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ABSTRACT

The'work of the Health Physics Department of the Lawrence Berkeley
Laboratory in limiting radiation exposures; over the pé@t 25 years, both
to Laboratory personnel and the general ﬁopulation, is feviewed. Becéuse
‘the radiation environments of particle accelerators used in fundamental
research are often new and novel, a vital part of the LBL radiation pro-
tection program has been the fundamental study of the production, trans-
mission throughbshielding, and measurement of acceleratbr—produced radia-
tions. These topics are first briefly reviewed followéd by a discussion
of the environmental impact of high energy particle acqelerators._ The
close proximity to the Laboratory of a larée urban populaﬁion and the
University of California Campus resulted in the eérly establishmeﬁt:of an
environmental monitoring system for the detection of pengtrating radiation.
Despite an increasing potential for the production of radiation with the
beam intensity of the Bevatron increasing since its fi;st operation in

1954, site-boundary radiation levels have shown a steady decline since 1959.
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' Estimates of pépulation dose are described and showﬂ to be comparable with
the collective dose to radiation workers. Unlike goméjother accelerator
laboratories, ;hé collective dose to personnel invélyéd in accelerator
operations and maintenance has not shown substantial increases with beam
intensityQ-in fact, there hés been a small decline in §xposures.

.Personél dosimeters indicateba small but gratifying decline with time
in the collective radiation exposures to Lasoratory'bersonne} and visitors;
however, ekamination of working habits and procedutés?indicate litte room
for massivelreductions in the collective dose to radiétion workers.

Cost effectiveness studieé of shielding show fhat the cost of removing
radiation exposure by providing a roof shield for the Bevatron has been
$40 to $100 per man rem. For the 88-inch cyclotron, projections over_lO
years estimate the cost of the provision of additional roof shielding to

be between $200 and $500 per man rem.

<



"Sir, are you grossly ignorant of human nature, as not to
know that a man may be very sincere in good principles,
without having good practice?" Attributed to Dr. Johnson,
by James Boswell, Tour of the Hebrides, 25th October

-1, INTRODUCTION

The principle that radiation exposures should Be ﬁaintained as low as
practicable is by no means new. It has underlain the ;ésponsible practice
of hea1th physics at research laboratories, in hospitéls, and in industry
for many yearé. In.this paper we hope to give eviﬂenée of its application
at the Lawrencé Berkéley Laboratory for at least the'pést twenty-five years.
As an example, Fig. 1 contrasts the increasing beaﬁ inténsity of the Beva-

tron over the years with radiation levels estimated or observed at the site

.boundary of the Lawrence Berkeley lLaboratory. Inspection of Fig. 1 shows

that there has been an overall increase in accelerated protons of more ﬁhan
four orders of magnitude since 1954 (Hartsough 1971, Everette 1974). Since.
1969 beam intenéity increased by a factor of nearly lOO,»while radiation
levels measured at the Environmental Monitoring Station closest to the
Bevatron fell‘by a factor‘of 48--an overall improvemeﬁt of nearly 5000. A
decrease in environmental radiation levels concurrent with an increasing
potential source of radiation do not, of themselves, ﬁecessarily prove that
radiation levels are '"as low as practicable"; such a record is only achieved
by continuous efforts to minimize radiation levels.

In his history of’radiation protection st#ndards, Taylor places the
first discussions of the "as low as practicable" principle within the
National Committee on Radiation Protection (NCRP) as early as 1949 (Taylor
1961). The evolutién of the principle can be traced in the publications

of the International Commission of Radiological Protection (ICRP) (ICRP



1955, ICRP 1959, ICRP 1966a). Most recently the ICRP has discussed the
principle extensively and given some guidelines for its practical imple-
mentation (ICRP 1973). |

At the present time there are widespread efforﬁé to define the "as
low as practicable concept" in terms that will gui&e,both the operational
health physicist in his day-to-day judgments and the design team in their
planning of new facilities. | |

In adminiqtéring a radiation safety program it is well recognized
that fhe operaéional health physicist must stéer a'ﬁiddle course between
the Scylla of fiscal irresponsibility and the Char&b&is of unsafe w?rking
and environmental radiation levels. In determining radiation levels that
are as low as practicable, the ICRP is keenly awaré»that social and
economicvfactors must be taken into account (ICRP 1966b). A balance must
be drawm between protect1ng public safety and, at thé sahe time, permitting
reasonable uée_of radiation in industry, medicine,‘and research.

In the past much attention has been devoted to the quantification of

radiation exposures. Until recently few attempts have been made to place"

the "social and economic factors" on a quantitiative basis, which would

enable rationél judgments to be made as to both thé benéfits'and detriQ

ments resultingvfrom any particular application of aétivity which iﬁvolves
the use or production of ionizing radiation. Recent}y several papers have
. appeared in the literature discussing the techniqués_éf'such "risk—behefit
analysis,” (Ccheq 1970, 1971; Dunster 1970, 1973; Hedgran 1970; Otway 1970;
Lederberg 1971; Sagan 1972). These studies now make it.partly possible to

examine radiation'safety programs for cost effectiveness.
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2. 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 westeriy range of hills parallel
to the eastern side of San Franéisco Bay. Elevation of the site varies be~
tween 400 ft,'aﬁd 800 ft. above séa 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 Univérsity.of California lies on the west side of the Laboratory.
Higher up on the hills to the east are the Lawrencé Hali of Science and
Space"Scieﬁces Laboratory; beyond them lies uninhabited land and the Tilden
Regional fark. The geographical setting is shown in the map (Fig. 2), and
a good impression of the location ‘of the Laboratory ﬁay'be obtained f;om
Fig. 3 whiéh'shoﬁs a general view of the western si&e 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 fhe
photograph, while the city of Berkeley surrrounds the Campus and Laboratory
in the foreground.and to the ;ight and left of the picture. Almost the
entire urban population of the San Francisco Bay Are# (~3 million people)
lies within 80 kilometers of the Laboratory.* More<iﬁp6rtantly, as we
shall show 1a€er when we discuss the estimates of population exposure,
it is estimated that the equivalent of 329,000 iive_or'work within 8
kilometers of thé Laboratory perimeter. This proximity of a large
population to the Laboratory results in a population dose due to Labora-

tory operations comparable in magnitude to the collective dose of radiation

*It is conventional to estimate population dose contributed by a nuclear
installation out to a distance of 80 kilometers from the facility.



workers.** For example, in 1973 the population dose was reported as <60
man rem (Wallace 1974), while the collective dose t§ Laboratory personnel
was 97 man rem (Section 8). These facts have led fo-speCial attention
being giﬁén at LBL to population eprsure since 1959, :

Thé ﬁajor source of radiation exposure, both to the general population
and Laboratory personnel, is the operation of'fourapérﬁicle accelerators
engaggd in fund;mental research. These accelerator§ are: the Bevatron, a
§ GeV>proton synchrotron; the SuperHILAC, a heavy i@n'iinear accelerator,
~ producing heavy ion beaﬁs up to 8 MeV/amu in energies§ and the 184-inch
and 88-inch cyclotrons. Because these accelerators are used in reseafch,
they present mah& new and novel radiation problems—%their radiation environ-
ments are thgméeives to some extent a subject of rese#féh. Such studies
have always fpfmed an integral part of accelerator‘deyélopment at the
‘Lawrence Berkeléy Laboratory (Freytag 1972, Pattersd§v1973, Wallace 1965,
Zaitsev 1971), -

3. ACCELERATOR—PRODUCED RADIATION STUDIES AT THE LAWRENCE BERKELEY
LABORATORY .

Since the late 1940's the Health Physics Departﬁent,has been responsi-
ble for accelerator radiation monitoring and shielding at the Laboratory.
During this peridd extensive experience has been obtained with a variety

of types of accelerators producing electrons, protons, and heavy ions over

**This occurs because a large number of people in the general population
recelve very small average exposures due to LBL operations, whereas a
comparatively smaller number of LBL employees and visitors receive a
somewhat larger exposure. For example, in 1973 the average exposure to -
members of the general population (329,000 people) within 5 km of LBL was
<0.18 millirem, while the average exposure to 4703 Lab visitors and
employees was 21 millirem.
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a wide range ofAehergy.

