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Abstract

A description is given of a computer program,
AEK P-598 MCSUP, which calculates the resonance
integral for a single resonance in a square reactor
lattice cell, containing a cylindrical fuel zone sor-
rounded by a moderator zone. The fuel zone cortains
only one nuclide type, while the mocerator may be
composed by several nuclide types. Scattering inter-
ference and Doppler broadening is included.

MCSUP is a Monte Carlo code based on the super-
position method devised by Spanier and Gelbard. The
code is well-suited for calculations on isolated fuel
rods. It is written in FORTRAN IV.
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1. INTRODUCTION

In a forthcoming report, Mikkelsen N describes a computer program
RESAB which carries out a multigroup calculation of the resonance abgorp-
tion and flux spectrum in a reactor cell, using collision probability tech«
nique, His calculation scheme relies on the validity of certain approxima-
tions making possible very efficient computing. In developing such an ap+
praximate motlel there arises a natural need of checking the model or parts
of it against some exact calculation method; in view of the complexity of
the problem Mente Carlo seems io be the only practical way of performing
such reference calculations.

This paper describes a Monte Carlo FORTRAN IV computer program,
AEK P-598 MCSUP, designed to calculate resonance integrals by the method
of superposition. The superposition principle was developed and first put in-
to pnctical operation by Spamer and Gelbard 2 3). MCSUP works fairly ef-
udenﬂutormutproblm‘ a!dnthpoﬂibhﬂmnn-yhemmo
for other purposes than comparative.. - -~ . [ A O F T

2. STATEMENT OF THE PROBLEM : - - :

;.. Comslder aninfinite -cylindrical resctior lattice cell with a-sToss:sec-
tion as shown in fig. 1. The heterogeneous resonance sapiwre prablentis.
idealized to & two-zone configuration, the cladding zone being neglected.
The fuel cylinder rediue is a, and the lattice pitch is degjded gi. Th_fgrou
soctional areas of the two zones are A, = “2 and Ay s d -4

" _The fuel zone contains oily milggm.- T ] o2 Mkl the mode-
rltormng!_ecompmddlmrd rtypu Scmor;luintbcmul
agsumed to progaed tsotropicly in gmmmw

rator welymﬂn L-system or {z the CM-system
nur'lchdu. mmumuhmmm 'ruuuuu-
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where (& v) is the average slowirg-down power of the cell per absorber
atom 9).

The energy band taken inte account is the interval EL « B ¢ E“ con-
taining the resonance energy B . We assume that the flux at the upper
energy cut-off is an unperturbed 1/E-flux, The resonance absorption
mechanism to be considered here concerns a single resolved resonance.
The resonance cross sections are expressed by the single level Breit-
Wigner formulas and include the scattering interference and Doppler
broadening.,

The scattering cross section of the moderator is assumed to be inde-
pendent of the energy.

3. THE RESONANCE CROSS SECTIONS
The total microscopic cross section % of the resonance absorber

may be written as a sum of a r cross section and an energy in-
dependent potential scattering cross section:

f’t-cr-l-op ’ (2)

- The resonance crose section itsell is composed by an'absorbing and
a-scattering component

ap gt g R . s 1 (8)

P e TIn B!

ST 2 sV ealos Bias

-a w«u& T Vﬁ ‘ m- »f g&m‘ ‘/Avw'wq & ad 5t Wﬂfz
et %9 udny o ma’e g 54l aaoitibne s Cushauod yaitzeld

nacuny oy pllomdavivpa 10 g1 1,$xI,Adsdo1q fGED
wape wiy wl b 918 eabrdngp seedT .i{fao adt

P SLA R

m I demgaing o
0 e.

L<u> J“""’"‘”

u + iv = w {8 the velue of the complex error function corresponding

to the argument 2 3 + in. The plex error function may be de-
fined by 1)
ert(z) = ertix+1y) = exp(-s) [l + f et a | ™

Tpe r'Y and T are the neutron, radiative and total widths of the level,
respectively. The parameter % is the value of "r for E= Eo. It can be
shown that |

2 T
. 106 ( 1-00887+4A ) ..n 1 :
L 2,603 10 (_T— -+ (8)

‘The remaining parameters to be defined is A, the atomic welght of:.
the absorber; k is Botzmann's constant k = 8, 61-10~5: evf"x. and T is

the absolute temperature.
- u and v-are connected with the well-known (ormh- t(O,I) ‘oad.

2(0,%) defined in nn-ner". by the relations

*(0,x)sVn nu . Lo 5 (8)
1‘(3,8)' 3ﬁ RY o L BEERTREISRIEENEE] . - |
. sicvat
where
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4. THE SUPERPOSITION PRINCIPLE

In thig 8ection we shall mainly follow Spanier and Gelbard 24, giving
a brief exposition of the superposition principle when applied to r<gsonance
absorption calcu.ations,

The superposition principle gtates that the flux produced by the sur
of two sourc.s is the sum of the fluxes preduced, separately, b’ each
source, This follows immediately from the linearity of the transport equa-
tion, The idea is now that the problem to be solved (*'problem o") is super-
imposed by another problem (“problem p'").in such a way that the sum
problem hes a simple analytical solution. Hence, the Monte Carlo work is
confined to problem p, and sometimes this method of attack leads to sig-
nificant reduction of variance.

This basic approach has to be extended & little in order to yleld an ef-
ficient model for resanance calculations. Consgider again fig. 1 showing
the fuel zone Ry and the moderator zone Ry With a reflecting boundary,
As before we wish to solve problem a. The lme'fQ.(E,!)f in this prob-
lem is a slowing-in density in both zenes from above’E,. :Probiem a- has
the solution (angular flux) F =F (E, r, ), where E is energy, r posgi-
tion, .and 0thoun!tvectorafdirecﬂon. Above Eu F lausnmodtobe
the unperturbed 1/E-flux. We normalize in such uvay that ¥ » T"E'
for E a E .

In the follo'ing it is essential to distinguish between resonance and
potential acattering in the fuel. The macroscopic fuel cross section is
therefore considered as composed by one absorption and-two seattering
terms:

zT‘(E)' EM(E)‘I' ns‘(E) a 3.‘(E)+ LSH(E)"'EH-E m?’ "r {

U e S
'\‘é“f S

"”Wqﬁw m ol v’rfﬁ&. iﬁi ety T SPE Frce

¥ il bawaisvet | anieant ot elgmos edd grituqaroo 101

s hatelesiesr 918 amclise2 FwoTr uodioads s4T -
WO 1N i s aoted S Me 3 Invastai onid i esgiBl
: ariare ﬂ,a

have the solution F .

Che sum problem of a and p has the solution Fp. Now, it is not
F’I' itself that has a simple expression but that part of it, FTu , which
has not yet undergone resongnce gcatterings, In fact,

Fry(Er, o) = ﬁ . E, “E «E, (13)

To see this we write down the transport equations satisfied by Fp, in
R’I and R.n:
E,
LFTu(E.r, w) -f de' f dE* I‘.P!(uru', E' - E,r) FTu(E',r, w')
E
L

i QuET) + - QE), T ER
and

LFp(B,r, e) = f de J" d=' Eg(w v, E' = E,r) Fp (B, r; W)
A .
L

+ il“- Q(E.T) , r € Ry | (14)

sPt‘“' ¢, E' - E,r) is the differential crocl‘blectlu‘;“ior i:mm.u.l
lc-ttoring in the fuel. The operstor L is defined by

o uaissa s wk Ehass evined e (8 9vredw

mm 5 bgz.’! . ,ﬂ aciges isud lasoisadd
i i 2N,
e F i
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F =Fp,+ Fpg-Fa= g * Fpg - Fy (16)

It is now practical to split up F, into four components, according to

the history of the flux, Let

[
Fp =F B (ungcatiered before exit, unreturned)
+ Fp (unscattered before exit, returned)

+ Fp (resonance scattered before exit)

+ Fp (potential scattered before exit), or

F,=sF,_ +F an

8" Fouu* Fpur * Foer * Fpap

"Exit" means here absorption in or escape from the fuel, By (16} and (17),

=1 - - .
F, = = Fm " Four “Fpep * Frs - Fper . (18)
We are interested in calculating the resonance capture probability
1-p, or, equivalently, the mean absorption rate per ccm in the fuel

E
1 u
hed [wfesomn. o

B T A A S Rt LA

where 0, of course, stands for a scalar flux and I -ymbouiu the ﬁo-
dfmensional fuel region R;. The connection betweén. A, £nd P-pis .}
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NA, (to_)
T - 1 8
az) - —— @n
where N is the number density of the absorber.
Defining
E,
;;=117f cmf d"”af“‘)['ﬁ m“(E,r)], @2
E.
1 1 E“
neog [ f dr T,(E) O (B,T) , @)
E;,
Ell
, .
Leog [ [ mopmn, @4)
e .
B .
J=Il-'£: dEfdrtu(E)[ﬂ.rs(Er) om,] (zg)
L
then
B

"It can be shown that




It can be shown that I} is the absorption rate produced by an outge-
ing source on the surface of the fuel

I _(B) u(l-exp(-l i (E))
.t TL y
Q;p(E, ®) = - —-g—m-——“ (28}

Here, # = wen ) 0, n being the outward unit normal at the surface point
P, and 1 is the back d imtersection path from P in the fuel (due to the
scattering interference, Ql P(E. v) may become negative at some ener-
gies, this tending to Increage variance somewhat). Integrating (28) over
directions gives Q}(E) = J Q, p(E.v)dv, which is proportional zt;: the
density function for selecting starting energies. It follows that

2 ()

Q,(®) = -P(E) _ (29)

The Monte Carlo calculation of I'l includes such starters which have
been absorbed on their first collision. This cortribution will in our model
be deleted from I‘ and included in the deterministic term I . In other
words, we write

] h )

IL,-4= Io -L (30)

where now 1, is to be evaluated deterministicly and I, by Monte Carlo.
One can show that?)

