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This standard is issued under the fixed designation E 1000; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A

superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope NCRP 49 Structural Shielding Design and Evaluation for

1.1 This guide is for tutorial purposes only and to outline the ~ Medical Use of X Rays and Gamma Rays of Energies up

general principles of radioscopic imaging. to 10 Me\®

1.2 This guide describes practices and image quality mea- NCRP 51  Radiation Protection Design Guidelines for
suring systems for real-time, and near real-time, nonfilm  0.1-100 MeV Particle Accelerator Facilitfes _
detection, display, and recording of radioscopic images. These NCRP 91, (supercedes NCRP 39) Recommendations on
images, used in materials examination, are generated by Limits for Exposure to lonizing Radiatién
penetrating radiation passing through the subject material and 2-3 Federal Standard: _
producing an image on the detecting medium. Although the Fed. Std. No.21-CFR 1020.40 Safety Requirements for
described radiation sources are specifically X-ray and gamma-  Cabinet X-Ray Machinés
ray, the general concepts can be used for other radiatioxog
sources such as neutrons. The image detection and display ) ] ] ) ]
techniques are nonfilm, but the use of photographic film as a -1 This guide outlines the practices for the use of radio-

means for permanent recording of the image is not preclude&.COPiC methods and techni_ques for mate_rials examinations. Itis
intended to provide a basic understanding of the method and

Note 1—For information purposes, refer to Terminology E 1316.  the techniques involved. The selection of an imaging device,
1.3 This standard does not purport to address all of theradiation source, and radiological and optical techniques to
safety concerns, if any, associated with its use. It is theachieve a specified quality in radioscopic images is described.
responsibility of the user of this standard to establish appro- o
priate safety and health practices and determine the applica?: Significance and Use
bility of regulatory limitations prior to useFor specific safety =~ 4.1 Radioscopy is a versatile nondestructive means for

Summary of Guide

precautionary statements, see Section 6. examining an object. It provides immediate information re-
garding the nature, size, location, and distribution of imperfec-
2. Referenced Documents tions, both internal and external. It also provides a rapid check
2.1 ASTM Standards: of the dimensions, mechanical configuration, and the presence
E 142 Method for Controlling Quality of Radiographic and positioning of components in a mechanism. It indicates in
Testing real-time the presence of structural or component imperfec-

E 747 Practice for Design, Manufacture and Materialtions anywhere in a mechanism or an assembly. Through
Grouping Classification of Wire Image Quality Indicators manipulation, it may provide three-dimensional information
(IQI) Used for Radiology regarding the nature, sizes, and relative positioning of items of

E 1025 Practice for Design, Manufacture, and Materialinterest within an object, and can be further employed to check
Grouping Classification of Hole-Type Image Quality Indi- the functioning of internal mechanisms. Radioscopy permits
cators (IQI) Used for Radiology timely assessments of product integrity, and allows prompt

E 1316 Terminology for Nondestructive Examinatiéns disposition of the product based on acceptance standards.

E 2002 Practice for Determining Total Image Unsharpnes#lthough closely related to the radiographic method, it has

in Radiology much lower operating costs in terms of time, manpower, and
2.2 National Council on Radiation Protection and Mea- material.
surement (NCRP) Standards: 4.2 Long-term records of the radioscopic image may be

obtained through motion-picture recording (cinefluorography),
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video recording, or “still” photographs using conventional tubes, such as the isocon, intensifier orthicon, and secondary
cameras. The radioscopic image may be electronically erelectron conduction (SEC) vidicon, and the advent of ad-
hanced, digitized, or otherwise processed for improved visualanced, low-noise video circuitry have made it possible to use
image analysis or automatic, computer-aided analysis, or botlelevision cameras to scan conventional, high-resolution, low-
light-output fluorescent screens directly. The results are com-
5. Background parable to those obtained with the image intensifier.

5.1 Fluorescence was the means by which X rays were 53 In recent years (circa 1980's) new digital radiology
discovered, but industrial fluoroscopy began some years latg@échniques have been developed. These methods produce
with the development of more powerful radiation sources andjirectly digitized representations of the X-ray field transmitted
improved screens. Fluoroscopic screens typically consist dby an examination article. Direct digitization enhances the
phosphors that are deposited on a substrate. They emit light &lgnal-to-noise ratio of the data and presents the information in
proportion to incident radiation intensity, and as a function ofg form directly suitable for electronic image processing and
the composition, thickness, and grain size of the phosphasnhancement, and storage on magnetic tape. Digital radio-
coating. Screen brightness is also a function of the wavelengt§copic systems use scintillator-photodetector and phosphor-
of the impinging radiation. Screens with coarse-grained ophotodetector sensors in flying spot and fan beam-detector
thick coatings of phosphor, or both, are usually brighter butarray arrangements.
have lower resolution than those with fine grains or thin 54 All of these techniques employ television presentation
coatings, or both. In the past, conventional fluorescent screergd can utilize various electronic techniques for image en-
limited the industrial applications of fluoroscopy. The light hancement, image storage, and video recording. These ad-
output of suitable screens was quite low (on the order of 0.Yanced imaging devices, along with modern video processing
millilambert or 0.343x 107° cd/nT) and required about 30 min - and analysis techniques, have greatly expanded the versatility
for an examiner to adapt his eyes to the dim image. To protecif radioscopic imaging. Industrial applications have become
the examiner from radiation, the fluoroscopic image had to bgide-spread: production examination of the longitudinal fusion
viewed through leaded glass or indirectly using mirror opticselds in line pipe, welds in rocket-motor housings, castings,
Such systems were used primarily for the examination ofransistors, microcircuits, circuit-boards rocket propellant uni-
light-alloy castings, the detection of foreign material in food- formity, solenoid valves, fuses, relays, tires and reinforced
stuffs, cotton and wool, package inspection, and checkinglastics are typical examples.
weldments in thin or low-density metal sections. The choice of 5 5 Limitations—Despite the numerous advances in RRTI
fluoroscopy over radiography was generally justified wheraechnology, the sensitivity and resolution of real-time systems
time and cost factors were important and other nondestructivgsually are not as good as can be obtained with film. In
methods were not feasible. radiography the time exposures and close contact between the

5.2 It was not until the early 1950's that technological film and the subject, the control of scatter, and the use of
advances set the stage for widespread uses of industrigtreens make it relatively simple to obtain better than 2 %
fluoroscopy. The development of the X-ray image intensifiefpenetrameter sensitivity in most cases. Inherently, because of
provided the greatest impetus. It had sufficient brightness gaistatistical limitations dynamic scenes require a higher X-ray
to bring fluoroscopic images to levels where examination couldiux level to develop a suitable image than static scenes. In
be performed in rooms with somewhat subdued lighting, andddition, the product-handling considerations in a dynamic
without the need for dark adaption. These intensifiers CONimaging system mandate that the image plane be separated
tained an input phosphor to convert the X rays to light, afrom the surface of the product resulting in perceptible image
photocathode (in intimate contact with the input phosphor) taunsharpness. Geometric unsharpness can be minimized by
convert the light image into an electronic image, electronemploying small focal spot (fractions of a millimetre) X-ray
accelerating and focusing electrodes, and a small outpwources, but this requirement is contrary to the need for the
phosphor. Intensifier brightness gain results from both the ratigigh X-ray flux density cited previously. Furthermore, limita-
of input to output phosphor areas and the energy imparted tgons imposed by the dynamic system make control of scatter
the electrons. Early units had brightness gains of around 1208hd geometry more difficult than in conventional radiographic
to 1500 and resolutions somewhat less than high-reSO|UtiO§ystems_ Finally, dynamic radioscopic systems require careful
conventional screens. Modern units utilizing improved phosalignment of the source, subject, and detector and often
phors and electronics have brightness gains in excess ekpensive product-handling mechanisms. These, along with
10 000x and improved resolution. For example, welds in steekhe radiation safety requirements peculiar to dynamic systems
thicknesses up to 28.6 mm [1.125 in.] can be examined at 2 %sually result in capital equipment costs considerably in excess
plaque penetrameter sensitivity using a 160 constant potentiaf that for conventional radiography. The costs of expendables,

X-ray generator (keVcp) source. Concurrent with image-manpower, product-handling and time, however, are usually
intensifier developments, direct X ray to television-camerasignificantly lower for radioscopic systems.

tubes capable of high sensitivity and resolution on low-density )

materials were marketed. Because they require a comparativefy Safety Precautions

high X-ray flux input for proper operation, however, their use 6.1 The safety procedures for the handling and use of
has been limited to examination of low-density electronicionizing radiation sources must be followed. Mandatory rules

components, circuit boards, and similar applications. Thend regulations are published by governmental licensing agen-
development of low-light level television (LLLTV) camera cies, and guidelines for control of radiation are available in
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publications such as the Fed. Std. No. 21-CFR 1020.40doosely bound electrons from the inner shells of atoms with
Careful radiation surveys should be made in accordance wittvhich they collide. These photoelectrons have energies pro-
regulations and codes and should be conducted in the exanpertional to the original X-ray photon and can be utilized in a
nation area as well as adjacent areas under all possiblariety of ways to produce images, including the following
operating conditions. useful processes.
. 8.4.1 Energizing of Semiconductor Junctier3he resis-
7. Interpretation and Reference Standards tance of a segmicgnductor, or of a semiconductor junction in a
7.1 Reference radiographs produced by ASTM and accepfevice such as a diode or transistor, can be altered by adding
tance standards written by other organizations may be enfree electrons. The energy of an X-ray photon is capable of
ployed for radioscopic examination as well as for radiographyfreeing electrons in such materials and can profoundly affect
provided appropriate adjustments are made to accommodaf§e operation of the device. For example, a simple silicon
for the differences in the fluoroscopic images. “solar cell” connected to a microammeter will produce a
substantial current when exposed to an X-ray source.
8.4.1.1 If an array of small semiconductor devices is ex-
osed to an X-ray beam, and the performance of each device is
ampled, then an image can be produced by a suitable display
P the data. Such arrays can be linear or two-dimensional.

