; indeed, from the point of view of determining
the-exact location of the edge of the object, it is essential to know how
this secondary radiation, hereafter tp be referred as a converter response
since this is a more appropriate generic name, varies in the vjcinity
of the knife edge. We illustrate this converter vesponse in Fig. 3 in
which we tabel this response as curve SA' As shown here; this curve is
symmetric based on theorefica] considerations (7) and experimentalltest(sy
if the gadolinium foil conversion process is used in: the Tinear film
response range. It is drawn to scale for-a typical gadolinjum conversion

-2 This coefficient is, in effect, a

Lorentzian coefficient C of 107% ym
dispersion parameter numerical values for which can be found by careful

" neutron radiographic experiments in the Tinear film range followed by
ﬁﬁmgrica1 curve fitting. Obviously, this parameter will differ for various
neutron radiographic facilities and conversion processes. Note that in

Fig.‘3 the coordinate X is used to identify the location of the object's

0
edge.

The photosenstive or secondary radiation emitfed by the converter '
will thereuponube incident upon the adjacently located_film'énd, by suit-
able integration with the film characteristic response to this type of
fphotosensitive radiation, be éonverted into a spatialTy dependent optical
density yielding the kind of results illustrated in Fig. 1.

For our continuing analysis, we wish to relate Curve SA’ Fig. 3,
fﬁ.the optical density of the developed film. We do this in graphical

form as suggested in Fig. 4 for an arbitrary, though typical, film charac-~

teristic curve here iabeled Curve SB. The curVe here labelelled film



response curve ié sometimes called the H-D curve or density;exposure

curve. The heavy dotted arrows illustrate how the object's edge coordin-
ate Xo is related to its corresponding optical density D,3 the Tight doﬁted
arrow illustrated the exposure dependent location 6f Dmax which is also
used to determine the scaling of Sg with respéct of Sp- The procedure to
be employed in identifying Do’ corresponding.to the edge_of the object at

Xo» is thus straight forward once Curve SA and Curve SB are plotted.

Film Response and Exposure Effects

As indicated previously, our objective is first to provide a qda]i-
tative graphical ana1ysis ijlustrating the role of several factors in
effecting the perception of the 1océtion of the edge of the object. 1In
Fié. 5 we illustrate the effect of different fi]m;;haracteristics on the

resultant D0 and Dmax corresponding to the edge at. X, - For 1llustrative

=

purﬁoses we show schematically three types of film which might be identified
by the terms, {(a) linear, {b) low contrast, and {c) high contrast. We have

extracted the corresponding three values of D /Dmax in column two of Table

I. Note that agreement between these three values with e1ther D /Dmax

0.50 or 0.14 as used in the 1iterature( »3) would be purely fortuitous.
In a similar manner, we illustrate the effect of exposure on this

 ratio Dy/Dyays Fi9- 6, using (d) high exposure and (e) low exposure as

cases of interest. The corresponding optical density ratios, DOIDmax

now are 0.35 and 0.55, respectively, Table I {colum two, lower two figures).
On Table I we also 1ist the errors which could have been introduced

if 6pe of the two DOID , 0.50 or 0.14, ratioé would have been used under
\
the conditions applicable to the cases considered here. Both positive

max



and negative errors approaéhing ~100 um are thus easily possible. We note
that in this example the DO/Dmax = 0,50 criteria-seems to possess a con-

sistent positive bias while the DO/D = 0.14 possesses a predominant

max
negative bias. In any case, there seems to be little validity in the use

of this method.

Nuclear Fuel Effects

in the preceding analysis we employed the neutron conversion and
film characteristic éffects for an idealized neutron absorbing homdgeneous
knife-edge bbject as the priméry factors pertinent to the exact location
of a specimeﬁ's edge. The neutron radiographié measurement of nuclear fuel
pins introduces two additional factors: éyclindrical geometry leads to
variitions in the thickness of the object along the neutron traverse
{Qeometric effect) and non-uniform neutron attenuation brought about by
théx}iux depression 6f nuclear fuel pins (burnup effect). These two effects
complicate the analysis siﬁce they have to be included in additon to the
previously used neutron conversion and film characteristic effects. We
choosé to use a mathematical-physical analysis for this part of the analysis
‘incorporating, in addition to thé conversion pfocess, both geomtry and
burnup into one inteQra] formulation. As will become evident, informatioﬁ
on the extent of burnup and computerized calculations will be required to
determine numerically the effects of these factors. A
5\ In Fig. 7 we display in schematic %orm the converter response of
aﬁridéalized knife-edge dbject, So(x), with the converter response which
might be associated with a nuclear fuel pin viewed along the axial direction,

SA(x). ‘The coordinate system and other symbolic notation which we will use

%



hereare similarly displayed on this figure; the spreading out of the con-
verter response with the radioactive nuclear fuel is attributable to the
prevfous]y méntioned geomeiry and burnup faétors and can be rationalized
as follows: . '
(i) Unlike the idealized knife-edge object which has

a uniform thickness for x < 4> the nuclear fuel

pin possesses a variable optical thickness approach--
o Hence, spatially dependent
neutron transmission will occur through the object

ing zero as x' - x

in the region X' < Xq because the neutron 0ptica1
path, Z = Z(x'}, is a function of x'.
(i1) The burnup effect also contributes to a similar

neutron transmission effect. When a nuclear fuel

ot

pin is exposed_to a neutron flux in a nuclear

reactor, the isétopic concentration and therefore

the macroscopic neutron absorption cross-section

will become space dependent, I = Z(x'}. Because of

the flux depression caused by nuclear fuel pins,

this fuel burnup effect is a function of the radius

and is most pronounced near the edge of the fuel. _
Thus, the geometric and burnup effects are both most severe close
to Xy the region near the edge which - as we have shown in the preceding

graphical analysis - is most important to accurate dimensional measurements.

