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Group Constants for a Fast Reactor
and Sodium Void Effects

Summary

The basic principle leading to the group equation and the effective group constants
is discussed, which are applicable to the prediction of almost all the quantities. The
perturbation operator to be used for calculation of the reactivity effect should be calculated
trom the difference between the group operators of the perturbed and unperturbed
systems.

The actual method for obtaining the effective group cross sections is described, and
then the code ESELEM is explained as an example of application of the method.

The special stress is placed on the calculation of the sodium void effect. The effect
for the zone loaded system is described and discussed.
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1. Introduction

In the first stage of the design study of a fast reactor, many characteristics are evaluated, but
within a rough accuracey, because the purpose of this study is to set up a certain concept. The
reactivity effect does not need to be known precisely. In subsequent stages, more detailed informa-
tion is required to confirm the safety characteristics of the reactor.

For a ceramic-fueled large fast reactor, the reactivity effect caused by the temperature rise is
considered as an essential factor for the safety. The Doppler effect, which is small for small-core
reactors, becomes the important effect in this type of reactor. The coolant temperature and void
effects become much less negative and, in most cases, may be significant positive components.
Both the Doppler and coolant effects are sensitively dependent on the spectrum in the energy
region lower than the mean energy.

Many sets of multi-group cross sections have been published and used for the analysis of the
static characteristics of a fast reactor. However these sets are not suitable for the detailed study
of the reactivity, because the principle for the effective cross sections are not well established and
the spectrum used is not the true spectrum expected for the actual reactor. In the present paper
the authors describe the method to obtain the effective cross sections, and the code ESELEM as an
application of this method. The special stress is placed on the calculation of the sodium void effect
which is discussed in Section 4. In Section 2, the basic principle leading to the group equation and
the effective group constants is discussed and the perturbation operator to be used for the reactivity
effect is argued.

In Section 3 a general outline of the code ESELEM is given. The Section 4 is devoted to the
sodium void effect in a zone loaded system. In Section 5 the required further developments are
explained. The rest are devoted to the detailed information concerning the code ESELEM.

2. Multigroup equations and group constants

2.1 Review of the previous definitions
The multigroup approximation is frequently used when predicting the static characteriscs of a
reactor. Many sets of multigroup cross sections have been published. However there is a doubt
if these multigroup cross sections can predict all the characteristics precisely. This problem arises
from the fact that the weight functions are chosen just for convenience sake. A few workers dis-
cussed the method to define the group equation and the cross sections. However, the cross sections
defined by them are applicable only for a few characteristics of a reactor such as the effective
multiplication factor or the time decay constant.
A. PARKER’s definition
The PARKER’s starting point for deriving the group equations® is the variational principles
which state that the integral

\o*(r, E, @) L4, E, Q)drdEdQ

I= 1 (1)
{¢*@. B @) 00, E, @)drdEdg

is stationary with respect to the variations of ¢ and ¢*. £ is given as follows,
L=8-grad g+ 3~ (3B -E, @' -@)dErag (2)

It can be shown that the stationary value of Eq. (1) is the time decay constant A, which is
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obtained by the following equation

Lo=—2¢ (3)
v
LHF=— A g (4)
v
To obtain the group equations, the trial functions for ¢ and ¢* of the form
G
4= S4,r, DFE) (5)
G
¢* :EL?%*(", Q)H,(E) (6)

are substituted into Eq. (1), and it is required that Eq. (1) must be stationary for small variations
of ¢, and &,*.
Tt is desirable that the group constants have the following features:
1

) 2, v~! must be a diagonal operator.

2) The adjoint operator is obtained only by transposing the regular operator.
)
)

3
4

They exhibit some conservation rules.
The group flux has the conventional dimensions of angular flux per group.
PARKER’s took these feature into consideration for determining the properties of H, and F,.
and obtained the group equations.
There are, however, the following questions :
1) Whether or not the quantities other than the time decay constant can be obtained accurately,
e. g., whether the flux can be used for the calculation of various reaction rates.
2) Whether or not the equation is the true adjoint equation, i.e., whether or not the equation
can be used as the importance equation.
3) What spectrum must be used for F, (E).
The question 1) is the most important, which means that, if the answer is no, we cannot use
the flux obtained from the group equations, when we compare them with the experimental results.
B. MARCHUK’s definition
The MARCHUK’s starting point for deriving the group equation? is that the effect of pertur-
bation introduced by group approximation must become zero.

For simplicity, consider the following Boltzmann equation :

Q-grad ¢+ 3= Sd.ofng/Z(Ef—E, 2-02)¢ (7)
S(E'--E, 2 -2)=X(EfIE'-~E, -8 +~kin(E)Ef(E’) (8)
eff
SdESd.QXf:I, SS fIE'~E, 2 ~2)dRdE~=1 (9)
The adjoint equation becomes
—0-grad ¢* + 3.¢* = (d@ (dE' S(E- B/, Q- 29" (10)

Now let us divide the energy interval into sub-intervals and set 3, and 3 as constant in each
sub-intervals. The fictitious system which has these 5 and 2 defined as step functions is called
the purterbed system. The adjoint equation becomes

— Q-grad ¢* +2,9* :Sd.Q’SdE’S(E—-E’, 292" (11)
From Eqgs. (7) and (11) the following equation is obtained :

(ar({aE(a@|(S~3)90" —g{ag {ar -3¢} -0 (12)
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From (12) MARCHUK defined the group constants. The characteristic feature of the MARCHUK’s
constants is that the product of ¢, ¢* is used as the weighting spectra.
There are still further questions:
1) Since the definition of group cross section is not the only one, what defenition will be the
best?
2) Whether or not the group cross sections can be used for predicting quantities other than k..
3) What is the adjoint equation ?

2.2 Derivation of group equations and constants
The previous group constants are applicable for predicting such quantities as kg or 2. If the
other quantities are required, we must define the different cross sections to attain a higher accuracy.
This is a defect in the previous definition. We want the cross sections applicable to the prediction
of almost all the quantities
Let us consider the system described by the following Boltzmann equation :

i%%ﬂg grad  + 3.9 =({S(E'~E, @'~ @)paErdg +$ (13)

v
where 5, and Y are continuous or piecewise continuous functions of energy. It should be recalled
that the neutron importance ¢.* is defined as the expection value of some measurement, when one
neutron is introduced at the point (v, E, 2,¢), and [urther that the change of the importance is
described by the following equation :

>k
—-37 a;ft ~ Q-grad ¢* + ug* = ((S(E-E/, @~ 2)¢*dEd +¢ (14)
Let us divide the energy interval into sub-intervals and consider the ficticious system, which
has constant 1/7, 3\, 3 and & in each energy sub-interval. The importance of the ficticious system

1s written as:

»71)- a—g’}g- grad % + 5.3+ =((S(E-E", @~ @)J*dEag +2 (15)
The adjoint of Eq (15) is written as:
L% 0 grad 5+ 55 =([S(E~E, @~ @farag +3 (16)

where S is defined by SSdEAiE, and ©* is defined as ’_"'*=¢%SE . ydE| %SE i Tl)-gde, so that
o) oN edF;

Eq. (15) becomes the adjoint of Eq. (16).
If Eqgs. (15) and (16) are exactly equivalent to the original equations the group equation is
easily obtained by integrating Eqs. (15) and (16) over each energy sub-interval. Let us introduce

the inner product of any two functions = and y, denoted by
(z, y) = S { S S dtdrdEdRxy 17

Equations (15) and (16) are equivalent to the original equations, when the following condition

is satisfied :

(&, ¢)=(& ¢) (18)
On the other hand the following relations are obtained by using the importance equations :

