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RICM2: A Code for Solving the Slowing Downs of Neutrons

over Many Resonance Levels in Two-Region Lattices
Summary

A new code RICM2 is programed which solves the neutron slowing downs continuously over
a wide energy range covering many resonances of no more than two kinds of nuclides in a
two-region lattice.

In this report descriptions are given of the followings: resonance cross sections, collision
probabilities in two-region lattices, numerical solution of the slowing down equations and clear-
cut definitions of various reaction rates, average cross sections and effective resonance integ-
rals. An interesting parameter which indicates relative distributions of absorptions by two
nuclides are also introduced.

A brief description of the programs and directions for their use conclude the report toge-

ther with sample problems.
July, 1968

Hiroshi MizuTa*, Takanobu KaMmer*, Yuzo Fukar*
Heterogeneous Reactor Analysis Codes Development Group
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1. Introduction

A series of efforts made for the calculation of the resonance absorption in heterogeneous systems
seems to have come to an end when appearances were made of such computer codes as ZUT? and RICM?,
which solve numerically the integral transport equations formulated by use of collision probabilities.

These programs, however, were meant mainly for the calculation of the **U resonance absorption
which is an important quantity for slightly enriched uranium thermal reactors. Only one kind of reso-
nant nuclide is allowed in a lattice and resonances are treated level by level separately. In order to
estimate the resonance overlapping effect of such combinations of two kinds of nuclides as, 2*%U-?*U in
highly enriched uranium fuels, or 239py-280 and “@9Pu-240Pu in irradiated or PuQO;-UO, fuels, the above
restrictions had to be removed. Another problem of solving the neutron slowing down equations over a
wide range of energies containing many resonance levels, also interested us in connection with the calcu-
lation of the 25U or 2°Pu resonance absorptions.

A new code RICM2 was programed so that it can handle the slowing down of neutrons over a wide
energy range in a two-region lattice consisting of a fuel and a moderator region. The number of regions
is limited to two, compared with five in the RICM, because of the consideration on computer memories.
Not more than two resonant nuclides are permitted in the fuel region by the same reason and only one
of them can be fissionable.

In the following chapters 2, 3 and 4, expressions for various cross sections, a solution of resonance
neutron flux in the lattice, and definitions of reaction rates, effective cross sections and resonance integ-
rals are presented in the above order.

The descriptions, and manuals for use, of the two programs RICM2-MAIN and RICM2-LTE are
given in the last two chapters 6 and 5, the latter preparing the cross section library for the former’s
use.

2. Cross sections

Various models have been proposed to reproduce the resonance cross sections obtained experimental-
ly by use of level parameters. They originate from the multilevel-multichannel formula based on the
theory of nuclear physics. But it is desirable to assign parameters to each level separately to calculate
the Doppler-broadened cross sections analytically to some extent. Along this line, there is well known
Breit-Wigner’s single level formula, and resonance parameters for its use are compiled in BNL-325 2nd
ed. suppl. No.2. The level parameters evaluated and compiled by SCHMIDT ef al® are also trusted.
Independent of the above approach, ADLER-ADLER®® have made successful efforts to obtain single-level
type resonance parameters for each level by trial and error starting from the Wigner-Eisenbud formal-
ism.

In section 2.1, two calculation methods of the resonance cross sections adopted in the RICM2 are
presented ;

(a) Superpositions of interfering Breit-Wigner type line shapes.
(b) Multilevel method introduced by ADLER-ADLER.

In section 2.2, the approximate calculation methods of Doppler functions ¢(§, z) and x(§, x) will

be discussed.
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2.1 Various reaction cross sections

(a) Superpositions of interfering Breit-Wigner type line shapes

With the assumption that the cross sections at energy E are made up of the superpositions of single-
level line shapes, each reaction cross section is expressed as follows, notations here being the same as
those generally used.

Ert 1Fri

a.(E) —Sum sl’(ft, 1)

NLVL
or(B) =Sim | Bt Tty 6, 20

I'ni

NLVL
o5 (E) =S}1:rp o%{ ¢ &, ) +rix e, Ii)} +ap

or(E) =a. (E)+or (E) +os (E)

with
oh =2, 60X 106+ g2
[ I'n
Yi= I'v: :
&=IyI'y L=n/4kT Eri/A
_ . 2]+1
xi—z(E_ETi)/Fi ] gJ_2(21+1)

Where Sum signifies the superposition of resonance level which contribute to the cross section at
energy E The definition and some properties of the Doppler functions ¢ and x are given in section
2.2

(b) Multilevel method

As discussed in (a) of the same section, the single level Breit-Wigner formula is, strictly speak-
ing, valid only when a nuclide, like ?*U, has a small I'/D ratio. A fissionable nuclide, however, has
I'/D frequently larger than 0.1. So, it arises the necessity of the multilevel-multichannel analysis for the
expression of the cross sections for such a nuclide.

Starting from the Wigner-Eisenbud theory, Adler-Adler obtained a cross section shape consisting of
the superposition of interfering Breit-Wigner type resonances. The cross section for a reaction (x) is,

N E 0@ (E)= ~/—E_z (1 —cos )
iC- gﬁ” v (G cos w+HPsin ) + (ui—E) (H® cos o—G®sin w)

(p—E)*+vi
+C(A1(”)—I-A2(I)/E+ ...... 4+ B E+B®E2ueet )
where

C=6.52x%x10% barnsxeV

Here pi-iv; represents the i-th pole of the collision matrix, so that u; represents the resonance energy
and v; the corresponding half-width of the i-th level. The variable o represents the phase shift of the
hard-sphere potential scattering and is set equal to zero, except for the total cross section.

The above expansion lends itself to a formally equivalent expansion for the Doppler-broadened
cross sections. When the third term of the above equation is neglected except the term CA®, Doppler-
broadened cross section becomes as follows,
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VT 0 (B) =Sum—y 5= == {6 0 () — g 00} —H (1) +2@)) | +CA @-1)

yf=(«ff—-az)//3i ’ §=(~/—E—+ai)/ﬁi
where quantities a; and B; satisfy u;—ivi= (a1 —if:i)%. ¢ and x are the Doppler functions and x is de-
fined as a half of the one generally used, but the variable & (=28:4/4A/kT) is suppressed in the expressions
of the ¢ and y. The values of G7, H*, G¥, HT and background term A{® are evaluated and compiled
by Adler-Adler for the energy range 1.8eV to 37.0eV.

2.2 Doppler functions ¢ (&, x) ond X (£, x)

The probability for a neutron to be captured by a target nucleus depends on the relative velocity
between the neutron and the target nucleus. Therefore, the effective cross sections are obtained by
taking the average of the cross section over the velocity distribution of the target nucleus.

In calculating the function ¢ and y, rational approximations are provided in the RICM2 in addition
to the “Gelbard method” used in the RICM. As the Gelbard method® was described in detail in refe-
rence 2), we will give only a brief explanation of the rational approximations.

r dy ~Sw-wr
9, x) = 2~/— 1+yze

ydy —;,—(x—w
1@ @) =5 fl 2,

(x here is also a half of the one generally used.)
These ¢ and y have the following properties;

[¢dz=r f¢2 dz=—2-M©)
_J‘%de=n'a o _f(-ﬁ—)%: T N®)
o€, O=a@) , lim2E&D )

where

a@) =€ 0)=Z% exp(-5-) {1 —erf(5-)} =¢e-Erfc (/2

M@)=a(0/2) , (@) ={1—a(0)}/20
N(@)={2a(0) —M () — («(6))%}/0
with 0=¢£-2 and

erf (z) =—2= J_ e du=1 —-%Erfc(x)

We consider the followihg approximate formula for ¢ and yx/x, and will determine constants @, b, ¢ and
d so as to conserve the above properties.”

€ z)= xr’+aa’h? ¢, = 22+ ycid?
¢ @+ @D @+ @FD
As shown in Appendix 1, we finally obtain the following solutions,
_1—a _1-M
e+ b= V—a , a b_——a(M—a)
_ a’—y ___a*—N
Ay E el
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Errors introduced into J-function by using the approximate ¢ function thus obtained are tabulated in
Appendix 2.

As ¢ and y are calculated towards the both tails from the resonance center with a constant step dz
in the Gelbard method, the energy mesh point E; and the energy E. corresponding the mesh point z,
for the calculation of ¢ would generally not agree. Therefore, the values of ¢ and y by the Gelbard
method at any energy mesh point E; are obtained by interpolation, whereas those by the rational approxi-
mation are calculated directly at the point with less computing time.

3. Resonance neutron flux

When both the collision probabilities as functions of the cross section in the fuel region and the
microscopic cross sections of the resonant nuclides as functions of the energy are given, we can obtain
the neutron spectrum by solving slowing down equations as was done in the RICM. As the collision
probabilities in two-region lattices are fairly easily calculated, that part of the calculation is done in the
main program.

