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ABSTRACT

During the Summer of 1957 ion chamber measurements
were made of the external euvironmental 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, cosmic radiation 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.
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EXTERNAL ENVIRONMENTAL RADIATION
MEASUREMENTS IN THE UNITED STATES

L. R. Solon*
W. M. Lowder
A. V. Zila
H. D. LeVine
H. Blatz
M. Eisenbud

Recent interest in the dose to man from natural radicactivity 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
populations.l This question has recently been reviewed by Gopal-Ayengar.

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 source, potassium-40, does deliver a

dose to, the reproductive organs amounting to about fifteen milliroentgens/
year°3’h

Studies of the radiagion dosE from external natural sources have been
reviewed by Sievert,;” Libby,  and Lowder,5 and extensive sets of measure-
ments rith particular emphasis or dwellings have been reported by Hultqvist6
in Sweden._ Although measurements have been made in this country by Hess
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 radistion. An effﬁ?t‘ﬁﬁﬁ'ﬁﬁafpzs_ggzgin
TEﬁﬁIfE'GETEH"WSETafEE—gépresentativé_af the unperturbed natural back-
ground, affected as little as possible by the occasional substantial

variations in the cbserved natural radiation levels produced by localized
sources (e.g., proximity of granite buildings, brick paving, fallout, etc.).

Measurements were made with a 20-liter, 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 bad heen established previously that
the attenuation by the vehicle did not affect the measured values in an
important way (about five percent). The iomization current was measured

* United States Atomic Energy Commission, Health and Safety Laboratory,
New York.
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] with a vibrating reed elecirometer, connected as a continuously reading
voltmeter, driving a pen recorder. To shield completely against beta
radiation, 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.

IS

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

order as the lon 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-

H nique which relies on the difference in electric fields necessary to

i effect total collection of ion pairs produced by particles of low and high
. specific ionization; i.e., electrons from gamma or cosmic-ray interactions

9 and alpha particles, respectively. The details of the instrumentation

. and technique are described in Appendix II.

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 Turnopike to a high of 38.6 microroentgens/hour at the summit

of Pikes Peak (Alt. 14,110 ft.). A summary of the dose rates measured in

I the principal cities along the route is given in Tahle I and a complete
tabulation of all measurements in Appendix I. A map of the itinerary is
shown at the beginning of Appendix I.

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 and midwestern cities.

L These measurements were made during part of the period of Operation

Plumbob; 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 tc 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 cbservations are plotted separately as "P",
though they have also been included in the averages. The point with
barometric pressure, 21.2 inches Hg, has a large standard deviation in

the measured radiation level, being derived from only two observations
which differed substantially (Pikes Peak Highway, 35.0 microroentgens/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 radiaf%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

L 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

ste2l 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 something on which there is universal
agreement. Burch, 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 valuel2 of 2.74 ion pairs/cm3-sec (4.8 microroentgens
E, hour). Hess' value! of 1.96 ion pairs/cm3-sec (3.4 microroentgens/hour)
4 falls between these two. It would appear that the discrepancies are too

3 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 Neher, 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
F intensity with altitude. Most of the measurements made at higher alti-
tudes were obtained in Colorado, 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 & maximum

- dose of about 170 millirads in populated areas.
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Leecoction

Reoge of
radiation
{micreroentgens/hr)

Levals

Lean
Annual Dose
(nillirads )*

Atyrical
sure Radiation Levels
8 {microroentgens, hr)

Farrisburg, 2.
rittsburgh, ra.
Cleveland, Cnio

Toledo, Chio

Chicago, I11l1.

Sioux Falls,3. Dalota
Cheyenne, Hyo.

Denver, Colo.

Colorado Zprings, Colo.
Grand Junction, Colo.
Mbuqueryue, N. ieoxico
Anarillo, Texas
Cklahoma City, Ckla.
Tulsa, Okla.

Little Rock, Ark.

MNemphis, Tenn.

Chettancoza, Tenn.

*¥ Dose in soft tissue,

9.6
9.8
10.5

8.7

1C.3

1c.1

9.1
11.5
17.2
16.6

- 11.¢
- 13.9
- 11.8

- 1C.0

(2)

(3)
(2)

(2)

ANO I 1
Cy

\O
l._l

-3
[o)

68

Eh

.92

95
1k2
17

assuting constant dose rate.

1 rad = 100 ergs/gm, 1 microroentgen/hr

= 8.152 nrad/yr.

29.5 -

29.2 -

20,4

29.5 14.9 (over granite

paving stone}

2¢ .k 17.0 (adjacent to
U.5. Pest Office
Bldg. of granite
construction)

26.1 -
29.3 -
26.8 -
2.y -
25.¢ 2z.4 (between U.S.

Mint .ind City and
County Bldgs.)

2k.2 -

25.5 -

25.2 -

26.4 -

28.7 -

23.3 -

29.7 -

29.8 13.3 (near brick

apartrment house)

29.6 14.8 (nezr brick-faced

motel units)

16.1 (on narrow
business street;
8th between
Proad and iarket)

Table I.
during August, 1957.

rovironmental radiation levels measured in principal United States cities
The nurber of observations for each range are shown in parentheses.

Wlevated radiation levels produced by localized sources are shown in the last column.



(microroentgens per hour)

RADIATION LEVEL

35. .P

30 -

\ (3)
25. .‘_l_
| P
20. \ o(2I)

15

/

\ | \‘4‘(!6) (53)

| |o-\ \:&, “.\‘}'\

\ ey
5. \\\ \
\
\\
Compton
0o : > > : —
8 20 22 24 26 28

BAROMETRIC PRESSURE (inches Hg)

Figure 1. Variation of enviroomental radlation dose rates with
barometric pressure. The lower curves are for cosmic radiation
intensities alone. The number of observations incorporated in

each point are shown in parentheses. Points marked "P" are
observatlons on Pikes Peak. : '
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LOCATION

Petham, N. Y.

