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1. Introduction 

At first sight the health physics practices at research acceler~ 
ators might appear to be of limited interest. It is certainly true 
that one aspect of the research accelerator health physicist•s work 
is to identify and provide solutions to new and novel problems. The 
radiation fields of such accelerators are themselves to some extent 
subjects of research. This aspect is common to other research institu
tions but is accentuated at particle accelerator laboratories where the 
radiation fields produced may initially be completely unknown. 

Experience shows us, however, that the research instruments of 
today are rapidly modified and adapted to become the work·a-day tools 
of tomorrow. This has already happened with particle accelerators. 
There has been a steady increase in the application of accelerators to 
medicine and industry.{l-S) Only a few years ago, exposure to acceler
ator-like radiation environments was limited to a relatively small 
number of institutions. However, exposure to accelerator-like radiation 
is no longer only of academic interest. The applied uses _of ionizing 
radiation have increased dramatically over the past decade. This has 
been made possible by impressive developments in accelerator design. 

Since the first development of particle accelerators in the early 
l930 1 s, the available particle kinetic energies and beam intensities 
have steadily increased. 

Figure 1.1 demonstrates the increase in maximum energy achieved by 
different types of particle accelerators since that time. During the 
30 years from 1935 to 1965, the maximum particle energy available 
increased by an order of magnitude roughly every .5.5 years. In a 
finite world, however, exponential growth cannot continue indefinitely 
and there is some indication that the rate of increase in laboratory 
energies has declined somewhat in the past ten years. The highest 
kinetic energy achieved at the present time is 500 GeV at the proton 
synchrotron of the Fermi National Accelerator Laboratory (1976). 

Available beam intensities from the highest energy accelerators 
tend to be significantly lower than those from lower energy accelera
tors, as may be seen by inspecting Fig. 1.2. In this figure the two 
parameters, maximum beam energy and maximum average current, are plotted 
for various accelerators around the world. For the highest energy 
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proton accelerators, average currents of a few microamperes are now 

feasible (CERN II, NAL), while at the Stanford Linear Accelerator 

Center (which accelerates electrons)the beam current is an order of 
magnitude higher. 

At these energies the available beam power is almost l M\~ (670 

KW at SLAC) and dissipation of the heat generated by the interaction of 
such beams presents a difficult engineering problem. Experiments at 

the Stanford Linear Accelerator Center, with the electron beam focussed 

to a spot ~ 1 mm diam, have demonstrated that 30 em thick metal beam 

stops are melted through in times ranging from 1 to 10 sees, depending 
upon the thermal properties of the metal!( 9) The thermal energy density 

produced in targets, collimators and backstops by such accelerator 

beams exceeds that in the cores of fast reactors used for the genera
tion of electricity! 

These technological achievements have made possible the develop

ment of a large variety of commercially available particle accelerators 

which can accelerate a wide range of particles to high energies at high 

beam intensities. This has made possible the industrial application 
of accelerators to a host of diverse tasks. (l-8) 

Burrill(lO) documented the increasing uses of accelerators in 

industry and medicine during the period ending December 1968 and showed 

the number of accelerators in use to be increasing at the rate of roughly 

10% per year, Fig . l .3 . More recently Morgan(ll) showed this rate of in crease 

had more than doubled in the interval 1968-1972. 
During recent years, a variety of high LET radiation from acceler

ators have been applied to radiotherapeutic investigations or radio

biological studies necessary prior to their use in radiotherapy~ ( 6 , 7 , 8 ) 
If widely adopted, considerable numbers of hospital personnel may be 

exposed to mixed radiation fields. 

The International Commission on Radiological Protection (ICRP) 

has pointed out that at the present time high-LET* radiatib~s contribute 

only a small fraction of the total general exposure. (l 2) But, it may 
well be that the increasing application of accelerators to industry and 

medicine will lead to a change in the nature of exposures to radiation 
workers. 

* LET is an abbreviation for Linear Energy Transfer. 
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There is still considerable speculation and even controversy as 
to the possible biological effects on man of the increasing uses of 
radiation. (l 3) The effects of low levels on man are not ye:t fully 
understood, but it seems probable that the radiation effects due to 
densely ionizing radiation (high LET} will be greater than those due to 
lightly ionizing radiation (low LET}.(l 4} As we shall show later 
(section 2), the radiation environments of many accelerators are 
particularly rich in high LET radiations; so, as the uses of accelerators 
increase, more people may be·exposed to high LET radiation. 

From our present understanding of radiation effects., it is extremely 
possible that high-LET radiations may have a greater biological impact 
than their relatively small contribution to general radiation exposure. 
In view of recent suggestions that the induction of leukemia in inan by 
neutron exposure is greater than has hitherto been thought, ( 15 ) the 
possible biological consequences of widespread exposure to high-LET 
radiation merits continuing study. 

In addition to accelerator-produced radiation, there are other 
applications of technology that result in exposures to accelerator-like 

radiation environments. For example, the use of supersonic ai rc·raft for mass 
transportation~ill expose large numbers of the general population to 
an accelerator-like radiation environment. (l 6) 

It is perhaps because the radiation phenomena ·of high energy 
accelerators need investigation that much of our basic knowledge of 
accelerator health physics practices has been obtained at high-energy 
laboratories. It is at large research institutions that the resources 
for such fundamental investigations are available. Experience has 
shown that the radiation environments of high-energy accelerators are 
in many respects similar to those produced by lower-energy accelerators: 
neutrons and photons are the dominant components. Consequently, the ' 
techniques of measurement developed for their radiation fields may be 
applied equally to both high- and low-energy accelerators. 

For the purposes of this paper, we define 11 high energy .. nuclear 
facilities to be those that accelerate particles to a kinetic energy 
greater than 1 GeV. As Table 1.1 shows, there are over forty such 
high energy facilities in the world presently in operation. These 
facilities are fairly evenly distributed between the Soviet Union, 
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.. 
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Table 1.1 

High Energy Particle Accelerators 
and Storage Rings 

Accelerator Type 
Parficles 

Acce erated 

Linear Accelerator e 
p 

Synchrotron e 

p 

Storage Ring Facilities - 10. 

Energy 

> 1 GeV -
> 0.5 GeV 

> 1 GeV 
> 1 GeV 

Number 

5 
1 

9 

17 (including 
boosters) 

1.7 
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United States and Western Europe, with Japan operating three high energy 
accelerators (Table 1.2).{17) 

It is largely the experience obtained at these high energy facilities 
that will be discussed in this paper. 

i 
i 
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Table 1.2 

World-Wide Distribution of 
High-Energy Facilities 

Japan 

U.S.A. 

U.S.S.R. 

W. Europe 

3 

13 

10 

16 

1.9 
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2.1. Introduction 

Despite the large variety of high-energy particle accelerators, both 

with respect to beam characteristics and utilization, their external 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). 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 construction 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 environ

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

environments in terms of the energy spectra of their separate components is 

still being developed, and more extensive measurements are required. Con

sequently, the limited information that has been published only describes 
neutron spectra. But, when supplemented by information from cosmic-ray experi

ments and neutron transport theory, some general conclusions can be made con

cerning radiation fields produced by proton accelerators. 

Shielding studies have shown that the radiation field reaches an equilib

rium condition within a few mean-free paths inside an accelerator shield (see 

section 4 on shielding). The shape of the neutron 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. 

2.2. Historical Background 

In the early fifties, following the successful operation of several 
accelerators in the GeV energy region, interest in accelerator radiation 
problems had become widespread. A conference held in New York in 
1957 indicated the concern of several laboratories in the United States [ l ] , 
and by 1962 an international meeting w~s organized in Paris. [ 2 ] 

Experience at the 184 inch synchrocyclotron at Berkeley and the 
early proton synchrotrons - the Cosmotron and Bevatron-rapidly estab:.. 
lished the qualitative nature of their radiation environments outside thick 
shielding. [ 3-5 . ] A general rule emerged showing that neutrons between 
0.1 and 10 MeV contributed more than 50% to the dose-equivalent contri
bution of the radiation field; y-rays and low energy neutrons contributed 
about 10-20% , and the balance made up by neutrons greater than 10 MeV in 
energy. 
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In order to quantify the high energy neutron contribution to dose
equivalent more precisely, Patterson et al. [ 6 ] suggested that the equi
librium neutron spectrum low down in the atmosphere 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 
accelerator. The cosmic ray neutron spectrum had previously been mea
sured at several altitudes by Hess et al. [ f ] and was shown to reach 

. equilibri~m rapidly (at depths greater than 200 g/cm2). Using the Hess 
spectrum and fluence to dose-equivalent conversions given in NBS Hand-

. ) . 

book 63 [ 8 ] , Patterson et a:l. concluded that II by far the largest. contri
bution to total neutron do.se comes from neutrons in the energy interval 
from 0.10 to 30 MeV. 11 (;6"] Somewhat later Tardy-Jouber.t[ "9] pointed 
out that, at energies above 50 MeV, the Hess spectrum was consistent with 
that deduced from an analysis of the prong-number distribution of stars 
produced in nuclear emulsion exposed at different altitudes. [ 10] 

These similarities to the cosmic ray spectrum also explain the rela.;. 
tive unimportance of protons in contributing to the dose -equivalent. [ 11] 
At energies greater than a few hundred MeV, protons are present in .numbers 
comparable with neutrons. At lower energies, however, protons are de
pleted by ionization losses. Puppi and Dallaporta [ 12] have suggested that 
the neutron/proton ratio in an equilibrium spectrum is of the form:· 

where 
w 

m c 2 
0 

2.1 

is the nucleon total energy, 

is the nucleon rest mass. 

Given Eq. (2.1'} itistrivial to show that protons contribute little to the dose
equivalent in an equilibrium cascade spectrum. 

By early 1965 therP was sufficient experience at high energy accel
erators at Berkeley [ 3-6 ] , CERN [13], the Rutherford Laboratory 
[11.,..14], Saclay l 9 ·] , and elsewhere [ 15 J to confirm that the cosmic ray 

and accelerator produced neutron spectra were indeed quite similar. Thus, 
for example, .at the 1966 Vienna meeting Perry [ 11] summarized experience 
at the British 7 GeV proton synchrotron thus: 

11 ···the energy spectrum varies from place to place but always falls 
off rapidly with increasing energy. Most of the neutron flux and dose equiv
alent is due to neutrons with energies between 0.1 and 10 MeV. The dose 
contributions from thermal and very high energy neutrons are both very 
small.'' 

Table 2.1 shows a summary of data given by Perry showing the com
position of the radiation field outside the shielding of a 7 GeV proton beam. 

The increased confidence this experience with accelerators in the GeV 
energy region gave strength to the earlier arguments of Patterson et al. [ 6] 
concerning the probable shape of the neutron equilibrium spectrum and led to 



Table 2. l . Radiation spectrum above Nimrod extracted proton beam shielding. 
(From Perry, 1967.) 

Estimated % of 

2.4 

Estimated %of Type of radiation Energy range 
neutron flux densit~ total dose-eguivalent 

Neutrons 

Neutrons 

Neutrons 

Neutrons 

Neutrons 

Neutrons + protons 

Neutrons 

+ charged particles 

Other particles 

+gammas 

< 1 eV 

1 eV- 0.7 MeV 

0.7-3 MeV 

3- 7 MeV 

7-20 MeV 

20- 100 MeV 

> 100 MeV 

<7 <1 

70 20 

15 35 

7 25 

1.5 5 

1 5 

0.5 4 

<2 
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the use of the Hess spectrum in the design o_f the shields of several high 
energy accelerators in the early sixties. ( 16-20] For this assumption to be 
valid it was necessary that the equilibrium spectrum be determined by the 
character of the interaction mechanisms of the nuclear cascade and essenti
ally independent of the energy of tl_>.~ incident proton. Some theoretical 
cascade calculations by Riddell [21 .1 lent support to this assumption but the 
extrapolation from experience in the GeV energy region to hundreds of GeV 
could not be made without reservation. Patterson [ 5 j indicated the need 
for more detailed information of the neutron spectrum between 1 and 10 MeV 
where 11 there may or may not be a flattening due to the production and scat
tering of evaporation neutrons." Nevertheless by early l965 there was a 
good quantitative understanding of the radiation environments outside .. 
particle accelerator shielding. 
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2.}. Operational Experience at High-Energy Accelerators 

2.3.1. High-Energy Proton Actelerators 

As we have seen, in the latter part of the fifties, experience at 

the 184-inch Synchrocyclotron and Bevatron (Lawrence Berkeley Laboratory) 

and the Cosmotron (Brookhaven) allowed estimation of the qualitative nature of 

their radiation environments outside thick shielding( 3,Sl. Although 

detailed spectra were not obtained, a general rule emerged for proton 

accelerators showing that neutrons between 0. l and 10 MeV contributed more than 

50% to the total dose equivalent in the radiation field (see section 2.2). 

This fact was explained by analogy with the cosmic ray produced neutron 

spectrum. 

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

accelerators a~ound the world t6 confirm that the neutron spectra outside 

accelerator shields and the cosmic-ray spectrum were, in general, quite 

.. 1 (3~5,9,13,14,22) h s1m1 ar ; any attempts to measure proton spectra ave not 
;';: 

been reported. 

There were, however, apparent discrepancies in some data. Table 2.2(23- 25 ) 

gives a typical example. The relative composition of dose equivalent 

measured through thick shielding above an accelerator target is given f6r 

a concrete shield and for an earth shield at the CERN proton synchrotron 

(CPS). The data measured above the concrete shield are very similar to 

those reported at other accelerators, such as the British 7-GeV proton 

( 11 14) synchrotron ' and iuggested a neutron spectrum similar to that produced 

by cosmic rays( 6), while the data measured above an earth shield indicated 

'''Recently, Aleinikov et al. have reported proton spectrum measurements 

at the Dubna synchrocylotron, using counter telescope techniques. (Aieinkov, 

V.E., Gerdt, V.P. and Timoshenko, G.N., Measurement of Spectra of High

Energy Protons Generated in the Shielding of a 680 MeV Synchrocyclotron -

Joint Institute of Nuclear Research, Dubna, Report P16-9400 (1975) .) 

