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ABSTRACT

An improved method for the weight optimization of one-dimensional
layered shields has been developed. The radiation transport probiem'is
represented by coupled neutron-gamma ray discrete ordinates'trahsport
calculations. In the optimization procedure, forward and adjoint calcu-
lations are performed for the initial shield design. An approximate form
of the perturbed adjoint is used in the adjoint difference approach to
determine the effect of shield changes, and a Simple'closed‘fdrm optimi-
zation algorithm is used as in the ASOP éode-

Three realistic shield optimization problems were solved to
demonstrate the capabilities of the method. A comparison between the
results obtained using this method and the ASOP code Showed the agreement
of the two methods to be very good and the new method to be significantly

faster.
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" CHAPTER I
INTRODUCTION

In many mobile reactor applications, system cpnstraints require
that the shield be minimum weight. For example, in‘space applications
the high cost of launching a -payload into earth orbit makes it necessary
to minimize the weight of all components in the system. Thus,.there is
a need for analysis techniques which can be used to design minimum weight
shields .

The shield optimization'problem can be divided into two parts:
the selection of-the shielding materials, and the arrangement of these
materials. Only the latter problem will be considered here. There
are several diffgrgnt procedures that can be used to arrange shielding
materials. One possible method is to let the shield be composed of
several different materials whose volume fractions are continuous func-
tions of position. However, there are disadvantages associated with
a continuous distribution. In some cases, ‘it is difficult, if not im-
possible, to fabricate a shield of this kind. Also, the benefit of
self-shielding effects which can be gained by lumping a material is
lost. Another method of arranging §hielding materials is to divide
the shield into regions in which the shielding material is homogeneous.
The problem then is to find the optimal composition and optimal shape
for each region. This work will be limited to the problem of one-
dimensional shield weight optimization of layered shields in which the

layer compositions are known.



I. PROBLEM STATEMENT

One purpose of a radiation shield is to reduce the radiation
levels at all points ocutside the shield to acceptable values. For one-
dimensional problems, there is often only one requirement: that the
dose at the surface of the shield or at some point outside the shield
not exceed a given value. For this case, the shield optimization proh-
lem can be stated mathematically as follows:

Assume a one-dimensional shield configuratiqn that is uniquely
defined by n variables. Let a vector X be defined in n-dimensional vec-
tor space with the n variables as components. Possible choices for the
variables are such things as layer thicknesses, bouhdary positions, or
any other quantities that completely specify the configuration. The
problem is then to find a vector'io such that the function W(X) is mini-
mized at XO subject to the condition that N(Xy) equal the dose constraint.
Here W(X) denotes the shield weight, and D(X) denotes the dose at smme

point outside or at the surface of the shield.
II. PRESENTLY AVAILABLE METHODS

One method currently in use for the design of minimum weight,

layered radiation shields is the method of steepest descent (1, 2, 3, 4)-

This method is an iterative procedure which can be summarized as follows:

1. Choose an initial vector X; such that
D(Xy) = D> (1-1)

where D, is the dose constraint.



2. Find a unit vector 8X which points in the direction of maxi-
mum allowable decrease in W(X) subject to the constraint that 5X be

tangent to the surface

D(X) = D, (1-2)

3. Calculate a new vector XQ defined by
i? = i1 + ABX (1-3)

where A is an arbitrary iteration parameter.

4. Calculate a corrected point ig such that the dose constraint
is met. The definition'of'the vector BX-causes ﬁhis correction to be
small.

5. 8et il equal to ig and repeat steps 2. through 5. until
some convergence criterion is satisfied.

Summarizing, the method of steepest descent is an iterative pro-
cedure which starts with an initial shield configuration that satisfies
the dose constraint and iteratively changes the configuration, following
a constant-dose, decreasingjweight ﬁath, until a minimum weight cqnfig-
uration is found. The quantities VD(il)_and Vw(il),are.required_to
calculate the vector 52,..Atieach point in the iterative schemg, the
dose, the weight, and their gradients are required, and, the information
obtained is a vector which tells the direction in which to move but not
how far to move.

Another method that has been used to solve chstrgined function
ﬁinimizationtproblems is the method of LaGrange multiplie;s‘(é). One

- way to obtain this result is to minimize a new function defined by



I—'I(S(:, A) = W(X) +A[D(X) -D. - | (1-4)

The function H will have a stationary value provided

[-2: i=1 ton, (1-5)

These requirements may be written as

oW, 3D _ )
3K + *axi = 0, i=1ton, (1-6)

and D(X) - Do = O.

The last requirement implies that the constraint is satisfied and that
H equals W.

Clark and Kam (5), solve Equations (1-6) by expanding every func-
tion in a first order Taylor expansion and replacing A with Aé + &\. By
ignoring products of incrementals, the system of equations becomes a set
of n + 1 linear equations with n + 1 unknowns which is solved for 85X and
B\ - These results are used to obtain neﬁ guesses for X and A and the
process is repeated until convergence is obtained.

Thus, the numerical implementétion of the method of LaGrange mul-
" tipliers is an iterative procedure which requires an initial guess for X
and A and uses a linear approximation to obtain successive estimates of

X and ) until a stationary point is found. The information required at



each step in the iteration is:

DX WE) FDE) ., SHE)

D(X), W(X), 3X; ’ oX;  dK;axs’ 3%;9X;

for i =1%ton, j=1to n.

The information obtained is a new estimate of the optimal shield config-

uration.

The main difficulty in applying the method of steepest descent,
the method of LaGrange multipliers, or any other numerical function
minimization algorithm to the problem of shield weight optimization is
evaluating the dose and its derivatives. The rigorous way to calculate
the dose is to solve the transport equation. However, since transport
calculaﬁions are relatively time consuming, and a large number of dose
evaluations are required to obtain the required derivatives, transport
calculations are not used directly in the optimization process in most
presently available methods (g; 35 é). Instead, simplified models are
used to relate the dose to the thicknesses of the materials present.
Mynatt (Z) observed that the complexity of the transport problem for
a high-efficiency shield reqﬁires that a rigorous method be used for
the transport portion of the shield optimization problem even if this
precludes the use of attractive'optimization techniques. Engle and
Mynatt (8) have developed a computer program called ASOP (9) which
incorporates discrete ordinates transport calculations directly into
the oplimization process.

The optﬁniza@ion techniqﬁe used in ASOP is based upon the
following assumptions:

1. The dose can be approximated by an exponential of the form



D()—(O +3X) T D(T(O) exp[z:Ai GXi], (12-7)

where A{ is a constant. This approximétion is based on -the observa-
tion that the attenuation of radiation is roughly exponential in nature.

2. The dose-weight derivatives can be approximated by a trun-

cated Taylor series of the form

2 o _ 3D 0 4 12 (@D)y 0 sx. )
awlx; + oxy " oWl ¢ e GG e . (1-8)

3D _ 3D W

where i axi/axi .

