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1. INTRODUCTION 

' 1 
High-energy particle accelerators have been used primarily as 

physics research instruments. Due, perhaps, to the haste at the begin

ning for exploiting them, very little thought was given to considering 

safety measures, and as a result, the radiation environments of these 

ac~elerators were initially unknown. The ignorance of accelerator radi-

ation protection in the late forties and early fifties, as described by 

Rotblat(1), led to underground construction of many of the early synchro-

cyclotrons(2), avoiding, but inhibiting any fundamental understanding of, 

radiation problems(3, 4). This solution could not be continued indef-

initely. As accelerators grew in physical size, energy, and intensity, 

and were applied more widely to the problems of medicine, industry, 

and research,. the concern for personnel safety and the pressure of eco-

nomic considerations made it necessary that accelerator radiation stud-

ies be placed on a systematic basis. 

Concer.n for persomiel safety was given impetus toward the end of 

1948 when it became known that several nuclear physicists in France 

and the United States, who had been exposed to radiation produced by a 

cyclotron, had manifested incipient cataract( 5). Review of these cases 

drew attention to the poor status of radiation dosimetry, particularly 

that of neutrons, at high-energy accelerators. At some cyclotron lab-

oratories immediat,ely there followed extensive effort to improve dosi-

metric techniques(6, 7): effort further stimulated by the need to reduce 

radiation levels around accelerators because the successful performance 

1
· Any definition of the term "high energy" is necessarily arbitrary. For 

this rev.iew, we may use the term "high-energy accelerator" to mean 
those accelerators capable of generating tr-mesons. This will include 
most synchrotrons and synchrocyclotrons. 
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of experimental research often demands radiation intensities one or two 

orders of magnitude below the maximum level required for personnel 

safety. The orderly investigation of accelerator-:-produced radiation 

required more emphasis on general solutions than was usual in health 

physics. Over the past decade our knowledge of high-energy radiation 

environments has made significant advanc,es(B-16) with the operation of 

several accelerators in the GeV energy region and the design, construc

tion, and oper-ation of several accelerators in the energy region of 10 to 

400 GeV. 

At high-energy accelerators a large variety of particles may be 

produced, extending over a wide range of energies, and their measure

ment presents many novel problems. It was, therefore, necessary to 

investigate in some detail the production and transmission through 

shielding of accelerator-produced radiation. Radiation detectors ini-

tially d~signed for nuclear physics research are the natural choice for 

such investigations. With the understanding provided by such detectors, 

all the requirements of a radiation protection program may be under

taken(?): possible. radiati~n hazards may be anticipated and their mag-

nitude estimated; protective shielding may be designed and operational 

procedures selected which permit efficient operation under safe condi-
' . 

tiona; t~e response of any radiation detector may be correctly inter-

preted, and, finally, radiation survey instruments with response ap-

proximately proportional to dose equivalent may be designed for use 

in a limited range of environments. 

The lessons learned from the development of techniques of mea-

surement in mixed radiation fields and their interpretation are of gen-

eral interest because they bear directly on the problem of developing a 

. ' 

, ' 
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general, self- consistent scheme of dosimetry in radiation protection 

{17-20). Furthermore, experience has shown that the radiation environ

ments of high-energy accelerators are in many respects similar to those 

produced by lower-energy accelerators or even nuclear reactors: neu

trons and photons are the dominant components. So, the techniques of 

measurement developed for their radiation fields may be applied equally 

well to both high- and low- energy accelerators. 

Experience with accelerator -produced radiation has, until recently, 

necessarily been limited to a relatively small number of research in

stitutions. However, exposure to accelerator -like radiation environ

ments is no longer only of academic interest. Man' s uses of ionizing 

radiation in research, industry, and medicine have increased dramat

ically over the past decade. This has been made possible by impres

sive developments in accelerator design. 

A large variety of particle accelerators capable of accelerating 

a wide range of particles to high energy with high beam intensities is 

now commercially available.· We anticipate a rapid increase in their 

industrial application to a host of diverse tasks, which has only just 

begun{21, 22). Buril1{23) has documented the increasing uses of accel

erators in industry and medicine and shows the number of accelerators 

in use to be increasing at a rate of roughly 10o/o per year. Many of the 

electron accelerators presently being installed are of sufficiently high 

energy to produce neutrons. Techniques of radiotherapy using fast 

neutrons, 1r-mesons, or energetic heavy ions are being extensively in

vestigated{24-26). If widely adopted, considerable numbers of hospital 

personnel may be occupationally exposed to mixed radiation fields. 
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There are, in addition, applications of technology that result in 

exposures to accelerator-like radiation environments. For example, 

the use of aircraft for mass transportation will expose large numbers 

of the general population to a radiation environment similar to that pro-

duced by high-energy accelerators(27). 

There has recently been -much speculation and some controversy 

concerning the possible biological impact on Man of his increasing uses 

of radiation(28). The effects of low levels on Man are not yet fully 

understood, but what does seem probable is that radiation effects due 

to densely ionizing radiations (high LET)
2 

will be greater than those 

due to lightly ionizing radiations (low LET) (29). As we shall see, the 

radiation environments of many accelerators are particularly rich in 

high-LET radiation; so, as the uses of accelerators increase, more 

people may be exposed to high- LET radiations. 

In a recent report published by the Iriternational Commission on 

Radiological Protection (ICRP), it is suggested that, in the foreseeable 

future, high-LET radiations will contribute only a small fraction of the 

total general exposure( 3'0). Nevertheless, from our present understand-

ing of radiation effects, it is entirely possible that high-LET radiations 
I 

may have a greater biological impact than this relatively small contribu-

tion to exposure might suggest. The possible biological consequences 

of exposure to high-LET radiation certainly merit continuing study. 

2
LET is an abbreviation for Linear Energy Transfer. 
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In a short review such as this, it is not feasible to attempt an 

encyclopedic coverage of the entire field of high- energy radiations. 

Rather, we have attempted to set the development of the subject over 

the past decade in some perspective by emphasizing those experimen-

tal and theoretical advances we believe to be of the greatest impor-

tance. 
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2. RADIATION ENVIRONMENT OF ACCELERATORS 

Despite the large variety of high-energy particle accelerators, 

both with respect to beam characteristics and utilization, their exter-

nal radiation environments are often quite similar, and are dominated 

by photons and neutrons. 

In many branches of health physics it has been customary to 

quantify radiation fields solely in terms of gross properties such as 

exposure, absorbed dose and dose equivalent (see section 3 on Radi

ation Protection). This procedure is inadequate at accelerators. In 

order properly to perform the tasks required of a health physicist at 

an accelerator (such as personal dosimetry, the design and construe-

tion of radiation-measuring instruments; general radiation and particle 

beam dosimetry, shielding design or determination of induced activity), 

it is vital that the detailed composition of the radiation environment be 

understood in terms of the constituent particles. The study of these 

environments in terms of the energy spectra of their separate compo-

nents is still in its early stages; techniques of measurement and data 

analysis are still being developed, and more extensive measurements 

are required. Consequently, the limited information that has been pub-

liehed, only describes neutron spectra.. But, .when supplemented by in-

formation from cosmic-ray experiments and neutron transport theory, 

some general conclusions can be made concerning radiation fields pro-

duced by proton accelerators. 

Shielding studies have shown that the radiation field reaches an 

equilibrium condition within a few mean-free paths inside an acceler-

ator shield (see section 4 on Shielding). The shape of the neutron 

' I 
! 

I 
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spectrum observed at a shield/air interface, is very close to that which 

exists within the shield, but may be perturbed at the low-energy end, 

due to the scattering and leakage _through holes in the shielding. 

