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About ISRP and this Series 

Ionising radiation is a powerful tool finding increasing applica
tions in almost all walks of life, be it agriculture, medicine, industry or 
basic research. By the very nature of its diverse applications, the study 
of ionising radiations and their interaction with matter has diffused 
into various other scientific disciplines. It is with the primary objective 
of providing a common forum for the scientists and engineers work
ing on different basic as well as applied aspects of ionising radiation 
that the Indian Society for Radiation Physics (ISRP) was formed in 
1976. Its membership consists of professionals from national 
laboratories, universities and institutions of higher education, industry 
etc. In line with its basic objective, ISRP has been organising peri
odic national and regional seminars, topical meetings etc. 

It is recognised that for an optimum utilization of any technology, 
a comprehensive appreciation of its problems and potentials must 
prevail not only amongst the scientists and engineers associated with 
the technology but amongst the general public also. In the case of 
ionising radiations while its hazard aspects seem to have been over
played for historical or other reasons, its full potential in the service 
of mankind does not seem to have drawn the deserved attention of 
the general public. It is to fill up this gap and to develop an overall 
perspective ISRP (Kalpakkam Chapter) has launched this series of 
semi-popular brochures and technical reviews on various facets of 
ionising radiation. 

We feel that for any programme to be relevant and successful a 
strong user-feed back is essential. We earnestly solicit suggestions 
with regard to the content and level of these brochures, topics to be 
included etc. The suggestions may please be sent to 

Secretary 
ISRP - Kalpakkam Chapter 
Health & Safety Laboratory 
Indira Gandhi Centre for Atomic Research 
Kalpakkam - 603 102. 
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FOREWORD 

Thanks to the visionary and dynamic leadership provided by 

Dr.Homi Bhabha and the successive Chairmen of the Indian Atomic 

Energy Commission, there has been awareness and appreciation at 

the government level, in the scientific community, and also in the 

minds of the general public, of the importance and potential of 

atomic energy development for the growth of the national economy. 

On the other hand, there has been till now no systematic effort in the 

country to publish books and monographs to project in detail the 

achievements in the field, and to disseminate information on all the 

various aspects of nuclear science and technology in a style that is 

scientifically objective and at the same time intelligible to the general 

public. The need for such an effort has become imperative in the 

present juncture, when the nuclear power programme and the ap

plications of ionising radiations are poised for substantial growth, and 

when simultaneously anxieties about the safety of design and opera

tion of nuclear power plants, management of radioactive waste, 

biological effects of radiation and the impact of the nuclear 

programme on the environment, have become accentuated follow

ing the Chernobyl nuclear plant accident in USSR in 1986. 

It is in this context that the series publication of monographs on 

selected themes, by the Kalpakkam chapter of the Indian Society for 

Radiation Physics (ISRP) is to be welcomed. The Chapter is fortunate 

to have dedicated and enlightened members who have taken a lead

ing interest in the information dissemination and in organising educa

tional programmes for the benefit of the general public. 



Radiography forms by far the most important application of ionis

ing radiations in the area of non destructive testing (NDT). The 

present monograph is a comprehensive attempt to survey all the 

known radiographic techniques, ranging from conventional radiog

raphy based on X-rays to the more modern ones such as neutron 

radiography, microfocal radiography, tomography etc. The authors 

have explained the basic principles behind each method, highlighted 

individual features of a method which makes it suitable for special

ized tasks, and provided several illustrative applications drawn from 

the nuclear industry, which also have a wider relevance to all in

dustries in general. The monograph is based on the vast experience 

that has been gained over the years, at BARC, Bombay and ICCAR, 

Kalpakkam. It will be a very useful reference and guide for scientists 

and engineers in the country, interested and engaged in NDT ac

tivities. 

I wish once again the Indian Society for Radiation Physics 

(Kalpakkam)'s Science Propagation Programme every success. 

6 ,, / * / n 
C.V. SUNDARAM 

Director 
Indira Gandhi Centre for Atomic Research 

Kalpakkam 
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IONISING RADIATIONS FOR 
NON-DESTRUCTIVE EVALUATION 

1.0 RELEVANCE OF NDE 

In modern times, a nation's technological status is measured in 
terms of its capabilities to produce quality products on a cost effec
tive basis. Quality is achieved by appreciation of performance re
quirements, adequate design, judicious choice of materials, under
standing materials performance behaviour, exploitation of ap
propriate fabrication, machining and assembly techniques and ap
plication of sound and realistic quality assurance procedures. 
Destructive and non-destructive test techniques are used for ensur
ing quality. 

Non-destructive test (NDT) techniques as the name implies are 
methods used to determine the performance capabilities of materials 
or components without causing any deterioration in performance. 
Destructive tests such as mechanical and micro-s' ictural test 
evaluations are very powerful means to ensure that the desired 
properties can be achieved in the material or components. However, 
a serious limitation of destructive tests is that such tests do not guaran
tee that the component to be put in service is identical to the test 
specimen/component. NDT is used for ensuring that unacceptable 
defects do not exist in materials /components thus helping to reduce 
failures, and guranteeing the desired quality levels. 

2.0 CLASSIFICATION OF NDT TECHNIQUES 

NDT techniques are broadly categorised as follows : 

Surface and Optical: Visual, Liquid Penetrant, Magnetic Particle 
Testing, Laser Holographic Interferometry, Moire Technique, Speckle 
Technique, Photo-elastic Coating, etc. 

Electromagnetic Radiations: X-radiography, Gamma Radiography, 
Back Scatter Radiography, Tomography, Autoradiography, Eddy 
Current Testing, Magnetic Fiux Leakage, Barkhausen Noise, etc. 

Ultrasonic : Pulse Echo Methods, Ultrasonic Spectroscopy, 
Acoustic Emission, Acousto-Ultrasohics, etc. 



Thermal: Contact Thermometry; Infrared Thermography, Electro-
Thermal Measurements, Vibrothermography, etc. 

Leak Testing : Soap Bubble, Thermal Conductivity, Freon Leak 
Testing, Helium Leak Testing, etc. 

Analytical: Mossbauer, Neutron Activation, X-ray Diffraction, X-ray 
Fluorescence, Positron Annihilation, Nuclear Magnetic Resonance, 
Auger Analysis, Ion Probe, Laser Probe, etc. 

Amongst the above, Ultrasonics, Eddy Current Testing, Liquid 
Penetrant, Magnetic Particle Testing, and X- and Gamma 
Radiography are the widely used MDT techniques. 

3.0 NDT TECHNIQUES BASED ON IONISING RADIATIONS 

Ionising radiations, as the name implies involves the use of 
charged particle radiations as protons, electrons, positrons, etc. 
and electromagnetic radiations such as X-rays and gamma rays. The 
essential difference between X and gamma rays and the other 
electromagnetic radiations as light, UV and Infrared waves from the 
view point of testing and evaluation is that X- and gamma rays are 
able to penetrate matter which is opaque to light and have a 
photographic action similar to light. 

The basic advantage of the use of ionising radiation in non
destructive testing arises from the fact that the objects which can be 
examined can range in sizes and shapes from microminiature 
electronic parts to mammoth missiles or power plant structures. Fur
ther ionising radiations can be used for testing a wide variety of 
materials ranging from light elements as aluminium, beryllium, and 
magnesium to steel, nickel and other heavy elements. The manufac
tured forms inspected by these radiations include a wide variety of 
castings, weldments, composites and assemblies. No prior prepara
tion of the surfaces of the specimen is necessary. However, since in
discriminate exposure to ionising radiation can produce biological 
damage, strict control of human exposure to these radiations is es
sential. The maximum permissible radiation dose an operator can 
receive at a time or over a period have been formulated by the Inter
national Commission on Radiation Protection. In India, the task of 
enforcing these requirements is performed by the Division for 
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Radiological Protection, BARC. Further, design of equipment and 
test methods ensure that personnel are not exposed to radiation 
levels more than permissible by international/national regulatory 
agencies. 

NDT techniques based on the use of ionising radiations can be 
broadly classified into Radiography, Radiation Gaging Techniques 
and Analytical Techniques. Fig. 1 gives various techniques under 
each of these categories. 

NDT TECHNIQUES BASED ON 
IONISING RADIATIONS 
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Fig. 1 NDT techniques based on ionising radiations 

While an effort has been made here to provide state of the art of 
major NDT techniques based on ionising radiations, some of the 
other techniques utilising ionising radiations as Xeroradiography, 
Laminography, lonography, etc.[1], have not been dealt with due to 
their restricted applications. 
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4.0 RADIOGRAPHY 

4.1 X-RADIOGRAPHY 

The discovery of X-rays by Roentgen has extended man's ability 
to visualise the interiors of solid objects. Immediately after the dis
covery, X-rays found their use in the field of medicine, 'or diagnos
tic purposes. Many improvements in the safety and reliability of 
components have been made possible today by the application of 
radiography in industry. 