The basic apﬁroach to the problems of accelerator radiation measure-
ment has been analytical. The various components of the radiation field
are identified, the'intenSity and energy distribution_of the significant
components are determiﬁed, and the dése equivalent thén calculated. Such
an approach has the advantage that sufficient information is obtained to
implement many aspects of a health physics program—-the anticipation and
prior estiﬁation of radiation intensities, their measurement and field
estimation, and the design of shielding and operational brocedures which
ensure adequate safeguards but permit experimental flekibility.

The work of the group in radiation detector develoﬁﬁent and shielding
measurements has been extensively described in the literature--most receﬁtly
in several review articles. (Patterson 1971a, Rindi 1973a, Thomas 1972).
From thisrﬁork a general rule has emerged. Outside high energy accelera-
tor shielding, neutrons between 0.1 and 20 MeV usually contribute more than
half the total dose équivalent. Y-rays and low-energy neuﬁfons together
contribute 10-207%, with neutrons greater tﬁan 20 MeV making up the balance.
In the past few years it has become possible to measure thé energy neutron
spectrum which exists outside accelerator shielding wiﬁh_adequate detail
for radiation protection purposes. (For a more complétebdéscription see
Thomas 1972). | .

The éimultanebus operatibn of four particle accelerators leads to a
complex variation of radiation intensity, both with tiﬁe_and distance from

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

- of accelerator operétion demanded by a research program. Different.ex—

periments may reduire radiation intensities which vary by three orders of
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magnitude or more. For example, large bubble chambérs:or spark chambers
require neutron flux densities between one and two orders of magnitude

below that required on radiation protection conqiderétions alone. On the

other hand, some experiments may réquire prolonged h#gh intensity runs--

with conseqﬁ;nt high ambient radiation levels. A ;eéeﬁf example of such

an experiment at Berkeley was the production and ;dentification of Element

106 at the SUpefHILAC (Ghiorso 1974). Flexibilitynig.experimental facilities—-
'inciuding radiation shielding--are essential if a suécéssful research pro-

gram is to be carried out around high energy partigle‘accelerators.

The radiation phenomena at a research laboratory'such as LBL are con-
stantly changing and therefore, of necessity, under éoﬁtinuous review. The
problems presepted are always new and their solutioﬁ-reqﬁires_coﬁstant
alertness. For the past twenty years studies at Berkeley have principally
centered aroundvproton accelerators. Just at the time the radiation pheno-
mena of such accelerators has become fairly well understood, the Laboratoiy's.
interests have éhanged direction with an increasing interest in high-energy,
heavaion research. .A whole new set of problems whiéh‘require identification

and solution is :hus being presented to the health physicist.

4. THE ENVIRONMENTAL IMPACT OF HIGH ENERGY PARTICLE‘ACCELERATORS.

The environmental impact of high-energy acceleratoré is different in
character from most types of nuclear installation. At accelerators the
predominant source of population exposure is from the radiation field pro-
duced during operatipn, rather than from the leakage of‘radionuclides into
the environment. The possibility of contamination of ground water in the

vicinity of high energy accelerators has been carefully studied at several
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laboratories. These studies all conclude that no significant ground water
contaminagionvis likely due to accelerator opefatidh ét.beam powers presently
feasible. This conclusion has been supported to date by the absence of any
reports in_the literature of any significant elevation in the radioactivity
in water supplies closerto accelerator laboratorieé, In particular, the
environmental surveillance program of the Lawrence Bérkeley Laboratory has
detected no sigﬁificant changes in the radioacﬁivitonf water samples taken
frbm surféce‘streams around the Laboratory (Wallace 1974).

The experignce‘With the operation of diverse types of particle accelera-
tors over many years makes it possible to conclude that the exposures result-
ing>from radioactive gases or aefosols produced by farficle accelerators .
are usually significantly lower than those due to the external radiation
field. No elevation in radiation levels due to acceiérator produced gaseous
radioactivity has been observed by the Laboratory's.environmental monitoring
program. (For a more generél discussion of the environmental impact of high

energy accelerators see Patterson 1973 and the references giveh in Appendix II).

5. ENVIRONMENTAL MONITORING OF PENETRATING RADIATION

5.1. General

| As we haQe seen (Section 2), 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 Léboratory. When it became
apparent that the Bevatron was an intense neutron sdufce, radiation intensities
were first measured within the Laborafbry (Patterson 1962). These studies

led to the establishment of a permanent environmental monitoring program.

(See Fig. 4).
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Estimates of the contribution of dose equivalent §t.the Laboratory
boundary due to accelerator operation have been made for many years.
Figures 5-8 show reported site boundary penetrating radiation levels at the
location oﬂ‘%he Laboratory boundary. Radiation levels have been consistently
below the maximum permissible dose—equivalenf for noﬁ—o@cﬁpational-exposuré.

Under certain operating conditions, any one of fhe'iéboratory's accel-
erators may have a stray radiation field which can be dgtected at distances
as far as a few thqusand feet. The radiation intensity at a given.location
and time may consisf of contributions frém any one or.éil of these accelera-
tors. 'Attempts to ;nderstand and predict the Laboratory's:stray rédiation
field have in thévpast'required combinations of stationary detectors and
counting equipmentvthat could not be read simultaneously. Many series of
measurements were made with mobile counting equipment; éach series laéted
for a few hours aﬁd was scheduled dﬁring the infreduent times when only
one of the'éccelerators was operatingbat a constant beam ievel. These
measurementé faciiitated understanding of the c9ntributi6h to the radiation
environment of each accelerator and of the selection of‘bérmanent environ-
mental monitoring locations. |

Since 1964‘radiation levels at ten locations have been continuously
monitored (Fig. 4), (Stephens 1972). These lpcations wéré strategically -
selected to monitor the radiation output of the Laboratory'é accelerators,
both close to each accelerator and at the Laboratory périmefer. Two en-
vironmental monitoring stations (situated at the OlympuévGate and adjacent
to the 88-inch cyclotron) are specifically located to record the highest

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

ey
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Building 90 and at Panoramic Way——respdnd to skyshine'from the Bevatron and -
the 88-inch-cyélbtron and to direct radiation from fhe 184-inch cyclotron
reépectivgly.

Radiation levels are continuously monitored and fecorded at a central
location by means of 5 telemefry syétem. Both thelratg and time-integrated
intensity of radiation exposuré are monitored.

Neutrons gre détected by means of a moderated BF3_proportional counter.
Moderator thicknesses are chosen to provide a flat energy response over the

range of neutron energies from 0.25 to 20 MeV (Yamashita 1966). Neutron

-energles have been measured by a variety of techniques.v These include pro-

ton recoil proportional counters (Moyer 1958), threshold detectors, and
fission counters (Smith 1958). An energy compensated Geiger-Miller counter
is used to detect and record gamma radiation (Jones 1962).

..The monitoring system also provides a means for determining the relative

‘contributions of each of the several accelerators to the total radiation

environment byvstudying radiation levels during maintengnce shutdown periods
wheh radiation levels at remote locations are produééd by different combina;
tions of accelerator operéting conditioné. |

In general, the response of each monitoring station is a complex func-
tion of the mode of operation of each and all the Laboratory's accelerators.
With all accelerators operating simultaneously, it is not possible, at the
present time, to assign accurately to particular accelerators their relétive
contributions to the radiation level at each station. Without more detailed
study, only approximate assignments may be made.