87 = £*: S

(€, ¢)=( ) (19)

& ¢)=(¢e*,S)
It will easily be verified that the spectrum ¢,(E) in each sub-interval is independent of », £,
¢t and given by 1/4E, Therefore the relation (¢c*,S)=(¢*, S) is satisfied. If £ is defined through
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S eqde/S ¢dE, we obtain (g, ¢)=(E, ¢). Under these conditions, Eq. (18) holds, when the
Ee4E; EedE;

relation (8, ¢)=(¢e*, S) is satisfied.
From Egs. (15) and (183), the following equality is obtained

& D~ 9 =[(~ 2, g)— (92, = WV +ger, 10,039

and 8 denote the operators:

7 :E—SdE'Sd.Q’E

where 0

0=5,— SdE’Sd.Q’Z’.
If © is defined by 1/77:5 idE /S ¢dE, then the first term on the right hand side of Eq.
E; U Ee4E;

Eed
(20) vanishes. The necessary and sufficient condition for obtaining the equivalent group equation

1s
((ataragary (& —3yg—(ae{aE S -39} =0 (21)

In Eq. (21) ¢¢* can take arbitrary values. For example, it is possible to arrange the derectors
so that ¢* is nonzero near (#o, £o,%,) and in the i-th group. In fact, set ¢e;*=a exp| —a(t—t)?

—Bp— po)2—7r(x—20)?} where @, B, 7> 1, and then the efficiency &; is obtained.

Hence we have
SdE[(Z—'L—Et)gb— Sd.@/SdE/(E-Z) ¢]=0 (22)

Recalling the desirable feature of the group constants, the group constants is defined as follows :

Gir, D={ ¢, E QdE

g

v=gff,_ L9dE
v =L 2 g0,

ot
N J _l — ~ L .
bj _SEGAE,«'SdEAEj ’ CJ SEGAEj€¢dE/¢J

£ Zt¢dE/¢J

S @@=\ B aESE-E 9 -2uE, ),
AE]' EedEj Ec4E;

The undesirable feature of the above constants is that they depend on (¢, 7, 9).
the reaction rates in a persisting distribution are required, they become independent of ¢.

A

Eed

However, when

2.3 The group constant to be used in purterbation calculations
The reactivity is defined as 1/v time dv (with negative sign), the latter keeping the reactor just

If the value of v is changed by 4v (with positive sign), then the expectation value of a

critical?.
On the one hand, the actual purterbation yields

measurement I, is changed by 4l =d4v(¢e*, X2 ).
Hence the dv, which keeps the reactor just critical, is defined as

AL = —($H* ALY,
gy =@ ALP) (23)

(¢ ASg)
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Then the reactivity is given by
0 _—(§rALY)
v (de*, Xv2ih)
The numerator on the right hand side of Eq. (24) is defined by (e¢’)—(e¢). In the group
approximation, (g¢’) is expressed as 3i(e;’¢;), where ¢; is the effective value of ¢, defined by the
7

(24)

weight ¢/. So 4I, in the group approximation, is written as.
(85 ¢/) - (87 ¢) - 2[(8/5 djj,) - (8.75 ¢J)]
7
= 1
== B L)+ (5o ) e |+ e =200 (25)
Iit J
Usually, the second term can be neglected, because the difference between v,/ and v, is
small and moreover the time derivative is small when the system is near critical. When the re-
activity effect is required, the measurement is performed after the persistent distribution has been
established, and then, the third term becomes negligibly small.
The operator 4.L;; should be calculated from the difference between the group operators £’
and L, i. e, the perturbed and unperturbed systems. That is, the changes of the cross sections

due to the weighting spectra must be taken into account.

2.4 The P, form of the group equation
From simplicity, let the system be a slab recator. The group equation is written as

L0 4120+ 5,0, = 35— ) At dy + 5 (26)
{3t dude = SBAE'~E) Pugpdpdy aBr oL @)
EleAE; 7
EedEj

where BZ:%;—ISZ’S(E’—AE, E, u)P(pwdu'de'  p1,=8"-8.

If the reactor is sufficiently large and ¢ can be approximated by ¢=%(¢o+3/ﬂo), the expres-

sion (27) is written as

{§2nBoEr~E)puaEr dE

E;

3 + ,USS 2uBy(E'~E)dE'

If the following abbrevations are made:

dE'dE
= = = ’
BO,—)J SE(AEJ. SEchE‘BO( )¢0 (E ) AE /SEIGAE?()dE N and (28)
dE'dE
B, .= B(E'—FE E". E’
1/>J SEGAE]' EredE; 1( )JO( ) AEJ /SE'gAE;IOd (29)

and the terms proportional to u are picked up, the following equation is obtained :

JO,+ ¢0]+3S SJAE! = S4By i (30)

"u]* ot

If Eq. (30) holds, one obtains the P, group equations
oo Jos b By =SB0+, (31)
¥ ot ox
where
5=( 3gdEig,
4Fj

When the reactor is so large that Jo* < ¢, and J, <@, hold, and if Jo(E)/¢o(E) is nearly constant
in each group, we have
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*
Tt =L g e 38T dE Y — Sz B,

E’e4E; 0j i

_1a
U, ot

If the term containing E%JM* is small and B,;,,=0 (j=¢), then we obtain

) 1
— o+ _,.;JUJ.* —0 (32)
) 1
T osJoy=0 (33)
oz " D; 0
where D, —=J,; / 3SE L STdE.

From Egs. (32) and (33), the multi-group diffusion equations are obtained:

1 9 .
- at¢oj —div D; grad ¢°,+ Zgﬁbo;‘ = 247’-'80;'—»1'950[ +S; (34)
J z
=20 gu*—div D; grad gos* + Zihos* = SHnBose o+, (3)
J 1

At a resonance energy, the condition Jy(E)/do(E)=const. is strongly violated, and Eq. (35) does
not hold. Neverthless, if we take the group width large enough that the contribution near the
resonance energy become small, then Jy(E)/do(E)=const. holds at almost all the energies, and Eq.
(35) holds. Eq. (34) holds when Jy(E)« ¢o(E) is valid. Hereafter, Egs. (34) and (35) are used for
the calculation of the Na void effect. In the next section the method employed to obtain flux
¢o(E) and group constants will be described.

3. The computer code for calculation of the spectrum and group constants

In the previous section the P, group equation was obtained. The group constant to be used
must be averaged, by using the flux ¢, When calculating the reactivity effect, due to some per-
turbation, the group constants for the perturbed system are needed, and the reactivity effect must
be evaluated by using these perturbed and unperturbed group constants.

When the concentration of fissile nuclides becomes lower, the neutron spectrum becomes softer.
As a result, the reaction occuring at lower energies becomes more important. For example, the
number of lower energy neutrons will be fairly changed by adding or removing the light element,
there by causing the important reactivity effect. The variation of spectrum will be predominant
near the scattering resonance energies. One of the most important effects on the reactivity of the
change of light materials is that due to Na-Void. Because resonance scatterings of these light ele-
ment have rather large widths, the cross section varies sensitively over a wide energy range, cor-
responding to about 0.5 (in lethargy unit). Therefore the neutron spectrum must be carefully
evaluated when calculating the Na-Void effect.

On the other hand, the Doppler effect is caused by the change of the absorption and fission
rates by heavy nuclides. The resonances have the very narrow widths, compared with the mean
lethargy increase & of heavy nuclides. The spectrum is affected locally by Doppler broadening.
Hence the Doppler effect can first be treated separately.

