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MEASUREMENT Of THE EXPOSURE
OF HUMAN POPULATIONS TO
ENVIRONMENTAL RADIATION

By WAYNE M. LOWDER and WILLIAM J. CONDON
Health and Safety Laboratory,

U.S. Atomic Energy Commission, New York

T HE accurate ckkcrrnination of representative ex-
posure-levels of large human populations to ionizing

radiation in the environment has proved to bo a problmn
of considerable interest to the biologist and of cornparablo
difficulty for the physicist. In an attempt to evaluato
existing techniques for obtaining such information, the
Health and Safety Laboratory and the Harvard School
of Public Health in 1962 undertook concurrent invmtiga -
tions of population exposure to environmental radiation
in selected areas of the States of Vermont and New
Hampshire using two independent methods. These
investigations have been discussed by Segall 1 and by
Lowdcr et al.’, and the extensive results arc prwsentcd in
detail in more recent reports,’. In this article, we directly
compare the two sets of population exposuro measure-
ments, discuss briefly some of the alternative methods
available for such surveys, and present some gormral
conclusions relating to the state of the art which can be
derived from our experience in the ISew England work.
The results given hero, which partially suporsodo the
preliminary resrdts reported previously’.’, provide a uscf[l]
background for considming the gonoral pro bloms asso-
ciated with making such moasurcmonts and iuterpmting
them properly.

The areas chosen for investigation (see refs. 1–4) contain
a considerable proportion of the population of the two
states, including the major urban centros. Interest in
these areas was stimulated initially by tho fact that the
various underlying bedrock formations appear to differ
widely in mean content of naturally occurring radio-
nuclides, as cxstimated by either direct field and laboratory
sample radiometry or inferences from information on
similar formations olsewhere5. It seomod possiblo that
these differences in mean bedrock radioactivity nligllt be
reflected in significant differences in moal~ ra(li,ation
exposure between the populations of these arms.

Entirely unmlatod approaches wero utilimd by tho
Honlth and Safety Laboratory tbnd Harvard groups in
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attempting to obtain realistic estimates of population

exposnre to environmental radiation. The Health and
Safety Laboratory team conducted in situmeasurements
of the radiation field, both out of doors and within
residences, to provide a general radiation profile over the
populated area, and weighted these results by estimates

of mean “occupancy time in the various types of locations.
‘l%is method was fist utiliz~ on a large scale by Spiem
et al. in Great Britaino.7, and another investigation of thti
type was carried out in Switzerkmd in 1961 (ref. 8). The
Harvard group undertook a more direct approach and
distributed integrating dosimeters to representative
members of the population to be worn on the person.

For the purpose of comparing the two sets of results,
we have defined ‘population exposure’ as the free air dose
‘experienced’ by typical individuals in their usual rounds
of activity. We consider only the air dose from the more
penetrating components of the environmental radiation
field, that is, the terrestrial y- and ionizing cosmic radia-
tion. This definition can be justified by the fact that the
mean y-doses to the skin and at various depths in the
body are fairly well-known fractions of the free air
y-dose’.’”, and only the more penetrating components of
the external radiation field significantly contribute to the
dose at the depths of greatest interest, that is, those of the
gonada and bone. It should be noted that the possibly .
important tissue dose contribution from cosmic ray
neutrons is not determined by the techniques used in
these investigations.

