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ABSTRACT

A system has been devised to predict the neutron-induced activity

contribution to fallout exposure rates. The system uses the simplifying

3 assumptions of 1) a semi-empirical formula to determine the soil capture
fraction and 2) thermal neutron cross sections to represent weapon-neu-
tron cross sections. Results, using these assunptions, agree with those
of another complete system for predicting the neutro:u-induced activity
contribution to fallout exposure rates. In &uaditicn, results from
various portions of the system agree with results obtained by more com-
plicated methods.
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SUMMARY

In the general problem of predicting fallout expcsure rates from
nuclear detonaticns is emoedded the problem of predicting exposure
rates from neutron-induced activity in the fallout. Certain restric-
tions, engendered by computer limitations, were necessary in order
that the neutron-induced activity predictions be suitable for inclusion
in the solution to the generai fallout problem. A system tased cn
wespon neutron spectra would require a computer program too extensive
for incorporation in the general program. Brevity, without undue
sacrifice of accuracy, was a requisite. 7his requisite was satisfied
by assuming that weapon neutrons could ve treated as thermal neutrams
and that a semi-empirical formula for thermzl neutrons coulé be used
for the purpose of making soil-capture fraction and isotropic-capture
fraction predictions.

The following compariscns each showed excellent agreement in the
region of interest: a) a comparison of the thermal soil-capture fraction
predictions of this system and & Monte Carlo system using weapon-neutron
spectra; b) & comparison of the predictions cf the semi-empirical
formula used in this system with the so-called "exact" soluticn; and c)
a comparison of the exposure rates predicted by this system with those
predicted by an extensive classified system using weapon neutron spectra.
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I. INTRODUCTIOI
1)

A particle activity module™’ has been developed at USIIRDL to pre-
dict expesure rates due to all rfallout particles. The prediction
system discussed in this repori was devised to predict only the ncutron-
induced activity contribution to these fallout exposure rates. P2 com-
puter program has been written for the system by D. Hoffman of this
laboratory. san adepted version of it has been included in the general
program.

R2sidual nuclear radiation emitted sutsecuent to an &irburst
nucle&r explosion is almost entirely due to raGioactive fission products
present in the weapon residues. However, if a nuclear weapon is deton-
ated near a land surface, some of the neutrons released in the fission
process which escape the weapcn will indace radioactivity in the soil.
If the point of detconation is sufficiently near the surface, the soil
will be vaporized with the weapon residues. Thus, fallout particles
formed as the fire ball condenses will cortain neutron-induced activity
as well as fission-product activity.

Although the neutron-induced activity portion of fallout activity
is in general quite small, there are circumstances under which it may be
significant. It is Tor this reason, as well as for completeness, that
the neutron-induced activity prediction system was incorporated in the
fallout program. However, in order to insure that the neutron program
would nut occupy @ larger portion of the generalized program than its
importance warranted, two mejor simplifying assumptions were made:

1) all neutrons arc emitted at thermal energies; and 2) scil albedo

for therm2l neutrons can be determined semi-empirically. The effects of
these simplifications will ve amplified in the text; however, it is
appropriate to staie here that soil alvedc (ratio of number of neutrons
leaving scil to number entering soil)} has been found to be nearly inde-
pendent of incident neutron energy; andé aiso that, since the soil is
volatilized and mixed in the fireball, the depth cf neutron penetration
before capture is of no consequence (as it is for prediction systems
whereir the soil remains undistrubed®).

This report is arranged in such 2 manner that the reader is first
introduced to the raticnale of the system. The resulting equaticns and
specifications of the required input quantities follow. An estimaticn

* See, for instance, lessier and Guyz) and Holland and Gold3).




of the value of each input quantity, based on available unclassified
information, is then mede. The associated computer program and tabu-
lar inputs are relegated to the appendices.




II. METHOD

As has been noted, tre neutron-induced activity proprem was designed
to be a part of the generalized land faliout model progrum. A5 Such, the
form of the output of the neutron program was restricted. At the point
in the general program where the neutron program was to be introduced,
it was required that the neutron program output be in the form:

(Dp)gotay = (PI)casing * (P1)sgi) in wnits of
of roentgens/hr per flssion}cm » where the ex-
posure rates are those found at three feet
above an infinite plane uniformly contaminated
with induced activity. The contaminat:on den-
sity of the induced activity is expressed in
terms of fissio:ns per sguare centimeter.

(D1)4otar is the final output of the neutron program. The general pro-
gram sdds this quantity to the fission exposure rates and operates on
the sum to determine Tallout exposure rates,

The history of weapon neutrons from release to cepture, and the
conversion of the capture products to induced-activity exposure rates
in the required form is traced in the fcilowing section.

A. Rationale

Each neutron per fission released in the nuclear process is accounted
for on the basis of its probable fate. The only possible fates are '
assumed to be:

1. A neutron released by the fissicning of a weapon nucleus
is either captured by ancther weapon nucleus, or it is emitted by the
weapon.

2. If it is emitted by the weapon, it is either capiured by
the weapon casing, in which event it is a potential contributor to fall-

out activity, or it escapes the weapon.

3. If it escapes the weapcn, it is either captured ia air and
lost*, or it is captured in soil.

4, If it is ceptured in soil, the soil is either not volatilized
and the neutron is lost, or the soil is volatilized and the neutron is
a potential contributor to failout activivty.

¥ The word "lost” here means that the neutron is no longer a possible
contributor to fallout activity.
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5. Thoss neuirons capiured in the weapon casing or in vola-
tilized 2oil are coatributors to fallout activity if the daughter of
the capturing nucleus i5 radicactive (i.e., a gamma-ray emitter. Beta-
ray activity 1s not a part of this rredisticn system).

After finding the neutzrons per fission captured in the soil and i
the weapon casing, the {raction captured by each isotops of the soil and
casing must be determined. Following this determination, the neutron
captures par fizsion by & given isntope must be ccnverted to roentgens
per hour per r'ission per square centimeter for that isotope. Finally,
the total exposure rate (D’)total ig found by surming over these isotopic
exposure rates,

B, Basic Equations
The basic equaticn for the induced-activity exposure rates

activity induced in soil isotopes will first be stated arnd then
factors wiil te examined.

“’: gn
o o
§

-FX
$ 3 + Y = " (i
(DI)i (for soil isotopes) K e Q. (fc)ixi

4

where N
o3
~7X

e

reutrcens per fission emitted by the weapon

= fractior of neutrcns emitted which escape

Qf = fracticn of those enterins soil which enter volatilized
soil (solid angle fraction)

a = :tion of those emitied (esCSping)xuhich ara captured
ip soil {s0il cepture fraction)

= fraction cof ihose captured in volatilized soil which are
captured by the i'h isotope of the soil (isotopic capture
fraction)

"
?
e
P
1

Kj = reentzens per hour due to i*h isotope per s*h isotove aton de-
posited per cme., The exposure rate bzirg for & point at 3
ft sbove an infiaite p*ane o which oze nucleus of the ith
type is deposited per cmS, Zote: dl iz time dependent.

