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I. INTRODUCTION

One area of basic radiation physics which has commanded much atten-
tion in recent years is the measurement of radiation intensities at
large distances from point sources of nuclear radiation., The importance
of such measurements lies in the fact that several computer codes have
been prepared to calculate radiation dose as a function of separation
between source and detector., Results of these codes have failed to
indicate a conclusive theoretical foundation for predicting neutron or
gamma-ray dose as a function of distance between point source and point
detector. An inherent problem associated with such a study, however,
is created by the presence of the boundary between the atmosphere and
the earth's surface, hereafter referred to as the air-ground interface.
This problem may be stated briefly as follows: A calculation of dose
as a function of distance away from a radiation source is normally
performed for an infinite medium.! In such a calculation, it is
assumed that radiation which reaches the point of interest is comprised
of primary (unscattered) aﬁd scattered radiation. It is ‘also assumed
that the scattered component is isotropic. If the source is placed
in a finite medium,2 such a calculation as meﬁtioned above is not valid.
The presence of the air-ground interface clearly influences the number
of collisions of source radiation in air beneath the source, and in

air beneath the detector., Hence, the further a source is supported

1Infinite medium here refers to a volume of air, of infinite dimen-
sions.,

2rinite medium refers to a volume of air which is bounded by the
earth's surface, and otherwise has infinite dimensions.

1
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above the air-ground interface, the closer the radiation field resembles
that which would be encountered in an infinite air medium. It is gener-
ally found that for a given source height above the air-ground interface,
there is a certain distance from the source where the dose is the same
as it would be at that distance in an infinite air medium; but at closer
distances the dose is greater than, and at larger distances the dose is
less than the dose in the infinite air medium.

Radiation dose as a function of distance, D(R), in an infinite air
medium may be computed by:

b, (8)e~R/L

D(R) =

(1)
R2

where D, represents the dose at unit distance, B is a dose buildup
féctor defined as the ratio, total dose to unscattered dose, and is

a function of R, e"R/L represents the attenuation due to the thickness
of air for the distance R between source and point of interest, L is
the relaxation length for the radiation considered in the formula

and is defined as that distance in which there is a reduction in total
dose by a factor of 1l/e. One goal for this project was the determina-
tion of a series of interface factors which could be included in a
computation of dose in an infinite air medium. Therefore, equation (1)
may be rewritten to include a term for the air-ground interface correc-
tion:

D, (B)e R/L

D(R) =

. K(exp) (2)
R2

where K(exp) represents the appropriate boundary correction factor
which is a function of R, the height of the source, and the height

of the detector above the air-ground interface.
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The adoption of equation (2) as a means of computing dose in a
finite medium is desirable from the standpoint that, as mentioned
earlier, most calculations of dose as a function of distance are done
without accounting for any possible effect of the interface., Ignoring
this may cause estimates of dose to be low by as much as 20 percent
when short distances are considered and may be high by a factor of
two or more when larger distances are considered (two relaxation
lengths or more).

Throughout this report, the term "measurement of neutron dose
rate" is used frequently and refers to the measurement of neutron
dose, independent of gamma-ray exposure. Similarly, the term "measure-
ment of gamma-ray exposure rate"3 is used frequently and refers to the
measurement of gamma-ray exposure, independent of neutron dose. In
both cases, measurements were made in air for a finite medium,

This project was designed to determine how the spatial distribu-
tion of neutron dose and gamma-ray exposure is affected by the pres-
ence of the air-ground interface. Measurements were made in the
following types of radiation fields: (1) neutron field from a small
bare reactor operating at steady-state power; (2) gamma-ray field
from a small bare reactor operating at steady-state power (the three
important components of this field are gamma rays from the fission
process, from decay of fission products, and from inelastic scattering

of neutrons in air); (3) gamma rays from a point gamma source., Data for

3ICRU Report 10a, NBS Handbook 84, pp. 5-6 (1962).




u
this project were taken at the Nevada Test Site in 1962 during Operation
BREN.“*5 The radiation sources available for the project were the ORNL
Health Physics Research Reactor and a Co®0 source whose apparent acti-
vity was 800 curies, The sources were mounted in a hoisting device
on a 1527-foot tower and were supported at heights ranging from 27 to
1500 feet above the ground. Measurements of dose were made in a verti-
cal plane which extended from a point directly beneath the center of
the source hoisting device eastward for 4500 feet and from zero height
to 100 feet above the interface.

The results of this study are presented in Chapter 6, The data
are given in the form of graphs and tables.

Some of the experimental data are compared to theoretical models
of radiation fields in a finite geometry; these comparisons are satis-

factory in all cases except one.

“F. W. Sanders et al., U. S. Atomic Energy Commission Report CEX-62,02
(1962).

5J. A. Auxier, F, F, Haywood, and L. W. Gilley, U, S. Atomic Energy
Commission Report CEX-62.03 (1963).

®The Co®? source purchased for this operation was one whose activity
was reported to be 1200 curies. Measurements of gamma-ray exposure

made during this project indicated that the apparent activity of this
source was 800 curies.




II. BACKGROUND AND SPECIFIC EXPERIMENTAL OBJECTIVES

Most of the research efforts devoted to the air-ground interface
problem to date have been of a theoretical nature. The first such
case was introduced by M. J. Berger? in 1957, This work was directed
largely at producing boundary factors® (K) for a geometric configura-
tion which closely resembled that for air over ground. The boundary
correction factors are given for Co®0 source radiation for various com-
binations of source-detector separation. More recent publications® 16
indicate an intense study of the air-ground interface problem as

applied to monoenergetic neutrons and gamma-ray sources and neutron

7M. J. Berger, J. of Appl. Phys. 28, 1502-1508 (1957).

8Boundary correction factor (K) here refers to a number which for a
given source-detector geometry is equal to the dose in the air-over-
ground geometry divided by the dose at the same range (source-
detector separation) in an infinite air medium.

9R. H. Ritchie, Oak Ridge National Laboratory Report ORNL-3189,
145-1u48 (1961).

10y, A, Biggers, L. J. Brown, and K. C. Kohr, Los Alamos Scientific
Laboratory Report LA-2390 (1960).

11y, B, Wells, Health Phys. 8, 543 (1962).

12y, E. Kinney, Oak Ridge National Laboratory Report ORNL-3287 (1962).

13p, ¢. Kleinecke, "The Effect of an Air-Sand Interface on Gamma-Ray
Transport," paper presented at NRDL-OCDM Shielding Symposium,
October 31 - November 1, 1960.

lupavid Spielberg, "Neutron Fluxes from a Point Fission Source in Air;
Moments Method Calculation," paper presented at NRDL-OCDM Shielding
Symposium, October 31 - November 1, 1960.

ISM, B. Wells, Radiation Research Associates, Inc. Report RRA-M33
(1963).

16R, L. French, Radiation Research Associates, Inc. Report RRA-M32
(1963).
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sources which display a fission spectrum. In most of these reports, a
calculation of the dose in the infinite medium and a calculation of
the dose for source and point of interest located on the interface is
given. This provides a method for computing a theoretical value for
(K) for a given source-detector geometry. Ritchie? has computed
neutron dose as a function of slant range, at the interface, for a
number of source heights and, also, the neutron dose in an infinite
air medium, Both of these cases were computed for a fission source
as well as monoenergetic sources, Comparisons of computed values of
(K) with those obtained in experiment are valid only if the measure-
ments are made also in an infinite medium and in a finite medium.
Semi-experimental boundary correction factors K(exp) may be determined
by making a comparison between the experimental air-dose curve in the
finite air medium, and a computed air-dose curve in the finite air
medium. If the relaxation lengths of the two curves are nearly equal,
data points from the experimental curve may be normalized to data
points from the computed curve (see Figure 13). Therefore, these

normalized data points may be used to determine K(exp) by:

normalized finite medium dose (measured)
computed infinite medium dose

K(exp) =

This report will not present an extensive studv of K(exp), but several
cases will be given to illustrate the satisfactory agreement between
experiment and theory.

From a purely experimental standpoint, the air-ground interface

problem has been studied previously to the extent that an air-over-ground
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geometry was simulated through the use of materials which were more
dense than air and earth but which had relative scattering proper-
ties similar to those of air and earth. By choosing these more dense
materials such that measurements in the infinite medium are possible
(measurements >1 mean free path from boundaries) values of K(exp)
could be determined for any given source-detector geometry. This
type of experiment has included, as scatterers, steel and steel wool, 17
and concrete and polyfoam.18 Experiments of this nature have been

limited to the discrete gamma-ray energies of Cob0, cs137, Aulos,

and ngoa. No interface experiments have been performed and re-
ported for neutrons., Free field measurements in the vicinity of the
ORNL Tower Shielding Facility (TSR-II) have been reported,19 but no
definitive interface effects are mentioned. Data in this reportl?®
could be manipulated to reveal some useful information about the
behavior of radiation fields in a finite mediﬁm at close source-
detector distances (<1200 feet), for source heights to 175 feet,

and for detector heights to 145 feet. However, thé TSR-II is much
larger than the HPRR and is surrounded by a coolant and hardware

which probably alters the neutron energy spectrum so that it differs

somewhat from that of a bare metal reactor. Additional experiments

17rpank Titus, Nuc. Sci. and Eng. 3, 609-613 (1958).

18¢c, E, Cclifford, J. A. Carruthers, and J. R. Cunnlngham, Can, J.
Phys. 38 , 504-506 (1960).

19p, J, Muckenthaler, L. B, Holland, and R. E. Maerker, Oak Ridge
National Laboratory Report ORNL-3288 (1963).
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have been conducted in order to examine the behavior of radiation
fields as a function of distance from a point source20-22 gnd as a
function of distance from boundaries,23-25

Aside from the fundamental aspect of this experiment, it was
important for several other reasons. The many theoretical programs
which have appeared recently indicated a need for experimental veri-
fication of the conclusions which have been stated. In relation to
the Ichiban Dosimetry program,2® information was obtained whereby
shielding factors for Japanese residential units may be better defined.
This is possible by obtaining a general experimental relation for
neutron dose or gamma-ray exposure as a function of detector height
above the ground. Shielding factors for upper floors of buildings have
been determined by relating the dose inside the building to the "free-

field" or "in-air" dose outside the building at a given height above,

20R, E. Rexroad and M. A, Schmoke, Nuclear Defense Laboratory Report
NDL-TR-2, 9 (1960).

21, W. Soole, Proc. Royl, Soc. (London) 230, Series A, 343 (1955).

22R, L. French and C. W. Garrett, "The Angular and Energy Distribu-
tion of the Photon Flux from a Co®® Point Source Three Feet Above
the Air-Ground Interface," talk to be presented at the meeting of
the Health Physics Society, Cincinnati, Ohio, June 15-18, 1964,

23F, J. Davis and P. W. Reinhardt, Health Phys. 8, 233-243 (1962).

24K, 0'Brien and J. E. McLaughlin, Jr., U. S. Atomic Energy Commission
Report CEX-61.1 (preliminary) (1963).

