




C-85, Propulsion Systems

0BNL-2U5 - Vol. Ill

This document consists of 192
pages. Copy ^_ of 150 copies.
Series A. '

Papers Presented at the

FIRST SEMIANNUAL AHF SHIELDING INFORMATION MEETING,
May 7-8, 1956,

VOLUME III

Bate Issued

M 3 KM

Sponsored by
AIRCRAFT REACTORS BRANCH

Division of Reactor Development, USAEC

at

OAK RIDGE NATIONAL LABORATORY

Operated by
UNION CARBIDE NUCLEAR COMPANY

A Division of Union Carbide and Carbon Corporation
Post Office Box P

Oak Ridge, Tennessee

MARTIN MARIETTA ENERGY SYSTEMS LIBRARIES

ii nun mi inn

3 MM5b D25DTfl2 7



-ii- ORNL-2115

Reactors-Aircraft Nuclear

Propulsion Systems

M-3679 (18th ed.)

INTERNAL DISTRIBUTION

1. C. E. Center

2. Biology Library
3. Health Physms Library

4-5. Central Resealfch Library
6. Reactor Experiiltoital

Engineering Libi
7-31. Laboratory RecordWDepartment

32. Laboratory Records%ORNL R.C.
33. A. M. Weinberg
34. L. B. Emlet (K-25)
35. J. P. Murray (Y-12)
36. J. A. Swartout
37- E. H. Taylor
38. E. D. Shipley
39- A. H. Snell
40. M. L. Nelson
41. W. H. Jordan
42. S. J. Cromer
43. G. E. Boyd
44. R. A. Charpie

EXTERNAL DIS1]

65.
66-67.

68.

69-71.
72-73.

74.
75-
76.
77.
78.

79-81.
82.

83.
84.

85-
-91.
92.
93.

95.

86

AF Plant Representative,
AF Plant Representative,
AF Plant Representative,
AF Plant Representative,
AF Plant Representative,
AF Plant Representative,
Air Research and Development C
Air Research and Development Q
Air Technical Intelligence Ce
Air University Library
ANP Project Office, Fort Wor
Argonne National Laboratory

Armed Forces Special WeaponsMProject,
Armed Forces Special Weapon* Project,
Assistant Secretary of the Mir Force,
Atomic Energy Commission, jp.shington
Bureau of Aeronautics

Bureau of Aeronautics GenM-al Representative
Chicago Operations Offic
Chicago Patent Group

Baltimore

Burbank

Marietta

Santa MdBica

Seattl

Wood-RHLge
id

3UTI0N

(RDGN)
(RDZPA)

Sandia

Washington
R&D

rC. Lind
L. Culler

Hollaender

1. Z. Morgan
!. E. Winters

'D. S. Billington
A. J. Miller

E. P. Blizard

D. D. Cowen

W. M. Breazeale (consultant)
M. J. Skinner

R. R. Dickison

A. Simon

F. C. Maienschein

A. D. Callihan

C. E. Clifford

F. L. Keller

R. W. Peelle

ORNL - Y-12 Technical Library,
Document Reference Section



96. Chief of Naval Researc
97. Colkair-General Dyn:

98-101. GeneT^L Electric Comp
102. Hartford Area Office
103. HeadquarWrs, Air Fo'
104. LocklandiHka Office,
105. Los Alamos sl^ntif
106. National Advlsl^. C
107. National Adviso
108. Naval Air Develops
109. Naval Research La
110. North American Av

111. Nuclear Developmi
112. Office of the Ch;
113. Patent Branch,

114-117. Pratt & Whitney
118. Sandia Corpora
119. School of Avi
120. USAF Project
121. University of

122-139. Wright Air D '
L40-149. Technical I

150.

-iii-

Corporation
(ANPD)

Special Weapons Center

Laboratory
ttee for Aeronautics, Cleveland
ttee for Aeronautics, Washington

and Material Center

aV
ionjKtnc. (Aerophysics Division)
CorporT^^on of America
of Naval^^erations (0P-361)

ihington
rcraft DivisioiS|^ox Project)

fin

>n Medicine

d

lifornia Radiation Laboratory, Livermore
lopment Center (WCOSI-3)
tion Service Extension, Oak Ridge

Division of Research and Development, AEC, ORO



PREFACE

The papers presented at the First Semiannual ANP Shielding
Information Meeting are published in three volumes. Volumes I and
II are also identified as ORNL-2115.
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EFFECT OF CORE DIAMETER ON SHIELD REQUIREMENTS FOR
CYLINDRICAL REACTORS

by

Mo A„ Capo, J. G. Carver

General Electric Company
Aircraft Nuclear Propulsion Department

Cincinnati, Ohio

Any abbreviation in the design procedures for a reactor shield
assembly would certainly be of benefit to the field of shielding in
general. For this reason, the shielding effect of varying the diam
eter of the core in a reactor-shield assembly possessing cylindrical
geometry was investigated. It should first be of interest to note
that one result of changing the core diameter will be a change in
the shielding requirements at the side of the RSA. This change is in
dependent of variations in power, permissible dose rates, or any of
the other design parameters involved. If this effect of variation in
core diameter on the thicknesses of shielding material required at
the side of the RSA could be determined, it may be possible to avoid
some of the trial-and-error procedures used in modifying an existing
shield design for a reactor of different diameter.

COMPUTATIONS INVOLVED

The basic core composition and shield design were taken as those for
a direct air-cycle power plant presently under study at GE-ANP.l This
reactor has a cross section whleh is approximately cylindrical and has a
diameter of AS inches. The side shielding materials are as followsJ

MATERIAL

Core

Be

U

LiH

Pentalene

THICKNESS, cm.

60.96
10.16 ~1
2o90_J

34.11
9.95

including 10% void for eooling

The power distribution was assumed to be uniform along the axis of
symmetry of the reactor.
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Digital computer programs were used to calculate fast neutron and
gamma dose rates at 50 feet from the side of the reactor center for both
constant total power and constant power density in the reactor for cores
of radii 30 inches down to 1 inch (for the sake of completeness). In all
computations the radial thickness of the side shielding material was con
stant at the values just mentioned. Similar calculations were performed
for two other conditions — (l) a shielded, non-absorbing core, and (2) a
bare, unshielded core. Thus we have three sets of data to study:

1. Bare core
2. Shielded non-absorbing core — "transparent core"
3. Complete RSA

All the calculations discussed here were line-of-sight calculations
employing point kernels for homogeneous infinite media. The validity of
this approach has been discussed in Reference 2., For our present study,
it is felt that any errors inherent in this point kernel approach would
be in the same direction and of comparable magnitude for all of the core
radii considered, and that any such errors would tend to cancel out in
comparisons between reactors of different diameters.

QUALITATIVE DISCUSSION

To understand the discussion of results which will follow, it will be
well to examine a sketch of a cross section taken perpendicular to the core
axis (Figure 5)o The receiver point is 50 feei from the side, lies in the
plane of the diagram, and is sufficiently remote that the lines connecting
the receiver point to the various source points in the core may be con
sidered approximately parallel. It is at once evident that radiations from
different source points are attenuated by different thicknesses of both
reactor and shield materials. It can also be proven algebraically that
for a source Doint located, as shown here, both lj and Lg increase as "a"
decreases or for a fixed "a", both 1 and 1„ increase as R increases.

There are three characteristics of the RSA that should be noted:
(l) for a core of constant diameter, the radiation from a given source
point undergoes less attenuation from the core and more from the shielding
as the source point is moved out along a radial line perpendicular to
the line joining source and receiver pointsj (2) for a source point
located on this line at a constant fraction of the core radius away from
the center, both core and shield introduce more and more attenuation
as the core diameter is increased; (3) as the core radius increases,
the attenuation in the core increases more rapidly than the attenuation
in the shield for most source points within the core of an RSA of typical
design.

These properties of the RSA are sufficient to explain qualitatively
the behavior of the curves given in Figures 1 and 2 for the case of
constant total reactor power. (It 3houid be noted that all curves
have been normalized to unity for the 30 inch core.) In this case,
the reactor may be considered as an array of radiation source points
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which expands or contracts as the core radius is varied. Eaeh source
point has a strength that is determined by the uniform radial power
density necessary to provide the same total power. By referring to
these graphs it should be noticed that even when the attenuation in the
core is neglected ("transparent core" case), the effectiveness of the
shielding increases as the core radius Increases. This variation is in
the same direction, but more pronounced, for the bare core case, because
the attenuation due to the core increases with core radius more rapidly
then does the attenuation due to the shielding. Since both effects
operate in the same direction, the fact that the variation of dose
rate with core radius is still more pronounced for the complete RSA
should be expected.

The graphs in Figures 3 and U differ from the previous ones since
the power density in the reactor is held constant; hence the total
power varies as the square of the core radius. This fact accounts for
the order in which the curves exhibit an increasing variation in dose
rate with core radius which is the reverse of that for the case of con
stant total power. The effect is equivalent to multiplying the first
two curves by a factor (R/30 in)2 which would bend all of the curves to
new locations below the horizontal axis. As a result, the curves for
the "transparent core" case now exhibit the most rapid changes with
core radius. It is not surprising that the curves for the transparent
core RSA follow quite closely the curve of total reactor power because
the dose rate should change in the same manner as the change in power.

QUANTITATIVE DISCUSSION

An attempt was made to separate the attenuating properties of
core and shield in studying the total effect of variation of core radius.
By setting up a few simple equations (by way of definition), and examin
ing them, it was found that such an attempt failed.

Aside from the mathematical analysis of the variables involved,
the difficulty of separating the attenuating properties can be seen
for physical reasons. Since the attenuation introduced by the shield
is different for different source points (See Figure 5), the average
attenuation due to the shield depends on the spatial distribution of
the radiation impinging on the inner surface of the shield. This dis
tribution, in turn, depends on the absorption within the core. Thus
it is evident that the attenuating properties cannot be separated.
It was then calculated that such a separation resulted in an error of
the order of 20% in calculations for practical values of core radius
(15-30 inches).

POSSIBLE APPLICATION

As stated earlier, the results of this study are expected to be
most useful when an existing RSA design is to be modified by changing
the diameter (and usually the operating power) of the reactor. In such
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cases, a good design for the new reactor shield may be obtained by
simple hand-calculated corrections to the shield thicknesses of the
existing RSA design. The method to be described is an elaboration
of the procedure given in Reference 2 for modifying a shield for a
change in reactor power.

Let r-
<L s fast neutron removal cross section

/As = pile gamma absorption coefficient

At = required change in thickness of a particular shielding
material

P = total reactor power

f(r) = D(r) for constant total power or. constant power density
5(ro)

D(r) - dose rate for complete RSA with core radius of r

Subscripts n and Y denote neutron and gamma-ray shielding materials,
respectively; o refers to original RSA design.

The required shielding thickness changes at the side are given by:

juuttobt*, +A*rAtv ->*Dv w-|]
where allowance has been made for the general case, i.e., the power has
been changed. In the case for constant power density, the ratio £
must be replaced by a ratio of the power densities. Po

The foregoing procedure is applicable to shielding thicknesses at
the side of a reactor having Z and>c approximately the same as those
of the direct air-cycle reactor for which these curves have been com
puted ( Is 0.055 cm. and>K= 0.062 cm.). If the reactor under con
sideration has a substantiallv different £ or M-, some revision of
the method is necessary. However, for reactors having radii between
15 ana JO incnes, tne principal erfect of changing core radius is due
to the change in self-shielding of the reactor itself, as Figures 1 - U
clearly show. Thus it is indicated that the procedure is applicable
provided that compensation can be made for the different values of £
oryU-for the core.

Such compensation may be achieved, at least to a reasonably good
approximation, by replotting Figures 1 and 2 ( or 3 and 4 if preferred)
against an abscissa of core radius, expressed as number of relaxation
lengths for the type of radiation in question. For the reactor used_
in this study, these relaxation lengths ares A/n= 18.1 cm. and Ay =
16.1 cm. The results of such a plot are shown in Figures 6 and 7.
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If now the radius of the new core is expressed as a number of relaxation
lengths, then the equations stated above are applicable and should yeild
reasonably good first-trial design thicknesses.

In a strict sense, the foregoing analysis applies only to a reactor
shield with the same thicknesses and materials used in the direct air-
cycle reactor that was examined. However, in view of the very weak
dependence of dose rate on the inner radius of the shield, if attenuation
in the core is neglected, it is expected that the suggested procedure
would yield equally good results for a wide range of thicknesses of
both neutron and gamma-ray shielding materials. Thus for particular
purposes, it should not be necessary to attempt a separation of the
shielding effects of core and shield. This circumstance would be welcome
in any event and is especially desirable in view of the difficulties,
already discussed, of achieving such a separation in any useful manner.
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MODIFICATION OF THE PROCEDURE FOR USING TSF

DATA FOR THE OPTIMIZATION OF A

DIVIDED NEUTRON SHIELD

by

S. K. Penny
Oak Ridge National Laboratory

Oak Ridge, Tennessee

The procedure for the optimization of a divided neutron
shield using TSF data has been modified in two respects:
(l) a derivative term was included which was neglected before,
and (2) the iteration procedure was changed in such a way
that one of the Lagrangian multipliers converges more rapidly.
The effect these modifications have on the shield thicknesses
and weights has been determined by a sample shield calcula
tion for the same reactor and crew compartment system used
previously.

The procedure for the optimization of a divided neutron shield using
TSF data1'8, determines the shield which has the minimum weight subject to
the condition that the dose rate at the center of the crew compartment be a
specified amount. It should be understood that it does not determine a
completely optimized neutron shield for a particular reactor and crew com
partment configuration. The reactor shield is divided into N conical
shells as shown in Fig. 1. The radius a in Fig. 1 is the inner radius of
the neutron shield on the reactor and the neutron shield thickness is Tn.
The crew shield has a rear thickness, Tr, and a side thickness, Ts.
The front thickness, Tf, is assumed to be the same as the side thickness.

The procedure consists of the following? (l) expressing both the
total weight of the neutron shield and the dose rate at the center of the
cylindrically shaped crew compartment as functions of Tn, Tr, and Ts;
(2) using the method of Lagrangian multipliers to obtain the equations which
Tn, Tr, and Ts must satisfy in order that the weight be a minimum for a
specified total dose rate; and (3) developing an iterative procedure for
the solution of these equations.

The total weight of the neutron shield is given by

a. The description of the original procedure given in this paper was
largely lifted from Ref. 1.
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w.total
n=l 5

(Tn +a)5 -a5

+̂ ££ )Dc2(Tr+Ts) + (Dc + 2TS)2 -Dc2 (1)

where

pg = density of the shielding material at the reactor,

pcs = density of the shielding material at the crew compartment.

The angles 0n and 0n, Dc and Lq are defined in Fig. 1. The contribution
to the dose rate at the center of the crew compartment by neutrons which
leave the n**1 conical shell and scatter into the side of the crew com
partment is given by _

o

DnS'side = (cos9n -cosea)%(a>i) e

Si

-Ul

T6

fpex ^side<en>fs ;e (2)

where

Dd(a,J?) =the direct-beam dose rate at adistance Ji from, the un
shielded sphere of radius a,

\ = the direct-beam relaxation length which is a function of
the depth of penetration of the reactor shield,

Pglde(en) = the probability of scattering into the crew compartment
side from a conical-shell beam,'

the relaxation length for the scattered dose at the side
of the crew compartment and is a function of 9n, Tn and
the depth of penetration of the side shielding,

the focusing factor which accounts for the radiation
focusing-in the center of the crew compartment and depends
on the angular distribution of the radiation at the inside
surface of the crew compartment side shield.

-3-
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A similar expression holds for the contribution to the dose rate at
the center of the crew compartment by neutrons which leave the n**1 conical
shell at the reactor and scatter into the rear of the crew compartment.
The expression is

T

dt

Ds,rear =(cqs^ _^^ ^ J}

?2
p?ear (*n*Sr • (3)

where

J^37 = the relaxation length for the scattered dose at the rear of
the crew compartment. This is a function of Tn.

The factor fs accounts for the decrease in the dose rate at the center of
the crew compartment caused by the angular distribution of the neutrons
leaving the inside surface of the shield at the rear of the crew com
partment.

The contribution to the dose rate at the center of the crew compart
ment by the direct beam through the rear of the crew compartment, assum
ing an angular distribution at the reactor shield surface of the form
cosm y and that the reactor—crew compartment separation distance is large
compared to the outer radius of the reactor shield, is

T

a.,rear , m+J-„ m+i "\ ^ , fj\Dn' = (cos Bn - cos 0n) Dd(a,Ji) e

T

r ' 1
-;

5

W dt
* fdr • 00

with the stipulation that if the shell is in the hemisphere away from the
crew compartment, the contribution of the shell to the direct-beam dose



is zero. X)>dr is the relaxation length for the direct-beam dose at the
rear of the crew compartment and is a function of Tn and the depth of
penetration of the rear shielding. fdr accounts for the decrease in dose
rate at the direct beam at the center of the crew compartment caused by
the angular distribution of the direct-beam neutrons leaving the inside
surface of the rear of the crew compartment.

Therefore the total dose is

"total - £ Ofi""" ♦ >4 ~" ♦ 4'"")
n=l

The method of Lagrangian multipliers consists of solving the N + 3
simultaneous equations

3wbotal ,1 3ptotal
_____ + _ ' SB 0

^Tn L 2Tn

^wtotal .1 #Dtotal
= 0

3T„ b\

#wtotal . 1 SPtotal _ r>

9Tfi na

(n = 1, 2, ..., N)

Dtotal = (specified constant)

(5)

(6)

For the purposes of the calculation a subscript is attached to the L
although for a solution to the equations all the L's must be the same.

Ls -

3Dtotal
3T«

^T„

w s.side

_,_i_v _!
^wtotal ^^totalnTi XBB

-5-
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#Dtotal
9Tr

N / s,rear
Dn

<l,rear
Dn

hr =
^total ^wtotal 5=1 \ *.

where

ftDtotal
3Tn

0Tn

s,rear
+ D

L

d%

T_

A(0n)= 2«oR(cosen -cos0n)

dTr

, s,side 1
?Dn /— +

^otal A(0n)(Tn +a)2 ) /\

-•ISI**-*"
o L

d /l

o

s

(n =1, 2, ..., N)

dt

(8)

(9)

In Eq. 9, the terms involving the integrals were previously neglected.
These terms arise from the following functional dependencies of relaxation
lengths at the crew compartment on Tn:

8 XQs(k^,dn)t) XaCTn+t)

7.0 ^n + 15)

Xs {Tn) ' l.lkxAh5 +15)

-6-
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(11)



r, x ^(Tn + *)x/(Tn,t) --^-2- (12)
1.14

The factor 1.14 accounts for plastic being used for the crew compartment
shielding. For an explanation of these dependencies one may refer to
Ref. 1.