A. High-Energy Proton Accelerators 

In the latter part of the fifties, experience at the 184-Inch Syn

chrocyclotron and Bevatron (Lawrence Berkeley Laboratory) and at the 

Cosmotron (Brookhaven) estimated the qualitative nature of their radi-

ation environments outside thick shielding (31- 34). Although detailed 

spectra were not obtained, a general rule emerged for proton acceler-

ators, showing that neutrons between 0.1 and 10 MeV contributed more 

than 50o/o to the t.otal dose equivalent in the radiation field; 'I rays and 

low-energy neutrons contributed about 10-20%, with the balance made 

up by neutrons greater than 10 MeV in energy. Patterson et al(35) ex-

plained this observation by suggesting that the equilibrium neutron 

spectrum in the lower atmosphere which is produced by the interaction 

of the primary galactic cosmic radiation (mainly protons), must be 

very similar to that generated in the shield of a high-energy proton ac-

celerator. Somewhat later Tardy-Joubert(36, 37) noted that at neutron 

energies· above 50 MeV the neutron spectrum outside the 3-GeV proton 
I 

synchrotron 11 Saturne11 shield, deduced from an analysis of the prong-

number distribution of stars produced in nuclear emulsion, was con-

sistent with the cosmiC-ray neutron spectrum measured by Hess et 

al(38). The relative unimportance of protons is also explained by an-

alogy with the cosmic-ray radiation (36, 39). At energies greater than 

a few hundred MeV, protons are present in numbers comparable with 
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neutrons; at lower energies, however, protons are depleted by ioniza

tion losses. 

By 1965 there was sufficient experience at many high-energy pro

ton accelerators around the world to confirm that the neutron spectra 

outside accelerator shields and the cosmic-ray spectrum were, in gen

eral, quite similar(32-34, 36, 40-42); any attempts to measure pro

ton spectra have not been reported. 

There were, however, apparent discrepancies in some data. 

Table 1 (Ref. 43-45) gives a typical example. The relative composi

tion o£ dose equivalent measured through thick shielding above an accel

erator target is given for a concrete shield and for an earth shield at 

the CERN proton synchrotron (CPS). The data measured above the con

crete shield are very similar to those reported at other accelerators, 

such as the British 7-GeV proton synchrotron(41), and suggested a neu

tron spectrum similar to that produced by cosmic rays(35), while the data 

measured above an earth shield indicated a relatively large contribution 

to the dose equivalent by high-energy neutrons. Relative data, as in 

Table 1., are not adequate to determine whether the high fraction of 

dose equivalent contributed by high-energy particles was due to a def

icit of low-energy neutrons or to a surfeit of high-energy neutrons. 

For this, more specific information on the neutron spectrum would be 

necessary. In the past ten years more specific information on the 

shape of the neutron spectra found around accelerators has been ob

tained by the use of nuclear emulsions and activation detectors(46) .. 

Very little data currently exists in the radiation environments of 

heav-y-ion accelerators but it seems probable that there will be little 
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qualitativ.e difference from the features exhibited by proton acceler-

-· .. ators. 

1. Neutron Spectrometry Techniques 

a. Nuclear Emulsions. Lehman and Fekula(47) have summar-

ized the neutron spectra determined at the Bevatron from the measure-

ment of recoil protons in thick nuclear emulsions by saying that the 

general form of the stray neutron spectra (measured between 0. 7 and 

20 MeV) at eight locations near the Bevatron is a broad peak in the 0.5-

to 2-MeV region, followed by a smooth 100-fold drop in value between 

the peak and 12 MeV. Unfortunately, proton recoil measurements in 

emulsions are unreliable above about 20 MeV, because track loss cor-

rections become difficult. Nuclear emulsions may be used at higher 

energies, however, to give some indication of the slope of a smooth 

-n 
neutron spectrum assumed to be of the form E , if the average num-

ber of grey prongs per star is determined. This was first done for 

cosmic rays(48), but the technique has been refined and used outside 

shielding of accelerators at Berkeley( 49- 5i). Values of spectral 

slope, n, ranging between 1. 5 and 2.0 were obtained at the Bevatron 

and the CPS and are consistent with threshold ?etector data. 

b. Threshold Detectors. The use of threshold detectors is a 

well understood and universally accepted technique in neutron detec-

tion. This technique has found widespread application at most high-

energy particle accelerators and has been extensively described in the 

literature (36, 41, 52- 55). Detectors of high sensitivity over the entire 

energy range normally of interest at accelerators (0.1-1 00 MeV) are 

available. For radiation protection purposes, detailed knowledge of 
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the neutron spectrum in the energy range from thermal up to about 10 

keY is rarely required because, as we have seen, intermediate-energy 

neutrons are usually of little importance. The dose equivalent per unit 

fluence is independent of neutron energy below 10 keV, and usually a 

simple measurement of flux dens~ty is sufficient. However, detailed 

spectral information in this energy range may be obtained, if required, 

by the use of several Bonner spheres of different sizes(56, 57). 

c. Spectrum Determination. Measurements with several thresh-

old detectors, whose excitation functions are known, provide informa-

tion on the energy distribution of the neutron flux density. Specifically, 

a solution for the neutron spectrum <j>(E) is sought from a set of activa-

tion equations of the form: 

E . -max 

A. = c .. s--a;(E) <~><.E)d~ for 1 = 1, z •... !!.1 
-J -J .J.. 

where A. is the saturation activity of the ith detector, -.l .J.. 

a. (E) 
.l-

is the cross section for the appropriate reaction at 

energy .!f., 

C. is a normalizing co, nstant between activity and flux 
-.J_ 

density, and 

E . ,E h . . d ·. . -nun -tnax are t e nun1rr1un1 an rnaxn11utn neutron cnerg1es 

in the spectrum. 

1. 

Equation 1 is a degenerate case of a Fredholm integral equation 

of tlte first kind. Formal methods of solution are not applicable when, 

as is the case with activation detectors, the A.'s and a.' s are known 
-.l - .l 

• I 
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only as a set of discrete points(58). Early attempts to obtain neutron 

spectra from activation detector data were frustrated by difficulties 

such as non-uniqueness or an oscillatory (and even negative) character 

to the solutions to the Fredholm equations. Some of these problems 

arise from the mathemati~al characteristics of the equations to be 

solved, while others are related to the specific method of solution 

adopted. Routti(58) has critically reviewed the numerical techniques 

commonly used for solution of such first-order Fredholm equations, 

and the interested reader is referred to his paper for a detailed ac-

count. 

Routti suggests that a suitable method of solution must be able 

to combine the information contained in the measured data with existing 

information of the neutron spectrum. Thus, for example, the solution 

must be non.- negative and zero beyond a given maximum energy. In 

addition, the spectrum of radiation penetrating thick shields construe-

. ted of a complex material such as concrete is assumed to be smooth. 

Some information on intensity o'r shape may be available from previous 

measurements. However, care must be taken to ensure that the conse-

quent additional constraints imposed on the spectrum do not prevent it 

from matching the measured responses or from assuming any physically 

acceptable shape. 

It is important that any method of solution be tested to ensure that 

it meets all these requirements. This is most conveniently done by 
' 
computing .how the system responds to test spectra. The resolution of 

the system and the influence of experimental errors or uncertainties in 

the detec,::tor response functions may then be sytematically studied. 
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Routti has applied a generalized least- squares method to solve 

the activation equations in a computer program LOUHI(59). In his tech

nique, the solution is forced to be non-negative, and prior information 

on the spectrum can be incorporated. Considerable experience has now 

been obtained and LOUHI has proved to be extremely reliable and capa

ble of calculating neutron spectra with adequate accuracy for radiation 

protection purposes. 

