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QH].p DESignation: E 748 — 95 An American National Standard

Standard Practices for

Thermal Neutron Radiography of Materials  *

This standard is issued under the fixed designation E 748; 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 epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope and Technology, and to applicable state and local codes.

1.1 Purpose—Practices to be employed for the radiographic _ 1.5 Other Aspects of the Neutron Radiographic Proeess
examination of materials and components with thermal neuFOr many important aspects of neutron radiography such as
trons are outlined herein. They are intended as a guide for ti€chnique, files, viewing of radiographs, storage of radio-
production of neutron radiographs that possess consisteffaphs, film processing, and record keeping, refer to Guide
quality characteristics, as well as aiding the user to consider thg 94. (See Section 2.) . _
applicability of thermal neutron radiology (radiology, radio- 1.6 The values stated in either SI or inch-pound units are to
graphic, and related terms are defined in Terminology E 1316)°€ regarded as the standard.

Statements concerning preferred practice are provided without 1.7 This standard does not purport to address all of the
a discussion of the technical background for the preferencéafety concerns, if any, associated with its use. It is the
The necessary technical background can be found in ReféSponsibility of the user of this standard to establish appro-
(1-16)2 priate safety and h_ea_lth.practlc_es and determine the appllca—

1.2 Limitations—Acceptance standards have not been esbility of regulatqry limitations prior to use(For more specific
tablished for any material or production process (see Section $afety information see 1.4.)
on Basis of Application). A(_jherence to the practices WiII,2_ Referenced Documents
however, produce reproducible results that could serve as
standards. Neutron radiography, whether performed by means2-1 ASTM Standards: , ,
of a reactor, an accelerator, subcritical assembly, or radioactive E 94 Guide for Radiographic Testn”lg.
source, will be consistent in sensitivity and resolution only if E 543 Practice for Evaluating Agencies that Perform Non-
the consistency of all details of the technique, such as neutron _destructive Testing . o
source, collimation, geometry, film, etc., is maintained through E 545 Method for Determining Image Quality in Direct
the practices. These practices are limited to the use of photo- _1hermal Neutron Radiographic Examinatfon
graphic or radiographic film in combination with conversion E 803 Method for Determining the/D Ratio of Neutron
screens for image recording; other imaging systems are avail- _Radiography Beanis _ o
able. Emphasis is placed on the use of nuclear reactor neutronE 1316 Terminology for Nondestructive Examinatidns
sources. E 1496 Test Method for Neutron Radiographic Dimensional

1.3 Interpretation and Acceptance Standasds Measurements
Interpretation and acceptance standards are not covered by2-2 ASNT Standard: , .
these practices. Designation of accept-reject standards is rec->NT-TC-1A Recommended Practice for Personnel Qualifi-
ognized to be within the cognizance of product specifications. _ cation and Certificatich

1.4 Safety Practices-General practices for personnel pro- 2-3 ANSI Standard: o _
tection against neutron and associated radiation peculiar to the ANS/ASNT-CP-189 Standard for Qualification and Certi-
neutron radiologic process are discussed in Section 17. For _ fication of Nondestructive Testing Persorinel
further information on this important aspect of neutron radiol- 2-4 Military Standard: , .
ogy, refer to current documents of the National Committee on MIL-STD-410 Nondestructive Testing Personnel Qualifica-
Radiation Protection and Measurement, the Code of Federal tion and Certificatiof
Regulations, the U.S. Nuclear Regulatory Commission, th ;

U.S. Department of Energy, the National Institute of Standard?' Term|n.ol.o.gy o .
3.1 Definitions—For definitions of terms used in these

1 These practices are under the jurisdiction of ASTM Committee E-7 on 3 Annual Book of ASTM Standardgol 03.03.
Nondestructive Testing and are the direct responsibility of Subcommittee E07.05 on “ Available from the American Society for Nondestructive Testing, 1711 Arlin-

Neutron Radiography. gate Lane, P.O. Box 28518, Columbus, OH 43228-0518.

