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1. Introduction

At first sight the health.physics practices at reseafch 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 initia11y be completely unknown.

Experience shows us, however, that the research instruments of
today are rapidly modified and adapted to become the work~aéday tools

of tomorrow. This has already happened with particle accelerators.

There has been a steady increase in the application of accelerators to

(1-8) Only a few years ago, exposure to acceler-

medicine and industry.
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 impressivegdeve16pments in accelerator design.

Since the first development of particle accelerators in the early

1930's, the available particle kinetic energies and beam intensities

have steadily increased. :

Figure 1.1 demonstrates the incfease in maximum energy achieved by
different types of particle accelerators since that time. During the
30 years from 1935 to 1965, the maximum partic]e_energy available
increased by an order of magnitude roughly eVery.S.S years. In a
finite wor]d,‘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 sighificant1y Tower than those from lower energy accelera-
tofs, 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 1 MW (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 cm thick metal beam
stops are melted through in times ranging from 1 to 10 secs, depending
upon the thermal properties of the meta]!(g) 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 cdmmercia]]y 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.(1'8)

(10) documented the increasing uses of accelerators in

Burrill
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. 1.3. More recently Morgan(]])
had more than doubled in the interval 1968-1972.

During recent years, a variety of high LET radiation from acceler-

showed this rate of increase

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*radiatiOns contribute
(12) But, it may

well be that the increasing application of accelerators to industry and

only a small fraction of the total general exposure.

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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ANNUAL INCREASE IN PARTICLE ACCELERATORS

THROUGHOUT THE WORLD (1930 - 1968)
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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. (13)

The effects of Tow levels on man_are not yet 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 (Tow LET).(14)_ As we shall show later ‘
(section 2), the radiation environments of many accelerators are 'é
particularly rich in high LET radiations; so, as the uses of accelerators Y
increase, more people may be-exposed to high LET radiation.

From our present understanding of radiation effects, it is extremely
possible that h1gh LET rad1at10ns may have a greater b1olog1ca1 impact
than their re]at1ve1y small contr1but1on to genera] radiation exposure. |
In view of recent suggestions that the induction of leukemia in man by

neutron exposure is greater than has hitherto been thought (15) the

| possible biological consequences of w1despread exposure to h1gh LET
radiation merits continuing study. _ ,

In addition to accelerator-produced radiétion, there are other ’ _%
applications of technology that result in exposures t0’acce1erator-11ke
radiation environments. For example, the use of sﬁnersonic aircraft for mass
transportation will expose large numbers of the general popu]at1on to
an accelerator-like radiation environment. (16)
It is perhaps because the radiation phenomena'qfvhigh eneray
~accelerators need investigation that much of our basic khow]edge of
_acce]erétor health physics practices has been obtained at high-energy
laboratories. It is at 1argé 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 3 T
techniques of measdrément developed for their radiation fields may be o
applied equally to both high- and low-energy accelerators.
_ For the purposes of this paper, we define "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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Table 1.1

/

High Energy Particle Accelerators

and Storage Rings

it | Particles - |
Accelerator Type Accelerated Enérgy Number
Linear Accelerator e > 1 GeY . 5
p > 0.5 GeV 1
Synchrotron e > 1 GeV 9
P > 1 GeV 17 (including
boosters)

Storage Ring Facilities - 10.

1

7
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United States and Western Europe, with Japan operating three high energy

accelerators (Table 1.2).(]7)
It islargely the experience obtained at these high energy facilities

- that will be discussed in this paper.



Table 1.2

World-Wide Distribution of

High-Energy Facilities

Japan 3
U.S.A. 13
U.S.S.R. 10

w._Europé 16

1.9



10.

11.

12.

~ Section 1

Rosen, L., Relevance of Particle Accelerators to National Goals,
IEEE Trans. Nucl. Sci. NS-18, 3, 29 (1971).

Evans, A.E., The Expanding Role of the Small Van de Graaff in
Nuclear Nondestructive Analysis, IEEE Trans. Nucl. Sci. NS-20,

3, 989 (1973). S

Avery, R.T. and Keefe, D., Shattering Rock with Intense Bursts of
Energetic Electrons, IEEE Trans. Nucl. Sci. NS-20, 3, 1010 (1973).
Réinhold, G., Gleyvod, R., and Freiburg, E., 60 KW Accelerator for
a Paint Curing Facility, op cit., Ref. (3), p. 1015.

Servian, J.G., Production of Radionuc1ides and Labelled Compounds
from Acceleratoks, Int. J. Applied Radiation and Isotopes, gg,ﬂ
763 (1975).

‘Boone, M.L. and Wiley, A.L., Fast Neutrons and «~ Mesons in Cancer

Therapy, IEEE Trans. Nucl. Sci. NS-18, 3, 36 (1971).

Fowler, P.H. and Perkins, D.H., The Possibi]ity of Therpeutic
Applications of Beams of Negative Mesons, Nature 189, 524 (1961).
Tobias, C.A., Lyman, J.T., and Lawrence, J.H., "Some Considerations
of Physical and Biological Factors in Radiotherapy with High-LET
Radiations Including Heavy Particles, pi-Mesons and Fast Neutrons:"
Chapt. 6 in Progress in Atomic Medicine, 3, 167 (1971), Grune and
Stratton, Inc. '

Busick, D. et al., Beam Safety Considerations of the Stanford

Linear Acce]erator, Proc. Second Int. Conf. on Accelerator

Dosimetry, Stanford, CA, Nov. 5-7, 1969, USAEC Report CONF-691101, p.
782. '
Burrill, E.A., The Expanding Use of Particle Accelerators in

Research Medicine and Industry: A Statistical Review, op. cit.

ref. 9, p. 1.

Morgan, I.L., Impact of Accelerators on Technology, IEEE Trans.

Nucl. Sci. NS-20, 3, 36 (1973).

ICRP Publication No. 18, The RBE for High-LET'Radiations with Respect

-to Mutagenesis, Pergamon Press, Oxford, 1972.

-



13,
14.
15,

16.
- 17.

See for example: Holcomb, R.W., Science 167, 853 (1970).
Rossi, H.H. and Kellerer, A.M., Science 175, 200 (1972).
Rossi, H;H.,'The Effects of Small Doses of Ionizing Radiation:
Fundamental Biophysical Characteristics, paper read at 24th
Annual Meeting of the Radiation Research Society, San
Francisco, 27 June - 2 July 1976.

See for example: Shaefer, H.J., Scieﬁce 173, 780 (1971).
Fischer, G.E. and Nelson, R.T., Catalogue of High-Energy
Accelerators, Stanford Linear Accelerator Center Report, May
1974.



2,

Qujﬂgﬁi)d:';&;z

The Radiationv Environment of High-Energy Accelerators

- 2.1, Introduction

2.2. Historical Background
2.3, Operat.ion.al Experience at High-Energy Accelerators
2.3.1. High-Energy Proton Accelerators
" 2.3.2. Electron Accelerétors

2.3.3. Accelerators with Energy > 10 GeV

References

2.

1
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2.1. Introduction

Despite the large variety of high-energy particle accelerators, both
with‘reépect to beam characteristics and utilization, their external radiation
envikonments are often quite similar, and are dominated by photons and
neutrons. ’

1In many branches of health physics it has been customary to quantify
fad1at1on fields solely in terms of gross propert1es 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'hea1th physiéist at an accelerator (such as personal dosimetry, the
desigh and construction of radiation-measuring instruments, general radiation
and particle beam dosimetry, shielding design or determination of induced
act1v1ty), it 1s v1ta1 that the detailed composition of the radiation environ-
ment be understood 1n terms of the constituent part1c1es 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-
sequeht]y, the 1im1ted’infokmation that has been published only describes
‘neutron spectra. But, when supplemented by information from cosmic-ray experi-
_ménts and neutron transport theory, some general conc]usions can be made con-
cerning radjation fields produced by proton accelerators.
| :shie1ding 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 shie]ding). The shépe 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 1ow-energy end, due to the scattering and leakage
through holes in the shielding. o |

2.2: Historica] 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[1 ],
and by 1962 an inte rnational meeting was orgamzed 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 509% 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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2.3

, 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. [ 7] and was shown to reach
_equilibrium rapidly (at depths greater than 200 g/cm2). Using the Hess
spectrum and fluence to dose-equivalent conversions given in NBS Hand-

book 638 ], Patterson et al. concluded that "by far the largest contri-
bution to total neutron dose comes from neutrons in the energy interval .
from 0.10 to 30 MeV. " [6-] Somewhat later Tardy-Joubert[ 9 ] pointed
out that, at energies above 50 MéeV, 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:

w2 ,
we - (mocz)

)2

. 2.1

where
’ ' W  is the nucleon total energy,

m C2 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 there was sufficient experience at high energy accel-
erators at Berkeley [ 3-6 ], CERN [13], the Rutherford Laboratory
" [11-14], Saclay| 9 ], and elsewhere [15] 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:

'""...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 Pe‘rry 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
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TabTe 2.1. Radiation spectrum above Nimrod extracted proton beam shielding.
. (From Perry, 1967.)

Type of radiaton ENCTEY UKo o ity _toal o vt
Neutrons ' ' :< levV . <7 | | <1
Neutrons - leV-0.7 MéV 70 o _ 20
Neutrons  0.7-3Mev 15 35
Neutrons  3.7TMeV 7 25
Neutrons 7 -20 MeV 1;5 : . 5

Neutrons + protons -~ -20-100 MeV .- 7‘ ,‘ 1 5
Neutrons > 100 MeV 05 4

+ charged particles

‘Other particles

+ gammas




(2]
9]

the use of the Hess Spectrum in the design of 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 the incident proton. Some theoretical
cascade calculations by Riddell [21] 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 | indicated the need
for more detailed information of the neutron spectrum between 1 and 10 MeV
where '"there may or may not be a flattening due to the production and scat-
tering of evaporation neutrons." Nevertheless by early 1965 there was a

good quantitative understanding of the radiation environments outside
particle accelerator shielding.
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2.3. Opefational Experience at High-Energy Accelerators

2.371. HighQEnergvaroton Accelerators
As we have éeen, in the latter ﬁart_of the fifties, expefience at
theV18h—inch Syﬁchrocyc]otron and Bevatron (Lawrence Berkeley Laboratory) \;
and the Cosmotron (Brookhaven) allowed estimation of the quélitative nature of
their radiation environments outside thick shielding(3’5).. Although .
detailed spectra were not obtained, a genéral rule emefged for prdton
accelerators showing thatvneutrons between 0.1 and 10 MeV.contributed more than
SO% to the tofal dose equivalent in the radiation field (see section 2.2).
Thisrfact was explained by analogy-with the cosmic ray produced npeutron
spectrum.
By 1965 there was sufficient.éxperience at many high-energy proton
agcelerators around'the'world to cohfirm‘that'the neutron Speétra outside
acCeleréfor shields and thé cosmic-ray spectrum were, in general, quite
(375,9,13,14,22),

similar ; any attempts to measure proton spectra have not

e B X
W |

been reported.

(23-25)

There were, however, apparent discrepancies in some data. Table 2.2

. gives a typical example. The relative composition of dose equivalent
méaspred throuéh thick shielding above an accelgfatof target is given for
a concréte shield and for an earth shieid at the CERN proton synchrqfron
(CPs). The data measured above the concrete shield are very similar to |
thdse reported at other accelerators, such as the British 7-GeV proton ;§

(11,14)

synchrotron and Suggested a neutron spectrum similar to that produced

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

*Recently, Aleinikoy et al. have reported proton spectrum measurements

at the Dubna synchrocylotron, using countér telescope techniques. (Aleinkov,

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

Energy Protons Genérated in the Shielding of a 680 MeV Synchfocyclqtron - _ |
Joint,ln§titute of Nuclear Research, Dubna, Report P16-9400 (1975).) |
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a fefatively large cohtributionvto the dbse equivelent by high-energy
neutrons. Relative data, as in_féb]e 2.2,are not adequate to determine
whether the high fraction of dose eqU|vaIent contrlbuted by high- energy
partlcles was due to a deficit of- low-energy neutrons or to a surfeut of
hlgh-energy,neutrons. For fhls, more speCIfuc lnformat‘on on the neutron
spectfdm would be neces§ery. In ‘the past ten years mere SpeCIfIC |nforma-'
tlon ‘on the neutron spectra Found around accelcrators has been obtalned

(2 )

by the use of nuclear emulsions and actlvatlon detectors.

Table 2.2. Composition of radiation fnelds above
thick shields at_the CPS -

Percentage of dose equnvalent

Above
i Above concrete target throug
Radiation'CompOnen; o - . shield bridge earth shield
- Thermal neutrons _ ' _v 11-12 , <if3
Fast neutrons (0.1 MeV < E < 20 MeV) - 50-70 | 10-37
-Highﬁehergy particles (E> 20 MeV) _ 2-25 ' 52-89
¥ rays and ionization from charged particles ' 2?]9. - 1-13 .

3Reference 23

bReferences 24,25

Typical-Neutron Spectra Measured at Pfoton Accelerators. The applica-

‘tion dfvthreshold detectors to‘accelerator radfetfoh envifonmenfs at'seyerai
Taboratories‘simultaneeusly, rapfdly expanded our uhderstandihg.