The previously neglected terms involving the integrals may be estimat
ed as follows:

J_ /1\ 1_ ____S_ 1.14 3^(45 +t) AatTp +t)
9Tn \Xs7 ""(XsS)2 *«. ""*8"(*5,^,t)*d2(!_ +t) *Tn
_£_ /JA _ __1 _/ _ _1.14 X^(45 +15) dAfl(Tn +15)

*\ Wj (XsrJ2 ^n 7.0 M2(Tn +15) dTn

9 (l\ 1 ^r 1.14 ^(Tn +t)
= —

9*nWJ (*ur) #*n ^(^n+t) ^TD

___________ dMTn +t)
?Tn d(Tn + t)

(13)

(14)

(15)

(16)

Thus the partial derivative in Eq. 16 may be evaluated from the slope of the
plot of X^(x) vs. x. From this one obtains

Ts

dt which must be evaluated numerically. (17)j *_,(v/

Txr

.1/.LU. i-*M«»* __£>/ (18)
0?n Us1/ 7.0 Xd2(Tn +15) to /

o ^ / Jx=TQ + 15

-7- •



T
xr

±- (M dt -1.14 I— -± I (19)
3Tn Ul1/ M(Tn) \i(Tn +Tr)

A procedure was devised for an iterative method of solution which con
verges rapidly enough to be useful for hand calculation.

STEP a. ESTIMATE OF L

The Lagrangian multiplier can be estimated from the thicknesses pro
vided by the previous iteration and using the following definitions:

1 _

N

z
n=l

-js,side

X B^s

— s —

^s
N

__I
n=l

ns,side

1 __

N

E
n-1

ns,rear

X rAs

_ j4 _=

*_
N

H
n=l

s ,rear

1 =

N

n=l

_d,rear

— r

*d
N

n=l

d,rear
D
n

By using Eqs. 7 and 8 and L = 1^ = L one obtains

-8-

(20)

(21)

(22)



L

£

S 'n=1 (23)
Dtotal + F* -X Z± ^^

-s ^"fcotal - r ^total
*- ~ + *d

The second term in the numerator may be neglected since the rear-scattered
dose amounts to approximately Vf» of the total dose when the shield is
nearly optimum. Thus L varies quite slowly from one iteration to the
next. Previously l/^r ^B not defined and the equation for L was

_s^feptal -r aWtotal
%s 0TS +Xs %Tr

(24)

Equation 24 is mathematically equivalent to Eq. 23 but is not as close an
estimate for L.

STEP b. RELATION BETWEEN Tg AND T-

Using the thicknesses formithe previous iteration one may obtain an
approximate relation between Ts and T- denoted by Tr - Q(TS). Let

% - (cos0n -cos0n')i2Plide(en)fsS

cn = (cose; - co.e;)i2_{ear(oll)fl!

J- ^ (cosm+1< - cos*^);^ V> (25)

#wtotal _
s

dTs s

flwtotal - _
—Z— *«r^Ty a.

-9V



T

*s Ns .—. o? (m) " "o Ks

^

_±L

Z *
__ n-1

n-1

Ite dt

N ~ \ i v.; dt

2 Cne °
n-1

x"~| dt

o "&

N

_:
n=l

C e
n

j (fe)«

a»-J $
co

£ Jne
n=l

-n

N

21 Jne
n-1

•; ft)
dt

dt

By equating !«_ and Lg one obtains the approximate relation

-10-

(26)



1 ~%s
— e

a

T_

N S® dt

Z c*
n-1

N

n-1

-! w-
__ . v

Bne

«dt

n-1

T„

n-1

A qualitative plot would be

P

Ts~+

STEP e. RELATION BETWEEN Tg AND Tn's

(27)

Using the T__'s from the previous iteration, the relationship T_ = Q(Tg)
from Step b and L =L_,, one obtains from Eq. 9 the relation Tn =F-^TS)

_i£_- '



Xd(Tn + a)'

%(a,i)e

*n LA(en)

•5 (kY

*(*•>.

T„

fry*m
'V

•S(j) dt Q(Ts)

+ Cne ltx* \ atfr)dt| +J"e

Q(Tg)

x 1 + %
^ / 1

£T* \_"

-Llll+̂ #(>

Q(TS)

\dt

(28)

The left side of Eq. 28 is a function of Tn only so that by using the T-Zs
from the previous iteration in the right side the relation is obtained.
A qualitative plot is

P
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STEP d. RELATION BETWEEN Ts AND Lg

Using the relations from Steps b and c, Tr - Q(TS) and Tn = Fn(Ts),
one may obtain a relation between Lg and Ts from Eq. 7 denoted by
Ts =_/_>(-s)

Fn(Ts> Ts

Ls =
fl^total

d\

A qualitative plot is

N

Z
n-1

B_ e

"a
X

J?

Ii

(29)

By using the estimate for L obtained in Step a, one obtains all the
thicknesses for the next iteration.

t8 =Afr); Tn ?nJWj; Tr-Qp_(L)]

One may continue until the convergence of Lg, L~, and L-'s is nearly
complete; however, the total weight does not change a great deal after
three iterations. Three iterations usually fixes the dose rate very well.

The results after three iterations, using the new procedure and be
ginning with the shield thicknesses presented previously,1 are shown in
Table I. The thicknesses on the last two conieal shells tended to become

negative and thus were dropped from the optimization procedure and set

-13-



Table I. Optimization of Neutron Shielding for a 300-Mw
Circulating-Fuel Reflector-Moderated Reactor

Old Procedure New Procedure

Shield Region

Shielding
Thickness

(cm)

Lagrangian
Multiplier

x 1(P

Weight
of Shield

(tons)

Shielding
Thickness

(cm)

Lagrangian
Multiplier
x 108

Weight
of Shield

(tons

Reactor shield

A9* = 0 to 15 43.4 16.8 0.15 36.8 17.7 0.12

_} 6 - 15 to 45 39.3 17.0 O.96 32.0 I8.7 0.74

A9 - 1*5 to 75 28.6 18.3 1.11 20.3 18.7 0.72

A 9 - 75 to 105 21,3 I8.9 O.89 12;2 17-3 0.47

A0 = 105 tO I65 10.4 17.8 0.53 0.0 - - 0.00

_0 =165 to 180 7-8 18.0 0.02 0.0 - - 0.00

Rear of crew

compartment 43.8 11.9

•

1.47 46.3 17.4 1.54

Side and front of

crew compartment 16.8 18.0 4.52 20.6 18.2 5.54

Total weight 9.65 9.13

♦Polar angle increment.

•14-



equal to zero. The dose rate criterion at the center of the crew com
partment was 0.25 rem/hr which is the same as that for the previous
system. Some useful curves are shown in Fig.. through Fig. which
may be an aid in following the procedure. The curves showing the TSF
data are also shown in Fig. 2 through Fig. 13 .
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A SHIELD SHAPING METHOD
(Title Unclassified)

by

T. R. Strayhorn and R. J. Klotz

Convair, A Division of General Dynamics
Corporation, Port Worth, Texas

A method by which the shielding weight of a
nuclear powered aircraft may be minimized is pre
sented. Results indicating possible weight savings
are shown to illustrate the worth of the method.

GENERAL OUTLINE OF METHOD

The method described here is one which may be used to
determine the shielding required for a nuclear-powered air
craft* While there are many improvements which can be made,
this method is relatively simple and lends itself readily
to parametric studies. The accuracy, or rather, inaccuracy,
has not been completely determined. The assumptions made
might be satisfactory approximations in one case but not in
another. While it is believed that this method will not
give a minimum shielding weight, it will give a lower weight
than would be given by a spherically shielded reactor and an
arbitrary selection of relative percentages of dose rate com
ponents in the crew compartment.

In section B, there is indicated a method whereby the
relative dose-rate components can be determined in one
crew compartment, so that the crew compartment has a minimum
weight. If the desired total crew dose rate is known, then
the dose-rate components can be found.

Crew compartment side-shield thicknesses are then
selected. This will usually be a lead layer followed on the
outside by a layer of hydrogerous material. For the selected
altitude and the reactor-crew compartment separation distance,
the single-scattering probabilities for radiation emerging

AEC-3313-CVAC

l^^fflWnfffflwI



from the reactor are calculated. These scattering proba
bilities include scattered radiation penetration through
the sides of the crew compartment.

These scattering probabilities, together with the desired
scattered dose-rate components in the crew compartment, are
used in section C, to determine the required thicknesses of
shielding on the reactor.

This reactor shielding is shaped to give a minimum
reactor shield weight for a selected dose rate in the crew
compartment.

After the reactor shielding has been determined, the
direct-beam dose rates at the outside rear of the crew com
partment are calculated. Using these dose rates outside
the rear of the crew compartment and the desired direct-
beam dose-rate components in the crew compartment, one can
calculate required direct-beam shielding. This shielding is
to be placed on the rear of the crew compartment.

When all the shield thicknesses have been calculated,
the reactor shield weight and crew shield weight are cal
culated. These are added together to get the total shield
weight for a given crew compartment side-shield thickness.
A different thickness of shielding is then selected for the
crew-compartment sides ana the above process is repeated.
The results can be expressed in the form of total shield
weight vs. crew compartment side-shield thickness. If the
calculations are carried out for thickness variations for
both types of materials on the crew compartment sides, there
may be plotted the total weight versus the thickness of one
type of material parameterized in the thicknesses of the
other material. The curves may indicate a minimum total
shield weight for certain thicknesses of shielding on the
crew compartment sides. This would be the case to use for
the given conditions.

Figure 1 indicates the steps outlined above.

OPTIMIZATION OF CREW SHIELD

The crew shield weight optimization method used is out
lined in detail in CVAC-200T. It is possible using this
method to find the scattered and direct dose rate components
that will lead to a minimum weight crew shield.

AEC-3313-CVAC



CD

en

o

-a
ro

xi -p
CD

CD
-P
-P

CO
o

c
CD
C
O

a
s
o

K> O

•d CD
a; -p
in CO
•H Ph
CO

CD

01

B-p
CO c
CD CD

£> C
O

-P G
O g
CD O
U O

•H

T) CD
-P

'd CO
CD U
U
•H CD
02 CQ

CD O
AT)

Select crew compartment
side shielding

Reactor shield optimization
for scattered radiation

Reactor neutron and gamma
shielding

Crew compartment
optimization-determines
crew dose rate components

T
Weight of reactor

shield

Direct beam dose rates at

rear of crew compartment

Shielding on rear of crew
compartment

Weight of crew compartment
shield

r
WEIGHT OF TOTAL SHIELDING

Figure 1

AEC-3313-CVAC



For an Area of Sides to Area of Rear ratio of 8, and
with the use of lead and polyethylene plastic shielding,
the dose rate components are as follows:

scattered neutrons = 25$

scattered gammas = 36$

direct neutrons = 2$

direct gammas = 37$

These dose rate components have been found to be relatively
insensitive to variations of radiation incident on the crew
compartment.

REACTOR SHIELD SHAPING METHOD

In an attempt to get away from one arbitrary shaping of
reactor shields, a simplified analytical method has been set
up for calculating the shape of the shielding around a
reactor. The following method Is not rigorous with regard
to finding the minimum-weight reactor shield. The method
can be made more rigorous and would then involve more work
for a solution. The shielding is shaped on the reactor
with regard to the scattered dose rates only.

As a first approximation, it may be assumed that the
radiation emerges from the center of a sphere whose surface
represents the interior surface of the reactor shielding.
The reactor is assumed to be spherical in shape. If D^
represents the crew dose rate which results from radiation
passing through the unit area A on the reactor surface with
no shielding present, the contribution with shielding^is
then Da • Da e-tA/A. Likewise for another area, B, Dg =
Dg e-tK/X. Then the total dose rate from both areas is:

* * , *D^ a DA + DB

AEC-3313-CVAC
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If the thicknesses are sufficiently small the weight of
the shielding on the two areas may be represented by

Wab = wA + wB

WAB ' AtA? + BtBP
where p is the density of shielding material, t is the thick
ness, and A and B are the areas. Now, since A and B are unit
areas,

Wab s Hf* tB f^-

It is now desired to find thg minimum weight of shielding
for a constant total dose rate Dab»

since

tA s A ln(DA/DA*)

tB a X lnJDB/CDAB - d£5|

then

WAB,sP^ln(l>A/DA)+^Aln[DB/(Djj| -dJ£)] .

•For Wab to have a minimum with respect to variation of
DA' dWAB must equal zero,

^a *pa\EaA -tDIT8) P °b (dab * W2

°*."?r t(«-Di)
and Dj = D&B - Da
then Da = Db .

In other words, the minimum weight exists when equal
Increments of crew dose rate are received in the crew com

partment from equal solid angles from the reactor.
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The geometry of the situation is as follows:

Reactor Crew Compartment

The following symbols are used:

is the scattered n

partment (rem/hr).
ISn is the scattered neutron dose rate in the crew com-

ISg is the scattered gamma dose rate In the crew com
partment (rem/hr).

Sn is the neutron source term (n/sec) without reactor
shielding and is considered isotropic.

Sg is the gamma source term without reactor shielding
and is considered isotropic (photons/sec).

e~x(°0is the neutron shielding attenuation, where x(c*) is
the number of relaxation lengths of neutron Shielding
in the direction ©6

e '^'is the gamma shielding attenuation, where y (oC) is
the number of relaxation lengths of gamma shielding
in the direction oi .

F-n is the conversion factor from neutron flux to dose
rate (rem/hr)/(n/cm^-sec)

Fg is the conversion factor from gamma photon flux to
dose rate (rem/hr)/(photons/cm2-sec)

Also, fn(.a) is defined by is„ = ^ Sne" k ;F-„ fn(a) da
and fg(a) is defined by Isg =J^Sg e~y^pg fg(a) da
Both fn(a) and fg(a) will include scattering probabilities
and attenuation through the crew shield. The units of fri(a)
are (n/cm2-sec)/(radian-n/sec). The units of fg(a) are (photons/
cm2-sec)/(radian-photo/sec). \ .

AEC-3313-CVAC
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Now

then

Now

where as is the solid angle, o> = 2ir(l-cos a)

l^>n :

V e-x(a)
F-n fn(

da
= Sn e"-x(a)

»* f-n-(a)

da _ 1

da) 2ir sin a

(19)

(20)

(21)

(22)

then dl^ 1 s,n e-*(*)p f(a) .
"daT 2tt sin a n n n l23j

Now, since equal crew dose rates are to come from equal
Increments of solid angles, it is true that

$I$n. - instant = j£nt (24)^M- -. constant =J|£_
where Ijsnt ls the total allowable scattered neutron dose
rate (rem/hr) in the crew compartment.

Then, ISHt Sfl Fh -x(a) fw(.q)
____ . _____ e sin a (25)

Solving for x(g>) we get:
x(a) = m 2 fn(a) Sn Fn (26)

Isnt sin a
Likewise it is found that

y(o) = in 2 fgtay Sg Fg (27)
Isgt sin a

where ISgt is the total allowable scattered gamma dose rate
(rem/hr) in the crew compartment.

It may be necessary to place a constraint, usually an
upper limit, on the radiation coming from the reactor. This
means that there are minimum values of x(a) and yljx) which
will be allowed.

Let us consider the scattered neutron dose rate in the

crew compartment. Assume there is a minimum number of
relaxation lengths of neutron shielding material, tQ, from
a = a-, , to a = it and that for a< a^, x(a) >xQ

Now T
xsnt

al Y x= re-x(a^SnFnfn(a)da+j e °Snfn(a)F^dcx
x> ai

If Pon (R) is the maximum allowed neturon flux at a
distance R from the center of the reactor, then

&>n(R) - Vr*° (n/cm2-Bec)
and Sne"X° =4ir#20on(R) (2g)

7
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Lsnt

Substituting Equation 29 into Equation 28 we get

" (e"x(a) SnFnfn(a)da + f47rR2?on(R)Fnfn(a) da(3Q)
o a.-.

As in the unconstrained case, we shall assume that for
the minimum weight arrangement dIsn/doo must equal a
constant between a = 0 and a = a^ . This, however, can
not be the case between a^ . and ir, since the value of
x(a) is required to be constant, .X0.

dlsn

dec
= constant =

-"o-xx-

dlsn

"c3aT
o->a-

(3D

Then Equation 30 can be written as

I.-*.. - con ff-sal t•snt " ">1
dec"

C47rR20on(R)Fnfn(a)da (32)
o->ai ui

and from Equation 32 we get

dlsn
ao)

= rdisni
o-^a-L L J o-xxi

1

a)!

TT

^/.t" C^R2^on(R)pnfn(a)da
L (33)J

where coi = 2ir(l - cos ai)
Now Equation 23 holds for all values of a , from 0 to

ir . kt a = a-i , x(a) - xQ , and Equation 5 becomes
- SnFne~ °fn(a1)'dlsn

do)
ai

"dl.sn

dcu

_f_Isn"
"L da)_~^~ - - «^« 2ir sin an (34)

Equations 33 and 34 constitute two simultaneousinstitute

7^Jo->a, and *1 . Theseequations in unknowns, Cdlsn-
equations can be solved for the unknowns Implicitly. Now
since dIsn/°~) Is to be constant between a = 0 and
a - a-, , Equation 23 can also be written as:

mSnFne-x(°0fn(a)
o->a.

dl
SH

dl
sn

dl
sn

(35)da) da) da) 27r sin a
o->a-

Solving for x( a), we obtain

x(a) =ln[snFnfn(a)

dlsn

dm
o->a,

8

dlsn

da)
2tt sin •] (36)

o->a-L

Likewise, for shaping gamma ray shielding, we obtain the
equations ^

1 [t _ \ )i—13 2r
=ST" Ls^t 4irR20og(R)F(gfg(a) da] (37)

a^

AEC-3313-CVAC
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and

dl
sn

da)
o-^a^

=SgFge~y°fk(a2l
2 tt sin a0

y(a) = lnfSgFgfg(a) dl

da)
m

(38)

2ir sin a]
o->a, (39)

From a=a2 to a-jr, the gamma ray shielding is restricted
to the value yo. This value can be determined from the
following equation:

S e~y° = 4irR2 #0ff (R)
'g og

(40)

After the values of x(a) and y(a) have been determined,
the thicknesses may be found if the function x(a) = f(tg> tn)
and y(a) = g(tg, tn), may be express6ed in terms Of the Thick
nesses. The "t|-and tn are the thicknesses of the gamma and
neutron shielding materials respectively.

and

Then

x(°0 =\f + x?
n- n, (41)

y(a) =£s + £a (42)
Agl X62

2 is the relaxation length of neutrons In the gamma
shielding material.

where ^n

*n2 Is the relaxation length of neutrons in the neutron
shielding material.