I

éonVerter Response: Theory

While the preceding discussion provided a useful graphical description



of the various effects as they inTluence the optical density near the
fuel pin edge, the incorporation of the geometric and bhrnup effects is
best accomplished using mathematical considerations. For this purpose
we choose to use the edge-spread function (ESF) approach which has pre- .
viously been found effective in several neutron radiographic app1ications(7'9).
Basic'to this approach is the use of 'a function which describes the convertef
response from a beam of neutrons passing through an infinitely narrow slit

in a neutron absorbing object. For a slit about the point x', the line-spread

function (LSF) is written in the form of a Lorentzian representation given

by . - ,

L{x,x') = 1 5 - (1)
- 1+ C(x-x") .
Here{‘c is the Lorentzian coefficient which depends upon some specific charac-
tér%;%ic features of the neutron iﬁaging system.
Equation (1) is normalized in the sense of providing a maximum coh-
: vqrtgﬁgresponse of unity at x = x'. If we now consider x' to be the neutron
téaverse coordinate in the fuel pin as indicated in Fig. 7, then the Lorentzian

_Tine~-spread function at x' in the fuel pin region is written as

~

olx’) @

L > '} = »
A(X X ) 1+ C(x-x')2

where ¢{x') is the neutron attenuation of x' and perpendicular to the x-axis

given by
" Q '

- | }u x')
d(x') = N exp[- Xa(x‘,z)dZ]. ‘ {(3)

Z,(x")



Here Za(x',z) is the space dependent neutron absorption cross section.whilé

Zg(x’) and Zu(x') are the lower and upper limits of integration as

suggested in Fig. 7. The constant N in Eq. {3) is a normalization parameter.
We intérjéct here to emphasize that, as shown in -Fig. 7; the fuel-

pin cladding is not included in our graphical depiction nor in our mathematical

| ana1ysis; We have done this for two basic reasons. First, the cladding is

~ much more neutronically transparant than the nuclear fuel material and

hence possess. no problems of interferrence with the identification of the

edgé of the nuclear fuel. Secondly, the primary-ihterest in the neutron

radiographic examination of ndc1ear fuel pin is generally in the nuclear

fuel material and not in the cladding. Morecver, it will become evident

that ;he analysis described here can be_conveniently extended to the incor-

gpration of cladding materials of arbitrary compdsition and thickness.

) Returning to the representation of the converter respbnse for the

case illustrated in Fig. 7, we need to integrate Eq. (2) for the full range

of x'. Thus, we write

<o

SA(x) = I LA(x;x')dxf
P
o Z, x')
SN[ fexpl - | B,{x*,2)dZ] M}’ ()
% - | 1+ C(x-x") '

Zg(x')_

We note that the neutron absorption cross section Ea(x',z) in Eq.

(4) can be distinctly characterized by whether or not x' is inside or



outside the fuel pin. That is

>0, 05 |x| SR
Za(X',Z) = ] (5)
0, R< [x]. |

Therefore, Eq. (4) can be written more explictly by integration over

three ranges: {(-=,-R}, (-R,#R) and (R,+~). This yields for the converter

response
R
Sp(x) = N I 1 ax
1+ C(x-x")
X! =mc0 .
R Z (x')
+ I {exp[ - r Za(x',z)dz]}{ 1 ; 2}dx' (6)
' X'=. ZQ(X') 1+ C(X-X_)
~ + I ] — dx}.{
. xiep ¥ F(x-x )
- The first and last integrals can be integrated ana]ytica11y:
' N T 1 -1
5,(x) = N {[— + 1 tan™! [VE(-x+R)]
2/c  /©
Z,(x") - .
' 1
e[ texol - J 5 (x',2)dzlH Fdx' o (7)
-I a 1+ C(x—xf)2
x'=-R Zz(x‘)

¥ [ —l-tan'l[JE(x-R]iF.
2/¢c V¢ -

The interpretation of these terms is as follows. The first term is simply



the converter response associated with an infinitely thick knife edge
object(7) located at x = -R, that is the left-hand edge, while the third term

represents the converter response of an infinitely thick object with its edge

~at x = +R, that is the right—hand edge. The central term represents the

effect of both geometry and burnup; that is, it accounts for the neutron
transmission effect within the nuclear fuel pin as well as the effect of
image unsharpness near the édéé. A more descriptive ﬁéy of describing this
result is to say that |

Converter response of fuel} _ f{Converter response of infinitely
pin of radius R ythick slab of width 2R

geometry of and burnup in fuel

Perturbation effect due to
+
pin ..

(8)

L

.Né:now consider some additional necessary characteristics of Eq. (7).

We had indicated previously that the constant N is a normalization
parametér. We will find it both convenient and sufficiently general to limit
the range of the converter response SA(x) to the range 0 to 1. Examination

of each term of Eq. {7) combined with the characteristics of inverse tangent

~—

function. lead to the choice of N given by

'-‘ll("&l

(9)

It is worthwhile to examine Eq. (7) from the standpoint of some

specific features of the characterization of nuclear fuel pin. The special

~casg of no burnup or, equivalently, uniform burnup allows a particular

simplification of the inner dintegral of Eq. (7). For this case Ea(g,z) is

i .
a constant I, and hence we write

\
N Y
A\
Wy
b
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Zu X') | .
1 - 5 1 ]
Ea(x ,Z)dZ = Ea[Zu(x ) - Zg(x 1. (10)
. ] .
Z,(x")
From geometric consideration, it is easy td show that the Timits of inte-

gration can be written explicitly as a function of the variab]e of integration

xI

z,(x) = [ - (x)71% | ()

and

Z,(x') = - I8 - (x' )12, | o (11b)

where R is the fuel pin radius. The perturbation component of the converter

response Eq. (7) is thus written as

& R . Z (X!)
- ‘ 1
I fexpl - | 2(x",2)dZIH —¥x’
B Z,(x") 1+ Clxxt)
S LR eyl - ZZé{RZ - (x1)231/2
- - I { 7 dx'. . (12)
den 1+ C(x - x") -

For the more typical case, neutron absorptidn will not be constant
ip‘the fuel pin. In general, burnup will be radially symmetric and it is

r most convenient to write

£ {x'sz) = 2,(r), ' ' ' (13)



12

where the radius coordinate r is given by
r= [2(x') - (x)P112, | )

for an arbitrary point in the fuel pin. Using standard techniques of

" transformation among variables, the inner integral of Eq. (7) is written

. as

R | zu(x') &
I {expl - f z,(x'>z)dZ]H L —} dx’
xV=-R zg(x:) -1+ C{x - x') .
R R v .
- tewl - | L ani yax'. (1)
X{=—R r:x'[‘ 2 = (xl )2]1/2 1+ C(X - Xl)z
S As a final comment we point out that if the absorption cross section

is represented as a constant over discrete annular regions, say

= < o< . .
Ea(r) = za’ri for rs ST 2Py ‘(16)

then the inner integrand of Eq. (15) can be written in series form as

R

E(r) r .
.
[ - (x)°1'/%
r=x!
M .
= 2.E]2a,r.{[f§+1 N O R AR OO (17)
1= k|

where the summation appiies only to positive difference terms and ultimatly

is- carried out over the M annular regions.
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Converter Response: Results

