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INTRODUCTION

In many civil engineering applications of nuclear explosives there is the
need to reenter the crater and lip area as soon as possible after the detona-
tion to carry out conventional construction activities.. These construction
activities, however, must be delayed until the gamma dose rate, or exposure
rate, in and around the crater decays to acceptable levels. To estimate the
time of reentry for post-detonation construction activities, the exposure rate
in the crater and lip areas must be predicted as a function of time after deto-
nation. An accurate prediction permits a project planner to effectively sched-
ule post-detonation activities.

Method of Approach

In developing a means to predict the exposure rate in the crater and lip
area, it became apparent that the radioactive debris was volume distributed
rather than plane distributed as occurs in fallout fields. This meant that
methods designed to predict the exposure rate in a fallout field could not be
used to predict the exposure rate in the crater and lip area. The succeeding
steps were followed in developing a technique for predicting the crater and lip
exposure rate: (1) a uniform distribution of the radioactive debris in the
upper portions of the fallback and ejecta was assumed; (2) a uniform infinite
slab source was used to analytically calculate the exposure rate and was shown
to be applicable in the crater and lip area; (3) this calculated exposure rate
was then normalized to previously measured values of the exposure rate in and
around several nuclear craters; (4) and finally, exposure rates in and around
future nuclear craters were calculated. These four steps are developed and dis-
cussed in the remainder of this paper.

DISTRIBUTION OF RADIONUCLIDES IN CRATER EJECTA AND FALLBACK

The distribution of the radionuclides in the post-detonation environment
must be known or inferred before a workable model could be developed for pre-
dicting the exposure rate in the crater and lip area. When our predictive model
was developed, little empirical data describing the distribution of gamma-
emitting radionuclides in the fallback and ejecta of nuclear craters were avail-
able. Hence, from a qualitative understanding of the nuclear cratering process
(and from considerations of an infinite slab source), we assumed that the gamma-
emitting radionuclides in the upper 2 feet of the ejecta and fallback were uni-
formly distributed. (1, 2). Koranda (3) has since shown that in 4 out of 5
locations on the lip of the SEDAN Crater, the gamma-emitting radionuclides in-
deed approximate a uniform distribution in the upper 2 to 3 feet of ejecta.
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It should be noted that the distribution of radionuclides in the ejecta
and fallback is influenced by many factors: for example, the yield of the de-
vice, the depth of burst, and the geological and chemical properties of the
medium in which the device is detonated. Not all cratering events have or are
expected to produce a uniform distribution of radionuclides in the upper 2 feet
of the ejecta and fallback. However, for these cratering events we are able to
predict the exposure rate by using a normalization factor, based on an event's
scaled depth of burst, which takes into account this nonuniform distribution.

MATHEMATICAL MODEL FOR CALCULATION OF THE CRATER AND LIP EXPOSURE RATE

Since we have assumed that the gamma-emitting radionuclides are approxi-
mately uniformly distributed in the upper 2 feet of ejecta, a mathematical model
for calculating the exposure rate in the crater and lip area can be developed.

The exposure rate from a source emitting mono-energetic photons is directly
proportional to the magnitude of the gamma photon flux, the photon energy, and
the energy absorption properties of air. This relationship is given by

ER = kvE<{> (R/hr) (1)

a

where

ER = exposure rate (R/hr)

2
<t> = gamma photon flux (photons/cm -sec)

E = energy per photon (Mev/photon)

μ = linear energy absorption coefficient of air
for photons of energy E (cm

_
l)

k = 5.33 x 10"
2
 (R/hr)/(Mev/cm

3
-sec).

For a f lux composed of photons of d i f ferent energies, the exposure rate is sim-
ply the sum of the exposure rates due to each photon energy. Except for the
f l u x , the quantit ies in equation (1) are well known. Thus, the problem of ca l-
culating the exposure rate becomes one of calculating the gamma photon f l u x .