In order to handle the Na-Void effect, and obtain the neutron spectrum and the accurate multi-
group cross sections, the code ESELEM has been developed. The code is written in FORTRAN 1I
for IBM 7090, and in Fortran IV for IBM 7044. The name is the abbreviation of the * Energy
Spectrum and Effect of Light Element Moderation” in a fast reactor. This code calculates the
neutron spectrum for a bare fast reactor, consisting of a mixture of clements heavier than Helium.

For large fast reactors having a blanket, it is assumed that the neutron spectrum in the core region
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is the same as that of the bare reactor, the latter consisting of the same material as the core. This
is a good approximation to the large core. The contribution by the transient solution influenced by
the boundary may be negligibly small, especially for large bare cores whose dimentions are large,
compared with the mean free path. Therefore the spatial distribution may be approximated by a
fundamental spatial mode. Moreover, the flux does not exhibit a strong anisotropy. In fact, the
P, component becomes small, because the buckling, which is proportional to the inverse square of
the core dimentions, is small. Therefore the spectrum in a persistent distribution can be calculated
by P, or B; approximations. In the code, the diffusion, consistent-P, and consistent-B, approxima-
tions are available. In the degradation integrals, however, the scattering properties of moderators
are rigorously taken into account, because they influence the spectrum strongly.

The code ELMOE®, similar to ESELEM, was already developed at ANL. However, in the
ELMOE code some cross sections are taken from the YOM sets which were obtained with the
fixed spectrum differing from the true spectrum. The fission spectrum and inelastic cross sections
are approximated as constant in each coarse energy group. This causes a deep dip, which should
not be expected. The dip makes small the elastic and inelastic removal cross sections. This causes
an unexpected error in the calculation of the reactivity effect. In the code ELMOE, this dip is
eliminated by re-iterating with a smoothed source. The process is, however, only for conscience
sake. Another drawback involved in ELMOE is that the spectrum is calculated by more than two
passes.

The drawbacks described are eliminated in ESELEM, as shown below. For the purpose of
consistency and accuracy, all the parameters, except the inelastic matrices, are given for the fine
groups. Referring to the machine time, more than two passes require more time than one pass.
So there is no advantage in handling the problem by sub-dividing more than two passes. In fact,
ESELEM does not require much machine time, as shown in the code Abstract.

In the following, the code ESELEM will be described in detail.

3.1 Equations to be solved by ESELEM

The time-independent Boltzmann equation is written as
2 grad (v, E, Q)+ S(E))(r, E, @)~ ([S(E"~E, @'~ @g(r, ', @)dE'a2 +Qr By (36)

Where the symbols used are usual ohes; Q(7, E) denotes the strength of the fission soﬁr“c‘e ‘given
by - o :
Qr, E) = %rx (EYoS(ENg(r, B, @)dE/dQ (37)
In Eq. (36), the time derivative of ¢ and the external source are not included, because the
spectrum in a persisting distribution is required and moreover near the criticality the spectrum is
almost identical with that of the critical reactor. It is assumed that the spatial distribution obeys
e—iB-r
¢, E 2)=¢(B, E, )e=Br (38)
Setting £2-B=uB and 2=u, Eq. (1) is written as ‘
(Zi—iuB)¢(B, E, ) =SZ'(E’AE, QB E, )AE'd ' +Q(B, E) (39)
The scattering transference function J(E'—E, £'— ) is composed of the elastic transference

functions as well as the inelastic. The isotropic distribution is assumed for the inelastic scattering,

iLe.,

B/ ~E, @/~ Q)= SAE~E, @/~ @)+ = 3u(E'~F) (40)
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The elastic transference function can be represented by a series of Legendre functions:

S(E/~E, 8~ 8) = 2)S(E'~ E)Pi(10) (41)
where
1o=2-8,5, =2 5B~ E, 0~ 9P )@ 42)

By means of the addition theorem, Eq. (2) is written as

(E—ipB)Y(B B, i) =3 3 [[SUE/~E)+ - SulE'~ )0 ]Pu(8)

I=0m=—1
X P, (@)¢(B, E', p')dE'dQ' +Q(B, E) (43)
If ¢ is expressed by a series of Legendre functions, Eq. (43) becomes

(8:—iuB) S ¢u(B, E)PA)
3 S 1
12021+1 ( )S[bl(E’—-E) FZ;EEIH(E,AE)élo:I(!}l(B, E,)dE/—f—Q(B, E) (44)
A more detailed description of Eq. (44) is found in any text books.

3.2 The Legendre moments of elastic transference functions

The elastic transference functions of nuclide species v are given by™

2AE
(A,, +1)2

Where A, denotes the mass of the nuclide v and the quantities marked with an asterisk are these

S(E/—E, @ —~2) =S E, o )“Z,‘“ o(E~E'+ (1—") (45)

in the center-of-mass system. The Legendre moments Sy(E’—~E) are easily calculated as

I WRARY s 4 2AL
S~ E) =2 Tt 2nfdp 5wt o BB 21— ) P
21+1(A,+1)?
— ‘* 14 *( I 7
va [E » Hoy (E ,E) 2 ZADE, Pl[,u()v(E »E)] (46)
where po(E' E) or uo(E', E) represents the following function of E’ and E:
(A, +1)2 E 2 E
* 1 _ L~/ _ Tl =1-= .
(Y, E) =1= 50 (1 E,) 1 av(1 E,) (47)
, _—1- E 1/2_l _ Ei’ 1/2
B, E) = A D)) =5 A= 5) (48)
S, vanishes unless (1—a,)E’<<E<CE’ holds, where
4A,
A1) “9)
If we set
Sl BN~ E) =z Sy *[E', p* (B, E] -1 (50)
a,E’
then the Legendre moments of the elastic transference functions are given by
S(E~B) =255, (B~ E) Lo B, E)] (51)
especially
So(E!— E) = Zlizzsw[EuE] (52)
3(EN” (=1 g -
SWE~E)=(5) S[A+1-"25 7 E | SulE~E) (53)
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3.3 Consistent P, approximation and diffusion approximation
When Eq. (44) is multiplied by P,(«) and integrated over g, the infinite set of coupled integral

equations for ¢,(B, E) is obtained. If the first two equations are retained, we have the consistent
P, equations

BJ(B, E) :47z§[ W(E'—~E) +4lﬁzm(E'~»E>]¢(B, E'dE'—S(E)$(B, E)+Q(B, E)

33(E)J(B, E) =4z SSI(E’QE)J(B, E')dE' + B(B, E) (54)
where
(B, E)=¢o(B, E)
J(B,E)=—L4.(B, ) (55)

In the case of spherically symmetric scatterings in the center-of-mass system, the term
47ZSS1(E’—E)J(B, E)dE'’ can be written as 37X (E), when J(B, E) is a slowly varing function of

the energy. This approximation is the diffusion approximation and valid only when the reactor is
large, and all the cross sections do not vary strongly with energy. In the approximation, Eq. (54)
is written as

BJ(B, E) =4nS[é‘0(E’~E) +4i752in(EuE>]¢(B, E\dE'—3(E)$(B, E)+Q(B, E)

_B¢(B, E)
J(B, E)= 35 (56)
where
Ztr:Zt—sz

3.4 B; approximation
If there is no correlation between the energy loss and the angle of scattering, then the degra-
dation integral of Eq. (34) would be independent of x, and ¢(B, E, 1) would be proportional to
(& —iuB)~1. Therelore, any deviation from this angular dependence comes from the correlation
between the energy loss and the scattering angle. Therefore it would be a resonable approxima-
tion to divide Eq. (39) by 1—(i¢B/2), then to multiply both sides of the resulting equation by
P/(y) and to integrate over p. The approximation gives

&4 1
SUEM(B, E) =@+ 1) 2 " Au)[ SUE ~E) +_5iu(E'~ E)bo (B, EE"
+(2I+1)AnQ(B, E) (87)
_IB SR X Y ) 40
where vﬁZt(E) and Ap=Am= 28‘1 1_/”] d,/z (58)