I = o z.f(z)[p ® + ;. o-»* (!)) (E3))
° 1’-}?!’ J
'hu-QP ilﬂncollllimprobﬁbﬁityz "mmdwm P

- ”Mﬁ?m amn?.u 9GBD ?‘(& "P A?snw
Mmgﬁx@ i

'n’w'. M ity biel B suiTie .h»i‘w‘k‘ .33 AW “:.t

:‘..3' Wi 'ﬁ m*ﬁi:ﬁma"’%m B‘n'!ma &l fosovgq8 of1eD

4

‘as @ potential scattering. Subseqient sampling proceed conve
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54 (E)
Qm = L= [r e

E o(E) .
= r;;m (P (E) - P (E)) g (3z)

Hence, to sample I‘ we have to pick the starting energy from (32) and then
sample an @ from (28). How these steps are carried out in detail is dis-
cussed in sec. 5. However, if a starter is absorbed on its first collision,
it is rejected: a new w is sampled from (28) without changing E.

Tk next term in (26), Iz » is generated by neutrons which are potential
scattered before exit, The mean rate of such scatterings are

¥py
PofE) ey (=3)

From |Qy(E)| we nick a starting energy. Then a starting point P ig ge-
lected uniformly in the fuel and an  with isotropic distribution. J the
starter leaves the fuel on its first flight it is rejecteds. qmchmgn;
E we sample 8 new P and a new . oﬂ:emlevereprdiunmm

. The last term to be computed by Mante Carlois J (eq. ﬂs))
that this term requires two Monte Carlos. Let us define .

Bsitie  wn [

r‘s =FT8-FﬁI‘ o . . (34) .
Bymtiuda-nthen‘mteqmﬁmur F,rs lnd Fmv“'!',':“—'—:‘-’f
F , g 9atisties the equations YRS :

wnw.n' " Bt) Q.%W

i oW aaks~d 93 d
3 eeitetic .a:"iaiqm %8 rimy e




LFAS(E""") =Id o I - dE* !:s(u-u'.E' - E,r) FAS(E""“')'

By
rE€ Rn (35)
Hence, F,g is generated by resopance scattering in BI in the flux I-‘Tu—F
One can show that this latter quantity itsel satisfies a tramsport equation,
- EPI .
L [FTu(E,r. ¥) - pr(E.,r.u)_] Ty r € R (sg).
and
1
Frpy(E:Tp.®) - Fp‘m(E. rp, ) = iE (37)

where 1}, 18 a point of the fuel-moderator Lnterhce, and v is an inward
direction (w-n { 0).
Baa. (36) and (37) reflect the fact that F,, 16 prodied by the
- foitht action of a uniférm isotropic volume source an nt' ua m inwnrd
directéd surface source with strength - > n/4RE ELt
“ This leads to the following procedure for the calculation of the’ corre-
sponding components, Is and’ 14, of J. In'the Is-cue we write”

£

] . e
= -E(-p L A (38)
s) . T( Lo, 0@) z..“m_% g i LT A PORTF RS A

select an energy from [Qg{E)| and proceed ju-.t-u ‘in the L,-case (ct:

eq, (ss) et seq, ). but here we force tho starter to redopance-scatter in

puu°

otherwise this sampling is quite analogous to the I,-case. The first col-
lision iz forced to be a rescnance scattering in Rr Hereafter, the sampling
proceeds conventionally.

To recapitulate, we have expressed the rate of absorption A’ as a sum
of five terms

A=l -1 - L+ L+, (40)
where I, ran be evaluated by quadrature, but I, [z. I’, 1, each requires

one Monte Carlo. In the following section we dis some probl in con-
néction with the Monte Carlo sampling.

5., MONTE CARLO SAMPLING IN MCSUP

S, 1, Sampling of Initial Energy

From the formulas (32), (33), (38), (39), 1tian:ﬂ.ntm Hﬂlllt
Carlo for mhofﬁaefourterm L, Ly, L, L. rmmhﬂdmy
uamplhgfromadenﬂtyfmcﬂmproporﬁmltosmmnwm
How this is done is shown schematically in fig, 2. Q(z)hqmrmnmdlv
Llupnmcumcmeapowngtoadmmmqﬂ:e energyhmrv-lll. “Ea L
in 1000 equal subintervals-(only 8 shown in fig. ZJMMHMewJo

S(E) taken ip the subinterval midpoints, Thhmwhpc“*ﬂnrwm“

sectign evaluation, mentioned in sec. 3, The gisp fupetion 1 normalized to.
WWMMGWhCWWMQme
polygon Aype, Al asiegtion of 2 random sumber §. F:Ja gives by P 0.

-+~ To increase: -ﬂmmmm‘m cm.,mmwmmm
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5.2. Surface Source Sampling

Having selected the initial energy one turns to sample the source posi-
tion and direction. Starters of types 2 and 3 (cf. sec. 4) have an isotropic
and uniform vnlume distribution which is casily sampled, while the types 1
and 4 have an outgoing, resp. ingaing surface source distribution, which
is considered in mor. detail now, As the surface positicus are selected
from a uniform distribution, we need only discuss the direction sampling.
Because the sampling is quite similar in the two cases, we consider only
the outgoing source (type 1).

The relevant sampling jormula is (28), which now, when positios and
energy is known, reduces to

Qw) = u [t - exp(-i(a)- 5] , (41)

apart from a constant factor. As before, B = w.n, and l(u) is the back-
wards intersection path in the foel.

A straightforward way would be to sample » from either an isotropic
or & cosine distribution and adjust the weight of the starter sccording to
(41). Fluctuating weights have, however, a deleterious influence o vari-
snce, mless the fluctuations reflect the importance of the events 2,

A better alternative seems here to be a cosine sampling combined with
rejection® 9], As we then sample from a distribution proportionel iz ,
the quantity in square brackets in (41) governs the rejection. Hence we pick
“a random number { and accepts or rejects the starter accoriing to the -
events 1 - exp(-1(v)- %) 2 $. Ih case of rejection 2 new v-sampling is-
“carried out, ”he!ﬂdmcy!ortbllrejecﬁmhiwdwbeﬂgh be-

' cmethvodformmmuneuruummﬂym ‘

E R R Y . . » slqse B Bazy

.-ﬂm FOTER wod B HaBy rlon perin) oA . SJ' Ie
sx s .

2 R Joant inoh. SRR

g b recvion She 1o b€ inweida,
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where 1 is the path from the source paint to the rod intersection point along
the flight. With a random ber {, the standard sampling formula corre-
sponding to (42) becomes

x=.3log [l - 80 - exp(-) | )

involving both a log- and an exp-calculahm. Here, an alternative sampling
formula due to Coveyou 18 used 2,186, 20)

i { -logt¢
= oon [ g wo

UDR stands for the undivided remainder, e.g. UDR (“’ 8) - 1.83,

5. 4. Conventional Transport Sampling

Agart from the special methods discussed above and the cholce of
estimator (see 5.5), the sampling of the neutron transport and energy de~
gradation processes elapses quite conventiomally and will not be diseussed
here; detalls will be found elsewhere > 4 18)_ However, it should be quite
euyto!ol.low the various steps on the computer code print-out reproduced
in Appendix II; !.ti.lhqndthmttherathernumemcommaulvlﬂmm
hteﬂﬂs'ork.

5. 5. Chdeegnsumtor B o

Beloreﬂupropmruched1uﬂnl!orn .omeexpulmqntm -
mvﬁd»mﬁ«uuﬁnﬂmfwmxm-mm

i : ) : E serqn adi ’v) ,.qu
I) Thw-.w e-umz) with fmwmmw
m;wddnrmumatpdﬁm MMﬂb’

)+ 90 el‘ Bre of i

B ‘uio’ﬂf;s'iq & ‘IUBW B€¢~



track length estimator refers to an analog random walk process. Scoring
takes place every time a neutron collides in, or escape from the fuel,
after the following rule:

a) When a neutron starts at the fuel point P {a source or scattering
paint, or a paint on the fuel boundary)and thereafter escapes un—
collided at E or scatters at S, then the scoring ie £ ;-d where
d is the track length PE or PS.

b) When & neutron starts at the fuel point P and is absorbed in the
fuel at A (whereby the history is terminated), then the scoring
is

E_ 1-exp(-Id) {x;td-n}

= . 45)
by 1-exp(- L)

where d = FE, E denoting the hypothetic escape point if no collision had
occurred. (45) is constructed by nverng:lng the estimator I - PA over
all possible A

5. 6. Statistical Processing

In order to carry out a statistical analysis of the Monte Carlo data,
histories are collected in groups of 500 each. How many groups that are
processed depends on the user's chaice of computing time (see 6. l).» ‘
Group averages are calculated, and from thege a final average and a
sample variance 18 found (acmﬂdmcenmlydlbt.-dmsmdont'ldll-
tribution is not carried out). Fiml.ly the "mu-uulqwzf Q is-cal-
tulsted (see 6.2).

mmmmmummu-mwmwm- '
ﬂnndtheoyﬂmlnﬂmdﬂicedumledmAppuﬂhm L

e, cmm'rm mnrmmm,w

6.1, Preparstion of m Data
LR uifh ey rghal Ao bsz..mom onT (£
m m‘, tb FORTRAK IV progra:z P-598 MCSUP is prepared
i mmﬁmsﬂes Ti anoitalyalao 1uo meyd
e 'y ‘ o
wmm“ troblodn Chiterilig i 6D

i T otk o besabottial 1ol saw acikailivs sidT .:rm wint

sreestives yoieas o fL
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pure hydrogen as the moderator, and anisotropic moderstor scattering is
taken into account, Format and type of data items are derived from the
sheet. The first item is the problem no; a negative problem no. stops the
computations. The two integers in the next line are: random initial number
{any nine-digit integer 'will do) and the number m of different mclide types
in the moderator (here m = 1). The next two lines in the sheet contain real
mmbers; they are (in the notation previously used): E“ » EL‘ op»
Fo. T . A, T, a, d, number density of abearber x 1024 marimem time
L A11 energles are in eV, t nax i8 given in mimites and refers to the
time spent in the Monte Carlo phase of the problem; to be safe, the user
should not choose a tm greater than t, ob - 2 where t'ob is the maximum
time in minutes stated on the job request card (this rule is relevant for cal-
culations on the IBM 7094 at NEUCC in Denmark; modifications may be
necessary for other compixﬁng centers). Hereafter come m data lines, one
for each nuclide type in the moderator, Each line contains three real num-
bers and one {nteger: atomdc weight, cross section (barn), nuiaber density
x lou, and the scattering mode I which is 0 for isotropic scltterln' on that
miclide and 1 for anisotropic scattering,

As here only a gingle job ie to be executed, one has written -I in the
last line.

