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FOREWORD

Electron linear accelerators are being used throughout the world in
increasing numbers in a variety of important applications. Foremost among
these is their role in the treatment of cancer with both photon and electron
radiations in the energy range 4—40 MeV. To a greater extent linear accelera-
tors are replacing %°Co sources and betatrons in medical applications. Com-
mercial uses include non-destructive testing by radiography, food preservation,
product sterilization and radiation processing of materials such as plastics and
adhesives. Scientific applications include investigations in radiation biology,
radiation chemistry, nuclear and elementary-particle physics and radiation
research.

This manual is conceived as a source book providing authoritative
guidance in radiation protection from an important category of radiation
sources. It thus supplements other manuals of the Agency related to the
planning and implementation of radiation protection programmes. The
author, W.P. Swanson of Stanford Linear Accelerator Center, USA, was
engaged as a consultant by the Agency to compile and write the manual,
and the Agency wishes to express its gratitude to him.

A draft was sent to a number of experts in various countries. The
Agency gratefully acknowledges the helpful comments, which have been
taken into account in the final text, from J. Rassow, K. Tesch (Federal
Republic of Germany), M. Ladu (Italy), T. Nakamura (Japan), G.R. Higson
(United Kingdom), F.H. Attix, R.C. McCall and C.S. Nunan (United States
of America). The Agency’s officer responsible for this project was F.N. Flakus
of the Radiological Safety Section, Division of Nuclear Safety and Environ-
mental Protection.

Comments from readers for possible inclusion in a later edition of the
manual would be welcome; they should be addressed to the Director, Division
of Nuclear Safety and Environmental Protection, International Atomic
Energy Agency, Kdrntner Ring 11, P.O. Box 590, A-1011 Vienna, Austria.
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INTRODUCTION

More than a decade of experience has been gained since the publication of
a manual devoted exclusively to radiological protection at high-energy electron
accelerators. Because of the rapidly increasing use of electron linear accelerators,
it was felt that it would be useful to prepare such a handbook that would
encompass the large body of methods and data which have since been developed.
Since the publication of NBS Handbook No.97, significant developments related
to radiation protection at electron linear accelerators have occurred along the
following lines:

(a) Electron linear accelerators for medical and radiographic purposes
operating in the range 4 —40 MeV are now widely accepted. The growing number
of such machines operating above 10 MeV poses additional problems of undesirable
neutron radiations and concomitant component activation.

(b) There has been a trend toward standardization of radiation-protection
practices, and development of national and international radiation-protection
guidelines for medical accelerators.

(¢) The introduction of high-energy, high-power electron machines has
brought new types of problems and magnified old ones. The higher energy has
necessitated provisions for high-energy neutron dosimetry and shielding, muon
dosimetry and shielding, and treatment of the neutron skyshine problem. The
higher power has aggravated such problems as radioactive air and water and the
possibility of burn-through of shielding by raw electron beams.

(d) Operating flexibility such as multibeam capability has placed new
demands on personnel protection systems.

(e) Refinement of measurements of photonuclear reactions has made more
reliable predictions of neutron production and component activation possible.
These developments include improved consistency among cross-section measure-
ments with monochromatic photons in the giant-resonance region, as well as new
data on less frequent types of reactions at all energies.

(f) The development of Monte-Carlo techniques to a high degree has made
it possible to undertake otherwise practically intractable calculational problems.
Very useful calculations are now available on electromagnetic cascade develop-
ment, on neutron production and transport, and on muon production and
transport.

(g) The development of radiation protection practices at other types of
accelerators has also provided a source of information useful at electron acceler-
ators. Conferences on accelerator dosimetry and experience held in 1965, 1969
and 1971 presented occasions at which world-wide operating experience at
accelerators of all kinds was shared.

(h) The growing sensitivity on the part of the general public to environ-
mental concerns has required a greater degree of attention to radioactive releases.



While these have never been a serious problem at electron accelerators, it still is
desirable to be able to make positive statements about the amounts produced and
about their disposal.

Since much of this great body of information is scattered widely throughout the
literature, it is the goal of this manual to gather it together in an organized usable
form.

It is significant that no fatalities to personnel have ever resulted from acute
radiation injury at an electron linear accelerator. The few serious accidents at
research installations that have occurred were by electrocution and ordinary
mechanical injury. A manual devoted to radiological safety is nevertheless useful,
because radiation is a ‘special’ safety hazard connected with these accelerators and
its management requires more specialized knowledge and instrumentation than do
the programmes of conventional safety.

PURPOSE AND SCOPE OF THE MANUAL

This manual is intended as a guide for the planning and implementation of
radiation protection programmes for all types of electron linear accelerators. It is
hoped that it will prove useful to accelerator manufacturers, accelerator users,
management of institutional and industrial installations, and especially to radiation
safety officers and other persons responsible for radiation safety. Material is pro-
vided for guidance in the planning and installation stages, as well as for the
implementation of radiation protection for continuing operations.

Because of their rapidly growing importance, the problems of installation
and radiation safety of standard medical and industrial accelerators are discussed
in separate sections. For higher-energy research installations, the basic radiation
protection objectives are the same, but more types of potentially harmful radiation
must be considered and shielded against. For such facilities, each major type of
problem is briefly summarized and references are given to direct the user to more
complete information in the literature.

Special discussions are devoted to the radiation protection problems unique
to electron accelerators: thick-target bremsstrahlung, the electromagnetic cascade,
the estimation of secondary-radiation yields from thick targets, and that annoying
operational problem, instrumental corrections for accelerator duty factor. In
addition, an extensive review of neutron production is given which includes new
calculations of neutron production in various materials. A recalculation of
activation in a variety of materials has been done for this manual, and specific
gamma-ray constants have been recalculated for a number of nuclides to take into
account the contribution of K X-rays. The subjects of air and water activation, as
well as toxic gas production in air have been specially reviewed. In the section on
radiation shielding, published data on bremsstrahlung attenuation have been
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reviewed to estimate a consistent set of attenuation parameters over a broad range
of primary energies. Furthermore, the treatment of monochromatic photon
reflection of Chilton and Huddleston has been adapted for use with bremsstrahlung
spectra. The discussion of neutron shielding utilizes neutron transport calculations
from Oak Ridge which properly account for the contribution of neutron-capture
gamma rays to the dose equivalent. These data are presented in a form believed
most convenient for direct use by the radiation protection specialist.

The present manual does not strive to provide results of great accuracy; this
is very difficult unless all aspects of a given situation are taken into account. The
intention is rather to present a balanced treatment of the major kinds of radiation
and provide means to estimate them with simple algebraic manipulations based on
physically well-grounded interpolations. For the sake of completeness and to
provide additional perspective for the user, order-of-magnitude estimates are given
for some radiations of lesser importance.

Betatrons and electron microtrons operating at the same energy produce
essentially the same kind of secondary radiation as electron linacs and the material
given in this manual is directly applicable to them. Accelerators which deliver
primary beams of other types of particles, particularly protons, deuterons or
heavier ions, give rise to secondary radiation of a somewhat different nature,
owing to the mass and hadronic interactions of the primary particles; the amount
of bremsstrahlung is negligible compared with the intense neutron fluences released
by these particles. These accelerators are not discussed in this manual.

During the preparation of this manual, an ongoing dialogue was conducted
with accelerator manufacturers and radiation protection specialists at several
laboratories (see Acknowledgements). A number of visits were made to clinics
and research installations to gather first-hand impressions of safety practices that
are actually in use.

The material presented here is of course based on earlier work by many
persons and organizations. A reasonable attempt is made to acknowledge, by
citation, the work of individuals where appropriate, but as the field of radiation
protection extends over many decades, completeness in this regard is impossible.
Radiation protection manuals which are heavily drawn upon are listed in the
General Bibliography (Section 7). It is recommended that persons responsible for
radiation protection have a selection of these references available, for additional
perspective on the problems and their solutions.

Recommendations for clinical calibrations of beams used in therapy are not
given in this manual, but the reader is referred to reports of international
organizations such as the IAEA and ICRU and other authoritative bodies which
deal with this important subject (see Section 7).

It should be borne in mind that there may be additional regional and local
requirements for radiation protection that must be met. Governmental authorities
and qualified experts are best consuited to ensure that each installation is operated
in compliance with all legal requirements.



TABLE I. FREQUENTLY USED SYMBOLS AND UNITS

Units
Name Symbol
SI Special Conversion factors
Absorbed dose D gray (Gy) rad (rad) 1rad =10 mGy = 10 mJ - kg’
Absorbed dose rate D Gy-s! rad - s} 1 rad-s'=10 mGy - st
Exposure X coulomb per kilogram (C -kg™) réntgen (R) 1 R=258 uC - kg™
Exposure rate X C- kgt R-s! 1 R-§'=258 uC-kg!-s!
Dose equivalent H (dimensions of J-kg™") rem
Dose equivalent rate H - rem-s!
Activity A becquerel (Bq) curie (Ci) 1 Ci=37 GBq= 3.7 X10'%!
Quality factor Q - -
Electron kinetic energy E MeV . 1 MeV=1.602X 10713
Incident or initial
kinetic energy Ep MeV
Photon energy k MeV

Useful conversions

1 Bq =1 radioactive disintegration per second = 1 s1=27.027 pCi

1Gy=17J kg '=100 rad

1 eV= 1.602X 10~"J, approx.
1 MeV =1.602X10%1=1.602 X10%kg-Gy=1.602X 108 g- rad=1.602 X 1076 erg

1W=1J-s'=1V-A

Absorbed dose corresponding to an exposure X of 1 C-kg™: to air: D=33.7 Gy

to tissue: D=36.4 Gy (Co—60)



TERMINOLOGY AND UNITS

Where possible, the terminology and units correspond to those defined in
ICRU Report 19 (see Bibliography, Section 7). Table I gives frequently used
symbols and units. (See Appendix A for additional useful physical and numerical
constants.)

Note

The question of an SI-coherent unit with a special name for dose equivalent H is under-
going review. The sievert (Sv), which is the absorbed dose D (in Gy) multiplied by
dimensionless modifying factors (in particular the quality factor Q) has been proposed

to the Conférence Générale des Poids et Mesures (CGPM) by the International
Commission on Radiation Units and Measurements (ICRU) and the International Commis-
sion on Radiological Protection (ICRP). The sievert would stand in the same relationship
to the gray as the rem does to the rad. Since a final resolution of this matter has not been
made at the time of publication, values of dose equivalent H are given in rem in this manual.
In all other instances radiation quantities are given in both the SI-coherent units and

the existing special units. Also note that no special SI-coherent unit has been proposed to
the CGPM for exposure X; the Sl-derived unit C- kg™! is used for exposure.
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1. USES AND CHARACTERISTICS OF
ELECTRON LINEAR ACCELERATORS

1.1. Fields of application

Several decades of technological development have culminated in the modern
microwave electron linear accelerator, or electron linac, an instrument useful in
medicine, industry and science [1, 2, 3]. The technologies combined in this
simple and powerful tool are high-power pulsed microwave generation, high-
vacuum technology, electronics, and metal forming and assembly. Originally
developed as a research instrument to study the basic structure of matter, it has
become useful in several other important ways.

(a) Medical applications

In radiation therapy, second- and third-generation electron linacs are widely
employed in the treatment of cancer. They offer the advantages of simplicity
and reliability, higher output, larger treatment fields, and the choice of both
electron and photon irradiations. The higher energies are useful because of the
greater penetration of the radiation to treat deep-lying tumours and afford a
greater degree of protection to the skin. A small focal spot allows precise beam
definition. Space requirements for the accelerators are modest and they are readily
adaptable to rotational therapy. Both because of its societal importance and in
terms of numbers of accelerators in operation (over 800), cancer therapy is the
leading application of the electron linear accelerator [4, 5, 6].

(b) Industrial applications

High-intensity radiography is now an accepted, standard application of the
electron linac, such as in the X-ray inspection of large welds, castings, complex
assemblies and solid propellants [7]. Radiation processing applications [8] include
curing of paint and adhesives, polymerization of plastics, food preservation {9]
and sterilization of heat-sensitive medical products [10].

(c) Research applications

A third major category of uses is in scientific research. Research in nuclear
physics employs linacs operating in the range 25—500 MeV, generally using the
copiously produced photons to study nuclear structures. Facilities for studies
using neutron time-of-flight and monoenergetic photons have permitted much
greater detail in the experimental results than previously possible [11, 12].



Laboratories doing research in elementary particle physics use linacs producing
electron beams with energies as high as 22 GeV and positron beams up to

15 GeV [3] (1 GeV=1000 MeV). The extremely short wavelength corresponding
to the electron or positron momentum (107!% cm at 20 GeV) permits the sub-
structure of the much larger proton and neutron (radius = 1.2 X 1073 ¢m) to be
explored.

Linacs are used as injectors for electron synchrotrons and electron/positron
storage rings for elementary particle research. The discovery in 1974—75 of
massive (compared with the nucleon) elementary particles at the ¢ —¢ storage
rings is considered one of the most important scientific results of recent times
because it reveals the existence of a previously unknown property of matter, with
implications concerning nuclear substructure [13].

Pulse radiolysis is a field of chemistry which uses to advantage the short
radiation pulses available from electron linacs to study the dynamics of chemical
reactions, particularly of free radicals.

A list of experimental uses under study might include such diverse subjects
as: the use of intense beams of negative pi mesons (77) for cancer therapy, pro-
duction of short-lived isotopes for prompt use in nuclear medicine, earth tunnelling
and free-electron lasing.

1.2. Types of electron linear accelerator installations

The electron linear accelerator itself is fundamentally a conducting tube,
usually of copper, accurately shaped to contain an electromagnetic wave of the
proper characteristics — a kind of waveguide [14, 15, 16]. The beam energy is
proportional to the length and to the electric field strength within the cavity or,
equivalently, to the square root of the microwave power inserted. Typical
gradients achieved lie in the range 2—4 MeV/ft. Because the electrons achieve
relativistic velocities quickly, the spacing of cavities within the tube is uniform
almost throughout its length. A high-energy accelerator differs from a low-energy
machine mainly in its total length.

Two different configurations are in modern use. In the travelling wave
accelerator (Figs 1, 2), microwave power is supplied to the input of the accelerator
section and travels to the other end, remaining at all times in phase with the
moving electron bunches. The accelerator interior is partitioned into accelerating
cavities dimensioned in such a way that the phase velocity of the microwave field
equals the electron velocity.

Another configuration is the standing-wave accelerator {17, 18] in which
additional side cavities provide a 180° phase shift between accelerating cavities
(Fig.3). This type has the advantage of being less sensitive to temperature or
dimensional variations and achieves the same beam energy in a shorter length.



FIG.1. A ten-foot (=3.0 m) travelling-wave accelerator section for SLAC. With a 16-MW
klystron (peak RF power), the energy added by such a section is 40 MeV. The uniform
partitioning into RF cavities by annular disks is easily seen.

{Reproduced with kind permission of the Stanford Linear Accelerator Center and the Energy
Research and Development Administration.)
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FIG.2. Accelerator disks and cylinders. These components are assembled to form the 10-ft

(=3.0 m) sections shown in Fig.1.
{Reproduced with kind permission of the Stanford Linear Accelerator Center and the Energy

Research and Development Administration.)
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FIG.3. Structure of a standing-wave accelerator. The coupling cavities provide a phase
change such that the accelerating cavities maintain a 180° phase shift with respect to each other.
{Reproduced with kind permission of E.A. Knapp, the Los Alamos Scientific Laboratory and

Review of Scientific Instruments.)
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Microwave power for low energies is generally developed by magnetrons, but
all higher-energy accelerators use klystrons. The nominal frequency of 3000 Hz
(wavelength 10 cm in free space at 2998 MHz) is usually used. Peak RF powers
generated per unit are 2—5 MW (magnetrons) and 20—40 MW (klystrons).

The following components are common to all types of installations:

(a) The injector, containing the gun or electron ‘source’;

(b) The accelerator itself, composed of one or more sections, fed by
separate microwave generators;

(c) The microwave generators: one or more magnetrons or klystrons,
driven in phase;

(d) A modulator to energize each microwave generator;

(e) A target and/or beam dump to provide useful secondary radiations
and stop the electrons.

In addition, most installations have at least one beam-transport magnet. Most
medical accelerators operating above 6 MeV are equipped with a magnet which is
an integral part of the apparatus which deflects the beam by 90° or 270°. Research
installations may also have secondary beam lines, transporting a variety of particle
types — photons, electrons, positrons and mesons.

Three categories of installations with similar radiation protection problems
are easily identifiable: (a) medical, (b) industrial, and (c) research. These
categories may differ somewhat in the types of radiations to be protected against,
but more so in the physical layout and movements of personnel and members of
the general public around them. Special needs of these types of installations are
discussed where appropriate, and descriptions of typical installations are given.

It is hoped that useful information for meeting the requirements of novel or
unique installations will be found in this manual, although every case cannot be
foreseen.

1.3. Parameters of electron linear accelerators

A list of physical parameters of the two-mile Stanford Linear Accelerator
(Fig.4) is given in Table II. Although the example chosen is at present the highest-
energy linac, most of its parameters are quite representative of many other-
travelling-wave accelerators if the differences related to its great length (multiplicity
of sections and therefore of beam energy and power) are taken into account. The
particularly unique features of the SLAC facility are the interlaced-multiple-beam
capability, the ability to accelerate also positrons and polarized electrons to high
energies, and a special facility for extremely short (10 ps) beam pulses.

Tables I11, IV and V provide an overview of three classes of linear accelerator
installations. It is seen that the development in medical accelerators within the
past decade (Table III) has been toward a capability for isocentric therapy using

11



FIG.4. Aerial view of the Stanford Two-Mile Accelerator (SLAC/J, a modern high-energy
facility for elementary-particle research. The Research Area with multiple-beam capability

is in the foreground. The electron-positron storage ring SPEAR is to the lower right. The
360 beam pulses accelerated per second are shared by as many as six different beam paths,
each with separately adjustable energy, current and pulse length.

(Reproduced with kind permission of the Stanford Linear Accelerator Center and the Energy
Research and Development Administration.)

both electrons and photons [4]. The maximum useful energy appears to be
approximately 40 MeV. The radiation characteristics at each energy are surprisingly
similar among these modern facilities, reflecting a general consensus among
manufacturers and users.

Accelerators for industrial radiography are surveyed in Table IV. The very
high outputs of these machines may pose a great potential hazard to operating
personnel in industrial settings.

Table V contains an abbreviated list of physical parameters of representative
operating research and special-purpose installations. There is great variety in the
capabilities of these installations, reflecting the purposes to which they are applied.
Figure 5 illustrates the general rise in beam power with accelerator energy.

Text continued on p.24
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TABLE II. PHYSICAL PARAMETERS OF THE STANFORD TWO-MILE

ACCELERATOR (SLAQC)

Accelerator length

Length between feeds

Number of accelerator sections
Number of klystrons

Peak power per klystron

Beam pulse repetition rate

RF pulse length

Filling time

Electron energy, unloaded
Electron energy, loaded
Electron peak beam current
Electron average beam current
Electron average beam power
Electron beam pulse length
Electron beam energy spread (max)
Positron energy

Positron average beam current®

Multiple beam capability

Operating frequency

10 000 ft (3048 m)
10 ft (3.04 m)

960

245

20 - 40 MW

1 - 360 pulses/s
2.5us

0.83 us

22.8 GeV (max)
21.5 GeV

70 mA (max)
40 pA (max)

800 kW (max)
10 ps - 1.6 us
0.5%

15 GeV (max)
0.5 uA

6 interlaced beams
with independently ad-
justable pulse length,
energy, and current

2856 MHz

dFor 140 kW of incident electron beam power at positron source
located at one-third point along accelerator length.

13
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TABLE III. RADIATION PARAMETERS OF MEDICAL ELECTRON LINEAR ACCELERATORS INTRODUCED SINCE 1965

Beam energies Maximum photon . Nominal
Approx. in modality® Type of Totalt ‘e P T " output X::l’;";;::‘ leakage
date of Model Manufacturer mount or Rotation f"u:h“ s:w" n::ns:‘o(;) (1072 Gy -m?- min~") (photons) radiation®
introduction Photons Electrons motion endgt . urce B (rad-m?- min™?) (em?at 1 m) (photons)
™Mv)  (MeV) and typ (flattened) ¢
1965 SL 75/10  Philips 7-10  4—10 Isocentric 370° 225 m, TW 2 MW 95° 600 (300 W electrons 30 X 30 0.1
MEL 100 cm SAD Magnetron  (approx.) at 8 MeV)*©
1965 LUE § Efremov 5 - Isocentric £120° ™ 1.8 MW 90° 300 15X 17
100 cm SAD Magnetron
1967 LUE 25 Efremov 10,158 10--25 Stationary® -30° 6.5mTW 20 MW 90° 1000 18X 18 0.03
+45° (two Klystron o x 20)¢
sections)
1967 Therac 40 CGR-MeV 10,25 7-32 Isocentric +10s8° 6.0m TW 9MW +37° 400 (1000) 38X 38 0.1
Saggitaire AECL (a0) 105 cm SAD (370° (two Klystron -37° (2 kW electrons)® 0.3%
with pit) sections) +37°
-127°
1967 LMR 13 Toshiba 10 8—12 Isocentric +210° 1.6 m, TW 4.8 MW 105° 400 30X 30 0.1
100 cm SAD Magnetron  (approx.)
1968 Clinac 4 Varian 4 - Isocentric 360° 0.3 m,SW 2 MW None: 224 40 X 40 0.1
80 cm SAD Magnetron  straight 0.03b
ahead beam
1969 Mevatron Applied 6 - Isocentric 37¢0° 1.0m,SW 2 MW 261° 300 40X 40 0.02
VI Radiation 100 cm SAD Magnetron  achromatic
1969 Mevatron Applied 8,10 5-11 Isocentric 370° 1.3 m, SW 2MW 261° 300 40 X 40 0.1
XI1 Radiation 100 ¢cm SAD Magnetron  achromatic
1970 ML-15MIIB Mitsubishi 12 8-15 Isocentric 390° 1.7m TW S MW 110° 500 30 X 30 0.1
100 cm SAD Klystron
1970 Therapi 4 SHM 4 - Stationary® 365° 0.35m, SW 2 MW None: 220 40 X 40 0.1
Nuclear Magnetron  straight
ahead beam
1970 Clinac 35 Varian 8,25 7—-28 Isocentric 360° 2.25m, TW 20 MW +57° 1000 35X 3s 0.1

100 cm SAD Klystron -90° (5 kW electrons)®



SI

Beam energies

Maximum photon

Nominal

. N Total Maximum
Approx. in modality? Type of output f .\ leakage
date of Model Manufacturer mount or Rotation :;;"C':‘“'e :g\xzz ::;:s&;; (1072 Gy-m? - min™') (le}llc(l,ts:]es) radiation
introduction Photons Electrons motion dgt (rad m?-min™?) (::)m’ at 1'm) (photons)
MV)  (MeV) and type (flattened) (%)
1970 Dynaray 4  Radiation 4 - Isocentric 370° 075 m, TW 2 MW 266° 300 30X 30 0.1
Dynamics 100 cm SAD Magnetron achromatic
1971 Therac 6 CGR-MeV 6 - Isocentric 370° 1.1m, TW 2MwW 262° 250 40 X 40 0.1
Neptune AECL 100 cm SAD Magnetron achromatic
1972 Dynaray 10 Radiation 8 3-10 Isocentric 370° 23m,TW 2MW 266° 300 35X 35 0.1
Dynamics 100 cm SAD Magnetron  achromatic
1972 LMR 4 Toshiba 4 - Isocentric 420° 0.3m, SW 2 MW None: 225 40 X 40 0.05
80/100 cm Magnetron  straight
SAD ahead beam
1972 LMR 15 Toshiba 10 10-16 Isocentric 420° 1.7m, TW 4.8 MW 105° 350 30X 30 0.1
100 cm SAD Magnetron  (approx.)
1973 Therac 20  CGR-MeV 10,18  6-20 Isocentric 370° 2.3m, TW 5 MW 270° 400 40 X 40 0.1
Saturne AECL 100 ¢m SAD Kiystron achromatic
1973 SL 75/20 Philips 8,16 §-20 Isocentric 360° 25m TW §SMW 95° 400 (900 W 30X 30 0.1
MEL 100 cm SAD Magnetron  (approx.) electrons at
10—15 MeV)©
1973 ML-4M Mitsubishi 4 — Isocentric 3go° 0.3 m,SW 2 MW None: 224 30 X 30 0.1
80 cm SAD Magnetron  straight
ahead beam
1974 ML-3M Mitsubishi 2.8 - Isocentric 380° 0.25m,SW 2 MW None: 100 30X 30 0.}
80 cm SAD Magnetron  straight
ahead beam
1974 Clinac 18  Varian 10 6-18 Isocentric 360° 1.4m,SW  5MW 270° 500 35X 35 0.1
100 cm SAD Klystron achromatic
1974 Dynaray 18 Radiation 6—12 5-18 Isocentric 370° 23m, TW SMW 266° 350 35X 35 0.1
Dynamics 100 cm SAD Klystron achromatic
1975 Clinac12  Varian 8 6—12 Isocentric 360° 1L2m, SW 2 MW 27¢° 350 35X 38 0.1
(6) (4—9) 100 cm SAD Magnetron achromatic
1975 Clinac 6X Varian 6 - Isocentric 360° 0.3m, SW 2MW None: 192 40 X 40 0.1
80 cm SAD Magnetron  straight
ahead beam

See footnotes at end of table.
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TABLE IIl. (cont.)

Beam energies Total Maximum photon Maximu Nominal
Approx. in modality?® Type of t°"’""e Powe T ., output t‘:l’(;":iz:l leakage
date of Model Manufacturer mount or Rotation ‘;’ "";h ower ransp:)(r) 102Gy m* min"Y) O hotons) radiation
introduction Photons Electrons  motion endg iype source magnelis (rad-m? - min~!) 12 S otni ) (photons)
MV)  (MeV) and typ (Mlattened) (cmat 1m) (g,
1975 SL 75/5 Philips 4-6 - Isocentric 420° 1.25m, TW 2 MW 9s° 350 40 X 40 0.1
MEL 100 cm SAD Magnetron
1976 Therac 10 CGR-MeV 9 6—10 Isocentric 370° 1.2 m, SW 2 MW 262° 300 40 X 10 0.1
Neptune AECL 100 cm SAD Magnetron achromatic
1976 Dynaray 6 Radiation 6 - Isocentric 370° 1.0m, TW 2 MW 266° 300 35X 35 0.1
Dynamics 100 cm SAD Magnetron  achromatic
1976 LUE 15M Efremov 15 10-20 Isocentric t120° 2.6mTW 9 MW 270° 300 30 X 30 0.1
100 cm SAD Magnetron  achromatic (1.5 kW electrons)© 20 X 209 0.2b
1977 Mevatron Siemens 10,15 3-18 Isocentric 370° 1.3m,SW 7MW 270° 300 40 X 40 0.1
XX 100 cm SAD Klystron achromatic
1977 Clinac Varian 6 - Isocentric 360° 0.3 m,SW 2 MW None: 200 40X 40 0.1
6/100 100 cm SAD Magnetron  straight
ahead beam
1977 Clinac 20 Varian 15 6—20 Isocentric 360° 1.6 m, SW 5 Mw 270° 500 35 X 35 0.1
100 cm SAD Klystron achromatic
1977 EMI FOUR EMI 4 -~ Isocentric 360° 0.3m,SW 2MW None: 220 40 X 40 0.1
Therapy 100 cm SAD Magnetron  straight
ahead beam
1977 EMI SIX EMI 6 - Isocentric 360° 0.3m,SW 2MW None: 220 40 X 40 0.1
Therapy 100 cm SAD Magnetron  straight
ahead beam
1978 LUE 5M Efremov 4-5 4-—5 Isocentric +120° 0.6mTW 3 MW None: 200 30X 30
100 cm SAD Magnetron  straight 20 X 20
ahead beam
1978 SL75/14  Philips 8,10 4-14 Isocentric 360° 225 m,TW 2 MW 95° 350 40 X 40 0.1
MEL 100 cm SAD Magnetron
: Data in parentheses are non-standard options offered by manufacturer.
c Averaged over 100 cm?® at 1 m. Where two values are given, the first refers to patient plane, the second applies to room shielding.
d Vertical, rotational adjustment.
e Where two field sizes are given, the first refers to photon beam therapy, the second to electron therapy.

Primary electron beam extracted in research mode.



TABLE 1IV. RADIATION CHARACTERISTICS OF ELECTRON LINEAR ACCELERATORS FOR INDUSTRIAL
RADIOGRAPHY

. Maximum X-ray output Maximum Nominal photon
Nominal beam  RF power source . . e
(unflattened) field size leakage radiation
Manufacturer Model energy (magnetron
(MeV) or klystron) (at 1 m) (per cent of useful
t4 (Gy-m®-s7) (rad-m*min") (cm) beam at 1 m)

CGR MeV Neptune 6 6 M 0.13 750 50 (dia.) 0.1
CGR MeV Neptune 10 10 M 0.33 2 000 50 (dia.) 0.1
Efremov LUE-15-1.5 15 M 1.7 10 000 30 (dia.) 1.0
Efremov LUE-10-1D 10 M 0.30 1 800 22 (dia.) 1.0
Efremov LUE-10-2D 10 M 0.83 5 000 25 (dia.) 1.0
Efremov LUE-15-15000D 15 M 2.5 15 000 40 (dia.) 1.0
Efremov LUE-5-500D 5 M 0.08 500 35 (dia.) 0.2
EMI Therapy Radiograf 4 4 M 0.08 500 26 X 35 0.5
Mitsubishi ML-1 R 0.95 M 0.003 20 30 (dia.) 0.1
Mitsubishi ML-1 RIII 0.45 M 0.00025 1.5 30 (dia.) 0.1

0.95 0.0025 is 0.1
Mitsubishi ML-3R 1.5 M 0.01 50 30 (dia.) 0.3
Mitsubishi ML-5R 3 M 0.05 300 30 (dia.) 0.3
Mitsubishi ML-5RII 4 M 0.06 350 30 (dia.) 0.3
Mitsubishi ML-10R 8 M 0.33 2 000 30 (dia.) 0.2
Mitsubishi ML-15RII 12 K 1.2 7 000 30 (dia.) 0.1
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TABLE IV (cont.)

. Maximum X-ray output Maximum Nominal photon
Nominal beam  RF power source , . L
(unflattened) field size leakage radiation
Manufacturer Model energy (magnetron
(MeV) or Klystron) (at 1 m) (per cent of useful
y (Gy-m?-s™) (rad-m?-min™") (cm) beam at 1 m)
Radiation Super X 600 4 M 0.1 600 30 (dia.) 0.1
Dynamics
Radiation Super X 2000 8 M 0.33 2000 30 (dia.) 0.1
Dynamics
Radiation Super XX 12 K 1.0 6 000 30 (dia.) 0.1
Dynamics
Varian Linatron 200 M 0.03 175 77X 77 0.02
Varian Linatron 400 4 M 0.07 400 39X 39 0.1
Varian Linatron 2000 M 0.33 2 000 55 (dia.) 0.1
Varian Linatron 6000 15 K 1.0 6 000 27 (dia.) 0.1




TABLE V. RADIATION PARAMETERS OF RESEARCH AND SPECIAL-PURPOSE ELECTRON LINEAR ACCELERATORS

Typical high-power operation (approx.)?

61

Nominal
Installation eak Number and RF
I" . pea Machine use Special capabilities type of ¢ Peak Enery T Pulse Duty Electron
ocation energy sectionsb source current (24 P rate factor power
(MeV) (mA)  (MeV) (u)  (HD) (B (kW)
1 Amsterdam IKO 500 Nuclear physics n{0—500 MeV) 25 TW (S) 12 K (1-4) 10 250 50 2500 10. 200 1
Nuclear chemistry Large duty factor
2 Argonne 22 Nuclear physics n(2—20 MeV) 2 TW(L) 2 K (20) 2500 14 10 120 0.12 45 2
Nuclear chemistry 35-ps pulses
3 Bariloche 30 Nuclear physics 10—100 ns pulses 1 TW (S) 1K 300 25 1.2 200 0.024 1.8 3
4 Bedford RADC 12 Radiation research 1 TW (L) 1 K(10) 550 10 4.3 180 . 0.08 5.0 4
5 Berlin BAM 35 Activation analysis 2 TW(S) 1K 180 30 4 300 0.12 6.5 5
Neutron radiography
Radiation protection
6 Berlin HMI 18 Puise radiolysis Nanosecond pulses 1 TW (L) 1 K(10) 80O 12 1 50 0.025 2.5 6
7 Bethesda AFFRI 55 Radiation research High current 6 TW (S) 4K 1000 30 1.0 1000 0.1 30 7
8 Boeing (Seattle) 30 Radiation research 3TW(S) 1K 1100 11.5 5§ 30 0.015 1.9 8
9 Bologna 12 Radiation chemistry  Selectable pulse width TW (L) 1 K(10) 1400 6 5 300 0.15 12 9
Radiation biology High current
Radiation physics 11 Ain 10-ns pulse
10 Bonn 35 Synchrotron injector 1TW 1 K(25) 800 20 1 50 0.005 0.8 10
11 Cornell 246 Synchrotron injector 6 TW 3K 100 150 2.5 60 0.015 2.3 11
12 Daresbury 43 Synchrotron injector 4 TW 2 K (30) 500 43 0.73 53 0.004 0.8 12
13 Darmstadt 70 Nuclear physics (ee’) resolution 30 keV 2 TW (S) 1K 60 70 5.5 150 0.08 4.0 13
14 DESY! 400 Synchrotron injector  e*(250—380 MeV) 14 TW 14 K (25) 200 500 2 50 0.01 10 14
DORIS storage rings
. PETRA storage rings
15 DESY 11 50 Second injector s TW S K(6) 70 40 1 S0 0.005 0.2 15
16 Frascati 450 Storage ring injector  e*(60-320 MeV) 12 TW (S) 6 K (20) 100 400 3.2 250 0.08 40 16
ADONE storage rings
17 Geel BCMN 150 Nuclear physics 10 A in 3-ns pulse 1 SW (S) 3K 1500 90 0.1 900 0.009 12 17
2 TW (S)
18 Ghent 90 Nuclear physics &*(10—40 MeV) 2TW(S) 2 K (20) 250 70 2.5 300 0.075 13 18

See footnotes at end of table.
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TABLE V. (cont.)