These approximations are va;id for smgll values of &X;, and use of the
ASOP program has shown that they are fairly accurate for moderate sized
changes .

From the method of LaGrange mullipllers (see Eyuallou (1-G))
a necessary condition for a minimum weight shield is that the dose-
weight derivatives be equal. Requiring that the dose equal the dose
constraint and that the dose-weight derivatives be equal yields the
following n + 1 linear equations:

, . D | .
EAi BX; = zn(ﬁ)—) _(1-9)

i

and

[3?4_1 (g—f,)]xq Y - 2 =-%5 K 1= 1to, (1-10)
1

where A ' is the dose-weight derivative.



These equations contain n + 1 unknowns, the 8X;'s and 1, and are easily
solved once the constant terms are evaluated. ASOP evaluates the con-
stants by performing a series of ANISN(;Q) calculations which‘copsist of
the initial configuration and two displacements of each movable boundary .
Finite difference equations are then used to evaluate the‘constant terms.
The set of linear equations can be solved by multiplying each
Equation (1-10) by Ai/[S%; (%%)]Xg and subtracting from Equation (1-9).

The result is

i awlxl

m(DC/D(xo)) Z
ax ( )ino

x'=2‘ I e

Tisk Gl

Once A' is known, Equation (1-10) can be solved for &Xj -
The procedure used in ASOP is to solve for the 8Xj's and use

them to update the vector ib- The series of ANISN calculations is then

repeated and the iteration is continued until both the dose and the dose-

weight derivatives converge. In each step of the iteratién,'Eﬁ'+ 1 ANISN

calculations are required to obtain a new estimate of the minimum weight

conf'iguration.

IIT. PURPOSE

The purpose of this work is to develop a new method for calcu-
lating minimum weight shields. Most methods used for shield weight

optimization use highly simplified calculational models to represent

i



Athe radiation transport in the shield. However, since these simpleJ
models ére not based on a rigorous solution of the transport problem,
they introduce errors into the optimization process, and it is diffi-
cult to estimate the magnitude of these errors. The ASOP method is
based on transport calculations but has other deficiencies. A large
number of transport calculations are required toiobtain a minimum
weight shield. This makes ASOP calculations costly and tends to limit
the amount of detail which may be included in the transport calcula-
tion. For example, the use of rélatively few energy groups may tend
to distort important details of the radiation transport. Also the ASOP
method does not allow the use of general function minimization algo-
rithms which are available. The approach to be used in this develop-
ment is to obtain a simplified function to describe the variation of
dose with changes of the shield contfiguration which is based on s
rigorous solution of the transport problem. This approach allows

the use of general minimization techniques. By using certain proper-
ties of adjoint transport theory, the function can be obtained using
the results from two transport calculations, one forward and one
adjoint. Since the ASOP technique requires 2n + 1 calculations, the

new method should require significantly less computer time.



CHAPTER II-
DEVELOPMENT OF THE CALCULATIONAL METHOD

In this chapter, the techniques to be used in caléulating
optimum shield configurations are developed. The theoretical concepts
‘utilized and the approximations made to obtain é simplified dose-
thickness relationship are presented. Finally, the optimization

procedure to be used is described.
I. THE DIFFERENCE FLUX FORMULATION

The Boltzmann transport equation describes mathematically '
the behavior of neutrons or photpns in terms of seven-dimensional
phase space. The form often of interest in shielding applications

is the time-independent form given by
v-00(T,E,Q) + 5, (r,E) ®(T,EQ) = S(r,EQ)
+[[zs (T, E'-E,Q'-0) o(r,E',Q') 4E' ', (2-1)

where
o(T,E,Q) = the particle flux at position r, energy E, and
direction {1 per unit energy per unit solid angle;
zt(;,E) = the total macroscopic cross section at position ;,
and energy E;
ZS(F,E'qE,5'~5) = the macroscopic differential scattering
cross section for particles with initial

energy E' and direction Q' which scatter at

9



10

position T and emerge with energy E and direc-

tion a per unit energy per unit solid angle;

S(;,E,h) = source particles emitted at T with energy E and
direction Q per unit energy per unit solid angle
per unit voiume-

In order to simplify notation, it is convenient to write

Equation (2-1) in operator notation as
A= —
HO(P) = s(P), : (2-2)

where P represents position, energy, and direction phase space.

In the>shieid optimization problem, a reference shield config-
uration and several arbitrary perturbations of that shield configuration
will be éonsidered. It is convenient to relate the perturbed flux to

the unperturbed flux as follows:
2(F) = 9,(F) + 29(F), . (2-5)

where the subscript zero dénotes the unperturbed or reference configura-
tion, and 5®(F) is called the difference flux (11, 12, 13, 1k4).

Substituting Equation (2-3) into Equation (2-2) gives:

Mo (®) + 80(F)] = 5(B)- (2-k)
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Since the Boltzmann.operator is linear (}2),.Equatiqn (2-4) can bve

written as

Hoy(F) + 1B0(P) = 5(B). . (2-5)

The Boltzmann equation for the unperturbed case is

Hy00(B) = S(P). (2-6)

_ Subtracting Equation (2-6) from Equation (2-5) and rearranging terms
yields:
A - A A -
- H9(P) = [Hy - H] 2,(P)- (2-7)

Equation (2-7) may be written as

A — —_

mwe(P) = £(P), (2-8)
where

£(®) = [Hy - 1 94(F)- o (2-9)

The effects of perturbations can be evaluated by solving Equa-
tion (2-8). However, most presently available computer programs could
not be used because the source term f(?) is positive in some regions

of phase space and negative in. others:
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II. ADJOINT TRANSPORT CALCULATIONS

Transport problems that haﬁe a single source and mény detectors
can be solved by a single, forward transport calculation. However, trans-
port problems that have several different sources and a single detector
would require a separate, forward transport calculation for each source.
Probleﬁs of this type can be solved more efficiently using adjoint
transport theory.

A+

The adjoint of the operator ﬁ is defined as an operator, H ,
that satisfies the following equation:
[ 0@ ko) db = [ o) Ko'(F) dp + 8. T, (2-10)
P 2
where
B. T. is a bhoundary term;

PO is a region ot phase space that includes a volume, Vg

all energies, and all directions;
— + — .
and ®(P) and @ (P) are any functiors that satisfy certain boundary

and continuity conditions (16).
When f is the operator defined in Equations (2-1) and (2-2), A

is given by the following equation (16):
— — + — -— — — —
o' (F) = - v-0o' (r,E,0) + 5. (T,E) ¢ (7,E,0)
_ e _
..j‘j'zs(r,E-oE',QuQ') ¢ (r,B',0") a&'dn’ . (2-11)

A
The only boundary term comes from the first term in the H operator and
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is as follows (16):
B. T. = Hg (n-0) o(@) ¢ (P) asaran, (2-12)
0

where SO is the surface of the volume VO' Let the functions ¢(§)

and @ (P) be defined by the following equations:
bo(F) = s(F) ; | (2-13)
and f'e"(®) = r(®), | . (2-11)

"where R(P) is any response function. If Equation (2-13) is multiplied
by © (), Equation (2-14) is multiplied by @(P), and the resulting
expressions are subtracted and integrated over P-, the following result
is obtained:

[ o' (%) ho(B) aF - [ o(F) K0 (F) dF =

B Po
[ ¢"(F) s(P) &b - [ o(F) R(F) dP. _ “(2-15)
5, 7,

Substituting Equations (2-10) and (2-12) into Equation (2-15) and re-
arranging terms yields the following result:

.‘[ o(p) R(P) dpP =:r_ o*(3) s(F) ar

Po Py

NI @Ry oF) ¢ (F) asdEaq- (2-16)
S
0

Equations (2-13) and (2-14) do not uniquely define ®(P) and rb+(1'>)



1L

because boundary conditions have not been specified. If the surface
So 1s chosen to be a nonreentrant surface that enVeiops the outer
surface of the system, no particles enter the surface of the system.