" Figure 2.1 shows several typical unnormalized'nehtroh spectra obtaihed
oufside thick shields at proton synchrotrons, where,Eé(E)‘is pfotted as a

function of neutron‘ehergy [4(E) is the differential energy spectrum].
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In such a plot 1/E spectrum becomes a horizontal line (Fig. 2.1a). This
representation of the Hess cosmic-ray spectrum (Fig. 2.1b) clearly shows the
large excess of néutrons in the MeV region (due to evaporation processes)

in comparison with a 1/E spectrum. At lower eﬁergies 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 thé CPS is shown in Fig. 2.1c. (Compare with Table 2.2.) The spectrum
is seen to be 1/E ih 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 ev&poration péak,'also evident in the
Hess spectrum, is clearly Seen, and the spectrum shows a rapid decline at
_ energfes above 50 MeV.

. ijgure 2.1d shows the neutron spectrum measured above the earth shield
of the CPS. (Compare with Table 2.2.) This spectrum is depleted of neutrons
below abdut 1 MeV, but in other respects is similar to the spectrum shown

in Figure 2.1é. 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 baucity 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 Berke]ey is higher
than that at CERN. (To the author's knowledge this speculation has never -
been tested.)

Finally, Fig. 2.1f shows the spectrum around a steel-shielded proton
beam of the British 7-GeV synchrotron. Compared with the other spectra

shown, a large buildup of neutrons below 1 keV is seen, and is attributed
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to 1eakage of low-energy neutrons through holes in the shie]ding,(27)

It

is unlikely, however, that fhiS‘is the entire explanation because sucH a buildup
is freﬁuent]y observed outside steel shie]ds; For example, measurements of

the neutron spectrum emerging from the main Bevatron magnet identified , ‘é

(5) (14)

a very 1argecomponqntnear 100 keV s whi]e Perry and Shaw obsekved

large increases in radiation 1éve1s when steel replaced cbncrete in shield
construction. However, recent theoretical calculations of the neutron spectrum
prdddced in steel by the interaction of ZOO-GeV.protons do not indicate a

buildup(28) .

Such a discrepancy shows that although we now have a fair under-
standing of high4ehergy enyironhénts; more heeds to be ddne.
It will be shown later how such neutron spectral data may be used to -
calculate dOse'eduiva]éht. Gilbert et a1.(29) have given the distribution of | '
dose'equivaTenf as a function of énergy for severa]lof the neutron spectra |

“shown in Fig. 2.1.

2.3.2. Electron Accelerators
: Early measurements at high-energy electron acce]ekatorsvwere principally
concerned with the development and transmission of the electromagnetic cascade
through the sh1e1d.(30'34) These studies confirmed that there was good
theoretical understanding of these processes.(35) Photon spectra at accelera- .
tors up to now have not been measured, but a g-y spectrometer and a NaI(T1)
-anticoincidence v -ray spectrometef have been used to measure dose rate for

L (36,37)
space missions.

The application of such instruments to accelerator
radiation fields may prove illuminating.

N Bathow et a].(31{38) measured significant neutron production at the
DESY.4-GeV electron synchrotron. De Staebler has shown that at high energies i

and intensities the radiation environments of electron and proton acceler-

ators will be quite similar outside their shie]ds.(16) Increasing attention
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" has been given to the measurement of.neutrons in reoent’years. Thus,_for‘
examp]e measurements outside thick shielding at the Stanford Mark II1 1-GeV
e]ectron linac showed that:neutrons were the dominant component of the
rad1at1on f1e1d, in addition, a s1gn1f1cant flux dens1ty of neutrons
above 20 MeV was 1dent1f1ed.(39 -41.) Neutrons are a major component of the .

(42)

: radiatibn'fie]d in the earth shield at the 4-GeV electron synchrotron

NINA, and are the only significant radiation component surv1v1nq at larce
distances from the SLAC 20-GeV electron 11nac.-_ Recently Pszona et a] (43)
have.demonstrated'the'dominating presence‘of neutrons around the']-GeV
Frascati‘synchrotron by_measurements with ionization chambers; | |

"In comparing the radiation enrironments ofvelectron and protonuateeler-:
ators 1t is 1nterest1ng to note that close to the pr1mary proton beam, very

h1gh'photon fluxes have been observed ‘at the 7-GeV synchrotron N1mrod(44)

and the CPS. (29).

The source of these photons has not been'estab]ished,'but ‘
~has been tentat1ve]y attributed to the decay of no mesons produced by proton
1nteract1ons l ' |

2.2.3. Accelerators with.Energies > 10 GeV

At‘highvenergies @greater than about 10 GeV) the production of eneréetiov
muons can be sufficient]y great to pose a serious shielding problem at both
e]ectron and‘proton accé]erators. Cowan(45) has reported that substantial muon
1ntens1t1es were observed downstream from targets when the BNL 33-GeV AGS
first came into operat1on Several authors,1nc1ud1ng Keefe(46 47), Bertel
et a].@8 ) Ther1ot Awscha]om and Lee(49), and Kang et al. (50) have shown
that for the new generation of accelerators aboye 100 GeV muons w111 domlnate

shielding requirements in regions downstream'of beam targets.

,*D. Busick, SLAC, Private communication.
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At these high energieé we need more measurements of neutron spectra
outside of various 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) haye feported 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 a].(SZ) have reportéd the use of an optical spark chamber

to study the secondary—neutron_enefgy.spectka emerging from a 40-cm—thick
53)

iron shield bombarded by 2.9-GeV protons. Rindi( and his co-workers(54‘56)
described the éonstructioh of aﬁ instrument that utilizes mu]tiwike spark
chamber§ with magnetoétrictive readout and that may be used for meésuring
neutron and proton speétra up to energies of about 300 MeV in 1ow-inten§ity
fields. | |

Very 1ittle data currently exist on the radiationenvironments 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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3.2

3,1, Introduction

In order to. decide what techniques of dosimetry are of most value
to high-énergy 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. '

- Radiation proteétion means more than the mere measurement of
radiation envimnménts. ‘It also means the control of the interaction of
peOpie (and s'ometimves instruments) with radiation. '"Control of radiation
hazards involves (a) théir anticipation and prior estimation; (b) their
measur‘ement or field evaluation, and (c) the devising of shielding and
procedures which ensure adequate safeguards, ye.t élléw experimental
freédom. n (1) | |

Dosimetric measurements will be needed in five quite c_]isvtinct areas:

l.. For radiation protection purposes, normally outside extensive shielding,
af radiation intensifie.s of a few mii.lirem per hour. .

2. Beam intensity measurements, and measurements very close to

particle beams to c‘letvermine the intensity of source strengths for shielding
calculations, regions of high beam loss to improve accelerating .operating
conditions é.nd reduce the induction of radioactivity in accelerator components.
3. Accident dosimetry in the case of personnel exposure in,of close to,
intense particle beams.

4, _vEnvironmethal monitoring, at very low radiation intensties (~10 millirem
per 'year) fo understand vénd document the radiobiological im péct of an
accelerator facility on the environment. (These measurements are
_desc.ribed 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 for research accelerator radiation protection

encompasses:
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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) ‘Und'erstanding‘ of the transmission of this primary radiation (and
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 w111 be stressed here

~ Such a program permits:

- 1) The prediction of the response of personal dos1meters in accelerator
radiation environments. :

2) The de sign of accelerator radiation survey instruments

3) The modification of accelerator radlatlon fields by sh1e1d1ng

The lessons learned in the development of techmques 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. 2-8) " :

The techniques widely used over the pasit 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. :

(2) For the determination of thermal neutron flux densities, re--
gardless of direction: counting tech)mques based on neutron
.capture in boron, activation foils.(7

(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 to y-rays are known and may be corrected
for: cavity chambers or tissue equivalent chambers.

(5) For the determination of quality factors of mixed radiation fielc(ilgs.g)
recombination chambers have been used at some laboratories, ' ?

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



3.2. The Dose Equivalent
discussion of dosimetry for radiation.protection purposes —-

full of sound and fury,

Any
unless it is to become ''a tale told by an idiot,

signifying nothing" - - cannot avoid a discussion of that much abused

term --'dose equivalent."

A, The Dose Eq\iivalent

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 ahd'genetic injury)
in humans, Wh;) are chronically exposed to low intensities of ionizing
radiations (11), (A complete definitién of dose equivalent would more ad-
equately define the terms "disedse," ""chronically exposed,' and "low ih‘—
tensities." Howeverv, with\‘our present limited undérstanding of the bio-

| logical effect§ of ionizing radiations in humané, such a definition can 6n1y
be approximated.) Recent discussions in the literature on the methods of
égralu:atiﬁg the dose e&luivalent in high-energy radiation fields, have clar-
ified the,conc_e'pkt of dose equivalent. So, we believe it is useful to review
this development.

Early c'observationsvin rédiology and radiobiblogy‘suggested that the
dominant parameter which largely determined subsequent injury to ir-
radiated tissue was the quantii:y of energy absorbed per unit mass of tis-
sue. (Ab;s'orbed dose is usually measured in units of rads ,whexr'eri rad=
100 ergs gui.) More sophisticated experiments showed that absorbed
dose was not an entirely adequai;e parameter, and that to better e.xpress'
bioiogical damage, absorbed do-se.had to be weighted by other'param;
eters, which depended upon the _characteriétics of the ‘rvadiation. This
problem was empirically solved in radiobiology by exprlessing 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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_logi‘cal effects of irradiation by all different types of radiation would

be identical to that from x rads of standard radiation wherec

Xv:“ Z Ri.l,)i. : L : v _. | (3.1)

and Ri is the Relative Biological Effectiveness (RBE) of the ith
radiation defined by R.1 = ‘Dx' /Di , and D_, D, are, respectively, the
absorbeld dd.ses of the standard radiation and the ith radiation required
to produce the same biological effect.

The quantity defined in Equation3.1 that is referred to in the lit-
erature as the RBE.. ddse‘, is clearly an equivalent dose of standard radi-
~ation ‘and has the same ‘physical dimensions és those of absorbed dose |
[as doeé dose equi.vale-nt (z). Radiobiologists have measured many
.RB"E' s, | even for a specific type of rédiation, depending upon the bio-

. logical system, the biologicalveffect considered, the dose rate and dis-
tribution, and many other biological and physical factors, One param-
eter found to hav‘e an impértant influence on the RBE is the average
LET, or collision stopping power of the io‘nizing radiation, [LET still
continues to play an important role in the thinking of radiobiologiéts
although recently some Ha§e suggested it has onl&r limited value in
- specifying radiation quality(13-15).] o

For radiation protection purposes, ‘the appropriate "'RBE' 8"

required would be those for chronic low;level exposures of humans.
The biological effects of low--lievel 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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ibgical effects in humans exposed at suffiéiently ldw doses and‘dose

rates, ahd furthermore it seems unlikely that data will be directly ob-
tained in the foreseeable future, sin_..ce such vhuman experiments are not
feasible. Nor does it seem likely that gpidemiological studies will greatlyA
alleviate this situation, if the risks of sbmatic injury are of the magni-
_tﬁde estimated by the International Cémmissiori on Radiological Protec-
tion (ICRP)( 16,17). Any values of RBE currenfly ﬁsed in radiation pro-
téction are,therefore, extrapolations fr‘om ;e'pidemiological studies of
humans acutely e).{po,se‘d or from animal experiments, and are essen-
fially admihistrati\re in character. | .

‘The solution adopted by the ICRU/ICRP was to express the "RBE
used in radiation protection''as the product of several modifying factors.
Provision was made for several such factors including those which take
account of LET (the Quality Factor), the ﬁonuniforfn spatial distribution
of absorbed dose, and differences in the absorbed dose rate(18). For
éxternal radiation exposure; however, only the Qualitjr Factor (Q), which
accounts for the difference in LET of ionizing radiations at the locations
of inferest, is defined. When ionizi_ng radiation of more than one LET,
L, is present at the poinf of interest, the dose eciuivalent at that point

may be expreésed by a modification of Equation 3.1 as (19>)

n
H - Z Q, D, . ' (3.2)
iT1 )

In practice,the ionizing particles producing the absorbed dose

- have a continuous distribution in L, and Equation 3.2becomes(20}
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L
“max ‘ .
H = S' Q(L) - D(L) dL- o (3.3)
) |

whcrc D(1.) is the absorbed dosc pef unit interval of LET due to pe.r—
ticles with LET between L and L +dL. . L;ha}; is the maximum value
of LET at the point of interest. Dose equivalen;,in high-energy Zenviron—
ments is evaluated frgmakn’owledge of the parameters of the radiation
environment by calculeting the D(L) distributien as a function. of depthb v
and using fhe relationship between Q(L) and. L deﬁned by the ICRP(21)

Figure 3.1.