When S;(E'—E)=0 for [=2, the first two equations determine ¢(B, E, y) rigorously. The
resulting B; equation becomes

SAE)$B, E) =A% Anf[SoE'~ E) + - Sul B/~ E) |4o(B, E')dE"
A [SUE ~E)u(B, ENAE + (B, E)
S SD(B, ) =15 A [[SuE ~E) + |- Su(Br ~E) gl B, ENdE"
T

+ AL SUE ~E)u(B, BN + AuQ(B, E)

As shown in the Appendix, a little algebra gives
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BJ(B, E) = 4n{[ So(E'~E) + =5l B/ ~E) | (B, ENdE’
4z

— B,,___ ! _. N ’
J(B, E) = ) 5.E) [6(B, E) +47rSSl(E E)J(B, E)dE'] (60)
where
B —— 2B o ip=BIS(E). (61)
3127

3.5 The group structure

The energy range of interest in the fast reactor study spreads widely. In this range, there are
a huge number of resonances. So if the highly accurate results are needed, the large number of
groups are required. However the number of groups to be used are limited by the capacity of the
computing equipment to be employed. Therefore the number of groups must carefully be chosen.

The interference between the Doppler effect and Na-Void effect has recently become important.
These effect are predominant at lower energies. The lower energy limit can be taken to be 3eV
in ESELEM code. However the data are provided for the range from 10 MeV to 60eV. The
range will be extended in the near future.

The group width is selected by the principle that almost all the group cross sections are ob-
tained with a high accuracy. The cross section must be averaged in each fine group. The true
spectrum should be used as the weight. However this averaging process requires much labour,
and if this process is carried out in the code, the process will consume much machine time. On
the other hand the almost all the cross sections, except for heavy nuclides, can be approximated by
a linear function of lethargy. It may be possible to obtain the average cross section by using other
standard spectra like E/E. The spectrum must be chosen so that the averaging process becomes
simple, and the group width must be chosen so that the error introduced by the standard spectrum
is small. To examine the accuracy, the spectra dE/E and dE are selected. The former is a well
known spectrum; the latter is chosen because the averaging process is simple. When the cross

section is described as a linear function of lethargy, the fractional deviation of the cross section

becomes
1 b(du)?
12 a+ %Au

Where cross section is represented by a-+bu, and a+§du is the average obtained by the constant

spectrum.
If Au is chosen as 0.01, the deviation does not exceed 1% for almost all the resonance scat-

tering cross sections of light and medium elements, except for that of the several tens of keV
energy region where the levels are dense. The latter region requires special care and is handled
by another code, which will be reported in the near future.

Moreover it is convenient that the coarse group structure should correspond to that of YOM®
set and further that the total number of fine groups should be a multiple of a hundred. When
the lethargy range extending from 60eV to 10 MeV is divided into equal 1200 groups, the width
becomes 0.00995 and it is easy to obtain the group structure, which corresponds to the YOM set.

The structure is shown in Taste 1. The nuclear data at each energy mesh are obtained by the
quandratic interpolation. Any consideration is not given to the narrow resonances of heavy nuclids,
because many levels are found in each fine group and consequently the energy dependence of the
resulting fine group cross section becomes rather small. It may be a resonable approximation to
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TABLE 1 Group structure

Coarse group (J) Fine group E; 4U;
1 100 3. 6788 1.0
2 150 2.2313 0.5
3 200 1. 3533 0.5
4 250 0. 8208 0.5
5 300 0. 4979 0.5
6 350 0. 3020 0.5
7 400 0. 1836 0.5
8 450 0.1111 0.5
9 500 0. 06738 0.5

10 550 0. 04087 0.5
11 600 0.02479 0.5
12 650 0. 01503 0.5
13 700 0. 00912 0.5
14 750 0. 00553 0.5
15 850 0. 00203 1.0
16 1000 0. 00045 1.5
17 1100 0. 00017 1.0
18 1.5

1200 0. 00006

use the average cross section averaged by 1/E spectrum.

3.6 The nuclear data

The fuels of fast power reactors may contain the following elements as fertile or fissile ma-
terials : 2%9Pu, 24Py, 24Py, 235U and 28U. However it seems that the removal, inelastic and trans-
port cross sections of 2°Pu and 24'Pu do not have a large effect on the neutron balance, because
of their low concentrations. The elements Fe and Al are used as the structural materials, 10 and
2C as the fuel diluents and #*Na as the coolant. The reactors, consisting of eight elements other
than 2¢°Pu and ?4'Pu, were considered as the object of study with the ESELEM code. The Nuclear
data for the other elements will be provided in the near future.

Most of the neclear data were taken from the cross section table compiled by Scummt®. The
angular distribution of the elastic scattering was given in the form of a series of Legendre poy-
nominals, the coeflicients of which were supplied either in the center-of-mass or the laboratory
system. The consistency of zero-th expansion coefficients with the total elastic cross sections was
examined.

If there is a discrepancy, the zero-th coefficients are calculated from the total elastic cross sec-
tions. The total inelastic scattering cross sections are given at each fine energy mesh, so that the
fine group calculation may be considered to be consistent. The fission spectrum, fission and capture
cross sections and fission yields are also given at each energy mesh.

The transfer matrices of inelastic scattering, which are not given in good accuracy at the pre-
sent, are taken from the YOM set and given in the coarse groups. It is assumed that in each
coarse group the inelastically scattered neutrons are distributed with the equal probability, as shown

below :

M~ DAEL
M yjsi=M,(J I)AE’, (62)
where M(J, I) is the transfer matrix, I and J coarse group numbers and i and ; fine group num-

bers respectively. AE; is defined as



12 Group Constants for a Fast Reactor and Sodium Void Effccts JAERI 1109

TABLE 2 References used for date compilation

Material Capture Fission b Inelastic Elastic Legendre
- B ——— R S — - — - — — i ———— moments
10 MeV~60eV 10 MeV~60 eV |10 MeV~60eV|10 MeV~2.2MeV
C (6) ., (10) (6) , (10)| (6) , (10 let to 0
2.2 ~
(98.89%) (%fv L?S.*
10 MeV~60eV 10 MeV~60 eV |10 MeV~60eV| 1.7 MeV~0
y (6) , (10 (6) , (10) | (6) , (10) (11 L.s
sO 4.11MeV~2.00MeV
*
(100%) (12) C.S.
11.6MeV~1.75MeV
(13) C.S.
ﬁ'Na 10 MeV~60eV 10 MeV~60eV |10 MeV~60eV O.85MeV~0.29 MeV
(100%) | (6) ., (10)77777“ I ] (6) , (10) , (6) , (10) (15) C.S.
27 ] 10 MeV ~60eV 10 MeV~60eV |10 MeV~60eV| 14 MeV~0.03MeV
13 (10) , (16) (10) , (10) (10) , (16) (12) C.S.
F 10 MeV~60eV 10 MeVA~60eV |10 MeV~60eV| 14 MeV~0.22MeV
zohe (6) , (10) (6) , (10)| (6) , (10) (12) C.S.
10 MeV~60eV 10 MeV~60 eV |10 MeV~60eV| 14 MeV~2.0 MeV
(6) , (10) (6) , (10) | (6) , (10) | 45MeV~0.1 MeV
U same as U2
2.0 MeV~0.1 MeV
(12) C.S.
10 MeV~60eV |10 MeV~60eV|10 MeV~60eV|10 MeV~60eV |10 MeV~60eV| 14 MeV~2.0 MeV
ey a0 | (6), (oy| (6), (0)| (6). (10| (6), (o) (2  CS.
U 1.7 MeV~0
(11) L.S
2391y 10 MeV ~60 eV'110 MeV~60eV |10 MeV~60eV {10 MeV~60eV {10 MeV~60eV| 10 MeV~60 MeV
o (6) , (10| (6) , (10)| (6) , (10) | (6) , (10) | (6) , (10) same as U?®

* C.S. and L. S. corresponds to the center of mass system and the laboratory, respectively.