8. Radioscopic Devices, Classification

8.1 The most commonly used electromagnetic radiation i
radioscopy is produced by X-ray sources. X rays are affected i
various modes and degrees by passage through matter. TFB

provides very useful information about the matter that has beeEinear arrays normally require relative motion between the

traversegl. The d_etection of these X-ray phofcons in_such a Wa@fbject and the array to produce a useful real-time image. The
that the information they carry can be used immediately is th hoice depends upon the application

prime requisite of radioscopy. Since there are many ways o . . .
detecting the presence of X rays, their energy and flux density 8.4.2 Affecting ReS|§ta_nce of Sem|con.d.uc{e.ﬁ§_1e most
mmon example of this is the X-ray sensitive vidicon camera

there are a number of possible systems. Of these, only a fe - )
deserve more than the attention caused by scientific curiosi:gbe' Here the target layer of the vidicon tube, and its support,

For our purposes here, only these few are classified a re modified_ to have an improved sens_itivity to X-ray photons.
described ’ he result is a change in conductivity of the target layer

8.2 Basic Classification of Radioscopic Systerssll com- corresponding to the pattern of X-ray flux falling upon the
monly used systems depend on two basic processes fEHbe’ and this is directly transformed by the scanning beam into

detecting X-ray photons: X-ray to light conversion and X-ray? video signal which can be “Seo! ina varlety- 9f ways. i
to electron conversion. 8.4.2.1 Photoconductive materials that exhibit X-ray sensi-

8.3 X Ray to Light Conversion—Radioscopic Systerits tivity include cadmium sulfide, cadmium selenide, lead oxide,

these systems X-ray photons are converted into visible "gh@nd selenium. The latter tyvo havg begn used in X-ray sensitive
photons, which are then used in various ways to prodchV camera tubes. Cadmium sulfld_e is common_ly used as an
images. The processes are fluorescence and scintillation. Cef=ray detector, but not usually for image formation.
tain materials have the property of emitting visible light when 8.4.3 Microchannel Plates-These consist of an array or
excited by X-ray photons. Those used most commonly are agundle of very tiny, short tubes, each of which, under proper
follows: conditions, can emit a large number of electrons from one end
8.3.1 Phosphors-These include the commonly used fluo- When an X-ray photon strikes the other end. The number of
rescent screens, composed of relatively thin, uniform layers o¢lectrons emitted depends upon the X-ray flux per unit area,
phosphor crystals spread upon a suitable support. Zinc ca@nd thus an electron image can be produced. These devices
mium sulfide, gadolinium oxysulfide, lanthanum oxybromide,must operate in a vacuum, so that a practical imaging device is
and calcium tungstate are in common use. Coating weightgossible only with careful packaging. Usually, this will mean
vary from approximately 50 mg/cfrto 100 mg/cn? that a combination of processes is required, as described more
8.3.2 Scintillators—These are materials which are transpar-completely in 8.5.
ent and emit visible light when excited by X rays. The emission 8.5 Combinations of Detecting Processes—Radioscopic
occurs very rapidly for each photon capture event, and consis8ystems-A variety of practical systems can be produced by
of a pulse of light whose brightness is proportional to thevarious combinations of the basic mechanisms described,
energy of the photon. Since the materials are transparent, théggether with other devices for transforming patterns of light,
lend themselves to optical configurations not possible with thelectrons, or resistance changes into an image visible to the
phosphors used in ordinary fluorescent screens. Typical matéuman eye, or which can be analyzed for action decision in a
rials used are sodium iodide (thallium-activated), cesiuncompletely automated system. Since the amount of light or
iodide (thallium-activated) and sodium iodide (cesium-electrical energy produced by the detecting mechanism is
activated). These single crystal materials can be obtained inormally orders of magnitude below the range of human
very large sizes (up to 30-cm or 12-in. diameter is notsenses, some form of amplification or intensification is com-
uncommon) and can be machined into various sizes and shape®n. Figs. 1-13 illustrate the basic configuration of practical
as required. Thickness of 2 to 100 mm [0.08 to 4 in.] aresystems in use. For details of their performance and application
customary. see Section 10. Table 1 compares several common imaging
8.4 X Ray to Electron Conversion—Radioscopic Systems systems in terms of general performance, complexity, and
X-ray photons of sufficient energy have the ability to releaserelative costs.
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SOURCE OBJECT OBSERVER
TRANSDUCER
TRANSPARENT
PROTECTIVE
SHIELD

FIG. 1 Basic Fluoroscope

SOURCE OBJECT OPTICS OBSERVER
TRANSDUCER

SHIELD
FIG. 2  Fluoroscope with Optics
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SOURCE OBJECT @

TRANSDUCER
LIGHT INTENSIFIER —
MAY BE ONE OF SEVERAL TYPES

FIG. 3 Light-Intensified Fluoroscope

OBSERVER

SOURCE OBJECT LIGHT OPTICS OBSERVER
INTENSIFIER
TRANSDUCER

FIG. 4 Light-Intensified Fluoroscope with Optics

9. Radiation Sources 9.1.2 Useable isotope sources have energy levels from 84
9.1 General KeV (Thulium-170, Tni"®) up to 1.25 MeV (Cobalt-60, C8).
9.1.1 The sources of radiation for radioscopic imaging'Vith high specific activities, these sources should be consid-

systems described in this guide are X-ray machines angred fpr spe_cial _a_pplication Whe_re_t_heir field mobility and
radioactive isotopes. The energy range available extends frofPerational simplicity can be of significant advantage.

a few keV to 32 MeV. Since examination systems in general 9.1.3 The factors to be considered in determining the
require high dose rates, X-ray machines are the primarglesired radiation source are energy, focal geometry, duty cycle,
radiation source. The types of X-ray sources available ar#ave form, half life, and radiation output.

conventional X-ray generators that extend in energy up to 420 9.2 Selection of Sources

keV. Energy sources from 1 MeV and above may be the Van de 9.2.1 Low Energy—The radiation source selected for a
Graaff generator and the linear accelerator. High energgpecific examination system depends upon the material being
sources with large flux outputs make possible the real-tim@xamined, its mass, its thickness, and the required rate of
examination of greater thicknesses of material. examination. In the energy range up to 420 keV, the X-ray units
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OPTICS LLLTV
SOURCE OBJECT

TRANSDUCER
FIG.5 LLLTV Fluoroscope

SOURCE OBJECT @ @

TRANSDUCER

LIGHT INTENSIFIER-FIBER-OPTICALLY
COUPLED (1,2)

LLLTV

(D (@ GEOMETRIC OPTICS OR FIBER OPTICS IS USED FOR THESE
INTERFACES, DEPENDING ON TYPE OF TRANSDUCER AND CCTV

FIG. 6 Light-Intensified LLLTV Fluoroscope
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PHOTO-
IRCUT MONITOR
SCINTILL-  MULTIPLIERS €
ATORS

@ SCINTILLATOR ARRAY MAY BE AN AREA OR A LINE. IN LATTER CASE,
RELATIVE MOTION REQUIRED TO GENERATE SCANNING. IN SOME CASES,
X-RAY BEAM MAY BE COLLIMATED AND SCANNED

FIG. 7 Scintillator Arrays, TV Readout

have an adjustable energy range so that they are applicable dominating unsharpness in the radiation detector, which can be
a wide range of materials. Specifically, 50-keV units operateof the order of 0.5 to 0.75 mm [0.02 to 0.03 in.]. Thus, while
down to a few keV, 160-keV equipment operates down to 2(an X-ray tube with a focal spot of 3 mm [0.12 in.] operating at
keV, and 420-keV equipment operates down to about 85 ke\& target to detector distance of 380 mm [15 in.] and penetrating
A guide to the use of radiation sources for some materials ia 25-mm [1-in.] thick material would contribute an unsharp-
given in Table 2. ness of 0.2 mm [0.008 in.], a detector unsharpness of 0.5 to

9.2.2 High-Energy SourcesThe increased efficiency of 0.75 mm would still be the principal source of unsharpness.
X-ray production at higher accelerating potentials makes 9.3.2 The small source geometry of microfocus X-ray tubes
available a large radiation flux, and this makes possible th@ermits small target-to-detector spacings and object projection
examination of greater thicknesses of material. High-radiatioomagnification for the detection of small anomalies. The selec-
energies in general produce lower image contrast, so that astian of detectors with low unsharpness is of particular advan-
guide the minimum thickness of material examined should notage in these cases. Where isotopes are to be evaluated for
be less than three-half value layers of material. The maximumadioscopic systems, the highest specific activities that are
thickness of material can extend up to ten-half value layerseconomically practical should be available so that source size
Table 3 is a guide to the selection of high-energy sources. is minimized.

