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FOREWORD

In April 1962 a request to provide the U. S. Army Material Command guiuance
in the preparation of an army regulation on particle accelerator radiation protection
prompted an examination of the need for a reference publication on this subject. The
need was apparent and no suitable reference cornbined the vast amounts of information
available in the literature. Though no single publication will ever contain all that is required
to enable the design, construction and safe operation of all types of low energy particle
accelerators, this report is intended to direct the reader along the right path.

This report was prepared under the support of the U. S. Army Natick Laboratores
In-House Laboratory Independent Research program. The several authors were all members
of the U. S. Army Natick Laboratories, Food Laboratory staff during the initial
preparations of the various chapters.

Many scientists and engineers were of significant help in the preparation of this report.
Helpful suggestions were received from Mr. Warren Ramler, Milan Oselka, George
Mavriogenes, Preston Smith and Thomas Klippert of the Argonne National Laboratory,
John Handloser, Cecil Sandifer and Austin O'Dell of Edgerton Germeshausin and Greer,
Santa Barbara, California; Niel Norris, G. Tremblin and Brian Williams of General Atomics,
San Diego, California; Norman Austin and Donald Lawrence of Varian Associates, Richard
Meyer of Lawrence Radiation Laboratory; Don White and Harry Harnson of The U. S.
Army White Sands Missile Range.

Special appreciation goes to the Staff of the Stanford Linear Accelerator Center,
Dr. Richard McCall, Dr. Gorin Svensson, W. E. Nelson, Donald Busick and Kenneth Kase
whose constructive criticism did much to help make the report of practical vaiue.

Permission has been obtained for the use of copyrighted material from McGraw-Hill
Book Company and The American Society of Mechanical Engineers.




ABSTRACT

The eight chapters of this report cover much of the material needed in the evaluation
of design and operational safety for particle accelerators below 40-50 MeV. Each chapter
deals with a phase of the problem such as x-ray shielding (Chapter (1), neutron shielding
(Chapter 111}, and induced radioactivity (Chapter V).
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Chapter |

Accelerator Radiation Protection
Thomas G. hartin, 1§l
Introduction

Few scientific and engineering accomplishments have had a more rapid growth then
particle accelerators. The construction of the imitial proton accelerator by Cockcroft and
Walton in the early thirties was to usher in an era which would soon result in the
development of such giants as the two mile Stanford Linear Accelerator, the 28 GeV
CERN Proton Synchrotron in Switzerland and France, and the 200 GeV synchrotron at
the National Accelerator Laboratory near Batavia, Illinois, U.S.A.

Along with a quest for higher energy there evolved new uses for low energy
accelerarors which indicated a need for machines cavable of delivering large amounts of
rachation for various purposes. It 1s the purpose of this chapter to examine some of
these purposes, to quote some of the problem areas and n so doing to introduce subsequent
chapters.

History

Experimental nuclear physics had its birth in 1919 with Rutherford’s discovery that
alpha particles from radium or thorium could disintegrate the nucleus of the mitrogen
atom, Thereafter a search began to cr-ate tools which would enable experimenters to
examine the structure of the nucleus. It was not until the early thirties that the particle
accelerator was born. Cockcroft and Walton reported in 1932 that they had successfully
disintegrated hthium with the 700 keV protons produced by their voltage multipher in
the Cavendish Laboratory!'.

Around the same time at Princeton Urwersity, R. J. Van de Graaff began his work
cn the sik belt charged electrostatic generator. In 1931 he described his first generator
which developed about 1.5 MeV. At MIT after nearly 10 years of development,
Profescor Van de Graaff's accelerator produced dependable beams of electrons and
positive 1ons of 2.75 MeV. The present day electrostetic generator 1s @ "work horse"
of the accelerator field.

Professor Ernest Q. Lawrence proposed another approach to the acceleration of
charged particles. His method produced acceleration in circular orbits with a high frequency
magnetic field. The first cyclotron developed by Lawrence and Livingston at the University
of California, produced 1.2 MeV protonsin 19327, Professor Lawrence received the Nobel
Prize in Physics in 1939 for the development of the cyclotron,




By 1940 particles of 20 MeV were obtained which approached the practical hmit
for the f-xed frequency cyclotron. With new designs higher and higher energies were
obtained permitting further study of the structure of the nucleus and creation of new
nuclear particles.

The development of higher energy machines was paralleled by the improvement of
the dependability and capability of the lower energy machines. Requirements for intense
(high current) beams developed. The population of machines producing radiation of energy
less than 100 MeV has grown with a rate of about 10%/year from 1935 to 1969 to
a total of more than 24007,

There were two general areas of utilization which accounted for most of the rapid
growth of the low energy accelerator. The first was the interest of the medical field
in the ciinical applications of radiation (deep radiation therapy) strengthened by « more
recent interest by nuclear medicine specialists in short lived radioisotope production by
cyclotrons®. The second was the development of industrial radiation processing for certain
biological and chemical effects {e.g., sterilization of medical supplies and radiation induced
polymerization). Burrill® estmated that 34.9% of the low energy accelerators in the U. S.
in 1969 were medical and 6.5% were employed in industrial processing. The growth rate
for the industrial use, however, was approximately 30% between 1988 and 1970.

In his review of the shielding problem with low energy particie accelerators, Burnll®
effectively classified the types of accelerators with which this book is concerned. His
concluding paragraph expresses a hope that that article wouid “‘serve as a foundation for
an effectual course of action”. Though this work was well underway before Burrill’s
article appeared, the editor feels that enough of a foundation is laid in his article to
warrant specia reference here. A single publication which provides all of the information
necessary to determine all that must be done to provioe safety in the operation of all
possible types of accelerators does not yet exist. This book, even over the limite¢’ energy
span intendad, also does not provide such complete information. It is the intent here
to provide enough information to serve as a starter in the evaluation of a particular
accelerator facility.

