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ABSTRACT

Advances in radiography are reviewed and eighty-one references are cited to provide additional
information. The review includes information on x-ray sources in terms of output, portability and imaging
geometry and detectors in terms of films and screens, electrostatic methods, real-time techniques and
solid state devices. Inspection .methods utilizing radiations other than x-rays, neutrons and charged
particles, expand the inspection problems suitable for radiography. Technique? such as tomography, digi-
tal radiography and image enhancement are described. Tomography, in particular, provides excellent
capability to characterize materials and discontinuities.

INTRODUCTION

Radiography has been widely used for in-
dustrial inspection for a long time, a fact that
makes most people think that nothing new is happen-
ing in the world of radiography. Many would argue
that Wilhelm Roentgen would have no difficulty per-
forming radiographie inspection were he to come
back and try it today. Nevertheless, there have
been dramatic improvements since his time. New
capabilities in x-ray sources include higher vol-
tage and current, pulse techniques, smaller focal
spots, portability, ease-of-use, and high reliabil-
ity. Detector improvements include films, screens
and scintillators, real-time methods, electrostatic
methods and solid state detectors. We now use many
radiations for radiography (x-rays, gamma rays,
neutrons and charged particles) and we can process
radiographie information to accomplish such things
as image enhancement, tomography and digital radio-
graphy. Many of these advances are cited in this
review, along with references for further informa-
tion.

X-RADIATION SOURCES

X-ray sources available today give indus-
try radiographie capability over a wide energy
ran^e, from energies of a few kV to highly pene-
L i.i Ling radiation to at least 30 MeV, the higher
energies making it possible to radiograph steel to
a thickness of about 60 cm (2 ft.). (1)

A specific advance involves a new genera-
tion of x-ray tubes combining metal and ceramic
materials (2,3); these offer advantages over con-
ventional glass x-ray tubes. Ceramic tubes yield
greater resistance to shock and provide easier
electrical connections and light weight. Such
tubes are used in x-ray units for low and medium
x-rav energies (to about 400 kV). Newly designed
x-ray heads for these energies veigh about 100 kg
or less (2).

Tubes employing field emission cathodes
have been used for flash radiographie studies,
particularly for explosive and military applica-

tions. Fixed sources with energies as high as 30
MeV and pulse durations of tens of nanoseconds
have been used for flash radiography (4,5,6). Port-
able units in the range 100 kV to 2 MeV are avail-
able and have helped expand flash radiographie
applications to industrial problems such as stud-
ies of the casting process. In the medical field,
very high output x-ray tubes employing rotating
anodes have long been used for medical radiographs
with exposure times in terms of hundredths of a
s?cond (7) to provide stop-action radiographs in
a dynamic biological environment.

In recent years there has been develop-
ment of Rmall spot x-ray sources to provide sharp-
er radiographie images and permit projection rad-
iography. Units with focal spots in the order of
10 to 15 Jim have been used to detect microporosity
in cast turbine blades using radiographs taken at
magnifications of 12X to 20X (8), Such x-ray
units are limited in x-ray energy, typically pro-
viding an accelerating voltage of 80 kV (to 100
kV with intermittent use). Small focal spot units
are also available with rod anode Lubes (9,10,11)
to permit radiography of inaccessible items such
as tube Lo Lubesheet welds i10). Units of this
type provide x-ray energies up to 150 kV and a
focal spot of 0.1 mm. The rod anode extension
(9) can be obtained in diameters from 9 to 15 mm
and in lengths from 300 to 1000 mm.

Kadioisotope sources can also lie used in
such applications. A source recently available,

Yb, yields radiation over the energy range from
53 to 310 keV (12-14). Much of the radiation in-
tensity is in the 180 to 240 keV energy range,
making the source useful for many applications not
practical for the more widely used high energy

radioisotope sources Co and *"Ir. The first
half-value-layer (HVI.) for this source is 4.3 mm
steel (about ISO keV effective) and the second
HVL Is about 7 mm steel (13), The radiation out-
put is 0.125 Kads/hr at 1 meter/Ci, Sources up
to 3 Ci (with a diameter of 0,6 mm) and 200 to
400 mCi (with a size of 0,3 mm) are available.
Sources up to 10 Ci in strength (with sizes of
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abouc a mm) have recently been made available (14).
The short half-life, 31 days, is a disadvantage but
the portability and medium energy of this source
will make it useful for many inspection problems.

