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I. INTRODUCTION
The observed attenuation of neutrons by air ducts in shields can be under-
stood on a simple phenomenological picture. In Section II it will be shown
that the wall scattering in a straight duct is small compared to the uncollided
neutrons which have traveled directly in air from one end of the duct to the
other. In Section III the attenuation due to a duct which consists of two
straight sections joined at an angle © is considered. Finally the formula is
extended to the case of any number of straight sections joined at arbitrary
angles. Part 2, Experiment, will be issued shortly.
IT. WALL SCATTERING IN A STRAIGHT SECTION
Consider the neutron attenuation of a long thin circular air duct in an at-
tehuating medium. It is assumed that the inner mouth of the duct is adjacent to
a plane isotropic source of neutrons of strength n, per unit area. There will
then be a flux of meutrons at the outer mouth of the duct; due to those neutrons
which have traveled directly in air from the inner mouth of the duct, of an

intensity given by

T 82 52
F = Eg.____. = nO e (l)
or L2 212

where & is the radius and ﬁ'the length of the duct.

In addition to this flux, there will be contributions due to neutrons which
have collided with the walls. The effects of single scattering in the walls can
be estimated in two ways--one is by use of an albedo approach.

A) Single Scattering {albedo)

It is assumed that the walls of the duct reradiate a flux that is propor-

tional to the flux incident upon it. The constant of proportionality, a', is the



albedo. The emergent neutrons are assumed to be essentially undegraded in enexgy
and it is assumed that they have either an isotropic or a cosine distribution

about the normal to the wall. For simplicity, the source of neutrons is assumed
to be a point A of strength No emitting isotropically into the forward hemisphere
and located at the center of the mouth of the duct. (See Fig. 1). The detector,

similarly, is at the center of the other end; point C.

Figure 1

Consider, first, the effect of isotropic reradiation. The flux at C due

to a single reflection from the wall is:



N, a'se .l dy
or | (82 +32)72 [+ (£- y)?]

1
N, a xf dt
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where A\ = (6/[,)2 and t = y/L. It will be assumed throughout this report that

L}

only ducts which are long compared to their diameter are to be considered. In

that case A <<l and the integrand will be sharply peaked at t =0 and t= 1.
32 _ (AV

The integrand rises to the value A\~ = (?;) at t=0. At t =1, the

o]
obtained by neglecting the second peak and integrating up to some upper limit B,

' 9 \2
maximum value is k'l==&£9 . Hence, the major contribution to the integral is

where B is of the order of 1/2. Now

F,a'x P dt
F & -
¢ 27r[2/ o+ 252 [+ (1 - 1)?]

o

and in this range, A can be neglected compared to (1 - t)2.

N, a » NP dt
N~ .
ee e org @ Lg/q (1-¢)2 (n + t2)372

This integral has been done exactly. However, the same result may be obtained

more easily by noting that because of the sharp peaking of the integral, due to
the quadratic, at t =0 it is permissible to replace the (1 - t)2 term by

unity in the last equation. Then



N N, a' A /B at
¢ or 42 (n + t2)5/2
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Now L//f\
dx = X
(x2 + a2)3/2 a2 /x2 + a2

No a')\[ t ]B
(o}

c or 42 [NVE2 + A

N, Q' B, Yo ™

erf® B2 +n  2rg?

(2)

Hence the entire effect of isotropic reradiation from the walls is to produce a
flux at the mouth of the duct which is formally equal to the uncollided flux

multiplied by the albedo.

'In the case of cosine reradiation from the walls

Z

No 8 25 a'
FC = 5 — — > 27 & dy
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where the notation is the same as before. The integral now has two symmetrical

peaks at t =0 and t = 1.



L p o2l ()32 e &
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In this range A can be neglected compared to (1 - t)2.