As indicated prévious1y, the appropriate description for the con~
verter response is represented by Eq. (4). . A further examination of this
equation allowed its decomposition so as to nrovide terms associated with
specific and well defined processes, Eq. (7). As a first calcu]afiona1
result we show numerical va]qeé associated with each of the three terms of
Eq. (7) in Fig. 8. For this case we used a constant Ty = 0.425 crn"1 and
R = 0.711 cm. |

The important feature to note here is the contributioﬁrfrbm the
various terms near the edge of the fuel pin. Both the knife-edge contri-
bution, terms 1 and 3 in Ej. (7), as well as the perturbatidn term, term 2
ofggq. (7), contribute significantly to the converter response in a signifi-
cant manner near the fuel pin edgés. This, therefore, provides further
ﬁéig@t to the importance of including the details of the processes near
fhe edges for dimensional measurement purposes. 7 -

 As the next level of analysis, we consider the role of fuel burnup
on the converter response. For this purpose we used space dependent cfoss

sections appropriate to U02 type fueT.eTements(lo)

as illustrated in Fig. 9;

. this describes the burnup characteristic for three cases of interest here:

zero burnup (i.e. fresh fuel), 5,000 MWd/T and 15,000 MWd/T. It is of interest
to note here the significant increase in absorption cross section with
increasing burnup particularly near the fuel-pin edge: this latter feature,

as 'suggested earlier, should be of particular Significance because of the

role of process near the edge for purpose of dimensional ﬁeasurement deter-

mination.
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We show the results of the evaluation of Eq. (7) for these three
cases in Fig. 10; note that because of radial Symmetry it is only necessary
te show the results for the right hand edge. In this figure we point to
the decreasing converter résponse with increasing burnup though near the
edge this effect appears rather suble a point to be discussed further. On
the same figure we also illustrate the difference between the more exact
space dependent burnup, Fig. 9, and the uniform burnup assumption; for.the
uniform burnup case an average cross section defined by

R . |
L = %— za(r)dr s | -~ (18)
r=0 |
is used. As one approaches the edge of the fuel pin, the difference becomes
iﬁcreasingly larger. Again, this illustrates the importance of including
bdfh\geometric and buildup effects near the fuel pin edge.

thica} Density Results

The results illustrated in Fig. 8 and Fig. 10 represent the converter
reéponse of neutron radiographed nuclear fuel pins. As we indicated previously,
the visual information available to the radiographer, on the basis of which
e has to determine the location of the fuel pin, is not the converter
response but rather the optical density. Thus, the transformatidn, as
suggested in Fig. 5 and Fig. 6 has to be carried out for a given converter
reéponse of interest. We have performed this transformation by a simple

'grapﬁiéa1 means for the fuel described in Fig. 10 using the film characteristic

curve(]1) iltustrated in Fig. 11. For the normalization we have chosen DMax =
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- 2.5 corresponding to SA(x) = 1 with a neutron fluence of = 2 X 107 n/cmZ;'
note that herein this normﬁ1ization is arbitrary whereas in practice this
would be determined by exposure. The results of the transformation are
shown in Fig. 12. _ ‘

The results illustrated in Fig. 12 show the extent of optical density
variations at the fuel pin edge as determined by the degree of fuel burnup;
as a consequence, the optTCal density criteria for the specification of D /DMax

is a function of burnup. Spec1f1ca11y, for the cases used here, these ratios

are as follows:

'Do DMax = %—%—= 0.80 , (fresh fuel, no burnup),
| Do/Pyax = 35 = 0.72 , (5,000 MHd/T burnup),
S |
“ Dy/Dy.. = 2k =0.68 , (15,000 MHd/T burnup) .

. o' "Max .5

Relat1ng these ratios to the graphical display, F1g 12, Ieads to the inter-
est1ng, though now more obv1ous, result that nuclear fuels with a h1gher

burnup lead to sharper images; consequently, if the same Dd/D ratio is

Max
used for fuels of various burnup, then the higher burnup fuels would appear
thicker. N

Clearly, other types of nuclear fuel, different exposures, and diff-

‘erent film types will lead to different density ratio D /D However, for

Max*
a given neutron radiographic installation, it is obvious that the converter
response will not change significantly. Thus, one can conceive of a generalized

calibration curve for the converter response involving the edge ratio ER

défined by



in Figs. 4-6 and Fig. 11. Hence, the ratio DO/D

16

s(x,) - 5(0)
N O B () I (19)

wheré the converter response coordinates S(xo), S(0) and S(=) are illustrated
in Fig. 13. The rational for this definition is that each of these converter
response coordinates can be transformed into its corresponding_optica1 density
coordinates Do’ DMin and DMax using the transformation approach illustrated. |
Max Can be determined without
heaviﬁg to reproduce the entire optical density curve. These transformations
are illustrated in Fig. 13 and, as done here, can be accomplished graphically
or, if desired, cén be obtaine& computationally by computer.

To obtain an indication of the general features of this-edge ratio
E; as a function of pin radius and burnup, we have performed this calculation
uéjng the neutron absorption cross section for the'UO2 fuel pin shown in
ﬁig.bg.‘ Though the magnitude of the cross sections was retained as an
indication of burnup, the dependence on radial position was scaled in
accordanée with the chosen radius R. The results are displayed in Fig. 14.
Interestingly, the eége ratio ER seems essentially constant with'bﬁrnup

for small radii but tends to vary significantly with increasing R. The

variation with radius for a given burnup is substantial.

ey
-

As a concluding comment , 1t is evident that the four parameters
1. fuel pin radius,
2. burnup,

| 3. exposure, and

- 4, film type

are of considerable importance to the exact determination of dimensional



i

\ .

measurements of nuclear fuel pins.

