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ABSTPUM2T

—

During the Summer of’1957 ion chamber measurements
were made of the external environmental radiation in
locations throughout the United States. The purpose
of these measurements was to establish the approximate
range of population exposures to the penetrating radi-
ation component, c,osmicradiation and terrestrial gamma
radiation, but excluding terrestrial beta radiation.

The natural levels encountered ranged from a low
of 8.4 microroentgens/hour along the Pennsylvania Turn-
pike to a high of 38.6 microroentgens/hour at the
summit of Pikes Peak. Among the major United States
cities visited, Denver, Colorado exhibited the highest
radiation levels with a range of 16.6 to 22.4 micro-
roentgens/hour. Elevated levels associated with fall-
out from nuclear weapons tests, were encountered in
eastern Arkansas and the Black Hills of South Dakota.

The results of this survey are compared with the
estimates of other investigators; including} the
measurements of Hess, Neher, Compton, and the calcula-
tions of Burch and Libby.

. --- .-,----- . .-..-..7......... .. . . . . ..



,,, ,.. ,,. . ,,.
_, ......-. ..~ ,.~J’.’-- .’
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Ho D. LeVine
H. Blatz
M. Eisenbud

Recent interest in the dose to man from natural radioactivity has been
:timulated by the assumption by many geneticists of a linear relation-
ship between radiation dose and the incidence of genetic mutations.
Although this has not been demonstrated at the low dose rates prevailing
in nature, the likelihood of such a relationship has led to the suggestion
that geographical variations in the frequency of spontaneous mutations
may be correlated ultimately with differences in the radiation dose to
:mpulations. This question has recently been reviewed by Gopal-Ayengar.2

The studies of the dose received by man from naturally occurring ionizing
radiations can be divided into that received from external and internal
sources. The dose to the germplasm is primarily due to the external
radiation, although one internal sourceJ Potassium-JO, does deliver a
dose to the reproductive organs amounting to about fifteen milliroentgens/
yearo3$4

Studies of the radia ion dos
3 Libby,f ‘romext

ernal natural sources have been
reviewed by Sievert$ and Lowderj5 and extensive sets of measure-
ments vith particular emphasis on dwellings have been reported by Hultqvist6
in Sweden. Although measurements have been made in this country by Hess7
and Neher,8 no systematic study of the environmental radiation dose rate
over an extensive area of the United States has been reported previously.

During the Summer of 1957 this Laboratory made measurements in the United
States to establish the approximate range of population exposures to
cosmic and terrestrial gamma radiation. An e?’T5irzwas made to obtain
resuits which would be representative of the unperturbed natural back-
ground, affected as little as possible by the occasional substantial
variations in the observed natural radiation levels produced by localized
sources (e.g.j proximity of granite buildings> brick Pavingj fallout, etc.).

Measurements were made with a 20-lite~2 air-filled, polyethylene-walled
ionization chamber at atmospheric pressure. The chamber was kept inside
an automobile under essentially identical field conditions of loading and
ionization chamber orientation. It had been established previously that
the attenuation by the vehicle did not affect the measured values in an
important way (about five percent]. The ionization current was measured

* United States Atomic Energy Commission, Health and Safety Laboratory,
New York.
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with a vibrating reed elec-irometerjconnected as a continuously reading
voltmeter, driving a pen recorder. To shield completely against beta
radia%lon, the chamber was mounted in an aluminum container so that,
Including the polyethylene wall, the gas volume was enclosed by 1.08 g/cm2
of material, corresponding to the Feather range of a 2.26 Mev beta
particle.

As is well known, minute alpha contamination in an ion chamber at atmos-
pheric pressure can produce an ion current which may be of the same
cinderas the ion current being measured. For this reason it is important
that the effect of the contamination be measured or that the alpha-produced
current be suppressed. Several different methods have been used by
previous investigators. In our measurements we have resorted to a tech-
nique which relies on the difference in electric fields necessary to
effect total collection of ion pairs produced by particles of low and high
specific ionization; i.eo9 electrons from gamma or cosmic-ray interactions
and alpha particles, respectively. The details of the instrumentation
and technique are described in Appendix 11.