The Health and Safety Laboratory radiation survey was
carried out in JuIy and August 1962, and subsequent
cheek measurements were made in May and September
1963 and May 1964. The instrumentation included high-
-pressure argon ionization chambers for total dose-rata
measurements, a y-spectrometer system for determination
of component dose rates (particnkwl y necessary for dis-
crimination between the natural and fall-out y-radiation),
and portable scintillation deteetors for surveys of the
areas surrounding each outdoor measurement location as
well as for the indoor measurements. The survey tech- ‘
niqu~, dmctibed in detail elsewherell-13, provide an over-
all accuracy of ~ 5 per cent (S’.D.) for the measured total
dose-rate values and approximately ~ 10 per cent for
each of the various components of the total radiation
field. The outdoor readings were taken in large, flat open
SPSOOSsitua~ in populated =e= (for example) p~ks!
fields., lawns, vacant lots) with the instruments placed
3 ft. above the wound. The number of measurements in
each area was determined by its population and size, the
availabilityy of proper sites, and the observed range and
pattern of the previous readings. A sticient number
was taken to ensure that a reasonable radiation profile
could be constructed for each area. The quite limited
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effect of man-rnadestructw on ambient radiation fields,
since most individuals spend a large fraction of their time
indoors. Portable scintillation detector readings were
made in 160 private homes and apartments in the main
~WI-IS to ascertain whether any consistent relationship
existed bet ween indoor and outdoor radiation -levek.
Several rooms in each dwelling were surveyed, including
the living-room and at least one bedroom. Again, a strong
uniformity exhibited itself in that the mean indoor levels
were close to 70 per cent of the corresponding outdoor
levels in each area’. This may be related to the fact that
the vast majority of the dwellings were of wood-frame
construction, with the building materials appearing to act
generally as y-ray shields with relatively little activity of
their own.

With such data at hand, an estimate of mean population
exposure to envtionmental radiation can be obtained by
calculating a suitably weighted average of the indoor and
outdoor readings of the survey instruments. Taking into
consideration the greater occupancy time indoors of the
n.verage individual, the mean exposure levels have been
estimated to be 80 per cent of the mean outdoor terrestrial
y-dose rates given in Table 1, plus the contribution from
the Ionizing components of the cosmic radiation at the
ground altitudes of the various areasls. No correction of
the cosmic-ray figures for typical structural shielding has
been made, sinca this would be a reduction of the order
of 10 per cent or less, which is comparable to the present
uncertain yin the absolute cosmic-ray ionization intensity.

Table 2 shows the population exposure data arranged
by geological region. The mean weekly outdoor doses in
air are given for both natural and total (natural plus fall-
out) y-radiation and for cosmic rays, and the Health and
Safety Laboratory population exposure estimates for the
time of the survey (August 1962, including fall-out) and
for tho natural emitters only (that is, the mean life-time
levels neglecting fall-out) are also given. The importance
of the spectrometric technique is emphsaized by the fact
that estimates of the integrated natural y-dose were obtain-
able even under conditions of near-maximum fall-out
oontaminat ion. In many population investigations, it is
just this quantity that is desired.

The Harvard investigation involved the use of a set of
200 Victoreen model 362 mndenser ionization-chamber
pencils, along with a stable pulse height readout system’”, ”
which is designed to allow readings of 1.0 ~ 0.2 mr. at
the 95 per cent confidence level with a single pencil.
Mechanical and thermal stability was tasted, and correc-
tions made for average leakage rates observed in the
laboratory.

These dosimeters were distributed in pairs to five
individuals in standard occupational categories in each of
16 areal units, half urban and half rural. The dosimeters
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were worn for one week, collected, read, and then re-
distributed. The experiment was conducted for five weeks,
resulting in a total sampling of 400 individuals, 25 in each
areal unit (that is, 50 in each of the eight geological
regions). The details of this study are discussed by
Segall’,8.

tistimates of population exposure from the moan values
of the Harvard dosimetm data in tho various areas are
given in tho last column of Table 2. These air doso values
are derived from Segall’s data],3 by a.ssutit]g that each of
the dosimeters, worn on the body surface, mad 100 per
cent of the cosmic-ray ionization and 85 per cent of tho
Y-ray ionization in free air. The latter fi~e is based
primarily on the recent measurements of body attenuation
factors by Spiers and Overtone.

The Health and Safety Laboratory and Harvard
population exposure results are plotted as a function of
estimated mean bedrock radioactivity in Fig. 1, with the
respective regression lines indicated. Plotted also in Fig. 1

1

A

‘o ~
50 60 70Ifeanbedrock radioactivity (p.p.m. eu)

Fig. 1. Environmental radiation in the eight selected areas of northern
New England as a function of estimated mean bedrock radioactivity.
A, ,Poprdation exppsure estimates from Harvard dosimeters; B, popu -
h7t10nexP08U1e eSC1nIatw based on Health and Safety Laboratory in situ

meaSUemC!ntS;C, mean weekly outdoor v doses
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~./week (HASL)
Fig. 2. Harvard population exposue estimates as a fuuction of com-
parableHealthandSafetyLaboratory(HASL)estimaks for the eight