254, A, Van Dilla and G. J, Hine, Nucleonics 10, No. 7, 54-58 (1962).

26Cooperative venture between Oak Ridge National Laboratory and the
Atomic Bomb Casualty Commission to reduce experimental error in
estimates of radiation imparted to survivors of Hiroshima and
Nagasaki.
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but generally near, the ground. The results of this project will
extend the data collected during weapons test operations?7»28 to in-
clude values of air attenuation in a finite air medium for a variety
of source heights and detector heights. Most of the data collected
in weapons test were for a detector located on or very near the
ground, and measurements in a vertical traverse have revealed little.
Hence, on the basis of the reported data from these tests, it is not
possible to determine the effects of the air-ground interface except
for cases where measurements of dose were made at the air-ground
interface for different detonation heights.

To accomplish the goals of this experiment, it was planned to
make measurements of dose at the interface as a function of source
height and slant range (R), and to make measurements of dose in air
above the ground (at several intervals up to 500 feet) as a function
of slant range and source height. To this end, helium-filled balloons
were to be used to support the instrument package. It was found, how-
ever, that winds as slow as 1 to 5 miles per hour created vibrations
in the support mechanism, which were picked up by the electronics
system and led to unreliable neutron dése rate data. Additional wind
problems caused this part of the project to be cancelled, Instead of
balloons, a small portable telescoping antenae tower, which extended
to 105 feet above the ground, was used to raise the instrument package

to 100 feet.

27g, S, Hurst and R. H. Ritchie, U. S. Atomic Energy Commission Report
WT-1504 (Classified) (1958).

283, A, Auxier, J. S. Cheka, and F. W. Sanders, U. S. Atomic Energy
Commission Report WT-1725 (Classified) (1961).
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The measurements taken during this project were accomplished by

performing the three following experiments:

1.

2,

3.

Measurement of neutron absorbed dose rate from a small bare
reactor operating at steady-state power as a function of
source height, horizontal distance from the source tower,
and detector distance above the air-ground interface.
Measurement of gamma-ray exposure rate from a small bare
reactor operating at steady-state power as a function of
source height, horizontal distance from the source tower,
and detector distance above the air-ground interface.
Measurement of gamma-ray exposure rate from an 800-curie
Cob0 source, as a function of source height, horizontal
distance away from the source tower, and detector distance

above the air-ground interface.




III. SITE DESCRIPTION AND SUPPORT FACILITIES

Data in this report were collected during Operation BREN, which
was a large-scale field experiment conducted at the Nevada Test Site
during the first half of 1962, Primarily, the purpose of this opera-
tion was the continuance of the study of penetration of nuclear
weapons radiation through matter. Additional areas of investigation
were spatial and angular distributions of radiation, neutron and gamma-
ray dosimetry, and neutron and gamma-ray spectrometry.

Two radiation sources were utilized and, for Purposes of the opera-
tion, were supported at several levels on a steel tower 1527 feet high
by means of an aluminum hoist car which could be moved along one verti-
cal face of the tower. These two sources were the Oak Ridge National
Laboratory's Health Physics Research Reactor (HPRR) and a €080 source
whose effective activity was approximately 800 curies. Figure 1 is a
general view of the BREN tower showing reactor placement in the hoist
car., The HPRR core is a right circular cylinder of metal alloy,

90 wt percent uranium, which is enriched to 93.1u4 percent U235, and

10 wt percent molybdenum. .It is 8 inches outside diameter and 9 inches
high. Figure 2 is a view of HPRR fully assembled and supported in a
manner similar to that during Operation BREN., In Figure 3, one sees

the Co®0 source facility as it was mounted in the hoist car. Physically,
the source was contained inside a stainless-steel right cylindrical
annulus which was then sealed in a stainless-steel container approxi-
mately 2.5 inches in diameter and 6.4 inches long. This capsule was
attached to the bottom of the shield plug of the source container by

a small flexible stainless-steel cable. A mechanism mounted above

1l




12

View of Reactor Positioned in Hoisting Mechanism

Pig. 1.
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Fig. 2., Fully Assembled ORNL HPRR
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Figs 3. View of Co80 Facility Positioned in Hoisting
Mechanism
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the source container was used to raise the shield plug (see Figure u).
This raised the source to an exposed position relative to the hoist car,
and this type of positioning was used throughout thé operation. Both
the HPRR and Co®0 facility were operated from an underground bunker
located approximately 150 feet from the base of the source tower.

The general area over which data for this project was taken is
shown in Figure 5. The view presentéd in this figure is of the experi-
mental area as seen at a horizontal distance of 1250 yards from the
source tower,

The terrain of the Nevada desert (Yucca Flat) is relatively smooth
with ground roughness limited to natural erosion normally less than
2 feet deep and at widely scattered intervals. The dirt road (arrow)
in Figure 5, which served as the base of a vertical plane in which
measurements of dose were made for this study, had been scraped smooth
prior to the operation. This -helped reduce irregularities in the
ground surface near the point of measurement. There was a downhill
grade of approximately 1.5 percent on the side of the tower where
measurements were made. Although the primary objective of this project
was to study the radiation field as a function of distance above the
ground, this grade was not ignored in calculations for slant range,

R (slant distance between source and detector). Measurements of dose
for this study extended 4500 feet away from the east face of the source
tower., Measurements of dose were made in radiation fields from both
the reactor and Co®? source, each being supported at 27, 300, 500,
1125, and 1500 feet above the air-ground interface. The distances

between source and detector ranged from about 10 feet to 4600 feet.
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These separations correspond to a combination of detector placements in
a vertical plane which measured 4500 feet long and 100 feet high. At
most of the horizontal distances, measurements of dose were made in a
vertical traverse which included heights of 0, 2, 5, 16.5, 50, and
100 feet. For both sources used, a measurement of dose was made hori-
zontally at 3 meters from the source at its lowest position on the
tower (27 feet). This point is shown on several air-dose curves in
Chapter 6 and was used in computing the unperturbed dose rates at
"unit" distance. By using dose as measured at 3 meters, it is possible
to determine experimentally the dose buildup factor for various com-
binations of source height and detector height and as a function of
slant range, R. Such information is useful in identifying effects
caused by the presence of the interface.

Instruments were positioned by utilizing light-weight laboratory
ring stands, a 20-foot length of "unistrut" steel mounted on the rear
of a pick-up truck, and the small telescoping antenna tower mounted on
@ trailer. Two of these arrangements are presented in Figures 6 and 7.
The ring stand was used to make measurements of dose at 3 feet and
5 feet above the ground, the 20-foot length of steel for the 16.S5-foot
height, while the tower was used for heights of 50 feet and 100 feet.
The instrument package was suspended approximately 3 feet away from
the main structure of the small tower by means of a rope and pulley
system attached to the end of a piece of channel iron which was
anchored to the top of the tower. Distances were marked on the sipgnal
cables for quick detector placement above the ground, and the instru-
ment package was raised to the desired height by hand by pulling the

rope to which they were attached.




Fig. 6
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Light~Weight Stand Used for Supporting Radiation
Detectors Above the Air-Ground Interface
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Fig. 7. Antenna Tower Used for Supporting Radiation
Detectors Above the Air-Ground Interface
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Electrical power was required for lights, instruments, and the
motor used for raising the antenna tower, This was provided by recep-
tacles placed every 300 feet along the dirt road which defined the
experimental area. Instrument power was regulated by using a "Sola"

regulating line voltage transformer,

r




IV. RADIATION DETECTORS AND CALIBRATION PROCEDURE

During operation of the Health Physics Research Reactor in
Operation BREN, measurements of neutron dose rate were made independ-
ently of gamma-ray exposure rate using an ORNL Q-1995 "Radsan" fast
neutron dosimeter?9-31 (Figure 8), This dosimeter utilizes a recoil
proton proportional counter lined with polyethylene (CnHQn) and
filled with cyclopropane (also CnH2n) and operates at approximately
1400 volts., Protons are produced both in the proportional counter
wall material and in the counter gas by neutrons which undergo elastic
collisions in these media. Protons which recoil through the active
volume of the counter cause ionization, in the cyclopropane, which
produces pulses proportional to the energy deposited in the cavity.
Pulses from ionizing events which occur in the counter are amplified
by a transistorized preamplifier and passed to the main amplifier
through 500 feet of cable. Here the random pulses are sorted,
"weighed", and added by a four-stage binary integrator. The uniform
output pulses from the integrator are numerically proportional to the
energy deposited in the chamber and are passed to a decade scaler.
Dose rates may be read directly in millirad per hour by adjusting the

length of count while calibrating the counter with a neutron source of

known strength.

239G, S. Hurst, Brit, J. of Radiol. 27, No, 318, 353-357 (1954).

30E, B, Wagner and G. S. Hurst, Rev. Sci. Instrum, 29, No, 2,
153-158 (1958),

31E, B. Wagner and G. S. Hurst, Health Phys. 2, 57-61 (1959),

22
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Radsan, Fast Neutron Dosimeter

Fig. 8,
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Independent experiments30indicate that the response of the
Radsan to gamma radiation is significant for exposure rates greater
than 2 R/hr. It was found that 2 R/hr of gamma radiation would give
the same reading as a fast neutron dose rate of 0.4 millirad per hour
and gamma-ray exposure rate of 20 R/hr would give the same reading as
80 millirad/hr of fast neutrons, The maximum gamma-ray field during
the course of this study corresponded to an exposure rate of approxi-
mately 60 mR/hr. This exposure rate was encountered while making a
close-in reference measurement (source-detector separation = 3m).
During a routine calibration of the Radsan using a one-curie Pu-Be
source, the sensitivity of the counter to gamma rays was checked by
introducing a Co®0 source in such a way as to expose the counter to
an exposure rate of >60 mR/hr. This resulted in no significant in-
crease in response. Therefore, no compensations for gamma-ray con-
tribution to dose were necessary,

The response of the Radsan as a function of angle of incidence
between source and detector has been determined to be within § per-
cent over the front end and sides when exposed to Pu-Be neutrons at
one meter. At angles greater than 150° from the forward direction,
the response is reduced significantly by absorption in the preamplifier
and its housing located at the rear of the proportional counter. For
an isotropic neutron field, the reading on the Radsan would be low
by approximately 2.5 percent due to this decrease in response over
the rear 60° acceptance angle. However, in the case for neutrons
emitted from the reactor operating at steady-state power, the field

was found to be peaked in the forward direction. Because most of the




25
radiation incident on the detector is from the forward direction, only
a small fraction of the total field is not measured due to the de-
creased response over the rear 60° acceptance angle of the detector,

Calibrétion of the Radsan Fast Neutron Dosimeter

'In order to obtain reliable values of fast neutron dose rate
through measurements made‘with the Radsan fast neutron dosimeter, it
was necessary to achieve precision in calibration procedures. This
precision is required, especially when it is necessary to substitute v
proportional counters,

The component of the Radsan which translates pulse information
to dose information is the binary integrator circuit. This component
integrates amplifier pulses and; in turn, produces one output pulse
for approximately every 80 volts of integrated amplifier pulse. This
one output pulse is equivalent to approximately 5.85 x 10~% millirad.
There are four discriminator stages which must be set accurately for
the integrator to operate properly. These four stages are biased at
5 Qolts, 10 volts, 20 volts, and 40 volts. The output pulse of each
discriminator is, in turn, used to operate conventional binary stages
of the integrator, .