6.2, Intet'pretatlon of Oujpﬂ

The rnsultforthe lunple problemglvenhythelnput dminAppendlxI
nppear- fn Appendix :

he butpat interpretation; !holdrmollow immdiat:ly from the m gmn.

nremmmtadeﬁn.m'mu-ﬁcﬂmumy“q S

R EOBRU SR ——
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6. 3. Solutions of Various Problexs by MCSUP

In the following is collected resuits for MCSUP calculations for a
mumber of probleme. Actually, many of ihese results have been produced
by earlier (aud less efficient) versions of the code, Due to these variable
conditions, computing times and qualities are not stated.

The computations were carried out on the IBM 7094 at NEUCC, Lynghy,

Denmark,
Three different resonances with the following data were treaied:

Resonance no. Eo .Eu } EL ) up r, PY
1 6.7 14 3 9.5 0, 00152 0. 0246
2 36.7 42 32 10,64 0.03114 0. 02633
3 190.34 | 200 | . 180 10.64 | . 0.15038 0..02321

Five different moderators with the following data were treated:

Moderator | o | N o2 Ny
H 20.4 | o.066633 | - -
D 3.4 | o.068633 | - -
c 4.65| o0.080307 | - .
H,0 20.4 | 0.086833 | 3.8 | o0.033317
D,0 3.4} o0.066253.| 3.8 | o0.033126

(for compound moderators index 1 refers to the light component).
Six configurations with the following data were treated:

Configuration no. | a }. d
1. 0.2 0,3V%",
2 1 2
3 1 1L.5Y%
4 1 100 Y&~
5 1.2 120 %~
[} 1.7 170Yx
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Configurations 4, 5, 6 are, virtually, isolated fuel rods. In all the calcu-
lations to be presented, the absorber was assumed to be U-238 (N =
0. 046974, T = 300°K).

The MCSTUP results are given in tne table below. Concerning the scat-
tering mode I (cf. 6. 1), this refers for compound moderators to the light
components: isotropic scattering is throughout assumed for the heavy com-
ponent.

Res:r:mce Moderator| 1 ng;ﬁg. Ri‘::::::lce Stadl;?.rd prlgggla:!i’]zty Sta;ix;c‘l,a.rd
. ..RI. .cR,'. 1-p . oot
A p

1 H 1 1 4,512 0.014 10.11704 0. 000386
1 H 0 2 1.806 0.008 [0.20245 | 0.00094
1 H 0 3 2, 7327 0.0022 |d. 075379 0. 000058
2 H 0 3 0. 9641 0. 0084 {0.02683 0. 00023
1 H 0 5 2. 740 0.009 |0.9471 10-5 | 0- 0031 10-5
3 H 0 3 0.1563 0.0018 |0.0043018 | 0.0000453
1 C 0 5 2.638 0,012 |o. 21015,,-3f 0. 00097, -8
1 C 0 4 2, 9327 0.0113 |o. 233851 0-3 0. 00090, 0-3
1 H 0 4 3.0319 0. 0040 |OQ. 1047810-4 0. 0001410_4
1 D 0 4 3.6609 0,0083 |0, 875071 o0-4| 0 002381 ot
1 H 1 4 3.0793 0.0044 |0, 1064210_4 0. 0001 5l 04
2 H 0 4 1. 0471 0. 0032 |o0. 3618810_5 0. 0011110-5
2 H 1 4 1.0557 0. 0030 |o. 3648510_5 0. 001051 0-5
3 H 0 4 0.15835 | 0.00168] 0, 5472310-6 0. 0058‘110-8
1 D,0 0 4 3.0047 0.0043 |o0. 7!~)084;1 0-4| 0. 001 1410.4
1 H 1 3 2,17639 0. 0055 | 0. 076240 0. 000151
1 H 0 6 2,2492 0.0050 |o. 7'184;01 0-5] 0 001'14;1 0-7
1 H 1 6 2,2887 0. 0045 | 0. 7900310-5 0. 00157‘0,7
1 H,0 1] . 4 3.0575 0.0042 | 0. 1M50|°-4 0. 0001 61 o0-4
1 H,0 0 I4 s 3, 9174 0.‘0045 0. 10318“)..4 0.‘owlblo-4

Later- w;perlmced Mcatad that thece estimates of ¢ were low, in many
cases by 40% or more., This underestimation was traced mktojhn history
averaging in groups (cf. 5.6). The earlier MCSUP versions had & ‘group size
of 100; due to fluctuations Lnduced the mglﬂve starters tis’is too small

& S R IR R R
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7. POSSIBLE GENERALISATIONS

The MCSUP progrum in its present form has a number of limitations,
arising from the fact that the code hitherto has served purely comparative
purposes. It should, however, be possible to remove some of these limi-
tations fairly easily, if the need occurs.

First, the lattice cell was assumed to be square, but implementaiion
of the hexagonal geometry requires ohly moderate changes in the main
* program and in the collision probability subroutine PINCA (cf. Appendix V).
The same is true for the inclusion of a cladding zone around the fuel (the
RESQ-2 program 3) works in hexagonal geometry with cladding).

Next, the resonance absorption has been confined to single resonances
for a single absorbing nuclide type; one could perhaps desire an extension
to a mixture of absorbers with quite general resonance crosse sections
(probably to be read in from tape). Although possible, this extension would
call for fairly much editorial programming.

Inclusion of non-abgorhing materials in the fuel region would, in con-
trast, be very easy.

Concerning the sampling method, a useful extension would be to intro-
duce Bome sort of correlated sampling, which could improve the possibility
of studying differential effects (e.g. the differenceé between isotropic and
unigotrupic moderator scattering). A simple way to apply correlated sam-
pling is to force the corresponding histories in the two calculations to be-
gin with the same random number 2)- In any case, correlated sampling re~
quires a considerable extension of the statistical analysis.

8. SUMMARY AND CONCLUSIONS

The present report has discussed a Monte Carlo method, based on the
superposition principle, devised to calculate the resonance absorptionin a
reactor lattice cell.

The relevant features of the corresponding FORTRAN IV computer
; program MCSUP (AEK P-598) have been t:-med mezudmg instructions for

The experience from the work hag been that the calculation efficiency

proved to be quite high for most problems,

As MCSUP was intended as a reference program, it is no* ahle to solve

general resonance problems; as indicated in sec. 7, however, .this resiric-
tion could probably be removed by extension of the model in various ways,
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11. APPENDIX T: MCSUP Dato Sheet

1BM Data Centre
Punching Instructions
[APPLICATION
T Fogs of | Sommpts  Twpuk Degkm, v P-593  HMLSUP
] 20 0 40 50 & 70
NI NN N NN N SN NN NN AN AN NN AN
pada iy a8 vy ey v ey v v g be g bbby b b rea ittt
WJOENENEEE SN ‘llL|§1_L_|__|__L_|_1_0._ L] 100, 10124161 | | 1 124303 11 ¢ (1 13011t | {
- 151317 04, Ay e v b ee v ee e berprg e trerrvrs ety
JU0i. 1) 1 111 1101 016pey6idt3y 3 | b 1 by g8 ep e bt bttty
v i d=0 v r b g ee b et e b b st v et byt ietgtg
NS SN TN N N N N Ny N I NN NN RN NN
Eaag v ey d e v vy ca by sy by s b gt e e i et bty ittt
N . 1
jdli b Erdan g iy Vv bbbyt et ei bbbt ety
ittty gkt td b d et ey r e ved bt eyt 1J11L1||1':
IR SE NN R NN N NN NN NG NN
v e ka by ey be v vy p el r vy pr et eyt e e et
NS IR NN I S AN NN NN NN NN |
N R S A NN N NS NS NI AN SN NN S SEE RN U Y SN !
Liif?] AN NN N N NN NN NN RN
BN RN I N R I N NN NN NN N SN N !
HI U I Sl T IEN IS SN RN NS NN N NS AN SN NN A N N
M ST | pevdvap e brv e e d e e vy oo e v el ev e gt g b bt aiyigg
i1 lik?l JLtlt i b Lg 1B I S T O I I I T A R | O T O (| P11t
il pa s d v bbb et gt b et bt e g eratil
1 Lidta vy by v g by b g e s v i e g g s b by pry it
LAt por v v e bv e by eyt g v ey bt i iyl
pedbe v v by iy vty by e v vy v ey g by et b grfrgrrgaty
Lioit Lt vy s byt vy v e gy vy b v by g e gttt
——
12. APPENDIX JL: RESULT FOR SAMPLE PROBLEM
SUPERPESILIM CALCULATION AFTER SPANIERS SECOND AETHQD
'“I*Q;l :
lllllllm INTEGER» 335333353
mkmmmmmss-x
a»n
w _pqp- 0.0100! o1 UPPER EMERGY.LEMI T= 0.14000€ D2 LONER ENERGY L INIT= 0.30000¢ 01
“&. mma'cmgs!cnon OF ABSORBER= 0.9S000E 01
m o.unﬁ-oa GANRA-GARM = 0. 24800E-01
) “‘l‘@lm “OF : ﬂ*m- 0.23800 03
Mum;m-o.mou 03 '
[
~mom D1 ° PIKH= 0.26587€ 01 v
] usua NUCLET = 0.469T4E-0L
NUMBER lelsnv sunuuo NODE
Mtl‘! l‘ll 'l uamm lll!ﬁnt