To produce a radiograph (for any type of radiography technique) 
we need : a source of radiation, the object to be radiographed and 
a detector of radiation which is normally a sheet of photographic 
film (fig. 2). When the unpretending beauty of this arrangement is 

SOURCE 

t-j-^y-^-iT^g 

OBJECT 

-FILH 

Fig. 2 The radiographic perspective 

considered and compared with other complimentary techniques for 
examining or inspecting the interiors, it is of little wonder that despite 
considerable and sometimes disproportionate attention to the other 
NDT methods, radiography in all its.forms is still expanding in its ap
plications. Radiography however should be considered and applied 
only when it is judged to be more appropriate. 
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4.1.1 CONVENTIONAL RADIOGRAPHY 

In the widely used conventional radiography, the source of radia
tion is an X-ray tube consisting of a source of electrons, an ac
celerating potential and a heavy element target with which the ac
celerated electrons interact to produce X-rays. In 1913, Coolidge 
built an X-ray tube which used a heated filament to produce 
electrons. Till recently, not much change has taken place in the 
structure of the tube. The recent developments are more of electri
cal or electronics in nature. The replacement of oil insulation by 
SFQ gas has led to lighter and portable units. The development of 
electronics has led to the availability of constant potential units 
which give stable operating conditions. The replacement of the 
glass tubes by metal ceramic ones has led to an extended tube life. 
X-ray machines are characterised by the operating voltage and cur
rent which determine the penetrability and intensity of the radiation 
produced. Modern X-ray generators are available upto 450 kV and 
15 mA, current. From the user point of view, compared with earlier 
tubes, we now have X-ray tubes in which the voltage can be varied 
right from 20 kV to 450 kV and also the advantage of dual focal spot 
size and ultra small light weight (15.5 kg) portable X-ray equipments 
with an output 200 kV and 3 mA [2]. 

Highly automated self propelled X-ray mini crawlers which travel 
within pipelines to lake radiographs of pipelines from inside are now 
available [3]. The control for positioning along the length is by means 
of a small radioisotope source which emits a collimated beam of 
radiation down through the pipe wall. Such systems, designed for 
remote control, would be suitable for both land based civil engineer
ing works and offshore pipe laying for oil, gas and other fluid 
handling networks employing pipelines down to 250mm bore. 

Apart from improved equipment, far more is known today about 
the art of making good radiographs, the factors which control con
trast and sensitivity and the limitations of radiography in what it can 
detect. Various codes have been evolved for the evaluation of 
radiographs. A code is a collection of related standards and specifica
tions often applying to a particular product line. An example is the 
ASME Boiler and Pressure Vessel Code which consists of many 
specifications covering pressure vessels, their manufacture and in
spection, their licensing, and their inservice inspections. It incor-
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porates many ASTM standards. Because a wide range of 
radiographic quality can be obtained due to large choice of techni
que details, most customers specifying radiographic inspection 
either specify the technique details or quote a well recognised 
standard. The standard organisations of most countries have 
produced such codes of practice. Some of the important national and 
international standards are listed in Table 1. 

TABLE - 1 
SOME MAJOR NATIONAL AND INTERNATIONAL STANDARDS 

CONCERNED WITH RADIOGRAPHIC TECHNIQUES 

BRITISH STANDARDS (BS) 

BS 2910 : 1973 Methods for the radiographic examination 
of fusion-welded circumferential butt joints 
in steel pipes 

BS 3451 :1973 (1981) Methods for testing fusion welds in alumi
nium and aluminium alloys. 

BS 3971 : 1980 (1985) Specification for image quality indicators 
for industrial radiography (including 
guidance on their use) 

INTERNATIONATIONAL STANDARDS ORGANISATION (ISO) 

ISO 1027 -1983 Radiographic Image quality indicators for 
non-destructive testing - principles and 
identification. 

ISO 3999 -1977 Apparatus for gamma radiography -
specification. 

ISO 5655 -1982 Photography - Film for industrial radio
graphy- sizes ,quantity, packaging and 
labelling. 

Contd. on next page 
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BUREAU OF INDIAN STANDARDS (BIS) 

IS : 1182 -1983 Recommended practice for radiographic 
examination of fusion welded butt joints 
in steel plates. 

IS : 2598-1966 Safety code for industrial radiographic 
practice. 

IS : 3657-1978 Radiographic image quality indicators. 

IS : 4853-1982 Recommended practice for radiographic 
inspection of fusion welded butt joints 
in steel pipes. 

Sets of reference radiographs showing the appearance of weld 
and casting defects of different degrees of severity through different 
metal thicknesses are commercially available which are extremely 
valuable for instruction purposes also. Some of the reference 
standards ?.i e : 

ASTM E. 99 : Reference radiographs for steel welds, USA(1963). 

ASTM E.155 : Reference radiographs for inspection of aluminium 
and magnesium castings, USA(1979). 

ASTM E.192 : Standard reference radiographs of investment 
steel castings for aerospace applications, USA(1975). 

International Institute of Welding has also brought out such 
reference radiographs for steel weldments upto 125 mm. 

Suitable penetrameters have been designed for evaluation of 
radiographs for their quality and sensitivity. The quality of the the 
radiographs is always quoted in terms of the amount of detail dis
cernible on the image of the Image Quality Indicators(IQI) of the 
same material as the specimen placed on the surface of the 
specimen. This IQI sensitivity depends on the radiographic tech
nique, the type of IQI used and the specimen thickness. 

Basically, we have ASTM plaque type penetrameters used in 
USA and the wire or step type penetrameters used in UK and other 
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European countries. The plaque type penetrometers are made as 
per ASTM Standard E-142 incorporating a 21, 1T and 4T diameter 
holes. In a wire type penetrometer, the wires are arranged by 
diameter. The diameters of the wire ranging from 0.1 mm to 3.2 mm 
follow a geometric progression and all the wires are of the same 
length. The wire material is chosen to match the material to be 
tested. In normal use, a specification will state the smallest 
diameter wire to be seen on a radiograph or a 2T hole(sometimes 
1T or 4T hole depending on applications). Figure 3 shows the 
various types of IQI. Typical radiographic sensitivities to be 
achieved in various applications range between 0.5 to 4.0% of 
wall thickness. 

Fig. 3 Penetrometers used in Radiography 

To assess IQI sensitivity, the radiograph is placed on an illu
minated screen of appropriate brightness(luminance) and the film 
is suitably masked to eliminate glare emanating from around the 
film or any part of the film having particularly low density. The 
diameter of the smallest wire or drilled hole which can be detected 
with certainty is taken as a measurement of the attained sensitivity. 

The provision of good film viewing conditions is essential as it is 
quite possible to have information on the radiograph which is not 
seen because of too high a film density or low illuminator 
luminance. The importance of relating illuminator luminance to film 
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density has been recognised by IIW, whose Commission VA 
(Radiography) has produced a detailed recommendation (IIS/IIW-
335-69). These state that the luminance of the illuminated 
radiograph should not be less than 30 cd/m 2 and whenever pos
sible approximately 100 cd/m2 or greater. This minimum value re
quires illuminator luminance of 300 cd/m 2 for a film density of 
1.0, 3000 cd/m2 for a film density of 2.0 ?nd 30,000 cd/m2 for a 
film density of 3.0. 

It js possible to characterise a detectable defect in a limited way, 
by radiography. Most defects found by radiography are three 
dimensional and from the point of view of deciding the significance 
of the defect, it is desirable to be able to determine the nature of 
the defect in all the three dimensions. 

Generally, by radiography, one can recognise the nature of a 
defect and also measure its effective length and width parallel to the 
plane of the film, but the through thickness dimension (height) is 
less easy t o . determine. The distance of a defect from the sur-
face(depth) can be found by stereometric methods[4]. In principle, 
it is possible to measure the height of a defect from the density of the 
image on the radiograph using a microdensitometer. The densities 
determined from the micro densitometer trace can be converted into 
thickness either by absolute calculations using the film characteris
tics and exposure curves, or by having an appropriate step wedge 
on the radiograph along side the weld. The latter is a more attractive 
as it eliminates zr\y error due to film processing and one does not 
need to know the density/metal thickness curve accurately. 
Halrnshaw[5] has found that for general weld defects occupying 
10- 30% of the thickness, this method can be applied with an ac
curacy of 8%. However this method has not been found to be 
suitable for planar defects as cracks. 

While defects such as porosities, lack of fusion, lack of penetra
tion, voids, inclusions etc in welds and hot tears, shrinkage cavities, 
etc in castings can be easily detected, the detectability of cracks by 
radiography is influenced by the position and size of the crack, the 
incident angle of the X-rays, the distance between the film and the 
crack, size of focal spot, sensitivity of film, screens, and so on. 
Good amount of work has been done on crack detectability and 
sensitivity [6,7,8]. 
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Conventional radiography is being widely used for the inspec
tion of a variety of weldments, castings and complex assemblies 
in various industries. 