In terms of x-ray sources, Halmshaw
stated the case well in a recent review: "- the
raal new developments in the last 20 years are in
high energy equipment" (15). The high radiation
output of linear accelerators leads to reasonable
exposure times for large thicknesses of materials;
many thousands of Rads/min at 1 meter are usually
available from a linac operating in the 4 to 24
MeV energy range. A new development of interest in
nondestructive evaluation concerns a portable lin-
ear accelerator, the Minac (16,17). This light-
weight., high energy machine provides an output of
100 Rads/min at 1 meter at an energy of 3.5 MeV.
The x-ray head weighs 90 kg. The unit has now
been used successfully for several field inspec-
tions. Plans to upgrade the unit to an energy of
6 MeV are going forward (16).

RADIATION DETECTION

Although industry now has available (18)
a broad range of x-ray films, both single and
double emulsion, and a variety of screens, includ-
ing metallic, fluorescent, and fluorometallic (19),
many would argue that the significant advances in
radiation detection have been in the areas of image
intensifiers (20-24), solid state devices (25-28)
and position sensitive detectors (29-31).

Real-time detection systems for x-rays
employing image intensifier tubes and closed-
circuit television cameras have provided essenti-
ally immediate inage. response and a spatial resolu-
tion of aboui- 1 to 2 1 ine pairs (lp)/iran in the
recent past. Prospects to improve this spatial
resolution by factors of 2 to 6 appear good.
Sudclman et al (24) envision x-ray systems with a
modulation transfer function (MTF) of better than
505. at 4 to 5 lp/mm in image sizes suitable for
diagnostic radiology. This potential improvement
is leading Nudelman and his colleagues to convert
a large medical radiology center (the 13 examina-
tion ruom, Arizona Health Sciences Center) com-
pletely to a photoelectronic-digitnl radiology
renter (24).

Schagen (23) points out that presently
available fiber-optic intensifier tubes (in a size
50 mm input diameter) provide a spatial resolution
capability of 10 to 12 lp/mm. MicroChannel plates,
now available in diameters of 150 mm, also offer
exciting possibilities for a high resolution,
high gain, compact radiation imaging device (32).

Direct x-ray detection (28,33) by solid
state detector arrays such .is photodiodes and
charge coupled devices presents some difficulties
because the devices tend to have limited response
at high x-ray energies and because the lifetime is
shortened by the extensive radiation exposure.
However, fluorescent screens (27,29,31,33) used
with such devices give these combination detectors
great flexibility for detection and provide the
possibility for removing the solid state detectors
from the penetrating radiation beam by lens-mirror
or fiber-optic coupling. Although the imago area
is usually small (25 mm square is typical) the good
spatial resolution (13 lp/mni cited by McCinnis

(27), for example), the wide dynamic range and the
prospects to perform radiography in a digital
manner (34) all offer attractions.

In many cases, a collimated beam scanning
x-ray system offers advantages in terms of sensi-
tivity. An x-ray densitometer consisting of an
x-ray pencil beam (1 mm in diameter), a collimated
cadmium tungstate scintillation detector and a
photomultiplier, a mechanical scanner, and a digi-
tal image memory, has provided sensitivities of
about 0.25% by reducing scattered radiation (35).
The slowness of the x-ray densitometer technique
can be overcome by the flying spot x-ray imaging
method (36) which involves measuring the x-ray
transmission of a small region of a subject, and
repeating the measurement at adjacent regions in a
raster scan pattern obtained with a mechanical
x-ray shutter device. More recent refinements
have been made by several automated slit-scan
radiography systems (35,37). These consist of a
fan-shaped x-ray beam detected by a strip scin-
tillator optically coupled (using lens or fiber
optics) through an image intensifier to a Reticon
photodiode array (typically, 1024 pixels/inch).
The object is scanned and a radiographie image
obtained by reading out the photodiode array elec-
tronically; the image is stored line-by-!ine in
a digital image memory. Advantages of t!ie auto-
mated slit radiography technique include excellent
spatial resolution (0.025 mm possible), reduced
x-ray scatter and excellent radiographie sensitiv-
ity as a result of the large dynamic range
(1000:1) of the photodiode array. A disadvantage
of the automa t ed slit radiography method, of
course, is its inability to image dynamic compo-
nents in tho ri.inner of conventional real-time
radiography.