9.3 Source Geometry 9.4 Radiation Source Rating Requirements

9.3.1 The physical size of the source of radiation is a 9.4.1 The X-ray equipment selected for examination should
parameter that may vary considerably. One reason is thie evaluated at its continuous duty ratings, because the
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FIG. 8 X-ray Image Intensifier
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SOURCE OBJECT DIODE CONVERTER TV MONITOR
ARRAY CIRCUIT

NOTE: DIODE ARRAY MAY BE A LINE OR AN AREA. IFIT IS A LINE,
RELATIVE MOTION IS REQUIRED TO PRODUCE AREA SCANNING.

FIG. 9 Semiconductor (Diode) Array

SOURCE OBJECT DIODE ARRAY CONVERTER TV MONITOR
FLUORESCENT CIRCUIT
SCREEN

GEOMETRIC OR FIBER OPTICS MAY BE USED AT THIS INTERFACE.
AREA SCANNING REQUIRES RELATIVE MOTION, IF LINE DETECTOR USED.

FIG. 10 Semiconductor (Diode) Array with Fluorescence

economy of radioscopic examination is realized in continuousip to 300 pulses per second produce interference lines. These
production examination. X-ray units with target cooling by lines can be minimized by the design of the real-time systems.
fluids are usually required. 9.4.3 The radiation flux is a major consideration in the
9.4.2 The wave form of X-ray units up to 420 keV are selection of the radiation source. For stationary or slow-
mostly of the full-wave rectified or the constant potential type.moving objects, radiation sources with high outputs at a
The full-wave rectified units give 120 pulses per second whiclcontinuous duty cycle are desired. X-ray equipment at the same
can present interference lines on the television monitor. Siminominal kilovolt and milliampere ratings may have widely
larly the high-energy sources which can operate at pulse ratekfferent radiation outputs. Therefore in a specific examination
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FIG. 11 X-ray Sensitive Vidicon
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FIG. 12  Microchannel Plates
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FIG. 13  Flying Spot Scanner

requirement of radiation output through the material thicknesphoton flux density and energy are most commonly encoun-

being examined should be measured. tered, and are caused by photoelectric absorption and Compton
) ) scatterings.
10. Imaging Devices 10.3 By analyzing this flux field, we can make deductions

10.1 Animaging device can be described as a component @bout the composition of the object being examined, since the
sub-system that transforms an X-ray flux field into a promptattenuation process depends on the number of atoms encoun-
response optical or electronic signal. tered by the original X-ray beam, and their atomic number.

10.2 When X-ray photons pass through an object, they are 10.4 The attenuation process is quite complex, since the
attenuated. At low-to-medium energies this attenuation iX-ray beam is usually composed of a mixture of photons of
caused primarily by photoelectric absorption, or Comptonmany different energies, and the object composed of atoms of
scattering. At high energies, scattering is by pair productiormany different kinds. Exact prediction of the flux field falling
(over 1 MeV) and photonuclear processes (at about 11.5 MeV)pon the imaging device is therefore, difficult. Approximations
As a result of attenuation, the character of the flux field in acan be made, since the mathematics and data are available to
cross-section of the X-ray beam is changed. Variations irreat any single photon energy and atomic type, but in practice
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TABLE 1 Comparison of Several Imaging Devices (circa 1980’s)

Note 1—The data presented are for general guidance only, and must be used circumspectly. There are many variables inherent in combining suct
devices that can affect results significantly, and that cannot be covered adequately in such a simple presentation. These data are based opbn the perso

experiences of the authors and may not reflect the experiences of others.

Fluorescent ‘X—_ray' X-ray Image Semiconductor X-ray Microchannel Flying Spot/Line
Phosphors Scintillating Intensifier Arrays Vidicon Plates Scanners
Crystals
Availability excellent good excellent good good fair (1980) fair (1983)
Auxiliary
equipment shielding glass,  shielding glass, CCTV, optics” fluorescent screen, CCTVA fluorescent fluorescent phos-
needed optics special screen, phor or
optics optics electronics special pack- scintillating
LLLTVA LLLTVA aging, crystals,
CCTV, special elec-
output phos-  tronics,
phor digitizers
Usual readout Visual LLLTV LLLTV CCTV CCTV CCTV CCTV electronic/visual
methods
Other readout none none direct none none none none
methods
Practical resolu- up to 4.5 10 4 20 20 20 10
tion, usual readout,
Ip/mm
Minimum large- 2 1 2 10 5 10 1
area contrast sen-
sitivity, %
Useful keVcp
range, min 25 25 5 20 20 15 25
range, max 300 10 MeV 10 MeV 150 250 2 MeV 15 MeV
Optimum keVcp 120 200 100 100 75 100 NA
Field of view, maxi- no practical 229-mm [9-in.] 305-mm [12- 25.4 X 25.4 mm 9.53 X 12.7 76-mm [3-in.] no limit
mum limit dia in.] dia [1X1in] mm [¥s dia
X ¥21in.]
Relative sensitivity  low medium high medium low medium high
to X-rays
Relative cost low high medium medium low high high
Approximate useful 10 years indefinite 3 years indefinite 5 years 5 years 5 years
life
Special remarks very simple high quality very practical new limited to small new new
image thin, objects

A Low-light level television (LLLTV) is a sensitive form of closed circuit television (CCTV) designed to produce usable images at illumination levels equivalent to starlight
(107 to 10™* Im/m? or 0.343 X 107* to 0.343 X 1077 cd/m?).

TABLE 2 Low-Energy Radiation Sources for Aluminum and

TABLE 3 High-Energy Radiation Sources for Solid Propellant

Steel? and Steel
KeV AIummym, Stegl, MeV Stegl, Solid Propellant,
mm [in.] mm [in.] mm [in.] mm [in.]
40 5.1-12.8 [0.2-0.5] 1.0 46.0-107.0 [1.8-4.2] 198.0-462.0 [7.8-18.2]
70 12-30 [0.5-1.2] 3-7.5[0.12-0.3] 2.0 57.0-133.0 267.0-620.0
100 20-50 [0.8-2] 6.25-15.6 [2.24-5.24] [10.5-24.4]
[0.25-0.62] 4.0 76.0-178.0 [3-7] 358.0-836.0
200 33.5-83.8 [1.3-3.3] 8-20 [0.32-0.8] [14.1-32.9]
300 15-45 [0.6-1.8] 10.0 99.0-231.0° [3.9-9.1] 495.0-1156.0
420 18-45 [0.71-1.8] [19.7-45.5]
Thulium 170 3[0.12] 15.0 99.0-231.0 [3.9-9.1] 553.0-1290.0
Iridium 192 26 [1.02] [21.8-50.8]
A - - - ] ] Cesium-137 51.0 [2]
The minimum thickness of material at a given energy represents two-half value Cobalt-60 57.0 [2.24]

layers of material while the maximum thickness represents five-half value layers.
The use of a selected energy at other material thicknesses depends upon the
specific radiation flux and possible image processing in the real time system.

A There is no significant difference in the half-value layers for steel from 10 to 15

MeV.

great reliance must be placed on the experience of the user. fixed by its physical characteristics, so if the X-ray image is
spite of these difficulties, many successful imaging devicegprojected upon it full-size (the object and image planes in
have been developed, and perform well. The criteria for choiceontact), the resultant resolution will be approximately equal to
depend on many factors, which, depending on the applicatiorthat of the detector. When detector resolution becomes the
may, or may not be critical. Obviously, these criteria will limiting factor, the object may be moved away from the

include the following devices.

