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BACKGROUND CALCULATIONS

FOR THE

PROPOSED TOWER SHIELDING FACILITY

I. TINTRODUCTION

Calculations of the dose arriving at the crew box from a divided shield are
difficult and uncertain due to a lack of detailed information about neutron and
7-ray crogs sections for air. In addition, measurements of the flux and angu-
lar distribution of radiations leaving the reactor shield exterior cannot be
easily obtained in existing facilities. Finally, the cumbersomeness of the cal-
culations makes the method totally unsuited for shield optimization. As a result
it seems necessary to devise a facility which is suifable for large scale testing
of divided shields. A proposal for such a facility has been made(l) and the
necessary arguments are given there in greater detail.

In brief, the proposed facility consists of two 300-ft. high steel towers
Joined at the top by a horizontal steel bridge which is 200-ft long. At the
center of this bridge and placed at right angles to it is a 100-ft. long hori-
zontal steel cross-member which extends out 50 ft. in each direction. The re-
actor and crew box will be suspended from either end of this cross piece. A
drawing of this facility is shown in Fig. 1.

In order that background-free measurements of air scattering can be achieved
it is necessary that the reactor and crew box be at a sufficient height above
the ground so that the ground reflected flux of neutrons and y-rays is small
compared to the air-scattered flux. In addition, the scattering from the tower
structure itself must be small compared to the air scattering. It is the purpose
of this report to indicate the calculations which were used to evaluate these
effects and fix the specifications for the tower. In addition, cal;ulations for
some alternate proposals which were not adopted and calculations of structure

scattering in a B-36 are discussed.
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II. GROUND SCATTERING

The flux at the crew box due to neutrons or 7-rays which have been reflected
from the ground can be calculated by an "albedo” approach(egu)a' The ground is
assumed to reradiate a flux which is proportional to the flux incident upon it.
This constant factor of proportionality is the albedo and is determined from
experiment. The reradiated flux is assumed to emerge with either an isotropic or

a cosine distribution about the normal to the ground.

In this report the following values of the albedo will be used:

Cln = 002 (17 = Onoh'a (201)

The relevant experiments that were used to determine these quantities are de-
scribed by Hungerford(S)° It will be noted in Ref. (5) that the final value of
@, is 0.12 vhich is smaller than used in Eq. (2.1). The value given in Eq. (2.1)
was a preliminary result and has been used unchanged throughout this report as an
added factor of safety. In Appendix A, a theoretical calculation is presented
which tends to confirm Hungerford's results.

All neutron results are given in terms of percentage background relative to

the air scattering itself which is taken to be

F, = l.2x 1072 §, n/cm?/sec (2.2)

at a standard reactor-crew box separation of 65 ft. Here N, is the total (iso-
tropic) source streﬁgtho This somewhat low (and hence pessimistic with regard to
background predictions) figure is arrived at as follows. In Section II B it is
shown that thevair scattering from a point source of strength N, to a milligoat

(non-directional detector) at a distance d is given by

N, = (2.3)

Fo -
A'léxd



where N is the scattering mean free path in air. This formule omits the effects
of air attenuation as well as preferential forward scettering. If one assumes

A = 130 meters, as in ANP-53,

Fp = 706/x 1079 N, n/cn?/sec

at a 65-ft separation. This number should be reduced by a factor of 2 if the
milligoat is taken to be near the walls of a crew box since half of the air
scattering is then shadowed out. 1In addition, the effect of preferential forward
scattering is to reduce the dose by about another factor of 2. This point is
discussed more fully in Section II B and in Appendix B. Finally since there is
some attenuation in air and since the mean free path is no less than 13C meters
and may be higher it seemed reasonable to use (2.2) as the standard value.

In Section II A an expression is derived for the "uncollided" ground reflected
flux observed at the proposed tower shielding facility (hereafter referred to as
the TSF). The term "uncollided” refers to the ground scattered flux due to
those neutrons which travel directly from the source to the ground and then re-
flect directly back to the crew box. At tower heights of several hundred feet,
such as will be seen to be needed in this facility, the contribution to ground
scattering of neutrons which scatter once or more in air either before hitting
the ground or after can no longer be neglected. The effect of these collisions
is considered in Section II B. Section II C considers the diffusion limit of
this problem.

The actual divided shield will be thinned down in the rear in order to opti-
mize the shield weight. Owing to the fact that some regions of the ground con-
tribute more strongly to scattered background than othems, it is possible that this
shield thinning may seriously increase the background. The effect of this thin-

ning on the TSF is considered in Section II D.



The uncollided ground-scattered flux for & verticel tower arrangement is
calculated in Section II E and that for an "igloo" configuration in Section II F.

The effect of thinning down on the igloo and on the pogsible use of the IET for a

test is also considered here.

A) Uncollided Ground Scattering at the TSF

For the proposed tower a geometry such as shown in Fig. 2 is applicable.

Both the reactor (R) and the crew box (C) are at a distance h above the ground.

TOWER GEMETRY
igure 2

They are separated by a distance s. The normal uncollided flux of neutrons

incident upon an element of ground do at a point specified by the coordinates

\p- ﬁ) is then
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where L is the macroscopic neutron cross section in air. If « i~ the albedo of the

ground, the flux observed at ¢ is then:

ch NOh o 1l -2(1’1 + 1’2) (2.)4')
5 ° Y2 cos @ €

d& b r; 2mrgs

where the choice of either an isotropichqr a cosine reradiation has been indi-
cated. The total flux at C is obtained by integrating over the entire ground.
The integral can not be done analytically in its present form. However; a
simple approximation (s/h = 0) leads to a very accurate result in the regions of
interest.

As & first step in the justification of this approximation, the air at-
tenuation is neglected entirely. Thus the exponential is replaced by unity in

Eq. (2.4). The resultant flux in the isotropic case is now:

oo or ,

F, = N B o d a 1 e -

© 8#2[/0 P/ 2 ()02+he)3/2 [h2 + P2 4 52 -2ps cos Q]
o

The integral over § is easily dome since

2n
dd 2 x

A+Bcos§ Va2 -p?

o
e . Mono f pdp
¢ Yoo ° (P2 + h2)5/2 ek, 2 P2 (1° - s?) + (n2 + 52)2

Making the substitutions p = htano 5 = se/hz, this becomes
2
. . o A : sin 0 _do
¢ | 4 7 ne Wkan 6 +2 tan?0 (1L - 5) + (1 + 5)°
)

N, a cos® ® 4 (cos 8)

_ 0 & L_(cos ; 5
b fin* @ + 2 51n? @ cos? 6 (1 - 8) + cos' 6 (L + 8)



1 2
. Fiso _ Ny - ®x= dx
.- C e ——— "~.; .
b o n? ° '1[5()$+6)xb’-26xd 1

(2.5)

For the cosine reradiation

. 2
2
1?c ) atalby /’.’;d)o d§ i )
b 72 (h2 -HOE)-?'/2 [bg + &2 +p2 < 25‘/0 cos @]5/2

Now ar d § - 4 i
JLA -Bcos §/2 K+ B (- B)

where E is the complete elliptic integral of the second kind.