# L
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Table I: Results of quantitative analysis to assess the effect of film
response and exposure on Do/DMax identification which corresponds
to the edge of object. Error is defined as (XMeasured - Xo) and

~expressed in units of 10'5 m. {(Recall that, by definition, the
correct value of Xg = 0). |
Error in x, location using the
- following Do/DMax criteria
Case DO/DMHX DO/DMax = 1/2 DO/DMax = 1/7
t
o
A: (Tinear film) 0.48 + 4 ' -95
B: (low-contrast film) [  0.31 +22 42
C: (high-contrast fiim) 0.11 +23 47
D: (high exposure) 0.35 +10 -60
E: flow exposure) 0.55 +66 236
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Fig. 1: Graphical depiction of the variation of the optical density
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each radiograph yields a different optical density at the fuel pin edge.
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DIGITAL DEBLURRING OF RADIOGRAPHIC IMAGES

BY

LAWRENCE J. LAGIN

GRUMMAN AEROSPACE CORPORATION

This presentation represents only a small part of the efforts done by a group
of Grumman engineers and scientists in the field of image processing. Specifi- -
cally, I will describe the results of a study in which a digital minicomputer
was used to deblur radiographic images.

As many of you know, a blur or penumbra in x-ray images is produced as a re-—
sult of the finite size of the focal spot in an x-ray unit. This is often
the principal limitation on the resolution of radiographic systems.. If the
focal spot size were reduced, the contrast and resolition of an x~ray image
would be improved. However, due to the long term reliability considerations,
larger x-ray sources are required, resulting in blurred radiographic images
of poor contrast and resolution. .
' ' 1
This is an image of what a focal spot in the x-ray tube looks like. In the
blurring process, every point in the object plane because of this finite size
focal spot in the source plane.2 We can get a better feel of what really goes
on by looking at this side view diagram, which shows the outer rays going out
from the focal spot in the source plane, going through an aperture {which -
represents a peint in the object plane being x~raved) and eventually forming
this blur or penumbra around the original image of the focal spot.-” This blur
is compounded in that every point in the object plane produces this blurring
effect because of the finite size of the focal spot. '

Mathematically, this blur can be expressed as a convolution integral in Eqg. {1},
whereby h represents the point spread function of the blurring. process, £ is
the ideal image and g is the blurred image.‘+ In this case, the point spread
function h, which is defined as the response due to a delta function impulse
at the object plane, is none other than an image of the focal spot taken with
a pinhole camera in the object plane (similar to the focal spot image I showed
to you before). This integral basically says that if T took my focal spot
image and moved it point by point throughout what was my ideal image, I would
obtain my blurred image. In our case, however, we have a blurred image g

and can represent what our point spread function h by our focal spot distri-
bution, but we want to obtain what our ideal image f looks like.

We can do this by taking the Fourier transform of Equation (1), whereby we

get the Fourier transform of the blurred image G is equal to the Fourier trans-
form of our focal spot H multiplied by the Fourier transform of our ideal image
F. Or for that matter, F is equal to G divided by H. By taking the inverse
Fourier transform of F, we can get £, or our ideal deblurred image.

+ s s . .
Numbers indicate appropriate slides, as given on subsequent pages.



This can be done by using a Fast Fourier Transform (FFT) algorithm. However,
in our effort to develop a practical deblurring scheme, we wanted to use a
minicomputer to perform our deblurring process. When we attempted to use the
FFT, no matter what we tried, we were unable to reduce the time required to
perform the entire process in less than an hour and a half using the mini-
computer.

We therefore sought a faster alternative. We applied a mathematical model
first presented by Papoulis for approximating point spread functions for
deconvolution.* This was accomplished by making several assumptions. First,
that the point- sprea% function or focal spot distribution was significant for
a small region only.” This assumption is quite valid in this application be-
cause the focal spot size is many times smaller than the image we are trying
to deblur. Eg. (2) is an expression for the Fourier transform of the point
spread function. The exponential can be expanded in a power series and by
using assumption (1), we approximate this integral by chopping off all powers
greater than 2. If we also normalize h and assume that its center of gravity
in the X and Y direction is.at the origin, again a good assumption, it can be
shown that by grinding out the mathematics, we get the following expression-f
{our deblurred image) is approximately equal to g (our blurred image) minus
an expressing involving seco%g derivatives of g and second order moments of
our focal spot distribution.

In other words, in deblurring an image using this approximation, one does not
have to go into the freguency domain and perform some long, complicated FFT op-
eration, but only has to know what his blurry image and what his focal spot 1mage
are, and effect the deblurring process.

This is a plcture of the Image Processing system we used to perform the process.7

The blurred images and focal spot images were digitized into 256 levels of grey

ranging from O (black) to 255 (white). Images were digitized into 480 rows by .

512 columns. The mincomputer was a Hewlett Packard 2108 interfaced to a 14.7 megabyte
disc system. The software executive system occupied 14K of memory, leaving only 10K
of memory for image processing, which presented innumerable problems.

This slide shows an example of the increased rgsolution and clarity attained using
this approximation technique I have described. At top is a blurred radiograph of a
key taken with an x-ray unit with a finite size focal spot. At bottom is the pro-
cessed deblurred image of the same key. Similarly, at top is a blurred radiograph
of an electron beam weld and bottom is the deblurred version of the same image9
Note to the left of the weld zone this black dot which is indicative of a defect in
the weld. This is not at all apparent in the original, as you can see. Finally,
in our efforts to develop image processing techniques for aerospace applications,
we became involved in applying our developed techniques on mammograms for early
breast cancer detectlon.loAt top is a blurred image of a mallgnant tunor.

* A. Papoulis, Approximations of Point Spreads for Deconvolution, Journal Opt.
Scciety of America, Vel. 62, No. 1, January 1972.
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The bottom image is a deblurred image of this radiograph. Note in the center
this bright white indication. This is calcified tissue which was not
noticeable in the above version, but was detected by ocur deblurring algorithm,
and was subseguently, I might add, verified in the reports concerning
this case.

I might alsc mention that our entire deblurring algorithm took approximately’
20 minutes to perform on the minicomputer, and this resulted in a great re-
duction in time compared to techniques I have mentioned.

In conclusion, these results have shown that this approximation technique can be
successfully used to deblur industrial and medical x-ray images, producing de-
blurred images of greater clarity, contrast and resolution. With this technique,
low cost minicomputers can be used efficiently, therefore enabling practical
application of deblurring concepts. '
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INTRODUCTION

»

Optronics International, Inc., offers a family of high-speed, high-precision, image

digitizing/image recording instruments. The rotating drum systems combine high scan/

plot speeds with an optimum in image resolution, density discrimination, pixel accuracy,

-chromatic fidelity, and the ability to digitize and plot very large image formats. In con-
trast to CRT designs, these electro-mechanical instruments have excellent signal-to-noise
ratios and permit uniform, repeatable film recording without geometric distortions, vig-
netting, blooming or light-spot défocusing. From the first single-channef scanning micro-
densitometer built in 1965 to our recent eight channel scanner/plotter and large format

color film writer, Optronics has remained the leader in image processing equipment.