Readings were taken at one hundred fifty-four locations in nineteen states,
between New York and Utah. The natural environmental radiation levels
encountered ranged from a low of 8.4 microroentgens/hour along the
Pennsylvania Turnpike to a high of 38.6 microroentgens/hour at the summit
of Pikes Peak (Jilt.14,110 ft.). A summary of the dose rates measured in
the principal cities along the route is given in Table I and a complete
tabulation of all measurements in Appendix 1. A map-of’the itinerary is
shown at the beginning of Appendix 1.

Of the major cities listed, Denver had the highest natural background
with an average of 18.5 + 1.5 microroentgens/hour, a level almost twice
that found in eastern an~ Midwestern cities.

These measurements were made during part of the period of Operation
Plumbob2 the 1957 series of United States continental weapons tests at
the National Test Station in Nevada} and these tests influenced certain
of the measured values. Elevated levels were encountered in eastern
Arkansas (26.0 - 50.2 microroentgens/hour) and in the Black Hills of
South Dakota (22.0 - 33.8 microroentgens/hour). That the initial elevated
levels at these two locations were attributable to fresh fallout was
demonstrated by the reduction in the measured levels by 50 - 75 percent
upon resurvey about three weeks later. A resurvey of the Denver area
almost three months later furnished results essentially identical with
the earlier survey.

In general, one finds that the background radiation level increases as a
function of decreasing barometric pressure. This is shown in Fig. 1, for
which the data have been reduced in the following way. Where the radiation
levels were demonstrably elevated from local sources, they were removed
from consideration. The remaining one hundred thirty measurements were
classified according to the barometric pressure at the time of measure-
ment in intervals of one inch of mercury. The average values and standard
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deviations of the measured background and pressure for each pressure inter-
val were then calculated and these results are exhibited in Fig. 1. The
number of observations for each pressure interval is indicated in paren-
theses. The four Pikes Peak observations are plotted separately as “P”,
though they have also been included in the averages. The point with
barometric pressure, 21.2 inches Hgj has a large standard deviation in
the measured radiation level~ being derived from only two observations
which differed substantially (Pikes peak Highway$ 35.0 rnicroroentgens/hour
and Leadville~ Colorado, 23.5 microroentgens/hour).

On the same figure are plotted the adapted ionization chamber measurements
of the intensity of the cosmic radia

?6
on alone as reported by Bowen,

Millikan, and Neher9 and by Compton. The most important difference
between these two sets of cosmic-ray data is the amount of filtration of
the ion chambers used, the first being thin-walled measurements (0.5 mm
of steel)~ while Compton~s measurements were made with the argon gas
cavity shielded with 5 cm of lead and 2.5 cm of bronze in addition to the
steel wall of the chamber.

It should be pointed out that even at sea level the numerical value of the
total cosmic-ray intensity is not sonethin on which there is universal
agreement. Burchj in his critical review,?1 concludes that the best value
for the ionization intensity at sea level may be deduced from the experi-
mental work of Clay. This value is 1.77 ion pairs/cm3-sec (3.1 microroentgens/
hour) compared to Neher’s valuel~ of 2.74 ion pairs/cm3-sec (4.8 microroentgens/
hour). Hess’ value7 of 1.96 ion pairs/cm3-sec (3.4 microroentgens/hour)
falls between these two. It would appear that the discrepancies are too
large to depend merely on differences in ionization chamber wall thickness
or calibration technique.