I 1s important to note that there can be no universal solution to all acceierator
radiauon problems and therefore it can not be over emphasized that each facility with
alt of its peculiar problems must be cvaluated individually, Examgplc problems have been
worked for each chapter where practical. The problems are simple examples and not
.ntended to reflect, except in a general way, the complexities in the design and evaluation
of a particular accelerator installation.
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Types of Accelerators

The goal of this book is to include all types of particle accelerators below about
50 MeV. Probably this may be too ambitious for a single short publication but at least
by grouping and being a little general the goal may be suitably attained.

The choice of energy range to be considered here was dictated by several important
parameters. Certainly the availability of highly competent personnel at the major high
energy facilities reduces the requirement for a publication such as this for these installations.

| Furthermore with increasing energy (above about 40 to 60 MeV) the documentation
of behavior becomes progressively more difficult and less suitable to presentation in a
simplified and condensed manner.

One of the most significant reasons for the low energy choice was the rapid growth
in the population of accelerators in this range.

Table 1-1 lists some of the types of particle accelerators which may operate in this
energy range. Table 1-2 lists some examples of the present uses of these accelerators.

In each of the following chapters some phase of the radiation protection problem ‘
is discussed.

For example the chapter dealing with X-ray production and shielding (1!) notes that
this problem although universally applicable to all machines ‘s predominantly a problem
of the electron accelerators. There is no intent to slight the positive ion accelerators
but in these cases the significance of X-ray production is generally masked by the
overwhelming significance of the neutron producticn,

A similar statement may be made (with somewbat less conviction) when discussing
the neutron production of electron accelerators. That neutrons are produced provided
sufficient energy is present is accepted as well as the general isotropy of their distribution.
However, their significance is masked by the production of bremsstrahlung (X-ray) and
this secondary radiation generally determines the shielding and other radiation protection
procedures.

There are problems which are common to all types ard sizes of accelerators. All

5 accelerators require some area to be of restricted access. This area may vary from a
small shielded box with an interlocked lid to large experimental halls with flight paths

of many meters and complex beam handling systems. The means of limiting access and

5 the techniques of determining which areas at any spetific time require limiting access
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are nearly as varied as the number of facilities which consider these problems. A discussion
of some of the available meams of limiting access as wcll as monitoring systems for
determining which areas require access !imitation, is presented in chapters VI and VII.

Under this subject, interlock systems serving to provide effective control of areas,
are described in a general viay with specific attentiun to some limitations of certain systems.

During the operation of particle accelerators there are by-products produced which
themselves require consideration in order to prevent hazardous conditions. Such products
are toxic gases such as ozone and oxides of nitrogen; radioactive gases, such a '%0, ' 3N,
4V A and *H and induced radioactivity in shielding and accelerator parts. Some discussion
on the rates of production of these products is presented in addition to an examination
of the associated waste disposal problems in Chapters IV and VIII.

Study Committees

Several committees of distinguished scientists have addressed the problems of
accelerator radiation protection. The International Commission on Radiological Protection
(ICRP) was organized in 1928 under the auspices of the Second International Congress
of Radiology, held in Stockholm, to deal with the problems of X-ray protection. The
ICRP has several subcommittees which deal with the problems associated with the radiation
from particle accelerators. Of particular interest here is a report of subcommittee 3, ICRP,
on Calculation of Radiation Dose from Protons and Neutrons to 400 MeV'©®,

The International Commission on Radiation Units and Measurements (ICRU), the
oldest of these noted committees, has as its principle goal the development of
internationally accepted recommendations concerning:

1. Quantities and units of radiation and radioactivity.
2. Procedures suitable for measuring and application of the quantities.

3. Physical data needed in the application of these procedures. ICRU reporis on
the dosimewry of X and gamma rays from 0.6 to 50 MeV (ICRU Report 14} and on
Neutron Fluence, Energy Fluance, Neutron Spectra and Kerma {(ICRU Report 13) are
of particular interest here.

The National Council on Radiation Protection and Measurements (NCRP) grew from
its original "Advisory Committee on X-Ray and Radium Protection” formed in 1929 as
a recommendation of the ICRP, to its present size cf 65 council members and 140 other
participants. The council consists of a Board of Directors and 33 technical subcommittees.
Of special interest are the subcommittees which deal with Heavy Particles (MCRP




Report 20}, Electron Protection (NCRP Report 31), Radiation Shielding for Particle
Accelerators {no reports issued as yet), Radiation Protection in the Use of Small Neutron
Generators {no reports issued as yet) and High-Energy X-Ray Dosimetry (no reports issued
as yet).

More recently another organization of highly competent personnel undertook to
standardize the approach to solving accelerator radiation protection problems. The United
States of American Standards Institute (USASI) have proposed, reviewed and accepted
a new standard entitled Radioloyical Safety in the Design and Opers ion of Particle
Accelerators.

Accidents and Their Prevention

Serious accidents involving over-exposures to radiation have been infrequent in the
history of particle accelerators yet those that have occurred have been such that everything
possible must be done to prevent their reoccurrence.

The first serious accident involving an accelerator happened at a large hospital in
December 1944'!'. This accident resulted in severe skin burns from the scattered 1 MeV
electron beam of an electrostatic generator. The cause of this accident was a genuine
lack of knowledge concerning the dangers of the scattered beam. In general this lack
of knowledge concerning the potential danger was not common to the accidents which
happened more recently.