^gj is the relaxation length of gammas in the gamma
shielding material.

^g is the relaxation length of gammas in the neutron
d shielding material.

AEC-3313-CVAC



The two simultaneous equations, Equations 41 and 42,
can then be solved for the thicknesses of neutron and gamma
shielding material at each angle a • These thicknesses
can then be used to determine (1) dose rates at the rear of
the crew shield and (2) weight of the reactor shielding.

There are a number of items which, if considered, would
improve this method,,

The radiation emerging from the reactor is assumed to
have a radial distribution at the surface of the reactor

shield. This causes a spike to appear at a • 0 . Use of an
angular distribution would reduce the spike.

For air scattering and crew shield penetration calcu
lations, only one energy is used as that of the radiation
emerging from the reactor. If the correct spectrum were
used the results would be more accurate.

In the derivation of the method, it was assumed that
the reactor shielding weight is proportional to the area and
thickness. This is not a good approximation for all cases.
This is conservative, however, as it leads to thicknesses
which over-estimate the reactor shielding weight.

A TYPICAL SHAPED REACTOR SHIELD

The Shaped Reactor Shield Method has been applied to a
spherical reactor-cylindrical crew shield to show how one
applies the method to obtain a minimum weight shield system.
Also, a minimum weight isotropically shielded reactor system
has been calculated so a comparison of the final weight could
be made.

The geometry of the reactor-crew shield system to be
shielded is shown in Figure 2. The design data is as follows:

Neutron source term = 5.0 X 1015 n/sec

Gamma source term = 1.72 X 101? photon/sec

Neutron constraint at 50' = 10,000 rem/hr

Gamma constraint at 50' = 10,000 rem/hr

Crew dose rate = 1 rem/hr

Altitude = 0 feet

Reactor shielding materials - lead and water

Crew shielding materials - lead and plastic

AEC-3313-CVAC
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50'

Figure 2. Geometry of Reactor Crew Shield System
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The dose rate components are those calculated in Se.ction B
for a minimum weight crew shield.

The outline shown in Figure 1 along with proper
equations is used to determine separately the crew shield
weight and the corresponding shaped reactor shield weight.
These weights are found for several crew shield plastic
thicknesses and result In a set of curves as shown In Figure
3. The total shielding weight obtained by adding the reactor
shield weight and crew shield weight shows a very definite
minimum weight shield system. In the shield system shown In
Figure 3* 0.254 cm of lead was placed on the crew shield to
reduce the low energy gammas In the crew compartment.

Since a weight penalty of a large magnitude could be
imposed by setting the lead thickness at 0.254 cm a cal
culation was carried out to find at which lead thickness a

true minimum shield weight would be determined. Also what
the magnitude of this weight penalty would be. The results
are shown in Figures 4 and 5. The minimum weight lead
thickness was found to be 0.210 cm and the weight penalty for
setting the lead thickness on the crew shield at 0.254 cm
was 300 pounds.

The resulting shielding placement about the reactor
shield and crew compartment for the minimum weight shield
system is shown in Figure 6. The thicknesses as a function
of o< are shown In Table I as are the resulting weight of
the lead and water on the reactor.

To give some idea of the weight savings realized by
shaping a reactor shield as compared to an isotropic shield
a comparison was made for the reactor crew shield system.
So as not to penalize unduly the Isotropic reactor shield
system a minimum weight shield system was determined for
the comparison. The weight saved by shaping the reactor
shield is 30,100 pounds.

12
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FOREWORD

The report has been prepared in accordance with the requirements
of Contract Number Nonr-l6l2(00) under the direction of the Bureau of
Aeronautics and the Office of Naval Research.

The report substantiates the investigation discussed under RADIA
TION AND SHIELDING in Martin Report ER li&k, where studies of a nuclear-
powered seaplane (H331-1) are presented.
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ABSTRACT

A procedure for designing an aircraft reactor shield system is
formulated and the underlying theory is summarized in this report.
The procedure is predicated upon the fact that, until more sophis
ticated methods of shield design evolve and are verified by experi
ments, maximum utilization of information derived directly from
shield mockups will yield the most reliable design data. Although
the method presented is directly applicable to preliminary unit
shield design, the equations and procedures are amenable to the
modifications required for extension to divided shields and to con
sideration of angular and energy spectra when they become known.

The authors wish to remind the reader that the Martin shield

design method is constantly being modified to improve its accuracy
and range of applicability. Due to its present utility, however,
and to profit from the comments of others engaged in "aeronuclear"
work, the underlying concepts and the current details of the Martin
shield design technique are presented here. The word "aeronuclear1
coined by the authors, is defined as pertaining to aeronucleonics,
the branch of aerophysics concerned with nuclear science and tech

nology.

The interested reader is encouraged to also read the material
presented in Martin Report ER 7784, which presents a number of
the aeronuclear problems confronting scientists and engineers in
the early study and development phases of an operational nuclear-
powered weapons system.
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I. INTRODUCTION

The shield design method discussed in this paper was developed
at the Martin Company, and was presented in rough form at the Con-
vair Shielding Symposium during August, 1955. (Ref 1).

A. DESIGN PROCEDURE USING SHIELD MOCKUPS

Until more sophisticated methods of shield design evolve and are
verified by experiments, it is evident that maximum utilization of
information derived directly from shield mockups will yield the most
reliable design data. The design procedure discussed in this report
is predicated upon this fact. For example, the mathematical form
of an anisotropic source strength must be approximated through
discretionary utilization of pertinent experimental data which, at the
present time, are generated largely with the Lid Tank Facility
(LTF) and the Bulk Shielding Facility (BSF) at the Oak Ridge National
Laboratory (ORNL).

When designing a shield for the Circulating Fuel Reactor (CFR),
the LTF is the logical source of experimental data at the present
time. Information derived from the LTF will also be useful for

other reactor types such as the Air Cycle Reactor (ACR) when an
appropriate series of experiments have been completed. The basic
information derived from the BSF reactor can be applied to various
reactor types, in particular to the ACR in the absence of appropriate
LTF data.

As a conceptual aid in analyzing the influence of air scattering on
shield design, the reactor-shield system for any given asymmetric
shield design may be replaced by an anisotropic point source of
strength q ( a). The source strength is defined such that the
unscattered radiation intensity at a distance r from the source and
at an angle a from the axis of symmetry is given by q ( a)/4 it r .
Thus, in actual practice, q ( a ) may be found from the conventional
equations used in direct beam calculations. The quantity q (cc ) has
the following physical significance: it is the integrated leakage of
the type under consideration which would emanate from a spherically
symmetric reactor-shield system of dimensions equal to those of
the actual system at a . This concept has been incorporated into
the shield design technique used in this report.
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B. GAMMA RAYS

The contribution to the total dose rate by single-collision air-
scattered radiation may be determined from the following ex
pression (Ref 2):

00 Jt

D(a, b) = / S(E) / N(E, a) f(E, a, a, b) da dE (l)
E = 0 a = 0

where

S(e) = energy radiated per unit time from the source
per unit energy interval at energy E

a = linear angle emergent ray or particle makes with
the source-receiver axis

N(E, Ct) = fraction of radiation at energy E which is emitted
5n at linear angle a per unit solid angle

a = source-receiver separation distance

b = symbol representing composition and thickness
of shielding material located around the receiver

2 , v = dose rate due to single-collision air scattering
—: I ^E. CI) 3.) v)
sin d at separation distance a and receiver shield b

due to a unit source emitting radiation of energy
E at angle a only

The functions N and S are intrinsic properties of the source and
its shield. The function f, which is supposed to describe all the
phenomena occuring after the radiation leaves the source, may be
written as follows:

f(E, a, ,, b) . - / A(e, p, a) ''<!'.?> a^%^ c(e, e, p, i.) ae
2aeJ K ' ' ' 2 it E sin 0 d0

0=o;

(2)
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where, for gamma rays, the new symbols are defined as follows:

n 5 volume density of electrons in air at the altitude
of interest; e.g. , average altitude over the
flight profile

e = conversion factor between energy flux and dose
rate, assumed independent of energy

0 = scattering angle = a + (3

P = angle of incidence of the scattered gamma rays
on the receiver, measured between the line
segment connecting source and receiver and the
path of the scattered ray intersecting the
receiver ( 0 < (3 < it )

E'(0, E) = energy of a gamma ray after having been
scattered from an energy E through angle _ (3)

E
1 + k (1 - cos 0)

k =. E/mc2, where mc2 represents the rest mass
energy of an electron

= E/0..511, if Eis inMeV

______) - Klein-Nishina differential scattering cross
section for scattering through angle JL at energy
E , cm / radian-electron

A(0, P, a) _ air attenuation factor

= exp
( - a fsin (0 - p) sin P 1) (k\
Vsin 0 L V A -1/

A, 7\' _= gamma ray mean free paths in air before and
after primary scattering, respectively

C(E, 9, p, b) = attenuation suffered by the scattered gamma rays
in penetrating through the shield at the receiver
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S B(Z u b esc p)n exp(-n b esc 6)
iii iii PJ

See pertinent comments under FORMULATION

B (E1 b., p) = buildup factor for gamma rays penetrating the
shield around the receiver

th
u.(E') = absorption coefficient of i material in the

receiver shield for gamma rays of energy E'(E,0 )

(5)

b. = thickness of i shielding material at the receiver

There is experimental and theoretical evidence (Refs 3 & 4)
that multiple scattering effects compensate for attenuation in air,
hence the absorption term A is set equal to unity. Although it is
known that certain features of the two principal aircraft nuclear
powerplants presently under development preclude any efficient
unit shield design, the term C is also set equal to unity. Under
these conditions, Eq; (1) simplifies to

D(a) =
n

2ea
/ dE / q.(a, E) r (a, E) dec

E = 0 a =• 0

where

r (a, E) = /
= a

dg (0, E)
2 it sin 0 ae

d0

1 - k (1 - cos 0)

4(a, E) = S(E) N(E, a) photon
sec

(6)

J s_ I
[radian-electronj

(7)

Eq. (7) is integrated in Chapter VI and r(a) is illustrated in Fig. 5.
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Since the energy distribution of the radiation leakage from an
arbitrary reactor design varies with shield thickness, which, in
turn, varies with the angle of emission, and there is no satisfactory
theoretical treatment describing this dependence, an experimental
determination of q( a, E) is required to integrate Eq. (6). For the
purposes of preliminary design, it is logical and expedient to
proceed as follows. Let

r (a, E) =

/ q(a, e) r(a, e) dE
E = 0

oo

/ q(a, E) dE
E = 0

then Eq. (6) becomes

D(a) =
n

2 e a
/ q.(a) r (a, E) da

a = 0

where

q(a) = / q(a, E) dE =
E = 0

MeV/sec

may be determined from pertinent experimental data. Further
more, Maienschein (Ref 5) has shown that for a typical shield
design (Ref 2), most of the emitted gamma radiation lies in the
range from 1. 5 MeV to 6MeV, peaking at about 2MeV to 3MeV.
Since the shield designs considered in this paper are neither
typical nor extreme deviators, 3. 066 MeV is assumed to be a
satisfactory value for E .

ER NO.
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NEUTRONS

If the various symbols used in the preceding discussion were
known for neutrons, Eq. (1) could be used to calculate the single-
collision air-scattered neutron contribution to the total dose rate.

Due to the absence of an adequate theory describing the behavior
of neutrons in the scattering process, however, designers must
turn to approximations which seem to yield conservatively
designed shields, the validity of which must eventually be judged
by comparison with experimental results.

Differential scattering cross section data for neutrons in air
are intensely sought at the present time. Measurements at
experimental facilities similar to the Oak Ridge Tower Shielding
Facility (TSF) will eventually alleviate this condition, but until
the results of such measurements are available it will be

necessary to assume an angular distribution for the scattered
neutrons. One of the popular current methods for theoretical
determination of the angular distribution is based upon predictions
from the statistical-continuum model of the nucleus (Ref 6).
Recent experimental data generated at the TSF have, however,
cast doubt on the validity of this model (Ref 7) and have verified
that the assumption of isotropic scattering yields an overestimate
of the neutron dose rate. Pending completion of pertinent
measurements of the neutron scattering probability at the TSF,
isotropic scattering of neutrons in air is assumed adequate for
preliminary shield design.

Assuming isotropic scattering in air and no exponential
attenuation, it follows from Eq. (1) that the neutron air-scattered
contribution to the dose rate at an unshielded point a distance a

from the source is given by

oo it Z (E)(it - a)
D(a) = / S(E) / N(E, a) •g , * da dE (10)

E =0 a =0 v

where N and e are the neutron correspondents to the original
definitions under Eq. (1), and
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28 (E) average macroscopic scattering cross section
for neutrons of energy E in air at the altitude
of interest.

S(E) = number of neutrons emitted per unit time from
the source per unit energy interval at the
energy E.

Assuming that the conversion factor e is independent of energy,
and letting

ME)

/ I (E) q(a, E) dE
E = 0 S

/ q(a, E) dE
E = 0

it is seen that Eq. (10) may be written

where

1 (E) it
/

a = 0

D(a) = tt^ / q(a) (it - a) da
o it e a

q(a) = / q(a, E) dE =
E = 0

neutrons/sec

(11)

may be determined from pertinent experimental data. Calcula
tions performed by H. Goldstein, originally discussed in Ref
(2) predict that the energy distribution of neutrons leaking from
"conventional" reactor shields is practically flat up to 6 MeV,
falling off as exp(4.50 - 0. 75E) for higher energies. Again, since
the shield designs considered in this paper are neither typical nor
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extreme deviators, 5 MeV is assumed to be a satisfactorily con
servative value for the E in Eq. (11).

II. FORMULATION

Consider a design reactor similar to the CFR, and let

D'(Z, ) =. dose rate measured in the shield at distance
Zfe from the surface of the Lid Tank source
plate with appropriately selected shield mock-
up

= ZD« (^ - „>)

D'(Z, - X, ) = dose rate due to the i source (assumed a
disc of radius b) measured in the appropriate
Lid Tank shield mockup at distance ( z^ - X^.1)
from the surface of the source considered

(k denotes a given value of the emission angle
a in the design shield, and i denotes the

position relative to the Lid Tank source plate
of a given source of radiation in an appropriate
Lid Tank shield mockup)

h(ZL - X, ) = Hurwitz correction for transforming a disc
source to an infinite plane source

2 ,/2 <\ " ^ +V

./

b = radius of Lid Tank source = 35. 6 cm

A. = relaxation length of radiation corresponding
to the i source observed in the Lid Tank

shield mockup (note that Ax=relaxation length
of primary radiation = 7. 5cm)
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D (21 - X. 1,°°) = dose rate in the. Lid Tank shield mockup at a
P distance (2L. - xMfrom an infinite plane source,

derived from D» (Z. - Xj,1)

DSV(Zk + Rc>Rc + \ > 5 dose rate in a shield precisely like that of the
selected Lid Tank mockup at a distance (Z^ - Xk )
from the surface of a spherical source of
radius(Rc + Xk )

r = core radius of design reactor

R + X, = effective radius of the i source region in the
design reactor-shield system at a value of Ct
characterized by the subscript k

s., s.'
x' x

effective surface source strengths corresponding
to source regions in the design system and Lid
Tank mockup, respectively (note that

'1
source strength of Lid Tank fission source =
9. 04 X 10 watt cm-2 is subject to change)

m = material correction for transforming data from
comparison to design system (assumed equal to
unity if the shield mockup selected for compari
son is very similar to the design shield)

\
material correction for gamma rays at a value
of 2 characterized by subscript k

B.
k

B,

Z (t/A)

Z (t/A)'
II exp

j

ER NO. 8017
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10

hl = material correction for neutrons at a value of

a characterized by the subscript k

II exp

j
<U -<*>, IA'j

B, = factor representing the buildup of gamma rays
in either the design or mockup shield, assumed
a function of the sum of the relaxation lengths
of the individual materials and assumed equal
to the buildup in the same number of relaxation
lengths of the dominant material

A., A*. 5 relaxation length in the j material of the
J J design and comparison shields, respectively

•frli
t , t' = thickness of j material in the design and

i i ~ comparison shield, respectively

s d = scattered or direct component, respectively,
when written as subscripts

n,7 = neutron or gamma ray, respectively, when
written as subscripts or superscripts

X = relaxation length of the radiation in the core
c

r = inner radius of the fission source array (core)
c

P(r) = source density of core region (assumed to be
a function only of the radial distance £ )

n-y = volume density of electrons in air at cruise
altitude

n = nuclear density of air at cruise altitude
n " '

ER NO. 8017
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D •(Zk)=ZD'(Zk-Xk1)

•\~\

Fig. 1 (a) Lid Tank Source Configuration

DOTr(Z + R , R + X X)
SV o c' c o '

Z(«k) , ^

Fig. 1 (b) Circulating Fuel Reactor Source Configuration
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With reference to Fig. 1, it is seen that

Z h(Z - X X) D'(Z - X X) = Z D .(Z^ - X\ »)
v o o ' v o o ' . v£ o o

i i

and

Z D (Z + R , R + X 1)
. SV o c' c o '

l

= Z

'R + X
c o

. XZ + R
1 x o c

~\ s.

D .(Z - X X,oo) - D f(Z + 2R + x\»)
piv o o ' ' pi o c o

J 1

1 v o C '

h(Zo-Xoi)D'(Zo-Xoi)

-h(Zo +2Rc +X01)D (Zo +2Rc+Xo )^

~z (Ik) (lc +1° ) h(Z -X±)D'(Z -X1)
i VsiV \Zo +Rc ' ° ° ° °

ER NO. 8017
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assuming that 2R£ + X is much greater than the relaxation length A. •

Application of the material and inverse square corrections to
Eq. (13) yields the direct contribution to the total dose rate at an
unshielded point distance a from the source:

v a ; i = i\i/v
D (a) =

n or 7 '
direct

)

(iM

where W is the number of disc or spherical shell sources con

sidered. It is noted that

Rcsch (R /AJ _ c
sn = s

1 ~ core R

c c / r P (r) sinh (--) dr
A.