5.2. Radiation Levels at the Laboratory Boundary, 1959-1973

The maximum permissible annual dose equivalent to which members of
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the general popﬁlation at the boundary of a laboratory such as Lawrence
Berkeley Laboratory may be exposed is 500 millirem/year (MPD).' It has been
Laboratory policf‘to place considerable effort towardimaintaining fadiation
levels well below_this limit. . | |
The envir;;ﬁental monitoring prograﬁ'of the Labp%étéry showed that
.approximately SOivof the aécélerator produced radiat16n in 1972 was due to
the operatidn of ;hé Bevatron when accelerating protons tStephens.197éa).,
The Bevatron has a long history-—having been in.éﬁéfation since 1954.
During the past,19:years substantial changes have océu;red in aqcelerator
intensity, mode of operation, and shielding.v Figure»l_shd?s the:nﬁmber of
protons accelerated in the Bevatron each year in the period 1954-1973
(Hartsough 1971,_Evérette 1974). During this period the béam intensity of |
the aCcelerator,.énd, therefore, the potential radiatiqé'source, increased
by a factdr of more than 10,000. Radiation levels around ;he Bevatron have
been controlled.primarily by the addition of shieldingg‘bﬁf also-by improved
techniques in beambcontrol, extraction, and beam dumpingvinto well sﬁielded
locations. |
| The existing shielding for the accelerator propefvwas designed in 1961
and installed in:1962 as part of an extensive acceleratqf improvement pro- .
gram. The shieiding design was predicated upon a proton}intensity of 1013
protons per pulse; tepetition frequency of 10 pulses pég'minute, and a maxi-
mum permissible‘dbse equivalent rate at the Laboratory»boundary.of_500‘milii—
rem per year (Moyer 1961, 1962). It was récognized at that time that site
boundary radiation levels due to leakeage from thé sﬁielding roof; when
thick targets weré oberated in the accelerator straighﬁ Sections, wquld pre-

sent a limiting operational condition on the accelerator..
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Continuing improvements in accelerator operation--particularly with.
regard to beam extraction--and the addition of shielding above the accelera-
tor straight sections have made significant_reductiohs in site boundary

radiation levels possible, despite increasiﬂg beam intensity. These tech-

_niques have reéulted in a reduction in radiation levels.

Thus, in 1972 with a circulation proton beam intensity of 5 x 1012

prdtons per pulse and with the Bevatron accelerating protons for 75% bf the
time, the maximum annual site boundary level was less than 55 millirem--
‘compared with a value of 190 millirem that would have been predicted in 1962
at this beaﬁ intensity.

Figure‘5 through 8 show the annual dose equivaléﬁﬁ reported for the
four environmental stations as a function of time.

Radiation levels at the Olympus Gate Station have shown a steady de;
cline since 1959 when estimates were first made. The Olympus Gate Station
is in direct view of the Bevatron and most directly influeﬁced by that
accelerator. During late 1962 and early 1963 the Bevatron underwent a
substantial ﬁodificatioﬁ and was out of operation for a significaﬁt time.
This shﬁtdown was, however, only partially responsible for the falling
radiation level recorded. This falling trend continues through 1964 and
1965 because of the addition of shielding and improvemgnts in accelerator
operation—-particuiarly the deveiopment of an extracted proton beam.
Radiation levels through 1966‘showed #n increase due t§ increasing circulat-
ing proton beam intensity, but the decrease observed in 1967 was beéause
of the installation of extra shielding to the straight sections of the

Bevatron. Since 1970 radiation levels have declined due to increasing uée

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

Thé moniﬁoring station adjacent to the 88-1ngh‘cyclotron'résponds to
radiatidnvfrom both the Bevatron and the 88-inch ;yélotron. The 88-inch .
cyclotfqﬁ'was complete&'in 1961 and the firsf exte;nallbeam obtained in
"1962. JDuring the period 1962-1966 the radiation le&eis observed at this -
station cloéely'reflect the opefation éf the Bevatroﬁ;(see Figs. 5 and 6).
In 1967, hoﬁevér, the increasing intensity at‘the 88&inch cyclotron isv
reflected in fhe higher radiation levels recorded Aﬁ this station. The
addition of new shielded eaves to the roof during thé:iatter part of 1970
resulted in a dramatic reduction in the radiation levéls for 1971, and the
88-inch cyclotron is now so well shielded that its édjacent monitoring
station now principally responds to the Bevatron (Gleitér 1973).

The station situated at Panoramic Way is in direcc view only of the
184~1inch cyclbfron'and responds principally to that:é£celerator. High
readings at ﬁhis'station may usuélly be directly aﬁtributed to unusual
experimental.cdnditions at the 184-inch cyclotron. Redﬁced use of this
accelerator will result in a decline in ;eadinés at tﬁi; station. The
residual levels measured will be largely due to skyghine radiatiéh from
the Bevatron.

Radiation levels recorded at the Building 90 envirénmental monitoring
station are principally caued by skyshine from the 3évatron andg88-iﬁch

cyclotron (compare Figs. 5, 6, and 8).

5.3. Accuracy of Environmental Monitoring
In the past dose equivalent reported by the LBL environmental
monitoring program has been overestimated. The overestimation was due to

 (a) a conservative choice of neutron fluence to dose equivalent conversion
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factors and (b) an underestimate of natural background subtracted from
monitoring station readings. In the past this uncertainty in the report-
ing of LBL site boundary levels has béen of little consequence, because it
was possible to demonstrate that, even with a conservative estimate of site
‘boundary annual dose equivalent, fadiation levels were Below the MPD. The
"ICRU suggested that when fhe maximum dose equivalent 1s considerably less
than the MPD, én uncertainty of as much as a factor‘of-three in estimation
of the dose equivalent is acceétable (ICRU 1971). However, there is in-
creasing tendengy by regulatory agencies to require improved accuracy in
the measurement of man-made radiation. Lowder and Gogoiak have clearly
drawn aCtentioﬁ to the implications of this requiremen; for increased
accuracy: - |
"The recent trend toward the quantitative definifion of

'as low as practicable' guidelines pertaining to the release

of radionuclides to the environment for nuclear:facilities

and the resulting dose piaces a significantly iﬁcréased burden

on environmental surveillance programs. It was éreviously

believed that édherence to the admonitions of expert bodies -

such as thé ICRP (ICRP 1964) to limit unnecessary fadiation‘

 exposure was achie?ed by demonstrating that suéh e§posure

was well below the recommended 'maximum permissiﬁle' annual

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

sample' (FRC 1960). U.S. regulatory agéncies are now preparing

numerical limitations on environmental radiation dose to man

from light-water power reactors and the nuclear power fuel

cycle (Fed. Reg. 1971, EPA 1973). The net effect of these
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limitations is to lower the 'maximum permissible' dose to off-
site individuals by two orders of magnitude. 'While the merits
lfof such a reduction in terms of public health-gnd‘realistic
~vlrsént-:fit—rtls_k assessment are arguable, the rétibpale for this
change has/been that practical, though.éostly;'tg;hniques'for ' -
the treatment of nucleér facilities effluents will permit
plant opéraﬁion within the limits. |
"Questions immediately arise relating to howfwe11 the
actual dosés can be assessed and documented, givén the fact
that most existing environmental surveillance prog¥ams were
designed to assure that critical population groupévdo not
receive doses that are much higher than the prdposed limits.
If the public and regulatory agencies are to be assured that
nuclear facilities are operating within their design specifi-
caﬁions, both experimental and calculational methods are
required ;o_éllow accurate dose assessment at the very low
exposure‘leQels that are expected to exist." (Léwder 1973).
- This requirement for improved accuracy poses sé§§;§ problems both.of
méasurement and data interpretation at high energy a¢¢elerator 1aboratorie§,
and it will bé necessary to have a much better undefstanding of natural
background and the -accelerator-produced radiation environment than hitherto. -

S.4. 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 determined with good
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accuracy. Conversion of this fluence to dose eﬁﬁivaleﬁt_is, however, a
more difficult matter. The evaluation of dose équivalenf is limited by a
general lack of knowledge in radiobiology; however, the evaiuation consists
of two steps: a physiéal measurement capable of good accuracy, and the
conversion of thié;physical measurement to units apprOpfiate to radiation
prdtection. The assignment of the appropriate conversidn factors is to
some extent an admiﬁistrative judgment. The problem is cpmpounded by the
fact that the accelerator-produced neutrons are distributed over a wide
range of energy and neutrons greater than 20 MeV in energy may make a sig-
nificant contribution to the dose equivalent.

