JAERI 1105

EPSILON-An IBM-7090 Code for
Computing Fast Fission Effects in
Lattice by Collision Probability Method

Mar. 1966

B AR T 71 4% %2 Fr

Japan Atomic Energy Research Institute



JAERI 1105 ‘ UDC 681.142,01: 007.3

EPSILON — An I6M-7090 Code for Computing Fast Fission
Effects in Lattice by Collision Probability Method

Summary

The fast fission effects in the multi-region lattices of cylindrical rods and slabs are calculat-
ed, using the collision probability method for the spatial problem and the multi-group technique.
The content of the EPSILON code for calculation of the fast fission effects by the IBM-7090
is described in this report. :

The EPSILON code has 2 maximum number of 5 regions in the lattices, including a maxi-
mum number of 2 fuel regions, a maximum number of 100 energy groups, and a maximum
number of 10 elements in one region. The computing time is about 3 minutes when the num-
ber of energy groups is 18, the region number is 5 and the element number in the cylindrical
rod lattice is 10.

In this report, the calculation method for the fast fission effects is first given, then, the colli-
sion probabilities used in the EPSILON code are discussed, and the content of the code is last
described. In the Appendix, the EPSILON-LT code for making a library tape of the EPSILON
is described.
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1. Introduction:

In the accurate calculation of fast fission effects in lattice, it is well known to use the Monte
Carlo method. However the Monte Carlo method requires much computing time to get higher
accuracy. While one of the authors has derived an exact expression for collision probability in
actual multi-region cyhndncal lattices??, and it is thus possible to calculate the fast fission effects
in lattice economlcally and :accurately by using the collision probability method. Since we com-
pleted an IBM—7090 code, EPSTLON for computlng this probiem, we will represent its content
here.

In this program the following fassumptxons are made,

(i) Scattering of neutrons is isotropic in the laboratory system.

(i) Angular distribution of neutron source is isotropic.

(i) Lattice has less than 5 regions. The collision probabilities in each region are derived

from the flat flux approximation.

(iv) All fissionable elements have same fission epectrum by either fast or thermal neutrons.

(v) Fast fission neutron cycle has a constant period even if fast fission occurs at any

energy level, but it is remarkably faster than thermal fission neutron cycle.

(vi) A spatial distribution of virgin neutrons born by thermal neutrons is given either in

uniforn: shape or as a function of square of radius only for case where a region
which contains fissionable elements is located at the center of the lattice.

2. Calculating method of fast fission effect

2.1 Regions and energy groups

A system considered here is a slab lattice or a cylindrical rod lattice, and all neutrons in the
system have fast neutron energy. The lattice is divided up into a number of identical unit cells,
and all regions in the unit cell have a homogeneous medium. Whole range of energy from the
upper limit of fission spectrum to any given lowest energy should be divided up into as wide
intervals as cross sections and neutron flux are not so steeply changed.

Nomanclatures for energy grouping and region are shown in schema of Fig. 1. The cross
sections, neutron flux and so on are averaging over the i~th group and k-th region shown in
Fig. 1 as follows,

Averaged macroscopic cross section (except for scattering cross section) ;

" S 'dz Sz, ) / ‘_ldu xmdx, (2-1)

xx
where 31 (z, %) ; cross section at lethargy # and .
Averaged neutron flux;

ui L7
dz O(z, u) /S du duz, 2.2

wi—t Xp

Xkt

Q= S:'_ldu

where @(z, u) ; neutron flux for the same lethargy and region as
3 (x, w).
Averaged scatiering cross section ;
j—i  pui i Xkt ) Xk 11 i
= ! 4 ! d. dz, (2-1)!
Esk Su"“du[S:i'ldu le, dz Es(x, “ —)u) / Sui'ldu Sa',, x] / Su"“ * ( )
Averaged fission spectrum ;
Xi= S du X (%) / 2-3)
#i

'f"'
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Fig.1 Schema for Numbering of Energy Group and Region

0
where S X(@)du=1, and X(u)=Ce £/4sinht/BE

Umax

with E in MeV, and 4, B and C are constants.

2.2 Calculating method for reaction rates
From the neutron balance in the A-th region and the i-th energy group, the total collision
rate of neutrons Ry is given by

k
Ru= > [E Cl-—rk ]’P1+SF1->,2 :+STI—»k :] (2-4)

I=1lj=1 ’

where SFy_k ; is a reaction rate that fast fission neutrons born in the (/, 7)-th region and energy
group will have their first collision in the (b, #)-th ones, STy, is a rate that thermal fission
neutrons born in the (Z, i)-th ones will have their first collision in the (%, 7)-th ones, and Ciop, joi
is a rate that neutrons scattered from the (I, j)-th ones into the (/, 7)-th ones will have their
first collision in the (&, 7)-th ones. These quantmes can be calculated by introducing the scat-

tering, total, and fission cross section 2 Z, (vzf) and the first flight collision probabilities,

P, and P, with the flat and thermal neutron flux dlstrlbutlons respectively, that neutrons born
in the /-th region will have first collision in the Z-th region as follows,

Rk,=2' Qi Vidw
Tk _
STk, i=Pi Vi Si X! 4,

b ! N A (2-5)
SFiop, i= Py Vl(‘zl W)/ O L) X At .
]:

j-i
and Cit, j»i=Pi’'Vi Ez D A .
§
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Substituting equ. (2+5) into equ. (2 4), we can calculate (Dk and the detail derivation will
be presented later. If the fast neutron flux @4 is given, the fast fission effect &, the fast fission
rate to -thermal fission & and contributions of the component elements to € or & can be easily
derived. The fast fission effect is defined by the following two ways,

__neutrons born by thermal and fast fission (2-6)
" neuatrons born only by thermal fission -~ - o R
_neutron density slowed down below threshold energy ' @2-7)

neutrons born by thermal fission
Tt is considered from the neutron balance that equ. (2:6) is equivalent to equ. (2-7). Here a
numerical result of € is derived from both the definitions. By use of @/, an expression of &
can be given by

I K
S+ 2 [(UZf)z’—Z ]@1’ Vi du/
e= j=11=1 (2:8)
S
with
I K
S= 2 Z V;S;XfAu" a2 (2°9)
j=1!=1

7
and >} is the absorption cross section of the /-th region in the j-th energy group.
al

Since a definition of J is a ratio of fast fission rate to thermal fission rate, we give

Vi D) du
6 1?1 ]? y E ¢ (2- ]_O)
S/UT ’
where vr is the number of neutrons per thermal fission. A contribution of atom m in the /-th
region to the fast fission is given as

I
8lm=1"' _21 [{(Uafm)lj"aflmj"oalmj} Nlm @[j Au’]/S ’ (2'11)
]=

where N;™ is the number of nucleus per cm® of the atom m in the /-th region and 0, is a
microscopic cross section of the atom m in the (/, j)-th region and group. A contribution of
the same to the fission rate is similarly given as

I
Om= 3 (Viow N od du) [ (SPow) . (2-12)
i= ’

Finally the averaged macroscopic cross section > over the k-th region is obtained as follows,
%

Y Y I
S=35i0) | noda. @2-13)
E j=1 * i=1

2.3 Calculation of averaged slowing down cross section
First we represent calculating procedures to matrix of slowing down cross sections by elastic

scattering.
(a) According to the assumption (i) and equ. (2-3), a balance equation

Sui Sui >3 (@ ->w)Ou(u)du'du =S:i-1 S 2 W)Ou()du'du

ui-t Jgi-1 elm wi-t l—am elm

Wi o= (u—ul)

is changed to

(z’”’ Auf)@mf =S Oui';

elm elm m

(e —e~#i™) (e=¥ ' —e—¥) . (2-14)

Then any element of (7, {) matrix of the slowing down cross sections by elastic scattering
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_ of neutrons is shown'as =~

) E g Aul'_‘—‘_ﬂl;n'[(e— (wi=t=ni) = g— (ul'"—-ui")) — (e— (wi—ti) — g— (u"—-ui-l))] . i A= J
elm . .

o =B (/= (6 Wi —g=(Wi=uiN)) | i=j (2-15)
* where ﬁm=z’1 / A—am)dd (2-15)/
‘and = (Aa—DY(AntD? | 2-16)"

- - . j - ] . .
A, is the Atomic mass number of the atom m amd 3} is its elastic scattering cross
el m

* séction éveragea in the j-th energy group.
(b) For case of w/+A<e and o/ 1420,

where = —In Qnm , Z;—: is

Z::; A =P ((e= @ —4d) —g— @i =ui")) — =4 M7} (2-16)
(c¢) For case of &+ 4<# and /" '4-A<u'™? ZZ:;is

EJ; At =B (o= =) — = 8) —e=A(ui+ A—u )] . (2-17)
(d) For case of w/+4=u and Wl AZ W, E;_: is

ZJ; J =B (oA (i1 - A— ) — (e~ Wi-) —g=)] . (2-18)
(e) For case of #/+4=4' and Wl AL u!, Ei:;is

E::; At =P ((e— @i —ud) — g— (wi=8D)) —g=d 4w . (2-19)

The relation between lethargies as mentioned above is shown in schema of Fig. 2.