Comparing the results of our measurements with the cosmic-ray data of
Bowen, Millikan, and Neherj it is clear that a substantial part of the
variability in mean outdoor radiation intensities over extensive areas in
the United States is attributable to the variation in the cosmic radiation
intensity with altitude. Most of the measurements made at higher alti-
tudes were obtained in Coloradoj and the shift of the total radiation curve
in Fig. 1 away from the cosmic-ray curve at higher altitudes may be due to
a higher terrestrial radiation component in the mountainous areas of Colorado.

Expressed on an annual basis$ our measurements indicate a range of approxi-
mately 70 to 175 millirads/year for external environmental radiation dose
rates in populated areas in the United States} with the lower dose rates
prevailing in the more populated eastern and Midwestern states. This
compares with estimates made in the recent report of the National Academy
of Sciences on the biological effects of’atomic radiation,13 which gives
an average annual background dose of about 135 millirads and a maximum
dose of about 170 millirads in populated areas.
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l!arrisbur~, i’%. 9.6- 11.9 (2)

pittsbur@t, 2::. 9.3- 13.9 (3)

Cleveland, Cilio lG.~ - 11.8 (2)

Toledo, fihio ?3.7- ZL.O (2)

Chicacc,, Ill. lc’.3- 11.6 (4)

i!inneapolis-:t. Paul,
Iiinn. 9.1 - 12:5 [i).,-
SiouxI?alls,s.Eal:ota 11.5- IJ1-.i(2)

Cheyenne, L?yo. 17’.2 - 17.6 (2)

Denver,Colo. 16.6- ]~.~(lo)

Colorado ::!mings, Colo. 19.3- 22.3

GrandJunction,Colo. 15.7- 16.4

Albuqueri~ue, N. ikxico 13.8- 14.5

Armrillo,Texas 12.5- 13.6

f;k1211011!fi City, G!:la. ?.0 . - 10.5

Tulm, O!:la. lC,.6 - 11.5

Little Rock, Ark. 1.2.8 - 13.3

!.iemphis, Term. 9.4 - 11.0

(J+)

(3)
(4)

(4)

(1+)

(4)

(2)

(2)

Cktt?no@@, Term. 11.1- 12.3 (2)

lx
,

5CJ

91

76

84

92

95

142

147

29.S

29.2

29.IL

29.5

29.4

25.1

29.3

28.8

24.4

25.2

24.2

25- 5

25.2

26.4

28.7

29.3

29.7

29.8

29.6

14.9

17.0

22.4

(over granite
~zving stone)

(ad+lcctlt to
Us. p~~toffice
Bl~. of &mnite
construction )

(between TJ.S.

13.3 (near brick
apartment house)

14.8 (new brick-faced
r,otel units-)

16.I.(on narrow
business street;
tkh bet-wen
Broad and Narket)

* Dose in soft tissue, assuning constant dose rate.
I, rad = I.CO er~s/@], I ~-,icror~entzznpnr = 8.152]::rmi/yr.

Table 1. Znvirormen+m.1 radi.atioc levels r.easureci in principal Un!.ted States cities
duri~g August, 1957. The nu~berof tibservationsfor ezchrangeare she-m in ~smentheses.
ilevated radiatim levels produced by localized swrces are shown in the lest column.
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APPENDIX II

Instrumentation

In this appendix are described the instrument and the technique of measure-
ment. As mentioned in the main portion of this paper, measurements were
made with a 20-liter ionization chamber filled with air at atmospheric
pressure. The instrument was operated inside an automobile under essentially
identical conditions of vehicle loading and orientation. The ionization
current was measured with a vibrating reed electrometer connected as a
continuously reading voltmeter driving a pen recorder. Power for the
electrometer and recorder was obtained from an alternating current inverter
operated from the 12-volt automobile storage battery. The entire assembly
was secured to a wooden carrying board as shown in the photograph (Fig. 11-1).

The chamber was improvised from a 20-liter polyethylene carboy having a
3/32-inch wall. To suppress completely the beta response, the chamber was
positioned in a solid l/8-inch aluminum shield. Including the polyethylene
wall, the gas volume was enclosed by 1.08 g/cm2 of material, corresponding
to the Feather .rangeof a 2.26 Mev beta particle.