Althoﬁgh the ICRP have published fluence to dose eﬁuivalent conversion
factors for monoenergetic neutrons (ICRP 1973b), several authors have
drawn attention ﬁo the faét that there is no official.gpidance as to how
such factors should be used for neutrons distributed in a continﬁous energy
spectrum (Shaw 1969, Patterson 1971b, Stevenson 1972);‘ The relative numbers
of high eﬁergy (greater than 20 MeV) to low energy neutrons in a spectrim
can greatly influence the biological potency of the overall neutron fluence.
For example, the.biological potency of neutrons in the cosmic ray spectrum
is lower than tbat of neutrons emerging from the shielding of the Bevatron
by a factor of 1.5 (Gilbert 1968).

For neutron spectra the dose equivaleht at the maximum of the dose

equivalent-depth distribution in the body should be used:.to calculate fluence-

. dose equivalent conversion factors. Shaw et al. (1969) have reported cal-

culations at the conversion factors for a variety of spectra for both uni-
lateral and multilateral irradiation. Table 1 summarizes these values and

compares them with conversion factors that were, until'l972, routinely used
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at LBL in reporting environmental monitoring data.

Table 1. Dose Equivalent per Unit Fluence for Cosmid Ray and Bevatron
" Neutron Spectra. .

Shaw et al. " Shaw et al.
Neut Spect _ [Unilateral [Multilateral LBL A
eutron Spectrum Irradiation] Irradiation] (prior to 1973)
-1 2 -1 .2 -1 2
(remm = cm”) (remn " ecm”) (remn = cm")
Cosmic Ray 2.0 x 1078 1.3 x 1078 2.3 x 1078
(Hess et al.) : ;
Bevatron 2.3 x 1078 1.9 x 1078 3.2 x 1078

- Table 1 shows that for a given neutron fluence ﬁidé variations are
possible'in thé reported dose equivalent, depending gpon the assumptions
made in determining the conversion facfor. 1f estimatéé of dose eqdivalent'
to an accurady of better than;aboﬁt 50% are to be made, Table 1 shows that

it is important that the neutron differential energy épectrum be measured.

Neutronslﬁith energy greater than about 50 MeV can be measured by means
of a bigmuth fission counter (McCaslin 1970). The méét sensitive bismuth
fission chamber in operation is in use at LBL. At élheutron dose ;quivalént
due to accelerator operation of 10 millirem/year the_cérresponding neutron
fluence is about 6 x 105 n cm-z, of which about 2 ><'>1>0'-5 n cm-2 might have
energies above 50 MeV. The corresponding counting féte in the bismuth
fission chamber ﬁogld then be 2000 counts/year. To_ﬁe able to report dose
equivalent to bgﬁter than 50%, will be necesséry to.diqcriminate between

1000-4000 count/year, against a background counting rate due to noise vseveral
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thousand counts/year in existing counters. It is fheféfo:e clear that this
is a formidable task and will require significant techhical improvementvof
bismuth fission counters. At dose equivalent rates below 10 millirem/year
it seems unlikely that, without the development of very large and sensitive
high energy neutron detectors--such as spark chamber'érrays (Rindi 1974a)--,
an accuracy of’Better than about 50% is possible in apse equivalent evalua-
tion for a given neutron fluencé.

5.5. Dose Due to y-Rays

Measurements outside the shielding of the accelerators in operation

at LBL show that, with the exception of the SuperHILAC, the dose equivalent

"due to photons is usually less than 10Z of that due to neutrons. At radiation

levels comparable with the maximum permissible dose—eﬁuivalent (MPD) of

500 millirem/year the photon component would thereforeibe 50 millirem/year

~ or less. The intensity is comparable with fluctuations in the radiation

combonent because of terrestrial radiocactivity at LBL. Natural background
at LBL amounts to between 70-110 millirem/year, made'up_as follows:

Natural radioactivity

surrounding earth approx. 40-80 millirem/yr. (Smith 1974)

Cosmic rays - | mesons approx. 30 millirem/yr.}(O'Brien 1972,

_neutrons approx. 3 millirem/?r.(United Nations 1972)

Total approx. 70-110 millirem/yr/

The component from natural radioactivity shows wide fluctuations from place
to place, due both to geological and human causes, e.g., outcrop of granitic
rocks, presence of large buildings, or paved roads (Eisenbud 1973). Table 2

summarizes some field measurements of radiation levels due to terrestrial

o
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radioactivity made around the Lawrence BerkeleysLaSofétory site. Fluctua~
tions of more than a factor of two are evident. ;

In addi;ion to variations in natural.y—backgroﬁnd from place to place,
the backgroundrét a particular place may show secular‘variation of as much
as 30%. Figdré:9 shows measurements of exposure réfe§ at several locations
near New York City (Burke 1974); Seasonal fluctuétiqns.are evident and
these have been largely attributed primarily to flgéﬁ#éfions in water con-
tent of surrounding soils. Burke and hef colleagueé héve developed a
climatic-exposure model which gives a fair descrip;iqﬁ of thege fluctuations
in exposure rate (see Fig. 9).

Such direcf measurements of temporal variationé of exposure rate are |
not yet available at sites around the Lawrence Berkéigy Labofatory, although
indirect evidence has been available for some time;‘iFigure 10 shows the
correlation betweén exposure rates measured in the field and those calculated
from laboratory radio-assays of soil samples taken at sites around the San
Francisco Bay_Aréa (Wollenberg 1969). Agreement becﬁeén calculated and |
measured exposure rates is good, but it is evident frém Fig. 10 that field
measurements made when the soil is wet are generally Aepressed. This ob-
servation is in accordance with the conclusién of Bﬁrke and her colleages.
Measurements‘of radiation levels due to accelerator prbducea photons to an
accuracy of better than about 30‘millirem per year therefore requires an
accurate assessment of natural background because of ferrestrial radio-
activity. This may be achieved by preoperational radiation surveys in the
field, measurements.during periods of accelerator shdtdown, or by the
laboratory radio-aésay of soil samples taken in the field and the calculation

of environmental exposure rates. At Berkeley preoperétional-survey data is
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Table 2. Measurements of Natural Background from terrestial radioactivity
at the Lawrence Berkeley, Laboratory (Smith 1974).

Dose Equivalent Rate

Location yrem/hr arem/yr Comments
Building 90 . . .
Parking Lot 1.9-3.6 17-32 - Asphalt Surface
Building 90 ~100 ft. West Environ-
Environmental 4.8-5.4 42-47 _ mental Station at
Monitoring Station fence--above earth
Fence Gate .
North of NE 4,2 37
Corner, Building 90
Blackberry Canyon
Parking Lot 4,8-6.5 42-57 Asphalt Surface
South Turnout _‘.On grass at SW edge
Building 72 4,2 37 of road”
Road Bank o Conglomerate (Orinda
Building 72 3.2 28 - formation) 30 ft. from

“ previous location
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, not available and recourse must be made to the lattef,two methods.

All the LBL accelerators are turned off for a few days during the
Christmas-New Year's Day holidays, and the gamma ra? béckgtound measure-
ments have been made at this time. Because this ﬁeriod occurs during
the rainy season of Northern California, the'backgrdund levels subtracted
from environmental monitoring sfation data are probaﬁly'too iow (by as
much as 20 millirem/year). Consequentlf, photon exposure rates reported
by the LBL environmental monitoring program are probabiy too high, by up
to 20 millirgm/year. Inspection of the environmentai monitoring system
data_rqported since 1964 tends to confirm this supposition. An extensive
program to obtain a better understanding of y-ray b;ckgfound is presently
Qnder way at LBL. Even with a good understanding of the radiogenic com-
position of the soil in the vicinity of the LBL environmental mdnitoring
stations, an estimate of average exposure rates will be limited in accuracy
to about 10-15 millirem/year until good data on seasonaivfluctuations in
. background is obtained.