(2) — } e
j-1 Jj -1 i
o ‘ ' WHA ulFA
b —e—
J..'..‘]_ :, i—-1 i
© ‘ L WA wl+A .
c T
-1 i A i
w A ol +A
(D } ; = b
() ——t v M
e ! } —f————f . ———— 4
j—1 O T :

Fig.2 Schemé. for slowing Down by Elastical Scattering

A similar matrix of slowing down cross sections by inelastic scattering is also calculated. In
lower energy range are given the excited energy Q MeV of an compound nucleus and the in-
elastic scattering cross section to make the compound nucleus with @, and, in higer energy range,
the energy distribution of neutrons scattered inelastically is in accordance with the Maxwell sta-
tistical distribution. Under these assumptions, the matrix is clculated.

2.4 Calculation of neutron. flux
Equ. (2-4) leads to simujtaneous equations with K unknowns for the i-th energy group,
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from which vector representation { is derived as follows,

R:= ng Cj—>i+§Fi+S~§'i s (2-20)
Where '
[R,]q)' A Z;IVI, 0 O rererees 0 Oy
0 S Vy Qe 0 O
© o Fn” . . (2-21)
0 0 E‘ Vel @k /
TK
i ji -
J——n— [CJ-—)J @’ Au’ Pni E X V1 Pz1" 2 2 Vz ----- PK1i EJK VK @1j
i g i
Pyt \%4 Porld S Varoooo Pyl ;
12 E_sl 1 22 "L'sz 2 k2 E‘}SK Vg @.2’ 2-22)

. :j_"_ 'Z i . M . . '
P Vi PwS VePud S Vi \ O /
sl a2 sK /

SF,=(C)SF = 1;1: “2 1;2;1‘2 ...... 1;2% §§; .
P, x" Vi BygdVaeererereeeenenions P Vi | \SF¢

SPié= 3 (WS4 O MK (2-23)"
_ = Pyt Poid Vigeeeeeensninnnnins D i

STi=[C)STi= g: v ]1;2:‘5 pT ﬁe} v 23?: 220
P, K! \"4 pZK:i Vigeeeomrvenrnennnnes PK:Ki Vi ST:"K:'

STé=5:X' 4 . 2-24)"

For solving equ (2-20), we can use the following two methods;
(1) Ei— 2 C' —SF,+ST, is derived from equ. (2-20), and we then calculate @ from inversed
matrix of the left hand in the above equation, and (2) @ is divided up into two contributions

due to SF: and ST; which will be separately calculated, and afterwards it is superposed from
these contributions. The former is not used because the matrix inversion becomes complicate,

and the latter is used here, where @y is the flux of neutrons which are born in the - th region

and the i-th energy group from the fast fission source, and (D' is the same born from the ther-
mal fission source. These neutron fluxes are calculated from the following equations,

—

7 [R.-J@;’.El [Cj_,.-]@"-i-[a]ST‘ (2-25)
J:

7; (R)P= _2'1 (Cji) B+ (Ci) SF (2-25)
J:

— —

~ — ~ —
where @ and @ are K dimensional colume vectors which have @ and @4 as the k-th element,

respectively.

—

— Pay
Next we use the following iteration method for the calculation of @ ; first @ is easily cal-
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culatea by equ. (2:25) as ST is given, and’ (S'_ﬁ ) is derived from ?13? by equ. (2-23)" and leads
to a first result of (5")0 by equ. (2:25)'. Next a second result of (5}1 is similary given from

— —_
the above results of (@), Thus, after » times of the interation, ¢ is
— —_— —

—

E)’izﬁul_ (@) o+ (D) gereerereenmeeneens + (D) - (2-26)

(i) Detail of iteration method for the calculation of the neutron flux

For the case where there are two regions with fission source in lattices, the iteration method
as mentioned above will be presented in detail. Since only the terms of ST, are given at begin-
ning of the iteration, first results of the fast fission source (SFy)o are derived from

o) (5 39
SFZ O] Sz1 Szz 'STZ
where Su; the source of fast fission neutrons in the /-th region due to the unit fission source
of thermal neutrons in the A-th region, and ST;; thermal fission source in the /-th
region,
ST¢=S8T, X . @-27)!
When fast neutron sources of SF; and SF, are in the first and second regions at (7-1)-th ite-
ration time, respectively, the sames at next n-th time are represented as

). -t St
SFzlay \Sar S22/ \SFa/ -1
where Si; the similar source from the fast fission to Su, and SF;; fast fission source in the
[-th region,
SFi=SF, X' fu'. (2-28)'

From combination of equs. (2:27) and (2-28), all neutron sources in this system are given as
summation of the following two sources,

Thermal fission source=(ST1) , and (2+29)
ST,
) SEF\ [SF SFy)
Fast fission source—( SFg.)—( < Fz)(o) ( SFZ)(1)+ .........
SF 1)
+(SFZ (n)+
Sn Slz)]_l(rgu SIZ) (STI)
=|1-— = = . 230
[ (Szl Sz2 Sa1 S22/ \ST2 ( )
Thus, since the neutron sources were given, the final result for total neutron flux P s given by
Bi=ST, - {0+STs + 30 +SFy + 1 0+SFy + 10 , (2-31)

where l@—k‘; the neutron flux at the i—th energy group in the A-th region due to unit source
by fast fission in the [-th region,

Pay .
@0 ; the similar neutron flux from the thermal fission to @,

—

;—Q—T'; the K dimensional colume vector with the element of 15;!, and

—>

@ ; the same with the one of @,

(ii) Derivations of Si, Su and @, &
(a) Case where there is only fast fission source in the /-th region (Si)
For this case, equ. (2-25)" is changed to
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= i1 = —
{(R) = (Cu = B (Crm) '+ (C)SF"

where equ. (2-28)" is used as SFiVi=1 at k=l and SF.Vy=0 at k%.. Namely, as

i=1,

B={(Ry) — (Ci=1) 1 (C)SF (2+32)
and, as i=n,

0"={(Ra) — (Caon) }* {'jéi (Cjon) @+ (C)SE} (2-32)’

Using these results of ;5", S is given by
I —
Su= 35 (WE) %@ MIVilVi - (2-33)
J:

(b) Case where there is only thermal fission source in the [-th region (Sw)
For this case, derivation of Sy is quite similar to the above case, except for use of
equ. (2+25) and (2-27)".
Then Su is

— I A
Su= 2 [(DZ{)H D AV Vi (2-34)

j=1

2.5 Calculation of fast multiplication factor

A fast multiplication factor 2 is defined as decreasing rate of the neutron flux per one gene-
ration in the fast fission system when the external neutron source, i. e. the thermal fission
source, disappears.
Thus A is derived from equ. (2:28) as follows,

S 11 SIZ ST[ S Tl .
- .35
(o sa)sz)=4lsr) - (2:3%)
Thence an eigen value is calculated by solving the determinant of
Sll —2 SlZ .
=0, 2-36
Su Sw = (2-30)

i. e. A is equal to

Tk;t:—;—[(Su—I-Szl) +1V (S11+S22)2—4(S11 Sz —S1z Sm)]- (2:37)

3. Collision probabilities

3.1 Slab lattice

A general formulation of the collision probability for an infinite fuel slab array consists of
an infinite series of the En-function. However, when optical chord lengths in the slab lattice
become small in the calculation of fast neutron behavior, convergence of the series becomes worse
and the numerical value of the En-function also needs to become fairly accurate. Here we cal-
culate the probability by integrating the expression directly but not by expanding it into such
series. Thus it is considered to be able to keep an accuracy of the numerical results of the
probability.

The collision probability averaged over the energy range between the lethargies ¥ and ™!
is given by use of a weighting function Slscuy Puy as follows,

LK, w) (L= T (L= T @) @-1)

_ 1
By= Vi 2 (ui) SO
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where
Eu () =Ku(tt) +Ku () + Ky—se1,:(t2) 4+ Kpror, 1 () 3-2)
P PR A pk_ll.pm.pm ...... I, pey
- 3-3)
T )
1-I' ?
Kt = sy Dppgeeeeeeeeenseeennes j p,—l; r<io1
- 1=-r 3-4)
) Y LA LAY PR 78
k=1
1-I
and
Fl:exp[—'z—mgr@‘(xtﬂ—xt)] . (3:5)

3.2 Cylindrical rod lattice
An exact expression of the collision probability for a cylindrical rod lattice has been derived
by the author’’. The result is

Pui:Pk;*"—l-ZW“z :2 Piklmn 3 k<l (3-6)

n=1 m=0
with W=2 is for a rectangular lattice and W=3 for a hexagonal lattice, where Pu* is the
collision probability that neutrons born uniformly and isotropically in the %-th region of any unit
cell in the lattice will have their next collision in the I-th region of the same unit cell at leth-
argy #', and is shown as

/2 1 -l
Py¥i= 2t SE sin? 0 d HS dv [e k1 (1 —g—2aik)
-1

2 Vado
_a-1 _d _d
e (1—g-tadty _ "L (1 —g=2a¥) — g% (1-3—%*-')} 37
with " "
a =22 S Sg(d) (V (@glzn) i — 02—V (zg-1]/z1) 2= 0] cos O . (3+8)
n q=n

And Pumd is the collision probability that neutrons born uniformly and isotropically in the A-th
region of the unit cell will have their noxt collision in the /-th region of the nm~-th cell which
is located in the n-th row and the m~th line from the unit cell in which the neutrons are born
at lethargy , but the expression is not represented here because of its complexity.