The first five factors simply determine how many neuirons per
fission are captured by the ill* jsotope. The final factor, K, then
converte this to exposure rate in the appropriate form. The eguivalent
equation fcr casing iscionzs is

(D.); (for casing isotcres) = ::Q(:L-e""}‘) (£ )X,

.o

-5 . 3
where (1-e~*") = casing cepture fraction

x

When the casins is as

ass rred Lo be of Zero hTorness, the numdver emitied
is egual io the mumber oo

seaningt.  Gee Geclion C-C.
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The basic eguation for the total neutron-induced activity contribu-

tion to fallout exposure rates is then

(D.). {summed over soil isctopes) +

(D )total = s

e M

+

[l o]

(DI)’ (summed over casing isotopes)
i

C. Estimation of Input Values

1. Xeutrons Emitted per rFissicn; ﬁo.
i -
(see ENW ), Sections 1.kl - 1.66)%

aj From 1.h3, "...when 2 nucleus ceptures a neutron and suf-
fers fission f neutrons are released; iet { be the
averasge number of neutrens lost,...'™”%

b) From 1.4, "For uvranium-235, f is sbout £.5, t may ve
taken to be rowhly G.5...."

Since it takes one neuiron to cause & nuclcus to fission, there is
an overall excess of 2,5 - 1 = 1.5 neutrons per fission emitled by the
fission process. Therefore, for a pure fission weapcn,

fission neutrons
K, = 1.5 = Fission
includecs all of those neutrons released in the last generation of fission
as well as the t = 0., neutrons per fissicn lest during the chsin reaction.

. HRote that tais is an cversll excess and

For a fission-fusicn weapcn, we use the foilowing to cstimate the
nusber of fusion neutrons emitted per fission:

. 2
c) from 1.68, "H2 + H2 =He’ + n+ 3.2 Mev

i+ H

s K

B 1
H” + B + 4.0 Mev

"

Heh + 1+ i7.6 Mev....

o ’
or 534'*Hl + He3 + He' + 2n + 2h.B Mev.
This shows that twe neutrons are released per 24.8 Yev
{fusion).

* The practice of using ERW, or any otler source of reiiable unclassified
information, is maintained throushout this report to deduce reascnabie
input values. Naturally, the clessified weapon data for a gpecific
weapon are the correct input values tc be used.

#% Note that "lost” here means iost to the fission or fusion process.
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d) Since 2.625 x 1025 Mev is equivalent to 1 kiloton,

2 neutrons X 2,525 % lods Mev 2.12 % 1021‘ fusion neutrons
24,0 Mev KT {kilcton) KT (fusion)

e) From 2.k, 1,45 x 10°3 fissions is equivaient to 1 KT
(fission); and

0.5 1 neutrons lost
£) t/k = 2.5 7 5 heutrons released

On combining <), d), e), and ), we find
N fusion neutrons } neutrons lost

(o) 5

2.

fission neutrons released

12 x 1024 {fusion neutrons released)

< KT (fusion)
< 23 fissions
145 x 10 «T {fission}
i KT{fusion)]
x “z { (zusion,] 3 fusion neutrons

r
W, [K'L"(fission)] W; fission
;e

The toilal number «f neuirsons emitted per fission by the weapon is then

. kd
4 = 3.5 Figsion neutrons +3 'F fusion neutrons
o ~°- fission We fissicn

No provision nas been made to calcuiate N from this formula in
the computer program. ?Eo itself is the input guantity.

2. <{Casing Capturye Fraction, (l—e'zx).

In the version of this prediction system incorporated in the gener-
alized l=id failcout model computer program, the casing capture fraction
has been omiited. The Quantiiy usually reported in the classified 1it-
erxture is the mumber of neutrons escaping the casing. If this quantity
is used for 5 , the cesing capture fracticn is autacmatically zero. Thus,
since ccopute! space is av 2 premium in the general program, the reten-
tion of the ability to account for the casinyg effects may be unjustified.
Bowever, & method for caiculating casing capiures has been retained in
the progran: reported here, since compuier space is not at a premium and
scne estimation of the casing effects may prove desirable,

* %hat is, we assume the ratio of neutrons "lost” to neutrons released
for the fission-fusion case Lo be essentially that given by Section

1.h% of Zid.  Hie gher or lcwer fractiuss could be inserted at this
point es Jesired by & user.

&
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. -zX . . .
In the expression (i-¢ ), 5 is the integral INACrosScopic cross
section and X is the effective casing thickness, i.e.,

i

A ) -1
L-og o {interral) on
where n = casing density
N, - Avoradro's number

A
A = effective atomic weirht of casins elements

and 3 - interral caninre cross seclion

FEffective casing thickness means the path length the nesutrons

must travel in casing materials. The determination of this length re-
quires a thorough znowledse of all casing parameters and of the angular
and energy distribution of neutrons incident on the internal face of the
casing. Tie determination of X must bc made independently of this pre-
diction system. The same is true of o {intezrzl), for, as noted in the
introducticn, ail neutrons are emitted at thermal energies in this pre-
dictiorn systern. Thus. the computer calculates

g

‘a

A

fe
=0 j? 5 (thermal), not £ = p 5 {integral)

~

To correct for this, an adjusted efifective casins thickness,

. 30 (integral)
" " 5 (therral)

is entered as input so that
. .
XY =X

and the desired numerical value is achieved. Tre computer requires 2s
input the casing density and {raction by weisht of casing elements to
calculate &', The neutrons per fission captured by the casing are
then treated in the same manner as those captured in soil, as will ke
discussed, to arrive at the exposure rates from casing-induced nuclides.

To simplify the discussion in the dalance of this report, nc Nurther
distinciion wili he -ale between the terrs “neuirons eritied and “rewtrons
escaring .
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3. OSo0iid Angie Fraction, f.'f
In Figure i, h < < one capture mean free path for neutrons. From
‘t_;he figure, it is seen that all neutrons emitted from the weapon in a
downward direction enter the soil. This is equivalent to stating that
the earth subtends a solid angle of 2r steradians and that air attenua-

tion is zerc. For the heights of burst of significance both statements
are nearly exact.

Neufrors entering this region are losf
= Y% of trose emitted

BURST POINT

AIR

Neufrons enfering this region enfer soil
= 1 of those emitted

///

Fig. 1 BUKST GEOMETRY

If we denote the solid angle subtended by the volatilization crater
as 2, and the ratio of the sclid angle subtended by the crater to that
subtended by the earth as Q, then this ratio (solid angle fracticn) is

.

e

Qe ==
Since, in pslar ccordinates, the crater solid angle can be expressed
as
f n cos ¢
Q=2 sin 2d 9 = 2¢r {(1-cos ma.x)
8
E—g iy ™
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and, &s seen

irom the iigure,

cos 01 = —

we find,

nax

/l': + —(-:;é

In order to determire 71, for a given height of burst, h (ft.), and
weapon yield, @ (XKT), we musi determine the crater radius, Cp {ft.), as
a function of h and W. In order to find this function we again turn to
Eliw*) as a convenient source of unclessified information:

a)

b)

c)

e)

from 6.08, "It has been estirmated that for a 1l-kiloton
nuclear burst near the surface, the diameter of the crater,
j.e., of the hole, will be about 130 feet in dry soil...."