6. POPULATION EXPOSURE RESULTING FROM ACCELERATOR-PRODUCED PENETRATING
RADIATION . .

In any cost-benefit study of radiological safety programs, it is first
neéessary to define parameters which are measures of Bqth the beneficial
and detrimental impact.

In the particular case of fundamental research programs, it is ex-
tremely difficult to determine an index of benefit which would be éccept—
able to all because the ultimate consequences of scientific research cannot‘
be accurately predicted. Experieﬁce has shown that scientific research

has, on balance,vresulted in substantial benefits to mgnkind, and it is
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generally #greed that fundamental research is worfhwhiie and will lead to
continuing benefits.

On the other hand, for research programs which.feéult in the production
of ionizing ra&iation, such as those ét'LBL, it is'féirly easy’to'obtain an
upper 1limit to the péssible concomitant human detriﬁén;.

| In setting standards for radiation protectioﬁ, it.is assumed that
biological effeéts are linearly related to the dose:equivalent. With this
assumption abuseful index Qf the possible detriment £rom the uses of ioniz-
ing radiation is the total population exposure resuiting from a given

activity, M, defined by the equation:

M =/HN(H)dH o , (1)

where N(H)dH is the number of people receiving a dose equivalent between
H and H+ dH, and the integration is carried out over the entire dose
equivalent distribution and population exposed. M is usually expressed

in the unit man-rem and is termed the population dose.

Several estimates of the monetary equivalent of‘the detriment from
a population exposure of 1 man-rem have recently appéated in the literature
(Cohen 1970, 1971; Dunster 1970, 1973; Hedgran 1970;/btw§y 1970; Lederberg
1971; Sagan 1972). These estimates fall in the range $10-$250 and are
helpful in determining the sums of money that might prudently be used in
eliminating radiation exposures. | |

An upper limit to the anhual population dose equivalent, M, due to
accelerator-produced penetraing radiation at LBL, has been reported as
2150 DO’ where D0 is the maximum annual doée equivalengrat the Laboratory

boundary (the fence post dose equivalent) (Stephens 1973).
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Under the conditions obtained at LBL with an'urban area contiguous
with fhe'Laboratory's boundaries, the'population dqse is entirely due to
people living or working within about 5000 meters from the Laboratory.

Three factors tha; could greatly reduce the estimated upper limit of
population dose are: |

a. The value of the attenuation length of accélef&tor-produced
neutrons is not well known. Many measurements of dose equivalent around
a variety of particle accelerators have been publishéd. These measurements
have recently Eeen reviewed and critically evaluated (Rindi 1974). No
measurements havé been feported beyond a distance of 1500 meters. Figurerll
shows typical data reported by several acceleratorllaboratofies. Desfife
the poor accuracy of the data some consistent patterhs #re evident. At all
accelerators the dose equivalent falls at least as’fast_as the inverse
square of the distance. At distances beyond about 3@0 meters the variation
of dose equivalent H (r), with distance, r, from shielded high energy

accelerators is probably best expressed by:

e—r/A .
H(r) = a r 2300 meters ' (2)

2
T

where a is a constant.

r/X

The parameter e is interpreted as due to air atfénuation. The attenua-
tion length, A, depends upon the spectrum of neutrons entering the air from
the accelerator shield. A lower limit would be that measured for fiésion

neutrons of = 225 meters (Stephens 1963). 1If the acCe;etator is capable of
producing neutrons of energy greater than about 1000 MéV at large distances

from the accelerator, when an equilibrium speétrum has been established in

air, A will take on the value corresponding to high energy neutrons.
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The high energy aﬁtenuation length in air may be caicﬁlated as V95 gm cm_z.
Cosmic ray stﬁdies have measured the attenuation of strongly interparticles,
produced in Extensive Air Showers and obtained values. in the range 100-

120 gm cm_é. It is reasonable therefo;e to take an_upper limit of A as
100 gm cm—z‘(850 meters). Althoﬁgh the measureméﬁts published in thé
literature do not determine tﬁe value of A with anyigreét accuracy, they
are consistent with this interpretation. Values of X bétween 240 and 1060
meters are repofﬁed. Measurements made at low energy accelerators, or at
high eﬁergy accelerators whose leakage spectrum is rich in low enefgy
neutrons, tend to show values of X in the region of ~ 250 meters. At other
_high energy accelerators values of )\ between 600 and 1000 meters'ﬁave been
reported. There are anamolies in the literature, however, which will re-
quire'further studies for their resolution (Rindi 1974b). Thése measure-
menté, however, set the physical.range of A between 225 meters and 850 meters.
The population dose varies approximately as }2/3 (Stephens 1974b). Such an
unceftainty in ) gives rise to an uncertainty of nearly a factor 3 in |
population dose. anrly measurements at the Bevatron.giQe a value of ) of
270 meters (Thomas 1968), but under present shielding conditions a higher
value would almoét certainly be obtained. At the radiétion intensities
which presently prevail around the Bevatron, it is extremely.difficult to
make measurements which would determine X with good-accuracy. A recent
review of the literature (Rindi 1974b) suggests that.fbr a well‘shielded
high-energy accelerator such as the Bevatron, a value of X 850 meters
should be used. This would reduce somewhat the population dose estimated
by Stephens and Thomas, (who assumed.a value for A of 1000 meters) to

<2000 DO'
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b. The dbse equivalent to the surrounding populafion may be reduced
because of shielding from the Laboratory of a large:fraction of the area
by hills. (SeévFigs. 3 and 4). The Bevatron sits invé Basin and is shielded
from almost alilthe urban area surrounding the Laborétofy: Figs. 12 through
14 give examples.of topographical profiles drawm frbm.;ﬁe Bevatron. The
precise effect of such shielding is not yet known. vBréliminary information
obtained froﬁ tﬁe environmental monitoring stations é;_the Laboratory indi-
cate that radigtion levels are depressed by a factor of:ébout two when hills .
intervene in ;he direct line-of-sight betweén detectof(ahd accelerator
(McCaslin 1974) (see Appendix I). It is possible tha:'the originai popula-
tion dose estimate of Stephens et al. may be reducednby about a factor of
fwo because of hi;l screening or: M < 1000 DO'

c. Shielding due to buildings was not included-in-the esﬁimates of
population exposure. For light wooden frame buildinésﬂfhis is oﬁly a
small factor, Assdming a wall thickness of 15 gm cmv-_2 neutron intensities
would only be réduced by a factor of 0.87 and assuming'éﬂ 80% occupancy
factor the averﬁgé;shielding faptor would be 0.89 in buildings of light
construction. In concrete buildings with a 75 gm cmfz_thé shielding factor
is 0.50 and thevtime—averaged factor is 0.60 (again ﬁséﬁming an 807%
occupancy facto;)l.fStudent; and staff of the Universify'of California
Campus contribute about 15% of the popuiation dose estimated by Stephens
and Thomas. Singe the great majority of buildings on the Campus are of
substantial construétion, a shielding factor of 0.60 éan‘be applied to
the exposure to Campus residents.

These considerations would reduce the population:dose to:
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M < 1000 (0.85 x 0.89 + 0.15 x 0.60) D

< 850 D0 man rem

In addition to these three factors, the population dose will be further
reduced by the daily movements of é large fraction'ofvthe nearby resident
population. The'net effect of this pbpulation movement is to areas of lower
radiation intensity but is numerically difficult to eQéluate.

In summary, oﬁr current best estimate of populétiqn dose equivalent due

to LBL operations is

M < 850 D, man rem.

0
Table 3 summarizes the estimated population exposufe due to LBL ac-
celerator operation during the period 1963-1972., As we have seen these

estimates'are probably high by more than a factor of two.