Typical high-power operation (approx.) 2

Nominal
Installatios eak Number and RF
. n 4 Machine use Special capabilities type of c Peak . Pulse Duty Electron
{ocation energy . source Energy TP £
(MeV) sections current rate actor power
(mA) (MeV)  (us) (Hz) (%) (kw)
19 Giessen 65 Nuclear physics Mono-E photons 2 TW(S) 1K 200 65 2 250 0.05 6.8 19
(8~35 MeV)
20 Glasgow 130 Nuclear physics n(0—10 MeV) 12 TW (S) 3 K(20) 300 93 3.5 150 0.05 14 20
21 Hammersmith MRC 8 Radiation physics 1TW 1M(Q2) 25 7 2 300 0.06 0.1 21
22 Harwell 1 55 Nuclear physics n(0—10 MeV) 7 TW (S) 7K (8) 500 30 2.0 200 0.04 s 22
23 Harwell I 136 Nuclear physics n{0—30 MeV) 8 TW (L) 4 K (20) 1000 60 5.0 300 ©0.15 90 23
24 Hebrew University 8 Pulse radiolysis Nanosecond pulses 1 TW 1M 1400 8 0.01 460 0.0005 1 24
(Jerusalem)
25 Hokaido 45 Neutron diffraction 3TW(S) 100 45 3 200 0.06 5 25
Pulse radiolysis
26 Karlsruhe 22 Food preservation 1 TW 1K 100 16 4 300 0.1 2 26
27 Kharkov | so00 Nuclear physics 27
28 Kharkov II 2000 Particle physics 49 TW 51 K (20) 20 1600 1.2 50 0.006 2 28
29 Kyoto 48 Neutron production n(0—14 MeV) 2 TW (L) 2 K(10) 500 25 4 180 0.07 10 29
30 Livermore LLL 180 Nuclear physics e  (10—180 MeV) s TW (S) 15 K(15) 650 75 3 300 0.1 45 30
Mono-E photons
(5—-70 MeV)
n(0—30 MeV)
31 Mainz 320 Nuclear physics Mono-E photons 8 TW (S) 8 K(25) 150 270 3 150 0.04 15 31
(10-100 MeV)
Nanosecond pulses
32 Manchester 12 Radiation biology 6 A in 10-ns pulse 1 TW 1 K (20) 500 10 H S0 0.025 1.3 32
(Paterson Labs) Radiation chemistry
33 MIT Bates 400 Nuclear physics Large duty factor 22 TW(S) 10 K (4) 10 400 15 1256 1.8 60 33
High-res. spectrometer
34 Monterey NPGS 100 Nuclear physics 3TW 2K 30 105 1 60 0.006 0.2 34
35 Moscow Kurchatov 60 Nuclear physics Neutron production 6 TW 6 K 1000 60 5.5 150 0.1 55 3s

50 ms puise at 900 Hz
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Typical high-power operation (approx.)a

1 llati Nc‘n::mal Number and F
nsta. ation pea Machine use Special capabilities type of R ¢ Peak E T Pulse Duty Electron
location z;ldersy sections source current nergy p rate factor power
V) (mA)  (MeV) () (HD) (B (W)
36 Natick NARADCOM 15 Food preservation Muitiple beam ports 2 TW(S) 2 K(5) 500 10 H 180 0.09 5 36
Radiation chemistry
37 NBS (Washington) 160 Nuclear physics n(0-20 MeV) 9 TW{(L) 12 K 250 100 5 360 0.18 40 37
Radiation standards e* (10~-40 MeV)
38 NPL (London) 22 Radiation metrology 5 A in 5-ns pulse 2TW 1 K (20) 750 15 3.2 240 0.07 8 38
39 NRC (Ottawa) 35 Nuclear physics Neutron production 4 TW (S) 1K 250 3s 3.2 180 0.06 5 39
40 NRL (Washington) 60 Radiation research Neutron production 3TW 3K 450 50 1 360 0.04 10 40
41 Oak Ridge ORELA 178 Nuclear physics Nanosecond pulses 4 TW (L) 4 K 15000 140 0.024 1000 0.0024 S50 41
42 Ohio State 6 Pulse radiolysis Nanosecond pulses 1TW 1M 325 6 0.01 550 0.0006 4?2
43 Orsay 2300 Pacticle physics e*(0—1.3 GeV) 39 TW 39 K (20,25) 60 2000 1.5 50 0.008 9 43
Storage rings ACO,
DC1
44 Raychenn 17 Product irradiation High current 1 TW 1K 1100 10 6 200 0.1 10 44
(Copenhagen)
45 Rensselaer 100 Radiation research n{0—-30 MeV) 9 TW (L) 9K (10) 300 45 4.5 720 0.32 50 45
6 A in short pulse
46 Rio de Janeiro 30 Nuclear physics 3TW 1A,1K 100 28 3.3 360 0.1 2.8 46
47 RISQ (Roskilde) 14 Radiation research Nanosecond pulses 1TW 1K(Q17) 1100 10 4 200 0.08 8.8 47
High current
48 Saclay 1 10 Radiation research n(0—2 MeV) 4 TW (S) 4K 100 70 2 500 0.1 7 48
Mono-E photons
(7-40 MeV)
49 Saclay I1 600 Nuclear physics Mono-E photons 30 TW (S) 15 K(12) 25 400 20 1000 2.0 200 49
(20—120 MeV)
50 St. Bartholomews 15 Radiation physics 2 TW(S) 1 K (20) 750 15 5 100 0.05 6 50
(London) Radiation biology ’
51 San Diego IRT 100 Radiation research Nanosecond pulses 4 TW(L) 4 K (40) 700 60 4.5 180 0.08 35 51

See footnotes at end of table.

Product irradiation

e*(3-75 MeV)
Mono-E photons
(3—75 MeV)
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TABLE V (cont.)

Typical high-power operation (approx.) a

Nominal
Installation peak Number and RF
1 " . Machine use Special capabilities type of ¢ Peak Ener T Pulse Duty Electron
ocation e;ie \g/;/ sections P source current LA P rate  factor  power
(Me (mA)  (MeV) ) (HD (B (kW)
52 S. Barbara EG&G 30 Radiation research 50-ps pulses 3TW (L) 2K 500 20 4.5 180 0.081 8.1 52
53 Sdo Paulo USP 50 Nuclear physics 2TW 2K 10 50 1 120 0.01 0.05 53
54 Saskatchewan 250 Nuclear physics n{0—150 MeV) 6 TW (S) 2K(18) 300 200 1.2 400 0.05 30 54
55 Sendai (Tohoku) 280 Nuclear physics n(0—20 MeV) § TW(S) 5 K (20) 100 280 3.3 300 0.1 20 §s5
§6 Stanford HEPL Mk.III 1200 Particle physics ¢ (up to 1 GeV) 31 TW(S) 31 K(20) 30 1200 1.3 120 0.016 6 56
§7 Stanford HEPL 2000 Radiation therapy Superconducting linac 8 SW (L) 8 K (0.015) 0. 2000 cw CW 1o00. 200 57
SC Mark II1 Particle physics Duty factor = 100%
Pion therapy
58 SLAC 22800 Particle physics e’ (0—-15 GeV) 960 TW (S) 245 K (20—-40) 70 21500 1.6 360 0.06 800 58
Interlaced beams
SPEAR storage rings
Muon and meson
beams
Picosecond pulses
Mono-E, polarized
photons
Polarized electrons
59 Tokai JAERI 190 Nuclear physics n(0—20 MeV) 5 TW (S) 5 K(20) 350 100 2 150 0.03 11 59
60 Tokyo ETL 33 Radiation standards 180° spectrometer 3TW(S) 2K(17) 200 30 4 300 0.12 7 60
Solid-state physics
61 Tokyo INS 15 Synchrotron injector 1 TW (S) 1 K (6) 200 13 1.2 21.5 0.0026 0.07 61
62 Tokyo NERL 35 Neutron physics 20-ps pulses 2 TW (S) 2 K(6.5) 200 35 4 200 0.08 6 62
Pulse radiolysis
63 Toronto 50 Nuclear physics e*(10-25 MeV) 4 TW (S) 2 K(20) 400 35 3.5 240 0.084 12 63
n{0-20 MeV)
64 Warsaw 13 Pulse radiolysis Nanosecond pulses 2TW 1K 800 13 3 300 0.09 9 64

Radiation research



Typical high-power operation (approx.) a

Nominal Numbe d
Installati eak umber an g
ns a' ation pea Machine use Special capabilities type of RE 3 Peak . Pulse Duty Electron
location energy " source Energy Tp
(MeV) sections current rate  factor power
(mA) (MeV)  (us) (Hz) (%) (kW)
65 White Sands WSMR 48 Nuclear effects Nanosecond pulses 2 TW(S) 2 K(20) 600 48 10 120 0.12 35 65
66 Winfrith AEE 15 Radiation research 1 TW (S) 1 K(10) 200 14 4.5 200 0.09 2.5 66
67 Yale 70 Nuclear physics n(0—20 MeV) 5 TW (L) 700 40 4.5 250 0.11 30 67
68 Yerevan 480 Nuclear physics Iterative acceleration 13 TW (S) 13K (20) 1500 120 8 100 0.08 140 68

e* (0200 MeV)

(a) Parameters simultaneously achievable highest electron beam power under continuous operation.
{b) TW = travelling wave, SW = standing wave, S = S-band, L = L-band operating frequency.
(c) Number of klystrons (K), magnetrons (M) or amplitrons (A). Peak power per unit (MW) given in parentheses.
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FIG.5. Beam power (kW) of representative electron linacs plotted against beam energy (MeV).
The line represents the typical but arbitrary average current of 100 A (corresponding to,
e.g., Ipeak =100 mA, DF = 0.1%).

The parameters which most directly affect radiological safety are:

(a) Electron beam energy E,
(b) Average beam power P
(the product of E, and the average beam current I)?.

The most important derived quantities of radiation protection, such as dose
rate or shielding thickness, are generally not simple functions of energy E,, and
the complete information needed for radiation protection over a broad range of
energies requires an extensive set of tables or graphs.

Many quantities are relatively simpler functions of energy when normalized
to average beam power rather than to average current, and therefore are so
presented in this manual. At a given energy Eg, the dose rate or exposure rate is
directly proportional to average beam power P. The required shielding thickness
at a given distance, and for a given beam energy E,, is approximately proportional
to the logarithm of average beam power.

! The average power may be obtained from Eyl because Eq, when specified in eV, is
numerically equal to the potential difference (V) effectively used to accelerate each particle.
Potential difference (V) times current (A) is equal to power (W).
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The beam is not continually accelerated but comes in short pulses of
typically Tp=1- 3 us duration. Where desired, Tp can be made as short as 10 ps.
The pulse repetition rates may range between 1 and 1440 Hz, but most are in the
range of 60 to 360 Hz. The duty factor DF is the fraction of operating time during
which the linac is actually producing radiation, which is generally in the range
104 to 1073, It is the product of pulse repetition rate p (in Hz) and pulse length
Tp (in seconds):

DF=p-Tp 1)

This small duty factor is a disadvantage in some research applications but is
unimportant in the most common applications such as radiotherapy and industrial
radiography. Special large-duty-factor and continuously operating (CW) accel-
erators have also been developed. Very short pulses (usually 5—10 ns) are used to
advantage in pulse radiolysis and neutral-particle spectrometry where precise timing
of the reactions studied is crucial.

In radiological protection, the duty factor is important insofar as it may
affect radiation measurements; some measurements may be rendered completely
useless or even dangerously misleading by duty-factor effects. Any measurement
involving the counting of discrete events must be carefully evaluated to ensure
that these effects are kept small or properly corrected for. Geiger-Miiller and
proportional counters are particularly susceptible to saturation, owing to their
long dead times. Procedures for correction are explained in Section 5.
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2. RADIATIONS AT ELECTRON
LINEAR ACCELERATOR INSTALLATIONS

2.1. Radiations anticipated and their quality factors
2.1.1. Types of radiations and their sources

The useful radiations at electron linear accelerators are generally not the
primary electron beams themselves but secondary beams. In most applications
the electrons are used to produce bremsstrahlung and the resulting penetrating
photon beams are those usefully employed, as in radiography. In high-energy
research applications the useful beams may be of other types of secondary
particles?, such as positrons and mesons.

The important exceptions to this generalization are the widely accepted uses
of diffuse electron beams for radiation therapy, and for research in nuclear
structure by means of high-energy electron scattering.

The dominant prompt radiation at all energies is composed of photons
produced by bremsstrahlung in the materials which absorb the electron beam
energy. In fact, other prompt radiations can be neglected completely unless the
energy exceeds the threshold for neutron production. Thresholds lie in the range
ki, = 6—13 MeV for most materials.> Above these energies, giant-resonance
neutron production must be considered, both as a form of prompt radiation and
as related to induced activity.

" At high energies, neutrons are produced in photonuclear reactions via the
quasi-deuteron effect or in processes involving pi meson production. Although
fewer in number than other types of secondary particles, these neutrons are quite
penetrating and in such installations may dominate the shielding requirements.

At yet higher energies, a forward-directed beam of mu mesons (,ui') is
produced which requires consideration.

The behaviour of these types of radiation as a function of electron energy
E, is qualitatively sketched in Fig.6. In this figure, as in several figures and tables
in this manual, ‘absorbed dose rate’ or ‘dose-equivalent rate’ are represented by quan-
tities which can be represented by (Gy -h™)(kW-m~2)"! ((rad -h ™! }(kW-m %)),

% Since these particles are produced almost entirely by secondary photons, rather
than by primary electrons, they could properly be regarded as tertiary. This accounts in part
for their lower fluences relative to the electrons and photons. We shall not insist on this
distinction but refer to all types of prompt radiation, except the primary beam itself, as
‘secondary’.

3 There are some important exceptions. For example, 2H and °Be have anomalously low
thresholds of ky, = 2.23 and 1.67 MeV, respectively. The abundant nuclides 12¢ (all organic
materials) and 'O (air, water) have high thresholds: 18.72 and 15.67 MeV, respectively.
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FIG.6. Dose-equivalent rates per unit primary beam power, produced by various types of
‘secondary’ radiations from an electron target, as a function of primary beam energy, if no
shielding were present (qualitative). The width of the bands suggests the degree of variation
found, depending on such factors as target material and thickness.

(rem-h™1)(kW-m™2)"!  etc. The quantity plotted is then equal to the dose-
equivalent rate that would be measured at 1 m from a target onto which

a 1-kW electron beam is directed. The unit m? is included to suggest an inverse-
square dependence on distance from the target for this type of radiation. An
inverse-square dependence is strictly true only for unshielded point radiation
sources. However, for most purposes in radiological safety, the assumption of
inverse-square dependence is accurate enough. Thus, to determine the dose rate
(Gy-h™! (rad-h™)) or dose-equivalent rate (rem-h!) at a particular place, one
would read the ordinate of the figure, multiply by the true beam power (kW)
and divide by the distance squared (m?) from the target.

In all cases, the primary electron beam can be stopped completely within a
short distance, compared with the space needed for the accelerator installation.
In the case of medical and radiographic installations the beam is stopped in a
target only a few millimetres thick, incorporated in the accelerator unit. In high-
energy research installations a specially designed beam dump, which may also
serve as a beam monitor (Faraday cup or multi-plate ionization chamber), is
usually provided. Even at the highest energies the high-power beam dumps are
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of modest dimensions, compared even with the thickness of the required bio-
logical shield, and could be a fraction of their actual length (up to about 2 m) if
it were not for necessary provision for thermal cooling.

Some fraction of the beam may strike structures such as collimators, beam
windows or the accelerator itself. A mis-steered beam may strike a beam pipe
or any other piece of equipment. Each object that might be struck by the
primary beam must be considered a potential source of secondary radiation. It
is good practice to have as few such points as possible in order to simplify the
shielding requirements.

In research installations the primary beam is usually directed onto a ‘target’
before it reaches the beam dump. The target may be of any material and of any
thickness, absorbing fractions of beam energy ranging from a small fraction of a
per cent to over 99%. The target’s efficiency as a source of secondary radiation
can be estimated if the target material and thickness, usually expressed in
radiation lengths (Appendix B), is known. Because targets can usually be easily
changed, it is prudent to assume the worst case, i.e. that the entire beam energy
is absorbed at the target location in a material of high Z.

In clinical situations, radiation scattered from the patient must be con-
sidered in the room shielding design. In radiographic installations, radiation
scattered from the irradiated object must be considered.

Radiation doses due to ingested materials, although possible, are not a
significant hazard at electron accelerators. Risk of radiation exposure by
inhalation is also quite limited. Table VI summarizes the types of radiations that
must be normally considered in the planning of an electron linear accelerator
installation.

2.1.2. Quality factors

Unless otherwise stated, the quality factors Q given as ‘typical’ values in
Table VII are used in this manual and may be generally assumed in practice.*
For more precise dose-equivalent assessment, the quality factors for neutrons

4 The quality factor Q is a factor by which the absorbed dose is multiplied to better
approximate the relative effect of radiation on human tissue. In the absence of other
modifying factors, the product of Q and the absorbed dose D is equal to the dose-equivalent H.
The essential difference between Q and the relative biological effectiveness (RBE) is that the
RBE is a measurable quantity defined for each quality of radiation for a specific organism or
organ and for a well-defined biological endpoint, and usually determined by experiment. Values
of Q for radiation protection purposes generally apply to the human body as a whole without
referring to any specific biological endpoint. They are chosen values which reflect current
information on RBE, but averaged for convenient use under a great variety of irradiaton
conditions. See Refs [3—5] for further discussion.
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TABLE VI. RADIATIONS TO BE ANTICIPATED IN PLANNING AN ELECTRON LINEAR ACCELERATOR INSTALLATION

Medical Accelerator

Industrial or Research Accelerator

Type of Radiation Energy Energy
(MeV) Consideration (MeV) Consideration
Primary electron beam Various Frequently used for therapy All No access for any person
All No access for any pergon, except patient for therapy
Photons: (0° bremsstrahlung) Various For therapy All Room shielding
All Room shielding against useful beam R
Photons: (wide-angle bremsstrahlung) All Patient protection against unnecessary integral dose All Room shielding
All Room shielding against "leakage' radiation
Photons: (scattered) All Room shielding All Room shielding
Neutrons: Giant-resonance >15 Patient protection against unnecessary integral dose >15 Room shielding
None Room shielding with concrete walls and ceiling
> 15 Neutron streaming through labyrinth or other openings
Induced activity: Components >10 Target, jaws, compensating filter >10 Targets, collimators, compen-
sating filters, beam dumps
Induced activity: air None Negligible >15 Present in target room, but
usually not limiting
Induced activity: water None Negligible >20 Above 10 kW, release to air and
radiation from cooling-system
pipes and vessels
Neutrons: high-energy None Negligible > 150 May determine room shielding
Muons None Not produced > 500 May determine 0° shielding
Charged secondary beams None Not produced >500 Large research installations only
X-Rays from RF systems All Accegsible klystrons should be properly shielded All Klystrons, RF separators, RF

cavities




TABLE VII. QUALITY FACTORS OF ELECTRON LINAC RADIATIONS

Quality Factor

Type of Radiation

Typical Value Comment
+ (a)
Electrons (e~) 1 LET-dependent
Photons (bremsstrahlung and scattered 1 ---
photons)
_ (b)
Neutrons 10 Energy-dependent

(Range: Q=2-11)

Induced Activity:

Gammas (y, and /3+ annihilation 1 ---
photons)
+
Betas (37) 1 ---
Muons (#:) 1 LET-dependent(a)
Mesons (ﬂ_i, Kt) 1 LET-dependent(a)
X-rays from RF systems 1 -—--

(a) LET: Linear energy transfer (see Table VIII).
(b) The effective quality factor depends on incident neutron energy (see Section 2.5).

as a function of energy E, and for charged particles as a function of LET® or
collision stopping power must be considered. The effective quality factor of
neutrons is discussed further in Section 2.5. Table VIII and Fig.7 show quality
factors for charged particles recommended by the ICRP [1, 2] as functions of
LET. Figure 8 shows the quality factors of several types of charged particles as
a function of energy, based on their LET. In interpreting these data, one should
also consider the change in LET of low-energy particles as they are slowed down
or even stopped in tissue. In this case the average quality factor might be
significantly higher than the ‘entrance’ quality factor.

$ LET stands for ‘linear energy transfer’. It is the component of the stopping power
(dE/dX or dE/d(pX)) due exclusively to collisions with atomic electrons (ionization). It
specifically excludes energy loss by radiation (bremsstrahlung) or by interaction with nuclei.
In this context, no restriction on the energy of the recoiling electrons is implied. High LET
is associated with slowly moving particles and high ionization density. Since the probability
of multiple injury to cells is greater, the RBE is generally larger and a higher quality factor Q
is assigned. Low LET is associated with fast particles that leave a relatively rarified trail of
ions and cause relatively less tissue damage (Q = 1). See Refs [4—6] for further discussion.
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FIG.7. Quality Factor Q of charged particles as a function of collision stopping power
(LEToo) in water, as recommended by ICRP.

(Reproduced from ICRP-21 (Ref.[1)), with kind permission of the International Commission
on Radiological Protection and Pergamon Press.)

TABLE VIII. QUALITY FACTOR OF
CHARGED PARTICLES

AS A FUNCTION OF LET (Lm)

L. in water Q
(keV/um)

3.5 (and less) 1

7 2

23 5

53 10

175 (and above) 20

(Adapted from ICRP-21 (Ref. [1]), with kind
permission of the International Commission on
Radiological Protection and Pergamon Press.)
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2.2. Photon differential track length and estimation of yields

In the lower energy range in which many electron linacs operate, ionization
of atoms of the target material is the dominant mechanism for electron energy
deposition in a target. As the energy is increased, the relative importance of
energy loss by radiation increases and becomes dominant at energies above a
value E, called the ‘critical energy’. The value of E in MeV is approximately
given by

E, = 800/(Z +1.2) )

where Z is the atomic number of the target material [1, 2]. For such high-Z
materials as tungsten and lead, E_ is about 10 MeV (see Fig.9 and Appendix B,
Table B-I). :

In the situation where photons are incident on matter, the probability of
electron-positron pair production (threshold energy = 2 X 0.511 MeV = | MeV)
rises with increasing photon energy and becomes important at energies above
about 5 MeV in high-Z materials. These two processes together make possible
the phenomenon of the electromagnetic shower or cascade [2, 3]. Thisisa
complicated process in which bremsstrahlung (radiation), followed by pair
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FIG.10. Development of an electromagnetic cascade in a semi-infinite medium at high energy
(well above the critical energy). The dashed lines represent electrons or positrons and the

wavy lines are photons. An electron or positron of energy Ey is incident at the left (a cascade
can also be initiated by a photon). The spreading in the transverse direction is greatly exaggerated
for clarity. Only bremsstrahlung (B) and pair production (P) events are shown, but Compton
Scattering also plays a role in the dispersal of energy. Energy is deposited in the medium along
the dashed lines by ionization. Photonuclear reactions, as illustrated by the (y,n) reaction at N,
may take place along any of the wavy lines if the energy of that photon is high enough.

They occur much less frequently than might be inferred from this illustration.

production, followed in turn by more bremsstrahlung, rapidly disperses the
incident kinetic energy treelike, among a myriad of photons, electrons and
positrons. At very high energies, other mechanisms of energy dispersal, although
present, are almost negligible in comparison (see Fig.10).

At very high energies, the distance which an electron must travel so that
its energy is reduced by an average factor of e”! approaches a constant value
called the radiation length X, (in g-cm™?), which depends on the atomic number Z
and atomic weight A in approximately the following way®:

8 The factor 716 cm™2 is [4ardNsT!, where a is the fine-structure constant (~1/137)
which determines the strength of the electron-photon interaction, rq is the ‘classical’ electron
radius and Ny is Avogadro’s number (see Appendix A for values). These same factors appear
in the cross-section for pair production. See Ref. [2] for extensive discussion.
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Precise values of radiation lengths for various materials are tabulated in Appendix B.

At very high energies, the distance a photfon must travel, on the average,
before pair production occurs also approaches a constant value which is approxi-
mately 9/7 X,. This near equality of the two characteristic distances comes about
because bremsstrahlung and pair production are merely different manifestations
of the same underlying physical process®. There is a kind of pleasing symmetry
in the electromagnetic cascade phenomenon that also permits some simplifying
approximations.

It must be realized that the electrons themselves do not release significant
yields of secondary particles directly. The photons have much larger nuclear
cross-sections and give rise to the overwhelming majority of secondary particles,
especially neutrons, and, at higher energies, mesons as well. To estimate the
yields of secondary particles, it is necessary to know not only the photonuclear
cross-section g(k) for particle production as a function of photon energy k but
also the total length L of material traversed by photons of each energy. (For
example, the total photon track length in the portion of the cascade illustrated
in Fig.10 is about L = 8 X, (all energies combined); for the entire cascade it is
much more.) The track-length dependence on photon energy is expressed as the
differential track length dL/dk, representing the total track length of all photons
having energy in the interval (k, k + dk). For electrons of high energy E, incident
on very thin targets, the photon differential track length is approximately

[x<xo
Kk <E,
1E0>Ec

in which L will be in the same units as X, and the target thickness X (Appendix B
lists X, in both g-cm™ and cm).

The yield of secondary particles per incident electron Y(Ey).of energy Eq
is obtained by an integration over the photon energy k:

dL/dk =} X2X;'k™! )

Eo

N
Y(Eo)=—‘ip— f o(k)g%(;:—)dk ()

0

using the production cross-section a(k) (in cm?) for the secondary particles in
question and the differential track length just explained (in cm-MeV™1). N As
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p,and A are Avogadro’s number, the material density (g-cm™3), and gram atomic
weight, respectively.

A number of approaches to handling the more difficult problem of the
photon track-length distribution in thick targets are used:

(a) The simplest method is to use Approximation A of analytical shower
theory [2, 31.
This approximation applies to an infinitely thick target, considers only pair
production and bremsstrahlung, and assumes constant cross-sections at the
high-energy limit for these processes:

dL XoE X>X
o =072 12° (Approximation A) |~ EO° (6)
Eq, Eq—k > E,

where L is in the same units as X, (Appendix B lists X, in both g-cm™ and
cm), and k and E, are conveniently expressed in MeV. Approximation A works
best at very high energies. Modifications can be made to improve the accuracy

of Approximation A, particularly the expression proposed by Clément and
Kessler [4, 5]:

dL 0.964 X, k \? k \4 k \2\ ]! X> X,

—=—10686{— ) -05{ — ) “In{1—-| =—

dk E, Eq E, E, k <E,
N

(b) The next simplest approach is Approximation B [2, 3], which cannot
be written in closed form. This is similar to Approximation A except that electron
energy loss by ionization is also considered. Approximation B is more accurate
at all energies, but it has the disadvantage that numerical integrations must be
made.

(¢) A formulation derived by iteration over successive shower generations
is discussed by Tsai and Whitis [6]. It is applicable at very high energies and for
k/E, 30.5.

(d) The most satisfactory approach to handling the photon track-length
distribution is through Monte-Carlo calculations which can accommodate all of
the major physical processes accurately and can be done for any shape or thick-
ness of target, whereas approximations (a) and (b) refer only to infinitely large
targets. References to published Monte-Carlo calculations are summarized in
Table IX. Those references marked by Note D contain at least some information
on the differential photon track-length distribution. Of particular usefulness are

37



TABLE IX. MONTE-CARLO CALCULATIONS OF THE ELECTROMAGNETIC

CASCADE

Authors and year

Initial particle

Ref. Data® Medium Type® Energy®
Varfolomeev and Svetlolobov 7 D Emulsion e 1,10, 100, 500, 1000,
(1959) 3000 GeV
Butcher and Messel (1960) 8 D Air, Al e,y 50,100,200, 500 MeV;
1,2,5,10,20,50 GeV
Messel et al. (1962) 9 D Pb e, 50,100, 200, 500, 1000 MeV,
Zerby and Moran (1962) 10 D Emuls., Pb e 1GeV
Zerby and Moran (1962) 11 1 Be, Pb e 100 MeV
1 Sn e 185 MeV
Zerby and Moran (1962) 12 1 Air e 200 MeV
1 Al e,y 50, 100, 200, 500 MeV
1 Pb e 50,100, 185, 200, 300,
500 MeV; 1GeV
1 Pb v 50, 100, 200, 300, 500 MeV
D Cu e,y 50,100, 200, 400, 700MeV;
1.4,3,5,10, 20,45 GeV
Nagel and Schlier (1963) 13 D Pb e 200 MeV
Woischnig and Burmeister 14 1 Pb e,Y 100, 200,380 MeV
(1964)
Crawford and Messel (1965) 15 D Emulsion, e,y 50,100, 200, 500 MeV;
Cu, Pb 1,2GeV
Nagel (1965) 16 D Pb e 100, 200, 400, 1000 MeV
Tamura (1965) 17 D Al e,y 204 MeV
Volkel (1965) 18 D Pb e,y 6GeV
Alsmiller and Moran (1966) 19 Y Cu e 34 MeV
DY Ta e 30,100, 150,200 MeV
Y Pb e 34,100 MeV
Varfolomeev and Drabkin 20 Pb e 6GeV
(1966)
Alsmiller and Moran (1967) 21 E H,0 e 100, 200, 500 MeV;
1,5.2,10,20 GeV
E H,0 o4 10, 20, 50, 100, 200,
500MeV;1,5.2,10,
20GeV
Burfeindt (1967) 22 D Pb e 3GeV
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TABLE IX. (cont.)

Authors and year

Initial particle

Ref. Data® Medium Type® Energy®
Vélkel (1967) 23 D Cu Y 1,3,6GeV
D Cu B 6GeV
Alsmiller and Moran (1968) 24 D Pb Y 15,25, 35, 45, 60, 75,
100 MeV
Alsmiller and Moran (1969) 25 E H,0,Al e 1GeV
Cioni and Treves (1969) 26 1 Pb-glass e 50,150, 300, 500 MeV;
1 GeV
Gabriel and Alsmiller (1969) 27 DY Cu e 50, 100, 200, 300,400 MeV
Alsmiller and Moran (1970) 28 E H,0, Al e 1GeV
Alsmiller and Moran (1970) 29 E Be, Al Y 45GeV
Beck (1970) 30 E H,0 e,y 100, 200, 500 MeV; 1,5.2,
10,20GeV
Beck (1970) 31 E H,0, Al e 1GeV
Berger and Seltzer (1970) 32 DY Ta, W e 2,5,10,15,20,30, 60 MeV
Messel and Crawford (1970) 33 D Air e,y 500MeV; 1,10,50GeV
D Cu e,y 50,100,200, 500 MeV;
1,2GeV
D Pb e,. 50, 100, 200, 500 MeV;
1,2,10GeV
Beck (1971) 34 E Pb+H,0° e 1GeV
1 Air+ Al e 200,500 MeV; 1GeV
1 Air + Fe e 200, 500 MeV; 1GeV
Alsmiller et al. (1974) 35 E H,0 e 50,100,150,200 MeV
Ford and Nelson (1978) 36 D Various e,y Various

Type of cascade data given:

E: Distribution of energy deposition (absorbed dose) in medium only.

I: Data on electron and/or photon track length, but integrated over energy.

D: Data on electron and/or photon track length, differential in energy or in such a form that
some information on differential track length can be derived. Italics indicate those energy
values for which such data are given.

Y: Yield of some type of secondary particle is given, in addition to cascade data.

beam of indicated end-point energy.-

Two-material medium.

Particle type: e: electron (or positron); v: monoenergetic photon; B: Bremsstrahlung
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the studies of Zerby and Moran {12] and Alsmiller and Moran [19] because
extensive tables of photon track-length data are given in a form that can be used
directly in Eq.(5). Track-length data for one material can be scaled to another
by the ratio of radiation lengths for the two materials. Table XIV (Section 2.5)
contains a summary of references to Monte-Carlo calculations of neutron
production based on Eq.(5).

In estimating yields of secondary particles for radiation protection work,
it is conservative practice to assume the maximum possible yield, i.e. that the
production target is infinitely thick but reabsorption of secondary particles is
negligible. Where Monte-Carlo yield calculations for infinitely thick targets are
available, they are preferred. However, the Approximations A and B are very
useful for rapid calculation, and frequent use is made of them. Their range of
validity can be stretched to lower energy by correction factors which account
for the electron radiative cross-section being less than at the high-energy limit
and the photon mean free path being longer than its high-energy limit [37].

Because the track-length dependence on photon energy is approximately
as k™2 in Eq.(6), the integral in Eq.(5) is approximately proportional to

Eq

0, (Eg) = f o(k)k 2 dk (8)
; |

Because of the role this integral plays in yield calculations, values of Eq.(8)
integrated over the region of largest o(k) are useful as indices of activation and
secondary yield potential in thick targets (see, for example, Section 2.5.2).