New York City, N.Y.

Newark, New Jersey
Denver, Pennsylvania
Harrisburg, Pennsylvania
Harrisburg, Pennsyivania
Pennsylvania Turnpike
Pittsburgh, Pa.

Pittsburgh, Pa.

Pittsburgh, Pa.

‘\tho Turnpike

RADIATION
LEVEL (_ar/hr)
12.9

12.3

10.3

9.0

8.u

9.8

|2'0

DATE

TIME {1857)

Aug.

A‘lgo.

Aug.

Aug.

Aug.

Aug,

Aug.

Aug.

11,
12,
12,
12,
12,
12,
12,
13,
13,

13,

1:15 P.M. (EDT)

8:30 A M.

9:30 A M.
12:36 P.,n..
2:10 P.M.
2:45 P.M.
5:10 P.M.
9:10 AM.

11:00 A.M.

11:15 A M.

Aug. 13, 1:00 P.M.

PRESSURE  TEMPERATURE

(Inches) ( %)
29,93 33,5
"20.89 26,8

30, 04 26.0
29.57 30.3
29,71 ‘34,5
29,71 33,0
29,91 33.5
29.44 20.5
29,16 23.4
29.056 23.4
28,99 29,6

COMENTS

33 Young Avenue, North
Pelham - Asphalt Street

3963 Orloff Ave., Borough
of Bronx - Driveway adjacent

to brick house

First Service Area, New
Jersey Turnpike

Service Area, Pennsylvania
Turnplke

South Second and Washington

near . downtown area

Second and Market - downtown
area

Cove Valley Service Area

712 ﬁiddle Street, corner
of Emlin and Middle,
residential

Corner of Harper and Ever-
green, suburban residential
street, Northwest Pittsburgh

Corner of Perrymont Road and-
McRnight, 8 miles Northwest
of City

Portage Service Area

o i &

:
]

s &
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RADIATIOR PRESSURE TEMPERATURE
LOCATION LEVEL (,ur/hr) DATE AND TIME (1957) (Inches) ( %0 COMMENTS
12. Cleveland, Ohio 1i.8 Aug, 13, 2:30 P. M. 29.30 29.5 7514 Stone Rd,, suburb of
Cleveland near intersection
of Stone Road and US 21
|3. Cleveland, Ohio 10.5 Aug, 13i 3:00 P.M. 29.52 32.5 Corner of Huron and Ontario
14. Ohio Turnpike 1.6 Aug, 13, 4:25 P.M. 29,39 31.0 Middle Ridge Plaza between
Cleveland and Toledo
15. Toledo, COhio 10.0 Aug, 13, 6:55 P.M. (EDT) 29.47 34,0 2935 Jerusalem Road, Swartz
5:55 P.M. (EST) Motel, 4.5 miles east of
Toledo on Route 2.
16. Toledo, Ohio 4.9 Aug. 13, 8:10 P.M. 29,49 31.4 Monroe and Water Street,
: downtown; over Granite
7‘ Paving Stone
w ) :
_ 17. Toledo, Ohio 8.7 Aug, 13, 6:50 P.M. 29.44 29.2 4535 Monroe, Parking Lot
! ’ of Tivoll Restaurant
18. Ohio Turnpike 9.5 Aug, 14, 7:45 AM. 29.33 26,5° Oak Openings Plaza; approx.
‘ ' 30 miles west of Toledo
19. Indiana Turnpike 9.6 Aug. 14, 10:45 AM, 29,18 27.0 Wilbur Shaw Service area,
: ‘ approx, 75 miles east of
Chicago
20. Chicago, lllinois 10.6 Aug. 14, 12:35 P.M. 29,48 28.7 S. Ave, L and E, 98 Street
" Residential street
21; Chicagg, Illinois 1.6 . Aug. 14, 12:55 P.M. 29.45 30,4 8. Coles Ave, and E. 78 8t.
- ' near St. Brides School
22. Chicago, Illinois 10.7 Aug. 14, 1:10 P.M. 29,45 30.8 Jackson Park near Lake

Michigan
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23.

24

25.

26

27

28

29,

30

31

32

—
LOCATION
Chicago, |1tinois
Chicago, I1linois

Lake Geneva, Wisconsin

Whitewater, Wisconsin

Madison, Wisconsin

Madison, Visconsin

Madison, VWisconsin

Richland Center, \lis.

La Crosse, Visconsin

Winona, Minnesota

RADIATION
LEVEL (_ur/hr)

17.0

103

8.5

8.0

10.4

10.3

10.1

DATS

2
5

TN

2

5 {19587)

AUg.

Aug.

Aug.

Aug,

Aug,

14, 1:45 P. M.

14, 6:40 P.M.

7.30 P. M.

14, 11:00 P.U

14, 11:20 P,M.

15, 8115 A.M.
15, 9:30 A.M

15, 11:06 A

15, 12 MNoon

-

PRESSURE  TEMPERATURE
(inches) ( %y
28,43 315
29.33 55. 1
29,11 29.6
29.17 27.0
29. 08 26.5
£9.15 24.0
29,08 25.0
29,24 25.5
29,36 29.0
29,40 30. 1

COMMENTS

65 West Adams; adjacent to
U.8. Post 0Office of Granite
Construction; near inter-
section with Clark

Midway Alrport; Parking Lot
5038 W, 63 Street

Center of Town; outside
rirst National Bank

Residential Street

Pinckney and Washington;
opposite State Capitol

Motel Madlson; Junction
Route 51 and Route 12;
approx. 8 miles east of
Madison

Approx. 5 miles east of
Madison on Route 12

Corner of East hHaseltine
and Church Street

Cass and 3rd Street near
bridge over Mlsslissippl
.River

Parking Lot of Hot Fish
Shop Restaurant
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33.