System P-1000 Photoscan

—_—

L — g
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SYSTEM P-1000
PHOTOSCAN

_ Salient Features

* [ntegrated unit with state-of-the-art components.

» High speed two-dimensional scan.

¢ High accuracy and repeatability of data.

e Drift-free operation.

Optical density display.

Wide optical density range.

¢ 256 gray levels (O to 2D or O to 3D optical density
range).

» Selectable scanning rasters.

e High-accuracy chemically etched apertures turret-
mounted for ease of selection.

* Digital data output -- position and optical density.

° Qutput to magnetic tape (7 or 9 track industry
compatible} or interfaced directly to eomputer.

s Orthogonal sampling grid.

® Computer software library {amplified as programs
become available).

* Designed for ease of operation.

System Description

The Optronics International, Inc., Photascan System
is a high-speed digital microdensitometer. The system
incorporates an electro-optical rotating drum which
rapidly converts photometric and/or photogrammetric
-data on film transparencies to digital form for computer
processing.

A film transparency is placed over an opening in the
drum and clamped to it such that the film adheres
exactly to the machined cylindrical surface of the
-drum. A Koehler illumination system ensures uniform
“illumination and focusing of turret mounted apertures
on the film surface. The light transmitted through the
~film is measured by means of a photodetector and
converted to 256 gray levels.

The effective spot size for the iluminating light is
selectable in the following sizes: 15, 30, 55, 110 and
220 microns square. The receiving or imaging optical
apertures are selectable at 12.5, 25, 50, 100 or 200
_microns square.

The illuminating and imaging optics are mounted on
opposite arms of a “C" carriage through which the
eylinder drum rotates. Optical density of the film along.
the circumference of the drum (Y direction} is measured
every 12.5, 25, 50, 100, 200 microns or greater and the
process is repeated until the total area of interest is
scanned. Any rectangular area of a film, the limits of
which. are selectable by the operator, can thus be
scanned with a line separation { AX, AY) of 12.5, 25,
50, 100, 200 microns or greater depending on the model
selected,

An opening in the drum provides for the measure-
ment of light transmission through air. The densito-
meter photodetector system is recalibrated by this
measurement once per revolution. Since the drum speed
is high, varying from 1 to 8 revolutions per second, the
drift of the instrument is far less than the least signifi-
cant bit of density data.

The detector voltage resulting from the light trans-
mitted through the film is amplified logarithmically,
digitized, displayed, and recorded. This number is repre-
sentative of a gray level in the density range selected,
thus a number of 255 would be equivalent to an optical
density of 2 for a sensitivity range of 0 to 2D, or to an
optical density of 3 for a sensitivity range of 0 to 3D.
Optical density is defined as the log 1, / 1, where
l, is the light intensity impinging on the detector
through an air path and [, is the light intensity of the
transmitted hght :

Reflectance capability is a standard option for the
System P-1000. Opaque materials such as documents,
charts or glossy prints are digitized by measuring re-

‘flected light. Fiber optics deliver light from a high

intensity quartz halogen lamp and focus it from two:
orthogonal directions onto the print. A white “reflec-
tance strip” mounted on the drum provides for cali-
bration of the system once per revolution.

The scanner can be interfaced to its own 7 or 9-track
magnetic tape drive or directly to the input bus of a
computer. Scanner specifications are described in a
separate section of this brochure. :

For a discussion on your application area and a dem-
onstration, contact the Sales Department at Optronics.




YSTEM P-1500

PHOTOWRITE
ilient Features : :
e Integrated unit with state of-the-art components.
o High-speed, two directional plot.
e High accuracy and repeatability of data.
64 repeatable gray levels.
Wide optical density range. _
256 energy levels (0 to 2.5D optical density range).*
Selectable writing rasters.
High-accuracy chemically etched apertures turret-
‘mounted for ease of selection.
Digital data input - position and optical density.
¢ Input from magnetic tape (7 or 9-track industry
- compatible) or interfaced directly to computer.
» Orthogonal sampling grid (raster).
o Designed for ease of operation.
e QOperable in normal lighting conditions.
Dependent on film gamma and development pro-
cedures.

¢ © 9 & o

ystem Description

‘The Photowrite System P-1500 is a high-speed digi-

ar film writing system. An unexposed film is clamped-

o the outside of a circular rotating drum. A beam of

light, modulated by the digital information, is allowed
to illuminate the film.

~The film is exposed as it rotates over the light source.
After each rotation, the optical carriage is stepped in
the axial direction at the selected raster and the process
is repeated until the total area of interest has been
exposed. _

The optical system consists of a light-emitting diode
source, selectable apertures and a lens system to focus
the beam onto the film. The low magnification optics
ensure a wide focal tolerance at the film plane.

The film drum and optical path are enclosed in a
tight-tight cassette which is demountable for transport-
ing the film.

In the standard system, the use of high-speed film
permits very short exposure times resulting in high re-
cording rates up to 60,000 points per second.

The -dynamic density range of the film is approxi-
mately 2.5 optical density units with an associated low
fog level. The light is modulated by 256 energy levels
vielding 64 repeatable gray levels on the film with
ordinary film developing techniques. _

Spatial resolution on the film ranges from 40 to 2.5
line pairs per millimeter {12.5 to 400 um). ,

The film writing system can be interfaced with either
a magnetic tape transport or directly to a computer.

System P-1500 Photowrite




SYSTEM P-1700

PHOTOMATION MARK ||
Salient Features

Integrated digital film scanning and writing unit
with state-of-the-art components.

High-speed two-dimensional scanning and writing.
High data accuracy and repeatability.

Drift-free operation.

Selectable raster and aperture sizes.
Turret-mounted precision apertures.

Truly orthogonal raster.

Digital data position indicator {optional).

Optical density display in scan mode.

256 gray levels over 2D or 3D selectable optical
dénsity range in scan mode. .