An alpha source is built into the proportional counter and is
intended as a device for determining the energy response of the
counter. The o source is exposed to the active volume of the chamber
by activating a solenoid-operated shutter. A standard procedure
given in the test procedure for this instrument calls for setting

each discriminator so that the count rate is one-half the maximum
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possible count rate from the a source; however, the 5-volt discrimina-
tor has to be set using an oscilloscope and pulser. A more satisfactory
method 32 of setting the discriminators has been found to be as follows:
1. Feed into the amplifier, 60-cycle pulses from a precision
pulser (ORNL Q-1212) and monitor the output of the binary dis-
criminator stage with an oscilloscope (Tektronix Model No. 515A)
which has a rise time at least as good as that of the amplifier.
2, Adjust the input pulse height until the pulse, as measured on
the scope, through the amplifier has the value which corres-
ponds to the discriminator stage.
3. Adjust the threshold of the discriminator stage until a count
rate of 30 c/sec is indicated on the Radéan scaler,
When the above procedure has been extended to all four discriminator
stages of the integrator, the instrument sﬁould respond in a way so
that one pulse from the binary integrator in 21 seconds corrésponds
to 0.1 mrad/hr.33 For the duration of this experiment, the amplifier
gain was set at the beginning of each operating day. Throughout any
given operational period, the a source was routinely used to monitor
the amplifier gain, If a gain shift had occurred, the detailed cali-
bration procedure was repeated.
In addition to the careful calibration of the Radsan electronics,
a one-curie, sealed, plutonium-beryllium neutron source, whose emission

was 1,84 x 106 n/sec, was used to obtain a calibration factor for the

323, H, Thorngate, private communication.

33 -y mrad 1l pulse = 3600 sec - 0.1 mrad
5:85 x 10 pulse © 21 sec 1 hour hour
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proportional counter. This procédure was necessary because counters
were replaced occasionally due to malfunctions. The proportional
counter and source were placed at a fixed separation and at a fixed
height above the ground for all determinations of the calibration
factor throughout the operational period. The computed dose rate from
a Pu-Be neutron source3? at a distance r, in cm, from the center of
the source is_given by:

1.27 x 1073 S.B

dose rate (mrad/hr) = (3)
r2
where
S, = source strength in n/sec.
B = dose buildup factor = 1
r = distance in cm from center of source to center of counter,

The calibration factor for the counter is given as:

_ calculated dose rate
c measured dose rate

F

Three counters were used for this project, and the calibration factors
were in the range l.14 to l.uk,

Gamma-ray exposure rates for experiments two and three, listed in
Chapter 2, were measured using the "Phil"3% gamma-ray dosimeter
(Figure 9). The Phil was used at all detector locations during
reactor operation, and, with the exception of one detector station,
it was used exclusively during work using the 800-curie Co®0 source.

Metaphosphate glass rods35 were utilized for a "close-in" reference

34, B, Wagner and G, S. Hurst, Health Phys. 5, 20-26 (1961).

353, S. Cheka, private communication.
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point at about 3m from the 800-curie co60 source because the exposure
rate at this distance was 120 R/hr, and coincidence (scaling) losses in
the scaler and dead-time losses in the GM counter would have been pro-
hibitively high.

The Phil dosimeter utilizes a Philips No. 18509 Geiger-Mueller
tube filled with néon, argon, and a halogen-Quenching'agent. By add&ng
a shield of 0.053 inches of tin plus 0.010 inches of lead over the
tube, the response of the counter was made to be proportional to expo-
sure in roentgens for photon energies in the range{O.lS Mev to 3 Mev.

The gamma-ray field resulting from a fission source is made up of
three major components, namely gamma rays from the fission process
(prompt gamma rays) gamma rays due to the decay of fission products
inside the core of the reactor, and gamma rays resulting from the
inelastic scattering of neutrons in the atmosphere between the source
and detector, These latter gamma rays are primarily those from N16.
(6.13 and 7.10 Mev). The response of the Phil to gamma rays in this

energy region has been measured and has been found to increase linearly

 with photon energy.3% This response is not precisely equal to

"exposure", but the error in the total exposure due to the photons of
energy greater than 3 Mev is less than § percent.

The neutron sensitivity of the Phil has been determined experi-
meﬁtally.3“ An integrated_thermal neutron flux of 5 x 10% n/cm? was
found to give approximately the same reading as an exposure of one

roentgen of gamma radiation. By placing a shield of 1/8-inch Li® over

363, H. Thorngate, private communication.
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the counter, the response to thermal neutrons is reduced by a factor of
300; or an integrated thermal flux of 1.5 x 10!2 is required to produce
the same reading as an exposure of one roentgen of gamma radiation,
The results of independent experiments have shown that the response of
the Phil to fast neutrons is less than 0.5 percent than that for gamma
rays,34

The Phil was determined to have an angular response of %9 percent
over the front end and sides. Some attenuation in the preamplifier
located on the rear end of the counter assembly was responsible in
reducing the over-all response, A procedure similar to that used for
the Radsan fast neutron dosimeter indicates that a reading made with
the Phil in an isotropic gamma-ray field would be low by approximately
one percent. In both of the gamma-ray experiments of this project,
the gamma-ray field was peaked in the forward direction so that the
decrease in total Phil response due to attenuation in the preamplifier
was insignificant. The Co80 angular distribution at a horizontal dis-
tance of 2250 feet is shown in Figure 10.37 The counter was placed
(during measurement and calibration) so that the angle between the
counter axis and line of sight to source was 0°,

Pulses from the counter were passed to a pulse scaler by a tran-
sistorized preamplifier through 500 feet of cable. Measurements of
gamma-ray exposure rate were made by taking counts over timed inter-

vals, and the measurement was recorded in units of counts/minute.

373, H. Thorngate et al., U. S. Atomic Energy Commission Report CEX-62,12
(to be published).
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Calibration of Phil Gamma-Ray Dosimeter

The calibration procedure of the Phil is less complicated than that

of the Radsan because a pulse height integrator circuit and amplifier

is not required for readings of exposure. Because the Phil is essen-

tially independent of incident photon energy in the range of 0,15 Mev

to 3.0 Mev, random pulses are recorded on a digital scaler, and this

reading is converted to exposure rate by applying an appropriate cali-

bration

counter

mR/hr,
1.

2.

where

f

o]

T

actor, When the net counts per minute is multiplied by the
alibration factor, the measurement reading is in units of

he following procedure was used:

Counter background was determined by counting for 30 minutes.
Source3® and detector placed at fixed separation (one meter)
and height above the ground (one meter),

Count interval regulated to allow one percent statistical
accuracy.

Determine the net counts per minute.

Determine the calibration factor by:

mk/hr _ 1 =it
c/m " net ¢/m ° (S°][e ] (%)

exposure rate (mR/hr) at calibration date.

decay constant for Co®9 (day-!).

length of time (days) since calibration,

38060

source whose activity was about 6 mc and was calibrated by the

National Bureau of Standards on June 8, 1960, to have an exposure
rate of 8.11 mR/hr at one meter.



33

Associated Electronics

»

Because the detectors were initially planned to be suspended at

heights above the ground to 500 feet, it was desirable to keep the
weight of the instrument package at a minimum. Therefore, battery-
operated, transistorized, high-voltage supplies and preamplifier power -
supplies were built and placed in a small unit supported approximately
6 feet below the Radsan and Phil counters. This eliminated the heavy,
cumbersome cables which would have been required if the power supplies

had been located on the ground.
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V. NORMALIZATION AND DATA ADJUSTMENT CRITERIA

In order that systematic measurements of dose rate have meaning,
they must be normalized to standard values of parameters such as
reactor power, source activity, and air density.

When measurements of dose are made in radiation fields in air,
careful attention must be given to the mass of air between the source
and detector as the separation between them increases. This is ex-
tremely important if there has been a significant change in the density
of this air mass during the period measurements are made. Observations
of the changes in air density during this study revealed a maximum
fluctuation of 9 percent. For a fixed reactor power level, this change
in air density would correspond to a difference of 43 percent in neutron
dose at a slant range (R) of 1000 yards., Similarly, there would be a
difference of 35 percent in gamma-ray exposure at 1000 yards (gamma-
ray exposure relaxation length is greater than that for neutron dose).
By the nature of this phenomenon, it was necessary to develop procedures
and techniques whereby values of dose could be derived in terms of
reactor power level for a "standard" air density. This chapter is
devoted to a description of these procedures and techﬁiques.

Unlike a sealed Co60 source, whose activity remains fixed except
for radioactive decay (5.3 years), a reactor's power level is influ-
enced by parameters such as calibration of the electronics, control-
rod settings, ambient temperature, etc., For data taken during operation
of the reactor, it was necessary to take careful measures for determining
the flux leaving the reactor, Therefore, a neutron-sensitive instrument,
which was capable of monitoring slight changes in reactor power, was

3y




35
placed at a stationary position to provide both integral and differential
counting data during all reactor runs.

Reactor Power Level Monitors

A neutron-sensitive count-rate channel$s3? was set up at a hori-
zontal distance (XL) of 790 yards, and later at 1000 yards; from the
center of the base of the 1527-foot tower which was used to support the
reactor. This counter was of the cylindrical, boron tri-fluoride type
and, except for the ends of the counter, the surface was covered with
9,4 cm of paraffin. This configuratioh was sufficient to render the
counter relatively insensitive to small changes in the neutron energy
spectrum (Figure 11). By mounting the counter so its longitudinal
axis was parallel to the ground and perpendicular to a line between it
and the reactor, serious changes in geometry were avoided.

The counter was standardized prior to and just after each reactor
run. For this purpose, a one-curie, plutonium-beryllium neutron source
(1.84 x 10® n/sec) was positioned at a fixed distance from the counter
and at a fixed height above the ground. The counter pulse rate was
amplified and fed to a linear count-rate meter, and was displayed soth
on a scaler and on a strip-chart recorder. Hence, both differential
and integral counting information was available for normalizing experi-

mental data to reactor power,

39This count-rate channel was a modified Hanson-McKibben long counter.
Many references must be made in this chapter to parameters associated
with this detector. For this reason, the following symbols will be
referred to frequently: X = horizontal distance between center of the
base of source tower and center of the counterj R, = slant distance
between center of reactor and center of the counterj C. = standard nor-
malization channel count rate which is the number of tﬁousands of counts
per 10-minute interval (C, = cts/10 min x 10~3), This unit was chosen
for convenience because l& minutes corresponds to the length of count-
ing time for most individual data points.
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In addition to the above-mentioned count-rate channel, a secondary
device consisting of a sulfur pellet® (1.5 inches in diameter and
0.375 inches thick), was placed in a fixed position on the outside of
the source hoisting mechanism (aluminum car which housed the reactor)
during each reactor run. It was then possible to monitor integrated
reactor power by measuring P32 activity which was induced in the pellet
through the reaction $32 (n,p) P32, which is observed for neutron ener-
gies >2.5 Mev, The P32 activity is measured by counting the sample in
a beta scintillation counter. Counts from this instrument were con-

'verted to a value of fluence at the pellet by:

(N)(c)

¢ = it n/cm2 . : (5)
where
N = constant which is dependent on the count interval, counting
geometry and sample size.
C = net counts per unit time.
» = P32 decay constant = 2,03 x 10 3 hr 1,
t = elapsed time (hr) from the -mean of the exposure time.