Thus, the boundary condition is:

o(r,,E,0) = 0, for (n-) < O | - (2-17)

Equation (2-16) is valid no matter what boundary condition is chosen
for ¢+(§)- The boundary term in Equation (2-16) may be eliminated by

choosing the following boundary condition:

+o— - - ‘

¢'(rg,E,0) = 0, (@) > 0. o (2-18)
Equation (2-16) thus becomes

- — —_ + - - — )
[ o(?) r(P) 4P —‘£ o' (P) s(P) ap. (2-19)
T P
PO 0
The boundory condition chosen for ¢+(§) Is conslsleal with the
interpretation of ¢+(§) as an importance function (16). This is easily
demonstrated by considering the special situation where S(P) is a unit

point source in phase space given by
8(P) = 8(r - 75) 8(Q - 0g) (E - K,)- (2-20)
For this case, Equation (2-19) becomes

<1>+(ro,Eo,60) = [ o(®) R(P) dP. (2-21)
Po
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Thus, ¢ (P) is the probable contribution of a particle at P to the
response .

The left hand side of Equation (2-19) represents the way to
calculate a response of somé‘type using values of ®(P) obtained from
a forward calculation. The right hand side of Equation (2-19) may be
used to calculate the same result using values of ®+(§) obtained from
an adjoint calculation. The adjoint method (using ¢+(§)) allows prob-
lems with many different sources and a single'detector to Be solved

using the results of single transport calculation.
ITI. AN APPROXIMATE DOSE-THICKNESS RELATIONSHIP

The‘rélationship between the dose at a'giﬁen point and the
flux can be expressed as follows

D =£ o(P) R(P) dP. - .(2-22)
5 , o

o
For a point quantity such as dose, the spatial dependence of

R(?) is represented by a delta function. Substituting Equation (2-3)

‘into Equation (2-22) yields:

D= [ 9(P) R(P) ap + [ 80(P) R(P) dP
P B

= D, +.ﬁ 50(P) R(;P) ap, ) (2-23)
g 5 : ,

where D, is the dose in the unperturbed case. Equation (2-8) is the

Boltzmann equation for the difference flux, and Equation (2-19) is an
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alternate expression for integrals like the one in Equation (2-25):

Using Equations (2-8) and (2-19), Equation (2-23) may be written. as

D= Dy + [ ¢ (F) £(P) dp. - (e-2W)

Fo

This result is sometimes called the adjoint difference method (;g, ;&).
The objectiye of this development is to obtain an expression
for D which is accurate for any small perturbation and can also be easily
evaluated for a large number of different perturbations. Equation (2-23)
is not suitable for this purpose because 8@(5) is different for each
perturbation. Equation (2-24) can be used provided suitable expressions
for ¢+(5) and £(P) can be found. For small perturbations, ¢g(§) is a
good approximation for ¢+(§)- The equivalent source was defined in

Equation (2-9) using operator notation. BEquation (2-9) can be written as:

™~ a ;' ~'_A 0= v At TR At 1 31
£(r,E,Q) = [[(Ze(r,E'-E,Q'Q) - 1 (r,EB'-E,Q'-Q)] &, (r,E',0") dE'dQ

- [Zt(_;’E) - 53(r,E)] 0 (r,E,Q)- - (2-25)

In one-dimensional geometries, Equation . (2-25) can be further simplified
provided the perturbations considered are limited to changes in zone

" thicknesses. In this case, a given fractional change in zoneé thickness
can be approximated by the same fractional change in the density of the
zone. This relationship is exact for slab geometry but is only an approxi-
mation in cylindrical and spherical geometries because of curvature

effects. Using this approximation, the perturbed cross sections are



17

£s(T,E'-E,Q'-0) = B4 22(?,E'4E,5'~5) (2-26)
po(r)

and £,(r,E) = & £(7,E), ' , C (2-27)
* po(r)

where o(r) is the "density" at position r.
Substituting these expressions into Equation (2-25) yields
2750 = L 1) (20, 5-5,5'0) o, (T, B 0") aB' @

Po r

- 23(TE) & (x,E)]- (2-28)

Note that the term in the brackets depends only on the unperturbed

conditions. Equation (2-28) can be written as

£(r,E,Q) = (P-Q_L -1) fo(?,E,f‘z), | ' (2-29)

po(r)

where fo(;,E,ﬁ) is the term in the bracket in Equation (2-28). sub-

stituting Equation {2-29) into Equation (2-24) gives

D=Dy+ [ '¢+(§) (ﬂizg— -.1) £ (P) dp. (2-30)
= (%) ©
P, °o

If the perturbation is a uniform change in density in one zone in which

r) is constant, Equation (2-30) becomes
pO _
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O

ap; = 881 [ GY(F) £ (F) P, (-31)

where Ei is the zone where the perturbation was introduced. Dividing
Equation (2-31) by Apy and taking the limit as Ap; approaches zero

yields

3D

api|O =3 d>g(’f>) £,(F) dB- (2-32)

P O Zi

It was shown in Chapter I'that a necessary condition for a
multizone shield to be minimum weight is that all dose-weight deriva-
tives be equal. The dose-weight derivatives can be evaluated as follows:

N
W D ; A
/§, - (2 % 50 /By (2-33)
Thus, Equations (2-32) and (2-33) can be used to determine if a shield
meets the necessary condition. Also, Equations (2-32) and (2-33) provide
the information necessary to apply the method of steepest descent. How-
ever, the method of steepest descent requires that D, equal the dose
constraint and does not give any informatign about the magnitude of the
change to be made to the configuration. For these reasons, it is desirable
to use the more general relationship, Equation (2-31), instead of Equa-
tion (2-32) in the optimization procedure.