Flux Above an I n f i n i t e Slab Source of Finite Thickness

I f radionuclides are distr ibuted uniformly throughout an i n f i n i t e slab,
the source density ( i . e . , the number of gamma photons emitted per unit time per
unit source volume) may be treated as a constant at a specified time. The pho-
ton f lux at a specified distance above such a source configuration has been de-
rived by Rockwell. (4). Rockwell's derivation was modified to include a bui ld-
up factor which depends l inear ly on the number of mean-free paths from the
source to a point at which the f lux is to be calculated. (5). The f lux at
point P above this source configuration (see Figure 1) is given by

S
V ' E 9 (" h) " E9 K h + "c z ) + e x P (-•2 1 2 n 2

in which

- e x p {-μ h - M z ) | ( p h o t o n s / c m - s e c ) ( 2 )

p
£ = gamma photon flux above the slab at point p (photons/cm -sec)

h = distance from the slab to point P (cm)
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S = uniform source density (photons/sec -cm )

A = relaxation length of the slab material (cm). (1). This
quantity is plotted in Figure 2 for a material having
an average atomic number of 12 (i.e., typical ejecta
and fallback)

M = linear attenuation coefficient of the slab material
(cm-1). This quantity is the reciprocal of the re-
laxation length, i.e., y = I/A

M = linear attenuation coefficient of air (cnH). The mass
attenuation coefficient, yQ/p, which is equal to yQ
divided by the density of air, P, is plotted in
Figure 3.

z = thickness of the slab (cm)

Eo (t) = second order exponential integral function with argument t.
1 (4).

The flux above a uniform infinite slab source depends on the concentration of
radionuclides comprising the slab source, the density of the slab material, the
energy of the photons emitted by the radionuclides, the height above the slab
where the flux is calculated, and the thickness of the slab.

Application to the Crater and Lip Area

It was assumed that an infinite slab source approximates the source con-
figuration found in the nuclear crater and lip area. In order to verify this
assumption, equation (2) is evaluated for three photon energies: 0.1, 1 and 2
Mev. The flux is evaluated at a point 3 feet (h = 91.4 cm) above the slab which
is composed of a material with average atomic number of 12 and with a density of
1.5 gm/cm3 . The exposure rate in the crater and lip area is usually measured
at a height of 3 feet above ground surface. The variables in equation (2),
evaluated at the given photon energies, were determined from Figures 2 and 3
and are tabulated in Table I.

TABLE I

A
S

Variables

.1

2.0

1.8

4.2

2.4

used to

Flux

Mev

(-4)

(-2)

(-D

evaluate

composed

equation

of

1

8,

7,

10,

9,

photons

Mev
.1 (-5)

.4 (-3)

.5

.5 (-2)

(2)

with energy

1

2

5.7

5.2

5.2

6.6

Mev
(-5)

(-3)

(-2)

The values in Table I were used to evaluate terms containing z in equation
(2). The results are given in Table II for three values of z.
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Figure 1. Crossectional view of both an infinite slab source (solid lines) of
thickness " z " and a truncated cone source (broken and solid lines)
with an upper radius of "a".

100

Density of medium - grn/cm

Photon energy - Mev

Figure 2. Relaxation length as a function of photon energy and density of the
medium having an atomic number of 12^.
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Figure 3. Mass attenuation and absorption coefficients in air as a function of
photon energy.^



Slab
thickness z

(cm)

30

30

60

60

oo

oo

Evaluation of

Term

E2 ( ^ •

exp (-μ h

E2 Uoh +

exp (-MQh

E2 U o h +

exp (-μoh

terms

v>
- v>
v>
- «sh>

v>
- V )

TABLE I I

containing z in

Source emi

.1 Mev

8.0 (-5)

7.4 (-4)

3.8 (-8)

6. (-7)

0

0

equation (2) for :

t t i n g f

1

1,

6.

4,

3,

Dhotons with

Mev

.3 (-2)

•1 (-2)

.2 (-4)

• (-3)

0

0

energy

2

3.