7. REDUCTION OF LBL SITE BOUNDARY LEVELS BY SHIELDING

Shielding studies have been an integrél part of particle accelerator
development at the Lawrence Berkeley Laboratory (Patte;son 1972a). As
accelerator intensities have increased, shielding has been installed to
maintain radiatiéh levels well below required radiatién_safety standards.
Most recently extensive shielding has been installed aﬁ the 88-inch cyclo-
tron (in 1971) and is currently being added to the querHILAC.

The cbntinued addition of shielding will not, hqwever, result in con-
tinued reductions.in radiation levels. Shielding design at accelerators
used in fundamental research must .often allow flexibility; rapidly de-
mountable shielding 18 required, access to experimeﬁtél areas must be main-

tained, and the accelerator itself must be accessible.l Radiation leakage
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Table 3. Reported Population Dose Equivlaent due to LBL Accelerator
Operation. . .

Average Fence Post Dose Equivalent
’ background subtracted

| Year - (rem/yr)* { ?:~' Man Rem*
1963 | 0.134 :f_ _‘ 288
1964 : 0.101 217
1965 : ~0.051 110
1966 o 0.066 R | 142
1967 : ' 0.071 o 153
1968 o 0.086 185
1969 04129 o am
1970 0.082 | S 17
1971 | 0.127 o o
1972 _ 0.048 103
1973 o 0.028%% i -, <60%*

*1972 Reporting System. M < 2150 Dy

**Maximum Fence Post Dose Equivalent Quoted for 1973._:
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through access labyrinth ducts and penetrations and cr&cks in shiéld walls
often place a'préctical limit on the addition of shielding. The use of

high density‘shielding materials is limited by‘the:loa&?bearing charaéteris—
tics of floors»énd foundations of the facility or e&eh_of the earth and

rock on which it is built. Finally, there is a poiﬁt at which cost-
effectiveness sﬁudies éhow the addition of shieldiﬂg to be no longer an
economic means of reducing ambient radiation levels.

The sources éf penetrating radiation due to LBL operation have recently
been analysed (Stephens 1974a). During 1973 roughly 80% of accelerator-
produced radiation was from the Bevatron when it accelerated high energy
protons. Measurements show that approximately halfibf the Bevatron pro-
duced radiation (40% of the total) is because of roof leakage when protons
strike componenté of the beam extraction system of the Bevatron. The balance
of Beyatron-préduced radiation is due to the operatibn of external proton
beams--with about 757 being due to one particular mdde'of split beam

operation. (See Table 4).

Table 4. Relative Sources of Penetrating Radiation at LBL Site
Boundary - 1973. .

Accelerator Percentage of Site Boundary Radiation
Level .
Accelerator Roof 40%
Bevatro ' Split Beam Operation 3OZ
Other External Beams 107

184~Inch Cyclotron
88-Inch Cyclotron _ 10%

SuperHILAC é




-28-

It is clesr‘from Table 4 that the greatest potential réductions in site
bsnndary levels éould, in 1973, therefore, have resnites from shielding
modifications to; or changes in operation of the BevsrrOn. As we have seen
(Section 5.2) the Bevatron was substantialiy modifiss'in 1962-63. As part
of this modificstion, roof shielding was constructed KSss Figs. 15~17). The
existing roof'redUCes radiation levels by a factor of‘lbo (Smith 1965) and
was constructedAst a cost of about $2.8M (Salsig 1974)3 ' From Table 3 we
see that the total population dose reported for the:fsn»years 1963-1972 was
1924 man rem ofiWhich roughly 770 man rem was due tsILéakage of neutrons
through the Bevatron roof. If there had been no rodf.the population ex~-
posure would hase 5een 7.7 % 104 man rem, and the cqs:HAf removing a man
rem by addition‘of the Bevatron roof was therefore ronghiy $40 per man ren
over these ten ysars.* This figure should be comparsq.sith recent estinates
of the monetary value of avoiding the detriment possrbly asgociated with a
population dose of one man rem which falls in the rangs $10;250 psr'man rem
(ICRP 1973). ,Ihe expenditure of $3M on roof shielding fsr the Bevatron is
seen.to haye bsén_reasonably cost-effective. | |

Any furthersaddition of shielding would, however, pose great technical -
difficulties.. s.sareful study of floor loading would be necsssary,because
the existing shielding foundations are presently strssseagto their limit.
Limited space would require the use of high density shisiding. It is unlikely
that steel could be used to replace the existing ferrophosphate high density
aggregate concrete shielding because of magnet perturbations on the particle

orbit in the accelerator. It would therefore be necessary to use expensive

*The more recent estimate of population dose would increase this estimate
to =$100 per man rem. :
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and inconvenient'materials such as stainless éteel or uranium, and the
high floor loadings resulting from the use of such high density materials

would probably make the addition of shielding impossible. Even if the

.addition of shielding were technically feasible, thevcoét would be pro-

hibitively éxpensive because extensive structural modifications to the
accelerator would be required. An engineering desigﬁ study to examine
feasibility, and‘(if feasible) to prepare a cost estimate would alone cost
about $50,000 (LOU 1973). 1In view of the increasing use of the Bevatroﬁ
to accglerate heavy ions, with the concomitant decrease in external radiation
levels for the next few years, even the cost of a desigﬁ study does not )
seem warranted. -

The addition of roof shielding to the Bevatron was an extremely cost~

-effective measure because of the long period during which the shielding has

been installed. Shielding changes which operate for_only a year or so are
ruch less effective. An example would be the cost éf reducing population
exposure due to external beam operation at the Bevatron. Approximately 30%
of the site boundary levels in 1973 were due to split'beam operation.
Preliminary s;udies showed that the strategic addition of l-foot of steel
to the existiﬁg-roof shielding over the septum magnet in:the beam channel
at a cost of $25,000 might lead to a reduction in site boundary levels of .
no more than 25%. The population dose for 1973 was :epbrted as <60 man
rem. Had shielding been placed above the septum magnet the cost of re-
moving 1 man rem would have been greater than $1600 and may have been higher
than $4000 (see Section 6)./ The decision not to add shielding is seen to
have been cbst effective si;cé the cost of removing a man rem wquld have

been about an order of magnitude more than its detrimental value.
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The addition of shielding to the 88-Inch Cyclotron during 1970 and
1971 (Section 5.2) provides an example of the additioniof shielding which
is projected to be cost effective. Adding shielded caves to the roof of
the 88-Inch Cyclotron at a cost of $330 K é?identleredgced radiation levels
at the 88-Inch Cyclotron environmental ménitoring station by more thén 0.25
rem per yeaf (see Fig. 6). | |

Because thé maximum energy of neutroms produced by‘the 88—Inch Cyclo-
tron is about 30 MeV and the average energy is consiaétgbly lower, the
population dosé ﬁer fence post rem due to this acceleraﬁor is lower than

that calculated for the Bevatron by the factor (25(')/850)2/3

(see Secﬁion 6).
Older-estimatesvof M would then give 650 DO’ while:newer estimatés, in~
cluding all the ﬁitig#ting factors discussed in Secﬁ#on_ﬁ, give M = 250 DO'
If ten years of operation similar to that observed-in‘1972 is #ssumé&, the
cost of removing a man rem by the addition of shieldiné to the 88-Inch |
Cyclotron was then between $200 and $550 per man reﬁ;r-

In retrospect it can be seen, from the exampleg gi§en, that estimates
- of the cost of removing a man rem by the addition of.shiélding to high
energy accelerators is in the range from ~$15 and +$550 per man rem. In
the past the décision to add shielding has largely Béen.determined by the
" need to reduce-radiation.levels close to the acceler;to:s or at the tabbré-
tory's boundaries. Somewhat fortuitously this has led.to the qos; of re-
moving a man rem which is comparable to the gstimateé‘of the detrimental
cost of a man rem. Bearing in mind that the upper values of the detrimental

cost of a man rem are almost certainly extremely conservative, the use of

shielding at LBL seems to have been reasonably cost effective.
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8. PERSONNEL DOSIMETRY DATA