Most accidents which have been recorded since 1944 have had one of two common
threads. Either a lack of education of the nonaccelerator worker (e.g., maintenance
personnel) or the short circuiting of established radiation safety procedures. The recorded
cases 1n which potentially lethal doses of radiation have been received have all involved
highly experienced personnel. This accents the need for continuous education programs
to remind all personnel of the hazards.

There can be no substitute for the vigilance of personnel. Automatic devices,
interlocks and remote area monitoring systems are essential but insufficient to do the
job without personnel training.

Administration of Radiation Protection

The program for radiation protection must begin with the conception of the
accelerator facility. The funding, design and construction phases must include
comprehensive consideratiun of the radiation protection problems. |t is well accepted
that if proper safeguards are incorporated into the construction of the accelerator facility
the cost of safety will be significantly lower then if such safeguards are superimposed
upch already existing facilities.




The recommendations of those radiation safety committees described will serve as
a basis for a suitable radiation protection policy. There is no way to fix a universally
acceptable procedure which will be completely efiective and workable in all operations.
It is on this basis that emphasis is placed on the need to consider, in detail, each operation
individually.

There are two separate directions which must be followed in the initial phases of
a facility design. One is the structure of the f cility and equipment and the second is
the structure of the staff responsibilities. The decision to structure the facilities a specific
way must be a result of consideratior. of the successful and safe performance of the job
for which the facility is designed.

"How much protection is necessary’ is the guestion which must be answered. The
concept of risk vs. benefit is easy to invoke but extremely difficult to convert to
quantitative terms. Not too long ago it seemed likely that the decision to allow radiation
workers higher permissible exposures than members of the general public would go
unquestioned. Yet this approach is now under fire from many quarters. To design a
facility which will result in no radiation exposure to anyone is probably an impossible
task, however, it is possible to live well within the limits recommended by those committees
cited above,

The philosophy of a radiation protection program must be to limit the exposure
of personnel to radiation at the lowest practical level. This practical level must routinely
be in keeping with the recommended limits. The maximum permissible dose (MPD) concept
is discussed further in Chapter V. Terms which include such words as “‘permissible,
allowable cr tolerance’’, however, are frequently misused. Dunster'? said that it is clear
that the MPD cannot represent a sudden transition from a condition of safety on one
side to a position of danger on the other. This must be kept in mind in the application
of these guides.

The following chapters are intended to aid in the decisions concernirg the structure
of the facility and equipment, the determination of amount and type of snielding nevassary
to establish predetermined radiation levels, the amount of induced ridioactivity expected
under given conditions and the exhaust rate required for partici:iar conditions in a target
srea are the types of input factors which make this type of decision possible.

The structure of staff responsibilities concerning the radiation protection program
1s no less important then the facility structure. However, 1t 1s somewhat less straightforward
since there is no inverse square law or absorption coefficients for re;_.onsibility.

In general it is the practice of those organizations able to afford it, to establish a
health physics staff which serves in an adsisory role to the operations staff. The

a
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responsibility for radiation safety remains with the operational supervisor. This technique
divorces the advisory group from the unpleasant role of ‘“policemen’” and places
responsibility with the supervisor most closely related with the problem areas.

Such an arrangement is frequently not possible in small organizations where 1t ma:
be necessary for the operations staff to act as the health physics staff as well. Thour,
less then ideal, this condition will frequently be a "way of life”’. Under these conditiv ,
it is of paramount importance to define responsibilities and oriorities.

Emergency Planning

The need for an emergency plan is common to all major operations. The industrial
type hazards (fire, high voltage, toxic chemicals, etc.) are present in all accelerator facilities,
however, in addition there may be the potentially lethal radiation hazard. The desiqi.
of the shielding, the access limitation and the monitoring and interlock systems may
incorporate the state of the art in protection yet the potential disaster can stll occu
due to carelessness, or a series of coincidences.

In some ways the radiation present in such intense levels serves to increase some
of the other hazards. For example, the presence of quantities of ozone produced by
the action of radiation on oxygen can result in an explosion hazard In addition to its
toxicity. This is particularly characteristic of operations which routinely irradiate materal
cooled by liquid nitrogen. The oxygen from the air condensed in the liquid nitrogen,
radiniyzed to ozone and left in concentrated form after the evaporation of the nitrogen
presents a significant explosion hazard. Ozone production is discussed in Chapter VIII.

Radiation Damage to electrical insulation also increases hazards due to fire and
electrical shock. Insulation damage due to normal wear is considered In routine preventative
maintenance of electrical facilities, the presence of radiation warrants more frequent
inspection.

The need for fire drills, and other building evacuation procedures has long been
accepted by the public. Such drills are necessary in insuring the effectiveness of an
emergency procedure at an accelerator as well.

An important step in the preparation of an emergency plan, particularly for an
accelerator facility, is the careful and comprehensive preparation of a medical treatment
procedure fur o serious radiation exposure victim. Recentiy it was shown that by a well
planned and executed procedure, patients who had received exposures which previously
would certainly have been lethal, were saved' *. It is important that the potential accident
be discussed with the resident medical personnel when applicable as well as the staff of
the nearest hospital. The assumption that a nearby hospital will be ready and willing
to accept a seriously over exposed patient is dangerous. The unusual character of such
an accident indicates the need for special procedural planning on the part of medical
personnel.