There are a great number of experimental studies of the electromagnetic
cascade. This work is essential to a firm theoretical understanding of the
phenomenon, but does not generally yield direct information on the photon
differential track-length distributions central to this discussion. References [38—42]
describe recent experimental results and give extensive references to earlier work.
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2.3. Electron beams

Except for radiation therapy, there is no installation in which access of
personnel to a direct electron beam from an accelerator can be safely allowed.
Inadvertent or deliberate access to a controlled area is prevented by physical
barriers, interlocks and warning devices described in Section 6.4. Even when beams
are adjusted to negligible levels and limited by electronic devices, sufficient
assurance cannot be provided that the mode of operation may not suddenly change,
permitting dangerous beam levels in the primary beam line.

The only exception to this is the use of diffuse electron radiation in cancer
therapy. Under these conditions, especially designed monitoring and control
systems are employed to precisely control the administered dose (Section 6.5).

The fluence of electrons, together with the stopping power of the medium
(tissue), determines the absorbed dose. The absorbed dose D in Gy (rad) of a
monochromatic beam is approximated by

D (Gy) =1.602 X 1071 ®-(S/p)col, o (aPProx.) N
(
D (rad) = 1.602 X 1078 ®-(S/p)¢), o, (approx.)

where @ is the fluence (electrons-cm™2) and (S/ P)col, 00 i8 the unrestricted collision
stopping power in MeV-cm?-g™. The coefficient is merely a conversion from
MeV-g™! to Gy (rad). Values of (S/p)co1 from the work of Berger and Seltzer [1, 2]
are plotted for water in Fig.11, and tabulated for selected materials in Appendix B.
(See also Pages et al., Ref. [3].)

The more precise formulation of absorbed dose is given in ICRU Report
No. 21 [4], which includes an integration over the electron energy spectrum and
uses the restricted stopping power in which a cutoff A in energy transfer per
collision is imposed.

The actual absorbed dose is difficult to calculate precisely from the stopping
power curves, because buildup, scattering and spectral changes all modify dose
distributions. However, the extent of the minimum hazard of an accelerated
electron beam can be indicated. The minimum stopping power of
1.829 MeV-cm?-g™! (at 1.5 MeV) gives an estimate of the minimum dose rate to
tissue due to an electron flux density ¢ in electrons-cm™2-s71:

D (Gy-h™) =1.055 X 107 ¢ (minimum)
. ' 10)
D(rad-h™) =1.055 X 107 ¢ (minimum)

The effect of buildup on the dose distribution is shown in Fig.12. These

curves should be taken as illustrative only; the shape of the actual dose distribution
depends on beam size and other factors that may vary considerably. The maximum
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FIG.11. Stopping power of electrons in water as a function of electron energy E (MeV).
The continuation labelled ‘collision loss’ is the energy loss per pathlength due to ionization
(collision with atomic electrons) and may be used in the formulae of this section for dose
estimation. The ‘total loss’ includes radiative losses as well. Since soft tissue is so similar to
water in the transport of electrons and photons, these data may be used directly for radiation
protection purposes.
{Reproduced from Ref.[8), with kind permission of H.W. Patterson and R.H. Thomas, the
Lawrence Berkeley Laboratory and Academic Press.)
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FIG.12. Calculated percentage depth-dose distributions in water for broad beams of
normally incident monoenergetic electrons.

{Reproduced from ICRP-21 [5], with kind permission of the International Commission on
Radiological Protection and Pergamon Press.)
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TABLE X. CONVERSION FACTORS FOR
ELECTRONS RECOMMENDED IN
ICRP PUBLICATION 21

Electron energy Conversion factor®
(MeV) (electrons-cm™2-s™! per mrem-h™Y)
1x107! 1.6
2X 107! 2.6
5X 107! 3.9
1X10° 4.8
2X 10° 5.5
5X10° 6.2
1X 10 6.7
2X 10! 7.2
5X 10! 7.2

1 X102 6.7
2% 10% 5.4
5% 10% 3.6
1X10° 3.0
2% 103 2.5
5% 108 2.1
1X10* 1.8
2% 104 1.5

2 Calculated at maximum of depth-dose equivalent curve.
(Adapted from ICRP-21 [5], with kind permission of

the International Commission on Radiological Protection
and Pergamon Press.)

of buildup over the range shown is not very energy dependent, but the initial rise
may vary owing to ‘pre-buildup’ in air, beam windows, collimator edges, etc.
Bremsstrahlung contamination will contribute to a slowly decreasing background
at greater depths.

Fluence-to-dose-equivalent rate conversion factors recommended by the
ICRP [5] are given in Table X and plotted in Fig.13. They refer to irradiation by
a unidirectional broad beam of monoenergetic electrons at normal incidence and
are evaluated at the maxima of the depth-dose equivalent curves. The quality
factor for electrons is assumed to be Q = 1.
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recommended by ICRP.

(See ICRP-21 [5] for references to original work. Reproduced with kind permission of the
International Commission on Radiological Protection and Pergamon Press.)
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A conservative rule of thumb, useful in the range Eq=1 — 100 MeV, is

H=1.6X 10™% ¢ (Rule of Thumb: E,=1 — 100 MeV) (an
where H is in rem-h™! and ¢ in electrons-cm™2-s71.

Precise dosimetry predictions are somewhat futile because the movements of
persons accidentally exposed to narrow beams are not predictable, and the spatial
distribution of the beam in transverse planes is usually poorly known and is
changing with location. An important point is that these formulae, together with
data on average beam currents (~ 100 nA from Table V) and reasonable beam size
of order of magnitude 0.1 cm diameter, clearly show the hazard of direct exposure
to electron beams: dose-equivalent rates of 10'3 rem-h™" are easily possible!

If more precise dose determinations are required, such as in a posteriori
accidental dose evaluations [6], in-phantom measurements are recommended. The
subject of electron-beam dosimetry has been highly developed and more precise
data and experimental methods are available. The ICRU Report No.21 is an
excellent source of such information [4]. General discussions of radiological
safety aspects of electron beams have been published, for example, by Laughlin [7],
Patterson and Thomas [8], and by several authors in the Montreux Symposium
Proceedings [9].

The range of electrons in materials is difficult to specify in a completely
satisfactory way, since there are wide variations in the behaviour of individual
particles owing to fluctuations in bremsstrahlung energy loss and direction changes
due to Coulomb scattering. The continuous-slowing-down-approximation (CSDA)
range is the pathlength which an electron would travel if its rate of energy loss
along the entire path were always equal to the mean rate for its energy (Fig.14).
Actually, the arithmetic average pathlength will be somewhat greater than this
because of the skewness of the energy fluctuations, but the projected range (in the
direction of the incident electron) will be shortened because of direction changes
induced by scattering. Comprehensive calculations of CSDA ranges have been
published by Berger and Seltzer [1, 2] and by Pages et al. [3] for a variety of
materials.

A very useful empirical range, called the ‘practical range’ Ry, can be determined
by extrapolation of depth-dose distributions. This is illustrated by the inset of
Fig.15 where Ry, and another empirical quantity, the ‘maximum range’ Ry,
are defined. Where appropriate at higher energies, the extrapolation is made to
the bremsstrahlung background, instead of to zero dose.

Both R and Ry are almost linear in electron kinetic energy (Fig.15) and
are relatively insensitive to beam geometry. Over an energy range extending to
about 30 MeV, the Katz-Penfold formula [10] describes the practical-range-energy
relationship to an accuracy of about 1.5% for aluminium:

PRy =0.530 E, —0.106 (aluminium) (12)
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FIG.15. Electron ranges in several materials, as a function of incident electron energy E.

See inset for definitions of maximum range R, and practical range Rp. The upper curve
(broken) shows Ry, dashed portions separate different sets of measurements (see text). The
remaining curves all show Rp. Data for lucite, Al, Cu and Pb are from Harder and Schultz [14]
The other curves shown represent the formula of Katz and Penfold (K-P) [10] for Al which
coincides with that of Marcus (M) [12] for low-Z materials, and the formula of Berger and
Seltzer (B-S) [11] for H,0. ’

where Eq is in MeV and pRp in g -cm™2. A relationship in the same units for watrer
has been recommended by Berger and Seltzer [11]:

pRp =0.499 E,—~0.111 (water) (13)
This type of relationship has been extended to other materials by the Markus

formula [12], which is accurate to about 2% over this energy range for low-Z
materials (e.g. water, tissue, plastics) [13]. Using the same units, Markus [12] gives

PRy = (%) (0.285 E4—0.137) (low-Z) (14)

where Z is the atomic number and A the atomic weight of the material in question.”
7 For mixtures and compounds, Eq.(B.6) (Appendix B) would be used to determine

(Z/A)ess for use in Eq.(14). For Eq.(15), Z¢gs would be given by Zegp = (EpiZiz)/( ZpiZy),
where p; is the fraction (by weight) of the element of atomic number Z;.
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Deviations from these convenient formulae amount to —(5 to 8)% at 50 MeV
and become progressively greater at higher energy. Above 30 MeV, the accuracy
of Eqs (12) and (14) can be improved by additional factors [14]:

[1—0.0018 (E,— 30)'2"] for aluminium and [1 — 0.0010 (E, — 30)}?7] for low-Z
materials (E, is in MeV).

Curves for Ry (Fig.15) are obtained from measurements of Loevinger
et al. [15] and Trump et al. [16,17]. Loevinger et al. have found that Ry and Ry
differ by a constant amount, p(RM—Rp) = 1.6 g-cm™2, for electrons in the energy
range Eo = 10 — 40 MeV incident on water. A relationship between the Rp, and
the CSDA range has been derived by Harder and Poschet [18]:

Rp =Rcspa [0.51 (Zme/Ey) 2+ 0.69]7! (15)

where Z is the atomic number’, and me is the electron mass, 0.511 MeV.
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2.4. Photons
2.4.1. External bremsstrahlung

The type of secondary radiation of the greatest potential hazard at all energies
consists of the photons produced by bremsstrahiung.® Photons are radiated from
any object struck by the primary electrons (such as a target designed for that
purpose) and form an external secondary beam.

At low energies, the electrons incident on a target lose their energy primarily
by ionizing the medium in which they are stopped. Most of this energy reappears
in the form of heat and only a small fraction is radiated as external bremsstrahlung.

% The term ‘X-ray’ is commonly used to denote this kind of radiation in connection with
lower-energy equipment. ‘Bremsstrahlung’ is more descriptive and more often used in relation
to higher-energy accelerators to denote both the radiation itself and the underlying physical
process by which it occurs. Bremsstrahlung occurs when the path of a moving electron is
deflected by an atom. Such a deflection can be regarded as a change in the electric current
represented by that moving electron. A changing electric current is always accompanied by the
radiation of photons. (For example, in the case of a transmitting antenna, photons are
coherently emitted by a regularly changing (RF alternating) current and have a narrow frequency
(energy) spectrum. In the case of bremsstrahlung, the photons are randomly emitted and have
a very broad energy spectrum.)
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FIG.16. Radiation yield (or bremsstrahlung efficiency) for electrons stopped in various
materials. Fraction (in per cent) of kinetic energy of incident electrons converted to radiation,
as a function of incident energy Eqo. The remainder is transferred to the medium by ionization
and manifests itself as heat. (Data from Berger and Seltzer (2, 3].)

As the electron energy is increased, an increasing fraction is converted to brems-
strahlung [1—4] until at very high energies this mechanism predominates. The
‘critical energy’ E¢ for a given material is the electron energy at which the rising
dE/dX (radiation) equals the dE/dX (collision). (See Fig.9, Section 2.2, and
Table B-I, Appendix B.) Figure 16 shows the percentage average radiation yield
of electrons brought to rest in various media. ‘

At high energies (well above E.), the phenomenon of the electromagnetic
cascade or shower plays a dominant role (Section 2.2). Under these conditions
it is almost meaningless to specify the depth at which the electron beam is ‘stopped’
because high-energy photons regenerate electrons at all depths of a thick target.

The development of external bremsstrahlung is described by a transition
curve: The radiation first increases with increasing target thickness until reabsorp-
tion modifies this growth to produce a broad maximum, followed by a decline
that becomes approximately exponential at very great thicknesses. A target of
thickness corresponding to the maximum radiation is called an ‘optimum’ target
and the photon spectrum emanating from such a target is described as ‘thick-
target’ bremsstrahlung. The difference between the bremsstrahlung spectra
discussed here and the track-length distribution of Section 2.2 is that bremsstrahlung
spectra apply to radiation emanating from the target, whereas the track-length
distributions are spectra within the target.
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FIG.17. Thick-target bremsstrahlung from a high-Z target. Absorbed dose rate at 1 metre
per unit incident electron beam power (kW) as a function of incident electron energy Ey.

The dashed line at 0° represents a reasonable extrapolation of the measured values. The dose
rates measured in the sideward direction (smoothed for this figure) depend strongly on target
and detector geometry and vary by more than a factor of two. The dashed line at 90°
represents the more penetrating radiation component to be considered in room shielding.
(See Footnote 9 for references to original sources.)

In radiation protection planning it is conservative practice to assume that all
bremsstrahlung sources produce thick-target bremsstrahlung, regardless of the
actual thickness of the source.

Some salient properties of thick-target bremsstrahlung are summarized:
(a) For constant beam current, the intensity in the forward direction (0°)

varies rapidly with electron beam energy. Below about 10 MeV the output varies
approximately as Eg, and above 10 MeV as Eg, for constant beam current. This
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behaviour is illustrated in Fig.17°, in which the output is plotted as a function of
E,, for constant beam power. Up to about 20 MeV, the absorbed-dose rate at 0°
from an optimum high-Z target is given to within a factor of two by the following
Rule of Thumb:

D ((Gy-min™?)(kW-m™2)™) ~ 0.33 E2
D ((rad -min"*)(kW-m™2)"!) ~ 33 E2

D ((Gy-h™!)(kW-m™2)"!) ~ 20 E2 (Rule of Thumb,

. 16
D ((rad -h™1) (kW -m~2)"!) ~ 2000 E2 0°, E, <20 MeV) (16)
0

D((Gy s (kW -m™2)™") ~ 0.0055 E2
D ((rad-s™)(kW-m™2)"!) ~ 0.55 E2

where E, is in MeV. Above 20 MeV, these formulae will begin to overestimate
the dose rate substantially. For E;> 20 MeV, the following Rule of Thumb
reflects the change in slope seen in Fig.17 and is more accurate:

D (Gy-min~")(kW-m™21) ~ 5.0 E,
D ((rad -min~1)(kW-m™2)"1) ~ 500 E,

D ((Gy-h™)(kW-m™2)™) = 300 E, (Rule of Thumb,

. ) 7 . amn
D ((rad-h™)(kW-m™2)"!) ~ 30 000 E, 0°, Eq> 20 MeV)

D ((Gy-s™)(kW-m™2)"!) ~ 0.083 E,

D ((rad -s")(kW-m™2)1) ~ 8.3 E,

(b) At 90° (also shown in Fig.17), the absorbed dose rate at high energy is
believed to be proportional to power, independent of beam energy. Therefore
the suggested behaviour at high energy is constant at

® Figure 17 is adapted in part from Bly and Burrill (5]. Also see Bly [6] and Karzmark
and Pering [7] for more recent adaptations of these data. Sources of original data on which
this figure is based are Refs [8—14]. Data on which the high-energy behaviour is based may be
found in Refs [15, 16]. The behaviour at low energy is consistent with the results of
Rassow [17] who found the dose rate for constant current to be proportional to E:‘“ over the
energy range Eq = 10—-43 MeV.
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D ((Gy-min~!)(kW-m2)"1) ~ 0.83
D ((rad- min™")(kW-m™2)"!) ~ 83

D ((Gy-h™)(kW-m™2)"1) ~ 50 (Rule of Thumb,

s 18
D ((rad-h 1) (kW-m~2)"1) ~ 5000 90°, E¢ > 100 MeV) (18)

D ((Gy-s1)(kW-m~2)1) ~ 0.014
D ((rad s H(kW-m ) )~ 1.4

This amount represents the more penetrating radiation component to be considered
in shielding design. Dose rates at 90° from an unshielded target may be signifi-
cantly higher because of the contribution of softer radiation components.

(c) At a given electron energy E, the intensity in the forward direction is a
slowly varying function of target materials, except at very low Z where it is less.
This implies that use of the above dose-rate estimates for radiation protection
purposes will not be overly conservative, regardless of the target material used.

(d) At energies above about 1.5 MeV, the intensity peaks in the forward
direction. This trend increases markedly with increasing energy, as can be seen in
the comparison of 90° and 0° intensities shown in Fig.17. Figure 18 shows a curve
of the relative angular distribution, plotted as a function of Ey8 (the angle at
which the bremsstrahlung intensity is measured, relative to the incident beam
direction, multiplied by the incident electron energy) [14]. Measurements in the
range Ey = 2—20 MeV can be adequately described by a single curve to about
Eqo0 = 400 MeV -degrees, and a qualitatively similar behaviour is obtained at
higher energies. The angular width of the forward lobe at half intensity is given
approximately by the relationship

Eo0,,, =100 MeV -degrees (19)

172

where E, is in MeV and 6,,, is in degrees of angle.

(e) At lower energies, where energy loss by ionization dominates (Fig.16),
the width of the forward lobe varies approximately as the square root of the
atomic number of the target material. At higher energies (5 20 MeV in high Z)
the width is almost independent of Z.

(f) The hardest radiation (containing the greatest number of the most ener-
getic photons) occurs in the forward direction. The radiation towards the sides
becomes progressively softer as the angle is increased. This shift in spectrum may
permit economies in shielding at large angles to the incident beam.

(g) The spectra are not as simple as the well-known thin-target spectra
which, for X < X,, are approximately given by

dN

w =X X5 k™! (thin: X <Xg) (20)
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of high-Z material. The data points are measurements of O’Dell et al. (18], (Adapted from
Ref.[18), with kind permission of the authors and Nuclear Instruments and Methods.)
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where k is the photon energy, X is the target thickness and X, the radiation length
(Appendix B). The thick-target photon spectrum declines rapidly from low photon
energies to the limit E,. The fall-off at 0° appears to be more like k™2, and even
faster at larger angles. Representative measured spectra are shown in Fig.19 from
the work of O’Dell et al. [18]. (Also see Dickinson and Lent [19] for calculations
in this energy range.)

Thick-target spectra depend on details such as target materials and shape
which may vary. Filtration by the target itself or by separate filters will alter the
spectrum. The most satisfactory spectral calculations are by Monte-Carlo
methods. Figure 20 shows representative spectra from the work of Berger and
Seltzer [20].

References to earlier work on thick-target bremsstrahlung may be found in
NBS Handbook No.85 [21]. Other calculations and measurements can be found
in Refs {22—-37].

2.4.2. Scattered photons

Photons will be scattered from any object placed in the path of a brems-
strahlung beam. This is the normal mode of operation with all radiographic
setups and in radiotherapy with photon beams. The main physical process is
Compton scattering or elastic collisions of photons with atomic electrons. An
important property of Compton scattering is that the energy of scattered photons
approaches a limiting value at high initial photon energies (Fig.21). For example,
at 90°, the typical angle considered in the design of secondary shielding barriers,
the maximum scattered photon energy is k = mec? = 0.511 MeV. At 180°, the
maximum energy is half of this, or about 0.255 MeV. It is clear from Fig.21 that
any of the bremsstrahlung spectra of Figs 19, 20 will be radically altered by a
single scattering. At 90°, for example, the spectrum of scattered photons will be
compressed into a secondary spectrum having a maximum energy of 0.511 MeV,
with the largest number of photons near this energy. Photons which scatter
twice or more at large angles will lose significantly more energy. This energy
reduction is entirely a result of two-body kinematics [38], as expressed by the
equation

k me

k= ———— 21
s me + k(1 —cos fs) @D

in which k is the energy of the incident photon, K is the photon energy after
scattering, me is the electron mass (0.511 MeV) and 6y is the laboratory angle of
scattering. This energy reduction is independent of the nature of the scattering
material, but the intensity of scattered radiation does vary with material and
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energy (see Section 3.4) since this also depends on the number of photons
scattered and on absorption characteristics of the medium.

In addition to the Compton-scattered photons, a significant number of
isotropically distributed 0.511-MeV photons arising from positron annihilations
will also be present for E, > 3 MeV, and will dominate above about 7 MeV.

Because of the lower energy of Compton-scattered and annihilation photons,
the shielding for scattered radiation at 90° or larger angles may be designed using
beam transmission data appropriate for 1-MeV bremsstrahlung beams, up to about
the critical energy E. for the scattering material. Above this the scattered radiation
begins to be dominated by wide-angle bremsstrahlung from the electromagnetic
cascade continuing into the scattering medium.

It is important to distinguish between ‘leakage’ radiation and scattered
radiation; leakage radiation is not primarily scattered radiation, but is dominated
by thick-target bremsstrahlung at large angles, and its energy spectrum is closer to
that of the useful bremsstrahlung beam.

Procedures for shielding against scattered photons are given in Section 3.4.
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2.5. Neutrons

Above a threshold energy which varies from 10 to 19 MeV for light nuclei
(but which is 2.23 MeV in deutérium and 1.67 MeV in beryllium) and from
4 to 6 MeV for heavy nuclei, neutron production will take place in any material
struck by the electron or bremsstrahlung beam. It should be realized that it is
the photons interacting with components that release the neutrons, rather than
direct interaction of the electrons. The produced neutrons may be a radiation
hazard in themselves and are also related to induced activity (this is discussed in
Sections 2.6 and 2.7).

In a great many applications, the electron beam is directed onto a special
target to produce bremsstrahlung. The bremsstrahlung energy is then absorbed
in other media, for example collimators, jaws, object to be radiographed,
hydrogen target, beam monitor, concrete floor or ceiling or other shielding. The
power remaining in the electron beam may be absorbed entirely in the original
target, if it is thick, or be directed towards a separate beam dump, as is often
done in high-energy research facilities.

For room shielding, a detailed study of neutron production from all these
possible sources is not usually warranted. It is usually adequate to assume that
all of the electron beam power is fully absorbed in a single material of the
highest Z that an electron or bremsstrahlung beam may strike.

Where neutron production is critical, such as in estimating the integral dose
to a pafient undergoing radiation therapy, a study of the various neutron sources
is essential. The information presented here will be of help in such considerations,
as well as in assessing the activity induced in various media (Sections 2.6, 2.7).

Since photoneutron cross-sections have been measured for a wide range of
materials, the problem connected with evaluating photoneutron sources is not
primarily a lack of data, but rather the formulation of a realistic representation
of the photon track-length distribution for the specific materials and geometry
at hand, and the estimation of effects of self-shielding and source distribution.

2.5.1. Neutron quality factor and dose equivalent

The interaction of high-energy neutrons in tissue is mainly through the
release of low-energy protons from elastic collisions with hydrogen nuclei [1, 2].
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TABLE XI. CONVERSION FACTORS AND EFFECTIVE QUALITY FACTORS
FOR NEUTRONS

Neutron energy Conversion factort
{(MeV) (neutrons cn2s’ per mrem h™')| Effective quality factordb {
2.5 x 108 (thermal) 260 2.3
1 x10™7 240 2
1 x10-¢ 220 2
1 x10-3 230 2
1 x10-4 240 2
1x10-3 270 2
1x10-2 280 2
1 x10! 48 7.4
5x10-! 14 11
1 8.5 10.6
2 7.0 9.3
5 6.8 7.8
10 6.8 6.8
20 6.5 6.0
50 6.1 50
1 x 102 5.6 4.4
2 x 102 5.1 3.8
5 x 102 3.6 32
1 x 103 2.2 2.8
2 x 103 1.6 2.6
3 x103 14 2.5

* Calculated at maximum of depth-dose equivalent curve,
® Maximum dose equivalent divided by the absorbed dose at the depth where the
maximum dose equivalent occurs.

Reproduced from ICRP-12, Ref.[3], with kind permission of the International
Commission on Radiological Protection and Pergamon Press.

Since the recoiling protons are heavily ionizing (high LET), their quality

factor is high. At neutron energies less than about 100 eV, (n, ¥) and (n, p)
reactions predominate. The effective quality factor Q of the dose imparted by

an external neutron beam of a given energy is derived by an integration over

the spectrum of ionizing particles released in tissue by several types of contributing
interactions. The resulting Q values vary considerably with neutron energy.
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Effective quality factors for neutrons, Q, and conversion factors for fluence
to dose equivalent, H, recommended by ICRP [3] are shown in Table XI and.
plotted in Figs 22, 23. They refer to irradiation by a unidirectional broad beam
of monoenergetic neutrons at normal incidence and are evaluated at the
maxima of the depth-dose equivalent curves (Fig. 24). Q is obtained by dividing
the maximum dosé equivalent by the absorbed dose at the depth where the
maximum dose equivalent occurs.
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Because neutron spectra found in the radiation environment of electron
accelerators peak somewhere near 1 MeV (the average energy is somewhat higher;
see Section 2.5.2), it is usual to assume that the energy is effectively 1 -2 MeV,
unless the spectrum at the location in question has been measured and found to be
different. A conservative rule of thumb is:

H=1.4X10" ¢ (Rule of Thumb) 22)

where His in rem*h™!, pisinn-cm™2-s7! and the proportionality constant is
derived from Table XI for 2-MeV neutrons.

Because neutrons are attenuated and moderated by transport through tissue,
the absorbed-dose and dose-equivalent distributions are non-uniform. The dose
equivalent H as a function of depth for broad beams of monoenergetic neutrons
is shown as an example in Fig. 24 taken from ICRP-21 [3].

2.5.2. Production mechanisms
(a) The giant resonance

Between threshold and approximately 30 MeV, neutron production results
primarily from a process known as the ‘giant photonuclear resonance’ [4—7].

The physical mechanism can be described as one in which the electric field of
the photon transfers its energy to the nucleus by inducing an oscillation in which
the protons as a group move oppositely to the neutrons as a group.

The cross-section for this process has a large maximum at photon energies
of approximately 20—23 MeV for light nuclei (atomic mass number A < 40),
and 13—18 MeV for medium and heavy nuclei. For A > 40, the energy of the
peak is approximately given by k, = 80 A™!/3 MeV. The width of this peaking
varies between about 3 MeV (heavy nuclei) and 10 MeV (light nuclei). This
phenomenon occurs in all nuclei (except 'H) and its general features are rather
smooth functions of nuclear size. Its relationship to other production mechanisms
can be seen in Fig. 25.

It is important to realize that the cross-sections for neutron production
depicted as functions of photon energy k are to be folded together with a photon
spectrum that declines rapidly with k, in most situations as k2 (Sections 2.2, 2.4).
The trend of such a spectrum strongly enhances the importance of the giant-
resonance mechanism, relative to mechanisms which dominate at higher energy.

Because of the peaking in the cross-section, we expect a rapid rise in the
amount of neutron production as the primary electron energy E, is varied
through the range 10—20 MeV, followed by a slower rise above 25—30 MeV,
for the same electron current. When referred to the same beam power, giant-
resonance neutron production is almost constant with E,, for Ey above about
twice Kg.
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FIG.25. Qualitative picture of neutron-producing mechanisms, expressed as cross-section

per target nucleon as a function of photon energy k. To the left are the giant-resonance

peaks for Cu and Pb. To the right is the photopion production cross-section (average of

proton and neutron). Between these is shown the behaviour found by Jones and Terwilliger[12]
for medium-Z targets (hatched), and a calculation for Ta by Alsmiller et al. {44] based on an
intra-nuclear cascade model. Also shown for this energy region is the photoneutron cross-section
derived from the simple quasi-deuteron model described in the text, assuming N =2 = A/2

and L = 5. The dashed curves above show the presumed total neutron production per nucleon
for Cu and Pb, adapted from Jones and Terwilliger [12], taking neutron multiplicity into
account.

The number of neutrons rises systematically with nuclear size, although
there are striking variations from the general trend at low Z. The cross-section
integrated over photon energies from threshold to 30 MeV has a trend which
can be expressed as

30 MeV

NZ
Oint ™~ f on(k) dk ~ A (23)
0

where o,(k) is the total photoneutron cross-section as a function of photon
energy k, and N = A — Z. The upper limit of integration is arbitrary, but 30 MeV
is high enough for the region of the peak giant-resonance cross-section for all
materials to be integrated over.
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In radiation protection work, it is usually more appropriate to weight the
cross-section by something approximating the actual photon spectrum within a
thick target (~ k™2, from Section 2.2). The trend of this integral is given by

30 MeV

G, ~ f on(k) k2 dk ~AS3 (24)

0

where op(k) is the total photoneutron cross-section. Figure 26 shows the actual
variation of this integral [8] with atomic mass number A.!® Above about A = 60,
the values are well described by this approximation, but there are deviations
from Eq. (24) of up to a factor of four for lower A. This integral serves as an
index of giant-resonance neutron yield from very thick targets (X > X,).

10 1t should be noted that the cross-section which correctly gives the neutron yield
in the giant-resonance region is the photoneutron yield cross-section o, = o(y, n) + o(y, np)
+ 2 o(y,2n) + . . ., in which each channel cross-section is multiplied by its neutron multiplicity.
The data of Figs 26, 27 and Table XII are mainly integrals of the photoneutron cross-section
written as 0y 1ot = 0(7,0) + 0(y,np) + 0(7,2n) + . . ., without regard to multiplicity. While
this is not strictly correct, the difference is not generally large at giant-resonance energies.
The correct integrals have not been conveniently tabulated.
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The bremsstrahlung-weighted integral o., is so named because the weighting
approximates the photon spectral distribution from thin targets (~ k™!, see
Eq. (20)):

30 MeV

Oy~ f on(k) k7t dk ~ A3 (25)
0

This integral is useful in estimating yields from tkin targets and is shown in
Fig. 27 as a function of A.

Integrals for photoneutron production, together with values of threshold
energy, ki, energy of maximum cross-section, kg, maximum cross-section, op,,
and full width at half maximum, T", of the giant resonance peak are given in
Table XII for a wide range of nuclei. The upper limit of integration kpyay is
usually of the order of 25—30 MeV, sufficiently high for most of the giant-
resonance contribution to be included. This table is adapted from the review
article by Berman and Fultz [8] where references to original work may be found.
Values of k,, oy and I" having decimal points are computer fits to a Lorentz
line shape given by these authors for spherical nuclei.!! More than one line for
a given nuclide is the result of more than one measurement.

1 A number of peaks are poorly described by this parameterization; low-mass nuclei
tend to have broad, skewed peaks, and many of the intermediate and high-mass nuclei have flat
tops or are even double-peaked. In these cases, visual estimates of the data in Refs [8, 9]
are given in parentheses and are meant to be indicative only.
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TABLE XII. PARAMETERS FOR NEUTRON PRODUCTION BY GIANT
PHOTONUCLEAR RESONANCE'”

Nucleus

k

k

Ty e (V208D

th o n max a-im:(y,ln) cint(‘/,Zn) o’inc(Y.Jn) o o.g
(MeV)  (MeV) (mb) (MeV) (MeV) (mb-MeV) (mb-MeV) (mb-MeV) (mb-MeV)  (mb) (mbMeV'l)
SHe 7.72 (15)  (0.9) (14 30.2 13.0 13.0 0.77 0,050
SHe 20,58 (25) (L.0) (9 3.4 7.94 7.94 0 0.30  0.012
b4 567 (120 (. (16 32,0 27.7 27.3 0.4 1.87  0.15
11 7.25  (15)  (L.5)  (12)  30.5 20.1 10.1 10.0 1,15  0.071
12¢ 18,72 (@3) (M (5)  26.7 36 36
25.5 29.4 29.4
37.4 46.8 46.8 0 1.83  0.073
lay 10.55  (23) (15 5y 29,5 97.6 97.6 4,36 0.20
169 15.67  (23)  (8) (&)  26.5 41.5 41.5
28,0 41.5 41.5 1.76  0.075
BNa 12,46 (26)  (10) (12) 271 119 118 0.6 5.74  0.29
Ratyg 7.33  (20) (11) (11) 26,0 s8b
28.0 75.6
2bug 16,55 (19)  (8)  (10) 28.3 51.9 51.9 . 2,37 0.1
Byg 7.33  (26) (25) (1) 28.9 247 245 1.5 11.5 0.56
g 11.15 (22) (20 (14 28.6 236 164 72 11.5 0.59
2751 13.03 (22) (&) (1) 36.7 167 159 7.6 7.17  0.32
Natgy 17,18 (20)  (11) (5) 31.0 68.5 68.5 0 3.05  0.14
40cs 15,63 26.0 73 73
Sly 11.04  (18)  (70) (M 27.8 552 450 102 28.9 1.56
S5un 10.22  (18)  (60) (12) - 36.5 798 629 166 3.4 38.8 2.02
581 1219 (18)  (25)  (10)  33.5 286 278 7.7 13.8 0,70
60ns 11,38 Q7)  (70) 8)  33.2 704 632 72 0 35.6 1.90
59¢0 10,44 (18) (70)  (12) 36.5 884 741 139 4.2 43.5 2,28
63cu  10.84 (16) (70)  (10) 27.8 604 528 76 33.4 1.92
25.1 498 43
65cu 9,91 16,70 75.2  6.89 27.8 619 421 198 36.0 2.18
Natgy 9,91 an (70 ) 278 635 525 110
19.6 4500
7588 10.24 a7 (95) @) 29.5 909 688 221 0 51.4 3.05
Natgp, 10,53  16.80 190 4,47 24,3 1147 1052 95 67.1 4.04
Natsr 11,12 16.84 206 4.50 27,0 1432 1311 1 80.3 4,68
89y 11.86 16,79 185 3.95  28.0 1059 960 99 59.8 3.48
16.74 226 4.25 27,0 1353 1279 74 76.5 4.46
16.83 205 3.69 18,1 641 40.0 2.52
90zr  11.94  16.85 185 4,02 27.6 1060 962 98 59.1 3,38
16.74 211 4,16 25.9 1260 1211 49 70.8 4,08
Nzr 7.22 16,58 184 4,20 30.0 1103 903 200 [ 65.4 4,07
92z 8.67  16.26 166 4.68 27.8 1091 639 452 0 64.2 3.92
94zr 8.02  16.22 161 5.29 31,1 1121 508 580 33 68.5 4,40
93nb 8.81  16.59 200 5.05  24.3 1331 1052 279 78.5 4.80
107, 9.39  15.90 150 6.71  29.5 1356 1093 263 0 78.7 4.82
U5 9,03 15.63 266  5.24 3l.1 1875 1355 508 13 113 7.13
116gq 9.39 15,68 266 419 29.6 1669 1255 414 0 99 6.13
117gq 7.19  15.66 254 5.02 31,1 1894 1380 476 38 114 7.30

See footnotes at end of table.
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TABLE XII. (cont.)