10.4.1 Field of View of Imaging Deviee-The field of view

detector, and towards the source to enlarge the projected image

and thus allow smaller details to be resolved by the same

of the imaging device, its resolution, and the dynamic inspeceetector. As the image is magnified, however, the detalil
tion speed are interrelated. The resolution of the detector isontrast is reduced and its outlines are less distinct. (See 11.3.)
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It is apparent, also, that when geometric magnification is usedhe dark” have been known for centuries. However, enormous
the area of the object that is imaged on the detector igmprovements have been made in understanding, manufactur-
proportionally reduced. Consequently the area that can big, and applying screens. Although the basic physical phe-

examined per unit time will be reduced. As a general rulepnomena involved are similar, it is convenient for our purposes

X-ray magnifications should not exceed ®xcept when using to divide screens into two groups, fluorescent phosphors and
X-ray sources with very small (microfocus) anodes. In suclscintillating crystals.

cases, magnifications in the order of 10 tox2@re useful. 10.6.1 Fluorescent Phosphors

When using conventional focal-spot X-ray sources, magnifica- 10.6.1.1 A fluorescent screen is a layer of phosphor crystals
tions from 1.2 to 1.5 provide a good compromise betweerjeposited on a suitable support backing, with a transparent
contrast and resolution in the magnified image. protective coating or cover. The crystals used have the ability

10.4.2 Inherent Sensitivity of Imaging DevieeThe basic to absorb energy from an X-ray photon and re-emit some of
sensitivity of the detector may be defined as its ability tothat energy in the form of visible light. The amount of light
respond to small, local variations in radiant flux to display theproduced for a given X-ray flux input is termed thaghtness
features of interest in the object being examined. It would seerfluminance) of the screen. The number of light photons emitted
that a detector that can display density changes on the order p&r unit exposure is theonversion efficiencyresolutionis the
1 to 2% at resolutions approaching that of radiography wouldbility to show fine detail (for high contrast objects), and
satisfy all of the requirements for successful radioscopicontrastis the detectable discernible change in brightness with
imaging. It is not nearly that simple. Often good technique isa specified change in input flux. This is often specified as the
more important than the details of the imaging system itselfminimum percentage thickness change in the object which can
The geometry of the system with respect to field of view,be detected. Image quality indicators (IQI) are commonly used
resolution, and contrast is a very important consideration as i#® make these tests. Most phosphors used in screens have
the control of scattered radiation. Scattered X rays entering thigmited ability to transmit the light they produce without
imaging system and scattered light in the optical systenscattering or refraction due to their size, shape, coatings, and
produce background similar to fogging in a radiograph. Thisother factors, and are not truly transparent. Thus the light that
scatter not only introduces radiant energy containing no usefu$ produced by the lowermost layers is somewhat distorted by
information into the imaging system but also impairs systenpassage through the layers above. Consequently thicker phos-
sensitivity and resolution. Careful filtering and collimation of phors that have, in general, increased ability to absorb X-rays,
the X-ray beam, control of backscatter, and appropriate use @nd thus produce more light, usually produce brighter images
light absorbing materials in the optical system are vital to goodvith lower resolution, as compared to thin screens of the same
radioscopy. The low-resolution, low-contrast visible light im- material.
ages produced by the detector may pose special problems in the10.6.1.2 The contrast of a fluorescent screen is influenced
choice of optical components. For example, a lens that woulthy the scattering of light and X rays within the structure of the
be an excellent choice for photography may be a poor choicgcreen itself, and to a larger extent by the relative response of
to couple a low-light-level television (LLLTV) to a fluorescent the screen to direct and scattered X rays. The scattered X rays,
screen. particularly those scattered at large angles, consist of lower

10.4.2.1 This brief treatment just touches on a complexenergy photons, to which the screen is more sensitive. This has
subject. When designing an imaging system, the reader shouttie effect of reducing the contrast.
consult other references. 10.6.1.3 In usual applications, the contrast of the fluorescent

10.5 Physical Factors-The selection of a radioscopic im- image for large areas (such as the outline of an IQI) is limited
aging system for any specific application may be affected by &y the contrast capability of the eye. Practical experience is
number of factors. Environmental conditions such as extremei#at the lower observable limit is that change in brightness
of temperature and humidity, the presence of strong magnetieaused by a 1 % change in thickness of the object.
fields in the proximity of image intensifiers and television 10.6.1.4 All fluorescent screens exhibit some persistence or
cameras, the presence of loose dirt and scale and oily vapoadterglow. This is a function of the phosphor and activator used
can all limit their use, or even preclude some applications. Irand to this extent may be somewhat controlled by the manu-
production-line applications, system reliability, ease of adjustfacturer. It is usually of the order of I® s for calcium
ment, mean-time-between-failures, and ease and cost of maitungstate (Cawg) screens and I8 for zinc sulfide (ZnS).
tenance are significant factors. Furthermore, the size anRare earth screens with terbidifTb®) and europiurfi* (Eu*")
weight of imaging system components as well as positioningctivators have about the same persistence®(§)) but other
and handling mechanism requirements must be considered m:_tgvators can produce characteristic decay times as short as
system design, and interact with cost factors in selection of 40 s. The relationship between brightness and resolution is
system. clearly shown in Table 4.

10.6 X Ray to Light Conversion—Radioscopic Systems  10.6.1.5 These screens are commercially available and the
For the purpose of radioscopy, a fluorescent screen can lmhoice of screen will be governed by the requirements of the
described as a sheet of material that converts X-ray photonsser, who must make a compromise choice between brightness,
into visible light, without use of external energy sources.resolution, keV range, and apparamlor of the image. The
Screen materials were known even before the discovery of Xpparent color of the fluorescent image is important both in the
rays or radioactive materials, since substances which “glow inlirectly viewed and electronically scanned systems. Matching
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TABLE 4 Properties of Some Common Fluorescent Screens A

Relative Brightness With Attenuation®

Ya -in. ] ] Ya -in. Resolution© Color
No. Formula Name Aluminum Aluminum Aluminum Steel
50 100 150 100 150 100 150 150 Ip/in. nm
keVcep keVcep keVcp keVep keVcp keVcep keVcep keVcp [mm]
1 Cawo, calcium 6 13 2 8 1 2 0.5 30 [1.2] violet ~420
tungstate
2 ZnCdS zinc cadmium 35 46 120 22 65 7 25 3 50 [2.0] green ~540
sulfide
3 ZnCdS zinc cadmium 8 122 320 50 160 16 60 5 20 [0.8] green ~540
sulfide
4 Gd,0,S; gadolinium 5 89 250 43 150 16 65 12 40 [1.6] yellow-green
oxysulfide ~550
5 Gd,0,S; gadolinium 35 61 175 30 105 11 50 5 60 [2.4] yellow-green
oxysulfide ~550
6 LaOBr lanthanum 1 19 50 8 29 3.5 13 2 30 [1.2] blue ~460
oxybromide

A These are for illustrative purposes only. The X-ray tube used had beryllium window and fractional focal spot.
B All these measurements were made under identical conditions.
€ The higher numbers indicate better resolution. These are approximately wires/inch.

of spectral content to the response of the human eye or that &arious types of CCTV and LLLTV systems are used, includ-
a detector such as a television camera is significant in lowing those with light intensification added (see Fig. 6). Fluores-
light-level systems, and can affect both sensitivity and “noise’cent screens are rugged and durable and have useful lives of
figures. Those most commonly used are phosphors numbereséveral years with reasonable care. They should not be exposed
2, 3, 4, and 5 in Table 4. Two thicknesses of the ZnCdS andb mechanical abrasion, or high temperatures. Their conversion
Gd,0,Sj screens are shown to illustrate the range of sensitivitefficiency increases markedly as the temperature is reduced.
(brightness) and resolution available. As would be expectedlhese factors should be considered for the specified operating
the brightest screen, No. 3, has the lowest resolution exceginvironment.
when the X-ray beam is strongly attenuated (see datiéfan. 10.6.2 Scintillation Crystals
[6.2-mm] steel, for example). Then, screens 4 and 5 are 10.6.2.1 Scintillators are generally understood to be opti-
preferable. As these few examples show, the choice of screamally clear crystals of a material which fluoresces when
for a particular application is not simple, and the best availabléradiated by X-rays, with short pulses of light being emitted
data from various suppliers should be studied before making for each photon absorbed. The practical difference between
choice. fluorescent screens and scintillation screens is that the latter are
10.6.1.6 In using fluorescent screens, there are two optiongptically clear and homogenous slices of a single crystal, and
for viewing the image. Direct optical viewing can be as simpleare normally much thicker.
as covering the screen with a sheet of leaded glass of the 10.6.2.2 Since we have noted that larger or thicker crystals
required thickness and looking directly at the image. (See Fign a screen more readily absorb X-ray photons, and that the
1.) More complex optical viewing systems use mirrors orthickness of such screens must be limited by practical consid-
lenses, or both, to position the operator out of the direct path oérations of particle size and thus resolution, the advantage of a
the X-ray beam or even at some distance. (See Fig. 2.) Thinicker screen that is still capable of good resolution and
quality of the image in direct viewing is not degraded if contrast is evident. Common industrial use of such single
reasonable care is taken in the choice of the optical componentsystal screens is quite recent. They have high efficiencies,
used, but the light level must be high and this may be difficultparticularly at higher kilovoltages, compared to phosphor
to achieve, unless some form of light intensification is usedcreens, excellent resolution, and very good contrast. Special
(see Fig. 3 and Fig. 4). precautions in preparation and packaging are required to
10.6.1.7 Most modern systems employ closed-circuit teleeontrol internally scattered light and to protect them from
vision (CCTV) readout, with the TV camera and lens taking thechemical or mechanical damage. Typical specifications are
place of the human eye (see Fig. 5). These are very flexible arghown in Table 5.
convenient systems. Some loss of original signal quality 10.6.2.3 The light produced has a spectral response in the
inevitably occurs, but the convenience, the possibility ofvisible region similar to the human eye. Such screens have
increased brightness and the possibility of manipulation of théveen used with good efficiency at X-ray energies up to several
electronic image usually more than compensate for this lossnillion electronvolts. At approximately 160 keV, the X-ray

TABLE 5 Properties of Single Crystal Fluorescent Screens

. . . Diameter, mm . Brightness”
Material Thickness, mm [in.] fin] Resolution Contrast 100 keV 120 kev 120 kev
Cesium lodide (Thallium), Csl 0.5-6.5 25-230 [1-9] 10 Ip/mm 1% 1.6 1.9 2.1
(T1) [0.020-0.250]