B. Dose-Equivalent—Depth Distributions

o It is the current practice of regulatory organizations to set max-
xmum permissible limits for the .dose equ-ivalent.(MPD) in certain so-
ca'lle"d "critical organs' \such as the gonads, red bone marrow, thyroid,
etc. For radiation protection purposes the dotse equivalent in these
crifical 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 functjon o'f. position in the human 'body, under any irradvi-
ation conditions. In practice, however, such deta‘iled .ca.lculations, in-
volving as they do complex details of geometry and nuclear interactions,
'require ektensive eomputing facilities for their execution. Further -
more, even with the aid of large digital comﬁutefs, certain simplifi_ca-

tions have been necessary to make the calculations tractable.
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At present most calculations have been made under‘l‘imited radi-
ation conditions for uniform,. semi-infinite slabs of tissue-like mate-
rial (e.g., water, polygtyrene, "standard-t'issue"'), but an increasing

-number of éalcﬁlationsiare being made for finite phantoms (parallelepi-
peds, cyclinders, elliptical cylinders). Inaddition, attentionis being
giveh to vthe effects of nonuniform body cornpb_sitions (‘22). Inthe case of ir-
radiation by neutrons, .several summaries of these calculatidné ﬁave
been i)ubliéhed( 23 ); comparison with experimental measurements in-

dicates good agreement(24 ),

C. Conversion Factors

In selecting a single set of par‘ticle—flu#—densify to dose-eqp.ivalent
rate conversion factors és é. functioh of particle energy, i;; is convén-
tional to choose those irrﬁdiation conditions tﬁat maximize the dose
equivalent in the body. These generallir occur for unilateral irradi-
ation by a normally incident beam of p’artiéles. In addition, such con-
version factors are derived from the maximum in the calculated dose-
equivalent—dose distributions. Figure 3.2 shows conversion factors for
electrons, neutrons, photons, and 'protoné 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 approximated by the eqﬁation

-

E
max ) ’
Cm 3" $(E)dE/g(E), (3.8

min



3.10

where g(E) is the apﬁropriate conversion factor for particles of energy
E, and Emin’ Emax are the appropriate energy limits.

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 overestimaté the dose equivalent due to a continuous particle
spectrum Equatlon 3.4 expresses the sum of the max1ma of the dose-
equlvalent depth curves at each energy rather than the maximum of the
sum of the dosé—equivalent distribut'i'ons from each component of the /
spectrum( 25), | | | |

-For]irradia‘tion by particles extending over a wide energy range,
Shaw et al (. 3) have suggested that the dose équivalent should be ob-
ta‘ined' by calculatipg the dose equivalent distribution in the body due to
the entire spectrum. 'fhe"maximum dose eqﬁivalent in the body (or tﬁe
do—‘se equivalent in the internal organs) may fhen be evaluated. They
have reported such calculations for :s.orvne typical acceléfator néufron
spectra (see Fig.21and showed that the use of Equation 3.4 with these spec-
tra was accurate enough for practlcal purposes. This may be seen
from Table 3.1 which compares effective conversion factors averaged
over the entire ehérgy range; In column 1 is given approx.imate values
obtained using Eq. 3.4 [repo.rtéd by Gilbert et al( 2)]; Column 2
gives more pr.ecise 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

Effective neutron conversion factors

( 2
n/cm_ sec

mrem/h

Gilbert etal ( 2)

Shaw etal ( 3)

Cosmic ray

Bevatron

CERN synchrbtron'bridge
GCERN ringtop |

1/E

12.4
8.8
7.3
4.3

4.7

14.1
11.9
1214
5.4

6.4

.12
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3.3. Dosimetric Techniques at Research Accelerators

As we have seen, in many branches of health physics it has been
custofnary to qua'ntify radiation fields solely in terms of gro.ss properties
v such.as exposur—e;‘ adbsorbed dose, and dose equivalent. This proceduvre is
inadequate at accelerators. In order proberly to perform the tasks required
of a health physicist at an acceierator‘(such as personal dosimetry, the
desigﬁ and construction of radiation-measuring'instruments,'general radiation
andvparticle beam dosimetry, shieiding design or determination of induced
dctivity), it is vital that the detailed composition of the radiation environ-
‘ments in terms of the energy spectra of their separate cémponents is still in
its early stages; techniques of measurement and data analysis are still being
3devéidped, and more extensive measurements are required. |
Neutron spectrometry techniques | , . _

a. Nuclear emulsions. Lehman .and' Fekula (26) have sumarized 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. summarizes their data. |

Unfortunately, proton recoil measurements in emulsions are unreliable

.above about 20 MeV, 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 pfongs per star is détermined. This was first done for.
cosmic rays (27), but the technique has been refined and used ih accelerator
radiation enviromments at Berkeley (28-30). Figure 3.4 relates the avérage
number of grey prongs per star, A, to spectrum slope, y,and maximum spectrtun .
energy in the spectrum. ' '

Patterson et al. (30) have réported the use of this technique in
several radiation environments, and their results afe surmarized -in Table 3.2.
The valueé of the spectrum 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

¢

E Spectra
‘Location (&“J{;‘) ) i:dcx, 1}

184-inch cyclotron between Bays 10 and 11 1730 0.175
Bc#auon west tangent tank shielding wali (WTT) 6 200 1.50
Bevatron Col.7, main floor . ‘ 6 200 1,68
Bevatron mezzanine 6 200 1.78
CERN PS ‘ 14 000 1.80
CERN PS 14 000 1.95
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




' b. Threshdld'detéctOrs_

" The use of threshold detectors iri-neut_ron dosime’try is a well understood
and universally accepted tehnique in radiation physics‘ Their use has found
widespread appllcatlon at most high-energy particle accelerators and has been
described in several reV1ew articles (2,8,31- 34). '

 Table 3.3 summarlses some of the threshold reactlons commonly used at

_accelerator laboratories. Column 5 indicates the typlcal sensitivity which
may be 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 guldellne.
They indicate the order of magnltude of minimm flux den51ty that may be
detected after a measurement lasting one hour. For precise details the
reader is referred to the original sources. Furthermore, Table 3.3 is not-
intended to be comprehensiVé but to indicate the reactions in common use.
Particular lahoratories may have 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 knowledge
of the neutron spectrum in the energy range from thermal up to about 10 ke'V
is rarely requiredjbecause intermediate ~energy neutrons are usually of
little importance. In this energy region the dose equivalent per unit fluence -
is independent of energy and therefore a mea_surérrient of neutron fluence
will usually be adequate. However, if detailed spectral information is
required in the energy region, a set of mod,érators 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, belbw 10 keV,
the dose equivalent per unit fluence is inde pendent of ﬁeutron energy. |
At high radiation intensities (< 10 rem/h) several less sensitive
reactions provide additionaltinformation. 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 forward to the refinement
of the detection of 14gTb produced in mercury so that unit flux density
may be determined. The detection of spallation products in medium heavy
targets offers interesting possibilities for a new type of threshold detector
system (35). For example, the y-rays resulting from the decay of more than
20 radiohuclides produced in copper may be detected in'a'copper target.
Simultaneous observation of several of these reactions would permit the
determination of the neutron spectrum 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
be limited to regions of high flux density.
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Table 3.3. PROPERTIES OF SOME COMMONLY USED THRESHOLD DETECTORS
) ) ] : . Typical minimum
. Detector Reaction Half-life Energy range flux density measurable Remarks
: ' ‘ necm™st @ i
BF, proportional counter 8, c)'Li - Thermal
Gold foil Aum, 0 ™ Au 2.7 days Thermal 10°
Indium foil i, 1) "M 54 min Thermal 1
Moderated BEy counter = YB(n, o)L - Thermal - 15 McV 107 Energy range and sensitivity
Modeérated gold foil ¥ Aum, 1) A 2,7 days Thermal - 15 MeV 10° deperids upon moderator size
Moderated indium foil ° "nm,)" MM _ b4 min Thermal - 15 MeV 1 - 15 cm dia.values quqted..
Thorium fission counter Th(n, fiss.) fission products - > 2 MeV 1
" sulphur ®5m, pyTp 14.3 days > 2.5 MeV 10
" Aluminfum AL, ) M Ha 15h > 6 MeV 1
Aluminium “HTALm, spall. ) Ha S 2.7 )ﬁ > 25 MeV 10*
. Polystyrene: plastic scintillator . 12C(n.z‘n)”C . 20.4 min > 20 MeV 1
' 2¢(n, spall.)Be 53.4 days | 5 30 MeV - 10*
Bisﬁuth fission chamber Bi(n, f) fission products - > 50 MeV 1
4.1h . > 600 MeV 10

@ Based on 1 h measifement,
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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 6L1 (n,a) 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 energpy
range 50 keV to 15 MeV. (Such spheres have subsequently been generally
referred to as‘”Bonner'theres,” after the senior author of the.original_paper.)
The largest of these moderators has'a diameter comparable with that of the
human trunk, and the variation with energy of its response to neutrons is
therefore similar to that of the human body.

When detailed information of the shape of the neutron s[;e—a-ct'rufr; in the
intermediate energy region is needed, the use of Bonner spheres is
e,x_tr_emely useful. | |

Recently Bonner spheres have been successfully used in conjunction

with activation detectors to measure accelerator and cosmic -ray neutron

(37-39 )

spectra.

D. Spectrum Determination

Measurements with several activation detectors and Bonner spheres
whose response func_tions'aré kndwn provides informatioh on the energy
~distribution of the neutron flux density.

One of the earliest successful attempts at spectrum determination
was based oﬁ an extension of the idea, first proposed by Smith(ss), of
comparing the measured response of the threshold detectors with their
anticipated response in hypothesized spectra. This technique does not

require extensive computmg facilities, but it is nevertheless greatly

facilitated 1f they are available.

Specifically, a solution for the neutron s . i ' '
f ; pectrum ¢(E) is sough
a set of activation equations of the form $(=) ght from
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max
A . =C.: ' oj(E)¢(E)dE for j=1,2, --- m  (3.5)

E_.
min

where Aj is the saturation activity of the jth detector,
: dj(E) is the cross section for the appropriate reaction at energy E,
Cj is a normalizing constant between activity and flux density,

Emin’ :’Ema'x are the minimum and maximum neutron energies in the spec-

trum.

Gilbert et al. {2] have described the use of an 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
" sophisticated'" 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 apphcable when, as is the case
with activation detectors, the A 's or 0;'s are known only as a set of dis-
crete points. [40 J J

~ Routti [40] has critiéally reviewed the numerical techniques com-
monly used for solution of such first-order Fredholm equations, and the
interested 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
solution adopted.

Routti suggests that a suitable method of solution 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. Thus, for example, the solution must
be non-negative and zero beyond a given maximum energy. In addition the
spectrum of radiation penetrating thick shields 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
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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. o

. 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. o o '

It is important that any solution method be tested to ensure that it
meet all these requirements. This is most 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
in the 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
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-meters'' is usually inappropriate because the design 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 ' rem-meter' —an instrument that determines
dose-equivalent in any radiation field with good accuracy—is not theoreti-
cally feasible but even granted it were, there are still strong-arguments
for pursuing fundamental studies of accelerator radiation environments.
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A dose-equivalent meter has been developed at Brookhaven
National Laboratory which may be used in accelerator radiation environ-

2 . ' . . | 43)
(42) It is basically'a Rossi-type LET sPectrometer(' ) with

mevnts.
2 modified electrode system. The detector ;onsisfs of a 0.6 crﬁ thick
 spherical shel‘l.’ap_proxirna.tely 20 cm iﬁ diameter constructed of tisét;e
‘equivalent plastic. The sPectrom'etelr' has filling con:;ists of thé usual
Mtissue -equi{ralent‘f_ mixture of 66% methane, 3% nitrogen and 31% carbon
diOXide at a pressure of 10 torr., Undér these -conditions the

detethr simulates a tissue sphere approximately 3 p in diéme_ter

Measurements of cosmic-ray produced radiation using this instrument

and a comparison with other techniques have been described by Hewitt

(39)

et al,
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4,1, Introduction

The successful design of the shield for a high-e.nergy pé.rtic.le accelerator
essentially depends on a good understanding of the nuc;lear processes that
occur in the shield, and the transport of the ’résulting interaction products
through the shield and outside. In the twenty five years following Wbrld’

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 deve.lOpﬁlent of
accelerator éhielding., but this has been described in seve_rél review

articles (2’ 3)

which also include descriptiovns of the most important. accelera-
tor shielding exPer;irnent‘_s‘ |
In recent years the deve.lo'pment of compufational'techniques suitable
for operation with large digital computers for the calculation of sourcé terms
and radiation transport in complex geometries has facilitated shield des-i’gn.(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."