New England areaa examined

In any event, there is little doubt that the dosimeter
results are too high. This can be shorn by carrying out a
simple matheutical analysis of the various contribution
tothepopdation exposw-level, P, utilizing theaccmate
Health and Safety Laboratory measurements of outdoor
enviro~ental radiation dose rates. If I c, In and If are
the measmed moan outdoor dose-rate contributiom from
cosmic, natural y-, ,and fall-out y-radiation, respwtively,
and 1A is the mean indoor y-dose rate pro uced by sources
in the building materials, we can write the following
expression for P:

P = ji (1. + sf~l + %1. + Ih) + j. (1. + If + 1.)

where f{and fo are occupancy time factors for indoor and
outdoor locations, respectively, and SJ and s~ are mean
transmission factors of the buildings and residences for
outdoor fall -out and natural y-radiation.

Substituting
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reasonable values for these factors and the various weekly
doses into the formula, we get:

P = 0“8 [0.60 + (0-2) (0”37) + (0-3) (1”18) + ~kl
+ 0.2 [0.60 + 0-37 + l-lf31 = 1-25 + o-s Ifi mro/w~k ‘

Since we have determined that the indoor total y-levels
average 0.7 of the outdoor levels in these areas, we find
that:

Ih = 0.5 If + 0.41. = 0.66 rnr./week

Substituting this in the above expression for P, we get:

P ~ 1.8 mr./week

This result is not strongly dependent on the particular
values assumed for the various factors in the above
equation. It is quite consistent with the si~arlY
calculated Health and Safety Laboratory population
exposme estimatis, and much lower than the dosimeter
results. The mean contribution from building materials
to population exposure would have to be close to 2 mr.)
week to validate the dosimeter data, which is considerably
higher than the measured values for the total indoor
y-dose rate in most of the 160 residences where scintillation
detector readings were made. Even without such evidence,
it seems to be an unreasonably high value to assign to
mean regional indoor radiation-levels produced by radio-
activity in building materials. For it implies total indoor
y-doses averaging approximately 3 mr./woek, whereas the
scattered data given in the 1962 United Nations report 18
indicate that readings of 1 mr ./week are typical of normal
situations in wood or brick houses.

The results of both surveys indicate that the range of
population exposure to environmental radiation is quite
narrow throughout the regions studied. It follows that
northern hTew England does not provide a good ‘labora-
tory’ for the study of the effect on large human populations
of differences in long-term environmental radiation
exposure. Of much greater significance is the correlation
between the two entirely independent and undoubted
somewhat imprecise tmhniques for estimating ‘hese
exposure-levels. This correlation can be at least partially
understood as a consequence of the relatively high degree
of uniformity in radiation-levels observed within each
area. Under such fortunate conditiom, the method of using
a few hundred field measurements to infer the total radia-
tion profile has yielded apparently realistic values for
population exposure, for which the Harvard dosimetm

data provide strong qualitative support. Spiers et al.’, in
their discussion of the extensive population investigation
in Scotland, have already indicated some of the di.fllculties
involved in obtaining and interpreting data of this type.
But it can be concluded from the work recorded here that
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roach is capable of yieldng useful quantita-
reasonably uniform radiation environment,
least can be used aa a basis for evaluating

It not necessarily more accurat*metho&
!ean population exposure-levels.
)Iusion which is suggested by the New
is that the basic limitation of the pocket

ber techtique in terw of measuring

~Posure to environmental radiation is now
deimrtining mean leakage rates under

iitions while being worn and handed.
o be no fundamental reason why this
~e at least partially overcome by suitably
nentation, and thus the pocket chamber
comidered as a potentially practical one
>*urement. It should be remarked that
mirably fulfdled their basic purpose in
!tigation, namely, the determination of
!ktion exposure-levels between areas.
rse, a number of other possible methods
lean population exposure to environ-

For example, photo~aphic film
m have been applied to this general
ome success. O ‘B “rlen et cd. 1@described
sodium iodide) system which Roser
tilized in the me~mement of popula.