.2 I 4
o= o @ par = (3w (ss1°p>2>
2, p2)3/2 G2 5 [n2 _ 92|
VG S B+ p+ro2 [+ (p-02] (2.6)

Egqs. (2.5) and (2.6) can be used to evaluate the non air-attenuated
neutron ground scattering as a function of the height h and the results are
shown in Fig. 3.

For the approximation s/h = o, Eqs. (2.5) and (2.6) become simply

N, &
iso o6 - ,
Fe = 12 7 n2 ' (2.7)
cos _ Ny«
bc = —_— .
8 7T h2 (2.8)

The results of this approximation are also noted in Fig. %, Note that the
limit s/h = o results in errors of less than lO% for heights above 150 ft.
These results already indicate that it will not be necessary to consider
heights lower than 150 ft. To see this, in an approximate fashion, the air
attenuation is included as the factor e=2 Zh corresponding to the minimum neu-

tron path length in air. The ground scattering =t 100 ft, if a cosine distribu-

T
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tion is valid can be as high as 45% 5 While that at 150 f£t. can still be as
high as 14.6%. In addition to this there is the contribution of ground scattered
neutrons which have collided once or more inm air. If one aims for backgrounds
of the order of 10% or so this means that the region of interest will be from
h = 150 ft.or up. The approximation % = 0 can be made to good acéur&cy in this
region.
If this approximation is made in the oriéinal expression, Eq. (2.4), it
is no longer necessary to neglect air attenuation in order to solve the equa-

tion. The expression becomes

dF. N, h a 1 1 c-2Lr. (2.9)
do  bard 2712 |2 cos @

In the isotropic case, then:

Fiso - No - ar
¢ Lo r

_ _Na -2Ln 1-Zh+2(2h)2=u(2h)5e22hEi(QZh)

12 T h°
(2.10)
and for cosine reradiation
- ) h
pcos _ Ny att R s = Moo e2’ {l_QZhﬂLa(Zh)2
c 2Ty ro 8 7 n° | 3 3
3 " 22 h
i 4 (Z h) +B(Zh) £y (27 h) (2.11)
3 3
where P -X
By (y) f e~ ax .
y
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The results of Eqs. (2.10) and (2.11) are plotted in Fig. 4(6)« Neutron absorp-
tion in air is neglected and thus L= ZS = 130 meters. Note the steep rise in
ground flux as h decreases. Because the operating altitude must be at least
150 ft. it is clear that the minimum path length of a neutron is of the order of
the scattering mean free path in air and one can no longer neglect the contribu-
tion of neutrons which scatter in air before or after striking the ground. This
point 1s considered in the next section.

y-rays of 3 Mev have a scattering mean free path in air of 237 meters.
This results in a decreased air scattering compared to neutrons and an in-
creased ground scattering since the exponential factor is larger. This is
more than compensatéd for by the reduced albedo of y-rays in the ground (ao
£ 0.04). As a result the background prediction for y-rays is of the order of
or slightly less than that for neutrons. However, no serious attention need be
given the y-ray question because the ground reflected y-rays are highly de-
generated in energy as has been confirmed by experimeéé)n As a result; they can
be easily shielded out by the lead around the crew box and constitute no problem.

B) 'Air Collided" Contributions to Ground Scattering

Consider some general properties of the air scattering from a point iso-

tropic source at R to a milligoat at C (see Fig. 5).

ATIR SCATTERIRG GEOMETRY
Figure 5 11



The total flux due to single scattering in air, neglecting air attenuation, is:

¢ 2
brrg Lo r5

F = ,»/,~/~ r% dry d (cos @) 4 @
FI

J o
space
where § is the azimuthal angle of the vector ?l measured about the reactor-

crew axis. Here 08(7) is the differential scattering cross section in air.

w.g .
N, ps 7) gin @ d @ dry
e.sFC = ' 2 )
8 m o Yo r2

If we replace ry by angle B as an independent variable using the relation

rl. S

sin B sin (a + B)

we find sin ¢ ap
dry = s T3 ———
1 sin® (a + B)
and
ﬂ' - B
F, = o, (@+p) da 4B8. (2.12)
)

For isotropic scattering this becomes
N X T
F = ———-—_O s (2‘13)

16 s
as has been shown previously(7). The total scéttering cross section is denoted
by Zso

It is clear that anisotropic scattering will not change the dependence of
the air scattering on the separation s. If a cross section which varies as

1 + cos (o + B) is assumed it is easily seen that expression (2.13) is reduced

by the numerical factor 1 - i2 < 0.6. 12
T



The effects of both anisotropic scattering and air attenuation are con-
sidered in Appendix B. A solution of the transport equation for the dose (which
is effectively a one-velocity problem) assuming no explicit absorpticn in air,
is obtained for a point source in an infinite medium. This solution has the

general form

Fp = & e“A®

where ZA is an effective macroscopic cross section which is shown to be ZA

= .378 ZS wWhere ZS is the macroscopic scattering cross section in air. The
constant depends on the anisotropy of scattering, and is in good agreement
with the number obtained from single scattering when isotropy is assumed. As a
consequence, it will be assumed henceforth that the complete effect of multiple
air scattering is contained in the expression

Py = N, (1.2x109) 2T (2.14)

where s is in feet and where the constant is chosen to agree with the standard
value at a 65-ft. reactor-crew separation. Note that Za is so small that the
exponential can be neglected at this separation.

Three main neutron histories will be considered. Ope is the "air-ground’
contribution consisting of those neutrons which scatter once or more in air and
then reflect from the ground directly back to the crew. The "ground-air” is‘the
reverse of this procedure. Finally ‘air-air" contributions are made by those
neutrons which scatter once or more in air both before and after sﬁriking the
ground. It is assumed that the contribution of neutrons which strike the ground
two or more distinct times can be neglected.

The s = O approximation will be made throughout this section.

Consider the calculation of the "air-ground’'scattered flux. The flux

striking the ground is

dFg
do

65 T
_ -9y 5 Lo s
= No (le2 x 10 ) -s— e 13



This equation involves two approximations. For one thing the presence of the
ground removes some of the air which was usable for scattering in the derivation
of Eq. (2.13). Secondly, the neutrons strike the ground at varying angles and
some average cosine factor should be included. For simplicity the first effect
will be assumed small and the unknown cosine will be replaced by unity. Both of
these approximations result in an overestimate of the effect.

The flux arriving at the c¢rew box is now

FAG - N, (1.2 x 10-9)(65) « -e—j-:—i ! dr
° r2 2 h/r

*h

where the choice of either an isotropic or cosine reradiation is indicated and

Wwhere —
L o= Lg+2y = 1.378 L.
In the 1sotropic case this becomes
e.fh - _
PG = Mo (1.2 x 1079)(65) a 1-Zhehr Tn (2.15)
h
where ‘ me-t
Ey (y) = f at.
3 t
For cosine reradiation
(65) a = — — = —
PO~ N, (1.2 % 207) 222 Tnly Ths TR &b E h)}' (2.16)
h

The calculation of the "ground-air" contribution follows in a similar fashion.
The difference between isotropic and coside reradiation from the ground, how-
ever, 1s obscured since neutrons which leave the ground at any angle are ca- -
pable of scattering back into the receiver. For simplicity the expression in
Eq. (2.14) is taken for the flux scattered back into the receiver in both the
isotropic and cosine case. Ny is now the total flux reradiated by the ground.