1.

3.

2.

Mev

7 (-2)

4 (-1)

4 (-3)

(-2)

0

0

It can be seen in Table II that as z increases, the exponential and the E
2

function decrease rapidly. Wnen z is 60 cm the terms containing z are quite
small. The flux from a slab 60 cm thick differs from the flux from an infinite-
ly thick slab by only 2%. Therefore, with little loss in accuracy, equation (2)
can be approximated by

& =
 s

2

 v
 | E

2
 U

Q
h ) + exp (-^h)j (photons/cm

2
 -sec) (3)

Thus the flux at a point 3 feet above the slab (h = 91.4 cm) is essentially in-
sensitive to the source material below the first 60 cm of slab thickness. In
the first 60 cm of SEDAN ejecta, the radionuclides were uniformly distributed.
Consequently, the vertical distribution of the source in the lip area approxi-
mates that of an infinite slab source.

Comparison of the flux from a truncated cone source, shown by the dashed
lines in Figure 1, with the flux from an infinite slab source of equal thick-
ness, indicates that over 95% of the flux at point P comes from the source con-
tained in the truncated cone whose upper radius "a" (Figure 1) is approximately
35 feet. The source distribution in the crater and lip area of large craters
approximates this lateral distribution.

Thus, we have indicated that the flux in the crater and lip area can be
calculated by equation (3).

Equation (3) could be simplified further by noting that E2 i^Jn)
 anc
'

 e x
P

(-M h) are both approximately equal to 1 for photon energies between 0.1 and
2 MeV An approximate value for the flux above the slab source would then be
given by

6 = A
s
 s

v
 (photons/cm

2
 - sec) (4)

However, for photon energies less than .1 Mev, significant error would be intro-
duced by the use of equation (4) because the linear attenuation coefficient,
μ

Qi
 for these energies becomes relatively large and E2 (^o

n
)
 anc
*

 e x
P (

_ M
o

n
)
 a r e

no longer approximately 1. For this reason, equation (3) is used to calculate
the flux used in the model. From equations (1) and (3), the exposure rate for
a mono-energetic photon source in the crater and lip area of large nuclear
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craters is given by

ER = 2.67-10"% EΑ S f(E
9
 (M h) + exp (-μ^h)] (R/hr) (5)

a s v I 2 o ^
 x
 o \

For an exposure rate resulting from a source emitting photons of many energies,
the summation of the relative contribution to the exposure rate from each pho-
ton energy can be obtained with ease. To apply equation (5) to the crater and
lip environment, the source density S must be determined.

DETERMINATION OF THE SOURCE DENSITY

The equation for calculating the exposure rate in the crater and lip area
was derived assuming the source density, Sγ, was uniform in the upper 2 feet of
the volume distributed source. This quantity, S

v
, depends both on the amount of

gamma activity, S, present in the cratered material and the volume of material
containing these radionuclides. Therefore, the source density, Sv, can be de-
fined by the following expression:

S = S / 5V
t
 (photons/sec-cm ) (6)

where

S = source density (photons/sec-cm )

S = gamma activity remaining in the ejecta and fallback (photons/sec)

V. = true crater volume (cm )

5 = normalizing factor (unitless).

These quantities are discussed below in detail.

Definition of the Source

If the total gamma activity due to the radionuclides produced by the
nuclear explosive is represented by Sj, then the source, S, is given by

S = S
T
(1-f

v
) (photons/sec) (7)

in which

f = fraction of the total produced activity vented into the atmosphere and
deposited as local fallout (fraction vented).

This equation assumes that all radionuclides are vented into the atmosphere to
the same degree. This is a fair approximation for many of the radionuclides.
However, fractionation (the process which causes different species of radio-
nuclides to be vented to varying degrees) effects should be considered in the
future when more information dealing with this process becomes available.