I 
- ' 
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a relatively large contribution to the dose equivalent by high-energy 

neutrons. Relative data, as in Table 2.~are not adequate to determine 

whether the high fraction of dose equivalent contributed by high-energy 

particles was due to a deficit of low-energy neutrons or to a surfeit of 

high-energy neutrons. For this, more specific information on the neutron 

spect~um would be necess~ry. In 'the past ten years more specific informa-

tionon the neutron spectra found around accelerators has been obtained 

by t~e use of nuclear emulsions and activation detectors. (26 ) 

Table 2.2. Composition of radiatio~ fields above 
thick shields at the CPS-

Percentage of dose equivalent 
Above 

Radiation Component 
Above concrete 
shield bridgea 

target througg 
earth shi~ld 

·Thermal neutrons I 1- I 2 

Fast neutrons (0.1 MeV< E < 20 MeV) 50-70 

High-:energy particles (E > 20 MeV) 2-25 

y rays and ionization from charged particles 2-19 

··-··---------·--------------C---------
a Reference 23 

b References 24,25 

<1-3 

I0-37 

52-89 

1-13 

\ 

·~ion of threshold detectors to accelerator radiatio~ ~nvironments at several 

laboratories simultaneously, rapidly expanded our understanding. 

Figure 2. I shows several typical unnormalized neutron spectra obtained 

outside thick shields at proton synchrotrons, where E~(E) is plotted as a 

function of neutron energy [~(E) is the differential energy spectrum]. 
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In such a plot 1/E spectrum becomes a horizontal line (Fig. 2.la). This 

representation of the Hess cosmic-ray spectrum (Fig. 2.lb) clearly shows the 

large excess of neutrons in the MeV region (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 Fig. 2.lc. (Compare with Table 2.2.) 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 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 2.ld shows the neutron spectrum measured above the earth shield 

of the CPS. (Compare with Table 2.2.) This spectrum is depleted of neutrons 

b~low about 1 MeV, but in other respects is similar to the spectrum shown 

in Figure 2.le. 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 (Fig. 2.le) 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 author's knowledge this speculation has never

been tested.) 

Finally, Fig. 2. If 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 
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Pig. ·2.1. Some typical high-energy neutron spectra. (a) 1/E spectrum 
(for comparison). (b) Cosmic-ray spectrum. (c) Spectrum 
at concrete shielding bridge at CPS. (J) Spectrum on earth 
shield of CPS. (e) Spectrum outside Bevatron shielding. 
(f) Spectrum outside steel shielding of Nimrod external 
proton beam. 
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to leakage of low-energy neutrons through holes in the shielding. (2l) It 

is unlikely, however, that this is the entire explanation because such a buildup 

is fre~uently observed outside steel shields. For example, measurements of 

the neutron spectrum emerging from the main B~vatron magnet identified 

a very large component near 100 keV(S), while Perry and Shaw(l 4) observed 

large increases in radiation levels when steel replaced concrete in shield 

construction. However, recent theoretical calculations of the neutron spectrum 

produced in steel by the interaction of 200-GeV protons do not indicate a 

buildup( 2B)_ Such a discrepancy shows that although we now have a fair under-

standing 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. (29 ) have given the distribution of 

dose equivalent as a function of energy for several ~f the neutron spectra 

shown in Fig. 2.1. 

2.3.2. Electron Accelerators 

Early measurements at high-energy electron accelerators were principally 

concerned with the develoP,ment and transmission of the electromagnetic cascade 

through the shield. (30- 34 ) These studies confirmed that there was good 

theoretical understanding of these processes.( 3S) Photon spectra at accelera

tors up to now have not been measured, but a S-y spectrometer and a Nai(Tl) 

anticoincidence y -ray spectrometer have been used to measure dose rate for 

space. missions. (36 •37 ) The application of such instruments to accelerator 

radiation fields may prove illuminating. 

Bathow et al. (31 ,.,38) measured significant neutron production at the 

DESY 4-GeV electron synchrotron. De Staebler has shown that at high energies 

and intensities the radiation environments of electron and proton acceler

ators will be quite similar outside their shields. (l 6) Increasing attention 
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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 t4eV was identified. (39-41..) Neutrons are a major component of the 

radiation field(42 ) in the earth shield ;at the 4-GeV electron synchrotron 

NINA, and are the only significant radiation component survivihg at large 

distances from the SLAC 20-GeV electron linac.~ Recently Pszona et al.~ 3 ) 
have ~emonstrated· the dominating presence of neutrons around the 1-GeV 

Frascati synchrotron by measurements with ionization chambers. 

In compa.ring the radiation environments of electron and proton acceler

ators it is interesting to note that close to the primary proton beam, very 

high photon fluxes have been observed at the 7-Ge~ synchr~tron Nimrod(44 ) 

and the CPS. (29 ) The source of these photons has not been established, but 

has been tentatively attributed to the decay of n° mesons produced by proton 

interactions. 

2.2.3. Accelerators with Energies > 10 GeV 

At high energies ~reater 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(4S) has reported that substantial muon 

intensities were observed downstream from targets when the BNL 33-GeV AGS 

first came into operation. Several authors, including Keefe(46,47), Bertel 

et al. (48 ), Theriot, Awschalom and Lee(49 ), an~ Kang et al. (SO) have shown 

that for the new generation of accelerators above 100 GeV muons will dominate 

shielding requirements in regions downstream of beam targets. 

* D. Busick, SLAC, Private communication. 
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At these high energies we need more measurements of neutron spectra 

outsideofvarious shielding material in order to study the influence of 

shield construction. In particular we need to extend 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(Sl) have reported the use of a proton telescope to detect intense 

sources of radiation inside thick shields along an external proton beam. 

The application of spark chambers to this problem should prove extremely 

helpful; Hajnal et al. (S2) 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. Rindi(S3) and his co-workers(54-56) 

described the construction of an instrument that utilizes multiwire spark 

chambers with magnetostrictive readout and that may be used for measuring 

neutron and proton spectra up to energies of about 300 MeV in low-intensity 

fields. 

Very little data currently exist on the radiation environments of heavy

ion accelerators but it seems probable that there will be little qualitative 

difference from the features exhibited by proton accelerators. 
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3. l. Introduction 

In order to decide what techniques of dosimetry are of most value 

to high-energy accelerators, it is useful to delineate the purposes to 

which the results of these measurements will be put in carrying 

out radiation protection at accelerators. 

3.2 

Radiation protection means more than the mere measurement of 

radiation environments. It also means the control of the interac.tion of 

people (and sometimes instruments) with radiation. 11 Contr ol of radiation 

hazards involves (a) their anticipation and prior estimation; (b) their 

measurement or field evaluation, and (c) the devising of shielding and 

procedures which ensure adequate safeguards, yet allow experimental 

freedom." (
1

) 

Dosimetric measurements will be needed in five quite distinct areas: 

l. For radiation protection pur poses, normally outside extensive shielding, 

at radiation intensities of a few millirem per hour. 

2. Beam intensity measureme.nts, and measurements very close to 

particle beams to determine the intensity of source strengths for shielding 

calculations, regions of high bearri loss to improve accelerating operating 

conditions and reduce the induction of radioactivity in accelerator components. 

3. Accident dosimetry in the case of personnel exposure in,or close to, 

intense partie le beams. 

4. Environmental monitoring, at very low radiation intensties ("' 10 millirem 

per year) to understand and document the radiobiological impact of an ' 

accelerator facility on the environment. (These .measurements are 

described in section 6.) 

5. Interpretation of routine personnel exposures. 

High Energy particle accelerators are primarily research instru
ments whose radiation environments are initially unknown and often com
plex. The dosimetry of their radiation fields therefore presents a great 
challenge to the health physicist. It is extremely dangerous, under these 
conditions, to assume that techniques of radiation measurement familiar 
in other applications will give reliable data. Before one begins to measure 
he must know what he is measuring! Some fundamental understanding of 

accelerator radiation environments is necessary for this purpose. A good 

dosimetric program fbr research accelerator radiation protection 

encom passes: 
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{a) Knowledge of the primary radiation produced by the accelerator, 
under all possible modes of operation, and understanding of the 
interactions of this primary radiation with targets, collimators, 
and other accelerator components. 

{b) Understanding of the transmission of this primary radiation (aJ:ld 
its interaction products) through shielding materials. 

{c) Development of techniques to measure the great variety of radi
ation environments produced., 

It is this fundamental approach to accelerator radiation protection 
that will be stressed here. 

Such a program permits: 

1) The prediction of the response of personal dosimeters in accelerator 
radiation environments. 

2) The design of accelerator-radiation survey instruments. 

3) The modification of accelerator radiation fields by shielding. 

The lessons learned in the development of techniques of measurement 
in mixed radiation fields for accelerators and the interpretation of these 
measurements are of general interest. to the health physicist because they 
bear directly on the problem of developing a general, self-consistent, and 
practical scheme of dosimetry in radiation protection. (~-6) : 

The techniques widely used over the past twenty years to understand 

accelerator radiation environments includes: 

(1) For the determination of the flux density and spectrum of uni
directional fast neutrons: proportional counters, scintillation 
counters, photographic emulsions. (7-) · . 

(2) For the determination of thermal neutron flux densities, re
gardless of direction: counting techniques based on neutron 
capture in boron, activation foils.C7J . . 

(3) For the approximately absolute determination of energy flux 
density delivered by fast neutrons, independent of energy spec
trum or angular direction: polyethylene-lined proportional 
counter. (7) 

(4) For the contribution to energy absorption in tissue due to neutrons; · 
where the effects due toy-rays are known and may be corrected 
for: cavity chambers or tissue equivalent chambers. (7) 

(5) For the determination of quality factors of mixed radiation fields. ) 
recombination chambers ha.ve been used at some laboratories. {B, 9 

{6) For the determination of neutron spectra over a wide energy range 
threshold detectors, particularly activation threshold detectors, are 
extremely useful. ( lO} 



3. 2. The Dose Equivalent 

Any discussion of dosimetry for radiation protection purposes --

unless it is to become "a tale told by an idiot, full of sound and fury, 

·d a discussion of that much abused signifying nothing" -- cannot avo1 

term --:'Bose equivalent." 

A. The Dose Equivalent 

3.4 

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 (11). (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 1ads where 1 rad= 

100 ergs g - 1 .) More sophisticated experiments showed that absorbed 

dose was not an entirely adequate parameter, and that to better express 

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

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 

n 

X= L 
i = 1 

R. D. 
1 1 (3.1) 

and R. 
1 

is the Relative Biological Effectiveness (RBE) of the it:h 

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 ith radiation required 

to produce the same biological effect. 

The quantity defined in Equation 3.1 that is referred to in the lit.,. 

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

ation and has the san"le physical dirnensions as those of absorbed dose 

[as does dose equivalent (12 )] . 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 

· specifying radiation quality(13-15 ) .] 

For' radiation protection purposes, the appropriate 11RBE' s" 

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

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 future, 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-

tiori (ICRP)( 16,17). 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 ch<;tracter. 

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(18). For 

external radiation exposure, however, only the Quality Factor (Q), 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 Eq"Q.ation 3.1 a·s (19) 

n 

H = Q. D. I 1 1 
(3.2) 

i = 1 

In practice,the ionizing particles producing the absorbed dose 

have a continuous distribution in L, and Equation· 3. 2 becomes ( 20~ 
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H = s Q(L) · D(L) dL· 
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(3. 3) 

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

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

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

ments is evaluated fromakriowledge of the parameters of the radiation 

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

and using the relationship between Q(L) and L defined by the ICRP(21) 

Figure 3.1. 

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 3. 3 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-

tioris have been necessary to make the calculations tractable. 
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At present most calculations have been made under limited radi-

ation conditions for uniform,. semi-infinite 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 compositions ( 22). In the case of ir-

radiation by neutrons, several summaries of these calculations have 

been published( 23 ); comparison with experimental measurements in-

dicates good agreement( ~4 ) . 

C. Conversion Factors 

In selectinga single set of particle-flux-density to dose-equivalent . 
rate conversion factors as a function of particle energy, it is conven-

tiona! 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. 2 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 distributed over a range of energies. 

The dose- equivalent rate H may be approx~mated by the equation 

E 
max 

H = s <j>(E)dE/g(E), 

E~in 

( 3.4) 
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where g(E) is the appropriate 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 

3.4 may overestimate the dose equivalent due to a continuous particle 

spectrum. Equation 3.4 expresses the sum of the maxima of the dose-

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

s'u.m of the dose-equivalent distributions from ea·ch component of the 

spectrum( 25 ) . 

For irradiation by particles extending over a wide energy range, 

Shaw et al ( 3) have suggested that the dose equivalent should be o.b-

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) maythen be evaluated. They 

have reported suc:h calculations for some typical accelerator neutron 

spectra(see Fig.2~and showed that the use of Equation 3.4 with these spec-

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

from Table 3.1 which compares effective conversion factors averaged 

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

obtained using Eq. 3.4 [ reported by Gilbert et al (· 2)] ; Column 2 

gives more precise values reported by Shaw et al ( 3). There is .essen-

tial agreement between these two sets of values. 
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Table 3.1. Effective conversion factors for neutron spectra 

Spectrum 

Gilbert et al ( 

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 
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3. 3. Dosimetric Techniques at Research Accelerators 

As we have seen, 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. This procedure is 

inadequate at accelerators. In order properly to perform the tas1<s required 

of a hea+th physicist at an accelerator (such as personal dosimetry, the 

design and construction 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 environ

ments in terms of the energy spectra of their separate components is still in 

its early stages; techniques of measurement and data analysis are still being 

developed, and more extensive measurements are required. 

Neutron spectrometry techniques 

a. Nuclear emulsions. Lehman and Fekula (26) have stnmnarized the neutron 

spectra determined at the Bevatron from the measurement 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. Figure 3.3 stnmnarizes their data. 

Unfortunately, proton recoil measurements in_emulsions are unreliable 

above about 20 HeV, because track loss corrections become difficult. 