This contribution; denoted as FOA ig now:

00
No (1.2 x 1079)(65) a h f JET ar 1

& __  _ __ pAG .,
> . 3 X Fcos (2.17)

A



Pinally there is the calculation of the "air-air" contribution.

r

A -2
FhAA N, (1.2 x 10792 (65)2 o 2 r/ imza " ar
h

N, (1.2 x 1072 (65 a2 mE; {27, b), (2.18)

Adding all these contributions to the "uncollided" results obtained in
the previous section, the total ground scattering as a function of tower height
is obtained. The results are plotted in Fig. 6. The results obtained by use of
a diffusion approximation are also plotted in Fig. 6. This approach is discussed
in the next section.

Note the steep rise in flux as the tower height is decreased. Because of
the desire for a background of the order of 10% and because of the uncertainties
in the calculation a minimum operating altitude of 200 ft. was agreed on.

C) Diffusion Calculation of Ground Scattering

The problem of ground scatter will now be treated using existing theories
of neutron transport in matter. If certain simplifying assumptions are made the
' problem becomes an easy one. Specifically assume that: a) no capture occurs in
the collisions of neutrons with air or ground elements; b) scatter of neutrons on
all elements involved is isotropic in the center-of-mass system; c) the fast
neutron dose-energy variation may be expressed as a power of the neutron energy,
e.g. . (A good fit to the dose-energy function is obtained by taking 7 = 0.35).

The Boltzmann equation describing ¥(Z, M, u) (the neutron flux at Z per
unit solid angle aft=4ayu d§_ in the directiOnﬁpef unit logarithimic energy

(8)

internal du at u) in a medium composed of a single element may be written

u
[“_QQ_Z "’a(u)] V(Zs u, w = f du/dﬁf(“o’ u - u') W(Z’ “" u') + 8(z, u)
o | (2.19)

where g (u) is the total cross section; f(uo; u) is the scattering function, Ho

15
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is the angle of scattering and S(Z, u) is the source term, which is assumed
monoenergetic. If this equation is multiplied by EYU()B")lu and integrated over

all u; the one velocity equation(9)

(,U ‘.'L+ l) (Z; ) ) = dﬁv r ;ﬁ) ‘ (Z) ') ) (Z)
72 9,02 w / g (uor 1) 9 vl s (2.20)

a°
is obtained. @ (Z, p,W?) = U/ﬂe -Tu ¥ du 1is the Laplace transform of ¥ and
is proportional to the dose perounit solid angle at[\ ‘or ‘q = 0.35. The space
variable Z is here measured in units of mean free paths at the source energy.
It is assumed in obtaining this equation that the mean free path of neutrons in
air and soil is constant at the source energy. This should be a good approxima-
tion since only points close to the sourcé are of concern and where little energy
degradation of the scattered flux has occurred.

Expand the angular distribution of § and g in spherical harmonics;

Y eod+1
gy o z) = ) T 8, 2) E, (W)

22£+l
g (p w) = g T gy () By (u)

substitute these expansions 1in Equation (2.20), take Legendre moments of the
equation, and further, assume that only the first two terms in the above expan-

sions are sufficient for a good description of the problem. Then

d
&E’§1 + §5 = & §6 + By

1 1o

T3 - & -0y

3 3z

17



Eliminating §,
a2 N N
dzgo = 5[80 (‘ﬂ)-lj[zl(n)‘];!ﬁo*}&{;;lh])"l}so~

Generalizing to three dimensions

| 1
v3y, &) -%(?) *— S ) = 0 (2.21)

where A
L -

Ple -1 1 ﬂl/z .
3 [1 -8 (73)] I g 0

Vo

D =

So (F) = source term

A = mean free path at the source energy and the value of7 has been
chosen as 0.35 so that the go of gquation (2.21) is proportional to the dose.
The functions ge (7[) are given explicitly by Bethe, Tcnks and Hurwitz(lo)

for an element of mass M. For M= 1%, L= 3A and D= A/2.5.

2

et —— KO ———

medivrr (1)

N

-
b
)

medinr (2)

GEOMETRY FOR DIFFUSION CALCULATION
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The diffusion equation must now be solved for the configuration shown-in
Fig. 7. Consider a point source of unit strength on the positive Z axis at
distance h from the origin. The plane Z = 0 1is taken as the interface between
two homogeneous media having diffusion lengths and diffusion coefficients Ly,
Dy and.Lz, Do, respectively.

The diffusion equations become

cor 2afp BY)EBD 1y s
b 7p 0 * 222 =T 27 p D) (2.22)
(2) 2 (2)
1
(z>0) 1afpe ), 2 %2 = __2§0(2) (2.23)
PP P 2z I
with the boundary conditions at Z = 0
.Y o0 = 8 0
(1) (2)
Dlﬁi-‘;w = Deﬁﬁo
317 7 Z

and where p is the polar radius measured from the Z axis. -This problem is
mathematically similar to the problem of the oscillating dipole above a finitely
(11-12)
conducting plane which was first treated by Sommerfeld
1l
The problem may be solved by using the Hankel Tranbform( 5). Multiplying

(2.22) and (2.23) by p Jo (& ,o) and integrating over all p one finds

- a § 1\~ &(z-h)
(z>0) —; = [¢® t—5 §, - ——
& 9, 1
2,
dz L

2 19



and at Z = O — —

gl = §2
Ddgl =Dd§2
1 agz 2az

where - o (1),(2)
5. [ rersp

The solutions are easily shown to be

e-lz -n| %

1 D, X -D, ¥ ‘
b = { l 1 2 2} — e-(2 + Zo) a{7‘1 +
1 b Dy 311 {DQ Xy + Dy 2“11’

>
— 1 -'h -l+Z )(2

% - 2

21r{Dl ¢1+D2

where
2
¥ 1,2 = ,|g2 + 11T, -

Applying the inversion formula
oo .

Ql),(Q), - fg—d e J, (r;/o) 1'51,2

o
to (2.24) and (2.25)

e I-l—l \p2 + (2 —-_;13 e"%:i \/Pe + (2 + b)2

thlac

(1) _
(z>0) §o I DlVP2+ (z - hn)2 Dl-\/}E+ (Z+}:x)2

/ o) o-(Z + 1) Ve2 + 118
eded (ep
{Dl 1’52 + 1/1.2l D, \/gﬁ / l/LEH

+

(2.24%)

(2.25)
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e —

4 ' -n V2 + 128+ oz Ve + 112

(Z<0) go(z) = _i /gngo (g P) e V— 1 § + /2
i

2 L{ g)l \E2 + 118 + D, \Ve2 + 1/15 }

The first term in @5(1) (z>0) gives the contribution from the source
alone whi;e the rgmaining two terms represent the effect of medium (2) on §5 in
medium (1). Since the disparity in the densities of the two media is great
C'.Ll, D1 >> Lo, D2) the effect of the ground is ovérestimated only slightly by
neglecting thé term containing Dy in the denominator of the third term in §5(l),

Then

" 2 - h)2
7, 1 e-L—l_\/P nEewn 5 V’z sl enr 1

+ ; >
broy | Ve (2 - n)? o2 + (z + n)2 J

The second term represents a mirror image of the source in the plane 2Z = 0.
Then the background is, in this approximation (for 2 = h, p=s= 65",

L= 3.05\)

100 s e"IJI—l [vé?+(2h)2 _SJ.