Current edition approved Dec. 10, 1995. Published February 1996. Originally ° Available from American National Standards Institute, 11 West 42nd St., 13th
published as E 748 — 80. Last previous edition E 748 — 90. Floor, New York, NY 10036.

2The boldface numbers in parentheses refer to the list of references at the end of © Available from Standardization Documents Order Desk, Bldg. 4 Section D, 700
these practices. Robbins Ave., Philadelphia, PA 19111-5094, Attn: NPODS.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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practices, see Terminology E 1316, Section H. o L ]

L Fast Neutron Source . Aperture of Diameter D
4. Significance and Use

4.1 These practices include types of materials to be exam-
ined, neutron radiographic examination techniques, neutron
production and collimation methods, radiographic film, and
converter screen selection. Within the present state of the

Collimator

Conversion

/ Screen

neutron radiologic art, these practices are generally applicable -
to specific material combinations, processes, and techniques. /l Film
5. Basis of Application Moderator Gamma Ray Diverging Object

5.1 Personnel Qualificationr-Nondestructive testing (NDT) Filter NS:Q::
personnel shall be qualified in accordance with a nationally FiG. 1 Typical Neutron Radiography Facility with Divergent
recognized NDT personnel qualification practice or standard Collimator

such as ANSI/ASNT-CP-189, SNT-TC-1A, MIL-STD-410, or
a similar document. The practice or standard used and itsther imaging system, a cassette, and adequate biological
applicable revision shall be specified in the contractual agreeshielding and interlock systems. A schematic diagram of a
ment between the using parties. representative neutron radiography facility is illustrated in Fig.
5.2 Qualification of Nondestructive Agencied#f specified 1.
in the contractual agreement, NDT agencies shall be qualified 6.3 Thermalizatior—The process of slowing down neutrons
and evaluated as described in Practice E 543. The applicablg/ permitting the neutrons to come to thermal equilibrium with
edition of Practice E 543 shall be specified in the contractuaiheir surroundings; see definition of thermal neutrons in
agreement. Terminology E 1316, Section H.
5.3 Procedures and TechniquesThe procedures and tech-
niques to be used shall be as described in these practices unldssNeutron Sources
otherwise specified. Specific techniques may be specified in the 7.1 General—The thermal neutron beam may be obtained
contractual agreement. from a nuclear reactor, a subcritical assembly, a radioactive
5.4 Extent of Examination-The extent of examination shall neutron source, or an accelerator. Neutron radiography has
be in accordance with Section 16 unless otherwise specifiedbeen achieved successfully with all four sources. In all cases
5.5 Reporting Criteria/Acceptance CriteriaReporting cri-  the initial neutrons generated possess high energies and must
teria for the examination results shall be in accordance with 1.Be reduced in energy (moderated) to be useful for thermal
unless otherwise specified. Acceptance criteria (for exampleeutron radiography. This may be achieved by surrounding the
for reference radiographs) shall be specified in the contractualource with light materials such as water, oil, plastic, paraffin,
agreement. beryllium, or graphite. The preferred moderator will be depen-
5.6 Reexamination of Repaired/Reworked Items dent on the constraints dictated by the energy of the primary
Reexamination of repaired/reworked items is not addressed ineutrons, which will in turn be dictated by neutron beam
these practices and, if required, shall be specified in th@arameters such as thermal neutron yield requirements, cad-

contractual agreement. mium ratio, and beam gamma ray contamination. The charac-
) teristics of a particular system for a given application are left
6. Neutron Radiography for the seller and the buyer of the service to decide. Charac-

6.1 The Method-Neutron radiography is basically similar teristics and capabilities of each type of source are referenced
to X radiography in that both techniques employ radiationin the References section. A general comparison of sources is
beam intensity modulation by an object to image macroscopishown in Table 1.
object details. X rays or gamma rays are replaced by neutrons 7.2 Nuclear Reactors-Nuclear reactors are the preferred
as the penetrating radiation in a through-transmission examthermal neutron source in general, since high neutron fluxes are
nation. Since the absorption characteristics of matter for X rayavailable and exposures can be made in a relatively short time
and neutrons differ drastically, the two techniques in generaspan. The high neutron intensity makes it possible to provide a
serve to complement one another. tightly collimated beam; therefore, high-resolution radiographs