At higher neutron energy, nuclear emulsions may still be used to give 

some indication of the slope of a smooth neutron spectrum if the average 

number of grey prongs per star is determined. This was first dofle for 

cosmic rays (27), but the technique has been refined and u5ed in accelerator 

radiation environments at Berkeley (28-30). Figure 3.4 relates the average 

number of grey prongs per star, A, to spectrum slope, y ,and maximum spectrtun . 

energy in the spectnrrn. 

Patterson et al. (30) have reported the use of this tecJ:mique in 

several radiation environments, and their results are SW'lfl.arized in Table 3.2. 

The values of the spectnnn slope, ranging from 1. 5 to 1. 8 for the proton 

synchrotrons, is consistent with threshold detector data . 

• 
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Table 3. 2. SPECTRAL INDICES OBTAINED FROM MEASURED VALUES 
OF THE AVERAGE NUMBER OF GREY PRONGS PER STAR 

·Location Em ax Spectral 
(MeV) index, y 

184- inch cyclotron between Bays io and 11 730 0,75 

Dcvatron west tangent tank shielding wall (WTT) 6 200 1. 50 

Bevatron Col. 7, main floor 6 200 1. 6.ti 

Bevatron meZzanine 6 200 1. 78 

C:ERN PS 14 000 1. 80 

\.ERN PS 14 ooo 1.ns 

CERN PS 28 000 1.68 

White Mountain, 12.000 ft altitude (50 000) 1.32 

White mountain, 14 000 ft altitude (50 000) 1. 35 

3.16 
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b. Threshold detectors 

The use of threshold detectors in neutron dosimetry is a well understood 

and universally accepted tehnique in radiation physics. Their use has found 

widespread application at most high-energy particle accelerators and has been 

described in several review articles (2,8,31-34). 

Table 3.3 summaris:es some o£ the threshold reactions corrrrnonly used at 

accelerator laboratories. Column 5 indicates the typical sensitivity which 

may he readily achieved for these detectors. Sensitivity is, however, 
. . 

clearly a function of detector size and the precise experimental techniques 

employed, and the values indicated are intended only as a general guideline. 

They indicate the order of magnitude of minimum flux density that may be 

detected after a measurement lasting one hour. For precise details the 

reader is referred to the original sources. Furthennore, Table 3.3 is not 

intended to be comprehensive but to indicate the reactions in common use. 

Particular laboratories may h~ve their own preferred specialities that they 

have perfected. 

It may be seen from Table 3.3 that threshold detectors are available 

of high sensitivity over the entire energy range normally of interest at 

accelerators (0 .1-100 MeV). No details of the shape of the neutron spectrum 

below about 1 MeV will be obtained using only one size of moderator with a 

thermal neutron detector but for radiation protection purposes detailed lrnowledge 

o£ the neutron spectrum in the energy range from thermal up to about 10 keV 

is rarely required because intermediate -energy neutrons are usually of 

Little importance. In this energy region the dose equivalent per unit £luence · 

is independent o£ energy and therefore a measurement o£ neutron £luence 

will usually be adequate. However, i£ detailed spectral information is 

required in the energy region, a set of moderators of different size --

known as Bonner spheres --may be used. (See section on Bonner Spheres.) 

Fortunately this is not often required for two reasons: ( 1) because the 

dose-equivalent contribution is not large, and (2) because, below 10 keV, 

the dose equivalent per unit fluence is independent of neutron energy. 

At high rac!iation intensities (~- 10 rem/h) several less sensitive 

reactions provide additional information. Figures 3.5 and 3.6 show the 

variation of sensitivity with energy for. the reactions listed in Table 3.3. 

.. 
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In the future, we can confidently look foiWard to the refinement 

of the detection of 149Tb produced in mercury so that unit flux density 

may be determined. The detection of spallation products in meditnn heavy 

targets offers interesting possibilities for a new type of threshold detector 

system (35). For example, they-rays resulting from the decay of more than 

20 radionuclides produced. in copper may be detected in a copper target. 

Simultaneous observation of several of these reactions would permit the 

determination of the neutron spectTlllTI by one threshold detector, if the 

excitation functions for the reaction utilized were adequately known. 

Unfortunately, because of the small cross-sections of some of the reactions 

that would be utilized and the low detection efficiency, the technique will 

he limited to regions of high flux density. 
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Table 3.3. PROPERTIES OF SOME COMMONLY USED THRESHOLD DETECTOHS 

Detector 

BF, pr()portional counter 

Indium foil 

Moderated BF3 counter 

Moderated gold foil 

Moderated indium foil 

Thorium fission counter 

Sulphur 

Aluminium 

Aluminium 

Polystyrene: plastic scintillator 

Bismuth fission chamber 

Men:uty 

(li) Based on 1 h ineasitrement, 

Reaction 

10B(n, CY) \i 
197Au(n, y)

10
' Au 

ll5ln(n, rl llr.mln 

10B(n,CY)7Li 

197Au(n, J)19.'Au 

11 '1n (n, 1) ll(.fllln 

Th(n, fiss.) fission prod!!cts 

. 27 Al(n, cq"Ha 

27 Al(n, spall, {' !Ia 

12C(n. zn)"c 
li! 1 C(n, spall.) Be 

Bi(n, f) fission pwducts 

Hg(n, spall, )149Tb 

Half-life 

2. 7 days 

54 min 

2, 7 days 

54 min 

14.3 days 

'" h 
_2.7 yr 

20.4 min 

53.4 days 

4.1 h 

Energy range 

Thermal. 

Thermal 

Thermal 

Thermal· 15 MeV 

Thermal· 15 MeV 

Thermal· 15 MeV 

> 2 MeV 

> 2.5 MeV 

> 6 MeV 

> 25 MeV 

> 20 MeV 

> 30 MeV 

>50 MeV 

> 600 MeV 

Typical minimum 

flux Jcnsi ty measurable 
n •cm"'s"'(a) 

104 

1 

104 

10 

{ 
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Remarks 

Energy range and sensitivity 

depends upon moderator size 

• 15 em dia. valu<'s quoted, 
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C. Bonner Spheres 

Bramblet et al. (36) first suggested the use of several moderating spheres 

of varying size to measure neutron radiation fields. These workers used a small 

cylindrical (4 mm high, 4 mm diam) lithium iodide scintillator (Eu activated) 

placed in the centers of polyethylene moderators of various diameters. Thermal 

neutrons arr1v1ng at the center of moderator interacted in the scintillator 

predominantly via the 6Li (n,a) 3
H reactions, producing a 4.79-MeV a particle 

which is stopped in the crystal. The scintillator was coupled to a photo

multiplier tube by a 0. 5-in. -diam polystyrene light pipe, and the output of the 

photomultiplier therefore gave a measure of the thermal neutron flux density 

at the center of the moderator assembly. 

Bramblett et al. calculated the response of polyethylene spheres of 

diameter 2,3,5,8, and 12 in. at some discrete energies to neutrons in the energy 

range 50 keV to 15 MeV. (Such spheres have subsequently been generally 

referred to as ''Bonner Spheres.'' after the senior author of the or:i ginal paper.) 

The largest of these moderators has·a diameter comparable with that of the 

hurnan·trunk, and the variation with energy of its response to neutrons is 

therefore similar to that of the human body. 

\Vhen detaileJ inforn1aHon of fhe-·s-hape of the neulron spectrum in the 

interr:nediate energy region is needed, the use of Bonner spheres is 

extremely usefuL 

Recently Bonner spheres have been successfully used in conjunction 

with activation detectors to measure accelerator and cosmic -ray neutron 

spectra. (37-39 ) 

D. Spectrum Determination 

Measurements with several activation detectors and Bonner spheres 

whose response functions are known provides information on the energy 

distribution of the neutron flux density. 

One of the earliest successful attempts at spectrum determination 

was based on an extension of the idea, first proposed by Smith (33 ), of 

comparing the measured response of the threshold detectors with their 

anticipated response in hypothesized spectra. This technique does not 

require extensive computing facilities, but it is nevertheless greatly 

facilitated if they are available. 

Specifically, a solution for the neutron spectrum cp(E) is sought from 
a set of activation equations of the form 
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where A. is the saturation activity of the jth detector, 
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(3. 5) 

· 0'. (E) is the cross section for the appropriate reaction at energy E, 
. J 

C. is a normalizing constant between activity and flux density, 
J 

E . , E are the minimum and maximum neutron energies in the spec-
min max . 

truro .. 

Gilbert et al. f 2] have described the use of all iterative technique that 
employs on-line facilities of a CDC-6600 computer for the determination of 
neutron spectra from a few threshold detectors -TELLY. The operator in
dicates to the computer his best estimate of the neutron spectrum which 
will match his experimental data. This is done by drawing the spectrum 
with a light pen on the screen of a CRT display. The computer then cal
culates the detector responses and presents them for comparison with the 
experimental data. The operator then systematically modifies his sug
gested spectra to the computer until, after a few iterations, the detector 
responses are matched with an accuracy reflecting the experimental errors. 
TELLY was found to work well, avoiding many of the pitfalls of more 
"soph:lsticated" methods of spectrum analysis. Its only drawback is that 
it is somewhat difficult to use in a systematic manner when many detectors 
with overlapping regions of sensitivity are used. 

Equation(3~ 5) is a degenerate case of a Fredholm integral of the first 
kind. Formal methods of solution are not applicable when, as is the case 
with activation detectors, the Aj's or 0' j 's are known only as a set of dis
crete points. [40 J 

Routti [ 40 ] has critically reviewed the numerical techniques com
monly used for solution of such first-order Fredholm equations, and the 
:lnterested reader is referred to his paper for a detailed account. 

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 mathematical characteristics of the 
equations to be solved, while others are related to the specific method of 
soluti~m adopted. · 

Routti suggests that a suitable method of s()lution must be able to com
bine the information contained in the measured data with any already existing 
information of the neutron spectrum. Such prior information is almost al
ways available on physical grounds. Th'qs, for example, the solution must 
be non-negative and zero beyond a given maximum energy. In addition the 
spectrum of radiation penetrating thic,k shields constructed of a complex 
material such as concrete may be assumed to be smooth. Some information 
on intensity or shape may be available from previous measurements. It is 
important that all this prior information be properly taken into account in the 
solution technique selected. However,· care must be taken to ensure that the 



consequent additional constraints imposed on the spectrum do not prevent it 
from matching the measured responses or from assuming any physically 
acceptable shape. 

Any appropriate solution must fulfill two basic measurements: 

a. The neutron spectrum which is found to be a solution to the 
activation equations must accurately match the detector 
responses. 

b. If many solutions are found that fulfill condition (a) there 
should be a flexible way to apply physical prior information 
on the solution so that the most appropriate solution may be 
selected. 

It is important that any solution method be tested to ensure that it 
meet all these requirements. This. is inost conveniently done by com
puting the response of the system to test spectra. The resolutions of the 
system and the influence of experimental errors or uncertainties in the de
tector response functions may then be systematically studied. 

Routti has applied a generalized least-squares method to solve the 
activation equations. In his technique the solution is forced to be non
negative, and prior information on the spectrum can be incorporated in a 
very flexible way. The technique and the computer program LOUHI, 
written to perform the analysis have been subjected to the tests described 
inthe previous paragraph. These tests show that the method meets the 
two basic requirements for an appropriate solution. 

Considerable experience has now been obtained with LOUHI and 
it has been found to be extremely reliable and capable of calculating neu
tron spectra with adequate accuracy for radiation protection purposes. 

A desirable feature of LOUHI is that, in addition to activation detec
tor data, it may be used to determine neutron spectra from Bonner sphere 
or nuclear emulsion data. · 

Examples of some neutron spectra obtained using threshold detectors 

3.24 

have already been discussed in the section on accelerator radiation environments. 

Rem-Meters 

Under the conditions that prevail at research accelerators, the initial use 

of "rem -lY,leter s" is usua.Lly inappropriate because the de sign and construction of 

practical rem-meters requires some prior information of the radiation en
vironment in which they are to be used . 

. The truly universal 11 rem-meter" -an instrument th<~.t determines. · 
dose -equivalent in any radiation field with good accuracy-1s not theoreti
cally feasible but even granted it were, there are st.ill. strong. arguments 
for pursuing fundamental studies of accelerator rad1ahon envuonments. 
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A dose -equivalent meter has been developed at Brookhaven 

National Laboratory which may be used in accelerator radiation environ-

(42 ) I . . 11 ' . LET (43 ) . h ments. t 1s bas1ca. y a Ross1-type spectrometer - w1t 

a modified electrode system. The detector consists of a 0. 6 em thick 

spherical shell approximately 20 em in diameter construC'.ted of tissi1e 

equivalent plastic. The spectrometer has filling consists of the usual 

"tissue -equi~alent" mixture of 66% methane, 3% nitrogen and 31% carbon 

dioxide at a pressure of 10 torr. Under these conditions the 

detector simulates a tissue sphere approximately 3 f-l in diameter 

Measurements of cosmic -ray produced radiation using this instrument 

and a comparison with other techniques have been described by Hewitt 

t -1 (39) 
e a • 
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4.2 

4. l. Introduction 

The successfui design of the shield for a high-energy particle accelerator 

essentially depends on a good understanding of the nuclear processes that 

occur in the shield, and the trans port of the resulting interaction products 

through the shield and outside. In the twenty five years following World 

War II our understanding of nuclear physics and high-energy interactions 

has advanced to the point where, with the exception of the highest energies, 

shield design is no longer an "art" as it was described by Jaeger in 1960( 1 
) 

but rather an exact science·. 

Space does not permit any discussion of the historical development of 

accelerator shielding, but this has been de scribed in several review 

articles (2, 3 ) which also include descriptions of the most important accelera

tor shielding experiments. 