Other radiation advances inclmSe electro-
static met hods such as xernrad iô rapiiy ("19,40) and
ionography (4]} and, for neutrons and charged par-
ticles, the track-etch mot hod (42). AU these
detection approaches offer the promi.se of inexpen-
sive radiation image detection - xeroradiography
by means of reusable photoconductive plates and
the other two by means of inexpensive plastic or
insulating sheets as deteitors. lp addition, the
electrostatic methods offer wide latitude and edge
enhancement (because of the fringing field effect
between adjacent areas wtûch are charged differ-
ently). This makes the electrnst.it i r methods
particularly u^cfwl for track detection. The
track-etch cietectors, now used routinely in
neutron radiographie inspection of irradiated
reactor ! uel (4i,44) offer linear response, good
spatial resolution, easy handling in the light and
flexibility in process ing to brin>; out the desired
image information (4^1.

RADIORRAPHIC TFXHNI0.UES/APPUCAT10NS

Although radiography with x-ray.s is
broadly useful, there are occasions when other
radiations are needed. Neutron radiography
(42-50) is being used to solve problems, particu-
larly in the nuclear and aerospace industries.
Applications include the inspection of radioac-
tive materials such as reactor fuel and control
assemblies, explosive devices, investment cast
turbine blades, mechanical assemblies and elec-
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tronic components. Current R & D programs to devel-
op a useful transportable neutron radiographie
system, particularly to detect hidden corrosion in
aircraft, could lead to significant growth in the
use of neutron radiography f50]. The use of con-
trast agents to help detect defects open to the
surface is another attractive application of neu-
tron radiography. Simple contrast agents such as
water, oil or pénétrant fluids can enhance the con-
trast of surface connected discontinuities. Contrast
agents can enhance the capability of neutron radio-
graphy to detect cracks, even when the radiation
beam is not well aligned, as illustrated in Fig. 1.

Figure 1: Thermal neutron radiographs of a liquid-
filled fatigue crack in aluminum at optimum orien-
tation with the radiation beam (left) and at 8
decrees off the beam axis (right).

Real-time techniques for neutron image
detection broaden the inspection possibilities.
Scanning techniques to detect corrosion or en-
trappeJ water in aircraft parts .ire feasible. Mo-
tion studies to observe fluid flow in engines,
pi;-is and other assemblies or to follow the casting
process offer .significant advantages in terms of
diagnostics and the early el iinination of potential
problems (51-53). /

Charged particle radiography has .also beep
dene (5-t-57), One attraction is the grea/ change
in transmission for a monoenergetic charged par-
ticle as it nears its range; this leads to visual-
ization of small thickness/density variations.
Object variations in the order of 0.05',. can be ob-
served. Also, it is possible to visualise edges
very well because of scattering near the edge.
Scattering with high energy charged particles, 1 to
2 e.i'V protons, has also been studied from a radio-
grjphic point of view (58). This technique offers
both detection and three-dimensional localization
of discontinuities. Up to this time however, most
interest in charged particle radiography has been
in medical studies (.56). It is possible to achieve
high radiographie sensitivity and low object dose
by proper placement of the biological item of
interest.

The improvements in small focal spot x-ray
tubes and methods were indicated earlier. These
combine to bring about real-time projection radio-
graphy (8,20). Projection methods enlarge the
image at the detector and, thereby minimize the
resolution limits that may be inherent in the
detactor. However, another advantage occurs also.
The distance between object and detector minimizes
scatter effects from the object, leading to im-
proved contrast (59). X-ray lens systems, with

diffraction-type lenses have al~o been described
for low energy x-ray magnification of images (60).
Asymmetric- diffraction can be used to bend mono-
energetic x-ray beams and focus them for imaging;
magnification imaging with real-time systems has
been done at values as high as 100X. The two-
crystal diffraction Lechnique to expand the image-
carrying x-ray beam in both the x and y direction
is illustrated in Fig. 2. Figure 3 is an example
of an expanded x-ray image.

Figure 2: Two-crystal x-ray lens'configuration.
The image-carrying beam enters from the left, is
expanded in two directions and exits the magnifier
at the right.

Figure 3: An expanded x-ray image of a 1000 mesh
gold screen as detected by an x-ray image inten-
sifier; spacings between grids are Û.025 mm.