AE' ;= (63)

i~1
AE~ AE,  J=I

k=ir
where #; is the uppermost fine group number belonging to the I-th group. In Tase 2 the re-

ferences used in the compilation are summarized.

3.7 The formula solved in ESELEM
Equations (54), (56) and (60) are changed into the group equations and solved numerically.
The equations are given below.
3.7.1 Diffusion approximation

For the diffusion approximation, the equation for the flux in the i-th group is written as

k
b :

‘ 2
?Tle'L Sy Yeini— Linioi (64)
trf
i=1 i1 i
F=23 2e;‘—»i¢§—l +3 Einj—u'gzsi;'_l +X; (65)
j=i—MAXE F=i—MAXI
ﬁlkle

where MAXE and MAXI are some integers which are determined from the dimensions of the
transfer matrices, # is the index representing the iteration number, ¥y, and X\, is the total and
transport cross sections, respectively ; and X.;.; and Zi,;.; are the elastic and inelastic transfer cross
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sections, respectively, with the latter being given by 35 Mo The quantities, concerned
Pl

with the elastic scattering, such as the transfer cross section, will be discussed in detail in the

Appendix.
The %-th iteration of the buckling is found by the following procedure
=3 )84 (66)
Bi+1: :HBkz (67)

The iteration is terminated when the condition |K*—1|<C¢ is satisfied, where € is the convergence
criterion.

3.7.2 Consistent P, approximation

For the approximation, the equations are given below

¢ k_ (@Zti - Eeli—bt’)[Bik _ Bkéik

68
4, (68)
Jk:(Eti_‘zeiﬁi_zini*i)éik-*“Bkﬂ (69)
1 Ai
- i—1
ﬂ;kzz Z‘ej‘)[¢jk+2 2iﬂj—>i¢jk+xi (70)
j=i-MAXE j=i{-MAXI
i—1
éik=2 Zelj—n't]jk (71)
j=i—-MAXE
Bk =Xy, #=0 (72)
Ai = (Zti*zei-»j_zini—)i) (32& _Zeli%i) ’J‘Bkz (73)

where 3e;.; is the P, component of the scattering cross section and will be explained in the
Appendix.

The iteration is continued unless |K*%—1|<Ce is satisfied.
3.7.3 B; approximation

The equation for the B, approximation is written as

- (3712 — erini) BE — Baki®

4% (74)
J;,k:(Sti—zei—»i_zlini—»i)gik‘*‘Bk,B,-k (75)
4*
A5 =(37:3— Zetini)(Si— Zeisi— Sinini) + Bi? (76)
. aftan~lq*
C tan—la k| (77)
3(1- o )

Again the iteration is continued until | K% —1|<Z is satisfied.

4. The Na-void effect for a zone loaded system

When a sufficient amount of fuel is not available, the characteristics of a large core must be
simulated by the zone loaded system. The characteristics of the system were studied extensively”,
The possibility of the simulation is reported in another paper. In the present section the sodium
void effect will be discussed in detail. The system studied consists of 3 zones, test zone, driver
zone and blanket zone.

In the test zone the core of a large fast reactor is examined. The driver zone acts as the
source of fast neutrons. The specifications of a typical system studied are as follows :
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TABLE 2 Specifications

Dimension i Test zone ‘ Driver zone | Blanket zone
Rx H. | 20 % 60 | - ‘ -
Tox Hy l — | 17.15% 16 —
Te: T, — | -— 45: 45
Volume “ 75. 4 ‘ 190. 8 —_—
Volume fraction F/Na/SS 30/50/20 ! 30/50/20 60/20/20
Fuel enrichment* 18 l 15/40 NU

* Mixed oxides are used as the fuel. 15/40 denotes that 15% of the fuel is Pu and 40% of the rest is 235U
The cross section of the reactor is shown in Fig.l.

/\  Effect of

/' \ sodinm removal

100F o/ \
/ \\/ .

o
Core < 10
“ =z /
Z - A - I = (Half sodium flux)
1 — - ~ .
A i | R /Td I \/ (Full sodium flux)
l - —-—05.{Na)
1
Bl‘ Ik L 1 1 1 1 1 1 1 ] 1
apke 850 800 750
! Group
Fig. 1 Cross section of the typical 2 dimensional Fig. 2 Neutron spectra near 2. 98 keV resonancs

reactor ) of Na

The isotopic content assumed of 2*Pu is 18.83% and that of #%Pu is 81.17%.

The neutron and the effective cross sections are calculated for the bare reactor whose com-
position is the same as that of test zone. In the calculation, a diffusion, approximation is used. In
Fig. 2, the total cross section of Na and the spectra of a full sodium and half sodium core are
shown. The energy range corresponds that from 7.5 to 8.5 in lethargy unit and 15th group of
YOM set.

As scen from Fig. 2, when half of the sodium is removed, the dip of the spectrum becomes
shallow and the spectrum becomes slightly harder. Especially near lethargy 8.35, the decrease of
neutron population is seen. As the maximum lethargy gain of neutrons, when scattered by sodium,
is 0.17, the lethargy 8.35 is at just 0.17 from the peak of sodium resonance. When half the
sodium is removed, the number of scattered neutrons decreases and consequently the neutrons re-
maining near peak increase. On the other hand the population of neutrons, which gain lethargy
0.17, will be decreased. The removal cross section is defined as the ratio of the neutrons scattered
down into lower energies to the total flux in the group. The rate of this kind of scattering is
governed by the flux near lethargy 8.35 in 15th group. Therefore the removal cross section of
15th group decreases by sodium removal. On the other hand the effective total cross section in-
creases. This is the same as the self shielding effect of resonance absorptions. It must be noted
that the elastic removal cross sections are not always reduced. When the peak of some sesonance
is at the lower limit of a group, there arises an increase of the cross section. The last effect caused
by sodium removal is the increase of the effective absorption cross section of Na. In the authors’
case the absorption cross section varies from 0.037 to 0.040. This increase causes the negative
contribution to the reactivity effect.
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Fig. 3 Neutron spectrum

In Fig. 3 the full sodium spectrum is shown. In the spectrum the dips correspond to the re-
sonances of light elements. The dips indicated by arrows correspond to the typical predominant
resonances of 1°O, ?'N, and %Fe, respectively. There are no dips, which can not be explained, in
contrasts to the results of ELMOE®®,

Tasie 3 lists the effective removal cross section. The values of the YOM set are also listed.
The values obtained by ELMOE are not listed, because their elastic removal cross sections are not
the true effective cross section. Their cross sections of a light element were based on the difference
In microscopic elastic removal cross sections caused by adding the element to the mixture.

In Tase 4 the effective capture cross sections are listed. The low energy cross sections of 2%Pu
and #*U vary slightly. These changes cause either the positive or negative reactivity effects. The
similar changes are observed for the fission cross sections. These changes are due to the fact that
the energy variation of cross section in the coarse group is taken into consideration. This feature
is not observed in the results of ELMOE, because it does not consider the variation of capture and
fission cross sections in coarse group. For the more soft spectrum core, these changes will become
more important. If the self shielding factors are considered in the code, the true interference effect
can be calculated.