\ 1/2
WF E_I‘_IQ_(—J_ ()\)5/2 at
c Y / (1 -t)3 (n + £2)3/2

Once again 1 - t can be replaced by unity and the ramaining integral evaluated

as before. Then

2N, a'y/A 2N, 5a'
F, = ——5— = — : (3)
T T 43

Thus the effect of cosine reradiation by the walls is to provide a flux at the
outer mouth of the duct which varies as the inverse cube of the length of the
duct.

The reradiation from the walls of the duct, per unit solid angle, may

be written in the more general form

dF A +2Bcos © .
= a' F L)
an 21 inc (

where Finc = flux incident on wall.

a' = albedo of wall

and A and B express the relative percentages of isotropic and cosine reradiation

respectively. By conservation of neutrons, however, one has

A+ 2Bcos ©
- o' Fio. 40 = a' Fipe (5)

,.A+B =1




By the use of Eqs. (1), (2), (3) and (), and noting that N, = n,md?,
the flux at the mouth of the duct can be written
No LBBa' 3

¢ 211-,&2 l+Aa'+—7—— (6)

B) Single Scattering in the Walls

An alternative way of estimating the neutron flux is to consider the
effects of single scattering in the walls of the duct. In this derivation it
will be assumed that the scattering is isotropic and that there is no appreciable
energy degradation. Consider a scattering at a point B in the wall located at a

distance y down the length of the duct and at a depth x into the wall. SeeFig.2.
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Figure 2

If d is the total length of travel in the wall, the probability of this scat-

tering is



N Ig av ely d

27 [y2 + (5 + X)2]1Hr [(L-y)2+ (5 + x)e] )

_Where
’ ZS = macroscopic scattering cross section
= macroscoplic total cross section
dV = volume element at B.

Now

' X X

d = -+

sin 8 sin ¥
X
= 55y Vx+ 82+ + V(x+8)%+ (£-y2(’

and

v = (x + 8) d(x + &) df ay

where ﬁ is the angle of rotation about the duct axis. The total flux at c; inte-

grating over Q, becomes

i o
F. = Noz's/‘\/q (X+5)dXdye-z'td (8)
©wr o [P (a4 2] [(£- 92+ (5 + 0]

Because of the quantity x in the numerator of the expression for 4, the

exponential results in a sharp peakiﬁg of the integrand at x = 0. Hence all
slowly varying parts of the integrand can be replaced by their values at x = O,
The integral becomes

J/ o _ Dt gx

% dy
@@ (L2 | ¥ °

(-]

V2 + 32 4+ A/(L-9)7+ R

+

vwhere

o]
n



!
.= ay

Zy 4 (32 + 88) [(L£- 92+ 8° ]q

Now q is almost a constant and equal to /2 since 5<</. Neglecting its varia-

tion over the region of integration

. No 82 Zs dy
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In this range, one can neglect A (£<1) compared to (1 - t)" and replace

(1 - t)2 by unity as before

1/2

e - N, (Zs) dt
SPTTELV N ) N

o (B et 2

21 42

Finally, since _1_>>1, one has

ZRVN
tan™1 ! g L
2N 2
Fo = N°5(§f) (9)
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Thus isotropic single scattering results in a flux which varies as the inverse
cube of the length of the duct.

The agreement of this result with the previous albedo calculation as-
suming cosine reradiation is not completely unexpected. In a sense, the rera-
diation arriving at C (see Fig. 2) can be regarded as due to a uniform distribu-
tion of sources in the wall with an effective mean free path for the medium which
is smaller than the actual one by the factor 8[[. As is well known, such a uni-
form distribution of sources results in a cosine distribution of the radiation
leaving the surface.

If one makes a reasonable estimate of Zs and Zt in water for a neutron
energy of 3 Mev, it is found that the flux given by Eq. (10) is somewhat smaller
than that predicted by Eq. (3) using the experimentally measured value of the
albedo for water. This again is reasonable since the albedo includes the effects
of multiple scatterings in the wall.