2. Typical Neutron Spectra Measured at Proton Accelerators. 

The application of threshold detectors to accelerator radiation envi

ronments at several laboratories simultaneously, rapidly expanded our 

understanding. 

Figure 1 shows several typical unnormalized neutron spectra 

obtained outside thick shields at proton synchrotrons, where Ecp(E) is 

plotted as a function of neutron energy [ cp(E) is the differential energy 

spectrum J • In such a plot, 1/E spectrum becomes a horizontal line 

(Figure 1a). This representation of the Hess cosmic-ray spectrum 

(Figure 1 b) clearly shows the large excess of neutrons in the MeV re

gion (due to evaporation processes) in comparison with a 1/E spectrum. 

At lower energies the spectrum is 1/E in character, but there is a 

noticeable dearth of thermal neutrons. 

The neutron spectrum obtained above the concrete shielding 

around targets at the CPS is shown in Figure 1c. (Compare with Table 

1.) The spectrum is seen to be 1/E in character from about 1 MeV 

down to thermal energies. This would be expected from neutron slowing

down theory in a hydrogenous medium, such as concrete. At about 1 
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MeV the evaporation· peak, also evident in the Hess spectrum, is clearly 

seen, and. the spectrum shows a rapid decline at energies above 50 MeV. 

Figure 1d shows the neutron spectrum measured above the earth 

shield of the CPS. (Compare with Table 1.) This spectrum is depleted 

of neutrons below about 1 MeV, but in other respects is similar to the 

spectrum shown in Figure 1 c. ·The water content of the earth shield 

through which the neutrons penetrated was very high (approximately 15% 

by weight) compared to concrete (few percent by weight,) and so this 

paucity of low-energy neutrons is to be expected. 

The neutron spectrum outside the Bevatron shielding (Figure 1 e) 

' is intermediate in character between the two spectra measured at the 

CPS and suggests that the hydrogen content of the concrete at Berkeley 

is higher than that at CERN. (To the authors' knowledge this specula-

tion has never been tested.) 

Finally, Figure 1f ·shows the spectrum around a steel-shielded 

proton beam of the British 7 -GeV synchrotron. Compared with the 

other spectra shown, a large buildup of neutrons below 1 keV is seen, 

and is attributed to leakage of low-energy neutrons through holes in the 

shielding(60). It is unlikely, however, that this is the entire explana-

' ' 
tion because such a buildup is frequently observed outside steel shields. 

For example, measurements of the neutron spectrum emerging from 

the main Bevatron magnet identified a very large component near 100 

keV(34), while Perry and Shaw(41) observed large increases in radi-

ation levels when steel replaced concrete in shield construction. How-

ever, recent theoretical calculations of the neutron spectrum produced 

in steel by the interaction of 200-GeV protons do not indicate a build-
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up(61). Such a discrepancy shows that although we now have a fair 

understanding of high-energy environments, more needs to be done. 

It will be shown later how such neutron spectral data may be 

used to calculate dose equivalent. Gilbert et al.(52) have given the 

distribution of dose equivalent as a function of energy for several of the 

neutron spectra shown in Figure 1. 

B. Electron Accelerators 

Early measurements at high-energy electron ac.celerators were 

principally concerned with the development and transmission of the 

electromagnetic cascade through the shield(62- 66). These studies con

firmed that there was good theoretical understanding of these proces-

ses (67). Photon spectra at .accelerators up to now have not been mea

sured, but a [3--y spectrometer and a Nai(Tl) anticoincidence -y-ray spec

trometer have been used to measure dose rate for space missions(68, 69). 

The application of such instruments to accelerator radiation fields may 

prove illuminating. 

Bathow et al ( 63, 70) measured significant neutron pro

duction at the DESY 4-GeV electron synchrotron. De Staebler has 

shown that at high energies and intensities the radiation enviro~ments 

of electron and proton accelerators will be quite similar outside their 

shields(71). Increasing attention has been given to the measurement of 

neutrons in recent years. Thus, for example, measurements outside 

thick shielding at the Stanford Mark III 1-GeV electron linac showed that 

neutrons were the dominant component of the radiation field; in addition, 

a significant flux density· of neutrons above 20 MeV was identified(72-74). 

.,, 
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Neutrons are a major component of the radiation field(75) in the earth 

shield, at the 4-GeV electron synchrotron NINA, and are the only signi-

ficant radiation component surviving at large distances from the SLAC 

20-GeV electron linac. 3 ·Recently Pszona et al (76) have demonstrated 

the dominating presence of neutrons around the 1-GeV Frascati synchro-

tron by measurements with ionization chambers. 

In making a comparison between the radiation environments of 

electron and proton accelerators it is interesting to note that close to 

the primary proton beam, very high photon fluxes have been observed 

at the 7-GeV synchrotron Nimrod(77) and the CPS(52). The source of 

these photons has not been established, but has been tentatively attrib

uted to the decay of 1r
0 mesons produced by proton interactions. 

C. Accelerators with Energies> 10 GeV 

At high energies (greater than about 10 GeV) the production of 

energetic muons can be sufficiently great to pose a serious shielding 

problem at both electron and proton accelerators. Cowan(78) has reported 

that substantial muon intensities were observed downstream from tar-

gets when the BNL 33-GeV AGS first came into operation. Several 

authors including Keefe(12, 79,80), Berte! et al(81). Theriot and 

Aw'schalom(82), and Kang et al (83) have shown that for the new gener-

ation of accelerators above 100 GeV, muons will dominate shielding re-

quirements in regions downstream of beam targets. 

At these high energies we need more measurements of neu-

tron spectra outside of various shielding materials in order to study 

3 . ' 
D. Busick, SLAC, private communication. 
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the influence of shield construction. In particular we need an exten

sion of our knowledge of these spectra above 100 MeV. At these higher 

energies it may prove to be technically more feasible to detect the 

·equilibrium proton spectrum. Penfold and Stevenson(84) have reported 

the use of a proton telescope to detect intense sources of radiation in

side thick shields along an external proton beam. The application of 

spark chambers to this problem should prove extremely helpful; Hajnal 

et al (8 5) have reported the use of an optical spark chamber to study 

the secondary-neutron energy spectra emerging from a 40-cm-thick 

iron shield bombarded by 2.9-GeV protons. A. Rindi(86) and C. B. 

Lim(87) have described the construction of an instrument utilizing 

multiwire spark chambers with magnetostrictive readout which may be 

used for measuring neutron and proton spectra up to energies of about 

300 MeV in low-intensity fields. 

c; I . ' 
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3. RADIATION PROTECTION 

.. 
A. The D0.se Equivalent 

The numerical scale used in radiation protection is expressed in 

terms of the parameter dose equivalent whose unit is the rem. Conceptu-

ally, dose equivalent is a measure of radiation used in radiation protec-

tion, based upon its ability to induce disease (somatic and genetic injury) 

in humans, who are chronically exposed to low intensities of ionizing 

radiations(88). (A complete definition of dose equivalent would more ad-
. . 

equately define the terms "disease," "chronically exposed," and "low in-

tensities." However, with our present limited understanding of the bio

logical effects of ionizing radiations in humans, such a definition can only 

be approximated.) Recent discussions in the literature on the methods of 

evaluating the dose equivalent in high-energy radiation fields, have clar-

ified the concept of dose equivalent. So, we believe it is useful to review 

this development. 