6.2 Facilities—The basic neutron radiography facility con- can be produced.
sists of a source of fast neutrons, a moderator, a gamma filter, 7.3 Subcritical Assembh+A subcritical assembly is
a collimator, a conversion screen, a film image recorder oachieved by the addition of sufficient fissionable material

TABLE 1 Comparison of Thermal Neutron Sources

Type of Source Typical Radiographic Flux, n/cm?.s Radiographic Resolution Characteristics

Nuclear reactor 10° to 108 excellent stable operation, not portable
Subcritical assembly 10% to 10° good stable operation, portability difficult
Accelerator 10° to 10° medium on-off operation, transportable
Radioisotope 10t to 10* poor to medium stable operation, portability possible
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surrounding a moderated source of neutrons, usually a radi@ut object) is often useful to resolve artifacts that may appear
isotope source. Although the total thermal neutron yield isin radiographs. Such artifacts could result from screen marks,
smaller than that of a nuclear reactor, such a system offers thexcess pressure, light leaks, development, or nonuniform film.
attractions of adequate image quality in a reasonable exposuhe the case of light-emitting conversion screens, it is recom-
time, relative ease of licensing, adequate neutron yield for moshended that the spectral response of the light emission be
industrial applications, and the possibility of transportablematched as closely as possible to that of the film used for
operation. optimum results. The direct method should be employed
7.4 Accelerator Sources-Accelerators used for thermal whenever high-resolution radiographs are required, and high
neutron radiography have generally been of the low-voltagbeam contamination of low-energy gamma rays or highly
type which utilize th8H(d,ny*He reaction, high-energy X-ray radioactive objects do not preclude its use.
machines in which the (x,n) reaction is applied and Van de 8.3 Indirect Method—This method makes use of conversion
Graaff and other high-energy accelerators which employ reacscreens that can be made temporarily radioactive by neutron
tions such a®Be(d,n}’B. In all cases, the targets are sur- capture. The conversion screen is exposed alone to the neutron-
rounded by a moderator to reduce the neutrons to thermamaging beam; the film is not present. Candidate conversion
energies. The total neutron yields of such machines can be anaterials include rhodium, gold, indium, and dysprosium.
the order of 16%-n-s*; the thermal neutron flux of such sources Indium and dysprosium are recommended with dysprosium
before collimation can be on the order of’bnmi?s?, for  vyielding the greater speed and emitting less energetic gamma
example, the yield from a Van de Graaff accelerator. radiation. It is recommended that the conversion screens be
7.5 Isotopic Sources-Many isotopic sources have been activated in the neutron beam for a maximum of three
employed for neutron radiologic applications. Those that havéalf-lives. Further neutron irradiation will result in a negligible
been most widely utilized are outlined in Table 2. Radioactiveamount of additional induced activity. After irradiation, the
sources offer the best possibility for portable operation. How-conversion screens should be placed in intimate contact with a
ever, because of the relatively low neutron yield, the exposureadiographic film in a vacuum cassette, or other light-tight
times are usually long for a given image quality. The isotopicassembly in which good contact can be maintained between the
sourcé’Cf offers a number of advantages for thermal neutrorradiographic film and radioactive screen. X-ray intensification
radiology, namely, low neutron energy and small physical sizescreens may be used to increase the speed of the autoradio-
both of which lead to efficient neutron moderation, and thegraphic process if desired. For the indirect type of exposure,

possibility for high total neutron yields. the material from which the cassette is fabricated is immaterial
) ) as there are no neutrons to be scattered in the exposure process.
8. Imaging Methods and Conversion Screens In this case, as in the activation process, there is little to be