34.

35,

36.

37.

38.

39,

4o,

4.

©. W2,

LOCATON

Winona, Minnesota

Red Wing, Minnesota
St. Paul, Minnesota
St. Paul, Minnesotg

Minneapolis, Minnesota

Minneapolis, Minnesota

Le Sueur.'Minnesota

Yorthington, Minnesota

Luverne, Minnesota

Sioux Falls, South Dakota

Sioux Falls, South Dékota

RADIATION -
LEVEL (ar/hr)

12.0

12.4

9.}

12.5

10.9

14.7

PRESSURE  TEMPERATURE

DATE AND TIME (1857) (inches) { %)
Aug. 15, 12:55 P, M. -29.40 25,0
;Aug. 15, 2:45 P, M. 29.39 32.7
Aug.. 15, 4:00 P. M. 29.29 28.5
Aug. 15, 4:25°'P.M. 29.35 1.0
Aug. 15, 5:15 P.M. 29,30 -30.2
Aug. 15, 6:15 P. n 29,24 :',o.fir
Aug. 15, 7:30 P.M. 20,37 27.5
Aug. 16, 9:30 A.M. 28,67, 23.8
Aug. 16, 10:45 A.M. 28,79 25.3
Aug. 18, 11:35 AM. 28,83 31.0
Aug. 16, 11:50 A.M. 28.75 29,7

COMMENTS

Iﬁtersection 0f Belleview
and Carimona; Residential

Intersection of 3rd St. and
Plum; downtown

On Hastings; near inter-
section of Maria and Wllson

Robert St., near 9th St.
downtown

Intersection 2 St., and Third
Avenue, downtown; adjacent
to Federal Office Building

Intersection, West 41ist St.
and Vernon; Residential

Near Downtown; Intersection
of N. Main and Swan; latter
a Residential Street

Intersection GOrand and Dover,
Residential

Freeman Street near Cedar 8t,

Intersection 10th St. and
Phillips Ave., Downtown

Intersection West 10th St,
and S. Buclid Ave., Resid.
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RADIATION- PRESSURE  TEMPERATURE ;
LOCATION LEVEL (ur/hr) DATE AND TIME (1957) (Inches) ( %¢) COMMENTS A
Y4. Mitchell, South Dakota TN Aug. 16, 1:20 P.M. (CDT) * 28,92 34,7 Intersection of Main Street é“
12:20 P.M. (CST) and First Ave. Dowrmtown ;
45. Chamberlain, South Dakota I.3 Aug, 18, 2:55 P.M. 28.78 . 32.5 Junction U.S. 18 and S.D, 47 £
L
46. Presho, South Dakota i Aug. 16, 4:05 P.M. 28.35 1.9 on U.S. 16, Frontier Ges
Station n
47. Murdo, South Dakota 13.4 Aug. 16, 4:55 P.M. 27.78 30.1 Unmarked, unpaved residential ;
street; one block north of %
U. S. 16
48. Kadoka, South Dakota 4.1 Aug. 16, 6:05 P,M.” (CST) 27,62 31.0 ‘811ver Court Motel, 2 blocks ;
705 P.M. (CBT) south of U.S. 16; Residential
5205 P.M. (MST) .
49. Kadoka, South Dakota 151 ‘Aug. 17, 6:15 AM. 27, 67 21.3 Same as Positlon 48, Differ-
' ' ence possibly attributable tc
car loading.
50. Badlands, South Dakota 16.5 Aug. 17, 7:00 A, M. 27,61 25.0 Entrance to Badlands
51. Badlands, South Dakota 17.3 Aug, 17, 8:30 AM. 27,87 29,5 Heart of Badlands
52. Wall, South Dakota 14,3 Aug. 17, 10:15 A.M. 27,33 28,4 Center of Town
53. Rapid City, South Dakota iu.u Aug. 17, 1l:4v AM. 26.97 23.6 on 8th St. between Main and
: St. Joseph; downtown
54, Keystone, South Dakota 33.8 Aug. 17, 1:00 P, M. 27.85 24.4 In Black Hills on U.S8. 16 A,

Resurvey on Sept. 19 indicate:
elevated background principal.
attributable to fallout.



LOCATION
Salisbury, North Carolina
Atlanta, Georgia

Canton, Ohio
n n

Columbus, Ohio
Streator, i1llinois
Chicago, Illinois
Danville, illinois
Fairbury, Nebraska

Denver, Colorado

n ]
” n
n n
n L]

Wichita, Kansas

Austin, Texas

San Francisco, California

New York, New York

RELATIVE ACTIVITY OF BUILDING BRICKS
COUNTS/SECOND  WHtls facelt comecte, AL T Scd it (7)

o
Y
aien o MEDIUM
TYPE ABSORPTIONVJ\ ABSORPTION
-- 62 65 68 68
Surface Clay 82 83 98 I 04
Fire Clay
Shale
Shale 76 78 77 76
Fire Clay 91 97 103 100
Fire Clay 69 68 67 67
Shale and Surface Clay 86 60
Surface Clay 96 96
Surface Clay i Hi RN 134
Fire Clay 135* L4y 165 165
Fire Clay 236 236 21y 214

Surface Clay

BACKGROUND :

NOTE:

* These bricks

** These bricks

LoW
ABSORPTION
72 72
9y 87
80 79
I9 19
68 68
76 93
96 96
388* 370*
191 184

APPROX IMATELY 12 C/sEc.

UNCLASSIFIED

48, 48, 49, 49, 51, 59

125, 125, 128, 128
89, 99

86, 86, 89, 89, 92, 92

72, 73, 74, T4, 75, 78

71, 82, 82, 137, 140,

59, 59, 60, 63, 65, 65
99, 104, 107

39, 46, 48, 52, 53, 55
80, 84 (**)

68, 70, 70, 71, 72

166

, 93, 97, 97,

, 56, 65, 71,

are 1 to 3 pounds heavier than the average brick which weighs about 5 pounds.

averaged about 6 pounds in weight,
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55.