A Factors relative to gadolinium oxysulfide (Gd,0,S;) with 13 mm [¥2 in.] aluminum absorber.
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attenuation of the Cesium lodide (Thulium),Csl(T1) crystal  TABLE 6 Properties of a Typical X-Ray Image Intensifier ~ *

0.250-in. thick is approximately 85 % and approximately 65 %  Brightness gain 10 00 or

at 320 keV. They are thus very efficient at converting X rays c 4 10 & standard dtoth more

into light and are normally lens coupled to a light intensifier or Sa&g?ﬁ?ﬁe&? siandart screen exposed fo e

a LLLTV. Due to the thickness of the crystals in the region in  Limiting resolution 5 Ip/mm

which the light is produced, special precautions are required in Contrast sensitivity 2%
L . . . Modulation for resolution of 2 Ip/mm 50 %

designing the optics. Itis clear that a lens with a good depth of | ;4e area contrast 121

focus is necessary to avoid blurring of the image at the edges  (This is the ratio of image brightness without and with a lead mask
relative to the center of the screen. Further, screens show better c°verng _ . o )

. . . . the central 10 % of the input area. “Blooming” of the image can be a
edge resolution if the angle subtended by the lens is small. This problem with these tubes, and this ratio is related to this effect).

becomes more of a problem with large-diameter, thick screens. Optimum keVp (there is approximately a 20 %

The choice of lens, for these reasons, becomes critical. The fa';'gflf(s\‘/p and 120 ke) 900 kev
general arrangements used are shown in F'Q- 5 and F|g- 6. Geometric distortion at edges (compared to center 25 %

10.6.2.4 The resolution (Ip/mm) is the true resolution of the  of image) .
screen, but this is rarely realized using TV readout, since the :?T:fgg;ess fall-off at edges (compared to center of 20%
TV resolution will normally be the limiting factor. If the field —57"= — , ,

. . . i y image intensifiers are moderately rugged devices, but since they are

of view is less than 25.4 mm [1 in.], then the screen resolutionass enclosed, they must not be treated roughly. They are sensitive to magnetic
can be realized. When using light intensifiers, a further loss irfields, which will distort the internal electron paths and cause defocusing and
resolution and contrast will result. With high-quality light #stortion of the image.
intensifiers this loss will be small, but noticeable. Large
diameter intensifiers will normally yield superior results, all . ) i
else being equal. The resolution and contrast change using@/tPut end of the tube is normally designed to be optically
screen thickness in the ranges shown in Table 5. For looupled to a closed-circuit television (CCTV) for readout.
kilovoltage, a thinner screen should be used to optimize 10-6.3.3 These tubes normally have specially structured
contrast and resolution. The spreading of the light from eacl¢s/(T1) input screens about 0.254 mm [0.010 in.] thick coupled
point where an X-ray photon is absorbed is reduced in thinnepptically (usually by evaporation) to a photocathode. The
screens, which increases the resolution and contrast. This effe@ectron pattern formed is accelerated and focussed upon a
will be more noticeable at the edge of a large field and is als§™Mall (approximately/z -in. [13-mm] diameter) output phos-
affected by the optics used. phor screen made o_f very fine-grained zinc sulfide (ZnS)

10.6.2.5 The commercially available screens are usuall rystals on the opposite end of the tube. Because the electron

packaged in circular metal frames with an X-ray transparen hageri]s mi[rrllified_byafactorto_f qlr?ost%S f?rag;in. tuk;)gezglnput
but visible light opaque cover or window on the source side,pdg.s.p or)h erﬁ IS algeome ric intensirica 'ﬁn 0 ﬁvir .
and arllI thti:(:al gradfe r;[hick gllass window on the IvieWihg Sidefnatgllgné(; kee\p/ gggﬁee;ttrg?ﬁegi'jgeenggﬁ ta(zgglgeratte?j aepl)ggt)r)(()l;l
Overall thickness of the package is approximately 25.4 mm . ' T .
in.] P g PP y [produces about 100 visible photons resulting in a very bright
o o : visible light image at the output phosphor, enabling readout
10.6.2.6 The scintillators must be protecteq against tem\?\/ith a relatively inexpensive and simple TV camera. This may
perature extremes, thermal shock, and mechanical abuse. So e coupled with a relay lens system, or used directly with
screens (for exa'.“p'e’ sodium iodide) are. hygroscopic an Iber-optic face plates. Some tubes héve been made with the
should be h(_armeucally sealed. The Ia_rger sizes are expensivg,” o " tibe and X-ray image intensifier permanently
due to the high cost of the raw material joined together as one piece of glass. This has not become

12'?'2'7 Arrays If)f smaller sc_intilllaltinghcrystals ra_ve beer%opular because it is inflexible, and the life and replacement
used for some applications, particularly where resolution is oot of the two major components are greatly different.

critical, but high sensitivity is required. Baggage inspectionis 145634 |t is not difficult to damage the phosphors with

a common application (see Fig. 7). excessive exposure to X rays, so in many applications good
10.6.3 X-Ray Image Intensifier masking of the parts becomes very important. Like most
10.6.3.1 This device is commonly used for radioscopicself-contained high-vacuum devices they have a limited useful

imaging. (See Table 6 for the properties of an X-ray imageife (two to five years). They are, of course, expensive

intensifier.) The basic conversion process is fluorescence, bgbmpared to a fluorescent screen, but less expensive than
the fluorescent screen is contact-coupled to a photocathodgintillating-screen LLTV systems.

inside a vacuum envelope. The photoelectrons thus produced10.7 X Ray to Electron ConversierA number of radio-

are accelerated and focused onto a much smaller outpgtopic imaging devices depend upon this process, directly or

phosphor where the photoelectrons produce a very brighhdirectly. In most cases the electron is freed inside a trans-

visible image; typically 10 000 or more times brighter thanducer layer, and the result is indirect.

that formed on the input phosphor (see Fig. 8). 10.7.1 This type of device is much more than a fluorescent
10.6.3.2 Image intensifier tubes consist of a large evacuatestreen, and continued activity in the field will occur as a result

glass envelope with the X-ray input end usually 152, 230, oof new discoveries in solid-state electronics. One device of this

305 mm [6, 9, or 12 in.] in useful diameter, suitably packagedype with some history of successful application, is the X-ray

in a metal housing, including a high-voltage power supply. Thesensitive vidicon (see Fig. 11, 10.7.3, and 12.3.4).

11
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10.7.2 Semiconductor Array-A number of line or area 10.7.3.3 Since this area is small and is scanned by a 525-line
arrays of semiconductors (Fig. 9) have been developed, mantaster, resolution is theoretically somewhat under 0.025 mm
factured by techniques similar to those used to produc0.001 in.]. In practice, resolutions of 0.025 to 0.05 mm [0.001
integrated circuits for solid-state electronics. In all cases théo 0.002 in.] are readily obtainable. Resolutions of 0.013 mm
thrust of the development was towards a light or infrared[0.0005 in.] are obtainable in high-contrast images.
imaging device, and any application to radioscopic imaging 10.7.3.4 The response of the lead oxide target layer to X-ray
was merely fortuitous. photons is low, since it is very thin. Large fluxes are required

10.7.2.1 However, X rays are somewhat similar to light, ando produce useable images, and since these must normally be
some response to X-ray photons is to be expected from sudchieved by using kilovoltages higher than one would prefer,
devices. It is usually more efficient, however, to first convertthe contrast suffers accordingly. Contrast sensitivity of 2 % is
the X rays to light with a screen. The spacing of the activedifficult to achieve.
components of these arrays is usually quite close (of the order 10.7.3.5 The obvious application of the device is the imag-
of 0.025 mm [0.001 in.]), and the maximum dimension ising of small objects with high contrast (such as the small metal
usually related to the constraints on growing silicon crystals ofvires used to connect integrated circuit chips to headers in a
the order of 100-mm [4-in.] maximum diameter, and problemsplastic package). Readout is by a TV monitor, and the system
associated with quality control. Linear or area arrays typicallyis relatively inexpensive.
will not exceed 25 mm [1 in.] in any dimension. Circuits are  10.7.4 Microchannel Plates-These are readily available.
available that provide for scanning the individual detectors in 10.7.4.1 They consist of a thin plate (approximately 3 mm)
the arrays so that a video signal can be produced for TVmade of a very large number of very small diameter (approxi-
monitor display. When using a fluorescent screen with thesenately 15-pum) glass tubes fused together side by side. Each
units, it can be lens-coupled to the array, or, in some casegibe is in effect a miniature electron multiplier. If an electron is
fiber-optic coupled. Fiber-optic bundles that enlarge or reducentroduced at one end, under the axially applied high voltage it
images are commercially available. If the fluorescent screen tis accelerated and ricochets off the walls of the tube, each time
be used is very much larger than the array, then lens couplingroducing more than one secondary electron. Each of these in
is required (see Fig. 9 and Fig. 10). turn generates more electrons as it strikes the wall of the tube.