C) Multiple Reflections (albedo)

The calculation in Section A of the flux at C is incomplete since no
account was taken of the gffect of multiple reflections from the walls of the
duct. This will now be done for the case of cosine reradiation by the walls.
The location of an element of area do in the wall will be specified by cylin-
drical coordinates (x, &, §),where x is the distance measured down the duct from
the mouth to the area do, o is the radius of the duct and @ is an azimuthal
angle.

Let F(x) denote the total neutron flux per unit area emerging from a
surface area dg; at the position (x, @%). This function must be independent of
Qx by the symmetry of the problem. Recalling that this flux has a cosine distrib-
ution about the normal, the partial flux falling on another area at y, Q& due

to this radiation is



F (x) cos ©, cos 6y doj

T (y - x)2+ 2 82-2 82 cos (L - §y)

ac (y, §y) =

where O, = emerging angle at (x, ﬁx) and 6, = incident angle at (¥, §y), and

the denominator is the square of the distance between the two elements of area.

The value of cos 61 can be found as follows. The location of dol at
- -
(x, QX) is given by the vector A = z +p . wvhere % lies in the direction of

the duct axis and—ﬁ x is the radial vector to the area. Similarly, the other

area is at 3 = )7+"'ﬁ>yc Then
e d 2>, -
_ R-B)A . B-hpy
cos Gl = W;T cos 8y = W
nowv > >
(A - B)"Px = ‘o)z{ (1 - cos §)
@-DP, = Py -cosd)

where ﬁ is the relative azimuthal angle of the two areas.

&2 (1 - cos §)°
(y - x)2 +2 585~ 2 82 cos [

cos 61 cos 62

since

2 _ A2 = g2
Px = /oy = 8
§ = gx - §y
and
|Ao - B|2 = distance between the two areas.
82 F(x) (1 - cos §)2
< dG(y, L)

T [(y - x)2+ o 8% (1‘~ cos @]2
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The total flux incident at (y, @&) due to radiation by the walls is obtained by

integrating over the total surfacé area of the duct.

_ & (1 - cos Q dp dx .
G(y) L///w F(X b//ﬁ By - X 2 + 2 é?i(l - c054§z§

In addition to this there will be a flux due to direct radiation from

the point source at A
N, 8 8 b/F( L//q (l - cos §)2 df dx
. = F(x) .
LG(y) 2T (5? + y2 5/2 y - x)f +2 82 (1 - cos §X]2

Finally, the flux emerging at (y, @&) is related to the incident flux

by the albedo.

F(y) = a' G(y)

3 £ 2

; , 2
() Noa's  al® /F(x) (1 - cos §)° af ax ‘
:ezr(52+y2)5/2 T [¥ - 02 +28 (1 - cos )] 2
(10)

0 -]

This is an integral equation in the unknown function F(x).

The integral in the azimuthal variable is easily done.
2r

f A §)2 = )Z )2
o - - +
/[y - 02 +28% (1 - cos @] 4 d(62)2 » Ly -

+2 8% (1 - cos ) a

1 a

or fn (y - x)2 + 2 52}+ (y - X)W/(y - x)2 + 4 82
h’d(82)2 5

T d 2[(y-x)2+h82]+2(y-x) ,

P — S — ========_f°

T2 a(s°) (y - x)= + 4 5 By -x)2+28 + (y - x) W/Ey -x)2 4+ 4 BQJJ
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The quantity in the brackets can be rewritten by rationalizing the denominator as