256 energy levels over 2.5D optical density range
in write mode (depends on film gamma and devel-
oping). :
64 repeatable gray levels in write mode.
Gamma correction,

e Available for film formats from 16 mm. to 56 x 61
cm. and optionally larger (for formats in excess of
25 x 25 cm., separate scanning and film writing
units are supplied).

e System designed for easy. operation in normal
lighting conditions.

s Uses one light source and detector ({in standard
system) for total data mensuration assuring op-
timal density discrimination and geometric ac-
curacy.

System Description

The Photomation Mark |} is an electro-mechanical
rotating drum scanning and writing system for digitiz-
ing, manipulating, enhancing and reconstructing graphic/
photographic imagery. Optronics has combined its Sys-
tems P-1000 and P-1500 into the P-1700, a high-speed,
high-precision, digital image processing systemn. All the
flexibility of separate systems is retained but common
components allow a lower cost.

System P-1700 Photomation




STEM C4100
OLORSCAN

..ient Features

» Two-dimensional, high-speed, computer-controlied

" color or black and white film scanning.

» High data accuracy and repeatability in multiple
pass scanning. T

» Drift-free operation.

» Selectable raster and aperture sizes.

s Turret-mounted precision apertures.

1 Turret-mounted narrow-band interference filters.

» Truly orthogonal raster.

@ Data position indicator.

» Optical density display.

v 256 color intensity levels over 2D or 3D selec--

table optical density range.

» Gamma correction.

» Standard systems available for film formats from
16 mm. to 35 x 43 cm. (14" x 17"}, larger sys-
tems on special order,

» Convenient operation under normal lighting condi-
tions.

- System Description

" The Optronics International, Inc., Colorscan allows

“the quantitative separation and digitization of each

emulsion fayer of color film. A color transparency is
mounted on a rotating drum system similar to that
described for the P-1000. A cold light source allows the
sequential measurement of each spectral region of the
film without thermal effects altering film character-
istics. Turret-mounted, narrow-band interference filters
allow the precise selection of the wavelength range to
be examined. ‘

Light transmitted through the film is measured using
a photo-detector matched to the interference filter
being used. The effective spot for the illuminating optics
is selectable in the following sizes: 30, 556, 110 and 220

~ microns square. Receiving or imaging optical apertures

are selectable at 25, 50, 100 or 200 microns square.
As with the P-1000, the detector voltage is ampli-
fied logarithmically, digitized, displayed and recorded.
An eight-bit word (256 levels} represenis the color in-
tensity in the density range selected.
The Colorscan, C-4100 is designed to interface
directly with any mini-computer.

STEW C-4300

OLORWRITE
‘ient Features

+ Two-dimensional, high-speed, computer-controlled

color or black-and-white film plotting.

» High data accuracy and repeatability in multiple-
pass plotting. '

o Drift-free operation.

» Selectable raster and aperture sizes.

v Turret-mounted precision apertures.

» Truly orthogonal raster. _

= 32 repeatable density levels per primary color, or

64 repeatable gray levels in black and white opera-

tion, depending on film gamma and developing

method.

» Gamma correction.

@ Standard systems available for film formats to
35 x 43 cm. (14" x 17"}, larger systems on special
order.

+ Convenient operation under normal lighting
conditions. '

System Description

Digital data are converted into analog imagery and

_ plotted directly onto film. Unexposed film is clamped

over the writing drum which is mounted in an easily
detachable light-tight cassette. The film is exposed by
pulse moduiation of a light beam from a white-light
source focused onto the film plane through a precision
aperture and lens system. Color writing is accomplished
by three sequential exposures through selected red,
blue and green filters. For monochromatic image recon-
struction a clear filter is provided.

The film may be exposed at every raster point along
the circumference of the drum (Y-direction}. After each
rotation, the optical carriage is stepped in the axial
(X) direction at the selected raster interval, and the
process is repeated until the total area of interest has
been exposed. The modulation range of the linear-out-
put white light source is 100:1, producing a dynamic
film density of 2D - depending on film developing
method. Spatial resolution on the film ranges from 20
to 2.5 line pairs per millimeter or 25 microns to 400 ym.



SYSTEM C-4500

COLORMATION MARK I
3alient Features’

e 3 & o 0 9o o

Integrated digital color film scanning and writing
unit with state-of-the-art components.

High-speed two-dimensional scanning and writing.
High data accuracy and repeatability.

Drift-free operation.

Selectable raster and aperture sizes.
Turret-mounted precision apertures.
Turret-mounted narrow band color filters.

Truly orthogonal raster.

Digital data position indicator {optional).

Optical density display in scan mode. )

256 color intensity levels over 2D or 3D selectable
optical density range in scan mode.

256 energy levels over 2.6D optical density range
in write mode {(depends on film gamma and devel-
oping). !

32 repeatable density levels per color, or 64 grey
levels in write mode.

o Gamma correction.

o Available for film formats from 16 mm. to 56 x 61
ctn. and optionally larger {for formats in excess of
25 x 25 cm., separate scanning and film writing
units are supplied).

s Systern designed for easy operation in normal
lighting conditions.

o Uses one light source and detector {in standard
system} for total data mensuration assuring op-
timal density discrimination and geometric ac-
curacy. :

System Description

The Colormation Mark il is an electro-mechanical
rotating drum scanning and writing system for digitiz-
ing, manipulating, enhancing and reconstructing color
imagery. The System C-4100 and C-4300 have been
combined into a single high speed, high precision
color digital image processing unit.

System C-4300 Colorwrite




’ YSTEM P-1800

rHOTOMATION MARK I}
Standard Features
o Scans black/white material at 50 micron resolu-
tion.

_® Automatic thresholding and bi-level run-length en-
coding to compress data for ease of data manipu-
{ation.

» Uses reflectance mode to eliminate the necessity
 of preparing film for scanning.
o Uses 8 parallel heads for high-speed scanning in
black/white mode.

~» Scans 43 x 56 cm (17" x 22") area in under 7
minutes.
* Plots black/white material at 50 micron resclution
 with automatic run-length encoding.
e Piots full 43 x 56 cm (17 x 22") area in under 7
minutes.
“ e Accepts 46 x 58 em (18" x 23"} film, prmt or
- line art material.
* Scans continuous-tone material at 200 micron
resolution with 128 gray level representation.
e Input density range control.
‘e Density of 2.6D.
e Uses two parallel channels in continuous-tone for
high-speed operation,
¢ Plots continuous-tones as electronic halftones for
. printing with 65 or 125 line/inch screens.
e Halftone spots synthesized from an 8 x 8 matrix
- of 25 micron spots.
» Repeatable outputs in 64 levels of gray.
Removable scanning drums and film cassettes.
» Convenient operation under normal light condt-
tions.