Early observations in radiology and radiobiology suggested that the 

dominant parameter which largely determined subsequent injury to ir-

radiated tissue was the quantity of energy absorbed per unit mass of tis-

sue. (Ab~orbed dose is usually measured in units of lads w~ere 1 rad-= 

100 ergs g - 1 .) More sophisticated experiments show~d that absorbed 

dose was not a:h entirely adequate parameter, and tha~ to better express 

biological damage, absorbed dose had to be weighted by other param-
i I 

eters, which depended upon the characteristics of the radiation. This 

problem was empirically solved in radiobiology by expressing ex-

posures to different radiations in terms of absorbed dose of some stand-

ard radiation (usually x or -y rays of specified energy). Thus the bio-
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logical effects of irradiation by all different types of radiation would 

be identical to that from X rads of standard radiation where 

and R. 
-1 

n 

v = \ R. D. 
A L -1 -1 

i = 1 

is the Relative Biological Effectiveness (RBE) of the ith 

2. 

radiation defined by R = D /D. , and D , D. are, respectively, the 
-1 _ -x -1 -x -1 

absorbed doses of the standard radiation and the _!th radiation required 

to produce the same biological effect. 

The quantity defined in Equation 2, that is referred to in the lit-

erature as the RBE dose, is clearly an equivalent dose of standard radi-

ation and has the same physical dimensions as those of absorbed dose 

[as does dose equivalent(89)]. Radiobiologists have measured many 

RBE' s, even for a specific type of radiation, depending upon the bio-

logical system, the biological effect considered,the dose rate and dis-

tribution, and many other biological and physical factors. One param

eter found to have an important influence on the RBE is the average 

LET, or collision stopping power of the ionizing radiation. [LET still 

continues to play an important role in the thinking of radiobiologists-

although recently some have suggested it has only limited value in 

spe·cifying radiation quality(90- 92) .] 

For radiation protection purposes, the appropriate "RBE' s" 

required would be those for chronic low-level exposures of humans. 

The biological effects of low-level exposures are not entirely known 

but probably include carcinogenesis, leukemia induction, life-span 

shortening and deleterious mutations. There are no data on these bio-
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logical effects in humans exposed at sufficiently low doses and dose 

rates, and furthermore it seems unlikely that data will be directly ob-

tained in the foreseeable futur.e, since such human experiments are not 

feasible. Nor does it seem likely that epidemiological studies will greatly 

alleviate this situation, if the risks of somatic injury are of the magni-

tude estimated by the International Commission on Radiological Protec

tion (ICRP)(93, 94). Any values of RBE currently used in radiation pro-

tection are,therefore, extrapolations from ~epidemiological studies of 

humans acutely exposed or from animal experiments, and are essen-

tially administrative in character. 

The solution adopted by the ICRU/ICRP was to express the "RBE 

used in radiation protection" as the product of several modifying factors. 

Provision was made for several such factors including those which take 

account of LET (the Quality Factor), the nonuniform spatial distribution 

of absorbed dose, and differences in the absorbed dose rate(95). For 

external radiation exposure, however, only the Quality Factor (9), which 

accounts for the difference in LET of ionizing radiations at the locations 

of interest, is defined. When ionizing radiation of more than one LET, 

L, is present at the point of interest, the dose equivalent at that point 
.! 

may be expressed by a modification of Equation 2 · as (96) 

n 

H = Q. D .• I -1 -1 
3. 

i = 1 

In practice,the ionizing particles producing the absorbed dose 

have a continuous distribution in L, and Equation 3 becomes (97) 
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L -max 

H = 5--.Q(L) D(L) dL 4. 

0 

where .D(L) is the absorbed dose per unit interval of LET due to par-

ticles with LET between Land L + dL. L is the maximum value -max 

of LET at the point of interest. Dose equivalent in high-energy environ-

ments is evaluated from a knowledg,e of the parameters of the radiation 

environment by calculating the D(L) distribution as a function of depth 

and using the relationship petween Q(L) and L defined by the ICRP(98) 

(Figure 2). 

B. Dose-Equivalent-Depth Distributions 

It is the current practice of regulatory organizations to set max-

imum permissible limits for the dose equivalent (MPD) in certain so-

called "critical organs" such as the gonads, red bone marrow, thyroid, 

etc. For radiation protection purposes the dose equivalent in these 

critical organs must be calculated to determine whether those MPD' s 

have been exceeded. 

The quantity H, as defined by Equation 4, in principle may be 

calculated as a function of position in the human body, under any irradi-

ation conditions. In practice, however, such detailed calculations, in-

volving as they do complex details of geometry and nuclear interactions, 

·require extensive computing facilities for their execution. Further
\ 

more, even with the aid of large digital computers, certain simplifica-

tions have been necessary to make the calculations tractable. 

I 

- ! 

(,} - ' 

• ! 
I 
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At present most calculations have been made under limited radi-

ation conditions for uniform, s·emi'-i:hfinite slabs of tissue-like mate-

rial (e. g., water, polystyrene, "standard-tissue"), but an increasing 

number of calculations are being made for finite phantoms (parallelepi

peds, cyclinders, elliptical cylinders}. In addition, attention is being 

given to the effects of nonuniform body corhpositions(99). In the case of ir-

radiation by neutrons, several summaries of these calculations have 

been published(100); comparison w~th experimental measurements in-

dicates good agreement(101). 

C. Conversion Factors 

In selecting a single set of particle-flux...:density to dose-equivalent 

rate conversion factors as a function of particle energy, it is conven-

tional to choose those irradiation conditions that maximize the dose 

equivalent in the body. These generally occur for unilateral irradi-

ation by a normally ·incident beam of particles. In addition, such con-

version factors are derived from the maximum in the calculated dose-

equivalent_, dose ·distr.ibutions. Figure 3 shows conversion factors for 

electrons, neutrons, photons, and protons derived in this way by 

ICRP. In practice it is usually necessary to evaluate dose equivalent 

due to particles dis~ributed over a range of energies. 

The dose-equivalent rate H may be approximated by the equation 

E -max 

H = 5- <j>(~)d~/g_(E), 
~min 

5. 
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where _g(E) is the appropr~ate conversion factor for particles of energy 
' 

. . 
E_· , and E . , E are the appropriate energy limits. -m1n -max 

Because the conversion factors _g(E) are derived from irradiation 
' -

conditions which maximize the dose at each energy, the use of Equation 

5 may overestimate the dose equivale~t due to a continuous particle 

spectrum. Equation 5 expresses the sum of the maxima of the dose-

equivalent depth curves at each energy rather than the maximum of the 

sum of the dose-equivalent distributions from each component of the 

spectrum(102). 

For irradiation by particles extending over a wide energy range, 

Shaw et al (1 7) have sugge.sted that the dose equivalent should be ob-

tained by calculating the dose equivalent distribution in the body due to 

the entire spectrum. The maximum dose equivalent in the body (or the 

dose equivalent in the internal organs) may then be evaluated. They 

have reported such calculations for some typical accelerator neutron 

spectra (Figure 1) and showed that the use of Equation 5 with these spec-

tra was accurate enough for practical purposes. This may be seen 

from Table 2, which compares effective conversion factors averaged 

over the entire energy range. In column 1 is given approximate values 

obtained using Equation 5 [reported by Gilbert et al (52)]; Column 2 

gives more precise values reported by Shaw et al (1 7). There is essen-

tial agreement between these two sets of values. 

• I 
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4. SHIELDING 

. As recently as 1960, Jaeger described the design of high-energy 

radiation shielding as ''more an art than a science" (103). During the 

period 1960-1970, several experiments at high-energy electron and pro

ton accelerators as well as theoretical studies of the propagation of radi

ations through shielding . haV:e radically changed the state of the art. A 

critical review of many of these experiments has recently been given 

by Patterson and Thomas(3, 4), and Ranft(104) has compared experimen-

tal data with· Monte Carlo calculations. 