In recent years the development of computational techniques suitable 

for operation with large digital computers for the calculation of source terms 

and radiation trans port in complex geometries has facilitated shield de sign. ( 4 ) 

Useful as the computer programs are for shielding computation, 

they are of little didactic value. In order to understand the physical 

_principles of accelerator shield design, it is still useful to examine the 

semi-empirical techniques developed over the past 20 years for shielding 

calculation. The most important of these is the so -called "Moyer Model. 11 

4. 2.Phenomc_!_lological Models 

in a 

Consider an effective point source produced by protons interacting 

thick target (Figure 4. 1. The radiation level on the outside surface 

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

shielding problcm,as 

; . ' 



where 

0 0 

1 
H= z 

r 

.'C. 

tJ 0 0 7 

( d (8)\ d
2
n(T, 8) y F(T) B(T) exp ~-.,._ (T)J · · dT dO. dT, 

r is the distance from the source, 

T is the neutron energy, 

(4. 1} 

F is a factor which .converts fluence to dose equivalent, 

d. . is the shield thickness, 

\ is the effective removal mean-free path, 

B is a buildup factor.~ and 

d
2

n 
dTd n 1s the yield of neutrons per unit solid angle between T 

and T + dT at angle8. (See Figure 4. 1~) 

De Staebler{S) wrote Equation 4. L as: 

4.3 

(4. 2) 

where the subscript i denotes a range of neutron energies for which 

B, F, and \ are fairly constant and the definiti~n' of (dn/ d~ i's· ~b~ious. 
Moyer( 6, 7 ) made an extremely important contribution when 

he recognized that Equation 4. 2 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 oflow-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 are 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 

4. 2 therefore becomes 

Ng(O) 
H ex: - 2- · exp ( -d/X.) (4. 3) 

r 

where N- is the proton intensity incident on the target, 

8 is the angle subtended to the beam direction, 

g (8) 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 

I 
manner with effectively the same attenuation length for all directions 

through the shield.· 

Moyer( 6,7 ) generated appropriate parameters to be used in 

Equation4.3 in calculating shielding for the Bevatron. Smith( 8) 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 ( 9) used threshold de-

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

crete bombarded by 6-GeV protons. Figure 4.2 shows the relative flux 

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

6 MeV) alo~g paths drawn at several angles to the incident 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 4. 3 

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 A. and g(8) for use in Equation 4. 3.. 
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High Energy Attenuation Length 

As we have seen in the section on accelerator radiation environments, 

neutrons are the principal radiation component outside the shield of high 

intensity, high energy particle accelerators. Our prime concern in shield 

design must therefore be adequate neutron attenuation. 

Neutron attenuation is determined by the inelastic cross sections of 

the shield material, which at high energies are essentially independent of 

energy. Figure 4.4 shows the variation of CT· with energy for several 
111 

materials. Since the high-energy attenuation length is inversely related to 
cross section:( 3) 

A. = 
atten 

l 

N CT. 
1n 

(4.4.) 
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this behavior of the cross sections explains the experimental observatio~ 

that attenuation length is independent of energy for neutron energies above 

about 100-150 MeV. Flgure4,'5 shows an early comparison (1957) between 

calculated and measured values of neutron attenuation lengths in concrete 
. . (1.5) .. . . . 

due to Patterson and h1s co-workers. · Although the absolute magn1tude 

of the attenuation length for highenergy neutrons in concrete is now known 

to be somewhat smaller,, this figure clearly shows the presence of a rather 

sharp "knee" in the attenuation length curve at an energy ·of about 100-150 

MeV. 

At high energies then, if we assume the inelastic cross section is 

responsible for attenuation processes and using equation 4, .. 4, since 

<r. = rrR 
2 

1n 

where R is the nuclear radius given by: 

R = R A 
113 

0 

we might expect 

pA. = 38A
113 

g 
-2 

em 

-13 
where a value of 1. 2 X 10 em has been taken for the nuclear 

radius, ro. 

Over the past fifteen years many shielding experiments have been 

performed, some of which are summarized in Table 4.1, but accurate 

data are still limited. ( 
16 

) 

(4. 5) 

(4 ~ 6) 

(4. 7) 

. As may be noted from an inspection of Table4.l,which summarizes 

high energy shielding measurements in concrete and steel made up to 1965, 
(16) 

there is a wide range in the value of attenuation lengths reported. · 

These variations are due to three sources: 

i, Differing interpretations of the term "attenuation length" --

particularly in the earlier literature. 



200~----------~~----------~------------~~----------~ 

1-
C\J 

E160I-
u 

....... 
Ol 1-

..cl201--Ol 
c:: 
Q) 1-

I 
I 

l 
~ 

- ~ I 
0 . / 

~ / = 40 ..- ..... -6 
~ o..-

5 8 01-

0 -

/ 
0--------------....: 

/ 
jJ -

-o L R L experimental data 

t::. 0 R NL experimental data -

o Calculated- poor geometry -

-

-

~---0~--'--- I I I 1 -

I 10 100 1000 10000 

Neutron energy (MeV} 

XBL 7011-4095 

Fig. 4.5 .... 
i--' 
N 



u 8 0 
4.13 

Table 4.1 Summary of high-energy shielding measurements (up to 1965). 
After Thomas 

Laboratory 
Incident Beam Shield Dr- }..att~~ 
particle energy material density tector [g/cm I 

[GeV] [g/cm3] 

LBL n 0.09 concrete 2.3 BF 81 
LBL n 0.27 concrete 2.3 BF 152 
Princeton n 0.30 concrete 3.85 MC 145 ± 10 
BNL p 1.5 concrete 4.0-4.3 CT 130 ±15 
BNL p 2.5 concrete 4.0-4.3 CT 169 ± 32 
LBL n 4.5 concrete 2.3 BF 172 
BNL 7r 4.5 concrete 2.3 CT 118 :~:sa 
BNL 7r 4.5 steel 7.8 CT 155 ±II a 
BNL 7r 6 concrete 2.3 CT 121 ±8<~ 
BNL 7r 6 steel 7.8 CT 155±]1<1 
LBL p 6:2 concrete 2.4 ~•c 10s ±2ob 
LBL p 6.2 concrete 2.4 2? /\1 112 ±2ob 
LBL p 6;2. concrete 2.4 19s Au 116 ± 2() 
R.L. p 6.2 concrete 2A 31 s 12~±10 

LBL p 6:2 concrete 2.4 G5 160 ±2QC 
BNL 7r 9 concrete 2.3 CT 129 ±9·1 

BNL 7r 9 steel 7.8 CT 179 ± 12;1 

RL, ORNL p lO concrete 3.65 cs l ()•1 l 2() 

RL, ORNL p 10 steel 7.'6 GS I 1 lJ ± I 0 
CERN p 10 steel 7.8 ••c 145 ±IS 

CERN p 10 st~cl 7.8 IC 155 :t Ill 
DESY, SLAC, p 20 concrete 3.65 GS 132 ±sd 
CERN, etc. 
DESY,CERN, p 20 steel 7.8 G5 137±10 
SLAC 

p 
. lie 170 ±17b CERN 20 steel 7.8 

CERN p 20 steel 7.8 IC 155 ± 16 
CERN p 24 concrete 2.4 G5 145 ± 10 

concrete 3.65 
and 
earth 1.5 

Key: lie BF Bismuth fission chamber 
CT Counter telescope 325 Activation detectors, 
MC Monte Carlo calculation 37 AI 

G5 Nuclear emulsion, 
IC Ionization chamber. 

a ll!Staebler's estimate of error 
b Thomas's estimate of error 
c Unpublished data. 
d Weighted mean of results from DESY, CERN, RL, and Stanford 



ii. Imprecise knowledge of shield density. 

iii. Measurements in region of the shield where the radiation 

spectrum had not recorded equilibrium and the attenuation was 

consequently not truly exponential. 

4.14 

Since the data summarized in Table 4.1 were taken, a series of carefully 

designed shielding experiments lave been performed at the Brookhaven 
. (17) 

Natwnal Laboratory and the European Centre for Nuclear Research 

(CERN). (1 8 ) 

The data reported by Gilbert et al., (l
8

) taken at CERN with the 

complex geometry which obtain under actual operating conditions 
-2 

were analyzed to give a value of attenuation length of 117 ± 2 g em in 

earth, which is close to the value predicted by equation (4. 7 ). 

The data reported by Bennet et al. for the steel backstop irradiated by 

28 GeV protons support the basic premise of the Moyer Model. At depths beyuad 

-2 150 gm em into the back-stop the flux density of neut~ons greater than 

20 MeV in energy is attenuated exponentially with an attenuation length which 

is independent of angle to the incident beamdirection. Reasonable agreement 

is obtained between the experimental data and the Monte-Carlo calculations 

of Ranft. ( 4) 
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While our understanding of high-energy processes is not yet perfect, 

the use of attenuation lengths calculated from equation (4.7) is 

certainly consistent with available experimental determinations of 

attenuation length. 
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4. 2. Angular Distribution of Secondary Particles 

The exact nature of the angular distribution function g( 8) that 

uhuuld l)c used in Equation 4. 3 is not immediately obvious. One approach 

i:3 to deduce angular distribution from measurements of particle flux 

density within the shield around the radiation source. Using such an 

approach, Gilbert et al (18) found that an angular distribution of the 

form 

g(8) =a exp(-b8) 60° ~ e ~ 120° 

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 b 

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 ( 19 ), 

using a sim.ilar 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 ~odel 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 inter rial tar-

gets are difficult because of poorly defined source geometry( 18' 20 ) . 

Recently some careful measurements of the angular dependence of 

hadron yields from various target materials bombarded by 3-GeV( 21 ), 

( 4. 8 

7 -GeV and 23-GeV( 22 ) protons have been reported. Levine et al( 22 ) conclude 

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

su:red with any particular detector is independent of primary: proton energy 

and, within the range 60° ~ e ~ 120°, is consistent with the form suggested 
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. by Gilbert et al (18) (Equation 4. ~. Table 3 summarizes values of the 

parameter b obtained at 7 GeV, from which it may be concluded that h 

is strongly dependent upon the energy threshold of the radiation detector. 

Comparison with the 3 -GeV data of Awschalom and Schimmerling( · 21 ) 

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

7 shows the data of Table 4. 2. (A range for threshold energy is 

indicated because different hadro.ns may produce the radioactive species 

observed.) 

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

ton accelerators, the appropriate angular distribution g(9) is assumed to 

be that of particles with energies greater than about 150 MeV( 6 ) . Ex-

trapolation of the data of Fig. 4.6 gives a value of b 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 

n~t inconsistent with a variation proportional to A 1/ 3( 22 ) . If the yield 

v, is expressed in the form 

n 
y = constant · E · g( 9) 

n iies in the range 0-0.5, depending upon the detector used, over the 

angular range 30° ~ 9 ~ 80° • 

Comparison of the experimental with the integrated momentum 

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

empirical Trilling production formula( 23, 24 ) indicates good absolute 

(4.9) 
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Table 4.2. Values of relaxation parameters 

Detector 
.. 

HPD*& TLD 
3ls_32p 

21 AJ-2·'N:1 

'"F-'"F 
•zc-''C 
'2C-'JS..: 

. 27'/\1-'"F 

Au liso.ion 

* 

- ----···--·----------- ----------~---·-·----- -------- ------·- ---· - --- ------ -··· . - ---· ____ , __ --

As.,umed 
I\.~ act ilHl 

thn,:;lwld "W .. 

Relaxation parameter /•. radians .. 1 

7-CieV data 3-GcV data· 

Cu AI l'h Fe 
-------- .. -- ---------· -------~---- --------------------

1.65±0.1 ]3(,±0.05 1.~5 ±0.05 
3.0 ~!:0.5 I\ leV 0.29 :i:O 03 (U'l±O.O,l 0.50 tO.O(, 0.23J0.07 0.30±0.03 
(,_OJ:O.S MeV 0.51 ±002 o.r.s ±0.04 0.71 J004 
II :!:1 MeV 0. 73 :!: 0.05 090±0.05 105±0.07 
22 :J:3 MeV J.:c~±0.05 U4:1J)OJ IJ2±005 1.10 ± 0.12 US JO.I(, 
35 J:) MeV ).(, :1:0.1 1.7 ±01 14 ±0.2 
35±5 lvleV 1.6 :i:O.I 1.7 ±0.1 lA ±0.2 Ot'4±0 14 1.07 ±0. 13 
'KJ± 10 MeV 2.1 :i:lU 2.1 ±03 2. I ±0.3 

Hydrogen pressure dosimeter. 
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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 described suitable empirical formulae which predict angular dis-

tributions in good agreement with available experimental data at all 

angles ( 25 ) . 

4.2.3. 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 4. 7 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( 26). 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(n, a.)

24
Na reaction in aluminum. In this particular example, flux 

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

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

of neutron flux density and spectrum. 

For the calculation of shield thicknesses transverse to a proton 

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

simple form. Substituting for g( 8) using Equation 4. 8 and using ex

perimental data from the CPS it may be shown that 
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H = 

where H 

L 

a 

d 

X. 

11' 

0.11 L 
(a +d) s d 

exp (- 2.38) exp ( - T cosec 8)d8, 

0 

is measured in mrem/h, 

is the beam loss in units of GeV/cm sec, 

' 
is the accelerator tunnel radius in meters, 

is the shield thickness in meters, and 

is the attenuation length. 

Integrals of the form appearing in Equation 4·• 10 have been tabulated in 

the region ?f physical interest by Routti and Thomas( 27 ). 

Phenomenological models permit simple, rapid, and fairly accu-

rate shield estimates. Furthermore,. they provide a valuable physical 

(4.10) 

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

sarily limited by operational experience. 

4. 3. 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( 4 .), 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 ofparticles transported to observable phenomena • . ~ 
Ranft has reported good agreemept .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 ( 28 ). 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 4. 8 shows the results of these calculations and an 
. 

absolute comparison with the experimental data of Hess et al ( 29) at 

. 2 
atmospheric depths of 200 and 1033 g/cm • 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 hadronic cascades also result in the production of radioac

tivity in accelerators and their· surroundings. Accelerator shielding 

and accelerator components such as targets, 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 (1) 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.· 

5 .!.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 ( 2) 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"/o of them are )'-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 5.1 summarizes the radionuclide conu:r,only identified in 

materic-.ls used in accelerators; those with half-lives of less than 10 

minutes are excluded. Most of th,e radionuclides listed are pr9duced 

by simple nuclear reactions such as ( _!!, ~), (£, xn), (£, ~) etc. , but 

some result from spallation, fragmentation, or capture reactions. 