The total gamma activity produced, Sj, can be considered to be composed of
two groups: the first group, Sf, is composed of the gamma activity from the
fission products; and the second, S-j, is composed of the gamma activity from
the neutron-induced radionuclides. Representing this division symbolically

I
S-j- = S

f
 + J2 S. (photons/sec) (8)

where
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Sγ = total gamma activity from the radionuclides produced by the
nuclear explosive

Sr = ganrna activity from fission products

S. = gamma activity from the i neutron-induced radionuclide

I = total number of significant gamma emitting neutron-induced
radionuclides

From equations (8) and (7), the source can be expressed as:

S =
 <

S
f
 +
 E

 s
i) (

]
-

f
y) (photons/sec) (9)

i = 1
This equation expresses the source as a function of the fraction of the total
activity vented into the atmosphere, the gamma activity from the fission pro-
cess, and the gamma activity from the induced radionuclides.

In most nuclear crater applications at optimum depth of burst, it can be
expected that f

v
 will be very small. Without introducing any significant error,

f
v
 may be set equal to zero. As a result, the source can be approximated as

S = S
f
 + XI S. (photons/sec) (10)

i = 1
 1

This approximation will permit predictions of the exposure rate without speci-
fying the vent fraction, f .

True Crater Volume

The calculation of the true crater volume Vt is based on a simple geomet-
rical model. For single charge craters, the model consists of a truncated cone
and a hemisphere. The volume of the truncated cone depends on the yield W (kt),
the scaled apparent crater radius r

a
 (cm/ktV3.4) ̂  the scaled cavity radius

r(cm/ktl/3.4), and the scaled depth of burst dobfcm/ktVS^). (6)
#
 jh

e
 volume

of the hemisphere depends only on the scaled cavity radius. Using this geomet-
trical configuration, the true crater volume is given by

V
t
 =
 I {

 2r3w +
 [

d o b r
a

2 + dob r
a

r + dob f

where the terms are as defined above. For row craters, other geometries must
be used to estimate the true crater volume.

Normalizing Factor - S

Values of the normalizing factor, 8 , as a function of the scaled depth of
burst of an event are given in a later section of this paper. Before present-
ing a discussion of the manner in which values of 8 were determined, the time
behavior of the source density and also the exposure rate is given.

PREDICTION OF THE EXPOSURE RATE AS A FUNCTION OF TIME

In previously developed equations, the time dependence of the exposure
rate was not considered. In this section, the equations for the exposure rate
as a function of time are developed. This development separates the total ex-
posure rate in the crater and lip areas into two parts: (1) the exposure rate
from individual induced radionuclides, and (2) the exposure rate from fission
products. This separation is expressed by

ER(t) = ER
f
(t) + V ER.(t) (R/hr) (12)

where
 1_

ER(t) = total exposure rate as a function of time after detonation (R/hr)
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t = time after detonation

ER
f
(t) = exposure rate as a function of time from fission products (R/hr)

I = number of significant induced radionuclides

ER.(t) = exposure rate as a function of time from the i induced radio-
1
 nuclide (R/hr)

The time dependence of this exposure rate considers only radioactive decay.
(7). Other processes, such as weathering, leaching, and groundwater transport
of radionuclides which affect the decrease of the crater and lip exposure rate,
have been ignored.

Exposure Rate from Induced Radionuclides

The type and quantities of induced radionuclides comprising the source de-
termine the time behavior of the exposure rate. Since most neutron-induced
radionuclides decay directly to stable nuclides, the amount of these radio-
nuclides present in the fallback and ejecta is simply a function of exponential
radioactive decay. The exposure rate given by equation (5) is summed for each
type of radionuclide present in the cratered material and an exponential decay
term is included to give the time dependence. Thus the exposure rate from the
l'th radionuclide is given by

 1

(
ER

7
.(t) = 2.67 x 10"

2
 (A

i
N

i
exp(-A

i
t)/SV

t
) x< E ^ ^

 f
i j

E
i j

A

s
. .