The immediate aims of the early experiments were to obtain a 

qualitative understanding of the transmission of accelerator-produced 

radiation, to express this understanding in some physically plausible,. 

but empirical manner, and, finally, to make this empirical formulation 

quantitative. As our understanding of radiation transport increased, 

experiments became more sophisticated in an attempt to understand the 

development of electromagnetic and hadronic cascades in matter. Now, 

as theoretical techniques become increasingly reliable, experiments 

are designed with a view of testing (and improving) theoretical models 

of transport phenomena. 
i 

A. Phenomenological Models 

Consider an effective point source produced by protons interacting 

in a thick target (Figure 4). The radiation level on the outside surface 

of a shield may be written, by analogy with the corresponding photon 

shielding problem as 
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d 2n(T, 8) 

dT dfl dT, 6. 

where r is the distance from the source, -
T is the neutron energy, 

F is a factor which converts fluence to dose equivalent, 

d is the shield thickness, 

X. is the effective removal mean-free path, 

B is a buildup factor, and 

d 2n 

dTdD is the yield of neutrons per unit solid angle between T 

and T + d!. at angle 8. (See Figure 4.) 

De Staebler(8) wrote Equation 6 as: 

1 
H= 2 

r I 
i 

B. F. 
-1 -1 

where the subscript.!_ denotes a range of neutron energies for which 

7. 

B, F, and X. are fairly constant and the definition of (d!Y dO} is obvious. 

Moyer(105, 106) made an extremely important contribution when 

he recognized that Equation 7 may be approximated by a single energy 

group because the nature of the radiation field outside the shield of a 

high-energy proton accelerator will be determined by neutrons with 

energy greater than about 150 MeV. Neutron attenuation lengths above 

150 MeV are roughly independent of energy, but diminish rapidly with 

energy below. about 100 MeV. Consequently, the greater yields of low-·energy 

as compared to high-energy neutrons, at the primary interaction, will be more 

than compensated for by the greater attenuating action of the shield for these 
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neutrons. Deep in the shield, high-energy (E > 150 MeV) neutrons re-

generate the cascade but a.:r;e present in relatively small numbers. At 

a shield interface the radiation field observed consists of these "propa-

gators," born close to the primary radiation source, accompanied by 

many particles of much lower energy born near the interface. Equation 
. . . . . 

7 therefore becomes 

N_g_(6) 
H ex: -=-z- · exp (-~X.) 8. 

r 

where N. is the proton intensity inCident on the target, 

(} is the angle subtended to the beam. direction, 

g ((}) is the angular distribution of high energy particles at 

the source, 

d is the shield thickness, and 

X. is the effective attenuation length of high-energy neutrons. 

The total neutron flux density (and consequently the dose-equivalent rate) 

will be proportional to the high-energy neutron flux density. Because the low-

energy components are produced by interaction of the high-energy pro-

pagators, their intensity decreases through the shield in an exponential 

manner with effectively the same attenuation length for all d~rections 

through· the shield. 

Moyer(105, 106) generated appropriate parameters to be used in 

Equation 8 in calculating shielding for the Bevatron. Smith(54) has 

described the excellent agreement between measured radiation levels 

outside the Bevatron shield and those predicted by Moyer. 
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Many shielding experiments have subsequently confirmed Moyer' s 

basic assumptions. For example, Smith et al (55) used threshold de-

tectors to measure the spatial variation of flux density produced in con-

crete bombarded by 6-GeV protons. Figure 5 shows the relative flux 

density distribution, measured by the 27 Al __. 24Na reaction (threshold 

6 MeV) along paths drawn at several angles to the inc~dent beam direc

tion. The transmission curves are seen to be exponential and essen-

tially parallel, within the limits of experimental accuracy. Similar 

results were obtained with detectors utilizing the 12c __. 11 c reac-

tion (threshold 20 MeV). In addition, Smith et al demonstrated the 

existence of an equilibrium spectrum by calculating the ratio of the re-

sponse of the carbon and aluminum activation detectors. Figure 6 

shows that this ratio becomes constant both in the beam direction and 

transverse to it. Equilibrium is evidently much more rapidly attained 

in the transverse direction than in the beam direction. 

In the past five years effort has been devoted to obtaining optimum 

values of X. and _g_(8) for use in Equation 8. 

1. High-Energy Attenuation Length 

It is readily seen that the results of calculations using the Moyer 

model are most sensitive to the value of attenuation length used. At 

high ener·gies, particle attenuation is essentially determined by inelastic 

· interactions and so we might expect the appropriate value of X. to be given 

by 

X. = 1 
N a. 

1n 

9. 

I 
;. l 

I 
- I 
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where N is the number of atoms/c~and u. is the inelastic cross 
m 

section. 

Measurements of nucleon-nucleus inelastic cross sections as a 

function of rnass number are quite well represented by the formula 

(I. 
1n 

= 43.1 )L 
0

•70 mb, for E ~ 150 MeV, 10. 

irrespective of whether the incident particle is a proton or neutron(107, 

108). Substitution into Equation 9 gives 

. , _ 
38 

.
5 

A o .30 -2 
p "- - • .n. g em 11. 

Over the past fifteen years many shielding experiments have 

been performed(3, 4), but accurate 'data are limited. The earlier exper-

iments, in particular, were subject to many sources of error, especially 

with regard to an accurate knowledge of the. density of the shielding 

material. Furthermore, in much of the earlier literature there are 

conflicting interpretation! of the term "attenuation length"(3, 4). Of 

the later experiments, that reported by Gilbert et al (52) at the CPS, 

which analyzed the experimental data in terms of the Moyer tnodel, ob

tained a value of }.. = 117::1:2 g/ cm2 in earth, close to that predicted by 

Equation 11. Use of attenuation lengths calculated from Equation 11 

is certainly consistent with the available experimental determination 

of attenuation length. 

2. )Lngular Distribution of Secondary Particles 

The exact nature of the angular distribution function g(e) that 

should be used in Equation 8 is not immediately obvious. One approach 

is to deduce angular distribution from measurements of particle flux 
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density within the shield around the radiatio? source. Using such an 

approach, Gilbert et al (52) found that an angular distribution of the 

form 

12. 

well represented the flux density data measured in the earth shield of 

the CPS. In these measurements a thin Be -Al target was· bombarded 

by 14.6 or 26.4 GeV / c protons. In their experiment the parameter£ 
' . 

did not seem to be strongly dependent upon primary proton energy •. 

' -1 
Values of bin the range 2.1-2.4 radian were reported by Gilbertetal 

consistent with values of b around 2.5 reported by Stevenson et al (109), 

using a sin1ilar technique, for a primary proton energy of 7 GeV. 

The angular distribution of secondary hadrons determined from 

measurements around fairly thin targets is of more fundamental inter-

est. Such data are needed to test the validity of Monte Carlo and other 

transport model calculations, which are used increasingly to estimate 

the magnitude. of a variety of radiation phenomena such as :radiation 

damage, induced radioactivity, and radiation intensity. Measurements 

of momentum-integrated secondary-particle yields around internal tar-

gets are difficult because of poorly defined source geometry( 52, 11 0). 