2ty - x) +/(y - 02 + & & [(y-x)2+252 - (y - x) V(y - x)2+1|-52]

hg*y(y - x)2 + b &2

1l Yy - x

= ———

52 52V(y - x)2 + L 82

the integral becomes

T ly - xI [y - x)2 + 6 &2 T
2o (" Tl - wEen e (T MM

The absolute value sign is required since (y - x) was obtained from under a

square root sign. Using this result, the integral equation (10) becomes

)2

Noa' b a'
Fly) = 21r(22+y2)3/2+25f F(x) k(Jy - %) ax - (12)

o

An exact solution of this equation seems quite difficult to obtain.
However, a simple approximation yields a reasonable result. Consider the func-
tion K (|y - x|). At x =y this function is equal to unity and drops off very
rapidly from this value as |y - x] increases. The functioﬁ is already down to

i

o)
O.lat |y - x} =2 & and varies as r———;ru for |x - yi>> &. This sharp
X -

peaking makes the kernel act almost as a delta function. If the function F(x)

is assumed to be smoothly varying the integral equation becomes

Nya's a' Fly) I
y K(|x - ¥) &
F(y) NI r 4 Ik - ¥
Writing ‘ £
I(y)=/K(|x-y1)dx

[+
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No Q' 1

F(y) =

. * 'I
27 (8% + y2)5/2 1 - ‘1—2'5&")‘
The quantity I(y) is easily evaluated
L 2

- X

I(y) = K(|x - y|) ax =/ 1 - 2|y |
/ b A [(y-x) +LL62J1/2
2 8%y - ¥ 1 i " (L-y2+28°

ix = L +2 56 - -
l:(y_x)2+h52]5/2j VP + b 82 V(£-3)2+ L &

Except near the edges of the duct, the conditions y>»8; (£ - y)>> & are satis-

fied. Then I(y) £ 2 &. At the edges the function is
Ic) & & 1) € 5.

Thus, except for an edge effect which reduces the function somewhat, one can

write

n

I(y) 28

N, & a
F(y) & 0 .

The flux at C due to wall scattering is now found by integrating over the flux

emitted by the walls, recalling that this has a cosine diétribution.

L
Fe =/ F(y) > 27 5 dy
v r [(£- 92+ 8)3/2

i N, & (a'/l-a')f dy
m (82 + 2)3/2 [(£- y)2 +82]3/2

(-4
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Comparing this with the previous equation for single scattering with cosine re-
radiation (in Section TI A) it is seen that the effect of multiple scattering is
simply to replace a'by q' /1 -a'.

A similar procedure can be followed for the case of isotropic reradia-

tion. The integral equation for F is now

52 £ T (1 - cos §) df ax
al - COSs
F(y) = /F_'(x) b T N2 .o 22 (1 32
27 v ky x)< +2 8 (1 - cos @]
. Noas
2 m(y2 + 8°)°/2 o4)

which by the sharp peaking of the kernel at x = y gives

v 82 )
Fly) a' 8" Fly) / (1 - cos §) ap ax .
em ()’-X)2+28 (1 - cos @ji‘»/a

No Y 5
o m(y2 + 82)3/2

+

Interchanging the limits of iﬁtegration

2T A4

I(y) (1 %) a ax af
= - cos
’ L/ } // [()’ - x)2 +2 8 (1 - cos Q)] 3/2

° Y

2T
7
1

L=y y
T ee—— + re———
2®2) N(l-y2+2@ (1-cosd Vi2+28 (1-cos)
For A - Y>>8; y>>%5 this becomes
2T

I(y) ¢ —
& 14



and near the edges

¥ T ¢y T
I(o) = I(L) 2

Thus, to the same approximation as in the case of cosine reradiation, there

results
_Noa . a'l
27 (y2 + 82)3/2 1-a'

F(y) = (15)
Once again the flux at C is immediately seen to be identical to th@t predicted
by single scattering except for the replacement of ¢' by a'/l -a'.

For the general case of isotropic and cosine reradiation by the walls,
including multiple reflection,

F Yo 1+4 o + ‘Boa ) (16)
= + . 1
¢ 2 72 1-a (1-a')

It has been found that the albedoes for water and concrete are of the order of
0.l. This result, coupled with the fact that A and B are less than or equal to
anity allows one to neglect all but the first term to a reasonable approximation.
Hence, the flux at the end of a long fhin duct is due to just the uncollided
neutrons to within a few percent.
III. ATTENUATION DUE TO A SINGLE BEND

Consider two equally long circular ducts of radius & Joined with a bend of
angle 6. See Figure 3 on'following page. The results of Section II show that
the majority of neutrons arriving in the region of point B are uncollided neu-

trons entering the region of point B is then

1

2 1r.£2 (a7)

Dp = n, (7 82)2

vwunere £ is the length of either straight section. This dose of neutrons is com-

pletely absorbed in the walls of region B and as a result a reradiated flux
15



. Figure 3

leaves the walls with.a source strength proportional to the albedo of the medium.