In the next chapter 3.1, a brief account on the two-region collision probabilities is given. The
microscopic cross sections described in the previous chapter being prepared by the separate program
RICM2-LTE, they are used as given quantities in the following. In chapter 3.2, the method of solving
the slowing down equations in two-region system is described. This part, however, is essentially the
same as the RICM.

3.1 Collision probability

A great number of papers has been published concerning the escape probability Po(E) from a fuel
rod into a moderator region in a two-region system. The escape probabilities Po(E) from an isolated
infinite slab and cylinder are expressed analytically, and the tables of them are prepared by CASE et al®
These escape probabilities for the isolated systems are extended to those for the corresponding lattices
using the approximation formula P§(E) proposed by Nordheim ;

PyG..
1—(1—-Gy(1—-Gx) ’

Py(E)= Go=231-P, (3-1)

This approximation, which makes use of the Dancoff coefficient G., is known to give a considerably
good accuracy. Where ' and [ are respectively the total macroscopic cross section in the fuel region
and the mean chord length of the fuel, /=4V1/S, V1 and S representing the volume and the surface area
of it.

Next, we will touch on the Dancoff coefficient G.. When we define the total macroscopic cross
section X, and the mean chord length l;(=4V>/S) of the moderator, the G.. of a slab lattice is given
rigorously by use of the exponential integral function E3(z) as follows,

Gt 1 —2F;3 (Xola/2) (3-2)
The G.. of a cylindrical lattice depends on Z»l;, V>/V1 and lattice arrangement — hexagonal or square —

and a numerical calculation is necessary for obtainning the exact value. In this program, the following
approximate formula by SAUER® is used,

G'=1 —exp(—t3als) /{1 + (1 —7) 23} ‘ (3-3)
{(JE/T-«/ I+V2/Vi—1)/(V2/V1)—0.08 (Sq.)
T =
(W3 A T V2/Vi — 1)/ (V2/V1) —0.12 (Hex.)

if the same quantity is not fed by input. The following formula known as the Bell approximation is
also provided.
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Go=251s/ (1 +3al2)

(3-4)

As the tables of the escape probabilities Py for an isolated slab and a cylindrical lattices are stored in

this program, the P} for the lattice are obtained by formula (3-1) with (3-2) through (3-4). A pro-
vision is also made for G.. and Py to be read in from input cards in case one wants more accurate values

or the same quantities for geometry other than the slab or the cylinder.
The values of G¥*®, P¥* and PY'(P.=1 —P) stored in the program are listed in the following table

against a variable z or z.

/2 for P,
= {2’212 for G.
z (z=1)
-{ 2z @>1)
n z % G Pyee P
1 0.0 0.0 0. 00000 0. 0000 0. 00000
2 0.2 0.2 0.16742 0. 2597 0. 20697
3 0.4 0.4 0.29611 0.3932 0.34838
4 0.6 0.6 0. 39992 0. 4859 0.45225
‘ 5 0.8 0.8 0.48543 0. 5554 0.53126
6 1.0 1.0 0.55679 0. 6097 0. 59285
| 7 1.25 1.2 0. 63042 0.6629 0. 65249
8 1.6 1.4 0. 72440 0.7275 0.72342
9 2.5 1.6 0. 84286 0. 8065 0. 80677
10 3.3 1.7 0.90832 0.8518 0.85273
11 5 1.8 0.96741 0. 9002 0.90077
12 10 1.9 0.98824 0. 9500 0. 95009
13 50 1.98 1.00000 0. 9900 0. 99000

A value for an arbitrary z is obtained by three-point interpolation as is done in the RICM.

(3-5)

(3-5"

Now, we use suffixes i and j to indicate regions, 1 and 2 corresponding to the fuel and moderator
regions respectively. Pi; is the probability that a neutron born uniformly and isotopically in region i
makes its first collision in region 7. Utilizing the reciprocity relation and the conservation law, P (i, j=

1, 2) are obtained as follows.

P,=Pj R Pu=1—Pyp
Py = 5;%; Py Pyp=1—Pn

These P;; are used in the slowing down calculation in the next section.

3.2 Slowing down calculation

This part is similar to that in the RICM in the following points: The equation solved is the Cher-
nick’s equation, and the slowing down source integral is evaluated by applying the modified and extended

Simpson’s quadrature rule. Only the outline of the calculation, therefore, is given here.

Using the same notations as those in reference 2), our starting equation is

V2 (E) ¢ (E) =§Elng P (E)V,S;(E) (=1, 2)

where

(3-6)
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S)(E) =Sum Sy (E) (3-7)
E/c dE'
CSwB)= [ BBV EV T o (3-8)
E

k; being the number of isotopes in region j.
With the help of the reciprocity relation

ViZ(E)Pi;(E)=V,;3;(E)P;i (E) (3-9)
We can rewrite Eq. (3-6) into
$:(E) =SJ3{I} Py;(E)S;(E)/2;5(E) (3-10)
We solved this equation starting from a given energy E; towards the lower energy E, (=2, ----- , N)

with the assumption that ¢;(E)=1/F at energies E>E; (E,=FE1—(n—1)-4E).

When we calculate the neutron flux ¢;(E.) ®=3), ¢;(En) (m=n—1), are known quantities.
And making use of the modified and extended Simpson’s quadrature rule, the slowing down integral (3-8)
is approximately given by

Sji (En) =As¢s (En) +Bje (3-11)

where Ay and By are composed of known quantities. With the introduction of the following notations

A=Sum Ay, B=Sum B
Eq. (3-10) can be rearranged into the following coupled equation for ¢;(E.) at energy E.;
Sum gusp (En) =b (i=1, 2) (3-12)
where
a15=0p5—Py;(Ep) - A;/ Z;(Ex) (3-13)

bz=suf121 Pij (En) 'BJ/EJ (En)
1=1,

The solutions of the Eq. (3-12) are well known. - ,
¢1(En) = (b1~ @aa—by-a12) /4 (3-14)
¢2(En) = (bzran—b1-an) /4
d=a11+G22—a12- a2

Although the above discussion is limitted to two-region cases, the same procedure can be also applied for
one-region (homogeneous) cases, the solution of Eq. (3-12) being given by ¢1(E») =b1/an.

4. Reaction rates

When neutron spectrum ¢;(E) in the fuel region is obtained, various reaction rates, average cross
sections and effective resonance integrals can be calculated with the use of microscopic cross sections.

We must pay attention to the fact that the effects of one isotope on the other in the presence of
two kinds of absorbers give rise not only to the local depression of neutron flux due to the presence
of the resonances of the other but also to the decrease of neutron flux level at lower energies due to
the absorption by the same. When we define the resonance integral using the reaction rates, a special
attention are paid to the above point. It is also taken into consideration that the relation between the
effective resonance integral and the resonance escape probability be simple and consistent.
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4.1 Average cross sections

Considering the reactions only in the fuel region, we will use the following simplified notations,
¢n=¢l(En) (n:l, """ ’ N)
The suffix i =1, 2) is used to distinguish two kinds of resonance absorbers as is shown in the exam-

ples like o, (=0i(En)), N; and Q;=N;/£3,. Notations N, {3 etc. are those commonly used.  The
definition of average cross section & at energies FE..«=E=E, is defined by

54=Sum A%/ (@, -Sum ®,) (4-1)
Ar=Qi*dingn-AE (4-2)
On=¢u-AE

Although the quantities ¢in and ¢, are the values at E=F,, they are regarded as the average value
at energies E,..=E=FE, by reason of smallness of energy mesh 4E. When one of the nuclides is
fissionable, the fission and capture cross sections are, respectively,
l Al 14
#=Sumryy/ @rSum 00 (4-3)
Gi=a4—aY (4-4)
(5i=3da, 7=0)

These definitions can be quite easily accepted.

4.2 Effective resonance integrals

By use of the definition A, the slowing down density P, at energy E, and the resonance escape pro-
bability P, in the energy interval E,.,=E=E, are obtained as follows.

=1, Pnyy=Pr—Ay (An=AL+ A7) (4- 5)
Pu=Pui1/Pu=1—An/Pr=1—-A, (Ai=A}/Py) (4-6)
Now that the resonance escape probability is expressed by the product of P, it is desirable to define the

following new quantity 94; so that the effective resonance integral RI* for each nuclide may be obtain-
ed by summing up the corresponding RI; over =.

Po=1—A,=1—A4—A%= (1 —04}) (1 —°4%) (4-7)
1 —%A%=exp(—Q:-RI}) ) RI;=—In(1 —°47)/Q: (4-3)
A little more detailed investigation leads to
1-A—A2=1—0AL(1 —°A%a) —0A% (1 —°ALB) (4-9)
at+p=1

When the absorption by nuclide 1 occurs above in energy than that by nuclide 2, e=0 and =1 will
result, and in the reverse situation, a=1 and A= 0. Within a narrow energy mesh 4E considered here,
a=/8=1/2 would be appropriate.
AL=0AL(1 —°A%/2) (4-10)
Az=0A43%(1 —24}/2)
0AL and °A% are solved in Eq. (4-10), and RI; is calculated by Eq. (4-8).