4.1.2 MICROFOCAL RADIOGRAPHY 

It is well known that source size contributes to radiographic 
quality, influences the geometry of the inspection and sets resolu
tion and image definition limits. In microfocal units, the focal spot 
size is less than 100 (U compared to the focal spots of 0.4-5 mm in 
conventional units. Some of the advantages[9] of the reduction in 
the size of focal spot are: 

(i) The sample need not be in contact with the film during 
exposure. By positioning the sample nearer to the source 
and away from the film, magnification is possible which 
permits observation of finer structural details and 
microdefects (fig. 4a). 

(ii) When magnification is not essential, the source to film 
distance can be reduced for shorter exposure times. This 
is particularly useful in the examination of objects which 
are in a radioactive area or are themselves radioactive. 

MOJtCTlON 
RAOIOCRAftf 

MICROFOCAL 
XStAY SOURCE 

MICROFOCAL 
X-RAY SOURCE 

fr£--w •:*•>•• 

1 0 ) IMAGE MAGNIFICATION (b) ENHANCED CONTRAST DUE TO LOR SCATTER 

RADIATION ON THE FILM 

Fig. 4 Advantages of Microfocal Radiography 
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Separation of sample from film allows for sample movement. 
This makes dynamic radiography of temporally changing events 
and tomo-radiography possible. 

A microfocal radiograph has better resolution and contrast due 
to reduced scatter radiation from the sample (fig. 4b). It also 
provides a uniform depth of focus compared to a conventional 
radiograph. 

Typical areas of application of microfocal radiography are clas
sified as: 

(i) Applications where conventional radiography cannot be 
used due to problems of access. One such case is that 
of the tube to tubesheet welds in heat exchanger tube 
assembly of Fast Breeder* Reactors. This joint is very 
critical and needs a high quality non-destructive testing 
method to detect the cracks and porosities. Convention
al radiography is not suitable as the desired position for 
the X-ray source is not accessible. 

At IGC, radiography of the trial tube to tubesheet welds of the 
steam generator of Prototype Fast Bredeer Reactor was carried out 
to establish the integrity of welds and for development of quality as
surance procedures. A 40 um diameter steel wire (in some cases 30 
ium) placed on the inside of the tube could be easily resolved 
which corresponds to a wall thickness of 1.7% (~ 1 % in 30 um 
case). 

00 Applications where conventional radiography can be 
used but a better resolution is required. Examples are : 
end plug welds of thin walled cylindrical cladding tubes 
containing nuclear fuel pellets. For this application, a 
hollow shape correction block was designed . Thk 
block could accommodate ten fuel pins. Using 
panoramic radiography, the welds were radiographed. A 
50ium diameter steel wire could be resolved through 5.1 
mm of steel which corresponds to 13.5 % wall thick
ness of FBTR cladding tube. The definition achieved 
by this technique is twice superior compared to conven
tional radiography. The sensitivity also compares well 
with the sensitivities achieved by eddy current and 
ultrasonic test methods employed to assess cladding 
tubes._ Evaluation of honeycomb structures, ceramics 
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and gas turbine blades can be cione using conventional 
radiography but resolution would be poor. For 
honeycomb structures, the use of magnification would 
result in better detection of debcnds, micropores, lack 
or excess of adhesives, etc. in case of gas turbine 
blades, microporosities of the order of 0.03 mm are to 
be detected. This detection is fuither complicated by the 
appearance of the diffraction pattern (Kossel lines) in 
case of single crystal blades and mottling in polycrys-
talline blades[10]. This interference is overcome to some 
extent by magnification. Procedures have been deve
loped at IGC for inspection of these blades using high 
resolution radiography. 

(Hi) Applications where inherent poor resolution of the 
detection and display systems of real time radiography 
must be compensated by geometrical sharpness, micro
focal spot is a great advantage. Example: Qn line moni
toring of pipe welds, evaluation of electronic com
ponents and printed circuit boards, etc. 

Characterisation of focal spot in microfocal units is a very im
portant aspect. The focal spot of the microfocal unit at DPEND 
was successfully measured[11] using the conventional pin hole 
technique aiong with image processing for a backward throw 
probe. It is found that the focal spot size is a function of various 
parameters like optimisation, kV, vacuum condition, etc[ 12]. 

4.1.3 HIGH ENERGY RADIOGRAPHY 

Radiography using X-ray energies of 1 MeV or more is com
monly termed as high e?"*ergy radiography. The basic principles of 
this technique are similar to those cf conventional radiography but 
its major advantages are: 

Examinations of thicker sections economically due to the 
greater penetration of the high energy photons. 

Possibilities of large distance to thickness ratios (D/T) with cor
respondingly low geometrical distortion. 

Short exposure times and high production rates. 
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The wide thickness latitude, good contrast and reduced amount 
of high angle scatter reaching the fiim results in radiographs with ex
cellent penetrameter sensitivity and good ^ . olution, 

The first commercial high energy X-ray source was the 1 MeV 
resonant transformer introduced by the Genera! Electric of USA in 
1939. A few years later, a 2 MeV version of the Resotron was fabri
cated. Though conceived earlier, the Van De Graff type electrostatic 
generator became commercially available around 1939 in the 1 and 
2 MeV range. Today, a number of machines such as synchrotron, 
betatron, etc. are available for high energy radiography of which the 
Electron Linear Accelerator (Llnac) is the most popular. 

4.1.3.1 Electron Linear Accelerator (LINAC) 

Linac accelerates electrons by means of radio-frequency (rf) 
voltages. These voltages are applied so that the electrons reach an 
acceleration point in the field at precisely the proper time. The 
accelerator guide consists of a series of cavities which causes gaps 
when the rf power is applied. The cavities have holes in each end 
which allow electrons to pass to the next cavity. When an electron 
is injected at the proper time, it gains energy as it is accelerated across 
these gaps. Proper phasing of the rf power is essential for 
acceleration. 

Recent developments in Linac include portable machines with 
energies upto 16 MeV and radiation output upto 10,000 rads/min at 
one metre from the target. Increased operating frequencies upto 
9300 MHz permit light weight X-ray head. In the newer configuara-
tion of portable sets, it is possible to operate the accelerator and the 
collimator away from the rf source using a flexible waveguide. Total 
weight of X-ray head is thus reduced, permitting easy positioning for 
inspection of pipelines, valves and other test objects with limited 
accessibility. 

Radiography of steel upto 500 mm(20 inches)is possible with 
Linacs. Linacs produce better radiographs than almost any other high 
energy equipment for steel thicker than 100 mm. 
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4.2 GAMMA RADIOGRAPHY 

In contrast to X-ray machines which emit radiation with a spectrum 
of energies, gamma ray sources emit one or a few discrete energies. 
Radiography with gamma rays has the advantages of simplicity of the 
apparatus used, compactness of radiation source, and independence 
from outside power. This facilitates the examination of pipe, pressure 
vessels and other assemblies in which access to interior is difficult. 

4.2.1 EQUIPMENT DESIGN 

Early models of gamma radiographic units used a simple lead 
casting for housing the radioactive source and providing radiation 
protection. The source was manipulated by a long pole to position it 
over the weld. The subsequent models used containers with mov
able shutters where the source could be stored safely (fig.5). By 
removing a shielding component, a beam of radiation could be 

produced from a beam port. 

Fig. 5 Gamma ray container - shutter model 
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The more recent development is the use of remote control to wind 
the source from the shielded position to the exposure point. This is 
achieved using a flexible source holder with a disconnectable link to 
a manual wind out cabta. The source is moved through an armoured 
flexible source guide tube which has an end stop which is normally 
fitted into a beam limiting collimator at the weld position. The 
projector type container has the advantage of remote operation for 
additional safety. 

The present containers mostly use depleted uranium for radiation 
shield either in the form of a compact spherical casting with a 
movable shutter or a larger casting with an 'S' tube internal path (fig. 
6). The 'S' tube design gives full radiation protection with the addi
tional advantage of having no moving parts in the primary shield. 

A = SOURCE STORED POSITION 

B = SOURCE IN TRANSIT 

C = SOURCE EXPOSED 

4.2.2 SOURCES FOR GAMMA RADIOGRAPHY 

The four most popular radiographic sources are : Cobalt 60 (Co-
60), Cesium 137 (Cs-137), Thulium 170 (Tm-170) and Iridium 192 (Ir-
192). The once popular Radium 226 (Ra-226) is no longer used 
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because of its limited availability and more importantly because of its 
higher radiological hazard potential. 