m TERR= 0-!2.0! 00 DEVIATIONs 0:35683£-02
0:11264E OI DEVIATION 0.436218-02

0, 5T935E~01L DEVIATION 0.316298-02

0-F1T51E~01 DEVIATION® D.339458-02

C.270088- 0t DEVIATION® 0.711308-02
0. T61IS4E~01 BEVIAVION 9.196218-03
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43. APPENDIX III: COMPUTER CODE PRINT-OUT

CCPMENSCOM2/ETAL ER AL ¢A2p AT 1AR 4 SPA, CONCA
CONMON/COM3/U VoW SIN2,,IX, TCLE(1000 ), TSINC(I000) s AN{S) yASAPLE{S) 3
CCHMON/COMA /P T ¢DTA ¢ SHM,RK 3 FINVS(4 &)
CCHPCN/CCNS /ROT
DIRENSION PH(10001 ,SIGT{10CC) ,SIGSR {1000} ,5A5T{1000),TLCG{1000),
10EC (1000,4) ,£0(1000,8 ), RINT(E) yPRES i5) yDPRS(4 ), TDEL(4 ), ISRAX(244)
2,SHMI{S), SHRATS) s CONCR{S ) s RKSIN(S) , ALN{2) ,ONALNIS ) ; RANDLS)
I,TANISLE)
LOGICAL LABEL
t SPECIFICATION OF 1/0 UNITS
NIN=S
NOL =6
200 FORRAT(8110)
201 FOFRAT(B8E10.%)
199 FCENAT(3IE10,5,110}
WRITE (NOUT,101)
103 PORWAT{1H0, SAHSUPERPOSI TION CALCULATICA AFTER SPANIERS SECCND MNETH
100) '
86 READININ, 200)IPNC
IF {IPKOLLT, B) STOP
NRAXS00
ENSAMAX
READ(NIN, 200) IX, INOD
REACTAIN, 201 JER,EUSEL ySPA¢GN 1 GGy AR ¢ T4RCE JRK2 g CCNCA TIDNAX
DO €3 1=1,IM0D
€3 READ(NIN,1991ARTI] ,SHMI{T) ,CONCM{T) ,TAMIS(T)
WRITEINOUT, 103) 1PNG
' 102 Fusqntllnl.lOupnusLEu NOs12)
WRITE{NOUT, 104 )1X
2104 FCRNAT(IK0s 2IHRANDCHM INTTIAL INTEGER=,110)
YR ITE (NOUT, 1 5) I MOD
105 FCFMAT(1HO, I4HNUMBER OF MOCEFATOR NUCLICE TYPES=,12)
WRITE {NOUT106)EREVLEL
$06 FORRAT{IH0. 1 THRESONANCE ENERGY=,E1245 93X 19HUPPER ENERGY LINITsy
SE3565 33X, JOHLOWER ENERGY LlllYt.llZ.S’
- WRITE{NOUT,107)SPA
1 l’loumuﬁlr.“mﬂ!nﬂn. SCATTERING CROSSSECTION or Ansnnau-.eu.s
= 8
S WRITEINDUT,108)GN,G6
the =c$ui$€jab,an6nlum-us.Ena.s.sx.lzrqpn-A-GAuuA-,E|a.l!
<  WRITE{NOUT;109IAA - "
209 !tsrnnltno'ztnatnnlc lElcnt cF Aa~cna¢l-.:|:.|) N
& WRITE(NOUT;830)T N S
?0 tcsmuua.uunmnﬂmt P mnfcs-.n&.s\
78007 14 1 YRGS RRE.
11 ¥:r ; S;Q]*‘nstgs-.q;:.u.:;.sur: he JEL 83 65

I WRITEINOLA
2 mg& i M1wt§u qr n‘ismsl mm-.en:m

EA < s o4 5 2

Fis o

WRITE(NOUT,113)TIDMAX

- 27 -

113 FOFMAT[2HD, 1 IHMAX TMUN TIME= sF&o2,2X, THM INUTES)

WRITE {NOUT 184}

1214 FOFMATIAHD, 14HPODERATOR CATA)

115 FCFMAT{IH ,12HATONMIC WEIGHT
1Y34X 41 SHSCATTERING FODE)

64
116

230

WRITE{NOUT,115)

OC €4 I=1,IMO0D

.lX.IZNCﬁOSSEECTlﬂﬂgﬁl.IQﬂNUIBEﬂ OENSIT

'ﬁlTE(NOUT.llﬁlAl(!),SNllll’.CCNCHCl).l‘hls(l)
FOFMATIINH 1ER20 595X 9E124 594X E12, 5411%,12)

RKER2/24
PI=23,341892¢5%
TEP 1324 %P1

0C 2S0 11=1,1000

RaFLOAT(11)}/1000,~0,0005

ARCGU=TOPI*R-pP1

TCOS{ 11)=COS{ARGU)
TSINIS)=SIN{ARGU)

TLCG{11)=ALOGIR)
¢=CNAGG

ETA=GoSORT(AA /(s DC1I77671 /ER)
$0=24 CC3ES% ([AA+14CCBS7) /AA) $929GN/CZER

H1=50/7G¥SART{PI ) SETA

A1=E1%6GG
AZ=HISEN

A22R, R SORTL SOSSPASGNIPIIG)RETA

OELE={EU-EL )/1000,

Ad=ng o BETAZG
CO 20 1=1,1000
Hé=g

E=ELADELES{ HE~0e5)

M7sAA% (E~ER)

CALL ERFCPL(H7,ETA,U,V]
SA=ALSURSOR T(ER/E )

SSR=AZPULAIRY
EE=SSRISPA
S1=SA4SS
SASTIL1)=SA/ST

SIGER{ I)=SSRPCONCA

S1ET{1)w5 THCONCA
EP AN SPASCONCA
CIAsz #RO1T
F1SQeROI**2
MREALPI#R1 S

AREA2eRK288 2<AHEAL
CUALLA AN/ (AN, 1882
AKSINae/(3,9AA42, )
SOLRaEKST [#SPARKAREAL

SHu=(G,
CC e¢ I=§,IMCD

ASCPLI(T)=AM(T )9%241,
swrAlY )«aucn%nnsnuu)

S SHM§!

CPALI Y] hhminrmu 1)414) 902

sLpTiag,a0n
FRETHTTYERG ' "

£5).

[

i



68
(.14

84
e3

BY1

|f(.-;||.cr.l.5|nxs1u(l|sn.0ALl(lllc-ALI(l)tAtoclALlll))

SOUR=SOURHRKS TN T1SSHNA (1) 4AREAZ

cML PINCA

IF( INCDLEQe 1 }GOTOET?

paanit=SuKA{lj/Sim

pC &8 I=2,IMOD

RANDL 1)=RAND{ 1=1 14 SHMA (T} /SHNR

COEF=DELE/CONCA

oC £1 I=1,1000

His=]

E=EL4DELE*{H1=0e 5)

STF=SIGTII}

GP1=STFIROL

PZERO=PD(OPT)

PST2R=PSI{OPT) .

ASRF=ABS( STFE-SPAN)

nte(l.ll-AsaFt(Pzzno-sasv(llt(PzEnn-PsrnaIIIE

H2eSPANS(1,~PZEROC)/STF/E

DEGI 2 )=ASRF#H2

*2=ABS(SIGSRI1})

DEC (153 )=nIoN2

DEC{144)=HIWZERO/E

RINT(E)=SELINIEL,EU,126,10C(, } /DELE

PRES(S J=COEPSRINT(Z)

DO 22 L=l,&

RIMT(L)=0,

o0 22 1=1,1000

RIAT(L)=RINT{L)+DEC{I,L)

£0 23 L=1,4

J=1

r4s0,

+8=0,0005

Sun=Q,

€O sS4 1=1,1000

H2=DEQ(I,L)

+I=ha

ELNRSUNIHZ

Ha=SUN/RINT (L)

IF (M4 LT H51GOTOSS

Hisl-3

EQlJyt V=ELSLELES (HS=HI )/ (Ha=HI) oMl

FLNIZ)

+eaPLCAT(J)/71000e~0.0C0%

cciose

CORTINUVE

CCMTINUE

1Ce0,

Js3

DO 328 M=1,2

TRAPaT IDMAR/ L6 e L

‘0350 L=l d

IF{MaEQe 2) THAX=TDEL (L}
Itef)