A plan for emergency actions should establish a line of command which will place
the properly qualified person in charge during the emergency. The procedure should allow
for various contingencies which might arise during emergency conditions. Generally,
radioactive contaminaition of major proportions is not characteristic of an accelerator
accident, however, the accidental destruction of a target could result in such a condition.
Certainly emergency procedures must allow for this.

It is a management responsibility to insure that all employees and visitors are made
aware of the hazards and the expected behavior on site. Emergency plans and procedures
must be published and evidence obtained indicating that all personnel are thoroughly
familiar with them. Communications channels for medical treatment, and fire fighting
aid should be immediately evident should the need for either arise.

Emergency procedures must be well planned; they must be familiar to all involved
and they must be tested if they are to be effective when they must be put into action.

1
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Chapter 11

X-Ray Production and Shielding
A, Brynjolfsson and T. G. Martin

Introduction

The principle shielding problem associated with particle accelerators is frequently not
the primary accelerated charged particles. Secondary radiations produced as a result of
the interaction of the primary beam with a target, portion of the accelerator, or the
shielding most often determine the type and magnitude of the shielding.

The secondary radiations which are of significance in the energy range under
consideration are neutrons and X-ray or bremsstrahlung. When electrons are stopped
in a material, X-rays are emitted.

As a further consequence of their interaction with matter these X-rays and to a lesser
extent the primary electrons can produce neutrons provided they posses sufficient energy
(photoneutron production).

The problem of X-ray shielding is most severe with electron accelerating machines
therefore this chapter will deal principally with this type of accelerator. Applicable
comments will be made concerning other types of accelerators,

In addition, since only concrete shielding is considered here, for electron machines
it is reasonable to assume that, for the energy range under consideration {< MeV}, when
sufficient shielding has been provided to protect against X-rays there is also sufficient
shielding to protect against the neutrons. More detail on neutron production and shielding
is presented in Chapter Ill.

Some details are presented concerning the angular distribution and the photon spectra
of bremsstrahlung.

In general mathematical derivations have been limited to presentation of imperical
formulae to enable the calculation of the data presented graphically. Several example
problems are presenited with their solutions to illustrate the use of the figures.

X-Hay Production in Electron Accelerators

As they are slowed down in matter electrons, with energies above a few MeV, lose
significant amounts of their energy by radiation. This radiation, a continuous spectrum,
is called bremsstrahlung. Not well explained by classical means, Bethe and Heitler!
presented quantum mechanical theory for this radiative process in 1934.
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Several methods for calculating the rate of production of bremsstrahlung have been
proposed and are discussed in detail in the comprehensive work of Koch and Motz2,

The fraction of the electron energy that is emitted as bremsstrahlung depends on
the initial electron energy and the atomic number of the stopping material. Table Il-1
presents X-ray production yields for several materials as a function of initial electron energy.
Further discussion and data on approximately forty materials have been presented in the
tables of Berger and Seltzer®.

Table 11-1. The % of the electron energy that is converted to
X-rays upon complete stopping of the electrons in a few
materials as a function of the electron energy 2

Electron

energy Total X-ray production in % of Electron power

in MeV Water Al Fe w v
0.5 0.265 0.59 1.34 4.77 6.21
1.0 0.486 1.06 2.31 7.63 9.75
5.0 2.08 4.08 8.20 21.17 25.17
10.0 4,16 7.72 14.40 31.78 36.21
20.0 8.31 14.45 24.44 45.04 49.40
30.0 12.21 20.26 32.11 53.23 57.39
50.0 19.03 29.51 43.08 63.41 66.97

The Angular Distribution

The angular distribution of the X-rays from the target varies mainly with the electron
energy, the atomic number of the target material, and the thickness of the target. At
very low electron energy (few keV), the intrinsic angular distribution is the same as from
a radio-antenna, i.e., the intensity is greatest perpendicular to the direction of the eiectron
beam. At higli electron energy the intrinsic angular distribution is then as shown
theoretically by Heitler' and experimentally by tanzi and Hanson®, given by

= E§? -2
l(O) = |(0) [ 1 + mocz ] (“_1)

14




P

where

1{0) = the X-ray intensity at the angle 6.

E = (T + mgc?) = total energy of the electron in MeV.

myc? = rest energy of the electron in MeV.

0 = angle. in radians,\between the incoming electron and the X-rays.

A convenient unit is the radiation length or that path length of material which will

result in high energy electrons losing 1 of their energy by radiation. The radiation length
Xo(') may be defined as .

=4 o [N/A)Z%ry? 1n(183 Z7'73) (1n-2)

1
xO

where

« = fine structure constant {1/137)

N = Avagadros number (6.02 x 1023)
A = agtomic weight of material
Z = atomic numkbker of material

ro = classical radius of an electron {2.82 x 107'? cm)

or

= 1.398 x 107 %2 1n(183 Z'4) (11-2a)
0O

\

xI=

A plot of X, vs. Z is given in Fig. I1-1. Target thicknesses are frequently expressed
in radiaticn !engths and the concent is inportant in the determination of conditions of
operations.

The angular distribution of the X-ray intensity is governed by this intrinsic distribution
when the target is less than 0.0005 radiation lengths. One radiation length is 6.265 g/cm?
of tungsten and 44.6 g/cm? of water.
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As the electrons penetrate a thick target they are increasingly scattered. The angular
distribution of the X-rays is then (for target thickness greater than 0.002 radiation lengths)
governed by the angular distribution of the electrons. For thick targets the expression

Er

)
‘ by Muirhead, et al.’, which is similar to the one deduced by Lawson®, is used
F(0) =
T
where
F(0)
' E
}

(€0 | o ZE-02-1n0183-21%),

= n-3)
1.781m,c? 1510.8

[ Ei (-

.

is the fraction of the electron energy radiated per unit
solid angle at angle 0 in radians from the direction of
incident electron.,

total energy of the electrons in MeV,

fraction of the electron energy which is radiated per
radiation lergth, see Table 11-2.