It has long been esfablished policy at LBL thétxali permanent staff
and temporary.&isitors are iésued a B-y filmvbadge.‘ in addition, those -
personnel working at particle accelerators carry a neufron track film.
Staff are epcoufaged to cérry thei¥ dosimeters with them at all times--
even when nét:at work. This policy provides a convenient monitor of the
LBL radiation protection program and of any incidental radiation exposures
that might be incurred off site. -

Table 5 summarizes personal dosimetrj data for visitors to and staff
of the Lawrence Berkeley Laboratory over the period i§59-1973. During this
period therevhaslﬁeen a general trend toward lower'e#posures. ‘This may be
crudely seen iﬁbthe pefcentage of people in the 0-1 rem annual dose equiva-
lent group which.has sfeadily increased from about 95% to more than 997 in
these 24 years}‘.Concurrently, there has been a steédy decline of the per-
centage of people exposed in the 1-2 and 2-3 rem groups (from 4.7% to 0.2%
~and from 0.7% tOVO.IZ respectively) (See Fig. 18). in'the dose groups abové
3 rem the numbér’of people exposed is so small that statisticél fluctuations
make any general ﬁonclusions difficult. |

Maintenance of, or changes in, radioactive accelérator components 1is
oftgn the major cause of radiation.exposureAto personnel at accelerator
laboratories. Figure 19 shows how the exposure to @aihtenance workers at
Brookhaven 30 GeV Alternating Gradient Synchrotron has increased with the
intensity of the'accelerator. Operating experience at the 200 GeV proton
sychrotron at Batévia has also shown an increase in ;he radiation exposures
of maintenenée crews with beam intensity. |

In contrast, experience at LBL has not shown an overall increase in
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Table 5. Personnel Dosimetry Data Lawrence Berkeley Laboratory

Period

#

# or Percentage of Accumulated Dose
EquivalentsAin Range

Monitored
_ rem_ _

| 0-1 1-2 2-3 | 34 4-5 5-12

1959 # 2400 | 2264 112 17 1 | o 0
Z 100 94.3 4.67 | 0.71 | 0.04 0 0.25

1960 # 2570 | 2681 48 12 2 1 6
% 100 97.5 1.74 | 0.44 0.07 0.04 0.22

1961 # 3000 |2918 66 | 10 3 2 3
% 100 97.2 2.13 | 0.33 0.10 0.07 0.10

1962 - # 3345 | 3299 35 11 0 0 0

%2 - 100 98.6 1.05 | 0.33 0 0 0

1963 # 3121 3081 31 7 2 0 0

% 100 96.7 0.99 | 0.22 0.06 0 0

1964 # 3125 | 3080 82 19 2 2 0

% 100 96.7 | -2.57 | 0.60 0.06 - | 0.06 0

1965 # 3297 | 3207 72 13 .3 1
- % 100 97.2 2,18 | 0.39 0.09 0.03 0.03

1966 # 3232 3144 68 14 3 2 1
% 100 97.3 2.10 | 0.43 0.09 0.06 0.03

1967 #3271 |3237 25 9 0o 0 0

% 100 99.0 0.76 | 0.28 o }o 0

1968 # 3462 | 3401 51 6 o | o 0

% 100 98.2 1.47 | 0.17 0.12 0 0

1969 # 4540 4458 66 13 3 0 0

2 100 98.2 1.45 | 0.29 0.07 0 0

1970 # 4323 [4231 71 11 5 - 5 0

% 100 100 1.64 | 0.25 | 0.12 0.12 0

1971 # 4405  |4358 35 12 0 0 0

% 100 98.9 0.80 | 0.27 0 0 0

1972 # 4652 | 4612 25 11 4 0 0

A 100 99.1 0.54 | 0.24 0.09 0 0

1973 # 4720|4703 11 4 2 0 0

z 100 99.6 0.23 | 0.08 0.04 0 0
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radiation exposures with increasing beam intensity §f the Bevatron.
Table 6 gives the collective exposure to personnel exposed to 1 rem or
greater per year during the period 1959-1973 (Fig. 20). Exposurés greater
than 1 rem pef’&ear have been selected because exposures of this magnitudé
are carefully controlled and are deliberately incufre& only when the need
is well demonstfated. Table 5 shows ﬁhat the number of.people in this
group 18 quite sﬁall, declining from 47 in 1971 to 17 in 1973. During this
period approximately 2/3 of this group were accgierator'operators or in-
&olved in accelerator maintenance-~the remaining 1/3 was composed of
radiation moni;ors or health physicists.
The collective exposure to personnel in the >1 rem éategory is approxi—
mgtely 1/3 of ﬁhe total collective exposure to monitofed personnel-~Table 7.
Estimateé_of collective exposure are very sensitive to the dose distri-
bution, which at LBL is falling steeply with increasing dose equivalent.
Figure 21 shows tﬁe distribution for 1972 but the data of other years is
very similar. Investigation of the distribution in the region 0-0.l rem
shows it to be stﬁll falling steeply (Stephens 1974). In 1972 70% of per-
sonnel issued a dosimeter received less than 10 millirem, 90% less than
100 millirem and 997 less than 1 rem. The percentage of people who received
less than a given dose equivalent is shown in the upper curve (A) in Fig.'22.
Curve (B) of Fig. 22 shows the percentage of the totai collective exposure
to personnel issued a dosimeter that is contributed by doses less than a
given value.v In 1972, 7% of the collective dose was due to exposures less
than 10 millirem, 22% due to exposures less than IOO‘millirem,‘and 65% due
to exposures less than 1 rem. Such data are helpfullin determining any

areas where improvement may be required in a radiation protection program.
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Table 6. Man Rem from Exposures
Greater than one Rem.*

Man Rem Resulting from

Year Dose Equivalents >1 Rem
1959 256
1960 162

1961 160

1962 80

1963 71

1964 186

1965 161

1966 < 162

1967 60 \
1968 106

1969 142

1970 ) 174

1971 82

1972 79

1973 3%

*In estimating the Man Rem, M, in Table 6
the midrange approximation has been used

i.e.
5

M=1/2 E Ni (Di+1 + Di)
i=1 ‘

F ootnote: : )
With a steeply falling dose distribution, man rem estimates made using
a mid-range approximation maybe seriously in error. Table 7 shows the error
of this assumption produced in the LBL 1972 personal dosimetry data. The
error is greatest in the range 0-1 rem. Beyond 1 rem the approximation is
quite accurate. - » ' :
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Table 7

1972 Man Rem Extimates
Lawrence Berkeley Laboratory
Personnel and Visitors

Dose. o
Equivalent Mid-Range Actual
Range Approximation :

(rem)
0-1 2306 146.2
1 -2 37.5 34.9
2 -3 27.5 27.6
3 -4 ' 14 14.1
0-4 2385 222, 8%

Actual Man Rem 223 Man Rem

Assuming error + 10 '
millirem 198 Man Rem

Assuming error + 20 .
millirem 191 Man Rem

Population Dose Reported

for 1972 103 Man Rem
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If one is only concerned with mere bookkeeping féductions in collective
A-EXposure, it isvoften easier to remove the contribution from very small
exposures. One cﬁuld, for example, refine the accuracy of measurements

of very low doses. Man rem estimates may also be in error if there is a
systematic efror in personal dosimetry records; Fo: technical reasons

there 1is inevitably an overestimate of about 10—20.miiiirem/year in the LBL
dosimetry service. A systematic overreading of 10 mfllifem/year Qould lead
to an overestimate of about 107 in collective dose,.wﬂile a systematié |
overreading ofv20'millirem/ye5r would lead to an ovefe#timate of about '14%
(see Table 7). These exposures are very sﬁall.