A schematic diagram of the ionization chamber showihg the details of the
center electrode assembly is shown in Figure 11-2.

The chamber has two guard rings with the top of the center electrode
secured by the guard ring assembly to the carboy. The top and bottom guard
rings are connected together by an insulated wire strung through the stain-
less steel electrode. For laboratory use one could dispense with the top
assembly but for field use the additional mechanical rigidity is
advantageous. There is sufficient air leakage in the chamber so that the
chamber maintains atmospheric pressure. This was verified in the field by
checking the response of the chamber to a weak source against the known
barometric pressure.

As is well known, minute alpha contamination of an ionization chamber at
atmospheric pressure can produce a current which may be of the same order
as the current being measured. For this reason it is essential that the
effect of contamination be measured or that the current produced by alpha
particles be suppressed. Amethod of evaluating the alpha current is
furnished by Hess and Vancour.a Essentially, the method depends on the
limited range of alpha particles resulting in the alpha-produced ionization
being independent of the pressure, whereas the ionization produced by
gamma radiation (or charged relativistic particles in the cosmic radiation)
is almost exactly proportional to the pressure.

A frequently used procedure is to pressurize the chamber filling (usually
purified argon) so that the alpha contribution is negligible compared to
the ionization produced by an external radiation field.

II-1
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In our measurements we devised a different technique more suited to our
facilities which depends on the difference in electric fields necessary
to effect total collection Of ion pairs produced by particles of low and
high specific ionization; i.e.~ electrons from gamma-ray and alpha-particle
interactions respectively.

Figure II-3 shows an ion collection characteristic for two different
radiation fields measured with our apparatus. The upper curve is for
an external field of 215 microroen%gens/hour from a radium source at a
distance of several meters from the chamber. The lower curve is for the
radiation background for the same position in the Health and Safety
Laboratory. During this measurement the backgro~nd was about eight
microroentgens/hour. It can be seen that for the elevated radiation field
the saturation potential is reached with a collecting potential of 20 volts
across the chamber. On the other hand} for the background curve, where
the saturation collecting potential must be less than that required for
the higher radiation fieldj the characteristic shows a pronounced rise from
50 to Soovoltse This rise follows a plateau between 10 and 50 volts.
At 300 volts the measured ionization current is more than fifty percent
greater than the ionization current in the 10- to 50-volt interval.
Figure 11-4$ which plots the fraction of the ion current at 300 volts
against the collecting po%ential~ shows this effect more graphically.

The explanation for this is simple. While saturation for the ionization
produced by gamma rays is quickly achieved, collection for the alpha
ionization is relatively inefficient and in fact saturation is not reached
up to the maximum collecting potential used. The important feature of the
amves shown in Fig. 11-3 and Fig. II-4 is that for a considerable range in
collecting potential} up to about fifty voltsj the alpha contribution is
suppressed to the point where it makes a negligible contribution to the
total ion current. This situation prevails provided one reads the minimum
envelope of the output trace.

The character of the trace obtained with different collecting potentials is
shown in Fig. 11-50 The figure shows the trace of the electrometer zero (A),
the trace with no collecting potential applied to the chamber (B), and
the background tkace with the different collecting potentials up to
Soo volts (c). One may obserwe the alpha pulses becoming more prominent
as the collecting potential is increased. The saturation curves previously
described were taken at the lower envelope or minima of these traces.
When runs are made over an extended period (of the order of ten or more
minutes) minima occur with the same amplitude. One infers that these
minima are associated with the absence of ionization caused by alpha
particles.

The general behavior of the phenomena described can bebinterpreted in terms
of the Jaff~-Zanstra theory of columnar recombination. However, the theory
is not sufficiently precise to furnish much more than a qualitative
description of the difference in saturation characteristics for radiations
of different specific ionizations in air-filled chambers.