Now, let’s make sure of the relations between the P, A and RI defined above {at energies E; . =F
=En;
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[
P=Pi.1/Pn=]] Px
n=m

11 —Ay=]1(1 —A\—A2)

n=m n=m

— [T (1 —0AY - J] (1 —043)

n=m n

=exp(—Q1-leim RI}) -exp ('—Qz'Sl;lm RIY

| Finally, we show the formula for the parameters a and B, an extension of the same quantities in Eq.
(4-9) over a wider energy interval, which indicate the relative position of the absorptions in the energy
interval Ei 1. =E=FEn.

At=Sum A/Pn
RI*=Sum RI}
0A4°=1 —exp(—Q:-RI*)
1 —Al— A= (1 —0AY) (1 —04?)
— 1 —0A1(1 —0A%-a) —0A2(1 —0A!-f)
Al=0A1(1 —0A%-q)
a= (oAl_Al) / (oAl,oAZ)

in the same way, or from g=1—a,
B=(PA?— A%/ PA'-°A?)

are derived.

5. RICM2-LTE

5.1 Structure of the program

The block diagram of the RICM2-LTE program is shown in Fig. 1 and the function of each sub-
program is given below.

1. MAIN - Reads in control instructions and calls each subroutine according to these instructions.

2, DELET : Delets disused isotopes from the old tape.

3. TAPREA : Rewrites the contents of one tape onto another.

4. CROSS - Calls subroutines RATION and GELBAR which prepare cross sections, respectively, by
rational approximation to the Doppler functions and by the Gelbard method.

5. ADLER : Computes the Adler type cross sections by use of the level parameters prepared by

Adler.
6. GELBAR : Computes the cross sections using the Doppler functions ¢ and x obtained by the
Gelbard method.

7. DFUNC . Prepares the the tables of the ¢ and ¥ by use of the Gelbard method.
8. RATION : Computes the cross sections using the ¢ and x obtaind by rational approximation.
9. PSI . Computes the ¢ and x by use of rational approximation.

10. PSI0 : Gives the value of ¢ (&, 0).
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11. NOMALI : Makes such nomalizations as described at the section of input specification.

12. ADDIT : ) )

13. ADI2 : } Adds new isotopes onto the library tape.

14. PRINT ool .

15. PRINT2 - Prints out the cross sections stored on the tape.

16. ERROR2 - Prints out error messages and stops the execution, when a certain input error is

encountered.

DELET*

TAPREA

ADLER _l

=10_,
=1 =10 | RATION PSI

1XS2 |
=2 GELBAR PSIO
NOMALI DFUNC
TAPREA
ADI2
NEGP ) =1
1
=0
PRINT* |— PRINT2 | *calls Subroutine ERROR2
Stop

Fig. 1 Block diagram of the RICM2-LTE

5.2 Input specification

The input information necessary for the operation of the program will be written on the data sheets
at the end of this report.
The notations used are as follows.

Variables Description
TID Tape identification. (I.D.)
IOLT =0 : Old library tape is not necessary.
> 1 : Old library tape is necessary.
NEGA No. of energy ranges(E.R.) containing isotopes to be newly added. =20
NEGD No. of E.R. containing isotopes to be deleted. =20

NEGP No. of E.R. containing isotopes to be printed out. =20
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Variables Description
ﬁ =0 : New TID is used.
=1 :0ld TID is used.
IEGID 1.D. of the E.R.
A
NIS (g) No. of isotopes to be added, deleted or printed out. =30
NTA No. of energy meshes of the E.R. =2001
EAA E,, lower limit of the E.R.
EBA E,, upper limit of the E.R.
DEA 4E, energy-mesh interval.
ISID 1.D. of the isotope.
ISCMT Comments on the isotope.
ISCF =1 : Fertile.
= 2 : Fissile.
NLVL Total no. of input levels.
TEMP T(°K), temperature.
AMAS A, atomic mass.
SP é,(b), potential scattering cross section.
SPIN I, nuclear spin.
IXS1 Comments on the source of the level parameters.
=1 : BNL 325 (2nd ed. suppl. no. 2)
= 2 : Schmidt.
=3 : Adler.
= 4 : Blank at present.
IXS2 Choice of calculation method for the ¢ and y.
=1 : Rational approximation.
= 2 : Gelbard method.
—11 : Rational approximation coupled with Adler type cross sections.
IXs3 Choice of meteod for normalization of the cross sections.
= 0 : No normalization.
=1 :1/» type ¢ is added in the entire E. R. so as to normalize the calculated o.(E)
(6¢(E)) to given values at E=E,,=0.0253 V.
=2 :1/v type o is added in the entire E.R. so that the calculated RI *(RIy*) over the
energies E, to Eq may coincide with the given one.
% RI,(RI,) is the resonance integral at infinite dilution over the specified energy
interval.
— 3 : After the normalization of I1XS3=1, 1/» type ¢ is added between energies E, and E,4
so that RI,(RI;) over the energies E, to E4 may coincide with the given one.
EC E,, cut off energy for the use of normalization of g.(see 1XS3)
EV E,, intermediate energie for the use of the normalization of e.(see IXS3)
XSCO o (E.p)
RICO RI,(E,~Eq)
XSFO o:(E.r)
RIFO RI;(E,~Eq)
ERA, GNA, GGA, E,, I'., 'y, Ty and g; respectively.
GFA, GJA If g, is not fed by the input, g,=1 (I=0) or g,=1/2(1=1/2).
IXS IXS2 for this particular level.

=0 : No change in IXS2,
> 0 : IXS supersedes 1XS2 for this level.
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Variables Description

ANU, GT, HT, Adler-Adler type level parameters : g, G7, H?, GF and HF, respectively.

GFM, HF

C, AT, AF Coefficient C in Eq.(2-1) (usually 6.52x105), total- and fission-background cross sections,
respectively.

ITS Control for print out(es and o).
=0 : none.
=1 :05
=2 lap

=3 :os and op

ICF Control for print out(e: and a.).
=0 : none.

=1 :0¢

=2 0.

=3 :o¢ and o

IP1(N), IP2(N), Specification of the mesh points to be printed out.
IP3(N) Prints out the cross sections from TP1(N) to IP2(N) in every IP3(N) mesh points.

5.3 Contents of the library tape

Quantities arranged together compose one record on the tape.
1. NEG, (TID(K), K=1, 10)
. (IEGID(N), EAA(N), EBA(N), DEA(N), NISA(N), N=1, NEG)
3. NEG times of 3.1 and 3.2
3.1 EA, EB, DE, NT, NIS
(ISIDA (N), ISCFA(N), (ISCMT(N, K), K=1, 10), N=1, NIS)
3.2 NIS times of 3.2.1 and 3.2.2
3.2.1 ISID, ISCF, IXS1, IXS2, IXS3, NLVL, TEMP, AMAS, XI, SP, (ST(N), SS(N), N=1, NT)
3.9.9 {(SC(N), N=1, NT) -eeerenrrrurrrncces (ISCF=1)
(SC(N), SF(N), N=1, NT)-ereeeee (ISCF=2)
As the most of the notations here have already appeared in Section 5.2, descriptions are given only for
the new variables.

Variables Description
EA, EB, DE, NT, | Correspond to EAA, EBA, DEA, NTA and NISA, respectively.
NIS
ISIDA Corresponds to ISID.
ISCFA Corresponds to ISCF.
ST, SS, SC, SF gy, 0,, 0. and o, Tespectively.
X1 Average increase in lethargy per elastic collision.

£=1+1(ia nea , a=(ﬁ—;—%—2

5.4 Output print

(a) Output on the way of calculation.
The input quantities are mostly printed out.
(b) Outputs of the quantities on the library tape.
The values of the cross sections specified by ITS and ICF are printed out.
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Cross sections are tabulated towards low energies in a row begining from the energy given in
the first column.

6.

RICM2-MAIN

6.1 Structure of the program

IN P: * calls Subroutine IMIS
%,gg* ** calls Subroutine PGCG
—— L 1IB*
MAIN—|— OP 1**
FLX—AIJ—AEX
—— EDT

RICM2-MAIN consists of a main program and thirteen subroutines.

The main function of each subroutine is given below.

MAIN
INP
IRG
PCC
LIB
OP1
FLX
ATJ
AEX
Op2

EDT

OP3
IMIS
PGCG

: Calls each subroutine.

: Reads in input information.

. Assigns isotopes to each region.

: Computes the escape probabilities.

: Reads in the microscopic cross sections from the library tape.

- Prints out the input information, contents of the library tape and the escape probabilities.

: Computes the flux ¢:(E) and ¢2(E).

: Computes the coefficient @;; and b; of the coupled equation (3-12).

