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ABSTRACT

There is increasing interest in estim.ating them.agnitudes of population
exposure due to the operation of nuclear facilities. This paper discusses the
population exposures that m.ight result from. high energy accelerators. Ex
ternal whole body radiation is the dom.inant type of radiation exposure, while
exposure resulting from. the leakage of radionuclides into the atm.osphere or
ground water is negligible. At large -distances from. operating accelerators,
neutrons are the predom.inant for-m. of radiation. The transport of high-energy
neutrons through the atm.osphere is not well understood at distances greater
than about 1000 m.eters from. the radiation source. Consequently, estim.ates of
population exposure out to distances of 80 km. from. high energy accelerators
:may be quite inaccurate. It is extrem.ely im.portant that health physicists and
adm.inistrators be aware of the li:mitations of esti:mates of population exposure.
A :model is described which facilitates the estim.ation of population exposure
due to accelerators and its limitations are discussed. Suggestions are made
for experim.ental investigations which would improve the model.
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"On the bare earth expos'd he lies"
Alexander's Feast, John Dryden

Q

J . Introduction

The International Commission on Radiological Protection has recom
mended(1) that: "As any exposure may involve some degree of risk, the Com
mission recommends that any unnecessary exposure be avoided, and that all
doses be kept as low as is readily achievable, economic and social considera
tions being taken into account." This is particularly wise in view of man's
increasing uses of ionizing radiation and the consequential possibility of the
cof:!Jtamination of our environment to a small, but measurable degree.

In the past, most attention has been devoted to the quantification of radia
tion exposures. Until recently few attempts have been made to place the
"social and economic factors" on a quantitative basis, which would enable
rational judgments to be made as to both the benefits and detriments resulting
from any particular application of activity which involves the use or production
of ionizing radiation. Recently several papers have appeared in the literature

b discussing the techniques of "Risk-Benefit Analysis."(2)

C)
In setting standards for radiation protection, it is assumed that biological

effects are linearly related to the dose equivalent. Under these conditions an
index of possible detriment to the population resulting from exposure to
ion&zing radiation, M, due to a given activity can be defined by the equation(3)

M = JHN(H)dH (1)

where N(H)dH is the number of people receiving a dose equivalent between
Hand H + dH, and the integration is carried out over the entire dose equiva
lent distribution and population exposed. M is usually expressed in the unit
man-rem and is termed the population dose.

The concept of population dose equivalent may prove to be a useful qualita
tive (even sgmiquantitive) figure of merit in risk-benefit analysis, but some
caution is to be recom'mended in its use for this purpose. Substantial errors
are possible in estimates of man-rem and it is extremely important that health
physicists should be aware of these limitations. Estimates of population ex
posure depend upon an accurate knowledge of both the number of people ex
posed and their dose equivalent. Several examples of population exposure esti
mates have appeared in the literature for a variety Of nuclear installations. (4)
The evaluation of the dose equivalent at large distances from nuclear inst<alla
tionsmay prove to be extremely difficult. In many cases the dose equivalent
rate at their site boundaries are as low as a fewmillirem/year- - smaller than
the magnitude of the secular fluctuations in natural background dose rate.
Under such conditions considerable extrapolation from measured data may be
necessary in population exposure estimates. Such is the case fox: high_energy
accelerators discussed in this paper. ..

For high- energy accelerators operating in populated areas, neutrons are
the dominant source of radiation exposure. Exposure resulting from the leak
age of radionuclides into the atmosphere or gr«?und water is negligible., The
transport of high- ener.gy neutrons through the atmosphere has not been experi
mentally investigat~d at dis t'!J.nce s, greater than about 1000 meters from the
radiation source. Consequ~ntly, estimates of population dose out to distances
of 80 kilometers from high"'energy accelerators may be quite inaccurate. A
model is described in this paper which facilitates the esfimation of population
exposuf'e due to accelerators and its limitations are'discussed. Suggestions
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are ulade for experimenta,l,investigations which would improve the model.
-~.J

2. The Environmental Impact of High-Energy Accelerators

The environnlental inlpact of high- energy accelerators is different in
character fro"m nlost types of nuclear installations. At acce'lerators the pre
dominant source of population exposures is due to the radiation field produced
during operation rather than due to the leakage of radionuclides into the envi
ronnlent.