G = 7
” \Ke h)2 + 82

This is plotted in Fig. (6) using k.= 130 meters.

A more detailed calculation considering first collisions in the air and
ground as diffusion sources and taking into account also the direct first
scatterings in the two media results in a percentage background which differs
from that found above by only 2% at most in the range of h considered.

D) Effect of Thinning Down the Shield

The previous calculations of ground scattering have all been based on
the assumption of an isotropic reactor. 1In practice the rear and side portions
of the reactor shield will be shaved down;as a result the radiation will be
far from isotropic. The resultant angular distribution is an unknown quantity

since optimization will be done right at the tower ‘site.
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It is of interest to inquire what the meximum increase in background can
be due to an arbitrary thinning down of the shield. It is assumed that the
thinning will be done in a symmetrical fashion as regérds rotation about the
reactor crew axis. The effective source strength i thena fuﬁction of © only
where © is the angle between the reactor-crew axis and the direction of emis-
sion. It is also assumed that the neutrons emerge in the normal direction to
the shield.

In this section the uncollided (direct) ground reflection of neutrons is
compared with the air scattering. Air attenuation is neglected in both cases.

The appropriate geometry for this calculation is shown in Fig. 8. The

SHIELD THINRING GEOMETRY
Figure 8

independenf variables for the integration over the ground are now € and x. In

terms of these coordinates the direct flux striking the ground is

Noh sin© @ dax £(e)

b x'\&a tan® 0 - h? 22

dFG'=




where
y2 = x2 tan2 6 ~ h2

and

]
L}

-%X sec 9

The function f(0) represents the asymmetry of the reactor. It is normalized so

that

2# f(0) dlcos 8) = 1
~1

The resultant flux reflected back to the crew box is then:

No ha f(©) sin e do dx

¢ 8 72 X 1&2 tan® © - B2 Es -x)% & 2 tan? él .

Integrating over the ground, this becomes

m T
No ha N 2 dx
F,. = — —— f(e) sine ae
¢ 8 72 X—Vx2 tan® o - h2 [ks - x)2 + x2 tan® d
(o)
tan ©

(2.26)

second|
2 results from the fact that the integration over x repeats itselfonce. Equation

where the limit of [Fo° |is used if 6. is in the {firSt quadrant. The factor of

(2.26) simplifies still further if the substitution x tan © = -h sec § is

made. The integral over x becomes

. /2
Fo = % 7 ! -
sec h™ sec
o [(32 + 2 sh + §~ he sec? @1
tan © tan2 2] _
/2
2sin° 0 [ cos? § af
hJ 5 1+ cos § sine cose + A% cos2 § sin® ©

a3



where

= S
ME O
Na A
Vo Fe = ——— | £(e) Q(e) sine do (2.27)
. ° )+ 1T2 h2 di
[
2
where m/ cos®  ap
Q(e) = sin © : 5 5
1l + 2N\ cos § sin©® cos © + A c052 § sin” ©

o

A similar formula may be written down for the air scattering using the re-
sults of Section II B. Equation (2.12), assuming isotropic scattering in air,

now becomes

T -
F f(r-a)ad B da
1
where L =-X— = total scattering cross section in air. Recalling that © = 7 - &
s A
this is
T
No
F = —— £(e) e de. (2.28)
8T s g

(]

The ratio of ground to air scattering is now given as

R( - 2 a\(\he/) gﬁf f(e) Q(e) sine de .

f(G) © de

The upper limit of this ratio, for arbitrary f(6) is easily found as
follows.

The integral in the numerator can be written as

ok



A [Q(e) sin 0]
IN ef f(e) ——-—-———-—~Jede.
)

(o]

The quantity in the brackets is a well behaved positive function of & and

finite at all points.

T

. Q(®) sin ®
R f(e) e a ©
o MAX

[&)

and . R<%) < (g;rg)@% F_(_G.lg_s}_n_". v (2.29)

where the subscript on the brackets indicates that the maximum value of the
function over the range of integration is to pe used.

Actually the resultant valué of R cannot be used immediately to estimate
the increase in background due to shaving down the reactor. For one thing, the
air scattering chosen in Eq. (2.28) has not been normalized to the standard
value given in Eq. (2.29). In addition; the effects of air atteﬁuation, pre-
ferential forward scattering and multiple scattering in air have nét been in-
cluded. Instead the background given by Eq. (2.29) should be compared to the
background resulting from an isotropic source distribution making the same

\
assumptions with regard to air attenuation; etc. This background is

T
2a/ANs s
Rio(i>= : (S \/2) " Q'e) sin o 4 @,
S0 \A T h24A\w9 A

The maximum relative increase of background is then given by the ratio of these

. (‘i‘) , [Q(e) sin e] -
= i

Ly 2
Rygo 6:_) ‘/‘ Q(e) sin 6 a6 o
(]

two quantities
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The maximum value of the quantity in the brackets is easily found by nu-
merical means for an operating altitude of 200 ft. and a reactor crew separation
of 65 ft. The maximum occurs at © ¥ 88° and is numerically equal to 0.462.

The integral in the denominator has also been evaluated numerically and found

to be equal to 1.017. The maximum relative increase in background is then

_ 1 0.h62
2 1.017

= 2.24,

Thus the effec; of an arbitrary shield thinning is to increase the background
over the value calculated in the isotropic case by a factor which is not greater
than 2.24,

In practice the shield will not be thinned down Jjust at one angle but
will be thinned fairly gradually. The resultant increase in background should

be mucﬁ less than the maximum value.

E) The Single Tower
An earlier design that was considered for the TSF is illustrated in Fig.

9. Here the reactor is mounted above the crew box in a vertical line above the

/l
L
'Y

SINGLE TOWER GEOMETRY
Figure 9 26




ground. Using the albedo approach the ground scattering can be written as

o =]
Noah o dp

!
o b

F = fe T ————
by 4 (h2+,92)3/“ 2 « ,02) ~ 2 + o8

c

where the choice of either an isotropic or cosine reradiation is indicated.
This integral can be done analytically with the following results.
N, @ h h

piso . ] o+ e | T _ tgn-1 — (h<£)
© Lo (42 - 1) V2 -n2l 2 /"

=

~—

N, a b n +Ve2 - g2 2> 2)
= 1 -1 h>
b (62 -42) 2 W2 /2 o h - Vn2 - £° f

(2.3%0)

N, @
F. = . (2.31)
27 (/+ h)°

Although the resultant backgrounds are of the same order of magnitude as
those calculated in Section II A this design was abandoned. The principle
reason was that engineering requirements resulted iﬁ large structural members
being near the reactor and crew box. The reflected neutron fluxes from these
members compietely obscured the air scattering.

F) I"'I‘hé Igloo
An élternative proposal for a testing facility involved the use of a

spherical reactor-shield combination half buried in the ground. A similar

structure for the crew box would be located 65 feet away. (See Fig. 10,

Page 28.)
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IGLOO GEOMETRY
Figure 10

In order to calculate the ground scattering some assumption must be made
as to the angular distribution of peutrons leaving the shield surface. Of
course, if the neutrons all emerged with a radial distribution there would be
no direct ground scattering. Such an assumption would be grossly optimistic.
Instead, for.convenience, the angular distribution is assumed to be proportional
to the cosine of the angle between the direction of emission and the normal to
the surface.