From 6.0y, "... for an explosion of W kilotons yield,.on
the surface, the diameter ... of the crater wiil be W times
the values gucted above for a 1 kiloton burst.”

From 2.117, (" ...R is the fireball radius in feet and W
is the explosion yield in kilotons....”)

"R (at breakaway) for air burst = 110 Ho.l;"

"Tne size of the {ireball is not well defineg ir its later
stages, but as a rough approximaticn the maximum redivs may
be taken to be 2bout twice that at tne time of breakaway....”
From 6.11, “As the height of burst increases, the dimensions
of the center vary in a rather cemplicated manner.... In
fact, for an appreciable crater to be formed; the height of
purst should be ot more than about one-tenth of the paximum
firenall radius.”

From 2.05, "...the fireball from a l-megaton weapen ... in-
creases to 2 raximum value of 7200 feet (across).”

Using 2 and b, we find

‘R

1
- . -
= b6S YW ath = 0.

LSS e - e = ! a0 £ man




Now, if we use (from c above) R (at breakaway) for air burst = lth'o’h

and R (maximum) = 2R (at breakaway) and combine these with C_ = 0 for

h 2 ¥ maximum fireball radius (from d abeve), we find CR =0 at

ha ¥ x 2R {at breakeway)

~¥ x 2 x now*?

S
1
Solving h = 22‘«'0‘4 for a l-megaton burst, we find CR = 0 for
h = 349 ft. and W = 1 . Alternatively, if we use {from e above)

R(mm):jﬁao-ﬂ=35oortfcrw=1m‘,

then C, = O at h =~ ¥ x 3500 = 360 ft. We wish now to test the effect
of ass cube root scalirg for height of burst., For a l-megaton burst,
X

cR=0ath=36'.i'5=360ft.

Thus, h = 36W’is within a few percent of h = 224° b at 1-MT. It
agrees exactly at about 1.6 MT and remains within 40% from 1 KT to 100
MI. Since alil of the atove information from EN4 is approximate, it
seems reasonable to use cube root scaling fcr height of burst, since its
use simplifies the calculations.

Since the crater radius decreases in a rather complicated (and
unknoWn) manner as the height of burst increases, the simplest expression,
j.e., lineer, was used to reliate crater radius to height of burst. Thus,

1
65W°

cR=65w%- h
22w§

~ 1 - 1
or, let%ing C cR/w3 and h = h/W°,

R
~o - _ 1 o~
Cq 65 - 1.6 h
Inserting this result into the expression for Q ¢ We have
h
Qf =t Z 2
+ CR
Y ~
=1 - (0 = < 36)
.ﬁzah - 234§ + 4225
=0 (m > 36)

10
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The computer input quantities are h (ft) and W (KT). The general program
tests for h > 36; however, this program does not. The progra: should not
be used for h > 306.

k, Soil Capture Fraction, o

The neutron number albedo or reflection coefficient of soil may be
defined as
A = neutrons exiting soil/neutrons entering soil.

For an infirite medium, the neutrons are either captured or reflected;
therefore,
1 - A = neutrons captured in soil/neutrens entering soil.

The soil capture fraction, @, is definped as,
o = neutrons captured in soil/neutrons emitteda by the weapon

Using the geormetry assured in Fig. 1, it is seen that
3 = neutrons entering soil/neuiron emitted by the weapon;

N

therefore,

]

£(1-4)

Halperns) has derived a theoretical fcermula for the neutron number
albado of the plane surface of an infinitely thick medium, given an
:acident isotropic distribution of thermal neutrons. The formula may
be written

c 2
A=1-2.31 ————-5?-‘)
S

04

vwhere o__%* and cé*are the respective theimal neutron scattering and
capture cross sections of a given soil. Using Halpern's formule,

]
-

tokd

a (thermal) = 3(31-A)

Q
:\A‘u

"
et

.1_ = —_——
55 p- rar-
SSsC S

in order to determine the effeci of the simplifying assumptions on )
the soil capture fraction predictions, the Monte Carlc vaines of Biggers
were used to calcuiate soil capture fractions for each of U8 energy-range
groups. The results are shown in Table 1i.

* The methods cof calculating Tesc and C are given in Section C.S.

ot
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TABLE 1

SOIL CAPTUR FRACTIONS

(Biggers' Soil)

0-250 250-500 5C0-1000 >1000 a(E)
.118 .139 .159 — .120
(.90) (.09%) (.0c02) (.000) (.010)
.001 121 132 .155 _— o2
(.90)  (.028) (.002) {.000) (.107)
.01 .116 .126 .107 —_— 17
{.82) (.170) (.010) (.000) (.107)
C.1 11 .116 1722 —_— 112
(.73)  (.240) (.020j (.000) (.107)
1 .1 J11 .107 Roru .103
(.58)  {.200) (.070) (.ok0) (.280)
3 .151 .118 .102 .106 .126
(.53) (.310) (.160) (.017) (.1263)
L .138 115 .116 .108 127
(.51) (.310) {.160) (.020) (.1263;
6 J72 .129 .130 .123 .151
(.51) (.310) (.150) (.020) (.126k)
8 .193 .140 .128 .123 .165
(.53) (.280) (.160) (.030) ({.c025)
10 .191 .48 31 27 .168
(.54) (.270) (.160) (.030) (.0025)
i2 .188 1k .12k .104% .163
(.54)  (.270) (.170) (.030) (.0025)
1k .186 139 125 196 .160
(.53) (.270) (.150) (.c30) {.0025)
12




The entry without parentheses in each bin is the soil capture
fraction &(R,E) for Biggers! soil for neutrons emittted at energy E and
entering the soil in the range R. Tie entry in parentheses is the ratio
of the number of neutrons entering the soil in the given energy-range
bin to the totzl number emitted at the given energy. These parenthetical
entries are used as range weighting factors, WR» to determine each a(E)
shown in the final column of the tabtle. The entry with parentheses in
the @(E) colurn is the ratio of the nunber of neutrons of the given
energy to the total number of ngl}t.rons emitted by & fission weapon (a
Watt fission spectrum was used)“’/. These parenthetical entries are used
as energy weighting factors, wg, to determine a (fission spectrum).
Thus,

aE) = £ vy o(R,E)
R
and

a (fission spectrum) = I vg a(E).
E
The xesult is

a {fission spectrum) = 120 neutrcns capiured/neutreon emitted.

When a (thermal) is calculated using the formula based on Halpern,
with the gg and Ggg. being calcuiated for the soil used by Biggers, the
result is

a {thermal) = ,119

Thus the & {thermal) formula agrees with the calculations based on
Biggers! data., Furiher, an inspection of the a(E} column shows the
cepture fraction to be highly insensitive to the energy cf the emitted
neutron so that spectral differences should not affect the results.