¢ Complete with interface to Computer Automation

LSI-2 computer and 9-track magnetic tape sys-
tem.

~Jtions
* Continuous-tone plotting on film.
* Resolution of 25 microns for line-art and 100 mic-
rons for continuous tone.

~'stem Description

The Photomation P-1800 is a single instrument for
" high-speed scanning and plotting of large format

1agery. Charts, maps, text and photos as large as 43 x
6 cm (17 x 22’ '} are scanned or plotted in less than
~ven minutes.

Input/Scan Mode

Imagery is mounted on a removable drum. The light
source and detector are below the drum and move
axially as the drum rotates at three revolutions per
second. Reflected light is detected by an eight element
photodiode array with an effective resolution of 50
microns.

For line art, each of the eight detector channels are
thresholded to black/white data thus each image ele-
ment {pixel) requires only one information bit for stor-
age. The data is further compressed by run-length
encoding, which effectively only records changes from
black to white or white to black. A typical engineer-
ing drawing requires about 1/75th the digital storage
space when compressed in this manner. _

For continuous-tone imagery such as photos, the

.photodiode array operates as a two-channel detector.

Effective resolution is 200 microns (125 lines/inch) and
the digital image is stored in a continuous-tone, 128
gray level format.

Output/Plot Mode

Film is loaded on a drum in a removable film cassette.
The cassette fits into the scanner/plotter in such a way
as to allow normal lighting conditions at all times. The
film is exposed as it is rotated over the light source. At
the completion of one revolution, the light source steps
axially to expose a new area.

A multi-channel, hqht—emittlng diode array is used
to expose up to 240,000 data points per second. An
electronic screen automatically changes optical density
data to halftones representing 64 or 128 gray levels.

Three film formats are available. The first format,
designed for line art, plots eight lines of run-length en-
coded data at a time. Each pixel contains a single-bit
(black/white} datum. After one revolution of the drum,
the plot head steps 400 microns and the next set of
eight lines are plotted.

Pictorial imagery can be plotted either at 65 or 125
lines/inch. For higher resolution, two lines are plotted
at a time with the pixels measuring 200 microns square.
Lower resolution imagery is plotted one line at a time
with each pixel measuring 400 microns square.




SYSTEM P-1550

PHOTOPLOT MARK |
~ Salient Features

Automatic halftone screen generation at 65 or 125
lines/inch.

High speed two dimensional plotting.

Convenient operation under normal lighting con-

“ditions.

High data accuracy and precision.

Drift-free operation.

50 micron center-to-center pixel generation.
Multiple-array plot head.

Truly orthogonal raster.

Large 43 x 56 cm (17 x 22”) film format.
Detachable drum for easy film loading
and unloading.

Options

» 128 gray level continuous-tone autput.

o 25 micron center-to-center pixel generation.
Jumbo film formats as large as 91 x 91 cm
(36" x 36").

Gammma correction.

Digital position indicator.

L]

-]

System Description

The P-1550 is a special plot-only version of the
P-1800 and contains all the features described under the
P-1800 Output/Plotting Mode.

System P-1800-Photomation Mark 111




t | . . :
Black/ Maximum Trans- ) : Typica! Dimensions
Seanner (S) Wh':c (B) format mission (T) Density Density Data Rate _ including Power . Operating
canne ite | size Reflec- Range Discrim- Data Points/ | Positional Maximum table Require- Shipping - | Temperature
System # Writer (W) Color {C) inches/cms tance {R} {Specular) ination second Accuracy Resolution L w H ments Weight Range
5!1 x 7'1
12.5%17.5 cms 0-10 . .
- i 12.5 microns| 56” 23" 62" 0,0
P-1000 s B to T 256 2 microns 450 |bs, 68° +5°F,
24" % 24" R-optional 0-20 levels 36,000 rm.s./fems. | 40ip/mm, | 142 B8 167 600 W. 205 Kag. 20 #3¢C.
60 x 60 erms 0-3D 2000 I/inch “ems, -
10" % 10"
25 x 25 cms. 256 9 mi 25 micron |56 23" 62" .
. 2 0
C-4100 s c to T 0-2.5D per 35,000 —rm”;‘?;;“: 20 Ip/mm, | 142 58 157{ 800W. f}gg :?5- gg 5350':-
24" x 24" color MSEMS- 1 1000 1fineh ems. g. +3C.
60 x 60 cms.
10" x 10"
25 x 25 cms, 0.2.5D 256 e 12,5 mi 56" 23" §2'
) -2. +2 microns -9 MHCTons 350 Ibs. 0 459
P-1500 w B o N/A 0~ Fog light 35,000 | e sems | 40 ip/mm, | 142 58 157| 600W. lBoky | WASF
17" x 22 intensities 2000 Ifinch cms. -
45 x 56 cms. :
10" x 10" : ‘
25 x 25 ems. , 50 microns |56 23" 62" 0.c0
C-4300 W c 0-2.6D 256 12 microns 400 ths. 68° +B-F,
o | VA 0= Fog light | 20000 | Tmsjems. | 10Ip/mm, | 142 88 1871 800W. | grxg | 2043c.
177 % 2 intensities 500 tinch ¢cms.
45 x 56 cms.
| per color
. 12.5 microns| 66" 23" 52" : 0 ,r0
P-1700 B 10" % 10" T S) 256 levels | 35 o0 (B) | +2 microns 650 Ibs. 68% +5°F,
S&W 8) 0-3D N 0 = 40 1p/| 142 58 157| 1200W,
C-4600 _opti W) 256 light p/imm, 300 Kg. 2043 C.
{ ) {c 26x 25¢cms. | R-optional | wy 250 intensitiis 20,000 (C}| rm.s.fems. | ,nnn \finch o, X
A
50 microns | 52" 24’7 45" 400 1bs 689 +59F
17" % 22" 2 levels 240,000 +5 microns : ) ae
P-1550 w B X ' x 10 Ip/mm, | 132 61 114] 1600W, 182 K 20+3C.
43 x 56 cms. N/A 0-2.5D D Max/D Min r.m.s.fems. { 500 l/inch cms. g 13
S) 127 levels
) selectable +5 microns 50 microns |52 24" 45% 400 Ibs, 680 +5°F,
P-1800 SaW 8 17" x 22" R 8) 025D W} 2 levels 240 000 s foms. 10 ip/mm, | 132 61 114 1800 W. 182 Kg. 20+3C,
_(P-1722) 43 % 56 cms. W) 0.2.5D or ! 500 1finch ems,
64 levels
Note: . o
1. Models are available for direct interface to a mini-computer or magnetic tape. {See Brochure No, 40}, ’
2. Interfaces are available for a wide variety of different mini-computers and associated peripherals {See Brochure Na, 40},
3. High speed versions of the P-1000, C-4100, P-1700 are available with data rate to 125,000 pixels per second,
4. Input power requirements are 110/120 volts, 60 Hz, or 220/240 volts, 50 Hz. to be specified at time of order,
5. Most used sizes are 10" x 10" and 17" x 22",
6. P-1700 and C-4500 Systems with larger than 10" x 10" formats are supplied as separate P-1000 and P-1500 units. Brochure #23
7. C-4500 Colqr Systems are available to 40 1p/mm. although commercially available color fitm does not warrant this resolution,