: Computes the constants Aj: and By of the slowing down integral (3-11).

. Prints out the following quantities E, E¢1, E¢z, EXr¢1, osipr, os:f1, Oarpr, 051 and gcg.

: Computes the following quantities : J.acqil dE, \os$1dE, RI, and RI,.

. Prints out the quantities calculated in the EDT.
: Stops the calculation when an input miss was encountered.
: Changes the page and prints out the L. D. of the problem at the head.

6.2 Input specification

The input information necessary for the operation of the program will be written on the data sheet

at the end of this report.

The notations used are as follows.

Variables Description
1 CSID(12) Case identification.(I.D.)
2-1 IGM Geometry. =0 : Homo, 1: Slab, 2 : Cylinder,
= 3 : Others.
IDC

Not necessary
if IGM=0.

Dancoff coefficient. =1 : Bell, 2 : Sauer(Sq.),
3 : Sauer (Hex.),
=4 : (INPUT).

1E1, IE2 =0 : (¢)-region; The flux of this region, ¢;, is calculated with a slowing down approxi-

mation specified by ISSD.
=1 : (1/E)-region; ¢;=1/E in this region.
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Variation Description
IPD =1 : Prints the table of the collision probabilities.
PD Dancoff coefficient. It is computed in this program if PD=0 and IGM=1, 2(IDC=3).
= PD is set to 1 if PD>1.
1l
= | R1 ~ 0 : Distance from the center to the outer boundary of the region 1, or half mean chord
4 length I’ (only for IGM=3).
= <0 :Rl=—|R1|
§ (If R1< 0, the later input data than 2-2 are not necessary. And the data of the
§ previous case are used.)
Q
g R2 > 0 : Distance from the center to the outer boundary of the region 2.
> < 0 : — (lattice pitch). (not necessary for IGM= 3).
Vi, V2 Volume of the region 1 and 2, respectively. (necessary only for IGM= 3).
NXR No. of X, for which the values of P, are read in.
.E* 2-2 GMCT (6) Comments on geometry.
(3]
ééll DCCT (6) Comments on Dancoff coefficient.
&
%9 2-3 XR(21) Xy (=Zpgeeeeee (Z.,=1) or =2 —Z7teees (Z,>1); Zy=21-V)
) N
%"" 2-4 PC(21) P,(X,) (=1-Py(X,)), Self collision probability.
3 IEGID 1.D. (Identification) of the energy range.
M > 0 : Total no. of isotopes.(|LM|=10)
This corresponds to the no. of the cards for input 4.
< 0 :Change the data of the first |[LM| isotopes.
NOP2 > 0 :no. of the input cards for input 5. (NOP2=9)
< 0 :Input 5 is not necessary. Use the data for the previous problem.
NBK > 0 : No. of energy groups for edit (NBK=21).
< 0 :Input 6 is not necessary. Use the data for the previous problem.
4 ISID(L) 1.D. of the isotope.
ISCF(L) =0 : No resonance, ¢,=const., g,= 0.
1 : Fertile. (cross sections are fed from the library tape)
2 : Fissile. ( » )
ISSD(L) Option for slowing down treatment.

AM(L), SP(L)
ON1(L), ON2(L)

5
IFXS(L)
ISET (L)
1P1(L,K)
1P2(L,K) (i(s;"’)
IP3(L,K)

6 --- not necessary if

EBK (21)

0 : Exact, 1 : NR approx., 2 : WR approx.
A (mass number) and g,, respectively.

Number density N; in region 1 and 2, respectively (102¢/cm3).

.. not necessary if NOP2=0 ,

Control of outputs. 1:E, 2:E¢, 3:E¢, 4:2:E¢;, 5:cu¢, 6:0up, 7:0cads,
8:0ad1, 9:dah

No. of sets of (IP1, IP2, IP3). (1=ISET(L)=4)

Specifications of the mesh points to be printed out. Print out the cross sections from
IP1(N) to IP2(N) in every IP3(N) mesh point(s).

NBK=0 (if NBK= 0, the total energy interval is divided into approximately equal five groups.
(NBK=5))

The lower limit (eV) of each energy group used in the EDT.
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6,3 Output print

Only a brief account is necessary for the quantities printed out because the outputs accompany almost
self-evident symbols with them.

% Dancoff coefficient
PD; G.., Dancoff coefficient.
XP2: 3, Macroscopic cross section of the region 2.
CL2: I, Mean chord length of the region 2.
* OP2 control
10(5)150 ; Corresponds to IP1(IP3) IP2 in input 5.
* Collision probability

P1, P2, P3; The coefficients which are necessary for the interpolation of Po(x).
* OP2
E; Energy at each mesh point(eV).
E«F1l; Eg (E)
E*«F2; E¢:(E)
XT*E#«Fl; 2r-E¢:
SS1 + F1; aagr
SS2#F1; g
SC1*F1; a.1¢:
SF1 +F1; ongn
SC2 «F1; gceghr
The quantities are tabulated towards low energies in a row begining from the energy given in the
first column.
* OP3
EBK (NP) ; Energy at the breaking point.
P, A(12), AQA), A(20), A(IC), A(F); P, A'+A?% A', A%, Alu, and Alus, respectively.
PHI, S(1A), S(2C), SAC), SUF); @, &}, &, & and &}, respectively.

U, RI(A), RI(C), RI(C), RIUF); U, RI, RE, RI} and RI; (U= f%), respectively.

PO, AO(1A), AO(2C), ALPHA, BETA; P, °A!, °A% a and B, respectively.
The values written below the dotted line correspond to the values for all the energy ranges lying
above the line.

The program also prints out “stop numbers” and some quantities (either integers (INT)
or floatings (FLO)) connected with them if certain input errors are encountered, the stop
numbers corresponding to the following input errors.

STOP NO. Input errors Quantities
1 NXR is less than 5 or greater than 21. NXR
2 Either V1 or V2 is negative. V1¥V2
3 |LM| is greater than 10. LM
4 NOP2 is greater than 6. NOP2
6 NBK is greater than 21, NBK
9 ISCF (L) is negative or greater than 2. L
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10 No resonant isotopes in region 1. KI1R
11 More than 1 fissionable isotopes. K1F
12 More than 2 resonance isotopes. KIR
13 More than 5 isotopes in region 1, K1
15 Resonant isotopes in region 2, L

16 More than 5 isotopes in region 2. K2
18 V1 is zero or negative. Vi
19 V2 is zero or negative. V2
20 CL is zero or negative. CL
23 PD is zero or negative. PD
26 Specified energy range not in the library. NEG
27 The first isotope not in the library. N1
28 The second isotope not in the library. N2
29 The second isotope is fissionable. ISCF (2)

7. Sample calculations

The effects of overlapping on the resonance integrals of the 21.84eV and 23.48eV resonances of
22Th for an oxide rod in a water moderated cell are picked up in these sample calculations. The prob-
lem is divided into three cases.

(1) Both resonances are present.

(2) Only the 23.48eV resonance is present.

(3) Only the 21.84 eV resonance is present.

The difference between the sum of the resonance integrals in the problem (2) and (3) and that in the
problem (1) is accounted as a self overlapping effect between the two resonances.

In the first, the code RICM2-LTE is run to prepare the library tape containing the above three
microscopic cross sections. In the next, the RICM2-MAIN is run to calculate resonance integrals etc. by
use of the library tape. In the data sheets at the end of this report, the inputs for the LTE and the
MAIN for the above three problems are given. Those pages of the outputs from the MAIN where
resonance integrals are printed out are shown together with the output from the LTE of the microscopic
cross sections for the problem (1). About 12 sec. of execution time including the loading time is re-
quired for the preparation of the library tape by the LTE on the computor GE-635. As for the calcula-
tions in the MAIN, the total execution time is about 20 sec. inclusive of the loading time. The LTE and
the MAIN require approximately 26K and 32K memory spaces, respectively.