^

r = r

is tabulated on page 300 of (Ref 2) for various CFR core dia
meters, whereas the quantities to be associated with values of
i greater than unity must be ascertained from as yet unpublished
data generated in Oak Ridge facilities and evaluated by John Dee
and others.

or 7

Since

(a) =

W

w^ (Zk +rjx y(r +Oh<v O D'(v O
1 = 1 i

(15)

by Eq. (14)^it follows from Eqs. (9) and (11), respectively, that

O. 8017



Ik

M

2itn ^2L
D7,s(a) =-^ f7Q W <**>_ (\ +Rc) r(ok ,e) (16)
and

M

D (a) =
n,sv 2 a

* * (*) ^n s X fk\n(*a)k (* "«k)(zk+Rc) (17)
k = 0

where

W
n

fks
M (Rn +X1 J h(Z. - X1 . ) D«(ZL - X1 , )y) v c n,ky vTs n,ky nvTc n,k'

i = 1 \ 1

%

n

W

= Z_ -^ (R„ +xi .) h(Zv - X1 .) D'(Z. - X1 J
x = 1 \ i' c 7>k k 7>k y * 7>k

M
n

M

it = __- (^t)v = <~- (**)i
k = 0 K k = 0

n a (E) = Z (E)
n s v ' s '

i = 1 = primary (core) source

The value of ( A3 ), may be allowed to vary in order to

improve accuracy where r(oi, E)is changing rapidly.
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If angular distributions of the radiation leakage from the reactor-
shield system are not imposed on Eqs. (14), (16) and (17), shield
weights calculated therefrom may not be conservative. Recent
results derived from investigations at the TSF (Ref 7) permit refine
ment of Eqs. (14) and (17). Unfortunately, the corresponding infor
mation for gamma rays has not yet been generated.

Suppose that in a Lid Tank mockup a fast neutron dose rate D' (Z^)
is measured at a distance Zk from the source plate, Fig. la.
Suppose also that it has been shown that the angular distribution of
radiation flux reaching the detector is *'(Z., l) = $'(zk» °) cosV£>
where v_ is an integer or zero, Fig. 2a.

Source Metals Water

Fig. 2a: Lid Tank Angular Distribution Geometry

ER NO. 8017
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o(zk,o)

axis of symmetry

A = elementary surface area
k of shielding associated with

spherical sector

_2it [\+*^\ sina to

Fig. 2b: Design Shield Angular Distribution Geometry

In a practical design the shielding terminates at a thickness
Zk beyond which the albedo is essentially zero. The contribution D (a)
to the direct dose rate at a distance a from the center of the

design source due to neutrons emitted through the elementary area
(A,) is given by Eq. (19), which is developed below with reference
to Fig. 2b and subject to the following assumptions:

(a) Hurwitz and sphere-plane transformations are still
valid (effective surface sources were assumed isotropic
in Reference 2)

(b) Angular distribution of the leakage from a spherical
geometry is given by ${\> 0 = *(zk» °) cos^ £> where
w is an integer or zero.

(c) Design shield has cylindrical symmetry with respect to
the source-receiver axis

(d) Design configuration can be generated from spherical
sectors

(e) Radiation flux passing through Ak is the same in every
respect as that which would exist if the reactor-shield
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system were spherically symmetric with radius equal
to the dimension (Z, + R ) associated with the given solid
angle of the design system

^ + (_a)k

»>>=l|\ to \ 4K^) fe^e s: R

a =

17

°k
x sin a h(zk- Xkx) $'(z, |) (18)

a. + (/V7)

2« v\+ v *'(v o) r k u
a2 i— J

\

a sin a da

XUsT^c^^^-O

where t_ and ^ have been assumed equal to a and a, respective
ly, and*'(z^,£)has been replaced by 0,(2, qn cosw ^

Since, from Fig. 2a,

i i r2Z (1 - T)k) D«(Zk - V) = y 2n sin I d|
i = 0

which yields

"(V 0

><V 0)
Hr2'1" \> D'(z* "^

it is seen that Eq. (18) may be written
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_k / v v + 1

Dn,d<a> = ZTTT \.
Z,+ R

-^-5-S. (A cos V+Xq^) Z Gf
a

where

i Si
fk * i" (Rc +\ )d - \) h(\ - X^) D'^ - X^)

i iT), = fraction of neutrons contributing to ^'(Z. - X. )
that are back-scattered (q < ~ < _/<!

V + 1 V + 1
A cos CL = cos

V + 1
ak - cos \+ (^}k]

Neglecting the effect of the cosine leakage distribution on
Eq. (17), Eqs. (14) and (17) may be replaced by combining
Eqs. (17) and (19),

"Sw-^^tw

18

(19)

\ \ r ^y (E)(Aa) («- c^) •
___! § __ __ +Acos11 o^ (\+Kc) (20)

M
where u and v have been set equal to ten (Ref 7), and -q (a) _ jr D (a) =

n n

total neutron dose rate at an unshielded point on the axis of
symmetry distance a from the center of the reactor.

i
It has also been assumed that "Q, equals zero, and it is noted that

A cosV + ''"a. should be set equal to zero in the range £- < a < it
°k 2 - -
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III. ASYMMETRICAL GEOMETRY

Although the scattered dose rate equations were developed from
a cylindrically symmetrical geometry, this assumption was not
necessary. It may be shown for cylindrically symmetric source
distributions*, by a process similar to that used in the section on
shield optimization, that an optimum shield will be cylindrically
symmetric. The assumed geometry is sufficient, therefore, for
preliminary calculation of the shield configuration. However, in
order to determine component shielding requirements and to
estimate the extent of radiation effects on component performance
it is necessary to compute, using a given shield configuration, the
dose at points which do not lie on the axis of symmetry. Further,
detailed shield design will involve asymmetric shield configurations.

Consider the geometry depicted, Fig. 3, where OX is the axis
from the source to the point at which the dose rate is to be
determined, OC is the axis from the source to the crew compart
ment (the axis of symmetry of the reactor-shield assembly) and
OP is the axis from the source to an arbitrary point on the shield
surface. As in the case of cylindrical symmetry, let a be the
angle between OX and OP and define the additional angle ty
necessary to describe OP in this system as the angle between the
perpendicular line from P to OX and the plane containing OC and
OX.

Angle COX = Angle PO'X = it/2

Fig. 3: Geometry for Asymmetric Calculations
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Since it is necessary to determine the shield dimensions along
the OP axis, the angle between the OP axis and the OC axis is
represented by _ , and the angle between the OC and OX axis is
represented by t, . It may easily be shown geometrically that:

20

(f> = arc cos [cos a cos t, + sin a cos \|r sin £] (21)

Since whent; = 0, a = 0, the shield dimensions along OP may be
determined from those calculated in designing the shield by
measuring the values of shield material thicknesses along values
of the polar angle ( a in the original case) equal to values of <£
given as solutions to the above equation.

Whereas an integration over the angle here represented by
i|r was implicit in Eq. (1) (for there, from symmetry, this in
tegration only introduced a factor 2« ), in the asymmetrical case
the integration must be performed over both 2- and _ . If the
shield is cylindrically symmetric however, the integration may be
performed in the interval 0 < i|r < it and the result doubled.

Denoting values of f by the subscript £, i.e. Z^ = the value
of Zat \> ^ in the coordinate system of Fig. 3,. Eqs. (16), (17)
and (20) become:

M M'

2n ? 7

D7,S(a' ^Tl (**>k r (V f> Z g£k mik(A^i (Zik +V <22>
k = 0 £ = 0

n or (E)
D

M M*
n n
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m., fD^(a). ^m_ (z +„, r:
2it a L

a Zs(E) (Aa)k (it - c^)

where, now

M M'
i,*tD (a) = Z Z D„ ' (a)

n k = 0 i - 0 n

and

M'
n

M'M1
7
Z (A^) = Z (At), = Z (At) , = it

£ = 0 £ = 0 £ = 0

ER NO. 8017
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IV. OPTIMIZATION CRITERIA

Because of the reduced number of parameters, the optimization
of a unit shield may be undertaken at this time with some assurance
of success, while the optimization of a divided shield is still a very
difficult undertaking (availability of data for both cases assumed).

Since it has been shown (Ref 8) that total shield thicknesses
required for neutron shielding are, for reasonably thick hydrogenous
layers, independent of thicknesses of gamma shielding, but not vice-
versa, consider first a unit shield such as the neutron shielding for
the CFR studied in this report. Let the total dose rate in the crew
compartment of a given type (neutron dose rate in this case) be
specified by radiological requirements and let this quantity be
represented by Dn . Assume that it has been possible to describe
the contribution to the dose rate Dn arising from each of a number
of slices of the reactor-shield assembly (for this case, see Eq.
20). Let the contribution of the ktn slice to Dn be designated Dk
and further assume that the functional relationship between each
Dk and the shield dimensions characteristic of the ktn slice has
been specified. Then, in order to determine the optimum thickness
of shielding for each slice required to reduce the total radiation
reaching the crew compartment to the desired level Dn, suppose
that through a given small area Ak on a shield surface there is a
flux $k which may, in general, be either a particulate or energy
flux. The contribution of this flux to the dose rate in the crew

compartment is given byD^ = ^\where K converts from energy
or particle flux to dose ra.te and contains all the factors which may
affect the radiation between the shield and the crew compartment.

Thus, neglecting the dependence of the energy spectrum of <£ on
shield thickness,Kk is a function only of the coordinate system
describing the source-receiver geometry.

If a small thickness of shielding(At)kis added, the contribution
to the dose rate is changed by an amount

(AD)k =Kk(A^)k =V,\(At)k
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where v' is the macroscopic removal coefficient of the shielding
for the type of radiation being considered.

\KV(^)k

f \ i<*~s
i T r "" H ~t ~,r " /

11 //

Fig. 4: Shield Optimization Geometry

Assuming that the reactor-shield configuration has
cylindrical symmetry with respect to the source-receiver axis
and that the configuration can be generated from spherical
sectors, consider the condition depicted in Fig. 4 where the
shield has been divided into spherical sectors by increasing a in
steps (Aa)k (here the spherical sector is defined as that region
lying between <x anda, +(Aa) ) and thus:

\ 2itR. sin
k °k

(A3)1
(Aa)

k

The weight added to this area by adding a thickness (Atj^ig

(AW)k =p(AV)k =p^ (At)k =P2it R2 sin la (A^)k1
k T 2

(At),

and the efficiency of the added shielding is, then:
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AWk" p\

Eliminating K^ :

(-)
v'D,

2itpRk sin \a^ +
T25J71

(Aa)T

AD .
A smaller ^y in one place than in another indicates that the weight
could be used more effectively in the second location. Therefore,

AD/AW should be constant for the most efficient shield.

Shield thicknesses may be calculated, using LT data and Eq.
(20), such that:

t,2 .
R, sin

k

D,

\

JMTr = constant,

(Aa)t

if V is constant over the range of shield thicknesses used,

where

?Dk=Dn

Since D, varies much more rapidly than R, , R, may be assumed

constant for the first iteration and successively better values
found in successive iterations.

Optimization of a divided shield may, in the very special case
of the gamma shielding for the CFR studied in this report, be
simplified by making the following assumptions:

ER NO. 8017
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i) The entire reactor gamma shield is determined solely
by the scattered dose, Eq. (16), subject to the limitations
placed on gamma shielding thickness by secondary effects
(Ref 9).

ii) The crew compartment shield may be a simple slab
placed across the rear bulkhead of the crew compartment
of sufficient thickness to attenuate the direct beam from the

reactor and the contribution from sources outside the

reactor (e.g. , activated NaK), plus a 1/8" lead shield around
the remainder of the crew compartment . This thin lead
shield is deemed the minimum crew compartment shield
adequate to attenuate unaccounted-for soft gamma radiation.

Although these assumptions prohibit the generation of the
minimum weight divided gamma shield, they assure the genera
tion of the most nearly unit shield practicable. While neglecting
the attenuation of scattered gammas by the thick lead slab at the
rear bulkhead of the crew compartment results in only a slight
overestimate of the dose rate in the crew compartment, neglecting
the effect of the lead on the sides of the crew compartment might
result in a gross overestimate of the dose rate and consequently
in an overestimate of the required shield weight. Therefore, the
factor C(E,0, P, b) in Eq. (2) has been reinserted and a new

scattering function r'(a, E, b) determined, where

r'(a, E, b) = r(a, e) c(a, E, b)

where C is the average value of C^ over the integration over Q.
The quantity C may be determined by cross-plotting data
generated by NDA (Ref 10). It should be noted that the only
difference remaining between the scattering function used in
these calculations and the function generated at ORNL (Ref 2) is
the omission herein of the air absorption term, justified as a
compensation for multiple scattering effects (see Fig. 5).
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To proceed, let the total dose rate allowable in the crew compart
ment, specified by radiological requirements, be denoted by D^,.
Write the direct and the scattered components of D as follows:

D , = fD
7, d •)

(28a)

D7, s = (1 " f) D7 (28b)
where d and s, as subscripts, denote direct and scattered portions
of the dose rate, respectively, and f, the fraction of the dose rate
in the crew compartment due to direct beams from the reactor and
external sources, is the parameter of optimization.

Since the neutron shielding configuration has already been
determined, the required reactor gamma shielding may be calcula
ted by application of Equations (16) and (28b) for any selected value
of f_.

The direct contribution to the dose rate received in an
unshielded crew compartment is composed of two parts; Dr, which
is the component due to direct radiation from the reactor, is
completely specified since the reactor shielding configuration is
known and Dex, the component due to external sources, presumably
may be calculated. The attenuation required at the rear surface of
the crew compartment may be calculated as follows:

5 =
D + D

r ex

where 6 is the required attenuation factor. The thickness of
shielding required to produce this attenuation may be calculated
using gamma absorption coefficients and buildup factors.

Finally, the combined weight of the reactor and crew compart
ment gamma shielding may be computed for various values of the
parameter f and the optimum value selected.
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SALIENT ASSUMPTIONS

1) Reactor and shield form an infinite homogeneous medium.

2) Effective surface sources are isotropic (the errors introduced
hereby will not be small unless: (a) the source-receiver
distance is large with respect to the effective radius of the
source and (b) the source is practically opaque to the radia
tion).

3) Attenuation over a small distance in the "infinite homogeneous
medium" is practically exponential.

4) Shield leakage consists only of 5 MeV neutrons, thermal
neutrons and 3. 066 MeV gammas.

5) Isotropic and Klein-Nishina scattering in air of neutrons and
gammas, respectively.

6) Contribution to dose rate from multiple scattering is com
pensated by absorption of radiation in air.

7) Factor for converting to dose rate from energy flux and
particle number flux is independent of gamma ray and neutron
energy, respectively.

8) Negligible degradation of neutron energy upon scattering
interaction with oxygen or nitrogen.

9) Inverse square attenuation in air is valid all the way to the
surface of the shield.

10) When estimating the material correction, scattering in the
shield may be neglected.

11) Neutron attenuation in gamma shielding is equivalent to that
in neutron shielding for sufficiently large hydrogenous backing.
(This allows calculation of the neutron shield shape independent
of the gamma shielding. )

12) Reactor-shield system is symmetrical about the source-
receiver axis.
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13) Crew compartment focusing effect may be neglected.

14) Relaxation length of primary radiation observed in the Lid Tank
is applicable to neutrons or gammas.

15) Number of scattering nuclei and electrons in air vary as the
density of air.

16) Shield leakage distributions are radial for direct gamma rays
and scattered neutrons and gamma rays.

17) Shield leakage distribution is proportional to tenth power of
cosine for direct neutrons.
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VI. GAMMA SCATTERING

Eq. (7) is integrated in this chapter.

Klein and Nishina (Ref 11) derived the following expression for
the differential cross section per unit solid angle for the scattered
gamma rays in various directions (0) :

ag(e, e) = l
dQ 2it sin 9

&o(9, E) _ r /E
ae ~ Co (e/ Ie'

E' • 2 \+ £ - sin 6)

where E' = E1 ( 0,E) is given by the Compton equation for the
energy of the degraded gamma ray. With reference to Eqs. (3)
and (29), Eq. (7) may be written

'(a, f) =co (rx +r2 +r )

where

•i • s
de

0 = a (C - k cos 9)'
r,S/

de

0 = a (c, - k cos 0)

r,, - /
sin 0 d0

a (C - k cos Q)'
f C = 1 + k , K= E/mc'

0 -1 1 - x
Consider r, , letting x ~ tan — : 0 = 2 tan x cos 0 = ;=

1 + xc

Fl = ri, 1 + Flv 2
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where

x x 2
<** r = ? f X dX

Xl (a +bxY x>2 = x; '• ™-2^
r = 2 f

1 i ~ Cx (A + BX )'

A = C,-k = l + k-k = l

B ; C. + k = 1 + 2k

By a reduction formula it may be shown that

X. X,

•1, 1 A(A + BX ) X±27 J ♦ i '
dX

Xx A + BX

X,

X

L A(A + BX ) A VO
tan 1 (/r*)}

X.

where

it tan a' 1.-1/ /—- , ^,np ——- tan (VB tan a')
2vl3 l VB~

a 2 a
a' = - |' = 1 + B tan -

30

then, integration by parts and application of a reduction formula yields

1, 2
it tan a' 1 -1 / —.- vto + —^ to tan (VB tan a')

B2B

Hence, Eq. (31) may be written

it(l + k) 21? tan a' 2(1 + k) . -1 , -=• , . * /xon
v -zir> 5P */o tan (V B tana*) (32)1 B-372- B|' wB
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Consider rp, letting x = tan Q/2:

r2 = V2, 1 + r2, 2 + V2, 3 + '2, *

where

r =2*2, 1 -

X

dX

—2~k~
(A + BX )

r =6x2,2 -

X.

X,

2
X dX

(A + BX2)

X.

