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Feasibility of Shadow Shielding in Nuclear Powered

Submarines

Abstract

Calculations concerning the shadow shielding of a

nuclear reactor for submarines of the type proposed by Teller

are given. A lower bound on the scattered radiation has been

calculated by consideringbonly the singly scattered ¥ rays.
It i1s found that if the reactor operates at a powsr level of
105 kw, the magnitude of the singly scattered ¥ radiation

that would reach the crew is far above lethal doaage.
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The purpose of this paper is to attempt to establish
whether or not simple shadow shielding is adequate to protect
personnel from ¥ radiation in a nuclear energy powered sub-
marine.

In order to establish a lower bound for the scattered
radiation which will reach the crew, only single scattering
will be considered.

A typical reactor of the type proposed by Teller would
have the following approximate specifications:

l. The reactor is in the form of a cube 1l meter on a
side.

2. The reactor operates at a power level of 10° kw.

The reactor will be schematized in the submarine as

shown in Fig. l.
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Figo 1

- What is desired to be calculated is the following:
Assuming a simple shadow shisld placed in front of the reactor

..
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(1.e¢ = no direct radiation from the reactor can reach the

crew position), what is the gamma ray intensity at the crew
position due to singly scattered radiation that has been reflect=-
ed from the hull and the water outside the ship?

Assume that 2 prompt gamma rays, having a photon energy
of 2.5 Mev sach, are emitted per fission. For a power levsl
of 10° kw, the rate of fission in the reactor is
3.68 x 1018 fissions/sec and thus there are 7.36 x 1018 gamma
rays/sec produced in the reactor.

In order to know the gamma ray energy flux emerging
from the reactor per second, it is necessary to know the self-
absorption of the reactor. If the dimensions of the reactor
are large compared to the mean-free-path of the gamma rays in
the reactor, then the self-absorption may be obtained in the

following manner.
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Figo 2
Let: ov

W = power level of reactor; ——
V = volume of reactor; cm3.
E = energy flux at P; Mev/cmzseo.

M = gamma ray absorption coefficient in reactor; em=1.
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The self-absorption will be derived by conslidering
only the unscattered gamma radiation escaping from ths sure
face of the reactor. This 1s a good approximation because
the largest contribution to the energy flux at P comes from
the volume immediately adjacent to P; and further, the scattered
radiation reaching P is not ohly small in number but degraded
in energy.
The contribution to the energy flux at P from a
volume dV defined by

dv = 27p2sin 6 d6 dp (Fig. 2) (1)
is w
. av
4dE = v e“/u'R (2a)
w7 p?
W -MR

= oy ¢ sinéd dé¢ dp (2b)

Integration over proper limits gives

_ /2
E = ._ngv f o’/IR de / sind 46 (3a)
o o

E = 5‘%7% (3b)
energent camma rays
If the self-absorption,?”, is defined as % = Ypoduced gamma rays

then N = 62°5
= (ya)
e 2o (40)
R
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To determine tﬁe proper value of Mp the composition of the
reactor must be known. Assuming the reactor to have the
volume ratio of U to Hy0 of 1/3, the mean density of the
reactor 1is

P = 6.9 gm/cm3
and the partlial densities are

Py = 6.2 gn/cm>

o = 87 gm/me
H20

This gives an absorption coefficient

- « 314 em~1
.ﬁ% ———

Thus the self-gbsorption, is %7 = 0.096

The singly scattered gamma ray intensity at the crew
position will now be calculatede Since the hull has an ap-
preciable thickness in terms of its mean-free-path for the
Incident gamma radiation and yet is not sufficiently thick
to be considered infinite for calculational purposes; calcu-
lations will be made for infinite thickness of steel and water,
with the correct answer lying between the two extremese.

The expression for the singly scattered intensity is

derived as follows:
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Scattering Mediunm

Reactor Crew rosition

Here we have 1dealized the reactor to a point source.

No scattering in the air inside the submarine will
be considered.

Let

= number of gamma rays emerging from reactor per
second.

a, = energy per gamma photon; mecZ2,

yr

absorption coefficient in scattering medium; em™L,

The photon flux at P 1is

M e-ﬂ(ao)rl

wwpy 2

Define a scattering volume, dV, by

2

AV = 27p,° singdg¢do, (5)

The number of garmma rays, ¥, that will scatter in the volume

dV through an angle 6 and into a solid angle, d.Q, is
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]

-/u(a.o)rl do
= YO * nav (m) dn (6)
[+7fp12 9,0.

o

where
n = number of electrons per cm3 in the scattering medium.

da‘> = Klein.-Nishina differential scattering cross section
da o per electron.
a

™o

If the receiver volume is taken as a small sphere of cross sectional
1
arsa dA, then dil= -d-A'é' o
Po