4.2.2.1 Cobalt 6G(Co-60) 

Cobalt is a magnetic material with somewhat similar physical 
properties as iron. In nature it occurs as a single isotope Co- 59 which 
is transformed to Co-60 by a neutron capture. The high thermal 
neutron capture cross section of 24 barns for Co-59 makes Co-60 one 
of the most readily available isotopes. Co-60 decays with a half life of 
5.27 years with the emission of low energy beta rays and two gamma 
rays of energy 1.17 MeV and 1.33 MeV [13]. Radiographers employ 
CD-60 for inspection of iron, copper and other medium weight me
tals with thickness greater than 2.5 cm or thinner sections of heavy 
materials such as tantalum or uranium. Co-60 is radiographically 
equivalent to a 3 MeV X-ray generator though it is not so intense a 
source. It can be used to make good radiographs upto 20 cms of 
steel. 

4.2.2.2 Iridium 192(IM92) 

Iridium is a naturally occuring element belonging to the platinum 
family with a density of 22.4 gm/cc. It has two stable isotopes lr-191 
and lr-193 with natural abundances of 37.3% and 62.7% respective
ly. When the elemental iridium is exposed to neutrons, radioisotopes 
lr-192 and lr-194 are produced. While Ir-192 has a half life of 74.3 
days, the half life of lr-194 is only 19 hours. 

The gamma ray spectrum of lr-192 is quite complex containing at-
least 24 spectral lines in the energy range 0.2 to 0.7 MeV[13]. Its rela
tively low energies permits the use of lead shields weighing less than 
50 Kg for source strengths of 2000-4000 CBq making the isotope ideal 
for field work where portability and small size are desirable. This 
isotope is principally used for the radiography of steel upto 100 mm. 

4.2.2.3 Thulium 170 (Tm-170) 

Thermal neutron capture converts the naturally occurring isotope 
Tm-169 into Tm-170. This isotope has a half life of 129 days and is 
generally used in the form of thulium oxide. It decays by the emission 
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of 0.968 and 0.884 MeV beta rays. The excited state of the nucleus 
is stabilised by the emission of 0.084MeV gamma ray by internal con
version. From internal conversion, a 0.052 MeV gamma ray is emitted 
from 5% of the disintegrations. There is a considerable internal and 
external foremsstrahlung due to absorption of beta rays. *^ue to the 
low energy of the gamma ray emitted, the isotope is yet to find 
widespread applications in industrial radiography. Its main virtues 
are small size and portability. A 2.5 cm lead shield is sufficient to 
reduce radiations from a 1850 GBq source to safe levels. It can be 
used for the radiography of objects with thickness as low as 0.8 mm 
of steel or 13mm of Al with 2% sensitivity and is useful for integral as
semblies such as aero-space components, composites, plastics, 
wood and light alloys. 

4.2.2.4 Caesium 137(Csv137) 

This is one of the most abundant fission products. Cs-137 decays 
by beta emission to an isomeric state of Ba-137 (0.52 MeV beta-92%, 
1.17 MeV beta-8%) from which a 0.662 MeV gamma ray is emitted. 
There is also a low energy conversion X-ray(32 keV). The half life is 
30.1 years. It is mainly used for radiography of steel of thickness be
tween 40-100mm. For a given physical size of source, its output is 
less than that of lr-192 but its longer half life makes it attractive. 

Other radioactive isotopic sources such as Am-241,1-125, Pm-147, 
Gd-153, Eu-152, etc., have not gained prominence since one of the 
four isotopes discussed above surpasses them in one or all respects. 
However, one isotope i.e. Ytterbium -169 seems to be gaining some 
ground! 14,15] particularly in the radiography of butt welds in thin 
walled pipes with diameter below 200mm and where the pipes are 
in closely spaced groups and/or inside confined spaces. Yb-169 has 
a half life of 3'i days and its emission consists of primary radiation 
between 63-310 keV. Panoramic radiography using Yb-169 for steel 
pipe welds in the range upto 250mm outer diameter and 15mm thick
ness is found to be economically advantageous compared to 
double wall single image X- ray techniques. 

4.3 AUTORADIOGRAPHY 

An auto-radiograph is a phoiographic record of the radioactive 
material within an object obtained by bringing the object in contact 
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with the photographic material. In general, it is a laboratory process 
applied to sections of biological tissues, metallographic samples etc. 
containing radioisotopes. Autoradiographic techniques, limited to 
the nuclear energy field include determination of the fuel distribution, 
cladding uniformity of unirradiated fuel elements, and the measure
ment of fission product concentration in irradiated fuel elements. 

The autoradiography of unirradiated fuel element is achieved by 
placing the fuel element in intimate contact with the photographic 
film. The exposure time is determined by trial and can run to several 
hours. In the case of uniformly loaded plate, density can be corre
lated to the thickness of the cladding. In case of uniform c-adding 
thickness, density can be correlated to fuel distribution. In either 
case, calibration exposures of one or more fuel elements of known 
properties are necessary and ideally a calibration pin should be 
processed along with test fuel element. 

If the nuclear.fuel is unclad, a large part of the exposure to the film 
is caused by beta radiation. The thinnest material that gives adequate 
mechanical and light protection should be used between the 
specimen and the film. However, the material should be uniform in 
thickness. Variations in thickness will cause differences in electron 
transmission and the resulj would be an electron radiograph of the 
protective material, rather than the concentration of radioactive 
material in the specimen. 

The autoradiographic examination of fission product concentration 
in an irradiated fuel element involves high degrees of radioactivity. 
Two methods can be thought of for this and these are: (1) the use of 
films for gross measurement and (2) gamma ray spectrometry for the 
measurement of fission products. For the first method, slower type 
of industrial X-ray films are more suitable. As in the radiography of 
radioactive specimens, this technique places a good premium on 
bringing film and specimen together quickly at the start of exposure 
and separating them quickly at its termination. In this technique rigid 
control of all processing variables is needed. 

Measurement of concentration of fission products through the use 
of gamma spectrometry i.e. the signature analysis of the fission 
products through its gamma ray emissions involves scanril. ig small 
volumes of the fuel pin as seen by.the collimator through the use of 
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a Ce/Ce(Li) detector operated in coincidence or anticoincidence 
mode and attached to a multichannel analyser. Since each fission 
product has its typical gamma ray emission, the intensity of the 
gamma peaks is correlated to the fission product concentration and 
distribution. This further helps in determination of point to point and 
grossburn-up[16]. 

4.4 NEUTRON RADIOGRAPHY 

Neutrons though not ionising radiations by themselves, are con
sidered here due to : (a) neutrons through their interactions with 
foil/film/screen produce ionising radiations(cx,y3y),which enable 
recording of radiography, (b) importance of neutron radiography and 
diffraction in testing and evaluation. 

Neutron radiography is a valuable non-destructive testing techni
que which compliments conventional X-radiography. It extends the 
ability to image the internal structure of a specimen beyond what can 
be accomplished with X-and gamma radiation.Similarities as well as 
differences exist between neutron radiography as compared to 
photon radiographic techniques. Similarities include the aSility to 
produce a visual record of changes in density, thickness and com
position of a specimen. The major difference is the way in which the 
neutrons are removed from the inspection beam by the specimen. 
Neutrons interact only with the nuclei of atoms in specimens rather 
than orbital electrons which leads to the marked differences between 
the transmission of neutrons and the transmission of photons through 
specimens. Figure 7 provides a variation in attenuation with in
creasing atomic number for X-rays (125 kV)and thermal neutrons 
(0.025eV). This comparison indicates that neutron radiography is 
advantageous in imaging low atomic number material in high atomic 
number matrices. Changes in the isotopic composition of certain 
elements can also be imaged because cross- sections for isotopes 
may be different. 

Radiography with thermal neutrons can be traced to mid 1930's 
shortly after the discovery of neutron by Chadwick. However, major 
developments in neutron radiography had to wait the advent of 
nuclear reactors. The first reactor neutron radiographs were 
produced in 1956 by Thewlis and Derbyshire at Harwell, UK. Apart 
from its use in the nuclear industry, this technique is being widely 
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used for the inspection of explosive devices, turbine blades, electronic 
packages, metallic honeycomb structures, ceramic components, 
valves and other assemblies. 
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4.4.1 NEUTRON SOURCES 

The neutron sources available for radiography fall into three 
classes : (i) nuclear reactors (including subcritical assemblies), 
(ii) particle accelerators and (iii) radioisotopes, in descending order of 
source intensity, engineering and operating complexity and cost. 