Nucleus

k

k

o, (¥,2n)

(7,3n)

th o T max Ulntw’ tot) qint(y’ln) int %ine a1 o2
QMeV)  (MeV) (mb)  (MeV), (MeV)  (mb-MeV) (wb-MeV)  (mb-MeV)  (mb-MeV) (mb) (mbMev D)
1185, 9.25  15.59 256  4.77  30.8 1853 1302 531 20 110 6.83
11954 6.5  15.53 253 4,81 31,1 1993 1326 597 69 118 7.55
120g, 9,26  15.40 280  4.89 29.9 2074 1389 673 12 124 7.79
1248y 8.56  15.19 283 4,81 31,1 2010 1285 670 55 123 8.02
127y 9.15  (15) (220) (5.5) 29.5 1729 1286 443 <20 105 6.70
2.9 1991 1601 390 128 8.55
33¢q 9.02  15.25 287  5.01 29,5 1986 1475 503 8 124 8.09
13834 8.58  15.26 327  4.61 27.1 2040 1550 490 3 130 8.7
Natp,  6.90  15.29 356  4.89 24.3 2248 1877 n 146 9.94
1390, 8,78 15.24 336 4.47 21,2 1910®
2.3 1978 1687 m 128 8.56
Netg, 9.06  14.95 351  4.64 21,2 1880°
25,2 2165 1764 400 1 143 9.83
Wlpr 9,37 15.15 . 326 4.2 29.8 2062 17117 340 s 128 8.37
Batnd 6,07  14.92 315 4.70 18,0 1559 1236 323 12 8.46
Natsn  7.80 (15) (340) (6) 25.2 2413 1661 731 2t 163 11,5
153gy, 8.65 (14) (250) (8) 28.9 2273 1566 670 37 148 10.2
159, 8.15  (14) (250) (7.5) 28.0 2300 1413 887 151 10.5
27.4 2557 1936 605 16 170 12.0
1604 7.0 (14) (280) (7.5) 29.5 2533 1398 1055 80 169 12.1
165g, 8.2  (14) (280) (7.5) 19.6 2540
28.9 2523 1735 744 44 166 11.6
26.8 2871 2090 766 15 194 13.9
Natg, 653 &) (3200 (1) 21 2387 1801 586 172 129
75,  7.81  (14) (3200 (1) 23.0 2507 1872 635 173 125
18ly, 766 (14 (3200 () 22.0 2970%
2.6 2181 1300 881 149 10.7
25.2 2983 2180 790 13 205 4.8
186y 7.2 (14 (%0) (6) .6 3004 1655 1200 149 203 145
197, s.07 22,0 3000>
13.82 560  3.84 24,7 2967 2190 m 205 14,7
13.72 541 4.61 21,7 3067 2588 479 217 15.9
206 py, 8.12  13.59 516  3.85 26.4 2909 23717 532 203 15.0
207 pp 6.73  13.56 481  3.96 26,4 2718 2169 549 191 14,2
208 py, 7.38 13,46 491 3.90  26.4 2646 1786 860 169 14,3
13.43 639 4.07  18.9 3059 2731 328 229 17.6
13.63 645 3.9 14,9 2090° 165 133
Natp, .73 22.0 4100°
209y 7.43 22,0 3730°
13.45 S21 3.97 26,4 3058 2344 714 214 15.8
13.5 648 3.72 14,8 2129° 170 138
Blm, 630 3 o) (D 163 2694 1728 787 179¢ 226 19.5
B3y 5.24 18.5 374 1066 1588 1060¢ 293 24.1
237y, 6.76  (13) (450) (7) 16.6 2756 1085 121 1550 226 19.0
238y 4,76 (13) (40) (1) 18.35 3026 1169 899 958¢ 261 20.2

(a) Table adapted from review srticle of Berman and Fultz. See Ref.[&]for detailed explanation, additional
data and references to original measurements.

(b) Ph

1

yleld

(¢) Photofission cross-section u‘_“(y, fission).
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FIG.28. Energy spectra of neutrons released by 45-MeV electrons from three-radiation-length
targets of Pb and U. The spectrum from Pb up to 6 MeV is well described by a fission
spectrum (dashed curve) or a Maxwellian distribution with T = 0.98 MeV. Mean neutron
energies are: Pb: 1.92+ 0.1 MeV; U: 1.37+0.09 MeV. (Adapted from Gayther and

Goode [17), with kind permission of the authors and the Journal of Nuclear Energy.)

In addition to the references given, the papers by Price and Kerst [10] and
Montalbetti et al. [11], although older, are useful primary sources of photoneutron
data for a wide range of substances. The early paper by Jones and Terwilliger [12]
covers the energy range to 320 MeV. Data for other nuclei and other types of
photonuclear reactions may be found by consulting bibliographies prepared by
Fuller et al. [13] (Supplement 1976), Antonescu [14], Ionescu [15], and Billow
and Forkman [16].

Neutron spectra from the giant resonance consist of two distinct components:
the ‘evaporation spectrum’ and the ‘direct-emission spectrum’. Evaporation
spectra are usually adequately described by a Maxwellian distribution which
dominates the low-neutron energy region:

dN E
—= —;1 exp (—En/T) (Normalized to unit area) (26)
dE, T v

where T is a ‘nuclear temperature’ (in units of MeV) characteristic of the
particular target nucleus and its excitation energy Eqy. With this distribution,
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FIG.29. Spectra of neutrons released by 45-MeV electrons on thick targets of W, Pb and Bi.
The data are presented as E;lN(En} versus E, in order to exhibit the characteristic
‘temperature’ of the three spectra. {Adapted from Gayther and Goode [17], with kind
permission of the authors and the Journal of Nuclear Energy.)

the most probable neutron energy is l::n =T and the average energy isE, =2 T.
The ‘temperature’ generally lies in the range T = 0.5—1.0 MeV for excitations
produced in heavy nuclei by the giant-resonance effect. Figure 28 shows
experimental spectra of neutrons released by 45-MeV electrons incident on
targets of Pb and U [17]. The Pb spectrum is reasonably well described by a
Maxwellian with T = 0.98 MeV. However, owing to the additional component
of photofission neutrons, the uranium spectrum is more strongly enhanced at
lower neutron energies than an evaporation spectrum.

When spectra are plotted as In(Ep' dN/dEy) versus By, the Maxwellian
distribution appears on semilog paper as a straight line with a slope of (—=1/T).
Figure 29 shows experimental data for W, Pb and Bi plotted in this manner,
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TABLE XIII. NUCLEAR “TEMPERATURES” FOUND IN NEUTRON

PHOTOPRODUCTION
Bremsstrahlung Nuclear
Material z End-Point "Temperature' Reference
Energy E, (MeV) (MeV)
Bi 83 15 0.93 18 Mutchler
16 0.84 19 Glazunov et al.
14.1 (monochromatic) 0.72 20 Kuchnir et al.
18.9 1.1 21 Zatsepina et al.
45 0.82 17 Gayther and Goode
Pb 82 15 1.31 18 Mutchler
70 1.0 22 Dixon
32.5 0.6 23 Breuer
23 1.35 24 Toms and- Stephens
18.9 1.1 21 Zatsepina et al.
16 0.98 19 Glazunov et al.
45 0.98 17 Gayther and Goode
T1 81 13.5 (b) 1.15 18 Mutchler
Hg 80 14 " 0.93 "
13 " 0.85 "
Au 79 14 " 0.76 v
13 " 0.66 "
Pt 78 16 0.48 19 Glazunov et al.
w 74 14 (b) 0.69 18 Mutchler
45 0.44 17 Gayther and Goode
Ta 73 14 (b) 0.65 18 Mutchler
13 " 0.64 "
Er 68 14 " 0.71 "
Ho 67 14 " 0.83 "
Sm 62 14 h 0.83 "
Pr 59 14 " 0.77 "
La 57 14 " 0.90 "
I 53 14.4 " 0.82 "
Sn 50 14.4 " 0.79 "
Sn 14.4 () 0.69 "
In 49 14.4 (b) 0.69 "
(a) Data uncorrected for direct emission.
(b) Quasi-monochromatic (difference) photons. Neutron energy distribution
fit from E; = 1 to 3 Mev.
(c) A4s (b), but E, fit from 1 to 2 MeV, instead.
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FIG.30a. Energy spectra of neutrons released by bremsstrahlung of end-point energy

Eo = 85 MeV, incident on various elements. Q, as used in the ordinate title, means ‘equivalent

quantum’. This is a convenient measure of the amount of bremsstrahlung used to irradiate

the material in question and is defined as the total incident bremsstrahlung energy divided by E,.
Light elements (Z = 3 — 16). The lines drawn below show relative spectra of the form

E.* for comparison. (Adapted from Kaushal et al. [26], with kind permission of the authors

and the Journal of Nuclear Energy.)

revealing ‘temperatures’ of 0.44, 0.98 and 0.82 MeV, respectively {17]. Deviations
from this simple model occur for E,, less than 0.5 MeV and also at energies greater
than about 3—4 MeV. Above this energy, the spectrum is dominated by direct
neutron emission. The relationship between these two processes, as reflected in
neutron spectra (and angular distributions), has been extensively investigated by
Mutchler [18] for medium- to high-Z materials; for photon energies near the
resonance maximum, it was found that direct emission accounts for about 14%
of the neutrons emitted, the remainder being evaporation neutrons.

Nuclear temperatures depend somewhat on the average nuclear excitation
energy Eex and therefore on the bremsstrahlung spectrum employed. However,
average excitation energies tend to be controlled by the peaking in the giant-
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FIG.30b. Energy spectra of neutrons released by bremsstrahlung of end-point energy

Eo = 85 MeV, incident on various elements. Q, as used in the ordinate title, means ‘equivalent

quantum’. This is a convenient measure of the amount of bremsstrahlung used to irradiate

the material in question and is defined as the total incident bremsstrahlung energy divided by E,.
Medium (Z = 26 — 50) and heavy (Z = 73 — 92) elements. The solid curves above show

relative shapes of the Maxwellian distribution for T = 4 and 1 MeV, and the lines below show

relative spectra of the form E;“ for comparison. (Adapted from Kaushal et al. [26], with kind

permission of the authors and the Journal of Nuclear Energy.)

resonance cross-section and therefore tend to be near E¢x =~ ko — ki, where kg
is the photon energy of the peak of the (v, n) giant-resonance cross-section and
kin is the threshold energy (see Table XII). Typical values of T, uncorrected for
direct emission, are summarized by Mutchler for a variety of materials irradiated
at various bremsstrahlung end-point energies, and with quasi-monochromatic
photons, as shown in Table XIII.
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The relative shapes of the spectra are not strongly dependent on target
thickness. The trend, however, will be a small shift of the average energy
towards a lower value with thicker targets. Of course, the spectrum emanating
from a thick target will be influenced by inelastic collisions and absorption within
the target itself, which are not considered here.

The evaporation spectra closely resemble the fission spectrum (Fig. 28 for Pb)
[25]. This is convenient because there is a large body of data for shielding
against neutrons with this energy distribution (Section 3.5).

Spectra of neutrons released by 55 and 85-MeV bremsstrahlung from a wide
range of nuclei have been published by Kaushal et al. [26], as shown in Fig. 30
for Eq = 85 MeV. All spectra seem qualitatively quite similar when plotted in this
manner, but closer examination-shows a systematic trend towards more rapid fall-
off with increasing Z. The curves are reasonably well described by the Maxwellian
(Eq. (26)) with T = 1, only for elements heavier than Z = 30 (zinc), and then
only up to about 4 MeV. For lower Z, direct nucleon emission takes place more
frequently, compared with evaporation, and the spectra are shifted towards
higher energy.

The data of Fig. 30 were taken with thin-target bremsstrahlung incident
on thin samples. For the case of neutrons produced in thick materials by
incident bremsstrahlung or electrons, we would expect relatively more neutrons
at lower energy.

(b) The quasi-deuteron effect

At photon energies above the giant resonance, the dominant neutron
production mechanism remaining is one in which the photon interacts initially
with a neutron-proton pair within the nucleus, rather than with the nucleus as
a whole [4]; hence the name ‘quasi-deuteron’. The cross-section for this
mechanism is about an order of magnitude below the giant-resonance peak
(Fig. 25). The cross-section is related to the deuteron photodisintegration cross-
section gp(k) qualitatively as {27]:

NZ
sopk) =L ~ op(k) 2N

where N, A and Z are for the target nucleus (N + Z = A), op is the cross-section
for deuteron photodisintegration as a function of photon energy k, and the
dimensionless coefficient L is in the range 3—13. L may be regarded as 2 measure
of the probability that a neutron-proton pair is within a suitable interaction
distance relative to the deuteron.!? Direct evidence for this mechanism may be

2 The value of L depends greatly on the assumptions of the analysis used. Values close
to 10 take into account details of quasi-deuteron kinematics and undetected residual states.
Discussions of these points are given by Garvey et al. [28] who quote L = 10.3 + 2.6, and
Gabriel and Alsmiller [29, 30] who find that L = 7.1 best fits low-Z data, while L = 12.5 is
required for Au.
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found in the observation that the (v, np) process is dominant in the energy
region where the quasi-deuteron effect is expected to be most important.

The photodisintegration cross-section op varies approximately as k™! in the
region extending up to the photopion threshold (see curve ogp (L = 5) of
Fig. 25):

op =7 X 10% k™! 50 <k < 125)
=57 (125 <k < 300) (28)
=1.3X10°k™3 (300 <k)

If k is in MeV, ap is in ub. When this trend is combined with the k-dependence
of the bremsstrahlung spectrum (k™! for thin targets, k=2 for thick targets,
Sections 2.2, 2.4), we see that the low-energy region is heavily weighted.

The effect is to add a tail of higher-energy neutrons to the giant-resonance
spectrum (Fig. 30). For example, at E, = 100 MeV, the additional yield released
by photons above 30 MeV amounts to (10 + 5)% of the giant-resonance yield.

In Fig. 30, most of the neutrons above 5 MeV are produced by this mechanism.
Over the range S MeV < Ej < E,/2 the spectrum of quasi-deuteron neutrons
varies approximately as

— ~Ep° (29)

where a increases slowly with Z:

Light nuclei (Z=3-16) a=1.7-2.0
Medium nuclei (Z =26-50) a=2.6-28
Heavy nuclei (Z=73-83) a=3.0-3.3
Fissionable nuclei (Z=92) a=~3.6

These values apply to neutrons released by thin-target bremsstrahlung and the
rapid fall-off with neutron energy reflects both the decline in the photon
spectrum and in op with photon energy k. For thick-target situations, the
spectral fall-off with E, would be steeper. For E,, = E;/2, there are negligible
numbers of neutrons; because it is a quasi-two-body final state, each nucleon
takes typically about half of the available energy, and the maximum available
energy is always less than E,.

The relatively smaller cross-sections and the rapid fall-off in neutron energy
make the neutrons released by the quasi-deuteron effect relatively less of a
hazard than giant-resonance neutrons, even though they are more penetrating.
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FIG.31. Elementary total cross-sections for photopion production as functions of photon
energy. The solid curves drawn below show the contributions of resonances to the total.
{a) Proton targets. (b) Deuteron targets. (Adapted from Ref. [35), with kind permission of
the Glasgow-Sheffield-Daresbury Collaboration and Nuclear Physics.)

If adequate protection is provided against giant-resonance neutrons and, if
needed, high-energy neutrons (discussed below), the quasi-deuteron neutrons
are not generally a special problem.

(c) High-energy neutrons

Above 140 MeV, the cross-section for photons on nuclei rises again, owing
to the opening of channels for photopion production. The cross-section goes
through a number of resonance peaks, which all lie at about 1.1 GeV or below
and are caused by nucleon isobar formation [31—-33]. The largest peak is the
first one, centred at about 300 MeV with a width of about 110 MeV (Figs 25, 31).
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Above this, the yp and yn total cross-sections both decline at a very slow rate
toward asymptotic values close to 100 ub.!? In the region of a few GeV, 110 ub
could represent an average cross-section value for purposes of calculation [34—37].
These peaks are only a fraction of the cross-section of the giant resonance, but
the neutrons liberated in these reactions are much more penetrating than giant-
resonance neutrons. In fact, at high-energy accelerators, these neutrons make
the dominant contribution to dose rates outside of the massive concrete shields
employed, even though the reverse is true on the inside of the shields where
bremsstrahlung and giant-resonance neutrons dominate completely (Fig. 6) [38].
At high photon energies, the average momentum squared transferred to a
nucleon tends toward a constant value q2 = 400 (MeV/c)?, independent of photon
energy. This corresponds to an average kinetic energy of the released neutrons
of approximately q%/2M ~ 200 MeV at energies far above the pion threshold.
The weighting of the photon spectrum emphasizes the lowest energies, and
we may expect the ‘first’ resonance, near 300 MeV, to contribute the mos
high-energy neutrons. '

2.5.3. Neutron yields from electron beams

To assess the radiological significance of neutrons released at electron
accelerators, it is necessary to combine the cross-sections for photoneutron
production (the material of Section 2.5.2) with a realistic energy spectrum of
the photons released within materials struck by the electrons (Section 2.2).

In the estimation of yields in the following paragraphs, the point of view first
taken is that the electron beam power is totally absorbed in a single medium.
Such maximum yields set an upper limit from which one may scale to the
actual situation. If, at the same time, we assume that the medium provides no
self-shielding, we obtain a conservative starting point for the assessment of the
neutron hazard. If warranted, self-shielding can be considered in a subsequent
step of the assessment.

Where the yield, Y, is expressed in units of n-s™ kW™, the flux density
(in n*em™2-57!) from a spherically symmetric source is obtained from the
relationship:

¢ =Y P/(4n d?) 30)

where P is the electron beam power in kW and d is the distance from the source
to the location in question (for these flux-density units, d is in cm). To convert
to dose-equivalent rate H, a value for the average effective quality factor Q is

13 Caldwell et al. [34] find a photon energy dependence in the range 4—18 GeV of

or(yp) =(98.7£3.6)+(65.0 £ 10.1) k' and or(yn)=(103.4+6.7) +(33.1 £ 19.4) k7,
where k is the photon energy in GeV, and the cross-sections are in ub.
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needed (Section 2.5.1). The Rule-of-Thumb equation (22) for 1-MeV neutrons
provides a conservative but reasonable conversion for the dose-equivalent rate
in the absence of shielding:

H=1.2 X108 Y -P/(4r d?) 31)

where H is in rem-h™, and d is in metres for this and subsequent equations.
As is shown below, we may take 2 X10'? neutrons-s™ -kW™! as indicative of
the maximum neutron yield for high-Z materials (if photofissionable materials,

Z > 82, are excluded). This gives the rule of thumb for the unshielded dose-
equivalent rate:

H=2 X 103 P/d? (Rule of Thumb) 32)

for accelerators operating above the giant-resonance energy. (One might use as
a mnemonic: “The dose-equivalent rate at 1 m is twice the power in watts™.)

2.5.3.1. The giant-resonance region (E, 235 MeV)

The electron energy E, = 35 MeV is a convenient delimiter for the discussion
of neutron yields because: (a) the giant resonance is well past its peak for all
materials, and yields per unit electron beam power are close to saturation;

(b) many of the published photoneutron integral cross-sections useful in

estimating yields have their upper limit of integration near 30—35 MeV (Table XII);
(c) good experimental and Monte-Carlo calculations on thick-target neutron yields
are available near this energy.

(a) Experimental data and Monte-Carlo calculations

Barber and George {39] have measured total neutron yields released by
electron beams at E, = 34 MeV from thick targets of natural materials. Their
data are reproduced in Fig. 32 (a—d) and may be used to interpolate to other
target thicknesses and materials, as discussed below.

Several Monte-Carlo calculations have also been made based on the
elementary photoneutron cross-sections. A list of these calculations and their
salient parameters is given in Table XIV.

(b) Yield as a function of target thickness
Figure 33 shows the yield in lead as a function of target thickness in
radiation lengths (see Appendix B) for E; = 34 and 100 MeV, based on Monte-

Carlo calculations of Alsmiller and Moran [42] and Hansen et al. [43]. Both
curves are normalized to 1.0 at 10 X,. At 10 X,, the 34-MeV curve appears to
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TABLE XIV. MONTE-CARLO CALCULATIONS OF THICK-TARGET
PHOTONEUTRON YIELDS

Target E0 Thicknesses
Authors Ref. Material Range (Radiation
(MeV) Lengths)
Berger and Seltzer 40 Ta 7.8 - 20 0 - 1.87
W 6.4 - 20 0 - 1.85
w-e(® 10 0.44 W +
0 - 0.15 Be
Alsmiller and Moran 41 U 34, 100 1 - 10
Alsmiller and Moran 42 Cu 34 1 -5
Pb 34 1-10
100 1 -10, 20
Ta 30 1-10
100 1 -10, 20
. 150 1- 10, 20
200 1 - 10, 20
Hansen, Bartoletti 43 Cu 34 0-5
and Daitch 15 - 34 1.04, 2.08,
3.13, 4.17
Ta 100 0 -10
Pb 34 0-10
100 0 - 10
U 34 0-10
100 0 - 10
Alsmiller, Gabriel 44 Be 150 1, 20
and Guthrie Ta 150 1, 20
Alsmiller and Barish 45 Cu 400 00
Gabriel and Alsmiller 46 Cu 50, 400 0
Gabriel Y Cu 50 - 400 ®©

(a) Composite target: 3 g-cm“2 (0.44 X ) W followed by Be.

be fully saturated, but the 100-MeV curve continues to rise slightly to 1.04 at
20 X, {42].

These integral curves indicate that most of the yield comes from the region
1-2 X, where the siopes are greatest. Half of the yield is produced in the first
two radiation lengths at 34 MeV, and in 2.7 radiation lengths at 100 MeV.
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FIG.33. Relative yields of neutrons released by electron beams incident on lead targets at
energies Eg = 100, 34 and 17 MeV, as a function of target thickness in radiation lengths X,.
The curves are qualitatively similar for other materials and energies, but the initial rise will
tend to be steeper, and saturation will be more quickly achieved, for lower Ey or lower Z.
The curves for Eo = 34 and 100 MeV are adapted from Alsmiller and Moran [42] and Hansen

etal. [43). The curve for Eo = 17 MeV is an interpolation meant to be indicative of lower-
energy behaviour.

At 100 MeV, the electromagnetic cascade continues deeper into the medium,
regenerating the photon fluence in the giant-resonance region, thus explaining
the small shift in the two curves.

When plotted in terms of radiation lengths, such yield curves should be
relatively insensitive to type of material. The yield curves for Cu and Pb have
been compared over the range 1 -5 X, and found to agree reasonably well {43];
the difference is that there is a steeper initial rise for Cu. Saturation is expected
to occur somewhat sooner in lower-Z media because the incident electron loses
its energy and ceases to be a source of neutron-producing bremsstrahlung in a
shorter distance (measured in radiation lengths). The central portion (as represented,
say, by the point at which the relative yield is 0.5) will be displaced from the curve
for Pb at 100 MeV by an increment in X/X, roughly equal to In (Ey/E¢) — 2.35,
where E; is the material’s critical energy (Section 2.2).

The integral yield curves of Fig. 33 are used to interpolate from a known
yield at a given target thickness to obtain the yield at another thickness, or to
extrapolate to the maximum possible yield. The curves are qualitatively similar

84



TABLE XV. APPROXIMATE NEUTRON YIELDS FROM THICK TARGETS

Yield (10'?neutrons-s ! kW_l)(a)

Z Material Atomic Weight
34 MeV 100 MeV

6 Carbon 12.011 (0.05) (0.1)
7 Nitrogen 14,007 (0.1) (0.3)
8 Oxygen 15.999 (0.05) (0.1)
13 Aluminum 26.982 0.2 0.5

Concrete (0.09) (0.2)
26 Iron 55.847 0.5 0.7
28 Nickel 58.710 0.4 0.6
29 Copper 63.546 0.8 1.0
73 Tantalum 180.948 (1.2) (1.3)
74 Tungsten 183.850 (1.5) (1.7)
78 Platinum 195.090 (1.6) (1.8)
79 Gold 196.967 1.6 1.8
81 Thallium 204.370 (1.7) (1.9)
82 Lead 207.190 1.6 1.8

Lead (b) 1.3 - 2.4 1.6 - 3.2
83 Bismuth 208.981 (1.5) (1.7)
90 Thorium 232.038 (2.6) (2.9)
92 Uranium (¢) 238.029 3.5 3.9

(a) Unless otherwise indicated, yields obtained by numerical integration.
Figures in parentheses represent interpolations based on published
cross sections for the naturally-occurring element.

(b) Alsmiller and Moran, Ref. [42].

(c) Alsmiller and Moran, Ref. [41].
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for other materials and energies. However, the trend is towards a steeper rise for
lower E4 or Z. Thus if the 34-MeV vyield curve for lead is used for E, in the giant-
resonance region, it will give an overestimate if extrapolated to thicker targets and
an underestimate if interpolated to thinner targets.

For very thin targets (X <€ X,), the yield from incident electron beams is
approximately quadratic in X, for E, well above the giant-resonance energy
(Table XII):

INpp X2

< %1 (33)

Y(X) =
X 2 A X,

where o_; is as defined in the preceding section (Table XII and Fig. 27). In this

case, Y(X) is the number of neutrons released per incident electron, Ny is Avogadro’s
number, p is the material density (g-cm ™), A is the gram-atomic weight (g) and X
and X, (see Appendix B) are both in centimetres.

(¢) Yields from semi-infinite targets

It is important to estimate the yield from infinitely thick media because in
practice most of the neutrons to be shielded against are released in beam dumps
that absorb virtually all of the electron beam energy. Regardless of the actual
thickness, the assumption of infinite thickness is a conservative one when
considering the object as a neutron source.

- “Recommended values of neutron-yields per unit electron beam power for
34 MeV are shown in Table XV. They are based in part on the experiment of
Barber and George [39], corrected for target thickness by means of the curve
just described. After correction, the 34-MeV values are probably accurate to
about +20%. Values in parentheses are more uncertain than this. Yields for
other materials are interpolations made using published cross-sections for the
natural materials, where available.

Total yields from infinitely thick targets of selected materials are
calculated as a function of E, from threshold to 100 MeV, using a corrected
version of Approximation B of the analytical shower theory (Section 2.2) and
integrating over the elementary cross-sections compiled by Berman [9]. The
resulting curves (Fig. 34) show the sigmoid rise of neutron yields (per incident
beam power) with E,, and the absolute accuracy is about * 20% except for portions
very close to the threshold [51].

There is more than an order of magnitude difference between the smallest
and largest yields in Table XV and Fig. 34. This spread in values is largely
systematic with Z, but there are also considerable deviations due to properties
of specific nuclei, viz. nickel, calcium, titanium (anomalously low yield),
beryllium (anomalously high), and uranium and thorium (high owing to
photofission).
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In order to interpolate the neutron yield to another material, Z,, it is best
to take a value from Table XV at a nearby Z, and scale by the ratios of ¢_,
(from Table XII):

0-2(Z,)

Y= 2

Y(Z,) (34)

It should also be noted that some composite targets may produce more
neutrons than can be inferred from these data: A high-Z target followed by a
low-Z target will produce more neutrons than the low-Z target alone, even if the

high-Z target is thin, because of the enhanced bremsstrahlung yield of high-Z
materials (Fig. 16).
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The angular distribution of giant-resonance neutrons tends to be enhanced
near 90°, typically by about a factor of 1.5 above the fluence averaged over all
directions. For radiation protection purposes, it is recommended that the
estimated yields be augmented by this amount at 90°, particularly as the shielding
is usually thinnest in this direction from the target.

2.5.3.2. Neutron production for 34 <E, <150 MeV

In this energy region, between the giant-resonance and the onset of photopion
production, neutron yields are relatively constant when normalized to unit electron
beam power. Table XV shows estimated yields at 34 and 100 MeV. These may be
extrapolated without much error to even higher energies.

The qualitative change that takes place as the energy is increased through this
region is the increase in a small ‘tail’ of high-energy quasi-deuteron neutrons added
to the much more copious giant-resonance distributions. These additional higher-
energy neutrons tend to be more forward-peaked in their angular distribution.
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Monte-Carlo calculations have been done at various energies, particularly by
the Alsmiller group, and references are shown in Table XIV. Figure 35,adapted
from the Monte-Carlo calculations of Alsmiller et al. [44],shows total photoneutron-
production spectra from 150-MeV electrons on Be and Ta, for targets of 1 and
20 radiation lengths. The 20 X, Ta spectral shape has been essentially verified in
an experiment by von Eyss and Liihrs [48].

Monte-Carlo calculations for infinitely thick copper targets have been made
by Gabriel and Alsmiller for the energy range above 30 MeV [46, 47]. Neutron
spectra are given by these authors for E, = 50 — 400 MeV. A particularly useful
parameterization of the yields, based on the Monte-Carlo work, has been compiled
by Gabriel for the same energy range [47]. Analytic forms for Ey = 50, 100,

300 and 400 MeV, in five angular intervals, are given.

2.5.3.3. Neutron production for E, > 150 MeV

Neutron fluence and spectral measurements over the energy range E, = 150
to 270 MeV have been made by von Eyss and Liihrs [48] for electron beams
striking thick lead targets, and at 234 MeV for electrons incident on targets of C,
Al, Cu, Cd and Pb. Absolute spectra for Pb are shown in Fig. 36. These data
may be used directly as representative spectra from thick high-Z targets.

It was found that the relative shapes of the neutron spectra (Fig. 37) are
relatively insensitive to target material (for the rhin targets used in this portion of
the experiment: 0.026—0.3 X,). The scale of the cross-section is closely
proportional to NZ/A, consistent with the quasi-deuteron model (Section 2.5.2(b)).
This behaviour is illustrated in Fig. 37, which shows the systematic rise of cross-
section with A.

This spectral information is useful in making detailed shielding calculations.
When making such calculations, it should be borne in mind that the effect of a
thick target would be to distort the spectra obtained with thin targets, and to
relatively enhance the lower-neutron-energy portion.

Qualitatively, the photon track length within thick targets scales as the
radiation length X, (Eq. (6)). Because the radiation length (in units of g-cm™2)
shortens with increasing Z approximately as AZ™2 « 77! (Eq. (3)), the net result
is that the total yield of high-energy neutrons actually decreases with increasing Z,
approximately as Z~!. This is illustrated in Fig. 35, which shows that the yield
of high-energy neutrons (above 3 MeV neutron energy) from 20 X, of Be exceeds
that from 20 X, of Ta.

For a rough estimate of a source term to estimate shielding needs in the
energy region above Eg = 150 MeV, it would be adequate to take the results for
a thick lead (Fig. 36) or copper (Fig. 38) target and scale to the material in
question by Z7!. To scale to a different energy, one may assume that the
neutron yield scales as electron beam power, over the electron range considered.
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FIG.38. Neutron yield as a function of neutron energy, averaged over the indicated angular
intervals, when 400-MeV electrons are incident on a thick copper target. {Adapted from
Ref.[45]), with kind permission of R.G. Alsmiller, Jr., and J. Barish, and Particle Accelerators.)

Calculations by Gabriel and Alsmiller, cited in the preceding section
(Refs [46, 47]), are available in the energy range extending to E, = 400 MeV for
thick copper targets. This energy includes the first pion-nucleon resonance, and
the enhanced contribution of high-energy neutrons due to photopion production
will be present. Figure 38, adapted from Alsmiller and Barish [45], shows the
neutron spectrum in detail.

For very high energies an approach used by DeStaebler et al. [49] for
calculating a neutron source term has proved useful. It is based on the following
approximations:

(a) The cross-section per nucleus oot for photoneutron production is taken
to be the average of the yp and yn total cross-sections (Fig. 31), multiplied by the
atomic weight A of the target nucleus.

(b) The kinematics of neutron production are considered to be two-body
kinematics. That is, the final state is assumed to contain only a pi meson
(M0 = 134.96 MeV, M,+=139.57 MeV) in addition to the neutron
(Mp, = 939.57 MeV). At a given photon energy k, this determines the kinetic
energy of the outgoing neutron at every laboratory angle 8.