4, Z,Phenomenolbgical Models

Consider an effective point source produced by protons hﬁteraéti.ng -
in a thick target (Figure 4.1, The radiation level on thé outside surface !

of a ahield. may be written, by analogy with thé cori'espbnding photon

shielding problem,as
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1 ('d(9)> . »dzn(T" 0 (4. 1)
H = ;—-2- S' HT)_ B(T) exp )‘(T) 3T acr dT, | .
Where r is the distance from the soufoe,
T is the neutron energy,
F 1s ; factor which _connerts fluence to doee equivalent,
_is the ‘shield thickness, |

a

X . is the effective removal mean-free path,
B is a buildup factor, and |
a%n e o
. gTaa is the yield of neutrons per unit solid angle between T
and T + dT at angle 6. (See Figure 4, 1,)

De Staebler(S) wrote Equat10n4.1 as:

" T/ -d dn o _
H==% z By ¥y exp{x) \q@n), | o (4..2)
r - i/ i = :

where the subscript i denotes a range of neutron energies for wh1ch

B F and \ are falrly constant a,nd the def1n1t10n of (dn/dQ) is obv1ous
Moyer( 6,7 ) made an extremely 1mportant contrlbutlon when

: ‘he recognized that E_quat1on 4,2 may be approx1mated 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 attenuatlon lengths above

150 MeV are roughly 1ndependent of energy, but d1m1n1sh rapidly with

energy below about 100 MeV., Consequently, the greater y'1e1ds of low-‘energy,

as compared tohigh-energy neutrons, atthe primafy interaction, will be more

than compensated for by the greater attenuating action of the shield for these
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Fig. 4.1. Schematic Diagram of Typical Shielding Geometry.
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| neutrons. Deep in the shield, high-energy (E >. 150 MeV) neutrons re-
generate the cascade buf are present‘in relatiy’ely small numbers. At
a shield interface the radiation field obgerved consists of these "prepa—
gators, " born close to the prrrﬁary radia.tion source, aceompanied by
many particles of mueh lower e_nergy born near the interface. Equetien

4,2 therefore becomes

. N 2(6) " }

Ha — -exp(-d/\) | (4.3)
where N is the proton intensity incident on the target,

0 'isl the er‘igle subtended to the beam direetien,
g (6) is. the angular aistribution ef high energy.particles at
the source, o
d  is the shield thickness, and
N is the effective a.ttenuatien length of high-energy neutrons. -
The total neutron flux density (and consequently the dose-equivalent rate).
will be proportionaltothe high-energy neutron flux density. Becausethe low-
energy components are produced by interaction of the high-energy pro-
‘pagators, their intensity dlecreases through the shield in an exponentialv
manner with effectively >the same attenuation length for all directions
through the shield." | | |
Moyer( 6,7 ) geherated.appropriate parameters ‘to be used in
Equation4,3 in caleulating shielding'for'the Bevatron. Smith( 8) has
described the excellent agreement between measured radiatioﬁ le\'relbs

outside the Bevatron shield and those predicted by Moyer.
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Many shielding experiments have.subseq'.uently confirmed Moyer' s
basic assumptio,ns. For example, Srhifh et al ( 9) used threshold de-
tectors éo measure the spatial variation of flux density produced in con-.
érete ‘bombarded by 6-GeV protons. Figﬁre 4.zshows the relative flux
den‘s{ty distribution, measured by the 27Al - 2-4Na reaction (threshold
. 6 MeV) alon'.'g paths drawn atm‘several angl.'es to fhe incident beam direc-

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

tiallf parallel, within the limits of experimental accuracy. Similar

results were obtained with detectors utilizing‘ the .12C - 11C reac-

tion (tﬁreshold_ 20 ‘MeV).‘ In addition, Smith et al demonstrated the
‘existence of é,n eéuilibr}ium spectrum by calculating the ratio of the re-
sponse.bf the carbon and aluminum activation detectors. Figure 4.3
shows that this ratio becpmes constant both in the beam direction and
tra.n'sverée to it. Equilibrium is evidently much more rapidly attainéd
1n the transverse direction than in the beam direction. |

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

values of \ and g(6) for use in Equation 4.3.
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_ High Energy Attenuation Length

As we have seen in the section on ac_celerator radiation environments,
neutrons are the principal radiation componént outside the éhield of high
intensity, high energy particle accelerators. Our prime covncern in shield
design must therefore be adequ‘ate neutron attenuation.

Neutron attenuation is determined by the inelastic cross sections of

. the shield material; which at high energies are essentially inde pendent of
energy. Figure 44 shows the variation of Tin with enefgy for several

materials. Since the high-energy attenuation Tength is inversely related to
cross section:(3) co ‘ ' |
atten N o, ' Lo ' (4.4.)
: v in .
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this behavior of the cross sections expﬁlains'the ex'periment.al obseriration
that attenuétion length is independent of energy for neutron energies above
about 100-150 MeV., Figure-4ﬁ'5 shows an early comparison (1957) between
calculated "‘and measured \:ra..luvevs»of neu‘tl‘jon attenuatioh lengths in concrete

15 e ‘
(15) Although the absolute magnitude

due to Patterson and his.co—wovrke’rs.
of the attenuation .length for high energy neutrons in concrete is now known
to be somewhat smaller, th_is figure clearly shows the presence of a rather
sharp "knee' in the attenuation léngth curve at an energy'of about 100-150
MeV, i

At high energies then, if we assume the inelastic cross s.ect.ion is

responsible for attenuation processes and using equation 4.4, since

¢, = wR° ‘ ' (4.5)
in : :

\.)vhevre R is the nuclear radius given by:
1/3 ’

R = Ry A (4.6)
we might expect
. 1 Y
p\. = 38 A /3 g cm 2 ' (4.7)
‘ ' -13 ,
where a value of 1.2 X 10 cm has been taken for the nuclear
radius, Ty ' |

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 )

.As may be not-ed from an inspection of Table 4,1,which summarizes
high energy shielding measurements in con.crete and Stéel made up to 1965,
there is a wide range in the value of attenuation 1ehgths reported. (16)
 These variations are due to thrbee sources:

i. Diffefing interpretations of the term "attenuation length" --

particularly in the earlier literature.
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Table 4.1 Summary of high-energy shteldmg measurements (up to 1965)
After Thomas

: ’ ent Bea hield - '
- Laboratory Ig‘glr(tjiclg ' enerrgy matcrialS dnnsnty f(?ctor' ' ;\/actrtﬁﬁ‘l
: [GeV] [g/cm3]
LBL n 0.09 concrete 2.3 BF - 81
LBL n 0.27 concrete 23 - BF - 152
Princeton n 030 . concrete 3.85 MC 145210
~ BNL p 15 ., concrete 40-43 CT  130#i15
BNL p 25 - concrete 4.0-4.3 CT 169 £32
LBL n 45 concrete 2.3 BF 172
BNL . T 45  concrete 2.3 CT . 118 =+8a
BNL T 45 steel 7.8 CcT 155 £ 114
BNL m 6 concrete 2.3 CcT 121 £84
BNL T 6 stec 7.8 cT 155113
LBL p. .62  .concrete 2.4 te 108 +20b
LBL p 62 concrete © 2.4 27Al 1122200
" LBL. p- 62. concrete 24 . "8 Au 116 £20
" R.L. p 6.2 concrete - 2.4 37g 123 £10
- LBL P 6.2 concrete 2.4 G5 160 £20¢
BNL w9 . concrete 2.3 C1 129 +9¢
BNL T 9 steel - .78 Ct 1791124
RL, ORNL p 10 concrete 3.65  GS 164 120
RL, ORNL p 10 . stec 7.8 ‘G5 SO0
CERN p 10 steel 78 - !¢ 145 £ 15
CERN p 10 steel 7.8 - iC 155 ¥ 16
DESY, SLAC, p 20 concrete” 3.65 G5 132 %5d
CERN, étc. - : ' :
DESY, CERN, p 20 stecl 7.8 G5 137 %10
SLAC - - -
CERN ' P 20 steel . 7.8 e 170 £17P
CERN p 20 - steel 7.8 IC 155 %16
CERN ' p 24 concrete 2.4 "G5 14510
concrete  3.65
and
earth 1.5
Key: "
BF Blsmuth fission chamber 32 L
CT Counter telescope S Activation detectors,

. 37
MC Monte Carlo calculation Al . C
: G5 Nuclear emulsion,

{IC  lonization chamber.

a DeStaebler's estimate of error
Thomas's estimate of error

C Unpublished data. .
d Weighted mean of results from DESY CERN, RL, and Stanford
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ii.  Imprecise knowledge of shield density.
iii. Measurements in rlegion of the shie-ld where the radiation
spectrum had not recorded equilibrium and the attenuation was
consequently not truly exponential.
Since the data sumrﬁarized in Table 4.1 were taken, a series of carefully
designed shielding experiments mve been perférmed at the Brookhaven

1)

1
National Labor atory( -

and the European Centre for Nuclear Research
(18) - '

_(CERN).

(18)

The data reported by Gilbert et al. , taken at CERN with the

complex geom.etry which obtain under actual operating conditions
were analyzéd to g_ive a value of attenuation length on 117+ 2 ¢g cm-2 in
éarth, | which is close to the Vallﬁe p‘r‘edicted by equation (4.7).

The data reported by Bennetv et al. for tﬁe- steel backstop irfadiated by‘
28 GeV protons supf)ort. the basicpfemise of the Moyer Model. | At depths beyoad
~ 150 gm cm—2 into the back;stop.the flux density of néuttoné greater than
20 MeV in energy is attenuated exponentially with an attenuation length which_
is‘indépeﬁdent of angle to the incident beam direction. Reésonable agreement

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

(4)

of Ranft.
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While our understanding of high-energy processes is not yet perfect,
the use of attenuation lengths calculated frdm equation (4.7) is
certainly consistent with available experimeﬁtal determinations of

attenuation length.
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4.2. Anpular Distribution of Secondary Particles
The exact nature ;)f the angular distribution function g(6) that
"should be used in Equation 4.3 is not imrﬁedia.tel.y quvious. One approach

is 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(6) =a exp(-bf) 60° <BH<120° | (4.8

well represented the flux density data measured in the earth shield of
the CPS. Inthese measurements a thin Be-Al target was bombarded

by 14.6 or 26.4 GeV/c protons. In their experiment the parameter b
d‘i'd not seem tb_ be stronglyudependent upon primary proton energy.
Values of b in the range 2.1-2.4 ra,.‘dian—1 were reported by Gilbertetal
con.s_iste‘nt with values 'Qf b around 2.5 repoi'ted by Stevenson et al ( 19),
using a similar technique, for a primary proton energy of 7 GeV.

The aﬁgular distributiqn of secondary hadrons.determined from
measurements around fairly thin targets is of more fundamental inter-
est. Such d‘ata are neéded to test the validity of Monte Carlo and other
transport model calculations, which are used increasingly to estimate
the magnitude of a vari'ety of radiation phenomena such as radiation
damage, induced radioactivity, and radiation intensit}?. Measurements
of momenfum—integfated secondary¥partic1e yields around intefna;l far-
gets are difficult because of poorly defined source g_eometry(. 18,20,
Recently some careful measurements of the angular dependence of
hadron yields from various target materials bombarded by 3-GeV( 21),
7-GeV and 23-GeV (22 j protons have been reported. Levineetal(22 ) conclude
fxl-lom their measurements that the shape of the angular distribution mea-
sured with any particular detector is independent of primary proton energy

and, within the range 60° <6 < 120°, is consistent with the form suggested



by Gilbert et al (18) (Equation 4.8. Table 3 s_unimarizes values of the
par‘ameter b obtained at 7 GeV, from which it inay be concluded that b
ié strongly dépendent upon the energy threshold of the radiation detector.

Conipérison with thé 3-GeV data of Awsché,lom and Schimmerling('21)

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

7 shows the data'o_f Table 4.2. (A range for fhreshold energy is
indicated because different hadrons may produce the radioactilve species
observed. ) | | |

| In using ‘the Moyer rﬁodel to calquléte transverse shielding for pro-
tdn accelerators, thej appropriate angulér distribution g(9) is assumed to
be that of particles with energies greater thé.n about 150 MeV( 6 ). .Ex-‘_
trapolation of the data of Fig. 4.6 gives a valu.e of b of 2.3£0.3 at 150
MeV. - This ;\ralue is in surprisingly (and perhaps fortuitously) good |
ag’feement with the values of b in the rlange. 2.1-2.5 extrapolated from
»mea’surevméntvs deep in the shield. |

The absolute }?ield of seéondary hadrons depends both upén target

material and prirhary proton energy. At lafge angles the yields appeaf
to be dominated by contributions fr‘om the intranuclear cascade and are
not inconsistent with a variation proportional .to A1/3( 22). If the yield
v, is expressed in the form ‘ '

y = constant - E". g(9)

n lies in.the range 0-0.5, depending upon the detector used, over the
angular range 30° < 6 <80°,

| Comparison of the experimental with the ihtegrated' momentum
' speétra of secondary particles predicted by a mbdifi._cation of the semi-

empirical Trilling prdductior_x formula( - 23;“24 ) indicates good absolute



Table 4.2. Values of relaxation parameters

Detector

HPD*& TLD
32g.32p
PTAL*"Na -
l‘)[:‘_l}( l
neue
12C-The

. 27‘/\[_11&.:
Au fission

Relaxation parameter b, radians ™!
Assumed 7-GeV data 3-GeV data-
reaction T T —
threshold W Cu Al b I'e

1.6540.1

3.040.5MeV 0.294-0.03

. 00405 MeV 0.51 1002

1 - 1 McV
2243 MeV
354-5 MeV
35-+5 MeV
90+ 10 MeV

*Hydro gen

0.734-0.05
1.284-0.05
1.6 401
1.6 4-0.1
2.1 103

1.3640.05
0.39 +0.04
0.6540.04
0.90 +0.03
1.344-0.03
1.7 4+0.1
1.7 +0.1
21 403

pressure dosimeter.

1254003
0.50 +0.06 0.23+0.07
0714004
1.05+0.07
1324005 1104012
14 +02
14 +02
21 403

0.30+0.08

1.35+0.16
0.84 +0.14- 1.07£0.13
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agreement at angles iess than 30°., At larger angles there is a diver-
gence.between the experimental &ata and théoretical predictions for two
reasons: Firstly, this Trilling‘f?rmula dbes nét correctly describe the
prodvuc.tio'n of particles with high tranverse moﬁentum. Secondly, the
i)roduction of particles in the intranuclear cascade and by eva'poration
processes muét be correctly accounted for. Recently Ranft and Routti
have desqribed suitable empifical formulae which predict angular dis- -
tribui;ions in good agreement with available experimental data at all

angles( 25 ).