The exact effect of the complicated scatterings at the corner is unknown. How-

ever, it will be assumed that the reradiated flux is emitted uniformly from the

!
walls of region B with an angular distribution which is equal to <:° DB)-
A
t

A+ 223 CO8 © | The effective wall region is taken to be of ares A By con-
=

servation of neutrons then
a' Dg A+ 2Bcos® o' D
dr =
Ay 2w Ay

where the integral is over all solid angles ddl.

, o Dy a' Dy

vy (A +B) =

or
A+B = 1 ° (18)
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The neutrons arriving at C are once again those that have come on an uncollided

flight from the virtual sources in region B. This dose 1is

‘j/" a' Dgy A+ 2B cos 7 7o
D, = do

g

where § is the angle of eémission relative to the normal, see Fig. 3, do is an
element of wall area,anq the integral is extended over the region of the wall

visible from point C. Denoting this area by A,

82 Ay
D. = at (A +2Bsind9) —sy — -

b=
ct

since the angle § is essentially a constant and 9 + 6 = m/2. An approximate

value of A, 1is easily obtained. From the diagram it is evident that

Figure 4

17



sin © (19)

D = al 62 T 82 .
c sin o (A+2B sine) 282 | &, >DB
Substituting the value of Dg obtained in Eq. (17) there results

2 2
D. = n — NN (r#®) (Ao +2Bsine)
C 0

Recalling thatILtisan area essentially independent of the angle of bend, one

can write

A, = K& (20)

where K is an undetermined constant.

a' o/ 8 A +2Bsino
Do = mg “‘> (r &%) 5
K 20 sin ©

If a general constant o is defined as a = a'/K the dose at C becomes

o, /B <a 8°)A + 2 B sin ©
D, = n, ("Ta)(2£2 212/'\ sin 6

IV. ATTENUATION DUE TO MANY BENDS
Eq. (21) may be easily generalized to cover the general case of n + 1
straight sections each of length ,(i(i =1, 2, . . ., 0+ 1) and joined at

angles given by ei’ i+ where the subscripts denote the angle between the ap-

1
propriate straight sections. The result is

18
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"

0 (r 82) 52 a52(A+2Bsin91 2)}_
o (223) 2£ sine )2

n,n+l)

a6 (A+2Bsin ©
) (22)

2
2,Qn+lsin9n’n+l

In the special case of equal lengths of straight sections with equal bends, this

becomes 2 2 \n .
5 a &
D = 52)( >( A+ 2B sin o)l . 2
Bo (T 202/ 2 42 sin ¢ (A + s (23)

Using Eq. (18) this can be written

> = a8 (7 (apras) o302 emel” @0

It should be noted that Eq. (24) is not valid for angles that are so small
that neutrons can go directly from A to C. In addition, the formula breaks down
at angles such that a very large section of the wall (> At) can be seen from
point C. In this region of 6, the predicted dose should be an dverestima’te of
the measured effect. The best results should be obtained at large angles.

Rewriting this equation in terms of the diameter a, there results

2 a2 n
(va)(&zé 8,@2 sin e) [l- B (1-2sin 9)]n

In the remaining experimental sections it is assumed that there is no cosine -

reradiation by the walls; i.e: B = 0. A reasonable fit to the experiments can
then be obtained. However, the present experiments are not sensitive enough to
allow one to conclude that B is strictly zero or even very small. Future experi-
ments using a dosimeter, should be able to decide on this point.
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