The calculation will be done in two steps. First, the actual flux
falling upon the ground at a distance R (see Fig. 10) from the center of the
reactor is calculated. This result is then used to obtain the flux reradiated
to the crew box. |

The relevant equation for the first part may be found by the methods of
vector analygis. Let ¥ be a vector extending from the center of the reactor
to an arbitrary point on the surface. The vector T is specified by the angle
6 which it makes with the direction vector—ﬁ'to the ground point and by a phase

angle § as shown. Those neutrons which leave the reactor surface atf?
‘ ‘ 28



and strike the ground at'ﬁ travel along the vector ﬁ - ¥ and leave the surface

at an angle ¥ to the normal giveﬁ by :

cos ¥ =
IR - 7| fr|

where the absolute vdlues indicate the magnitude of the vectors. They also

strike the groﬁnd at R at an angle‘}igiven by:

r| sin @ cosd
,R - rl

Finally, if the total (over & T radians) strength of the reactor is N, (neut/sec)

cos X = 1

-~
‘the flux emerging in the direction R -'3 per unit solid angle per unit area of

reactor surface is:

No cos ¥

G

ﬂ.ﬂwf d(surface) F = N_.
-

The total flux at R can now be written as:

No cos ¥ coOs
F (R) =/ ' )24 d(surface)

vri2 7T R-d

F =

since

n [E-0 -1 o cosJ d(surface)
= — ——— sin cos surface
4 n2 IR - rV* h12 '

where the integral over the surface is extended only over those regions visible

>
from ﬁ. Now R » ® = Rr cos ©. Furthermore, the limit of integration over the

, > >
surface is obtained by finding that angle 0 at which the vector (R - r) is normal

to the surface. This angle © ypx is given by the relation 29



or

Since d(surfacé==|42 sin ® a6 df, the total flux at R can be written:

e . /2

Nor MAX (R cos ® - r) sin2 e 4o
F (R) = cos § 4
v ) (R2 + r2 - 2Rr cos ©)2 2
-m/2

cos'1‘§ 0
No T (Rcos® -r) sin & 4o
X A (R2 + T2 - 2Br cos 6)2

cos'1 b'4

R, * (cos & - x) sin® 6 46
2 7° RO (1 + %2 - 2 x cos 0)° (2.32)

where x = r/R. The extension of this formula to the case where the emergent
angilar distribution is not simply cos © is easily made.

The integral, in general, can be evaluated by numerical methods. In the
particular case of a cos © distribution, howéver, an analytic solution can be
obtained by using an alternative appwach. Instead of using'; as the variable

=
vector which is to be integrated over, use 'ﬁ -T= ﬁ say. The flux at the

‘N cos -
F, = % Lj//\d(surface) cos ¥ ————LEE
b 2 r2 12

’ - —
but cos y d(surface) 42 sin a d9d a where o is the angle between / and R.

crew is

Furthermore r sin ® cos §

cos JO = 7
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and

sin © sin o
L r
r
N /2 sin-1 R
¢+ F o= - d§ sin2 a cos § 4 a
e hﬂzre K
-17'/2 v}
N
° -lx 1 -lr
. ﬂa =2 sin R "5 sin (2 sin R)
N |
= —0 [sin'l X ,xwdl - xéJ
b 72 r2
where x = r/R
N, r [1 L 1 - 2]
S F, o= < ein™" x - —m .
2 72 R3 L2x5 212J

The quantity in the brackets is plotted in Fig. 11 as a function of x.
The function very rapidly approaches the asymptotic value of 1/3. At x = 0.5
which 1s a separation of onlyone reactor radius from the shield surface the integral

is already equal to 0.36. Thus the flux striking the ground can be written as

N, r

(o]
FR) = —— ¢
6 7 R .

(R) (2.33)
where f is a form factor which is equal to unity except very close to the shield
surface.

To find the flux reradiated to the crew box an albedo approach will be
used assuming isotropic reradiation from the ground. In practice, the front face
of the crew box will be rendered almost black to neutrons in order to gut out the

direct beam. This also has the additional effect of screening the ground behind
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the crew box from the reactor beam. To take account of this in an approximate

manner, the crew igloo is replaced by a square box as shown in Fig. 12. The

7,

IGLOO GEOMETRY, TOP VIEW
Figure 12

effect of the front wall is taken into account by not integrating over angles
of © which are less than €, where € is the half angle subtended by the crew box
at the reactor. The detector is assumed to be in the center of the crew box.

The ground scattered flux is now

Nora 2R dR a6
Fo = ff £ (R)
6'rr2R3 o7 (R2 + 82 - 2 R 5 cos 9)

- T
Hoarff(R)dR do
61 B [®2+32-2Rscose)

00
ar £ (R) dR 2 tan™t (R + )2 tan 9/2"
6 1 R2 (s2 - s2)2 8% - 57 L
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@ e

N, ar £ (R) dr R +s

0. -

= - f —2—-"—--——“ ’,125- - tan 1 tané} - (2-5"“)
33 RR |2 - & j | 2

\ ! /

This integral has been evaluated by numerical means using the following values of

of the parameters:

8 = 65 ft.
a = 0.2
. 6.5 _
€ %5 0.1
r = 6.5 ft

The resultant background was found'to be approximately 50% .

It should be noted that this is only a lower limit to the flux. A large
contribution will be obtained from flux which scatters in air before or after
striking the ground. As an example of this, consider the contribution of those
neutrons which scatter in air before striking the ground and then reflect back
directly to the crew box. Air attenuation will be neglected and the unknown
| cosine factor for the neutrons striking the ground will be set equal to unity.
In order to omit those neutrons whichvstrike the crew box directly on air
scattering, the integral over © will once again be restricted to angles not
less than € (see Fig. 12). This omits some regions of the ground which are
actually usesble for this process. On this score, at least, the result will be
an underestimate. Using the same notation as in Fig. 12 the flux at the crew |

box is seen to be:

T Ao 2 R dR d6
6
F, =/ / No (1.2 x 1079) —-R5 .a .
¢ U o7 (B2 + 82 - 2R s cos 0)
0

-9 LA
N, (1.2 x 1077) (65) af/ dR de
™ R2 + 52 -2 R s cos 8
é o]
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let t = R/s and recall that s = 65 ft, then:

o ™A at @
F, = K, (L.2x109) = . :
1+t -2t cos o
6 (/]
=
Now b//q dt ™~ 0
1+ t2 -2t cos 0

o

T (r-e1 40
L F, = N (1.2x17) 2 / Ihihe
o]
‘¢ sin (1 - 0)

Let ¥ =7 - ©. The ratio of air-ground to air scattering is now

o T-€ yay
R = 2 f : (2.35)
™ sin ¥

The integral may be approximated as follows:

:Tr-e -

vay T Cray T-€/ y T

: =/ “————-"’f - )dv-
A sin ¥ A m™-~-% A sinv w7 -V

The quantity in the brackets is now a well behaved function and so the upper

limit on this integral can be set equal to m. Hence

m

P m
= wlog(el)+f( - )d\y.
A sinvy w7 - ¥

The integral on the right is some number which is easily evaluated by numerical

means. The remaining term is usually dominant; however,; for small€ . In the

previous case, a value of € = 6.5/65 = 0.1 was used to find the direct ground

scattering. Using this again, there results

R £ alog (107) = 0.2 log (31.4) = .69.