Another investigator, Rafalskil), reports the solution of the so
called "exact" equation for the reflection of 2 parallel beam of neu-
trons normally incident on an infinitely thick wall,

The equation is
q

vkere T, and r are the racroscopic tot3l and scattering cross sections,
the function ¢{p) is fownd from the integral equatiom

i3
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and the coefficient k is found from the transcendental equation

Zt
zs

tenh k =k

In Apgendix A, the sample ouitput shows & soil for which o_ = .203,
and the resulting @ = .170. ¥hen these cross sections are
ugea in conjunction with the "exact" solutior, @ =.170 (graphical inter-
polation was used and the last figure is uncertain}. In still another
cOmparﬂsnn {using the cross sections Biggers reported for his soil )
.14T {"exact"-interpolated) while, using the same cross sections
with the prediction system formula, a = .1k0.

All intercomparisons in this section indicate that the simplifying
essumptions are quite justified fcor soil, and that the simple soil cap-
ture fraction formula used in this prediction system is acceptable.

The computer hes been prograimmed tc compute a, o and o_ for &
given soil given the fraction by weight of e&ach elementoin thessoil, the
abundance of eacit isotope of the element, and the scattering and capture
cross sections of each isotope. The details are given in the following
section.

5. Isotopic Capture Fraction, (fc)i

Given that a neutron is captured in the soil, we wish to kncw the
probacility that it is captured by a given isotope of a given element
of that soil.

nurver of atoms of 132 isotope per atom of soil

Iet 1.
i

g.
1

thermal neutron capture cross section of iEE isotope

Then, since g = thermal neutron capture cress section of soil (as
previously derined

o. =X f, o,
S i 1 2
.th
and, since (fc) = neutrons captured by i— isotope per neutron captured

in soil (eas nrev1ously defined),

1k

T - e — s . = T TR R s R e
. e 3. D ha < e-

ha




{Neutron resonances in light nuclei (Z < 30) are almost completely
scattering-/, and, since soil elements are nearly all in this category,
they are presumed to follow closely the 1/v law; therefore, the relative
captures are proportional to thermal cross sections and no integral
cross section adjustment for weapon-spectrum energies need be used to
refine the isotopic capture fraction estimate.)

The values of f. are not generally available in the literature. The
fraction by weight of tne kt! element in a given soil (f.),, 15 the
quantity usually reported. As a consequence, provision Haf veen made in
the computer program to convert this quantity to f, by the relationship

p
g/

T m TR, )
k

where Ak = atomic weight of k}-}l- element

and fik = atoms of i-t—h- isotope per atom of k.

The program 2lso obtains A, given f,. and A
i fsotope of kB element by A ik ik

A =TTy Ay

i

= atomic weight of

The computer inputs are (fv)k' f;, and g,. A tabulation of the

(f,), values of 16 elemenis in three soils is contained in Appendix B,
TaB1€ 1. Toe £, and o, values of the 53 isotopes of these elaments
are contained in~ #Appendix 3, Table 2, Also contained in Table 2 are
the scattering cross sections of the isotopes, (asc)i, used as input
to calculate

Oese = !i: £ (Gsc)i
This is the soil scattering cross section used in the progrem to cal-
culate the soil capture fraction, a¢. The cross sections and isotopic
fraciions,are taken from BilL 32% ) and froa the G. E. Chert of the
Nuclides9).
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6. Conversion to Exposure Rate, K,

Referring back to the basic equation
- -EX
(o), =5 e ap (g, X
the remaining quantity to be discussed is

K, [R/r / neutron captured by 8 uotope/cnaj.
Yor each neutron captured by a nucleus of the 1-t-§ isotope, &
danghter nucleus is produced. We are concerned here with radioactive

daughters, each of which has a cheracteristic decay scheme with its
owm decey ccastant,

2 [dis.ntegntions]

1 sec.

apd itz owm set cof chmctc:istic gamma-rays and their sion ratios,
(r. )i , [photons of JY ensrgy/disintegration of stom of i=2 isctope].

Zet R, [R/hr/photonot;}-—-energvperclapet“c] =

the conversion factor relating the goamd~-ray exposure rge at
3' sbove an infinite plane to the emission of one photon of the 3—
energy per second from each sguare centimeter of that plane. Then

Kis}.ie ;:(f)

where t is the tims after capture (Time after capture is taken to be time
after detonation).

\ppendix B, Table 2 contains me additional quantity, (T
Lalf-life of the dsughter of the il isotope. This is the qJnhty
usually reported in the literature. Provision has been made in the com-
puberprcgrantoconvertittoxiby

Xi 603
% i

and o convert each 71 , in whatever staandard time units it has been
reported (seconds, miflutes, hours, days, years), to A in seconds.
Therefore t is entered in seconds.

T Wrs“v\——d




The: decay i emes of the isotopes, *iso taken frcm Reviews of
Moders. Phystcs, yielded the (f,) 4; Tor each isotope. They wre listed
i ipperndix B, Toble 3. The only nofl-sta lard quantity used in the con-
version was B :. The calculations were made by S. C. Rainey of this
laboratory using the Gates snd Eisenhaueril) busld-up factors. They
aTe also tabuiated in Appendix B, Table 3,

The inputs to the computer for the conversion are (T%) 4+ & and
B g .
J

*private commmication

7




III. DISCUSSION AND CONCLUSIONS

He wish to distinguish between the internal accuracy of the predic-
tion system and the overall accuracy. Internal accuracy means the accuracy
of the assumptions used in calculating a, (f );» and Q.. N, EX, and K,
are external calculations, i.e., the data bafe'is :I.npuf to "the system
and would be required for any other systea.

The only internal part of (f_); is the use of o, (thermal) rather
than the unknown o, (integral), which is variable, nit only with weapon
neutron spectrs, bt with depth in the soil. The evidence advanced to
verify the formula fora seems to indicate that the use of thermal cross
sections is justified for the soil capture fraction; therefore, any
biasing in the 35il capture fractions due to the use of thermal ~ross
sections would appear to be consideradbly less than any biasing due to
erroneous (ft‘)k values,

It may be noted that the high-crosc section, trace elements G2, Sm,
and B have been included in the (f‘,)k tabuiations of Appendix B, Table 2,
To show the effect of their presence, we let

B = peutrons producing radicactive nuclides
fission

B=K Q,ax (fc)i
active

vhere

=(r ¢) 4 = the isotopic capture fractions susmed over redioactive
active daughters only

but remembering that

o, ) 3

(fc)i ="o

18




we can Write 4 15051 5 i o,
10 2 1
active

8 =
(ossc * os)% (os)g

The neutron-induced daughters of Gd, Sm, and B isotopes are stable;
therefore, the sumration over the active isotopes is affected by the
presence of these trace elements only to the extent that “he isotopic
fraction of each active-daughter isotope is decreased by the inclusion
of Gd, Sm, and B in the soil. Since the elements appear in soil in
xinute concentrations, the numecrator is insensitive to their presence.
The same argument bolds true for the 0., in the denominator since
these trace elements have negligible scattering cross sections. However,
the capture cross section o, does jncrease somewhat by their inclusion,
and 8 will go dowvn roughly as (0g)? increases (in general O eec> os).