Qutlined below are some of our other standard systems., Further details on these and on other Optronics

- equipment will be provided on request,

FLAT-BED SYSTEMS

;-2000 STRIPSCAN. A digital scanner for unidimensional analy-

is of Debye-Scherrer and Guinier powder diffraction films and
emission-spectrographic plates. Equipped with optional, manual
¥ movement, it is widely used for scanning mass spectrum plates.

tandard film/plate size 10 cm x 36 em. Sampling rasters 12.5,
-5, 50,-100 and/or 200 u {2.5 pi optionally avaitable). Density
range 0-3D. Positional aceuracy in X axis 1 p/cm, 5 u over 36 em.
“Maximum data rate 200 readings/sec. Available with magnetic

ape, paper tape or computer interface. Larger X and Y dimen-
sions, motorized Y drive and other features avallable on special
order. : .

-3000 SPECSCAN. A high-resolution X and Y scanner for films
T glass plates up to 25 x 25 om (optionally targer).. Air-bearing
precision measuring stages. Sampling raster in X and Y directions

, 5, 10, 25, 50 and/or 100 u. Density range 0-4D. Positional

ceuracy 1 u/5 em. 256 output gray levels. Maximum datd rate
2000-5000 points/sec depending on model. Direct viewing screen,
Digital X/Y position and density/transmission readout. Roll-film

ttachment optional. Modified versions available on special order
or simultaneous trichromatic scanning and reﬂectance scanning
of opaque materials.

Jther systems available: Scanners for cinefilm, holograms, facsimile.
‘pecial optics for laser beam manipulation, Fourier transform systems,
underwater imaging. Spectrochemical laser ion probes.

. —300 SPECSCAN

FROM SPACE OPTICS RESEARCH LABS, A DIVISION OF OPTRONICS INTERNATIONAL, INC.:

Off-Axis, reflective CO.,, & chemical laser beam expanders/
collimators. Air-cooled, water-cooled, variable focus & high
quality visible models available with A/8 wave front accuracy
@ 0.63p. 22 various magnifications.

-+ Metal Mirrors: Flat, spherical, or parabolic. Enhanced silver,
- gold, or copper coated. Aluminum, molyhdenum, or copper
substrates.

» Off-Axis, high quality glass parabolic mirrors. 99% reflectivity
through the [.R.

* Mirror and lens mounts.

» Fourier Optics Systems, lenses, collimafors, pinhole spatial
filters, and liquid gates.

« 1.06y laser fusion aspheric lenses and bearmn expanders.
> Infrared wide or narrow field germanium lens systems,

Barium Fluoride, KRS-5, Germanium, and Zinc Selenide single
element lenses and expanders.

Optical design, fabrication, and sophisticated testing capabili-
ties,

GERMANIUM SINGLE-ELEMENT ASPHERIC LENSES




etailed product literature please write to: _ ‘ /52 A ’9 /V .S ’ gf?‘ Ri’? ETT
FRONICS INTERNATIONAL, INC. TELEPHONE: {617} 2564511

5sTUART ROAD - CABLEGRAMS: OPTRONICS, CHELMSFORD, MASS. US.A.
IELMSFORD, MASSACHUSETTS 01824 U.S.A. TELEX: 04-7443 OPTRONICS CHFD,

Brochure #23




DIOGRAPHIC IIMA

Q! IMAGE ON FILM

PENETRAMETER
i
[ I
RESOLUTION | _ viSIBILITY OVERALL CONTRAST
(HOLES) (Go) (OUTLINE) L
G; = Film Contrast
' G, =|Gix Gy . G = Part Contrast
| | | I |
REST OF SYSTEM QUANTUM REST OF SYSTEM
'GEOMETRY FILM NOISE FILM (G1) (Gm)
I DIA | RECORDING MEDIA |_SOURCE | PROBING MEDIA
SOQURCE GRAIN Output FILM TYPE ENERGY
Focal Spot Size Inherent - Condition Speed KyCP
Isotope Size Developed Energy Gradient KyP
Distance (F-FD) Density Time Fog Isotope
Angle Gradient Development Rate Tube Condition
v TRANSDUCER oo
Tube Condition CONSTRUCTION Speed Grain Distribution BEAM MODIFICATION
ART Number of Coatings ' : ' | DENSITY. Low Atomic Number Environment
Thickness Base Thickness R'ECORDING MED'_A : Berylium Window '
Distance (P-FD) Emuision Thickness _ g”n'! Speed (PROCESSING) Glass Window
Edge Sharpness rain Develo . Collimation
: pment Time : .
(Angu[atlop) (PROCESSING) Development Development Temperature External Filtration
| REMNANT TRANSDUCER Development Time _\MNQ_ . Development Activity PART
SCREENS Development Temperature Magnification Material
None Development Activity AMPLIFICATION Filtration
Lead Print Film Thickness Changes
Salt Iron Toner REMNANT TRANSDUCER
Contact TV Control SCREENS
Thickness Microdensitometer Secondary Absorber
_INTERPRETATION Electron Emitter
VIEWING _ Light Emitter
Angle John K. Aman : Back Scatter Absorber
Magnification E.l. duPont de Nemours & Co. Inc. INTERPRETATION
Distance Photo Products Department VIEWING
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