56.

57.

58.

59.

60.

6l.

62.

63.

64,

€5.

LOCATION

Black Hills, South Dakota
Black Hills, South Dakota

Custer, South Dakota
Hot Springs, South Dakota

Lusk, Wyoming

Lusk, Wyoming
Lingle, Wyoming

Torrington, Wyoming

Cheyenne, Wyoming

Cheyenne, Wyoming

Denver, Colorado

RADIATION

LEVEL _ar/hr)

22.0

24.6

16.3
15.3

15.1

16,1

16.7

17.6

7.2

7.6

17.7

DATE

TIME (1957)

PRESSURE  TEMPERATURE

Aug,

Aug,
Aug.
Aug,
Aug,
Aug,
Aug.

Aug,

Augn

Aug.

Aug.

17,
17,
17,
17,
17,
18,
i8,
18,
se,
is,

i8,

1:30 P. M.
2:45 P. M.

4:30 P.M.
5:45 P.M.
8:30 P.M.
7:00 A. M.

9:20 A.M.

9145 .AM,

11:45 A M.

12:20 P.M.

2:55 P.M.

{inches) ( °C)
25.1 24.0
26,0 28,0
25,0 26.5
26. 67 25.7
26.28 24,0
25.25 13.7
26,08 23.3
26. 11 23.7
24.30 27.4
24.51 30.5
26.02 33.8

COMMENTS

Mount Rushmore, Observation
Point; parking rleld

State OGame Lodge; See copment,
Position 54

Adjacent to U.S. Post Offlce
Adjacent to City Auditorium

Corner of W. 3rd St. and
Barrett Boulevard; adjacent
to Lusk Cabin Court.

Bame as Position 59. See
comment Position 48.

1 block east of Main St.
on U. S. 85

Center of Town, Opposite
Trall Hotel and Citizens
National Bank

on Céntral Ave. near PFirst
Ave, West, residential

Adjacent to Wyoming State
Capitol Building, E. 24th 8t.
near Central Avenue

Approx. 15 miles north of
Denver on US 87, Approx. 100
feet north of intersection
wlth Bull Canal
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66.

67.

68.

69.

70.

71,

72.

73.

74,

75.

LEVEL (ur/hr),

Penver, Colorado

DATE

AND TIME (1957)

Aug.

Aug.

Aug.

Aug.

Aug.

Aug,

Aug.

Aug.

Aug.

Aug.

18, 4:05 P. M.

18, 5:05 P, M.

18, 5:30 P.M.

18, 5:45 P.M.

18, 6:00 P, M.

18, 6:30 P.M,
18, 6:45 P.M.
18, 7:10 P.M.
18, 7:45 P.M.

18, 8:00 P.M.

PRESSURE = TEMPERATURE

COMMENTS

D s LR

a3

On Evans near Flllmore

Carport of Royal Motel,
intersection of South
Broadway and Iowa Avenue ?

PR e

Intersection of Raritan
and Nevada; residentlal

Intersectlion of Santa Fe
Drive, West elghth Avenue; ;
Shoppling area ‘

R R e

on Cherokee 8t. between 14
St. and Colfax between U.t
Mint and City & .County
Bullding.

East corner of Wilton and
23rd St., near downtown

Near 18th St. & Wyncoop Ir
Unlon Statlion Parking Lot

Intersection of 38th Ave.
and Tejon

Adjacent to Denver Museum
of Natural History

Intersection of 7th Ave.
and Monroe, residential
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RADIATION-
LOCATION LEVEL (ur/hr)
76. Denver, Colorado 19.9

77.

78.

79A

80.

8i.

82.
83.

8“.

85,

86.

87.

Colorado Springs, Colorado

Colorado Springs, Colorado

Colorado Springs, Colorado

Pikes Peak Highway, Col,

Pikes Peak Highway, Col,

Pikes Peak Summit, Col.
Colorado Springs, Col.

Hartsel, Colorado

Buena Yista, Colorado

Leadville, Colorado

Glenwood Springs, Col.

19.3

22.3

20.7

26.6

35.0

38.6

20.3

23.9

24.5

23.5

17.1

DATE

TIME_(1957)

Aug?o

Aug,

Aug,

Aug.

Aug.

Aug.

Aug,

Aug.

Aug.

Aug.

Aug,

. Aug-

19,

i9,

19,

19,

19,

18,

19,
20,

20,

20,

20,

20,

9:20 A.M.

10:45 A M.

11:25 A M.

12:30 P.M.
1:00 P.M.
1:40 P.M.

3:00 P.M.
68:05 A.M.

9:10 A. M.
10:10 A.M.
11:10 A.M.

3:10 P.M.

PRESSURE  TEMPERATURE

(inches) ( °¢)
24.34 2.3
24.22 33.0
24,30 32.8
24.25 33.4
22.97 3.5
21.28 30.5
18.46 34.0
‘24,12 16.0
22.03 24.0
22,50 26.0
21.10 25.4
24.52 23.0

COMMENTS

on U.8. 85, approximately
44 miles north of Colorado
Springs, Colorado

Intersection of East Madison
and North Nevada; residential

Kiowa Ave. between Cascade
and Tejon; downtown

Vermljo at 23rd Street; un-
paved residentlial street

One mile beyond Cascade,
Colorado

Halfway Water Station, actual
altitude, 9,950 feet

_Actual altitude 14,110 feet

Town House Motel Parking Lot

S8and & Gravel Parking lot
of Hollday Inn Hotel

Near intersection, US 24
and Colorado 306

Center of Town, East 6th St.
near Harrison; unpaved

Intersection of Grand Avenue
and Eighth Street; downtown
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ot~

880

89,

90.
al.