References

1) NorpeHEmM L. W. and KuNcIr G.: GA-2527 (1961)

2) Mizuta H., Aovama K. and Fuka1 Y.: JAERI 1134 (1967)

3) ScuMIDT ]. J.: Proc. Topical Meeting of ANS, San Diego, Vol. II, p. 223 (1966)

4) ApLEr F.T. and AbLER D. B.: Proc. Topical Meeting of ANS, San Diego, Vol. II, p.47 (1966)

5) ApDLER F.T. and ApLER D. B.: BNL 50045 (T-455) (Physics-TID-4500)

6) GELBARD E.M.: Trans. ANS Meeting, Vol. 6, 2, 257 (1963)

7) RoE G.M.: KAPL-1241 (1954)

8) Case K. M,, de HorFMmaN F. and PLACZEK G.: Introduction to the Theory of Neutron Diffusion, U.S.
Government Printing Office, Washington, D.C. (1953)

9) SAUER A.: Nucl. Sci. Eng., 12, 301 (1962)



16 RICM2-A: Code for Solving the Slowing Downs of Neutrons Over Many Resonance Levels JAERI 1170

Appendix 1 Rational approximations of the Y and X

The Doppler functions ¢ (¢, z) and x(§, z) are defined by

© d . ,
€ )= wﬂf T j_/yz o-FE-n

(ydy  8aye
X(e .’ZI) 2»\/7‘[ 1+y e 4 v

where ¥ is a half of the one commonly used. For the integration of expressions including the ¢ and %

over x, the following definitions are convenient,

¢, x) =Ie‘"‘”’-cos xy dy
(1]

1, x) =fe“”“’”’~sin zy dy
0

where 60=¢"%,

To obtain the above equalities, the following Gaussian summation is conveniently used.
Lw —yn [ — _._1__'” Xzt
noje v [I{(t) cos y (z—1) dt | dy=— «/—;Ii‘(t) o

If we set 2=£ and f(O)=1/(1+#),

===

=—71?J.e‘”’/f' cos yx-ne‘”dy=je'”‘”"' cos zy dy
0 0

Similarly, if we sets 2=¢§, f &) =t/ 1+8),

__lm g ¢ tsin yz-sin yt
16, 2 ~ﬁofe v [————————1 — dt]dy

=%J'e‘?"/f’-sin yx-ne“‘dy=.].e‘”“’”'-sin zy dy
¢ 0
Integrations of some expressions including the ¢ and x.

If ¢, x)dx= Iﬂ% 2 r e~ l:joe‘”“’”' +COS TY dy] dx (a>0)

=lim2 |e~ ¥ %"

a—0

a
Z+ Y2 dy

Oy @

=lim 2
a—0

eAa.t —8(at)® 1dt =r

+7

Oty

(ii) I{sb &, I)}”dz=Li_r}‘} 2 T eo* [Te‘”‘”'-cos xy dy] [Te""""-cos xt dt] dx
— oo L]

a—vD

= Zfe y-ou dyj —t-08 gt 11m e~%* cos 2y +cos xt dx]
0
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The integration of the term in the [ ] is

r —az . _1 a a

Je cos xY cosa:td.r—z [a2+(y+t)" +a2+(y——t)2:|
Utilizing the following relation

T a 1 [ — dw

£12)16[f(t) W EIEE dt= 1;13!{5aw+y) Tta?

oo G,

we finary obtain

oo

oo o 9
f¢2dx=nje‘7’_9y' - g u-61? dy:%f e . dy
0

—oo

o

=50 W78 0)=%a(5)=5M0)

(@@ =¢ ¢, 0)=¢Ee*Erfc(§/2); cf. 2.2)
(iii) f—X(i—x)- dx=2fe"”-9ﬂ’ U‘% dx:] dy= n'J.e‘?J-M’ dy
=n¢ (¢, 0)=ra(d)

(iv) J'l:x(é x)] dr= Zfe Y- ay‘dyf - “’dt[f sm.zy Slnxt d]

Now that the integral in the [ ] is z-min(y, ),

L.HS=2r|y-e v dy |et-%dt
e

Introducing new variables %=/ 0(y+ 28 ) and v =4/ F(t+%)

©

J JT\” 3/ )e"" dufe‘”’ dv

u
246

27r e7

L.HS =

=2r&3.e8? [Iu-e‘“’ Erfc (u) du—%fe'“’ Erfc (u) du:l
£z &2

where Erfc (%) =fe"" du is the error function.
u

Utilizing the following relations

Iu.e—”’ Erfc(u) du:% [e"”’ Erfc(x) — J 5 Erfc (J?.x)]

(e Erfc ) du=1 [Extez) T
j :

we finally obtain

17
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.ﬂ; % ]dez 83 f2 [e—E’M Erfc(6/2) “/7 —=Erfc ( 7T ) {Erfc (%)}Z:I

=7
=3 N(@)
Summing up, the Doppler functions ¢ and y have the following properties.
¢ _ ¢ 2 4. T 1
[pde=n . [orae=fM@) . 46 O~e® . 9E
r 2
f—dx—na(o) (B a=ZNe 26 0O~ar® 2@ e~

We determine constants @, b, ¢ and d of the following approximate formulae so as to conserve the

above properties.

___ a’tad? 16,z _ 2ycd
o6 D =@rH @ @t @D
After some tedious calculations, we have
a+b=(1—a)/(M—a) , ab=(1—M/a(M—a)
¢ +d=(@—y)/(N—ay) , cd= (a3—N) /y (N—ay)

2z and b (¢ and d) being complex conjugate each other.

Appendix 2 Errors in J function due to the use of the rational

approximation of the ¥ function

Here we study the accuracy of J(§, 8= Jﬁ—L dr  over the range of f=(1~2%)x107°
¢, x)+B

and £=0.01~1.00 instead of the direct examlnatlon for the ¢ mentioned in section 2.2. Now that the
¢ in rational approximation is given by

2%+ aa®h?
(@t (DY)

we have

_1 22+ aa®h? _1 f
J "“L_-Z--I B @+ a?) (&2+b7) +a+aa®h® dx = 21 o{ (z) dx -1

If we rewrite I(z) to the following expression

_ z24+A
I(@) =gr=(B+Cn} @~ B-Ch}

we see that I(z) has the following four poles.
xly=a/ B Ct -e'=D-e"
x23=/ B4t e ¥=D-e""
xl:,\/ﬁ.ew/ﬁ , x2=—Jﬁ-e‘9"2
z3=+/D-e7¥? Zy=—a/Dee1012

where
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-A=aa’?

Appendix 2

B2 4+-C?= (a+p) a?b?/8

B=—7lﬂ—{ﬂ(a2+b2) +1}

tan#=C/B

Two of the four poles lie above the x-axis on the complex plane and the residue theorem gives

r A+D

2D T

1 +aab/+/ (a+B)/B

rat '—z' ‘HDB/', .

D=B~28 &

+02+B"")+2ab/ (a+B)/B

2-2)

19

Comparison of J.. thus obtained with J.. which are obtained by numerical integration of the defini-

tion equation utilizing the exact ¢ by Gelbard method, is made in Tables A2-1 and 2.

TABLE A2-1 The function J(§, 8) for &= (0. 01, 1.00) and B=2¢x10-*
. 7 & B
L
£-0.010 0. 020 0.050 |  0.100 0. 200 0. 500 1..000

0 6.9350F 02  5.4786E 02  5.0364F 02  4.9829F 02 4.9709F 02  4.9678EF 02  4.9674F 02

1 5.8634E 02 4.2086F 021  3.6131E 02  3.5349E 02| 3.5176E 02  3.5132E 02|  3.5125F 02

2 5.1160E 021 3.3715E 02  2.6281F 02  2.5161F 02|  2.4912F 02  2.4847F 02 5 4339% 03

3 4.5428F 02 2.8116F 02  1.9564F 02|  1.8027E 02| 1.7669F 02  1.7578F 02 1 7363 05

4 4.0495E 02|  2.4153F 02  L.5048E 02  1.3072E 02| 1.2570E 02  1.2440F 02 1 2493F o3

5 3.5783E 020 2.1060E 02  1.2011E 02  9.6709E 01  8.9935F 01  8.8120F 01| 8 7875F o5

6 3.0934F 021 1.8350F 02  9.9000E 0L,  7.3572E 01  6.5012E 01  6.2521F 01  6.2182F 01

7 2.5760E 02 1.5726E 02  8.3158E 01  5.7741E 01| 4.7773F 01|  4.4495F 01 4 4096F o1

8 2.0269E 021 1.3023E 02  6.9926F 01  4.6484E 01  3.5800F 01  3.1834F 0l 3 1219% o1

9 L4760E 02 1.0211E 02  5.7673E 01l  3.7829E 01|  2.7500F 01 2 2967E 01 5 21695 oI
10 9.8018E 0L  7.4168E 01  4.5603F 01  3.0471E 01  2.1530F 01|  1.6753F 01 1 6799F o1
11 5.9300E 01 4.9163F 0l  3.3751F 01|  2.3693E 01  L6756E 01l  1.2347E 01 1.1286F 01
12 3.3301E 01 2.9750E Ol  2.2926F 01  1.7322F 01  1.2683F 01|  9.1188F 00 5 0763F o0
13 L7836E 01 16713E 0L  1.4210F 01  1.1660F 01|  9.0808F 00  6.6286F 00 & 745K 00
14 9.2388E 00  8.9231E 00  8.1320F 00  7.1790E 00|  6.0137E 00, 4.6241F 00, 5 9970 00
15 4.7047E 00  4.6207E 00|  4.3953F 00  4.0905E 00|  3.6582F 00| 3.0216F 00| 2 6029 00
16 2.3743E 00 2.3527E 00  2.2922F 00  2.2047E 00  2.0675E 00  1.8288F 00, 1.6656F 00
17 L.1928E 001  1.1872F 00  1.1716E 00|  1.1480F 00|  1.1088E 00, 1.0325E 00 9. 7910H_0
18 5.01T9E-01  5.9640E-01  5.9240E-01  5.8628E-01|  5.7575E-01  5.5385E-01 5 5189 o
19 2.9925E-01l  2.9800E-01  2.9789E-01|  2.9633E-01  2.9360E-01  2.8770F_01 - 5 8229 F 0
20 L497TIE-0]  1.4962E-0 1.4937E-01] 1.4898E 01  1.4828E-01 1.4675E-01 1 4530F o