4.2.3. Acc‘ura'cy of the Moyer Model

' Use of the Moyer model with appropriate input data, and under
faifly simple geometrical 'conditidns, leéds to estimates of radiation
levels usually accurate to better than a facfor of two. Figure 4.7 indi‘catesv
fhe acc.uracy possible when experimental data are fitted to a Moyer -type
eqiia;t_ion. Calculated and measuréd neutron flu# densities in the earth
shield of the CPS are shown( 26 ), Fluxes are plotted as a function of
longifudixlal distance from an inte.rnal target for five different
depths in the shield. Flux densities were measured utilizing the
27A1(9_, a)24Na. reaction in aluminum. In this particular example, flux
dénsities are predicted to about 209, over a range of five orders of
magnitude. Estimates of dovse-équivalent rate follow from a knowledge
of neutron flux density and spectrum. |

For the célculation of shield thicknesses transverse to a proton
beam, for uniform beam loss, the Moyer model takes a particularly
simple form. Substituting for g(6) using Equafion 4.8 and using ex-

perimental data from the CPS it may be shown that



-1

Relaxation Parameter  radians

w
o

g
O .

o

- 4.20

T T T T T [ TTTT7] T T 7
/s
’
ot -
o y P
—_— y e —
yd
47
s 7
7 e -
F' ///
. e 23
-
- —
/.
v
’-—4—“ N
-
N T | 10 byl L1
1.0 10 100

Reaction Threshold ; MeV

Fig. 4.6

XBL 732-211



00 U4s506U384 . -
| N » - 4.21

S==S =
=
7 L 2
1
\Y
 §
¥
\

= Ea’% = = SSs=====
B S
1 - 223
. ]' ‘;
I AV AY
3 e

DA (Neutroh / cmZsec)

-

- —

I
-

L =
5 ()
' E‘ x 4
1 o \ 1 ]
10 K ;x —II ) 1 w{
20 30 40 50 .

Distance along the beam line (meters)
' "XBL733-2477

Fig. 4.7



4.22

m d

- 41 L | | | ,
H = %;%T 51 exp (-2.36) exp (- 5~ cosec 6)db, | ' (4.10)
where H is measured in mrem/h,

~ is the beam loss in units of GeV/cm sec,
a is the accelerator tunnel radius in meters,
'd . is the shield thickness in meters, and

N is'the attenuation length.

Integrals of the for.rri appearing in Equation 4. lb have been tabulated in
the region of physical interest by Routti and Thomas(27 ).
Phenomenological models permit simple, rapid, and fairly accu-
rate shield estifnates. Furthermpre, they provide a valuable physical
insight into the problems of shielding. Such models are, however, necés-

~ sarily limited by operational experience.

4.%. Monte Carlo Calculations

One of the most important advances in the study of accelerator
radiafion environments over the past ten years has been the development
of Monte Carlo techniques to calculate eiectrémagnétic 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 primé,fy particles with internal targets and machine components, but
‘also of partiéle production resulting from primary particle interaction,

the trahspoft of these primary and secondary particles together with
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their interaction pfoduc-ts thrc_;ugh mé,ttér ahd, finally,. the con\}ersion
from t'he'calcu_lation of particles tfé.nsported to observable phenomena.
Ra.nft hasl reported g_éod agreemejntiwith_ experimentalldat'a in such di-
verse areas as induced radioactivity, radiation doses, radiation héating,
and shielding. |

A goéd 'ex‘amplg.“g)f the agreement between theoretical and exper -
,‘ imental. data isvthe‘: recenf calculation of the n_eutron spectrum in the-
earth' s atmosphere by Armstrong: et al (28 ). These workers used a
Monte Carlb ‘code td éofnpute the production of protons, charged pions,
and heutrons\ by thé ‘incident galactic protons, ;and the subsequent trans‘-
port of these particiés down to ener.gies, of 12 ‘MeV. The production of
" neutrons of energy s 12 MéV a.é calculated by the Monte Caﬂo code, was.
used as input to a discreté;ordinates code to obtain the low-energy neu-
‘tron spectrum. Figure 4.8 shows .the results of these calculatiphs and an
absolute comparison with the experimenté,l data of Hess et al. (29) at 4
. atmospheric depthé of 200 and 1033 g/cmz. The calculated and mea-
'Suied spectra differ somewhat at lower energ'iies but are in good agree-
ménf at high energiés. The increasing number of such examples of
good agreement between calculated and experimental data is extremely

encouraging.
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5.2

5. Induced Radioactivity

The dévelopmept and transport of the electromagnetic
aria hadronic cascades _ .also result in the'production of fadioac-
tivity in a.cc'elerators.a'nd' their surroundings. Accelerator shielding
and accelerator componenfs such as targets, vacuum chamber, mag-

' né_tS and.rf cavities, cooling water _of ground wa.téf close to the accel-
erator b_uildings, and air in thé acéelerator room may all become radio-
active to somé»de’grée.

Bar.bief.(ll), has summarized the 'niechéhism for the prodﬁction of
rédioactivity_at high-energy écceierators. In principle, all the nuclides
which have atomic mass and atomic number equal to, or -lesg than, the
sum of the'humlz;grs of the .targeft plus projectile nucléi can be produced.
Ma.ny of the‘,radionu(vzl.idés thal.:‘ can be produced have half-livés so short

that the? need not be considered in protection problems.

5. 1.Radioactiv'ity of Accelerator Components and Other Solids

The number of radionuclides which might be produced is poten-
tiaily ver& large. ._ Fortunately thev materials used in acceleratof con-
struction are limited in number, .th:e most important bé_ing iron, several
stainless steels, copper, aluminum, aluminum alloys, and severé.l plas-
tics. . Charalambus and .Rindi (2) have reported a table of all the
‘.main radi‘onuclides that can be produced at a typical protén accelerator.
They considered only radionuclides with a half-life longer than one hour
and show that about 70% of them are y-emitters. However, even shqrter
half-lives may Be of concern for protection purposes if théy are produced

in large quantities.
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Table 5.1 summarizes the radionuclide commonly identified in
méferialé used in accelerators; those with hé}}f-—live_s‘of less than 10
rhinutes are excluded. Most of the radionucl‘ivd.es liéted a.re'pljn:o‘duéed
by sifnple'nuclear reactions such as (11_, }_(_f_i), (p, El_), .(E’ pﬁ) etc., but
éomé resglt from spallation, fragmentatibn, o:{ captufe ,rveactionsv.

Severa;llmeasured cross s'ectioné for hi.gh-evn‘elfvgy'\re;cltior; have
been irep’orted'_by.Brun‘irix (3=5).  Rudstam (6) has proposed a vvery
~ useful empirical formula for i:_heir calculation, ;\xrhile Bertini (7) has
reported intranucleai; cascade calculatipns of these cross sections.

'Becausé the number of 'radibnuclides prodﬁce'd in accelerafor com-
pdner;ts is large an& accelerator operativon often variable, the production
and decay of gross radioactivity is a complex function of time. Notwith-
standing, for radiation protectién purposes it may be necessary to have
_sc)mé 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 periéds of accelerator shutdown, gross
changes in the remnant ra_diation 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 twoin the first two hours and by about another factor
of twp within the next 50 hours. This is in agreement with measufements
at all the accelerators at the Léwrence Berkeley Laboratory (10),aﬁd
elsef&here (11). Ind'eied it_seems éonfirmed by general experience that

the gross features of the decay of induced activity near accelerators
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Table 5.1. Radionuclides commonly identified in solid materials
irradiated around accelerators

_—
Irradiated material Radionuclides
Plastics, oils : 7_Be. e _
Concrete, aluminum As above, plus 22Na.,- 24Né, 32P, 42K, 9‘SCa.
Iron, steel . As abov_é, plp._s 44Sc, '44mSc_, ‘%6$c, 47.Sc,_.'
48V, 51Cr, 52Mn, 52mMn’ 54Mn, 56Mn, 5700',
58 60 57 55 59

Copper

.~ As above, i)lus

Co, "Co, Ni, Fe, Fe
653, ®1cu, ®%cy, ®3zn,

'65an




Table 5.2, Radionuclides identified in the air of differént accelerators

Radionuclide | Where'iderx_tified‘

Explanation of previous symbol

and reference

-]

Be | A

37

e A,B,C,D,E,F
13 - A, B,C,D.E,F,
4, 5

30 A,C,D,E,G.H
1 b B .
24N A,D

s D

381 A H

3961 A

1A A,B,G,D,F
34mc1 D

"

Saclay 560-MeV electron
linac (20 ) |

CERN 600-MeV proton syn-

_ chrocyclotron (21)

CERN 28-GeV proton synchro- -

tron (22 )

=PPA 3-GeV proton synchro-

" tron (233

=RHEL 7-GeV proton synchro-

tron (24)
BNL 30-GeV proton synchro-
tron ( 25) '

RPI 50-MeV electron linac(26 )

H = Frascati 300-MeV electron

linac ( 27)
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| 'thaé have been in operation for severel years, are ne'arvly independent -
df the type of particles accelerated and their maximufn energy.

Sullivan and Overto;i(lZI ) have ehown that t‘he doee-rate deeay
fnay be appro;;ifnated by an eqdation of the f‘orm‘ |

_ T+t ' S
D(t) = B¢ In(——) . (5.1)

‘where D(t) is the dose rate at time t after irradiation ceases; ¢ is the
flux density of high-energy pr‘ima‘ry_partibcles’,. T is 'the irrddiation time
and B is '.a parameter which depeddé on s‘ever‘al vbariables but is a ‘con-
stant for any given set of irradiation, target and g‘eome.trical conditions.
Eciuaf:ion (5.1)is in good qualitative agreerhent with the form ofvt.he build-
‘up and decay of dose rates dbeérved in an accelerator environment, and
in a If‘ec-ent paper Suliivan( 13) has reported values of B for heavy mate- '
ria.ls. that give reasonably good absolute agreement with observation.
More achrate ce.lculations require detailed Monte Carlo

‘ feﬁhni_dues of the ;cype used in shielding calculations. Armstrong

| et'al (14,15 ) have calculated the dose rate resulting ffom the irradi-
afion of steel by 200-MeV, 3-GeV, and 200 -GeV protons. | For long ir .

52my (24 min), >®Mn(2.6 h), 5ZMn(5.6d),

54

radiation times they find that

5 Mn(280 'd) are the dominant radionuclides

Byv(16 a5, *cr(27.8 ), and
(Fig. 5.1). These calculations are supported by recent ebeefvations
at the. 7'6.'-GeV proton synchro.trovnv in Sei'pu‘khov(16 ). .

| At electron accelerators,too, only few nuclides are dominant. For
ekample, Saxon(17 ) réporf_s that at the 4-GeV electron s'ynch'”rotren ‘

56 52

NINA, °°Mn, **Mn, and 8V 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 fhe NBS linac. De Staebler(19 ) has estimated
the gross produétion of radioactivity by a high-energy electron accel-

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

5.2; Radioactivity of Air

Radioactive gases are prodﬁced by the interaction of primary and -
secohdary particle_:s‘ with the nitrogen, oxygen, argon, and cérbon nu-
clei of air circulating in the accelerator vaults, In Table 5.2 we show -
the vra»dionuclid_es which have been found in the air at different acceler-
ators. Radiohuciidgs with half-lives less than one minute are of no con-
cérr_l, decaying to negligible activities b_efoi'e pérsonnel can enter the
acéei‘er.ato'r‘room 61- before the air éan reaéh pc;pulateci areas around the
a.cc.el.erator. Long-liired activities, on the other hand, may be dis-
counted bevc‘ause‘_of their iow production rate. Such arguments, suppbrtéd
by the measurements cited in Table 5.2, suggest that at existing accelerators’
onijr“four radionuclides need bé,considered: 15O_, 13N, 11C, and 41A. A
further increase in t_:he energy or in the ifltensity of the accelerators how-
ever, could caﬁse the productipn of amounts of 7B.e'and .3H which méy
be important. | |

Présently, the _concentrationsrof radioactive gaseé 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 comﬁared tb that from the

solid machine parts.
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5. 3 Radloact1v1ty of Water

Rad1oact1v1ty induced 1n coohng we.ter c1rcu1ts of high- 1ntenslty.
accelerators is potentially of concern for the follcw1ng reasons: hlgh
dose rates around p1pes carryrrrg thls water; rad1oact1ve 'contammatlon
resulting from sp1lls, and dlsposal problems.‘ Rose et al (28 ) reported
th‘a'f: external.radia'ticn leyels' as high as 100 mrem/h were found at var-
ious regions close f:o the cooling system of tﬁe Harwell 150-MeV cyclo-
tron when it was operated with an internal beam of a.bout‘i pA. Warren
. etal (29 )-have rep_orted dose rates of between 0.5 and 4 mrem/h from
ccolirlg water circuits :alongvthe accelerator structure of the Stanford
ZO—GeV_ electron lixre'ar accelerator. Corlsiderably higher levels are
- found from heat exchangers for high-power beam dumps-rates up to
120 mrem/h being observed.