Several measured cross sections for high-energy reaction have 

been reported by Bruninx ( 3~ 5) . Rudstam ( 6) has proposed a very 

useful empirical formula for their calculation., while Bertini ( 7) has 

reported intranuclear cascade calculations of these cross 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 ( 8) and Rindi ( 9) • 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 ( lO),and 

elsewhere ( 11) . Indeed it seems confirmed by general experience that 

the gross features of the decay of in?uced activity near accelerators 
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Tabl:e 5.1. Radionuclides commonly identified in solid materials 
irradiated around accelerators 

Irradiated material 

Plastics, oils 

Concrete, aluminum 

Iron, steel 

Copper 

Radionuclide s 

7 Be, 11 c 

As above, plus 22Na, 24Na, 32P, 
42

K, 9 5ca 

. 44 44m 46 47 As above, pl~s Sc, Sc, . Sc, Sc, . · 

48V, 51Cr, 52Mn, 5ZmMn, 54Mn, 56Mn, 57 Co, 

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

As above, plus 65Ni, 61 cu, 64cu, 
63

zn, 

65zn 



... 

Q u 
5.5 

Table 5.2. Radionuclides identified in the air of different accelerators 

Radionuclide Where· identified 

A 

A,B,C,D,E,F 

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

G,H 

140 D 

150 A,C,D,E,G.H. 

16N E· 

24Na A,D 

37s D 

38Cl A,H 

39Cl A 

41A A,B,C,D,F 

34mCl D 

Explanation of previous symbol 
and reference 

A = sa·clay 560 -MeV electron 

linac .(2 0 ) 

B = CERN 600-Mev· pro~on syn

chrocyclotron ( · 21 ) 

C = CERN 28 -GeV proton sy·nchro-

· tron ( 2 2 ) 

D = PPA 3-GeV proton synchro-

' tron ( 23) 

E = RHEL 7 -GeV proton synchro-

tron (24) 

F = BNL 30-GeV proton synchro-

tron ( 2 5) 

G = RPI 50-MeV electron linac(26 

H = Frascati 300-MeV electron 

linac ( 2 7) 
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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( 12 ) have shown that the dose-rate decay 

may be approximated by an equation of the form 

T+t 
D( t) = B <j> ln (-t -) ( 5. 1) 

where D(t) is the dose rate at time t after irradiation ceases, <1> is the 

flux density of high-energy primary particles, T is the irradiation time 

and B is a parameter which depends on several variables but is a con

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

Equation (5 .1) 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( 13) has reported values of B for heavy mate-
. I 

rials that give reasonably good absolute agreement with observation. 

More accurate calculations require detailed Monte Carlo 

techniques of the type used in shielding calculations. Annstrong 

et al C 14 , 15 ) 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 m1n), Mn(2.6 h), Mn(5.6d), 

48 v(16 d), 5tcr(27.8 d), and 54Mn(280 d) are the domina~t radionuclides 

(Fig. 5. 1) . These calculations are supported by recent observations 

at the 76-GeV proton synchrotron in Serpukhov(16 ) . 

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

example, Saxon( 17 ) reports that at the 4-GeV electron synchrotron 

NINA, 
56

M:n, 
52

Mn, and 48 v are dominant in steel. Similar results 

have been reported by Wyckoff( 18) from exposure to the 100-MeV 
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bremsstrahlung beam of the NBS linac. De Staebler( 19 ) has estimated 

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

erator as some 34 Ci a~ saturation per kW of beam power. 

5.2. 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. 2 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 5. 2, 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-
7 . 3 

ever, could cause the production of amounts of Be and H 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( 21 ) . 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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5. 3.Radioactivity of Water 

Radioactivity induc~d in cooling wate:r. circuits of high-intensity 

accelerators is potentially of concern for the following reasons: high . . . 
."--'• 

dose rates around pipes' carrying this water, radioac:tive contamination 

resulting from spills, and disposal problems. R~se et ~1 ( 2 8 ) reported 

that external radiati~n 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 1-1A. Warren 

et al ( 29) 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( 2 5 ) has concluded from measurements at the Brook

ha~en 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( 30) have confirmed 11 c, 7Be, and 3H as the most important ones 

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

t~apolated at saturation in samples of wat~r 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( 31). Careful studies of the radioactivity 

produced in water irradiated by high-energy electrons ( 2 9 ) have iden-

t .f. d 150 11 C d. 7 B th t . t t d" l"d 1 1e , , an e as e mos 1mpor an ra 1onuc 1 es. 
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6. Environmental Impact of High-Energy Accelerators 

The radiological impact of high-energy accelerators on the environ

ment is different in character from most other types of nuclear installation. (l) 

At high energy accelerators the predominant source of radiation exposure to the 

general public is due to the "prompt radiation field" produced during opera

tion, rather than due to the leakage of radionuclides into the environment. 

6. J. Prompt Radiation Field Outside High-Energy Accelera_tor Shields. As 

we have S(~en, the radiation field outside lhc shielding or high (~nergy, high 

intensity accelerators is dominated by neutrons. This is true for both 

proton and electron accelerators and --although no data are. yet available 

will be true for high-energy heavy-ion facilities such as the Bevalac. As ari 

example, Fig. 6.1 shows observations of gamma and neutron dose equivalent 

rates at one of the Stanford Linear Accelerator Monitoring Stations, some 

hundred meters from the accelerator. ( 
2

) The data, which include natural 

background, clearly show the periods of accelerator operation where 

significant external radiation was produced. The dominance of neutrons of 
\ 

the. accelerator -produced radiation is evident even though electrons are the 

primary partiG.le s accelerated. 

High-energy accelerators, even when adequately shielded for reasons 

of radiation protection and to permit their experimental utilization, may 

n·evertheless be significant sources of neutrons. The total area of the shield

ing of the larger facilities available for neutron Leakage may be extren;lely 

large (see introduction), and thus the leakage flux integrated over the 

shield surface can be large, even if the flux density is smalL As an example, 
9 -1 

"'1 0 n sec leak from the Bevatron roof shield when protons are accelera-

ted. Neutron sources of this intensity can be detected at distances up to 

1000 meters and it is therefore important to understand the transport of 

these neutrons through the atmosphere. 

Our pre sent experimental and theoretical under standing of neutron 

transport in the atmosphere has recently been summarized by Rindi and 

Thomas. ( 
3

) Figure 6. 2 shows measurements reported in the literature 

of neutron flux density at distances greater than 100 meters from six 



'. 

( J4 I waJ -rl) 
a~OJ asop OWWO£) 
N 

tO 

c: 
-----=:~ :::s 

-==::::::J~===~~-:> 

tO 
~ 
0 
.~·· 

~ 
0 
~ 

loo.. 

a. 
<( 

0 0 0 0 
rr> N 

( J4 I waJ -rl) 
a~oJ asop uoJ~naN 

1'
U) 
ro 
N 
I 

N 

~ 
CD 
X 

. 
r-i . 
\0 . 
be 

•.-i 
p... 

6.3 

...,. ':.\·._,t"' 

' 



6.4 
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Fig. 6.2 
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TABLE 6.1-

' Summary of some cxpcrimentalnwasur~mcnts 

Type of 
Measurement 

Buildup 
factor 

Buildup 
d istancc 

(in meters) 

}, t'nr 
cxprcssic;n (I 0) 

(in meters) Rl'fnc'nn· 
-··-· ---·--- -~- --------·-- --- ---·- -- - ------·---------------·------------ . - -------· --

CERN-PS 29-GcV Neutron flucnce ~3 150 395 4 
proton with a f~,_,,lg 

!:OlllltCr 
Duhna 10-GcV N~utrnn llucnce < 100 no 5 

proton with :1 long counter 
BNL 30-CicV Ncutrnn !lucu.:c 2.8 125 610 6 

proton \\-~t h Jlpnncr sphere 
CERN-SC W0-1\·kY Nvntl·,,n llucncc 2.7 140 ')9() 7 

pmt<ln with a lcnL•! l't>llllter 
DFSV 4-< icY Ncutr<Hl llucncc 6 or 7 150 330 nr 270 8 

ckctn>n with a Bl-,~l'nuntcr 
and scintilla tors 

IUIFL ~0--1\kV Neutron lluc~nn~ 2.5 110 303 9,10 
proton with a loirg (()untcr 

--------
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hi.gh-energy accelerators as a function of distance. The ordinate shows 

the product of the measured flux density with the square of the distance 

from the accelerator. Smooth curves are drawn through the experimental 

points. On such a plot an inverse square law variation would be a 

horizontal line. These sets of data indicate an initial buildup followed 

by an approximately exponential attenuation of the parameter r
2 

<j> (r) 

at distances greater than about 200 meters f:rom the accelerator. Thus 

we empirically find that: 

<j>( r) a: 

-r />-.. 
e 

2 
r 

Table 6.1 slDTIJl1anzes the data plotted in Fig.6.1. The values of 

attenuation length obtained are seen to vary between 230 m and 990 m. 

Rindi and Thomas tentatively explain these variations in observed attenua

tion.length in terms of leakage spectrum from the accelerator shield. 

At well-shielded accelerators the leakage neutron spectrum reaches 

equilibrium within the accelerator shield: this equilibrium is controlled 

by neutrons of energy greater than about 100 MeV and the characteristics 

of their interaction with matter. The nature of the equilibrium achieved 

is determined by the nuclear properties of the shield. At the interface 

between the shield and air small changes in the equilibrium spectrum 

(6.1) 

most noticeably in the neutron resonance region --are initiated. An 

equilbrium determined by the nuclear properties of air will be reestablished 

after passage through two to three interaction mean free paths, correspond

ing to several hundred meters. Rindi and Thomas conclude that many 

measurements reported in the data are limited to this transition region 

and large variation in reported values are to be expected. A lower limit 

for >-.. would be that measured for fission neutrons of >-.. FtJ 225 meters(ll) 

while an upper limit consistent with the inelastic cross section of nitrogen, 

and the attenuation of strongly interacting particles in extensive air 

showers, would be >-.. ~ 850 meters. (3) 
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Rindi and Thomas suggest that ·many of the published data are con

sistent with this suggestion. Measurements made at low energy accelerators 

or where the shield leakage spectrum was rich in low energy neutrons 

give values of A. in the region .....,zso m. At accelerators where the leakage 
.; 

spectrum is dominated by high-energy neutrons, higher values of A. are 

t b d d . d d b d R-.--d.(?) h t d' 990 o e expecte _ an , 1n ee , o serve . 1n 1 as re por e 1\. F::J 

h CERN h 1 t h .l D: t f" ·1d( 6 ) h- . d meters at t e _ sync rocyc. o ron, w 1. e 1s en 1e as measure 

a value of 610 meters at the Brookhaven alternating gradient synchrotron. 

There are data, however, which do not fit with this gene;al hypothcsis(l
2)" and 

continuing study of high -energy neutron trans port problems is needed. 

In summary, from the:ir review of the available experimental data, 

Rindi and Thomas conclude: 

1. The radiation intensity decreases at least as fast as does the inverse 
, . -

of the square of the distance from the source. 

2. 'At large distances frorri accelerators, neutrons are the dominant compo

nent of the radiation field. 

3; For well~shielded accelerators 1n the GeV region, the neutron spectrum 

emerging from the shield is in equilibrium. At lower energies or at accelerators 

with inadequate overhead shielding, hardening of the spectrum with distance is 

ohservcd. 

4. The empirical relation 

-r/1.. 
cp(r) ~ aQe 

2 4nr 

is·a simple but adequate expression for the skyshine intensity around most 

accelerators. VaJue of ,\ reported in the literature vary between 267 m and 

850 m. At large distances (several thousand meters) from our under~tanding of 

high-energy hadron cascades , we would expect /.. to approach ~he value of 
. -2 -- . 

'V 100 g em . 

Transport o£ Radionuclides into the Environment. 

a. Water Supplies. The possible contamination of the ground water 
. . 

close to a high energy laboratory was first theoretically studied at the Stanford 
• • . • • c ' . • (13) 

Lmear Accelerator Center by Nelson who concluded that there would be 
t . . . 

no detectable increase in the radioactivity in ground wate: due to operation 
' . . . 

of the SLAC 200 GeV electron accelerator. This conclusion has been 



subsequently confirmed by a program of measurements of the radio

activity of ground water over the past 12 years at Stanford. (g) There 

have, in fact, been no reports in the literature of significant ground 

6.8 

water contamination from radionuclides produced by accelerator operation. 

There is, however, a theoretical protential for ground water contamina

tion at the larger high energy accelerators such as the 20 Ge V electron 

linear accelerator at Stanford, or the strong -focussing synchrotrons at 

Batavia, Brookhaven, (USA); Geneva (Switzerland); or, Serpukhov (USSR); 

because these accelerators are buried underground. It is therefore possible 

for substantial particle flux densities to be generated in the earth and water 

in the shield, with the concommitant production of radionuclides in the 
5 

environment. As, an example, a flux density of fast neutrons of"' l 0 n 
-2 -1 

em sec will produce tritium, by spallation reactions of the oxygen 

in water, at a specific activity (at saturation) equivalent to the maximum 

permissible concentration •. 
(15,16) 

Stapleton and Thomas · have estimated the total quantities of 

radio~uclides that are produced in the earth shield of a large proton 

synchrotron, such as that at the Fermi National Accelerator Laboratory at 

Bat a via, and conclude the magnitude to be of the order of tens of curies. 

In the specific case of tritium, the quantity produced in the environment by 

a high energy accelerator is thus comparable to the quantity released to 

the environment by a boiling-water nuclear power reactor. 