TABLE A2-2 Relative error in Juy, (Ju-Jed /Jex  (J(E, B), B=2ix 10-%)
. 0.01 0.02 0.05 0.1 0.2 0.5 1.0

0 65.0670 40.5070 10.62% 2.41% 0.41% 0.03% 0.00%6

1 60.33 45.89 15.40 4.01 0.74 0.06 0.01

2 51.55 46.94 20.73 6.34 1.30 0.11 0.01

3 41,02 43.37 25. 49 9.41 2.21 0.20 0.03

1 30, 56 36.51 28.17 12.89 3.56 0.37 0.05

5 21.25 28.24 27.72 16.02 5.36 0. 64 0.09

6 13.64 20.11 24.29 17.73 7.40 1.08 0.17

7 7.92 13.10 19,04 17.25 9.20 1.70 0.29

8 4.07 7.67 13.37 1471 10,06 2.46 0.48

9 1.80 3.96 8.36 10.97 9.52 3.20 0.72
10 0.68 1.76 4.58 7.13 7.73 3.64 1.00
1 0.22 0.67 2.15 4.00 5.33 3.53 121
12 0.07 0.22 0.86 1.90 3.10 2.84 1.25
13 0.02 0.07 0.30 0.77 1.50 1.88 1.06
14 0.01 0.01 0.09 0.26 0.61 1,00 0.72
15 0. 00 0.00 0.03 0.08 0.21 0.43 0.39
16 0.00 0.00 0.01 0.02 0.07 0.16 0.17
17 0.00 0.00 0.00 0.01 0.02 0.05 0.06
18 0. 00 0.00 0.00 0.00 0.01 0.02 0.02
19 0.00 0.00 0.00 0.00 0.00 0.01 0.01
20 0.00 0. 00 0.00 0.00 0.00 0.00 0.00




PROSMEM RICM2-LTE INPUT FORMAT WRITTEN BY DATE PAGE 1 of 2
INPUT DATA COMMENT
| 5 10 15 20 25 30 35 40 4 50 55 60 65 70 7375 80
v (a2 [3a]s [0, k=1, | d ,
(512, 1046) 1...I0LT, | A .
2-1 | IBGIDD o | B ;
(A6, 4X; 15) _v‘ — N H \ Co Wmn
2.2 1stoo) | K C ey, sy [
w A PR N
3-1 [1EGIDA(N) [ NISA(N) . (N = 1, .NEGA) 1
(6, 41, 15, §x, 3K10!3) - R ‘ |
3.2 | ISIDA(X) (sonT(,! X), X : T (M = 1, NISA(N)
(A6, 4X, 1046 N L o . :
3-3] 1s1 Jusce | mwL | xsy [ 1xse | ixs3 TR AMAS “sp C®IN ;. .
(A$yTh, 415, LE10.3) ‘ I ‘ o . .
34| B B ; XSCO | mrcg .| 1s¥0 _RIFO
| (7m0.3) S ‘ L L B Z -
35| w0 | e R GF ‘ ™ w | oA
(smo.3, wor]1s5) | B : i ‘ :
i m | aw B j oMM HF | b
(6810.3): . ; ; } . TI R ' S 1
36l c | S D N ,.;3.,_.:4;.-‘;,4[; P J
(615 ) I I I R DU RIS SR - .
PROMEM  RICM2-LTE INPUT FORMAT WRITTEN BY DATE pacE 2 ofF 2
INPUT_DATA COMMENT
! 5 10 15 20 25 30 35 40 45 50 55 60 65 70 7375 80
41 | TEGIOP NISP | R ERR RS AR A R
(%6, LX, 15) ] . 3 S R A B | Pﬁma
w2 | 1swepnrrdoe | e, wokd, mIWE K= L) ] o [ _ (v, ) o
o6, 212,12y | e e RN I N
| : ol
(Note) | 1f NBgD = 0, o snput ox. Ll ooy
oy IO NBRA S0, no doput B-x. b L, el : :
.+ 3£ MB§A>O, Anput 3-4 [is always necosshry. !l . | . P
If 1X$2£10, no input [3-5' and 3-6'. ] . i
If IX$2>10 no input [3-5. ".T .
L Ee e, mtmputlx ] 1o ] ' )
" EAA 1} tnput 31 should be in escending order. D
(?h same order shoyld n].:ply. for EBA if. !A.VA‘.s are "5 ‘ R
' : P ' N
ST N .
- : SAREES NS X :
- : T T . ‘ l :
‘ o i .
C . i . ‘
PROBLEM RILL INPUT FORMAT WRITTEN le H, Misuta DATE  Jan. 1968 PAGE OF
INPUT_DATA COMMENT
1 5 10 15 20 25 30 35 40 45 50 55 50 65 70 7375 80
BN REEEA FRRTNEERENE DTS ASRREERY ERERRRERN FEANN REEREEEL N RRR DO
S IERTE DTS VTS B R N T [ EERTEE I ER IR HIEE NS 51 A
(']52;‘16‘); . [ L. - ! f B : T R ;j. ' , ' L ) ! . ‘ “"T
29| ta [imoe! | m [ e [ o m R no, V2 mk_‘
{418, 12, 18.4, 4K0.5,'12) | L A vl
22  (eenm, wn, gy 1 ! NN focerm), e, 60 ] A
23] (R(N), W] WR) R . » -
(7]0.5) \ ; S ] ; : .
2.4 (PC(), WL NGR) | : o . . . ] ‘
(710.5) SRR HERN R AR EEREE FER T I b
s [ om w [ owez P |l i nopni - ;
| (a6, bx, 1) A0 KNS SRS R Cor
o (mso) [2 2] mia) | &) o) |l oMa(n) + 1. I6CR(L) ]  2.,.188D(L) .
(6, 212, 2ps]2, 2moys) N BN -
5 Eao) BRSO K K=1i L) ] i 1
sy 1 L - : : e :
6 (EBN(H), Nel, NBK) i & . A
. (7119_-5,)*_‘_,“‘ A —- : ,E_ . 4: L I IR S . 4 NS C
e : i il l ' | ; : ' " ! » HI i