TABLE 3 Effective elastic removal cross sections

ESELEM fuel sodium ESELEM half sodium YOM
“Element [ ' ] T T
\ (@] Na Fe 0] Na i Fe O Na Fe
Group ™ S S ] I
1 0. 626 0. 160 0. 095 0.637 0.163 0. 099 0. 337 0. 137 0. 052
2 0.676 0. 239 0. 145 0.693 0. 238 0. 144 0. 430 0. 164 0.074
3 0. 564 0. 298 0.123 0. 576 0. 309 0.128 0. 559 0.215 0.076
4 1.187 0.628 0. 230 1.171 0. 605 0. 220 0. 793 0.374 0.102
5 1. 087 0. 546 0. 235 1. 155 0. 580 0. 254 0. 797 0. 594 0. 151
6 1.734 0.772 0.125 1. 721 0.752 0.122 0.914 0.5 0.190
7 0. 874 0. 698 0. 362 0. 867 0. 691 0. 377 0.715 0.518 0.148
8 0.910 0. 541 0.156 0.910 0.542 0. 157 0. 710 0. 458 0.176
9 0.971 0. 736 0.133 0. 954 0. 720 0.129 0. 651 0. 468 0.335
10 0.917 0. 653 0.331 0. 952 0. 683 0. 348 0. 626 0.619 0. 233
11 0. 934 0. 849 0. 484 0.927 0. 835 0. 475 0. 643 0.518 0. 687
12 0. 766 0. 626 0. 159 0.790 0. 646 0. 164 0. 605 0.515 0.116
13 0.739 0. 789 0. 443 0.753 0. 806 0. 453 0. 605 0. 629 0. 293
14 0.942 1. 606 0. 807 0.918 1.552 0. 774 0. 639 0. 907 0. 454
15 0.610 0. 404 0. 243 0. 767 0. 473 0. 277 0.227 0. 969 0.103
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TABLE 4 Effective capture cross section

ESELEM f{full ESELEM half sodium
Wement Na Fe 2381 ] 239Py B -Na | Fu “ =8y 239Py
Group \ e S S R o
12 0. 00813 0. 00809 0. 5596 0. 9749 0. 00245 0.00813 0. 5591 0. 9723
13 0. 01062 0. 01065 0. 5866 1. 1489 0. 00311 0. 01062 0. 5864 1. 1490
14 0. 00405 0.01311 0. 6560 1. 0668 0. 00405 0. 01308 0. 6562 1. 0667
15 0.03711 0. 00753 1.0811 1. 6340 0. 04002 0. 00748 1.0391 1. 5885
16 0. 00913 0. 00911 3. 9484 2.5271 0. 00926 0. 00890 3.56832 2. 4599
TABLE 5 Na void effect (4k/k) of the Bare zone system

o | es. | oDBY o | o Total
YOM 0. 01253 0. 00475 —0. 02638 0. 00497 —0.00413
ESELEM 0. 00670 0. 02171 —0. 02639 0. 00363 —0.00128 0. 00437

The Na void effect for a bare reactor whose composition is the same as that of the core is
shown in Taste 5. The net effect obtained by ESELEM differs in sign from that of YOM. This
is because the elastic removal component becomes large, although the other effect remain almost
the same. It should be noted that the effect due to the fission cross section cannot be neglected.

The Na void effect for the driver composition was also studied. In this case the net effect has
a negative sign and does not differ from that of YOM. This is because the importance-spectrum
becomes rather flat in contrast to the results for the core composition and consequently the elastic
removal and inelastic removal components become small. This shows that the studies of the im-
portance spectrum is needed for the study of the future reactor.

The sodium void effect for the zone loaded system was studied by the two-dementional per-
turbation. The unperturbed flux and importance were calculated by the code TWFAST®. The
code is a combination of one dimensional diffusion code and TWENTY GRAND. The one
dimensional calculation is made for preparing the effective 6 group cross sections. The cylindrical
reactor is divided into appropriate sub-regions, and each sub-region is simulated by an spherical
shell region which is a part of an spherical reactor equivalent to the original cylindrical one. The
6 group constants are calculated by using the flux in the corresponding spherical region. The
group structure is shown in Taste 6. It may be noted that the low every group has a rather
narrow width. This is because the low energy neutrons are rather important for the sodium void
and Doppler effects. For the present system the test zone is divided into 3 annular sub-regions
and the driver into 2 annular sub-regions. The reactivity effects are shown in Tase 7~10.

When 50% of the sodium is removed from the sub-region of the test zone, the reactivity effect
becomes positive except for the outermost region. The effects evaluated from the YOM set are
always more negative. These are expected from the results for the bare reactor. As seen in
Tase 7 and 8 these differences come from the scattering removal component which is the sum of
the two figures appearing in the row marked as scattering. The main contribution to the scatter-
ing removal is the elastic removal.

On the other hand, for the driver zone the Na void effects caluculated by the two sets do not
markedly differ from each other. For the driver zone the leakage component predominates and the
o'her components contribute slightly to the effect. However it should be noted that in the results
calculated by YOM there are an errors of about 5~10%, compared with the ESELEM. The
diffusion coefficients obtained by YOM are not accurate so the leakage component is thought to

be in error.
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TABLE 6 Group structure
YOM 6G
UL : Remarks
J Xe

1.0 1

1.5 2 0.577

2.0 3

2381J fission threshold

2.5 4

3.0 5 0. 362

3.5 6

4.0 7

45 3 0. 051 24Py fission threshold

5.0 9

5.5 10

6.0 11 0.010

6.5 12

7.0 13

7.5 14

85 15 0 Na resonance level

10. 0~12.0 16 0
TaBLE 7 Na void effect (4k/k%) evaluated by YOM, 509% Na removed from core
Region I I 111 Total
Volume (1) 4.70 32.2 38.5 75. 4

Leakage —0. 0132 —0.0876 —0. 0940 —0.1948
o Absorption +0. 0037 —+0. 0293 +0. 0321 -+0. 0651
g +0. 2141 +1.4338 +1. 6247 +3.2726
3 Scattering
~ —0. 2022 —1.3724 —1.5898 —3.1644

Net +0. 0024 +0.0031 —0.0270 -0.0214

TABLE 8 Na void effect (4k/k%) evaluated by ESELEM, 509% Na removed from core

Region I 11 111 Total

Leakage —0.0123 —0.0818 —0. 0888 —0.1829

Absorption +0. 0047 ~+0. 0306 +0. 0323 +0.0676
:g 1.0. 2707 4-1. 8201 2. 0648 +4. 1556
k3 Scattering
D§ —0. 2554 —1.7344 —0. 0027 —4.0014

Fission —0. 0005 —0. 0027 —0.0015 —0.0047

Net -+-0. 0072 +-0. 0318 —0.0048 0. 0342

5. Need for the further development

This type of calculation is needed not only for the sodium void effect but also for all other

reactivity effects including danger coefficient and mass replacement. The neutron spectrom will

become more important for obtaining accurate Doppler effect.

In recent years the measuring
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TABLE 9 Na void effect (4£/k%) evaluated by YOM, 509% Na removed from driver

Region v A% Total
Volume (/) 83.4 107.7 190. 7

Leakage —0. 3662 —0. 3662 —1.0386
\d e
% Absorption +0. 0548 0. 0489 +0.1037
2 +-3.0028 +2.1815 15,1843
> .
g Scattering
§ —3.0038 —2.1470 —5.1508
~

Net —0.3124 —0.5890 —0.9014

TABLE 10 Na void effect (4%k/k%) evaluated by ESEELEM, 50% Na removed from driver

Region v % Total
Leakage —0.3422 —0.6254 —0. 9676
Absoption +0. 0580 0. 0471 +0. 1051

-+3. 5786 +2. 5410 +6. 1196
Scatterings -

—3.5684 —2.4910 —6.0594
Fission —0. 0230 —0.0221 —0. 0451
Net —0.2970 —0. 5504 —0.8474

techniques have been developed. In fact it is said that in the energy range below 20 keV the
spectrum can be measured with a fine resolution.