0 ] | (R/hr) (13)
where 1 J 1 J J

ER. = exposure rate produced by the i radionuclide (R/hr)

h = height above ground level where ER. is calculated (91.4 cm)

N. = number of atoms of the i radionuclide remaining in the ejecta and
1 fallback immediately after detonation

A- = radioactive decay constant (sec )

t = time after detonation (sec)

8 = normalizing factor

V. = true crater volume (cm )

J = number of different characteristic photons emitted by the i radio-
nuclide

J.L.

E. . = energy of the j characteristic photon (Mev)

f. . = fraction per disintegration resulting in a photon of energy E. .
'j 'j

μ = linear energy absorption coefficient in air for the j photon (cm-1)
a
tj

 th
 -,

.. = linear attenuation coefficient in air for the j photon (cm )

' \J

•f"h

= relaxation length of the ejecta and fallback for the j photon (cm).

Equation (13) is evaluated for al l significant neutron-induced radionuclides
present in the ejecta and fallback. I f the induced radionuclide doesn't decay
directly to a stable nuclide, the exponential decay term in equation (13) can

1552



easily be modified to calculate the contribution to the exposure rate from the
growth and decay of daughter radionuclides.

Exposure Rate from Fission Products

There are, at one hour after detonation (H+l), approximately 250 radio-
nuclides that were produced by the fission process. A description of the time
behavior of these radionuclides would be complex. This complexity arises from
the fact that fission products decay and grow by complicated pathways. If one
were to apply equation (13) to fission products, the following information
would have to be known: (1) the number of atoms of a fission product at all
times after detonation at which the exposure rate from that fission product was
to be calculated; (2) the gamma decay scheme of all fission products; and (3) the
fractionation of each fission product.

Because Plowshare nuclear explosives are designed to minimize the fission
process and because fractionation effects from fission products are not well
understood, the exposure rate from the fission products was treated in a simpli-
fied manner. The exposure rate from the fission products at H+l hour was esti-
mated, and this value was decayed according to a function which approximates
the well-known t~l-2 decay rate for fission products. Therefore, the exposure
rate from the fission products is expressed as

ERf(t) = ERf(H+l) f(t) (R/hr) (14)

where

ERf(t) = exposure rate from fission products as a function of time (R/hr)

-1 2f (t) = the approximate t ' decay rate (see Figure 4)

Fleming (8) has shown that the total activity for 1 kiloton of unfraction-
ated fission products at H+l hours is 4.20 x 1O^ kilocuries per kiloton (KCi/kt)
and the infinite plane exposure rate is 2700 roentgens per hour per kiloton per
square mile (R/hr/kt/mi2). By considering only gamma emitters in Fleming's
data, the activity for 1 hour old gamma emitting fission products was deter-
mined to be 3.61 x 105 KCi/kt. Crocker, Connors, and Wong (9) give an equation
for calculating the exposure rate 3 feet above an infinite-plane source. An
average gamma energy, 1.06 Mev, per photon is found by solving this equation
when the exposure rate is 2700 R/hr/kt/mi'2 and the gamma activity is 3.61 x 10$
KCi/kt/mi'2. Knowing the average energy per gamma disintegration (1.06 Mev) and
the gamma activity per kiloton of unfractionated fission products (3.61 x 105
KCi/kt) at H+l hours, ERf(H+l) in equation (13) becomes

ERf(H+l) 2.56 x 1 0 1 3 A - ktf/5V.sf f
(R/hr) (15)

where

x = relaxation length which depends on the postshot density of the cra-
f tered material and the average gamma energy, 1.06 Mev, (cm) (see

Figure 2)

ktf = fission yield (kt)

V. = true crater volume (cm )

6 = normalizing factor (unit!ess)
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Figure 4. Time dependence of the exposure rate from fission products
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Total Exposure Rate as a Function o f Time

The equation f o r p red ic t i ng the exposure ra te as a func t ion of time is giv-
en by simply s u b s t i t u t i n g equations (13) and (14) i n t o (12) .