In order to use Equation (2-31), the perturbed adjoint flux,

— ) + —
¢+(P) is required. Since it is not practical to obtain ¢ (P) rigorously,
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&-simple approximation is used to.obtain a relationship betweeﬁf¢f(§)
ahd.:og(ﬁ). Physically, ¢'(P) is'the contribution of a. particle.zat -
point P to the dose. The effect of an increase in densgity (or zone
thickness) is to place additional material between the particle and

the detector. Thus, the amount of material between the particle and
the detector in the perturbed case is identical to the amount of material
between another point farther from the detector and the detector in the
unperturbed case. Therefore, a simple approximation for ®+(§) is
¢6(f') where P" is the second point. Semi-log plots of the importance
of particles in one-dimensional shields to the dose at the surface of
the shield show that the variation of importance with position can be
well represented by a single exponential in any homogeneous zone. (The
path length stretching used in Monte Carlo calculations (17) is based

- on this observation.) Using the two approximations :just mentioned,

the perturbed adjoint flux (importance) is

E) = 8@ e (- (-0 -0 2%F g, e
pi T

where r% is the boundary of the zone nearest to the detector (the right

— _ , . ~
a () g the average logarithmic slope of ¢8(P) in
or o2

the zone. A case where this approximation can fail is when- particles

‘boundary) an

farther from the detector are more important than particles closer to
the detector. An example of this is the importance of low energy neu-

trons in a hydrogenous zone adjacent to a heavy metal zone. The



contribution of these neutrons to the neutron dose-at the surface of
the shield is negligibly small. ‘However, these neutrons can enter the
heavy'metal region and produce secondary gamma rays which can contribute
to the total dose. For these neutrons, Equation (2-54) predict§ that
their importance érows exponentially with increasing density. This is
. a nonphysical result which could make Equation (2—5#) a very poor
approximation, even if' this phenomenon occurs only in a few relatively
unimportant regions of phase space. Physically, the heavy metal
appears to be a "detector" to the neutrons. . Thus, Equation (2-5&)

can still be used provided r% is replaced by r%(?), where r%(?) is
defined to be the boundary where the importance is larger for .a given

neutron energy and direction. Equation (2-34) then becomes

¢*(F) - ot(®) exp [ - (ri(®) - ¥) (& _ 1) 30%(R)y, o (ee)
Py or

=
azn¢b(P) 5 0

where r%(?) = the right boundary of the zone if
or

)

azn¢;(?)
the left boundary of the zone ii‘——s;———— < U.

Equation (2-35) insures that importance decreases whenever the density
increases which is more realistic than Equation (2-34). Equation (2-35)

was used in the calculations described in Chapter IV.
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' Consider a point isotropic mohoenergetic source enclosed by

several concentric shells of shielding material. The uncollided flux

at a point outside the shield is; .

.1
= r, bt
¢ =93 e :i: t i
u 0”1

where @, is the flux when no shielding material is present,
z% is the total cross section of the ith materiél,
and t; is the thickness of the ith shell.

Equation (2-36) can also be written as
i
it
0y = & [ et Ui
i

or as

(2-36)

(2-37)

(2-38)

where ®i is the uncollided flux at the point when only thé ith shell

is present. The quotient ®i/¢o is the material attenuation factor, for

the ith zone. A relationship similar'to Equation (2-58) cag_be assumed

for the dose when several perturbations are introduced in the shield.
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Thus, the dose can be approximated by

D=DO[;LI

1

, o (2-3)
o _

where Dj is the dose when only the ith ioﬁe in the shield is perturbed.

Equation (2-39) can also be written as

D.+aAD- D II(L+ ﬁ._”l.l (2s40)
© 1 Do . _

By expanding the product and ignoring the product of two incremental

quantities, Equation (2-L0) becomes

AD,
- =t . (2-41
DO+AD—D0(1+ZDO)- (2-41)
i
Solving for the change in dose gives
AD =ZAD1, (2-k2)
1 . . .

which is the linear approximation. Thus, Equation (2-39) agrees with
the linear approximation for small perturbations and is more accurate
for larger perturbations. Also, Equation (2-39) never predicts a nega-
tive dose as long as all the Di's are positive.

Substituting Equation (2-31) into Equation (2-40) yields

D=D T ([L+20% [ ¢°F) £ (F) ap). (2-43)
01 1 0
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Substituting Equation (2355)‘into”Equatioq (2-43) yields

S . - R S =
D=%g{lhﬂg£%@)%@k@puyﬁerx%-;)ﬂﬂéﬂjﬂ}-

or
DoPo Z, Py
(2-44)
Equation (2-44) can be written as
D = D, r1{1.+,92 [ a(®) exp [-B(F) ;] dﬁ} , (2-45)
i D
0 23
where
Po .
— + ,— —
AF) = O5(5) £,(F),
o . k(B
and B(P) = (r§(P) - r) é£329£22 .

dr

Equation (2-&5) is the desired expression for the dose‘as a function of
changes in zone thickness in a one-dimensional shield. The approxima-
tions made in deriving Equation (2-45) are:

1. The changes in zone thicknesses can be approximated by a
change in density of the zone;

2. The perturbed adjoint flux can be approximated by Equation
(2-35). | |

‘3. The.effect of several perturbations can be approximated by

Equation (2-39).
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Equation (2- MS) can be used in conJunctlon with a function minimization
algorithm to obtaln ‘an optlmlzed sh1eld The only‘restrlctlon is -that
,‘_the three approx1mat10ns 1lsted above do not substantlally affect the
~flnal result. The results presented in ‘Chapter IV were obtalned using
Equation (2-&5).
In order to investigate the usefulness of Equation (2-45) for

evaluating an initial configuration, the partial derivative of.Equation

(2-45) with respect to aj is determined:

4

oD _ A AP -B(P P
P iI;},j{l + D_O'J— A(P) exp [-B(P) ;) dP}
Zi

AL M) (1 - 4B exp [-B(P) o) aP} (2-46)
J

[N Rt

Evaluating this expression for thé iﬁitial configuration. (all Q; equal

to zero) yields

o e

J
and
D | dos + = =\ =
BoJ a |O pJ 8f <1>O(P) fO(P) dpP. (2-48)

]|
(G
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Equation (2-48) is identical to Equatio;i(2i32)- Since only the den-
sity change approximation was used in deriving Equation (2-32), only
this approximation introduces any errors in an optimized shield con-
figuration obtained using Equation (2-46). The other two approximations
only affect the rate of convergence of any iterative procedure which

utilizes Equation (2-45) or Equation (2-46). 2
' IV. THE OPTIMIZATION PROCEDURE

The optimization procedure to be uséd is based on the ASOP
method described in Chépter I: In order to evaluate the éonétant
terms appearing in Equations (1-7) through (1-11), it is necessary to
define the vector X which déscribes the shield-configurationﬂ The
rate of change of dose with respect to X; can then be calcﬁlated using

the'chain.rule:

=) R 3y (2-49)

where %g is given by Equation (2-46).
J 4
One possible choice is to define X; to be the thickness of the

ith zone. 1In this case, the zone thickness case, Equation (2-49) becomes

1

.
ZyA

)

(2-50)