The use of real-time methods (20) is on
the increase, as are other methods that lead to
electronic detection of radiation images. Such
techniques can take advantage of the vastly in-
creased capability (and reduced cost) of computer
based systems. Digital radiographie methx »
(24,34), for quantitative data and signal manipu-
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lation in terms of subtraction, enhancement, edge
sharpening, color presentation, etc. are now at
hand. These systems offer the practical advantage
of improved product flow through the inspection
station. In terms of sensitivity, values of 2
percent or better can be obtained.

There has been much interest in obtaining
quantitative data from radiographs (61-65) so that
performance assessment methods such as fracture
mechanics analysis can be used effectively. The
radiographie methods have included assessments of
unsharpness, angled radiographie beams, judgements
based on density variations and stereo and other
three-dimensional (66) imaging approaches. The pro-
jection of a discontinuity to different areas on
the detector and the enhanced capability of the
multiple views all help image, identify and size
discontinuities radiographical ly (see Fig. 4). The
part geonetry, the tlufect type and orientation, the
imaging radiation, nnd the uniformity of radio-
graphic exposure and processing all play key roles
in the accuracy of the defect dimension investiga-
tions.

B| /4M\1\ B
A4 3 2 1 A

Figure 4: Four radiographie views illustrate the
projection of details A and B to different points
on a detector.

One of the most useful radiographie tech-
niques for characterizing discontinuities is tomo-
graphy. Computerized axial tomography, the CAT
scanner, has had a significant impact on radiolog-
ical diagnosis in medicine (67). There is now
strong industrial interest in tomography. Machines
have been designed and built to inspect steel, con-
crete, wood and similar constructional materials
(68-71). These systems provide excellent contrast
(better than 1 percent). Spatial resolution capa-
bility is in the order of a millimeter; high con-
trast detail as small as 0.025 mm can be detected.

DISCUSSION/CONCLUSIONS

Nondestructive evaluation systems, includ-
ing radiography, are being directed toward elec-

tronic, computer-controlled inspection as much as
possible (72-76). Inspection information can be
placed in memory and compared against similar data
from known good components so that accept/reject
decisions can be made in a more uniform manner.

Recent work in radiography leads us
closer to this inspection goal. Pencil and fan
beam techniques, improved image intensifiers and
digital techniques and array detectors provide the
basic tools needed. Radiographie capability with
radiations other than x-rays broadens the range of
inspections that can be accomplished, both in terms
of static radiographie imaging and real-time de-
tection to follow motion.

Tomography will clearly have an impact on
industrial inspection because of its capability to
display (and provide quantitative data for) object
density variations. Improved crack detection is a
natural consequence of tomographic inspection
because of the multiple views. Tomography pro-
vides an excellent characterization technique in
that quantitative information on density varia-
tions, size and discontinuity location/orientation
are readily available from the tomography data
bank.

Along with these improved radiographie
techniques, we are continuing to gain improved
understanding of the radiographie process and its
limitations. Modeling to better understand the
influence of scatter and the properties of detec-
tors (77-80) will provide information that will
lead to even further improvements in radiographie
procedures.

It is hoped that this review (extensive
but not complete because of space limitations) nnd
the many cited references provide convincing evi-
dence that radiographie techniques continue to
advance. The material gives added impetus to a
quotation taken from a recent conference report
(81) prepared by Roy Sharpe of the NDT Centre at
Harwell. His statement is as follows: "It would
be a strange twist of fortune indeed if radio-
graphy were to rise Phoenix-like from the ashes of
its past «lories to recapture some of the lime-
light that ultrasonics has attracted away from it
in recent years." The glories Su<arpe refers to
clearly include improved, more automated inspec-
tion techniques and the capability to characterize
materials and discontinuities.
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DISCUSSION

K. Goebbels (IzfP, Saarbriicken, Germany): I have several questions. You did not mention one of the dis-
advantages of using radic-graphy as a tool for In-service inspection: it is necessary to have the
source on one side of the object and the film or detector on the other. Arp there any incentives
towards further development using a backscattering technique, for example?

Harold Berger (Industrial Quality, Inc., Gaithersburg, Maryland): There certainly are problems in that
mode of operation but some work has been done in backscatter one sided kinds of radiography.
People have taken radiographie images in a backscatter mode using a pinhole camera for example:
I have seen results of measurements through perhaps a quarter of an inch of steel taken in that
mode. However, there are problems in getting through the thick steel that would be typically
involved In a pressure vessel. In terms of other techniques that people are at least thinking
about, there is a strong desire to do tomography in a backscatter mode so that one could basical-
ly reconstruct an image from one side, and I know of development work in that area also. I don't
know the technique that really would be useful at the present time for the inspection of pressure
vessels but, for thinner wall objects, I think there are techniques available.