Therefore more refinement and accuracy will be required in the near future. The items
important in developing the present type of code are as follows:

1) The compilation of evaluated nuclear data, especially for the resonance region. The re-
sonance structure of cross section affects strongly the effective cross sections.

2) The derivation of the fine group effective cross sections. These are obtained from high
resolution resonance cross sections. The four numerical methods were investigated. They are,
respectively, the methods using 1/E spectrum or 1/EX-spectrum the spectrum obtained from ap-
proximate slowing down equation, the exact spectrum obtained from the exact slowing down
equation. As for the effective cross section, the latter three methods give almost the same results.
The second method is prefered because it is simple. However the semi-analytical method, which
uses some composition-dependent parameters, is needed, if possible.

3) Heterogenuity effect must be included, and the Doppler effect should also be handled. The
semi-analytical method is prefered if possible.

4) Development of the theory for deriving the effective cross section for the finite arrange-
ment of cells. In the case of an infinite extention of cells, the flux averaging gives the accurate
effective cross section and the correct reaction rates. In fact, this may be verified by the procedure
in section 2.

5) A method for obtaining the spatial-dependent cross sections for the many-region reactor.
In a thermal reactor, the spatial dependence of thermal cross sections is important and the thermal
energy range could be treated separately. However for fast reactors, this separate treatment may
not be permitted. The analytical work is needed.

6) Development of the effective cross section theory capable of treatment of the time-depen-
dent behaviour of a reactor. The group constant obtained for the fundamental modes cannot be

used in calculation of higher modes.
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Appendix 1. Derivation of B, approximation equation to be used in the computer

The two integral terms in Eq. (59), corresponding to /=0 and /=1, are expressed, respectively,
by solving the simultatious equations

ar(S\(E'~E)J(B, E")dE' = ym A:1 a4 L An U E)(B, E) — An2(E)J(B, E)]
S[So( )+ Z.n(E )J¢(B’ ENdE' (A.1.1)
1
=i A A S BB, E)— AnZ(E)J(B, E)]-Q(B, E)

The first three terms of the coefficients A, read:

AOO :Ltanila
44

Aoy :é<1 —?i— tan‘1a>

—_ _.1._ — i -1
Ay ~~-a2<l a tan a)
therefore

AooAu "‘AOlz = %(1 —-itan"l a)
a a

Substituting these A; into Eq. (A-1), Eq. (59) is expressed in a form similar to consistent P~
approximation :

4755 [So(E/— E)+- zm(F ~E)|4(B, E")dE' — S(E)$(B, E)—iBJ(B, E)—Q(B, E)

. (A.1.2)
47 S\(E'—~ E)J(B, E')dE' =iBg(B, E)+ _a®n’a s (E)JB,E)

1-——tanla
a

Appendix 2. Calculation of the elastic scattering matrix

a) Case where the angular distribution of scattered neutrons is given in the center-of-mass
system
The elastic transfer function can be written from the definition

Yol ~E) = E,N Wu*LE, w*(E', E) ] (A.2.1)
where N, is the density of scatterers and
* 1l E
ME,E)=1~_~(1-4) (A.2.2)

It is assumed that the data on the angular distribution of the elastic scattering cross sections in the
center-of-mass system are represented in the form
O™ (B, *) = %]BzuPz(ﬂ»*) (A.2.3)

The energy range of interest is divided into N intervals, chosen so that the ratio r of the
lower to upper energies for the interval is the same for each interval, i e.,
E; X
r=="— or E;j=Emp.r (A.2.4)
Ej
where E... is the uppermost energy under consideration, and for simplicity it is assumed that it
is on the energy mesh.

Then, the maximum number of intervals by which the neutron can be slowed down by colli-
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sions is independent of the initial energy which is on the enrgy mesh-point. Let us denote this

maximum number by 2, corresponding to the nucleus v, and

let “1“07,,(1_%) (A. 2.5)

where E, is the initial energy.

Then x, varies from -1 to 1 as E,, the initial energy, to E=(1—ay)E,, the minimum possible
final energy.

On the other hand, in Eq. (A.2.1) the integration over the energy can be reduced to the

integration over x,, When E,=E,,, the corresponding Zm, becomes 1—5‘[1—(1—6(;/—5)], where
v

¢ is some positive quantity. Then z,,<<—1. However, as the lower limit of integration is E=
(1—a)E’, the integration must be terminated at Zm,=—1. The microscopic elastic scattering cross
section from E, to group I becomes
By %ta
R SE 0e* (Eo—E) aE=27rSz, dz[ 1B ()]
Collecting the like powers of 2, the above expression is rewritten as

m+l__ mt1

e BT A.2.6
T 2 a,(Ey) = ( )
where
ag:BO“—%BZD +%B4u
3
alzBlu—E‘Bsp
alZ) gBZzJ 14_5B4D
5

r=—DB;,

as 5
35

D:-~*B ,

ay 8 4
and

»’C»0=1
xvlzl"—z—(l -—7‘)
x})2=1 —2(1—-7’2)
xu(mu)—lzl—az(l_r(mu) —1)

x»(mu) = — 1

If one now lets E, range over E;, j=1,2,---- - max J(=1200), and / range over the interval

k=1, max I(=1200)
where k=j+/ and E;=lower energy limit of group j, then for the general case,

4 xm l)n+1
E ik vk—j—1 vk—
it =2r et e it S
o E e (A.2.7)
b) Case where the angular distribution of scattered neutrons is given in the laboratory system

The elastic transfer function, Eq. (A. 2. 1), can be rewritten as follows:
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Fual B ~E) = BNE, ) = SR, w5k
= [arnE) v a-nE) ]Z'sy(E’, w) (A28
| =27rd[g (B, u)
‘ where
‘ S +1)(1?,)1'é~%(z4p—1)(%)”é (A.2.9)

It is also assumed that the data of the angular distribution of the elastic scattering cross sections

in the laboratory system are represented as
2B, w)=N,+ ZCnPy(11,) (A. 2.10)

By a simular procedure as Case a), the following expression for the elastic scattering cross

section will be obtained :

Fri- +1 +1
ol =2 dmECuPAn)]~2n 3 DAL (A.2.11)
xd
‘ where
DB):COD—%CZD +—:83-C4u
le:ClD_%CBD
3 15
2 CZU chu
5
2 C3D
35
D2==C,,
i=g Cy
and
xyo=l
Za=t LA+ 1) —(4=1)r7]
Zyj :_;‘[(Au + 1)7’j —_ (AD— 1)7'_j :]
‘ ' 1 (o) =1 _ () -1
xu(mu)—lz’z‘l:(A»‘f‘l)T 2 *Au—].)?’ 2
Ly (mp) = — 1
In this case,
ot =2n 2 Dy, Bk S T 1+1x"; / (A.2.12)

In both Case-a) and Case-b), the effective elastic scattering cross section is formed by the
arithmetic average, so that the sum of the effective elastic scattering cross sections, .,j.;, over ¢
becomes equal to the total scattering cross section 0./

1_[05{)-1*1 ‘:I:U‘”J for 0<i—j<<mw
Oeyjsi = <A' ¢ 13)

1 e .
gt for 7=
21 J
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The total elastic cross section is obtained by

ol=g(B{+B{™).