8.1 General—Neutrons are nonionizing particulate radia- gained for conversion screen-film exposures extending beyond
tion that have little direct effect on radiographic film. To obtain three half-lives. It is recommended that this method be em-
a neutron radiographic image on film, a conversion screen iployed whenever the neutron beam is highly contaminated with
normally employed; upon neutron capture, screens emigjamma rays, which in turn cause film fogging and reduced
prompt and delayed decay products in the form of nucleacontrast sensitivity, or when highly radioactive objects are to
radiation or light. In all cases the screen should be placed ibe radiographed. In short, this method is beam gamma-
intimate contact with the radiographic film in order to obtain insensitive.
sharp images. 8.4 Other Imaging SystemsThe scope of these practices is

8.2 Direct Method—In the direct method, a film is placed on limited to film imaging (see 1.2). However, other imaging
the source side of the conversion screen (front film) andsystems such as track-etch or radioscopic systems are avail-
exposed to the neutron beam together with the conversioable.
screen. Electron emission upon neutron capture is the mecha- )
nism by which the film is exposed in the case of gadolinium9- Neutron Collimators
conversion screens. The screen is generally one of the follow- 9.1 General—Neutron sources for thermal neutron radiol-
ing types: () a free-standing gadolinium metal screen accesogy generally involve a sizeable moderator region in which the
sible to film on both sides;2j a sapphire-coated, vapor- neutron motion is highly multidirectional. Collimators are
deposited gadolinium screen on a substrate such as aluminungquired to produce a beam and thereby produce adequate
or (3) a light-emitting fluorescent screen such as gadoliniummage resolution capability in a neutron radiology facility. It
oxysulfide orLiF/ZnS. Exposure of an additional film (with- should be noted that in the definitions of collimator parameters,

TABLE 2 Radioactive Sources Employed for Thermal Neutron Radiography

Source Type Half-Life Comments”

1245ph-Be (y,n) 60 days short half-life and high y-background, low neutron energy is advantage for
moderation, high yield source

210pg-Be (at,n) 138 days short half-life, low y-background

241Am-Be (a,n) 458 years long half-life, easily shielded y-background

241Am-242Cm-Be (ae,n) 163 days short half-life, high neutron yield

252¢f spontaneous fission 2.65 years long half-life, high neutron yield, small size and low energy offer advantages in
moderation

A These comments compare sources in the table.
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it is assumed that the object under examination is placed ashematic diagram of this system is illustrated in Fig. 2.
close to the imaging system as possible to decrease bo% Beam Filters

magnification and image unsharpness due to the finite neutron , )
source size. Several types of collimators are available. These 10-1 Thermal Neutron Radiograpkyin general, filters may

include the widely used divergent type, multichannel, pinhole 0t P& necessary. However, it may be desirable to employ Pb or

and straight collimators. The image spatial resolution proper'-Bi filters in the neutron beam to minimize beam gamma-ray

ties of the beams are generally set in part by the diameter gontamination. Whenever Bi gamma-ray filters are employed
longest dimension of the collimator entrance p@j and the Na high neutron flux environment, the filter should be encased

distance between that aperture and the imaging systprg N @ csjealed ?]Ingog‘um an io dcgnt?]in alpha particle contamina-
exception is the multichannel collimator in whidh is the  ton due to the™"Po produced by the neutron capture reaction

. 20 . . .
diameter of a channel aridis the length of the collimator. It " *Bi. Gamma rays can cause film fogging and reduced

should be noted that the detection system used in conjunctigfPntrast sensitivity. In particular, some scintillator converter
with a multichannel collimator will register the collimator SCT€ens exhibit sensitivity to beam gamma-ray contamination.