(c) The differential cross-section is assumed to be isotropic in the two-body
(7, n) centre-of-mass (do/dQ* = g(ot/47). This, together with assumptions (a)
and (b), determines completely the magnitude and shape of the laboratory
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FIG.39. High-energy neutron production by electrons incident on copper, per kilowatt of
electron beam power and per unit solid angle, as a function of production angle. The curves
indicate the number of neutrons produced with energies greater than E; (MeV). (Adapted
from Ref. [49], with kind permission of H. DeStaebler, the Stanford Linear Accelerator Center,
the Energy Research and Development Administration, and Addison-Wesley/[Benjamin,

New York.)

angular distribution of the outgoing neutrons at each incident photon energy k.
When the photon energy spectrum is folded into the calculation, the spectrum
of neutron kinetic energies at every laboratory angle can be obtained.

(d) The photon spectrum is expressed in terms of the track-length distribution
of Approximation A (Eq. (6)) discussed in Section 2.2.

The integration over photon energy in an infinite copper target from
k=150 MeV to 20 GeV yields the laboratory neutron angular distribution of
Fig. 39. The neutron energy spectra are shown in integral form, i.e. each curve
shows the number of neutrons at each angle having energy greater than that
indicated by its label. These data are not very sensitive to the primary electron
energy E, as long as it is well above the first pion-nucleon resonance (Fig. 31).

The distributions of Fig. 39 were calculated for copper (Z = 29). For
another choice of target material, these distributions would scale approximately
as Z7! (or A7), reflecting the shortening of the radiation length X, with increasing
Z and thereby of the photon track length in the same proportion, as discussed
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TABLE XVI. NEUTRON YIELDS RELEASED BY 6-GeV ELECTRONS
INCIDENT ON THICK TARGETS?

Yield (n-s™'- kW)
Neutron energy range

Al Cu Pb
E, <25 MeV 1.1 X 10'2 2.2 X 102 2.6 X 10'2
E, > 25 MeV 1.7 X 10" 1.2 X 10" 0.83 X 10"

2 Adapted from Bathow et al. [50].

above. The yield of neutrons released by 6-GeV electrons incident on thick targets
of Al, Cu and Pb has been measured by Bathow et al. [50] (Table XVI). A
decreasing trend of high-energy neutrons (E, > 25 MeV) with increasing Z is seen
in their data, although not as strong a trend as the simplified theory would predict.
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2.6. Radioactivity induced in components

Radioactivity may be induced in components that are irradiated by an electron
or bremsstrahlung beam, to an extent that depends on the energy, beam power,
and type of material. Some degree of activity is probable at energies above about
10 MeV. Precise thresholds for various reactions can be found in Ref.[1]. Three
types of photon-induced reactions produce most of the activity (see also
Section 2.5.2):

(a) The giant photonuclear resonance
(b) The quasi-deuteron effect
(c) High-energy photospallation reactions.

The components to be most suspected for activation are those that absorb most
of the bremsstrahlung energy, in particular:

(a) Beam dumps

(b) Targets

(¢) Collimators and jaws
(d) Compensating filters.

To a lesser extent, copper accelerator components, and iron in steel shielding and
ferrite materials may also become activated. In addition, significant activity may be
induced by secondary neutrons if the beam power is high enough to release large
neutron fluences. The photodisintegration of deuterium (threshold = 2.23 MeV),
beryllium (threshold = 1.67 MeV), and the photofission of, for example, uranium
(threshold = 5.8 MeV) may yield neutron fluences sufficiently large for radio-
activity to be induced in nearby components.

The subject of induced activity has been extensively treated by Barbier [2],
and a shorter review of the subject has been published by Gollon [3].

Casual observation around high-energy targets and beam dumps suggests a
qualitative grouping of common materials as shown in Table XVIIL. It is evident
that lead, concrete and aluminium are preferred, where otherwise suitable, and
that fissionable materials such as uranium are undesirable in terms of activation
potential.

Operationally, the exposures to accelerator-induced activity are almost
entirely direct external exposures. The probability of ingestion of radionuclides
from components or even target-room dust is very small. Nevertheless, control
over the machining and soldering of radioactive components should be maintained
and irradiations of loosely-bound materials should be monitored if the beam
energy and power are such that activation may be significant.

Data on induced activity are most conveniently summarized in terms of
saturation activity, Ag, per unit beam power, following the precedent of NBS
Handbook 97, Table VI [4]. This is the amount of activity to be found at the
instant of accelerator turnoff if it has been operating steadily for a period of
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TABLE XVII. DEGREE OF SUSCEPTIBILITY OF COMMON MATERIALS TO
ACTIVATION BY HIGH-ENERGY ELECTRON AND PHOTON BEAMS
(QUALITATIVE)

Relatively insusceptible Moderately susceptible Highly susceptible Fissionable
to activation to activation to activation
Lead (antimony-free) Iron (steel, ferrites) Stainless steel Uranium
Ordinary concrete Copper Tungsten Plutonium
Aluminium Tantalum Thorium
Wood Zinc .
Plastics Gold

Manganese

Cobalt

Nickel

time long compared with the halfife of the produced nuclide(s). In practice, two
or three times T,,, is a reasonable buildup time for which to assume saturation
to be approximately reached. This means that for nuclides with T,,, in the
range of seconds or minutes, it may be assumed that saturation is reached each
time an irradiation is made. For longer half-lives, the pattern of accelerator use
must be considered. For T,,, of the order of several years or more, saturation
may never be closely approached. The saturation activities Ag are directly pro-
portional to electron beam power P.

A calculation based on Approximation A (Section 2.2) will yield a value for
the saturation activity that is usually accurate enough:

A (Cl)—[ l [0.572 E¢ X0 021" [

3.7X 10101
(Approx.A) (35)

eE, [
As (Bg) = [E] [ ] [0.572 E Xo 03]
0

in which the first factor converts the average beam power P to electrons per
second, using the electronic charge e and energy E,. The third factor is an inte-
gration of the cross-section o(k) over the Approximation A track-length distri-
bution. After cancelling out E, and multiplying by the specific gamma-ray
constant I [5—7], we may estimate the saturation exposure rate X for gamma
emitters:
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i X
X, = kP —A—° To, (36)

where P is in kW, X, isin g-cm™2, A is in grams, and g_, isin ub-MeV™'. If
X, is to be in m?-C-kg™ -h™!, thenT willbein(C kg™ h™1)(Bq-m™2)7!, and
the numerical value of k will be 2.15 X 10°%; if X, is to be in R-m?-h™, T" will
be in (R-h™!)(Ci'm™2)"! and k will be 5.81 X 1072,

Parameters that are important in estimating X are 0_,, " and Ty, , the half-
life of the produced nuclide. Values of ¢3! for the giant resonance are shown
in Fig.26 and Table XII.

It is useful to remember that the value of o, for (v,n) reactions always
dominates, except for A Z 60 where 0, (,p) is comparable. For heavy nuclei
(A £ 100), the 0, values in mb-MeV™! for the most common reactions stand in
the approximate relation

o5 [(v,n):(7,2n): (v,p) : (v,np) : (v,0)] = [10:3:0.1:0.01:5X107%] (37)

These may be used for order-of-magnitude estimates for E, S 20 MeV, if data
are not available.

The nuclides listed in Table XVIII will be copiously produced because they
are (7, n) reactions. Whether they pose significant radiation protection problems
depends also on their half-lives and the nature of their emissions. Some of them
are analysed in greater detail in the following paragraphs.

The exact formula for exposure rate X in m?-C-kg™-h™! (m?®-R-h™)
assuming steady beam power P in kW and saturation activity Ag in Bq-kW™!
(Ci-kW™1), is:

X =AgP T [1—exp(—0.693 ty/Ty,,)] exp(—0.693 t4/T,,,) (38)

where ty, is the buildup or irradiation time, tq is the decay time following turnoff,
and T,,, is the half-life of the nuclide. The specific gamma-ray constant I' in
(Ckg™*h™1)(Bq m™2)! ((R-h™1)(Ci-m~2)™!) relates the exposure rate X,
produced by gamma rays and internal X-rays from a point source, to the activity
of the source and is of primary importance in evaluating the external exposure
from induced activity. Its value depends on the energy and average number of
photons emitted in nuclide decay [8]. Values of I" are shown for each radio-
nuclide in Table XVIII and subsequent tables of this section.!*

14 The values of I given here are based on W = 33.7 eV per ion pair for air, the nuclide
decay schemes of Lederer et al. {8], and values of (i, /p) of Storm and Israel for air [9]. See
Table B-1V, Appendix B. Some I-values differ significantly from those found in other tabula-
tions. The main difference is that the present values include the contribution, if any, of K
X-rays, whereas other tabulations may not.
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TABLE XVIII. RADIONUCLIDES PRODUCED IN (v, n) REACTIONS

(’Y: n) ifs a,b
Target Threshold Product T, Specific gamma-ray constant Product
. N  1ifed
nuclide energy nuclide (R-BIXCim )1 ((C- ke~ h)(Bq- m™2) ™) half-life
(MeV)
C-12 18.72 C-11 0.59 4.11 X 10715 20.34 min
N-14 10.55 N-13 0.59 4.11 X 10718 9.96 min
0-16 15.67 0-15 0.59 411X 10718 123. s
Al27 13.03 Al-26m 0.59 4.11 X 10718 6.37s
Fe-54 13.62 Fe-53 0.65 453X 10718 8.51 min
Cu-65 9.91 Cu-64 0.38 2.65X 10715 12.80 h
Zn-70 9.29 Zn-69 0.27 1.88X 1071 13.8 h
0.00 0 57.0 min
Se-82 9.18 Se-81 0.39 272X 10718 56.8 min
0.003 0.021x 10715 18.6 min
Ag-107 9.39 Ag-106 1.35 9.41% 1078 8.5 d
0.46 3.21% 10715 23.96 min
In-115 9.03 In-114 0.14 0.976 X 10715 50.0 d
0.004 0.028 X 10715 72. s
Sb-121 9.28 Sb-120 0.33 2.30x 107'8 15.89 min
1.43 9.97X 1078 5.8 d
1-127 9.15 1-126 0.25 1.74 X 107'$ 12.8 d
Pr-141 9.37 Pr-140 0.33 2.30X 10718 3.39 min
Ta-181 7.64 Ta-180m 0.04 0.279 X 10715 8.15h
W-182 7.99 W-181 0.07 0.488 X 10715 140. d
Au-197 8.07 Au-196 0.14 0.976 X 107'5 9.7 h
0.28 1.95 % 10718 6.18d
Pb-204 8.38 Pb-203 0.33 230X 10715 6.1 s
0.18 1.26 X 10715 52.1 h

2 Where two values are given, the first refers to the metastable state.
b See Footnote 14.

The total gamma exposure rate is found by summing the X for each radio-
nuclide. Self-shielding, which is not considered in Eqs (36) or (38), will be
helpful in reducing exposure rates, particularly for high-Z materials.

For complete information on radiological implications of all decay modes
(including « and B radiations), nuclide data tabulations should be consulted [8].
This is not normally necessary, but is essential where ingestion is involved.
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Fortunately, exposure through ingestion at electron accelerators is insignificant
compared with external exposure, except under very special circumstances.

2.6.1. Installations with Eq < 35 MeV

Because activation cross-sections are rapidly varying in the energy range
10-20 MeV, a special discussion is devoted to the energy range below 35 MeV
in which the majority of electron linacs operate.

The saturation activity As in becquerels (1 Bq = 1 disintegration per second)
or in curies (1 Ci = 3.7 X 10'° disintegrations per second) per electron beam power
(in kW) incident on the ‘absorber’ is calculated for several materials by numerical
integration using published photonuclear cross-sections [10] folded together with
the photon track-length distribution used for Section 2.5 from Approximation B
(corrected, Section 2.2), consistent with the calculations of neutron production
of the previous section. All natural isotopes of the target material are considered
as potential sources of radionuclides and the exact thresholds for each reaction
are used. At energies below 35 MeV, only reactions of the type (y,n), (v,p),
(v,np) and (v,2n) are considered. For more complicated types of photoreactions,
thresholds are generally too high and cross-sections too small to be important
below 35 MeV. These results are shown in Table XIX. The activities resulting
from (y,n) and (7, 2n) reactions are probably accurate to about +30%. The
activities resulting from (-y,p) and (v, np) reactions are less accurate.

Because cross-sections are rapidly changing in the energy range considered
here, the Eq-dependence of the specific activity, normalized to incident electron
beam power, will be sigmoid in nature, resembling the curves of Fig.34, and
close to saturation at 35 MeV for high-Z materials.

It is assumed that the material in question absorbs a// of the beam power.
For electrons on thin targets the activity would be proportional to curves similar
to those shown in Fig.33.

2.6.2. Activity induced by high-energy beams

At higher energies, reactions involving more emitted nucleons and having
correspondingly higher thresholds come into play. Components that are barely
activated at therapeutic energies may become quite activated in high-power beams
at high energy. At high energy, photospallation plays an important role. This
is a process in which any number of nucleons may be ejected by a nucleus, as
a result of an intranuclear cascade followed by release of evaporation nucleons.

The activation data in Tables XX—XXVII apply to high-energy electron
beams totally absorbed in the materials listed. They are valid (to within a factor
of two) for any beam energy E, at least somewhat above the nuclide production
threshold. The data do not contain corrections for self-shielding of the material

Text continued on p.125

101



701

TABLE XIXa. SATURATION ACTIVITY IN VARIOUS TARGET MATERIALS AS A FUNCTION OF ELECTRON
BEAM ENERGY E, (SI units)

Saturation activity (GBq kwhb
Target Radio- T Threshold TI'?
material  nuclide "% (MeV) ((aC-kg s H(Bq-m ) Accelerator energy Eq (MeV)
10 15 20 25 30 35
Al Na-24 1496 h 23.71 3.54 - - — 0.02 0.37 1.1
Al-26m 6.37 s 13.03 1.14 - 0.74 37. 140. 244, 32s.
Fe Mn-54 303 d 20.42 2.32 — - - 5.9 17. 22.
Mn-56 2.576 h 10.57 1.67 - 0.11 0.52 0.89 1.1 1.2
Fe-53 8.51 min 13.62 1.30 - 0.37 9.6 19. 25. 217.
Ni Ni-56 6.10 d 22.5 3.06
Co-56 773 d - 4.40} B - - 0.11 1.26 24
Ni-57 36.0 h 12.19 2.62
Co-57 270 d B 2.50} 3.7 44, 96. 133. 155.
Cu Cu-61 332 h 19.73 1.38 - - ~0.004 8.5 24, 32.
Cu-62 9.76 min 10.84 1.16 - 28. 177. 318. 407. 407.
Cu-64 12.80 h 9.91 0.74 ~0.0004 22. 103. 155. 177. 185.
w Ta-182 16.5 min 7.15 0.29
0.629 6.2 11. 13. . .
1151 d 1.18 } 3 13 13
Ta-183 50 d 7.71 0.29 1.0 12. 21. 23. 23. 23.
W-181 140 d 7.99 0.17 10. 148. 281. 318. 329. 336.
W-185 1.62 min 7.27 0.35
17. 170. 270. . . .
75 4 no 7} 70 290 300 300
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Target Radio-

Threshold I'®

Saturation activity (GBq -kW™1)®

. . T -1 - o
material  nuclide ¥ (MeV) ((aC-kgt-s l)(Bq'm 2) l) Accelerator energy Eq (MeV)
10 15 20 25 30 35
Au Au-195 306 s 14.80 0.29
— . 74. 159. 196. 203.
183 d 0.14} <0.04
Awl96 97 h 807 02l 55. 740. 1300,  1440.  1480.  1520.
6.18 d 0.56
Pb Pb-203 52.1 h 8.38 0.35 0.48 8.1 15. 17. 17. 17.
Pb-204m 66.9 min 14.85 2.21 - <0.004 12, 27, 37. 44,

2 Where two values are given, the first is for the metastable state. See Footnote 14.

b Activity per incident electron beam power.
¢ The first nuclide is parent of the second.’
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TABLE XIXb. SATURATION ACTIVITY IN VARIOUS TARGET MATERIALS AS A FUNCTION OF ELECTRON
BEAM ENERGY E, (special units)

Saturation activity (Ci-kwW™)®
Target . . Threshold T?
d lid - -
material Radionuclide T’? (MeV) ((R-h l)(Ci'm 2) 1) Accelerator energy Eq (MeV)
10 15 20 25 30 35
Al Na-24 1496 h 23.71 1.83 - - - 0.0005 0.010 0.03
Al-26m 6.37 s 13.03 0.59 - 0.02 1.0 3.8 6.6 8.8
Fe Mn-54 303 d 20.42 1.20 - — - 0.16 0.45 0.59
Mn-56 2.576 h 10.57 0.86 - 0.003 0.014 0.024 0.030 0.032
Fe-53 8.51 min 13.62 0.67 - 0.01 0.26 0.52 0.67 0.74
Ni Ni-56 6.10 d 22.5 1.58
Co-56 773 d _ 2'27} c - - - 0.003 0.034 0.066
Ni-57 36.0 h 12.19 1.35
Co-57 270 d _ 1.29} c - 0.10 1.2 2.6 3.6 4.2
Cu Cu-61 332 h 19.73 0.71 - - ~10™* 0.23 0.65 0.87
Cu-62 9.76 min 10.84 0.60 - 0.77 4.8 8.6 11. 11.
Cu-64 12.80 h 9.91 0.38 ~1075 0.62 2.8 4.2 4.8 5.0
w Ta-182 16.5 min 7.15 0.15
1151 d 0.61 } 0.017 0.17 0.31 0.35 0.36 0.36
Ta-183 50 d 7.71 0.15 0.027 0.34 0.56 0.61 0.62 0.63
W-181 140 d 7.99 0.09 0.27 4.0 7.6 8.6 8.9 9.1
W-185 1.62 min  7.27 0.18 0.47 4.5 73 79 8.1 8.1
75 d novy




sol

Saturation activity (Ci-kw™1)?

Target Radionuclid T Threshold T?
material adio € 3 (MeV) ((R-0™)(Cirm™™) Accelerator energy Eo (MeV)
10 15 20 25 30 35
Au Au-195 306 s 14.80 0.15 -3
183 d 0.07 - <10 2.0 4.3 5.3 5.5
Au-196 97 h 8.07 011"
6.18 d 0.29 . 1.5 20. 35. 39. 40. 41.
Pb Pb-203 52.1 h 8.38 0.18 0.013 0.22 0.41 0.45 0.46 0.47
Pb-204m 66.9 min 14.85 1.14 - <107 0.33 0.74 1.0 1.2

3 Where two values are given, the first is for the metastable state. See Footnote 14.
b Activity per incident electron beam power.

¢ The first nuclide is parent of the second.
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TABLE XXa. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Concrete®

Assumed

Daughter nuclide Dominant production Ade .
abundance s . X f
r® Parent Threshold of parent ::tt:,l:non Saturation exposure rate
Nuclide Ty (GC-kg 1Y Ba ™)) | isotope (Mew) ?;)weight ) GBq_i'( Wy | (oK™ B (RW - m Y
/)
C-11 20.34 min 4.11 C12  (y,m) 1872 0.10 0.13 0.54
O-15 123 s 4.11 0-16 (v,n) 15.67 53 96. 400.
Na-22 2.62a 8.30 Na-23 (y,n) 12.44 1.6 3.7 31.
Mg-23 121 s 4.32 Mg-24 (y,n) 16.55 0.16 0.27 1.2
Al-26m  6.37s 4.11 Al-27  (y,n) 13.03 34 0.034 0.14
Si-27 4.14s 4.11 Si-28  (y,m) 17.18 31 74. 310.
K-38 7.71 min 10.88 K-39  (y,n) 13.08 1.2 3.7 40.
Fe-53 8.51 min 4.53 Fe-54 (vy,n) 13.62 0.08 3.7X 1073 0.02

See footnotes on page 122.
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TABLE XXb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Concrete®

Daughter nuclide Dominant production Assumed A e ¢
abundance . X5
o Parent Threshold of parent :::iltztlon Saturation exposure rate
Nuclide T,; (R-EYCrm )Y isotope Type (MeV) :);)weight (Ci'k\;,'l) ((R-h™H(kW-m™)Y
o

C-11 20.34 min 0.59 C-12  (y,n) 18.72 0.10 3.5%107° | 21X 1073
0O-15 123 s 0.59 O-16 (y,n) 15.67 53 2.6 1.5
Na-22 2.62a 1.19 Na-23 (v,n) 12.44 1.6 0.1 0.12
Mg-23 121 s 0.62 Mg-24 (7,n) 16.55 0.16 73X 107 | 45x 1073
Al-26m  6.37s 0.59 Al-27  (y,n) 13.03 3.4 9.2X107* | 54X 107
Si-27 4.14s 0.59 Si-28  (y,n) 17.18 31 2.0 1.2
K-38 7.71 min 1.56 K-39  (y,n) 13.08 1.2 0.1 0.15
Fe-53 8.51 min 0.65 Fe-54 (y,n) 13.62 0.08 1.0X 107 | 64X 107°

See footnotes on page 122.
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TABLE XXIa. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Natural aluminium?

Daughter nuclide Dominant production Cross-section® Ag¢ Xsf
N Satfn'.ation Saturation

Nuclide Ty (IEfC kg™ H Y (Bg-mYY) iirti)r;e Type (T;S;lom iﬁfqev‘) Notef (aé;;l-tniwﬂ) (e():fcOS :;?lr-;;tj)(kw Y
Be-7 53.6 d 0.20 Al-27  (7,sp) 32.95 2.3 S 4.8 1.0
C-11 20.34 min 4.11 Al27  (v,sp) 33.53 1.0 S 1.9 7.7
N-13 9.96 min 4.11 AlF27  (7,sp) 25.56 0.3 S 0.5 2.1
O-15 123 s 4.11 Al-27  (v,sp) 33.43 1.4 S 2.5 10.
F-18 109.7 min 4.04 AR27  (v,sp) 34.39 2.8 S 5.2 21.
Ne-24 3.38 min 2.16 AF27  (7,3p) 33.11 0.07 S 0.11 0.26
Na-22 2.62 a 8.30 Al-27  (v,3n2p) 22.51 4.7 S 9.3 77.
Na-24 14.96 h 12.62 Al-27  (y,1n2p) 23.71 5.4 S 10. 131.
Al-25 7.24 s 4.11 Al27  (v,2n) 24.41 0.75 S 1.4 5.9
Al-26 7.4X10° a 9.62 1550.

Al-27  (v,n) 13.03 420 B 330. g
Al26m  6.37 s 4.11 670.
Mg-277  9.46  min 3.42 Al27 (7.1 ~140 0.3 3 0.59 2.0

See footnotes on page 122,
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TABLE XXIb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural aluminium?

Daughter nuclide Dominant production Cross-section® A ¢ Xsf

" Sat'uxtation Saturation
Nuclide Ty (I; R-K)(Ci-m 2 Y) il;irt::e Type (Tnze\i;lom Sgi\’aev’) Note ?étil-‘;:g“) (R ?;Pr‘)e(g&m‘h'l)
Be-7 53.6 d 0.029 Al-27  (v,sp) 32,95 2.3 S 0.13 0.004
C-11 20.34 min 0.59 Al:27  (v,sp) 33.53 1.0 S 0.051 0.03
N-13 9.96 min 0.59 Al27  (v,sp) 25.56 0.3 S 0.013 0.008
O-15 123 s 0.59 Al-27  (v,sp) 33.43 1.4 S 0.067 0.04
F-18 109.7 min 0.58 Al-27  (v,sp) 34.39 2.8 S 0.14 0.08
Ne-24 3.38 min 0.31 Al-27  (v,3p) 33.11 0.07 S 0.0031 0.001
Na-22 2.62 a 1.19 Al27  (v,3n2p) 22.51 4.7 S 0.25 0.30
Na-24 14.96 h 1.83 Al27  (v,1n2p) 23.71 5.4 S 0.28 0.51
Al-25 7.24 s 0.59 Al-27  (7,2n) 24.41 0.75 S 0.039 0.023
Al26  7.4X10° a 1.38 6.0
AL26m  6.37 . 0.59 Al-27  (v,n) 13.03 420 Ve B 8.8 6 g
Mg278 946  min 0.49 AL27  (y,79) ~140 0.3 S 0.016 0.008

See footnotes on page 122.
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TABLE XXlIIa. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)
Material: Natural iron?
Daughter nuclide Dominant production Cross-section® At Xsf
Saturation Saturation

. r Parent Threshold | Zfo d | activity exposure rate
Nuclide T, ((£C- kg™ K" Y)(Ba- m™?) )| isotope MeV)  |(ub-Mevy MO | (GBq-kWY) | ((uC ke B (kW mA)™)
Sc-46 83.9 d 7.60 Fe-54  (v,sp) 37.41 (15) E (7.4) (52.)
V-48 16.0 d 13.60 Fe-54  (7,sp) 25.86 30 D* (15.) (206.)
Cr-51 27.8 d 5.30 Fe-54  (7v,sp) 19.74 (30) E (15.) (77.)
Mn-52 5.60 d 15.20 10.

Fe-54 (v,np) 20.89 B 1.3 g

Mn-52m  21.1 min 9.05 5.9
Mn-54 303 d 8.37 Fe-56 (v,np) 20.42 B 22. 180.
Mn-56 2.576 h 6.00 Fe-57  (v,p) 10.57 B 1.2 7.
Fe-52} 82 h 5.02 Fe-54  (v,2n) 24.06 B 2.1 10.
Fe-53 8.51 min 4.67 Fe-54  (v,n) 13.62 B 217. 126.
Fe-55 2.60 a 4.81 Fe-56 (v,n) 11.21 B 490. 230.
Fe-59" 456 d 4.32 Fe-58 (n,7) - - - —h

See footnotes on page 122.
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TABLE XXIIb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural iron?
Daughter nuclide Dominant production Cross-section® A Xsf

; Sat.ur.ation Saturation
Nuclide T (lzn-h‘l)(cr m )Y ::)rtir;te (TJEVST o (iio-'iaev“) Note? ??fw-l) ?(xlg?lsxll‘r)ilz:;?m")‘l)
Sc-46 839 d 1.09 Fe-54  (v,sp) 37.41 (15) E (0.2) 0.2)
V-48 16.0 d 1.95 Fe-54  (v,sp) 25.86 30 D* (0.4) (0.8)
Cr-51 27.8 4d 0.76 Fe-54  (v,sp) 19.74 (30) E 0.4) (0.3)
Mn-52 5.60 d 2.18 0.039

Fe-54  (7y,np) 20.89 B 0.036 g

Mn-52m 21.1 min 1.30 0.023
Mn-54 303 d 1.20 Fe-56 (v,np) 20.42 B 0.59 0.70
Mn-56 2,576 h 0.86 Fe-57 (v,p) 10.57 B 0.032 0.027
Fe-52} 82 h 0.72 Fe-54  (v,2n) 24.06 B 0.056 0.040
Fe-53 8.51 min 0.67 Fe-54 (7y,n) 13.62 B 0.74 0.49
Fe-55 2.60 a 0.69 Fe-56 (7,n) 11.21 B 13.3 9.0
Fe-59" 456 d 0.62 Fe-58 (n,7) - - - -h

See footnotes on page 122.
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TABLE XXlIla.

SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Natural nickel®

f

Daughter nuclide Dominant production Cross-section® Af Xs
Saturation Saturation
. re Parent Threshold | Zfo_, 4| activity exposure rate
Nuclide T, (fC kg™ H'Y(Ba - m™?) Y| isotope 7 P° Mev)  [(ubMev) N (GBa kW) | ((uC kg B (W m2) Y
Ni-56 6.10 d 11.01 Ni-58  (v,2n) 22.45 B 3.7 41.
Co-56  77.3 d 15.83 3.7 57.
Ni-57 360 h 9.41 Ni-58  (vy,n) 12.19 B 218. 2040.
Co-57% 270 d 9.00 218. 1940,
Co-60 5.263a 9.06 Ni-61  (7,p) 9.86 3.7 (26.)

See footnotes on page 122.
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TABLE XXIIIb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural nickel®

Daughter nuclide Dominant production .Cross-sectionc Ase Xsf
Saturation Saturation

. e Parent Threshold | Zfo., d | activity exposure rate

d - e . _ o
Nuctide T, (R-WY(Ci- w2 isotope 1YP® MeV) | (ub-Mev) N (cikw™) | (R-EHRW-m Y
Ni-56 6.10 d 1.58 Ni-58  (v,2n) 22.45 B 0.1 0.16
Co-56% 773 d 2.27 0.1 0.22
Ni-57 36.0 h 1.35 Ni-58 (7,n) 12.19 B 5.9 7.9
Co-57% 270 4 1.29 5.9 7.5
Co-60 5.263a 1.30 Ni-61  (v,p) 9.86 0.1) (0.1)

See footnotes on page 122.
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TABLE XXIVa.

SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Natural copper®

Daughter nuclide Dominant production Cross-section® AS Xf
Saturation Saturation
o Parent Threshold | Zfa-, 4| activity exposure rate
lid - g t - 1 .- -
Nuclide T, ((fC-kg™*h™")(Bq- m™?)")|isotope > P° MeV) | (udMev) N | (GBa kW) | (uC ke W D))
Co-58 71.3 d 7.87 95s.
: Cu-63  (v,sp) 41.75 Sa ~24,
Co-58m 9.2 h 4.53 54,
Co-60 5.263a 9.05 Cu-63 (v,n2p) 18.86 Sa 24. 214,
Ni-63 92 a novy Cu-65 (7v,np) 17.11 B 17. novy
Cu-61 332 h 4.95 Cu-63 (7,2n) 19.73 B 32. 157.
Cu-62 9.76 min 4.18 Cu-63 (7,n) 10.84 B 407. 1680.
Cu-64 12.80 h 2.65 Cu-65 (7,n) 9.91 B 185. 490.
Cu-66" 5.10 min 0.36 Cu-65 (n,7) - - - —_

See footnotes on page 122.
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TABLE XXIVb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural copper®

Daughter nuclide Dominant production Cross-section® A° Xsf
Saturation Saturation
. re Parent Threshold | Zfo_, 4| activity exposure rate
Nuclide Ty (R-W)(Ci-m™2) Y isotope Y P° Mev) | (ub-MevY) YO (cikw) | (R-HHEW-mY
Co-58 713 d 1.13 0.37
Cu-63 (v,sp) 41.75 Sa ~0.66 g
Co-58m 9.2 h 0.65 0.21
Co-60 5.263a 1.30 Cu-63 (v,n2p) 18.86 Sa 0.65 0.83
Ni-63 92 a noy Cu-65 (y,np) 17.11 B 0.45 no vy
Cu-61 332 h 0.71 Cu-63 (7,2n) 19.73 B 0.87 0.61
Cu-62 9.76 min 0.60 Cu-63 (7y,n) 10.84 B 11. 6.5
Cu-64 12.80 h 0.38 Cu-65 (y,n) 9.91 B 5.0 1.9
Cu-66" 510 min 0.052 Cu-65 (n,7) - - - —h

See footnotes on page 122.
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TABLE XXVa. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Natural tungsten®

Daughter nuclide Dominant production Cross-section® ASe Xsf
Saturation Saturation
. e Parent Threshold | Zfo_, 4 activity exposure rate

Nuclide Ty ((FC-kg L W™ Y(Bq- m 2 )| isotope Y E° MeV) | (b Mev' N (GBq kWY | ((uC kgt h AW mHY
Ta-180m 8.15h 0.27 W-182  (v,np) 14.66 B 1.8 0.268
Ta-182m  16.5 min 1.05 7.

w-183 (v,p) 7.15 B 13. g
Ta-182 115.1 d 4.25 28.
Ta-183 50 d 1.05 w-184 (7v,p) 7.71 B 23. 23.
Ta-184 8.7 h 5.86 W-186 (7v,np) 14.91 B 1.8 10.
Ta-185 50 min 0.77 W-186 (v.p) 8.39 B 21. 16.
W-181 140 d 0.63 W-182 (v,n) 7.99 B 330. 206.
W-183m 53 s 0.77 W-184  (v,n) 7.42 B 320. 110. 8
W-185 75 d noy novy

W-186 (v,n) 7.27 B 300. g
W-185m 1.62 min 1.26 190.
w-187" 239 h 1.81 W-186 (n,7) - - - -

See footnotes on page 122,
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TABLE XXVb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural tungsten®

Daughter nuclide Dominant production Cross-section® A X,
Saturation Saturation
. e Parent Threshold | Zfo_, d | activity exposure rate
Nuclide Ty (R-DY(CirmY Y isotope Y P¢ MeV) | ub-Mevy YO (cikw) | (R-HTHEW-mD) Y
Ta-180m 8.15h 0.038 W-182 (v,np) 14.66 B 0.049 0.0018
Ta-182m 16.5 min 0.15 0.027
W-183  (7,p) 7.15 B 0.36
Ta-182 115.1 d 0.61 0.11
Ta-183 5.0 d 0.15 w-184 (7,p) 7.71 B 0.62 0.09
Ta-184 87 h 0.84 W-186 (7,np) 14.91 B 0.048 0.04
Ta-185 SO0 min 0.11 W-186 (v,p) 8.39 B 0.56 0.062
W-181 140 d 0.09 W-182 (7,n) 7.99 B 8.9 0.80
W-183m 5.3 s 0.11 W-184 (y,n) 7.42 B 8.6 0.438
Ww-185 75 d no vy no vy
W-186  (7,m) 7.27 B 8.1 g
W-185m 1.62 min 0.18 0.73
w-187" 239 h 0.26 W-186 (n,7) - - - _h

See footnotes on page 122..
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TABLE XXVIa. SATURATION ACTIVITY INDUCED BY- HIGH-ENERGY ELECTRONS (SI units)

Material: Natural gold?