To give a quantitative example we use cg= .203 from the sample out-
put in Appendix A. This o_ was calculated using the KIS (Polan) soil
listed in Appendix B, Tabl& 1. For this soil the (£ ) of Gd = 0. lLet
us assume the true Gd content should have been that YiSted for the
Earth's Crust, Appendix B, Table 1, (f )., = 6.4 x 10°°. To simnlify
the calculation we use the atomic weight and s section of the ele-
ment, as taken from the Chart of the Juclides?), rather than meke the
calcuiztions based upon the individual isotopes of the element. From
the chart then,

Atomic Weight of G4, AGd = 197.25
and 4
Ocq = k.6 x 10 barnsf/atoms (thermal cross sections)

2

A hand calculation shows }:(f')k/Ak =7.2 x 10 © for NIS {Polan).
k

Therefore, using Acd to get the atomic fractionm, fcd’
(£, )eal*ca

fca =T (), 7Ak

k
_ 6.4 x 10%/157.25
7.2 x 1072

e g -7 atoxs of Gd
=2.05 x 10 ° e r TS (Polen) oil
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Now, remexbering that
0.‘2 £,0,
- 1 o o
= 203 (without Gd)
Vhen G4 is added, we have

cs'- «203 + f@ccd

= .203 + 5.65 x 10.7 x b6 x ].Oh
= om3 4+ o%
= .229 berns (with Gd),

80 that the addition of 6.4 parts per million (by veight) of Gd increeses
c.bymrethunmf. The ratio of the p's then 1is

with Gd ,.,(_-_22“}. 2
Blvi Ga <229

= oﬂa
and the change is minor.
If, however, a soil sison]yndefore]mtshn&ngan

abundance of at least 1 parts by weight, then as much as 10

o&ﬂdeonldbepreaentﬂ-thoutbeingreported,ﬂnntus&&x

o, = .203+8.83x10-6: h.6:10~
= .203 + .hO6
= .609 (with Ga)

and the ratio of the B's becomes

g ()Y
= .58

Thus, neglecting 10"' parts of Gd would result in a significant over-
protection of exposure rates.
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If, now, we investigate changes in B as a function of changes in the
(fy), values of the significant contributors to exposure rates of the
sample output in Appendix A, we see that Na(Z=11) and Mn(2=25) contribute
better than 95% of the exposure rate; therefore, the change in B is
nearly directly proportional to &uy change in the weight fractions of
these elements.

The veight fractions of the sigrdificant contributors, like those of
the trace elements, are of course external to the system, and like N,, IX,
and Ki would be required by any ccther system, regardless of its sophisti- .
cation.

With respect to the solid argle fractiox)af should be correct for a
surface turst since no calculations using h, Cp, and W are involved. The
greatest error in will be for low yield veapons detonated neer the
maximm height of st. But, in this region, the per-cent error becomes
academic because the neutron-induced activity contribution to fallout
approacnes zero as height of burst increases while the fission contribu-~
tion remains constant.

To check the internal accuracy of our system, its output for given N
conditionsvascheckedagainstasmm,mtmreﬁabomte, system re-
ported in the classified literature by Polan et al.” Polan's input wvas
the spectral distribution of neutren energies for each of six weapons
wvith varying fission-fusion ratios. The total mmber of neutrons reported
as being emitted by each weapon was converted to N_ for use in our pre-
d:lctiox_lﬁste-. All weapons were caselesaanddetgna‘bedatsurface Zero,
thus ¢ and g, vere not involved. The average of the ratios of the i
predictions for the six weapons showed Polan's to be 0.8% higher, with

the maximm disegreement showing Polan tc be 2.7% higher.

Some of the elements included in our system were not included in
Polan's and vice versa; therefore, to insure that the agreement was not
vholly fortuitous, a hand calculation was made of ¢ and ¢_ using
Polan's soil composition. From these, the soil capﬁﬁfe fraction, a,
was calculated and compared with Polan's only reported cepture fraction
for one soil and one weapon. The ratio of the capture fractions showed
Polan's to be h.h% higher.
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APPENDIX A
Computer Program

1. Equivalent Symbols end Glossary
2. Prograa
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Equivalent Symbols of Text and Program

Program
(0504 SIGISC
(£,), FW(L)
FAI(I,L)

o, S161(I,1L)
T‘l’ HL
{£,), 3 FOG(N, I,L)

R y RNY(N, I, L)
Gy SIGS

DI SDRL

W WYK

h HOB

x THICK

P RHOC
llo EMITH

7Y SCHOB

Q e FOM

o, SIGC

z SIGM

a ALB

c SIGSSC

»

— o ——
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FORTRAN 3179 SYSTEM = INOUCED (MAIN)

12 JAN 66 3179 SYSTEM - INDUCED JONES /7 HOFFMAN

GLOSSARY -

ALA = NEUTRONS CAPTURED RY SOIL PER NEUTRON EMITTED

EMITN = NEUTRONS ENITTED PER FISSION OF THE WEAPON

FAI(TeL) = ATOMS OF ISOTOPE | OF L PER ATOM OF L

FATI(L) = ATOMS OF L PER ATOM OF SOIL

FOG(Ns1.L) = PHOTONS OF A PARTICULAR ENERGY PER DISINTEGRATION

FOM = SOLID ANGLE FRACTION SUBTENDED BY VOLALITIZATION CRATER OF
WEAPON

FWIL) » THE FRACTION BY WEIGHT OF THE ELEMENT OCCURING N THE
SOIL OF INTFREST

HLIT.L) = THE HALF-LIFE OF DAUGHTER 1SOTOPE OF 1 OF L IN SECONDS,
MINITESe HONRSs DAYSe OR YEARS

HOB = HEIGHT OF RURST (FFET)

1SO = ARRAY, THF NUMBER OF ISOTOPES PER FLEMENT OCCURING IN NATURE

KEV(1eL) = THE NUMAER OF DIFFERENT PHOTON ENFRGIES EMITTED BY THE
DAUGHTER PRONDUCED BY THE ABSORPTION OF A NEUTRON BY THE ISOTOPE 1
OF THE ELEMFNT L

LH(I.L) = AN INDEX DENOTING THE UNITS OF THF HALF-LIFE OF THE
BAUGHTER oF 1 (2= SeC,2394, 34, ¥: d);

LMAC = NUMBER OF EUEMENTS (UP TO 203 IN CASING

LMAX = NUMBER OF ELEMENTS (UP TO 20) IN SOlL.