Distenfeld( 25.) has concluded from measurements at the Brook-
ha*;ren AGS that_-with a proton beam intensity of 1013 protons/.s'ec the
e:-rt'ern'al radiation hazard from induced activity in cooling water would"
be trivial. However, the dose 'rete from large volumes of water, such
as heat exchangers or storage tanks, would be rrreasurable during ac-
celerator operation. Some rough experimental studies of the produc-
tion of radionuclides in water from typical high—en.ergy neutvron spec-

tra( 30 ) have confirmed 1

C, 7Be, and 3H as the most important ones
produced. The ratio of the specific activities of trititrm and 7Be ex-
trapolated .at_ saturation in samples of water irradiated under several
different conditions varied between 1.3 and 5.8. Disposal of irradiated

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

- since 7_Be is strongly absorbed in the mixed bed resins used for

~
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demineralizing the waters( 31). Careful studies of the radioactivity

produced in water irradiated by high—energy. electrons (29 ) have iden-

tified 150, 11C, and 7Be as the most important radionuclides,
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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. (1)
At .high energy accelerators the predominant source of radiation e);posure 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.

6.1. Prompt Radiation Field Outside High-Energy Accelerator Shields. As

we have seen, the radiation field oulside the shiclding of high energy, high
intensity accelerators is dominated by neutrons. This is true for both
proton and electfon accelerators and -- although no data are yet availla,b.le - v
will be true for high-energy heavy-ion facilities such as the Bevalac. As an
example, Fig.6.1shows observations of gamma and neutron dose equivalent
1."ates at one of the Stanford Linear Accelerator Monitoring S&ations,_ some
hundred metefs from the accelerator.( _2') The data, which include natﬁr_al
background, clearly éhow the pei‘iods o‘f‘ accelerator operation where
significant external radiation was pro'duce.d. Th\e dominance of neutrons of
the accelerator -produced radiation is evident even t'hough.electron's'are the
primary particles accelerated. o

High-energy accelerators, even when aéequatély shielded for reasons
of r_a_diat.io'h protection and to permit fheir.experimenta.l utilization, vmay
névertheles__s be significant sources of neutrons. The t.otal area of the shield- -
ing of the .largéf facilities 'avai.lab.le_ for neutron leakage rriay be extrem‘elyv
ial;ge (see introduction), and thus the .léakage flux integrated over the |
shield surface can be large, even if the flux density is small. As an exarnp'le,-
~109 n seém1 leak from the Bevatron roof shield when pfotons are accele'ra-_.
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 présent experimental and theoretical understanding of neutron
transport in the atmosphere has i‘ecently beeh summar ized by Rindi and

. 3 . . . )
Thomas.( )Figure 6.2 shows measurements reported in the literature

of neutron flux density at distances greater than 100 meters from six
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* Summary of some experimental measurements

TABLE 6,1-

Primury’

Laboratory Beam

CERN-PS 29-GeV

proton
Pubna 10-GeV
proton
BNL 30-GeV
’ proton
CERN:SC - 000-McV
: proton
DESY 4-GieV
: clectron
3(_)--M eV

RHEL :
' proton

Type of
Measurement

A for

expression (10)

(in meters)

Neutron fluence
with a long
counter
Neutron fluence
with a long counter
Neutron fluence
with Bonner sphere
Neutron fluence -
with a long counter
Neutron fluence

with a B, counter

and scintillators
Neutron fluence
with a long counter

Buildup
Buildup distance
fuctor (inmeters)

~3 - 150
<100
2.8 ) 125
2.7 140
6or7 150
25, - 110

395

230
610
990

330 or 270

303

Reference

n

© N o w»

9,10

6.5
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high-energy accelerators as a function of distance. The drdinéte ‘shows
the product of the measured flux denSLty with the square of the distance
from the acce.lerator_. ‘Smooth curves are drawn through the experimental
poihts. On such 'av'plof, an inverse square' law variétion would be a
ho’rizontel line. These sets of data indicate an initial buildup followed
by an approximate.ly exponential attenuation of the parameter r2 o (r)
at distances greater than .about 200 meters ffqm the acée.leratqr. Thus
we ‘em pirically find that:
_ o -r/X\ . o :
. ¢(r)a e — L - | | (6.1)

r

‘Table 6.1 swnrﬁafiZes the data plotted in Fig.6.1. The values of
attenuation length obtaieed are seen to vary betWeen,230 m and 990 m.
Rindi and Thomas tentatively explain these variations in Qbsergred. attenua-
tion.length in terms of leakage spectrum from the accelerator shield.

At well-shielded accelerators the leakage neutron spéctrum reaches

equilibrium.withi‘n the accelerator shield: this equilibrium is controlled
~ by neutrons of energy greater than about 100 MeV and the character1st1cs
of their mteractmn w1th matter, The nature of the equilibrium ach1eved
is determined by the nuclear prOperties of the shield. At the interface
between the shield aﬁd air small changes in the equilibrium spectrum --
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 ¢onclude 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 N would be that measured for fission neutrons of X\ A3 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 X n 850 meters.cs)



Rindi and Thomas suggest that many of the publlshed data are con-

sistent with this suggestlon. Measurements made at low energy accelerators

or where the Shleld leakage spectrum was r1ch in low energy neutrons

give values of )\ in the region ~250 m. At accelerators where the leakage
spectrum is dommated by high- energy neutrons, h1gher values of )\ are '
to be expected and, 1ndeed, observed. Rmdl( ) has reported )\ ~ 990

(6)

meters at the CERN synchrocyclotron, while Dlstenfleld has measured

a value of 610 meters at- the Brookhaven alternatmg gradlent synchrotron.
There are data, however, which do not fit w1ﬂ1thls general hypoth051s( )Land
contlnumg study of high- -energy neutron trans port problems is needed.

In summary, from thelr review of the avallable experlmental data,

R1nd1 and Thomas conclude

1. The radlatlon intensity decreases at 1east as fast as does the inverse
oF thc square of the distance from the source. '

2. At 1arge distances from accelerators, neutrons are the dominant compo-
nent of the radiation field.

3:: Tor well-shielded accelerators in the GeV region, the neutron spectrum
emerging from the shield is in equilibrium. At lower energies or at accelerators
with inadequate overhead shleldlng, hardenlng of the spectrum with distance is
observed. A o

4. The empirical relation

oK "‘Qe—z/x
4ur”
isa simple but adequate expression for the skyshine intensity around most
accelerators. Value of X reported in the literature vary between 267 m and
850 m.. At large distances (several thousand meters) from our understanding of
high-energy hadron cascades , we would expect A to approach the yalue of
N 100 g em 2 i B

TranSport of Radionuclides into the Env1ronment

a. Water Supplles. The poss1ble contamination of the ground water

close to a high energy 1aboratory was first theoret1cally studled at the Stanford

13
L1near Accelerator Center by Nelson( ) who concluded that there would be

+

no detectable 1ncrease in the rad10act1v1ty in ground water due to operatmn

of the SLAC 200 GeV electron accelerator.'v ThlS conclusion has been
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subsequently confirmed by a program of measurements of the radio-

activity of ground water over the past 12 years at Stanford. (14) There

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

water contamination from radionuclides produced by accelerator operation.
There is, however, a theoretical _proten_tia.L for ground Water contamina-

tion at the larger high energy accelerators such as the 20 GeV electron

'llinéa'f.acce'lerator at Stanford, or the strong -focussing synchrotrons at

Batavia, Brookhaven, (USA); Geneva (Switzerland); or, Ser pukhov (USSR);

because these accelerators are buried undergrouﬁd. It is therefore possible

for substantial particle flux densities to be geﬁerated in‘t'he earth and water

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

environment. -A_é, an exarﬁple, a flux densfty of fast neutrons of ~105 n

cm-z-' sec“1 will produce tritium, by spallatio.n'reactidns of the oxygen

in water, at a sPecif_;lc activity (at saturation) equivalent to the maximum

permissible concentration. .

1
Stapleton and Thornas( >, 16)

have estimated the total quantities of
radionuclides that are produced in the earth shiéldpf a large proton
synchrotron, such as that at thé Fermi National Accelerator Laboratory at
Batavia, and conclude the magnitude to be of the order of tens of curies.
In the spec1f1c case of tritium, the quantity produced in the environment by
a high energy accelerator is thus comparable to the quantity released to
the env1ronment by a bo111ng-water nuclear power reactor.

deer(l‘7)

has reported measurements of several radionuclides in the
earth shield of the CERN 25 GeV proton synchrotron and ic;lehtified 22Na.
and 45Ca 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

(18)

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

than those calculated and Hoyer tentativevly ascribes this fact to the migration
of the radionuclides 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 woﬁld be extfeme:ly_COIhwp].ex,

but it is .posAsib.lve to understand its 'magnitude by the use éf the sa.mpie

‘model shown in Fig 6.3, where it'is assumed that radionuclides produced

in the activation zohes around the accelerator are washed downwa'rd‘ by

rainfall to the water table, where they are moved horizontal,ly to tHé' edge

of the accelerator laboratory». In this moverﬁe-nt E_hey are mixed __With

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

public use, in whiqh cése it wduld have a specific act_ivity S, in units of

MPC, given by: ' :
- | (-1 Tyl =t/
-e

‘ Ei Qi '/l e ' » C
- . o o ‘.
$; =D zz Y - | | . (6 2)

= .

i
where - there are i radionuclides produced and:

D is a dilution factor. | _
e the fraction of activity producéd that migrates frbm the
site of its production. ‘

Qi is the total quantitsr of the ith?radiénuc.lide' produced at
 saturation.

Ti- is the residence time in the activation zone.

T, is the mean life of the ith radionuclide.
t. is the transport time from reaching the water table to reaching
i : . ©
the laboratory perimeter,

‘Mi is the MPC of the ith radionuclide.

Equation (6.2) permits a crude assessment of the magnitude of the prdb]em.
The maxium rate of release of activity occurs at.small residence times

(T = 0), when all the activity produced migrétes' (e = 1) and the transport

f-t'. T3
time to the site boundary is very short (e i/ = 1) when:
B Q. : "
Smax = P - | | - (63)
M, T, '
i i'i

At the accelerator site where the water table is not distgrbed.by
pumping, the out-flow of water would equal the inflow from rainfall and the
radioactivity released would be diluted in a volume of water equivalent to the

rainfall on the site.



" Volume pumped per
day, P

i S
™ Smpc
l,ll\

Horizontal water flow ——= Transport time
to edge of site ,t

Water table

XBL7010-3975

Fig. 6.3
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Equation(6.2)permi&53cfude assessment of the magnitude of the

problem and Fig. 6.4 gives an example of the concentration of several radio- .

(15)

nuclides as a function of residence time, for a particular accelerator.
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 radionuclides produced in the
earth and water in the shield were released directly to the groundv water
and transported to the s'ite boundary in a short time (7 days) and diluted
with'a quantity of wa'te.r equivalent to the net rainfall on the accelerator site.
(1010 mj/day.) Inspection of Fig.6.4 shows that even under these extrémely
conservative assumptions the s.pecific acti\.rity of the vuater 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 not likely to be a serious one, but in actual practice its magnitude is
llke ly to be much smaller. ‘ .
Although the number of radlonuclldes produced in the earth and ground water
in an 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 quantltles, and (or)
‘b. have a low MPC,
- ¢. 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 no poten-
tial hazard by the time they reach a public water supply. Conversely, if the half-
life i1s 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 radlonuclldes with half-lives in
the range 10 hours <T < 100 years, but detailed investigation of site condltlons
will identify the appropriate range to be investigated. Those nuclides in this
range of half-life that also satisfy conditions (a), (b), and (c) are fortunately
few in number. |
Furthermore, not all the radionuclides producedmove freely in the ground
- water. Chemical sorption inhibits the migration of several of the radio-
nuclides produced inta the ground water. This has been most extensively

: . . . . (19
studied for reactor produced radionuclides buried undcrground.( )
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6.3. Environmental Monitoring at Accelerators 6.13

In a climate of increasing public apprehension of environmental
pollution by nuclear facilitiesitisnecessary 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
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 (v4 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 thgt the equivalent of 329,000 live or work within 8
kilometers of the LaBoerory perimeter. This.proximity of a large
pobulation to the Laborgtory results in a ﬁopulation dose due to Labora-
toryvoperations:cohparable in magnitude to fhe collecﬁive doeé_of radiation

workers .** For example, in 1973‘£he population dose was reported

1 ‘
. as <60 man rém(zo)

, » while the collective dose to Laboratory

personnel was 90 man rem. These facts have led to,speciallattghtion
being given at LBL to ﬁopﬁlation exposure since 1959.

‘The major source of radiation exposufe, both to the general population
and Laboratory personnel, is.the operation of four particle accelerators
engaged in fundaﬁental research. These hccelefaforq are: the Bevatron, a
6 GeV protoﬁ synchrotfon; the SupefHILAC, a heavy ion lineap accelerator, \

producing héavy ion beams up to SIMeV/amu in eﬁergiea; and the 184-inch

and -88-inch cyclotrohs. Because theaé acceierators‘ate used in research,
‘?ﬁéy!present many new and novel radiation problems--their radiation envifon-
”ménfs are themse1ves to some exteﬁt a subject of researcﬁ. Such studies
have aiwayévfofmed an integral partlbf accelerator dévelopment at fhe |

: 524 :
Lawrence Berkeley Laboratorj.ogl 23, h

v

) '

This occurs because a large number of people in the general population
receive very small average exposures due to LBL operatibns. whereas a R
comparatively smaller number of LBL employees and visitors receive a
somewhat larger exposure. For example, in 1973 the average exposure to
Tgm?;rzigfithe ge::;al :opulation (329,000 people) within 5 km of LBL was

. _ rem, while the average exposur
employees wag 31 ntloiine ¢ g‘ ‘xp e to 4703 pab v1f1toro and
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' ‘The_simultaneous operation of four particle acceleratogs leads to a
complex variation of radiation intensity, both with time and dis;ance from
the Laboratory. This complexity is compounded by the flexibility in modes
_ of acceleratof operation demanded by a research prbgram. Different ex-

periments may require fadi#tion intensities which vary by three orders of

magnitude or more. For exahple. large bubble chambers or spark chambers
require neutron flux densities between one and twovorders of magnitude
below that required on radiation protecfion considerations alone.. On ther
other hand, somevexpériments hay require ﬁrolbnged high intensity rung—¥
with'cohsequent high aﬁﬁient fadiation levels; A recent gxamﬁlé of such
an experimen; at Bérkeley was the produétion and identification of Element
106 at the SupefHILACs(24) Flexibility in experimental facilities --
including radiation qhieldiﬁg—-are esgsential if a sucéessful,fesearch pro-x
gram 18 to be carried out around high energy particlé écceleratbrs.