X6dX
2\T

(A + BX )r2, 3 S6
X,

k
X dX

2~J(A + BX )
\, k= 2

X,

31

(33)

By repeated application of a reduction formula it may be shown that

= it tan a' 5 tan a' _ 5 tan a' _1_ t&n-l ( /Btana')
2> X" 2 /IB " ^T3" 12|' 2 ^ /B

Integration by parts and application of a reduction formula shows that

6 tan a1 3
'2, 2-^T
Similarly,

+ —- r+ 5B 2, 1

_ 2 tan5 a' 1
r2, 3 - —^5 B r2, 2

Similarly,

2 tan a' 5 _

r2, *=~^3 + 3B 2, 3
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Hence, Eq. (33) may be written

r^ =

rf
tan5-' +4r (1 +4) tan5 a' +4r ^ +* +A)tan a'

13 3B
B£

.♦3 B ' 3B2/bi

+(i +=| +\ +4) r
5B 5B B^ '

Consider I\,, letting x = tan 0/2:

r =__!__ + 2___d '̂ - tana' +-l-j tan_1(/^ tan a')
5"2?^ g'2 B '̂ b^T2

(3»0

(35)

Therefore, Eq. (30) for a given E is simply the sum_of the
right sides of Eqs. (32), (34) and (35). The function r(a,E)
for E = 3. 066 MeV (k = 6) is tabulated in Table 1 and plotted in
Fig. 5.
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SHIELD DESIGH STUDY FOB A dRCuXATHTG-FOEL REACTOR

UTILIZERS A FUEL-TO-AIB BADIATOB

L. B. Holland S. E. Penny
D. K. Trubey

The preliminary shielding study for a 300-Hw circula
ting fuel aircraft reactor system employing a direct fuel-
to-air heat exchanger was ctsmpleted. Both a wraparound and
a tandem heat exchanger arrangement were considered, but no
attempt was made to design a heat exchanger or air ducts or
to evaluate the increased efficiency for a fuel-to-air heat
exchanger system. Divided shield weights were determined for
the condition of 1 rem/hr in the crew compartment and 1,000
rep/hr at 50 ft from the reactor. Far the wraparound heat
exchanger, the total weight was 115,kOO lb; for the tandem
arrangement the weight was 121,200 lb. When the dose rate
for radiation damage and activation was permitted to increase
to 100,000 rep/hr at 50 ft from the shielded reactor, the
total weights were reduced to 9^>700 and 85,700 lb, respective
ly.

Since the limiting feature of a nuclear powered aircraft system is the
weight of the reactor and crew compartment shield, some knowledge of the weight
is desirable before a complete investigation of a new system is attempted. A
circulating-fuel reactor utilizing a direct fuel-to-air radiator has been con
sidered previously1 but has been rejected on the assumption that the shield
weight would be excessive. There is a possibility, however, that an increase
in efficiency and reliability might offset the increase in shield weightj
therefore, a shielding study was carried out to determine the feasibility
of a more thorough investigation of this type of a system.

Two fuel-to-air radiator configurations were considered in the study.
The first configuration employed the standard circulating-fuel wraparound
radiator, while the second one consisted of a tandem arrangement of the
reactor and radiator. Weights for each arrangement were determined for a
total radiation damage limitation of 1,000 and 190,000 rep/hr at 50 ft.
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REACTOR, RADIATOR, AND CREW COMPARTMENT

The reactor was assumed to be a 28.5-in.-dia circulating-fuel reflector-
moderated reactor with an 8-in.-thick beryllium reflector. It was felt that
this reflector thickness was sufficient since there was no HaK activation
problem and criticality would not be greatly affected. The reactor dimen
sions and weights are shown in Tables 1 and 2 respectively.

The radiator volume was estimated to be 200 ft ,* which included an
allowance for the ducting that was not designed into the shield. Design
data for a sodium-to-air radiator previously reported2 were used to determine
the volume fractions of the various materials in the radiator, although the
selection of materials differed somewhat. In this study Inconel tubes were
needed to contain the fuel fluorides, and it was felt that copper fins with
stainless steel cladding would give the best performance. The following
radiator specifications were assumed:

Fins

Number per inch 15
Thickness 0.010 in.

Inconel tubes

Outside diameter 0.1&75 in.
Wall thickness 0.015 in.
Spacing (square array) O.667

Density 98 lb/ft x '

The volume fractions of the materials in the section of the radiator that

contained the fins were determined as follows:

Stainless steel 0.0750
Copper 0.0750
Inconel O.O287
Fuel 0.0333
Air 0.7880

1.000

At 3 Mev these volume fractions yield a value of O.O567 cm" for the gamma-
ray total absorption coefficient.

In order to estimate the gamma-ray flux originating in the heat exchanger,
the fraction of the total fuel in the radiator had to be specified. If 3A~
of the 200 ft3 volume is occupied by fins, the fuel volume is 5 ft^ (150 ft^
x 0.0333)' The headers were assumed to contain an equal amount.

a. A. P. Fraas, private communication.
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Table I

Dimensions of Circulating-Fuel Reactor
with Fuel-to-Air Radiator

Inner Radius

'.•V.fi^.i.TV

Thickness

(in.)

Reactor Region (in.) Tandem Wraparound

Beryllium island 4.0
Outer sodium annulus of island 0.187 4.0 4.0
Core cladding (inconel) of island 0.125 4.187 4.187
Core 9.938 4.312 4.312
Inner cladding (inconel) of

beryllium reflector 0.156 14.250 14.250
Inner sodium annulus of reflector O.I87 14.406 14.406
Reflector 8.000 14.593 14.593
Outer sodium passage of reflector 0.066 22.593 22.593
Outer cladding (Inconel) of

reflector 0.010 22.659 22.659
Inner cladding (inconel X) on

B^C-Cu sintered layer 0.01 22.669 22.669
BijC-Cu sintered layer 0.20 22.679 22.679
Outer cladding (inconel X) on

sintered layer 0.01 22.879 22.879
Sodium passage 0.066 22.889 22.889
Air radiator (including Inconel

shells on inside and outside) 23.195 22.955
Thermal shield 1.000 22.955 46.150
Sodium cooling layer 0.035 23.95 47.150
Pressure shell 1.00 23.990 47.185
Insulation 0.250 24.990 48.185
Outer cladding (inconel X) on

insulation 0.032 25.240 48.435
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TABLE! II

Weights of Circulating-Fuel Reactor* with
Fuel-to-Alr Radiator

Weight (lb)

Reactor Region
Tandem Wraparound

Inconel 5,870 18,780

Sodium 70 70

Radiator 20,150 20,150

Beryllium 2,430 2,430

Insulation 220 220

Mi sceUaneous** 2,789 2.780

Total 31,520 44,430

♦Spherical shells assumed for calculation.
**Decking, ducting, and expansion tanks, 500 lb;

two sodium pumps and drives, U00 lb; two fuel
pumps and drives, 1080 lb; control rod and island
support, 100 lb.
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DOSE RATE CRITERIA

For this study the permissible total crew compartment dose rate was
1 rem/hr with a gamma-ray—to—neutron ratio of 3 to 1. Since the current
radiation damage criterion being used at the Laboratory specified that the
total dose rate at 50 ft from the reactor cannot exceed 1,000 rep/hr, shield
weights were calculated for this limitation. In addition, weights were
calculated for a total dose rate of 100,000 rep/hr at 50 ft. An arbitrary
upper limit of the total neutron dose rate at 50 ft was set at 100 rem/hr
because of uncertainties in neutron capture in air and neutron activation of
structural members. A lower limit of l/8 in. of lead on the crew compartment
was used to compensate for the buildup of soft gamma radiation in the crew
compartment plastic.

In the case of the tandem radiator, an arbitrary ratio of the total
dose rate from the sides of the radiator and the reactor had to be set
because of the uncertainties in the calculation of this ratio for minimum
shield weight. The ratio chosen was that of the projected areas of the
radiator and reactor.

SHIELD DESIGN FOR CFR WITH WRAPAROUND RADIATOR

The thickness of the wraparound radiator was required by its volume
limitation of 200 ft3 to be 23 in. Since the system is spherical, the
shield design was inherently similar to the present RMR design and the
methods applied to that reactor could be used.

Neutron Shield. The neutron shield was designed first on the usual
assumption that substitution of gamma-ray shielding for some of the
neutron shielding would not affect the neutron dose rate since the
removal cross section of lead is nearly that of water. This does intro
duce some error when the neutron shielding is thin. In the design the
contribution to the dose rate by delayed neutrons was assumed to be neg
ligible since the radiator and water thicknesses were large.

The design utilized the TSF neutron shield optimization procedure-^
with an assumed coslO angular distribution of neutrons at the shield sur
face. The procedure was modified somewhat as shown in another paper (S. K.
Penny, "Modification of the Procedure for Using TSF Data for the Optimiza
tion of a Divided Neutron Shield", this report). The neutron dose rate
used in the procedure was the dose rate a distance (d) of 64 ft from the
center of the reactor as a function of water thickness around the reactor.

This dose rate was calculated from LTSF CFRMR mockup data1*- as follows:

y6» ft) .D1TU)H(a,s) Igl^ ChxCe
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where

Dp • neutron dose rate at a distance d from the reactor,

Dj_ - neutron dose rate at a distance z from the LTSF source plate,

(H(a,z) - Hurwitz correction (a • radius of LTSF source plate),

rc = reactor core radius,

rg = reactor shield radius,

6j{ = reactor surface source strength,

o^_ - LTSF surface source strength,

C-^ - correction for substitution of the reactor radiator for the
LTSF heat exchanger mockup on the basis of removal cross sections,

CR = correction for substitution of the reactor materials, other
than for the radiator and reflector, for similar materials in
the LTSF mockup on the basis of removal cross sections.

The neutron shield (Table III and Fig. l) designed by the above
procedure allowed the 0.25 rem/hr neutron dose rate specified for the
crew compartment and thus was the same for both the 103 and 10^ rep/hr cases.
The optimization indicated t&at no neutron shielding was required on the rear
of the reactor. However, the water thickness around the reactor was not
allowed to fall below 20 cm in order to prevent the total neutron dose rate
at any point 50 ft from the reactor from exceeding the specified 100 rem/hr.

Gamma-Ray Shield. The gamma^ray shield was determined using experimental
data from the LTSF CFRMR mockup tests and the optimization procedure de
scribed elsewhere (H. C. Woodsum, "Procedure for the Optimization of a
Divided Gamma-Ray Shield for Circulating-Fuel Reactors", ANP Quarterly
Progress Report, March 10, 1956, 0RKL->206l). To maintain a total dose
rate of 103 rep/hr at 50 ft it was necessary to design both a basic lead
shield and a shadow shield. For the; 10^ rep/hr case, however, only the
shadow shield was required since the reactor with no shielding only yielded
4.2 x KT rep/hr at 50 ft.

In the determination of the dose rate to be used in the optimization
procedure it was necessary to consider two sources of radiation — primary
and fission-product decay gamma rays. The primary gamma-ray dose rate was
calculated using the following expression:
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TABLE III

Thickness of Total Neutron Shield for CFR

with Wraparound Radiator

Dose rate: 10^ or 10^ rep/hr at 50 ft

Shield Section

Shield Thickness

(in.)

Reactor (water)

0* = 0 to 15 deg 19-5

0 - 15 to 45 deg 15.6

0 = 45 to 75 deg 9.1

0 - 75 to 105 deg 5»8**

© » 105 to 180 deg 0 *

Crew Compartment (plastic)

Side 8.3

Front 8.3

Rear 17-3

** Augmented to 7.9 in, as a safety factor.

* Polar angle increment.
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d PLT/*a2
where

Bp = primary gamma-ray dose rate at a distance d from the radiator,

Pjj - power of the reactor,

PL- - power of the LTSF source plate,

H(a,z) = conversion from finite disk to infinite plane source

E;l(Uz)

^(x)

E1(p) - E^fP + a2)

.H<-.,) « op

x y ^

u • effective linear absorption coefficient for the reactor shielding
materials based on a gamma-ray energy of 6 to 8 Mev,

Dp ,- - primary gamma-ray dose rate at distance z from the LTSF
' source plate,

CHX CR ~ corrections as defined previously except they are based en
' an effective linear absorption coefficient for a gamma-ray

energy of 6 to 8 Mev.

The fission-product decay gamma-ray dose rate was computed as follows:

bhx "%^ -3pKi>
oo
0

B(ut)E1(nt)N(E)dE

2 c(E)

where

N = 3.1 x 1010 fissiens/sec-watt,

DHX = fission-product decay gamma-ray dose rate at distance d from
the reactor,

v - volume fraction of the radiator that contains fuel,

Vnf • total volume of fuel in system,

r__ - outside radius of the radiator,
Mo

A(E) = effective mean free path of the radiator based on a gamma-ray
energy of 2.7 Mev,
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jut = number of mean free paths of lead and water shielding as
well as Inconel (shells) outside the radiator for gamma rays of
energy E,

B(ut) = dose buildup factor for ut mean free paths,

N(E)'= number of photons per fission.of| energy E per unit energy
Interval

= 76-1.2E,

c(E) = flux-to-dose conversion factor.

The optimization procedure mentioned above assumes the lead shadow
shield to be tapered by a 12.5-deg relaxation angle coupled with a dis
advantage angle of 15 deg. This permits the dose rate emission per unit
polar angle to increase exponentially to compensate for the exponential
decrease in the probability of scattered radiation penetrating the crew
compartment sides. The tapering is based on a gamma-ray energy of 6.8
Mev.

The basic lead shield required to maintain 10* rep/hr at a distance of
50 ft is given in Table IV. This shield plus the shadow shield was divided
so that lead and water shield layers could be alternated to cool the lead
and to suppress capture gamma-ray production in the lead. For the 103-
rep/hr case there was first an annulus of water O.375 in. thick. The rest
of the lead varied with polar angle. For the 105-rep/hr case, where only
the shadow shield was required, the lead was separated from the radiator
by a water thickness of 0.375 in. The variation with polar angle for the
two cases is shown in Table V and Fig. 2.

SHIELD DESIGN FOR CRR WITH TANDEM RADIATOR

The arrangement for the fuel-to-air radiator in tandem with the reactor
is shown in Fig. %. It was assumed that a reasonable radiator shape would
be a 6-ft-dia cylinder 7 ft long. The reactor acts as a shield at one end.
The shield around the remainder of the radiator was assumed to be a shell
with no penetrating holes. The resulting total weight for this idealized
system might be considered a lower limit. However, it must be remembered
that the total shield weight was based on a radiator volume that allowed for
ducting and that it also included patch weights. Thus two major problems
were left unexplored ~ radiator design and duct design.

Reactor Shielding. As for the wraparound radiator design, the shielding on
the reactor was determined by the comparison method, The most recent LTSF
data were employed, correcting for the attenuation by the radiator by using
neutron removal cross section and ganma-ray absorption coefficients. It was

-11-
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TABLE IV

Thickness of Basic Gamma-Ray Shield for
CFR with Wraparound Radiator

Dose rate: 105 rep/hr at 50 ft

9, Polar
Angle Increment

0-15

15 - 45

45 - 75

75 - 180

Lead Thickness*

(in.)

1.35

I.85

2.25

2.4

* Excluding shadow shield.
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TABLE V

Thickness of Total Gamma-Ray Shield for CFR
with Wraparound Radiator

Lead Thickness (in.)

ID* rep/hr at 50 ft 1Q5 rep/hr

Shield Section
First

.... .IdNRKT-. Lapsex** Total

at 50 ft*

Reactor

©*** • 0 to 15 deg 1.35 4.32 5.67 4.47

0 = 15 to 27.5 deg 1.35 3.99 5.34 3.64

0 » 27.5 to 40 deg 1.35 3.17 4.52 2.82

0 - 40 to 52.5 deg 1.35 2,74 4.09 1.99

0 . 52.5 to 65 deg I.89 M& 3.24 1.16

0 = 65.to 77«5 deg 1.35 1.07 2.42 0.335

0 - 77.5 to 180 deg 1.35 1.05 2.40 0.0

Crew compartment

Side 0.125 0.125

Front 0 0

Rear O.478 2.46

* Only one layer required.
** Part of basic shield plus all of shadow shield.
*** Polar angle increment.
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that 1/4 of the total gamma-ray dose rate in the central vertical plane
of the reactor-radiator system came from the reactor. This was based
on the ratio of the projected areas of the reactor and radiators.

Radiator Shielding. In calculating the gamma-ray shield for the radiator
it was assumed that the fuel circulation time was so fast that the gamma-
ray sources were uniform over the system. A surface source strength was
then determined. Two methods of attenuation through the shield were used,
which can be summarized as follows:

Method l:p D, = -S- _L
1 c d

EL(ut)

r, '2*1 -J^-Btf*)
s

«—6 >2-^^!^!2!BCpt,
where

D1,D2 * Saama-ray dose rate at a distance d from the reactor,

PQ » photon source density

- *- 7f(rad) Hi
Vf(sys) V(rad)

Pg = power of the reactor,

Vf( s) = volume of fuel in the system,

vf(rad) " volume of fuel la tho radiator,

V^ - volume of radiator,

/ = number of photons per fission,

N -3.1 x1010 fissions/sec-watt,

/ « gamma-ray mean free path in the radiator,

rg - outer radius of the lead shield,

rrad = ou"ter radius of the radiator,

t - r8 - rrad,
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E]L(ut)
u *
ut

V e"y dy,

c - flux-to-dose conversion factor,

2b • heat exchanger length,

a = 1/2 f
r

(rrad) ^ _ (rrad)2^
r r
rrad

erf(fa) = -g- e-r1 du _* 1,

*rad

w

B(nt) = dose buildup factor in lead.

The equations imply that the effective number of photons per fission, the
source average mean free path, and the- average absorption coefficient in the
shield are known. These uncertainties may be removed by integrating over the
spectrum of gamma-ray energies. Thus Eq. (l) may be written

where

>A=-5
2

00

ft

o

D. - a Vf(rad) /O
1 *f Trad

HfEjB^CptpS) B(ut,E) dE
c(E) u(E)

rrad
AA

N(E) - number of photons per fission of energy E per unit energy
interval

Also

= 7e -1.2E

•>- gamma-ray absorption coefficient in the radiator.

N
B
c 2 E

1

16-
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Then

D - ^ Vrad) rradb erfVoT -«t A (4)

Thus a check may be obtained on the estimation of the dose resulting
from Method 1 (Eq. 3) by use of Method 2 (Eq. 4). Method 2 yielded a
Slightly thicker gamma-ray shield for the case of 103 rep/hr at 50 ft.
This thickness was used in the design in order to be conservative. Method
2 failed for the case of lo3 rep/hr at 50 ft and thus the thickness given
by Method 1 was used.

In the calculation of the lead shield delayed neutrons from the
fuel were not considered since it is very difficult to estimate the source
strength of delayed neutrons at the surface of the radiator and also to
calculate their attenuation through the shield. Therefore, the maximum
dose rate from delayed neutrons was calculated assuming zero circulation
time and no attenuation from a point source. The dose at 50 ft under
these conditions is about 30,000 rep/hr. LTSF data indicate a very
short relaxation length in water for delayed neutrons. If a reduction
by a factor of 10* is desired, 10 in. of water will be required. With
the water placed at the outside and replacing the same number of gamma-
ray mean free paths of lead, the additional weight is only 590 lb in the
10^ rep/hr case. If, In the 105 rep/hr case, a reduction of 10* is de
sired, the additional weight is 4,470 lb.