K. Goebbels: The contrast is increasing if you are decreasing chu energy,
go against this lav? *•

Is there any possibility to

Harold Berger: That depends on how you define contrast. It's verv easy with high energy radiography to
achieve .i tZ to a \7. contrast, whereas in the lower regions, 100 kV or so, typically 13E to 2% is
a fairly common number. Much of the problem in both cases is due to scattering and, if you can
minimize or eliminate scattering, I think you could do a great deal to improve the contrast
available on a radiographie system. Film, of course, has a verv largt dynamic range and the
counting systems such as are used in tomographic systems have a similar wide dynamic range, so the
potential is clearly there for a much better contrast. The industrial people typically do not
take the steps to minimize scattering that the medical people do. One seldom sees a grid used,
for example, in industrial USP, evsn though there is cvldcnc-' to the effect that the industrial
people are slowly becoming aware of the problem.

fric H. Leaver (Consultant, Willowdale, Ontario): Do you see any prospect of an x-rny laser being deve-
loped for flash radiography?

Harold Berger: There certainly have been claims for x-ray lasers and there is promise in the literature
for the development of X-ray lasers; but I'm not sure I see them being used ,-articularly for
flash radiography. This, because if one really did x-ray holography with an x-ray laser, you
would be looking at atomic type dimensions rather than the gross things that we normally look at
with radiography. It would, of course, offer a fast pulse hut I'm not sure tha! that's a requi-
rements we already have equipment that will give you pulses in Hie order of lOn sec. The main
problem in flash radiography, and I suspect it would be with the laser too, is one of intensity.
They have to use very fast detection techniques in order to get enough information on the detec-
tor to make it usable.

Eric W. Leaver: Do you see prospects for the increasing use of radiography in steel mills for in-line
inspection of hot steel?

Harold Berger: Yes I do. In fact, the company whose equipment I have shown, Tomography Scientific
Measurement Systems, has recently sold a piece of equipment to a U.S. steel mill for the dimen-
sional measurement of hot steel. So I think that it is a very viable technique and one that I
Chink will be increasingly used. It offers a great deal of economic incentive, as you well know.

Luc Piché (IGM, CNRC, Montréal, Qui.): In this range of energy, there are two components to the cross
section, one is photoelectric and the other one is Compton scattering. Are there any uses made
of this different nature of the cross sections?

Harold Berger: That's a good point. As far as uses being made of the different attenuation mechanisms,
we of course use the photoelectric effect In a lot of detection mechanisms. Compound scatter is
of course the hope as far as backscatter radiography is concerned and it's not yet clear whether
that will really ever be a useful approach.

Luc Piché: Are there any approaches to spectroscopy rather than looking at the picture?
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Harold Berger: Ir. terms of spectroanalysis of the image, I like that approach. I am personally attracted
to it. There has not been very much work of that type done, and I Chink it offers a great deal of
potential. We're basically, in radiography, doing the same thing I accused the ultrasonic people
of doing, throwing away some information which is in the image, namely the spectral information.

Robert Richard (Hydro-Québec, Trois-Riviêres, Que.): I would like to have your comments on the require-
ments of the codes in general as far as geometric unsharpness. When you talk about improving the
resolution of the film by enlarging the image, it goes against the formulas that they give in the
codes. Can 1 have your comments on that?

Harold Berger: Yes, I see what you mean. There are mentions of geometric unsharpness limitations in
various codes. If one uses a small focal spot, however, one can achieve that, even with a magni-
fied type of image. So I don't think that's necessarily a limitation that one can't live with.
I'll admit in many practical inspection problems it is very difficult to do projection magnifi-
cation radiography, but that is not to say It couldn't be done.

K. Goebbels (IzfP, Saarbrucken, Germany): Can 1 understand the answer to the last question of Mr. Richard
that one is beginning to make quantitative measurements for example, a dimensioning in a steel
mill or to measure an absolute value of the wall thickness of a corroded component,

Harold Berger: Well I think both are being done, but the answer I gave to the previous question was that
a tomographic system has recently been sold to a steel mill Co do dimensional analysis of hot
steel. ..
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