NA = ARRAYs THF ATOMIC MASS NUMRER OF THE 1SOTOPE 1 OF THE ELEMENT (L

NZ = ARRAY, ATOMIC NUMBER OF THE ELEMENT

RHNC = DENSITY OF CASING IN GM/CMes3

RNY(NeloL) = THF EXPOSURF RATE WHICH WOULD BF MEASURED AT 3 FT AROVE
AN INFINITE PLANE UNIFORMLY CONTAMINATFD WITH A SOURCE EMITTING
ONE PHOTON OF A PARTICULA® ENERGY PER CM%%2 PER SECe
((R/HRY 7 PHOTON / (CM®%2~SEC))

SCHOB = SCALED HEIGHT OF BURST

SDRLIJ) = R 7 MR 7 FISSION 7 CM®82 AT TIME J

SIGC = THERMAL ABSORPTION CROSS SECTION OF WEAPON CASING (BARNS)

SIGIt1sL) = THF THERMAL NEUTRON ABSORPTION CROSS SECTION OF
1SOTOPE | OF L {BARNS)

SIGISCII.L) = THE THERMAL NEUTRON SCATTERING CROSS SECTION OF 1SOTOPE

1 OF L (BARNS)

SIGH = MACROSCOPIC ABSORPTION CROSS SECTION OF WEAPON CASING (CMS8-1)

SIGS = THERMAL ARSORPTION CROSS SECTION OF SOIL (BARNS)

SIGSSC = SCATTERING CROSS SFCTION OF SOIL FOR THERMAL NEUTRONS

{BARNS )
THICK = THICKNESS OF WEAPON CASING IN CM.
WYK = WEAPON YIELD IN KT

;th
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FORTRAN INPUT CARD LIST - Program Title - Induced Activity (p. 1 of 8)
LIST TITLIE

CARD COLS. FORMAT MNEMONIC UNITS

no.of

Fi10.0 T(1) sec  Time after burst

1-2 12 NTIMES ~ times (ugbex of times afier burst

~I{6)  _sec.

—~2(7) . _sec.
Kumber of
IMAC = no.of I _cesing elements (< 20)

bbb ERELE B
(BEEELE:
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FORTRAN INPUT CARD LIST

FORTRAN INPUT CARD LIST - Progrsm Title -Induced Activity (p.8 of 8)
LIST TITLE BOMPAR (Final Card)

CARD WORD COLS. FORMAT MNEMONIC UNITS

1 1-10 F10.0 WK XT
— 2 11-20 F10.0 _}OB ft.

£21=-30 F¥0,0 THICK . ._co

3
L 31-40 F10.0 _RHOC gonf e
S 1-50 Fi0.0 _=MITN neutrons/fissioa




ANAN

DIMENSION T(10)e NZ120)s NZC120)e [S0(7201)0 FW(20)e NA(10+20)¢
Al1020)s XEV(10e¢20)e FAL(10:2000¢ SIGL(10e20)0 HLI10620)»
LH{10:200s SA(20)e FAY(200s SFAI120)s FAC(10+20)e XLAM(10:20)
NRLI10+20), FOG{5910:20)s RNY(5:10:20)s FOGRNY(10:20)
NRIC10420ty DRCI1T0201¢ SORLI1IOIe SDRC{10)e SORTOTi103e
DRK(10+20), DRE(10,20), SORK(10)s SDRE(10)s

S1G15Ct10,201. SFAISCt20)

NP RS UN

XKRD = §

KTR = 6

READ INPUT TAPE KRDs 10,
i NTIMES

READ INPUTY TAPE KRDe 12»
1 (TtJI)e J=1o NTIMES)

XKk = 1
AC = 0.

STATEMFNTS 100 TO 260 ARE PERFORMED TWICE. THE FIRST TIME. EXPOSURE
RATE FROM ACTIVATED ELEMENTS OF THE BOMB CASING 1S CALCULATED.

THE SECOND TIME, EXPOSURF RATE DUF TO INDUCED ACTIVITY OF THE SOt
ELEMENTS IS CALCULATED.

100 READ INPUT TAPE KXRD» 0.
1 LMAX .
IF {Kx-11 101. 101s 102
101 LMAC = LMAX

102 READ INPUT TAPE XRDs 14,
1 (NZEL)Ye ISOILYe FHIL)s L=1e LMAX)

DO 103 L = 1, LKAX
IS = 150(L)
103 READ INPUT TAPE KRDe 16,
1 (HAUI+L)s KEVIIeL)s FALLZI L9 SIGIIToi)e HLIToLYe LHIIsL),
2 SIGISClIst)e I=1e (S}

D0 104 L = 1, LMAX
1S = 1S0tL)
00 106 I = 1, IS
KE = KEV(I.L)}
104 READ INPUT TAPE KRDs 18,
1 (FOGI(NslIeL)e RNYIN,ToL)}e N=1s KF)

S1GS = O.

$1GSSC = Oe

SFWMAX = Oe

DO 120 L = le LMAX

SA(LY = Q. .

1S = 1SOM(LY
DO 110 1=1e IS
AilTeld = NAiToL)
110 SALL) = SAILY *ALL.LI*FAI(ILL)

120 SFUMAX = SFWMAX + FW{L1/SAfL)
DO 150 L = 1o LMAX
FATIL) = FWIL)Z74SAIL)*SFYMAX)
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\,

<
C
C
C
C

140
161
149
150

151
152

160
170
180

190
200

201

219
220
230
240
250
260

270

SFALILY = 0,

SFAISCiL)Y) = O

1S = (SO0

DO 1401 = ), IS

SFAISC(L) =SFAISCILY» FALtl L )8S1GISCHLT 1)
SFALILY = SFALIL) + FALUI L)I®SIGI{I L)
IF (XK=1) 141s 141, 149

AC = AC + FAT(L)®SALL)

SIGSSC = SIGSSC + FAT(LISSFALISCIL)
SIGS = SIGS ¢ FAT(IL)esSFAI(L)

IF (KX=-1) 151, 151, 152

SI1G6C = S1GS

DO 200 L = 1, LMAX

IS = 1SO(L)

D0 2001 = 1, IS

FAC(loL) = FATILIWFAT{14L)2SIGI(L4LY/SIGS
LG = LH(I,.L?

GO 7O (200,160170+1809190)¢ LG
HLEIL) = HL(I.L)®60,

GO 10 290

HLITL) = HLI1.L)*3600,

GO TO 290

HLITIL) = HL({!.L)#86400.

GO 10 209

HLUToL) = HLII.L1%31536000.

XLAM{1.L) = L693/7HL{T.L)

DO 201 J = 1, NTIMES

SDRL(JY = 0.0

DO 260 J = 1o NTIMES

DO 240 L = 1, LMAX

DRL(JsLi = 0O,

1S = 1SOt(L)

D0 220 I =1, 1S

FOGRNY(1.1) = 0.

KE = KEVIIaL?