The plastic on the crew compartment was determined from air scattering
considerations outlined previously.7 The thickness on the side and front
is given by:

V-1.77 -»(L)a fe
where

d - reactor-crew compartment separation distance (cm), :

*dn = direc'b neutron dose rate outside the crew compartment,

0SJX - desired crew compartment scattered dose rate,

2s/_t) - I.695 x 10"4 for a symmetric shield.15

The thickness on the rear is given by:

t =2.84 la -ESS

b. This term is defined in Ref. (7).
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TABLE VI

Thickness of Tfrtal Neutron and Gamma-Ray Shield
for CFR with Tandem Radiator

Shield Section

Reactor

Lead at front

£L
Lead at side

Water at front and side

Shield Thickness (in.)

10^ rep/hr
at 50 ft

1C-3 rep/hr
at 50 ft

2.25

3.2

0

0.2

2S&5:•:;>— Lead Thickness1

Shadow shield at centerline 5.16 6.66

Radiator

Lead at front and side 3.9° 0.5d

Water at front and side e e

Crew Compartment

Lead at front and side 0.125 0.125

Lead at rear 0.125 2.08

Plastic at front and side 8.18 8.18

Plastic at rear 20.2 20.2

a. Larger than the front thickness because the radiator contributes
to the side gamma-ray dose rate.

b. I. e., total shield thickness - 21.25 in.
c. Obtained by Method 2 (Method 1 gives 3.4 in.). This thickness is

reduced to 3 in. if 10 in. of water is added as a delayed neutron
shield.

d. Obtained by Method 1 (Method 2 fails at small lead thicknesses).
This thickness is eliminated if 10 in. of water is added as a
delayed neutron shield.

e. 10 in. of water can be added as a delayed neutron shield in
which case the lead thickness would be reduced (see c and d).
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TABLE VII

Reactor and Shield Weights for Circulating-Fuel
Reactors with Wraparound and Tandem Radiators

". • - -•••— - Weight (lb)

10* rep/hr iit 50 ft 105 rep/hr at 50 ft

Component Wraparound Tandema Wraparound - Tandem*

Reactor 44,400 31,500 44,400 31,500

Reactor lead shield0 37,400 18,200 12,600 9,900

Reactor water shield 9,000 8,600 9,200 9,800

Radiator lead shield - - 38,400d <~ «B 4,800

Structure6>f 2,500 2,500 2,400 2,500

Patchf 5,000 5,000 5,000 5,000

Crew compartment lead
shield

Crew compartment plastic
shield

2,700

14,400

1,700

14,700

6,700

14,400

3,000

14,700

Total 115,400 120,600 94,700 • 81,200

Delayed neutron shield6 600 4,500

Total 121,200 85,700

a. , Weights for shield specified in Table VI.
b. Includes estimate for decking, pumps and drives, control rod, island

support, radiator (20,000 lb), etc.
c. Includes shadow shield.

d. Method I gives 33,200 lb.
e. Includes neutron shield container.

f. Estimated from information given in 0RNL-1575, Report of the 1953 Summer
Shielding Session, E. P. Blizard and H. Goldstein, Eds. (June, 1954~J1

g. Additional weight incurred if lead is replaced by water as described on
p. 17 n this master.
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where

0^ « desired crew compartment direct dose rate.

The resulting plastic thicknesses were used in the gamma-ray shield
optimization procedure mentioned above to determine the lead thicknesses
on the crew compartment and in the shadow shield.

The shield thicknesses for the tandem arrangement are given in Table
VI.

TOTAL WEIGHTS

Total weights of the two systems given in Table VII do not appear to
be excessive. Before conclusions with any degree of certainty q$pt be
reached, however, a more thorough study must be made in which considera
tion is given to the fuel-in-air radiator design and to the increase in
engine efficiency obtained by elimination of an intermediate heat exchanger.
The reactor for the tandem case is less because the Inconel shells have a

much smaller diameter.
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SHIELDING MATERIALS FOR AIRCRAFT APPLICATION

oy

S. A. Szawlewicz and H. C. Sullivan

Materials Laboratory
Wright Air Development Center

The Materials Laboratory, Wright Air Development Center,
is the Air Force organization responsible for developing and
evaluating materials for operational use. Emphasis in the
development of nuclear shield materials is placed on materials
which are structually compatable with airframes, have acceptable
fabrication and thermal properties, and will be available in
time to support present weapon system projects. Studies at
WADC have been completed on radiation stability of liquid
ammonia and physical properties of linear-polyethylene for
neutron shielding. Properties of lead epoxide resin com
pacts and creep properties of precipitation hardened lead
alloys have been Investigated for gamma-ray shielding.
Contractors are investigating material combinations and
mixtures, fabrication of LiH, and inelastic scatter in lead
and tungsten. Further work is planned on tungsten alloys
and cermets, uranium alloys with low thermal deformation,
high melting point silanes and epoxides, and fabrication of
a high temperature boron vehicle to replace boral.

INTRODUCTION

One of the most challenging problems now facing aircraft engineers is
the design and fabrication of materials which will be suitable for aircraft
utilization and which can simultaneously serve as adequate nuclear shield
ing materials. The operational requirements of aircraft materials, and
the materials considered for nuclear shielding are almost mutually
exclusive. The coordination of shielding physics and the materials engineer
ing required to design an aircraft suitable for nuclear powered flight
creates a broad new technical area which will require the complete coopera
tion of physicists and engineers. In order to accomplish these goals within
the time limits specified aggressive programs must be initiated. The
general problem of accomplishing this over-all task and the specific
problems of materials and aircraft shielding have been the subject of a
survey by engineers within Materials Laboratory, Directorate of Research,
Wright Air Development Center.



DISCUSSION

Air Force Materials Approach

In order to better understand the general approach taken to the air
craft problem :aVbrijSf,..: discussion of the position of Materials Laboratory
in Air Force research and its position in weapons systems development would
be valuable. Materials Laboratory, Wright Air Development Center is the
only materials organization within the Air Force. It has the general
responsibility for developing and evaluating materials for operational
use. It approaches this responsibility in two ways: through a research
and development program for advanced materials and a program which might
be termed production and operational engineering. The research and
development program has been an aggressive program in progress for the
past 30 years. It has been devoted to the development of materials in all
areas of metallurgy. More recently emphasis has been shifting to require
ments in high-temperature steels and the various alloys of nickel,
chromium, and molybdenum. Of general interest is the observation that
Materials Laboratory was one of the first metallurgical organizations in
this country to develop the metallurgy of zirconium. Aircraft construction
imposes severe requirements upon the physical and mechanical properties
of metals. For this reason, the Air Foree has put special emphasis on
the program which develops mechanical criteria and the strength properties
of materials. Design data development has been one of the outstanding
contributions of Air Force engineers to the materials industry. Con
current with the metallurgical program, a program for the development
of organic materials has been a part of this approach. Many of the com
mercially available plastics both transparent and structural have resulted
from aircraft requirements. In addition, programs are in progress to
develop high-temperature lubricants, high-performance fuels, and experi
mental polymers for advanced plastics.

The production and operational side of materials development within
the Air Force requires that research and development methods be integrated
into production. Materials engineers must stay closely associated with
the problems generated by the operation of advanced aircraft.

Shielding Materials Survey

Perhaps the most important consideration of a material for aircraft
utilization is availability and the lead time necessary for materials
development in support of any weapons systems approach. In order to
evaluate existing materials, materials were examined from the point of
view of lead time. This was accomplished by listing materials which
could be available in order to begin construction on an airplane within
the week. This framework was then extended to two years and then to
five years.



In superimposing aircraft requirements upon shielding materials,
the only starting point that could be assumed was existing aircraft
competence for the use and fabrication of materials. The most important
criteria in these considerations were fabricability, structural integrity,
and reliability. Considerations of the high temperature creep of lead,
poor fabricability of tungsten, and the thermal instability of uranium,
to say nothing of the problems associated with lithium hydride and the
poor temperature characteristics of the organic materials indicate that
this was not too early a start. The required lead time for materials
development in support of a 125-A had been drastically reduced. The
study was directed toward the compilation of available design data and
possible methods of fabrication.

In order to avoid unnecessary duplication of effort, a program
was directed toward the use of present Air Force competence in design and
fabrication for the development of shielding materials which could be used
within the requirements of present day airframes. The survey shows that
any significant weight savings would come from developments which could
lend the shielding materials significant structural integrity. In other
words the material would be more adaptable for aircraft utilization if it
had some measure of self support. The most profitable approach to aircraft
shielding materials results In combinations of materials and compromises
in their various nuclear and physical properties. Another significant
concept is the separation of the materials concept in the reactor shield and
the crew shield. This separation of functional consideration was based
primarily upon the temperature requirements of the crew shield and the
reactor shield, respectively.

Shielding Materials Program

The program now in progress for development of aircraft shielding
materials is divided into two phases: a contractual program and an internal
program. Five contracts are now in progress under the joint cognizance
of the Analysis and Measurements Branch and other branches within the
Materials Laboratory. The first program is directed toward the genera
tion of data on inelastic scattering cross sections and secondary gamma-
ray production of uranium and tungsten. This data is urgently needed to
refine shielding design calculations. Westinghouse Research Laboratory is
conducting this study. Another program is directed toward the survey and
evaluation of new materials and materials combinations for aircraft shield

ing application. This is presently in progress with Technical Research
Group. This is a study of new and unique materials, those used commonly
in aircraft and those proposed for use, and a study of shielding character
istics of these materials or their combinations. A third approach involves
the fabrication and compatibility of materials mixtures (organic materials
and high density elements) for application in the crew shield. Emphasis
is placed on unique aircraft fabrication methods such as lamination,
plastic and inorganic mixtures, and honeycomb construction for improving
strength to weight ratios and the possibility of incorporating advanced
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shielding materials into existing plastics. The Metals Branch is direct
ing a program associated with the study of metal hydrides. This will involve
not only hydrlding techniques but fabrication and problems associated with
canning and cladding. Some preliminary results have been reported on the
design data of shield materials. This work is performed by Batelle Memorial
Institute under contract.

The internal program at Wright Field is also subdivided into two areas
and they shall be discussed in terms of neutron shielding materials and
gamma shielding materials. Materials Laboratory and Oak Ridge National
Laboratory have been involved in a study of lead and the addition of calcium
or copper to prevent creep. The addition of calcium to lead results in a
precipitation hardened alloy as shown in Table I. The addition of minor
amounts of calcium with heat treatment results In significantly enhanced
creep characteristics. Best results were obtained at a temperature of 2§5°F
(240 hr at 300 psi). At this point there appears to be some tendency
toward over-aging and studies are nof in progress to determine these
factors.

One of the investigations was a study of a homogeneous mixture Of
93$ lead powder and an organic epoxide resin binder. The use of lead,
particularly in laminate construction, creates problems associated with
cold flow, expansion and thermal conductivities. Figure 1 demonstrates
some results of experiments on commercial Leadcast in terms of original
properties, irradiated properties and a comparison with lead. Radiation
does not significantly affect the mechanical properties and in some cases
Improves them. One of the anomalies of the study was the increase in shear
strength as a result of radiation, since the indicated shear strength of
the irradiated Leadcast is higher than the tensile strength of the
irreadiated Leadcast'. Better high temperature plastics can be obtained
with perhaps better hydrogen contents. In addition to this, other
materials are now attractive for incorporation with the plastics. The
promise of these materials particularly for applications in crew shields
is tremendous. Not only do they have excellent physical properties but
fabrication is much easier than that of metals.

Some preliminary work has been initiated with the study of tungsten,
its cermets, and alloys. One of the drawbacks to the use of these metals
has been difficulty in fabrication. Present materials available are not
true alloys but sintered products which have.ia number of disadvantages
both in homogeneity, fabrication, and thermal shock properties. However,
these tungsten materials in comparison to lead seem to offer significant
advantages. Commercial tungsten composites have a density of 17.8 compared
to a lead density of 11.3. The modulus of elasticity of the composites is
20 times as large as the lead. Tensile strengths are 30 times those avail
able in lead. In addition, manufacturers are now promising billets which
are 20 in. in diameter and 18 in. thick. In general, these materials are
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TABLE I. SHORT-TIME CREEP OF A LEAD-CALCIUM ALLOY

(O.Ol6 w/d Calcium)

Sample
Temperature

(Op)
Stress

(psi)
Time

(hr)
Elongation

(*)

As received 295 300 260 34.0

Heat treated 295 300 242 0.14

Heat treated 295 400 144 40.
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quite easy to work or machine. It is now indicated that the thermal shock
properties can be significantly improved by grain size control. However,
additional work must be performed on tungsten alloys before they can be
acceptable for aircraft application.

Additional work is planned to improve alloys of uranium. While alloy
development has been most extensive with this particular metal there are
some significant gaps in these developments. Structural application of
uranium is limited by thermal deformation as a result of thermal cycling.
This can amount to as much as 25$ deformation. Alloy development will be
directed toward overcoming this shortcoming. The advantages of uranium
alloys in terms of workability and fabrication make a development program
most desirable.

The original work performed at Wright Field with respect to neutron
shielding materials was accomplished with liquid ammonia. This work,
which was directed toward the stability of liquid ammonia as a function of
temperature and gamma radiation, has been completed and is now available
in a WADC technical note. A significant program has been the program
associated with studies of polyethylene, its physical properties and the
effect of ranatlon #a these physical properties. Original work was performed
with commercially available polyethylene two years ago. At the time this
work was completed, a new type polyethylene was becoming available, a so-
called linear polyethylene or polymethylene. Since then, commercial produc
tion has been expanded and linear polyethylene is beginning to compete
with the older type. Table II presents some of the comparative properties
of conventional polyethylene and the new polyethylene. The higher melting
point and the Improved densities at higher temperatures make polyethylene
desirable as a neutron shielding materials. It has an excellent hydrogen
content. While it is attractive as a shielding material, its main limita
tion is its melting point. Table III presents the effects of radiation on
linear polyethylene. The conclusion is that radiation does not significantly
affect the general engineering properties of this plastic. This work will
be presently published In a WADC technical report. Other programs are in
progress and under consideration. These involve high melfcbsg point organic
silanes developed by the Aeronautical Research Laboratory at Wright Air
Development Center. High temperature epoxide resins and other organic
materials are being considered for possible matrices for gamma-ray shielding
materials such as uranium, tungsten and lead.

CONCLUSIONS

In this controversial area of shielding and materials development
the best approach toward a conclusion would be a summary of the problem
areas involved in the intended development. This is as follows:



TABLE II. SOME PROPERTIES OF POLYETHYLENE AND

LINEAR POLYETHYLENE

Polyethylene Linear Polyethylene

Density at 77°F, g/cc O.92 O.96

Density at 2109F, g/cc 0.84 0.91

Melting point, °F 230 266
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TABLE HI. RADIATION EFFECTS ON
LINEAR POLYETHYLENE

Non-Irradiated Irradiated 109 r;

Temperature
(op.)

Density

(g/cm3)
Volume Increase Density

(g/cm5)
Volume Increase

(*)

77 .96 0 •95 0

210 •91 5.6 •91 5.4

257 .83 15.7 .80 18.9



1. Lithium hydride

a. Engineering data on the effects of thermal cycling and
vibration. The determination of nuclear properties after
such tests.

b. Fabrlcability.
c. Substitutes of equivalent nuclear and improved thermal

properties.

2. Metals

a. Development of uranium and tungsten alloys for high
temperature gamma shielding.

b. Improvement of lead by alloying or blending with
organic resins.

c. Means of incorporatingJboron^® into a high temperature,
structural material.

d. High temperature design data.

3. Nuclear tests for obtaining data on shield materials and designs.

Lithium hydride has been widely considered as a very desirable shielding
material particularly for neutrons. As an engineering material, however,
it is still a long way from effective utilization. Thermal shock properties
and the effect of thermal cycling of lithium hydride requires additional
investigation. Still another broad area in the development of lithium
hydride as a shielding material concerns its fabricability. Advances will
have to be made both in the cold pressing and casting of lithium hydride
as well as canning and containment before it will be an adequate aircraft
material. A simultaneous program should be entertained in order to investigate
other materials which would complete favorably with lithium hydride in
terms of nuclear and improved thermal properties. Many of the development
areas associated with metals, their development for high temperature use in
gamma shielding, the use of metals in organic resins, and high temperature
design data are self explanatory. Some explanation might be appropriate
with respect to boron. Boron will undoubtedly be used with aircraft nuclear
reactor shields for absorbing thermal neutrons. The only material available
of this type is boral, a mixture of boron carbide and aluminum. Aluminum
is not suitable for high temperature application. It is, therefore, desir
able that methods be investigated for incorporating boron in high temperature
metals.

A number of materials are now available which will fill the require
ments of neutron and gamma-ray shielding, but some reasonable doubt may be
expressed concerning the ability of these materials to meet the requirements
of aircraft construction. A significant payoff may be realized in developing
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greater strength-to-weight ratios of shield materials, adding structural
integrity, and providing them with the compatibility to meet the various
aircraft environments. This predicts an expanded and progressive effort
which will demand the best integration of competence in nuclear
engineers and materials development.
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FULL SCALE TURBOJET ACTIVATION EXPERIMENT

PRELIMINARY RESULTS

by

J. Moteff

Aircraft Nuclear Propulsion Department
General Electric Company

Evendale, Ohio

In an effort to obtain full scale experimental data on induced
activity, a standard production line J-27 turbojet was irradiated at
the Tower Shielding Facility in Oak Ridge. The selected engine was
a J-47 Model E. Preliminary results indicate that the activity to
about 2 days is due to Manganese. From 2 to about 500 days the
Tantalum activity dominates. Finally the cobalt activity is the sole
contributer beyond 500 days after exposure.

INTRODUCTION

In an effort to obtain full scale experimental data on induced activity, a
standard production line J-47 turbojet was irradiated at the Tower Shielding
Facility in Oak Ridge. The selected engine was a J-47 Model E.

The experiment was performed during the third week of April, 1955* The
engine was then shipped back to General Electric at Evendale for further meas
urements, by commercial vehicle, about two days after the last exposure. A more
detailed report on the results of this experiment will be issued by GE-ANPD in
the near future.

EXPERIMENTAL PROCEDURE

The engine was irradiated twice. On both occasions the reactor was brought
as close as possible to the tank wall (15 cms) to give incident fluxes on the
engine which would approximate as closely as possible in flight dose rates. Each
irradiation period was 4 hours long. In the first irradiation which resulted
from reactor operation at 0.4 MW a 1/8 inch boral box, open at both ends, was
placed around the engine. Five days later, a second Irradiation was performed
without the boral box.