Possible contamination of the ground water close to accelerator labora
tories and consequent contanlination of drinking water has been carefully
studied at the Stanford Linear Accelerator 20-GeV electron linac, (5, 6) the
24-GeV proton synchrotron at CERN, (7,8) the 400-GeV proton synchrotron at
the Nati~nal Accelerator Laboratory, (9) and elsewhere. (10-14)

General consideration of the total quantity of radionuclides produced in the
earth shields of high"-energy accelerators suggests no serious contamination
problems in volumes of water comparable to rainfall on the accelerator
site. (15) Such studies all conclude that no significant ground water contanlina
tion is likely due to accele:rator operation. This conclusion has been supported
to date by the absence of any reports in the literature of any significant eleva
tion in the radioactivity in water supplies close to accelerator laboratories.

The experience with the operation of diverse types of particle accelerators
over many years makes it possible to conclude that the exposure resulting
from radioactive gases or aerosols produced by particle accelerators are
usually significantly lower than those due to the external radiation field. Mea-
(~urements of the production of radioactive gases have been reported(16-25)
"'and show that in "many cases in the,imnlediate vicinity of high energy particle

o beanls the air may be extremely radioactive. Most of the radionuc1ides are,
howevet;, extremely short-lived and do not survive in significant concentrations
outside accelerator installations. 3H and 7Be are two exanlples of long-lived
radionuclides of significance. Recent studies have be~n nlade at CERN as
part of the design studies for a 300-GeV proton synchrotron(26) and the
600-MeV synchrocyclotron inlprove"ment program. (27) Ca.lculations show that
the concentration of 7Be deposited on neighboring vegetation will be comparable
to that produced by the interaction of cosmic radiation with the atnlosphere,
and will barely be detectable. Preliminary studies by Snlith(28) of the 7Be
concentration on vegetation and gravel around the Lawrence Berkeley Labora
tory and its vicinity do not indicate any measurable production of 7Be that may
be attributed to accelerator operation. Measurements of 3H around high energy
accelerators have not been reported but similar conclusions are to be expected.
The CERN studies conclude that despite the high beam power of the new accel
erators under construction, external radiation due to accelerator operation
will continue to predonlinate. "

3. The Radiation Environment of High-Energy Accelerators

The cOnlposition of the radiation field around high-energy accelerators
has been studied for nlany years and is now well understood. Several reviews
of these studies exist in the literature. (29)

, (j)'
Neutrons dOnlinate the radiation field of high-energy, high-intensity elec

tron and proton accelerators, particularly at large distances from the accelera
tors during actual operation.

The character of the shield-leakage neutron spectrum is controlled by the
interaction of neutrons of energy greater than about 100 MeV. The nature of
the equilibriunl achieved between these high-energy neutrons and their inter
action products is determined by the nuclear properties of the shield. The
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nuclear properties of concrete, earth, and air do not differ greatly and the
equilibrium spectra established in these ITledia likewise do not differ greatly.
Nevertheless at a shield-air interface sITlall changes in the spectruITl-ITlost
noticeably in the neutron resonance region-are initiated. An equilibriuITl de
terITlined by the nuclear properties of air will be reestablished after passage
through two to three interactionITlean free paths, corresponding to several
hundred ITleters.

4. The Variation of Dose Equivalent with Distance froITl a High Energy
Accelerator

Many ITleasureITlents of dose equivalent around a variety of particle accel
erators have been published. TheseITleasureITlents have recently been re
viewed and critically evaluated. (30) NOITleasureITlents have been reported
beyond a distance of 1500 ITleters. At all accelerators the dose equivalent
falls at le'ast as fast as the inverse square of the distance. At distances be
yond about 300ITleters the variation of dose equivalent H(r), with distance, r,
froITl shielded high energy accelerators is probably best expressed by:

-rAe
H(r) =- a 2 r ::::::300 ITleters (2)

r

where a is a constant.