Daughter nuclide Dominant production Cross-section® A Xsf
Saturation Saturation
. r° Parent Threshold | Zfo_, 4| activity exposure rate
Nucl - o - 21 - -
uclide T (fC-kg b YBg-m ) Dlisotope 1YPC (MeV) | (ub-Mev') N (GBq-kw™) | (uC kg bYW mH) )
Pt-195m 41 d 0.56 Au-197 (v,np) 13.74 B 3.7 2.1
Au-195 183 d 0.49 50.
Au-197 (v,2n) 14.80 B 203.5 g
Au-195m  30.6 s 1.05 106.
Au-196 6.18 d 2.02 1500.
Au-197 (7,n) 8.07 B 1517.0 4
Au-196m 9.7 h 0.77 590.
Au-198h 2.697d 1.60 Au-197 (n,7) - - - - "

See footnotes on page 122,
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TABLE XXVIb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural gold®

Daughter nuclide Dominant production Cross-section® At Xsf
Saturation Saturation
. re Parent Threshold | Zfo. activity exposure rate
d - o 2 d . - -
Nuclide T (R-ENCE MY isotope 1YP® Mev) | (uo-Mev N L ciw | (R-HHOW m DY
Pt-195m 4.1 d 0.08 Au-197 (7,np) 13.74 B 0.10 0.008
Au-195 183 d 0.07 0.19
Au-197 (7,2n) 14.80 B 5.5 g
Au-195m 30.6 s 0.15 0.41
Au-196 6.18 d 0.29 5.9
Au-197 (7,n) 8.07 B 41
Au-196m 97 h 0.11 2.3
Au-198h 2.697d 0.23 Au-197 (n,7) - - - ~h

See footnotes on page 122.
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TABLE XXVlla.

SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (SI units)

Material: Natural lead®

Daughter nuclide Dominant production Cross-section® Agf bl
Saturation Saturation
. v Parent Threshold | Zfo_, 4 | activity exposure rate
Nuclide Ty ((fC kg™ B Y(Bq - m™Y)| isotope 1 7P Mev) | ub-Mevt)  NO | (GBq-kWY) | (uC ke KW m DY)
Ti-204 3.81a novy Pb-206 (7,np) 14.83 0.9 -
T1-206 4.19 min no vy Pb-207 (7v,p) 7.46 37. -
T1-207m 1.3 s 5.16 235.
Pb-208 (v,p) 8.04 B 93. g
T1-207 4.79 min 0.01 0.26
Pb-202m 3.62h 8.09 7.7
] Pb-204 (v,2n)  15.32 B 2.2 .
Pb-202 3.0X10° a — —
Pb-203m 6.1 s 2.30 34,
Pb-204 (7,n) 8.38 B 31. .
Pb-203 52.1 h 1.26 18.
Pb-204m 66.9 min 7.95 360.
Pb-206 (7,2n) 14.85 B 89. g
Pb-204 Stable — _

See footnotes on page 122.
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TABLE XXVIIb. SATURATION ACTIVITY INDUCED BY HIGH-ENERGY ELECTRONS (special units)

Material: Natural lead®

Daughter nuclide Dominant production Cross-section® Af %!
Saturation Saturation
. rb Parent Threshold | Zfo_ 4| activity exposure rate
d _ - . 2 t . _ -
Nuclide Ty RENCmYY | isotope TP (Mev) | (ub-Mev) N | Cikw) | (R-HHEW MY
T1-204 3.81a no y Pb-206 (v,np) 14.83 B 0.025 -
T1-206 4.19 min no vy Pb-207 (v,p) 7.46 B 1.0 —
T1-207m 1.3 s 0.74 0.91
. Pb-208 (7,p) 8.04 B 2.5 g
Ti-207 4.79 min 8 X 10 0.001
Pb-202m 3.62h 1.16 0.03
s Pb-204 (v,2n) 15.32 B 0.06
Pb-202 3.0X 10%a - -
Pb-203m 6.1 s 0.33 0.13
Pb-204 (7,n) 8.38 B 0.83
Pb-203 52.1 h 0.18 ‘ 0.07
Pb-204m 66.9 min 1.14 1.4
Pb-206 . (v,2n) 14.85 B 2.4 [
Pb-204 Stable - -

See footnotes on page 122.
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Footnotes to Tables XX—XXVII (a, b)

a

- 0 Qo o6 g

P T

Composition assumed (%):

Concrete (by weight): (C-12, 0-16, Na-23, Mg-24, Al-27, Si-28, K-39, Fe-54, others) = (0.10, 5§3.0, 1.6,0.16, 3.4, 31.0, 1.2, 0.08,9.5).
Aluminium: Al-27: 100%.

Iron: Fe-54: 5.84%, Fe-56: 91.68%, Fe-57: 2.17%, Fe-58: 0.31%.

Nickel: Ni-58: 67.76%, Ni-60: 26.16%, Ni-61: 1.25%, Ni-62: 3.66%, Ni-64: 1.16%.

Copper: Cu-63: 69.1%, Cu-65: 30.9%.

Tungsten: W-182: 26.4%, W-183: 14.4%, W-184: 30.6%, W-186: 28.4%.

Gold: Au-197: 100%.

Lead: Pb-204: 1.4%, Pb-206: 25.1%, Pb-207: 21.7%, Pb-208: 52.3%.

Specific gamma-ray constant. See Footnote 14 (Section 2.6).

Sum of the o_, for each parent isotope, weighted by the isotope fraction. This is given if Approximation A is used in the estimation of activity.
See text for source of data. Activity for concrete from NBS-97 (Ref. [4]).

Saturation activity per kW electron beam power.

Exposure rate at 1 metre and per kW of electron beam power. The unit m? implies an inverse-square dependence on distance. Exposure rates
not corrected for self-shielding or distribution of activity.

Equal division between metastable and ground state assumed.

(n,7) reaction.

Photopion reaction having threshold ~140 MeV.

Decays to Mn-52m, then to Mn-52.

Daughter of Ni isobar.
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TABLE XXVIIla. RADIONUCLIDES DETECTED IN STEEL SHIELDING (SI units)
:fti:;f;: g:eciﬁc gamma-ra Speciic
Nuclide Half-life (t=0)® constant o exposurglrati': s
(kBgq-g™") ((fC-kg~"-h™")(Bq-m™2)™) ((pC kg™ -h™ Hg-m™)7)
Mn-56 2.576 h 4800. 6.00 29000
Cr-51 278 d 590. 5.30 3100
Mn-52 560 d 280. 15.20 4100
Mn-54 303 d 190. 8.37 1600
V-48 16 d 115, 13.60 1500
Fe-59 456 d 59. 4.32 260
Sc-44m 244 d 37. 10.25¢ 390¢
Sc-46 839 d 13. 7.60 95
K-43 224 h 7.8 3.97 31
Cr-48 23 h 7.0 6.76 46
Sc-48 183 d 6.3 12.41 77
Co-58 713 d 4.1 7.88 31
Co-60 5.263 a 2.2 9.06 20
Co-57 270 d 1.9 9.00 17
3 At time of accelerator turnoff, t = 0.
b See Footnote 14 (Section 2.6).
: Exposure rate at 1 m, per g of activated steel, at time of accelerator turnoff. Uncorrected for self-shielding and distribution of activity.

Includes Sc-44 daughter radiations.
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TABLE XXVIHIb. RADIONUCLIDES DETECTED IN STEEL SHIELDING (special units)

Specific re o

activit Specific gamma-ra Specific
Nuclide Half-life 32 P & Y exposure rate ©

(t=0) constant ((R-hM)g-m™H™)

(uCivg™) (R-h™")Cirm™)™) H gm
Mn-56 2,576 h 130. 0.86 111
Cr-51 278 d 16. 0.76 12
Mn-52 5.60 d 1.5 2.18 16
Mn-54 303 d 5.2 1.20 6.1
V-48 16 d 3.1 1.95 6.0
Fe-59 45.6 d 1.6 0.62 1.0
Sc-44m 244 d 1.0 1.474 154
Sc-46 839 d 0.35 1.09 0.37
K-43 224 h 0.21 0.57 0.12
Cr-48 23 h 0.19 0.97 0.18
Sc-48 1.83 d 0.17 1.78 0.30
Co-58 713 4d 0.11 1.13 0.12
Co-60 5.263 a 0.060 1.30 0.077
Co-57 270 d 0.050 1.29 0.064
3 At time of accelerator turnoff, t = 0.
b See Footnote 14 (Section 2.6).
¢ Exposure rate at 1 m, per g of activated steel, at time of accelerator turnoff. Uncorrected for self-shielding and distribution of activity.
d

Includes Sc-44 daughter radiations.



nor for the distributed nature of the activity. Both of these factors will tend to
mitigate the associated radiation protection problems. DeStaebler [11] has esti-
mated self-shielding factors in the range of 0.05—0.2 for iron irradiated at high
energy, depending on the energy of gamma emissions. Ladu et al. [12] have
evaluated self-absorption factors for accelerator components of copper and iron,
and find them in the range 0.1—-1.0.

Those isotopes of Tables XX—-XXVII with note B are from integrations over
the photon track length using measured photonuclear cross-sections [10] and
Approximation B, corrected as for Section 2.6.1. The data for aluminium in
Table XXI are mainly from Ref.[13]. The data marked D are from DeStaebler [11]
(D* means rough estimate), and those marked Sa are from Saxon [14]; E indi-
cates a rough estimate.

Nuclides with half-lives less than about one minute or greater than about
100 years do not pose significant radiation protection problems, but some are
nevertheless included for comparison.

In a study of radionuclides in shielding steel of unknown composition in the
immediate proximity of a 200-kW, 20-GeV electron beam dump the nuclides
listed in Table XXVIII were detected. The component studied was not in the
direct electron beam but at 90° to the water-cooled aluminium dump. Although
not suitable for quantitative use, the list illustrates the variety of possible photon-
and photoneutron-produced radionuclides.
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2.7. Activity induced in air and water

In considering protection against activated air and water, the possible path-
ways of exposure should be taken into account. The significant pathways for
radiation workers are quite different for air and water. The hazard to the general
public from these effluents is negligible, but it may be desirable to assess this risk,
at large installations anyway, for reassurance to the general public. The significance
of various types of exposure is qualitatively indicated in Table XXIX. Activation
is of no concern unless the accelerator energy E, exceeds the production threshold
(10.55 MeV in air, 15.67 MeV in water).

2.7.1. Airborne radioactivity

There are three forms of airborne activity, listed here in the order of their
relative seriousness:

(a) Direct activation of air by bremsstrahlung

(b) Radioactive gases formed in water and afterwards released to air
(discussed in Section 2.7.2)

(¢) Radioactive dust.

Airborne activity has not been found significant at standard radiotherapeutic
and radiographic facilities, and the discussion here is primarily directed towards
research facilities.

2.7.1.1. Air activation
Radioactive gases are produced by the interaction of bremsstrahlung with

air nuclei if the accelerator is operating above the production threshold (10.55 MeV);
air activation is of no concern at energies at or below the threshold (see Table XXX).
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TABLE XXIX., PATHWAYS OF EXPOSURE TO ACTIVATED AIR AND WATER

Air Water

Pathway Radiation General ‘Radiation General

Workers Public Workers Public
External Potential exposure in  Concentrations Potential Negligible

Containment Area released at site exposure from

only. Less than boundary generally | water pipes and

from activated negligible, but vessels during

components, Region should be assessed | operating periods.

of Containment in planning a Exhaust of surge-

Area exhaust should  high-energy, high- | tank atmosphere

be checked. power facility. should be checked.

Internal Negligible Negligible Negligible Concentrations
released at site
boundary
generally
negligible, but
should be
assessed if direct
release is made.

Furthermore, an electron beam without bremsstrahlung will not cause significant
air activation!S because the nuclear cross-sections of electrons are smaller by
about two orders of magnitude than those of pkotons.

Such airborne activity is in general short-lived, and even if produced in
significant amounts, dilution and radioactive decay quickly reduce the concentra-
tions to moderate levels. Only in very unusual circumstances would exposure to
radioactive air be the limiting factor for personnel access to a containment area.
The limiting factor is almost always external exposure from components.

The total amount of activation is much less in air than in solid materials
because the air mass exposed absorbs much less beam energy than the many
radiation lengths of solids needed to stop the beam and to shield against prompt
radiation. For the same production cross-section, air activation is reduced by a
factor of the order of X/X,, where X is the bremsstrahlung pathlength in air and

!5 The reverse is true for toxic gas production, which occurs by a chemical, rather than
nuclear, transformation and whose reaction rate is closely proportional to the integral dose
to air. This is generally higher if the primary electron beam is extracted than if it first strikes
a target to make bremsstrahlung.
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TABLE XXXa. ACTIVITY INDUCED IN AIR (SI units)

Produced nuclide Parent nuclide . b A
Cross-section R
Sfo, Saturation
X MPC f . Reaction Threshold ' 1 activity
Nuclide T,? (Bq-cm™) Abundance ® Nuclide type (MeV) (ub-MeV™) (Bq-m™ kW™
1.562 N-14 22.73
. 744 . 6
H-3 12.262a {0'424 o-16 (v,H-3) 25.02} 3) (5 X 109
f 7% 10-3 4 f1.562 N-14 ¢ 27.81 of
Be-7 536 d 37X 10 l0.424 0-16 (v,sp) 31.86 0.6) (1 X109
C11 20.34 min 111 X 1073°¢ 1.5X 107* C-12 (7,n) 18.72 0.011 19 X 103
1.562 N-14 £ 22.73 of
{0.424 0-16 (r-sp) 25.88} (6) (10 X 109
N-13 9.96 min 74X 1073°¢ 1.562 N-14 (y,n) 10.55 310 520 X 10°
015 123 s 74X 1073¢ 0.424 0-16 (v,n) 15.67 32 56 X 108
N-16 7.14 s 185X 1073° 40X 107 0-18 (v,np) 21.81 (0.01) (20 X 103
Cl-38 37.29 min 74X 10739 46X 107 Ar-40 (y,np) 20.59 0.13 220 X 10°
Cl-39 555 min 111X10739 46X 1073 Ar-40 (7,p) 12.52 0.86 1.5 X 108
Ar-418 1.83 h 74X 1073 46X 1073 Ar-40 n,7) - - -t
3 Fraction of air by volume, multiplied by atoms/molecule.
b

Abundance f times integral cross-section 0_,. Values in parentheses are rough estimates.

¢ Per bremsstrahlung pathlength in air (metres) and electron beam power (kW) incident on a thick high-Z target. Values in parentheses are
rough estimates.

w - o

Based on ICRP recommendation for radiation workers, 40-hour week, exposure from inhalation.
Based on ICRP recommendation for radiation workers, 40-hour week, semi-infinite cloud (see text).
Spallation reaction.
Neutron-capture reaction. Occurs where high neutron fluences are moderated by water or concrete shielding.
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TABLE XXXb. ACTIVITY INDUCED IN AIR (special units)

Produced nuclide Parent nuclide . b At
Cross-section K
fo., Saturation

. MPC f . Reaction Threshold i 1 activity
Nuclide Tli (uCi-cm™)  Abundance?® Nuclide type (MeV) (ub-MeV™) (uCi-m kW
. -3d 1.562 N-14 . 22.73
H-3 12.262 a 2X10 {0.424 0-16 (v,H-3) 25.02 3) (140)
£ —6d 1.562 N-14 f 27.81 £
Be-7 53.6 d 1X10 {0.424 o-16 (v,sp) 31.86 (0.6) (30)
C11 20.34 min 3x10%®  1.5Xx107¢ C-12 (7,n) 18.72 0.011 0.5
1.562 N-14 £ 22.73 £
{0.424 o-16 Or.5p) 25.88 } © (300)
N-13 9.96 min 2X107%¢ 1.562 N-14 (7,n) 10.55 310 14000
0-15 123 s 2X1076¢ 0.424 0-16 (7,n) 15.67 32 1500
N-16 7.14 s 5%X1077¢ 40X 107% 0-18 (y,np) 21.81 (0.01) (0.5)
Cl-38 37.29 min 2X107%%  46x107° Ar-40 (v,np) 20.59 0.13 6
Cl-39 555 min  3X10%9 46X 1073 Ar-40 (7,p) 12.52 0.86 40
Ar-418 1.83 h 2X107%¢  46Xx1073 Ar-40 (n,7) - - -8
3 Fraction of air by volume, multiplied by atoms/molecule.
b Abundance f times integral cross-section 0-,. (See Eq.(8) of Section 2.2). Values in parentheses are rough estimates.
€ Per bremsstrahlung pathlength in air (metres) and electron beam power (kW) incident on a thick high-Z target. Values in parentheses are
rough estimates.
4 Based on ICRP recommendation for radiation workers, 40-hour week, exposure from inhalation.
¢ Based on ICRP recommendation for radiation workers, 40-hour week, semi-infinite cloud (see text).
f Spallation reaction.
g

Neutron-capture reaction. Occurs where high neutron fluences are moderated by water or concrete shielding.



X, is the radiation length of air (Appendix B). Table XXX lists parameters of
reactions leading to air activation [1]. The same formulae for activity buildup
and decay apply as for solid materials (Section 2.6).

Even without forced ventilation, a complete air change usually occurs a few
times per hour. Therefore it is not possible to accumulate more than a fraction of
the saturated activity of 3H or "Be, and the only nuclides that need be considered
are 13N and *°0, and possibly *C, 3Cl, 3*Cl and *'A. The relative saturation
activities of the first two, produced by (v,n) reactions, can be readily calculated
from published cross-sections [2] and are in the ratio 11:1 for energies well above
the respective thresholds. For energies closer to threshold, the sigmoid rise of
activity with E, illustrated in the previous section should be considered. Argon-41
is produced in (n,vy) reactions, especially in high fluences of moderated neutrons.
Thus it occurs more frequently near water-cooled targets and beam dumps and
concrete secondary enclosures, but its production rate is less because of the small
concentration of parent **A and smaller neutron fluences. Argon-41, *'C and
39C1 are considered together with the other nuclides because of their longer half-
lives.

Absolute activation predictions are tenuous, but with simple physical assump-
tions saturation activities, Ag, per bremsstrahlung pathlength in air and unit electron
beam power have been calculated [3] and are shown in Table XXX. These pre-
dictions correspond approximately to the maximum activation likely to be pro-
duced in a situation where the electron beam showers in a high-Z target before
entering the air. In many situations, for example at lower energy (E, < 30 MeV),
or for thinner or low-Z targets, air activation may be significantly less. Absolute
predictions have also been calculated by Kase [4] and Ladu et al. [5] for specific
targeting conditions.

To predict an average room concentration using Table XXX, it is necessary
to multiply by the bremsstrahlung pathlength in air and divide by the room volume.
For a target room of 10° litres containing a 1-metre beam path, 1 kW of electron
beam power would produce about 0.5 Bq-cm™ (14 X 107¢ uCi-cm™3) or a
few times the indicated maximum permissible concentration (MPC). George et al.
[6] have found typical concentrations of the order of 0.9 Bq-kW™!-cm™3
(25 X 1078 yCi-kW™!-cm™3) in areas of a room of about this volume in which
normal air mixing could occur (E, = 50 MeV). Vialettes [7] has reported concen-
trations above the listed MPCs at Saclay, where the beam power was 100 kW
(330 and 530 MeV).

Where air is confined in a small volume, such as a target cave, the concentra-
tions may be 2-3 orders of magnitude above those of a larger room [6].

The MPCs indicated in Table XXX for the most copiously produced nuclides
are derived on the basis of external whole-body exposure of radiation workers
for a 40-hour week from immersion in an infinite hemispherical cloud [8, 9];
internal doses are smaller by comparison. In smaller gas volumes, of less than
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about 12 m radius, the direct beta radiations to the skin become the limiting
factor [10]. Because of this and other mitigating factors evaluated by Kase [11],
a more appropriate choice of MPC for the smaller ‘cloud’ of accelerator room air
containing 3N is about 0.75 Bq-cm™ (2 X 107% uCi-cm™). Similar arguments
have been made by Héfert [12] and Jones et al.[13]. Therefore, the MPCs based
on the semi-infinite cloud are to be regarded as very conservative. MPC values
calculated by Hofert are shown in Table XXXI for a range of choices of radio-
active cloud radius and for four sets of assumptions. The assumptions for
columns IIT and I'V give MPCs that more realistically assess the hazard to radiation
workers within accelerator target rooms. Small occupancy factors and delays in
entry to the containment area mitigate the problem further.

In the unusual circumstance where activated air is a limiting factor, the
amount of activated air can be reduced considerably by the following steps:

(a) Shortening of the bremsstrahlung air path by terminating it in shielding,
or by the use of evacuated beam pipes or helium bags, will reduce the activity
proportionately. Lead shielding, such as beam-pipe ‘collars’ around every point
where the electron beam can strike solid material, will reduce the amount of stray
radiation and consequently reduce the amount of air activation, toxic gas produc-
tion and radiation damage to other objects as well.

(b) Unless continuous ventilation is used, it may be advisable to confine the
activated air long enough for most of the !*N to decay (10—20 min) and then to
use ventilation before entry.

(¢) If continuous forced ventilation is used instead, it can be expected to
reduce saturation concentrations by about a factor of two [6].

(d) Local forced ventilation applied directly to the activated air volume may
be helpful.

When considering the effect of ventilation on activity removal, the effective
half-life is calculated by the equation

T\, (effective) =—2 (p ysica ) T,z (vent) o)
T2 (physical)+T,,, (vent)

where T,,, (vent) = 0.693 T (air change), and T (air change) is the room volume
divided by the air volume exhausted per unit time.

2.7.1.2. Dust

All studies indicate that, except under very unusual conditions, external and
internal human exposures due to airborne radioactive dust are negligible compared
with other potential exposures, including the radioactive gases discussed above [8].

Text continued on p.136
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TABLE XXXIa. MAXIMUM PERMISSIBLE CONCENTRATIONS IN AIR FOR RADIOISOTOPES FOUND IN HIGH-
ENERGY ACCELERATOR INSTALLATIONS (Bq-cm™3), FOR DIFFERENT SIZES OF THE RADIOACTIVE CLOUD
IN WHICH THE BODY IS SUBMERGED (BASED ON 40-HOUR WEEK)

Nuclide Ar-41 0-15 C-11 N-13
Radius .

of radio-

active cloud I I m v |1 I m v |1 1 m 1v |1 I o 1v

Im 0.29 23.38 1.72 2.04|0.24 25.35  1.32 1.50}10.29 25.35 1.85 2.38)0.26 25.35 1.53 1.84
2m 0.22 11.69 1.51 1.81]0.16 12,69 1.02 1.1410.24 12,69 1.72 2.20]0.20 12.69 1.32 1.56
4m 0.20 5.85 1.47 1.75|0.13 6.44 0.92 1.02(0.23 6.44 1.71 2.18]0.17 6.44 1.28 1.52
10m 0.19 2.41 1.47 1.75]0.12 2.54 091 1.00|0.21 2.54 1.71 2.180.16 2.54 1.28 1.51
100 m 0.11 0.28 1.47 1.75]0.08 0.30 0.91 1.00]0.11 0.30 1.71 2.18]0.10 0.30 1.28 1.51
oo 0.07% 0.08 1.47 1.75[0.07° 0.10 091 1.00/0.10° 0.10 1.71 2.18]0.09° 0.10 1.28 1.51

Assumptions for MPC derivation:
I. Values calculated according to ICRP Publication II (Ref. [9]) assuming the whole body as the critical organ.
II. Values calculated critically, taking the gamma component of the nuclide responsible for the whole-body irradiation.
ITI. Values calculated critically, based on the beta component of the nuclide responsible for the skin irradiation.
IV. Same as III, but taking into account the absorption of the beta rays in the outer layer of the skin (7 mg-cm™2, according to ICRP).

2 Value from ICRP Publication II [9].
b Value calculated by George et al. [6] using the ICRP formula (pp. 22, 28 of ICRP Publication II).
¢ Value calculated by Héfert using the ICRP formula (pp. 22, 28 of ICRP Publication II).

(Table adapted from Ref.[12], with kind permission of M. Hofert and the European Organisation for Nuclear Research (CERN).)
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TABLE XXXIb. MAXIMUM PERMISSIBLE CONCENTRATIONS IN AIR FOR RADIOISOTOPES FOUND IN HIGH-
ENERGY ACCELERATOR INSTALLATIONS (pCi‘cm™%), FOR DIFFERENT SIZES OF THE RADIOACTIVE CLOUD
IN WHICH THE BODY IS SUBMERGED (BASED ON 40-HOUR WEEK)

Nuclide Ar-41 0-15 c-11 N-13

Radius

of radio-

active cloud I 1l m v |1 0| m v |1 il m 1Iv |1 I m v
1 m 7.9 632 46.5 55.0|6.4 685  35.8 40.6|7.8 685  49.9 64.2|6.9 685  41.3 49.8
2m 6.0 316  40.7 48.8|4.3 343 27.6 30.9{ 6.6 343 46.5 59.4{5.3 343 35.7 422
4m 5.4 158  39.6 47.4[3.5 174 249 27.6|6.2 174  46.2 59.0{4.7 174  34.5 41.0
10m 5.1 65.0 39.6 47.3|3.2 68.7 24.5 27.1]5.7 68.7 46.2 59.0|4.4 68.7 34.5 40.8

100 m 3.0 7.5 39.6 47.3|2.2 82 245 27.1]2.9 8.2 462 59.0{2.6 8.2 34.5 40.8
oo 2.0° 2.2 39.6 47.3]|2.0° 2.6 245 27.1| 2.6 2.6 46.2 59.0(2.3° 2.6 34.5 40.8

Assumptions for MPC derivation:
I. Values calculated according to ICRP Publication IT (Ref. {9]) assuming the whole body as the critical organ.
II. Values calculated critically, taking the gamma component of the nuclide responsible for the whole-body irradiation.
III. Values calculated critically, based on the beta component of the nuclide responsible for the skin irradiation.
IV. Same as III, but taking into account the absorption of the beta rays in the outer layer of the skin (7 mg-cm 2, according to ICRP).

Value from ICRP Publication II [9].
b Value calculated by George et al. [6] using the ICRP formula (pp. 22, 28 of ICRP Publication II).
¢ Value calculated by Hofert using the ICRP formula (pp. 22, 28 of ICRP Publication II).

(Table adapted from Ref. [12], with kind permission of M. Hofert and the European Organisation for Nuclear Research (CERN).)
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TABLE XXXIla. PHOTOACTIVATION PRODUCTS FROM O-16 IN WATER (SI units)

r b . c s ¢, d
. MPC,, ? Specific gamma-ray Reaction Threshold Cross-section Saturation
Nuclide T, -3 ~ ..
H (Bq:cm™)  constant type MeV) t2> Mev™) activity

((fC-kg b7 )(Ba-m ™)) (ub-Me (GBq-kW™)

0-15 123 s - 4.11 (% (y,n) 15.67 75 330

0-14 70.91 s - 11.16 (8%) (v,2n) 28.89 - (1) 3.7

N-13 9.96 min - 4.11 (% (7v,2np) 25.02 0.9 3.7

C-11 20.34 min - 4.11 (8" (7,3n2p) 25.88 3 15.

C-10 19.48 s - 7.04 (8%) (7,4n2p) 38.10 (1) 3.7

Be-7 53.6 d 740 0.20 — (v,5n4p) 31.86 0.3 1.5

H-3 12.262 a 1110 - () (v,H-3) 25.02 1.5 7.4

# ICRP recommendation for the general public, 168-hour week occupancy. See text for discussion.

b

See Footnote 14 (Section 2.6).

Values in parentheses are rough estimates.

Saturation activity in water per unit electron beam power. Assume 100% direct absorption of electron beam power in water. Activity in
water will be less in most situations where the beam absorber is water-cooled metal. Values shown are obtained directly from
Approximation A and apply at high energies. For Eo = 50 MeV, the value for O-15 may be reduced by a factor of two, and others by an

even larger factor.

a o



Sel

TABLE XXXIIb. PHOTOACTIVATION PRODUCTS FROM 0O-16 IN WATER (special units)

r b . c S c,d
. MPC,, ? Specific gamma-ray Reaction Threshold Cross-section Saturation
Nuclide Ty K -3 [1 ) ..
2 (uCi-ecm™) constant type (MeV) (ub-MeV™1) activity
((R-h™'YCi'm™)™) Ci-kW™)
0-15 123 s - 0.59 (8%) (7,m) 15.67 75 9
0-14 70.91 s - 1.60(8%) (,2m) 28.89 (1 (0.1)
N-13 9.96 min - 0.59 (8% (y,2np) 25.02 0.9 0.1
C-11 20.34 min - 0.59 (6% (7,3n2p) 25.88 3 0.4
C-10 19.48 s - 1.01 (8% (v,4n2p) 38.10 ) 0.1)
Be-7 536 d 0.02 0.029 — (v,5n4p) 31.86 0.3 0.04
H-3 12.262 a 0.03 - B (1,H-3) 25.02 1.5 0.2

(= )

a o

ICRP recommendation for the general public, 168-hour week occupancy. See test for discussion.
See Footnote 14 (Section 2.6).
Values in parentheses are rough estimates.

Saturation activity in water per unit electron beam power. Assume 100% direct absorption of electron beam power in water. Activity

in water will be less in most situations where the beam absorber is water-cooled metal. Values shown are obtained directly from
Approximation A and apply at high energies. For E, = 50 MeV, the value for O-15 may be reduced by a factor of two, and others by
an even larger factor.



In assessing potential exposures to radioactive dust, one should begin by con-
sidering what materials are exposed to bremsstrahlung at the particular installation.
Concrete, steel, lead, aluminium, brass and organic materials are commonly found.
Lead and concrete have very little activation potential, but the other materials
may be activated.

Vialettes [7] has studied dusts at the Saclay Electron Linac (330 and 530 MeV)
and found evidence for "Be, 24Na, ¢Mn, 57Ni and '*2Gd. Their concentrations
ranged between 3.7 X 1075 and 3.7 X1073 Bq'm™2 (107*% and 107!* Ci'-m™),
normalized to 1 kW-h beam energy. These are negligible compared with the
smallest MPC, for these particulates, estimated as (11—-22) X103 Bq'm™
((3—6) X1077 Ci'm™3).

At the CERN Proton Synchrotron, St. Charalambus and Rindi [14] have
detected 5*Mn, "Be, 5!Cr, 3°Fe and *2V, ranked in the order listed. Although
the CERN PS is a proton accelerator, four of the five nuclides on this list are
quite consistent with the dominant longer-lived nuclides of Table XX VIII, found
on the surface of steel shielding at SLAC.

Dusts are, of course, raised at the time when personnel first enter the contain-
ment area after a period of operation, and their presence should be assessed at
such times rather than during the operating cycle. If dust is a problem, recom-
mended steps are to vacuum clean the surfaces in the accelerator room periodically,
and to immobilize particulates with paint or varnish.

2.7.2. Activity induced in water

Radioactivity in water is formed by the interaction of bremsstrahlung with
the '*O component of water-cooled targets and beam dumps. Many of the con-
siderations applying to air activation apply to water as well, including methods
of estimating the production, and the time dependence of activity buildup and
decay. However, the manner of personnel exposure is different.

Table XXXII lists parameters of reactions leading to water activation. The
dominant radionuclides in terms of saturation activity are easily identified as
150 and 'C. The saturation activities shown correspond to 100% energy absorp-
tion in water and are normalized to incident electron beam power in kW. If the
water is used for cooling, rather than as the primary beam-stopping medium,
the fraction of energy directly absorbed in water is much less than 100%. In
water-cooled metal-plate beam dumps the fraction of energy absorbed directly by
water is of the order of 10%. For most cases the saturation activities of Table XXXII
may be reduced by a factor of about this magnitude, depending on the design of
the device.!¢

16 To estimate this factor for high-energy operation, it is appropriate to use the ratio
of pathlength in water to that in metal, where both pathlengths are expressed in radiation lengths
Xo (Appendix B).
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Fortunately, these nuclides are short-lived so that they do not constitute
a storage problem, except perhaps for *H and to a limited extent for 7 Be. However,
they can produce unacceptable radiation levels near accessible water pipes and
heat exchangers, and the possibility of spills should be considered. Exhaust
atmospheres of cooling water surge tanks and standpipes may be a source of air
contamination.

Saturation activities, based on calculations by DeStaebler [15] and Coward
[16], are shown in Table XXXII. Without question, 130 is produced most abun-
dantly, but it decays quickly. It is generally agreed that 1'C is the dominant radio-
nuclide 1—5 hours after irradiation. Nitrogen-13 and ”Be are difficult to detect
in water without special effort; '3N is always masked by !''C, and the "Be concen-
tration is low.

In considering external exposures of workers, one must consider how the
water is circulated. In cases where a low-power facility uses once-through cooling
and water is released to a sanitary sewage system or to groundwater, the activities
circulated within the facility are a small fraction of those indicated in the table.
In these cases, only the environmental impact of released H and "Be need be
considered further, and dilution by other effluents should be taken into account.
Disposal to the groundwater would normally be controlled by the 3H content,
since "Be is readily adsorbed on rock surfaces and decays away relatively soon.

A comparison with the MPC (Table XXXII) for 168-hour occupancy for the
general public should be made [9]. For sewer disposal, one may average the
effluent over a period of one year and use MPCy, values for radiation workers
(40-hour per week exposure) instead.!’

Yamaguchi [17] has calculated MPC,, values for the other nuclides of
Table XXXII, but they are not shown here because these nuclides are not ingested
and are not generally of environmental concern.