10.7.2.2 Since an array is a collection of a distinct numbeiThe overall result is that approximately 10 000 electrons come
of discrete detectors, the resolution of the system is fixed by theut of the tube for each one which enters the opposite end.
number of detectors. For a linear array with 1024 detector#/ore than one plate can be used in a series to produce electron
(diodes) spaced at 0.025 mm [0.001 in.] and detecting X raygains that are even greater. The efficiency of detection for
directly, then the best obtainable resolution will be 25 Ip/mmX-ray photons is approximately 2 % up to approximately 420
[0.001 in.] in that direction. The best obtainable resolution inkeV. The maximum size of the plates is somewhat limited by
the other direction will depend on the scanning speed, and if the state of technology. Maximum diameters of 75-mm [ap-
fluorescent screen is used, the best obtainable resolution will goximately 3-in.] area are readily available. Diameters up to
0.025 mm multiplied by the length of the screen. Actuall3-cm [5-in.] area are available on special order.
performance will be somewhat less due to optical losses. 10.7.4.2 The resolution is a function of “pore size” and
Cross-talk blurs the edges of the image. X ray and light scatterenter-to-center spacing of the tubes. Two-stage plates with
plus capacitive switching coupling reduce resolution. Similarspacings of 32 um [0.0013 in.] and a diameter of 75 mm [3 in.]
logic applies to area detectors. are available. The resolution claimed for this model is 9 Ip/mm.

10.7.2.3 The sensitivity of these detectors is similar to thaDther models are available with resolutions up to 32 Ip/mm.
of a silicon target vidicon camera tube. This can be approxi- 10.7.4.3 A microchannel plate must be operated in a high
mately equated to vision under twilight illumination vacuum, and thus suitable packaging requires an X-ray trans-
(1.076% 10 Im/m? or 10°* Im/ft?). X-ray fluxes required are parent entrance window. The electrons produced at the output
therefore similar to those needed for ordinary fluoroscopy. end must be converted into a useable image, and this is

10.7.3 Changing Resistance of Semiconductefithe prac- normally done by using a thin ZnS screen, which converts
tical example of this mechanism is the X-ray sensitive vidiconthem into visible light. The resultant fluorescent image can
(see Fig. 11). then be viewed by usual means.

10.7.3.1 These make use of a lead oxide target layer in a 10.7.4.4 Since the efficiency of these devices for direct
vidicon-type TV camera tube. The tube face-plate needs to bX-ray detection is quite low, and the gain is very high, a very
transparent to low-energy X rays, rather than visible light, as i$noisy” image is to be expected. By adding another transducer
normally the case. Beryllium face plates are common. in front of the microchannel plate to convert X rays into

10.7.3.2 The sensitive area of a standard 25.4-mm [1-in.§lectrons or ultraviolet radiation (to both of which the plate is
vidicon is only 9.5 by 13 mm%¥s by %2 in.] in dimension, so much more sensitive), an improvement in image quality can be
that a very small field of view is obtained. Some tubes havexpected.
been made with larger areas, but it is difficult to obtain circuitry 10.8 Combinations of Detecting Processefs will be
to use with them, and they have not become popular. noted from the previous descriptions, many combinations of

12
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the various detecting processes, read-out devices, and imagethod since the question that must be satisfied is—does the

processing equipment are possible. system have the capability for detecting the discontinuities of
10.8.1 Such combinations can range from the very simplénterest?

case of adding a large magnifying lens in front of a fluorescent 11.2 Image-Formation Basis

screen to very elaborate systems combining the latest state-of-11.2.1 Contrast is a direct result of the X-ray attenuation by

the-art hardware in solid-state electronics optics and nucledhe object. Fig. 14 shows how a thickness chas¥eroduces

physics. an X-ray intensity profile. This scheme is idealized where the
10.8.2 A sensible “rule of thumb” in using transducers to€ffects of unsharpness due to scatter, screens, electronics, etc.

change an X-ray field into some other useable display o€ not considered. Based on the attenuation equation, the
electrical signal is that each such conversion stage somewhiensity is as follows:

degrades the information. An exception is the electron conver- | =1 @

sion that takes place between the photocathode and the output

screen of an X-ray image intensifier, where many electrons are Taking the derivative and substitutingesults in:

released by each photon. Therefore, the more complex the

system is, the greater the care that must be taken in the design al_ HAX @

and fabrication of each step in the process, and thus, the greater !

the cost. Al4 can be considered the object contrast.

10.8.3 Among the many problems to be solved in complex 11.2.2 Unsharpness due to scatter, geometry, and screen
systems can be listed: (detector) tend to reduce contrast and make it more difficult to

10.8.3.1 Careful suppression of scattered X rays. define edges. Fig. 14 shows how the intensity profile is affected

10.8.3.2 Careful choice of the first transducer (ﬂuoresceng?(J rl;g;hﬁrtr;]r;elsjz Spvg%rﬁeg;ei smr;igc?] Sr;;rl]lee rstﬂggpas‘;ce(pﬂigdge IS
zﬁrciir;’ dientglir;?lsgl?égr] Iggfﬂ the input X-ray energy and th(iS),_ the contrast is not reduced and the edges in the image are
) ) ) . easily defined. If the void is smaller than the unsharpness, then
10.8.3.3 Optics must be very carefully designed to optimiz&e contrast is reduced. It is possible to make the unsharpness
modulation transfer function of the total system and to control, large that the void image is not resolved.
scattered light. 11.2.3 Fig. 16 shows Klasef¥'smethod for determining
10.8.3.4 Electronics must be Iinear, Stable, and as noise frqﬂ]sharpness from a measured curve. This technique has
as possible. produced good results and is generally accepted. The most
10.8.3.5 Each stage in a multistage process must be considifficult part of this method is to obtain the measured curve.
erably better than appears necessary, since losses are multigfkis can be done by imaging a“ knife” edge on the system and
cative.
10.8.3.6 When using a human observer, the system must be
designed to match the physiology of human vision.
10.8.3.7 Nonlinear transducers can sometimes be used t05Klasens, H. A., “Measurement and Calculation of Unsharpness Combinations
very good advantage to enhance the transfer of informatiom x-ray Photography,Philips Research Reportsol 1, No. 4, August 1946, pp.
(example: Isocon TV camera tube). This is referred to at time&41-249.
as gamma modification.
10.8.4 Processing of electronic information is difficult with- 1 \ l l l i l
out losing some information at the present state-of-the-art.
Processing, such as low-pass filtering, can substantially im- IO‘L
prove the viewing by reducing high frequency noise. Since ——1 By
video pick-up is the first stage of processing it makes manipu- T I
lation of the X-ray image information possible. Log gain
amplifiers, image reversal, black-white compression or expan-
sion all can be used to improve the viewing level for operator
perception. Furthermore, the digitized information can be Iy
processed and stored and is particularly amenable to computer- |
controlled reading, display, and analysis.

l X-RAYS

)
X  OBJECT
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INTENSITY PROFILE
[ WITHOUT UNSHARPNESS

. . . 1
11. Image Quality Considerations DISTANCE

11.1 Image quality is governed by two factors, image
contrast and resolution. These factors are inter-related in a

complex manner which will be partially discussed here. Ra-
diographic sensitivity as indicated by the conventional 1QI ! I INTENSITY PROFILE
measures contrast and, to a limited degree, resolution. In this WITH UNS

section a number of different approaches to assessing image DISTANCE
quality are presented. Care must be exercised in selecting a FIG. 14 X-ray Absorption and Unsharpness
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photographing the results from the screen. A microdensitomet- Up=2 \/W
ric trace can be made from the film. On the video image, a
“line-grabber” oscilloscope can be used.

11.2.4 Unsharpness values due to geometry, screens, etc.
can be combined by the following expression:

U; = total unsharpness,

14

U, = geometrical unsharpness, and

(©)
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U, = screen unsharpness d b
é a+hb ™
This expression was developed empirically and yields a good
approximation. where d is the discontinuity width assumed equal to the
11.2.5 Modulation Transfer Functian discontinuity depthAx for an absorber thickness

11.2.5.1 One way to evaluate a system is by measuring the 11-3-4 Itfollows thaw-d |Ls U, for optimum definition on a
modulation transfer function (MTF). This is a measure ofP€rfect screen. In a similar fashion it can be shown that the
spatial frequency as a function of contrast. A plot of the twoMinNiMumM discontinuity sizel multiplied by the magnification
variables will give a curve representing the frequency responsi@ctorv must be equal to or larger than the unsharpness due to
of a system, thereby making comparisons of different systemi1€ fluoroscopic screen:
possible. Atypical MTF curve is shown in Fig. 17 where at low vd |Ls U 8)
frequencies the contrast approaches 100 % and falls off as thell.3.5 It will be assumed for this derivation thatl = Uy is

frequency is increased. _ _ the limit; actually the limit is somewhat higher. In other words,
11.2.5.2 There are several techniques for measuring MThhe sjze of the minimum discontinuity observable is controlled
some use direct measurement with a test object and others ugg hoth types of unsharpnessd > U,. The total unsharpness,
a measure of the point spread function and mathematically  is equal to the cube root of the sum of the cubes of the
convoluting this with a sine function, thereby constructing theunsharpness due to geometdy, and the unsharpness due to
MTF curve. the fluoroscopic screed; or,
11.3 Geometrical Considerations
: . . Ur = \/U,° + U° 9
11.3.1 An obstacle to the implementation of real-time sys- ! g ' N _ ©) )
tems is the large grain size of screens, that is, the problem is 11.3.6 From Eq 9, Eq 5, and Eq 4 the critical size of detalil
inherently one of definition. This difficulty may be minimized in the general case is,
by X-ray projection magnificationX-ray projection enlarge- 1, 5 3 3
ment is shown graphically in Fig. 18(where the magnifica- d=g Vélv=17+ U (10)
tion factorv is defined: Writing this expression in the non-dimensional form,