Hoyer ( l?) has reported measurements of several radionuclide s in the 
. 22 

earth shield of the CERN 25 GeV proton synchrotron and identified Na 

and 
45

ca in drainage water taken from the earth shield. He finds fair 

agreement (within a factor of about three) between his measured data and 

values calculated from measured value neutron flux density distribution 

within the earth shield. (IS) In all cases the measured values are lower 

than those calculated and Hoyer tentatively ascribes this fact to the migration 

of the radionuclide s induced in the earth away from the accelerator. It is 

this migration of radionuclides from the shield that theoretically might be a 

source of contamination of water supplies and deserve consideration and 

has been the subject of some research. 

•.. 
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A detailed study of this possibility would be extremely complex, 

but it is possible to understand its magnitude by the use of the sample 

model shown in Fig. 6. 3, where it is assumed that radionuclide s produced 

in the activation zones around the accelerator are washed downward by 

rainfall to the water table, where they are moved horizontally to the edge 

of the accelerator laboratory. In this movement they are mixed with 

the ground water and diluted. This water might then be available for 

public use, in which case it would have a specific activity S, in units of 

MPC, given by: 
- T . IT. '\- t. IT. 

1 1 1 1 1 

9 

S. = D \ 
.l L. 

e. Q. (1 
1 1 

- e / e 
(6. 2) 

where 

i 

M. 
1 

there are i radionuclides produced and: 

D is a dilution factor. 

e. the fraction of activity produced that migrates from the 
1 

site of its production. 

Q. is the total quantity of the ith radionuclide produced at 
1 

saturation. 

T. is the residence time in the activation zone. 
1 

Ti is the mean life of the ith radionuclide. 

t is the trans port time from reaching the water table to reaching 
1 

the laboratory perimeter. 

M. is the MPC of the ith radionuclide. 
1 

Equdtion (6. 2) pem.its a crude assessment of t!le magnitude of the problem. 

The maxium rate of release of activity occurs at small residence times 

(T = 0), when all the activity prod11ced migrates (e = 1) anG'l the transport 
-t·fT" 

time to the site boundary is very short (e. 
1 1 

= 1) when: 

5MAX = D I 
i 

Q. 
1 

M. T. 
1 1 

(6. 3) 

At the accelerator site where the water table is not disturbed by 

pumping, the out -flow of wate~. would equal the inflow from rainfall and the 

radioactivity released would be diluted in a volume of water equivalent: to lhc 

rainfall on the site. 
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Equation (6. 2) permits a crude assessment of the magnitude of the 

problem and Fig. 6. 4 gives an example o£ the concentration of several radio

nuclides as a function of residence time, £or a particular accelerator. (lS) 

This example assumed a 500 GeV proton sychrotron, situated on a site 

similar to that at the CERN accelerator, losing 10
12 

protons per second 

to the shield. It was assumed that all the radionuclide s produced in the 

earth and water in the shield wer~ released directly to the ground water 

and trans ported to the site boundary in a short time (7 days) and diluted 

with a quantity of water equivalent to the net rainfall on the accelerator site. 

(lo 10 ml/day.) Inspection ofFig.6.4 shows that even under these extremely 

conservative assumptions the specific activity of the water would never 

exceed 0. 03 MPC and that this value is rather insensitive to residence time 

up to periods of 1000 days. This crude treatment shows that the problem 

is riot likely to be a serious one, but in actual practice its magnitude is 

likely to be much smaller. 

Although the number of radionuclides produced in the earth and ground water 

1n ari accelerator shield is potentially very large, only a few can actually be 

produced in maximal quantities in ground-water systems. 

Equation 6.2 shows that radionuclides of greatest concern 

a. are produced in large quantities, and (or) 

'h. have a low MPC, 

c. pass efficiently into the ground-water system, 

d. do not decay significantly in being transported to a public water supply. 

Nuclides with short half-lives will decay so rapidly as to be of rio poten-

tial hazard by the time they reach a public water supply. Conversely, if the half

life is long the production rate will be too small and the nuclides will not 

appear in significant quantities. Knowledge of the hydrogeology of the accelera

tor site being studied will indicate the range of raidoactive half-lives that are 

of interest. It is usually reasonable to study radionuclides with half-lives in 

the range 10 hours< T < 100 years, hnt cletai led investigation of site conditions 

will identify the appropriate range to he investigated. Those nuclides in this 

range of half-life that also satisfy conditions (a), (b), and (c) are fortunately 

few in mnnber. 

Furthermore, not all the radionuclides produced_mnve freely in the ground 

water. Chemical sorption inhibits the migration of several of the radio

nuclides produced into the ground water. 'Tilis has been most e~tensively 

studied for reactor produced radionuclides buried tmdcrground. {l
9

) 
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6.3. Envirorunental Monitoring at Accelerators 

In a climate of increasing public apprehension of environmental 

pollution by nuclear facilities it.is necessary that the radiological impact 

be carefully monitored. 

At research installations there is no "proper" way of doing this 

and monitoring systems must be adopted to the specific needs of the 

facility. 

The environmental monitoring programe of the Lawrence Berkeley 

Laboratory is typical of installations at many research accelerator 

laboratories and will be described in some detail. 

6. 3.1. The Lawrence Berkeley Laboratory and its Location 

The Lawrence Berkeley Laboratory (LBL) of the University of California 

6. 13 

is situated on the western slope of the most westerly range of hills parallel 

to the eastern side of San Francisco Bay. Elevation of the site varies be-

tween 400 ft. and 800 ft. above sea level. The Laboratory area is enclosed 

on the north and south sides by sparsely populated residential areas of the 

cities of Berkeley and Oakland. The major part of the Berkeley Campus of 

the University of California lies on the west side of the Laboratory. 

Higher up on the hills to the east are the Lawrence Hall of Science and 

Space Sciences Laboratory; beyond them lies uninhabited land and the Tilden 

Regional Park. The geographical setting is shown in the map (Fig. 6.5), and 

a good impression of the location of the Laboratory may be obtained from Fig. 

6. 6, - which shows a general view of the western side of the Berkeley Hills 

with the Lawrence Berkeley Laboratory lying at the foot of the hills. The 

Berkeley Campus of the University of California is in the center of the 

photograph, while the city of Berkeley surrrounds the Campus and Laboratory 

in the foreground and to the right and left of the picture. Almost the 

entire urban population of the San Francisco Bay Area (~4 million people) 

lies within 80 kilometers of the Laboratory.* More importantly, as we 

shall show later when we discuss the estimates of population exposure, 

*It is conventional to estimate population dose contributed by a nuclear 
installation out to a distance of 80 kilometers from the facility. (see Section 7.) 
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it is estimated that the equivalent of 329,000 live or work within .8 

kilometers of the Laboratory perimeter. This proximity of a large 

popuiation to the Laboratory results in a population dose due to Labora-

tory operations comparable in magnitude to the collective dose of radiation 

workers.** For example, in 1973 the population dose was reported 

' 60 - 1 (20) . as < man rem , while the collective dose to Laboratory 
I . 

personnel was 90 man rem. These facts have led to special attention 

being given at LBL to population exposure since 1959. 

The majpr source of radiation exposure, both to the general population 

and Laborator' personnel, is the operation of four particle accelerators 

engaged in fundamental research. These accelerators are: . the Bevatron, a 

6 GeV proton synchrotron; the SuperHILAC, a heavy ion linear accelerator, 

producing heavy ion beams up to 8 MeV/amu in energies; and the 184-inch 

and 88-inch cyclotrons. Because these accelerators are used in research, 

they present many new and novel radiation problema--their radiation environ

ments are themselves to some extent a subject of research. Such studies 

have always formed an integral part of accelerator development at the 

Lawrence Berkeley Laboratory.(~l-7.3; 

** 
This occurs because a large number of peopl·e in the general population 

receive very small average exposures due to LBL operations, whereas a 
comparatively smaller number of LBL employees and visitors receive a 
somewhat larger exposure. For example, in 1973 the average exposure to 
members of the Jeneral population (329,000 people) within S km'of LBL was 
<0.18 millirem, while the average exposure to 4703 Lab visitors and 
employees was 21 millirem. · 
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The simultaneous operation of four partidle accelerators leads to a 

complex variation of radiation intensity, bot.h with time and distance from 

the Laboratory. This complexity is compounded by the flexibility in modes 

of accelerator operation demandPd by a research program. Different ex

periments may ·require radiation intensities which vary by three orders of 

magnitude or more. For example, large bubble chambers or spark chambers 

require neutron flux densities between one and two orders of magnitude 

below that required on radiation protection considerations alone. On the 

other hand, some experiments may require prolonged high intensity runs--

with consequent high ambient radiation levels. A recent example of such 

an experiment at Berkeley was the production and identification of Element 

(24) 
106 at the SuperHILAC. Flexibility in experimental facilities --

including radiation shielding--are essential. if a successful, research pro-

gram is to be carried out around high energy particle accelerators. 

The radiation phenomena at a research laboratory such as LBL are con-

stantly changing and therefore, of necessity, under continuous review. The 

problems presented are always new and their solution requires constant 

alertness. For the past twenty years studies at Berkeley have principally 

centered around proton accelerators. Just at the time the radiation pheno-

mens of such accelerators has become fairly well understood, the Laboratory's 

interests have changed direction with an increasing interest in high-energy, 

heavy-ion research. A whole new set of problems which require identification 

~nd solution .fs thus being presented to the health physicist. 

6.3.2. Environmental Monitoring of Penetrating Radiation 

General 

The presence of a large urban area contiguous with the Laboratory's 

boundaries led to an early interest in environmental studies at 

the Lawrence Berkeley Laboratory. When it became apparent 
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that the Bevatron was an intense neutron source, radiation intensities were 

first measured within the Laboratory. (2S) These studies led to the estab

lishment of a permanent environmental monitoring program (see Fig. 6. 72. 

Estimates of the contribution of dose equivalent at the Laboratory 

boundary due to accelerator operation have been made for many years. F~[UTCS 

6:8 - 6.11 show reported site boundary penetrating radiation levels at the 

location on the Laboratory boundary. Radiation levels have been consistently 

below the maximum permissible dose-equivalent for non-occupational exposure. 

Under certain operating conditions, any one of the Laboratory's accel-

erators may have a stray radiation field which can be detected at distances 

as far as a few thousand feet. The radiation intensity at a given location 

and time may consis~ of contributions from any one or all of these accelera-

tors. Attempts to understand and predict the Laboratory's stray radiation 

field have in the past required combinations of stationary detectors and 

counting equipment that could not be read simultaneously. Many series of ' 

measurements were made with mobile counting equipment; each series lasted 

for a few hours and was scheduled during the infrequent times when only 

one of the accelerators was operating at a constant beam level. These 

measurements facilitated understanding of the contribution to the radiation 

environment of each accelerator and of the selection of permanent environ-

mental monitoring locations. 

Since 1964 radiation levels at ten locations have been continuously 
. . (26) 

monitored (F1g. 6.7). These locations were strategically 

selected to monitor the radiation output of the Laboratory's accelerators, 

both close to each accelerator and at the Laboratory perimeter. Two en-

vironmental monitoring stations (situated at the Olympus Gate and adjacent 

ro the 88-inch cyclotron) are specifically located to record the highest 

radiation levels at the Laboratory boundaries, while two.others--those at 

6.19 
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Building 90 and at Panoramic Way--respond to skyshine from the Bevatron and 

the 88-inch cyclotron and to direct radiation from the 184-inch cyclotron 

respectively. 

Radiation levels are continuously monitored and recorded at a central 

location by means of a telemetry system. Both the rate and time-integrated 

intensity of radiation exposure are monitored. 

Neutrons are detected by means of a moderated BF3 proportional counter. 

Moderat6r thicknesses are chosen to provide a flat energy response over the 

range of neutron energies from 0.25 to 20 MeV. (27) Neutron 

energies have been measured by a variety of techniques. These include pro

ton recoil proportional counters ,C28) threshold detectors, and 

fission counters. (29) An energy cornpensated_Geiger-t~ller counter 

is used .to detect and record gamma radiation~(30) 

The monitoring system also provides a means for determining the relative 

contributions of each of the several accelerators to the total radiation 

environment by studying radiation levels during maintenance shutdown periods 

when radiation levels at remote locations are produced by different combina-

tions of accelerator operating conditions. 

In general, the response of each monitoring station is a complex func-

tion of the mode of operation of each and all the Laboratory's accelerators. 

With all accelerators operating simultaneously, it is not possible, at the 

present time, to assign accurately to particular accelerators their relative 

contributions to the radiation level at each station. Without more detailed 

study, only approximate assignments may be made. 

Radiation Levels at the Laboratory Boundary, 1959~1973 

The maximum permissible annual dose equivalent to which members of 



0 u 

the general population at the boundary of a laboratory such as Lawrence 

Berkeley Laboratory may be exposed is 500 millirem/year (MPD). It has been 

Laboratory policy to place considerable effort toward maintaining radiation 

levels well below thi$"limit. 

The environmental monitoring program of the Laboratory showed that 

approximately 80% of the accelerator produced radiation in 1972 was due to· 

(31) 
the operation of the Bevatron when accelerating protons. . 

The Bevatron has a long history--having_been in operation since 1954~ 

During the past 19 years substantial chariges have occurred in accelerator 

intensity, mode of operation, and shielding. Figure 6. 8 shows the number of 

protops accelerated 1n the Bevatron each year in th~ period 

1954-1973. ( 32 , 330 During t~is period the be~m intensity of 

th~ accelerator, and, therefore, the potential radiation source, increased 

by a factor of more than 10,000. Radiation levels around the Bevatron have 

been controlled primarily by the addition of shielding, but also by improved 

tec.miques in beam control, extraction, and beam dumping into well shielded 

locations. 

Figures 6.9-6.12 show the annual dose equivalent reported for the 

four environinent.al stations as a functi.o~ of ti~e. 

Radiation levels at the Olympus Gate 'Station have shown a· steady de-

cline since 1959 when estimates were first made. The Olympus Gate Station. 

is in direct view of the Bevatron and most directly influenced by that 

accelerator. During late 1962 and early 1963 the Bevatron underwent a 

substantial modification and was out of operation for a significant time. 

This shutdown was, however, only partially responsible for the falling 

radiation level recorded. This falling trend continues through 1964 and 

1965 because of the addition of shielding and improvements in accelerator 

operation--particularly the development of an extracted proton beam. 