ER(t) = 2.67 x 10"£ (A.N.exp (»A . t ) /6V . ) x { £ u f . .E. -A
I J - I 1J 1J

[E2(y h) + exp (-u h)]\
1 ij ij J)

+ 2.56 x 1013As (ktf/6Vt)f(t) (R/hr) (16)

where all the terms are as defined above.

NORMALIZATION OF THE MODEL

All the terms in equation (16), except for the normalization factor <5,
have been discussed. In this section, the method by which & was determined is
given.

The exposure rate was calculated for several previous cratering events us-
ing equation (16) with 6 set equal to 1. Experimentally measured values of the
exposure rate for these past cratering events were found in the literature.
Then the calculated exposure rate, ERC(<$ = 1), was fitted to the measured expo-
sure rate, ERm, so that

ER_(«=1)
A _ c

ER
m

The normalizing factor, <$, determined in this manner, was plotted as a
function of the event's scaled depth of burst, and a smooth curve was fitted to
the values of 6 (see Figure 5). Not enough data were available to distinguish
any media dependence of 6.

The region of the curve for which 6 is relatively flat indicates that the
assumption of a uniform distribution of gamma activity in the upper two feet of
ejecta and fallback is probably good. When the slope of 6 is steep, this
assumption is not correct. For example, if the scaled depth of burst is around
180 ft/ktV3.4s a region of bulked material, rather than a crater, is produced
For this scaled depth of burst, most of the radioactive debris remains near the
detonation point. The radioactivity which reaches the upper portion of the
bulked material has been shown to be unevenly distributed. For shallow depths
of burst, the slope of <5 is again steep. For these scaled depths of burst, the
gamma activity in the ejecta decreases very rapidly with depth below ground
surface (i.e., the source density is a function of depth). Therefore 6 must
become small so that an equivalent uniform distribution results. A model to
predict the exposure rate, which uses a source density term which is a function
of depth below the surface, could be developed for craters produced by a shal-
low depth of burst. This model would more accurately describe the actual phys-
ical distribution of gamma activity in the ejecta and fallback.

However, most proposed applications of nuclear craters will be at optimum
depth of burst where the slope of 6 is relatively flat and where this model is
especially designed to predict the exposure rate.

Application of the Model to the SCHOONER Event

The exposure rate for the SCHOONER event was calculated by equation (16)
with<5 set to 1. Measured values of the maximum and minimum exposure rates at
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Figure 5. Normalizing factor , 6, as a function of scaled depth of burst.2
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eight locations on the SCHOONER lip (10) were plotted as a function of time.
The calculated exposure rate was then fitted to the measured values (see Figure
6). Therefore, the model calculates an exposure rate which, when fitted to
measured values of the exposure rate, correctly estimated the SCHOONER exposure
rate for over a period of a year, the limit of experimental data. This, we be-
lieve, certainly demonstrates the capability of the model, after it has been
normalized, to accurately predict the crater and lip exposure rate.

APPLICATION OF THE MODEL

The exposure rate for future nuclear cratering detonations may be estimated
using data released to the public by the AEC and assumptions consistent with
that data. The AEC has stated that it may be assumed that no more than a few
kilotons of energy produced by a high-yield Plowshare excavation device will re-
sult from the fission process. The balance of the energy will be produced by
the fusion process. The AEC has also stated that for each individual nuclear
explosive detonated, the sum of fission products airborne in the radioactive
cloud and in the fallout can be expected to be as low as the equivalent of 20
tons (11). In addition, the sum of the activation products airborne in the
radioactive cloud and in the fallout may be expected to be as low as the amounts
shown in Table III.