Appendix 3. Input and Output

The calculation by ESELEM consists of the two stages, one for calculating MICroscopic Cross
sections and the other for calculating macroscopic cross sections, the spectrum and the effective cross
sections. The constants, such as the Legendre coefficients of elastic cross section, capture, fission,
inelastic cross sections, inelastic matrices, the coordinate system asignment and energy width, are
stored in Tapes. For preparation of the Library tapes, two independent program are provided.

The input data group (A) are used for preparing the effective fine group cross sections. The
input data Format for ESELEM IBM 7090 is given below.

Group A data:

1) 1st type Format (415, 4F10.5) only 1 card

Required information is

NA: The total number of elements to be used for the calculation.

If some elements are not used in the first case, but used later, the elements must be taken

into account.

MAXE : The maximum dimensions of the elastic scattering matrices.

In the code the elastic scattering matrices are treated to have the same dimensions so that the
clements of matrices for some materials are put equal to zero. By this means the complicated
branch operations are not needed and consequently much of the computing time is saved.

MAXI: The maximum dimensions of the inelastic scattering matrices.

MODEL: The control word to select the approximation to be used for the angular flux

calculation. The following list must be noted:

P1: —1
CPI: O
Bl: 1

R: The measure of the energy loss. This is given by Ej/E;—,
EPS: The convergence criterion for the effective multiplication factor. If the
condition |K.g—1|<CEPS is attained, the iteration is terminated.
2) 2nd type Format (1015)

INCODE (I) I=1,------ Na: The code number of the elements to be used. The order should

be the same as that in the tape No. 9, and the same number as in the tape must be used.
3) 3rd type Format (215)

MICPR : It the fine group microscopic cross sections of first I groups are needed, then put
MICPR=1. If cross sections are not required, MICPR=0.

MACPR : If the effective fine group macroscopic cross sections are required for first I groups,
put MACPR=1.

For IBM 7044 the four control words I[SW 1~4 (Format (415)) should be added before the
1st type card. The words are required to simulate the function of sense switch. The func-
tions are explained in the next section.

The input data group B is used for calculating the spectrum and the effective coarse group
cross sections. The Formats are as follows:
1) 1st type Format (I 5, F10.5)
NCASE: Case number.
BO: The initial guess of the buckling. The initial value of BO affects the speed of con-
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vergence. The initial guess will be found from the preliminary calculation with coarse group
approximation.
2) 2nd type Format (7 F 10.5)
ANA (D), I=1,-----. NA: The number density in c.cx 102, The data must be arranged in

order of the data INCODE (I). If there are many cases different in number densities, repeat
the group B input data. The Taste 11 is a sample input data.

TasLe 11 Input data

1 2 3 4 5 6 7
123456789012345678901234567890123456789012345678901234567890123456789012

5 26 /450 —10.9900498 0.01
8 11 |26 928 929
0 0
20.034 ,
0.013335 0.]005739  0.01771  0.0056674 0.001000]1

The output list contains the following.
List of the input data, K. and buckling

Group number, energy width, neutron current and neutron flux in fine group scheme
Reaction rates for individual elements. The rates are given in the coarse group scheme.
The effective coarse group microscopic cross sections

G W=

The effective macroscopic cross sections including the inverse velocity and the diffusion constant

Appendix 4. Further instruction for the operation of the code

The block diagram is shown in Fig. 4. The diagram is written for ESELEM IBM 7090.
In the diagram there are shown five sense switches. Each switch has the following function,
respectively :

No. 1 down: The code calculates microscopic cross sections only.

No. 2 down: The code calculates microscopic as well as macroscopic cross sections only.

No. 3 down: The code starts at the calculation of the macroscopic cross section and to con-
tinue by final stage. In this case the user should mount the Tapes No. 4 and
No. 9. The contents of tapes and the tape operation time schedule are shown
later.

No. 4 down: The code starts at the calculation of the spectrum and the effective multipli-

cation factor. In this case the user should mount the Tapes No. 4, No. 11
and No. 12.

No. 5 down: When the examination of Xi,,.; is required, this switch is used.

The control words ISW 1~4 correspond to the sense switches from No. 1 to 4.
ISW 1==0 corresponds to the sense switch No. 1 down.

The contents of tapes are shown below.

Logical number

3: Scratch tape

4: To reserve the energy meshes and widths. To be reserved
5: Input data

6: Out put list

9: Inelastic matrices and other constants

10: Library to be used in the calculation of microscopic cross section. To be reserved
11: Fine group microscopic cross sections. To be reserved

12: Fine group macroscopic cross sections. To be reserved if required.
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The tape operation is shown in Fig. 5.

For IBM 7044 there are two ESELEM codes. One is equivalent to that for IBM 7090. The

other should be used when NA>5. This is because the speed of tape unit of JAERT’s installation
is very slow.

CODE ABSTRACT

NAME OF CODE: ESELEM

2. COMPUTER FOR WHICH CODE IS DESIGNED: IBM 7090, IBM 7044

10.
11.

12.

13.

14.
15.

NATURE OF PHYSICAL PROBLEM SOLVED: OBTAINS THE NEUTRON SPECT-
RUM FOR A FAST REACTOR WHICH CONTAINS ELEMENTS HEAVIER THAN
HELIUM. THE ANGLE-ENERGY CORRELATION IS TAKEN INTO ACCOUNT. COA-
RSE GROUP CROSS SECTIONS AND DIFFUSION COEFFICIENT ARE OBTAINED
METHOD OF SOLUTION: THE FOURIER TRANSFORM OF THE FLUX IS SOLVED
BY EITHER P-1, CONSISTENT P-1 OR B-1 APPROXIMATION. THE CRITICALITY
IS REACHED BY CHANGING THE BUCKLING
RESTRICTION ON THE COMPLEXITY OF THE PROBLEM: THE MAXIMUM DI-
MENSIONS OF COARSE GROUP INELASTIC MATRICES <10x10
THE MAXIMUM NUMBER OF ELEMENTS <10
THE MAXIMUM NUMBER OF FINE GROUPS, I MAX=1500
THE MAXIMUM DIMENSIONS OF ELASTIC TRANSFER MATRICES =100x100
TYPICAL RUNNING TIME:
CALUCULATION OF FINE GROUP MICROSCOPIC CROSS SECTIONS

(40+NUMBER OF ELEMENTS x5) MIN
CALCULATION OF FINE GROUP MACROSCOPIC CROSS SECTIONS

(104NUMBER OF ELEMENTS x1) MIN
CALCULATION OF FLUX AND COARSE GROUP CROSS SECTION

(10+NUMBER OF ITERATION x 3) MIN

FOR 1200 FINE GROUPS

UNUSUAL FEATURES OF THE PROGRAMME:
INELASTIC SCATTERING, CAPTURE AND FISSION CROSS SECTIONS AND FISSION
SPECTRUM ARE GIVEN FOR FINE GROUP. THE SPECTRUM CALCULATION IS
CARRIED OUT BY ONE PASS, SO THAT THE EXACT SPECTRUM IS FOUND
RELATED AND AUXILIARY PROGRAMMES: THERE ARE TWO PROGRAMMES
WHICH PREPARE LIBLARY DATA
STATUS: IN USE
REFERENCES: JAERI REPORT NO. 1109
MACHINE REQUIREMENTS:

32K, 12 TAPES, 2CHANNEL, ON LINE PRINTER
FORTRAN II IBM 7090
FORTRAN 1V IBM 7044
OPERATING SYSTEM OR MONITOR: STANDARD
ANY OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS:
NAME AND ESTABLISHMENT OF AUTHOR:

S. KATSURAGI

Y. ISHIGURO  JAPAN ATOMIC ENERGY RESEARCH INSTITUTE

O. KATO IBM JAPAN CO.
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