Following each irradiation period, the induced activity, as a function of
time after shutdown, was obtained by means of hand counters and a previously
established coordinate system. Height positioners were used to obtain geomet
rical consistency in measurement. All measurements were made in a plane thru
the center line of the engine positioned in the dolly.



EXPERIMENTAL AND ANALYTICAL DATA

1. Neutron Flux

The intensity and profile of the neutron radiation is shown in Figure 2.
The data plotted are for line AA' of Figure 1. The fast dose (with angular
distribution) was obtained thru geometry correction from measurements made at
64 feet from the center of the reactor tank. The reactor was positioned about
15 cm from the side surface of the shield tank as shown in Figure 3.

The thermal flux in front of the midpoint of the boral box was obtained
by a cadmium difference in gold foil and represents the thermal flux to the
cadmium cut off. The distribution of the thermal flux was approximated from
the induced activity of a 14 foot cobalt wire stretched along the boral box.
The wire activity was normalized to the gold foil measurement, thus giving
a relative distribution of the thermal flux over the surface of the side of
boral box. In a similar manner, the apparent thermal flux distribution thru
the side of the boral box was obtained and again normalized to a set of gold
foils activated behind l/8 inch boral.

TABLE I

Radiosctivants used to obtain neutron spectrum

Reaction Half - life Resonance Energy Threshold Energy Cross Section
(ev) (Mev) (xlO-24)(sat_

uration)

Sn32(n,p)32 lk^ d 29 Q3QQ

Al27(n,p)Mg27 9.8 n 4.6 0.039

Mg2^(n,p)Na24 1^.9 n 6.3 oM

Al27(n,«0Na24 1^.9 h 8.1 0.111

Co59(n,tf)Co60 5.2 y 120

M*55(n,/)Mn56 2.59 h 260

C«63W)CM61* 12.8 h 570
Na23(n,tf)Na2^ 14.9 h 1710

Cl37(n,]0cL38 37.3 m 1800

*" Effective threshold energy assuming a neutron fission spectrum.
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2. Resulting induced activity

As an aid for determining the likely source of radiation, a cutaway
drawing of a J-47 turbojet engine is given in Figure 3. The nomenclature
and material compositions are given for the major components.

The isodose pattern measured about the engine at 6 hours after exposure
(no boral) is shown in Figure 4. It is obvious that the pattern near the
engine is strongly dependent on the specific locations of the radioactive
sources within the engine. However, the radiation pattern at distances
greater than about 10 feet appear to originate from a point source.

Isodose patterns about the engine at 300 days after exposure indicate
that most of the radiation is in the region of the turbine. Figure 5 shows
this centering of the radiation about the turbine region.

The engine was then disassembled to identify the source of radiation.
This source was the nozzle diaphragm (See Figure 9) which has an isodose
pattern as indicated in Figure 6. The hot spot is the edge of the diaphragm
that was nearest the reactor.

Figure 7 shows the isodose patterns about the engine and about the nozzle
diaphragm with the diaphragm superimposed on the position it would occupy in
the engine. The dotted lines are those of the nozzle diaphragm.

Figure 8 is a close up photograph of the nozzle diaphragm and two turbine
buckets. The marked areas of the diaphragm indicate the positions of samples
taken to identify the radioactive isotope. These activities and materials
are given in Table II. Gamma spectrometer measurements indicate that most of
the radiation is from the C06O in the partitions. The activity of the weld
sample is probably due to traces of Co&0„

The dose rate measured at position A (between the 2nd and 3rd combustion
can and near the turbine end) is shown in Figure 10, Preliminary analysis
indicates that this activity is due to manganese, copper and tantlum. Beyond
two to three days after exposure, the dominating activity is due to the
tantalum isotope. The two experimental points of about two days after exposure
are believed to be in error. They may, however, be due to a 28 day chromium
activity. It is important, for future tests, to plot the data as it is being
obtained with more emphasis on the knees of decay curves.

Table III gives some of the nuclear properties of these isotopes.

Since the reactor operating time of interest is somewhere between 40 and
400 hours, the dose rates at position A were corrected for these times and
shown in Figure 11. From observing this plot, it appears that the activity
has the greatest change in the first few days after exposure. Therefore,
the waiting period beyond a few days after exposure would have to be about



Table II

Activity of Nozzle Diaphragm

Sample Number Designation Material Activity

5 Weld 45 cts min^gm-l

6 Band 3*7s.S.
321

background

1 1

7 Partitions. VitaIlium 2030 cts m±n"xm

8 Band 3*7S.S.
321

background

TABLE III

Element Half Life Abundance (#) Gamma Radiations Cross Sections
(Mev) (barus)

Mn55(n,tf)Mn56" 2.58 hours 100 .85, 1.8, 2.1, 3 13.3

Fe56(n,p)Mn56 91.6 0.013

Cu63(n,/)Cu6^ 12.8 hours 69 1.34 4.4

tel8l(n^)Tal82 112 days 99.988 1.12, 1.22 22

Co59(n,^Co69 5.2 years 100 1.17, 1.33 37
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112 days for the radiation to decay by a factor of two. The dose rate at
position A, beyond two days after exposure, will probably not be much higher
than one r hr~^ for the given neutron flux and 400 hours of exposure.

Figure 12 gives a plot of the dose rate at position A for very long
times after exposure. This also indicates that the tantalum activity.is
prominent from about 2 days to about 600 days after exposure. The Co°°
activity is important after 600 days. The experimental point at about 400
days after exposure was obtained after the nozzle diaphragm (and hence the
Co°0 activity) was removed from the engine.

The source of this tantalum activity is believed to be in the 347 stain
less steel.. Columbium and tantalum are added as a stabilizing agent to pre
vent intergranular corrosion in 347 stainless steel. Tantalum also has a
fairly high thermal neutron absorption cross section.
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THE SHIELD MOCKUP REACTOR*

by

L. B. Holland

Oak Ridge National Laboratory
Oak Ridge, Tennessee

Since a reflectors-moderated circulating-fuel type
reactor (CFR) is being considered for the nuclear-powered
aircraft, it was proposed that shielding experiments
should be performed with a reactor which simulates the
radiation leakage of this reactor configuration in as
much detail as possible. A preliminary design and
cost estimate have been prepared for a reflector-moderated
reactor using fixed-fuel elements. The reactor, which
will be called the Shield Mockup Reactor (SMR), will
correctly mock up all the radiation from the Pratt and
Whitney CFR except the decay gamma rays and neutrons
from the circulating fuel in the heat exchanger. The
decay gamma rays would contribute approximately 30$ to
the total gamma radiation from a CFR for present reactor
shield designs. The SMR will use a beryllium reflector
shaped as specified for the CFR, and nuclear calculations
by Pratt and Whitney indicate that the desired flux dis
tribution in the beryllium can be obtained. The shield
will be Lockheed's latest design.

Currently, tests of an optimized reactor shield design are made with a
full-scale mockup of the shield and a known source. The effectiveness of
the shield in its final application is then predicted by making source
corrections. To date the source has often been a swimming pool type
reactor. For the reflector-moderated circulating-fuel type reactor now
being considered by the Aircraft Nuclear Propulsion Program it becomes
increasingly more difficult to correct for the differences in sources.
Thus a shield test with a reactor that more nearly mocks up a CFR is
required.

Oak Ridge National laboratory has proposed a 5-Mw reactor using fixed-fuel
elements which will correctly mock up all the radiation expected from the Pratt
and Whitney reflector-moderated CFR eaccept the decay gamma rays and neutrons from
the circulating fuel in the heat exchanger. A program has been initiated to pre
pare a preliminary, design and cost estimate of its construction which will be
included in a formal proposal to the Atomic Energy Commission. The reactor
will be called the Shield Mockup Reactor and will be used with the
latest optimized shield at thecTower Shielding Facility to determine

♦Subsequent to the writing of this paper- it ,was decided that this
reactor will be called The Shield Mockup C<6re.
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whether the calculated dose in the crew compartment agrees with the
measured dose. It will also be used at the Bulk Shielding Facility
where measurements will be made of the spectra of neutrons and gamma
rays emerging from the reactor shield.

Calculations for the SMR thus far have been directed toward obtain
ing a good nuclear mockup; the design effort has been directed toward
making a simple yet flexible over-all design. In this paper the SMR
is described as it is now planned and the differences between it and
the present CFR designs are noted. The SMR sources are then compared to
the CFR to show how closely they agree.

THE REACTOR

When a shaped reactor shield is used, the source geometry becomes
an important factor. Every attempt has been made to preserve the geometry
of the CFR in the SMR (see Fig. l). The central beryllium island
will be cylindrical, and its center will be removed for the inlet cool
ing line. The CFR has a control rod of slightly smaller diameter in
this position, but calculations have shown that the effect of the cooling
line is not significant. The SMR will be controlled by using thin,
curved, plates containing boron-10 at the outer edge of the island
between the fuel plates and the beryllium. In the core region it is pro
posed to use fixed fuel plates of W>2 and stainless steel which will be
similar in cross section to the Army Package Power Reactor fuel plates.
The shape of the plates will be peculiar to the SMR. The feasibility
of this shape has already been determined with test fuel plates. There
will be a total of 200 fuel plates placed radially around the beryllium
Island with light water used as the coolant. The eore region will be
separated from the beryllium island and reflector by inconel shells
required by the CFR.

The region above the CFR reactor core will be difficult to mock
up. Since it constitutes a small total angle it seems best in the SMR to
attempt to Mack out radiation from this region. Another feature in
favor of this Idea is that the control rod drives and control chamber
leads will be in this region.

The reactor is being designed so that it can be transported between
the Tower Shielding Facility and the Bulk Shielding Facility with the
minimum amount of dismantling. The fuel can be removed without disturbing
the control rods or the control chambers. This will be accomplished by
placing the elements in a rotating rig that can be locked in position.
A removable plug in the rig will allow removal of the elements.
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Fig. t. The Shield Mockup Reactor (SMR)



THE REFLECTOR

The beryllium reflector of the SMR will be similar in shape to the
CFR except at the tip of the beryllium where the question of hydraulics
greatly influences the CFR design. The sodium coolant in the beryllium
will be simulated with aluminum. If cooling is required in the beryl
lium of the SMR light water will be used, and it will be kept at a
minimum.

REGIONS OUTSIDE THE REFLECTOR

The first region outside the beryllium reflector will be the first
boron curtain. In the CFR it consists of a layer of sodium, followed
by inconel and a complicated boron-copper layer. Considering the
radiation as seen outside the shield, this region can be adequately
simulated in the SMR with a shell of inconel followed by layers of boral
to give the proper density in g/cm2. Calculations are being carried
out at Pratt and Whitney Aircraft Company to determine the importance of
each region as a source of radiation.

The heat exchanger region just beyond the first boron curtain
affects the crew compartment dose rate in several ways: (l) It
attenuates the radiation from the core and the beryllium; (2) it is a
source of some capture gamma radiation due to core neutrons; and (5)
it is a source of delayed neutrons and fission product decay gamma rays.
In order to account for the first two effects, the heat exchanger region
will be mocked up with fused salt together with the NaK (in the form of
NaF and KF) as a homogenized mixture. This will be accomplished by
heating the salt and can to about 1000°C in an evacuated furnace. The
cans will be placed in two layers to eliminate leakage paths through the
salt region between the cans. The inconel in the heat exchanger will
be split and will form two shells around the salt region, the inner shell
acting as the pressure shell for the SMR. Outside the outer heat ex
changer shell will be the second sodium-cooled boron curtain which, like
the first curtain, will be mocked up with boral.

The regular CFR pressure shell will follow the heat exchanger region.
It is proposed that part of this shell be split off for use in mounting
the lead shielding. This section is removable which allows the lead
shield to be changed without dismantling the reactor.

The neutron shielding material will be contained in an aluminum
tank. The optimized neutron shield will be a spherical shield which will
be placed off-center with respect to the center of the reactor. It is
proposed to permit lateral motion of the neutron shield while using
water as shield material to check the present optimization. Later the
shield container can be sealed in the optimized position and neutron
shielding materials other than water can be used.
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To facilitate the measurements at the TSF it is proposed to design
the whole reactor and shield system so that it can be rotated about the
vertical axis.

COMPARISON OF SMR AND CFR

An examination of some of the results of the calculations performed
by Pratt and Whitney indicates how closely the SMR radiation simulates
the CFR.

Neutron Captures in Beryllium

Since approximately 20$ of tbe dose rate in the crew compartment
originates from neutron captures in the beryllium this source should be
accurately simulated. Figure 2 shows the captures that can be expected
in the SMR beryllium with light water as the coolant in the core. The
lower curve shows the absorptions in the SMR beryllium when the space
between the fuel plates is completely filled with light water and the
reactor is operated at room temperature. Comparing this with the
calculations for the absorptions in the CFR reflector (this includes
beryllium and sodium) operating at CFR temperature it can be seen that
the absorptions in the SMR are low. By reducing the water volume in the
core of the SMR with aluminum spacers (and thereby reducing the moderation
in the core) the absorptions of neutrons in the beryllium can be increased.
With 7556 aluminum and 2556 water in the spaces the: tailB-Af the absorp
tion curves are in good agreement. The shape of the curve for the
region near the core-reflector interface does not match as well as the
rest of the curve, but it may be lowered by adding the water necessary
for cooling and adjusting the amount of aluminum simulating the sodium.
In this manner the curves can be matched throughout. Both curves are
normalized to one fission per cubic centimeter in the core region.

Power Distribution

Some effort has been made to match the power distribution in the core.
Figure 3 shows the power distribution in a CFR and the power distribution
in the core of the SMR for various percentages of water in the core.
Since a difference between the CFR and the SMR for the case of 75$
aluminum and 25$ water was noted fi@W6 effort has been made to bring
these into better agreement. A slightly different core (100 fuel plates
rather than 200) was divided into five regions to determine the varia
tion that can be obtained in the core power distribution (Fig. k) by
adjusting fuel in the five regions from the center out in the proportions
of 2:2:3:3:4 and 1:2:3:4:5. These calculations are not final but
indicate that the proper mockup of the source radiation in the SMR can
be obtained.
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Fig. 2. Fraction of Neutron Absorption in Beryllium Reflector of SMR,
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Gamma-Ray Sources

Another calculation is being carried out at Pratt and Whitney to
determine the importance of each region as a gamma-ray source. The reactor
is being divided into shells and the gamma-ray intensity due to sources
in each shell is being determined in a line of sight attenuation
calculation. This is being done both for the CFR and the SMR as a basis f
of comparison of the source mockup. '

The remaining region of importance that requires some further work
is the heat exchanger. As previously mentioned the source due to the
circulation of the fuel is not present. Previous Lid Tank Shielding
Facility data1 indicates that the gamma-ray source due to circulation
of the fuel contributes approximately 30$ of the gamma-ray dose rate
outside the reaetor shield. It is expected that further analysis of
the fission-product gamma-ray data reported by Zobel and Love** will
enable a calculation to be made by the Monte Carlo method to determine
the gamma-ray dose rate*due to the circulation of the fuel at least
as well as the rest of the radiation from the SMR can be measured.

SCHEDULE

The Shield Mockup Reactor program is being scheduled so that
critical!ty will be reached about May 1, 1957.
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CURRENT AND FUTURE ORNL SHIELDING PROJECTS

by

E. P. Blizard

Oak Ridge National Laboratory
Oak Ridge, Tennessee

The LTSF is currently investigating laminated shields of
interest to GE and utilizing LiH, Zr, Be, and U, and other
materials; a rerun of some of the RMR tests is planned.
Experiments performed at the BSF or at other locations by
BSF personnel will include investigations of: angular dis
tribution of fast neutrons behind BgO and LiH; prompt fission
gamma rays; density effects on hydrogenous shields; gamma-ray
streaming in mocked-up penetrations of the ART shield; and
shielding measurements at the ART during its operation. A
series of radiation damage experiments at the BSF are also
planned. The TSF will continue to investigate ground and
structure scattering of radiation and total divided shield
configurations. A pseudo optimized divided shield will also
be tested. A Shield Mockup Reactor which will include many
features of a CFR will be built for use in shielding tests at
both the BSF and TSF. The Shield Design Group will continue
to concentrate on the simultaneous optimization of neutron
and gamma-ray shields, using experimental data. The several
projects of the Shielding Theory Group will include: In
vestigations of the air scattering of gamma rays and neutrons;
the penetration of a cylindrical crew compartment by gamma
rays; gamma-ray heating in a multllayered reactor and shield;
and the response of a Nal crystal.

There are a few shielding projects currently in progress at the
Laboratory which have not yet resulted in reportable information. These
projects plus several investigations planned for the future are discussed
in this paper.

LID TANK SHIELDING FACILITY

Currently in progress at the Lid Tank Shielding Facility is a series of
experiments on laminated shields of particular interest to the General
Electric ANP Project. The shield materials which are to be utilized include
lithium hydride, zirconium, beryllium, depleted uranium, and several other
lesser components* Determinations will be made of the attenuation of a
pure lithium hydride shield, as well as a lithium hydride shield preceded
by depleted uranium. Neutron and gamma-ray intensities will be measured.
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A sequel to this will be a rerun of some laminated shield tests of
particular interest to the reflector-moderated reactor, including the new
shielding materials mentioned above. In addition, these tests will include
a series of experiments to determine not only the sodium activation to be
expected in the heat exchanger, but also to determine methods of reducing
this factor by the addition of boron or other materials.

BULK SHIELDING FACILITY

The angular distribution of fast neutrons behind water and lithium
hydride shields will be measured at the Bulk Shielding Facility. This
information is of interest in the calculation of shaped reactor shields.
Prompt fission gamma rays will also be measured. The interest in this
experiment lies basically in the enigma that the gamma-ray spectra which
have been measured to date, principally by Gamble,1 show no line structure
whatsoever and this is hard to understand on the basis of nuclear theory.
A strong effort will be made to determine whether line structure actually
exists.

As a check on the geometric transformations which are used in con
nection with the Bulk Shielding Reactor, measurements will be made in
water at significant distances from the reactor as a function of the
temperature of the water. This increase in temperature will change the
attenuation of the water but will of course not affect the spreading
factors. An attempt will be made to correlate theory and experiment.

The many penetrations in the lead shielding of the aircraft reactor
tests introduce significant uncertainties in the shield design. By means
of mockup experiments carried out by BSF personnel at the thermal column of
the ORNL Graphite Reactor, some of these uncertainties are being reduced.
A gamma-ray source will be produced by means of a layer of cadmium at the
top of the thermal column. Above this will be the lead shield with the
mocked-up penetrations. Measurements of gamma rays will be made in the
water above the lead.