pattern. Registry can be eliminated by empirically adjusting the! NS €ffect can be minimized by careful selection of the

distance between the collimator and the imaging system untﬁcreen/fllm combination.
the pattern disappears. Ratios oD as low as 10 are not 11. Masking

unusual for low neutron yield sources, while higher resolution 11 1 General—In general, masking is not often used in

capability systems often will display/D values of several thermal neutron radiology. Where it is desirable to reduce
hundred or more. Method E 803 details the method of measukcatter or to reduce unusual contrasts, the choice of masking
ing thel/D ratio for neutron radiography systems. The actualpaterials should be made carefully. Materials that scatter
spatial resolution or image unsharpness in a particular rad'Q'eadin, such as those containing hydrogen or materials that

logic examination will erend, of course, on factors addi_tionalemit radiation that may be readily detected, for example, as
to the beam characteristics. These include the object size, thegium, dysprosium, or cadmium, should be avoided or used

geometry of the system, and scatter conditions. For the typicgljth exceptional care. Lithium-containing materials may be

calculation of geometric unsharpness, the size of thesefyl for masking purposes. Background fogging may result
X-radiologic sourcef, would be replaced by the size of the fom the 470 keV gamma ray from boron.

effective thermal neutron radiologic sourdg)(@s discussed in . ) ]
Guide E 94. 12. Effect of Materials Surrounding Object and Cassette

9.2 Divergent Collimato—The divergent collimator is a  12.1 Backscatter—As in the case of X radiography, effects
tapered reentrant port into the point of highest thermal neutroff back-scattered radiation, for example, from walls, etc., can
flux in the moderator. The walls of the collimator are lined with be reduced by masking the radiation beam to the smallest
a thermal neutron absorbing material to permit only unscatPractical exposure area. Effects of backscatter can be deter-
tered neutrons from the source to reach the object and th&ined by placing a neutron-absorbing marker of a material
image plane. This type of collimator is preferred when largesuch as gadolinium and a gamma-absorbing marker of a
objects will be radiographed in a single exposure. It ismaterial such as lead on the back of the exposure cassette. If
recommended that the divergent collimator be lined with aProblems with backscatter are shown, one should minimize in
neutron absorber which produces neutron capture decay prote exposure area materials that scatter or emit radiation as
ucts that will not result in background fogging of the film, such discussed in Section 11. Backscatter can be minimized by
adLi carbonate. A typical divergent collimating system is Placing a neutron absorber such as gadolinium behind the
illustrated in the schematic diagram of Fig. 1. cassette.

9.3 Multichannel Collimator—The multichannel collimator 13. Cassettes

is an array of tubular collimators stacked within a larger 131 Mmaterial of Constructior-The cassette frame and
collimator envelope. It is recommended as a means of achieys

) ) S e OT aCNI€¥5ack may be fabricated of aluminum or magnesium as em-
ing a high degree of collimation within a short collimation 5veq in standard X-ray film cassettes. Aluminum or magne-
length. When this type of collimator is employed, a suitable

; . ) , gium entrance window X-ray cassettes can be used directly for
collimator to detector distance should be maintained to avoi
registry of the collimator pattern on the radiologic image. Fast Neutron Source L

9.4 Straight Collimator—A straight-tube reentrant port can \ Aperture
also be used instead of the tapered assembly described in 9.2. \ of Diameter D

Conversion
e ~ Screen

Although such collimators were widely used in early neutron
radiologic work, the need to examine larger objects and to
achieve higher resolution has fostered the use of divergent &
collimators.

9.5 Pinhole Collimator—Higher resolution can be obtained
with a straight collimator when it is employed in conjunction
with a pinhole iris. The pinhole is generally fabricated from a