Since it needs long computing time to calculate Py for all i by use of equ. (3-6), an app-
roximate equation by the equivalent unit cell method with the isotropic reflecting condition at
the cylindricalized cell boundary is used for the calculation of all energy groups, and then the
calculated results are corrected by using the accurate values which are calculated for a part of
all the groups by use of equ. (3:6). This cylindrical cell approximation has been obtained inde-
pendently by H. KieseweTTER® and E. M. PENNINGTON®. The expression derived by them is
here extended to a multi-region lattice as follows,

m .
Pyf=Py*+ Pyt Go / 21 Gond (3-9)

m=
with Gpmi=4 ETgflul) Vi P, (3-10)

where p shows the index of the probability that neutrons born in the unit cell escape from the
cylindricalized cell boundary. Since it has been particularly represented by the author® that even
equ. (3-9) is in good agreement with equ. (3-6), we can get a more accurate value by the above
mentioned procedure than that by use of equ. (3-9).
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For case where the fuel region is located at the center of the unit cell, we calculate the
collision probability due to thermal fission source, a spatial distribution of which is represented as
as the following function of square radius 22, .

S(z) =1+ Ba? with constant B. (3.11)

Although an exact expression of this probability can be derived, since equ. (3:11) does not stri-
ctly represent the thermal fission distribution and the exact expression would be speculated to be
extremely complicated, the probability is approximately derived as follows; first we calculate a
ratio Si(w) of the collision probability SPy/* (%) that neutrons from the center region will have
their next collision in the i-th one in the same unit cell having the spatial distribution of equ.
(3-11) to the collision probability Py* (") with the flat source distribution, and next the collision
probability with the source distribution of equ. (3-11) in the lattice is obtained as follows,

Py (") =S () Py (%) . (3-12)
Then SPy* (&) is defined as
S(.Z‘)Pu(x, 6, ¢)d)) I749)

Q
SPu*i(ui) ___S va , (3-13)
4r\  S(z)dv

where Pu(z, 0, ) is the collision probability that neutrons born at z will have their next colli-
sion in the /-th region of the same cell.

After some algebraic calculations, SP*; (%) is

Py (uf) =2_i17£ (@1~ Q) (3-14)
with __ 2 oypg_ 2B pp 2B )
Q‘“n(1+Bx12/2)[(l+Bx‘) - 2T1M1+2T12M"’] ’ (3-15)
1
where M, =S_1d» (Kis{dy) — Kis(di+2d2)) (3-16a)
1
M1=S ldv d2(Kis(dy) +Kis(d1+2d2)) (3-16b)
1
M= A (Kis(dh) ~ Kin(di+2d3)) (3-16c)

I
di=x1 22 Si1q () EV(xq/xl) 2— 12—V (g1 21) 2 — %)
q:
and
a'; :21‘1 Z1 V'1—u%

When iz is smaller than 0. 055, the following equation derived from expansion of M) and
M, should be used instead of equ. (3-15),

_ 2 a4 B )
Q“H(1+Bx12/2)[(1+3‘“ YMa—3 znzMs] (3-17)
with
Ms=S1 Ay dF(Kin(d) ~ds K@) - (3-18)

4. Description of EPSILON code

4.1 Flow of calculation
The flow of calculation in EPSIRON code is shown in Fig. 3.
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NC subroutine

or cylinder

F

Slab ™

Library tape

NC subroutine ; Macroscopic cross sections are
calculated from microscopic cross sections in the
library tape.

PROCA subroutine |

lattice

slab

liROCB subroutine |

PRPCB subroutine ; Collision probabilities in a slab
lattice are calculated by use of equs. (3+1)~(3-5)

PRCA subroutine; Collision probabilities in an
actual cylindrical rod lattice are calculated by
use of equs. (3-6)~(3-18).

NF subroutine ; Fast neutron flux distribution is

l NF subroutine

I calculated by the method represented in the

OT subroutine

Lt

4.2 Input and output

(i)

chapter 2-4, and fast multiplication factor is
calculated by use of equ (2-37).

OT subroutine; Fast fission effect, ratio of fast
fission rate of thermal fission rate, fast fission
rates, slowing down rates and absorption rates
are calculated.

Fig.3 Block Chart of EPSIRON Code

Input
From input cards;
Choice of lattice configuration MG=1 slab
=2 square
=3 hexagonal
Maximum region number MR<x5
Maximum energy group number ML<100
Choice of fission spectrum MS indicates no. of F.S. in library
Indication of the fuel region IS
Spatial distribution of neutron source STF ()
Thickness of region RAD(Dcem
Indication of composition in each region  MC())
Composition number IL10
Indication of element A(I,J) the J-th element in the I-th
composition
Density of the element of the composition AN(Z, J) nucleus/cm®
Number of element of the composition J<5
Control of output print ISS1-15S56
From library tape;
Total, elastic, inelastic and fission cross o (@) 01, Os, Om, Of, VOg
section and fission number )
Matrix of scattering cross section 0s(j—7)
Lethargy width Au(@)
Fission spectrum X(@)

Atomic number of element A(H)



JAERT 1105 4, Description of EPSILON Code’ 11
(ii) Input format
(a) Title card
Col. No. format Content
1 I1 IIS1 Neutron flux print=0; do, =1; do not
2 I1 IS 2 Cross sections of region print=0; do, =1; do not
3 I1 IS 3 Probabilities print=0; do,=1; do not
4 Il 1154 Scattering matrix of region print=-0; do, =1; do not
5 I1 I1IS5 Cross sections of element print=0; do, =1; do not
6 Il IIS6 Scattering matrix of element print=0; do, =1; do not
7—66 A6 <06 characters of title
(b) Control card
1 I1 =1 indicates the control card
2—5 14 MG =1; slab, =2; sqyuare, =3; hexagonal
6—10 15 MR <5, maximum region number
11—20 E10.5 BL =B in equ. (3-11)
21—25 15 ML <100, maximum energy group number
26—30 I5 MS Spectrum no. of library
31—45 — — Blank
46—50 15 I Region no. of fuel region
51—60 E10.5 STF(D) Neutron source strength of the I-th region, n/em?
61—65 — — Blank
66—70 I5 I Same as col. 46—50
71—80 E10.5 STF() Same as col. 51—60
(¢) Region card 4 regions/one card
1 Il =2 indicates the region card
2— 5 14 4] <5, fuel region; -J, moderator; J
6—10 I5 MC() <10, =0; air gap
11—20 E10.5 RAD(J) Thickness of the J-th region
21—25 I5 +]J
26—30 15 - MC(]) } Same as col. 2—02
31—40  E10.5 RAD()

‘When region no. < 4, one card

(d) Composition card

Col. No.

format

needs and when region no. =5, two cards need.

Content

1
2—80

I1

=3 indicates the composition card
Blank

4 composition card/one card

1— 2 12 M <10 M=MC{)

3— 4 12 N <10 N-th element of the M-th composition
5—10 A6 AN, M) N-th element name of the M-th composition
11—20 E10.5 ANMN, M) Atomic number density (10%¢/cm?®) of the above
21—22 12 M
gg:‘g’g }‘xg A (NT\IM) Same as col. 1—20
31—40 E10.5 ANN, M)

When composition no. <4, one card needs, and when composition 4< no. <8, two cards

need.
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(e) End card ----eeooee Blank card
(iii) Output

1st page; Input control, multiplication factor A, fast fission factor g,
primary generated fast neutron source,
secondary generated fast neutron source.

2nd page; Fast fission ratios 0, fast fission effects (€ — 1) absorption rates, slowing

~ down rates (or fast fission rates).

3rd page; Cross sections, neutron fluxes, collisions probabilities, matrix of scattering

cross sections.

4.3 Restricted conditions
Maximum energy group number ML<100
Maximum region number MR=<5
Lattice configuration ; slab, square and hexagonal cylindrical rod lattices.
Fission spectrum number MS=<no. of F. 3. in library.
Number of fuel region SRL2
Element number in region 1=10

4.4 Code manual and notice
(i) Tape usage

Logical No. Actual No. Content
1 B1 System tape
2 B2 Scratch tape
3 B3 Chain (1, 3)
4 A4 Chain (2, 4)
5 A2 Input tape
6 A3 Output tape
7 B4 Binary tape
8 Bl _ Group constants for each element
9 Ab Library tape
10 B5 Collision probability
11 A6 Group constants
12 B6 Group constants for flux calculation
(ii) Sense light usage
Sense Light
Chain Subroutine
1 2 3 4
Main on oft off off
1 RD on on off off
NC on off on off
RLT on off off on
Main off off off off
2  PROCA or PROCB off on off off
NF off oft on off
Main on on on off
3 oT on on on off

WD on on ofil on
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(i) Notice. . .