0.511 MeV = rest energy of the electron in MeV.
atomic number of the target material.

target thickness in radiation length.

Table 11-2 7, fraction of the radiated electron energy

that is radiated per radiation length

iron

tungsten

meoc?

P4

t

Ei(x) is the exponential integral function’
Medium
water . .
aluminum . !

Radiation
length Energy in MeV
in g/cm? 5 10 20 40
446 74 82 90 .99
26.3 69 75 .83 90
14.4 72 .76 .82 .88
6.3 .75 .75 .76 80
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- However, although Eq. (11-3) is frequently referred to, it should be used with caution
) because, in its derivatior, only small angle scattering of the elactrons was considered.
Therefors, it may not be valid for angles greater than 10°, nor target thicknesses greater
than 0.1 radiation length. In shielding problems these limitations are unsatisfactory,
because all angles up to 180° must be considered and the target must be thick enough
to stop the beam completely. Brynjolfsson and Martin® have measured the X-ray intentity
at several angles including very large angles for 8, 10, 12 and 20 MeV electrons (from
a linear e-celerator) stopped in a tungsten target .062" thick -- 3.04 g/cm?. The results
are shown in Fig. 11-2 together with the experimental results of Buechner, et al.?, Lanzl
and Hanson* and Kirn and Kennedy!®. Fig. I1-3 shows the data obtained including larger
angles. For comparison, also shown in the angular distribution accurding to Eq. (11-3)
for t = 0.1 and Z = 74,

FORWARD Y-RAY INTENSITY

The forward intensity may be obtained from Eq. (11-3) which for 8 = O reduces
to

2
SO 3250t

n 11-4)
4407 1n(183 27173} (

where F(0) is the fraction of the electron energy that is radiated in the forward direction
per unit solid angle. Eg. (l1-4) is equivalent to

. 2.T.j
| HO) = 723 r('T+(C)I.2E'>11) T-i . 1"(1_;1(1382_35,(;-‘173‘)') (115) i
where
10) = forward X-ray intensity flux in units of watts/cm?
, T = kinetic energy of the electrons in MeV.
i = the beam current in ampere.
d = distance from the X-ray target in cim.

Dose rate R(0) in units of rads per hour is obtained by multiplying Eq. (11-5) by 3.6-108
(1 /p) 4y, Where (py /p)ayis the energy transfer coefficient in air in cm?/gm weighted with
the X-ray intensity spectrum f(T,k) as defined in Eq. (11-10).

7(T+0.511)2 - T+i 3250t

@ ™ ez | O

R(0) = 2.604-10!! (ﬁp“-)av
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The forward intensity increases according to equations {11-4) to (Il 6) logarithmically with
t. However, in the deduction of Eq. (I1-3) the decrease in electron energy T, and the
reduction in the current i of high energy electrons were not considered; nor was the X-ray
absorption in the target included. Variation of the relative X-ray intensity with the
thickness of a gold target was measured by Lanzl and Hanson® at 16.93 MeV (See
Fig. 11-4). They found a maximum intensity at a thickness of 1.7 g/cm?. At this thickness
the electrons have lost approximately 30% of their energy. The contribution to the forward
intensity from electrons that have lost 30% of their energy is small. To obtain a maximum
X-ray intensity at any energy T the correspondent t in Eq. (11-6) should vary with the
initial electron energy. Set

{= 937 (11-7)
(@a+b-T)t,
where

t, = one radiation length in g/cm? in a material with atomic number Z (for
tungsten it is 6.3).

t = target thickness in radiation lengths.

T = initial kinetic energy of the electrons in MeV.

a = stopping power in MeV/g for electronic collision (approximately 1.2 in
tungsten).

b-T = stopping power in MeV/g for radiation (approximately 0.12 - T for

tungsten).

The stopping powers a and b*T may be found in the Tables by Berger and Seltzer3.
Fig. 11-6 shows the forward intensity in rads per hour at 1 m distance from the target
per kwatt output from the accelerator. The curve was obtained from Eq. (I1-6) using
Z = 74 and t given by Eq. (11-7). The experimental points are from Buechner, et al.’,
Miller'! and the authors®.

Had the X-ray emission been isotropic the radiation intensity in all directions from
the target would be given by

Pk alE2)

Riso = 3.6-10'4- .

“Tei (11-8)
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where

Riso = the isotropic radiation intensity in rads per hour.

q(E,2)

the fraction of the electron energy converted to X-rays.

“his quantity is given in % in Table I.
Other quantities are the same as in Eq. (11-6) and (11-7).
X-Ray Spectra

The forward X-ray spectrum for a thick heavy target is similar to that from a thin
target, because the greatest contributicn to the forward intensity is from the first layers
of the target, while the irnpinging electruns are still well collimated. Fig. I1-4 shows that
half of the forward intensity from a 75.93 MeV electron is produced in the first 0.1 g
of the gold target. To calculate the shielding in the forward direction, the thin target
spectrum is used.

The normalized spectiom, #(T,k), (the number of photons of energy k per energy
interval (MeV) times the photon energy k) is shown in Fig. |1-5 and I1-6 for 1, 2.5, 5,
10, 15, 20, 30 and 40 Mev.