Radiation exposures which are comparable in magnitgde to fluctuafions.
in natural baékground should be regarded as inconsequential. Such exposures
contribute 10-20% of the collective exposures at LBL; ;_' |

It is more profitable to examine the high expoégre éroup. We have
already seen thét_roughly 1/3 of the collective equéufé'is due to people
exposed to more than 1 rem/year. This group largely COnéists of accelerator
operators, maintenance crew and radiation monitors.- §uch personnel are
routinely exposed to radiation as part of their work:._Céntinuing review
of work habits and procedures éf personnel in this gfbdp:is vital if

radiation exposures are to be maintained at levels as low as practicable. -

9. SUMMARY AND CONCLUSIONS

In any study to determine whether radiation levels are as low as
practicable it is first necessary to quantify the degree of radiation
exposure. This implies an understanding of the nature of the radiation

environment produced by high-energy accelerators, how it is measured and
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interpreted_in ferms of dose equivalent, and how iifié propagated and trans-
iported through shielding and the atmosphere; Such sfudies are a vital part
of the work of the Health Physics Department.

The environmental impacf of accelerator operation-at LBL is dominated
by the produétiqn of neutrons. The close pfoximity of a large population
around thelLaboratory's borders led to an early in;e?ést in environmental
‘monitoring qf'penetrating radiation. Radiation leveis ét the LBL site
boundaries ha?e.steadily decreased over the pasﬁ 14‘§;ars, despite steadily

; : i
inéreasing intensities at our accele:ators. In 1973_thg Bevatron, when it
accelerated protons, contributed about 80% of the mgximﬁm dose equivalent
observed at the Laboratory's site boundary of 28 miiiirem/year (Wallace 1974).

The declining site boundary radiation levels ﬁaé in part been achieved
by addition df shielding--particularly to the Bevatron aﬁd 88-inch cyclotron
roofs. In retrospect the cost of.removiﬁg radiatioh’g#posures hés been in
the range $40 t§ $550 per man rem. This is judged té.be.a cost effective use
of shielding since the monetary value of Aetrimental effects of a man rem
have been estimatéd to be in the range $10 to $250.  Examples of additional
shielding jddged fo be too expensive by these criteria'are given. The
physical 1imitéfi§ns imposed by floor loading to the édditian of shielding
to the Bevatron roof and external proton beams make.fqrther improvements in
radiation levéls‘by the mere addition of shielding uﬁlikely.

The environmental monitoring system will report the maximum dose
equivalent at the Laboratory's boundary as <15 millifem for 1974 (Stephens
1974d), with a'corrésponding population dose of <13 maﬁ rem. (To be

compared with a pqpulation dose‘ofvapproximately 33,000 man rem to the
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population at risk from natural causes). This would suggest that the sum
of moﬁey that might prudently be spent in eliminatiﬁg population exposure
at LBL might be $3,500 or less.
Personal doéimeters indicate a small but gratiffing decline in the
collective radiation exposures to Laboratbry personnel and visitors. In
1973 the collective exposure was approximately 100 mén.fem of which a |
third was due fo exposures obtained by personnel exﬁosé& to more than
1 rem. Roughly 20 man rem was due to trivial exposufei (i.e., < 50 millirem).
Examination of working habits and procedures indicéte.little room for massive

reductions in the collective dose to radiation workers.
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APPENDIX I

Influence of Hills on the Radiation Level

The en§ir6nmentél monitoring statioﬁs’éituatgdfat the Olympus Gate,
Building 90,‘and the 88-Inch Cyclotron are all apprdximately 400 meters
from the Bevatron. Only the first éf these stations is in direct view of
the Bevatron. Table Al summarizes average flux de#éitiés measured at these
three stations d#ring a period in which only the Bevatfon was opefating

(McCaslin 1974).

Table Al
Distance from Observed average Flux Density
Environmental Bevatron neutron flux density* = Normalized to
Station (meters) -2 -1, 435 meters
(ncm ” sec ) -2 -1
’ ’ (ncm ~ sec )
Olympus Gate 435 0.106 - 0.106
Building 90 421 0.063 o 0.058
88-Inch Cyclotron 385 0.080 ' 0.059

*Normalized to an external proton beam intensity of 10.1.2 PPP.

Column 4 shows the flux densities that would have been observed if all
stations had been 435 meters from the Bevatron, assuming the flux density

to vary with distance as:

$(r) = e_r/yr2

with A taken to bé 850 meters. -
This rough measurement tends to suggest that radiati&n levels are

depressed by the_shadowing effect of hills, and that ﬁhé_magnitude of

this reduction might be as much as a factor of two.
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APPENDIX TII

Referéncés on the environmental impact due to the'prbdﬁction of radionuclides

by_highienergy ﬁarticle accelerators.
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Borak, T. B, et al., The Underground Migration of Rédioﬁuclides Produced
in Soil Near High Energy Proton Accelerators, Hgalth Physics ggL- 
679 (1972); |

Brookhaven National Labératory, Advanced Acceleratof Department, Proposal
for Increasing the Intensity of the AGS at thé'Brooknaven Nationélv
Laboratory, BNL Internal Repqrt-7956, May 1964.
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at SLAC. To be published. .'

Hoyer, F., Iﬁduced Radioactivity in the Earth Shieldiﬁglbn Top of High
Energy Particle Accelerators, CERN 68-42, December19, 1968. |
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Health Physics, Vol. 2, Pt. I (Edited by A. M.'f. Duhamel), Pergamon = -
Press, Oxford, 1969. L
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Dumps." Stanford Linear Accelerator Center internal report, SLAC TN,
July 1965 (unpublished).
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FIGURE CAPTIONS

Comparison between the increasing intensity of the Bevatron
'(Right Hand Scale)band the decreasing radiation levels of the

Laboratory's site boundary and decreasing rédiation worker col-

lectiQe'exposure since 1959 (Left Hand Scale).

Map of the San Francisco Bay Area Showing the location of the
Lawrence Berkeley Laboratory.

A generél view of the eastern region of Berkeley with Lawrence
Berkeley Laboratory lying on the side of the Eerkeley hillg.

A view of the Lawrence Berkeley Labofatory'showing the location of
the environmental monitoring stations.

Annual dose equivalent at the Olympus Gate Environmental Monitoring
Station. |

Annual dose equivalent-at the 88-Inch Cyclotron Environmental
Monitoring Station.

Annual dose equivalent at the Panoramic Way Environmental
Monitéring Station. |

Annual dose equivalent at the Building 90.Environmental
Monitoring Station.v |

Comparison of exposure rates calculated from a climatic exposure
model (solid linés) with monthly TLD measurements at residences
near New York City (from Burke 1974).

Comparisqn of calculated exposure rates with those measured in

the field. (After Wollenberg and Smith).
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Intefﬁomparison of neutron flux densities ﬁéésured as a function
of distance around several high energy aééeiepators._ The para-
meter 4wr2 ¢(r)/Q is plotted as function of‘distance r where
¢(r) is the measured flux density (n cm-z.;ecfl) and Q is the
estiﬁated source strength of neutrons leéking'into the atmosphere‘
(n sec V). B

Topogrgphical profile in the direction lééE from the Lawrence
Berke;ey Laboratory. ” :‘ ‘

Topographical profile in the direction duqvﬁéét from the Lawrence
Befkeley Laboratory. |

Topographical préfile in the direction N #30 W from the Lawrence
Berkeley Laboratory.

View of Bevatron roof shielding under coﬁsﬁruction.

View of Bevaﬁron roof shielding under const?uction.

View_bf cémpléted roof shield. |

Summary of personal dosimétry data, 1959—1973;'

Correlaﬁion between personnel exposures at:the.beam intensity'of
the Brookhaven National Laboratory 30 GeV protdn synchrotron.
Colleq;ive exposure to radiation workers at LBL exposed té

>1 rem/yéar during the period 1959-1973.

Disﬁribution of dose equivalents recorded:by personal dosimeters
at LBL.— 1972, |

Percentage of LBL personnel exposed to lessithan a giveﬁ dose
equivalent (curve A) and the percentage of total radiation.
workers collective exposure contributed by dose equivalents iess

than a given dose equivalent (curve B).
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LEGAL NOTICE

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