A significant source of airborne activity may be found in the exhaust atmo-
sphere of surge tanks and standpipes of open cooling-water systems {10]. The
water of an open system is likely to be chemically saturated with gases of the type
bearing the radioactive nuclides, and a significant fraction of the produced radio-
nuclides will come out of solution. If vented, the released activity could be a more
serious cause of concern than the directly activated air discussed in the previous
section.

Average concentrations released from a vented system depend on such
factors as:

(a) Electron beam power (Table XXXII)
(b) Fraction of beam power directly absorbed in water (typically 10% for
water-cooled metal dumps) and operating cycle

17 Governmental authorities and a qualified expert should be consulted to determine
the legal requirements concerning effluents.
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(¢) Volume of the system

(d) Delay in transport of radioactivity to venting point

(e) Area and other characteristics of the air/water interface which affect
the exchange rate (e.g. whether there is splashing or an unperturbed
surface within the surge tank)

(f) Amount of dilution by forced ventilation, if any.

Possible methods of management of this problem are:

(a) Once-through cooling and release to the sanitary sewer. This is practical
only for low-power operation (& 10 kW)

(b) Venting to a closed containment area

(c) Direct exhaust to a stack

(d) Holdup tank followed by exhaust or other release

(e) Closed system with catalytic recombiners to remove H,.

The best management of this problem varies with the nature of the facility
and its environment. For electron beam powers below about 10 kW, once-through
cooling and release to the sanitary sewer may be satisfactory and is customary
for radiotherapeutic and radiographic installations. Water quality or legal require-
ments may prohibit this in some localities. Where recirculated cooling is used,
one of the other solutions must be chosen.

For low-power operation, the primary cooling system can be vented directly
to the radiation room. The releases from the water system then mix with the
radioactive air and a separate venting system is not needed. This arrangement is
permissible only if the amount of radiolytic hydrogen evolved is so small that
explosive mixtures cannot be formed at the room ventilation rate used.'® If
problematical, the hydrogen gas can be continuously removed by catalytic
recombiners (Pt — Pd, for example) [19] before venting to the atmosphere, or
an external vent can be used. Where possible, it is advantageous to vent to the
containment area, as this affords additional holdup time to allow !0 and 'C
to decay before release to the environment.

'8 Walz [18] has measured the radiolytic yield, G (H), under typical conditions of
linac irradiation, and found it to be: G (H,)= 0.14 * 0.02 molecules/100 eV, which is
equivalent to (3.0 = 0.4) X 107 litre-s™! at an energy absorption rate in water of 1 kW. From
this value, together with the known primary electron beam power and the estimated fraction
of that power absorbed directly by the water, the rate of hydrogen evolution can be deter-
mined. The room volume together with the ventilation rate then determines the saturation
concentration of hydrogen. The lowest hydrogen concentration at which an explosion can
occur in air is 4% (by volume). The permitted concentration should be kept below half of
that, or below 2%.
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The problem has been examined by Warren et al.[10] for the case of high-
power beam dumps (100—1000 kW, directly absorbed in water). It was found that
the radioactive nuclides '*0 and !'C in the surge-tank atmosphere were mainly
in the form of O, and CO,, respectively. Venting to the environment, either
directly or via a holdup tank, was unacceptable because of the quantities involved.
Venting to the containment area was a possible solution, but it was found more
economical to operate with a closed system and to provide catalytic recombiners
to prevent the accumulation of explosive concentrations of H,. The system is
operated at atmospheric pressure and relief valves exhaust to the containment area.

At accelerator facilities of intermediate power (up to =~ 100 kW), venting of
relief valves to the containment area without recombiners has been found acceptable.

In closed-loop cooling systems, one must consider external exposures of
personnel due to accessibie water pipes and heat exchangers, evaporation from
open standpipes and surge tanks, and accumulations such as the concentration
of "Be in demineralizers [20].!° By careful layout of pipes and possibly addi-
tional shielding, the radiation hazard of cooling-water pipes can be minimized.
Where otherwise feasible, it is good practice to install all piping of a primary
cooling water circuit, including the heat exchanger and water treatment elements,
within the room containing the radiation-absorbing components cooled by that
circuit. In this manner, all types of radiation associated with a particular beam are
efficiently contained and controlled. Where separate radiation rooms are provided,
it may be advantageous to have a separate primary circuit for each. If radioactive
water is piped to heat exchangers outside the containment area, a holding tank may
be helpful in delaying the transport long enough for the amount of *0 to be
significantly reduced. However, it may be more economical to simply shield or
fence off the heat exchanger area.

In planning radiation protection for cooling circuits, the following points
should be considered:

(a) Only !30, '1C and "Be need be considered unless it is known or suspected
that additives or impurities will be present. If demineralizers are used in a cooling
circuit, ’Be will be accumulated there.

(b) Because resin beds are more than 99% efficient in filtering "Be, concen-
trations in water may remain at low levels. On the other hand, one should assume
that all the "Be will be contained in the resin beds and these should be shielded
and handled accordingly.

(c) To obtain the applicable concentration, saturation activities (Table XXXII)
are divided by system volume. In planning the layout and shielding of the piping
and other elements of the water system, transit times from the beam dump to

1% The concentration of "Be in demineralizers actually occurs by filtration rather than
by chemical removal. Therefore it would occur with any type of filter element used in the
system.
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FIG.40. Determination of distance d and angle § for use in estimating exposure rates at two
positions (Py and P, ) near a pipe segment carrying radioactive water. The distances are
measured perpendicular to the pipe axis and the angles are measured in radians. The total
exposure rate at a given position can be estimated by adding together the contributions from
all nearby pipes.

the location in question should be estimated and used to determine the concen-
tration of *O remaining in the water.

(d) Depending on the materials of the system?®, oxygen removal elements
may be effectively employed to reduce the amount of free oxygen circulated by
the water. In this manner the 3O will be concentrated and oxidation with the
system will also be reduced.

(e) It may be assumed that the 8* from all the significant nuclides are
absorbed in the pipe wall and only gammas will contribute outside the pipe.

(f) The following formula will provide an estimate of the unshielded exposure
rate from a pipe carrying radioactive water at a distance d from the pipe axis
(d must be much greater than the pipe radius):

.S
X=6 EZI‘H-CH (40)
n

where X isin C-kg™'*h™* (R-h™!), S (in m?) is the pipe (inside) cross-sectional
area, d (in m) is the distance from the pipe axis to the point in question, I'; in

2 For example, the use of these elements in copper systems has been found to be
highly beneficial; however they may be detrimental to aluminium or stainless-steel systems.
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(C'kg™"h ) (Bq-m™2)"! (R-h™')Ci'm™?)7!) is the specific gamma-ray constant
(Table XXXII) and C,, in Bq-m™ (Ci-m™3) is the concentration of nuclide within
the pipe. The angle € is the angle (in radians) subtended by the pipe segment at
the location in question, as illustrated in Fig.40. For an infinite pipe segment
8 = 7. The index n is for the nuclides (generally only !*0 and !'O) to be added
to give the total exposure rate. The exposure rate from any number of pipe
segments may be added in this manner. More exact methods of dealing with com-
plicated geometries may be found, for example, in the Reactor Shielding Design
Manual [21].

(g) Data for calculating the necessary shielding for 0.511-MeV gamma rays
may be found in Section 3.4. The data given for I-MeV bremsstrahlung should
be used.

(h) To estimate the buildup of 3H, the rate at which water is lost from the
primary system by evaporation and leakage should be estimated and an approximate
effective half-life used, as in Eq.(39).

Warren et al.[10] have reported exposure rates of up to a few hundred
mR-h™! from cooling water circuits from the SLAC accelerator structures.
However, considerably higher levels are found near heat exchangers for high-
power beam dumps operating at a few hundred kW electron beam power, totally
absorbed in water. There, rates up to 30 mC-kg™'-h™ (120 R-h™!) are observed at
contact.
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2.8. Muons

Above an energy of (2 X 105.66 MeV =~ 211 MeV), muon pair (u+, u)
production by photons in the Coulomb field of target nuclei becomes possible.
This is a process analogous to ordinary electron-positron pair production, except
that the cross-sections are smaller by several orders of magnitude (~1/40 000),
owing to the larger muon mass. The dominant process is one in which the target
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FIG.41. Range-energy curves for muons in various materials. (Adapted from Ref.[10], with
kind permission of W.R. Nelson and K.R. Kase, the Stanford Linear Accelerator Center, and
Nuclear Instruments and Methods.)

nucleus remains intact as it recoils from the interaction (coherent production),
although some reactions involving nuclear breakup (a few per cent) also occur.
Muons are also present as decay products of photoproduced 7% and K* mesons,
but these additional sources are relatively small compared with the direct
production of muon pairs, provided that the ni, K* decay path is not too long
[1,2].

Muon production will not present a radiation problem at an installation
which is otherwise adequately shielded, unless the beam energy exceeds about
1 GeV. The muon fluence is very highly peaked in the forward direction, with
typical beam diameters of 10—20 ¢m outside of the thick shielding. In cases
where additional muon shielding is needed, it usually takes the form of iron
blocks, one to several metres in length, positioned only in the forward direction.

Although similar in every respect to electrons, their large mass does not
permit muons to radiate energy as readily by bremsstrahlung. Being leptons, they
also do not interact with nuclei via the hadronic interaction. The only significant
stopping mechanism remaining is energy loss by ionization. Extensive tables of
muon stopping power and ranges in various materials are published by Barkas
and Berger [3] and Berger and Seltzer [4]. Figure 41 shows a plot of muon ranges
in several materials as a function of energy.
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muon energy, E/E,, for electron energies Ey incident on a thick iron target. These data are
normalized to 1 kW beam power, 1 m from the target. (Adapted from Ref.[9], with kind
permission of W.R. Nelson, the Stanford Linear Accelerator Center, and Nuclear Instruments
and Methods.)
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At the higher energies (E, 310 GeV), it is often impractical to attempt to
stop a significant fraction of muons, as their range extends to about 10 m in iron.
The alternative is to reduce absorbed dose rates in the forward direction by
multiple scattering [5—7] in iron blocks and rely on distance, if necessary. A
fraction of the muons stops in the material, but scattering is the dominant
mechanism for reducing fluences, provided that ample distance from the shield
exit is allowed for the beam to diverge. Energy degradation in the material
increases the effectiveness of scattering.

Muon photoproduction in thick targets has been discussed by Clément and
Kessler [8] and by Nelson et al. [9—11]. Transport and shielding through thick
barriers have been discussed by Nelson et al. {10,11], Alsmiller and Barish [12],
and Ladu et al. {13].

Figure 42 shows calculated integral energy spectra of muons produced in a
thick target of iron at various angles and incident electron energies [9].

Figure 43 plots the ,uir fluence at 0° integrated over all muon energies as a
function of primary electron energy, E,, as derived from Fig.42. The fluence rate
per kW beam power is approximately proportional to E,, and we may reasonably
expect this linear trend to continue to higher values of E;. Although the fotal
number of muons produced per kW does not rise very rapidly, those produced
tend to be more tightly collimated.
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To estimate the dose-equivalent rate to tissue due to muons, the integral
muon flux density at 0° for the highest average beam power at the highest
accelerator energy (Fig.43) should be determined. This flux density should then
be corrected by the inverse square law to the closest occupied area at 0°. For
purposes of this estimate, the fluence may be considered to be independent of
target material because the Z2 rise in the production cross-section is approximately
offset by a shortening of the thick-target track length (Section 2.2). The fluence
rate may be converted to dose-equivalent rate in tissue by the relationship

H(rem-h™1)=12X10%y (41)
where g is in #* - cm™2 - 571, based on an average stopping power for muons in
tissue [4] and a quality factor Q = 1. This dose-equivalent rate corresponds to an
unshielded situation. To approximately account for the scattering effect of an

existing or contemplated shield of thickness X, the above unshielded dose-
equivalent rate is corrected by means of the formula

25 ] {X(Eo)—X
25 + X/X, X(Eo)

H (scattered) = [ H (unshielded) (42)

in which the radiation length X, is used (Appendix B). The first factor in Eq.(42)

accounts for multiple Coulomb scattering of muons in the shield, and the second

for the fraction which is stopped. In this factor, X(E,) is the maximum possible

muon range at the primary beam energy E, (Fig.41). Negative values of this

term simply mean that all muons are stopped. The constant 25 is the ratio squared

of the muon mass, 105.66 MeV, to the constant, E; = 21.2 MeV, which appears

in the theory of multiple Coulomb scattering [S—7]. Thus (105.66/21.2)2

= 24.84 =~ 25. This correction is applied to an arrangement in which the shield

begins close to the electron beam dump and the location to be protected is at a

considerably greater distance than the shield thickness. It is quite accurate for

the first decade of attenuation; thereafter it gives an overestimate of the dose

equivalent. A more accurate estimate can be made by numerical integration [10].
A direct measurement of the dose rate in the closest occupied area should

be made before routine operation of the accelerator. It should be remembered

during the radiation protection survey that the muons will form a narrow beam

that may not be evident in a casual area survey.
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Charged-particle secondary beams

At some high-energy research accelerators, secondary beams of mesons and

other particles are used. The radiation protection needs for charged-particle beam
lines vary considerably, but the following points may serve as guidelines:

(a) The extent of the radiation hazard can only be roughly estimated a priori.

An estimate can be based on the following factors:

(i) The total particle current in the beam line should be estimated from
data on target yields and beam-line acceptance, in terms of solid angle
and momentum interval (AS2-Ap). Data on yields can be obtained from
Refs [1—-4]. The beam-line acceptance can be obtained from the beam-
line designer.

(ii) The smallest area that the beam can have in an accessible location should
be ascertained. Some high-energy beams have been focussed to spots
of the order of 1 mm dia.

(iii) Data for conversion to dose-equivalent rates for electrons (Section 2.3)
may be used to conservatively evaluate the hazard for relativistic
particles. For non-relativistic particles, the LET and corresponding
quality factor should be used (Section 2.1).
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(b) The secondary beam should be contained and considered as part of the
containment area, where dose-equivalent rates can rise to unsafe levels.

(c) Fluences should be limited by controlling the primary beam power by
redundant electronic devices rather than by reliance on the attentiveness of the
operator.

(d) It should be assured that the primary beam cannot inadvertently enter
the secondary beam line. This can be done by adequately cooled collimators
which spatially restrict both primary and secondary beams, and by designing
secondary beams to have initial directions different from those of the primary
beam, operating them at different momenta and different polarity, if possible.

(e) The initial magnetic deflection of a secondary beam should be in a
plane different from that of the primary beam steering.

(f) Positive secondary beams are inherently safer than negative beams
because the (negative) primary beam cannot be transported by the secondary
line. Every particle that is transported is the product of a two-step production
process which reduces the maximum possible fluence well below that of the
primary beam. For this reason, secondary positrons should be used in preference
to electrons when feasible.

(g) A procedure should be devised to positively test the containment of
the primary beam by steering it while remotely observing its location on a ZnS
screen, and simultaneously observing ionization-chamber measurements in the
secondary line.

(h) Once the beam is established, the hazard can be better evaluated by
direct measurement of particle currents by scintillation counters or ionization
chamber readings. The beam area can best be determined by sweeping horizontally
and vertically with a smaller detector mounted on a remotely controlled
positioning device. At higher fluences, photographic film or plastic colouration
dose meters may be useful.

(i) In using ordinary survey instruments, it should be borne in mind that
the area of a narrow beam may introduce a geometrical correction factor that can
be very large: easily a factor of 1000. One should also be aware that high fluence
rates and the duty factor together may cause erroneous readings in a narrow beam
because of ion recombination within the chamber (Section 5.2).

() Adequate provision should be made to terminate the beam in shielding
material.

The accessibility of beam lines is often a point of controversy between beam-
line users and persons responsible for radiation safety. In such cases, the following

guidelines for the radiation safety committee are suggested for compromise:

(a) Where there is no essential reason to expose a beam line, the definitions
and controls for radiation areas and high-radiation areas (Sections 6.3, 6.4) should
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be implemented, just as for broad radiation fields, using the best estimates of the
maximum dose-equivalent rate at the location in question.

(b) Where the radiation safety committee agrees that the work of the facility
really demands that the beam line be exposed, the standards for treating an area
as a high-radiation area may be relaxed by as much as a factor of ten, based on the
highest possible dose equivalent within the beam. The implicit assumption is that
the occupancy factor for an eye in an open beam line is less than a tenth of that
of the entire body in the beam proximity. It must be made difficult or inconvenient
(by height or partial barriers) for personnel to be exposed to the beam and
improbable that any individual would have reason to be so exposed. Such an
accommodation should be accompanied by intensified educational efforts and
alerting of experimenters and other personnel to the hazard of the open beam line.
Careful attention should be given to maintenance of radiation signs, ropes and lights.

(¢) Where a gap in an otherwise fully enclosed line is sufficiently small
so that a head cannot be inserted, the standard for a high-radiation area may be
relaxed by a factor of thirty instead of ten.

(d) Primary beams and bremsstrahlung beams produced by primary beams
constitute another category of danger (Sections 2.3, 2.4) and must always be fully
contained and shielded.
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2.10. Production of toxic gases

Toxic gases produced by ionizing radiation are listed in Table XXXIII. Of
these, ozone (O3) is the most toxic and may be produced in such quantities as to
constitute a health hazard within the radiation room. Ozone and nitric acid formed
by the interaction of nitrogen oxides and water vapour may also gradually damage
equipment by corrosion. The highest local concentrations will be in the region
where the highest radiation doses (to air) are imparted. In addition to personnel
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TABLE XXXIII. TOXIC GASES PRODUCED BY RADIATION AT ELECTRON
LINACINSTALLATIONS

. \b

a G (ain) Decomposition
Gas TLV (molecules per 100 eV) time assumed®

(ppm) (min)
Low D High D

Ozone (o 1% 0.1 7.4 10.3 50
Nitric oxide NO 25
Nitrogen dioxide ~ NO, 59 (4.8) (<0.15)
Nitrogen trioxide NOj
Nitrogen tetroxide N;O4 5d
Nitric anhydride N,Os
Nitrous oxide N,0

Threshold limit value. Maximum concentration averaged over any 8-hour work shift,
assuming 40-hour work week.

Values from Willis et al. {11]. High dose rate means instantaneous dose rate (during beam
pulse) greater than about 5 X 108 Gy-s™ (5 X 10*%rad-s™Y) (=3 X 10%* ev-g -s) to air.
Theoretical values are in parentheses.

Decomposition time for ozone may depend strongly on size of room and nature of
materials present.

Value also represents ceiling value: maximum concentration allowed at any time.

safety, the effect of these enhanced concentrations on the irradiated materials
must be considered. This is especially true, for example, for food preservation by
radiation.

Of the gases listed, ozone production will almost always be the limiting
factor, owing to its much lower threshold limit value (0.1 ppm) [1-3], high
radiolytic yield and chemical reactivity.

The production rate p of a chemical species is related to the integral dose to
the air volume irradiated via the radiolytic yiéld, G, the number of molecules
formed per unit of energy deposited. Recent work has found the radiolytic yield
of O; in pure oxygen to be around G = 13 molecules per 100 eV [4—11].

In air, an efficient charge-transfer mechanism (positive charge transfer from N;‘
ions to O,) enhances the O; yield, and G-values are believed to be in the range

7.4—10.3 molecules per 100 eV, depending on the instantaneous dose rate, even
though air is only one-fifth oxygen [11]. Such values imply that more than one
ozone molecule is formed for every ion formed (34 eV per ion pair). This yield
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represents an efficient conversion mechanism for Oj; the yields for the other
toxic gases are smaller. NO is consumed by the more copious O5 to produce NO,,
and therefore NO, is the predominant oxide of nitrogen.

Ozone decomposes spontaneously, reacts chemically with air impurities
and other materials, and is decomposed by the radiation itself. The effective
decomposition time will therefore depend on room size, wall material, tempera-
ture, and impurities in the air and ozone concentration. The decomposition time
has been found to be about 50 min in a typical research installation [12].

The provisions for mitigating the effects of toxic gases are the same as those
for reducing the concentrations of radioactive gases (Section 2.7.1) and include
reduction of the integral dose imparted to the air by limiting the beam pathlength,
and increasing the ventilation. The pattern of accelerator usage and radiation
room occupancy (no personnel present during irradiation times and no ozone
produced during off-times) provides considerable protection in itself and should
be considered in assessing these risks. The smell of ozone can be detected at
0.1 ppm or below, so that any room free of the characteristic odour may be
regarded as safe from this radiolytic gas. On the other hand, if the odour is strong
or frequently detected, an assessment should be made with monitoring equipment.

2.10.1. Concentration buildup and removal

The first step in estimating the concentration of ozone is the determination
of its production rate p for the situation in question (see examples below). In
this discussion we express p in units of litres per minute, which is convenient
when the room volume is also expressed in litres (a large room is of the order of
108 litres), and buildup and decay times are expressed in minutes. Once the
production rate p has been determined, factors to account for buildup and
removal are applied to determine the concentration at any time, just as for radio-
activation. The pattern of accelerator use should be considered here.

The concentration buildup is described by the formula

T _
C(ty) = p;,— [1—exp(—ty/T)] (43)

where C is the concentration (dimensionless), ty, is the ‘on-time’ or buildup time
in minutes, V is the room volume in litres, and T is determined by the removal
processes:

T (vent) - T (decomp)

T= T (vent) + T (decomp) 49

where T (vent) is the room volume divided by the air volume exhausted per
unit time. For ozone, we take the decomposition time T (decomp) to be 50 min.
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In the usual situation, the ventilation time T (vent) is sufficiently less than the
decomposition time so that it essentially controls ozone removal, and T = T (vent)
can often be used without serious error.

Equation (43) shows that the concentration buildup for running times short
compared with the effective removal time T is proportional to the buildup time:

pt —
Cty) = —Vb— (short running times; t, <T) (45)

The saturation concentration Cg derived from Eq.(43) for long buildup times is
evidently

T _
Cs = pv (saturation; t, > T) (46)

In the case of no ventilation, the saturation concentration of ozone is proportional
to the effective decomposition time:

_ p (50 min)

C v

(ozone, no ventilation) 47

Following turnoff, the concentration will diminish exponentially with decay time t4:

Ctg) = C ot eXP(—tg/T) (48)

The ventilation time T (vent) during periods of ‘accelerator off” is frequently
different from that during ‘on’ periods, and the appropriate value of T (vent)
should be used in Eq.(44). For example, if there is no ventilation at all during
‘on’ periods, T (vent) = oo, and Eq.(44) gives T = T (decomp) = 50 min. The
buildup expressed by Eq.(43) will approach the highest possible saturation
concentration, as given by Eq.(47). If the ventilation is then switched on,
preparatory to personnel entry, T will be considerably reduced and the concen-
tration expressed by Eq.(48) will decrease rapidly in comparison with the buildup.

2.10.2. Production rates

Production rates for toxic gases and their radiological safety implications
are discussed in Refs [13—18]. We consider here the production rate of ozone
for four cases frequently encountered at electron linear accelerators.

(a) External electron beam without showering

The rate of ozone production by an external electron beam is based on an
assumed average collision mass stopping power of 2 MeV.cm? - g™}, and a
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G value of 10.3 molecules per 100 eV, corresponding to high instantaneous dose
rates to air within a narrow beam path. These assumptions lead directly to

p=350IL (49)

where p is in Itr-min™!, I is the average electron current in amperes and L is the
pathlength in air (in metres). This situation applies whenever the electron beam
does not cause showering in any thick materials before entering the air. This is
the case if the beam window is thin (X < X,) or if the energy E, is less than about
twice the critical energy E, for the material(s) through which the beam passes.
The critical energy is approximately given by Eq.(2) (Section 2.2) (see also
Appendix B). Currents accelerated at almost all electron linacs are capable of
producing ozone concentrations above the threshold limit value in an average
room if an extracted beam is used and the air path is sufficiently long.

(b) External electron beam with showering

Whenever a high-energy electron beam (E, greater than about twice E.)
passes through a solid material (such as a beam window, pipe or flange) before
entering the air path, buildup of particle fluence can enhance the ozone production
considerably, easily by an order of magnitude or more in some cases. The extreme
situation is where the thickness of solid material corresponds to the shower

maximum. In this case the enhancement factor is approximately proportional to
Eo/E¢ [19].

Maximum
enhancement _ 0.31 (Eo/Ec)
of electron [In(Eo/E,) — 0‘37],/2

fluence

(Approx. B)?! (50)

The shower maximum occurs at a thickness X .. which increases as the logarithm
of the energy. It can be estimated in terms of the radiation length X, (Section 2.2
and Appendix B) by:

X nax/Xo = 1.01 [In(Eo/E,) — 1] (Approx. B) (51)

2! The use of Approximation B appears to be a conservatice choice; for example, the
experiment of Jakeways and Calder [20] gives (E/12.7 Ec)°'9 as the maximum enhancement
factor for lead (for E¢/E, = 50—400). The experiment of Miiller [21] gives (Eo/8.33 E,)%%*
for lead (Eq/E, = 200—1500). These formulae, generalized to other materials, give enhance-
ment factors lower than Approximation B by about 50% and 25%, respectively, in the range
for which they have been determined. (For comparison, Approximation B gives approximately
(Eo/6.6 E;) at Eo/E.=100.) All of these formulae yield values less than one for small values
of Eo/E;. In such cases the enhancement factor should be taken as one (instead of
‘no enhancement’).
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It should be assumed that the maximum enhancement will occur, unless there
is positive assurance that this condition cannot be achieved.

The production rate given by Eq.(49) should be multiplied by the enhance-
ment factor.

(c) Bremsstrahlung or diffuse electron beams specified in units of exposure
rate or dose rate

At radiotherapeutic and radiographic installations, a bremsstrahlung or

diffuse electron beam is usually specified in terms of exposure rate or absorbed
dose rate in (C-kg™')(m?-s71)™! (R-m?-min™!) or (Gy-m?-s™!) (rad-m?-min™!),
in a field area S determined at 1 m from the target. Here we make the simplifying
assumption that the absorption dose to the irradiated air at the same distance
is equal to the dose to tissue in the case of a therapeutic installation.
If the exposure X is specified instead, we can assume that the dose to air (in rad)
is equal to the exposure (in R). If the exposure is given inC-kg™!, we obtain the
air dose (in Gy) from D = 33.7 X. This leads directly to the production rate for
ozone:

p (Itr-s71)=2 X 10™° D (Gy-m?-s7!) SL

. 2
p(ltr-min~')=2 X 1077 D (rad - m2-min~*) SL (52)

assuming G = 7.4 molecules per 100 eV, appropriate for ‘low’ dose rates typically
found in situations where the accelerator output is specified in this manner. The
field size S is in m? and the air pathlength L in metres. The accelerator para-
meters shown in Tables III and IV (Section 1.3) indicate that the ozone production
rate is generally not critical for standard medical and radiographic installations
under normal operating conditions.

(d) Uncollimated bremsstrahlung beam from an optimum high-Z target, where
the incident electron beam power is specified in kW

For this case, we make use of the approximation for the absorbed dose rate
from bremsstrahlung at 0° from optimum targets (Eq.(16), Section 2.4.1):

D ((Gy-s™") (kW-m™2)"1) ~ 0.0055 E2
or D((rad -min")(kW-m™2)"!) =~ 33 E}

where D is the bremsstrahlung dose rate and Eq is in MeV. We further assume
that all of the bremsstrahlung dose to air is imparted within a solid angle of
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100 E5? steradians.?? These approximations, together with a G value of
7.4 molecules per 100 eV, directly yield

p(tr-s7')=1.2 X 1075 LP

p(ltr - min~!)=7 X 10™* LP (53)

where L is in metres, and the electron energy E, cancels and we have a production
rate proportional to the incident electron beam power P in kW, independent of
energy.

The approximations used are valid (to within a factor of two) for Eq ¥ 50 MeV.
In this energy range, the lower G value of 7.4 molecules per 100 eV would normally
hold. At higher energies, the effect of showering in the target material complicates
the situation and case (b) would apply instead. The parameters of typical research
accelerators are such that ozone production by bremsstrahlung may be a problem
if there is a need for frequent access without adequate ventilation.
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X-rays generated by microwave systems
1. Oscillators and amplifiers

Klystrons in accelerator service operate under pulsed conditions with peak

beam voltages in the range 200—300 kV and peak currents of 100300 A, and
are therefore efficient generators of low-energy X-rays. The X-ray output may
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FIG.44. X-ray exposure rate at 1 m, per kW of average beam power from a klystron collector,
for various thicknesses of lead shielding (in inches), as a function of supply voltage. (Adapted
from Ref.[2], with kind permission of R.B. Nelson and Varian Associates.)

be higher with the RF drive on than with the unit in a quiescent state, and this
should be checked. A conservative upper limit to the unshielded output can

be calculated from the known operating voltage, current and pulse rate, by using
published data for diagnostic X-ray machines [1]. In so doing, one should refer
to kVp tables corresponding to twice the klystron supply voltage and use half
the average current.

A calculation of X-ray exposure rates through various thicknesses of lead
shielding, as a function of voltage, has been made by Nelson [2], assuming a
current-voltage phase relationship within the operating klystron that would produce
the most radiation (see Fig.44).

Experience has shown that a typical thickness of 2—S5 c¢m of lead in areas
not shielded by the iron magnet is satisfactory for high-power klystrons (20—40 MW
peak power). Because of the irregular geometry of the klystron, particularly in
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the region of the RF output waveguide and the collector cooling connections,
special care must be taken to avoid radiation leakage due to inadequate overlap

or fitting of the shielding material. Normally the shielding provided by the vendor
is adequate. However, an evaluation of the shielding should be a phase of the
acceptance procedure and should be repeated regularly. A thin-window ionization-
chamber survey meter should be used. It is recommended that a wrap-around

film technique be adopted as a radiation survey procedure to detect and localize
emissions from small shielding gaps.

It has been observed that, as klystrons approach the end of their useful life,
the X-ray output sometimes increases sharply. This is due to a distortion of the
electron beam path and a consequent change in the effective X-ray source.

Where klystrons are operated only within the containment area (Section 6.4)
and are subject to the same interlock protection and other safety provisions as
the accelerator itself, the klystron shielding requirements may be relaxed. How-
ever, at a clinical facility, possible radiation doses from klystrons to patients
undergoing therapy should be assessed and abated, if necessary.

Magnetrons contain cyclical currents operating at much lower voltage (up to
50 kV d.c.) and usually do not produce X-rays of sufficient intensity to be harm-
ful. However, every microwave generator should be checked in this regard.

All microwave generators, including magnetrons, can emit RF radiation of
harmful intensity and precautions should be taken in electrical shielding
(Section 6.6).

2.11.2. Microwave cavities

Any vacuum cavity containing high-power microwave fields, such as an RF
separator or accelerating cavity, can produce X-ray emissions which may be
intense. This radiation is unpredictable and may be erratic, depending on micro-
scopic surface conditions which change with time. The X-ray output is a rapidly
increasing function of RF power.?® All such devices operated outside of the
containment area should be carefully shielded and controlled in the same manner
as other radiation sources.

An upper limit to the effective X-ray energy can be estimated by obtaining
from the designer an indication of the maximum potential difference between
surfaces within the cavity. This knowiedge is helpful in predicting the efficacy of
shielding, after radiation has been measured.

In the case of an RF particle separator, the metal walls provide some degree
of shielding, but it is advisable to sheath them entirely with about 2 mm of lead
and to provide 5-mm-wall iron ‘beam pipes’ extending for about one metre along

B For example, measurements made on a SPEAR cavity at SLAC indicated an X-ray
output dependence on RF power proportional to P (Ref.[3].

158



the axis in both directions and then abutting against regular beam pipes of larger
diameter. These protection items should be ‘permanently’ installed and a
prominent label affixed warning against their removal.
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3. RADIATION SHIELDING

3.1. Types of areas and shielding criteria

Because radiation protection standards may vary in different localities and
are being revised from time to time, the actual legal requirements for the place
in which the facility is to be established should be determined at an early planning
stage. A qualified expert and governmental authorities should be consulted.
Additional guidance may be found in Refs [1-6], for example.

The controlled area should be a work area where the only regular activity is
related to accelerator operation, so that it is occupied for a major portion of each
work week only by persons administratively regarded as radiation workers.
Occupancy by other persons is only occasional (say, less than 10% of their
working time) and only under supervision of the accelerator staff. In clinical
situations, those rooms of the radiology department directly connecting to
entrances to the treatment rooms are customarily defined as the controlled area,
but areas more removed from radiation-producing equipment are not.

For the planning of radiation shielding, it is convenient to express the
criteria in terms of a maximum average dose-equivalent rate HM in units of
rem- week™!. Table XXXIV summarizes shielding criteria in these terms for
controlled areas and non-controlled areas, suggested for use unless differing
legal requirements are applicable.