Diverging  Object

. . Moderator ~ Gamma Ray Neutron
neutron-opaque material such as Cd, Gd%Br The resolution Filter Beam
attainable will be dependent on the pinhole diamdlerA FIG. 2 Pinhole Collimator
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neutron radiography. Special vacuum cassettes designed smeamples in which thermal neutron radiography has proved
cifically for neutron radiography are preferred to conventionaluseful.
X-ray cassettes. Plastic window X-ray cassettes should not be 16.3 The Detection of Low-Density Components and Mate-
used. The plastic entrance face may be replaced with thin, 0.2%als in High-Density ContainmentsThis recommended cat-
to 1.7-mm thick 1100 reactor grade, or 6061T6 aluminum, oregory includes the examination of metal-jacketed explosive
magnesium to eliminate image resolution degradation due tdevices, location and measurement of hydrogen in cladding
scattering; use of hydrogenous materials in the construction ahaterials and weldments, and of moisture in assemblies,
a cassette can lead to image degradation and the use of thdseation of fluids and lubricants in metal containment systems,
materials should be considered carefully. examination of adhesive bonds in metal parts including hon-
13.2 Vacuum CassettesWhenever possible, vacuum cas- eycomb, location of liquid metals in metal parts, location of
settes should be employed to hold the converter foil orcorrosion products in aluminum airframe components, exami-
scintillator screen in intimate contact with the film both in the nation of boron-filament composites, studies of fluid migration
direct and indirect exposure methods. Cassettes of the type thiat sealed metal systems, and the determination of poison
maintain vacuum during the exposure or that must be pumpedistribution in nuclear reactor fuel rods or control plates.
continuously during the exposure are equally applicable. 16.4 The Examination of Highly Radioactive Objeet$he
Vacuum storage minimizes atmospheric corrosion of converttechnique of indirect neutron imaging is insensitive to gamma
ers such as dysprosium and substantially increases their usefaldiation in the imaging beam or from a radioactive object that

life. could produce fogging of the film with the resulting loss in
) ) ) contrast sensitivity. This category of recommended examina-
14. Thermal Neutron Radiographic Image Quality tions includes the inspection of irradiated reactor fuel capsules

14.1 Image Quality Indicators-Image quality indicators and plates for cracking and swelling, the determination of
for thermal neutron radiography are described in Methochighly enriched nuclear fuel distribution in assemblies, and the
E 545. The devices and methods described therein perthit: (inspection of weld and braze joints in irradiated subassemblies.
the measurement of beam composition, including relative 16.5 Differentiation Between Isotopes of the Same
thermal neutron to higher energy neutron composition andtlement—Neutron attenuation is a function of the particular
relative gamma-ray content; ang) devices for indicating the isotope rather than the element involved. There are certain
sensitivity of detail visible on the neutron radiograph. isotopes that have either very high or very low attenuation and,

therefore, are subject to detection by thermal neutron radiol-
15. Contrast Agents ogy. For example, it is possible to differentiate between

15.1 Improved Contrast-Contrast agents are useful in jsotopes such a# and’H or 2*%U and>®U.
thermal neutron radiology for demonstrating improved contrast I¢ / )
of a tagged material or component. For thermal neutrort’- Activation of Objects and Exposure Materials
radiography even simple liquids such as water or oil can serve 17.1 Objects—Certain objects placed in the neutron beam
as effective contrast agents. Additional useful marker materialgiay be activated, depending upon the incident neutron energy,
can be chosen from neutron-attenuating materials such astensity and exposure time, and the material activation cross
boron, cadmium, and gadolinium. Of course, the deleteriousection and half-life. Therefore, objects under examination
effect of the contrast agent employed upon the test objegnay become radioactive. In extreme cases this could produce

should be considered. film fogging, thereby reducing contrast. Safety is a strong
_ _ ) consideration; radiation monitoring of objects should be per-

16. Types of Materials To Be Examined with Thermal formed after each exposure. Objects that exhibit a radiation
Neutron Radiography level too high for handling should be set aside to allow the

16.1 General—This section provides a categorization of radiation to decay to acceptable levels. In practice, since
applications according to the characteristics of the object beingeutron exposure times are normally short, a short decay
examined. The following paragraphs provide a general list operiod will usually be satisfactory.
four separate categories for which thermal neutron radio- 17.2 Cassettes-Radiographic cassettes containing materi-
graphic examination is particularly useful. Additional detailsals such as aluminum and steel can become activated, particu-
concerning neutron attenuation are discussed in Appendix X1arly on multiple exposures. Monitoring of radiation to deter-