The paraITleter e - r A is interpreted as due to air attenuation. The attenuation
length, A., depends upon the spectruITl of neutrons entering the air from the
accelerator shield. The experiITlental data published in the literature do not
deterITline the value of A. with any great accuracy, as 'ITlay be seen by in
specting Fig. 1 which sumITlarizes neutron 'ITleasureITlents ITlade around several
accelerators. Values of A. between about 240 and 1000 'ITleters are reported.
Despite the poor accuracy of the data, SOITle consistent patterns are evident.
To interpret Fig. 1 we first place SOITle reasonable physical constraints on the
value of attenuation length. A reasonable lower limit would be that measured
for fission neutrons of ::::: 225 ITleters. (30) If the accelerator is capable of pro
ducing neutrons of energy greater than about 100 MeV, it is reasonable to
aSSUITle that at large distances when an equilibriuITl spectruITl has been estab
lished in air, A. will take on the value corresponding to high energy neutrons.
The high-energy attenuation length in air ITlay be calculated as ~ 95 CITl- 2.
COSITlic ray studies have ITleasured the attenuation of strongly interparticles,
produced in Extensive Air Showers and obtained values in the range 100-120
gITl CITl- 2. It is reasonable therefore to take an upper liITlit of A. as::::: 100 gITl
CITl- 2 (850 meters) . To a large degree the ITleasureITlents sUITlITlarized in
Fig. 1 are consistent with this interpretation. MeasureITlentsITlade at low
energy accelerators, or at high-energy accelerators whose leakage spectruITl
is rich in low energy neutrons tend to show values of A. in the region of ~ 250
ITleters. At other high-energy accelerators values of A. between 600 and 1000
ITleters have been reported. There are anoITlalies in the literature, however.
For exaITlple, fllifert and his colleagues(31,32) have described ITleasureITlents
around the CERN 24-GeV proton synchrotron (CPS) and reported values of A.
in the range 244- 290 ITleters. Since the CPS is well shielded one would have
expected aITluch higher value, as is indeed suggested froITl data previously
reported by CERN. (30) Further studies are needed to resol~~.:.•.. some of these
discrepancies. ~

5. Model for Estimating Population Dose Due to High-Energy Accelerator
Operation

An operating high-energy accelerator is a source of neutrons irradiating
its surroundings. This exposureITlay be ITlodified by the topography around
the accelerator, or by conditions of accelerator operation, but is not influenced
bYITleteorological conditions such as wind direction or rainfall. Population
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exposure is due only to the prompt radiation field produced by an accelerator
during operation.

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

1 year R

J J
t ::: 0 r 0

M=

These facts suggest a sim.ple m.odel that may be used to calculate popula
tion dose. Im.agine a high-energy accelerator located on a flat plane so that
there is no shielding or shadowing due to hills, surrounded by a m.ixed urban
population (Fig. 2) and the radiation field at large distances from. a high- energy
accelerator to a good approxim.ation, isotropic in character and depending only
on the intensity of and distance from the source. Equation (1) can then be trans
form.ed to:

where N(r, t) dr dt is the number of people at a distance betyteen rand
r + dr from the accelerator at ti'me between t and t + dt, H(r, t) is the
corresponding dose equivalent rate, and rO,R, are the lim.its of radial inte
gration at the closest and furthest distances of approach under consideration
to the accelerator.

In principle the dose equivalent rate may be determ.ined as a function of
distance from. the accelerator. H(r) has the form.

H(r) = a~ e - r A
r

with 250 m. :s A. :s 900 m.eters. (Section 4)

The form. of H(r) is independent of accelerator intensity and therefore of t in
Eq. (3).

(4)

In a homogeneous urban area it is plausible that the population density m.ay
be considered constant when averaged over long periods of tim.e. 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 assum.ption is made , Eq. (3 ) may be sim.plifed to:

R

M =1
0

H(r) N(r) dr

where H(r) is the annual dose equivalent to a person at a distance from.
r to r + dr from. the accelerator.

N(r) is the average num.ber of people at this distance given by:

N(r) dr ::: 21T ar dr (5)

where a is the average population density.

(6)dr
r

-rIA-e

00

M

And we obtain finally:

e ro/A.i
r O

where DO is the annual dose equivalent at distance r
O

from the accelerator
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(the fence post dose equilvalent) and the other parameters have previously been
defined.

The integral of Eq. (6) does not have a convenient analytical solution but
may readily be evaluated numerically. (See Table I and Fig. 3.)

Convergence of the Integral. The convergence of the integrand may be ex
amined by inspecting integrals of the form

R

(7)dr
r

- r fA.eJ
r O

as a function of R for various values of r and A.. Figure 4 shows values of
the integral I(R, 300, A.) as a function of ~ for values of A. = 100, 200, 500,
1000 meters.

The convergence of the integral I (R, rO' A.) may be more generally under
stood by plotting the parameter F (ro, R), defined by

(8)

dr

dr
r

r

- r fA.e

R

J
r O

F(rO' r) = -00-----
- r fA.eJ

r O

as a function of R. Figure 5 shows the parameter F(300, r) for values of A.
between 100 meters and 1000 meters. The integral is seen to converge quite
rapidly, and as a rule of thumb, under the conditions of the model, it is only
necessary to extend integration out to distances ~ (rO + 3A.) from the accelera
tor for an accurate evaluation. This knowledge could save extensive efforts
in the evaluation of so called 1180 kilo'meter man- rem dose, 11 required in some
environmental monitoring reports, for high-energy accelerators.