When this number (¢S) for negtron;fluence (nvt) was obtained for.
individual runs, it was then related to reactor power by comparing it
to an absolute reactor power calibration. Such a calibration was made
by operating the reactor for 5.8 hours at a steady-state nominal power

level of 1000 watts.“0 During this period, a sample of reactor fuel

40prior to absolute power calibration, power levels were referred to
as nominal power. :
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(90 percent U and 10 -percent Mo) was irradiated in the "glory hole"
(sample irradiation facility) in the reactor core. During the initial
critical experiments with the reactor, an experiment was conducted to
determine the vertical and radial fi#sion density in the reactor,4l
Through a chemical analysis of fission products in the sample, the
total number of fissions in the sample was determined. Hence, by
knowing the total number of fissions in the irradiated fuel sample,
and the radial and vertical fission density in the reactor core, it
was possible to compute a value for the total number of fissions in

the core. The reactor power level was then obtained by:

total fissions in core 1l watt
time (seconds) 3.1 x 1010 flzzzons

power (watts) = (6)

To find the neutron fluence rate at the sulfur pellet, the fluence
(nvt) obtained from measurements of P32 activity in the sulfur pellet,
located in a standard position, was related to reactor power by:

¢, (n.cm™2) 1
* tine (secy = power (kw)

(7)

The value of F, which is given in terms of fast neutron fluence rate
per unit reactor power, was determined to be 1,23 x 108 n.cm~2.sec™!,kw~1
and is used later in connection with measurements of dose rate which
were normalized to reactor power by using count rates (CL) from the
BP3 proportional counter which was used as the primary normalization

channel for reactor power,

“lg, T, Mihalczo, Oak Ridge National Laboratory Report ORNL-TM-189
(1962).
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Determination of Standard Conditions

If individual points of measured dose rate times R2 are plotted as
a function of R, a curve through these points will be a straight line
for R greater than L if the measurements are made at onme air density (p).
If there are changes in (p) while the measurements of dose are in progress,
the points on the graph will not fall on a straight line., Hence, it was
necessary to make air density corrections for measurements of dose rate
if these measurements were made for some value of p other than p,. To
make these corrections, it was necessary to determine a set of "standard
conditions" whereby all the experimental data could be presented in terms
of these "standard conditions".

The relaxation lengths, which are considered for the purpose of
this study as standard values, were determined experimentally. With the
reactor supported at 1125 feet, a horizontal traverée of measurements of
neutron dose rate and gamma-ray exposure rate was made between slant ranges
of 1875 feet and 3200 feet., For this traverse, the instruments were ly-
ing on the interface. The air density was found to be fixed during the
period of these measurements with a value of 1.02 g/l (P, = 25.32 inches
Hg and T, = 291.2°K); therefore, the standard air density was chosen as
Po = 1.02 g/1l. The standard relaxation length for neutron dose and that
for gamma-ray exposure was found to be Lno = 248 yards and LYo = 320 yards,
respectively, Therefore, in the final data analysis, these values were
used for normalization of dose measurements to p,.

Neutron dose rate or gamma-ray exposure rate as a function of source-

detector slant range (R) may be given by the following relation:
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D, (B)e R/L

D(R) = = ¢ K(exp) (2)
R2
where
D, = dose rate at unit distance from source.
L = relaxation length (under poor geometry conditions, *his is the
distance in which there is a reduction in total dose rate by
a factor of 1/e).

B = dose buildup factor,

R = slant range (slant separation between source and detector).

K(exp) boundary correction factor.
From the above relation, it is seen that neutron dose rates and gamma-
ray exposure rates are dependent on the parameter, L, which is directly

proportional to air density:

Po 42
L = T Lo ‘ (8)
where
L, = a standard relaxation length for radiation in question for

standard air density (p,).

Po = an air density chosen as standard (1.02 g/liter),

¢ = air density at the time of measurement,

L = relaxation length for radiation in question for an air density
(o).

Values for relaxation length may also be computed without first computing

the density of the air:

2R, H. Ritchie and G. S. Hurst, Health Phys. 1, 390-u404 (1959),
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L = [Eibo IJ L (9)
T, P} ©
where
P, = atmospheric pressure in inches of Hg at the air density chosen
as standard (p, = 1.02 g/liter)..
T, = absolute temperature at the standard air density.
T = absolute temperature at time of measurement.
P = atmospheric pressure in inches of Hg at time of measurement.

Equation (9) follows from one in which the density of dry air is computed
by p = py [To/Po » P/T]*3 or po/p = [Po/T, « T/P]. Values for P in the
area where reactor operations were conducted were not recorded there
during operation. Therefore, it was necessary to compute values for P
using hourly readings which were obtained ffom a U, S. Weather Bureau
station located nearby. If the atmospheric pressure P is known at one
elevation, it may be computed at another elevation by thé following

formula if the difference in elevation is not greater than 1000 meters:

- A(14Bt)-H|*"
P=h [AZl+Bt7+H] (10)
where
HR

P = atmospheric pressure in inches of Hg at - (HR = reactor height).

Py = atmospheric pressure in inches of Hg at U, S. weather station.

t = mean of the ordinary temperatures at the two elevations (°C).

B =4 x 1073,

43¢, D, Hodgman, ed., Handbook of Chemistry and Physics (Chemical Rubber
Publishing Co., Cleveland, Ohio, 1963) p. 2200.

b41bid., p. 3204.
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A = 5,249 x 10%
Hp
H = [316 + —| feet

The mean sea level elevation of the U, S. Weather Bureau station is
316 feet less than the elevation of the experimental area.

Normalization of Data

Neutron and gamma-ray data were initially recorded according to

the following relations:
neutron dose rate = D (mrad.hr-l.CL-l) (11)

gamma exposure rate = DY (mR.hr-l.CL-l) (12)
This practice consisted of recordinpg a measurement from both the neutron
and gamma-ray dosimeters and then dividing these measurements by (CL)‘
which was the number of thousand normalization channel counts in thou-
sands during the counting interval. Hence, the dose measurements are
recorded in units proportional to reactor power at an air density p, which
corresponds to the air density at the time the dose measurement was made.
Because this type of normalization was done, it was necessary to calibrate
the normalization channel count rate. This procedure was complicated
because the normalization channel was positioned at a horizontal dis-
tance (XL)39 = 790 yards part of the time and at (XL) = 1000 yards the
remainder of the time. For most groups of data at a fixed reactor height,
some of the dosimeter readings are normalized to reactor power by using
values of (CL) at 790 yards and others are normalized by using values of
(CL) at 1000 yards, It then became apparent that air density corrections
would be necessary for both the dosimeter and the normalization channel,
and corrections would be necessary to account for the difference in hori-

zontal positioning of the normalization channel.
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Because the dosimeter readings were divided by the term CL’ it was
necessary, in the final analysis of data, to multiply all dosimeter
readings by a function which would adjust the dosimeter reading to
dose rate per unit reactor power (mrad.hr~1.kw 1), and would at the |
same time make an adjustment for the fact that the normalization chénnel
was located at two horizontal positions. This function was labeled
G(HR,XL), thus indicating it to be a function of reactor height and
horizontal distance between a point beneath the center of the normaliza-
tion channel and a point beneath the center of the reactor. It was
observed that, for a fixed reactor power, the normalization channel
count rate with the reactor supported at 27 feet was less than the
count rate with the reactor supported at 300 feet. Therefore, for each
position at which the reactor was operated, at least three individual
reactor runs were chosen at random in order to determine the function
G(HR,XL). Because of the fact that the normalization channel was
positioned at two horizontal locations, the response of this instrument,
in determining G(HR,XL), was adjusted to the response at unit distance.

The following procedure is offered as an example for reactor run

No. 51A.
L R /L
- 2
G(HR,XL) 3;7? x e L'™n x RZ x F (13)

where

HR = 27 feet.

X, = 3000 feet.

R, = 3000 feet.

C. = 67.8 —t5__ x 1073,

L~ 10 min




Ly

¢
-$-= fast neutron fluence rate at the sulfur pellet during this
particular reactor run (1.81 x 108 n.cm 2.sec”!),
F = calibrated fast neutron fluence rate per unit reactor power
(1.23 x 108 n.cm 2,sec”1,kw"1),
Py T
Ln = Lno 71,—0- . .f.’- = 747 feet.

efL/ln = 3000/747 - qu,016,

Therefore

67.8 (cts/10 min x 10" 3)
1.81 x 108 (n.cm 2,sec”!)

G(Hg X, ) x e 016 x 9 x 106 £12 x 1,23
x 108 n.cm™2,sec”! kw"!

2.30 x 1010 {cts/10 min x 1073)
' kw

x ft2

The above procedure was extended to all reactor heights, and the
results are given in Table 1, which presents the mean value and standard
deviation of G(HR,XL) for the individual reactor runs at each height.
Figure 12 graphically represents the normalization channel count rate
dependence on reactor height. At 1500 feet reactor height, the value
of G(HR,XL) is taken from a curve which is asymptotically approaching
a limiting value.

Air Density Correction for Measurements From the Reactor

When measurements of dose rate are made at an air density (p)
other than the standard air density (po)s the measurement may be
corrected to what it would be at Po in the following manner. By mul-
tiplying the measured dose rate by the square of the source-detector
separation (R2) and by the exponential eR/L, where L is the relaxation
length for an air density p, the measured dose is extended to what it

would be at unit distance from the source. If this dose at unit
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Table 1

G(HR,XL) AS A FUNCTION OF REACTOR HEIGHT

"3
counts x 10 % £t2

Hy (feet) G(HpsXL,) 15 min-kw
27 2,25 ¢ ,1u4 x 1010
300 3.46 ¢+ ,09 x 1010
500 3.91 ¢+ .29 x 1010
1125 5,32 ¢+ ,12 x 1010

1500 5,72 ¢ 44 x 1010
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Fig. 12, BF, Normalization Channel Response as a Function

of "Reactor Height
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R/Lq

distance is then multiplied by 1/R? and e , it is corrected to what

it would be at the source-detector separation R for an air density of

pos Hence

R/L o-R/Lo

D, =D .R2,e ", 1/R2,

by =p . L, &RTo

D; = D exp [-R (1/L, -~ 1/L)] (14)
Where L is computed by equation (10),

D; = dose for an air density p,, and

D measured dose for an air density op.