4.4.1.1 Nuclear Reactor 

A majority of practical neutron radiography has been done using 
nuclear reactors as the source of neutrons. The main reasons for this 
are: reactors are prolific sources of neutrons even when operating at 
low power levels, most reactor beams are rich in thermal neutrons, 
neutron radiograpl *y can be essentially a byproduct of many reactor 
operations, most of the early research in and the applications of 
neutron radiography were associated with the reactor community. 
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Interesting developments related to neutron radiography is the 
availability of pulsed reaciors [17] and subscritical assemblies. Pulsed 
reactor is made subcritica! by removing part of nuclear fuel from 
reactor core. To produce a piiise of ultra-high intensity, the missing 
fuel rod is passed rapidly through the core causing the reactor to go 
critical for a short time and producing a large pulse of neutrons. Pulse 
widths of a few milliseconds make it possible to take radiographs of 
transient events. Subcritical systems have provided an increase in 
available flux for neutron radiogsaphy of about 30 times, as com
pared to isotope sources. 

4.4.1.2 Accelerators 

Numerous nuclear reactions can be used to produce neutrons 
from accelerated charged particles with acceleration potentials in the 
range 100 keV to a few MeV. Some specific reactions are H-3 (D,n) 
H-4,H-2 (D,n) He-3,Li-7 (P,n) Be-7 and B-9(D,n) B-10. 

4.4.1.3 Radioactive sources 

Many isotopic sources are based on either (CK .n) or ( 'f ,n) reac
tion for neutron production. They have been used for a variety of ap
plications as they have the desirable features of being reliable and 
portable. However, thermal neutron intensities that can be obtained 
from such isotopic sources tend to be quite low compared to nuclear 
reactors. Spontaneous fission of transplutonium elements is another 
source of neutrons that has received considerable interest. On the 
basis of technological performance, spontaneous fission of Califor-
nium-252 is the most attractive isotopic source for neutron radio
graphy. The quality of radiographs has been generally below the 
quality obtained from reactors but this can be improved if long ex
posure times are acceptable. The source is well suited for applica
tions which require portability of the source and moderate resolu
tion. Real time image intensification and processing systems are in
creasing the utility of Cf-252 sources for inservice inspections with 
acceptable sensitivity. 

4.4.2 COLLIMATOR DESIGN 

Primary neutrons are too energetic for most radiographic purposes 
and they may have to be moderated before use. Water and other 
hydrogenous materials, heavy water, graphite, etc. are some of the 
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moderator materials used. The beam is extracted from core through 
the insertion of probe (beam) tube or collimator into the moderator 
which permits only those neutrons moving in the direction of the tube 
axis to pass through. Many types of collimators such as the parallel 
wall collimator and divergent collimator are in use. The divergent col
limator is widely used since a uniform beam can be projected over a 
large inspection area. The important geometric factors for a neutron 
collimator are the total length (L) from inlet aperture to detector and 
effective dimensions of the collimator at the source end (D). These 
parameters determine the angular divergence of the beam and to a 
large extent the neutron intensity at inspection plane. An efficient 
collimator requires that scattering from structural components should 
be minimum. 

4.4.3 NEUTRON SMAGE DETECTORS 

Since neutrons are not directly ionising, the image has to be 
generated on the film through an auxiliary reaction induced by 
neutron. To this end, a converter is used. It's role is to convert 
neutrons to particles which can produce an image on the film. The 
techniques used for imaging can be classified as : 

4.4.3.1 Direct technique 

A foil of gadolinium is used before the film. Gadolinium atoms in 
the foil absorb neutrons and promptly emit capture gamma 
radiation. Figure 8 (a) shows the principle of this technique. Alter
natively a scintillator screen containing a mixture of Li- 6 and zinc 
sulphide can be used. On interacting with a neutron, a lithium 
nucleus emits an alpha particle which strikes the zinc sulphide screen 
which in turn emits light photons. As these processes are of in
tegrating type, foil and scintillator screen can be used with low 
neutron fluxes and long exposures. The scintillator screens are 30 to 
100 times faster than metal foils. The particular advantages of the 
gadolinium metal foil is that the neutrons are absorbed in a very thin 
layer of the foil and the emitted electrons have a short range and so 
a resolution of about 12 ju.m can be achieved [18]. For radioactive 
objects, the direct technique is disadvantageous since gamma 
rays emitted from the object would fog the film. 
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4.4.3.2 Indirect technique 

Also referred to as transfer technique (fig. 8b), this method relies 
on the buildup of radioactivity in the foil produced by neutron absorp
tion. An activation image is formed in the foil and this is subsequently 
transferred to a photographic film in contact by allowing the radia
tions from the foil to produce the latent image on the film. The cor
rect exposure for the transfer method depends on the irradiation 
period of the foil and the time for which the irradiated foil is kept in 
contact with the film. 

The technique is much slower compared to the direct one. It can 
be used only for moderate (1011 neutrons/cm 2/sec) and high inten
sity radioisotope sources. This method is useful for imaging radioac
tive objects since the processes of activation and film exposure are 
independent. 
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Fig. 8 Direct and transfer method for producing 
a neutron image 

4.4.4 APPLICATIONS OF NEUTRON RADIOGRAPHY 

In contrast to X-rays,neutrons can : a) be attenuated by light 
materials like water, hydrocarbons, boron,etc. b) penetrate through 
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heavy materials like steel, lead and uranium, c) distinguish between 
different isotopes of certain elements and d)supply high quality 
radiographs of highly radioactive components. These advantages 
have lead to multiple applications of neutron radiography bolh for 
nuclear and non-nuclear problems of quality assurance. 

4.4.4.1 Nuclear applications 

Neutron radiography has been used extensively for post irradiation 
metallurgical examination of nuclear fuel elements to reveal informa
tion about the physical state of fuel, movement of fuel in cladding 
tube, dimensional changes in fuel pin and plulonium redistribution 
and for the determination of burnup of control rods. In cases of ab
normal performance or failure of fuel elements this information in 
cos nbination with other non- destructive techniques enables decid
ing cut sections for detailed destructive microsiructural examinations. 

When neutron shields are built around nuclear installations, it is 
necessary to check their integrity. A typical example is the inspection 
of a resin filled shield plug where neutron radiography is used to check 
thai the resin has flowed into all the extremities of the volume to be 
filled. 

The other important applications of neutron radiography in the 
nuclear technology include 

- detection of rogue fuel pellets in experimental fuel elements, 

- detection of element to element spacing of reactor fuels, and 

- quantification of hydrides in zirconium alloys (it is possible to 
detect hydrogen in Zr to a sensitivity of 3 ppm). 

4.4.4.2 industrial applications 

Hydrogen has a significant thermal neutron cross section and many 
of the most widely used applications of neutron radiography involve 
its detection. Rubber and plastic materials have many hydrogen 
atoms in their mclecuiar structure and so rubber s^als, plastic 
insulation, etc., are easilv detected in sealed assemblies. 
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NDT of explosives or pyrotechnic devices account for a large part 
of neutron radiographic applications. Small explosive charges in 
metallic assemblies of lead, and shaped charged lines of steel 
explosive bolts can be detected and assessed in terms of density, 
uniformity, and foreign material, etc. 

Many of the pyrotechnic devices are relatively small assemblies 
containing metal, explosive ai id in some cases plastic components. 
An X-radiograph shows the metallic part very well. The neutron 
radiograph shows the low atomic number material including plastic 
and adhesives. Together, the two radiographic methods provide a 
complete inspection. 

Hollow turbine blades contain small cooling passages through the 
length of the blade and neutron radiograph)' has been used to estab
lish the thickness of the metal round the passages prior to machin
ing. In many applications, it has been used to identify the residual 
ceramic materials[19,20]. 

Electronic devices like relays have been inspected for foreign 
materials such as cloth or paper. Various assemblies and com
ponents have been successfully inspected by this technique. 
Honeycomb structures for aerospace and other applications can be 
inspected with neutrons to show adhesives during manufacture or 
during repair. 

4.3.5 NEUTRON SOURCE FACIL5TY AT INDIRA GANDHI 
CENTRE FOR_ATOM?C RESEARCH 

A unique neutron source facility is being setup at Division for PIE 
& NDT Development (DPEND), IGC, for the examination of irradiated 
fuel subassemblies. The source for neutron radiog?aphy consists of 
a compact U-233 fuelled reactor which is moderated and cooled by 
deionised light wafer. The neutron source reactor is designed to 
operate at nominal power of 30 kW but power can be raised upto a 
level of 100 kW, if required. The salient features of this facility is given 
in Table 2. A general layout of the reactor system is shown in figure 
9. Beam tube details are given in figure 10. Two beam tubes of the 
type shown in figure 10 are available for radiography purposes. While 
the beam tube for radioactive sample radiography faces the midpoint 
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of the core, the non-active sample radiography beam tube is located 
just above the core to reduce gamma dose and permit direct radio
graphy [21]. 
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Fig. 9 General layout of reactor and radiography facilities 
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TABLE - 2 

SALIENT FEATURES OF NEUTRON SOURCE FACILITY 

Power 

Fuel 

Subassemblies 

Fuel Inventory 

Moderator and 
Coolant 

Reflector 

Average Core 
Neutron Flux 

Max. Heat Flux 
on Fuel plate 

Max. Heat 
Transfer Area 

Number of Irra-
dation Sites 

Flux at radio
graph site 

Collimator (L/D) 
Ratio 

Frame size for 
radioactive Sample 

Frame Size for 
Non-active Sample 

30 kW 

U-233 - Al alloy (22 wt% approx 
8 gm/plate), flat plates 
Meat - 1 x 54 x 250 mm 
Plate - 2 x 64 x 260 mm 

Nine, each having 8 plates with 
a water gap of 6 mm 
Size 66 x 68 x 260 
550gmsof U-233 

Deionised light water 

20 cm thick BeO followed by water 

1012n/cm2/sec 

3.8 W/cm 2 

2.6.x 104 cm2 

Three (2 for neutron radiography) 

3 x 106 - 107 n / cm 2 / sec 

1 5 0 - 2 0 0 • • • - . • " 

6 x 20 cm (max) . 