CALL TIME( IIYAR'H

RELe0,

.29«

JEVEN=1
€2 P=h4d
IFINGEC,NNAX+] }GOTYCEC
¢ INITIAL ENERGY
LAEELEFALSE,
IEVEN==IEVEN
IF{IEVEN)60, 60,61
€0 CALL RANDLUIX4R)
FCELC=R
cCYCe2
61 Re=1,~RODD
€2 11=1000,%R41,
E=EQ{I1,L)
1= (E-EL)/DELE®],
GCTOL208,202,202,2021),L
STARTER OF TYPE 1
INITIAL DIRECTION RELATIVE TC SURFACE NCRWAL
206 MG=SECNI14,SIGT(I)~SPAN)
LAEEL=o TRUE,.
207 CALL RANDL{IX,R)
U1=SaRT(R)
W1 =SQRT{1,~R)
CALL RANDL{IX;sR)
11*1000.%R+ 1,
w1 TISINGI1)
SINZmlo~WAE2
€ REJECTION CALCULATTION
H2=0EXP(DIASUL/SINZ4SIGT(I)}
CALL RANOL{IX,R)
IF (M2 ,LE, R) GOT0207
visH18TCDS(11)
C INITIAL SURFACE POSITICA AND ccnnecthn CF CIRECTICN
CALL RANDL{ IX4R)
11=1000s*R+1,
€oSv=TCOS (11}
SINV=TSIN(I1)
A=E01 #COSV
YsFEC18SINV
Us COSYIUL=SINVIV]
V=SINVEUL+COSVAVY
Keg
€GICS
€ STARTER OF TYPE 2 OR 2
C INITIAL POSITION IN 20NE 1
202 CALL RANDL{1X,R} .
RCEC=RINE SO
RC=50RT (ROSG)
CALL EANDL{IX,R)
1351000 *R+ 1o i i
¥aECETCOS {31} R S S A
. YSRCOTSIN(IL) e
.- caLt 180
C I ITIAL PATH LENGTH IN ZONE 13
CALL RANPL{TXyR) )
11830800 R41, : i t ‘! Z 3{ HRBYTX L
RLe=TLOGI 13 )/81GT(1) BEL A
§ OWADS T 4YIAT Y 4TS

ne
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€ REJECTION CALCULATION
x=¥4UPRL
v=Y4VIRL
ROSO=XkKZ YRS
IF {F050,GT4R15Q) GOTO202
K=l
1f (L,£0,3)GOT0204
wG=tIGN{1.,SIGT(1)-SPAM)
GOTC1S
204 we=SICNI1,,SIGSRII))
cotT018
€ STARTER OF TYPE 4
€ INITIAL DIRECTION RELATIVE TO SURFACE NORMAL
203 CALS. WANDL(TX,R)
ug==-SARTIR)
+1=SQRT{14-R}
CALL RANDL(IXsR)
. 11=100C_ SR+1e
vaE1*TSIN(IL)
SINI=l~WhR2
€ REJECTICN CALCULAT JON
H2s=C TASUL/SINZ*SIGT(I)
CALL RANDL{IX,R)
lr(cExP(Hzl.LE.n)GBTOzoa
visH)#TCOS(11)
.c INITIAL SURFACE POSITICh AND CCRRECTICN OF CIRECTION
CALL RANDL{IX,R)
11=1000.*R41,
casv=Tcnsiin)
SINY=TSIN(IL)
N=RO]$COSV
YaRCI$SINV
UsCOSVIUI=-SINVRVL
V=S INVFUL+COSVEV]
€ COVEYOU SANPLING DF INITIAL RESCNANCE SCATTERING IN ZONE 1
CALL RANDL{IX,R)
"11230C0e*R410
K)==TLOG{11}
11=H1/H2
Kis1l
RL= {H1=-H3%H2)/S1GT(1)
€ POSITICN OF INITIAL SCATTERING
X=y SUSAL
Yav4VERL
ROSGuXIS24YEH2
MGuSIGNI1,4,81GSR{1Y)
Kel
€ NOW BEGINS COMMON MISTORY BLCCK
€ SAMFLING OF ENERGY AFTER SCATTERING IM ZONE 3
aT CALL RANDL{IX,R}
- Bep9{3,~REQNALL)
IF(E.LT,EL)GOTOS2 s : :
I={E~EL)/DELE4L, Co e
€ ISOTROP1C CIRECTION 20NE 3 R R
cM.L 130 . - G
€ PATH LENGTF IN 20ME 1

.81 -

6 CALL RANDLIIX,R)
11=1000,%R+1,
RL=»=TLOG(I1)/SIGT(1)

€ CISTANCE TC 2CNE INTERFACE
DELTA=URXsVRY
IF{N,EQ, Z2)GOTO13
SL= (SQRT(DELTA®X24SIN2* (R1S0-R0OS0) )=DELTA) /SIN2
GCTC14
12 k=1
ELs=2,¥DELTA/SINZ
14 IF{SLLCELRLIGOTOA
X=) $USSL
YEYAVESL
C MOBIFIED TRACK LENGTH SCORING IN CASE OF PASSAGE
RESERESHUGHSAST (I ) #SIGT (T )*SL
cates
€ COLLISIGN IN ZONE 1
4 CALL FANDL(IX,R)
IFIR=-SAST(1]118,17,17
C ABSORPTION
18 IF(LABEL)GDTN207
€ MGOIFIEL TRACK LENGTH SCGRING IN CASE DF ABSDRPTION
HE=SL#SIGTLI)
FE=OEXP{NML)
RES=RESIWGESAST(I)# (1o={1e=HZ)*(H1+14) ) /H2
c0T1083
€ SCATTEFING IN ZCNE 8
17 IF{LABEL)GDTD1S
€ MODIFJED TRACK LENGTH SCORING IN CASE OF SCA1ZERING
RESsRESHUGESAST{1)8SIGT(I )*RL
19 X=FIUSRL
YEY4VRRL
ROSQsNRE24VEE2
GC1C1S
€ PATF LENGTH IN ZONE 2
S CALL RANOL{IX,R)
121000, *R4Y,
RL==TLOG{ 12 )/SHM
IF (KeEQe 11G0TOT?
DEL TARUS X+ VY
1F (DELTAGT (0, }GOTO?
8 DwCELTA®®2-SIN2%{RC2Q-R150)
1P (Dol 7,0, )GOTO?
C CIRECTICN TOWARDS ZaONE 1
1= [=0ELTA=SQRT{D )} /SN2 )
IF (T4GTeRL}GETO9
=3 4UST
YaYIVET
¢Cc106
€ DIRECTICN TOWARDS QUTER BCUNCARY

7 k=2 ) Wi e
F1eS1GN (RN U)
Tus{Hi<x) 70

ES*,;V.»nf;Tch
risS1en(AK, v} eyt

18 (H3=YI /¥ TIOR3y 41
T3y PSSR TR 3804 ]
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IF {TXaLTo TY) TaTX
IF {T4GToRL}GOTO9

€ REFLECTION

X3 4UCT

YEY4VET
ROSQ=XBR24YRED
RL=zAL~T
1F{TX=TY}210,11,11
Lz=U

GCic12

Vzay
DELTA=USXAVEY
IFICELTAB,0,7

€ ENERCY SAMPLING FOR ZONE 2 COLLISION

70
n

CALL RANDL{IXyR)

IF( IMCDeECe 1 }GOTOES
DO 70 J=1,1IMOD

1F {R 4L ToRANDL 3711 GOTO7}
Hi=Qe
IF(JgGTo1HI=RAND{J~1)
R {R=#1)/7{RAND{J)=H1)
EsER [ 14~REONALN{I))
IP{E41TLELIGOTDE2

1» {E<EL )} /DELESR,

€ POSITICN FOR ZONE 2 CCLLISION

LABEL=oFALSE,
NaX +UMRL

Yoy $VERL
ROLO=XEH2 $VHR2

€ ISCTROPIC DIRECTION ZONE 2

12

IFUIANIS(I)5EQ,1)G0Y072

CALL 1S0

({31

CALL ANIS

GoYos

Te=1841

PRI IS )=RES

CML TIME(ISLUT) |
TIDsFLOAT{ISLUT~ISTARTY)/36C0,
1P{TIDLLToTMAXGAND, 1S4L T 10(C)G0TOAE
1¢sT04TI0

+1=Q,

+3w0,

DD 28 I=1,1S

HEnEN (1)

HioH1eH3

FRRN HNIEE2

RE¢s 13

rist3/RS

riwpg/RS

FESCCEFPRINTILY /AN

Fasp itk

HEESQRT( (HE=HISSR )/ (RS~ 4 ) ) 2
TIMAX(H, LIS
Hir,20,1)6OTOLT

PRa1SHAX (141) -
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rz=1SmAX{2,L)
FIabieH2
PRESIL)=IHIPRESIL ) 4K 2% ) /2
DPRSIL )=SANTL{HL#OPRS{L) ) ¥4z 4 (H2%HE ) *#2) /H3
GCT02%0
a7 FRES(L)=NA
DPRE{L )=H5
3150 CCATINUE
IR {MaEQp 2 )GOTR2E2
F1x0,
CC 352 L=1,4
323 Fiar14DPRSIL)
DO 204 L=1,4
TOEL{L )=TIOMAX*(DPRS{L) /H1-0 €25}
328 IFATDELAL)oLT:0.2) YDELIL)=0,2
352 CGATINUE
PeFRES(S)=PRES(1)-PRES{Z)+FRES(3)4PRES{4)
HizCe
cC 251 L=1,4
321 HiI=HI4DPRS{L )2
- CP~SORT{H1)}
1C={P/DP)*22/TD/60e 400 S
WRITE {NOUT,121)
121 FCENAT{LHD,22HCCNTRIBUTICN OF THE FIVE TERMS TC RESONANCE INTEGRAL
1)
WRITE(NOUT (122 )PRES(5)
122 FCREAT{LH 4 ITHDETERMINISTIC TERM= 112, 5)
WRITE {NNUT,123)PRES(1),0PRE(T) )
123 FCFMAT(1H ,27HNEGATIVE OUTWARD SURFACE $CURCE TEAM= ,E12,543X,