v=1+4 4 d 1 8
a U (v—1)3%+1 (11)
11.3.7 This relationship is shown graphically in Fig. 19. The
whereb is the focal-object distance aradis the object-screen ratio d/U; is plotted as a function of projection magnification
distance. for various values od/U;. The interpretation of Fig. 19 will be
11.3.2 The penumbral image due to a finite focal spot siz&éimplified by assuming a fluoroscopic unsharprigssalue of
(¢) is defined as unsharpness due to geométry, and is 1.0 mm. Then the minimum observable discontinuity size in

illustrated in Fig. 18¢), millimetres is given as a function of magnification for several
b values of focal spot sizeh in millimetres. It is seen that for a
Ug=7 . or (5)  focal spot widthd of 2 mm there is little practical advantage to
be gained from enlargement; the peak improvement of 22 % at
Ug=dv—1 ®  an enlargement of 1.3 is lost at enlargements of 1.7 or more.

11.3.3 It is generally agreed that penumbral images are not 11.3.8 For a focal spot size of 1 mm a peak improvement
dependable; the limiting case for an umbral image is illustratea@f 59 % occurs at a magnification of 2. Between 1.5 and 3 the
in Fig. 18(¢), which may be written: improvement is at least 43 %. For a 0.5-mm spot size the peak

100%

CONTRAST

TOTAL
A+ B

SPATIAL FREQUENCY, LINE/MM
FIG. 17 Modulation Transfer Curve
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IMAGE PLANE
(A) X-RAY PROJECTION ENLARGEMENT

¢
Y
{B)
a
u=2"2
AX o= 2 ¢
_I

(B) UNSHARPNESS DUE TO GEOMETRY, Yy

(C)

$ a+b

b

1

(C) LIMITING CONDITION FOR UMBRAL IMAGE

¢ FOCAL SPOT WIDTH
u

g PENUMBRAL IMAGE WIDTH
AX = d = DEFECT

\Y MAGNIFICATION
FIG. 18 Diagrams of X-ray Projection

improvement would be 142 % at a magnification of 3.8; fora 11.3.9 In general, the optimum magnificatiop, for any

magnification of about 2 or more, the improvement would bescreen unsharpnesk and focal spot widthb is given by:
100 % or better.
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U3 FIG. 20 Exposure Curves for Aluminum
V= 1+ ;T (12)

11.4.3.1 Use masks or diaphragms to limit the X-ray beam

The smallest observable discontinuity, is then given by:  to the subject area.

U, 11.4.3.2 Protect against back scatter and scatter from exter-
O = v, 23 (13) nal objects by placing the tube or screen in a shielded position.
11.4 X-Ray Scatter 11.4.3.3 Use filters where possible to eliminate low-energy

11.4.1 X-ray scatter is a problem in radioscopic systems juﬁcatter. . .
asitis in radiography. When an X-ray beam is directed through 11.5 Image Quality Indlc'ators . .
an object some of the rays are absorbed, some are scattere ,11'5'1 A number of different devices, such as WIres,
and some pass straight through. Electrons of the atoms corf:adues, Steps, mesh, (_atc., have been us_ed to measure image
prising the object scatter radiation in all directions. The scatte ua||.ty. The same prmuples apply for r_adloscpplc systems as
is of lower energy and less penetrating than the primary beal or f"”? ragﬁqgraphy. Since most .ra.dloscoplc systems are
The amount of scatter is related to the material and the intensi solution limited, a greater emphasis is placed on devices that

of the primary beam, in accordance with the following relation: easure resolution. Therefore_, many systems require several
N 14 devices, such as IQIs and wire mesh, to assure the proper
.=

image quality.

11.5.1.1 Itisimportant to have a method that can adequately
indicate image quality especially in complex electronic imag-
ing systems where drift may occur, and where resolution can
scattering factor, and differ in the vertical or horizontal direction.
intensity of primary beam. 11.5.2 Plaque Type-This 1Ql is described in Method E 142

11.4.2 Typical exposure curves for aluminum at 80 keVand Practice E 1025. It consists of a plaque with three drilled
with and without transmitted scatter are shown in Fig. 20. Fronholes with diameter equal to one, two, and four times the
such data the scattering factor can be determined. The scattgaque thickness (1T, 2T, and 4T). The minimum plaque
ing ratio is given by (1 4K) where this value reduces contrast thickness is 0.127 mm [0.005 in.] and the minimum hole
sensitivity. diameters are 0.25 mm [0.010 in.], 0.5 mm [0.020 in.] and 1

11.4.3 Scatter can be minimized even though it cannot benm [0.040 in.] for the 1T, 2T, and 4T holes. Most codes require
completely eliminated. The following recommendationsthe detection of the 2T hole in a plaque that is 2 % of the object
should be followed. thickness.

where:
ls scattered radiation,

K
|
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11.5.3 Wire Type—These consist of a graded set of wiresalso important in dynamic systems where apparent speed
where the diameter size increases by a factor of 1.26 ascreases directly with magnification, requiring an appropriate
described in Practice E 747. The visibility of the essential wireincrease in the field of view or in the speed of response by the
determines the sensitivity of the system. The smallest wire i®perator. Some specifications require that an IQI of the
0.127 mm [0.005 in.], thereby limiting their usefulness for thin appropriate size be read “definitively” at operating speed. Care
materials. Since the cross section of the wire is round, it is noin control of all of these factors is essential not only in
affected by position. maintaining the required image quality, but in reducing opera-

11.5.4 Duplex Wire SystemThe duplex wire system con- tor fatigue and possible errors. System design, selection of
sists of parallel pairs of high-density wire with the space equadlisplay, and the control of the size, color, contrast, and
to the wire diameter and is used to measure total radiographi@solution of an image require knowledge of the interaction of
unsharpness. The diameters of successive wire pair increase these parameters and their effect on the examiner.

a factor of 1.26. The visibility of the space between the wires 12 2 pirect Viewing
is_ used as a critgrion f_or determining unsharpness. ThL.‘S. the 12.2.1 The radioscopic image developed on a fluoroscopic
diameter of the wire pair where the space is no longer V|S|bleS

; . . : : reen or at the output of an image intensifier may be viewed
determines the unsharpness. This device works satisfactorily 8frectly or through some suitable optical system. With the

energies below 400 keV. See Practice E 2002 for duplex Wi hinimization of ambient lighting and sufficient dark adapta-

system description. . . o :
, . . ... tion, consistent large-area contrast sensitivity can be obtained
11.5.5 Mesh—Wire mesh is a good device for indicating at light levels greater than 2.5 milllamberts (8.%510°3

resolution. For this purpose, a graded U.S. Standard Sieve - o
Series (ASME Specifications) in the Nos. 40 and 80 can bé:d/mz). Below 2.5 milllamberts, the sensitivity of the eye

. . . Jecreases by approximately a factor of two per decade of
used. As an example, a No. 50 sieve has 50 lines per inch a'?fght-level reduction. The brightness of high-resolution fluoro-

an opening of 0.297 mm [0.0117 in.] which approximates the copic screens, however, is only on the order of 0.1 millilam-

condition for equal width lines and spaces. Unfortunately, thei ' 5 . L
use is limited to low-energy X rays since the mesh is made o ert (O‘S%SX 10°° cd/mt), af‘d thelr' sensitivity ranges f'rom 5
0 10 % in steel. Modern image intensifiers have brightness

brass or stainless steel. gains on the order of 10 060and greater, bringing the light
12. Display and Recording Devices level well into the range suitable for critical viewing. With
12.1 General Considerations image intensifiers, 2 % sensitivity can be achieved routinely

12.1.1 The usual display for radioscopic systems is graphi¢/nder production conditions.
and it is important to control as closely as possible the 12.2.2 Directly viewed X-ray imaging systems usually em-
parameters that contribute to critical visual inspection. Theploy lenses, mirrors, leaded glass, and frosted-glass viewing
display must have sufficient size, color, brightness, contrasiscreens for radiation protection and to provide an output image
and resolution to meet the minimum image-quality-indicatorout of the line of transmitted and scattered radiation. The
sensitivity levels established by specification. These levels areptical systems may also provide magnification for image-size
usually poorer for the dynamic mode than for the static modeptimization. Typical optical systems include leaded glass, flat
of examination. For instance, a 412sensitivity may be or curved mirrors, refracting optics, or a combination of these
acceptable while the product is in motion, but a higherelements.
sensitivity of 2-2 would be necessary for critical examination  12.3 Electronic Displays
when the product is stopped. The display must, therefore, be 15 3 1 Advances in electronics and digital techniques are
selected on the basis of both dynamic and static performangg, q|ytionizing graphic displays. Television presentation of the
parameters. One critical parameter that is common to Many, gioscopic image markedly increased the technical and opera-

fluorescent screens is after-glow or image persistgnc_e. This lagh 4 flexibility of radioscopic imaging systems, and the
phenomenon tends to enhance the contrast of static images, t?HEorporation of image enhancement, digitizing, and color-

causes smearing and loss of resolution in the dynamic imagg,jexed signal-level indications have further improved the
Lag is also common in television cameras and screens angdp, \vtical aspects of the method. The display may be in the
under low-light-level conditions, can be very noticeable. A,y of real-time or stored video images, a digitized matrix, or
small amount of lag is generally unavoidable, but it should be, , iicolored display in which imperfections are highlighted
kept to a minimum. The color of marny fluorescg_nt_ screerby color. These developments allow easier image analysis and
images is designed to peak at the maximum sensitivity of th%rintouts of salient information.