92.

93.

94,

95.

96.

97.

98,

LOCATION

Rifle, Colorado

Grand Junction, Col.

Grand Junction, Col.
Grand Junction, Col.

Colorado Plateau, Col.

Colorado Plateau, Col.
Moab, Utah
Monticello, Utah

Monticello, Utah

Dove Creek, Colorado

Cortez, Colorado

RADIATION
LEVEL (ar/hr)

17.3

16.9

19.1

5.5

DATE

TIME (1957)

Aug.

Aug,

Aug.
Aug.

Aug.

Aug.

Aug.

Aug.

Aug.’

Aug.

Aug.

20,

20,

21,

21,

21,

21,

21,

21,

5:10 P, M.

7:15 P. M.

7:10 A. M.
9:30 A.M.

12: 00 Noon

1:05 P. M.
6:20 P. M.
8:30 P. M.

7:40 A. M.

8:35 A.M.

9335 . A. M.

PRESSURE  TEMPERATURE
(1nches) ¢ °¢)
24.87 25,0
25,47 27.2
25.54 20.0
25. 60 24,7
23.54 29.0
25.30 24.8
25.98 31.8
23,50 23.8
23,654 18.0
23.72 24.2
24.29 27.0

i

COMMENTS

On East 3rd Street just west
of White River Avenue; resi-
dential, one block from busi-~
ness district

Intersection Cannell and
Glenwood, residentlal, outside
Calvary Bible Church

Lazy Bar X Motel driveway
Cutside AEC Operations Offlce
Between towns of Whitewater
and Gateway Unaweep Canyon,

approximately 25 miles south
of Whitewater

Approx. two miles north of
Gateway

Outside, 180 Main Street,
downtown

Adjacent to Hills Triangle
Motel

Same as Position 95

on unpaved portion on US 160

“in construction area

Center of town; off pavement



99.

S . S :
B S

— A

100.

lol'

103.

104,

11-1

105..

106.

107.

108,

109,

LOCATION

Navajo Indian Reser-
vation, New Mexico

Shiprock, New Mexico
Buffalo Springs Trading

Post, New Mexico

Gallup, New Mexico

Grants, New Mexico

Grants, Nex Mexico

Albuquerque, New Mexico
Albuquerque, New Mexico
Albuquerque, Hew Mexico
Albuquerque, Mew Mexico

AYbuquergque, Hew Mexico

RADIATION
LEVEL (_ur/br)

17.%

16.5

20.3

i8.5

15.5

.4

13.8

T

15.2

DATE

AND

TIME (1957)

PRESSURE  TEMPERATURE

Aug.

Aug.

JUr-R

Aug.

Aug.

Aug.

Aug.

Aug.

Aug.

Aug.

Aug.

11:30 A. M.

12: 00 Nooh
1:30 P, M.
2:40 P, M.
5:15 P. M.
5:35 P. M.
6:45 A.M.
7:20 A, M.
7:45 A, M.

8:30 A, M.

10: 00 A. M.

(inches) ( °C)
25,12 32.4
a4 97 34 8
24.33 33.2
25,95 33.2
23.94 29.0
23.98 29.5
25.30 22.4
25,30 23.8
25.29 25.0
25,13 30. 6
24.14 26.1

Avenue, downtown

camp

COMENTS

On US 666 between towns
Gallup and Naschitti

On East 66th St. near First

outskirts over unpaved
ground adjacent to trailer

"Downtown®, on paved US 66

Monterey Court Parking area,
west slde of City, off
US 66

"0ld éity!, adjacent to
Church of San Felipe de Neri

Intersection of Central Ave.
and Fourth Street; downtown

West side near Trinity Metho-
dist Church off U. S. 88

*Open Country®" between
Albuquerque and Santa Rosa,
approximately 43 mlles west
of Santa Rosa, across from
Standard Asphalt Plant.



p—

O

110,

P

i12.

[13.

14,

15,

16

117,

i3,

LOCATION

Santa Rosa, New Mexico

Tucumcari, MNew Mexico

Amarillo, Texas

Amarillo, Texas

Amarillo, Texas

Amarillo, Texas

Amarillo, Texas

McLean, Texas

Sayre, Cklahoma

RADIATION
LEVEL (/ur/hr)

12.9

i5.0

12.9

13.6

1.0

DATE

TIME (1957)

Aug.

Aug,

Aug,

Aug.

aug.

Aug.

Aug.

Aug.

Aug.

23,

23,

24

¥

24,

11:15 A. M.

12:40 P.M. (MST)
1:40 P.M. (CST)

3:20 P. M.

4145 P, M.

8:15 AM.

10:00 AM.

10:15 ALM.

11:80 AM.

1:15 P.M.

PRESSURE ~ TEMPERATURE

(inches) ( 9¢)
25, 60 30.0
28, 06 31.5
26, 22 33,5
26, 39 34,2
26,36 23.9
26,40 25.0
26,39 27.8
27.12 20.2
28, 11 32.0

COMMENTS

Adjacent to Santa Rosa Town
Hall on U. S. 66

Intersection; E. Hines Ave.
and S. First Ave.; resi-
dential street one block
from U. S. 66

Between Tucumcari,; New Mexico
and Amarillo, Texas, approxi-
mately 65 mlles west of
Amarillo over red soll on
plains

W. edge of town, Ranch 66
Hotel

Same as Position 113

Intersection; south Filmore
Street and East 8th Avenue;
downtown

Intersection NE 7th Avenue
and North Pierce, Resldentlial

Cne biock North of U.S. 86
and one block West of Main
Street; residential

Downtown, outside City
National Bank

S —
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118.

120.

121.

122,

123.

124,

125.

126.

127.