—--- .- .-,- r--- —-. . . . . . . . . . . . . . . . . . .



Calibration and Measurement Procedure

Calibration of the ionization chamber is done with a 1.021 milligram
radium source in an 0.2 mm wall platinum needle. The needle is placed
in an aluminum source holder 1.8 mm thick. The radium equivalent of this
needle has been determined by the National Bureau of Standards and a value
of 0.84 rhm has been taken for the dose rate output= of the radium. The
source is positioned 2 meters away from the geometric center of the
chamber and the dose rate estimated by simple inverse square. No correc-
tion has been made for the absorption of the air between the source and
chamber which is perhaps slightly overcompensated by scatter from walls$
floors, and neighboring objects in the laboratory.

After zeroing the electrometer, the chamber is operated with no collecting
potential. The resulting trace varies in value from zero to a reading
corresponding to about fifty percent of the laboratory background. The
reading is generally stable for very long periods. When it changes, it
does so with a time constant measured in hours. It is radiation sensitive
but to an extent which is less than one percent of the calibration sensi-
tivity of the chamber with Collecting potential, and in the opposite
direction. The precise behavior of this spurious current is complex
though we find that a new chamber, having an aquadag coated lucite center
electrode> does not exhibit this ‘ae~o~~current to the same extent. It is
probably identical to what Ohmart.has called the “radioelectric effect.”d

After the zero reading, a 22.5-volt collecting potential is applied and the
background reading determined. A background trace is taken for approxi-
mately five minutes. The difference between the zero and background readings
constitute the required measurement.

yr/hr
A calibration factor for the chamber of o.~98 ~ (STP) or 2.09 x 10-15 “-
has been obtained. The latter value depends, of course, on the correctness
of the glass-sealed Victoreen resistor used in conjunction with the vibrating

::d9:;e;t:;!&er”
The value of the resistor used in these measurements

ohms as furnished by the manufacturer and verified in this
laboratory. Using the roentgen as equivalent to 1 esu/cm3, one obtains
the easy conversion that l~rjh.r is equivalent to 0.576 ion pairs/cm3-sec.
With the calibration factor abovej this corresponds to a sensitive volume
of 22.7 liters in reasonable agreement with the geometrical volume of 21.3
liters. Because of wall effectsj ionization chamber theory would predict
only an approximate equality between geometric and ionization volumes.

Because of the substantially isotropic nature of the radiation measured, an
alternative and possibly superior method of calibration is to position the
source in a number of points around the chamber and average the calibration
factors so obtained. This method of calibration would correct in some measure
for the shielding of terrestrial radiation furnished by the components
surrounding the ion chamber~ but also would result in an overestimation ofthe
ccsmic-ray contribution which 1s not shieldedsignificantly by the surrounding
apparatus. At this stage in our work we do not feel that this degree of
refinement in the calibration constant is indicated considering the grosser
errors inherent in field measurements of this type.
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F1(:. 1. B~lild(lp factors for II,(l

the medium corresponding to the source energy in cm ‘L, p is the density of the

medium in g/cm3, t the distance to a differential emitter dV in units of mean free

path ( = Y,.u, where x is this distance in cm). The system is in spherical coordi-
nates, and o and 19are the azimuthtil and aptitudinal angles respectively.

According to I’uno (I) the asymptotic form of the buildup function Value of

the attenuatio]l coefficient is given by .Uk.We propose to modify this and write

(2) b(t) = (1 + Clf)@.

If the use of a single form for the buildup function is to he justified it must he

‘.
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Bwause the mte of energy absorptiml per gram equals the rate of energy produc-

tiot~ (th(’ e(luilihrium condition]])) 1 = E:’p and therefore

Jvhere y = ~~/k,.