eye; about 550 nm. This is important when directly viewing 12 3.2 Television_Television | inel dt ;
conventional fluoroscopic screens, which have very low-light =" €levisior—Television IS routinely used to present a
tradloscoplc image to the examiner by means of a television

output. A person can see well and without discomfort a o, Th f such televisi id
daylight intensities from about 1.1 to 540 millilamberts (3.5 to MoNItor. The use of such television systems can provide many

1719 cd/m). For critical viewing, 10.8 to 21.6 milllamberts advantages:

(34.4 to 68.8 cd/f) are necessary. The size, contrast, and 12.3.2.1 Transfer of the image to a remote location for
resolution of a fluoroscopic image are interrelated, and théadiation protection and improved viewing conditions,
optimum size is usually determined experimentally. In most 12.3.2.2 Amplification of image brightness to levels where
cases, the image magnification (based on actual produeisual contrast sensitivity is improved, reducing requirements
dimensions) ranges from 1.2 to 1.5. Image magnification igor dark adaptation and ambient lighting restrictions,
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12.3.2.3 Modification of the system gamma to producethe selection of the television system and the consideration of
greater contrast sensitivity, video enhancement and storage techniques, the specification of

12.3.2.4 Production of multiple remote images of differing screen size, scanning format, number of television lines, and
characteristics from the same input image through electronigiewing conditions are highly important. Attention to these

processing, details can result in a measurable improvement in system
12.3.2.5 Processing of the image signal electronically tgsensitivity and operator effectiveness.
provide real-time image enhancement, and 12.3.5.1Television Monitor Screen Size Versus Viewing

12.3.2.6 Processing of the image signal electronically tdDistance—The critical viewing distance for television is de-
provide pattern recognition capability, often linked with fined as that distance at which two picture elements can just be
digital-computing techniques. resolved as separate entities. For conventional 525-line televi-

12.3.3 Types of Television CamerasTelevision systems sion, this distance is aboutéthe height of the picture, and it
employ a variety of camera tubes, each providing differingis generally conceded that viewing distances of 4 %o Be
characteristics in sensitivity, resolution, contrast, lag, light-screen are suitable for critical viewing without undue fatigue.
level range, blooming, required radiation protection, noisefFour times screen height is equivalent to 2.4he screen
spectral response, and complexity. Selection of the type tdiagonal measurement, and for the commonly used 356-mm
utilize is dependent upon the system-design constraints. TH&4-in.] monitor, the viewing distance would be 853 mm [33.6
more common types of television camera tubes include: in.]. This value should be considered a minimum, and the

12.3.3.1 Vidicons, especially plumbicons or silicon-targetscreen size and viewing distances selected accordingly. When
types, are used at higher light levels (about 0.1076 ffrdm  operating controls it may be advisable to go to a smaller screen
10" fc) and are commonly interfaced with X-ray image inten-and, perhaps, a 254-mm [10-in.] to 279-mm [11-in.] viewing
sifiers. The vidicon is characterized by its simplicity, rugged-distance.
ness, and small size. Its target area is the same as a 16-mmi12.3.5.2 Scan Format-The television scanning format can
photographic frame. It is simple to adjust and quite stable. Thée modified to enhance the detectability of certain imperfec-
dynamic range of a plumbicon is approximately 200:1 com-ions. In the case of welds, for instance, the scanning lines
pared to 70:1 for the vidicon, making it more flexible for should be transverse to the weld so that fine imperfections such
varying scene intensities. as longitudinal weld cracks, toe cracks, and incomplete pen-

12.3.3.2 Secondary electron-coupled (SEC) vidicons emetration are displayed on a number of lines, materially improv-
ploy an internal initial stage of target amplification, using aing their chance of detection. Furthermore, only the areas of
secondary target. They are similar in performance to isoconsgnterest should be displayed on the television monitor. Bright
are less complex, but differ in lag and require special protectiomreas adjacent to welds serve only to increase the general
circuitry to prevent target destruction from overloading. Pri-illumination level on the television camera and constrict the iris
mary use is for low-light level, low-contrast applications down of the viewer and reduce sensitivity to small changes in the
to 1.076X 104 Im/m? (10°° fc). darker weld area perceptibility. Physical masking or appropri-

12.3.3.3 Image orthicons and image isocons are return bea@t€ blanking of the television raster can correct this situation.
tubes with internal electron multipliers. The orthicon is useful 12.3.5.3Scan Rate and Spot Siz®oth scan rates and
to light levels of about 1.076& 1072 Im/m?(10~* fc) and the  associated amplifier frequency bandpass characteristics and the
isocon is useful to 1.07& 10 Im/m? (10°° fc). The isocon size of scanning spots are significant factors affecting the
provides the best noise performance and resolution of all tubesverall resolution of the television display. As a general rule,
for low-light levels and static scenes, but degrades for movinghe vertical and horizontal resolutions of the television monitor
scenes and is highly complex. Both orthicons and isoconare nearly equal and other system parameters such as geometric
exhibit little target overloading damage. Both the imagemagnification and size of the image displayed are adjusted to
orthicon and isocon camera tubes must be carefully adjustedke full advantage of the television resolution. The scanning
for optimum performance, the isocon being the most difficultspot size, both on the camera and monitor, should be small
and requiring a skilled technician. Both are temperature senscompared with the minimum dimension to be resolved. Con-
tive and should be operated under stabilized conditions. Theequently, care must be exercised at each stage of the system to
dynamic range for the isocon is about 1000:1. ensure that optimum conditions are achieved.

12.3.4 X-Ray Sensitive Television Camer&everal ver- 12.3.5.4Viewing Conditions-In the foregoing, factors such
sions of television cameras are available that respond directlys screen size and masking have been noted as affecting
to X rays, requiring no extra conversion means or optics. Theseperator performance. Similar beneficial effects may be
television cameras can provide good performance, but argchieved by arranging that the television viewing be done in
relatively insensitive to X rays and are limited in image sizesubdued light, and that no glare is reflected from the face of the
and sensitivity. The most common types are vidicons; at lowetelevision monitor. Also, the operator’s position with respect to
keV levels, beryllium input windows are employed for the the screen, the operating controls, and his report forms should
vidicons. Their primary use is in electronic components andhe selected to avoid undue motion and strain. Finally, the
low-density materials inspection. examination booth should be adequately shielded for radiation

12.3.5 Television Display ConceptsThe use of television protection, air conditioning, and have adequate window space
for display of the image requires that certain fundamentako that the area surrounding the station can be checked from
principles be observed in the design of the system. Aside fronwithin the booth.
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12.4 Recording—Permanent records of the image are oftenimprovement of the videotaped signal. Identification of the
required. Several methods are presently available. recording may be superimposed on the electronic signal or may
12.4.1 Photographic Recording-Static photographs may be added to a separate recording channel.
be made of either directly viewed or remote television monitor 12.4.3 Digital Tape Recording-Systems employing digital
presentations, with the photographic factors adjusted for theonversion techniques may utilize digitally recorded tapes for
light level. Also, a radiographic film may be inserted in front of bulk storage of image information. Many systems produce
the detector to obtain a radiograph. Cinefluoroscopy usuallgigital images in a matrix of picture elements or “pixels.” The
requires the use of some type of intensifier or amplificationdigitized format lends itself to computer-controlled display,
because of the low-light quanta available per frame. Typicateading, analysis, and storage. Digital signals may be stored on
setups for either should include means to identify the filmmagnetic tape for 10 years, or more, without degradation, and
number, location, date, and related factors desired. The sensire compatible with laser recording systems which offer even
tivity and quality of static photographs will generally exceedgreater storage efficiencies and life.
that of the live presentation because of film integration and the 12.4.4 Other Recording TechniquesElectronic interfaces
film log ratio curve (gamma). are available for television systems to produce paper facsimile
12.4.2 Video Tape Recording, AnalegSystems employing photographs by means of slow-scan readout for static scenes.
television cameras may be interfaced with video tape recordeiSimilar paper facsimiles may be produced by computer sys-
to record the electronic signal from the image, either staticallfems. The gray scale and resolution of these reproductions is
or dynamically. The quality of the video-tape recording isexcellent.
dependent on the relative bandpass of the television system and
recorder. For recording of static scenes, the use of a videdt3- Keywords
graphic storage terminal to integrate the television image with 13.1 configuration; electronic; module; non-destructive; ra-
slow-scan readout to the recorder can result in significandioscopy; real-time
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