(a)
(b)

(c)

Tt is better that the elements in each region are prepared according to the order of
the atomic number, if possible, L
Since the computing time for the calculation of macroscopic cross sections is more
consumed, if one uses this code for a parametric calculation, one should notice the
input data arragement.

If one obtains a reaction rate of any other elements by using the calculated fast neu-
tron flux, one may add the calculating routine only to the OT subroutine and recomiple
it. But the number of the added reaction rate must be less than 4.

4.5 Computing time

Problem ;
Nnmber of Energy Groups =18
Number of Regions =5
Number of Elements in an Unit Cell =10
Computing Time; 3 min.

{ 2.5 min. by calculation of cross sections
0.5 min. by remained calculation

4.4 Sample problem

Lattice

; Slightly enriched U-H,O moderated hexagonal lattice with Al cladding.

Library; Data from H. REr®

PROBLEM  Sample problem WRITTEN BY DATE PAGE OF
INPUT DATE A COMMENT
1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 737 80
111 CASE 210 1.0 ENRICHED U-L.W., E=6MEV—0.IMEV ,RAT=1-1 ,T=20
NEEE 3 |ol.Jo 18 1 l 1 Jil.Jo
ol T1h 1 lo]. 14lo1]5 2 of Tol.[ol7]1l1le 3 3 Jol.|1]8/4]5
Al
T Iotzlle] Tol. [ofalslels| | il [2l | lu]2l3isjo]. lojojoj4|6|8i5| | 2f [1} AL o. lolelojzio] [ | [3l |1 | M 0].{0lsl6[8i2
3 (2l | lol I1le] lo].loi3}3]4[1
Fig. 4
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1) Y. Furat; J. of Nuclear Energy, 17, 115 (1964).
2) H. KIESEWETTER; Kernerergie, 6, 106 (1963).

3 E.M.

PENNINGTON; Nucle. Scie. Engng., 19, 215 (1964).

4) Y. Fukal; Nukleonik, 7, 144 (1965).
5) H. Rier; BNL-646 (T-206) Jan. (1961).



14 EPSILON-An IBM-7090 Code: for Computing Fast Fission JAERI 1105
Effects in Lattice by Collision Probability Method

APPENDIX EPSILON-LT, for making librory tape of EPSILON code

1. Calculating method
(i) Matrix of elastic scattering cross sections
They are calculated by use of equs. (2:14)~(2:19) in text.
(ii) Matrix of inelastic scattering cross sections
(a) Case where @ value is given

4 When @ is the excited energy of an
E;, i . .
th compound nucleus in MeV, oq the ine-
J-th group E; lasticscattering cross section to make the
compound nucleus with @, and AE;=
i-th group Eiv E,.—E, A.Ei:—'Ei—l'_Ei, QE;,=E; :—
E; @, we obtain
o AR,
= : ; QE; 1= E; 1, QE;<E;
Gin,Q UQAE_,‘ 3 Q j-l= 1 Q =
E; 1—QE;
=0'QA—Ej‘! ; QE;.1=E; ., QE;=E; (A-1)
=0q; QE;1SEi-1, QE;2E,;
E;,—E
=UQQ—'_AJEJ_ !, QE;.2.<Ei.., QE;LE; )
joi MQ i
and 6 =310 , (A-2)

in Q=1 in,Q
where MQ is the total level number to permit the j-th group.
(b) Case where statistical energy distribution is given
Assuming the Maxwell distribution as the statistical one, the energy spectrum N(E)
is given as
N(E)=pBEe-Ef6  with O=kT=kaV'E, , (A-3)

where E is neutron energy after inelastically scattering, Fy the same before scattering,
E Boltzmann’s constant, & the constant and A the normalization constant as

S N(E)dE=1.
allE
@ Using Ev=(E;-1+E;)/2, the scattering cross section

from the j-th group to the i-th group is given as

Calculation of

inelastic scatt. matrix o-:i_"': ﬁ@ [ (El._l_ﬁ) e—Eilf — (E;_, +ﬁ) e-Em/OJ 0:1' ,
v (A1)

Calculation of j
elastic scatt. matrix where 0 is the inelastic scattering cross section of the

‘ in

J—th energy group.

Calculation of

fission spectrum (iif) Fission spectrum
’ Ej .
[ Library me_ | X(E)=(_"Ce-FiAsinh VBEAE ,  (A-5)
where A and B are the constant, C is the normaliza-
tion constant and E is in MeV.

Fig.5 2. Flow of calculation (Fig. 5)
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3. Input and output
(i) Input format
(a) Title card
Col. No. format Content
1-72 A6 < 72 “characters of title -

(b) Cotrol card

Indication of library tape making procedure,

1— 5 I5 L
=0; partial change, =1; whole change
6—10 15 NGRP Maximum numder of energy groups of input data
11—15 I5 NFE Element number of input data=number of element card
16—20 I5 NFSS Number of input fission spectrum
21—25 15 MNGIN Maximum energy group number of elastic scattering
matrix
26—30 I5 MNGRP The same of library to be made
31—40 E10.5 EG(1) Maximum energy of neutron spectrum
(¢) Element card One card/one element
1— 4 — — Blank
5—10 A5 FLN Element name
1112 12 IA Indication to discriminate same elements which have
different values, in library
13—14 12 1B Atomic number
15—17 I3 1C Mass number
18—20 I3 MGIN Group number of inelastic scatt. matrix.
21—74 Ab ELNgC <54 characters, about source data of the element, refe-
rence etc.
(d) Cross section card
A—card One card/one element
1— 6 A6 ELN Element name
7— 9 I3 *1 Number of fission spectrum
10 Blank
11—20 E10.5 *EMAX The highest energy of fission spectrum
21—30 E10.5 *EMIN The lowest energy of the above
31—40 E10.5 *AS Constant of fission spectrum formula
41—50 E10.5 *BS
51—60 E10.5 *CS } N(E) = (CS)exp(—E/(AS))sinhV/'(BS)-E
61—70 E10.5 Yo Fission neutron number of ELNgelement
71—80 E10.5 o =du/dE ; v(E)=v+aE

* must be blank when they are unnecessary.

B—card NGRP cards/one element
Col. No. format Content
1— 6 Blank
7— 9 I3 J J-th energy group number
10 Blank
11--20 E10,5 EG()* The lowest energy of J-th group (Mev)




21—30
31—40
41—50
51—60

E10.5°
E10,5
E10.5
E10.5

qEPSILON—An IBM—'?OQO Code for Computmg Fast Flssxon
" Effects in- Lattxce by Collision- Probabxllty Method

S5())
SIN(J)
SFQ)

' Absorptlon“'cross section of the above (cm?). .. ... ..

Elastic scatt. cross section of » . (cm?).
Inelastic scatt. cross section of # (cm?)
Fission cross section of »  {cm?)

* must be blank if this information has already been put.

(e) Scattering cross section matnx card—type I

C—card - . one card/one element
1— 6 » A5 o SIGIN Element name
-9 I3 ) K1 Indication of k-th energy group card
10 I1 K2 Indication of (XK2--1)-th card in k-th group
11—20 E10.5 oin(D Inelastic scattering cross section from K-th eneigy
v group to I-th group (or I-th level with @ MeV)
21—30 E10.5 i (I4+1)
: : : I=K1+K2x7
71—80 E10.5 Oin (I4-6)
About K1;
NGIN
2 0in(I)%0; oin(l) is matrix of inelastic scattering cross section.
+K1 NGIN
> oin(l)=0; use of 0in(I—1) in the upper energy group.
I=1
NGIN
Y 0in(I) %0; calculated by the method shown in 1.-(ii)-(a).
I=1
—Kl NGIN
3Y 0in(I) =0; calculated by the method shown in 1. -(ii)-(b).
I=1
D—card necessary number of cards
Col. No. format Content
1— 6 Blank
7— 9 I3 K1
10 Il K2
11—20 E10.5 din('I) Same as C—card
71—80  E10.5  own(I+6)
(f) Scattering cross section matrix card—type II

E—card one card/one element
1— 6 A6 TQ Any characters
7—10 Blank
11—20 E10.5 AT Value of a in equ. (A-3)
F—card necessary number of cards
1— 6 Blank
7— 9 13 M1 Level numbers of compound nucleus
10 i1 M2 Order number of F—card
11—20 E10.5 QL (M) M-~th level energy
21—30 E10.5 QL.(M-I— 1) (M- 1) —th level energy
M=M2x7+1
7180 E10.5 QL(M+6)

M! must be written only on the first card of F—cards.
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(g) Source card