It was mentioned earlier in this chapter that raw data for neutron
dose rate and gamma-ray exposure rate were recorded in units of
mrad.hr-l.CL-l and mR.hr-l.CL-l, respectively.

In order to reduce this data to a useful form, it was necessary to
correct all instrument readings to their value at the standard air den-
sity. It was also necessary to apply the normalization channel interface
function“3 G(HR,XL) so that CL would be in terms of reactor power. These

manipulations are accomplished in the following formulae:

For neutrons,

2 - -
. [ mrad] G(HR,XL) c, % ft . exp [ Ry (l/Ln° l/Lnl)]
n) n {hr-C. Ri (e—RL/Lno) kw-Ft2 exp [-RL (l/Lno - l/Lnl)]
G(H, X, )
R*"L mrad
D =D x x exp [-(R. = R )(1/L_ = 1/L_ )] ——— (15)
nj n Ri (e“RL/Lno) D L Ng ny - hr-kw

4STnterface corrections were necessary for the normalization channel only
since it was being used for reactor power normalization.
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raw neutron dose rate.

interface factor at unit distance.

slant distance between center of reactor and center of
normalization channel (feet).

standard condition relaxation length for neutron dose
= 744 feet,

slant distance between center of reactor and center of
fast neutron dosimeter (feet).

relaxation length for neutron dose, for an air density

of p1, at the time the raw data were collected.

For gamma rays,

Y1

Y1

where

i

Yo

Yi

D

Y

Y

[ R ] G(Hp,X, ) c, x ft2  exp [- R, (l/L - 1/LY1)]
X
hr-C Ri (e-RL/Lno) kw2 exp [-R (l/L - l/LniTT
H Ry -
) G( RoX) exp (- (l/L 1/LY1)] R (16)
R2 (e -R /L ) exp L- R (l/L - l/Lnl)]'hr-kw

raw gamma-ray exposure rate.

RL’ Lno, and Lnl remain the same as in the previous case.
slant distance between center of reactor and center of
gamma-ray dosimeter (feet),

standard condition relaxation length for gamma~-ray exposure
= 960 feet.

relaxation length for gamma-ray exposure at p, at the time

the raw data were collected.
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The use of these formulae serves two purposes; the raw data are now
presented as dose rate per kilowatt reactor power, and the error introduced
by fluctuations in air density is reduced. Comparisons to other experi-
mental data may be accomplished with a minimum of manipulation.

Air Density Corrections for Measurements from Co80

Measurements of gamma-ray exposure rate were made in the radiation
field from an 800-curie Cob0 source which was supported on the 1527-foot
tower after operations involving the HPRR had ceased. Except for source-
detector slant separation less than 400 feet and greater than 2500 feet,
measurements of exposure rate were made in approximately the same places
as the case of reactor operation,

Three weeks were required to complete the Cob0 gamma-ray measurements.
Due to the 5.3 year half-life of Cob0, it was necessary to make corrections
for changes in air density only. An air density correction for this case
is conducted in the same manner as that in the previous section.

A standard relaxation length for exposure rate from Cob0 was deter-
mined experimentally by making measurements along a line horizontally
away from the 1527-foot tower and for a fixed source height and fixed
detector height. The air density was found to be 1.0l g/l = p,, and the
relaxation length was L, = 690 feet. Hence, all data were corrected to

the air density p, by the following:

-Ry (1/Lg = 1/L1)

Dy =Dxe
where
D = exposure rate in mR/hr,
R. = slant distance between source and detector (feet).
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|
()
n

standard relaxation length = 690 feet.

r
]

relaxation length (feet) for an air density of p; [computed
according to equation (10)].
=R, (1/L, - 1/1)

and the multiplier e simply corrects the exposure rate

reading to what it should be for an air density of p, = 1.01 g/1. It
is not necessary to include an interface factor in these corrections
because no normalization channel was needed for changes in source activity.

Method for Making Corrections

The number of individual corrections for data points for the three
cases (reactor neutrons, reactor gamma rays, and Cof0 gamma rays) of
medasurements represented a tremendous task if undertaken by hand.
Therefore, a Fortran program was written to make all corrections due to
changes in air density, and to make the many determinations of pressure,
relaxation length (L)) at p;, and slant range, all of which were used in

the air density correction formulae. The program was run on an IBM-7090

computer,




VI, EXPERIMENTAL RESULTS

At each dosimeter position throughout the course of this study,
values of neutron dose or gamma-ray exposure were derived from digital
information which was collected during carefully measured time intervals.
This digital information was transferred to dose by applying calibration
factors as outlined in Chapter IV. - The accuracy of individual data
points is dependent upon the spread of values about an average measure-
ment of dose. This spread of values is subject to statistical fluctua-
tions due to the random manner in which radiation was emitted from the
reaétor and the Co®0 source. Therefore, in assessing the accuracy of
data, the standard deviation,“® (o), in the number of counts per unit

time (also dose rate) is computed by:

: 1
- (M n 5
= |-t + L2 2 18
¢ [tl ‘tz] (18)

where.
o = standard deviation

average total count rate in c¢/m (source plus background).

o]
—
"

t; = time of observation of total count rate.

background count rate.

ol
N
n

t, = time of observation of background count rate.

Further, the fractional standard deviation of the count rate (also dose

rate) is given by:

(19)

2]
n
Sla
o

46y, Beers, Introduction to the Theory of Error (Addison-Wesley
Publishing Co., Inc., Reading, Massachusetts, 1957) P. u8.

51
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where

n = average met count rate in c¢/m = (n) - n,).
As an example, the following gamma-ray data were taken at a slant range
of 4635 feet from the reactor which was operating at steady state and
was supported 1125 feet above the interface, The background of the
gamma-ray dosimeter was observed for 36,6 minutes and was 2.4 c/min.
Three individual counts (35.5 minutes each which was the typical counting
time at this separation) were made at this position while the reactor was
operating, These count rates were 5.55, 5,80, and 5.50 counts per minute,
respectively, The standard deviation for this data point is determined

by equation (18):

N

- [5.81 | 2.40
~ 135.5 © 36.6

1
(.228)2 = 0.u8

o
The average net count rate is 3.21 c/min; therefore, the fractional

standard deviation for this data point is:

n % 321"
Because the dose rate is determined by a simple multiplication of
count rate by a calibration factor, Sn for the count rate is the same
for dose rate. Through the procedure described above, it is estimated
that Sn at slant ranges closer than 750 yards to the reactor for neutron
and gamma-ray dose rates was generally within t4 percent., The accuracy
decreased as the slant range increased so that at 1000 yards values of
dose rate were accurate within approximately $10 percent, and at
1500 yards Sn had increased to t15 percent. By the same procedure, it

is estimated that during use of the Co50 source, values of gamma-ray
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exposure rate for slant ranges less‘thah 500 yards were accurate within
£3 ﬁercent. At a slant range of 750 yards, Sn had increased to :10 per-
cent.

Extreme care was taken during the experimental part of this study
to keep the systematic errors from being large enough to influence
appreciably the accuracy of the meésurements of dose., This was accom-
plished by making careful measurements of distance, by calibrating
detectors in a fixed geometry using sources which had been calibrated
by the National Bureau of Standards, and by making corrections in dose
readings, as outlined in Chapter V, for changes in air density. The
adequacy of these air density corrections may be attested by the follow-
ing argument. It was shown in Chapter V that errors in neutron dose
réte at 1000 yards could be as large as 43 percent due to the air den-
sity fluctuation of 9 percent which was observed during this study.

It has been stated elsewhere? that a semi-log plot of D x R? as a
function of R results in a straight line through the data points for
slant ranges greater than about one relaxation length. Several graphs
of D x R2 vs R are presented in this chapter. It is readily seenvthat
the maximum deviation of data points from the "smooth curve" is approxi-
mately 15 percent. Deviations of this magnitude were not observed often.

All data which were collected in this study are given in Tables 2
fhrough 21.

Neutron Data from HPRR Operation

Figure 13 presents neutron dose times slant range squared vs slant

range (R). Curve (A) represents Ritchie's? computed neutron dose data

 for the fission source and detector located in an infinite air medium
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Table 2

NEUTRON DOSE RATE VALUES FOR DETECTOR LYING ON THE AIR-GROUND INTERFACE

AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Rt Soim Setmme  hwrF
R XD (feet) mrad.ft2.hr 1ok}
27 100 104 5.833 x 107
27 200 202 4,882 x 107
27 300 302 3.799 x 107
27 400 401 3.655 x 107
27 700 701 2,713 x 107
27 1500 1501 1,022 x 107
27 2250 2251 3.791 x 106
27 3000 3001 1,558 x 106
300 100 319 3.855 x 107
300 1500 1535 1,403 x 107
300 2250 2275 5.374 x 106
300 3000 3020 1,790 x 106
500 3000 3049 2,126 x 108
1125 1500 1890 1.396 x 107
1125 2200 2u87 5.077 x 108
1125 2250 2532 5.480 x 106
1125 3000 3220 2.130 x 106
1125 3750 3930 8.321 x 105
1125 4500 4653 3.249 x 105

1500 3000 3374 2.315 x 10%
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Table 3

NEUTRON DOSE RATE VALUES FOR DETECTOR
SUPPORTED 2 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

ol R o LN
R X, (feet) mrad.ft2.hr l.kw !

27 100 104 6.061 x 107

27 200 202 4,757 x 107

27 300 302 3.941 x 107

27 400 401 4,050 x 107

27 700 701 2.740 x 107

27 1500 1501 1.326 x 107

27 2250 2251 3.749 x 108

27 3000 3001 1.558 x 106
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Table 4

NEUTRON DOSE RATE VALUES FOR DETECTOR
SUPPORTED 3 FEET ABOVE THT AIR-GRQUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

i =
R X (feet) mrad.ft2.hr 1, kw !
300 2250 2274 5.688 x 106
300 3000 3019 1.869 x 106
500 3000 3048 2,006 x 106
1125 2200 2486 5.572 x 106
1125 2250 2530 5.223 x 106
1125 3000 3219 1.893 x 106
1125 3750 3929 7.313 x 105

1500 3000 3373 2.156 x 106
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Table 5.