N 210 N = 1, K&

FOGRNY({IsL) = FOGRNYIIeL) ¢ FOGEN+IoL)*RNYINs]oL)
DRICTIeL} = FACIILI*XLAM(I+LISFORANY (L oL )SEXPF(=XLAMIIoL)ETLI))
DRLIJeL) = DRLIJSL) + DRICLHL

IF (XK=;) 230e 230, 249

DRCIJIeL) = NRLLIISL)

82CIL) = N7

SDRLIJ) = SNHRLIJS + PRLIJLL)

iF (KK-]1) 250+ 250+ 260

SDRCLJY = SHRLIN

CONTINUE

GO TO (270.2R80), KX

XK = 2
GO 70 10D

REDULTION OF SOIL EXPOSURE RATE 1S NGW MADE ACCORDING TO THE
FRACTION OF REUTRONS tSCAPING ABSORPTION AY THE BOMB CASIMG.
THE SOLID ANGLF FRACTION OF THE FIRFBALL TOUCHING THE GROUND AT
THE TIME OF MYDRODYNAMIC SEPARATINNe AND YHE FRACTION OF
NFUTRONS THAT REMAIN 'N THE SOIL




280 ALB = 1.,155¢SQRTFISIGS/ZISIGSSC + SIGS))

READ INPUT. TAPE XRDs 10,
1 NWEP

D0 330 M = )}, NWEP
READ INPUT TAPE XRDe 12,
1 WYKe HOBe THICKs RHOC, EMITN

SCHOB = HOR/wYK#80, $333333)

FOM = 1e=SCHOB/SORTF (4«26 *5CHOBE #2234 ,*SCHOB+4225.)

SIGM = RHOC*0.6023*SIGC/AC

EMITC = EMITNSEXPF{-SIGMeTHICK)

N0 300 J = 1, NTIMES

DC 290 1+ LMAX

DRX{ JoL? DRC(J+LI*(EMITN-EMITC)
290 DRECJL) NRLIJSLISEMITCEFOMEALB

SDRK(J} = SDRC(JIH(EMITH-EMITC)

SDRE(J)Y = SNHRLIJI*EMITCHFOMBALSB
300 SDRTYOT(J) = SDHRK{J} + SDRFtJ)

WRITE QUTPUT TADPE KXTRe 30,

1 WYKs HOB, SCHOR, THICKs ACs RHOCe FMITN, EMITCe SIGCe SIGSe

2 SiGSSCs FOMs ALS

WRITE OUTOUT TAPE KTR. 32,
1 (TtJ)s 2=1e NYIMES)

NO 310 L = 1, LMAL
310 MRITE QUTPUIT TAPE XTR. 34,
1 NZCtLle (DRKEJelL)e U=1e¢ NTIMES)

WRITE QUIPUT TAPE KTRe 36,
1 ISHRX{J1e J=1e+ NTIMESH

WRITE OUTPUY TAPE XTR. 38,
1 (Ytd)e =1y NTIMES)

DO 320 L = 1, LVAX
320 WRITE OUTOYT TAPL KTRs 34,
T NZ(Lle (DRFLIeLle J=1le NTIMES]

WRITE OUTPUT TADE XTR. &0,
1 (SDRFiJ)eJ=1e NTIMFS)

330 WRITE QUTPUT TADPE KTR. &2,
1 (SDRYOT(J), JS=1s NTIMFS)

10 FORMAY (12,8x+F10.C)

12 FORMAT (7F16,0)

16 FORMAT (17.15+E13.3)

1% FORMAT (13012e79e5eF1559F1063013:F15.5)




3C FORMAT (15M! 3179 INDUCED /7 17H YIFLD (KT) o F1041e 7
12H HOA (FEET) o F11.04510X+11HSCALED HOR « Flle3 7/
TH CASINGs 7 6X9s ISHTHICKNESS (CMi oF6e2+5X012HAV, AT. WTe o
F7¢%¢ SX¢ 20HAV, DENSITY (GM/CC) 4 Fbeds /
39H NUMRER OF NREUTRONS EMITIFD PER F]SSIONs F3420 /
4TH NUMRLR OF MEUTRONS FSCAPING CASING PFR FISSION, FS5¢2y 7
314 AVERAGE CAPTURE CROSS SECTIONSs 7 6Xe 9HOF CASINGE1043»
/7 6XeTHOF SOILE1263/730H SOIL SCATYTERING CROSS SELTIONGE103s
722H SOLID ANGLE FRACTION oF6elay 7 23H SOIL CAPTURE FRACTION
FOalsy 177"
32 FORMAT (10Xs29HR/HR PFR FISSION/SQCM DUE YO THE CASING //
25Xe 124 TIME (SFCY) 7
1218 ELFMENT (2) o S5Xe 10F10,n /7Y
34 FORMAT (17, 10Xse iP10F10.%)
36 FORMAT (12HNCASING SUM o SX¢ 1PJOEL1C.d 7/}
38 FORMAT (/7/5X+3THR/HR PER FISSION/SQCM DUF TO THE SOIL 77/
2 25Xe 121 TIME (SECY ¢
3 12H ELEMENT (2) + S5Xs 10F10.0 /)
40 FORMAT (12M0 SOIL SU™ o Sxe 1P10E10.3 )
&2 FORMAT (11FOCASING AND, 7/
2 12H SO1IL SU""EDQ 5Xe 1P10F10.3

OB NPV E NN~

w N

CALL EXIT
£ND (05 0, 0O, 0, O}




3179 INDUCED
YIELD (KT) 240
HOB (FEET) -0. "CALED HO8 ~04
CASING
THICKNESS (CM) -Us AVe AT, WT,. 36415

NUMARER OF NEUTRONS EMITTIED PER FISSION 1.00
NUMBER OF NSUTRONS ESCAPING CASING PER FISSION 1.00
AVERAGE CAPTURE CROSS SECTIONS
OF CASING 0.103E+0)
OF SOIL 0.203€~-00
SOIL SCATTERING CROSS StC(TION 0.916E+01
SOLID ANGLE FRACTION 1.0000
SOIL CAPTURE FRACTION 0.1700

R/FR PER FISSION/SO(M DUE TO THE CASING

TIME (SEQ)

ELEMENT (2) 3600. 4032.
26 Ce O.
13 0. 0.
CASING SUM 2, Q.

R/HR PER FiSSION/SOCM DUE TO THE

ELEMENT (2)

26
66
14
19
13
11
22

H
20
17
62
25
12

5
23
24
15

8

SOIL SUM

CASING AND

SOIL SUMMED

TIME (SEC)

3600.
3. T&2E~-17
O«
9.019E~16
1.038E=14
2.529%E-13
206?0F-13
2e264TE-17
Ne
2196515
8+986E-15
0.
6+713E~-13
2256E~-15
O
De
l.442E-18
Q.
O.

9.631€E-13

9.631E-13

4032«
3.742E~17
Oe
8.738E~1¢
1.031E~14
2.889E-20
2.655E-13
9.50ec~-18
Ge
1.221E-15
7867E~15
Oe
6+500E-13
1«334E-15
0.