In assessing shielding requirements, it is appropriate to take into account
the accelerator operating schedule or workload, W, together with other factors
that would affect the average weekly dose equivalent to individuals in occupiable
areas. These factors include the beam orientation (use) factor U and the area
occupancy factor T.2*

3.1.1. Accelerator scheduling and workload factor W

For radiation therapy, it is customary to express the equipment workload
W in Gy (rad) per week produced at 1 metre from the therapy unit target
(Gy(rad)-m?-week™!). Because the routine for radiation therapy procedures

# The method of using the factors W, U and T in shielding design is adapted from a
system for shielding medical accelerators given in NCRP Reports Nos 34 and 49 [3,4]. The
recommendations given here are broadly consistent with these reports, but also reflect other
sources, and differ in details. The use of values of U and T less than one in shielding design
is generally considered to be a valid radiation protection concept and, if the choice of values
is realistic, serves to avoid unnecessary shielding overdesign. However, in some jurisdictions
the use of values of Uor T (or both) less than one may not be allowed for some types of
installations,
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TABLE XXXIV. RADIATION-PROTECTION CRITERIA BY TYPE OF AREA

Category of(b) Occupancy Dose-Equivalent Rate HM (e)
Type of Area(a) Persons Factor {Maximim Average)
T (rem-week-l)
Controlled Area Radiation Workers 1 0.100
<1
Non-Controlled Area General Public =" 0.010
depending on
use of area
Contaimment Area No person (except 0 No limit
patient if under
treatment)

(a) Terminology and definitions may vary. For example, definitions adopted by the European
Community (Ref, [1]), expressed in these terms a:e: Controlled Area: 0,030 < 1-54 < 0,100 rem-week-l,
Supervised Area: 0,010 < HM < 0.030 rem-week ~. These standards also provide for two
categories of Radiation Workers. DIN-6847 (Ref,([6]) specifies in addition a limit of 0.010 rem.
week-1 for persons other than adults in the Supervised Area, and a limit of H.M = 0,003 r:em-week'1

for areas "where there 1s no possibility of monitoring.” Also see NCRP-49 and NCRP-51 (Refs [4, s]).
(b) Administrative category of persons normally occupying the type of area.

(e) Considering accelerator scheduling (workload W), beam orientation (use) factor U and area

occupancy factor T.

TABLE XXXV. SUGGESTED SCHEDULING AND WORKLOAD
PARAMETERS W2

Weekly operating schedule

b
Type of installation (hours of operation zorkload
per 40-hour week)
Radiation therapy (Governed by treatment (1000 Gy- m? -week‘l)
routine; use workload W) (100 000 rad - m? -week ™)
Industrial radiography 10 hours/week Multiply accelerator rating

(Gy-m?-min™") or (rad -m? -min™!)
by 600 min- week *

Other industrial accelerators 40 hours/week Multiply accelerator
Research accelerators DE rate at 1 metre®
(rem'm>h)
by 40 hours.week ™!

For use where specific scheduling information is not available.

Dose-equivalent rate at 1 m from electron target. Units of rem-m? week™! are suggested
for shielding calculations. One may assume 0.01 Gy (1 rad) photon dose or 258 uC-kg™*
(1 R) exposure to be equivalent to 1 rem.

Estimate dose equivalent of secondary radiations using material of Section 2.
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is well established, a workload W= 1000 Gy -m?* week ™! (100 000 rad - m?- week ™*)
is known to be representative of a busy facility and is suggested unless specific
scheduling information or equipment specifications indicate a different choice
(see Table XXXV). (Such a value corresponds, for example, to 250 treatments
per week at 4 Gy (400 rad) per treatment.)

As the output of industrial radiographic units is much more variable, a
standard workload figure is not given. Instead, it is suggested that the radiation
protection be planned assuming that the unit is operated for 10 hours per
40-hour work week. A workload W for each installation can then be derived from
the output specified for the unit to be installed. (Workloads based on 10 hours
per week lie in a broad range: 102to 5 X 10* Gy -m?-week™ (10* to
5 X 10%rad-m?-week™).

A schedule of 40 hours of operation per 40-hour work week is suggested
for radiation protection planning for accelerators used for other industrial
purposes, such as radiation processing, or in research.

Even if the facility is operated for more than 40 hours per week, these
scheduling data may still be applicable, because the dose to individuals is the
underlying consideration, and each worker is likely to be present only 40 hours
per week.

In estimating the workload, one may assume 0.01 Gy (1 rad) of absorbed
dose imparted by photons or electrons, or 258 uC-kg™! (1 rdntgen) of exposure
to be equivalent to 1 rem.

3.1.2. Primary and secondary barriers and the orientation (use) factor U

A barrier towards which the useful beam can be directed is called a primary
barrier; all others are secondary barriers. The orientation factor (use factor) U
is used to account for the average fraction of the accelerator ‘on-time’ for which
the radiation is directed towards a given barrier. For facilities where there is no
provision for changing the beam direction, there is a single primary barrier; the
orientation factor associated with it is U = 1. Since secondary barriers always
protect against stray radiation, regardless of beam direction, they are also
ascribed an orientation factor U= 1. Where the useful beam orientation is
changeable, orientation factors less than 1 may be used for those primary
barriers that are less frequently used (see Table XXXVI for suggested orientation
factors for radiotherapeutic facilities). Specific factors for therapeutic facilities
are also given in NCRP Rep. No. 49 [4] and DIN-6847 [6] (see also Ref. [7]).

For radiographic installations, the nature of the work is so variable that
specific orientation factors for the primary barriers are not suggested here. (For
secondary barriers U = 1, however.) Certain walls are designated as ‘target walls’,
and unless the cost is prohibitive, it is suggested that the entire area of the target
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TABLE XXXVI. SUGGESTED ORIENTATION (USE) FACTORS FOR
THERAPEUTIC FACILITIES

Type of Barrier Type of Radiation U(a)

Primary Barrier(b)
Floor Useful beam 1
Walls toward which useful beam Useful beam 1/4

can be directed

Ceiling Useful beam 1/4
Areas towards which useful beam Useful beam 1/10
is directed only in moving-beam
therapy

Secondary Barrier
Leakage radiation 1

Scattered radiation 1

(a) Note that NCRP-49 (Ref.[4]) recommends: Floor: U = 1, Walls: U = 1/4,
DIN-6847 (Ref.[6]) recommends: Floor and one wall: U = 1, directions
seldom used (< 10%) or used only for moving beam therapy:U = 0.1,

A study of actual treatment practices by Cobb and BjHrngard gives:
Floor: 0.48, Walls (approximately horizontal irradiation): 0,06,
Ceiling: 0.29, and all other directions combined: 0.10 (Ref.[7]).

(b) The portion of a floor, wall or ceiling which the useful beam can
irradiate with the largest possible radiation field plus a margin of
30 cm (or 100, whichever is larger) is to be shielded as a Primary

Barrier. All other barriers may be considered as Secondary.

walls be ascribed U = 1. Where it is known that an area of a target wall will be
infrequently used, it is reasonable to use an orientation factor less than 1 for that
area.

Some judgement is always involved in the choice of U for a given facility.
Note that the sum of U for all directions in Table XXXVI is greater than 1. This
reflects an uncertainty which attends any prediction of clinical procedure usage.
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TABLE XXXVII. SUGGESTED OCCUPANCY FACTORS T®

Type of Area Occupancy Factor T

Full Occupancy 1
Controlled Area
Offices and Laboratories
Work areas
Living quarters

Nearby buildings

Partial Occupancy 1/4 (®)

(b)

Occasional Occupancy 1/16

(a) NCRP-49 (Ref.{4]) recommends occupancy factors ranging from T = 1 for
full occupancy, T = 1/4 for partial occupancy and T = 1/16 for occasional
occupancy, and gives several examples of each category. DIN-6847 (Ref.[6])
recommends T = 1 for workplaces and areas of continuous occupancy
outside of the Controlled Area, T = 1/3 for public traffic areas
and T = 1/10 for areas outside of the controlled area, where it can
be ensured that the occupancy is limited. DIN-6847 furthermore
recommends that the product UT not be made less than 1/10, unless
either U or T is zero.

(b) Note that the use of occupancy factors less than 1 for shielding

design may not be allowed in some jurisdictions.

Different values of U may be chosen if the type of equipment and probable
mode of use would so indicate.

3.1.3. Occupancy factor T
The area occupancy factor T (Table XXXVII) is meant to take into account
the average time per 40-hour work week spent by any individual in the occupiable

areas to be shielded. The value T = 1 is used for the entire controlled area,
including adjacent radiation rooms if designed to be occupied while the accelerator
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in question is operating. Frequently occupied areas outside of the controlled area,
such as offices, laboratories, shops, living quarters and nearby buildings, are also
ascribed T = 1. Areas expected to be occasionally used by individuals, such as
corridors, waiting rooms and elevators, may be ascribed T = 1/4. For areas
outside of the controlled area but within the institution’s grounds, where it can

be ensured that no individual does remain more than a small fraction of the time,
an occupancy factor T = 1/16 is suggested. Public areas where it is clearly
unreasonable to expect that any individual would consistently linger more than,
say, two hours per week (such as streets, sidewalks, parking lots or lawns) may
also be ascribed T = 1/16.

It is recommended that values of the product (U*T) smaller than 1/16 should not
be used in radiation protection planning, because the occupancy of a given area
and the relevant beam orientation may be correlated in some unforeseen way
and may lead to undesirably high individual exposures. Judgement is always
involved in the choice of these operational parameters. A discussion with the
facility management and an inspection of the facility can be very valuable. A
scale drawing showing the intended use of surrounding space is essential. Some
specialists in radiation protection require values of W, U and T to be specified in
writing by the facility management if less conservative values are to be used.

3.2. Shielding materials

It is clear that any material can serve for radiation shielding if the thickness
is sufficient to reduce the average dose-equivalent rate to an acceptable level in
occupied areas. The main considerations in the choice of materials are cost and
availability of space. Of the common shielding materials given in Table XXXVIII,
ordinary concrete is usually the most suitable and economical one and should be
used where possible. It can be cast in arbitrary shapes, and it has excellent
structural properties. It is almost always most economical to order a type of '
concrete that the contractor customarily installs and to adjust the design thick-
ness to correspond to that density.

In radiotherapy installations, typical concrete barriers may range from
60 cm (secondary barriers) to 2 m (primary barriers) of ordinary concrete (see
Section 4.1). Accelerators of higher energy and power may require considerably
greater thicknesses, but this is also very dependent on the distances from the
radiation source(s) to the occupiable areas and therefore on the size of the
radiation rooms.

Where space is at a premium, barite (barytes, or naturally occurring BaSO,),
or iron-bearing aggregates, such as ilmenite or magnetite, are sometimes used in
concrete because of their higher densities (Table XXXVIII). Concrete can also
be loaded with iron (in the form of shot, punchings, sheared bars, etc.). Densities
as high as 6 g-cm™2 can be achieved by a combination of shot and punchings, but
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TABLE XXXVIII. COMMONLY USED SHIELDING MATERIALS

Range of Nominal
Material Density Density
-3 -
(g-em 7) (g-cm 3)
Earth 1.5 - 1.9 1.7
Sand 1.6 - 1.9 1.6
Concretes:
ordinary (silicacious) 2.2 - 2.4 2.35

barite (barytes, nat. BaSOa) 3.0 - 3.8 -
limonite (Goethite, hyd.Fe203) 2.6 - 3.7 .-
ilmenite (nat. FeTiOa) 2.9 - 3.9 -

magnetite (nat. Fe 2,9 - 4.0 ---

394
iron (shot, punchings, etc.) 4.0 - 6.0 -

Brick (soft) 1.4 - 1.9 1.65
Brick (hard) 1.8 - 2.3 2.05
Granite 2,6 - 2.7 2.65
Limestone 2,1 - 2.8 2.46
Marble 2,6 - 2.86 2.7
Water 1.00 1.0
Wood 0.5 - 0.9 0.7
Lead glass 3.3 - 6.2 3.3
Aluminum 2,70 ‘ 2,70
Copper 8.96 8.96
Steel 7.8 7.8
Lead 11.35 11.35
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at considerable cost. The costs of materials for special concretes are at least
several times those of ordinary concrete, for a shield of the same effectiveness,
and increase rapidly with the density required. The extra cost must be balanced
against the saving in space achieved. Where high-density concrete is needed, a
careful investigation of availability and price of heavy aggregates in the locality

is definitely worth while. The densities of heavy concrete given in Table XXXVIII
are meant to be indicative only, as they depend on the mix, the grade(s) of
aggregate and on placement techniques (e.g. puddled, prepacked or conventional
pouring, and whether tamping, rodding or mechanical vibration is used); typical
densities are not given. If an unusual concrete is to be used, density specifications
should be included in the construction contract. Reference [8] contains valuable
discussions of concrete types used for radiation shielding and a great deal of data
on all types of shielding materials.

Earth is frequently used to cover the accelerator vault and target rooms of
large research accelerators (see Section 4.3), but it can also be used to advantage
at any type of facility, regardless of size. Facilities located below ground level
generally have the benefit of more than adequate shielding on the sides by this
inexpensive natural material.

Other construction materials, especially brick or stone, provide a significant
degree of radiation attenuation and may be used for new shielding, or regarded
as a portion of the shield if already standing in proper relationship to the
radiation room. Outside walls of brick or stone are sometimes used to advantage
in this manner. '

When concrete blocks or bricks are used, the density should be obtained
directly from a sample of the material. Hollow or irregular blocks should be used
with caution; the effect of inhomogeneities may be difficult to take into account
properly.

Where earth, sand, brick, stone or heavy concrete are used, an equivalent
thickness X of ordinary concrete (2.35 g-cm™3) can be calculated from the ratio
of densities:

material
X(concrete) = p(material) X (material) ' (54)
p(concrete)

In situations where space is very restricted, denser materials such as steel or
lead?S may be required. This is frequently true where new equipment is to be
installed in an existing room; steel plates can often be used to augment the
already standing barriers without other expensive modifications. Lead can also

%5 Note that lead is easily melted and that a narrow electron beam can ‘drill’ a clean
hole through thick pieces at beam powers as low as about 1 kW! However, there is no such
problem in the use of lead for ordinary room shielding as discussed here.
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be used in this manner, for a thinner shield, but the total cost is greater. Lead
sheets are usually used to line doors because a relatively small thickness is
effective in attenuating scattered photons.

Lead and steel find frequent application in local shielding near targets and
collimators where the area required is not large. Tungsten is also used for
this purpose because of its much higher density, although it has a greater
activation potential than either lead or steel. Where lead is used for shielding,
consideration should be given to its support, as it tends to creep.

Where ductings or recesses are put into an otherwise integral shielding
barrier, a layer of lead or steel should be installed over the area of the opening
to compensate for the material removed.

For shielding against neutrons, any material can be used, but hydrogenous
materials are most effective (per areal density) because elastic scattering by
hydrogen is the most efficient slowing-down mechanism for intermediate-energy
neutrons. If the main material is not hydrogenous, at least the portion of the
shield away from the radiation source should be of hydrogenous material. About
30 cm of water, or the equivalent amount in hydrogen content of other material,
is the right amount to render the non-hydrogenous material most effective.

Because of its water content, ordinary concrete makes an effective neutron
shield and is generally the most economical choice. Materials such as wood,
paraffins, plastics or water are also effective because of their hydrogen content,
but consideration should also be given to the fire hazard represented by some
materials, especially organic liquids. Special materials such as boron or cadmium
are sometimes used to attenuate thermal neutrons. Boron can be used in the
form of borated concrete, boron-loaded plastic, boral? or borax (Na,B,0,). A
thin sheet of cadmium is sometimes used to line the door to the radiation room.

3.3. Physical considerations

Whereas the primary electron beam is actually stopped in a modest amount
of material (Section 2.3), photons and neutrons are ‘attenuated’ instead; each
thickness of material reduces the photon or neutron fluence by a fractional
amount. The shielding is ‘adequate’ for these radiations if the fluences are
reduced by such a large factor that the dose-equivalent rates in accessible areas
are acceptably low.

If adequate room shielding is provided for the maximum possible thick-
target bremsstrahlung and scattered photons, shielding for the electron beam
and scattered electrons is adequate by a very large margin and need not be
considered further.

26 A sintered dispersion of boron carbide (35% by weight of B4C) in aluminium, clad
with aluminium sheet.
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The attenuation factor B of a barrier of thickness X may be expressed in
the following equivalent ways:

B(X) = 10-X/TVL = 2-X/HVL = ey p (- X/0) (55)

This equation expresses the assumption that each additional equal increment

in barrier thickness corresponds to a reduction of the radiation by an additional
constant multiplicative factor. When expressed in this manner and plotted on a
semi-log graph as a function of X, B(X) will appear as a straight line. There are
actually deviations from this ideal behaviour for real conditions, especially for
small X (i.e. in the shielding layers closest to the radiation source), but for most
cases, Eq. (55) provides a description that is accurate enough. This equation
defines the frequently used shielding parameters TVL, HVL and the attenuation
length A. The tenth-value layer TVL is the thickness which attenuates the
radiation in question by one tenth; the half-value layer HVL is the thickness
which attenuates radiation by one half, and the attenuation length is the thickness
which attenuates radiation by a factor of 1/e. The relationships between these
parameters are shown in Table XXXIX.

For rapid estimates of shielding needs, the TVLs are convenient and are
generally used in this manual. (For rapid estimates, the HVL is about 1/3 of the
TVL for a given material.) The TVL and HVL values given in this manual are
usually in units of g-cm™2 (thickness multiplied by material density) because no
particular value of material density is implied, and interpolations to materials of
similar atomic number are easily made.

The intensity of unshielded radiation fields decreases approximately inversely
as the distance from the source squared (inverse-square law). Exceptions to this
general behaviour occur only if the radiation source is spatially extended (by at
least a significant fraction of the distance to the occupied area). This situation
is not ordinarily found in the types of installations discussed in this manual. If
no shielding is provided, the average dose-equivalent rate at a distance d in the
direction of the useful beam is given by H = W/d2. When the orientation and
occupancy factors (U and T) are included, we have:

H=WUT/d? (56)

The rapid fall-off in radiation-field intensity with distance, as represented
by the inverse-square law, is such that, where space is available, it may occasionally
be more economical to use a larger room, with a corresponding saving in wall
thickness. In some cases, the distance to occupied areas can be increased by a
fence or a lighter wall at some distance from a radiation barrier that would
otherwise be inadequate. (See, for example, typical installations for industrial
radiography, Section 4.2.)
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TABLE XXXIX. MEANING AND RELATIONSHIPS OF SHIELDING PARAMETERS

Symbol Description Use (2) Relationships (P)

TVL Tenth-Value Layer:
-X/TVL
Thickness which will attenuate 10

HVL / 0.30103 = 2.3026 A

3

dose~equivalent by 1/10.

HVL Half-Value Layer:

Thickness which will attenuate Z-X/HVL

0.69315 A

HVL

0,30103 TVL
dose-equivalent by 1/2.

A Attenuation length:
Thickness which will attenuate
dose-equivalent by 1/e.

e-X/)\ A

TVL / 2.,3026 = HVL / 0.69315

(a) Expression for calculating approximate attenuation of shielding thickness X. X may be in units
of g-cm_z, cm or equivalent units. Shielding parameter used must be in same units as X.

(b) Conversion factors are based on: 103102 = 0,30103, 1n2 = 0.69315, 1n10 = 2,3026.
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FIG.45. Conceptual plan of a radiation room for one accelerator orientation, showing the
relationships of primary (U< 1) and secondary (U = 1) barriers to radiation sources (not to
scale). Each barrier is ascribed an orientation (use) factor U, and each occupied area an
occupancy factor T. The distances d are measured from the electron target to the nearest
point of each occupied area. The distances d; are measured from the electron target to each
scattering surface, and dg from each such surface to the nearest point of each occupied area.
Each source of scattered photons is characterized by its area A (in a plane perpendicular to
the beam direction) and differential dose albedo o, depending on the material, its orientation,
the scattering angle and primary energy Eg.

In calculating the shielding, it is important to utilize scale drawings which
show the radiation area in relation to other areas and indicate the type of activity
in each. Radiation protection needs should be calculated for the nearest point
of the area to be protected. (Figure 45 illustrates the determination of the
distances d for one accelerator orientation.) However, in determining the
distance it is reasonable to assume that individuals will be 30 cm or more from
any shielding wall and to augment the value of d used for calculation by such
an amount. Similarly it is reasonable to augment d by 50 cm when measuring
from the radiation source upwards to the floor of an occupiable area above, and
to measure d downwards from the radiation source to the point 2 m above the
floor of the room beneath. Margins such as these provide useful flexibility,
particularly when radiation protection needs for more powerful equipment to
be installed in an existing radiation room are assessed.

171



For scattered radiation, two distances are involved. First, the distance d;
from the target to the surface irradiated by the direct bremsstrahlung beam,
and second, the distance dg from that surface to the area to be protected. In
Fig. 45,a value of d; is indicated for the distance from the target to the patient
or irradiated object and a second value d; to the nearest wall in the direction of
the direct beam. Values of dg from baoth of these surfaces to the occupied areas
are also indicated.

A ‘beam stopper’ is sometimes provided with a therapy unit (Figs 57, 60,
Section 4) in order to reduce the required thickness of the primary barriers.
These are shields mounted directly on the therapy unit that attenuate the
forward radiation, usually by a factor of 0.001. In such cases the radiation
scattered by the patient at a forward angle of 90° which just misses the beam
stopper and strikes the primary barrier may be significant. Data on scattered
radiation at 6 MV published by Karzmark and Capone are useful in assessing
situations of this type (Ref. [13] and p. 99—100 of Ref. [4]).

For rotational therapy units, the source location and therefore the distances
for each barrier are unique for each accelerator orientation. (For example, for
units with 100 cm SAD, the source is moved 200 cm by a rotation of 180°, and
different values of d, d; and d¢ will generally apply for each barrier for the two
orientations. Values of each can be easily read from a simple diagram. See
Figs 58, 60, Section 4.) Where accelerator positioning is widely variable, as
with crane-mounted radiographic units, the determination of an effective value
of d may be unclear for some barriers and a standard way to define an average
distance is not practical. One method that might be useful in some cases would
be to divide the area of movement into several imaginary ‘stations’, and to
determine an average value of (d™2), or inverse distance squared, weighted by the
estimated fraction of the time each station will be in use. To be on the safe side,
the station with the smallest distance to a given barrier can be given extra weight.

The entire area that may be struck by the useful beam at the largest field
size should be designed as a primary barrier. An adequate margin about this
area should also be provided (a margin of 30 cm or 10°, whichever is larger, is
suggested for radiotherapeutic or radiographic facilities).

It is recommended that radiation attenuation by movable objects placed in
the beam should not be considered in shielding evaluation for primary barriers.
On the other hand, for scattered radiation, it should be assumed that a phantom
or other object of a type likely to produce the maximum scattered radiation is
positioned at the usual distance from the target, using a typical field size.

If a facility is installed in a basement or on the ground floor with no
occupancy below, no special shielding is needed beneath the facility.

If no occupancy is planned in nearby spaces on higher levels, the thickness
of shielding barriers which shadow areas above about 2.5 m may be reduced (by,
say, one TVL). Shielding may even be omitted above this height, if means are
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provided to prevent persons from climbing into regions of high radiation above

the height shadowed by the barriers; a lower ceiling over the occupied area in
question, a high fence at some distance from the shielding wall, or control of

roof access by locks or interlocks would be needed in such a case. However, a
heavy ceiling must be provided if the space above the facility is accessible. In
deciding on barrier height and roof thickness, the possibility of excessive radiation
doses to persons in upper stories of nearby existing and future buildings extending
above the shadow of radiation barriers should be considered. Both direct

radiation and radiation scattered by the air (skyshine) may contribute significantly
to the radiation field beyond the facility walls as well as to areas within the facility.

The methods outlined in this section assume only one radiation source for
each occupiable area. In case there is more than one radiation source, adequate
protection can be obtained by augmenting the shielding for each source (by one
HVL, in the case of two sources of approximately equal penetrating power) or
by reducing the radiation of all but one of the sources by shielding to levels
negligible in comparison with the one remaining.

As a first step, it is recommended that shielding barriers be calculated using
the most accurate information available (rather than the most conservative). For
the final design, it is good practice to then augment the preliminary design by a
safety factor of two, in the form of an additional HVL of shielding material on
all sides. This is to allow for small variations in material density and for unantici-
pated changes in operation that may later make narrowly designed shielding
inadequate. The additional expense involved in providing a safety factor of two
for new construction is relatively small compared with other installation costs,
and much less than later modifications or forced reductions in operation would
be. A safety factor of two should be routinely provided where neutrons are
expected to be the dominant radiation in occupied areas.

An additional safety factor may be applied to the result of these calculations
to reflect the radiation protection philosophy of the facility’s management. Where
cost is not too high, additional shielding may provide a feeling of security to both
management and personnel, justifying the extra expense.

Repeated calculations are generally required to arrive at a final design. One
usually begins with requirements for interior room dimensions in addition to the
physical data discussed above. At this stage, trial values of d and d (including
a first guess for the barrier thickness) are chosen. The result of this calculation
will provide a better estimate of d and dg to be used in a repeated calculation.
Two such trials are usually enough. If the resulting dimensions are unacceptable
because of space limitations, the procedure should be repeated with a denser
material or a combination of materials. Consultation with the architect or
contractor may show that a different approach is needed. The final drawings
should be reviewed for specified materials, thicknesses and intended routing of
ductings and conduits. If required, these plans should also be submitted for
review by governmental authorities before construction begins.
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FIG.46. Values of dose-equivalent tenth-value layers (TVLs) in ordinary concrete, iron (steel)
and lead, for thick-target bremsstrahlung under broad beam conditions at 0°, as a function of
the energy Eq of electrons incident on a high-Z target. The solid curves show the ‘equilibrium’
tenth-value layer, TVL,, the dashed curves the ‘first’ tenth-value layer, TVL,, or the thickness
closest to the radiation source needed to reduce the dose equivalent by a factor of ten. The
TVLs are plotted in units of g-cm™2 to facilitate comparison and interpolation to other
materials. Presumed high-energy values are indicated at the right (see Section 3.4.3). The
smoothed curves are adapted from several sources, taking into account the behaviour at both
lower and higher energies.

The curves shown represent a subjective average of data from several sources and are
believed accurate enough for most room shielding calculations. There is a surprising lack of
consistency among the reported shielding measurements (for iron and lead, up to 15—20%
deviation from the curves shown). These variations may indicate that the effective TVL for
these materials is very geometry and/or spectrum dependent. In critical applications, it is
suggested that the chosen shielding thickness be based on measurements for the specific
radiation source and geometry at hand. Sources of original data are:

DIN-6847 [6]: Concrete, steel, lead: 1 —50 MeV
NCRP-34 [3): Concrete, lead: <1, 1, 2, 3, 4 MeV
Steel: <1, 4, 6 MeV
EMI Therapy Systems [9]: Concrete, steel, copper, tungsten, lead: 4 MeV
Varian Associates [10]: Concrete, steel, lead: 4, 8, 15 MeV
Maruyama et al. [11]: Concrete, heavy concrete, steel, lead: 4, 6, 10, 20, 30, 32 MeV
Coleman [12]: Concrete, steel, lead: 5, 8, 16 MeV
Karzmark and Capone [13]: Concrete, steel, lead: 6 MeV
Kirn and Kennedy [14): Concrete: 6, 10, 20, 30, 38 MeV
Miller and Kennedy [15): Concrete, lead: 86, 178 MeV
Buechner et al. [16]: Steel: 1, 2 MeV
Goldie et al. [17]): Steel: 3 MeV
Scag [18): Steel: 6—90 MeV
O’Connor et al. [19]: Steel: 10 MeV
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Westendorp and Charlton [20]: Steel: 4—100 MeV; Pb: 10100 MeV
Adams and Girard [21]: Steel: 20 MeV
Widerée [22]: Steel: 31 MeV
The higher-energy behaviour of shielding materials considered is discussed in Section 3.4.3.
Similar adaptations, involving mostly the same data sources, are published by Bly and
Burrill [23), Bly [24), and Burrill [25), and in Ref.[54], p.37. See also NBS Handbooks 55
and 97 [26, 27), and NCRP-51 [5]. Shielding data specifically for heavy concretes are
given by Maruyama et al. [11] and Lokan et al. [28].

3.4. Shielding against photons
3.4.1. Primary barriers (Eq <100 MeV)

Because bremsstrahlung is the dominant secondary radiation, a photon shield
is needed at every installation and is usually the determining consideration for
shielding thickness. The equation giving the necessary barrier attenuation
factor B is

B = Hy; d2/(WUT) (57)

which follows directly from Eq. (56). Here, HM is the maximum permitted
average dose-equivalent rate (rem- week ™!, Table XXXIV, Section 3.1).

Figure 46 gives values of dose-equivalent TVLs in g'¢cm™2 for the most
commonly used materials: concrete, iron (steel) and lead. Interpolation to
other materials can easily be made from these data. Depending on the material
and energy, there may be a transition region ( a change in slope in the attenuation
curves, see Figs 47a, b, c). This can be taken into account by using a different
value (TVL,) for the first TVL nearest the radiation source. Values of TVL, are
shown as dashed lines in Fig. 46. Total barrier thickness is determined using

nryy, = -10go(B) =logo (1/B) (58)
Therefore the total thickness X in centimetres is:

X=nyyy TVL/p (59a)
where TVL is in g-cm™2 and p is the material density in g-cm™. If TVL, is
significantly different from the equilibrium value (TVL,), it is advisable to take

this into account, especially if TVL, is larger:

X=(TVL, +(npyp~1) TVL,)/p (59b)
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FIG.47. Attenuation factor B of thick-target bremsstrahlung by selected materials under broad-beam conditions at 0° to the incident
electron beam, as a function of shielding thickness X. The energy designation for each curve refers to the monoenergetic electron energy E,
incident on a thick, high-Z target. The curves are derived from Fig.46.

(a) Ordinary concrete (2.35 g-em™3); (b) Iron (steel, 7.8 g-cm™3); (c) Lead (11.35 g-cm™3).



The use of TVLs is particularly convenient if the total shielding barrier is to be
composed of more than one kind of material; it is only necessary to adjust the
material thicknesses such that the number of TVLs of all the materials combined
is equal to nyyp.

Alternatively, it may be more convenient to read the necessary barrier
thickness directly from attenuation curves. These are given in Figs 47a, b, ¢ for
ordinary concrete (2.35 g-cm™3), iron (steel) and lead.

Figure 48 shows a worksheet for shielding calculation at a therapeutic
installation. Most of the symbols for primary barriers are self-explanatory: The
left-most portion is meant to describe the barrier and to arrive at a value of WUT
(rem-m?-week™). The next major portion tabulates the various factors for
calculating the unshielded dose rate (space is reserved for calculating scattered
radiation, see Section 3.4.2). The factor Fgg is for beam-stopper attenuation, if
this is used (Fgg = 1073). A column is reserved for the sine of the angle of
incidence (sin = 1 for perpendicular irradiation), which may be used as a
factor in computing the necessary wall thickness. Unless space is very
restricted, making this special obliquity correction is not usually worth
while. If used for [sin] < 0.7, one or more half-value layers should be
added to the recommended thickness (Ref. [4], p. 53).

After the attenuation factor B is calculated, one may use the attenuation
curves (Figs 47a, b, ¢) or continue by taking the logarithm (Eq. (58)) and using
TVL values as in Eqs (59a, b). Under the heading ‘type’ the symbols C, B, S, etc.,
could indicate ordinary concrete, barytes concrete, steel, etc., and the density
would be given in the adjacent column. Space is provided to enter both the
‘minimum thickness’ and a ‘recommended thickness’ which may include a safety
factor. This worksheet is readily adaptable for industrial radiographic and other
types of facilities.

3.4.2. Secondary barriers (Eq <100 MeV)

Secondary barriers are barriers towards which the useful beam cannot be
directed. Two sources of photon radiation must be considered in the design of
these barriers: bremsstrahlung at wide angles (the ‘leakage’ radiation of radio-
therapeutic or radiographic units is dominated by wide-angle bremsstrahlung)
and photons scattered from objects placed in the direct bremsstrahlung beam.

The secondary barrier thicknesses calculated for these sources should be compared
and the larger thickness used in the final barrier design. If the two thicknesses
differ by less than one HVL (for bremsstrahlung), one additional HVL (for
bremsstrahlung) should be added to the calculated thickness.

(a) Wide-angle bremsstrahlung (leakage radiation)

In the case of therapeutic and radiographic installations, shielding is provided
around the electron target to reduce ‘leakage’ radiation to a small fraction of
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FIG.48. Worksheet for shielding barrier design.



useful-beam radiation, measured at the same distance from the target. The
fractional leakage radiation (called Fy in the worksheet, Fig. 48) is obtained from
the manufacturer. It is of the order of 0.001 for radiotherapeutic units and
generally larger than this for radiographic units (see Tables III and IV in
Section 1.3).
For research and industrial installations, levels of unshielded bremsstrahlung
at 90° may be obtained from Fig. 17, and for other angles from Fig. 18 (Section 2.4).
If space and/or economic considerations are at a premium economies may
be achieved by the fact that the radiation at 90° to the useful beam is somewhat
less penetrating. Over an energy range up to Ey = 100 MeV, one may assume the
shielding parameters of materials for bremsstrahlung at 90° to be the same as those
for bremsstrahlung produced at 0° by electrons of energy 2/3 E, (or E,, which-
ever results in the thinner shield) [5, 12].

(b) Scattered photons

Photons scattered by objects in the direct bremsstrahlung beam must be
considered in the calculation of shielding barrier thicknesses, as well as in the
design of labyrinths and ducts (Section 3.6). In the case of radiation therapy,
scattering from the patient and from walls of the treatment room (or beam
stopper, if one is used) must be considered. In the case of radiography, scattering
from the object being inspected and from the target walls must be considered.
Photons scattered at large angles are relatively low in energy and intensity, but
they may dominate shielding considerations in certain instances where local
shielding within the radiation head attenuates the large-angle bremsstrahlung,
as in radiotherapeutic and radiographic units.

The amount of radiation scattered is proportional to such factors as the
radiation intensity incident on the surface and the area of the surface irradiated,
and 