6. Influence of the Parameters A. and ro on Estimates of Population
Exposure

From the data given in Table I it is now possible to investigate the influ
ence of the parameters A. and rO on estimates of population exposures. For
this purpose it is convenient to define a parameter fL(rO' A.), (proportional to
population dose) given by:

(9)dr.
r

- r fA.eM 2 rojA.l
oo

fL(rO'A.) = 2'lTaD
O

= r O e

r O

Table II summarizes values of fLO(rO' A.) in the range of rO from 300 meters
to 1000 meters and A. from 100 meters to 1000 meters . Figures 6 and 7 show
fL(rO'A.) as of function A. and rO respectively.

It is convenient to summarize these calculations in an empirical formula
of the form

M (10)
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The values of k, n, m will vary somewhat but inspection of Figs. 6 and 7
show that over the range of rO and A. discussed here, n has values in the range
1.1 to 1.4. Similarly. m has values ranging from 0.60 to 0.80.

A convenient and suitably accurate empirical formula for rO :::;: 300 meters,
A. :::;: 900 meters is:

3 5 4/3 A. 2/3. r
O

M
aDO

- 2 ,
with a in peoplem ,and r 0' II. in meters .

We have already seen that published values of A. range from about 250
meters to 1000 ·meters. Such an uncertainty in A. leads to an uncertainty in
population dose estimates of nearly a factor of three, even for the simple
model described here. In order to improve the accuracy of population dose
esti·mates at accelerators, it is important therefore first to improve our
knowledge of A..

( 11)

The annual dose equivalent at the site boundary of a nuclear facility is
limited by law to 500mrem. (33) At ·most high energy accelerators the actual
fence post dose is a small fraction of this Emit. (34,35) If these radiation
levels are maintained at existing accelerators, it is probably not feasible to
significantly improve our present knowledge of high energy neutron transport
in air. It is easy to show that in order to ·measure neutrons produced by accel
erator operation at a distance of 3 km a neutron source strength close to
- 10 12 n sec- 1 would be required. Measure·ments using such an intense source
would have to be made carefully and only in fairly re·mote locations. Unless
such measurements are ·made, however, we must accept the fundamental
inaccuracy of population dose estimates around high energy accelerators.
Until A. is well determined, there is little point, for example. in greater
efforts being expended to evaluate the population distribution with great accu
racy. An upper limit to population dose may be obtained using a value of
A. = 850 ·meters. If and when the day arrives when both A. and population density
distribution are well known, it will then be necessary to improve the model
described here to take into account the perturbations caused by topographical
variations.
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Table 1.
00

Values of the integrand:1
r o

e-r/f... dr
r

Attenuation length, f... (meters)
Perimeter

radius
r O

(meters) 100 150 200 350 500 750 1000

300 1.39E-2 5.12E-2 1.04E-1 2.88E-1 4.64E-1 7.14E-1 9 ..18E-1
500 1.08E-3 8.22E-3 2.41E-21.09E-1 2.16E-1 3.93E-1 5.54E-1
700 1.09E-4 1.63E-3 6.75E-3 4.79E-2 1.14E-1 2,43E-1 3.70E-1

1000 3.93E-6 1.62E-4 1.11E-3 1.54E-2 4.82E-2 1.27E-1 2.17E-1

MTable II. Values of the parameter
braD0

for different values of f... and r O'

Attenuation length, f... (meters)
Perimeter

radius
r O

(meters) 100 150 200 350 500 750 1000

300 2.51 E+8 3.40E+8 4.19E+8 6.10E+8 7.60E+8 9.58E+8 1.11E+9
500 4.01E+8 5.76E+8 7.34E+81.14E+9 1,47E+9 1.91E+9 2.28E+9
700 5.86E+8 8.52E+8 1.09E+9 1.74E+9 2.27E+9 3.03E+9 3.65E+9

1000 8.65E+8 1.27E+9 1.65E+9 2.68E+9 3.56E+9 4.83E+9 5.91E+9
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

FIGURE CAPTIONS

The para'meter 4lTr
2 </>/Q as a function of distance measured

at several high- energy accelerators.

Schematic diagram of model used to calculate population
dose.

100 -r/~/ '\e r dr as a function of f\. for values of r 0 between
r O
300 and 1000 meters.

Diagram showing the convergence of the integral.

'The parameter F(rO,R) for r
O

= 300 meters with values
of ~ between 100 and 1000 meters.

The parameter M/2lTaDO as a function of attenuation length.

The param.eter M/2lT<TDO as a function of perim.eter radius.
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