The radiation phenomena at a research laboratory such as LBL ;re con-
.stghtly changing'and-therefore, of necéssity. under continuous feviéwf The
problémshpresented.are always new and their sélution‘reqﬁires constant |
alertness. For the past twenty_years stﬁdies atherkeley have principally
centered around proton accelerators. Just at the time the radiation bheno—
mena of such accelerators has becqﬁe fairly well understoéd, the Laboratory's
interests héVe changed direction with #n increasing intcfest in high-energy’
heavy-ion.research. A whole new set of pfobiems which requife identification

and solution is 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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thét £he Bevatron was an intehse néﬁtrOn séurcé,vfadiation intensities were
first méasured'within the Labératory.(zs) Thése studieé ied to the estab-
1i§hmeﬁt'of.a permanent eﬁ?ironmental monitoring program (see Fig. 6.7)T

Estimates of thélcontributionvéf dose eQﬁivalen; at the.Léborafory
bdundary due fo accelerator operation have been.made.for ﬁany yearé. Figures
6.8 - 6.11 éhow repor;ed site Boundary_penetrating radigcion levels at the
16céfion-on the Léborhtory bouhdary;: Radiatfgn 1evels‘hévé‘been-cohsisténtly
below thg makimum permigsible dosé—eQuivalent for non;occuﬁatiOnaL ekposure.

"Uﬁdér,cértéin operéting conditions, any one of theiLéborétory's accel-

éra;ofs”may héQe a stray radiation fieldbwﬁich caﬁ bé d¢£ected at distancéé
as'far as é;fgw thousand feet. The radiation inﬁengity,at a given location
and timé may coﬁsisq of contributions from any one br ail ofv;hese.accelefa-
tors; 'Attempts to understand and predict the Labo?atory'é stréy-radiation
fiéld‘have in the past réquired combinations of stétionary detectors and
counting equipment that could not be read simultanéously{' Many series of °
measurements were made with mobile co&nting equipment; each series lasted
for a few hours and was scheduled dﬁringvthe infrequent times when only
one of the accelerators was operating af a éonstant beam Ievél. These
measurements faciliﬁated.understanding of the contribution to the radiation
environment of eaéh accelerator and of the selection of.permanent environ-
mental monitoring.locations.

Since 1964 radiation levels at ten locations'have been continuously
ménitored (Fig. 6{7):(26) These locations were strategically |
selected to monitor the radiation output of the Labofatoryfs accelerators,
both close to gaéh accelerator and at ‘the Laboratory périmetet{' Two en-
vironmental monitoring stations (situated at thevOIympus Gate and adjacent
to the 88-inch cycloﬁron) are specifically locatea to record.the highest

radiation levels at the Laboratory boundaries, while'two.others—¥those'at
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Building 90 and a;_Panoramic Way--respbna to skyshine from the Bevatron and
the 88-1hch cyclotron apd to direct radiation froﬁ the 184-inch éycidtron
respectively.

Radiation levels are continuously monitored and recorded at a central
1§cati§ﬁ Sy méanéiof a teleme;ry systeg; Both the rate aﬁd time—infegtated
intéﬁsityfof radiation exposure are monitored.
| 'Neufrons aré detected by means of a modérgted’BF3 proportional_countef.
Modératéf thicknesses are chosen' to providg h.flat'energy fesponse over the
range of neutrén.energies from 0.25 to 20 MeV. 27) | Neutron
énergies'havevbéen measured by.a Qariety of.techniques. These include pro-
‘ton recoil proportional counters,(zg) threshold detectors, and
fission counters. (29) ‘An energy compensated'- Geiger%‘:ﬁiller counter
is used fo detect and record gamma rgdiétionﬁSO)

Tﬁeiﬁonitoring Syétem'alsdlpro§ides a means for determining-the'relative
cbﬁt;ibUtions'éf each of the several acce;efétors to fhe total radiation
énvifonmént by studyiﬁg radiation levelsvdufing maintenance shutdown periods
wheﬁ raa{ation.levéls at remote lbcgtions.aré prdduced by different combina-
tioné of accelerator opera;ing conditions. ' |

In general, the résbonsé of each monitoring station is a complex func-
tion of thg mode of operétion of each and all the Laboratory's accelerators.
With all accelerators operating simultanéously, it is not possibie, at_the
preéent time, to assign accurately to particular éccelerators their relative

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

study, only approximéte asgignments may be made.

Radiation Levels at the Laboratory Boundary, 1959;1973

The maximum permiséible annual dose equivalent to which members of
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the general population at the boundary of a laboratory such as Lawrence
Berkeley Laboratory may be exposed is 500 millirem/year (MPD)."It has beén
Laborafory policy to placé considerable effort toward maintaining radigtion‘
levels well below this™ limit. |

The envirqnmeﬁtal mo;ito;ing.progfam of the LaboratorY'Showed tha%
approxiﬁately 80% of the accelerato% produced radiation in 1922 was dué;ﬁéf;
the oberation 6f thé Bevatron when accelerating protonsﬁsl)

| ;The BeVatfoﬁ'haswa loné\history——hévingqbeen in operation sihcé 1954;

. During tﬁe past 19 years substantiai(éhqﬁéég?haverécurred iﬁ accelerapor.;
iintensity, mode of operation, ;nd shieldi;g. fiéuré 6.8 shows #h? number'of
-_bréfohs accéleratedv.in the Bévatron each'year in the‘period’ 
1954?1973.(32’33) During this peridd the beanm infensity-df |
“the gcéglerator, and, therefore,_the potential radi#tion source, increased‘
by a'féctor of more than 10,000. Radiation levels around the'Bevatron>ﬁavé
been controlled primarily By the addition of shielding, but also by imp?b&éd
‘tegnniquesiin beam.control, extraction, and beam dumping into Qell shielded
locatibﬂs. | |

: Figufes 6*9‘6-]2 show the annual dose equivalent reported for the
fou;’e@vironmental stations.as-a-fpnctipp‘of time.

Radi;tion ieveis at the Olympusbbate‘Stétion ha;e'Shown é“s£eady de-
cline.since 1959 when estima;es were first made. The Olympus Gate Station .
1s in direct view of the Bevétron andAmost directly influenced by that
accelerator. During late 1962 ahd early 1963 the Bevétron underwent a
substantial modification and was out pf operation for a éignificant time.
This shutdown‘was, however, only partially responsible for the falling
radiatiph ievel recorded. This falling trend continues through 1964 and
1965 because of fhe addition of shieiding and improﬁements in gccelgrator

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

. 25
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ﬁadiation ievels chrough_l966 showed an iucuease due ce.increasing circulat-
ing proton beam 1nteusityi but che decrease obeerved in 1967 was because.
of the inscalletion of extra shielding to the straight sections of the.
Bevatfon;_ Since 1970 radiation levels have declined due to-. increasing use
of the Bevetron to accelerate heavy ions, and this trend is expected to
continue.

The monitoring station adjacent to the'88—inch cyclocron responds to
radiation from both the.Bevatron'and the 88-inch cyclotron. The 88-inch

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

1962. During the period 1962-1966 the radiation levels observedvat this

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

In_19e7,'however,-fhe increasing intensity at the 88-inch cyclotron is
reflected‘in the higher radiation levels recorded at this station. fhe
edditiou ef new shielded eaves to the roof‘during the latter part of 1970
" resulted in a dramatic reduction in the radiation levels for 1971, and the
88-inch cyclotron 1s now so well shielded thet its adjacent monitoting
station now principally responds to the Bevatron. (34).

The station situated at Panoramic Way is in direct view ouly of the
184-inch cyclot;ou‘and responds principally to that accelerator. High
readings at this station may usually be directly attributed to unusual
experimental conditions et the 184-inch cyclotron. Reduced use of this
‘accelerator will result iu a decline in readings at this stationQ The
residual levels measured will be largely due to ekyghine radiation from
the Bevatron.

Radiation levels recorded at the Building 90 environmental monitoring

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

cyclotron (compare Figs. 6.8, 6.9,'6.10

6.
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When the maximum dose eqﬁiyalent is considerably less
than tﬁe MPD, an'uncertainty of as much‘as a factor of three in estimation
of the dose equivaleht is acceptable-(ss) "However, there is in-
creasing tendency by regulatory agencies to requi;e improved accuracy in
the mé;sﬁrement of man-made radiétioq. Lovwder' and Gogola(ksq?a\}e clearly
draﬁﬁ attention to the implications of this requifement for increased -
accdfa&y:» | |

"The recent trend toward the quaﬁt1tative definition of
'as low_és practicable’ gﬁidelines pertaining to the release
of radionuclides to the enVironment'for nucleaf facilities
and the resulting’doée places a significantly incféased burden
on environmental'surveillénge programs. _Ic was previously
- Selieved that adherence to the admonitions of expert bodies
‘:sﬁch as the ICRP(37) to limit unnecessary radiation
‘exposure was aéhieved by demonétrafing that such exposure
_Wgs well bel&w the tecbmmended 'maximum permissible' annual.
levels of 500 mrem to individuals or 170 mrem to a 'suitable
sample;_(sg)' ._ U.S. regulatory agenéies are now preparing
numefical limi;atiohs,on énvironmental radiation dose to man
ffom lighg—ﬁaief power reactors and the nuclear power

(39, 40)

fuel cycle. The net effect Qf these

limitations is to lower the 'maximum permiséible' dose to offf
site individuals by two orders of ﬁagnitude. While the merits
of ;uch_a reduction in terms of public health and realistic
benefit-risk assessment are érguabie, the.rationale for this
change has beeh that préctical,'though costly, techniques for

‘the treatment of nuclear facilities effluents will permit
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“plaﬁt operation within the limits.
"Questions 1mmediately arise reléting to how well the
"actual doses can be assessed ;nd documented, gi;en tﬁe fact
that most existing environmental surv;illance programs weré
designed to assure thaf critical population groups do not
‘feceive aoses that arevmuch higher tﬁan the proposed limits.
; if_the public and regulator& agencies are.to bé assured that
,nuclear facilities are operating within théir design specifi-
cations, both experimenfél and‘calculatioﬁal methods are
required to allow accurate doée asseasmehﬁ'é; the Qery low
exposure levels that are expected to e#ist."(36>
_This requirement for improved accuracy poses éévere problems both of
measurement.and data 1nterprgtation at high energy accelerator laboratories,
The- accﬁracy of environméntal monitoring is .primarily limited by
two factors: ' v :
| i, .Inaccuracies in neutroh':'f.luence to dose ‘equival‘ent conversion
which may amount to 50% or more, and v

~ii. uncertainties in natural background.

Inaccuracies Due to the Neutron Fluence to Dose Equivalent Conversion

' We have seen that the major component of accelerator-produced
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 de;ermined with good
accuracy. Conversion of this measured fluence to dose equi"va.[é.nt is,
however, of limited accuracy} when the neutron spectrum and conditions
of irradiation are not well known. Errérs of SO"/o or mo.re are possibie
when theée parameters are poorly undersﬁood. 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 n1ar1 -made contrll)utions to the radia»tiorrl environment are to be known
within a few millirem per year, natural background r_adiat.ion levels must be
extremely well understood.

~As an example, natural background at the Lawrence Berkeley Laboratory

amounts to between 70-110 m1ll1rem/yr made up as follows:

Natural radioactivity of v o
‘surrounding earth: approx. 40-80-millirem/y

Cosmic rays: pmesons - approx 30 millirem/yr
' neutrons - approx - 3 millirem/yr

‘Total - approx 70-110 millirem/yr
"The components from .natural radioactivity show flu_ctué.tions of more ‘thanv
a factor of ‘tWO from p'lace to place due to geological and human causes,
e.g. outcrop of granltlc rocks, presence of large bulldlngs or paved roads.
In addition to variations in the y-component from place to place, thev
background at a partlcular place may show secular variations of as much

) (85

as 30%, pr].rnarlly due to variations in the water content of the soi

Measurements of radiation levels due to accelerator produced photons to an
accuracy of bett:er than about 30 millirem per year therefore requires an

accurate assessment of natural backgrou_ncl because of terrestrial radio— »
activity. ‘Thi.s may be acbleved by preoperational radiation surveys in tlxe

fieldv,_ measurements during periods of eccelerator shutdown, or by the

’,

laboratory radio-assay of soil samples taken in the fieid and the calculation

. . . ‘.A ... B . . - .
of environmental exposure rates.(- 6. 1f the latter method is adepted, an
estimate of average.exposure rates will be limited in accuracy to_ about

30% until good data on seasonal fluctu‘atibns in background is obtained.,
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7.2

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 equation:

M = [H N(HJEH - . (7.1)

where N(H)dH is the numbér of people receving a dose equivalent
between H and H+dH, and the integration is carried out over the
entire dose eduiva’lent distribution and population exposed. M is
ﬁsu_ally expre‘ssed.in the unit man rem

' As we have seen in sections 2 and 6, the dominant contribution
td population dose eqﬁivalent resulting from highéenergy accelerator

operation is external radiation by neutrons,

7.2. Model for Calculation of Population Dose Eciuiv’a'lerit for

.Accelerator S.