Recently some careful measur.ements of the angular dependence of 

hadron yields from various target materials bombarded by 3-GeV(111), 

7-GeV and 23-GeV(112) protons have been reported. Levine et al(112) conclude 

from their measurements that the shape of the angular distribution mea-

sured with any particular detector is independent of primary proton energy 

and, within the range 60° ~ () ~ 120°, is consistent with the form suggested 
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by Gilbert et al (52) (Equation 12). Table 3 summarizes values of the 

parameter b obtained at 7 GeV, from which it may be concluded that b - -
is strongly dependent upon the energy threshold of the radiation detector. 

Comparison with the 3...:GeV data of Awschalom and Schimmerling(111) 

indicates no strong dependence of b upon primary proton energy. Figure 

7 shows the data of Table 3. (A range for threshold energy is 
I • -

indicated because different hadrons may produce the radioactive species 

observed.) 

In using the Moyer model to calculate transverse shielding for pro-

ton accelerators, the appropriate angular distribution _g(8) is assumed to 

be that of particles with energies greater than about 150 MeV(105). Ex-

trapolation of the data of Figure 7 gives a value of E. of 2.3± 0.3 at 150 

MeV. This value is in surprisingly ·(and perhaps fortuitously) good 

agreement with the values of b in the range 2.1-2.5 extrapolated from 

measurements deep in the shield. 

The absolute yield of secondary hadrons depends both upon target 

material and primary proton energy. At large angles the yields appear 

to be dominated by contributions from the intranuclear cascade and are 

not inconsistent with a variation proportional to A 1/ 3(112). If the yield 

y, is expressed in the form 

n 
y = constant · E- · _g( 8) 13 . 

.!! lies in the range 0-0.5, depending upon the detector used, over the 

angular range 30° ~ 8 ~ 80°. 

Comparison of the experimental with the integrated momentum 

spectra of secondary particles predicted by a modification of the semi-

empirical Trilling production formula(113, 114) indicates good absolute 
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agreement at angles less than 30°. At larger angles there is a diver-

gence between the experimental data and theoretical predictions for two 

reasons: Firstly, this Trilling formula does not correctly describe the 

production of particles with high tranverse momentum. Secondly, the 

production of particles in the intranuclear cascade and by evaporation 

processes must be- correctly accounted for. Recently Ranft and Routti 

have descr·ibed suitable empirical formulae which predict angular dis-

tributions in good agreement with available experimental data at all 

angles(115). 

3. Accuracy of the Moyer Model 

Use of the Moyer model with appropriate input data, and under 

fairly simple geometrical conditions, leads to estimates of radiation 

levels usually accurate to better than a factor of two. Figure 8 indicates 

the accuracy possible when experimental data are fitted to a Moyer-type 

equation. Calculated and measured neutron flux densities in the earth 

shield of the CPS are shown(116). Fluxes are plotted as a function of 

longitudinal distance from an internal target for five different 

depths in the shield. Flux densities were measured utilizing the 

27 Al(~, a.) 
24Na reaction in aluminum. In this particular example, flux 

densities are predicted to about 20%, over a range of five orders of 

of neutron flux density and spectrum. 

- I 

I 
I 

magnitude. Estimates of dose-equivalent rate follow from a knowledge 

For the calculation of shield thicknesses transverse to a proton 

beam, for uniform beam loss, the Moyer model takes a particularly 

simple form. Substituting for g(8) using Equation 12., and using ex-

perimental data from the CPS it may be shown that 



- ·,i 

H 

where 

= 

H 

•,) 

0.11 L 
~+~} 

') 

s 
0 

-31-

TT d 
exp(-2.38} exp(- X. cosec 8}d8, 

is measured in mrem/h, 

· L is the beam loss in units of GeV /em sec, 

a is the accelerator tunnel radius in meters, 

d is the shield thickness in meters, and 

X. is the attenua,tion length. 

14. 

Integrals of the form appearing in Equation 14 have been tabulated in 

the region of physical interest by Routti and Thomas(117}. 

Phenomenological models permit simple, rapid, and fairly accu-

rate shield estimates. Furthermore, they provide a valuable physical 

insight into the problems of shielding. Such models are, however, neces-

sarily limited by operational experience. 

B. Monte Carlo Calculations 

One of the most important advances in the study of accelerator 

radiation environments over the past ten years has been the development 

of Monte Carlo techniques to calculate electromagnetic and hadronic cas-

cade phenomena. These calculations have recently been reviewed by 

Ranft(104}, and space does not permit a complete discussion here. Ac-

curate and reliable calculations of radiation phenomena at accelerators 

have required development of an understanding not only of the interaction 

of primary particles with internal targets and machine components, but 

also of particle production resulting from primary particle interaction, 

the transport of these primary and secondary particles together with 

" 
. ! 
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their interaction products through matter and, finally, the conversion 

from the calculation of particles transported to observable phenomena. 

Ranft has reported good agreement with experimental data in such di-

verse areas as induced radioactivity, radiation doses, radiation heating, 

and shielding. 

A good example of the agreement between theoretical and exper-

imental data is the recent calculation of the neutron spectrum in the 

earth' s atmosphere by Armstrong et al (118). These workers used a 

Monte Carlo code to compute the production of protons, charged pions, 

and neutrons by the incident galactic protons, and the subsequent trans

port of these particles down to energies of 12 MeV. The production of 

neutrons of energy ~ 12 MeV as calculated by the Monte Carlo code, was 

used as input to a discrete-ordinates code to obtain the low-energy neu

tron spectrum. Figure 9 shows the results of these calculations and an 

absolute comparison with the experimentaldata of Hess et al (38) at 

atmospheric depths of 200 and 1033 g/ cm
2

• The calculated and mea-

sured spectra differ somewhat at lower energies but are in good agree-

ment at high energies. The increasing number of such examples of 

good agreement between calculated and experimental data is extremely 

encouraging. 

• - ! 
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5. INDUCED RADIOACTIVITY 

The development and transport of the electromagnetic and hadron-

ic cascades (sections 3 and 4) also result in the production of radioac-

tivity in accelerators and their surroundings. Accelerator shielding 

and accelerator components such as targ~ts, vacuum chamber, mag-

nets and rf cavities, cooling water or ground water close to the accel-

erator buildings, and air in the accelerator room may all become radio-

active to some degree. 

Barbier(119) has summarized the mechanism for the production of 

radioactivity at high-energy accelerators. In principle, all the nuclides 

which have atomic mass and atomic number equal to, or less than, the 

sum of the numbers of the target plus projectile nuclei can be produced. 

Many of the radionuclides that can be produced have half-lives so short 

that they need not be considered in protection problems. 

A. Radioactivity of Accelerator Components and Other Solids 

The number of radionuclides which might be produced is poten-

tially very large . Fortunately the materials used in accelerator con-

struction are limited in number, the most important being iron, several 

stainless steels, copper, aluminum, aluminum alloys, and several plas-

tics. Charalambus and Rindi(120) have reported a table of all the 

main radionuclides that can be produced at a typical proton accelerator. 

They considered only radionuclides with a half-life longer than one hour 

and show that about 70'1/o of them are -y-emitters. However, even shorter 

half-lives may be of concern for protection purposes if they are produced 

in large quantities. 
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Table 4 summarizes the radionuclides commonly identified in 

materica,ls used in accelerators; those with half-lives of less than 10 

minutes are excluded. Most of the radionuclides listed are produced 

by simple nuclear reactions such as (,!!:, xn), (E., xn), (£, £!!) etc., but 

some result from spallation, fragmentation, or capture reactions. 

Several measured cross sections for high-energy reaction have 

been reported by Bruninx(121-123). Rudstam(124) has proposed a very 

useful erp.pirical formula for their calculation, while Bertini(125) has 

reported intranuclear cascade calculations of these eros s sections. 