0-'|0/
>l

1
Q

The alphas«are‘felated to the actual perturbed shield configuration by
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i r. - T :
_Pi - pp_ i+l 1 -
R e A TS I o (@5
o Po o -~ To

where the r's. are the actual zone, boundaries in the perturbed shield
(no density approximation) and the,ro's are. the zone boundaries in the-
unperturbed. shield. .Taking the partial derivative of Equqtion (2-51)

with respect to X; yields - o

oy L 1.
3X. i+l i (2 52)
i Tro - To
Substituting Equation (2-52) into Equation (2-50) yields
3D 1 3D S o
o 9 2-53)
aXl ‘ I'8+l _ ré BOél ) )

Another possibility is to define Xi to be L In this case,

Equation (2-49) becomes

D _ 3D 3mj.1 +3D ¥

BXi_aai_laxi 3 dX;
or
3D 1 aD 1 3D .
= = - 3 — == 2-5%)
X, i i-1 ?d¢; i+l i dQ. (
1 Y- T -lorg ™oy TR

The second term in Equation (2-54) vanishes when X; is the outside
boundary of the systen.
A more general way to define the Xi's is to let Xy be the amount

that boundaries i through i + k; are moved, where ki is the number of

/
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succeeding bdundaries to be moved simultaneously with boundary i. For
example if k; is zero, no boundaries are moved;With*Bbundary'i,”énd’Xi
becomes ri- Also,ﬁﬁhe'special case in which ki is chosen such that the

ith boundary and all successive boundaries are moved simultaneously cor-
responds to the zone thickness definition. Using this more general defini-

tion, Equation (2-49) becomes

3X; T dxi-1 3% 0 4k X,

' a0,
3D _ 3D 3i-1 4 3D itky

or

3D _ 1 3D _ 1 dD . (2-55)
)¢} H%'* ré-l a3 rg_)+ki+l _ ré+ki aai+ki- ‘

As before, the second term in Equation (2-55) vanishes when boundary
i + ki is the outside boundary of the system.
Using the more general definition for Xj, the rate of change of

the weight with respect to X; is given by the chain rule as

iRy N
;W QW 31]

aXi BrJ axl
5=1
or
itk '
ooy | (2-56)
aXi ar'j

j=1
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In one dimensional geometries,. ... .

1 - slab
%g' - (p _l'-:pg)- omr - cylinder o (2=5T7)

hnre‘- sphere
The ASOP method assumes the following expression for the dose

p = DO expgg:AiﬁxiJ- .(2-58)

Taking the partial derivative of Equation (2-58) with respect to Xi

yields
% = AyD, expi:AiSXi]- (2-59)
1

Dividing Equation (2-59) by Equation (2-58) yields

A =[5 axi]xi’ | | (2-60)
where D and %%- are obtained from Equations (2-45) and (2-55) respectively.
1

The dose-weight derivative can bhe evaluated using the relation-

ship:
3D _ aD oW
=== — , 2-61
3D QW . . .
where << and << are given by Equations (2-55) and (2-56) respectively.
aXi aXi
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The [ax ( )] terms in Equation (l ll) can be evaluated using a finite
difference approximation of the form

aD oD
@)y, - (o-6)

[ax (aw)]Xl :
€

where ¢ is a relatively small number.

In summary, the optimization procedure can be outlined as
follows:

1. Eyaluaﬁe ¢b(§) and Qg(f)- This requires two transport
calculations. |

2. Use the ASOP optimization procedure described in Chapter I
to obtain a new estimate of the optimized configuration, but evaluate
the constants in Equations (1-7) through (1-11) using Equations (2-60),
(2-61), and (é-62).

| 3. Since Equations (2-60), (2-61), and (2-62) may not be accurate

for large changes in the configuration, limit the amount the shield con-
figuration is allowed to change to some arbitrary but reasonable value.

4. Repeat steps 1. through 3. until some convergence criteria

" on the dose and weight are met.



CHAPTER III

IMPLEMENTATION OF THE CALCULATIONAL METHOD

In this chapter, several concepts of importance to shielding
calculations are discussed. Included are coupled neutron-gamma ray
calculations and multigroup transport calculations. Also, the com-

puter program used and the modifications made aré described.
I. COUPLED NEUTRON-GAMMA RAY CALCULATIONS

.Using the notation introduced in Chapter II, the Boultzmann

equation for neutrons may be written as

where the subscript n indicates neutron. -,
Similarly, the Boltzmann equation for gamma rays may be written

as

A — — t

‘q)n(-ﬁn) zn'y(;; En)an"*E',V?a'y> dEndﬁn) (5'2)

where zn7(¥;En,5n*E7,67) is.the gamma-ray production cross 'section due
to capture and inelastic scattering- Fission gammas are sometimes in-
cluded in this cross section also. A term similar to the secondary
gamma ray production term in Equation (3-2) could have been included

in Equation (3-1) to account for photo-production of neutrons. However,
since photoneutrons are seldom of importance in shielding calculations,

they will be ignored.
30
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The neutron and gamma ray doses may be defined by the following

equations:

‘Dn = jRﬁ(ﬁh)'¢h(§n) dP,, (3-3)
and

where Rn(ﬁn) and Ry(ﬁy) are neutron and gamﬁa ray response functions.
The adjoint concept may be introduced by making the following

definitions:

ﬁ+¢;,n(§n) = R, (Fp) | (3-5)

1
7¢]
g

and oy L(5,) = R.(3,)- | (3-6)

These definitions are consistent with the development in
Chapter II. Thus, ¢;,n(§n) is the probability that a neutron at posi-

tion ?n will contribute to the neutron dose, and ¢; 7(-157) is the

)

probability that a gamme ray at position P, will contribute to gamma

s
dose.

The gamma ray source resulting from neutron interactions is
given by the secondary production term in Equation (3-2). The contri-

bution of this source to the gamma ray dose is given by the following

expression:

= * (T a T A T:E O -F .0 q 1dr o
D,y = fffﬁby,y\_r,Ey,Qy) (00 (r, By, Q5 )Eny (3B 50y E,,Q,)dE, dQ, 1drdE,dQ, -

(3-7)
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Equation f3-7) may bé writfen as
Dy, = fRn’y(ﬁn) ¢n(§n)4d§n, (3-8)
where .
R, y(Pn) = [[93,7(r,E0,) Tny(T3E 00 EQ,) dEpdD, - (3-9)
Then the following definition may be made:
ol (®)= Ry, ,(F,)- | | (3-10)
Substituting Equation (3-6) into Equation (3-4) yields:

(3-11)

Using the detinition ot the adjoint operator, Equation (2-10), with the
boundary term made zero by the boundary conditions, Equation (3-11)

becomes

D, = f¢;;7(§y) ﬁ®7(§7j d?yiv (3-12)
Supstituting Equation (5—2) into Equation (3-12) yields:

D, = f®;,7(;7) sy(?y) dPy
b 118, 5 (E B ) O Byolin) Sy (F; Bys BB oB,) AE,00, 10748 &0 - (3-13)
Using Equations (3-7) and (3-8), Equation (3-13) becomes
(3-1&)'

_ + (B 3 >
Dy = [95,,(P)) 8,(R)) dP) + D,
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or . ‘ . .
b, 195,05 55(5) By 0 [9E) B ) e G
Substituting Equation (3-10) into Equatién (3-15) yields.
Dy = [0 (B,) 8.(F,) aF, + [0,(y) f'e; () dFy. (;-16)
Using the definition of the adjoint operator, Equation (3-16) becomes
D, = [¢),,(3,) 5,(F,) B, + [9] ,(F,) o, (F,) dF,. (3-17)
Substituting Equation (3-1) iﬁto Equation(3-17) yields
D, = J“¢“;.,7(§7) s,(P,) dp, + [%,,(By) Sn(By) @B,- (3-18)
Equation (2-19) may be written as

non(Py) 8(By) By (3-19)

D, = J’@n(ﬁn) R,(P,) dP, = [©
Combining Equations (3-4) and (3-18) yields
wa p= oy o = = et = - - . - - =
D, = [%,(P)) Ry (F)) Py = [& (Py) §,(P,) P, + %, (Pn) S4(B,) dP_.
(3-20)

Adding Equations (3-19) and (3-20) yields

D= [0,(F,) Ry(T,) dF, + [, (F,) R,(T,) dT,

= f[dﬁ’n(?n) + 0F L (By)] s,(B,) dP, + j‘cb;,y(l;y) sy(iy)-dﬁy.w (3-21)
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Note in Equation (3-21) that both ¢;,n(§n) and ®;,7(§n) need not be

calculated but only their sum. Thus, Equation (3-2) may be written as

= + P a (p o + (T \a (D = (A
D= o (B 8,(Ry) By + [9) .(B,) 8,(B,) dF,, (3-22)
where
TS Y= st (B o+
Qn,D(Pn) - on’n(Pn) + <Dn,7(P )‘

Adding Equations (3-5) and (3-10) yields

Atvat (3 +a+ (D = =
Koy ,(Py) + fy o, (B) = Ry(Py) + Ry ()

or

ﬁ+¢;’D(§n) = Ry(P,) + Rn,y(ﬁn)' (3-23)

The above development is a generalization of the concept of
neutron importance for coupled neutron-gamma ray transport calculations.
Equations (3-1) and (3-2) can be solved to obtain the neutron and gamma
ray fluxes. Note that the neutron flux does not depend upon the gamma
ray flux, while the gamma ray flux is coupled to the neutron f;ux by
the secondary gamma ray production term in Equation (5-2). Equations
(3-6) and (3-23) can be solved to obtain adjoint neutron and gamma ray
fluxes. Note that the adjoint gamma ray flux does not depend upon the
adjoint neutron flux, while the adjoint neutron flux is coupled to the
adjoint gamma ray flux by the Rn,y(in) term in Equation (3-23) which

is given by Equation (5—9): Tt can be seen from Equation (3-22) that
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®; D(ﬁn) is the probability that a neutron 3F~§n will contribute to
’ A . A , IR
the dose and that o;’y('?y) is the probability that a gamma ray at 57

will contribute to the dose. Equation (3-22) can be considered a gener-

alization of Equation (2-19) for the coupled problem.
II. MULTIGROUP TRANSPORT CALCULATIONS

The multigroup form of the Boltzmann equation can be obtained
by integrating each term of Equation (2-1) over the energy interval

AEg' The result is (18)
V'Q¢g<r:Q) + Zt(r) ¢g(r)0) = Sg(r:Q)

G
v Y 22 TEE D) 0 (R @, (e
g'=1 oo
where G is the number of groups.

The coupled neutron—gamma ray transport problem described by
Equations (3-1) and (3-2) can be combined into one calculation by
including the gamma ray groups as additional groups below the neutron
groups. The secondary gamma ray production term represents a group to
group trénsfer just as the scattering term in a neutron or gamma ray
transport problem does. Thus the procedure for solving a coupled trans-
port problem can be the same as the procedure used to solve one particle
transport problems-.

The multigroup form of the equation adjoint to the Boltzmann

equation is (18)
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'V'EQE(;)E) + Z%(;) ®g(;)5) = Rg(;,f_l)
. .

+ 2 [28°8 @A) oma) @, | (3-25)
g'=1

where the group averaged parameters may be defined in more than one
way (18)-

The adjoint, coupled neutron-gamma ray transport problem des-
cribed by Equations (3-6) and (3-23) can also be combined into one
calculation by including the gamma ray groups as additional groups -
below the neutronAgroups- The Rn’y(fn) in Equation (3-23) is given
by Equation (3-9) and has the same form as the scattering term in
Equation (2-11). Thus Equations (3-24) and (3-25) can represent a
neutron problem, a gamma ray‘problem, or a coupled neutron-gamma ray
problem.

Equation (3-24) can be written as
g0, (P) = 5,(F), (3-26)

where P now represents position and direction but not energy phase
space .
Equation (3-26) is the multigroup form of Equation (2-2).

The group torm of the dif'terence flux formulations is
— o— —
0g(F) = 95(F) + 58,(P), (3-27)

where 6®g(§) is the group averaged difference flux.
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The group form of Equation (2-8) is

ﬁgsog@):fg(f), : . (3-28)

where

£,(7) = [y - B 03(). L (3-29)

When group g is a gamma ray group in a coupled neutron-gamma ray
problem, the "scattering" term in the equivalent source (see Equation
(2-25)) includes neutron to gamma ray transitions as well as the true

scattering term.
TII. COMPUTER PROGRAM MODIFICATIONS

The coupled neutron-gamma ray transport calculations, Equations
. (3-24) and (3-25), were performed using the discrete ordinate method.
A computer program was written to perform the following calculations as
one automated calculation:
1. . Perform the forward calculation represented by Equation
(3-24) using ANISN (10) to obtain ¢g(§).
0 =
2. Calculate fg(P) (see Equation (2-28)) using the equation

(3-30)

G
0= = ‘=g, == = 0 At 1 & = Y
fo(r,0) = gi;ljzéo 8(x,a'-0) 9z (r,a") ' - £5(7) o

The first term in Equation (3-30) is the scattering source in Equation

(3-24) and is available from the calculation of <1>Cg’(‘p).