The X-ray intensity at large anglu. is due to single, plural, and multiple electron
scattering processes. The differential cross section for the single scattering process is given

by :
R i~ LI

where
N, = 6.02 - 10?3
A = aomic weight
e = charge of the electrons

’ B8 = ratio of electron velocity to that of light

R = the correction factor to the Rutherford Scattering

This ratio R has been evaluated by Duggett and Spencer'?, among others.




The Rutherford Scattering and the ratio R decrease sharply with increasing cnergy.
The scattering into large angles is therefore very small until the electrons have lost most
of their energy, and the X-ray spectrum at large angles (>60°) is very soft. Using Eq. (11-9)
we have made rough calculations of the phcton spectrum from a tungsten target. The
results are shown in Fig. |1-8. Although the soft part of the spectrum dominates the
small concrete thicknesses, it is the hard part of the spectrum that determines the adequate
shielding thickness at large angles.

Calculations of the Shieldiﬁg Thickness (electron accelerators)

The dose D in rads/hour after penetrating a concrete thickness of x cm is given by

2.
D = 2.604-10'! r(T+0.511)% -T-i n o 3250t |
a? In(185-Z2 "'/ 3)
T
Ve
s Py
k=0 - £(Tk) * Blkx)  [exp—{u{k)x)]dk {11-10)
where
T =  fraction of electron energy radiation per radiation length (Table 11-2)
T = electron energy in MeV.
i =  beam current in Ampere.
d = distance in cm from X-ray target to the detector.
t =  target thickness in radiation lengths (Eq. 11-7).
u/p = energy transfer coefficient in cm?/g.
f(T,k) =  normalized photon spectrum given in Fig. 11-5, 11-6, and [I-7.
B(k,x) = dose buildup factor given in Fig. 11-9
pe (k) = total absorption coesfficient in concrete in cm™! is shown in Fig. 11-10.
X =  thickness of concrete in cm.

Eq. (11-10) was integrated numerically. The results are shown in Fig. 11-11 and Table
11-3. For permissible dose rate of D = 10 rad/hr the adequate shielding thickness is
a function of electron energy (Fig. 11-12).
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] Table 11-3. The dose rates behind a concrete
shielding. The dose rate D in rads per hour is obtained
by multiplying the values in the Table by W/R?, where W is
the electron beam power in kwatt and R is the distance in m to the
detector from the X-ray target

Electron
energy -
T
7 MeV
noncrete
thickness 5.51 10.51 15.51 20.51 25,51 30.51 40.51
inm

0] 4.66+5* 2.73+6 8.95+6 2.01+7 3.78+7 6.41+7 1.48+7
50 2.64+2 5.84+4 3.04+5 8.00+5 1.82+6 3.22+6 8.40+6
1G0 4.44+1 2.38+3 1.65+4 5.01+4 1.16+5 2.2445 6.77+5
200 3.34+0 5.90+0 6.10+1 2.40+2 6.13+2 1.24+3 3.32+3
300 1.74-4 1.73-3 2.821 129 0 3.48-0 7220 1.93+1
400 7.58-6 5.71-6 1.37-3 7.18-3 2.05-2 3.29-2 9,21-2
*4.66 x 10°

X-Rays from Positive ion Accelerators

The x-ray production from heavy ion accelerators below 50 MeV is usually not
important. The bremsstrahlung is approximately inversally proportional to the M?> where
M is the mass of the incident particle. It is therefore usually insignificant for heavy
particles. More important are the x-rays from deexcitation of atoms and nuclei and the
bremmstrahlung from stray electrons. When an electron is semoved from an inner shell

. of the atom and the vacancy is filled again the emitted x-ray may become important.
This radiation is soft and the shielding problem small. It is however important to be
remindful of its existance and importance even at low energies of the incident particle.
Instruments must be able to detect and measure this soft radiation. At higher energies
the nuclear excitations become more important because of the greater penetration of the
harder x-rays emitted. Most important are usually the x-rays that are to be emitted from

21
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the positive end of the accelerator due to a back streaming of electrons. The great variation
in design makes it difficult to give useful guidelines. If we assume that the ion current
“I'" results in a reverse directed electron current of magnitude 0.2l that is accelerated
through 1/3 the terminal voltage we would usually get a very considerable x-ray production.
These electrons may be produced when stray ions are lost from the beam and hit the
inside surface of the accelera*ar usually where the field is appreciable, or they may be
produced by ionization of the residual gas in the accelerator tube. These assumptions
are unreliable estimates. Still they indicate that the shielding requirement for heavy ion
accelerator may nouw ve so much less than the shielding requirement for comparable electron
accelerators. Exact estimate will require specification of design and usage. As a rough
estimate we offer that shielding which is required at 90° from the beam axis of an electron
accelerator, with the same beam current and energy.
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RADIATION LENGTH (g/cm?)

Figure 11-1
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ATOMIC NUMBER Z

Value of radiation length (cm?/g) vs. target atomic number,
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DOSE RATE(RAD/HR-MA AT | METER)

Figure 1I-11

‘
l‘ . : 40 Mev

_:-._‘[illl!ll‘

/
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0 100 200 300 400

CONCRETE THICKNESS (CM)

Dose rate rad/hr-ma at one meter for energies from 1.0 to 40 MeV,
us. the concrete thickness in cm. Initial electron energy for each
curve is indicated.
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Chapter 111
Neutron Production and Shielding
Francis J. Mahoney

Introduction

In addition to producing substantial photon radiation, charged particle beams from
accelerators can produce neutrons via nuclear reactions if energy and cross sectional
requirements are fulfilled. Because the primary purpose of this text i1s radiation protection
for accelerators, emphasis wiil be placed on shielding of neutrons. In principle neutron
shielding is not a particularly difficult calculational problem once the energy and spatial
distributions of the source of neutrons are specified. This latter task however can be
a formidable one. For this reason the presentation is split into a section on Neutron
Production and a section on Neutron Shielding.