Because the number of radionuclides produced in accelerator com-

ponents is large and accelerator operation often variable, the production 

and decay of gross radioactivity is a complex function of time. Notwith-

standing, for radiation protection purposes it may be necessary to have 

some estimate of the dose rate, and its variation with time. 

The decay of dose rate near the 600-MeV CERN synchrocyclotron 

has been reported by Baarli(126) and Rindi(127). Reliable experimental 

data of this type are few because of the difficulty of obtaining them at 

most accelerators. During periods of accelerator shutdown, gross 

changes in the remnant radiation field may result from structural changes 

in the accelerator and its shielding. What data are available, however, 

show that beginning a few minutes after the shutdown, the dose rate decays 

by about a factor of two in the first two hours and by about another factor 

of two within the next 50 hours. This is in agreement with measurements 

at all the accelerators at the Lawrence Berkeley Laboratory(128), and 

elsewhere(129). Indeed it seems confirmed by general experience that 
I 

the gross features of the decay of induced activity near accelerators 
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that have been in operation for· several years, are nearly independent 

of the type of particles accelerated and their maximum energy. 

Sullivan and Overton(130) have shown that the dose-rate decay 

may be approximated by an equation of the form 

Ttt 
D(E) = B <!> ln ( t-) 15. 

where D(!) is' the dose rate at time_! after irradiation ceases, <1> is the 

flux density of high-energy primary particles, !_ is the irradiation thne 

and !! is a parameter which depends on several variables but is a con-

stant for any given set of irradiation, target and geometrical conditions. 

Equation 15 is in good qualitative agreement with the form of the build-

up and decay of dose rates observed in an accelerator environment, and 

in a recent paper Sullivan(131) has reported values of B for heavy mate-

rials that give reasonably good absolute agreement with observation. 

More accurate calculations require detailed Monte Carlo techniques of 

the type used in shielding calculations. (See section 4.) Armstrong 

et al (132, 133) have calculated the dose rate resulting from the irradi-

ation of steel by· 200-MeV, 3-GeV, and 200-GeV protons. For long ir-

52m . 56 . 52 radiation times they find that Mn(21 mm), Mn(2.6 h), Mn(5.6d), 

48 v'(16 d), 51 cr(27.8 d), and 54Mn(280 d) are the dominant radionuclides 

(Figure 10). These calculations are supported by recent observations 

at the 76-GeV proton synchrotron in Serpukhov(134). 

At electron accelerators, too, only few nuclides are dominant. For 

example, Saxon(135) reports that at the 4-GeV electron synchrotron 

NINA, 
56

Mn, 
52

Mn, and 48 v are dominant in steeL Similar results 

have been reported by Wyckof£(136) from exposure to the 100-MeV 
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bremsstrahlung beam of the NBS linac. De Staebler(137) has estimated 

the gross production of radioactivity by a high,...energy electron accel-

era tor as some 34 Ci at saturation per kW of beam power. 

B. Radioactivity of Air 

Radioactive gases are produced by the interaction of primary and 

secondary particles with the nitrogen, oxygen, argon, and carbon nu-

clei of air circulating in the accelerator vaults. In Table 5 we show 

the radionuclides which have been found in the air at different acceler-

ators. Radionuclides with half-lives less than one minute are of no con-

cern, decaying to negligible activities before personnel can enter the 

accelerator room or before the air can reach populated areas around the 

accelerator. Long-lived activities, on the other hand, may be dis-

counted because of their low production rate. Such arguments, supported 

by the measurements cited in Table S,suggest that at existing accelerators 

only four radionuclides need be considered: 15o, 13N, 11 c, and 41 A. A 

further increase in the energy or in the intensity of the accelerators how

ever, could cause the production of amounts of 7 Be and 3H which may 

be important. 

Presently, the concentrations of radioactive gases measured in the 

accelerator room a few minutes after shutdown, may range between 10 

and 30 times the MPC for continuous inhalation(139). However, the air 

is quickly mixed with inert air and the radioactivity decays. rapidly so 

that the associated dose rate is negligible compared to that from the 

solid machine parts. 
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C. Radioactivity of Water 

Radioactivity induced in cooling water circuits of high-intensity 

accelerators is potentially of concern for the following reasons: high 

dose rates around pipes carrying this water, radioactive contamination 

resulting from spills, and disposal problems. Rose et al (146) reported 

that external radiation levels as high as 100 mrem/h were found at var

ious regions close to the cooling system of the Harwell 150-MeV cyclo-

tron when it was operated with an internal beam of about 1 f.LA. Warren 

et al (147) have reported dose rates of between 0.5 and 4 mrem/h from 

cooling water circuits along the accelerator structure of the Stanford 

20 -GeV electron linear accelerator. Considerably higher levels are 

found from heat exchangers for high-power beam dumps-rates up to 

120 mrem/h being observed. 

Distenfeld(143) has concluded from measurements at the Brook

haven AGS that with a proton beam intensity of 1013 protons/sec the 

external radiation hazard from induced activity in cooling water would 

be trivial. However, the dose rate from large volumes of water, such 

as heat exchangers or storage tanks, would be measurable during ac-

celerator operation. Some rough .experimental studies of the produc-

tion of radionuclides in water from typical high-energy neutron spec

tra(148) have confirmed 11 G, 7Be, and 3H as the most important ones 

produced. 7 The ratio of the specific activities of tritium and Be ex-

trapolated at saturation in samples of water irradiated under several 

different conditions varied between 1.3 and 5.8. Disposal of irradiated 

water to streams would generally be controlled by the tritium content, 

since 7 Be is strongly absorbed in the mixed bed resins used for 
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demineralizing the waters(149). Careful studies of the radioactivity 

produced in water irradiated by high-energy electrons (14 7) have iden

tified 15o, 11 C, and 7 Be as the most important radionuclides. 

D. Environmental Impact of Radioactivity 

The environmental impact of accelerators has been given some 

study over the past few years. Large accelerators are capable of pro

ducing many thousands of curies of radioactivity,' a small fraction of 

which may be released to the environment. The transportation of these 

radionuclides, induced directly in ground water or leached from irra

diated earth in the accelerator shield, has been studied around proton 

synchrotrons with energies up to several hundred GeV (150-153). These 

studies show that the inventory of long-lived radionuclides produced in 

earth shields of such accelerators is of the order of tens of curies, or 

less. Chemical sorption plays an extremely important role in prevent

ing the rnigration of many of the nuclides. From these studies the levels 

of radioactivity likely to appear in ground water systems will be minimal 

and may not even be detectable. 
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6. CONCLUSIONS 

We hope that in this brief review we have been able to indicate 

the advances in the qualitative and quantitative understanding of accel

erator radiation problems that have been achieved in the past fifteen 

years. Froin almost complete ignorance of these problems we have 

reached. the point where accurate estimates of shielding, induced radio

activity, radiation damage, and radiation levels are generally possible. 

·The ir~creasing use of accelerators in industry and medicine 

necessitates the wider dissemina:tion of our expanding knowledge of ac

celerator-produced radiation. There is a need to educate sufficient 

operating personnel as to the special problems of shielding and dosim

etry at particle accelerators, if adequate safety standards are to be 

maintained. This need is especially important at accelerators used 

for radiation therapy, and is not fulfilled by specialized conferences 

open only to a limited audience. A number of recent monographs(4, 119, 

154, 155) specifically discussing accelerator radiation problems will 

help alleviate this situation. In the United States a start has been made 

to provide more formal instruction through short training courses. 

The radiation problems of very-high-energy accelerators (> 10 

GeV) continue to be of rather specialized interest, but the systematic 

solution of these problems will be of general interest to other disciplines 

as well. 