3. Calculate D, using Equation (2-22).
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Y

L. Perform the adjoint caléulation represented by Equation
(3-25) to ‘obtain @ (P)

aln¢go(§)

. or
and discrete ordinate in the quadrature. This slope is calculated using

5. Calculate the quantity for each zone, energy group,
two space points near the center of the zone.

6. Use the optimization procedure described in Chapter II to
obtain a new shield contfiguration.

7. Modify the ANISN space mesh and zone map to desgribe the new
shield configuration.

8. Repeatvsteps one through seven until some convcergence criteria
are met.

Equations (2-43) and (2-46) require integrations over all phase
space. ANISN performs infegrations of this type by using energy groups
to describe energy’dependence, a space mesh tq describe spatial depen-
dence, and an angular mesh characterized by discrete values of the
angular coordinates to describe angular dependence. The integration

over all phase space is evaluated using

e
M

MM
[[[x(r,E.Q) dragdn = 411: p,1,6"0V1
where

X(r,E,Q) is any arbitrary function,

IGM is the total number of energy groups (neutron plus gamma),
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IM is the number of intervals in the space mesh,
MM is the number of discrete angles in the quadrature formula,
Xp,1,G the average values of Xo(r,Q) in space mesh I and
angular mesh D, o
XG(r,ﬁ) is the integral of X(T,E,Q) over energy group G,
Wp is the quadrature weight of angle D,-
and Vi is the volume of mesh interval I.
This same method was used when either Equation (2-43) or Equatibn

(2-46) was evaluated in step six above.



CHAPTER IV
PRESENTATION OF RESULTS

When possible, it is desirable to compare the results of a
new computational procedure with the results obtained from an indepen-
dent calculation in which one has confidence. Ideally the two calculations
would be completely uncorrelated. Then good agreement would lend
confidence to the answers obtained. Unfortunately, it would probably
not be possible to reproduce most published shield optimization
results, and it would be difficult or impossible to determine what
caused the discrepancies. For this reason, the sample ASOP problem
(8) was chosen for a test problem. Since both ASOP and the calculations
performed here use ANISN, there should be no large discrepancies caused
by differences in the transport calculations. Also, using exactly the
same cross sections eliminates another possible source of disagreement.
The sample ASOP problem consists of a spherical model of a
SNAP-8 ZrH reference reactor and a shield. The shield contains four
layers as shown in Figure 1. The compositions of the shielding materials
are given in Table 1. The LiH-stainless steel has a density of 1.026
grams per cubic centimeter, and the tungsten has a density of 18.61
grams per cubic centimeter. The reactor model containe a reactor
core, grid, plenum, and vessel. The ANISN calculations were made
using a 39 group cross sec£ion set containing 21 neutron groups and

18 gamma ray groups, an S8 angular quadrature, 130 spatial intervals,

40
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TABLE 1

COMPOSITION OF PRINCIPAL SHIELD MATERIALS

Material Density (atoms/barn-cm) ,
LiH-8S |
6 : 10.0041188
T . 0.0506526
H 0.0547717
Fe 0.002068
Cr 0.0006274
Ni - : 0.0003816
Mo _ ' 0.0001111
-W-Mo
W | © 0.05972
Mo . o.002335
B, C
i 0.1108

0 “0.0977
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and an P3 expansion of the transfer cross sections: The energy group
structﬁré‘and reéponsé:functions are given in Tablé é.' The calculations
are fixed source problems with a flat, fission spectrum source in the
coréAnormalized to a power 6f 600 kilowatts thermal. The dose constraint
is that the dose rate at 3048 centimeters (100 feet) from the core

center be 60 mrem per hour.

Figﬁre 1 describes graphically the results of the ASOP calculation
for the sample ASOP problem. Figure 2 shows similar results obtained
using the methods developed in Chapter II. The computer program imple-
menting these methods is named SHAPE, and this name will be used to
identify the method. Comparison of Figure 1 and Figure 2 show that
the convergence of the SHAPE calculation is very similar to the conver-
gence of the ASOP calculation. It should be noted that nine ANISN
calculations were required per iteration in the ASOP calculation, while
only two ANISN calculations were required per iteration in the SHAPE
calculation. Since the transport calculations dominate the computational
effort in both methods, the number of ANISN calculations may be used as

a measure ol Lhe elflcelency of euch mebhod.

The weight, dose and the ratio of the maximum to minimum dose-
weight derivatives obtained using ASOP and SHAPE are shown in Table 3.
The dose for the initial configuration is slightly different in the
two calculations because the SHAPE calculation used equal sized in-
tervals in each zone for the first iteration, while the ASOP calculation
used smaller intervals near zone boundaries. SHAPE used smaller
intervals near zone boundaries for all itérations except the first

iteration. The dose-weight derivative ratio is different for the two
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TABLE 2

ENERGY GROUP STRUCTURE AND FLUENCE-TO-DOSE CONVERSION FACTORS

Fluence-to-Dose
Conversion Factors

Group Upper Energy (ev) (mrem/hr)/(part/cm®/sec)
Neutrons:
1 1.4918(+7)* 1.5000(-1)
2 1.0000(+7) 1.5000(-1)
3 6.7032(+6) 1.3700(-1)
L L 4933 (+6) 1.3200(-1)
5 3.0119(+6) 1.3100(-1)
G 2.0190(+6) 1.£500(-1)
7 1.3534(+6) 1.1600(-1)
8 9.0718(+5) 1.0600(-1)
9 5.5023(+5) 7.5700(-2)
10 3.3373(+5) 5.5100(-2)
11 2.0242(+5) 4.0100(-2)
12 1.2277(+5) 2.4500(-2)
13 L .0867(+k4) 8.5000(-3)
1k 1.1709(+k4) 5.0000(-3)
15 5.3546(+3) 5.0000(-3)
16 7.4852(+2) 5.0000(-3)
17 1.6702(+2) 5.0000(-3)
18 3.7266(+1) 5.0000(-3)
19 8.315%(0) 5.0000(-3)
20 1.8554(0) 5.0000(-3)
21 4.1399(-1) 5.7500(-3)
Gamma Rays$:
22 1.0000(+7) 9.8000(-3)
23 8.0000(+6) 8.5000(-3)
Al 7.0000(+6) 7.6000(~3)
25 6.0000(+6) 6.7000(-3)
26 5.0000(+6) 5 8000&-5%
27 4 .0000(+6) 5.0000(~%
28 3.5000(+6) 4.5000(=3)
29 3.0000(+6) 4 .0000(-3)
30 2.5000(+6) 3.5000(-3)
31 2.0000(+6) 3.0000(-3)
32 1.6000(+6) 2.4000(-3)
33 1.2000(+6) 2.0000(-3)
3k 1 9.0000(+5) 1.5000(-3)
35 6.0000(+5) 1.0500(-3)
36 4 .0000(+5) 6.0000(-4)
37 2.1000(+5) 2.8000(-k4)
38 1.2000(+5) 1.4000(-4)
39 7.0000(+4) 4 .0000(-4)

*Read as 1.4918 x 107.
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TABLE 3