6.25 
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Radiation levels through 1966 showed an increase due to increasing circulat-

ing proton beam intensity~ but the decrease observed in 1967 was because. 

of the installation of extra shielding to the straight sections of. the, 

Bevatron. Since 1970 radiation ~evels have declined due to- increasing use 

of the Bevatron to accelerate heavy ions, and this trend is expected to 

continue. 

The monitoring station adjacent to the 88-inch cyclotron responds to 

radiation from both the Bevatron and the 88-inch cyclotron. The 88-inch 

cyclotron was completed in 1961 and the first external beam obtained in 

1962. During the period 1962-1966 the radiation levels observed at this 

station closely reflect the operation of the Bevatron (see Figs. 6.8 and 6.9). 

In 1967, however,·the increasing intensity at the 88-inch cyclotron is 

reflected in the higher radiation levels recorded at this station. The 

addition of riew shielded eaves to the roof during the latter part of 1970 

resulted in a dramatic reduction in the radiation levels for 1971, ~nd the 

88-inch cyclotron is now so well shielded that its adjacent monitoring 

station now principally responds to the Bevatron. (34) 

The station situated at Panoramic Way is in direct view only of the 

184-inch cyclotron and responds principally to that accelerator. High 

readings at this station may usually be directly attributed to unusual 

experimental conditions at the 184-inch cyclotron. Reduced use of this 

accelerator will result in a decline in readings at this station. The 

residual levels measured will be largely due to sky~hine radiation from 

the Bevatron. 

Radiation levels recorded at the Building 90 environmental monitoring 

station are principally caued by skyshine from the Bevatron and 88-inch 

cyclotron (compare Figs. 6.8, 6.9, 6.10 

6.27 



~en the maximum dose equivalent is considerably less 

than the MPD, an uncertainty of as much as a factor_of three in estimation 

(35) 
of the dose equivalent is acceptable. However, _there is in-

creasing tendency by regulatory agencies to requiz:e improved accuracy in 

the measurement of man-made radiation. Lowder and Gogola~CRave clearly 

drawn attention to the implications of this requirement for increased -

accuracy: 

"The recent trend toward the quantitative definition of 

'as low as practicable' guidelines pertaining to the release 

of radionuclides to the environment for nuclear facilities 

and the resulting dose places a significantly increased burden 

on environmental surveillance programs. It was previously 

believed that adherence to the admonitions of expert bodies 

-stich as the ICRP(37) to limit unnecessary radiation 

exposure was achieved by demonstrating that such exposure 

was well below the recommended 'maximum permissible' annual-

. levels of 500 mrem to individuals or 170 mrem to a 'suitable 

sample'. (38) U.S. regulatory agencies are now preparing 

numerical limitations on environmental radiation dose to man 

from light-water power reactors and the nuclear power 

fuel cycle. ( 39 ' 40) The net effect of these 

limitations is to lower the 'maximum permissible' dose to off

site individuals by two orders of magnitude. While the merits 

of such a reduction in terms of· public health and realistic 

benefit-risk assessment are arguable, the rationale for this 

change has been that practical, though costly, techniques for 

the treatment of nuclear facilities effluents will permit 



.. 
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·plant operation within the limits. 

"Questions immediately arise relating to how well the 

actual doses can be assessed and documented, given the fact 

that most existing environmental surveillance programs were 

designed to assure that critical population groups do not 

receive doses that are much higher than the proposed limits. 

If the public and regulatory agencies are to be assured that 

, nuclear facilities are operating within their design specifi-

cations, both experimental aild calculational methods are 

required to allow accurate dose assessment at the very low 

exposure levels that are expected to exist."(36) 

This requirement for improved accuracy poses severe problems both of 

6.29 

measurement and data interpretation at high energy accelerator laboratories. 

The acc:uracy of environmental monitoring is primarily limited by 

two factors: 

i. Inaccuracies in neutron:·fluence to dose equivalent conversion 

which may amount to 5 Oo/o or more, and 

ii. uncertainties in natural background. 

Inaccuracies Due to the Neutron Fluence to Dose Equivalent Conversion 

We have seen that the major component of accelerator-produc~d 

radiation is due to neutrons. Neutrons up to an energy of 20 MeV may be 

readily measured with a moderated BF3 counter, and the neutron fluences at 

the site boundary in this energy region may be determined with good 
. ' 

accuracy. Conversion of this rn.easured fluence to dose equivalent is, 

however, of limited accuracy when the neutron spectrum and conditions 

of irradiation are not well known. Errors of 50% or more are possible. 

when these parameters are poorly understood. This problem has been 
(41-44) 

discussed in detail by several authors and already summarized in section 2. 
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Inaccuracies in Dose Equivalent Due to Uncertainties in Natural Background 

If rnan -made contributions to the radiation environment are to be known 

within a few millirem per year, natural background radiation levels must be 

extremely well understood. 

As an example, natural background at the Lawrence Berkeley Laboratory 

amounts to between 7 0-110 millirem /yr made up as follows: 

Natural radioactivity of 
surrounding earth: 

Cosmic rays: 

approx. 40-80 millirem/y 

iJ. mesons - approx 30 millirem/yr 
neutrons - approx . 3 rriillirem/yr 

Total -approx 70-llOmillirem/yr 

"'he components from natural radioactivity show fluctuations o£ more than 

a factor of two from place to place due to geological and human causes, 

e.g. outcrop o£ granitic rocks, presence o£ large buildings or paved roads. 

In addition to variations in the '{-component from place to place, the 

background at a particular place may show secular variations of as much 

as 30%, primarily due to variations in the water conte~t of the soil.( 4
S) 

Measurements of radiation levels due to accelerator produced photons to an 

accuracy of better than about 30 millirem per year therefore requires an 

accurate assessment of natural background because of terrestrial radio-

activity. This may be achieved by preoperational radiation surveys in the 

field, measurements during periods of accelerator shutdown, or by the 

laboratory radio-assay of soil samples taken in the field and the calculation 
(46. 

of environmental exposure rates. · · - i£ the la toter me thad is ad0pted, an 

estimate of average exposure rates will be limited in accuracy to about 

30% until good data on seasonal fluctuations in background is obtained. 
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7. Population Dose Equivalent Calculation 

7. 1. Definition of Population Dose Equivalent 

The population dose equivalent resulting from the operation of 
. . ( 1 ) 

a nuclear facility is defined by the equahon: 

M = !H N(H)dH 

where N(H)dH is the number of people receving a dose equivalent 

between H and H+dH, and the integration is carried out over the 

entire dose equivalent distribution and population exposed. M is 

usually expressed in the unit man rem. 

7.2 

(7. l) 

As we have seen in sections 2 and 6, the dominant contribution 

to population dose equivalent resulting from high-energy accelerator 

operation is external radiation by neutrons. 

7. 2. Model for Calculation of Population Dose Equivalent for 

Accelerators. 

An operating high-energy accelerator is a source of neutrons 

irradiating its surroundings. This exposure may be modified by the 

topography around the accelerator, o:r by conditions of accelerator 

operation, but is not influenced by meteorological conditions such as 

wind direction or rainfall. Population exposure is due only to the prompt 

radiation· field produced by an accelerator during operation. 

These facts suggest a simple model that may be used to calculate popula-
. tion dose. Imagine a high-energy accelerator located on a flat plane so that 
there is no shielding or shadowing due to hills, surrounded by a mixed urban 
population (f'fg, 7. i )and the radiation field at large distances from a high- energy 
accelerator to a good approximation, isotropic in character and depending only 
on the intensity of and distance from the source. Equation (7 .1) can then be trans
formed to: 

1 year R 

M= J J 
t = 0 

N (r,t) H (r,t) dr dt. (7.2) 

where N(r ,t) dr dt is the number of people at a distance be~een r and 
r + dr from the acce]Prator at time between t and t + dt, H{ r, t) is the 
corresponding dose equivalent rate, and ro,R, are the limits of radial inte
gration at the closest and furthest distances of approach under consideration 
to the accelerator. 
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7.4 

In a homogeneous urban area it is plausible that the population density may 
be considered constant when averaged over long periods of time. This should 
not result in serious error in the estimate of population exposure provided the 
intensity of accelerator operation is uncorrelated with fluctuations in popula
tion (e.g., high intensity operation is not restriCted to times of known low 
population}. If this assumption is made, Eq .(7. 2) may be· simp I if fed to: 

R 

M = r . H(r} N(r) dr (7. 2a) 

Jro 
where H(r} is the annual dose equivalent to a person at a distance from. 
r tor+ dr from the accelerator and N(r) is the number of people living 

in this range of distances. 

As we have seen in section 6. 1, the variation of dose equivalent 

as a function of distance from an accelerator is given by: 

H( r) 
aQ = -. 

2 
-r /X 

e for r ~300m 

r 

with the attenuation length in the range 225 m ~ A.~ 1000 m. 

We define the fence post dose equivalent, H 0 , by: 

and it follows that: 

H(r) 

e 
-r /A. 

0 

If we define an average population density, cr (r ), between 

distances r and r + dr from the accelerator, we have 

N(r )d r = 21(rcf(r )dr 

and substituting equations(7. 6) and (7. 7) into equation (7. 3) we 

0btain: 
R 

ro/A. ( 
cr (r )e 

-r /A. 
2 I dr M = 21f"r 
0 

H
0 

e 
) r 

ro 

(7. 4) 

(7. 5) 

(7. 6) 

(7. 7) 

(7. 8) 
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The integral of Eq .. (7. 8) may munerically be ,evaluated by assuming a mifonn 

distribution of population within each ring aromd the accelerator. 

M may then be approximated by: 

where a. is defined by: 
1 

a. = 
1 2 1T(r. 

·I 

N. 
1 

? 2 • 
r. 1) 1-

dr, 

. and N. is the number oi people living between r. 
1 

and r .• 
1 . 1- 1 

Population dose -equivalent, resulting from the operation of a 

(7. 9) 

(7. 1 0) 

nucle.ar installation, is a scalar quantity independent of distance from 

the installation and should therefore properly be calculated out to 

infinity. It has become conventional to assume that this has essentially 

been d~rte i"f the calculation is carried to a distance of 80 km. from the 

instaLLation. The validity of this assumption will depend upon the cir

cumstances unique to each facility, but is usually justified. 

In the numerical evaluation of equation (7. 9), the number of 

annuli, n, is determined by the character of the convergence of the 

integral of equation (7. 8). 

7. 3. · Convergence of the Population Dose Equivalent Integral 

Stephens et al ( 2 ) have explored the convergence of this integral 

with the simplifying assumption that the population density is uniform: 

(7. 11) 

Under these conditions equation (7. 8) simplifies to: 

(7.12) 

(7. 12a) 
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The integral of equation (7. 12) has the solution: 

( -r /X. 
1 e 
1 -'---- dr = lnr - r /X. + 
1 r 

j 
2

1
2 

(r />..)2 _ 1 (r /X.)3 + •.. 
• ! 3. 3! 

but this is an inconvenient analytical solution, because the oscillating 

series converges only very slowly. The integral may, however, readily 
' ( 2 ) 

be evaluated by numerical means and Stephens et al have reported 

numerical values for values of perimeter radius, r 
0

, between 

300 m and 1000 m and attenuation length, X., between 100m and 

1000 m. 

In order to discuss the convergence of the integral 

R 
'"' 

I(r 0, R) = L 
0 

we define three parameters: 

-r /X. 
e--

r 
dr 

i. M(co) = I (r 0 ,~P) whiCh is the population dose equivalent 

calculated out to an infinite distance from the accelerator. 

ii. M(~O) = I(r 
0

, 80 km) - the so -called 80 km population 

dos'e equivalent. 

iii. M(R) = I(r
0
,R). 

As we have already discussed M(..oo) is the quantity that should 

properly be calculated in population dose ~qui valent estimates, 

while it is often conventional to quote M(80) •. In general: 

M(oo)> M(80). 

The convergence of the integral r
0

(r 
0

, R) may conveniently 

be examined by plotting the parameter: 

M(R) as a function of r .. 
M(o<:>) 

(7. 13) 

Figure 7. 2 shows this parameter, expressed as a percentage of M(oC>), 

for values of X. between 1OOm and lOOOm. Inspection of Fig. 7. 2 

shows that the integral converges quite rapidly and, under the 

conditions of the model, it is only necessary to extend integration 
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out to distances "' (r 
0

+3>-..) from the accelerator to determine the 

population dose equivale·nt, L.e: 

M(r O +3>-..) = M( oo ). 

This knowledge could save extensive efforts in the evaluation 

of the''80 km population dose equivalent" often quoted in environ

mental monitoring reports. 

7. 4. Influence of the Parameters r 
0 

and >-.. on Population Dose 

Equivalent. 

7.8 

( 2 -) 
Stephens et al. have investigated the influe nee of the perimeter 

radius' r o· and the attenuation length, >-.., on the magnitude of 

population dose equivalent, again when the population density around 

the facility may be assumed constant. 

Figures 7.3 and 7.4 show calculated values of the parameter. 

M /211 C1 H
0 

as a function of r 
0 

and >-... Inspection of these figures 

show that the population dose equivalent is approximately proportional 
4/3 2/3 

to ,...., r
0 

>-.. . The use of an empirical formula of the form: 

n ... m 
M = k <1 H

0 
r O 1\. (7. 14) 

may be convenient in interpolating tabulated values of Mover a 

limited range (see Table 7. 1 ). The values of k, m, and n vary 

somewhat, but over the physical range discussed here n takes values 

between 1. 1 and 1. 4, while m has values ranging from 0. 60 to 0. 80 

7. 5. Populatbn Dose Equivalent at the Lawrence Berkeley Laboratory-

A Specific Example. 
( 3 ) 

Stephens et al. have reported calculations of population dose 

equivalent produced by the particle accelerators of the Lawrence 

Berkeley Laboratory. 

~I 



() 0 g·'a 
\,) •ti 

10 

10 
100 

..... ...:. u u ~ 4 J 6 

700m 

500m. 