G—card _ one card/one element
1— 6 A6 SOURCE  Identification of card
7— 9 13 N1 Numbering of fission spectrum
10 It N2 Order number of card, from N=N;X7-+1
11—20 E10.5 X(MN) N-th value of N1-th spectrum
-21—30 : X(N+1) (N+1)-th ” ‘
: : : N=Nx7+1
71—80 E10.5 X (N+-6) (N+46)~th ”
H—card . necessary number of cards
Col. No. format Content
1— 6 I Blank
7— 9 I3 j\\ i ERTPPPRPPRID or blank
10 11 N2
%}:gg ElO 5 %Eﬁ?{_ 1) Same as G—card
71—-80  EI0.5 X(N46) J

(ii) Arrangement of input cards
(a) Title card
(b) Control card
(c¢) Element card
(d) Cross section card

(e) Scatt. cross section matrix card-I 1
1st element

(f) Scatt. cross section matrix card-II I
one blank card
(d) cooreeeeerenees 1
( e ) ........................ 2nd element
(£) vovvereermmmenens | :

one blank cqrd

(g) Source card

one blank card } 1st spectrum

(g) wooremereerinserineennes
one blank cat'rd } 2nd sper.:trum

Last card (one blank card)
(ifi) Output
1. One library tape (No. B6)
2. Off line output print
list of elements in the library
Energy group and fission spectrum
1st element; various cross section vs. energy
(O'el, O¢, Oin, U1, O, U, ﬂds)
matrix of total scatt. cross sections
2nd element; same as above

*
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4. Restricted condus:ons
(i) Fission spectrum to be calculated in Ll code is on]y of Watt type, and other type must
be read as input data.
(i) Dependence of v(E) on energy is linear.
(fi) Matrix of inelastic scattering cross sections to be calculated here is the one shown in
chapter 1. —(ii) in the Appendix.
(iv) Matrix of elastic scattermg cross .sections is calculated by assummg isotropic scattering in

PROBLEM Sample problem WRITTEN BY DATE PAGE OF
— T INPUT DATA COMMENT
1 5 10 15 20 25 30 35 40 45 50 55 60 G0 70 {7375 80
THOSE INPUT DATA ARE USED FOR CALCULATION OF EPSILON IN BNL—645 BY RIEF
s 1 o TTTa[e [ ] [5lof [al.jo
Ulzlsls! | {ol2i2lsls| [1]a] [u[-l2(slsl {BINLI-|6l4(5
ul2isls] | 1] | [1l2l.lo 0].lo o|.|l6l5 FREE 0. J4]sl2l7 9].{3lal4 0l.|14
1| Isl.[7]5 0l.]0 3..[8 2l.}7l4 ol.l7lo
2| 15].12ls 0]. ol 4].114 FRER 0.s]9
3| 14.]7] 0[]0 ARBK ARED ol.l58
4] 1al.|2ls ol.ojols 4.14]7 2].l68 ol.|5ls |
5| [3].17] ol.lol1l2ls 4].13l7 ARGE 0l.l58
6| [3l.|2]5 o].|ol1|s 4].133 2.i7l0 ol.[sls
71 [2l.[7s ol.Jolz]1 AR 2.l80 NREE
8| 12.]¢lo 0. Jol2l7 3l.[8 PREE AREE
9l bol.|1ls NAREE 3l.14j0 3.10 0.]sl8
o] 1].]olo o].Jolal1 3L.[s]0 310 ol [sl7
11 lil.lsls ol.[olsl4 4].l0 21.[olo)s al.lslo
2] [1].l4lo 0].]o]7l4 sl.|ols 2].[5l4 0l.|2178
3] ].Jfs ol.]1lof5 4].18 212 ol.lol7]9
14 [o].lo]s o|.|1]3ls 5] l3l5 2].ljols 0l.102/6
1}5] lo].l6ls o].[1]4ls 5.2 21.lolo ol lolofs
1/6] [ol.[4lo ol.]1)3 71.10[3 1l.18]7 ol.lojol1
Fig. 6
INPUT DATE COMMENT
1 5 10 15 20 25 30 35 40 45 50 55 60 85 70 73 75 80|
1]7] [0].12[5 ol l1]4 8l.]5]3 0l.[s]3 ol.Jo
18 of.[2h 10].|8l1 4ol | | o [ ] | !
Uj2/3ls| [H1
-2
-3
n
Hs
6
7
-8
Hg
Hilo| fol. 15l ol 13)5 ol.[1[5 0l.|olsls 0l J5]1 ol lals oLt
1lol.l7l7
il
H1l2! Jof. l6l5 ol. [3l4 ol |15 ol.l2ls 0l.lal6 ol.lls 0l. 2o
H1i3] lol. [sl8 0]. 513 ol.lojsls ol.15
i
Hils| 1l lals ol. [2]9 ol.l1]3 ]
16
Hal7] lol. 15l
18] Jol. 4]0
uj2i3l8 ol.1j9
8| [o]. [olala ol. [1)4]6 ol |3 ol.}713 0l.l9(8 1]. lols 1. Jol4
11].14
blank card 1#

Fig.7
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the center-of-mass system.
(v) It is impossibl to change a part of the library type which has already been made.

5. Computing time

For case of 7 elements with 18 energy groups of elastic and inelastic scattering matrices and
one fission spectrum, it takes 42 sec. Then computing time of one element with 18 groups is
less than 6 sec.

6. Sample problem
Library tape of #**UJ cross section data is made from data of H. Rier®.




CASE 210 3.0 "NPICHFT U=l W yS28MFV=) TPV FATal=) T220 ssamsn TAOUT DATA ANC HAIN GUTPUT eassna
REGICN NUMATR 1 X i i . 3 1
] I 1 1
CCHPOSITION i FICL RESIMN I WCLIASTOR REGION I MOG."ATCE PIGION 1
1 i 1
1 URIS Q %6957-03 I £L @ 60%0-01 1 H C-£602:~0) I
I U773 N.46857-01 I a, I 0 4 €:23450-01 1
1 1 1 L
R 1 1 I
MEUTRON SOURCH a.1000t 01 t c 1 c 1
1 . 1 1 1 .
VOLUME GF Q™3I0N 1 A, 7599E 09 1 C. . 55t=00 i 3.75E9L 00 1 -
I : I i 1
WIOTH CF REGION I 0. 4315(-10 1 0. 711zi =03 1 ¢ 1845500 I
! 1 ] i
GECMETRY HTX, CYLINCTR
NUMBER EF ENEPGY GROUP ~--w= 13
SULTIPLICATICN FACTOR —==——=— 0.15824G~0C
EPSILON —~--{ & 0OOM7V~0, L000HEV1-—~= 0-10AGAE G1 ==-—( SLOY BOwii AZLOW 0 LOCOT-00MEV/ THARPAL FISSIANI

PRIMARY LFNERATRC NEUTRCHMS =-- 3.158245-0C ——-{GENERATED FAS! NTUTRUNS 8Y
SECONDARY GENTRATED HTUTRAONS-= 0 250793-2%1 =~~{GENERATED FAST NFUTF.Ng BY

THE RATIC (SCCONCARY HTUTRAN/PRIMARY NEUTRCM) OF TACH ELE
Qa
0-

CASE 210

asaanesELEMENTS el
I
REGICN TOTAL 1
1

1-EPSILEN (FAST FISSION Hc
ssseneELCMENTS ol
1
REGILN TNTA) 1

i

0.10404Z Gl ===={ TNT4L FISSICN / THERFAL FISSICN

120 TNPICHED U-L.W. t=6MFV=0 1FFVRAT=1-1

U233 0c1413E~01 1 AL

uy23e 0.1739E~-00 I
n. 1880&-00 1
1

23° n,A2888-02 I
U278 0o 6244E-01 1
0. 7071E~01 1
1

aL

0o

~C-1219-0%

THE FAST NEUTRNN CAPTURT(/THERMAL NEUTRON S}

wasensELEMENTS

1

1
REGICN TOTAL 1
v

SLOWING DOWN NTUTRONS BELOW TD-E (BY

esseasELEMENTS ol
1

REGICN TOTAL 1

1

CASE 210 140 TNRICHED U=LcHc oE=GMFV=0.L¥FVyRAT=1=1 ,T=20
REGo NOg==- 1 2 3 0 0
ENERGY EROUP

1 0p7576E=01 9o 7110E=M 0.7029E~C1
2 0010457=00 0. 9868E=01 N 9724F-0L
3 0, 1598E-00 0.15245=00 0.1502C-CQ
4 022307E=U0C 0,2205E=00 0.21752-C0
5 0a2933E-00 0~27338-00 Q. 2728E=0N
5 00 #2247~00 0.4034FE-00 0. 2956F-00
1 Na66397 00.0.6475F 00 0- 43357 a0
8 0075680 00 0o 7TO3TE 00 0.6972E 0O
Q 0483257 00 £,38128 (0 0. 8%27% €O
10 0.1023: Ol 0cL1011C 01 0c9846F 00
11 0501283C 01 0,1231E 01 0.1199T 01
12 Jo1839E Ol U.3 769F 01 001711k QL
13 0,2185F 01 0,2091F M 0,2029¢ Ol
14 0,2785F 01 0-2666E 01 0.2587Z 01
15 0046048 0L 0~4649E Ol 0a4346E 01
16 0,5476F 01 0.5238E 01 005111% €1
17 007269% 01 0,6991F 01 0. 6BL5E C1
18 Uc9423F 01 O, 9275E 01 9.9181C C1