Hence the percentage background due to this effect is %B = 69ﬁ,
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This is even larger than the direct ground scattering. In addition to this, of
course; there are the grouﬁd—air and air-air conﬁributions which may be expected
to be considerable. Because of these resulis, and because of the impossibility
of obtaining a direct measurement of the background, the igloo proposal was
abandoned.

G) Possible Use of the I. E. T. for Air Scattering Measurements

The General Electric Company is planning an Initial Engine Test for the
aircraft reactor in the near future. The Pfacility will include a reactor
mounted on top of a flatcar at a height of about 13 feet. As an adjoint to this,
it has been proposed that a crew box be erected at a similar height at a sepa-
ration distance of 65 Peet and that rough air scattering measurements be made.

To reduce the very large direct ground scattering, a wall would be built be-
tween the reactor and crew box. This wall would be about 10 feet high, in order
to allow the direct beam to hi{ the crew box, and would extend quite far in the
perpéndicular direction to the reactor-crew axis.

Although use of such a wall could be expected to cut the ground scatter-
ing down conéiderably, there will always be the combined effect of the air-ground
and ground-air scattering. Thus, points on the ground which camnot see the re-
actor; due to the presence of the wall, can be irradiated by air scattering.

The resultant background should be of the same order of magnitude as the ground-
air contribution to the igloo and hence too high for careful shield optimization.
In addition there is always the air-air contribution.

One question of interest that arose wés the possibility of a large effect

arising from the shaving down of the reactor. To investigate this, Eq. (2.27)

of Section II D can be rewritten to take account of the ground-air case. The

result is easily found to be:



m

N, (1.2 x 1079) «
F, = - f(6) T(©) sine a0 (2.%6)
4 2 _
where
/2 cos § d@
T (@) = sin© /’ -
u/ V@inz 9 cos® §+2B cos Q sin © cos 6 + p2

and B = h/s. As before, the maximum relative increase in background is then

found to be:
A r sin 6}
R(GJ_ﬁ I_T (e) 0 JMAX
—_— = - = : 1. S
Riso‘é) /’ T (0) sin©
VA

. 13
The meximum value of the quantity in the brackets has been found for f = gg

= 0.2. It has the value 0.976 at 750. The total integral was found to be 3.173.

The maximum increase in background is then

_1r_2 0.976
T2 3.173

Thus, no large additional increase in background will result from shaving down

the reactor shield.
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ITI. STRUCTURAL SCATTERING

_A) Tower Scattering

The configuration of the tower (cf. Fig. 1) makes it clear that an albedo
calculation is not valid. The thicknesses of the members are of ﬁhe order of
1/% to 3/4 inches and hence are considerably smaller than the mean free path
(~6 cm) of neutrons in steel. As a result, self-shielding will be fairly un-
important. It seems then that a reasonable upper bound to the structural scat-
‘tering can be found by assuming single scattering by all tower members with no
self-shielding. I

The scattering cross section will be assumed to be isotropic. This error
is mostly compensated for by using the removal:cross section, as measured in the
1id tank, instead of the actual scattering cross section. The removal cross
section effectively is a measure of the scattering with the strong forward peak
subtracted out. Using the measured value of 6 cm. the mgcroscopic cross section

for steel can be written in the unconventional units of cma/lb as:

% 1 453.6 5
Sem/1b = —P— = < —7—:&—% = 9.62 cm/1b .

In the following calculations, it will be assumed that the tower has a
weight of 70O pounds per running foot. This is a preliminary estimate and also
a probable upper limit to the actual weight. In addition the cross sectional
area of the towers, bridge and cross member will be ignored and the entire mate-
rial is taken to be located at the center lines of these members.

The contribution to scattering of the towers and bridge can be calculated

from the general geometry shown in Fig. 13. Here a beam is located half way
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TOWER SCATTERING GEOMETRY
Figure 13
between the reactor and crew box and displaced a distance t from the center
point in the perpendicular direction. The reactor-crew separation is 28 . A
typical neutron reflects from a point on the beam located by the coordinate u

where u is measured from that point on the beam which is at the same height as

the reactor and crew. The total reflected flux is now:

Lt R, (700) (9.62)
¢ (& )2 l:(ns)2 + 12+ u2]2

du

where u+ is the distance to the upper end of the beam and u_ the distance td
the lower end.
N, (700) (9.62) u, A u. A uy u. |

F. = 5+ + tan-1 — + tan’l——-f
3 72 A3 A2 + uy A2 + U A xl

vwhere X\ = Vs2 + t2 .

For either tower, the parameters are:
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s = 32.5 ft.
t = 100 ft.

100 ft.

n

u” = 200 ft.
for an operating altitude of 200 ft. For the bridge, the parameters are:

s = 3%2.5 ft.
t = 100 ft.

. 100 f¢t.

%
0

u” = 100 ft.

The resultant backgrounds are easily found to be:

4 B towers = 10.1%

bridge = k4.4 %,

The calculation of the scattering from the cross member requires a dif-

ferent geometry. This is shown in Fig. 1k.

-

¢

R l-: - ‘22 s .

CROSS-MEMBER SCATTERING
Figure 14



The scattered flux is now

28 No (700) (9.62) dp
F. =
¢ \Z/ﬂ b (p2 + ta) 4 o B2 s —p)2 + t2]

K, (700) (9.62) 28 dp
16 7@ f (P2 + t2) [(2s—p)2+t2]

(o]

The integral can be evaluated by the method of partial fractions and the result

is.

o (700) (9.62) oot /4 L2
- SNCEADYAN .
e el (R e | ( t )+(2 s)l°s [l e (3.2)

The parameters are mow:
5 = 32.5 ft.

t = 100 ft.
and the resultant background becomes:
% B cross-member = 2.4%.

The total structural scatfering is now

% Tower 10.1 ~ 10.1
Bridée L.y 29.8
Cross-member 2.4 15.6

The second column indicates the results of increasing the operating altitude to
250 feet. It is clear that the reactor and crew must be 100 ft. below the tower
top. This requirement, coupled with the previously determined minimum operating
altitude of 200 ft. resulted in the requirement of a 300 ft. tower.

It should be mentioned that the 7-ray background can be calculated by the
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the same techniques using a cross section, corresponding to 1 Mev y-rays, of

¢ = 27.2 cm?/1b.
However, since the results of the albedo experiments(5) indicate that the re-
flected 7-rays at about 180° are completely degenerated in energy, it will al-
ways be possible to screen these out with eaéen

B) Aircraft Structure Scattering

In this calculation specifications for the B-36 airplane were used to
calculate neutron scatter from various components of the air frame.
’ A reactor-crew separation of 65' was assumed. The reactor was assumed to
r be centrally located with respect to the wing base.

Scatter From Wings

Since the wings (39,000 lb. of Al) carry the fuel l;ad (~ 175,000 1b. full
load) an albedo calculation is in order for wing scatter of fast neutromns.

The bottom éf the wing assembly meets the fuselage approximately at the
_center line of the body group. It is assumed that the the reactor and shield
may be taken as a sphere of 6-foot radius of which half extends below the bot-
tom surface of the wing and that radiation emerges from the shield with a co-
sine distribution about the normal.