NEUTRON DOSE RATE VALUES FOR DETECTOR

SUPPORTED 5 FEET ABOVE ‘THE AIR~-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

cr s SRS swerme Mt
R X5 (feet) mrad.ft2.hr-! ckw-1

27 100 103 5,918 x 107

27 200 202 4,519 x 107

27 300 301 4,027 x 107

27 400 | 401 4,404 x 107

27 700 701 2,835 x 107

27 1500 1501 1.079 x 107

27 2250 2251 3.825 x 108

27 3000 3001 1.430 x 108

300 2250 2274 5,340 x 108

300 3000 : 3019 2,126 x 108

500 3000 3048 2,140 x 108

1125 | 1500 : 1887 1,291 x 107

1125 2200 2485 5,615 x 106

1125 2250 2529 5.2u4 x 108

1125 3000 3218 1.659 x 106

1125 3750 3929 9,143 x 10°

1125 ' 4500 4652 | 2.624 x 10°

1500 3000 3372 1.921 x 10©




AS A FUNCTION OF REACTOR HEIGHT (HR)'AND SLANT RANGE (R)
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Table 6

NEUTRON DOSE RATE VALUES FOR DETECTOR
SUPPORTED 16.5 FEET ABOVE THE AIR-GROUND INTERFACE

Re:ctc(a;el::i.ght }S{:;i:::';gi Si‘:a?;ez:?ge D"l X 1_{2 )
R Xp (feet) mrad.ft2.hr l.kw" ]
27 100 101 4,630 x 107
27 200 201 4,573 x 107
27 300 300 4,144 x 107
27 400 400 3.850 x 107
27 700 700 2.806 x 107
27 1500 1500 1,035 x 107
27 2250 2250 3.962 x 106
27 3000 3000 1,505 x 106
300 100 303 3.510 x 107
300 200 350 4,124 x 107
300 300 417 4,456 x 107
300 400 495 4,656 x 107
300 700 760 3.693 x 107
300 1500 1531 1.405 x 107
300 2250 2273 5.580 x 106
300 3000 3018 2,112 x 106
500 3000 3046 2,154 x 106
1125 1500 1880 1.202 x 107
1125 2250 2524 5,223 x 106
1125 3000 3214 1.670 x 106
1125 3750 3925 7.099 x 105
1125 4500 U649 2,387 x 105
1500 3000 3366 2,009 x 106
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Table 7

NEUTRON DOSE RATE VALUES FOR DETECTOR
SUPPORTED 50 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Al et e e
R Xp (feet) mradsft2.hr lokw !
27 2250 2250 3,864 x 106
27 3000 3000 1.535 x 108
300 1500 1525 1.578 x 107
300 2250 2268 5,988 x 106
300 3000 3014 2,303 x 108
500 3000 - 3040 2,351 x 106
1125 2250 2509 5,461 x 106
1125 3000 3202 1.845 x 106
1125 3750 3916 7.883 x 10°
1500 3000 3351 2,131 x 106
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Table 8

NEUTRON DOSE RATE VALUES FOR DETECTOR
SUPPORTED 100 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

UGS et i ByxP
R Xp (feet) mrad«ft2.,hr" l.kw™1
27 2250 2250 4,108 x 106
27 3000 3000 1.654 x 106
300 100 226 3.328 x 107
300 200 286 3.978 x 107
300 400 451 4,091 x 107
300 700 732 3.758 x 107
300 1500 1517 1.573 x 107
300 2250 2262 6.346 x 106
300 3000 3010 2,210 x 106
500 3000 3033 2,336 x 106
1125 1500 1831 1,292 x 107
1125 2250 2485 5.911 x 10%
1125 3000 3185 1.920 x 106
1125 3750 3901 8.157 x 105
1500 3000 3329 2,028 x 106




61
Table 9

GAMMA EXPOSURE RATE VALUES FOR DETECTOR LYING ON THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

et mn o oamme | Ul
R X, (feet) mRe £t2ehr Lokw ]
27 100 - 104 | 8.684 x 106
27 1200 202 8.869 x 10°
27 | 300 302 A 7.720 x 106
27 400 401 8.655 x 106
27 700 701 8,171 x 108
27 1500 1501 4,771 x 108
27 2250 2251 2,297 x 108
27 ‘ 3000 3001 1.179 x 108
300 100 : 319 8,909 x 106
300 1500 : 1535 5.786 x 106
300 2250 2275 3.217 x 108
300 3000 3020 1.581 x 108
500 3000 3049 1.698 x 106
1125 , 1500 1890 6.981 x 108
1125 2200 2487 3.989 x 106
1125 2250 2532 3.565 x 106
1125 3000 3220 1,603 x 10°
1125 3750 3930 8.683 x 10°
1125 4500 U653 4,763 x 10°

1500 3000 3374 1.771 x 108
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Table 10

GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 2 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Tt S Seime M tF
R X, (feet) mReftZehr lokw 1

27 100 104 8.739 x 106

27 200 202 7.933 x 106

27 300 302 7.682 x 106

27 400 401 9,421 x 10°

27 700 701 8.160 x 106

27 1500 1501 4,409 x 106

27 2250 2251 2.300 x 108

27 3000 3001 1.037 x 106
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Table 11

GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 3 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

e IRRD mmme e
R Xy (feet) mReft2.hr lekw !
300 2250 2274 3,207 x 10%
300 3000 3019 1,756 x 108
500 3000 3048 1,447 x 106
1125 2200 2486 3.797 x 108
1125 2250 2530 3.719 x 108
1125 3000 3219 | 1,786 x 106
1125 3750 3929 8,283 x 10°

1500 | 3000 3373 1,564 x 108
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Table 12

GAMMA EXPOSURE RATE VALUES FOR DETECTOR

SUPPORTED 5 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

el e i S
R X, (feet) mRe ft2.hr lokw™ !
27 100 103 7.913 x 108
27 200 202 7.773 x 108
27 300 301 7.924 x 106
27 400 401 9.544 x 108
27 700 701 8.561 x 10
27 1500 1501 4,466 x 108
27 2250 2251 2,375 x 108
27 3000 3001 1,267 x 108
300 2250 2274 3,200 x 106
300 3000 3019 1.421 x 106
500 3000 3048 1,612 x 106
1125 1500 1887 6.616 x 106
1125 2200 2485 3.559 x 106
1125 2250 2529 3.826 x 106
1125 3000 3218 1.241 x 106
1125 3750 3929 7.833 x 105
1125 4500 4652 5.066 x 105
1500 3000 3372 1.662 x 106
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Table 13

GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 16.5 FEET ABOVE THE AIR GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Reactor Height gorizon?al Slant Range Dyl x R
H. (feet) eparation R (feet) - - -
R X5 (feet) ‘ | mReft2+hr lokw !
27 100 ' 101 ' 6.856 x 106
27 200 201 7.310 x 106
27 300 300 7.881 x 108
27 400 400 8.453 x 108
27 . " 700 700 7.595 x 108
27 | 1500 | 1500 4,49y x 106
27 : 2250 2250 2,473 x 106
27 3000 3000 _ 1.112 x 108
300 100 303 7.431 x 10°
300 200 350 8,489 x 106
300 : 400 . u95 1.042 x 107
300 700 760 9,707 x 108
300 1506 1531 5,958 x 106
300 2250 2273 2,851 x 106
300 3000 3018 1,583 x 108
500 3000 ' 3046 1.509 x 108
1125 1500 1880 6.347 x 106
1125 2250 ‘ 2524 3.849 x 10°
1125 3000 3214 1.367 x 108
1125 | 3750 3925 _ 7.448 x 105
1125 4500 4649 4,394 x 10°
1500 3000 3366 1.675 x 108
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Table 14

GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 50 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Reactor Height g:;i:::;:ﬁ Slant Range Dyl x R?
He (feet) X5 (feet) R (feet) mReft2.hr lokw 1
27 2250 2250 2,299 x 106
27 3000 3000 1.146 x 106
300 1500 1525 5.123 x 106
300 2250 2268 2,851 x 106
300 3000 3014 1.380 x 108
500 3000 3040 1.507 x 106
1125 2250 2509 3.6u4 x 106
1125 3000 3202 1.366 x 106
1125 3750 3916 7.706 x 105
1500 3000 3351 1,581 x 108
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Table 15

GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 100 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF REACTOR HEIGHT (HR) AND SLANT RANGE (R)

Reactor Height gorizonfal Slant Range Dyl x R
H_ (feet) eparation R (feet) - -
R X5 (feet) mReft2.hr tokw !
27 2250 | 2250 2,316 x 108
27 3000 3000 1.104 x 108
300 100 226 4,326 x 108
300 200 286 6,102 x 10°
300 400 451 7.466 x 106
300 700 732 7,709 x 108
300 1500 1517 5,657 x 106
300 2250 2262 2,991 x 106
300 3000 3010 1.442 x 106
500 3000 3033 1,575 x 1086
1125 1500 1831 5,395 x 108
1125 2250 2487 3.362 x 108
1125 3000 3185 1.350 x 10%
1125 , 3750 3901 8,515 x 10°

1500 3000 3329 1,511 x 108
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Table 16

Co®0 GAMMA EXPOSURE RATE VALUES FOR DETECTOR

LYING ON THE AIR-GROUND INTERFACE

AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT RANGE (R)

Ul St Sl e e
S X, (feet) , mR.ft2.hp" !
27 400 401 1.14 x 107
27 700 701 6.79 x 106
27 1200 1201 3.36 x 106
27 1500 1501 2.34 x 106
27 2250 2251 7.68 x 105
300 400 505 1.09 x 107
300 700 767 7.58 x 106
300 1200 1242 4,03 x 106
300 1500 1535 2.98 x 106
300 2250 2275 1.09 x 106
1125 700 1336 3.62 x 106
1125 1100 1587 2.98 x 106
1125 1200 1659 2,79 x 106
1125 1300 1734 2.58 x 108
1125 1400 1811 2.31 x 106
1125 1500 1890 2.10 x 106
1125 1600 1971 1.80 x 106
1125 1700 2054 1.65 x 106
1125 1800 2138 1.47 x 108
1125 2250 2531 9,02 x 105
1500 2250 2723 7.35 x 105
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Table 17

Co®0 GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 2 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT. RANGE (R)

oweeteipe UL gmpme MWt
S X, (feet) mR.ft2hr !
27 400 w1 1,08 x 107
27 ‘ 700 701 \ 6,47 x 106
27 1200 1201 _ 3.39 x 106
27 1500 1501 2,19 x 106
27 o 2250 2251 ' 8.66 x 10°
300 400 503 1.05 x 107
300 700 , 766 A 7.66 x 106
300 1200 1242 : 5,00 x 108
300 | 1500 1534 2,89 x 106
300 2250 2274 1.07 x 10?
1125 700 1334 3.56 x 108
1125 1200 1658 2.71 x 108
1125 _ 1500 1889 2,10 x 106
1125 2250 2530 8.66 x 103
1125 | 2370 2638 8.25 x 105

1500 2250 . 2722 8.82 x 10°
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Table 18

Co®0 GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 5 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT RANGE (R)

WS erion S Pt
S X, (feet) mReft2,hr !
27 400 401 1.12 x 107
27 700 701 6.52 x 106
27 1200 1201 3.45 x 106
27 1500 1501 2.19 x 106
27 2250 2251 8.02 x 105
300 400 502 1.07 x 107
300 700 765 7.55 x 106
300 1200 1241 4,14 x 106
300 1500 1534 3.00 x 108
300 2250 2274 1.06 x 106
1125 700 1331 3.37 x 106
1125 1100 1583 3,78 x 108
1125 1200 1656 2.69 x 106
1125 1300 1730 2.47 x 106
1125 1400 1808 2,14 x 106
1125 1500 1887 2.12 x 108
1125 1600 1968 1.85 x 106
1125 1700 2051 1.84 x 106
1125 1800 2135 1.35 x 108
1125 2250 2529 8.59 x 105
1500 2250 2721 7.08 x 105
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Table 19