16.2 Detection of Similar Density MaterialsThermal neu- mine safe handling levels can alleviate safety problems and
tron radiography can offer advantages in cases of objects ahinimize film fogging. Activated cassettes, screens, and ob-
similar-density materials, that can represent problems fojects should be kept away from unexposed or unprocessed film.
X-radiography. Some brazing materials, such as cadmium an@onverted X-radiography cassettes are virtually worthless for
silver, for example, are readily shown by thermal neutronhigh-resolution industrial neutron radiography. Vacuum cas-
radiography. Contrast agents can help show materials such asttes should be employed whenever possible to maintain the
ceramic residues in investment-cast turbine blades. Inspectidilm and converter foil in intimate contact during the exposure.
of castings for voids or uniformity and of cladding materials This holds for both the direct and indirect methods.
can often be accomplished with thermal neutron radiography. 17.3 Conversion ScreersConversion screens used for di-
Material migration in solid-state electronic components, elecrect exposure methods are usually chosen for low activation
trolyte migration in batteries, diffusion between light and properties. Conversion screen materials such as gadolinium,
heavy water, and movement of moisture through concrete argoron, or lithium seldom cause problems. However, conversion
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screens for the indirect exposure method are chosen fandirect exposure converter screens. Conversion screens should
high-activation potential. Therefore, exposed and activatetiormally be allowed at least a three half-life decay period
screens such as indium, dysprosium, rhodium, or gold shoulbefore reuse to prevent double exposures.

be handled with care. Screens should be handled with gloves or

tongs and should be moved in a shield. High-radiation expod8. Keywords

sures to the fingers are a potential hazard. A cassette will shield 18.1 neutron attenuation; neutron collimator; neutron radi-
much of the beta radiation emitted by the commonly usedgraphy; neutron sources

APPENDIXES
(Nonmandatory Information)

X1. ATTENUATION OF NEUTRONS BY MATTER

X1.1 A major advantage of using neutrons for radiography I, = e Weex (X1.1)
is that radiologic observation of certain material combinations
is easily accomplished with slow neutrons where, because o
attenuation differences, problems will arise with X rays. For
example, the high attenuation of slow neutrons by elements
such as hydrogen, lithium, boron, cadmium, and several rar
earths means that these materials can readily be shadowed wi
neutrons even when they are combined in an assembly wit
some high atomic weight material such as steel, lead, bismuth, X1.3 For neutrons. it is more convenient to have the
or depleted uranium. Although the heavy material would make | t'. hib betw :[t i ficient and i
X radiography difficult, neutron radiography should yield a re1ations '_p etween aftenuation coeficient and cross section,
successful inspection. Further, the differences in slow neutroft> followsy
attenuation often found between neighboring materials in the M= Poy = P(o, + oy (X1.2)
periodic table offer an advantage for neutron radiologic dis- )

N : Y where:
crimination between materials that have similar X-ray attenu-p _ 1 imber of nuclei per chof attenuating material,

ation characteristics. = total cross section (cfy equal to the sum of absorp-

Ot
X1.2 This advantage is illustrated in Fig. X1.1 in which the tion and scattering cross sections, (= o), and
the linear attenuation coefficient (Ch).

mass attenuation coefficientsppdre plotted as a function of
atomic number of the attenuating element for both X rays Atabular listing of linear attenuation coefficients is shown in
(about 120 kVp energy) and slow neutrons. There are manyable X1.1 and a comparative plot is given in Fig. X1.2; these
apparent attenuation differences. The coefficient ig/ nor-  values should be considered only as general guides. The data
mally used in attenuation calculations in the exponentiapresented in Fig. X1.3 give half-value-layer thicknesses for
relationship thermal neutrons for many materials.

here:

T}IIO = ratio of emergent radiation intensity to the intensity
incident on a material,

= linear attenuation coefficient,

density, and

= thickness.
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