Each wing is taken to be 115' long, 9' wide at the top and 25' wide at
the base and it is assumed that all of the wing area is located on the line
formed by the intersection of the wing and a plane which passes through the
center of the reactor and is normal to the fuselage axis.

It has been shown (Sec. II F) that for cosine emergent radiation, the

flux at a point on the wing distant D from the center of the reactor is given by

No 1
F = — ry = radius of the reactor
6 7 p3

if D/ryZ 2. For smaller values of D, the flux is larger. One underestimates

k2



the flux by using this expression over the whole range of D. The flux reaching

the crew is then

16x
. No2r o U5 & (25--1—3)
¢ 6 1° 1 X ko ()2 + x°)

where a(= 0.2) 1is the albedo, [ is the reactor crew separation (65') and

r) = 6 . This gives

Norja|25(1 |1 1 T . s 115°
= ——————————— ——— ——-—-—-—-— n - +
12 |2 \[2|F 115?‘ L g2 8 £2 + 115°
16 /1|1 1 1 11 L 15
- —| —|— - —| 4+ — tan™"— - tan"TT —+
ns\2|ry 15| [° V4 A

and substituting values into this equation
F/N, = 0.258 * 1077 = 2.5 B.G.

Engine Scatter

The six reciprocating engines bulge below the wings with a projected area
at the reactor of approximately TO ft? per pair at distances of 17, 37 and 46 ft.
from the outside of the reactor. The number of neutrons scattered to the crew

is then, using an albedo calculation,

F 70 a 1l 1l 1

= + +
N (bm)? (50.48)% N2 7% + 62) (312 (377 + 657) (46)2 (46% + 652)]

- Jo -
JRERR: L57

= .928 - 107 = 7.68% B.G.
The two jet engine assemblies are approximately 80 ft.from the reactor
and have a total projected area of about 180 ftza The resulting flux is only

0.3 of background. 43



Tail Scatter

The projected area of the vertical tail assembly as seen from the reactor
is approximately 49 ft2 and the leading edge is about 124 ft. from the crew and

59' behind the reactor. Then

1 1 a . 49

N, (30.88)2 by (59)2 4x(124)°

| =

u
"
‘__‘\’3
o
]
|
S

L

m - 0:1%B.G.

If we take the effectiveness of rearward neutrons for air scattering to
be only 1/20 of that of the forward neutrons to cover the case in which most of

the neutrons are emitted in the rearward direction, the effective background due

to the tail is still omly

Bioyp = (20) (0.1) = 2%,

Fuselage Scatter

If the crew box does not fit snugly in the nose of the ship but instead

is mounted in the upper portion as indicated in Fig. 15 there will be a large

657
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FUSELAGE SCATTERING
Figure 15 Lk



component of scattering from the fuselage. If one assumes the fuselage weight
to be uniformly distributed along the length of the plane and uses the single

scattering approximation with a point source representing the reactorore finds

approximately

N 1 LW

N, br (62 + x2) ki (62 + [65 - X]2)

-0

where W is the weight of the fuselage per unit length,z is the scattering cross

section per unit weight. Using W = 890 1b/ft and Loy = 16.8 cm?/lb.

N 890 * 16.8 or 1

N, (2 - (30.48)% 6 [k x 62 « 659

bJ 26.% + 1079
Yo 5

or a ﬁackground of

BfUSélage = 22004 of air scattering.

While this represents a gross overestimate it seems clear that it will be

necessary to lower the bulkhead 50 as to seal off the nose in any such crew

shield design.
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VI. APPENDIX A

Theoretical Evaluation of the Albedo

Bethe(l> ﬁas given an expression for the albedo which may be applied when
absorption is small (aa/as<3:1). However, a more complete theory of reflection
of neutrons by a semi-iﬁfinite solid for any value of Is in the so0lid is now
available(2), -

| Approximate the reactor-crew configuration by supposing that'an isotropic
source and receiver are located a distence d abéve fLe ground which is large
compared with the separation distance S. Little error is made in teking S = 0
to simplify the follpwing discuséiqn. Since d>>), (vhere N is the mean free

path of neutrons in the soil) the intensity of the neutron current on the ground

Y
i
1

ALBEDO CALCULATION
Figure Al °

(I) Bethe, H. A., Rev. Mod. Phys.; 9, 155(1957), see also RAD-1%-Plesset, M.

(2) Adler. F. T., MT-72, Halpern, O., Luneberg, R. and Clark, 0., Phys. Rev.
53, 173(1938), Schuchard, E. A. and Uehling, E. A., Phys. Rev., Eg, 611,
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arriving from the source will vary slowly over the surface compared with its
variation in the interior of the soil. Then to a good approximation, one,ﬁay
assume that the neutron density in the ground may be treated as a one diménsion-
al problem. Thus if unit neutron current arrives at the point P on the surface
at an angle © to the normal p(x), the neutron density in the soil at x below P,

if scattering is isotropic and no enefgy loss occurs, is. given by

a°

P(x) - £ p(x') Elx - x'| ax' + _E:f{ﬁ_
| 2 N
©

in a neighborhood of point P which is large in dimension compared with the neu-
tron mean freé path A iﬁ the soil. x is measured in units of mean free path.

€ is the ratio 3; séattering to total cross section.in the ground, u = cos ©
and E(y) = e~yu %? )

Then the number of neutrons which are scattered back to the receiver from

the soil beneath a small area dA at P is, for a source of unit strength

1 -4 r - d/u
o - a e e

> A
r=d/u by N by

Using the fact that r>>(rp - 4) = x . N for significant portions of the inte-

gration,
I

N = (A €dx p(x)
(4rr2)2 P n

o

e-x/u

but the angular distribution of the emerging neutrons,i.e, the number of neu-

trons emerging between y and u + dp is

k9



o]
so that
dN = dhp ()
8 mer’
Then
o 1l
N = sin © @0 y(n) = 1 ua dp v(p)-
4 e . 4 a2

(¢]

(3)

Air attenuation has been neglected. The function y(p) is given by

(1-€) (1 - v,;)2 ﬁhe(“)

v(p) =
Veép,

where ¥, (u) is the angular distribution in the Milne problem with capture and

(4)

is tabulated . v 1s the real solution of

€ tanh™ly = 1.
v

The quantity 12 wd°N is plotted in Fig. A2.

One may estimate an "albedo” for soil on the basis of this theory by
making the following assumptions: a) Neutrons emitted by the source are mono-
energetic at 6 Mev; b) the composition of soil is 10% H atoms by number and 90%
heavier elements; c) collision with a hydrogen atom is equivalent to an absorp-
tion; d) scattering and reaction croés sections forvatoms other than hydrogen
in the soil may be calculated from the continuum model of the nucleus(5).

. Assuming a nuclear radius of 9.10"15 cm. for the heavier elements, one

finds o = 3.81 varms, ¢

reaction scatter = J-50 barns. Then using oy 4r.gen

(3) Davison, B. and Placzek, G., MI-118.

(%) Lecaine, J., Can. J. Res., A28, 242 (1950).

(5) Feshbach, H. and Weisskopf, V. F., Phys. Rev., 76, 1550 (1949). NY0-636.
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Fig. A2. Reflected Neutron Flux as a Function of Ratio of Scattering to Absorption in the Ground.