COMPARISON OF THE CONVERGENCE OF ASOP AND SHAPE

A3OF
Iteration Weight Dose 3D . P
Number (Grams) (mrem/hr) * 3W MaX1mum/M1n;mum
1 1.400 x 107 62 . 5k 5.61
2 1.284 x 107 57.57 2.87
3 1.245 x 107 55 .60 1.61
Y 1.225 x 10! 57.42 1.18
5 1.216 x 107 59.22 1.04
& 1.213 x 107 59.80 1.01
Projection 1.212 x 107 60 .00 1.00
SHAPE
Tteration Weight Dose 3D : L
Neilber (Croms) (mrem/nr) - 3w Maximum/Minimum
1. 1.400 x 107 . 63.76 3.03
2. 1.3L0 X 107 65.49 2.57
5. 1.205 X 107 TL.45 1.00
L. 1.200 X 10/ ol .99 1.50
5. 1.201 X 107 63.41 1.19
6. 1.208 x 10T 61.37 1.12
7. 1,211 ¥ 107 © 60.66 1.08
8. 1.212 x 10/ - 60.29 1.05
Projection 1.215 X 107 60 .00 1.00
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calculations because ASOP used a zone boundary movement definition

for the dose-weight derivatives with the-outside -boundary -of the second
tungsten layer moved simultaneously with its inside boundary, while
the SHAPE calculation used a zone thickness definition for the dose-
weight derivative. Convergence criteria were that the dose be within
one percent of the dosé constraint and that the dose-weight derivafive
ratio be less than 1.15. The most important result to consider is the
weight of the shield. Table 3 shows that the weights calculated by
the two methods differ by one digit in the fourth significant figure.
This agreement is more than adequate for most, if not all, engineering
purposes. This agreement also tends to show that the SHAPE computer
program contains no significantvprogramihg errors and that the equiva-
lent density approximation does not significantly affect the shield

] : )
weight, at least for shields similar to the one considered.

The converged shield dimensions and shield thicknesses for
the sample ASOP problem are shown in Table 4. None of the boundary
positions or zone thicknesses differ by much more than half a centimeter.
While these parameters are more sensitive to the method used than the
weight, the differences are probably not of practical importahce. The
fact that the first tungsten layer's thickness can change lL%.without
affecting the weight indicates that this thickness could be set at some
non-optimum thickness in order to meet some other‘constraint such as
maximum allowable heating without materially affecting the weight.

Two additional shielding problems were selected to further test

the computational procedures and to demonstrate their versatility. The



CONVERGED CONFIGURATION FOR THE SAMPLE ASOP PROBLEM

48

"~ - TABLE L

ASOP
Physical Outer Radius Thickness
Region Type in cm in cm
1 Core 18.89
e Grid - 21.95
3 P1enim 50.60
L Vessel 31.08
5 W - 36.29 5.21
6 LiH 55.88 19.59
7 W 62.79 6.91
8 LiH 109.01 L6.22
SHAPE-
Physical Outer Radius Thiclkncoo
Region 1ype in cm iu cm
1 Core 18.89
2 Grid 21.93
3 Plenum 30.60
L Vessel 31.08
5 W 36.87 5.79
¢ LiH 56h.360 19.49
7 W 63.03 6.67
8 LiH 100 .64 4y .61
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second problem considered was the sample ASOP problem modified by the
addition of two more shield layers as shown in Figure .3. . The ﬁhird
problem cénsidered was obtained by sandwiching each“tungsten layer
with layefs of ByC of density 2.54 grams per cubic_centimeter; The
optimized shield configurations obtained are shown in Figure 3. 4The
zone boundaries and the zone thickﬁesses are given in -Table 5. The

T grams or T4 less than the four

six layer shield weighed 1.133 X 10
layer shield. The twelve layer shield weighed 1.104 X lO7 grams or

3% less than the six layer shield. The percent weight decreases

would be larger if the dose constraint had been lower or the reactor
power higher. These two problems demonstrate that inéreasiﬁg the |
number of layers doeé not present any particular calculational diffi-
culties. The convergence of these.two problems was nét sigﬁificantly
différent than the convergence of the four layer problem. The third
problem demonstrates the usefulnesé of this method for studyiﬁg the
‘effectiveness of different shieldiné materials in a particular shielding
application. It should be noted that only two ANiSN calculations per
iteration were required for these problems, while ASOP wbuld réquire

thirteen and twenty five ANISN calc¢ulations per iteration for the same

two problems.
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TABLE 5

OPTIMIZED SHIELDS FOR PROBLEMS TWO AND THREE

. Problem 2
Physical Outer Radius Thickness
Region Type in cm in cm
1 Core 18.89
2 Grid 21.93
3 Plenum ‘ 30 .60
L Vessel 31 .08
5 W 35.23 4.15
6 LiH 45.58 10.35
7 W ' 50.06 - L4 .48
8 LiH 62.28 12.22
.9 W 65.50 o 3.22
10 LiH 106.97 b1.47
Problem 3
Physical Outer Radius ' Thickness
Region Type , in cm . .. incm
1 Core ' 18.89
2 Grid 21.93
3 Plenum 30.60
L Vessel ' 31.08
5 BLC : 32.00 -0.92
6 W 35.76 3.76
7 B,C . 36.67 0.91
8 "LiH 45.39 8.72
9 ByC L6.35 0.96
10 W - 50.84 4. by
11 - By C. 51.72 0.88
12 LiH 61.64 9.91
.13 BLC 62 .48 . 0.85 .
14 W 65 .12 2.64
15 ' BLC 65.73 0.61
16 LiH 106.97 41 .24




CHAPTER V
SUMMARY

A method has been devéloped'for fhe wéighﬂ optimizatién.of one-
dimensional layered shields. The method is based on discrete ordinates
transport calculations which allows the use of.the best available cross
section information through coupled neutron-gamma ray cross section sets.
Results obtained using this method were compared with results from the
computér program ASQP. The optimum wecights calculated by the two methods
for a representative SNAP reactcr shield differed by approximately 0.1%.
This agreement is considered to be satisfactory. The method also
proved to require significantly less computer time than the ASOP program.
This reduction in computer time was obtained using adjoint trénsport
theory which proved to be a very effective way to obtain the information
required for the shield optimization calecululluus. TFur the four layer
SNAP shield, the new method was roughly a factor of thrcc faster than
the ASOP method. However, the time required for the ASOP method is
approximately proportional to the number of design variables, while the
time required for the new mefhod is relatively independent of thé number
of design variables. For a twelve layer shicld, the new method would be
something like a factor of ten faster. A six layer and a twelve layer
shield were optimized, and the results demonstrated that increasing the
number of layers presented no particular problems.

7 It is felt that the results of this work are adequate for the
practical design of one dimensional layered shields. A generalization

of this problem is to allow the composition of the zones to vary as well

s
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as the zone thicknesses. Several of the techniques used in this work
are applicable to the generalized problem.

While the one-dimensional shield weight optimization problem has
been investigated by a number of workers, very little work has been done
on two-dimensional shield weight optimization. Many additional difficul-
ties are encountered when a truly two-dimensional model is used instead
of a one-dimensional model. The adjoint difference method could be used
in two dimensions to evaluate the effect of moving a portion of a shield
boundary a small amount. The equivalent density change approximation

could be used in performing a calculation of this type.
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