At the ART,scheduled for operation in calender year 1957, various
shielding measurements will be made by BSF personnel. Among these are
gamma-ray spectroscopy and angular distribution measurements at the surface
of the reactor shield, NaK activation measurements, and the gamma-ray
intensity outside the shield as a function of time after reactor shutdown.

RADIATION DAMAGE PROGRAM

It is anticipated that the Bulk Shielding Facility will be used as
the site for a series of radiation damage experiments. To this end, a

1 R. L. Gamble, "Prompt Fission Gamma Rays from Uranium 235," Dissertation,
University of Texas, Austin, Texas (June, 1955)-
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large tank will be installed in the pool so that the reactor can be placed
adjacent to it, thus flooding the tank with neutron and gamma radiation.
Various experiments are contemplated utilizing this source of radiation.

TOWER SHIELDING FACILITY

In an effort to determine the effect of ground scattering not only
on experiments but on airplanes operating close to the ground, differential
measurements will be made utilizing a beam of radiation aimed at various
points on the ground. Measurements of neutrons and gamma rays will be
made.

Differential studies of total divided shield configurations will be
continued. These include measurements of the variation of radiation with
position in the crew shield, variation with the reactor shield thickness,
and the separation distance.

Structure scattering will be measured in differential-type experiments.
In these small samples of structural materials of interest to airplane
construction will be utilized as scattering media, and their effect will
be measured on the radiation reaching the crew compartment.

It is anticipated that a complete test will be made of a pseudo
optimized divided shield configuration using a crew shield and reactor
shield of simple geometry. For these experiments the present Tower Shield
ing Facility Reactor will be used. Jet engine activation and radiation
damage will also be studied early in calendar year 1957 with a Pratt and
Whitney J-57. The engine will be run during the tests.

SHIELD MOCKUP REACTOR

A Shield Mockup Reactor will be built for use both at the Tower
Shielding Facility and at the Bulk Shielding Facility. This reactor will
encompass in its design as many features of a circulating-fuel reactor as
is possible which are of interest to shield design itself. These include
the beryllium reflector, capture gamma-ray sources such as the inconel
shells at the edge of the fuel region, heat exchanger tanks with their
boron protection layers, lead shadow shields, and hydrogenous neutron
shields. This reactor is not completely designed at the present, but it
is hoped that its power will be in excess of 1 Mw and that it will remove
many of the uncertainties which are extant. - •

SHIELD DESIGN

Simultaneous optimization of neutron and gamma-ray shields utilizing
the differential data obtained at the Lid Tank and the Tower Shielding
Facilities will be carried out. The optimization will be extended to in
clude the effect of ground and structure scattering when this information
becomes available.



SHIELDING THEORY

In cooperation with Lt. R. E. Lynch of WADC, calculations will be
carried out on the air scattering of gamma rays, extending the information
to more than single scattering. The sources will be point monodirectional
and monoenergetic. The detector will be a point detector. Complete
angular distribution and energy spectra will be recorded for different
conditions of separation, source energy, and direction at which the
source points with respect to source-detector axis. In addition, it is
hoped that the foregoing will be extended to include the penetration of a
cylindrical crew box of finite length.

Air scattering of neutrons will be studied by the Monte Carlo method.
In the first effort the scattering will be presumed to be isotropic in
the center of the mass system. The source will be the surface of a sphere
or a point; it can have any given angular distribution or can be mono
directional. The detector will be a point detector. Energy and angular
distribution spectra will be determined as a function of the diameter
of the source sphere, the separation distance, and the energy of the
source neutrons. An extension of this, which it is hoped will be carried
out with the collaboration of Boeing Airplane Company, will encompass the
anisotropic scattering to be expected in air.

Gamma-ray heating will be calculated for the multilayered reactor
and shield arrangement of the circulating-fuel reactor. This calculation
will utilize the Monte Carlo Hte-khod.

The response of a sodium iodide system will be calculated, using the
Monte Carlo method, to determine the pulse height spectra for any size
crystal and incoming gamma radiation. Bremsstrahlung and annihilation
radiation will be accounted for.
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SOME ASPECTS OF THE LONG TERM EFFECTS

OF RADIATION

by

Nathaniel I. Berlin

Armed Forees Special Weapons Project
Washington, D. C.

It is a pleasure to be here and to be permitted to participate in
your program. The nuclear propelled aircraft is certainly a fascinating
field of endeavor. Underlying many of the physical and engineering
problems is that of the effect of radiation on man. At the outset, I
would like to state that I shall confine myself to the presentation of a
particular line of approach for estimating the hazard, without considera
tion of the problems that this poses for both the designer and for those
concerned with the establishment of operational radiation exposures.

Radiobiological experiments indicate that all radiation is deleterious;
the question then becomes "What is the magnitude of the injury produced?"
The problem in the determination of a permissible radiation experience for
individuals in a program where the dosage levels may be greater than the
present "tolerance" levels is not easily resolvable. The present tolerance
level for acute and chronic radiation is largely based upon the failure
to observe in individuals so exposed changes which can be ascribed to
radiation. However, most of our present methods for observation of radia
tion injury in both man and animals are relatively insensitive, and are
changes observed in the blood. Unfortunately, the dose required to produce
clear cut changes in the blood of man are rather large, probably at least
25 r of whole body irradiation when given as a single dose. In the case
of low level chronic radiation — if sufficient numbers of individuals
are studied carefully — small changes can be observed at present tolerance
levels, but only by means of. statistical analysis; the data are not clear
cut. There Is, however, one aspect which cannot be measured in the
individual but which is a real effect, and that is shortening of life span.
This requires a eontrol and an irradiated population. For man there is
only one opportunity to get such information, and that is from the data
accumulated to date and that being gathered by the ABCC in Japan.
However, this data will always be fragmentary. The actual collection of
the data is difficult, but, more important, an assignment of radiation
dose to any individual or group of individuals can be done only with
considerable uncertainty. For this reason, we must turn to experimental
animals. In the past 50-100 years much animal investigation has been
carried out in many fields from which It has become evident that the over-all
pattern of physiological behavior is similar in man to that observed in
experimental animals, but caution must be used in extrapolating details
from one species to another.

For the future, probably the most sensitive factor in determining
levels of radiation exposure will be shortening of life span. This is not



to say that other deleterious effects of radiation should be neglected.
The number of people that could be involved in your program is such that
from the standpoint of the whole population, the genetic problem is minimal.
This, however, neglects the individuals involved and their concern for the
welfare of their own progeny. Because the data are limited, the genetic
hazard, and others Involving the individual irradiated, cannot be satis
factorily reduced to usable numbers. The choice then is that of using
relatively insensitive changes observed in the blood or shortening of
life span. Basically, shortening of life span is the most satisfactory
criterion, since this is a measure of the total injury produced.

In 1825 Gompertz1 observed that the mortality rate and distribution
of the population by age groups could be treated mathematically. If the
mortality rate is defined as

r(t) . i a
N dt

Gompertz found that

r(t) - r. e**

which is plotted graphically in Fig. 1. From these equations, it is
possible to derive an expression for the median life span

S - - In
m

1 + 0.693 —
*o

Simms2 at Columbia University and lately Jones? at the University of
California have shown that, for man, the Gompertz function for most dis
eases, and in particular for those that constitute the principal causes of
death, are similar to the Gompertz function for all causes of death; that
is, a plot of the logarithm of the mortality rate as a function of age is a
straight line with the same slope for all causes of death. Thus, the
population may be thought of as consisting of a number of subgroups in
each of which the death rate is increasing in a regular manner as ex
pressed by the Gompertz formulation. For our purposes, whether death is
due to cancer, heart disease, kidney disease, or any other cause is
immaterial.

Both Brues and Sacher* ettthe Argonne National Laboratory and Jones-*
at the University of California have approached the problem of the effect
of radiation through use of the Gompertz functions.



Fig. 1. Graph of Gompertz Function.
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Brues and Sacher^ postulate that the effect of a single dose of
radiation "is an upward displacement without change in slope" and that for
chronic radiation the "upward displacement is proportional to dose."

Jones' basic concept is that for any given species at any given
chronological age the mortality rate is an index of physiological age,
and that radiation, both acute and chronic, results in physiological age
ing and consequently a shortening of life span.5

Then for a single dose delivered at any given time, the Gompertz
function will be as shown In Fig. 2. The basic thought is that following a
single dose of radiation there is produced an instantaneous physiological
"ageing," causing the upward displacement, and that following this the
animals continue to "age" at the same rate as do normal unirradiated
controls. The experimental evidence indicates that relationship between
r^ and r0 may be described by

eko-

ro

where k is a constant and <f is the dose in roentgens.

In making this assumption regarding the displacement by radiation,
which we shall return to later, it is tacitly implied that radiation re
sults In a shortening of life span. Then the question — "What is the
magnitude of recovery from radiation injury?" -- becomes partially
resolved. It has an upper limit, i.e., recovery is not complete. Unfortunate
ly, analysis of the data by the use of the Gompertz function can define only
the end result; the magnitude and eate of recovery cannot be calculated.
There are, however, a number of interesting observations that can be derived
from this type of approach. If the postulated effect of a second sub
lethal dose be the same as that for the first, then the effect of chronic
irradiation can be arrived at from theoretical considerations; that is,
to consider chronic irradiation as a series of acute doses, it can be seen
in Fig. 3 that as the interval between doses becomes smaller, the Gompertz
function becomes a straight line with a slope greater than that of the
normal animals. From equations developed, the ratio P of the slope of
the Gompertz function for the chronically irradiated animal to the slope
of the Gompertz function of the normal animal is

P = 1 + k Z.
m

where % is the dose (r/day). We are thus able to predict the effect of
chronic iriradiationnfrom the constant k observed in the analysis of the
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effect of a single exposure. Again the conclusion must be drawn that
radiation results in a shortening of life span.

The experimental data available for analysis by means of the Gompertz
function is limited. The number of experiments, the dose range for the
single acute dose, and the number of animals involved in any given experi
ment are such that while the data can be treated in terms of the Gompertz
function, the numbers arriyed at should be viewed with considerabLs
caution.

Table I shows the data from three experiments involving a single
sublethal dose. The general concept that there is an upward displacement
and that the slope of Gompertz function remains unchanged, is confirmed,
although the data are not as clear cut with regard to r0 as would be
desirable.

Table II shows the results of an analysis of three chronic irradia
tion experiments. Here the postulate that the slope should Increase as
the dose rate increases is borne out; however, theoretically r0 should
be the same for all groups, and the observed variance may be ascribed to
the small number of animals used.

From the equations developed for the calculation of the median life
span and the observed k, the shortening of life span from either a single
acute dose or from chronic irradiation can be calculated.

Figure h shows the predicted shortening of life span* from a single
sublethal exposure, in rodents, at t = 0. It will be noted that there
is predicted a 3M reduction in life span for a dose of 100 r of total
body radiation. Actually for the three experiments in Table the
predicted shortening of life span for adose of 100 rvaries from 2.k* to
5 k* It should be pointed out that this applies only to young animals
(8-12 weeks of age). If the relationship Vr0 -e^holds throughout
life, then the predicted percentage shortening of life span increases
with age. Figure 5 shows the predicted and observed reduction in life
span for chronic irradiation as a function of dose rate. The general
similarity of these curves is such that further experimentation is
warranted, particularly at low dose rates, between 0.1 and 1.0 r/day.
The difficulty at low dose rates is that it is experionentally difficult to
obtain good data, since small differences between large numbers must be
determined.

♦In discussing shortening of life span, the reduction mentioned at any
place in the text is that occurring in the life expectancy St the time
of irradiation for the single dose, or in case of chronic radiation, the
reduction is in life expectancy from the time at which radiation is started.
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Dose (r)

Control

300-1*00

Control

300

Controls

150

300

TABLE I

roCdays"1)

0.0110/120

0.0103/120

0.0fc?Vl20

0.0566/120

O.OI22/IOO

0.0109/100

0.0160/100

-8-

mfdays"1)

5.J.8 x 10-5

3.3^ x 10-5

2.1*3 x 10-5

2.60 x 10-5

2.1*0 x lO-5

2.79 x 10-5

2.15 x 10-5



TABLE 2

Control 0.011*3

0.1 r/day 0.0053

0.5 0.0125

1.0 0.0055

10 0.001*2

Control 0.00011

5 r/day O.OOOO78

Control 0.00159

0.11 r/day O.Q0P99

1.1 0.0001*9

2.2 0.00039

k.k 0.0001*1

8.8 0.00039

-9-

m

0.013/week

020

016

021

032

0.00286/day

0.001*35

0.0755/50 day

0.093^

0.103

0.1203

0.129k

0.1625







What can be said about man? At present there is only one potential
opportunity and that is the experience at Hiroshima and Nagasaki. It is
hoped that in the near future the ABCC will publish their findings.
However, Brues and Sacher** have developed two postulates for the extrapola
tion from species to species. These are

1. For the single acute dose - the percentage reduction in life
span is the same if irradiated at an actuarially equivalent
age.

2. For chronic irradiation - to produce the same percentage
reduction remaining in life span, the dose rate should be
Yy, where

y a life span species 1
life span species 2

The first postulate permits an extrapolation to man of the results of a
single short term exposure. We shall return later to the results of
application of the second postulate.

In summary, analysis of the effects of irradiation may be carried out
by use of the Gompertz function. These indicate that for both acute and
chronic radiation, shortening of life span occurs. In addition the
equations developed permit a prediction of the effects of chronic radiation
if the effect of acute radiation is known.

At present perhaps the most interesting theory describing the effect
of radiation is that of Blair of the University Of Rochester.° Blair
assumes that recovery from radiation injury is not complete, that recovery
may be described by a first-order process and that the injury may be
expressed as shortening of life span. Blair then states that injury .L
develops in proportion to the dose rate and repairs at at a. rate proportional
to its magnitude except for an irreparable fraction which accumulates in
proportion to the total dose, from which Blair writes the following equation

Q = A7 - B(l - ort)
dt

where I = injury; A, B, and a are constants; and 7 is the dose rate. Blair
then considers several different cases. For the purposes of this discussion,
we shall consider only the case of low level chronic irradiations until
death. Solution to this equation for that case is
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1=2. (a - a) + art

Now if injury be equivalent to shortening of life span, as Sacher
assumes and the Gompertz function type of analysis shows, then with
rearrangement of the terms,

A = constant

a = constant

+ <S 3 = constant

6~» dose

S = SQ - a (A - a) 7
as j

Experimentally, if S is plotted against total dose plus a quantity
proportional to dose rate, a straight line with slope of -a will be obtained.
Figure 6 indicates that for a particular experiment the observed data
are well described in this equation. -Blair has carried out this type of
analysis for a number of experiments." However, there are two features
of Blair's theory and method of analysis that require further explanation.
The Blair theory predicts that the acute dose LDcjq decreases with age and
that this decrease is linear. This has been tested in only a very limited
way, and indeed the a^ute LDcq dose does decrease with age, but the data
is not sufficient to determine the rate of decrease of the LD50 with age.
The Gompertz function type of analysis also predicts that the LD50 should
decrease with age. Since ageing and irradiation injury are additive,
older animals will require less additional injury, whatever the source,
to produce death if the injury produced is comparable to normal ageing.

Blair's analysis of the data does not permit evaluation of all
three constants, a, 3, and A. B, the rate of recovery from radiation
injury, must be determined from a second experiment, generally from the
results obtained from two or more sublethal doses administered at short

intervals. There are two experiments from which this constant can be cal
culated -- they are those of Hagen and Simmons? and Patterson and her co
workers." Basically, these experiments consist in giving a group of
animals l/2 of an LDcq dose and then at varying time intervals determining
the additional radiation required to produce 50$ lethality. As the inter
val between the first and second dose becomes greater, the secrond dose
required to produce 50$ lethality becomes larger. If there is plotted the
difference between the single dose acute LDcq and the second dose required
to produce an LDcq when the first dose is 1/2 LDcjq, there is obtained a
straight line wixh slope of -3 (see Fig. 7).
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This postulate that rate of recovery can be represented by a first-
order process is confirmed by these experiments.

What can be said about man? Three approaches to this problem have
been carried out. They ares

1. Blair"Jaas postulated that the constants a and A can be
extrapolated from species to species by the relationship

SL - constant
So

— » constant

So

Sn = life span of normal animal

carrying out this extrapolation and for the case of chronic
irradiation to death, and assuming a value for 3 based on
experimental dog values, the results are as shown in Fig. 5»

2. Using the ratio m/rQ, as observed in man, and the k obtained
from animal data, the shortening of life span from chronic
radiation can be calculated (see Fig. 5, Gompertz function).

3. With the Sacher and Brues* postulate, the results (see Fig. 5) t
are almost identical to that predicted from the Gompertz i
function.

The next concept to be discussed is that of effective dose. It
has long been known that fractionation and protraction of a given physical
dose results in a smaller biological effect, at least with regard to
lethality, than does a single dose of the same magnitude delivered in
a short period of time, that is, minutes or hours. The effective dose
is defined in terms of the results of a single dose, and is best il
lustrated by an example. If the dose to produce acute lethality, within
30 days, is kOOr, then effective dose of any system of fractionation or
protraction that produces 50$ acute mortality is l*00r, although the
physical dose may be much greater than kOOrv

From the Blair theory, for the particular case that the animals are
young and that each dose is administered within a short period of time,
such that Bt, <<-<! (where ^ is interval between doses)

/ -n3t2 _ •,)
Deff =4(nf) + (1 -f) iS h±

(e-Pt 2 - 1)



where

f = a/A in Blair notation,

n « number of dose,

A= magnitude of each dose,

t2 = interval during which dose is delivered.

As I view your program the radiobiological problem can be divided into
two aspects:

1. The long-term effect on life span — when the dose per exposure
and the interval between exposure is such that acute lethality
is not encountered.

2. The magnitude and rate of recovery from radiation injury,
for pulsed doses, when the physical dose accumulated, whether
over a period of weeks or a few months, approaches the minimum
lethal dose. For this case the expression for the results of
fractionation would be pertinent.

Tn summary there is animal evidence that radiation produces shortening
of life span and that this may be described in terms of the Gompertz
function or Blair equations. For the case of chronic radiation,''-three
independent extrapolations to man yield similar results, lending some degree
of credence to the numbers arrived at. However, it must be emphasized
that the animal data is not as extensive as desired and that extrapola
tions to man are hazardous. Even so, I have tried to present the results
realizing the inherent weaknesses.
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