Co®9 GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 16.5 FEET ABOVE THE AIR-GROUND INTERFACE
AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT RANGE (R)

sowes feignt SGuin, smcime Pn T
S X, (feet) mReft2.hr !
27 - 400 400 1.26 x 107

27 700 700 6.74 x 106

27 1200 . 1200 3,43 x 106

27 1500 1500 2.13 x 106

27 2250 2250 7.91 x 105
300 400 495 1.31 x 107
300 700 760 8.41 x 108
300 1200 1238 4,39 x 106
300 1500 1531 3.21 x 106
300 2250 2272 1.22 x 106
1125 700 1322 3.53 x 106
1125 1200 1648 2.56 x 106
1125 1500 1880 2,01 x 108
1125 2250 2524 9,42 x 105

1500 2250 2714 7.51 x 10°




AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT RANGE (R)

72

Table 20

Co%0 GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 50 FEET ABOVE THE AIR-GROUND INTERFACE

A e R

S X, (feet) mR.£t2,hr" 1
27 400 400 1.26 x 107

27 700 700 7.54 x 106

27 1200 1200 3.69 x 106

27 1500 1500 2.34 x 108

27 2250 2250 8,63 x 10°
300 400 476 1.12 x 107
300 700 748 8.50 x 106
300 1200 1230 4,71 x 108
300 1500 1525 3.21 x 106
300 2250 2268 1.30 x 108
1125 700 1293 3.79 x 108
1125 1200 1625 2.84 x 106
1125 1500 1860 2,09 x 106
1125 2250 2509 8,54 x 105
1500 2250 2696 6.67 x 105
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Table 21

Co®0 GAMMA EXPOSURE RATE VALUES FOR DETECTOR
SUPPORTED 100 FEET ABOVE THE AIR-GROUND INTERFACE

AS A FUNCTION OF SOURCE HEIGHT (HS) AND SLANT RANGE (R)

sowes peige LTI smrme Pt
S X, (feet) mR.ft2.hr !
27 400 405 1.10 x 107

27 700 703 8.41 x 108

27 1200 1201 3,70 x 108

27 1500 1501 2.59 x 106

27 2250 2250 9,90 x 103
300 400 451 1.18 x 107
300 700 732 7.99 x 108
300 1200 1220 4,87 x 106
300 1500 1517 3.18 x 106
300 2250 2262 1.27 x 108
1125 700 1252 3.97 x 108
1125 1200 1592 2,90 x 108
1125 1500 1831 2.14 x 108
1125 2250 2487 1.03 x 106
1500 2250 2668 6.36 x 10°
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CURVE A- FISSION SOURCE IN AN
INFINITE AIR MEDIUM
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Fig. 13, Comparison of Measured Neutron Dose to Computed
Neutron Dose in a Finite Medium as a Function
of Slant Range (R)
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(1,075 g/1). Curve (B) represents computed neutron data for the fission
source at 300 feet above the air-ground interface and detector lying on
the interface. Curve (C) represents experimental data collected during
this project for a source detector geometry idenFical to that in
curve (B). The computed neutron dose data, in curves (A) and (B), are
for neutron energies in the spatial dose distribution greater than
150 kev. This represents approximately the lower energy threshold of
reéponse for the Radsan fast neutron dosimeter., By normalizing the
experimental values to:the computed values of neutron dose in the finite
geometry, and air density of 1.075 g/l, [normalize curve (C) to curve (B)],
a semi~experimental determination of the boundary corfection factor
K(exp) as a fﬁnction of slant range may be determined. To perform this
task, one simply divides the valueé in a typical D x RZ vs R curve,
normalized to the computed Radsan response, by values of neutron dose
at the same slant range from curve (A). This procedure is valid only
if the experimental data is for the same air density as curve (A),
namely 1.075 g/l. The results of this are shown in Figure 14, where the
computed boundary correction factor (K) is represented by the solid
line and where the semi-experimental boundary correction factor K(exp)
is representea by a dashed 1jne through the data points. The experimental
curve is representative of the boundary correction factor for a source
supported at 27 feet above the gréﬁnd while the computed boundary correc-
tion factor is for a source supported at 10 metérs (32.8 feet)., It should
be noted in Figure 14% that for slant ranges between 100 meters and
1000 meters, the agreement between K and K(exp) lies within approximately

20 percent even for the worst case, Some of this difference undoubtedly
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lies in the fact that values for K are for 3 Mev neutrons which are more
energetic than the mean neutrdnbenergy in this neutron energy speétrum,
and the source height for K was larger than in the experimental case.
Further treatment of neutron data in this fashion is not presented here
because boundary correction factors cannot be considered reliable unless
measurements of dose are made both in a finite and in an infihite:air
medium. For this project, the reactor was supported high énough above
the ground so that the source could be considered in the infinite medium
(to be shown later in this chapter), but the dosimetéf was never employed
successfully at heights greater than 100 feet.

It has been stated earlier that the presence of the ground increasés
the dose at points near the source and decreases it at distant points.
This relation may be seen in Figures 15 and 16. Neutron dose rate
multiplied by slant range squared is plotted as a function of slant
range (R) in these figures for an air density of 1.02 g/l. In Figure 15;
the reactor was supported 27 feet above the ground, and the two curves
représent measurements of neutron dose rate with the detector placed
on the interface and at 16.5 feet above the ground. It is readily seen
that the values, in the curve for detector lying on the interface, are
larger near the source, but no definite statement can be made for large
separations. In general, the same relationship is shown in Figure 16
where the source is supported 300 feet above the air-ground interface
and the detectors are placed at 16.5 feet and 100 feet above the inter-
face. At source detector separations less than about 600 feet, the
values of dose increase as the dosimeter is brought closer to the
ground, and at separations gregtér than 600 feet the values of dose

increase as the dosimeter is raised above the ground.
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A Hp=27', Hp= 0O
OH =27, H=165
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Fig, 15, Neutron D x R2 as a Function of Slant Range
(R) for a Reactor Heipght of 27 Feet and
Detector Heights of 0 Feet and 16.5 Feet
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In Figure 17, values for neutron dose rate times slant range squared
versus slant range are given for the detector lying on the interface and
for the reactor supported at heights of 27, 300, and 1125 feet. These
curves represent typical source-detector geometry employed during
nuclear weapons tests, and all have been normalized to 1.02 g/l air
density. When reduced to 1.293 g/1, the average relaxation length is
195 yards, which compares favorably with data reported from weapons
tests."” The peak which is shown in the dose rate versus distance
curve for a reactor height (HR) of 27 feet occurs at a horizontal
separation (X) of approximately 100 feet. This peak is assumed to be
due to albedo scattering, as it compares satisfactorily with previous
data for neutron scattering from thick slabs (Ho/X = 0,27),48549

For a given slant range greater than 1500 feet, there is an in-
crease in dose rate at the interface by a factor of 2.1 as the fission
source is raised from 27 feet to 1125 feet. The mechanism for this in-
crease may be explained in the following manner. For an isotropic source
supported in an air-over-ground geometry, the radiations reaching a point,
which is located at a slant range R from the source, are direct (unscattered)
radiation, radiation scattered in the air above the source, radiation
scattered in the air below the source, and radiation scattered from the
surface of the ground,.l6 Clearly, these latter two components are in-

fluenced by the heights of the source. Although there is some reflection

47g, Glasstone, ed., The Effects of Nuclear Weapons (United States
Atomic Energy Commission, 1962) pp. 369-513.

“8J. W. Cure and G. S. Hurst, Nucleonics 12, No. 8, 36-38 (1954),

“31. D. Strickler, H. E. Gilbert, and J. A. Auxier, Nuc. Sci. and
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of radiation from the ground, a percentage of that striking the ground
entefs the ground and is absorbed., It follon then that as the source
is raised above the ground, there should be a general increase in dose
delivered to the point of interest, and at some height, the increase
will show an asymptotic approach to a limiting value. Such behavior is
shown in Figure 18, where the ordinate represents neutron dose rate
(arbitrary units) for distance (X) of 1000 yards, which has been corrected
for inverse square attenuation, and which has been corrected for attenua-
tion caused by the mass of air between source and point of interest
(these corrections are necessary due to different source-detector separa-
tions). The height of the source above the air-ground interface is
given along the abscissa. Two sets of computed data?,16 are given in
this figure along with two sets of experimentsl data. Of the latter
two cases, the values collected during this project are represented
by . The two points represented by A are for values collected at the
Nevada Test Site during one of the weapons test operations.2? The data
from weapons tests and the two sets of computed data are normalized to
the data of this project at the greatest source height. The comparison
between the two experimental cases indicates agreement to approximately
one percent. A comparison of the two experimental cases to computed
data does not show satisfactory agreement. However, choosing a
different normalization point for the data would obviously change the
apparent poor agreement seen in Figure 18,

A situation analogous to that just discussed is found in the case
where the detector height is varied. According to French,!6 scattered

radiation in the vicinity of the detector has a significant bearing on
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Fig. 18, Comparison of Measured Neutron Dose to Computed
Neutron Dose as a Function of Reactor Height
(HR) and for a Detector Height of 0 Feet
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the detector's response as it is raised above the interface. 1In Figure 19,
values of neutron dose rate as a function of detector height above the
interface are compared to the response predicted by French. Values of
neutron dose rate with corrections for inverse square of distance and
attenuation due to the air mass between source and detector are given
in arbitrary units on the ordinate. These values are plotted as a func-
tion of detector height. The results of French's calculation are nor-
malized to the measured value at 100 feet. The point on the interface
is the worst case in this comparison, but the agreement here is within
12 percent.

The dependence of the ratio of neutron dose rate to gamma-ray
exposure rate on detector height and slant range is presented in Fig-
ure 20. The lower curve represents the neutron to gamma ratioc of dose
for a detector height of 16.5 feet above the interface for source heights
of 27, 300, and 1125 .feet. The upper curve represents the neutron to
gamma ratio for a detector height of 100 feet above the interface and
for reactor heights of 300 feet and 1125 feet. For a given detector
height, the values on each curve vary little regardless of the reactor
height. Measurements of dose for other reactor heights, not given in
Figure 20, indicate a similar behavior. Hence, the statément may be
made that for a given detector height above the air-ground interface,
the ratio of neutron dose rate to gamma-ray exposure rate is independent
of the height of the reactor, whether the reactor is positioned between
the limits of infinite air medium or finite air medium, or positioned

at either of these limits.
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Fig. 19. Comparison of Measured Neutron Dose to Computed
Neutron Dose as a Function of Detector Height
(HD) for a Reactor Height of 1125 Feet
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Gamma-Ray Data From HPRR Operation ,

The data presented in this and the follow1ng section are treated
31m11arly to the neutron data in the preceding sectlon.n In Figure 21,
gamma-ray exposure rate times slant range squared is ploftedias a func-
tion of slant range for a reactor height.of 27 feet and for the detector
positioned both on the interface and at 16.5 feet above the interface.
At slant ranges to approximately 250 feet, the values for the detector
lying on the interface are significantly higher (25 percent) than for
the case where the detectbf is positioned at 16.5 feetj but at slant
ranges greater than 750 feet, the difference in exposure rate is only
7 to 12 percent. :

Similar values of expoéure rate are plotted in Figure 22, but for
a reactor height of 300 feet and detector heights of 16.5 feet and
100 feet. When these two curves are compared to neutron data at the
same reactor-detector geometry (Figure 16), a similarity is seen in
shape, but there is no place in Figure 22 where the exposure rate, for
a detéctor height of 100 feet, is greater than it is in the case for a
detector positioned at 16.5 feet. Although measurements of thermal
neutron dose were not made during this study, the population of thermal
neutrons, for a given slant range, probably increases as the detector
approaches the interface. This would create more gamma rays through
inelaétic collision of neutrons in the air and the ground, hence
apparently accounting for the behéviqfvof the two curves in Figure 22,

For a detector lying on the interface and for reactor heights of
27, 300, and 1125 feet, gamma-ray exposure rate times slant range

squared as a function of slant range:is'pbesehted in Figure 23.