110FOEVIATION=,E12, %) .
K TTF (NOUT 124 ) PRES (2 ) ,DPRS (2)
124 FCENAT(IH o 37HNEGATIVE VOLUME STIRCE TERM= 1E12,5,3X,

110¢CEVIATION= ,EL12.5)
WRITE {NOUT4117)PRES(2) ,DPRE(2)
117 FCRMAT{IH 427HPOSITIVE VOLUME SOURCE TERM= 15124593y
110FCEVIATICN®,,E12,5%)
WRITE (NOUT ,118)PRES (4) ,NPRE(4) :
118 FOFMATIIH 37HPOSITIVE INWARD SURFACE SCURCE TERMe ,£124553Xy
T10HCEVIATIONS,F12,5) B
SRITEINOUT1191P,DP

119 FCRMAT{1H0, 27HRESONANCE INTEGRAL® E12,83Xy -
110DEVIATION=,F32,%) b
18 ARE AL ¥CCNCA/SOUR E
Fapgar. ' MEETE
CP=p 140 P2 23
WRITE(NOUT,;120)P,DP ErTknafe v

120 FCEMAY{LHNy STHRESCNANCE CAPTURE PRNEABILITYw . E129 B9 INyi =t
110FEEVIATIONS T2, 8) PYoVa Ay
NI INUIT 22010 . IEERS PR3 PR

125 FCFMAT(AH( y20HSTATISTICAL CLALITY®, I8) Thel julg
cCinee - ’ j2 3 U

EAC

LS BT
fE. LT o P ]
AEATY R
AT B %
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C€LERCLTINE 159
ccuucs/ccuslu,v.l.s1N2.!x.1ccs(loc0l.15!h(l°00|.AI(S).AscFLI(sl.J
CALL FANDL( IXoR)
v=iatf-le
SINEwla=-W¥E2
F1=SQRT(SINZ)
CALL FANDL( IX,R)
11=1( 00e *R¢ 1,
u=F3*TCOS{I1)
y=FEHTSINGIL)
FETURN

ENC

SUEROLUTINE ANIS
CﬂllCthﬂNBlU.V.I'SINZ.II'YC
CALL RANDL{ IX,R)
1F (AB1J)elTo1aE)GOTCE
ARYsZ,*R-1e
Hi=AN{|J)*RMY
At(l.lﬂi)ISGRT(ASGPLIIJ)Ot.‘NII
g=CORT {14=A¥%2)
€0102

t A=SQRT({R}
B=S0RT{1.-R)

2 CALL RANDLL IXyR)
111000 *R¥* 10
c=1c0s{11)
o=1SIN{I1)
ECusES(*Y
BC2ESL
SUIN=SORT(SIN2)
UEF= (BCW*U=BDAV1/SUIN+ARU
V'(ECI‘VQDD'U)ISU!NOA.V
UsLEF
=) 2y=ESCESUIN
SINZ2le~WE*2
FETURN
ENC

CEU1000),TSIN{1G00) AM(S) yASCPLLIST,

FUNCTICN PSIT)
COPUCR/COMG /P T CIA,SHY REPINVST4E)
IF{T 4GEe 6o 1GOTOR
1F{TeCEq 14 160TC2
AsZ0s
g,
60103

2 Asg,
B,

3 FlaANTed
1o s

F2sPINVS (1) L

HEnFINVS (141} vl e
Faap3=n2 I I ST Lo e
HEs L . R
rESPI=N5 L
RYapEAPEHS - :
PEs1,/HT
RETURN

1 PEIs€e/PINVS({ae)/
RETURN o=
ENE o

¢S CPT2(K)=OPTCHIK)
e CFINCT=0,
207 Tre{O0FTRK~X) /U

22 C=CFE13Q-(UMY=VEX) 952

2 Teousr-yev=30R7(0) ARIT I

SLERCUTINE PINCA

CCPMCA/COMAZPT ,CTA . SH-W o RR,PINVS [4€)

CCONCA/CENS/ZRAL .

CIMENS ION X1{8),v1{E),wGL1{E) L10(ca),vil€a),STL(10),PESC(10),
IRESULT{10},0PTCH{10),CPTL {3C),0PT2{10)4,CAN{10) JRESNON{10),
28THCH{10),PSTARILAE) ,YGR) ,wEL(8)

CATA YGyWGR/0e00199% o, 020£6424,08226E1,206853,4394469,,617311,
1e62%€C2,;0984756,, 007265 ,c 017843,,045439,,079200,+ 10604 7,,112906,
20051319, ,0445%1/

CE1R0=ROL *SHN

CFR15Q=CPTRO$%2

OPTRK=RK&SHN

00 201 1=1,3

v1{1)=CPTRO#{2o=-vG(I))

301 x1(1)=SQRT{OPRLISQ-YI{1)*%2)

CA=P1/128,

cC 202 J=1,22
ARGU=CA*{FLOAT(J)=C.%)
HY1=CCS (ARGU )}
F22E 1IN (ARGU)

Ut {Jl=r

vil{Jsl=H2

J25€%8-J

UL {JIZ)=H1

102 vilJé)=-H2

CO 202 Kk=1,140
Flsiga29FLOAT(IK])
STHCHIK)=H)
ST1{K}=H1/01A
PESCIK)I=PO(HI/Z. )
REENOP(K)=0,

303 RESLLTIK)=0,

CC 35S0 1=1,8
»C=x1(1)
vC=v1{1)
we=w6l 1}
F1xZ 4 $X0/SHM
O 24 X=1,10
FExr1#ST1(K)
OR1CH(K)=h2

W4 RESNCMIK)=RESNCH{K)+BICI{HEZ )46

CC 250 Js1,€4
u=u1ld)
vavild)

R (#U~-Y(%*Y
TR 1]
co 202 x=1,10 B i
CP11(K =0, . BT

F1aE JCN{OPTRK (¥} - aloteimy
Ty=(Hl=Y})/V IR
IF(TY.LT,TX)GOTO32s Tt A eade s
CEINOO=OPTHODSTX KPS EE RS U F)
X3=CPYRK R ’ N o : waga
YEYAVETX [ E TR T Y
[192:2 2% 4 SR QLN IHe AMAR Y
311 CFTIVCC=OPTHODHTY [ 1R YL )
X N4USTY . TREML R S
Ye=pg ViR e 2R JARRR T - kY g b N APRAGRARE JFEOAT BE

b lad 232 32

JIF(£)207,213,213 A IRATEGN dal 1 FI0I Y ER
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CFTNOD=O0PTHOD+T

£C 2ce Kk=1,10

cP1AC=0PT2(K)

cPIRC=0PTIIK)

CR1AD=0PTAC+OPTMOD
CRTEC=0PTBCH+OPTHOD

+1=81C2(0PTEC)=-ATC2{OPTAC)-ETICILOPTED 4R ICILOPTAD)

308 RESULT(K)=RESULT (K)+H1*WG
yaR4UHT
Y=Y4VHT
CELTA=URX$VERY
SL2=Z o #DELTA
X=X4URSL
YrY4VESL
SL=SL/SHM
;:(0:11(!)45Lt511(llocpwncn.cv.7.)6c1ezsa
ca 209 X=1,410
F125L#S5T1({K)4CFTNOQC
CPT1(K)=0PTI(K}+H1
3¢5 CPT2(K)=0PT2{K)+H1
€CT02C6
25¢ CCATINUE
FZsPl/8,
CC 221 K=1,10
321 RE‘UL1(K)=RESULT(K)‘PESC(K)l!..l(b!-i
PSTARL{1)=1,
PSTARY(13)2RESLLT(1)
£C 24& K=2,10
L=24K416
34€ FSTARL{L }SRESULTIK)
£0 247 Xa1,10
X=ETWCHIK)
P=PESC{K)
PST=RESULTIK)
F1=X#PEPST
347 CAM{K)=H1Z(P=PST4M1)
CAFMARGAMIL)
CC 34E Lz2,12
hisL
x=(ri=1,)71Ce
PapP0{x/2,)
348 FS12LI(L)=P*GAHMA/(l.-(l.-G‘l"l#(l.-x‘Fl)
risCAM(1)
rIeGANM(Z)-H2
CC 246 Ls14,21
(3TN
Xs(r1=14)710,
CAMNASH2 $H3/242% (X=142)
PuEC(x/2,)
346 PS1ARI(L)3P*GAMMA/(14={1,=GAFMA)# (1 4=X*F))
£C 260 K=2,10
risK
X121 429H1~1,42 .
F3sCAN(K=1)
HABCAD (K )=H2
€C 6C m=1,2
Fisp-
XeX140 4002
CANMARHI ¢ HA/ 2o ¥H2
PaROINs2y ) B
Lelexkone)3
260 PLTANL(LISPEGANMAY (1o (lo=CAVNA)S (1 ,=X0F))
BE IEE Laly¥e .