18 x 12 cm (max) 

27 



4.5 REALTIME RADIOGRAPHY 

Real Time Radiography or fluoroscopy differs from conventional 
radiography in that the X-ray image is observed on a fluorescent 
screen rather than recorded on a film. Fluoroscopy has the ad
vantages of high speed and low cost of inspection. Present day real 
time systems use image intensifies video camera and monitor. The 
image intensifier tube converts photons to electrons, accelerates the 
electrons and then reconverts them to light. Intensifies typically 
operate in the range of 30-10,000 light amplification factors. 

Improvements in electronic gain, fluorescent and photo cathode 
layer efficiency and electron optics have made modern.Xr ray image 
intensifies very useful in medical and industrial applications. Csl(Na) 
is now commonly used as a fluorescent layer for X-ray energies below 
400 kV, while at higher energies, rare earths phosphors such as 
Cd202S are better. Modern tubes are available with 10 to 40 cm 
input diameters, and trifield configuration. A typical 21 cm tube 
performs with a resolution of the order of 40 line pairs per mm and 
gain of the order of 14,000. The overall geometric distortion at the 
centre is less than 2%. 

The use of microfocal units in conjunction with image intensifying 
system greatly enhances the versatility and sensitivity of the real time 
radiographic setup.^ The inherent unsharpness of the fluorescent 
screens would be compensated by the focal spot size (< 100 u) of 
the microfocal units. With X-ray energies greater than 400 kV and 
with gamma rays, a computer aided Real Time Radiography (RTR) sys
tem can match the performance of film radiography. On specimens 
less than 20 mm thick, if it is required to match the detail sen-
sitivity(e.g. crack sensitivity) of film radiography, it is necessary to use 
both a microfocus X-ray source with a focal spot size in the range 5 r 

20 um with projective magnification and computer digital image 
processing. Such an equipment, though economical to operate, en
tails high capital cost. If a slightly poorer sensitivity can be accepted, 
a conventional miivfocus X-ray set (focal spot size 0.3/0.4 mm) can 
be used with some projective magnification and computer digital 
image processing. If high flaw sensitivity is not needed, the advantage 
of computer image processing is very great and an equipment with 
X-ray intensifier and television camera with a digital output would be 
a versatile equipment with low operating costs and high inspection 
speed. 

28 



An advantage of real time microfocal radiography is thai of zoom
ing or projection magnification by dynamically positioning the object 
with the manipulators between the X-ray tube and image receptor. 
Automatic defect recognition (ADR) is another application of real time 
radiography. ADR is applied to parts which can be inspected for the 
presence or absence of certain components or for the presence or 
absence of bonding agents such as solder and brazing. ADR may also 
be used at very high speed for objects that can be scanned and inter
rogated by intensity statistics, pixel statistics or similar window tech
niques for voids, inclusions or other anamolies with good contrast 
against the surrounding material. The use of real time radiography is 
finding increasing applications in industries where speed in testing is 
a primary consideration. 

4.6 IMAGE PROCESSING 

Any image on a film or a screen can be scanned with a close cir
cuit television camera with a digital output and stored on magnetic 
tape or disc as a number of pixels. A pixel array of 512 x 512 elements 
with 255 brightness levels on each pixel is quite common, and can be 
handled through a minicomputer. Once stored as digital pixel data, 
the image is available for computer enhancement techniques such as 
contrast stretching, edge enhancement, spatial filtering, differentia
tion, averaging, pattern recognition, etc. The versatility of image 
processing is that this can be performed in real time as well as on film 
images. The techniques of image processing and softwares are 
developing rapidly but suffer from two fundamental limitations. 
These are: 

(1) Present enhancement techniques, enhance the image noise -•• 
as well to some extent and radiographs are inherently noisy. 

• (2) The limited dynamic range and contrast characteristic of con
ventional TV cameras result in a loss of image quality during its ac
quisition from the filrn/screen. Early experiments with contrast en
hancement on a specimen with uniform thickness have indicated im
proved thickness sensitivity from 0.8 to 0.4%. 

4.7 TOMOGRAPHY 

Tomography in the most general sense is any technique which 
produces an image oi a parameter in a plane of an object without 
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interference from adjacent planes. The physical parameter ofthe ob
ject is represented by the grey levels ofthe image and appearance of 
these grey levels is determined by the type of radiation field that 
produced the image. In the case of X or Gamma radiation, the image 
represents the linear attenuation coefficient ofthe object for the radia
tion. 

Figure 11 shows typical scanning and reconstruction process for 

X-RAY SOURCE 

I r im 
PROJECTION 
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RECONSTRUCTION ALGORITHM 

0) IMAGE OF 
OB'JECT • 

Fig. 11 Typical tomographic configuration 

tomography. Imagine a narrow beam of radiation traversing the ob
ject with an angleO as parameter to reproduce a single scan of the 
object. Each such scan can be represented by the function F (O). The 
value ofthe function F (O)represents theattenuated beam intensity; 
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through one array of the object and can be expressed as 

-JA(x)dl 
Ft(0) = Fj(e).e l (1) 

where Fj (©) is the unattenuated beam intensity, A(x) is the linear 
attenuation coefficient at the point x within the object, dl is the dif
ferential path length along the path I, the ray through the object. If 
we divide the equation (1) by F (&) and take the. logarithm on both 
sides we get a more useful function : 

X9 = In [F t (G)/Fi {&)] = jA(x)dl (2) 

The major mathematical problem in tomography is inverting the 
equation (2) and solving for A(x) as a function of projection data. 
There are a number of methods of solving equation(2). Among these, 
the two well known methods are the filtered back projection techni
que and the iterative technique. 

The simplest tomographic scanner consists of a single source and 
a detector that rotates about an object. This arrangement is slow but 
results in the best elimination of scattered radiation. Present day sys
tems use a single source but multiple detectors in a fan beam con
figuration. A computer controls the movement of the scanner, col
lects the data, applies whatever reconstruction algorithm is desired 
and finally displays the results. Because of the diversity of industrial 
problems, it is unlikely that a general purpose scanner can be built. 
However many problems have been solved with special purpose 
scanners. Some of these are for examination of large concrete struc
tures with Co-60 source and achieving 2 mm resolution and 
aluminium capacitors inspected at 50 kVp with 0.1 mm resolution. 
Theoretically, almost anything can be tomographically examined. 
Literature abounds.with examples of lumber, rocket motors, small 
capacitors, nuclear fuel elements, etc., being inspected with tomog
raphy. Nuclear and aerospace industries are the leaders in the ap
plication of industrial tomography [22,23]. •'• -

5.0 PROTON RADIOGRAPHY 

When a beam of monoenergetic protons is transmitted through a 
thickness of material, most of the attenuation occurs after the beam 
has traversed through 90 % of its range(fig. 12). It produces possibility 
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to detect thickness changes of the order of 0.05% by film radiog
raphy which is an order of magnitude better than with conventional 
radiographic sources. 

10U 

o 

If) 

i/> 

< 50 
i— 

R
E

L
A

T
IV

E
 

en
 

-

PROTONS 

^ \ X - R A Y S 

A m 

\ 1 

!\ 
ilAPROTiONS 

i 
I 

1 
i 

_ I. =J-A X-RAY 
i 

25 50 75 
RELATIVE M A S S / U N I T AREA 

100 

Fig. 12 Typical relative transmission curves for 
monoenergetic protons (upper curve) and x-rays (lower curve) 

for the shown change in object mass £> m. 