PROBEM  RICM2-LTE Sample Problem WRITTEN_ BY. DATE pace 1 oF 2
INPUT DATA COMMENT
! 5 10 15 20 25 30 35 40 45 50 65 70 7375 80
; 7 = i "
' | : L -
oo 1ol _.;_.*_,___ e Tt . Gl At
ENER. 1 | U S 5..7.%.". . JB0.0 ,0 <025 4 - S open A e L At
TH232A TWO_LEVEL[S  ER=23.|¥8 AND ER=|21.84 R R R AR
R RO LAVAS AR N i . ; R R
TH2328 |.ONE LEVELl _ EBR=23.l48 : RSN B N
TH232C ONE LEVEL ER=21 .84 | ‘ . TR I
TH2324 i1 2 a2 310,0;. ! 232. ; . PR
I . IR 3 S . i ‘ REEREEE
(BLANK, CARD) I | RS S EE R
) L A ' : P i
23.48 |..004: ! R AR N
21,84 0024 ‘\} ;l:: o :
TH232B, . 1 1 |” : i B 1 e
. [ v I H i
( BL.ANK CARD ) ! g ,’,LTx : b} bty
. s L . .- Vo [ [ [
23 .48 ~004 R R R e N R
; [ [ . [
TH232¢C 1 S j:r[:ﬂ,.,
’ : s I I IR
(BLANK CARD'): ! ST EE B =R
w1l ooz ‘ M BN EEE RN
21,84 . 0024 NSO NN &8 LU S
ENER 1. '] 3l SRR ERE . R R
TH23 24 3 1 L1 RS SRE N L,,:,f, it
! N i ! P
TH2328 3.1 1} = . reterr b
' ! L N I
-ty 80 T muss i SRR RREE
R BN ST B N R
PROBLEM RICM2-MAIN Ssmple Problem WRITTEN BY DATE PacE 2 oF @l
INPUT DATA
1 5 10 15 20 25 30 35 40 7375 80
= 7 = 7 7 T T
[ BFFECT O, CVERLAP JoN RI| OF TWO' TH232 RE CILL ]
SR, 2y, 0. 9 1 10.5 ] . P o D —fﬁ—u—‘,-l—f—i—e‘—
T : ; ; ; s . : Lo i i BB o
N i IR ) SR - ] . R T & L
TH2 | 232. 10,5 0.013 (A I ‘s . PRI ol EERN RSN
‘1:6";‘,‘3;'8 0.0274. 0.0334 4 : 4;. :5'\‘3' :' ?'rw‘H,
TG ORREER et b b
Lol 600 t2 . A,-‘_E,L.L,,-,, . N T EE T RIS N I | :
! i ; [ M : . [ I
L .1{,_1‘_.,69}, - : ,E Ly - P S R i
1 601 ' -
KT, A2 R : B
1 601 — -
10601 20 o S R
Py R N AN . .‘ iy
2.5 " 15, : . C B R SRS
| BFFEET O[F OVERLAP [ON RI, OF SR
f:z‘y 2] ‘1o o] 1 R
[ i Bl AT B LT . X o
ENER 1 | .1 o5l -2 i . H ; - - RS I N I
- T T — T YRS 0 T 1 [ ' o .
ru2328 10| .232.] 10.5] 0.'0137 by R S ISR R N
" IR Bt P AL ) B v [
BFFECT OfF OV llx,L AP JON RI| 'OF T1[H2]32 ]n}s . | H20-0XIDEl CELL 21.8 AII]I_ .RF}SI“ ) N
- ETRCT SO et i ; 1 : o ! : o . o
|2 .2 o] of 1 N B 1} . SR E IR R v
LTI NN SIS WS- | BT SN S B : i beo b ‘ R
\ ' HE ‘ R | .
TH232 C 1 ,].232,i1; 0.0137 H | , . | N L "
OUT PUT OF RICM2-LTE
SELECTED ENERGY GROUP se#eENER 1eeee (EAx 1,5000E 01 EBs  3,0000€ 01 DEs  2,5000E-02 NMPT: 601)
SELECTED 1SOTOPE s2eTH232A00e
ISID  ISCF IXS1 IX52 IXS3 NLVL TENP AMAS X1 SP
TH232A 1 4 2 0 2 300.00 232.00 0.01 10,50
#es ST ese  1( 4) 601
E(EV) 1 2 3 4 5 ] 7 8 9 10
30.00 1 1,1600E 01 1.1618E 07 1.1636E 01 1.1655€ 01 1.3675E 01 1.1695€ 01 :.1716E 01 1.1738E 01 1.1761€ 01 1.1784€
29,00 1 1.1809E 01 1.1834E D1 1.1860E 01 1.1888E 01 1.1916E 01 1.1946E 01 1.1977€ 01 1.2009 01 1.2043E 01 1.2078E
28,00 1 1.2115E 01 1.2154E 03 1.2195E 01 1.2238E 01 1.2283€ 01 1.2330E 01 1.2380E 01 1.2433F 01 1.2489€ 01 1.2548E
27.00 1 1.2611E 01 1.2678E 01 1.2749E 01 1.282%E 01 1.2907€ 01 31.2995€ 01 1.3 89E 01 1.3190€ 01 1.3300€ 01 1.3420F
26.00 1 1.3550€ 01 1.3692E 01 1,3B48E 01 1.4021F 01 1.42126 01 1.4425E 01 1:4685E 01 1,4935E 01 1.5243€ 01 1.5597E
25.00 1 1.6007E 01 1.6489E 01 1.7062E @1 1.7753E @1 1.8604E 01 1.9675E 01 2.1 STE 01 2.2902€ 81 2.5474E 01 2.9273€
24,00 1 3.5341E 01 4.6297E 01 7.1266E 01 1.8895E 02 1.1211€ 03 3.1312E 03 1.9294€ 03 3.22%4E 02 6.2906E 01 3.2060F
23.00 1 2/3067E 01 1.9412E 01 1.7936E 01 1.7646E 01 1.8248E 01 1.9668E p1 2.2351FE Q1 2.7269E 01 3.745SE 01 6.9090E
22000 | 3.2665E 02 1.6080E 03 1.8673E 03 4.4130E 02 6.1559F 01 2.4550E 01 1.6178E 01 1,2759E 01 1.1066E 01 1.0139E
21,00 | 9.5988E 00 9.2719€ 00 9.0708E 00 8.9475E 00 8,8740E 00 8.8332€ 00 8.8144E 00 B8.8106E 08 8.8170E 00 B8.8306F
20,00 1 8.8491E 00 8.87Q9E 00 B8.8949E 00 8.9203E 00 B8.9466E 00 8.9733¢ 00 9.0000E 00 9,0267E 00 9.0531E g0 9.0790E
19.00 1 9.1045E 00 9.1295E 00 9.1530E 0 9.1776E 00 9.2007E 08 9.2233F 00 9.2452E 00 9.2665E 08 9,2872E 00 9.3073F
18,00 1 9.3268E Q0 9.3458E 00 9.3643E 00 9.3822E 00 9.3996F Q0 9.4166F 0@ 9.4330E g0 9.4490E 00 9.4646E g0 9.4797E
17,00 | 9.4944E 00 9.5088E 00 9.5227E 00 9.5363E 00 9.5495€ 00 9.5624¢ 00 9.5756E 00 9,5872E 00 9.5991F 00 9.6108E
1;-00 1 9‘$221E 00 9.6332E 0@ 9.6440E Q0 9.6546E @0 9.6649F D0 9.6749E 00 9.684BE 00 9.6944E 00 9.7938E 00 9.7129E
15,00 1 9,7219E 00



woe S5 ees
E(EV)
30.00

15.00

i #on 5C wes
; E(EV)
! 30.00 I
2%.00 I
: 28.00 1
i 27.00 !
26,00 !
25.p0 !
24,00 |
23.00 |
22,00 1
21.00 |
20,00 1
1:-00 I
18.9
17.08 1
16.00 1
15.00 |

ITOPE 1

ITOPE 1

1t 4) 601

1
1.1503E 01
1:1674E 01
141916E 01
1.2288E 01
1,2938E 01
1.4403E 01
241978E 01
5.8257€ 00
4.9420€ 01
5.8641E 00
7,8873E 00
6.6350€ 00
9.0402¢ 00
9.2977€ 00
9.4767€ 00
9.6088E 049

1( 43 601

9.6624E-02
1+3443E-01
1.9890E~01
3.2276E~g1
6.1191E-01
1.6037¢ 00
1.3363E 01
1.72416 01
2.7723E 02
3.7347E 00
9.6182E-01
4.6949E-g1
2.8664E=03
1.967LE~D3
1, 45385-901
1.1309E-01

«er TH232C

2 601

N NP

2 601
N NP
130
2 &0
N NP
PR Y
2 602
vea TH232A
N NP
1 3N
2 sl
N NP
1 304
2 601
N NP
1 301
2 60
N NP
1301
2 6n

2 3 4 5 6 8 9 10
1.1518E 91 1.1533E 91 1.1549E 01 1.1565€ 01 1.1562E 01 101617€ 01 1.1635E 01 1.1654E 01
1-1695%E 01 1.1716E 01 1.1738E 01 1.1760E 01 1.1784E g1 1.1834E 01 1.,1860F 01 1.1888E 01
1.1946E 01 1.1978E 01 1.2010E Q1 1.2044E 01 1.2n80E g1 1121576 01 1.2199E g1 1.2242E o1
1-2337€ 81 1.2388E 01 1.2442E 01 1.2500€ 01 1.2561E @1 1.2697€ 01 1.2774E 01 1.2852E 01
1-3034E 01 1.3132E p1  1.3242E @1 1.3362€ 01 1.3493E 01 143798E g1 1,3976E (1 1.4177E 01
1.4662E 01 1.4960E 03 1.5308E 01 1.5719F 01 1.6215E Q1 1.7594E 01 1.8%99E 01 1.9974E 91
2-5283E Q1 3.1446E Q1 5.2481E 01 1.7487F 62 3.9000E 02 2,4006E Q1 3.6286E 00 4.4337E 00
7.0277E 08 8.0770E 00 9.0479E 00 1.0014E 01 1.1062€ 01 1.3996E 01 1.6655€ 01 2.2444E 0%
1-4539E 02 1.3150E 02 2.0121E 01 7.1149E-01 1.9033E g¢ 4.1809E 00 4.8846€ 00 5.4289E 00
6.2213€ 00 6.5208E Q0 6.7762E 08 6.9971E 00 7.1904E 0@ 7.5138€ G0 7.6508E 00 7.7744E 00
7.9902E 00 8.0848E 00 8.1720E 00 3.2527€ 06 8.3277€ 00 8.4627E 00 8,5238E g0 B8.5811E 00
6.6859E 00 4.7339E 00 8.7793E g9 3.8224F 0@ K.8633F g0 8.9391€ (0 8.9744E g 9.0n81E 00
9.0710E 00 9.1004E 00 9.1286E 00 9.1557€ 00 9.1817€ 90 9.2308E 00 9.2539E Q0 9.2762E 00
9.3184E 00 9.3384E 90 9.3578E 00 9.3765€ 08 9.3946E Q0 9.4290E 00 ©9.4454€ g0 9.4513E 00
9.4917€ 00 9.5063E 00 9.5204E 00 9.5341€ #8 9.5474E 00 9.5604E Q0 9.5730E 00 O9.5853E 00 9.5972E 00