SnCw(x)}

e IR T EREE
LTINS C &3
LG)YROE my SV e s ) o F

FUNCTICN SELIN{A,8,r,RN)
CCWNCA/COME /XXy VY
DIMENSION FUNC(129)
Fx (E-A)/FLOAT(N)
MFI=N+1
DE 11 I=g,NP1
XX=ASFLOAT(I-1)%n
CALL FCT
11 FUNC(1)=vY
DEL=C,
CC 1 I=1,N
CEL=DEL+ARS(FURC{I41)=FUnc(T}]}
RI2C,
CC 2 1=1,N
XL=A4FLOAT( I-1 ] #H
PI=FMEARS(FUNCIT41)=FUNC(I})/CEL 41,
FJZZH/FLOAT (¥J)
FIxHIZ/2,
RIJ=FULNCIIV4FUNCIT41)
XXnXL=HJ
F1=0,
DC 2 J=t,wy
AXAXN4MS2
CALL FCT
H1zH] 4YY
RIJ=R1J4448H1
1F{rI,EQ, 1)GOTO2
XxwxL
LNE ET NN
F2=0,
DC 4 J=1,M41
XM= XX 4HI2
CALL FCT
FE=kzavy
F1a=RIJ42,%H2
FI=RI4RII®HIZ 2,
SELIN=RI
FETURA
ENC

»

SLEROLTINE FCT
CCPNCA/CCMLZXX 4¥Y
CCHMON/COMR/ETAIER 1AL §A24A2, 44 4SPA,CONCA
CCPMCN/CONS/RO)
F7zA4P [XX-ER) N
CALL ERFCPL{M7,ETA,U,V)
SA=ALSURSORT(ER/XX)
SEXANUIAIRVISPA
ST=SA48S
CE1=STHCCNCARCYL
PSTAR=PS(0P7)
YYaSARCONCA* [PSTARSSPAZSTH(1,-PSTAR)) /ax
RETUEN
ENE.

Lrea

[

HwA N




SLBROUTINE ERFCOL{X, Y UyV)
c=Ca

Cela

=t

1F (Y. CEo0o VGOTOL

Caiiev I*ix-v]

Cu~Zo¥#X*Y

 EXS

y=-v

1€ {X4CEao )GOTC2

Am=X

N==1

1IF{X4YoGEo 2o SoCRa Y#Lo 2¥Xe GEa ke 7)GATCE
As{ney)¥{x-Y)

E=Zo¥XNY

Talo4%A
EN=-Q, QAR (Ad 240832 )
PI=-14g24T#2, 2
PInz10eZ1¢THP14RME, Y
Pizet1Go 20454 TEPI4RNEPY
P1=2267,208214 TSP24RNIP]Y
P12-8455, 37594 THPL4RNEP2
P2214448, COS LA TERPI4RMIPE
PLE(~E4B2, TROTO+ THCE+AMSPZ ) /2,
T1232C 56051 25+ARPL4ENIP2
TE=EdPL

Piafg,eT

P2209,14TPP24RM
P12214,8¢THIP24RMSPI
P122207. 205¢ THPLRMIP2
P237121,JA424TIPZ¢RNIP]
P1217401,0€2€4+THP24ENIPT
PA=ILZ 3T, 23764 THPLERNSP2
P2335934, 35158 TP 24RMEP]
Ple{I1E22,527624THPZRNIP L} S8,
FA1 512096, T1254A%P14RMIP2
FNE=EWPL

PIni 1283761 €71 7{ ANLS#24 EN2#42)
P2E38 (ANLSTL4RN2STEY
P1=pPIE{ANIST2~RN28T1)
T=EXP{=A)
LeT4CCS(B)=X2PL=VIP2
ve=T8SIN(A)4XIP2=-VIFL
GCIcs

PlasyseQ

usQ,

v=C,

Teg,

AcneT#0,71424027€2

‘@l 183475€922/7(A%32+P1)

usteB

VsV eASE
Aep40,$4772839129T

B Ce2917277€2/{A¥*24P1)
LeL9n )

vay4a00
AsXeB,86TEE2€E2ST

B=(e01£42722202/{A%IZ4PY}
L 4B
Vaysass
Aax$242755C7C 05T
E=Co(:012431244227(A%82401)
Lsl4B
VEV4ARB
Ax=x42,020€37022187
Bx0,00C02725CLS347/{A%224P1)
(IR :]
V=y4A%B
AzX43,8897248579% 7
E-O.O(OOuOOECezo‘Z!AII(Attzopl)
TsL 4B
VsyiASB
IF|1-l1¢°¢)GUTua
Ta=i,
€008

€ Lsysy

4 V=VRFLOAT(N}
1F {CoEQe00 o ANDL Do EQo 0o ) RETURN
C=ExP(=C}
UsZ #(XCOS{D)=U
V=5, #C*SIN(D)-V
RETURN
END

FUNCTICN BIC2(X)
JIFIXxeCEo 1, )GOTOL

BICI=XB (X[ XE(X# (XS (XF4¢ 1842 1ETLIE~2=1,TIITITOIE=1)

142042522057E~1)=5,0EEQ2ISAE~1)47, 4851 1343E~1) =Dy 98434 TA0E~1 )

247,85276789E~1
RETLRN
1 IFiXaGEo 2o )6OTO2

BICImXS [ X#(X* (x4 l.l!ﬁ350¢4!-2-l.C‘§7ZE!e!-lloa.l!!ﬂll‘ﬂ!-t) ;

1-€423€31 46861 147,44150726E~3
RETLRN
2 IF(XeCEeds)GOTOT

BICJtX.l"!X‘(I‘ll#(-l.!i47e343£-4)08-235369875‘3l-o.!ﬁﬁsﬁll‘ltl'

1470802706 16E-1)=6o442C5563E~1) 45, 8372272861

RETURN
2 IP{XoGEL8,)G0TCS

Bl("l‘(ﬂ‘(l‘(x'(X‘(*lcﬁcﬂlﬁe305-5,450150577582-4)-7.1‘14'!’1'*"

14€4171€4350E~2)~1,87308576E=1)42,78751786E~L: -

FETURN
4 IFix,6E410, 1GOTOS
BIC3o=E8e888~ER(XN=00¢} -




FUMTICN DEXPIX}
1F (X aGE«0a96)GOTOY _
ogxp;xt:x*(x.l.OAGZAZEE-I-Q.HCOJJEAE-I)O0.0JTTJAOE-lIOI.931941GE-Q
KE TURN
1F (X4 CEe2431G0TO2
oelp;x‘(xt(x#!.!SBIAASE-Z-I.15654515-!IO1.9C97384!—I'O0.0QOQlSlE-z
RETURN
IF (xeCEo4e24)GCTC2
DEXP=XE({XS[X06q 71 ST EASE—3-E, EA195TSE~2 ) $3,8766640E-1143, 83772188~
RE TURN
1F {XaCE4 84 )GOTCA
uexp:x‘(x‘(xtQ.sqee:3;5-4—9.e1222d2E-3101.l1091c9£—2)03.260{3&9¢-:
RETURN
4 CEXP=l,

RETURN

ENC

-

FUNCTICN POLT) (ae
IMENSION PINVO({AC

:ntn FINVD/101160652,300299,1,19509102€109143278,143957,1.4648,
II.!:‘C,!.GO5!|!-67!C.I.1‘11.1.!256.!.9(!!11.0775.2.0548.!.1134.
Z5e212°% .2.2930,2.3135.2.4501.z.vozu.~.laev.s.iq-z.s.asol.4.229:.
B AN (409041980 JELE 2, 7524 ,6,1402,€,225%,6,9204,7.3126,7,7059,
A8 (5508,8.49478, EBSE6,20%1 15,5815,10:C776,30.4745,30,8719,
§31,2609,11,6673,12,C¢42/

IF(TeGEe6e 1GOTOL

IF (T,CE, %, 1GOTD2

AsgCe

Esl,

GOTC3
2 Asg,

B=1¢€,
3 FiwpsTeP
Isr3
rawPIAVO( )
HIsPINVO(141)
FAsp2at2
$EuT -
F8ap1~HS S
FTepg EGFHA
FO=3,/H7
RETURN
P00 S/TH{1 40,1 07877T892)
RETURN
NG )
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14. APPENDIX IV: ESCAPE I“!(nsAIﬂ];fP!f]’o FOR INFINITE CYLINDERS

The development in sec. 3 indicated the need for efficient subroutines
cn.lculaung the escape probnhmty P, as well as the collision probability
P". Spanier and Gelbard 2) auggest the methods to be applied here for both
Quantities. P is treated in this appendix, while P* is treated in Appen-
dix V.

The escape probability Po for a medium is the probability that an
isciropic starter picked from a uniform distribution in the medium wiil
escape {rom it uncollided. P, for an infinite cylinder is a well-defined
function of the optical radivs { =af. In fact it is given in terms of the
modified Bessel functions by the following expression !5 21)

2 LK
p°(¢)=.3‘_ {2[¢(I°K°+I,K,)-I} + LK -LK +——-‘c'} . (47

the arguments of 1o Ko Ijs K| being €.

Splnierlndcelbnrdz) notice that 1/P_(C) is an almost Mnear func-
honofcandgtveatahle dthul\mcﬂmfor 0 ¢ [ « 6; the arguments
are $=0, 0.05, 0.1, ..., 0,95, 1.0, 1.2, ..., 5.8, 6,0. They claim
that linear interpolation in this table ylelds P_ to within 0. 1%. Beyond
the table range they recommend the expression

1

Pole) = ' )

™

In MCSUP the above technique 18 utilized in constructing the subrovtitie
“PQ". However, In order to keep within the 0, 1% accaracy for all ¢ ; (48)

" was replaced by the following more accurate expression, obtained w rE-

taining one more term in the asymptotic expansion li'or PO(C) 15)

Polc) % 5= (l - To—') ' ' | (49)

and 7, 7059.
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*
15. APPENDIX V: FUEL-TO-MODERATOR COLLISION PROBABILITY P

We now twn 1‘o discuss the calculation of the fuel-to~-moderator colli-
sion prcoability p" , which cccurs in (31) and (32). )

Also here we sht].l follow Spanier and Gelbard ), but on],y to a certain
extent; we found it much mere satisfactary to compute P by purely deter-
ministic methods instead of using Monte Carlo.