= 1.5 barns,€;== 0.45 and from the graph 12 Td%N = 0.13. This is to be compared
with the experimental result 12 7d°N = 0.144. The same calculation carried out

for water ylelds a value for € of 0.34 and (12 vdaN) = .0097 as compared with

(12 7a°N) = .00%.
experiment

The excellent agreement is obviously coincidental in view of the approxi-

mations made, but the results are of some interest.

APPENDIX B

Effects of Preferential Forward Scattering and Air Attenuation

To examine the effécts of anisotropic scattering upon the number of

neutrons reaching the crevw neglect energy degradation in neutron collisions with

air atoms and assume that the scattering law is
F(f\\/\q)—_];_ 1+' e =_1_P(u)+P(u)]
A v % %o y g0 e

where F((\l,_ﬁ ) is the probability of scattering from.ﬁ.to d/.ﬁ\.' at _ﬁ' per unit

-1 )
solid angle and 6, = cos Ho is the angle betweer N and fL' . This is a reason-

able approximation to the sort of scattering on the nucleus(l)
Let ¥(T,fL be the neutron flux at T with direction in T\ about T\ and

consider the one-dimensional problem, expanding ¥ iﬁ‘spherical harmonics

- N _ _ l
¥(r,N1) = (2, u) = % %f:r_vg (2)5, ()
where

%(z) = / d-ﬁ-%(u) ¥(Zyu) -

The transport equation with no capture reads

[ %% + W(Z’ p) = f an' F(po) W2Zsu') + E..(.:ZT‘-_).

(1) NYO-636, P. 91.
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= L[ w(zu) [Poluo) + Paliy)] a0t + 5(z)
har ’ bar
where Z is measured in units of the mean free path and where a monoenergetic
source is assumed.
Now
£ 1y
P (u) = P, (u) P (u') + 2L£-1) (_Z- m) ! PP(p) PP(ur) cos m (P - §')
[, /0, : Z = ¢ )
(L + m);
Carrying out the integration in fl'over the azimuthal angle §' and taking the

Fourier transform of the equation:
Oo

f[‘V(Z: H)J = Q(YJ p) = f ei'YZ ¥(Z, p) az

-

one finds

(L-1yu) § (3, 0) = L3 {Po(u)'§5(y) + P1(u) §i(y)§-+ji
bar 4w

where %@)=deﬁ@mp)i@L Dividing through by (1 -1iyu) and taking
the zercth and first moments with respect to p one obtainms

=1 -1
(v = 3 ) n VL5 1) + tn ¥
y ¥

3,3 = ) £10) + ) £2(3) + £,(3)

where o i -1 ‘
£1(y) = (l - tan y
\ y Yy
1 .
£,(y) = — <l - tan " y|
72

Solving the two equations for §,(y)
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tan~1 ¥

(y) = _ C- L
Q; 1 { tan™1 y Vd
¥

Using the relation between the point source solution g,(r) and the plane solu-

tion ¥4(2), i.e.

»
Go(r) = -1 gy (2) = -1 _l_ Qo(y) e~1iZ¥ gy
emr) 22 2nr | 72\ 2r
“Z=r - Z =
oo
= . 1 1 dy e-1ivZ tan-1 y 1)
2mr | 2ri - y
- 1. te Y JzZ=r
y

The first complex integral is Just the solution for the point source with iso-

tropic scattering(a), vwhile the second gives the effect of anisotropic scatter-

ing. The first integral may be expressed as a real integral while the second

has the value - ir. Then

Go(r) = (Isotropic solution) - 1
LR\
©°
G (R) = 234 f M g, 5 ~ L
bTAR . J1-1tamnt £72+<l'-_
9 m u ? 2u

where the solution has been expressed in terms of the actual distance from the
source, R = Ar.
Assume R/\ small, express the integral as a series in powers of-% and

subtract the term representing the unscattered flux. This gives |

o (o.h67h E,(R/A) + 0.1149 E) (R/N) + )

bR

Go(R) =

i

(2) Davison, B. and Placzek, G., MI-k.



oo

where ' Ep (x) fjﬁe-xu u™® du.

The funéfion YTAR G, 1s plotted in Fig. Bl curve D as a function of R/\.
On the same graph are plotted tne single, isotropically scattered flux (curve A)
isotropic scattering, transport solution (curve B) and the single anisotropicai—
ly scattered (%Ii + cosﬁé]) flux (curve C), all due to a point source of unit
strength. It is seen that the factor of 2 used to account for anisotropic 'scat-
tering in obtaining the standard background figure of 1-2-10-11 N, is Jjustifieq,
particularly since the scattering is probably more isotropic than that given by
the law (1 + cd's ©) dand in addition some energy loss must occur in elastic and
inelastic collisions.

Curve E, Fig. Bl gives the quantity hrRAx {?lux} due to a unit source
assuming single isotropic scattering, exponeﬂtial attenuation, no energy loss
and no absorption (taken from NEPA-997). It is seen that at one-third of a mean‘
free path from the source the flux is only half that predicted by the transport
theory; while the flux found from single scatter with no exponential atténuat%on
is a good approximation to the transport solution over the whole range of R.

This indicates that the proper procedure in calculating alr scattered neutrons

by first scatter is to omit the exponential factor.

The effect of energy degradation upon neutrons which scatter om air atoms

and reach the crew compartment hay be investigated by beginning with the "one-
' (3)

velocity" Boltzmann equation in one dimension

{ 2 + l:| @:(x,- ﬁ,‘z) =f dﬁ@x, p',"’l-) g(po,YL) + Source Térm.

727X

Where x is the space variable measured in units of mean free path at the source

(3) Marshak, R. E.; Rev. Mod. Phys. 19,227, (1947).
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Fig. B4. Neutron Air Scattering.
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oo
energy, §(x,_fi,57) = \j(‘ e-u v(x; 71, u) dui.e,the Laplace transform in

u, the logarithmic eneréy variable, of w{x, A, u) ¥(x, AL, u) 4LL du de-
scribes the neutron flux with direction vector in d L about Aﬁllying in the
interval du about u.

The assumptions inherent in the above equation are: a) constant mean
free path at the source energy which is assumed unique; b) no capture occurs
(this 1s not essential but is made for the sake of simplicity as well as for
lack of knowledge of cross sections; c) the medium consists of a single element,
d) scattering is isotropic in the center of mass system.

We assume as in Section IIC that the dose-energy variation may be expres-
sed as some power of the energy, eg. EV?OC e” 1Y, Agaln proceeding as in Sec-

tion IIC we find that the asymptotic form of the dose at & distance R from a

1 e-R/L

unit point source is given by
4Lx DR

where ‘ .

D o -
3 {1 -.a1(n)}

L = A
V3 [1- g0} - ey )]

The value of L obtained by using 71 = 0,35 and an approximate gxpression(h)
for & and g; is 2.65 N. Since the equivalent absorption 1is smali and the dif-
fusion length is correspondingiy large ome expectr that the true solution will
approach closely the asymptotic form in a fraction of a mean free path and that
the difference will be small even for small values of R. The effect of pre-
ponderent forward scatter is to increase L. However, this is not critical in

the applications discussed in this paper.

(4) Loc Cit. P. 225. 57
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