CASE 210 lo0 THRICHED U-LcW: 6=6MTV=0 1N7V,"aT=1-1 ,T=20
REGo NOo==~ 1 2 3 0 0
ENERGY GROUP

1 008405701 - 7236301 d. 77947~(1
2 0.1159°-CO 0 1095£-00 0. 10797-CO
3 0~1773T-00 N- La915=an 0_1aa67-"0
& 0023607~CO O.-244£68-00 0. 261°7-C0O .
5 0a325 F—00 0, "N87T-NA N.7O257-FA
6 N 46B6~—00 0. 4475300 0. 4333500
7 Q145" 0p. 0.7730F aa D TO2TT 0O
8 0,857 0U.0.TRO06F 00 0-7737 €0
Q £.97097 S 00 N-S2ibZ CO

10 0:1368" L

11 0. 44207

12 0.20.3"

12 0024057

1% Uz 30397

15 0.5:27"

16 €~6Cn0"

17 0a8CH " : Sk

18 0. 104%" T 02 0. 50¥RT §2

U235 005864E-D2
U238 0:1114¢-00

1
I
0. 1173E-00 I
1

U235 0,2308E=-02 1
U238 00 4024E-01 1
0:42556-01 1
1

2L

Oc
0. 1219t-03

2L

Qo

G, 1939E-03

27220

JTHERMAL FISSICN N ) OF EACH EL&
-0a1219E-03 1
0a

OF EACH ELEW
001219:=-0" 1

ELASTIC OR INELA SCATT)———-— u:10243&
0,19398-0% 1

MCRMALIZEDQ THERMAL FISSIUN N:UTRANS)
PRIMARY GHNERATED NEyTECNS)

ssssen INPUT DATA ANC MAIN QUTPUT ssssss

eeee 0.16758F=00 =-—(OVER=ALL UNIT CELL)--

1 H Cz I
1 nleC I
1 Cz 1
1 1
——m= 0-695126~01 —={OVER=ALL UNIT CELL)--

B -0« 1
1 0 16~Co7792E-03 1
1 ~TISR:E-02 1
I I

mee 0,118178=00 —=(OVER=ALL UNIT CELLI=~

H C-

1 0 36 C.77528-05 1
1 ¢ 7762F-07 1
1 1
01 =~=(OVER=-ALL UNIT CSLL}—

H n- 98168 90 I
I 0 v6~Cr1145c-07 1
1 ¢.98ler 00 1
I 1

weenew ENFRGY=SPACE CISTRIBUTION CF NREUTRON FLUX wennss

RFGc NOo=—— L 2 3

ENTRGY GRGUP

asesee NFUTRON FLUX CISTRIBUTICN Y ACRMALIZ -N TH RMAL H.

® Go NO-=== 1 2 3

<N _RCY GRCTUP

SOURCE




CASE 210 1c0 ~HF IUHER UmboWe gB=6MIV=0. INTV,PAT=I=1 47220 ssenss NCUTRCR FLUX CTSTRIBUTIZN BY NCRMALIZ.D S uis0ARY M SOURCE

REGs NOo=~== 2 < 3 a 0 ArG. NCsmm= - 2 :
ENERGY CRrUP fRARGY GROLP
1 04B8109°=01 0.T7BR4E=0L N 7T794T~Ci :

2 061:597~00 0-109%E=00 0.10793~C0 '
3 Qe l7770=00 0:1691C-00 2:.1656.-C0 :
4 0022607=00 0. 245%60~00 O, 2417 :=C0
5 02 32578-00 0.2087E-00 0, 30233=Cn
[ 0o46865=00 0:44755=00 0,43387~00
T 0s7264C 00 0571825 00 D.7027EC <O
8 0o 8173F 00 0sTS06E 00 0o 77327 €O
9 0497395 Q0 094428 00 0,6236Z (O
10 0eL1468E 01 002321F 01 0,1092T Ci
11 051427E 01 0.1765E 01 0.1330¢ Cl
12 0020187 01 0~1962F 0L 00.189%8T C1
13 0o 2424 0} 0,27208 01 0,2251% ()
14 043089C Ul 002957 01 0028700 C1 .
15 0s5107E 01 0,473RE 0) 3048218 COL z
16 0,6030F 01 0o5810E 01 0. 56697 C)
17 04 8063E Ol 0c7755E 0L 0c 75002 CC
18 0s1045€ 02 0.1029E 02 010187 02

CASE 210 1le0 FNRICHED UrlcWe sE=6MEV-0,1MLV,RAT=1=1 ,T=20 sesses MACRCSCOPIC TCTAL CROSS SECTICN sesxes
REGe NOo~-~ 1 2 3 ] G REGc NOg~=~ 1 2 3

ENERGY CROUP ENEREGY GROUP
Qe 3424E-00Q 0c1282E~00 0o 1340E-00
0#3519E-00 001300E~0Q 0o1500E-C0
0a3572E-00 0.1228E~00 00 1497E~-CO
0a3661F~00 0,1388E-00 0,1547E~C0
0a36185-00 0.1573E-00 0.2095E-00
0036CIE=00 0~1629E-00 002392E-CO
Ce3598E~-00 0.1704E-00 0031998E-00
0e3501F~00 0.1834E=-0G 0.2051E-(0
023320E-00 G.1903E-00 0s2135E-C0
10 0s3364E-00 0o1798E-00 0. 2613E~00
11 003566E-00 0,1824E-00 J¢=077E-00
12 0a3754E-00 0.,1850E-00 0o 2084E~CO
13 043394E-00 0.21B83E-0Q 0.37055-00
14 0a3602E~00 0.1695E-00 0o 4501E-00
15 003476E~00 0o2408E~00 0o4273E-00
16 0o #264E-00 002396E-00 006145C GO
17 Do 4352E-00 0c2101E-~00 O: 6656E QO
18 0e5401F 00 003203E-00 008587% Q0

G@=OUT AW N

CASE 210 10 ENRICHED U=LoWoyE=6MEV=0o1MIV,RAT=1-1 ,T=20 sessse MACROSCOPIC SCATTERING CROSS SECTION swssze
REGe NDe——- 1 2 3 0 a REGe NQo=== 1 2 3

ENERGY CRCUP ENERGY GROUP

00 3089E-00 021252E=-00 0.12B0E-00
2 0 3237£=00 00128%4E-~00 0. 1480E-CO
E] 0,3294E=00 0o1326E-00 0a1473E~00
% 043381C~00 001780F=-00 001527&-C0
5 00 33340~00 0.1575E-00 0. 2082E~00
& 003324E=00 0. 162TE-00 0.2332E-00
7 0,3210€~00 0o 1704E=00 0.199BE-00
-] 0032108~U0 0,1334C=00 D02031i-C0
9 0o 3025E-00 0o1903E-00 0o 2i35E-00
10 003072E~00 0,17T9BE=00 0.2613Z-CO
11 032 01E-00 0018%4E=00 00 3077E-00
12 0e3233E-00 0,1350E~00 0. 084C~C0
13 003302E~00 002183E-00 0.3705F~00
14 003819E-00 0~1695E-00 0.4501E=CO
15 0e3299F=Q0 002408E-~00 0042758~C0
16 004198E=00 0.27962-00 Nc 41658 €O
17 004279E=00 0c 2101E-00 0. 66567 00
18 005294E 00 0o3203E-00 0, 8587& 00

CASE 210 10U CNRICHED U-LoWoyE2AMEV~0; INFV,RAT=1-1 T2Z0 wesses MACRCSCCPIC FISSICN CROSS SELTION wevese

REGe NOo=-- 1 2 ? 9 0 FiGe. NCgw== 1} 2 3
ENERGY CRCUP ENTRGY GRCUP
003250C-01 O, On
2 0:2818E-01 O. D
3 00277LE~0L Ou Ou
L 0e27727~C1 O. 0o
5 0c2774E-01 0. 0¢
6 002776F=01 0. 0.
7 0s27782=01 Oc 0.
8 0,27787~01 0. N
3 022773£~01 O. Oc
10 0027217-01 0, I
11 0s2%047=01 O 0.
12 0el7477-01 O Oc
13 0,42977=-02 0. 0.
14 0c37577~C2 0. [
15 0,84°77-03 0- 0-
16 0o6°227-03 0. e
17 026%23°-03 0- 0.

18 0o 74767-03 - a.