LOCATION

Elk City, Oklahoma

Clinton, Oklahoma

Clinton, Oklahoma
El Reno, Oklahoma
Oklahoma City, Okiahoma

Oklahoma City, Oklahoma
Oklahoma City, Okliahoma

Oklahoma City, Oklahoma

Tulsa, Oklahoma

128, Tulsa, Oklahoma

RADIATION
LEVEL { pr/hr)
1.8

Iqls

12.5

10.0

10.5

|0l5

9.9

lols

DATE

TIME (1957)

PRESSURE  TEMPERATURE

Augo

Aug.

Aug.

Aug,

Aug.

Aug,

Aug.

Aug.

Aug.

Aug,

24,

25,

2:26 P.M.

3:05 P.M.

3:25 P.M.

4:585 P.M.

. 5:45 P.M.

6:10 P.M.

6:40 P.M.

6:50 P.M.

7:35 A.M.

9:30 A M.

(inches) ( °¢0)
27,93 36.0
28, 33 24,5
28.36 34,8
28. 54 32,8
28, 65 32,7
28, 69 33, 1
28, 87 33,2
28,73 33,4
29.23 22,0
29.38 31.0

COMMENTS |

Unpaved parking lot off
US 60 near center of town

Intersection of Knox and S.
7th St. Paved residential
street

Intersection of Frisco Ave.
and North Fourth St.

Downtown on U.S. 66, adjacent
to Sacred Heart Academy

Corner of 22 St. and North
Ross; reslidential

on 3 St. between Harvey &
Robinson adjacent to U. S.
Post Office; downtown

In front of State Capltol
Bullding, NE 23 8t. and
L;ncoln Boulevard

NE section of City on red
dirt road just west of Lincol
Boulevard in close proximity
to oil fields.

6 miles west of City, Wins-
ton's Motor Court.

SW Boulevard and W, 21 Street
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129.

130.

131.

132.

133.

134,

135,

136.

137.

LOCATION

Tulsa, Oklahoma

Tulsa, Oklahoma

"Muskogee, Oklahoma

Muskogee, Oklahoma

Muskogee, Oklahoma

Fort Smith, Arkansas

Fort Smith, Arkansas

Russellville, Arkansas

Russellvilie, Arkansas

RADIATION
LEVEL (ur/hr)

10.8

18.6

1l

4.1

17.0

1.1

16.6

13.6

DATE

TIME (1957)

Aug °

Aug °

Aug.

Aug,

Aug.

Aug.

Aug,

Aug.

Aug,

25,

25,

25,

25,

25,

9:65 A,

10.20 A.

11:45 A,

12:05 P.

12:20 P.

2:20 P.

2:35 P,

5:25 P.

5:45 P.

M.

M.

M.

HO

“.

M.

PRESSURE - TEMPERATURE

(inches) (%¢)
- 29,28 32,3
29,28 32,8
29,39 34,7
29,39 35.56
29.41 36.2
29,56 38.3
29.55‘ 37.2
29, 65 33,8
29,65 34,3

COMMENTS

Fourth St. and South Main,
one block from City Hall,
downtown

On East 14th 8t. between
Rockford and St. Louls
Avenues; reslidential

Okmulgee Street near S, 26
Street; residential

Intersection of West 3
Okmulgee St. and N. 4th St.
downtown

South B and Kalamazoo over
dirt road

On North 6th Street between
Rogers and Parker, between
U. 8. Post Office and County
Buillding, downtown

Intersection of North 13 St.
and N, A St., across from First
Christ Church, edge of down-
town section

Intersection of Main and Com-
merce on Main, center of town

.East S5th St. & S. Cleveland;

residential




¢1-I

138.

139.

140,

T

142,

143.

14y,

v 145,

LOCATION

Little Rock, Arkansas
Little Rock, Arkansas

Hazen, Arkansas

Brinkley, Arkansas
Brinkley, Arkansas
Wheatley, Arkansas
Forrest Cify, Arkansas

Memphis, Tennessee

RADIATION
LEVEL (ur/hr)

13.3

i2.8

26.0

30.8

24.8

50.2

12.2

DATE

AND TIME (1957)

Aug.

Aug,

Aug.

Aug,

Aug.

Ayg,

Aug,

Aug.

25, 8:00 P, M.
25, 8:20 P, M.

25, 9:55 P. M.

26, 8:05 A, M.
26, 9:35 A.M,

26, 10:00 A, M.
26, 11:00.A, M,

26, 12:15 P, M.

PRESSURE  TEMPERATURE
(inches) ( %c)
20,72 29,7
29,72 31.2
29.85 26,3
éo. 04 29,2
30. 04 30. 5
30. 03 33.6
29, sev 32. 6
29. 95 34,9

COMMENTS

West 3 St, and 8. Arch, near
downtown, residential area
adjacent

Near base of steps of new
State Capitol Building off
W. 3rd Street

Outside Proctor's Esso
Station. Resurvey on Sept. S
indicate elevated radiation
level principally attirbutable
to fallout .

On gravelled parking lot of
Rusher Motel; see comment,
position 140

Intersection of Cypress and
New Orleans downtown, see
comment, postion 140

on reddish gravel off
Route 70 near stores. See
comment, position 140

Washington Ave. (U.S. 70)
one block west of Junctipn
Arkansas, downtown

.Intersection Court Ave. and

N. Front Street near U. 8.
Post Office, one block from
Mississippl River, downtown

!
1
1
i
i
P
i
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LOCATION

iusn Memphis, Tennessee

iu7ﬁ Memphis, Tennessee

I48. Corinth, Mississippi

149, Decatur, Alabama

150, Decatur, Alabama

I5i.'Huntsville, Alabéma

152, Chattanooga, Tennessee

RADIATION
LEVEL (_ur/hr)

9.4

13.3

14.3

4.8

DATE AND

Augn

Aug,

Aug,

Aug,

Aug.