The advantage of monoenergetic proton radiography for NDT is its 
excellent thickness discrimination capability. In addition, the low at
tenuation of the beam over the first 80-90% of its range offers a poten
tial advantage for radiography of biological specimens with minimal 
radiation dose to the test "object. The source of protons is often a 
cyclotron. The proton energy must be matched to the specimen 
thickness. Film and intensifying screens used in proton radiography 
are similar to those used in conventional X-radiography. 

i * * •• \ .•* 
• ' » * • * « * • , 

6.0 ELECTRON RADIOGRAPHY 

In electron radiography, electrons emitted by lead foil irradiated by 
X-rays pass through a thin specimen of low.atomic number. They are 
differentially absorbed in their passage through the specimen and 
thus record the structure of the specimen on the film.. , 
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Specimens that can be examined-by electron radiography are 
limited by the range of the electrons. Thin, light materials as paper, 
wood shavings, leaves, fabrics and thin sheets of rubber and plastics 
have been examined by this method. 

A conventional lead foil screen about 0.0125 cm thick is a suitable 
source of electrons. The X-rays used, should be generated at high vol
tages (atleast 250 kV) and a filter equivalent to several millimeters' of 
copper should be placed in the tube port. The very hard X-radiation 
is needed because the electron emission of lead foil screens increases 
with increasing hardness of radiation upto several hundred kilovolts. 
In electron radiography, the useful image is formed only by electron 
action and the direct X-rays act only to produce a uniform overall ex
posure. It is therefore desirable to minimise the relative intensity of 
direct radiation by achieving the highest electron emission - that is 
the highest intensification factor possible. 

Single side coated films are most suited for electron radiography, 
in case of double coated films, it is desirable to protect the back emul
sion from the action of the developer because this side contains no 
electron image but has the uniform density resulting from direct X--
ray exposure. 

Yet another technique is electron emission radiography also known 
as reflection radiography. This method is based on ihe fact that 
electron emission from a substance exposed to X-rays depends on 
the' atomic number of the material among other factors. When a 
photographic or radiographic film is placed in intimate contact with 
a specimen and the whole assembly irradiated from the film side with 
hard X-rays, differences in electron emission resulting from differen
ces in atomic number and variations in concentration of components 
are recorded on the film. Specimens to be examined by electron 
emission radiography need to be smooth and plane on one'side but 
can be massive. 

7.0 RADIATION GAGING 

Radiation gaging is a non-destructive method utilising the interac
tion of radiations with material for determining the density, thickness 
and composition. Its application range from detection of termite 
damage to the accurate detection of coating thickness. They are well 
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suited for in-process monitoring applications as control of steel thick
ness during rolling mill operations or monitoring density of solution 
in process piping. A wide variety of radiations such as gamma rays, 
X-rays, neutrons, electrons and positive ions can be used. However, 
despite the wide diversity of methods which can be used, gamma or 
X-ray attenuation gaging has found the widest applications because 
of their general applicability to all materials and many component 
configuarations. Table 3 gives various gaging techniques along with 
an indication of measurement applications. 

TABLE - 3 
RADIATION GAGING TECHNIQUES 

Gaging Method Principle Measurement 
Applications 

Gamma/X-ray attenuation Density -thickness product (D X T) 
Tomography Three dimensional imaging 
X-ray fluorescence Composition, coating thickness 
Compton scateering Density uniformity, one sided 

D X T 
Beta backscatter Coating thickness 
Neutron attenuation Hydrogen content 
Nuclear interactions Isotope specific analysis 

7.1 GAMMA AND X-RAY ATTENUATION GAGING 

The basic gamma or X-ray attenuation gage consists of a source, 
source shielding and collimation, space for introducing the sample 
and a collimated detector. Most of the applications are for the 
measurement of thickness.. However, other applications include 
monitoring density when thickness is held constant and monitoring 
composition variation through its effect on attenuation coefficient 
and or density. 

Table 4 gives the gamma radioisotopes commonly used:' Gamma 
sources are convenient for many gaging applications because the 
source is small and correspondingly shielding, collimation and fixtur-
ing is simpler. X-ray generators are advantageous in applications re
quiring different gaging energies and high intensities at low energies 
where self absorption in gamma ray sources limits the output. 
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TABLE-4 

COMMON SOURCES FOR ATTENUATION CAGING 

Isotope 

Gd-153 
Am - 241 
Co- 57 
Ir -192 

Cs-137 
Co-60 

Gaging Energy (keV) 

42 
60 

122(+136) 
300 (295, 308) & 317 

662 
1170 (+1330) 

Half Life 

242 days 
433 days 
271 days 
74.3 days 
30.1 years 
5.27 years 

7.2 BETA BACKSCATTER . 

Beta backscatter is a well established method for measuring coat
ing thickness. It's applicability is based on the increased back scat
tering of beta particles as a function of increasing atomic number 
(fig. 13). As the coating thickness increases from zero, the back 
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scatter response varies smoothly from the response characteristic of 
the substrate atomic number to the response characteristic of the 
coating atomic number. Intermediate values of back scatter 
response can be calibrated directly in terms of coating thickness. The 
sensitivity of this method improves as the difference between the 
atomic number of the coating and substrate increases. 

7.3 NEUTRON GAGING 

Neutron gages can be used for measuring moisture in fuel, soil or 
other bulk materials. The basis of measurement technique can be at
tenuation of fast or thermal neutrons, moderation of fast neutrons or 
scattering of thermal neutrons. For some applications [24,25] such 
as moisture measurement neutron gaging is the best or the only avail
able method. However neutron gages are of limited and specialised 
use. 

8.0 X-RAY DIFFRACTION 

Discovered in 1913 by Max Von Laue, X-ray diffraction is a method 
of analysis that utilises the unique scattering of X-rays as a function 
of the crystal lattice structure. Since the chemical and physical 
properties of a substance depends upon the molecular and atomic 
arrangement, X-ray diffraction has p'roved to be a valuable analytical 
NDT tool. 

Residual stresses result from nearly all types of metal forming 
processes. Some of the commonly employed methods for residual 
stress measurement include mechanical stress relief techniques and 
accelerated corrosion tests (magnesium chloride). '.These are 
however destructive in nature. X-ray diffraction has proven to be an 
effective method for the absolute non-destructive measurement of 
residual stresses in crystalline materials. 

The basis of residual stress measurement by X-ray diffraction is that 
when a metal or ceramic polycrystalline material is placed under 
stress, elastic strains in the material are manifested in the deforma
tion of crystal lattice of its grains. The stress applied externally or 
residue5 within the m^erial when below its yield strength is taken up 
by inte. .itomic macrcirain which is spread over tens to hundreds of 

36 



grains. The X-ray diffraction techniques are capable of measuring the 
average interatomic spacing, which is indicative of the elastic macro-
strain experienced by the material. The macrostrain causes a shift in 
the angle at which the X-ray peaks are diffracted. Stress values are 
obtained from these elastic strains in the crystals by knowing the elas
tic constants of the material and assuming that the stress is propor
tional to strain. This is a reasonable assumption for homogeneous 
and nearly isotropic materials as are most metais and alloys of prac
tical concern. 

There are three basic techniques for obtaining the stress (strain) 
readings from a polycrystalline material by X-ray method. These are 
the sin-square-psi technique(sin2 if' ), double exposure techni-
que(DET) and single exposure technique(SET). 

For the most careful stress studies in a laboratory where the time 
per measurement is not a consideration, the sine- square-psi techni
que is preferred. However, where a number of measurements must 
be made rapidly, SET or DET technique must be considered. These 
techniques have been used in the determination of residual stresses 
in thick multipass steel weldments[26], narrow gap weldments of 

-thick low alloy steel plates, heavy butt welded plates[27], structural 
ceramic components[28], etc. Apart from residual stress measure
ments, X-ray diffraction has also been utilised for the determination 
of crystal sizes, structure, composition, identification of phases, study 
of precipitation and age hardening, etc. It is considered to be one of 
the precise and powerful tools for fundamental research, product 
development and production control. The recent rapid advances in 
the field of electronics has had its impact on the instrumentation for 
X- ray diffraction. Today fully automated microprocessor controlled 

, diffractometers are available with a wide range of software 
capabilities for data reduction and analysis. ' 

9.0 NEUTRON DIFFRACTION 

The DeBroglie wavelength of thermal neutrons is very similar to 
the wavelength of X-rays, and hence it is natural that neutrons would 
also be diffracted by crystals. The properties of X-rays and neutron 
beams differ in many respects. The 'distribution of energy among the 
neutrons,in the beam follows the Maxwellian curve appropriate to 
the equilibrium temperature. The neutron beam is analogous to 
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white X-rays and hence has to be monochromatized before it can be 
used for neutron crystallography. Since only about 1 in 10 of the 
neutrons in the originally weak collimated beam are reflected from 
the monochromator, it is necessary to employ very wide beams 
several hundreds of millimeters in cross-section to achieve high 
counting rate in the counters. This makes neutron spectrometers 
massive in comparison to X-ray diffractometer. 