Consequently, the differential expression for the gamma ray flux
at the crew position is dl = %{- so that

M e g ACSERVACEN ( 4
o N

o
5 ”a'fl‘)g,aosinqﬁdgbdpz (7)

dl =

2pq
Ir Qs is the new energy of a singly scattered photon, where

the relation between a,, a, and the scattering angle 6 18 given

by
a

0
1+ a1 - cos? ) (8)

O,l—

then the expression for the energy flux (mcz/cm2 sec) at the

crew position is

This above expr'essioh may be simplified and put into integrable

(numerically) form by use of the following reletions obtained
from Figo e

Py = asin & (10)

siné@
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which gives
o
2 _ a8
s8in(8-4) = gin # ! (11)
Py = & cos § - asingcots (12)

If ¢ 1s held constant and (12) differentiated with respect

to p2 and 8

dp, = asing csc 946 (13a)
do,, = asiné = 49 (13b)
sin?e

Putting these expressions in the equation previously obtained

for the energy flux givas

a - |Mlag)ry+ plag)ry
dE = %’% ay (E‘?‘i’)as [ ° d¢d9] (14)
"o

Also from Fig. 3 we find rl and r2 to be

b

TLEP T ERETFT (15a)

asin ¢ b

T ST T S 7Tp) (15v)
b

rz = pz - m (16&)

_ .asin (4 -4) b
Po = 8in o - m- (16v)

The integration limits on @ and ¢ are easily obtained from Fige 3.
0 K g7 (17)
For a fixed %,
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¥ 1s seen to be

5[/ = ta.n"l b (19)

Letting

P+ =P (20)

the energy flux E is seen to be

7 7 ~| plag)py+ e (ag)r,
E= @M%f d¢ja1 (g‘?i‘) ° [ o .“11('2_1)

a 49
o’

Of special interest is the dependence of E on the
angle ¥ « This dependence may be obtained from equation (13).

Of more pertinent interest is the ionization level at
the crew posiﬁion rather than the energy flux. What is desired
1s the dosage rate, i.es. - roentgens/day, at the crew positione
The dosage rate in r/day is obtained in the following manner:
The differential contribution to the energy absorbed in alr

(mcz/'om3 sec) may be written as

dE -‘;LA(al) dE (22)

where

/fA(al) = coefficient of energy transfer to airj e~

Since the roentgen is defined as an ionization level of

1 e.s.u./me of alr at S.T.P., /fA(al) is taken at SeT.P,

Further, the mean ionization potential for air is 66 x 10'6 mcg

and the charge per ion 1s 4.80 x 10~10 e+3.ue. Thus the
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differential contribution to the dosage rate in roentgens/sec

is

-10
ar, = w0ET0 Malay) dE (23)

66 x 10~

The dosage rate, R in roentgens/day, due to single scattering

”
may be written

. w n
R, = 627 x-z-M-ﬁ- fd¢fa.1,u.A(a.1) (%—%) o‘[#(ao)r1+#(a1)rz]
0 g

46
%a, (24)

For a typical submarine we shall assume that "a" and
"b" are given by

a=5Xx 102 cm

b =5 x 10° em
Furthermore we are given that
n = 3.3 x 10°3 electrons/cm3 for Hy0
n = 2.20 x 10°4 electrons/cm> for Fe
flay) = 0.041 em™t £op Hg0
/A(ao) = 0.300 em~d for Fe
and we have shown'that
M= 7.05 x 1017 gamma rays/second
Putting these numbers into equation (24) we find
R, (Hg0) = 7 x 106 r/day
R, (Fe) = 2 x 107 r/day
Now let us see how, the interposition of a simple shadow shield

betwesn the reactor and the crew position effects the above

ONCLASSIFIED T
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Let us define a simple shadow shield as one which

dosage values R.

restriots ¢ to the range of integration

¢m < Y &7 (25)
where

0< ¢, < w /2 (26)

Then for a glven ¢,  we obtain the dosage

7
Ry, = va‘{”‘mF(sb ) af . (27)
”
fF (¢) ay
” 0
where F = ,é G(¢,6)a6 (28)

and G( ¥, 6 ) = aq M#y(a,) (%%.‘)9 «

**o

Graphs 1 and 2 show that variation of F (¢ ) as a function
Of Sa *

The following results are obtained:

For H20 $
6
R = 6 x 10° r/day
7/y
R = 3 x losr/day
T/
For Fe!
R,, =2 x 107 r/day
/% 6
R =8 x 10 r/day

uumssw\ww-
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Thus it 1s seen that only a small reduction is obtained by

making y/m as great as 7 /2. Even the quasi shadow shielding

with ¢y, = _3%_ would result in an intolerable dosage levele
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