Very often ambiguities are encountered in the nomenclature regarding neutrons. To
avoid these, Table 111-1 presents the classification scheme for neutrons and target nuclel
used throughout this discussion. This sceme may not be strictly adheied to in other
texts so that one should take care. One should also note that designations employed
in Table I111-1 overlap in certain cases. This is an inevitable result of quantifying qualitative
descriptions.

Neutron Production

In general, neutrons can be produced by the output of any type of accelerator which
satisfies energy requirements. The most pertinent parameter is the binding energy of a
neutron in the target nucleus. Its value can be determined experimentally from thresholds
of {y,n}(i.e., photoneutron) reactions. Table Il1-2 presents a sampling of these thresholds.
A general though not universal trend is apparent, namely that the neutron binding energy
decreases as the mass of the target nucleus increases. A decrease from about 18 MeV
to about 7 MeV is seen. Observation of this trend suggests using low Z materials around
accelerators which generate large amounts of X- and gamma radiation, in order to reduce
neutron production froir photodisintegration processes. This logic sounds fine but it
presents some practical problems. First, hydrogenous materials with some deuterium
contarnination are exceptions to the trend, because of the anomalously low binding energy
of the neutron in deuterium. Second, in deliberately generating high photon fluxes, such
as bremsstrahlung from electron accelerators, one uses targets of high atomic number fer
maximum efficiency. Unfortunately such targets are also better for photoneutron
production. Furthermore these targets are often cooled with water thus providing a
significant amount of deuterium for interaction.

36




Table {11-1

Classification Scheme of Neutrons

Designation
Cold Neutrons *
Thermal *
Epithermal *

Slow *

Intermediate *
Fast +

Very Fast 1

* Low-energy neutrons.

+ High energy neutrons.

t Very high energy neutrons.

Designation
Light Nuclei
Intermediate

Heavy

and Target Nuclei

Neutrons

Target Nuclei
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Energy Range
E<0.026 eV
0.001<E<0.1 eV
0.1<E<10? eV
0.1<E<10® eV
1.0<E<500 keV
0.5<E<10 MeV

10<E<50 MeV

Mass-Number Range
1<A<25
25<A<80

80<A<240




TABLE Ii1-2

Threshold Energies for Photoneutron Processes

Reaction
H2 (y,n)H!
C!'2{y,niC!!
N4 (y,n)N! 3
0'é(y,n)0!*
Mg?4 (y,n)Mg?3
AI27 (y,n)Al26
Si28(vy,n)Si?’
p3 1 ('Y,n) P30
$32(y,n)S?!
K39 (y,n)K?38
Ca%? (y,n)Ca3®
FeS4(y,n)Fes3
Cub3(y,n)Cus?
Cu®3 (y,n)Cu®?
Ag'°? (y,n)Ag! 08
Sb!2!(y,n)Sb! 20
Au!®7(y,n)Au' ¢
Hg?°' (v,n)Hg? 0
Pb206(y,n)Pb2 05
Pb297 (y,n)Ph206
Pb208 (y,n)op207

Bi209 (’Y,n)Biz 08
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Observed Threshold (MeV)
2.23
18.7
10.65
16.3
16.2
14.0
16.8
12.35
14.8
13.2
159
13.8
109
10.2
9.3
9.25
8.0
6.25
8.25
6.95
7.44

7.45




In producing neutrons from charged particle interactions, in addition to providing
energy to overcome neutron binding, the incident particle must have sufficient energy
to overcome a Coulomb potential barrier. Once this barrier is surmounted an eneroy
bonus is obtained in the form of the binding energy of the incident particle in the nuclear
potential well. The exception to this rule is electroneutron production where a Coulomb
barrier is not involved. Electroneutron production can be looked upon as a special case
of photoneutron production, by visualizing a fast electron as a flux of virtual photons.

~

Proton-Neutron Reactions: Energetics

Table 111-3 presents a resume of proton reactions with intermediate and heavy nuclei.
Reactions with light nuclei are not sufficiently generalizable to allow presentation in simple
tabular form. The reactions in Table 111-3 are presented in order of decreasing importance.
Only those whose probability is at least 1% of the first reaction listed in the yroup have
been presented. Elastic nuclear scattering has been omitted because of the difficulty in
distinguishing it from non-nuclear (Coulomb) elastic scattering.

Because of the Coulomb barrier, proton cross sections for nuclear interaction are
negligible below about 0.1 MeV. In light nuclei there are some exceptions which are
of little interest here. Because of the mass difference between proton and neutron (0.78
MeV) the threshold for (p,n) reactions exceeds this value except for unstable target nuclei.
For light and low-intermediate nuclei, (p,n) thresholds are of the order of an MeV. Neutron
emission becomes the dominant reaction when the, incident particle .nergy exceeds the
threshold by about 1 MeV. This is because an emitted charged particle faces a Coulomb
barrier while an emitted neutron does not. Over about 10 MeV multiple particle emission
becomes possible. As expected, because of the Coulomb barrier, {p,2n) is the dominant
reaction.

Up to about 40 MeV most nuclear reactions procede via compound nucleus formation.
A compound nucleus is a transition state in a nuclear reaction defined such that its mode
of decay is independent of its mode of formation. In such a transition state, the incident
particle interacts with the target nucleus as a whole rather then with individual nucleons
and shares its energy ameng them.