CASE 210 a0 GNRICHED U-LcW- ¢ E=6MEV-0. L¥TV,RAT=]=}

REGe NCg=== 1

2 -
ENERGY GROUYP
1 0.1075E-00 Qe Q.
2 0: 82895E~01 0. A~
3 Qe 85532~-01 Qo 0c
& 2 0.874810-01 O. 1]
5 0o83725-0) Q. 0c
] Ua758<5=01 O« 3F
7T 0o T797E~QL Qc 0.
8 0o7£317=01 O, Qe
9 0a75142=01 O 3
10 0o 7292E=01 O« Q.
1 0a62353E=~01 O« o
12 003%47E=01 O. i
13 02 11045-01 Q¢ 0c
14 044490F~02 0o Qs
15 06 2152F-02 0o Oc
15 0e1£06F-02 0. 0
17 0e1592E=02 0o 0o
18 0e1871E=02 0o Qc
CASE 210 100 "HRICHED
REGe NQg=~~ 1 2 :
ENERGY CRCUP
1 001237801 Q.23972-02 0:14798-C2
2 001768%~-01 0.2A"5L=02 7,.84RT=C2
3 0a15002-01 Q:272702-02 0.2180C-C2
4 0c 1633701 0, 136327-08 0~26017-C2
5 004783201 0.
& 002CNi"=0L 03¢ 538AC-08 I *92Lf-L2
7 0:2227I=01 027297205 Qo T13AI-02
8 0c2E0:F-01 0_3725C~-08 0. 64987=C2
9 003C335~01-0.5%83F~-08 0r 77927-C2
12 002C575=03 N.7257=-08 0. G:-170~C2
1
12 0022447 ~03=0. 18637~ .1 g
13 0c239077=03=0-1118F=07 0 19457-C?
14 0:2573¢~03 3 181AC-0' 2 [A367-CL
15 0029757-C3 O D 42627-C1
16 0c 34507 -03-0. " 363F=-08 O, 77867 =C1
17 00 4C92F-03-0, 1133F-06 0.316757=C0
18 0a5733C~02-0. 11187=07 3-44307=C3

2]

U-L H. ¢ 2=6M>V-0 IMFV,FaT=1-12 ,T=20

9

CASE 210 1cO TNRICHED U-L-W. sE=6MFV-0 1MV RPAT=1-1 7220

REG:

EoGe
1

ic

[}

12

FLAT FLUX APP.

NOo--= 1

REC. Mo

1

2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

0, 6301" 00
0262577 UV
006286% Q0

0o 6676E 00
Ua621.7 00
0061252 00

Qe 6700F OO
0 62307 00
0. 6145F 00

0086865 00
00 6204F 0O
006116~ 00

0, 40687 0O
0.556%" 00
0054377 00

0052437 00
0052917 00
Mo 51477 OO

00 6121F 00
0a5601F U0
0e5483¢ 00

00,6003~ 00
U 54707 00
05355 0O

0,5772C 00
005243E 00
0.5125E 0C

0« 5478E 0O
0e 4922E-00
0a4772E-00

045323 00
Ou #725E-U0
Oe 4546E~-00

D¢ 5445E 00
Ue #828E-00
0o 4646F-00

2 3

0,77 38E-01 0524602-C0
0. 9668E-0) 0,2676F~C0
0. 7943E-01 0-2919:=CQ

0.71228-01 0.2611Z-C0
0. 94057=01 0, 2849E~-C0
0:T662E=-01 0-21090-CQ

0,7241E=-01 0,257465-C0O
0:9573E=-01 Q. 28137=C0
0.,7800E-01 0.7075E~00

De 72966~01 0,2534:=-C3
0. 7666E-01 0 28303=~C0.
0. 7A76F-01 0, 7L977=CO

0,7576E~01 0c21493-C0
0,7983E-01 0, 34383-00
0,8042E=01 0. ?739E-00

0,7511E~01 0.7411E-C0
0. 9860E~-0L U 2723C-00
0a TR6TE-01 0,4067C-CO

003231F=01 0o3046C-CO
0, 10T7E-00 0. 3322E~00
00 3790E-01 003638E-00

008895E=01 0021088-00
0c1151E-00 0. 3379E=-CO
009468E=01 0o 2658E-CO

0c77268-01 0a2294E~C0
0c1194E~00 Oc 2562E~00
0, 9853E=-01 0o 2890E-CO

008164E-03 0 3T06E-CO
Oc LUB6E-DU 0c 4012E~CO
0.8567E=-01 0c4372E-CO

007542C-01 003923E-CO
0. 1UubE-00 O0c 4263E-00
0~ TR96E~01 00 4664E-CO

007384E=01 003817E=CO
009953E=01 004176E-00
0o 7774E=01 0. 45TTE-CO

~=—P(R7GcF7C

Co

[+
O
Oc

Oo
0
0o

+rHERGY J==m

»T=20

0

0

a 0

[
0.
Qq
Qs
Ga
On
Qe
0o
0>
0o
0o
Qo
Oo
Oe
Qo
Oe
0o
Qe
0n
Oe
[+ 13
Qo
Oa
0o
0a

sanean NACROSCOPIC FISSION NUMBER CROSS SECTION esssse

REGo

NCo=~~ 1

ENERGY GROUP

swswss MACROSCOPIC SLOWING DOWN TO QUT OF ENEZRGY RANGE wssses

FiGe

LNFREY

NGomm= 1

GROUP

2

esesas CCLLISICN PROBABILITY ed2eee

1
E Ge REG-NC

1:

14

1¢

17

1e

15

2C

21

22

23

24

B WA WA

[Ty

W w N [CR Y g WA

0.4B06E~00
0.4.89E-00
0-39%1E-00

0.46BLE-00
0. 4028E~00
0: 3786E-00

0:43585E~00
0c 3935€-00
O0c 3716F-00

0 4479E-00
0. 3685E-00
0.3276E-00

U.4427E-00
Oc 3619E-00
0-3289F-00

Q. 44 T9E~00
0c 3478E-00
0,3069E~00

Qe
Qo
[\2

0-
Qc
[N

0o
0o
Qe

Go
OD
On

0c
173
Qo

0o
Oo
00‘

0
0
0.

0.
[}
0-

Q.
n.
0
0
0.
0.

Oc
0.
a.

0.
0,
Oc

0.
0.
0o

0.
Qe
Oc

0
Oc
Oc

0.
Oc
0c

0(
Qc
09

0=
Ue
0o

REG: NOo=-= 2

8363E-0L
1102F-00
8610t-01

5883C~04L
8229L-01
60192~-0QL

B8460&-01
1123%E-00
8641E-0]

6423F~04
9237E-01
6502801

5423g-01
8052E~-01
5462E-01

6400E-01
9784E~-01
6417E~01

3

0. 438AL~U0
0 4TU9C-uLJ

0. 51480

[}

Ou413).~t0

051490
Q5612

[H1]
(U]

0:4569:~10
0: 49423-110

0. 54208

0.48790-

0,5391C
0,597:¢

0: 5030C
0c 55750
0, 6165F

1]

ue
0o
ua

00
uo
20

0, 4881C-u0

0o 5544E
0, 6289€

0
0o
O..

oo
Jo

PAG

1



CASE 210 160 THRICHED UmLiW, ol =OM7 V0. 1N "V FATaLal

REGe
EaGe

1

10

i1

) ¥4

EY THTRMAL H.

ACimm= 3
REC- NOg

W UN R WINe WA EN Nk G

LLUN SR g WA - W LELN SN

W

0c682.T 00
Cn 67377 0O
0z 62867 00

0q 66707 GO
0:6211F 00
Qa.6%75L GO

0c 66357 0O
0562048 GO
0061167 00

0,6L538%
0253647
0s5477F GO

0c 58437 QO
05291F €O
051477 CO

0a61717 0O
054017 C0
05543

0c6C3IT WO
0.5470C CQ
0~ 875%¢

0s5772C Q0
0052437 00
0,5125TF ©0

0.5478F 0O
0o45227~C0
0. 47727~C0

0:5727F 00
0c4725=-00
Q0o 4S467~00

0054450 0O
0048287 -00
00 46467-00

bl
<

0.77 38 =01
0. W56R7 =01
0 T943L~0i

L
n.T122L-01
0. 140520}
0.7662E=03
0.774618-0
0 9573705
0. 7300801

4.7298E=-01

0-76656Z=01
0.7876E-01

0:22427-01

0:7£136-01
0: 9360c£-01
0-.7367¢-01

0.82215-01
0.1077E-00
0: 3730F-01

9 8393E~01
0,151E-00
- 9468£-01

0,9%265-01
0. 1194E-00
0:98532-01

0. 316%E-01
0. 2066E~-00
0: 3567F-01

0-75427=01
0.1006E~00
0..7396F~01

92, 7784%=-01
0. 9950 0=01
0. 7774E-01

s

0. 15,607-CN
0, 25767=-C0
0 29197~C0

Du FATI =0
0. 2R4937=~C0
0. 231Q092-C0

0.257673=CH
0,281%7-C0
0. 30737~C0

2761100
Nc772°7~C0
0. 4067¢=C0O

3. 20463-C0
0025223-C0
0 26387-C0

0e710A7-LO
025791 -C0
0.26937-00

J.72765~C0
0035627=C0
0c 3890E~CO

B TT067=CO
0e501277=C0
0. 43722~C0

3. 29277-C0
0.4269°-C0
0. 46647-CO

Jo 28177-C0
Qs41763-CO
0, 45777=00

[-X =] ‘\‘l

-

Do

caw Qaoo

nan

aoa

a

»T=20

T4BLOR#SZ <= PS(RyRyE) ==

Qe
0n
0=

Qs
05
Ca

-
[ 5
[

0.
On
0

b
Ua
0.