DxRZ (mR-hr'- k" 12)

88

© Hg= 27" ,Hp=0'
A Hp=27,Hy=165

AIR DENSITY 1.02 ¢/1

| l I l | |

10
0 500 1000 1500 2000 2500 3000
SLANT RANGE (FEET)
Fig, 21, Gamma-Ray D x R2 as a Function of Slant Range

(R) for a Reactor Height of 27 Feet and for
Detector Heights of 0 Feet and 16.5 Feet

3500




89

108
B © Hg=300', Hy=16.5'
o A Hg=300', Hp=100'
B ' AIR DENSITY 1.02 g/I -
o
TB
>y
TL-
< 107
o
£
N\/
1 4
»
(o]

06 | l 1 | 1 L
o 500 1000 1500 2000 2500 3000 3500

SLANT RANGE (FEET)

Fig. 22. Gamma-Ray D x R? as a Function of Slant Range
(R) for a Reactor Height of 300 Feet and for
Detector Heights of 16,5 Feet and 100 Feet




DxRZ (mR hi' kw'#t2)

60

90

© Hp=27', Hy=0'
A Hg =300, Hy=0'
V Hp=1125', Hy= 0’
AIR DENSITY 1.02 g¢/I

] | | | ] J ]

0

600 1200 1800 2400 3000 3600 4200 4800
SLANT RANGE (FEET)

Fig, 23, Gamma-Ray D x R2 as a Function of Slant Range
(R) for a Detector Height of 0 Feet and for
Reactor Heights of 27, 300, and 1125 Feet




91

When reduced to 1.293 g/l, the average relaxation length is 271 yards.
An albedo peak was observed for gamma rays, in the curve for a reactor
height of 27 feet, at a slant range of approximately 100 feet. It is
seen that for R > 506 yards, the increase in exposure rate at the inter-
face is 1.9 as the reactor is raised from 27 feet to 1125 feet. This
statement is further supported by the information presented in Figure 24
where the increase in exposure rate is seen to be approximately 1.9 as
the reactor is raised from 27 feet to 1125 feet. The data presented in
Figure 24 cannot be validated by a comparison to computed data at this
time; however, two points are given which were measured during the series
of weapons tests in 1957,27

For a fixed reactor height, the gamma-ray exposure rate as a
function of detector height above the interface is given in Figure 25.
The exposure rate is seen to decrease by 15 percent at 100 feet above
the interface as compared to the exposure rate at the ground. This
decrease could be explained by a decrease in the number of inelastic
collisions of thermal neutrons in air, assuming that the thermal
neutron population increases near the interface.

Gamma-Ray Data for Cob?

The data given in this section were collected during the use of a
Cob0 source whose effective activitj was 800 curies. After operations
with the HPRR had terminated, the Co80 source facility (see Figure 3)
was placed in the same hoisting mechanism and was supported at the same
heights above the interface as the reactor. In this section, emphasis
will be placed on comparisons between the measured boundary correction

factors K(exp) and boundary correction factors K which were computed by
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M. J. Berger.? However, experimental results will also be presented
in a manner similar to that of the two preceding sections,

Gamma-ray exposure rates from Co®® as a function of slant range
are presented in Figure 26 for three source heights with detectors
lying on the interface. The average relaxation length for an air den-
sity of 1.293 g/1 is 193 yards. A similar plot is given in Figure 27
for a source height of 300 feet and detectors placed at 0 and 100 feet
above the interface, It is seen in this figure that the values of
exposure rate for the detector lying on the interface is lower than
that at 100 feet for R > 500 feet.

Values of exposure rate (arbitrary units) as a function of source
height, for a slant range of 750 to 900 yards, are given in Figure 28.
At a source height of 1500 feet, the exposure rate is approaching its
limiting value and is approximately a factor of 2.0 greater than the
value for a source height of 27 feet. Berger's computed values are
normalized to the experimental data at a source height of 283 feet
which for an air density of 1,01 g/1 corresponds to one-half mean free
path. The other point from Berger's data is for the source at the
interface. By extrapolating the experimental curve to a source height
HS = 0, one sees that this intercept is in good agreement with the
computed point,

Values of exposure rate as a function of detector height are given
in Figure 29 for a source height of 300 feet. There is an initial de-
crease in exposure rate at approximately 5 feet above the interface and

an increase of 19 percent from that point to 100 feet above the interface,
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(R) for a €o®? source Height of 300 Feet and
Detector Heights of 0 Feet and 100 Feet
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For purposes of this section, a gamma-ray exposure buildup factor,
for a given slant range, is defined as the ratio of the total exposure
rate to the exposﬁre rate due to primary ﬁeam fadiétion aione.”‘in
Figure 30, computed values 50 and measured values of the exposure build-
up factor are'presented as a function of mean free path. This figure
lends support to the generalized statement that the presencé of the
air-ground interface enhances the‘exposure rate near théisource and
decfeases the exposure rate elsewhere. It is seen here that for a
given slant range the experimental values increase in magnitude as the
source height increases, and the experimental curve for gach source
height intercepts the computed curve at a Aifferent point., Hence,
the slant range at which K(exp) = 1 varies directly as the height of
the source above the interface.

In order to compare experimental values of boundary correction
factors K(exp) to computed values (K), it was necessary to calculate
the infinite ;ir medium exposure rate as a function of slant range
for p = 1.01 g/l. Gamma-ray exposure was calculated according to

the forula:

(D . R2) = sBD, RZe™™% f = - 20
where -
S = source activity in curies.
B = exposure buildup factor.
D} = exposure rate pér curie at one foot. -

504, Goldstein and J. E. Wilkins, Jr., U, S. Atomic Energy Commission
Report NYO-3075 (1954).
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R

slant range in feet.

u = total coefficient of absorption.

Values of D . R2 as a function of slanf ranéé-(R)Yafe preséﬁtea in
Figure 31. The experimental boundary correction factor, K(exp), is
the ratio of the exposure rate in the air-over-ground geomefry to the
exposure rate in‘th;'infinife air medium at the same slant fange.
Values of K(exp) and K are plotted as a function of slant range for
several source-detector geometries in Figures 32 through 34. In Fig-
ure 32, the curve for K(exp) is seen to be similar in'shape to that
for K, but the values for K(exp) are approximately'is to 20 percent
greater than K. This is to be expected, considering the data in
Figure 28. In Figure 32, K(exp) is for a source height of 27 feet
above the interface, and values of K are for the source positioned on
the interface, It was shown in Figure 28 that the computed values of
exposure rate as a function of slant range (R) for a source on the
interface are approximatel& 15 percent lower than the measu?ed expo-
sure rates as a function of slant range (R) with the source supported
27 feet above the interface. In Figure 33, values of K(exp) for a
source height of 300 feet and detector on the interface, and values
of K for a source height of 283 feet (0.5 mfp) and detector on the
interface, are given as a function of slant range. In Figufe 34, the
source-detector geometry was altered by placing the detector 100 feet
above the interface. The agreement between the cﬁr#és in these two
figures indicates that Monte Carlo techniques may be used in computing
the exposure rates from a point €089 source at lafge slant rangés

(greater than one relaxation length), in an air-over-ground geometry.
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Fig., 31. Computed Co®? D x R? as a Function of Slant Range
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Fig. 32. Comparison of K(exp) for a €080 Source Height of
27 Feet and Detector Height of 0 Feet, to K for
a Co®% Source Height of 0 Feet. and Detector
Height of 0 Feet, as a Function of Slant Range (R)
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VII. CONCLUSIONS

The experimental study described here was conducted in an effort
to expand the present knowledge of the effect of the presence of the
air-ground interface on the measurement of neutron first collision
tissue dose and gamma-ray exposure in air above the earth's surface,
Measurements of neutron dose were made in radiation fields from the
Health Physics Research Reactor operating at steady-state power and
supported at several heights above the earth's surface. Measurements
of gamma-ray exposure were made in radiation fields from the HPRR and
from a Co®0 source supported in a similar geometry,

To substantiate the experimental data, comparisons were made to
data which were collected during nuclear weapons tests. Values of
relaxation length for neutron dose and gamma-ray exposure were com-
pared in both cases with satisfactory agreement.

Several comparisons of experimental data have been made with com-
puted data. Ritchie has computed boundary correction factors K, for
neutrons, for a series of source-detector geometries. In comparing
experimentally determined boundary correction factors K(exp), for
neutrons, with computed values K, $10 percent agreement was obtained
from a slant range of 100 meters to a slant range of 1000 meters,
Ritchie? and Frenchl® have computed the decrease in the infinite medium
neutron dose, at large slant ranges, caused by the presence of the
air-ground interface, A comparison was made between these values and
experimental data (Figure 18), but it was not found to be acceptable,
It is recommended that a careful study of this comparison be made when
more experimental and theoretical data are available. Experimental
values of dose as a function of detector height were compared to French's
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computed values (Figure 19) indicating %2 percent agreement from 10 feet
to 100 feet above the interface and #6 percent at’the interface., Berger
has cqmputed boundary correction factors K for Cob0 gamma rays. Experi-
mental determination of K(exp) for Cob0 are compared to values of K in
Figures 32 through 34, In this case, the comparison indicates that
Monte Carlo techniques may be used successfully to predict the effect of
the presence of the air-ground interface on calculations of exposure at
large'distances (R > 600 feet) from a point isotropic gamma-ray source,
to within %2 percent.

It was found that for most points in the finite -medium, the ratio,
neutron dose to gamma-ray exposure is independent of the height of the
fission source above the air-ground interface.

It was experimentally determined that, in genheral, the presence of
the air-ground interface enhances the measured radiation at slant ranges
close to the source and decreases the measured radiation at large slant
ranges. That is to say, for a given source heiéht near the ground, and
for a fixed detector height, K(exp) has a value of one for some unique
slant range. However, as the height of the source increases, the slant

range at which K(exp) = 1 also increases.
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