The main difference between neutron diffraction and other(X- ray 
and electron)diffractions lies in the variation of atomic scattering 
power with atomic number Z and with scattering angle 2&. The scat
tering power of an atom increases as Z increases and decreases as 
2© increases both for X-rays and electrons whereas neutrons are scat
tered with the same intensity at all scattering angles. It follows there
fore that structure analyses can be carried out with neutron diffrac
tion that are impossible(or possible only with great difficulty) with 
X-ray or electron diffraction. In a compound of hydrogen or carbon, 
for example, with a heavy metal, X-rays will not see the hydrogen or 
carbon due to its low scattering power whereas its- position can be 
determined with ease by neutron diffraction. 

Measurement of residual stresses or internal strain is another field 
where neutron diffraction finds its application. The main advantage 
offered by neutrons is that they can penetrate a few centimeters of 
steel and enable strain variations to be measured for depths of the 
order of millimeters compared to some tens of microns with X-ray 
diffraction equipments. 

Neutron diffraction complements X-ray diffraction. The main 
obstacle for its widespread application is the small number of high in
tensity neutron sources available for general use. In India, sophisti
cated neutron diffraction facilities are being developed and installed 
at the DHRUVA nuclear reactor at BARC 

10.0 X-RAY FLUORESCENCE 

In X-ray fluorescence (XRF)spectrometry, the primary(source) X-
ray photons are used to excite secondary radiation specific to the ele
ment. The basis of the technique lies in the relationship established 
by Mosley between the atomic number Z and the wavelength A . 
(or energy E) of the X-ray photons emitted by the sample element. 
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Commercially available X-ray fluorescence spectrometers fall 
roughly into two categories namely the wavelength dispersive instru
ments and energy dispersive instruments. 

In wavelength dispersive equipment, the primary source unit con
sists of a sealed X-ray tube, a very stable high voltage generator 
capable of providing upto 3kW of power at a typical potential of 60 
kV-80 kV. The sealed X-ray tube has an anode of chromium, rhodium, 
tungsten, silver, gold or molybdenum and delivers an intense source 
of continuous radiation which impinges on the specimen producing 
characteristic radiation. A single crystal of known d spacing is used 
to disperse the polychromatic beam of characteristic wavelength 
from the sample. A portion of the characteristic fluorescence radia
tion is collected by the actual spectrometer and the beam is passed 
via a collimator or slit on to the surface of an analysing crystal. In
dividual wavelengths are then diffracted in accordance with the 
Bragg's Law. 

A photon detector, typically a gas flow or a scintillation counter is 
used to convert the diffracted characteristic photons into voltage pul
ses which are integrated and displayed as a measure of the charac
teristic line intensity. A goniometer is used to ensure the required 
geometric conditions of the source to crystal and the crystal to detec
tor angles. 

The energy dispersive spectrometer consists of basically a excita
tion source, spectrometer and the detection system. Here, the detec
tor (typically a Si(Li)) itself acts as a dispersing agent. A multichannel 
analyser is used in conjunction to sort the arriving pulses thus produc
ing a histogram representation of the X-ray energy spectrum. A min
icomputer is normally incorporated for the task of spectral stripping, 
peak identification, quantitative analysis and a host of other useful 
functions. . . 

10.1 APPLICATIONS 

The wavelength dispersive X-ray fluorescence method is a 
reasonably sensitive technique for trace analysis of elements with 
detection limits in the low parts per million range. Generally the ul
timate detection limit can only be obtained when a large sample is 
available. Typically, this is about several tens of a gram. Very small 
samples can also be handled though with much poorer element 
detection limits. 
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The energy dispersive spectrometer plays an important role in the 
materials selection and certification, covering the range from scrap 
metal sorting to alloy identification. It is also used in the analysis of 
plating on sheet steel where it is necessary to control the thickness 
of a coated layer. 

11.0 ACTIVATION ANALYSIS 

Activation analysis relies on the production of radioactive nuclides 
in a sample and the subsequent measurement of the induced radioac
tivity. The magnitude of radioactivity is a measure of the quantity of 
the parent isotope present in the material. The sensitivity and ac
curacy of the analysis is mostly based on the ability to distinguish the 
radiation of the isotopes of interest from the other activated con
stituents of a sample. 

Qne of the widely used probe in activation analysis is neutrons. 
Since its discovery in 1936 by G.Hevessy and H.Levy, neutron activa
tion analysis has progressed rapidly and has become today a versatile 
and sensitive tool. Based on the highly characteristic and well defined 
nuclear properties of the elements, this technique is close to an ideal 
non-destructive analytical method. It fulfills two basic requirements 
of non- destructive techniques : specificty - the ability to correlate 
directly and unambiguously the signal obtained with the element 
sought, and selectivity - the possibility of measuring the element in 
question in the presence of other elements which emit signals of the 
same nature. Typical neutron activation analysis sensitivities ob
tained with a one hour exposure to1013 neutrons/cm2 /sec flux are 
given in Table 5. 

TABLE - 5 

TYPICAL NEUTRON ACTIVATION ANALYSIS SENSITIVITIES 

Approximate Detection 
Element Limit (gms) : 

Mn,ln,Eu l O 1 2 "to 1GT11 

Rh,Ag,lr,Au 10"11 to 10'10 

Na, Al, Co, Cu, W, U 1 0 1 0 to 10"9 

CI,Ti,Zn, Pt, Hg,Th - 10"9 to 1 0 8 

, F, Mg, Cr, NLCd, Pb 10"8 to 10"7 

Ca,Zr 10'? to 10 6 

Si, S, Fe 10 "5 to 10'4 

Source : Ref/35/ 
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Apart from the above, we aiso have photon and charged particle 
activation analysis. Though both these techniques are mentioned 
together in activation analysis, they are quite different. The difference 
lies not only in the method of producing the bombarding particles, 
but also in the shape of the bombarding energy spectrum, the an
gular energy distribution and in the absorption of energy by the target 
material. The shape of the gamma energy spectrum is usually a con-
tinous bremsstrahlung spectrum, whereas a charged particle 
spectrum is much more defined around a given energy. The particle 
beam is by its nature unidirectional while the bremsstrahlung gam
mas show an anisotropic angular distribution with forward peaking 
depending on the converter target and on electron energy. As the 
absence of any charge allows the gamma rays to penetrate deeply 
into the samples, a more or less homogenous irradiation occurs, but 
in large samples of heavy elements, problems of flux gradients do 
arise, gamma absorption has to be taken into account. As charged 
particles penetration into the sample is limited (500 microns), it is ad
vantageous in surface analysis. Both these techniques however suf
fer from interferences including unwanted radioactivity by means of 
a wide variety of reactions. Thus in many cases chemical separations 
become unavoidable. 

The applications of activation analysis are varied and interesting. 
Gamma particle reactions : (/,p) and (/^n), have been used for 
deuterium analysis in water and body fluids, determination of zir
conium in hafnium matrix down to 0.1 micro- gram, determination of 
nickel in copper matrix, determination of trace amounts of oxygen 
and rare earths in rare earth matrices [29,30], etc. Photon activation 
analysis is also a valuable tool in geochemistry as large samples can 
be used giving a good picture of the average composition[31]. 

Charged particle, activation analysis is most suited for the deter
mination of trace impurities of light elements in ultra pure materials. 
The determination limits are of the order of ppb or even less.. 

Apart from the normal trace analysis, neutron activation analysis 
has found interesting applications [32] in determination of boron 
abundances cosmically and in the solar system, environmental 
analysis, forensic science for providing characteristic signatures for 
samples, characterisation of archealogical materials as pottery, stone, 
minerals, glass metal etc., and art history applications as examination 
of old oil paintings for the determination of pigments in them, etc. 
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12.0 POSITRON ANNIHILATION 

The traditional non-destructive use of positrons is to study various 
kinds of defects in the lattices of metals and ionic crystals. It has been 
established both experimentally and theoretically that positron an
nihilation characteristics are sensitive to changes in density and 
momentum distribution of electrons in the region of crystalline 
defects and that the annihilation gamma rays can provide detailed in
formation about the nature and structure of these defects. This tech
nique is at present utilised for: 

1. Investigations of monovacancies and microvoids 

2. dislocations and / or jogs on dislocations, and 

3. assessment of fatigue damage. 

However for assessment of fatigue damage there has been limited 
success due to the complexity of the nature of the defects produced 
during deformation. Neverthless this technique has shown the ability 
to monitor changes in gross features of the sample subjected to 
fatigue damage irrespective of microscopic details. Plastic zone of a 
propagating crack using the technique of doppler broadening of 
positron annihilation radiation is another possibility. Successful 
utilisation of this technique in solving NDE related problems appears 
possible in near-future. 

13.0 CONCLUSION 

Ionising radiations play a key role in NDE of materials and com
ponents. Different techniques cover a wide range and diverse ap
plications. As in the past, challenges of NDT of newer materials and • 
stringent specifications would demand new developments. Better 
understanding, progress in instrumentation and innovations would 
certainly help to keep supremacy of ionising radiations for NDE., 

* * * 
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