TABLE III

Representative Set of Gamma-Emitting Induced Radioactivit ies
at Detonation Time (11)

(Total in Cloud and Fallout)

Nuclide Production, Kilocuries for Yield of

Nuclide

Na24

Mn54

Mn56

Fe59

W187

Pb203

If it is assumed that the fission trigger has a yield of 3 kt, then the
ratio of the fission yield to the fission products in the cloud and fallout is
150. It is also assumed that the ratio of the amount of radioactivities pro-
duced to the amount in the cloud and fallout is 150. Using these assumptions
and the information in Table III together with equation (16), the exposure rate
has been calculated for five explosive yields (10 kt, 100 kt. 500 kt, 1 Mt, and
10 Mt) detonated at a scaled depth of burst of 145 ft/ktV3.4 (6 = o.3). The
results are shown graphically in Figure 7.

It is obvious from Figure 7 that the exposure rate in the crater and lip
area decreases as the explosive yield increases. This decrease is due to low-
er concentrations of radionuclides in the fallback and ejecta. This lower con-
centration results from (1) a decrease in the amount of radioactivity produced
per unit yield with increasing yield (i.e., the constant fission trigger),
and (2) the amount of material which contains the radioactivity increases
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function of time.
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directly with yield. The shapes of the curves change with yield because, as the
yield increases, the induced radionuclides become more significant than the
fission products in producing the exposure rate.

For a quarrying event (dob = 190 ft/ktl/3.4) the value of the normalizing
factor 6 is 3 instead of the 0.3 value used for a scaled depth of burst of 145
ft/ktV3.4 (see Figure 5). Therefore, the exposure rate in the bulked region of
a quarrying detonation would be 1/10 the values of the exposure rate given in
Figure 7. The difference in the true crater volume for a quarrying detonation
as opposed to a cratering detonation has been ignored in order to provide con-
servative estimates of the quarry exposure rate.

Reentry Time to the Crater and Lip Area

Reentry to the crater and lip area for construction activities will be de-
termined by an acceptable level of the exposure rate. Standards have been es-
tablished for the maximum dose that occupational workers can receive. These
standards are given in Table IV.

TABLE IV

Recommended Maximum Permissible Radiation Doses (12)

Occupational
Worker Dose

(rem)

Whole body radiation dose in 13 weeks 3

Whole body radiation dose in 1 year 5

If the dose received by personnel in the crater and lip area is due only to
the external gamma radiation field, then the exposure rate should not exceed 2.5
mR/hr for a 40-hour work week over a one-year period. This is equivalent to a
dose of 5 rem in one year. The time necessary for the exposure rate to decrease
to 2.5 mR/hr as a function of yield is given in Figure 8. This figure will pro-
vide the project planner with a conservative estimate of the time of reentry for
construction activities.

SUMMARY AND CONCLUSIONS

The mathematical model to predict the crater and lip exposure rate is based
on calculating the exposure rate above an infinite slab source with a uniform
source density. This configuration was shown to be applicable in the crater and
lip area. The source has been divided into two groups: (1) the radionuclides
from neutron activation, and (2) the fission products. The model has been
applied to several past nuclear cratering events and a normalization factor
found which depends on the event's scaled depth of burst. The time dependence
of the exposure rate was determined by considering only radioactive decay.
Finally, conservative estimates of the exposure rate as a function of time after
the detonation were given for five nuclear explosive yields.

The calculated exposure rate for the SCHOONER event, fitted to the experi-
mental values of the exposure rate, certainly demonstrates that the model has
the capability to predict accurately. Documentation of the exposure rate in
and around future nuclear craters will provide a means of testing this model and
should increase the model's reliability.
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Figure 8. Reentry time as function of yield and scaled depth of burst.
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An important aspect of the model is that it can be used for craters pro-
duced with any nuclear device. Only predetonation estimates of the radio-
nuclides produced by the detonated device are required. However, since an
approximation was made for the exposure rate from fission products, the model
should predict more accurately as the ratio of the fission yield to the total
yield of a device decreases.

The scaled depth of burst of an event is the most important factor in de-
termining what the resulting exposure rate will be. Estimates show that for
large yield Plowshare cratering events, at a constant scaled depth of burst,
that the exposure rate will decrease with increasing yield.
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