3zi1 on a limited scale. The ~pproxi -
d enhancement of the film response
ntillator is almost too great for the
as of Brazil; such a method wotid

feasible in arem of more normal
‘ certain kin& of stuties. The basic

cost of the dosimeters, which pre-
~d use. The problem of reciprocity
IO be taken into account in the
:Im,eters.
dosimeter has been described by

raphic film and a plastic scintillator
~ sensitive than the sodium iodide
tle ener~ dependence and good
t S.D. for two winks’ expsure at
Reciprocity failure was observed
ssive. The maiq problem seem to
I on temperate in its response,
)se rate, The error present in any
t known, so that the use of this
‘emmmended

a sjx- fold increase in the respome of commercial r?~o -
graphic fdm by use of these tecfiqum that pe~t~ a
determination of a 3-w. y-ray exposme mth a prwlslon\

I

of * 0.2rnr.
A very promkhg approach to the problem of .de~ertin-

~g hu~n exposure to low-level ionizing rtiatlon. has
evolved out of the recent development of thermolumlnes -
cent matorids for personnel dosimetry.

&)IIUIIorcidly

avaflable doslm~kr ~st,oms using Iithiu fluoride23 and

caicium fluofido
24 ~ c~ati~ to provide measurable

responses at tho 10-m. and 5-w. level of Y-raY exPosme$
resptive]y, with approxtitely t 20 Per cent ‘Cwacy

(~.D.). Th- limits may eventually be somewhat lowered
and the precision improved with refinements in. read-
out techniques. Cullon” has recently utilizd 156 hthium

fluoride dosime~m for a population exposure investigation
in a figh b~kground area in Brazil, fith 50 X% of the
materiai p]aced in ro]igious medals to be worn for ~ three-
month period. This exposwe time providti a tots! y-dose
qf several hundred milliroentgons, well above the ~~~
now routinely detectable. In general, thormolmnesc:nt
dosime~m have the significant advantag- of small size
and re]ativtdY low unit cost, and tiy prove to be a Useful
tool for futuro population inv~tigatiom. ‘he ‘ea’.th and
%fety Laboratory is at present engagd in evaluating the
available thormolurtiescent dosimeter system for their
applicabilityy to the routine measurement of human ex -

posum to onvironmontd radiation, and field tests along the
lines of tho Now England survey are planned when
sticientlY promisiW dosimeter SYStimS are developed.

These recent advances in direct personnel do:lrnetry,
partioulmly in the extemion of the sensitivity lumts to
ever lowor y.doso 10VOIS,render the detailed expatiation
of human oxpc@urQ to environmental radiation on a

routino basis increasingly feasible, even in the extremely
low.level radiation fields that are ch~acteristio of’ t~}e
normal environment. But the reliabdlty and reproduci-

bility of tho roa&lngs of the various types of dosimeter in
terms of absolute dose under the stresses of actual field
uss remain to bo thoroughly explored. The New E~gla~d
survey results seem to indicate the adequacy of m sttu
measurements in establishing a radiation profle over
extmsivo mow, a profile that when sufilciently un-

complicated may be properly interpreted i;
terms of

pop(llation exposure to environmental rachatlon. Theso
re5ult5 also emphasize some of the problems ~sociatod

with adequately calibrating the respome of personnel
dosimoters under field conditiom. It appears that the we
of highly accurate ionizatiorl-chamber and spectrometrlc
techniques for in situ measmements will be requ~ed in the
near future for all population studies of the type described
hero, if only to provide a standard by which the adequacy
of the new techniques for direot human exposure messme-
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Be. McLaughlin,z has reported
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ments can be determined (for example, ref. 20). Even-
tually, it is anticipated that the logistically difficult in situ
approach will. be completely superseded by direct measure-
ments of rachation incident on representative individuals
in their daily rounds.
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J. Grebowsky, H. Grotch and I. Hammerman, for their
%Ysistance with the outdoor survey. A. Spiegal carried
out the indoor measurements. Many helpful discussions
have been held with Dr. A. Segall of the Harvard School
of Public Health, who co-ordinatod the various parts of
the New England survey and who kindly supplied the
dosimeter results. We also thank J. E. McLaughlin,
directpr, Radiation Physics Division, Health and Safety
Laboratory, for his advice and support.
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