O.
le&&2E-18
0.
0.

9.372E-13

9.372E-13

SOIL

39

AVe UENSITY (GM/CC)

%.000

"




APPENDIX P

Table 1 Elemental Soil Composition
Table 2 Isotope Capture Parameters
Table 3 Exposure Rate Parameters




TABIE

N

Elemental Soil Compcsition

Barth's NIS* NIS
Crust (Jones) (Polanil))
Element Z Weight Weight Weight
Fraction Fraction Fraction
(£,) (£,), (£,),
H 1 1l.Axo™3 0 2.63910°%
B 5 3.0::10"6 1.0x10"‘ 0
0 8 h.66x0™ s5.00mx0°t 5.47x10"1
Ka 1 2.830° 1302 k.9x10"3
Me 12 2.09x10°° Lhx103 2.09x10™%
A 13 813102 7.63:]0'2 k.8x10"3
st 2771200t 2.756m00 2.772007t
P 15 1.18x10°3 0 1.18x10°3
Ci 17 3.1lcx3.o"" 0 3.1!u:10"'
K 19 2.59:10‘2 2.96::10’2 2.59:10'2
Ca 20 63102 B8.66x10°° 3.63:10‘2
T 22 bhx03  2.4x1073 k.hx10™3
v 23 15:m0° o )
Cr - 2,000 o 2.0:10"'
Ma 25  1.0xo03 3000 5.0x10™
Fe % 5.0x10" 2 1.12x10°2 5.0x10"2
Sa 62 6.'5::10‘6 6.5::10’6 0
Gd 6L 6.':::10"6 6.hx10'6 0
* Modified by the author from reference 2.
43
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TABIE 2
Isotope Capture Puc-eters"’ 8,9)

fik 95 (T! ) i (osc ) i
Isotope Elemental Absorption Dewdhter Scat.
Fraction Cross Section Half-Life Cross Sect.
(baxrns) (varns)
H1 .99985 .33 1005+ 19
H2 .00015 .00057 12.26y 19
B 10 .1978 3840 10 L
B 11 .8022 .05 .03s b4
016 1.0000 .0002 105 b.2
¥a 23 1.0000 .53 15h i
Ng 2 7870 .03 10°s 3.6
g 25 .1013 27 10 3.6
M % 1117 .03 9.5a 3.6
Al 27 1.0000 .23 2.3m 1.4
i 28 .9221 .08 105%s 1.7
si 29 .70 .28 105 1.7
Si 30 0309 11 2.62n 1.7
P 31 lom ‘19 14.35- 5
Ci 35 7953 S.h 3.0&:1051 16
C1 37 247 <565 37.5m 16

# 10°"s means the daughter is stable.




TABLE 2 (Cont.)

ik % (T«})i (5ge)s
Isotope Elemental Absorption Daughter Scat.
Fraction Cross Section Half-Life Crosz Sect.
(barns) {varns)

‘K 39 .9310 2.2 1.3:109)' 1.5

X 4o .0002 70 105% 1.5

K4 .0688 i.l 12.4h 1.5

Ca Lo 9597 .2 1o3°s 3.2

Ca 42 .0064 Lo 100 3.2

Ca Ll .0206 7 1524 3.2

Ca 48 .0018 1.1 8.5m 3.2
75 b6 0793 .6 1o3°s 4
™ 7 0728 1.7 ].030 s L
75 43 3% 8.0 103% %
5 49 .0551 1.9 105 4
Ti %0 .0534 Ak 5.8m 4
vV 50 .0024 130 10303 5
V51 .9976 4.9 3.76; 5
Cr S0 .0k31 17.0 27.84 3
Cr 52 .837€ .8 10303 3
cr 53 .0955 18 10°s 3
Cr 54 .0238 .38 3.6m 3

Mn 55 1.0000 13.3 2.56h 2.3

k3




Y

TABLE 2 (Cont.)

I ix % ), (0ge)s
Isotope Elemental Absorption Daughter Scat.
Fraction Cross Section Half-Life Cross Sect.
~ (barns) (barns)
Fe 5k 0582 2.9 2.96y 1n
Pe 56 .9166 2.7 10% 1
Pe 57 .0219 2.5 10 n
Fe 58 .0033 1.1 464 1
Sm 1l .0316 2 hood 0
Sa 17 .1507 87 10 0
Sm 148 127 0 10 0
Sa 19 .1384 40800 10°% o
Sa 150 o7 0 10°% 0
Sm 152 .2663 224 ¥th 0
Sa 154 .2253 5.5 2in 0
Gd 152 .0020 125 2304 0
Ga 154 .0215 0 107 0
Ga 155 3 61000 10 0
Gd 156 -20i¢7 o 107 o
Gd 157 .1568 250000 10Cs 0
Gd 158 2487 4 18.0h 0
Gd 160 .2190 .8 3.6m 0




TABLF 3
Exposure Rate Parameters

()55 B
Parert Photon Photons per %
Isotope Enercy Disintegration ton/cm”-sec
(*V) (x10.6)
H1 0 ) 0
H2 0 0 0
B 10 0 0 c
B 11 . b3 .026 i5.13
B 11 3.22 013 12.00
0 16 0 o y
Na 23 2.75 1.000 10.70
Ra 23 1.37 1.000 6.ho
Mg 24 0 0 c
Mg 25 ) o 0
¥ 26 1.015 .300 5.05
Mg 26 843 .700 .33
Al 27 1.78 1.000 T.75
S: 28 0 Q 0
Si 29 0 ¢ 0
Si 30 1.26h .007 6.0k
P 3 0 0 0
45

.\"‘g ,




TABIE 3 (Cont.)

; ‘§ "

(f,)u nj
Parent Photoa Photons per
Isctope Energy Disintegration W—m

Ccl 35 0 0 0
c1 37 2.16 Jqo 8.92
Ccl1 37 1.59 .30 7.4
K 39 1.6 .110 6.70
K bo 0 0 o
xh 1.53 .180 6.95
Ca 4G 0 0 o
Ca i2 o (v} 0
Ca Uk 0 0 (]
Ca 48 4.68 .006 15.76
Ca 48 k.c5 .C10 1k.10
Ca 48 3.10 .890 11.68
™ W6 (v 0 o
™ &7 o o 0
Ti k&8 o o 0
™ &9 o G 0
T 50 .928 LOu2 k.68
Ti 50 505 .013 3.23
Ti 50 323 <45 1.75
¥ S0 ) 0 [}
V51 1.433 1.000 6.62




TARIR 3 {Cont.)
(f7) 13 R 3
Parent Photon Photons per %
Isotope Energy Disintegration [cem -sec
(¥ev) (25°5)
Cr 50 .323 .090 1.75
Cr 52 o 0 (1]
Cr 53 0 0 c
Cr 5k o o 0
Mn 55 2.98 005 1.34
Mn 55 2.65 .018 10.40
Ma 55 2.13 .195 8.8,
Mn 55 1.81 .282 7.85
Hn 55 .8i5 97 b.55
Fe Sk o C ¢]
Fe 56 o 4] 0
Fe 57 0 0 1)
Fe 58 1.289 430 6.10
Fe 58 1.191 .030 5T
Fe 58 1.098 .570 5.38
Sz 1k s 0 o)
Sa 147 0 0 0
Sa 148 0 0 o
Sm 149 o o 0
Sm 150 o 0 0
Sm 152 o 0 0
Sm 154 0 o o




TABIE 3 (Cont.)

(t7)1.1 R,
Parent Photon Photons per R 3
Isotope Energy Disintegration photon/ca -sec
Gd 152 4] 0 0
Gd 154 o 0 0
Ga 155 o o 0
Ga 156 0 0 0
Gd 157 o 0 0
Ga 158 0 o 0
Ga 160 ¢ 0 0
k8
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