For proper perspective it should be borne in mind that for energies of interest here,
heavy charged particles still lose most of their energy via electromaaneticinteractions with
atomic elecirons rather than through nuclear interactions. These electromagnetic
interactions are primarily ionization and excitation with radiation losses of negligible
importance.

Proton-Neutron Reactions: Probabilities
The existence of a Coulomb barrier to heavy charged particles means that reactions

which are not forbidden by energy requirements may still have a very low probability
(cross section) because they require tunneiing through the barrier. When the probability




Proton Reactions with Intermediate and Heavy Nuclei

Proton Energy
Low (0-1 keV)

Intermediate {1-500 keV)

High (0.5-10.0 MeV)

Very high (10-50 MeV)

TABLE 111-3

Intermediate Nuclei

(256<A<80)

14

&
(Resonance)
n
p linel)
«

(Resonance for
lower energies)

2n

n

p (inel)
np

2p

o

Three or more
particles

Heavy Nuclei
(80>A)

n
p (inel)

L4

2n

n

p (inel)
np

2p

&

Three or more
particles

N.B. It should be noted that nuclear interactions do not constitute a relatively
significant energy-loss mechanism in comparison with ionization losses for
incident energies below about 100 MeV.
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of barrier penetration becomes significant, the cross section increases rather sharply with
increasing energy (Fig. 111-1). This behavior is in contrast to certain incident neutron
cross sections which exhibit a striking energy threshold phenomenon because neutrons
face no Coulomb barrier {Fig. 111-2). The resonance structure seen in the cross section
for low energy neutrons may also exist for heavy charged particles but it is less marked.
However the existence of a resonance structure means that nuclear reactions are highly
individualistic as regards the incident particle, the target nucleus and the interaction energy.
For this reason only a discussion of general cross sectional behavior is in order. Happily
the resonance region is not of primary interest in neutron production or shielding.

For comparatively low energies, nuclear reactions can be described by a resonance
theory. in this energy region compound nucleus formation is assumed to occur and the
exited energy levels of this nucleus are discrete. For higher energies compound nucieus
formation is still assumed to occur but exited levels now overiap, at least partially. For
this reason, a continuum theory of cross sections is invoked which averages over many
resonances. The region of applicability of resonance theory and continuum theory are
characteristic of the target nucleus and the energy and type of the incident particle.
Because the interest of this chapter is in energies well above the resonance region only
continuum theory cross sections will be discussed.

The device of a compound nucleus is convenient precisely because it assumes that
its production and decay are uncoupled events., This means that the probability of a
reaction involving compound nucleus formation is the product of the probability of its
formation and the probability of its decay. The probability of formation ic the probability
of absorption of the initiating particle. The probability of decay is quite analogous to
that for radioactive decay, describable by a total probability which is the sum of all the
probabilities for pemmitted decays. For a given state of the compound nucleus, decay
by neutron emission generally is highly favored over decay by charged particie emission
because of the Coulomb barrier. Furthermore it is generally favored over decay by gamma
emission except when the excitation energy of the compound nucleus is small.

The cross section for formation of a compound nucleus by heavy charged particie
absorption, for energies above threshold but well below the Coulomb barrier height, has
a rather sharply rising front (Fig. 111-3), This rise is indicative of the sharply increasing
probability of Coulomb barrier penetration and continues to energies about half the barrier
height. Eventually the rote of increase levels off, with the cross section ultimately
approaching the geometrical cross section {(wR?) in an asymptotic fashion. For protons
of energy equal to the barrier height {2e*/R), the cross section is of the order of one-half
to one-fourth the geometrical area.

The assumption of validity of the compound nucleus model of interaction also aliows
semiquantitative inferences about the energy and angular distribution of neutrons from
{p,n} reactions. So long as the model is valid the energy introduced into the nucleus
by the incident particle is distributed fairly homogeneously throughout the nucleus. This
15 an alternative way of saying that the nucleus forgets how it was formed or equivalently
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that the mode of decay is independent of the mode of formation. With a fairly
homogeneous distribution of the incident particle among nucleons, the nucleus is “’heated
up” and therefore capable of “'bailing off” nucleons. A further consequence of this boiling
off phenomenon is that the emitted nucleons are spatially isotropic. This of course assumes
that numerous modes of decay are available. Fission neutrons are an example of boiling
off from a heated-up (fissioned} nucleus. For this reason neutrons from other reactions
which proceed via compcund nucleus formation have an energy and angular distribution
similar to fission neutrons (Fig. 111-4}.

As the compound nucleus model breaks down (in the region 30-50 MeV} as
interactions with individual nucleons become more important. Spatially this causes the
isotropic component due to boiled off nucleons to be overlaid with an anisotropic
component biased in the forward direction (relative to the incident beam). Energywise
the spectrum becomes a fission spectrum skewed in the direction of high energy. In
neutron shielding it is this forward-emitted, high energy component which imposes the
major restrictions. While comprising @ minority of the neutrons emitted, this component
can dominate the shielding design for incident proton energies above 30 MeV. To quantify
this discussion, Fig. III-5 presents the estimated total neuron vield per microampere of
proton beam current onto targets of Be, Cu and U.

Deuteron — Neutron Reactions

Table ii1-4 presents a resume of deuteron reactions with intermediate and heavy nuclei.
As in the proton case reactions with light nuclei are not simply generalizable.

One can obtain a valuable insight into the nuclear reactions of the deuteron from
its anomalously low binding energy. From Table 1ll-1 we see that the energy necessary
to free a neutron (i.e., its binding energy} is 2.23 MeV as compared with more than
ten MeV for most low atomic number nuclei, A second valuable insight is obtai