300m 

1000 

Attenuation length (meters) 

XBL748- 3992 

Fig. 7.3 

- 7. 9 



10 

10 
100 

~=IOOOm 

500m 

200m 

150m 

lOOm 

1000 

Perimeter radius , r0 (meters) 

XBL '148- 3993 

Fig. 7.4 

7.10 



0 0 

Table 7 .1. Values of the parameter 

Perimeter 
radius 

ro 
(meters) 100 

for different values of A. and r 
0

. 

Attenuation length, A. (meters) 

150 200 350 500 

M 
2TIO"DO 

. (From Stephens et al.) 

750 1000 

300 2.51E+43.40E+44.19E+46.10E+4·7.60E+4 9.58E+4 1.11E+4 
500 4.01E+45.76E+47.34E+41.14E+S 1.47E+S 1.91Et5 2.28Et5 
700 5.86E+48.52E+41.09Et41.74E+5 2.27Et5 3.03Et5 3.65E-t5 

1000 8.65 E+ 4 '1.27 E+S 1.65 E+S 2.68 EtS 3.56 EtS 4.83 E+S 5.91 EtS 
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The Lawrence Berkeley Laboratory of the University of California is 

unusual among high-energy accelerator laboratories, in that it is contiguous 

with fairly densely populated areas. The Laboratory is situated on the 

western slope of hills running along the eastern side of the San 'Francisco 

Bay. The Berkeley Campus of the University of California is immediately 

adjacent on the west, while to the north and south, the Laboratory is 

surrounded by residential areas. To the east lie largely uninhabited 

watershed lands and Tilden Regional Park. (Section 6.) 

The equivalent of 168,000 people live or work within about 5 kilo-

meters from the Laboratory. The proximity of a large urban population to 

the Laboratory has led to the close surveillance of the environmental im

pact of the Laboratory's activities~~ fl.See Settio·n. 6.) ~) 
The largest radiological environmental impact due to the Laborator·y 

is due to the operation of four high-energy particle accelerators: the 

Bevatron, the SuperHILAC, and the 88-inch and 184-inch cylcotrons. 

Stephens et al. ( 
3 

) use a modified form of equation 7. 9 to 

calC'.Jlate population dose equivalent. 

Equation \1.9) does not allow for the shielding provided to a large 

·fraction of the populated area by the hills surrounding the Laboratory or 

by the buildings which people occupy. To do so, equat}o:h (7. 9) may 

be written 

i=n 
v 
) 
L. 

i=l 

Ti 
(' 

i <\ I 
j ,, 

r.-1 
1 

-r/"A e 
r 

dr (7. 15) 

where S 
1 

and s
2 

are shielding factors that take account of the shielding 

provided by hills and buildings respectively. Only approximate 

estimates were made of s
1 

and s
2

• 

The principal sources of radiation produced by accelerator 

operation at the Laboratory are shielded from direct line of sight of 

much of the surrounding urban are a by hills. Experimental data 
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• ~ 0 0 4 ·j 8 

,. 
' 

n =· 15' 

ro = 366 meters '( 1200 ft) 

r 1 -r 0 = 244 meters ( 800 ft) 

r. -r. 
1 

- 304. 8 meters ( 1000 ft) for r > 2 
'1 1-

r15 = 4877 meters ( 16, 000 ft) 

X. - 850 meters·· 

-S S = 2. 2. 
1 2 

Substituting these values into equation (7. 15) we obtain: 

. 15 r. 

Ml"o = 5.875 X 10
5 

) ai r 
i=l r.-1 

with r in meters, 
2 ai in persons/m . 

1 

e-r/850 
r dr • 

Table 7. 2 summarizes the numerical data for the evaluation of the 

integrands of equation (7.16). 

7.13 

(7. 16) 

The population dose equivalent due to LBL accelerator operation 

calculated using this model is ,then: 

M/Ho ~ 1023 man rem/fence-post rem. 
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Tab 1 e 7. 2. Values of the integrands 

• Mi_IH0 
At distance (meters) * ai· I. Man rem/ 

.from (persons/m2) 
). ·fence-post to 

rem 

366 (1 ,200 ft) 610 (2 ,000 ft) 01 = 1.94><10-3 2.938xto-1 341.1 

610 (2,000 ft) 914 (3 ,000 ft) 02 = 2.96x10-3 1.690xl.0-1 299.2 

914 (3~000 ft) 1219 (4,000 ft) 03 = 3.19x10-3 8.343xl.0- 2 159.2 

1219 (4,000 ft) 1524 (5;000 ft) 04 = 2.97x1o- 3 4. 511 x10 -2 80.2 

'1524 (5,000 ft) 1829 (6,000 ft) OS = 2.98x10- 3 2. 571 xl.0- 2 45.8 

1829 (6,000 ft) 2134 (7 ,000 ft) 06 = 2.18x10- 3 1. 517xlO - 2 19.8 

2134 (7 ,000 ft) 2438 (8,000 ft) 07 = 2. 94x10- 3 9.177x10- 3 16.1 

2438 (8,000 ft) 2743 (9,000 ft) a 
8 

= 2.66x1o-3 5 .652x10 -3 9.0 

2743 (9 ,000 ft) 3048 (10,000 ft)' a9 = 2.14x10-3 3.531x10 -3 4.5 

3048 (10,000 ft) 3353 (11,000 ft) cr
10 

= 2.23X10 -3 '- 3 2. 231xlO , 3.0 

3353 (11,000 ft) 3656 (12,000 ft) a
11 

= 2.11x1o-3 1.422x10-3 1.8 

3656 (12,000 ft) 3962 (13,000 ft) cr
12 

= 2.25X10-3 . 9.141xl0 -4 1.2 

3962 (13,000 ft) 4267 (14,000 ft) cr 13 = 2.2sx1o -3 5.911xl0-4 . 0.8 

4267 (14,000 ft) 457Z (15,000 ft) -3 3.844x10-4 0.4 
OJ 

a 14 = 1.84x10 .. 
4572 (15,000 ft) 4877 (16,000 ft) 

' -3 
.cr

15 
=. 1. 56x10 2.512xl0-4 0.2 

. '·' r. 

* r e-r/:50 I. • dr 
1 

r. 1 ' 1-
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Stephens et a1.( 3) believe this estimate. to be an upper limit because conserva

tive values of population density and attenuation length are assumed. 

It is of interest to note that the estimate of population dose equivalent 

for the Stanford Linear Accelerator which, like LBL, is located close to an 

urban population, is comparable in magnitude to that of LBL when calculated 

using similar assumptions. (6) 
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8. The ~E.E..!ication of the "As Low as Practicable Concept" at Accelerators 

At research accelerator laboratories the application of the "as low as 

practicable concept" is probably even more difficult than at other nuclear 

facilities. An accelerator research program demands great flexibjl:ity in mode 

of accelerator operation, beam intensity and radiation shielding. Because 

conditions continually change, cost-benefit studies of radiation protection 

practices are not often effective. In consequence, no general principles 

have as yet been developed, but specific examples may prove helpfu 1. 

-Thomas(l) has described the application of the "ALAP" concept to high

energy accelerator shielding and found the cost of shielding to range 

between $40 to $50 per man rem. (1) 

\.• . 
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Fig. 1.1. 

Fig. 1.2. 

Fig. 1. 3. 

Fig. 2.1. 

Fig. 3.1. 

Fig. 3. 2. 

Fig .. 3.3. 

Fig. 3.4. 

FIGURE CAPTIONS 

The increase with time of the maximum energy achieved 

by different types of particle accelerators. 

The beam intensity as a function of particle energy of 

several high-energy accelerators (after Rosen). 

The annual increase in particle accelerators throughout 

the world (1930-1968) (after Rosen). 

Some typical high-energy neutron spectra (a) 1/E spectrum 

(for comparison). (b) Cosmic-ray spectrum. (c) Spectrum at 

concrete shielding bridge at CPS. (d) Spectrum on c~1rth shield 

of CPS. (e) Spectrum outside Bevatron shielding. (f) Spectrum 

outside steel shielding of Nimrod. external proton beam. (From 

Shaw., Stevenson and Thomas.) 

Quality factor as a function of stopping power in water 

(interpolated from ICRP recommendations). 

Particle flux density to dose equivalent rate conversion factors -

a summary. (From Patterson and Thomas.) 

The neutron spectra derived from measurements of the recoil 

proton spectra in nuclear emulsions exposed at several loca-

tions around the Bevatron. In each diagram: (A) identifies 

the peak at 0.6 MeV due to the 14N(n,p) 14c reaction of thermal 

neutrons; (B) identifies the 1.25 MeV peak due to a particles 

from the decay of the naturally radioactive constituents of the 

emulsion; the cu:tve C shows the smooth recoil proton spectrum 

correlated for background, and the curveD shows. the derived 

neutron spectrum. The notationi B-25, B-27, etc. identify 

location of the emulsion exposure (after Lehman and Fckula, 1964). 

A graph relating the average number of grey prongs per star 

and different shapes of neutron spectra characterized by the 

logarithmic slope, y, and the maximum energy of the spectra. 

Fig. 3.5. ·Response functions for the four detectors used to determine 

neutron spectra at well-shielded locations. 

• 



Fig. 3.6. 

Fig. 4. l. 

Fig. 4.2. 

Fig. 4.3. 

Fig. 4.4. 

Fig. 4.5. 

Fig. 4.6. 

Fig. 4.7. 
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Fig. 4.8. 

0 0 

Response functions for additional detectors used to determine 

neutron spectra in high I:adiation levels. 
'' ' 

Schematic diagram of typical shielding geometry. 

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. (Smith 

et a 1.) 

Typical example of theratio of detector response as a function 

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

the shield. The figure demonstrates the existence of an equilib

rium 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 shield in a direction 

normal to the beam direction. Incident proton energy 6 GeV. 

(Smith et al.) 

Inelastic neutron cross sections as a function of energy in 

the range 0 to 1. 4 GeV. (After Lindenbaum.) 

Comparison between calculated and measured values of attenuation 

lengths in concrete for neutrons. (After Patterson.) 

The angular relaxation parameter, b, as a function of reaction 

threshold energy. (Levine et al.) 

Comparison of measured and calculated flux density as a function 

of position 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 inter~-icted with a beryllium 

target at T (12.5 m from the origin). The ordinate shows the 

neutron density measured with an Al detector. (Rindi and 

Thomas.) 

Neutron flux spectra at various depths in the earth's 

atmosphere produced by galactic protons near solar minimum. 

These calculations are compared with calculations of Lingenfelter 

and the measurements of Hess et al. (A = geomagnetic latitude), 

(from Armstrong et al.}. 



Fig. 5.1. Relative contribution to photon dose rate due to six. 

radionuclides at the surface of an iron cylinder 

(dia. 80 gm cm- 2) irradiated axially by 200 ~~V and 

3 GeV protons for an infinite time (from Armstrong and 

Barish). 
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Fig. 6.1. Photon and neutron dose equivalent rates measured at the boundary 

of the Stanford Line~r .Accelerator Center. 

Fig. 6.2. Measurements performed around different accelerators. On the 

abscissa is the distance from the accelerator in meters, on the 

ordinate is th~~ product of the measured neutron flux densj ty by 
') 

the square of the distance. In these coordinates a l/r~ varia-

tion shows up as a horizontal line. a) Measurements of fJst 

neutron flux ·density performed with a long r.ounter from a "~;oun.:e 

point" (the PS bridge) at the CERN 28-GeV Proton Synchrotron 

b) Measurements of fast neutron flux density performed with a 

moderated BF
3 

counter at the Dubna 10-GeV Proton Synchrophasotron. 

c) Measurements of dose-equivalent rate performed with a 12-in. 

(30 em) Bonner sphere system at the Brookhaven 30-GeV Proton AGS. 

d) Measurements of fast neutron flux density perf?rmed with a 

long counter at the CERN 600-MeV Proton Synchrocyclotron. 

e) Fast neutron flux density measurements performed with a 

BF
3 

moderated counter at the 7.5-GeV electron synchrotron, DESY. 

f) Fast neutron flux density measurements performed with a long 

counter at the Rutherford Laboratory 50~MeV proton linear accel

erator. The solid dots indicate. the measurements taken for a 

p beam of 30 Mev,(9)and the open dots for a p beam of 50 MeV. 

(Rindi anci Thomas.) 

Fig. 6.3. Model illustrating the mechanisms by which accelerator-produced 

radioactivity may appear in ground water. 

Fig. 6.4. Specific activity of accelerator-produced radionuclides in ground 

water at accelerator site boundary. 

Fig. 6.5. Map showing the location of the Lawrence Berkeley Laboratory. 

Fig. 6.6. View looking east showing the location of the Lawrence Berkeley 

Laboratory in relation to the University of California and the city 

of Berkeley. 

Fig. 6. 7. View of the Lawrence Berkeley Laboratory showing the location of the 

environmental monitoring station. 

Fig. 6.8. Environmental Monitoring Data - Olympus Gate Station. 

Fig. 6.9. Environmental Monitoring Data - 88-Inch Cyclotron Station. 



Fig. 6.10. 

Fig. 6.11. 

Fig. 6.12. 

Fig. 7.1. 

Fig. 7.2. 

Fig. 7. 3. 

Fig. 7.4. 

Fig. 7. 5. 

Environmental Monitoring Data - Building 90 station. 

Environmental Monitoring Data - Panoramic Way Station. 

Comparison between the increasing intepsity of.the Bevatron 

(right hand scale) and the decreasing radiation levels of 

the Laboratory's site boundary and decreasing radiation 

. worker collective exposure since 1959 (left hand scale. (Thomas.) 

Diagram showing model used to calculate population dose 

equivalent. 

The parameter i::l(r)/H("") as a function of r for r
0 

= 300 m 

with valves of .\ betl.,reen lOOm and lOOOm. 

The parameter M/2noD0 as a function of attenuation length, A.. 

The parameter M/2noH0 as a function of perimeter radius, r
0

. 

Region around LBL. The concentric circles are drawn around 

the Bevatron at 1000-foot intervals. 
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