An operating hlgh—energy accelerator is a source of neutrons
irradiating its surroundlngs. This exposure may be modified by the .
tOpography around the accelerator, or by conditions of accelerator
operatlon, but is not 1nfluenced by meteorologlcal conditions such as
wind d1rect10n or ramfall.v P0pulat10n 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
populationfig,7.1)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: 1year R

/ ] N (r,t) H (r,t) dr dt. - (7.2)

where N(r,t) dr. dt is the number of people at a distance between r and

r + dr from the accelerator at.time between t and t + dt, H(r t) is the
corresponding dose equivalent rate, and rg,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-simplified to:

R

M :f H(r) N(r) dr (7.22)
ro‘ - , v '

where f—I(r) is the annual dose'equivalent to a person at a distance from.
r to r + 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:

20 TR o 22300 m E (7.4)

2

H(r) =
. r

Wifh-the attenuation length in the range 225 m< A< 1000 m.

We define the fence post dose equivalent, HO’ by:

Cor I\ .
- ag 0 ' . : , (7.5)
Ho= =7 ® : -
o
and it follows that:
r. /N -r/\
2 0’ e (7.6)
.H(r). = Hove —
r
| If we derfine an avefage population density, o~ (r), between
distances r and r'+ dr from the accelerator, we have
N(r)dr = 2frd(r)dr ' ' - (7.7)
and substituting equations(7. 6) and (7.7) into equation (7.3) we
obtain:
R
r /N -r/\
M = 271'1'(2) g o 0 | e 4 (7.8)

0 J | T
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- The 1ntegra1 of Eq (7 8) may numerlcally be\evaluated.by assumlng a unlfonn

dlstrlbutlon of populatlon W1th1n each rlng around the accelerator.

M may then be approximated by:

1=n r.
; r /A ‘ ) e-r/A . '
M = 2 0 E : ER 7.
2n rOHO e . 01 T dr,v . (7.9)
| ‘ i=1 T
where o5 is defined by:
N. ‘
0, = —t : (7. 10)
1 2 7y2 " E - . :
BT I Y
. and Ni is the number of people living between Tl and r..

POpulation dose -equivalent, resulting from the operation of a
nuclear installation, is a scalar quantity independent of distance from
the installation and should therefore properly be éalculated out to
infinitif. It has become conventional to assume that this has essehtiall_y
: -bevven dén_e {f the calculation is carried to a distance of 80 km. from the
~'insta.ll_ation. The validity of this assumption will depend upon the cir-
cumstances unique to each facility, but is usually justified.

In the numerlcal evaluation of equation (7. 9), the number of
annuh, n, is determmed by the character of the convergence of the
1ntegral of equation (7. 8). ' ‘

7.3. Convergence of the Population Dose Equivalent Integral

(2)

Ste phens et al have explored the convergence of this 1ntegral

with the s1mp11fy1ng assumpuon that the populatmn density is uniform:

o(r) = o | i ' (7.11)

Under these conditions equation (7.8) simplifies to:

_ 2 i e-r/X | _
M = Z‘?TO’HO rO e i ; + dr | | | (7. 12)
UO
: ro/)\
= Zfo’HO r, e o I(rO,R) | (7. 12a)
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The integral of equation (7. 12) has the solution:

.(é-r/)\'
| : B _
I! - dr = ..lnr r/\ + >

ot

1 .
3.3!

e - e L

but this is an inconvenient analytical solution, becvause> the oscillating
series conv‘erges only very slowly. The integral may, however, readily
be evaluated by numerical means and Ste phens et a.l( 2) have re ported
numerical values for values of perime‘ter radius, ro, befwaen ‘

300 m and 1000 m - and attenuation length, \, between 100 m and

1000 m. | | .

| In"ordér to discuss the convergence of the integral .

S AT o N ‘ .v
I(rO,R) —j - dr . (7.»13)
T ‘

we define three parameters:
i, Mi(eo) = 1 (ro,m) which is the population dose equisfalent
calculated out to an infinite distance from the accelerator.
ii. M(@B0) = I(ro, 80 km) - the so-called 80 km population
dose ‘e’quiva,le'nt. : |
i, M(R) = I(rd,R).
As we have already discussed M(Iw ) is the quantity that should
properly bé calculated in population dose equivalent estimates,

while it is often conventional to quote M(80).. In generai:
M(oe)2 M(80).

The convergence of the integral IO(rO, R) may conveniently
be examined by plotting the parameter:
M(R) as a function of r.

M(O"—’) ] _
Figure 7.2 shows this parameter, expressed as a percentage of M(eD),

for values of N between 100m and 1000m. 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



@)

o
B I ! | [ i [e}
0 ile
1
- -

1000
Distance from accelerator (meters)

| ! l [ Q
: O O O O o
8 o . O < N

LN3TVAINDI 3500 NOTLYINdOd 40 39YINIIY3d

XBL748- 3998

7

.7

Fig. 7.2
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"out to distances ~ (r0+3)\) from the accelerator to determine the

population dose equivale-.nt, ive:

‘This knowledge could save extensive efforts in the evaluation
of the."80 km population dose equivalent" often quoted in environ-
mental monitoring réports. - )

7.4. Influence of. the Parameters r  and ,X on POpula_tion Dose

\ X 0
Equivalent.
Ste phens et al.

_( 2) have investigated the influence of the per‘iméter
radius, I;O’ and the attenuation length, N\, 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 valu'evs_ of the parameter.

M/2n ¢ H as a function of r  and \. Inspection of these figures

0 0
show that the population dose equivalent is approx1mate1y pro portlonal
4/3 2
to ~ 0/ /3. The use of an empirical formula of the form
' n.m - B :
= . . . 4 .
M=kgo H0 r, A ' (7.14)

rnay be convenient in interpo,iating tab'ulatéd values of_M over a
limited rénge (see Table 7.1). The values of k, m, and n vary
somewhat, but over the physical range discussed here n takes values
W

between 1.1 and 1.4, while m has values ranging from 0,60 to 0,80

7.5. Population Dose Equivé.lent'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 Labo.ratory-.'
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. (From Stephens et al.)

Table 7.1. Values of the parameter

for different values of N and Ty

Perimeter
radius Attenuation length, N (meters)
ry . »

(meters) 100 - 150 200 - 350 500 750 1000
300 2.51 E+43.40E+4 4.19E+4 6 .10 E+4-7.60 E+4 9.58 E+4 1.11 E+4
500 401 E+45.76 E+4 7.34E+4-1.14 E+5 1.47E+5 1.91 E+5 2.28 E+45
700 5.86E+48.52E+4 1.09E+4 1.74E+5 2.27E+5 3.03 E+5 3,65 E#

1000 8.65E+4 1.27E+51.65E+5 2.68 E+5 3.56 E+5 4.83 E+5 5.91 E+5

7.

11



7.12

'The:Lawrencé Berkeley Laborafory of the University of California is
unusual among high-energy'accelefator laboratories, in that it is contiguous
with_fairly densely pdpulated.areas. The Laboratory is situated on the
western slope of hills running along the eastern side of the San Francisco
Bay. The Berkeley_Cémpus of'the‘University of California is immediately
adjacent on the'west,’while tb'the northAand'south, the Laboratory is
surrounded by residential areas. To the east lie largely uninhabited
watershed lands and Tilden Regional Park. (Section'é;)_

The equivalent of i68,000-peop1e live or work within about 5 kilo-
meteré from the Labofatofy. The proximity of a large urban populafion to
‘thevLaboratory has led to the close surveillance of the environmental ih~
pact of the Laboratory's activities ¥ KSee Section 6.) .)

T_he‘ largest radiological environmental impact due to the Labofator’y

is due to the operation of four high-energy particle accelerators: the

. Bevatron, the SuperHILAC, and the 88-inch and 184 -inch cylcotrons.
(3)

Stephens et al., use a modified form of equation 7.9 to
calculate population dose equivalent, o |

7 ,Equat_idh (7.9) does not allow for the shielding provided to a large V
fraction of the populated area by the hills surrounding the Laboratory or
by the buildings Which' people occupy. To do so, equatioh (7.9) may

be written

T i=n ri
: 2 T 2 H, e 0/ A r -/
M = 0o 0 . Yo, | ¢ dr ©(7.15)
~ooi=l r.-1
i

where S1 and S, are shielding factors that take account of the shielding

provided by hillzs and buildings respectively. Only approximate

estirnates were made of S, and S,. |
The principal sources of radiation produced by accelerator

operation at the Laboratory are shielded from vdirect line of sight of

much of the surrounding urban area by hills. Experimental data
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obtained by McCaslin( 5) suggests that radiation levels are depressed_
by. a factor of almost two when hills intervene., -Frofn this preliminary
data, a value Slz L 8.is obtained.

~ The shielding factor for buildings, SZ’ is estimated to be
~ 1.2( 3 ). . Thus the product S.S has the value & 2. 2.

172
2 : : . .
(2) found that it wasnecessarytoextend integration

Stepheﬁs et é.l.
out to a distance of about 5 km from the Laboratory. (See Fig. 7.2.)
Figure 7.5 shows a map of the Laboratory and its immediate
surroﬁndi‘ng area. Fifteen annuli are. shobvle.n:drawn around the »
Laboratory in-each of which the tofal number of residents were obtained

from census data. -In the calculation of M (equation 7. 15) Stephens et al

used the following numerical values:

15

n -

'r(')v’ = 366 meters (1200 ft)

ri-ry = 244 meters ( 800 f)

e N 304, 8 meters (1000 ft) for r > 2
T = 4877 meters (16, 000 ft)

A : =850 meters -

s s = 2.2,

Substituting these values into equation (7. 15) we obtain:

15 T.

o 5 " o~T/850

: M/lwl0 = 5,875 x 10 o, — dr, ,
i=1  r.-1 | (7.16)

with r in meters, '

o5 in persons/mz.
Table 7.2 summarizes the numerical data for the evaluation of the
integrands of equation (7.16).

The population dose equivalent due to,LBL accelerator operation

calculated using this model is then:

M/Hy = 1023 man rem/fence-post rem.
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v Table 72 Values of the _in'tegrands '-

L - M/,
At distance (meters) S If . Man rém/
from to ' (persdns/mz) ifengg;post
366 (1,200 ft) 610 (2,000 £t) 61 = 1.94x1073 2.938x071  341.1
610 (2,000 £t) 914 (3,000 ££) quh = 296107 1.690x0°1  299.2
014 (3,000 £t) 1219 (4,000 ft) O, = 3.19x107° 8.343d0°°  159.2
1219 (4,000 £t) 1524 (5,000 ft) - 04 =2.97x107% 4.511:07° 0.2
1524 (S;OOO_ft) 1829 (6,000 ft) O = 2.98x1073 2.571x10"2 45.8
1829 (6,000 £t) 2134 (7,000 £t) '06 = 2.18x073 1.517x10*2' 19.8
2134 (7;600 ft) 2438 (8,000 ft) o, = 2.94x1073 9.177x1073 16.1
2438 (8,000 £t) 2743 (9,000 ft) oy = 2.66x107 5.652x10°3 9.0
2743 (9,000 £t) 3048 (10,000 £t)' 0y = 2.14x107> 3.531x107 4.5
3048 (10,000 ££) 3353 (11,000 £t) 0, = 2.23x107> 2.251x107° . 3.0
3353 (11,000 £t) 3656 (12,000 £t) 0, = 2.17x107> 1.422x107 1.8
3656 (12,000 ft) 3962 (13,000 £t) © , = 2.25x107. 9.141x10™* 1.2
3962 (13,000 £t) 4267 (14,000 £t) 05 = 226107 5.911x107* 0.8
4267 (14,000 £t) 4572 (15,000 £t) 0, = 1.84x10™> 3.844x10"4 0.4
4572 (15,000 ft) 4877 (16,000 ft) ;015'=.1.56x1o'3 2.512x10”% 0.2
S S
'I. = ____e-r/sso dr
1 r
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(3)

Stephens et al.'”” believe this estimate to be an upper limit because conserva-
tive values of popuiation density and attenuation length are assuméd.

It is of interest'td note that the estimatevof 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

(6)

using similar assumptions.
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8. The Appliéationvof the ""As Low ds Practicable Concept' at Accelerators

At research accelerator laboratories the application of the "as low as
précticable cohcept“ is probably even more difficult than at other nuclear
facilities. An accelerator research program demands great flexibility in mode
"~ of accelerator Qperétion, beam intensity and radiation shielding. Because
ConditionS'continually change, cost-benefit studies of radiation prbtection
prabticés\are~not offen effective. In conseqdence; no general principles
have as yet been developcd but SpeL1f1L examples may prove helpiul

Thomas( ) has described the application of the "ALAP" concept to high-
energy accelerator shielding and found. the cost of shleldlng to range

(1).

between $40 to $50 per man .rem.

N
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