Aug.

Aug,

286,

28,

‘28,

28,

26,

26,

27,

TIME (1957)

12:45 P. M.

1:15 P, M.

3:30 P. M.

8:25 P. M.

6:40 P, M.

7:35 P.M. (CST)
6:35 P.M. (EST)

7:00 A. M.

PRESSURE  TEMPERATURE

(inches) ( °c)
29,59 35.8
29,901 36,6
29,71 33. 0
29,55 30,2
29, 59 31,2
29,55 29,2
29.50 18,0

COMMENTS

Intersection of Adams - N.
Third Street; downtown

Interse¢tion of Poplar and
Auberndale St., near brick -
apartment house, residential

Southern outskirts of town
unpaved parking lot of
Kathy's Restaurant

Interse¢tion of Bank and
Church 8treet, downtown.
Strip of brick paving on
edge of road exhibjited ex-
tremely high activity con-
tributing to somewhat ele-
vated background.

Intersection of NE 0Oak and
CGhurch Streets; resldential

On Holmes Street, 5 blocks
west of downtown area near
bus station and Church of
Nazarene; residential

Western outskirts of City, '

sand and gravel parking lot
of Turner*s Auto Court off

U. 8. 72, Brick facing of

motel units exhibited some-
what elevated activities.



O VU

LOCATION

¢ 153, Chattanooga, Tennessee

; 154%. Chattanooga, Tennessee

i55. Chattanooga, Tennessee

L1-1

RADIATION
LEVEL (_pr/hr)

16.1

12.3

DATE AND TIME (1967)

Aug. 27, 9:20 A, M.

Aug., 27, 9:45 A, M.

Aug., 27, 10:00.A. M.

. PRESSURE

TEMPERATURE
(inches) (-°0)
29,59 28.2
29, 59 30.0
29,57 30.9

COMMENTS

On 8th St. between Broad

and Market, narrow street
with stores and offices;
downtown

Outside 921 Market near
10th Street, wide business
thoroughfare, downtown

_Intersection of West Duncan

and South Kelly; residential




APPENDIX II

Instrumentation

In this appendix are described the instrument and the technigue of measure-
ment. As mentioned in the maln portion of this paper, measurements were

made with a 20-1liter ionization chamber filled with air at atmospheric
pressure. The instrument was operated inside an asutomobile under essentially
identical conditions of vehicle loading and orientation. The ionization
current was measured with & vibrating reed electrometer conmnected 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. II-1).

The chamber was improvised from & 20-liter polyethylene carboy having a
3/32-inch wall. To suppress completely the beta response, the chamber was
positioned in a solid 1/8~inch aluminum shield. 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.

A schematic diagram of the ionization chamber showing the details of the
center electrode assembly is shown in Figure II-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 1s well known, minute alpha contamination of an ionization chamber at
atmospheric pressure can produce a current which mey be of the same order
as the current being measured. For this reasom it 1s essential that the
effect of contamination be measured or that the current produced by alpha
particles be suppressed. A method of evaluating the alpha current is
furnished by Hess and Vancour.® Essentially, the method depends on the
limited range of alpha particles resulting in the alpha-produced ionization
being independent of the pressure, whereas the lonization 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



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 ionizatiomn; 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 Pield of 215 microroentgens/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 background 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 field; the characteristic shows a pronounced rise from
50 to 300 volts. 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 II-4, which plots the fraction of the iom current at 300 volts
against the collecting potential, 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
caves shown in Fig. II-3 and Fig. II-4 is that for a considerable range in
collecting potential, up to about £ifty volts, 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 obtaired with different collecting potentials is
shown in Fig. II-5. The figure shows the trace of the electrometer zero (A),
the trace with no collecting potential applied to the chamber (B), and

the background trace with the different collecting potentials up to

300 volts (C). One may observe 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.

EEEREREER

The general behavior of the phenomena described can be interpreted 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.

. me e s
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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 pneighboring objects in the laboratory.

After zeroing the electrcmeter, 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 1s generally stable for wvery 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 agquadag coated lucite center
electrode, does not exhibit this "zero” 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.

pr/har
A calibration factor for the chamber of 0.498 ~fy—(STP) or 2.09 x 10715 /T
has been obtained. The latter value depends, of course, on the correctness
of the glass-sealed Victoreen resistor used in conjunction with the vibrating
reed electroTeter. The value of the resistor used in these measurements
was 9.6 x 10 1 ohms as furnished by the manufacturer and verified in this
laboratory. Using the roentgen as equivalent to 1 esu/cm , one obtains
the easy conversion that l,ur/hr is equiwvalent to 0.576 ion pairs/cm -sec.
With the calibration factor above, this corresponds to a sensitive volume
of 22.7 liters in reasonable agreement with the geometrical volume of 21.3
liters. Because of wall effects, 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 of the
cosmic-ray contribution whick is not shielded significantly 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.

amperes
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A form for the point-source gamma-ray energy absorption buildup function
valid for a material in the energy range where it is essentially a Compton
scatterer is suggested as a modification of the asymptotic forms derived by U.
2 Fano. Its parameters are evaluated by means of an energy equilibrium con-
dition and a fit to experimental data. The results are compared with those ob-
tained by other methods, and an application to the problem of uniformly and
continuously distributed point sources is discussed.

The point-source energy absorption buildup factor, as conventionally defined,
is the ratio of the energy absorption rate from the total-radiation flux to that
from the primary flux at some point in the material surrounding the point source.
This material is assumed to be uniform and infinite in extent. The buildup func-
tion for a given source energy describes the variation of the buildup factor as a
function of mean free path and will be designated by b(¢).