2 3 4 s 6 7 ] 9 10
9.9648E-02 1.0281E-01 1.0613E-01 1.0960F<01 1,1324E~01 1.1707E-01 1,2109€-01 1.2531E-01 1.2975E-01
1.3937€-01 1.4457E=g1 1.3007E-g1 1.5583F-01 1.6203€-91 1.6854E-57 1.7546E-91 1.8279E-p1 1.9g60E-g1
2.0776E-01 2,1722E-p1 2.2733-01 2.3815F-01 2.4976E-01 2.6224E-01 2.7567E-g1 2.90156-01 3.0581E-01
3.4115€~01 $.6117E~01 3.B300E-01 4.0683E-01 4.3308E-91 4.6190E-01 4,9371€-01 5.2895E-g1 5.6814E-Q1
6-6100E-01 7.1832E-01 7.7901E-01 8.5045€-01 9.3239€-01 1.0270F 00 1.1372E Q8 1.2665E G0 1.4199E 00
1.8269E 00 2.1017E Q0 2.4458E 00 2.8833c 00 3.4598E (0 4.2324E g0 5.3084E 90 6,8754E gf 9,2989E 00
2.1094E 01 3.,9820E 01 1.3647E 02 9.4623c 02 2.7412€ 03 1.7233E 03 2,9854E 02 5.9277€ 01 2.7626E 01
1.2384E 01 9.8589E Q¢ 8.5985€ g0 8.2036F 00 B.6066E 00 1.0038E QI 1.3270F 01 2.0800E p1 4.6648F 0y
1.4627€ 03 1,7358E Q3 4.211BE 02 6,0847E 01 2.2646E 01 1.2945E 01 B8,5778E 00 6.1812€ 0 4.7103E 00
5.0506E 00 2.5501E 00 2.1714E (0 1.8769E 00 1.6428E 00 1.4530E 00 1.2968E 00 1.1663E Q0 1.0560F 00
8.8965E-01 0.1909E-01 7.4832E-01 6.9388€~01 6.4560E-01 6.0256E-01 5.6491E-01 5.2930E-Q1 4.9794€-01
4.4359E-01  4.1993E-01 3.9825E-01 3.7833E-01 3.5998E-g1 3.4303E-g1 3.2734E-01  3.1278E-01 2.9924E-p1
2.7487E-01 2.6387E~g1 2.5357E-p1 2.4391E-Q1 2.3484E~91 2,2630E-01 2.1827E-g1 2.1068E-p1 2.03526-01
1-9035E~01 1,8428E-01 1.7852E-0f 1.7306E-01 1,6736E-gi 1.6292E-0: 1.5822E-Q1 1,5374E-01 1.4946E-01
1-4749E-01  1,3776E-01 1.3420E-01 1.3079F-01 1,27536-01 2.24406-01 1.2139E-01 1.:851E-0%i 1.1575E-01

wosens - .e
EFFECT OF OVERLAP ON Rl OF TH232 RES, K20-0XIDE CELL 21.84EV RES, PAGE 12

A, ., ABSORPTION, C.,.CAPTURE, F,..FISSION, ONR1s 0,13700E-01 ONR2x 0, X1XPz 0,40663E 01
Pal~AzEXP(=Q#R]) Q=zONR/XIXP Q1= §,33691E-02 @2s 0.

EBK(NP) P A(12) ACLA) Ag2c) A€1C) ACLF)
2,2%5000E 01 9.,99600E-01 3.99040E-p4 3.99040E04 0. 3.99040E~04 0.
1.50000E 01 9.92331€-01 7.,26731E-03 7.26731E=03 Q. 7.26731E-03 a.

9,92331E-01 7,66463%9E-03 7.66635E€03 0. 7.66635E-03 9.

EBK(NP) . PHI LIETY] s2¢) s040) S(1F)

2.25000E 01 8. 2,86113E-01 4,13964E=01 4.13964E-01 0.
0.

1,50000 0% 0, 3,75899E-01 $.73833€ 00 0. 5.73833€ 00 0.

9. 6,62012E-01 3.43724E 00 2. 3.43721€ 00 Q.

EBK (NR) v RI{1A) RIt2C) RIC1C) RI(1F)
2.25000E 01 9. 2,87682E-01 1.18464E=01 9. 1.18464E-01 0.
1,50000€01 0. 4,0%465E-01 2,16578E 00 0. 2.16578E 00 .

Q. 6,93147E~91 2.284248 00 0. 2.28424E 00 0.

EBK(NP) PO AOCIA) AQc2C? ALPHA BETA
2,25000€ 01 9.99600E-p1 0. 3.990428«04 Q. 0. 0.
1.50000€ 01 9,92729€~01 0. 7,2702158e03 0. 0. 0.

9.92331E-01 0. 7.66635K=03 0. 0. 0.
EFFECT OF OVERLAP ON RI OF TRO TH232 RES, W20-0XIDE CELL BOTM RES, PAGE 12

Ay ABSORPTON, C.,.CAPTURE, F,..FISSION, ONRi= 0,13700E- 1 ONR2s O, X{XPx 0.40663F 01

Pui~AsEXP(=QeR]) Q=ONA/X]XP Qs 0,33691E- 2 02e 0,

EBK(NP) P A(12) A(1a) A(2C} AC10) Al1y)
2.25000F 01 9.91874E-01 8,32444E-03 8.32444E03 0. 8.32444E-03 [B
1.50000E 01 9,84236E=01 7,43771E-03 7.43771E<03 [ 7.43771E-03 0.

9.84236E-04 1.,57622E-02 1.57622€02 g, 1.57622E-02 8.

EBK (NP PHI 5(1A) $(2¢) $(1C) S(1F)

2,25090E 01 o, 2,580496-01 9.54537¢ 00 9.54537¢ 00 0,

) [0
1,50000E 03 0, 3,69822E-01 3.96940E 00 0. 8,96940€ 00 0,
0. 6,28670E-01 7.44177€ 00 0. 7T.44177E 00 0.

EBK(NP) U RI(1A) rRit2C) RIC1C) RI(1F)
2,25000€ 04 0. 2.87682E-01 2.48115€ 00 0. 2.48115E a0 0.
1,50000€ 01 0. 4,05465E01 2.23454E 00 o, 2.23454€ 00 0.

—— - s -
0, 6,93147€-01 4.71569€ g0 0. 4.71569E 00 [B

EBK(NP) PO AUC1A) A0¢2¢c) ALPHA BETA
2.25000€E 01 9.91674€-01 0. 8,32445€003 0. Q. [B
1,55000€ 01 9.92499E-04 0. 7,50015E«03 e, 0. 0.

9,84236E-01 0, 1.576228%02 0. 0. 0.



ISOTOPE 1

N

TH2328

OB
[y

NP
301
601

NP
303
601

NP
301
6031

EFFECT OF OVERLAP ON RI OF TH232 RES.

A,,,ABSORPTION, C,, ,CAPTURE, F,,.FISSIDN,
Pu1AzEXP(~0#R1)

EBK(NP)
2.25070€ 01
1.50u70€ 01

EBK(NP)
2.25000€ 01
1,50000E 0:

EBK(NP)
2.25070E 01
1.57600E 01

EBK(NP)
2.25070E 01
1.50000E 01

P
9.91965E-01
9.91458E-01

9.91458E~01

PO
9.91985E-01
9.99490E-01

9.91458€-01

H20-0XIDE CELL 23.48EV RES,

ONR1:z 0,13700E- 1 ONR2s O,

PAGE 12

X1XPz 0,40663F

OEONR/X[XP Q1= 0.33691E- 2 92s 0,

A(i2) Ag1a) Ac2c) A1) ACLF)
8.03437E-03 8.03437E-03 0. 8,03437€-03 0.
5.05210E=04 5.05210E=04 0. $.05210€-04 0.
8,539%8E-03 8.53958603 0. 8.53958E-03 0.

PHY S(1A) s(2c) S(1C) S(1F)
2,60015€-01 9.17142€ 00 0 9.17142E 00 0.
3,97888E-01 3.76872E01 6. 3,76872€E-01 0.
6.57904E-01  3.85263F 00 0. 3.85263€ 00 0.

u RI(14) R1(2C) RI(1C) RI(1F)
2.87682E-01 2.39434E Q0 0. 2.39434E 00 5.
4,05465E~01 1.51206Ee01 0. 1.51206E-01 0.
6,93147€-01 2.54355€ 0o 0. 2.54555€ 00 0.

AD(14) A0(2C) ALPHA BETA
0. 8.03438E=03 0. 0 q.
8. 5.09304E«Q4 0. 0. 0.
0. 8.53959E03 0. 0. 0.