Becwse of the way that a and @ uppear ill E(1. (-k) it is difficult to perfornl

numerical operations using it, and for conwmieuce we have made use of two

approximations. For ,y < 2.8 Jve use

(.5)

andfor y > 2.8

(6)

~= In [U(U – 1) + 11
111(1 + ay)

P=.. .!l-l
111(1 + ay)”

These approximations are discussed in the appe]~dix.

The buildup function notv has the form

I’itting E(1, (4) to the experimental data (7–9) \ve fit~d that a N 1 ~{j.’ Substitut-

ing this in Ml. (7) we haw for the buildup functiol~

Figures 1, 2, and 3 show comparison of 13(~. (8) with the calculations of Goldstein

and Wilkins (.J). The calmktions for lead find for low-energy photons on iron

represent cases where departures from our assumptions become important.

500-kev photons on iro]~ have energies close to the photoelectric region, and
lead is hardly a Compton sratterer even at 1 a]ld 2 Mev. Equation (8) agrees

very poorly ~vith the c:dc(ilations of (Mdstein and V’ilkins for 0.255 lfe~~ and

1The work of N1. .~. V:LI1I)illa and G. J, Hine [Nucteonics 10, No, 7, 5-I (1!352)] furnishes
different results. For a discussion of this experiment see Ref. (4)
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water. However, experin~ellt:d va}lles for the buildup function, normalized to

four mean free paths, nrc given for gatnmas from Hg
’03 (0,28 JIN-) (8) and me

in reasol~uble :Lgreement \vith Ill. (8). These buildup factors are exhihitcd with
those of C,oldsteil~ ~~ndlt’ilkins for (omp~wison in Fig. 4.

It is Dossihle to modify 1?([. ( 1) to i]lclucle the dose rate at a distance from Q
medillm \vith :L sphcricxl lmundnry.

(9)

. .,
,.. . . . . . .. . .
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.4s this equntion is rather difficult to solve exactly rxcept for simple boundfirirs,

wc introduce another npproxinmtion. Let us exp:md I&l. (2) binomial]y, terminat-

ing it :~t n terms, where n is the l:wgest integer less than P + 2. This approxima-

tion is, of course, exact when /3is integr:d. A p:wtial solution for Eq. (9) is then

(10) I = –: ~“” ,1+ ~’” ‘e ‘;ro”-t ~ ‘;’ ~;
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where

.l(, = //

.!, ={/–1

.1, ={/–l–a@

.1, = y – 1 – @3 – a’p($ – 1“
***

.1 .+1 = c.
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Tlw r:we of the dose rate ill air at some height tk (mean free pnths in air) over

a ~ll]if{)rmly rontaminuted half-space is of some interest. Here, g = K and j =

//,SW’ 0, @(, = 2m MI(1 0(, = ~; 2. The solution is

,,—1

B, = E ~-
“=, V(U+ 1)’

all(l

~=l,j,...,l—l

/
–1],(–[) = m, (e-= ,’.x)d.z.

APPENDIX

All integral equal to 13q. (4) and containing fin exponential is

/

m

(12) e-“” d = /J.
o

Clearly the il~tegrancls of Ekls. (12) and (4) intersect at some one point other
thal~ & = 0. .1 (Jomparisou of Eq. (4) and of the equations formed by setting the

illtegrands e(]util indicates that this point is nearly / = y. If we assume it is
exact]y y, I~(L. ((j) fol]ows immediately, l~or :a wide range of values of a, 8, and y,

kll+. (4) uud (6) arc very close. .\ll parameters are positi~re here, of course.

It is possible to better this approximation in the region about ~ = 1 by noting
from l;(I. (-l) that B = 1 implies a = u – 1. lVe substitute in = !/ + /:!/ (U – 1)

and, ouly in the last stages letti]lg /: go to zero Ill. (,5) follows.

.$ comparison of I;(Is. (4), (.5), and (6) is shown in Fig, 5 for the p:~rticular
(’ast’ of a = 1 /{/. .
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