If we assume a form of the buildup function consistent with the considerations

- ! of Fano (1), it is possible to compute buildup factors for Compton scatterers by
using an energy-equilibrium condition (2-6) in combination with u fit to experi-
mental data (7-9).

The dose rate in u uniformly contaminated medium of infinite extent, when

the contaminant is a monochromatic gamma emitter, is given by

Eu, 77 N . “dt b(t)e "
(n 1=i[ dd)[ (1051110[ —()~
? PHe 0 0 -0 4w

where [ is the dose rate in Mev, sec-gram, £ the energy emitted by the contami-
nant in Mev/sec-em’, 4, the energy absorption coefficient for the medium corre-
sponding to the source energy in em™', u, is the total attenuation coefficient for
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Fia. 1. Buildup factors for H,O

the medium corresponding to the source energy in em™', p is the density of the
medium in g/em?, ¢ the distance to a differential emitter dV in units of mean free
path (= p,x, where z is this distance in em). The system is in spherical coordi-
nates, and ¢ and @ are the azimuthal and altitudinal angles respectively.
According to Fano (1) the asymptotic form of the buildup function value of
the attenuation coefficient is given by 2*. We propose to modify this and write

(2)

bty = (1 + at).

If the use of a single form for the buildup function is to be justified it must be
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confined to a region where du,/dFEy (Fy being the source energy) has a regular
behavior. For this reason and because this is the region for which our experi-
mental data are applicable, we restrict Eq. (2) to the energy region where the
material is a Compton scatterer.

Substituting Tq. (2) in Eq. (1) we get an answer in terms of the incomplete
gamma function:

3) I = ﬂf 1+ o)’ dt = l&aae”'xl‘(ﬁ + 1, l/a).
PH: YO Pre



80 O’BRIEN, LOWDER, AND SOLON

Because the rate of energy absorption per gram equals the rate of energy produc-
tion (the equilibrium condition), I = FE/p and therefore

(4) f e+ o)’ dt = P T(B +1,1/a) =y
0

where y = u,/u..

Because of the way that « and 8 appear in Iq. (4) it is difficult to perform
numerical operations using it, and for convenience we have made use of two
approximations. For y < 2.8 we use

Inly(y — 1) + 1]

) p= In (1 + ay)

and for y > 2.8

; - y—-1
©) p= In (1 4+ ay)’

These approximations are discussed in the appendix.
The buildup function now has the form

(exp [Inlyly — 1) + 4 In (1 + at)} y < 28
- In(l + ay)
(‘) b({) = ( )
Qo ‘
[expll—h TF ay) In (1 + at)} y > 28

Fitting Fq. (4) to the experimental data (7-9) we find that a ~ 1/4." Substitut-
ing this in Kq. (7) we have for the buildup function

( fl -1 1 t
| exp{ n [!/(!/]nz ) + 1] I <] + ;>} y < 28
(8) b(t) = «[ ( . t '
¥y — v , 9
l‘\ expl S In (1 + y)} | y > 2.8

Figures 1, 2, and 3 show comparison of Iiq. (8) with the calculations of Goldstein
and Wilkins (4). The calculations for lead and for low-energy photons on iron
represent cases where departures from our assumptions become important.
500-kev photons on iron have energies close to the photoelectric region, and
lead is hardly a Compton scatterer even at 1 and 2 Mev. Equation (8) agrees
very poorly with the calculations of Goldstein and Wilkins for 0.255 Mev and

' The work of M. A. Van Dilla and G. J. Hine [Nucleonics 10, No. 7,54 (1952)] furnishes
different results. For a discussion of this experiment see Ref. (4)
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water. However, experimental values for the buildup funection, normalized to
four mean free paths, are given for gammas from Hg™ (0.28 Mev) (8) and are
in reasonable agreement with Toq. (8). These buildup factors are exhibited with
those of Goldstein and Wilking for comparison in IFig. 4.

It is possible to modify Eq. (1) to include the dose rate at a distance from a
medium with a spherical boundary.

Al ¢a 6o (b.8.0) (1 8 ~t
(9) = 1;”;[ o [ 8 sin 8 ('—t(—ﬂ(——.
wp Jo Ju f($.8.0) 47
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As this equation is rather difficult to solve exactly except for simple boundaries,
we introduce another approximation. Let us expand Eq. (2) binomially, terminat-
ing it at » terms, where » is the largest integer less than 8 4 2. This approxima-
tion is, of course, exact when g is integral. A partial solution for Eq. (9) is then

(10) I =

Eu. [°° % 49 sin o' < .—Lt"‘"
el BT PSR
pur Jo 0 ix =0 vl |y
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The case of the dose rate in air at some height ¢, (mean free paths in air) over
a uniformly eontaminated half-space is of some interest. Here, g = = and f =
bosee 8, ¢ = 27 and 8y = w2, The solution is

(1) = {%L( (=t + ¢ "(Bo + Bitw + Boti® + -]
where
By = Ay
S )
B’:ZﬁﬁiﬁT =12 - ,n—1
and

— (-0 = ] (e “/x) dx.
t

APPENDIX

An integral equal to I5q. (4) and containing an exponential is

o0

(12) fo it =y,

Clearly the integrands of Eqs. (12) and (4) intersect at some one point other
than £ = 0. A comparison of Eq. (4) and of the equations formed by setting the
integrands cqual indicates that this point is nearly ¢/ = y. If we assume it is
exactly y, Eq. (6) follows immediately. IFor a wide range of values of «, 3, and y,
Eqs. (4) and (6) are very close. All parameters are positive here, of course.

It is possible to better this approximation in the region about 3 = 1 by noting
from I8g. (4) that 3 = 1 implies & = y — 1. We substitute tp = y + by (y — 1)
and, only in the last stages letting & go to zero Tq. (3) follows.

A comparison of Iigs. (1), (5), and (6) is shown in Fig. 5 for the particular

case of a = 1/y.
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