Despite the significant advances reported here, much remains to be 

done. The problems of personal dosimetry for high-energy neutrons 
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( E > 
1
20 MeV) has, to date, been given little attention. Shield compu

tations still need to be refined and this must be done by comparison 

with observation. Improvements are still needed in instrumentation 

for the measurement of fast neutrons "in the field." We suggest 

that the problems of induced radioactivity will need increasing study 

if the application of accelerators in industry is not to be inhibited. 

Radiation damage studies, too, are of increasing importance so that 

accelerators may be economically and efficiently designed. 

... 
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Table 1. Composition of radiation fields above thick shields at the CPS 

Radiation component 

Thermal neutrons 

Fast neutrons 
(0.1 MeV< E < 20 MeV) 

High-energy particles 
(E > 20 MeV) 

'{ rays and ionization from 
charged particles 

a 
Ref. 43 

b Ref. 44, 45 

Percentage of dos_e equivalent 

Above concrete Above target 
shield bridgea through earth 

shield b 

11-12 < 1-3 

50-70 10-37 

2-25 52-89 

2-19 1-13 

.. 
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Table 2. Effective conversion factors for neutron spectra 

Spectrum 

Gilbert et al (52) (1 7) 

Cosmic ray 12.1 14.1 

Bevatron 8.8 11.9 

CERN synchrotron bridge 7.3 12.1 

CERN ringtop 4.3 5.1 

1/E 4.7 6.4 



Table 3. Values of relaxation parameters 

Relaxation parameter b, radians -1 

Assumed 
Detector reaction threshold a b 7 GeV data 3 GeV data 

'W' Cu Al Pb Fe 

HPDc& TLD 1.65±0.1 1.36±0.05 1.25±0.05 

328 _32P 3.0±0.5 MeV 0 .29± 0.03 0.39±0.04 0.50±0.06 0.23±0.07 0.30%0.08 

27Al-24Na 6.0±0.5 MeV 0.?1±0.02 0.65±0.04 0.71±0.04 
19F _18F 11± 1 MeV 0.73±0.05 0.90±0.05 1.0 5± 0.07 

12c _11c 22±3MeV 1.28± 0.05 1.34± 0.03 1.32±0.05 1.1 0± 0.12 1.35± 0.16 I 
\.11 

12c - 7Be 
~ 

35± 5 MeV ·1.6 ±0.1 1.7 ±0.1 1o4 ±0.2 
I 

27A1_18F 35± 5 MeV 1.6 ±0.1 1.7 ±0.1 1.4 ±0.2 0.84± 0.14 1.07±0.13 

Au fission 90±10 MeV 2.1 ±0.3 2.1 ±0.3 2:1 ±0.3 

a 
Ref. 112 

b . 
Ref. 111 

c Hydrogen pressure dosimeter 

------- --- -·- ·--- -- -·- ---------· ------- -----~-~---
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Table 4. Radionuclides commonly identified in solid materials 
irradiated around accelerators 

Irradiated material 

Plastics, oils 

Concrete, aluminum 

Iron, steel 

Copper 

Radionuclide s 

7Be, 11 c 

As above, plus 
22

Na, 
24

Na, 
32

P, 
42

K, 95ca 

A b 1 
44

8 
44m

8 
46

8 
47

8 s a ove, p us c, c, c, c, 

48V, 51Cr, 52Mn, 52mMn, 54Mn, 56Mn, 57 Co, 

58C 60C 57N. 55F 59F o, o, 1, e, e 

A b 1 65N. 61c 64c 63 2 s a ove, p us 1, u, u, n, 

65Zn 
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Table 5. Radionuclides 'identified in the air of different accelerators 

Radionuclide 

140 

150 

16N 

24Na 

37s 

38Cl 

39Cl 

41 . 
A 

34mCl 

'Where identified 

A 

A,B,C,D,E,F 

A,B,C,D.E,F, 

G,H 

D 

A,C,D,E,G.H 

E 

A,D 

D 

A,H 

A 

A,B~C,D,F 

D 

Explanation of previous symbol 
and reference 

A = Sa clay 560 -MeV electron 

linac (138) 

B =CERN 600-MeV proton syn

chrocyclotron (139) 

C = CERN 28-GeV proton synchro-

tron (140) 

D = PPA 3 -GeV proton synchro-

tron (141) 

E = RHEL 7 -GeV proton synchro-

tron (142) 

F = BNL 3.0-GeV proton synchro-

tron (143) 

G = RPI 50-MeV electron linac(144) 

H = Frascati 300-MeV electron 

linat ( 145) 

, I 
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c. 
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FIGURE CAPTIONS 

Some typical high-energy neutron spectra (see Ref. 1 7). 

1/E spectrum (for comparison). 

cosmic-ray spectrum. 

spectrum at concrete shielding bridge at CPS. 

spectrum on earth shield of CPS. 

spectrum.out~ide .Bevatron shielding. 

spectrum outside steel shielding of Nimrod external 

proton beam. 

Figure 2. Quality factor as a function of linear energy transfer in 

water, interpolated from ICRP recommendations(98). 

Figure 3. Conversion factors as a function of energy for different 

particles. 

Figure 4. Schematicdiagram of typical shielding geometry. 

Figure 5. Relative flux-density distribution measurements along paths 

drawn at several angles to the point of incidence of the proton beam on 

a concrete shield. Measurements made with the 
27 

AI-
24

Na reaction. 

Incident proton energy 6 GeV(55). 
I , 

Figure 6. Typical example of the ratio of detector response as a function 
I 

of distance from the point of incidence to the proton beam on the shield. 

The figure demonstrates the existence of an equilibrium spectrum. The 

curve labeled "axial profile" was obtained in the beam direction; that 

labeled "lateral profile" was obtained at a depth of four feet into the 
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shield in a direction .normal to the beam direction. Incident proton 
' . 

energy 6 GeV(55). 

Figure 7. · Angular relaxation parameter, b, a:s a function of reaction 

threshold ,energy (~£tel" Le,vine et al, 112). 
' .. 

Figure 8. Comparison of measured and calculated flux density as a 

function' of positio:n in the earth shield of the CPS. The abscissa gives 

the distance along the beam line measured from an arbitrary point. 

The 25-GeV proton beam interacted with a beryllium target at T(i2.5 m 

from the origin). The ordinate shows the neutron flux density measured 

with anAl detector(U.6). 

·Figure. 9. . Histograms· show calculated values of the cosmic- ray neutron 

spectra due to Armstrong et al( 118), which ar.e compared with the mea

surements of Hess et al(38) (solid line) at depth.bl. the atmosphere of 

200 g/crri 2 and 1033 g/ em 2 and are also compared with calculations of 

Lingenfelter-quoted by Armstrong et al (118)-at the top of the atmosphere 

(dotted lines). The calculations and measurements are made in the range 

of geomagnetic latitudes 40-44° • 

. Figure iO •. Relative contribution to the photon dose rate due to' six 

radionuclide's' at the surface of an iron cylinde'r (diameter 80 g/ em 2) 

irradiated axially by 200-MeV and 3-GeV protons for an infinite time 

(from Armstrong and Barish, i32). 

., .. 
' "\ ·:,·. 
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liE spectrum 

(a) 

106 103 10° d 
E(McV) 

- -

CPS (concrete) 

(c) 

Bevatron 
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E,(El 

1.0 

1.0 

Fig. 1 

Cosmic rays 

CPS (earth) 

(d) 

106 103 10° d 
. E(McV) 

Nimrod 

( f ) 

XBL733-2472 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