Q-
0s
0:

0.
dJo
0-

Oc
Qs
0-

a-
0o
1.

0-
Ue
0.

Qs
0o
0.

0-
0o
0-

a

esasee COLLISICN PROBABILITY susase

rL= a,

1B

2C

23

H

R=G. NI
PG ML
1 Q.48060-0D
2 0 4iE9L~00
3 0.76SYE-00
1 Q. 4&eBle=-00
2 0.+CZ3F~-00
2 0.3TE6E=~0D
L 0:4585E~-GO
2 0-%G353-00
3 0. 3716E-00
1 0:£479E-00
2 0.76ESc-00
3 0 33%6F-00
1 0 £4278-00
2 0.361%:-00
3 0 3289E~00
1 0:&479E-00
2 0:7478&-00
3 0 ACH9E~0D
i 0-
2 0c
3 0
1 0
¢ Q:
3 0
1 0
2 0.
3 0
1 0-
2 0Oc
3 0
1 0-
2 0.
3 ¢
i1 0.
2 Q-
¢

-2

0. Bi65%E-01
0.:1i02:-0C
N:-8610E-CL

0-5RE .F-0QL
0:8229=-C1
0 4019E~Q1

0:112%E=-GD
0. B64YE-C1

0:642.C-0}
0.923%

Q- §421E-01
0:80%2¢~01
0. 5462F-C1

0. 6400E-01
0. 978+r~U1
0. 6417E-C1

0.
0-
0.

Qe &38R =00}
U #T090-00
Qs 6182 00

Qablsit =00
U5 5149700
UL SELDET WY

i 0,45890L00

0,459420-00
Gu 5420800

G, 48T79L =00
053290
0-5973L 40

G,5C 00 un
G, 3875L uwo
U. 6165 Ou

0-4881E~U0
U, 3540 QU
06283 u0

0
0.
Q-
0.
v

Ue
Qe

0,
O
Oc
2
Qe
O.
Qc

Un

vah,

&




u23is

THOSE INPUT DATAS ARE USTD FOR CALCULATION OF EPSILON IN RNL=-645 BY RIEF NGRP® 50 NFE= T NFSS= 1
FLEMENT ELE,1aD AVAMICNO MASS NO. INELA-M COMENT FOR DATA
uz22e - 92 238 18 U-238 BNL~-b6&%
THOSE INPUT DATAS ARE USCO FO CALCULATIDN OF EPSILON [N BNL-645 RY RIEF
BUNDARY ENERGY OF GROUP ==-MEV=-=
6000000 55750000 5-250000 &,750000 £,250000 3,750000 34250000 24750000 20400000 24150000
1,900000 1.650000 1:400000 1,150000 02900000 0,650000 0,%00000 0,250000 0,100000 Ue.
O 0. Oa Oa On Qe Oa Oa Qs Ou
O [+ 1% Oc Oa 0. [ Qe Os 0o Qe
Qe Oc [ Oa 0s 0o 0. 0s 0o 0o
ENERGY INTERVAL OF ENERGY GROUP
0250000 05500000 0.500000 05500000 0,500000 0,500G00 0.500000 0s350000 0,250000 0.250000
02250000 0.250000 05250000 0,250000 0,250000 0.250000 04150000 0150000 0. .
Oa 0o 0o Oo Os 0o Us Oa Qo Ou
Os 0» 0, 0o Qe 0, 0o 0, 0s O
0s 0c 0c 0o 0. 0o Oa 0s 0s 0,250000
FISSION SPECTRUM —--- NORMALIZED RY INT S=E =1
u23s 0000000000“0000000000000000000000000000000000000000000000000
02020137 U.026462 0,037640 02053078 Uo 074082 00102128 0o13864¢ 0a176846 0a207885 04235976
0265326 00274766 00322334 00344789 04356627 0:.347745 00313571 0,252475 0.,138598 0o
Os 0s 0. Qe 0. 0o Jo Os Oa Qs
Oe [+18 O. Oe 2 Oo [+ 1% 0e Oa 0e
Os [+ 9 0o 0o 0o 0o Oa Oe Oe Qs
THOSE INPUT DATAS ARE USED FOR CALCULATION OF EPSILON IN BNL-645 BY RIEF
NGRP= 18
ELA~SCATTER CAPTURE INELA-SCATTER FISSION TaraL NUMBER/FISSION ANISOTROPY
038000 01 0: 0:.27400F 01 0. TOO00F 00 Oc 0;320u865€ O1 Oe
0= #1400E 01 0 0027100F Ol 0. 59000E 00 0o 0o31540E O1 Oe
0. %2700€ 01 Qs 0527000 O} 0.58000E 00 0o 0030840F 01 Ce
0s 44700E 01 0, 80000E~02 0026800E 01 0458000 00 Ga 0.30140€ Ol 0o
0s 43700E O1 0.12500E=-01 0-26800E 01 0458000F 00 0o 0529440 01 0o
0s $3300E 01 0, 16000E~01 0,27000E 01 0. 58000% 00 0o 0.2B740E 01 [+
0, 42000 O1 0,21000E-01 0,28000E 01 0.58000F QUL 0o 0.28040E 01 [
0 38000E O} 0, 27000E~01 0429900E 01 0.58000E 00 Oe 02 27445E D1 Os
0434000 OL 0,37000€-01 0:-30000E 01 0,58000F GU 0Oc 0,27025€ 01 [+
0.35000€ 01 0, 41000€~-01 0-30000E 01 0s57000F 00 Os 0a26675E O1 O
0. 40000E U1 0, 54000F=-01 Gp29980E 01 0, 50000 00 Oa 0226325E 01 0»
0o 50400E€ 01 0o T4#000E-01 0225400€ Ol 0, 27800E-00 0Os 0.2597SE OL e
0s #BUUVE 0L 0, 1US00E-00 0, 22000E 0} 0,79000E~-01 On 0,25625E O1 Os
0s53500€ 01 0, 13800E=-00 0521080 O1 0,26000¢F-01 [+ 19 0,25275€ Ol [+ 9
0,52000€ 01 0014500E-00 0020000E 01 0,560000E=02 [+ 0s 24925E 0} Qs
0e 70300E 91 0. 13000E-00 0o 18TO0E 01 1.00000E~03 Oe 0,24575E 01 Qe
0,85300E 0L 0:14000€-00 0c S3000E 00 Oc 0o 0,24295E 01 113
04 10B10E 02 0, 21000€-00 0o 40000E=-00 0e 0o 0,2408SE 01 [+ 18

Pt e Pt et =t G B
DNOWMPUNEOOD~NCNI W

VTHOSE [MPUT DATAS ARE USTD FOR CALCULATION NF

SCATTERING MATRIX FOR y23a
GROUP NO.

[} 0.38001E 01 0o 0,260726-0" 0. 64756E-03 ©
0,81072E-01 C:12220E-00 0,1804RE-0N 0. 25930€-00 ©

2 0s41402€ 01 Os 0,4T6R2F-03 Oc13167E-02 0O
0e11752E-00 0.1707&E-00 0;24780F-00 0c 35115€-00 0

3 Qs 42703E 01 0y 0. ARSSHS-03 06 25503E-02 0
0,15849E-00 0 23829E-00 0,344230-00 0, 46697E-N0 O

& - 0,947T00E 01 0o 0s16338F-02 0,513%1€-02 0
0,2236TE-D0 0:"3357F=00 0,46679E-00 0~58351€ 00 O.

5 0.4&3711E 01 O¢ Nn36762F~0N2 0c10944E~0L O
0,32200E=00 0,4AR02E-00 N,606318 00 0:38139E-90 ©

& Oe®3321€ 01 0o 0,73718F~-07 0 14167E-01 O
03 #68TBE-00 0, 6I5TTE 00 0,413356-00 0O o

7 On#20#6t Ol O. 0,96502F=02 0,14887E-01 O
00 6B8433E 00 0:46553E-00 O: 0, [

8 0.38065¢ 01 O: 0,10743E-01 0,21690E-01 O
053587 00 0, 0, Oc 0.

9 0, 34076 01 0o 0,161807=01 0,33890E-01 0.
0a 0 0: (12 0

10 0o 41322E 01 0,%2853E-00 0,370656~-01 0:12184E-00 O.
De O 0, Qo o}

11 0446318 01 0442R24E-00 0. 370&0F-01 0.12176E-00 O-
05 0x 0. 0. 0

12 057370 01 0,43296E-00 0:52400F=01 0. 29440E-0D O-
0. Qs 02 0o 0.

i3 0,58303E Ol 0.61909E 00 09 60949E=01 0o %8968E~00 Oc
0s [+ 0, Oc 0.

14 0263372 OL 0,59320E 00 0.58400F-01 Nc 30600€-00 O.
[ B Os 0> [ 23 0.

15 0e66067€ 01 0456520 00 0.27807€=01 0o Q.
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