P'(E) is defined as the probahility that a source neutron with energy E
drawn from a uniform distribution in the fuel will make it8 first collision in
the moderator.

As the moderator cross section is assumed energy independent, we
first notice that P" for a fixed configuration is a function only of the opti-
cal radius { =a I of the fuel.

As for P, (Appendix IV) we want to construct a table of P" (g), or
rather l/P (C). this quantity behaving more linearly. This table i8 of
course not universal but depends on the actual configuration. This table
has (like the 1/p -table) 46 entries with { =0, 0,05, 0.1, ..., 0.85, 1.0,
1.2, ..., 5.8, 8.0, and linear interpolation ghould be quite adequate to
find P*(¢) for arbitrary ¢. Now Spanier and Gelberd - 2) point out that it is
pot necessary to calculate all the corresponding 46 P -values. They take
advantage of Nordheim's approximate formula

P(0) Gy

.
PO ~ e aG oy

2,22
where G, and Gt(C) is the sticking probability “* 22) for the moderator
and fuel, reapectlvely, and define a quantity ¥y (¢)which exactly latuﬂel
the following equation

(50)

e PO vy(0) . 1)
PO e -anen

Due to (50), v, (C) i# » slowly varying function of {. Now, G(C) is glven
2
by

Cw L st (6
DORER XU o ‘ )
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so, assuming P (C) to be & 7 (§) b aumque function of
P (C) The xdea is now to ccmpute (i.n some way) 2l (C) at rather few
C-values,e.g. £ =0.8, 1.2, ..., 6,0. Via (51) one obtains 10 corre-
sponding Ym -values, and linear interpolation in this coarse Y -table
renders next a full, 46-entry table for Yr ) wh:.ch hnn.lly, aga.tn via (51),
is converted to the desired 46-entry tahle for P (C)

Now it etill remains to calculate P* (€) at £=0, 6, 1.2, ..., 8.0
and in doing so, we now digress from the exposition of Spanier and Gel-

.bard”’, who recommend a Monte Carlo procedure for this job. We have

found that an approach, inspired by Carlvik % 2%), yield a both faster and
more accurate calculation scheme,

Consider fig. 3 which shows a part of the infinite lattice system. P*
may be expressed by the double integral

f da f ay 1y) -,—,p(y.u) (53)

._% o

where p(y,a) is the probability that a starter drawn uniformly from the
chord of length 1(y) after travelling in the direction o makes its first col-
lision in the moderator. Referring to the optical scale on the a-ray depitched
in fig. 3 below, ane can show that ply, a) is given by the expression

.4y) - 1y)

(34)

where Ki (x) 18 the Bickley function

'm.kkelnm N hu nauced a pronounced maxinum ia the rohﬂvo 'lrnr )
X o 6 1ar nmnll cel.'ll X : )
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Ki fx) = f exp(-z%é- ) cos™ ! ade (55)

[:]

Then {53) may be written

P _—,.f dafdy-(y.u) | (s6)

w-l:

In the numerical calculation of the double integral (56), a discrete re-
presentation is chosen for both variables:

1) a-integration: 64 equidistant a-values in -.:- (al .;.‘.
2) y-integration: 8 non-equidistant y-valuesin ¢ { y { a.

The y-integration is of the Gaussian type. We choose a weight function
mimicking the hehaviour of the integrand near y = 0, For 8mally, #(y,a)
tends to be proportianal to 1(y) and therehy to y'/2, Hence, by introducing
the new variable x = (y/n)z, one could hope that the Gaussian representation

1 n

f x f{x) dx = i w; 1(x;) Z
. 1=1

o i=1

oo =

(57)

would yield a good approximation to the integral in question. Ref. 18 gives
tables of the x and w, for different choices of n. With such a set of (xi'
'1) one would then write

a n
f dy 9(y,a) = 2a Z vy ola LI a) (58)
[} i=]

wbere LI 2 J.n fact, (58) has praved to be a lurprll:l.n‘]y accurnte pp-
proxlmatlon, nnd i seems rather dimclut to ju-tl,fy mathg?aﬁcﬂlq '.hz
success of thll proeodure wh:lc,h hn bpen uled wl.dely in collisiq: grolp
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. *
ability problems . In our case, n = 8 was found to give an adequate com-

promise between speed and precision,

Hence, (56) is replaced by

8 64
., 1
PR 21 " Z vlang, ay (59)
i8 j-

where w; and w, are given below

L L A

1 0.001992 | 0. 003295
2 0.020842 | 0.017843
3 0.082268 | 0. 045439
4 0.206855 | 0.079200
5 0.394469 | 0.106047
6 0.617811 | 0.112506
7 0.825693 | o0.091119
8 | 0.984758 .. 0.0a4551

We go a step further in refining the formyla for P' by reducing the
digcretization error. We observe that an expression quite similar to (59)
exists for Po:

8 64

Po“ﬁl—z:; w Z %5(87; .09 (60)
=] j-

where ¢ is the function #(y,a) appropriate for an isolated fuel rod; (54)
glves

- . -
The msthod ehayld presumably be credited to. B. Tollagder and I Carl-
vik, Sweden,. -
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v (7. 0) = Kig(0) - Kig(¥) = 7 - Kig(®) (61)

As we already have an efficient algorithm for Po to our disposal we
recast (59) to the following form

8 64 .
z a“;"‘)
P I -®, .2
w, z ’o(a'li:ﬂj)

s,
"
-

5

Formula (62) has the further advantage of yielding the exact Hmit P when
the cell expands towards the 1solated fuel rod.

The evaluatior of the Kls-f\mctionl is perf:)rn:ed by the function s;b-
program BIC3, developed originally by B. Tol in 1 wif
Carlvik's 'nrke) This procedure zeros Kig(x) for x ) 10, and this leads
o a natural truncation of the infinite series in {54).

The calculation technique suggesied in this Appendix has been pro.-
grammed as to form the subroutine PINCA. P‘IN'CA delivers the 46 P -
values discussed earlier. Computation of P (C) by linear interpolation
in the 1/P *-table so constructed is done by another subprogram, PS. For

2
¢ » 6 PS uses the approxiniation )

P'(C) o P.(G)- % {63)

.47 -
16. APPENDIX VI: A SELECTIVE INTEGRATION ROUTINE

The evaluation of the integral (31) is carried out by a 8pecial, selec-
tive integration routine SELIN. This was found ugeful because the integrand
in (31) varies rather sharply around the resonance energy; as one wishes
to limit the number N of integrand computations (here, N = 1000 was
chosen) it is important to make a selective choice of the corresponding N
abscigsas.

SELIN does thig in a crude, yet adequate manner, It works roughly in
gsuch a way that it divides the integration intsrval in a coarse equidistant
subdivigsion. Thereafter, each of these subintervals 4 is submitted to a
further subdivision in m; new subintervals bij ,» my being roughly propor-
tional to the derivative of the integrand at 8. Finally, Simpson's rule is
applied to all subintervals and the rcsults added. SELIN is in no way an
"optimal" routine, but has nevertheless proved useful in the calculation of
various definite integrals-with a pronounced variation of the integrand.

SELIN is here supplied with function values from the function subpro-
gram FCT,

17. APPENDIX VIi: A FAST EXPONENTIAL ROUTINE
N

During the Monte Carlo calculations performed by MCSUP it is fre-
quently required to calculate the exponential e™>, or, more often, the
function 1 - e . Of course the standard exponential function avaflable at
the computer may be applied, but in view of the rather i mited demands
for precision in Monte Carlo calculations it is better policy to use a tqner
routine and sacrify some accuracy. Spanier and Gelbu-dz) recommend the
use of the so~cnl.ed g-function defined by

g(xj = Tx—- . ~ o . .(84)
After tabulating gir) from e. g 0to 7 with stepe of ;2. !‘Htpot’ibh!by
Hnearinterpohﬂontyc&lcuh&e g(,t)toanlcc RCY .Mﬁ,‘ﬁa ?‘ﬁ

x)7theyun. 1x.q\ultom : s

oy ), v,. o 0

of 1« ¢ ‘ad this 3 setiiot‘perormed quite well o e 1B1 7084 and
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adopted in MCSUP es the function subprogram OEXP. It was decided to
divide the interval 0 { x { B in four intervals in such a manner that third
order polynomials chosen in the best possible way would yield sbsolute er-
rors of almost the same magnitude in the four intervals. "Best possible"

is understood in the Chebyshev gense, i.e. one minimizes the max. absolute
error in each interval. The relevant approximation formula is given by
Lance 7

epla) I+ 2 ) LG Ty, -tex< (65)

n=1

where I is the modified Bessel function of first kind and order n, while
Tn(x) is the Chebyshev polynomial of degree n. By truncating (65) at Ty and
making a variable transformation, this formula yields the polynomial coef-
ficients. After some numerical experimentation the interval subdivision and
coefficients stated in OEXP (Appendix III) was obtained. The QEXP approxi-
mations are not quite those of the Chebyshev type, b small stant
terms had been added in order to keep the mean arithmetic error in the
whole range 0 { x { B as low as possible, whereby .C e¥ dx calculated
by OEXP becomes | with a high degree of precisicn (OEXP sets 1-e®
equal to one for x ) 8).

The performance of the g-function method (G) and OEXP has been
measured on an IBM 7094 (mbdel I) with the result shown in the table beiow.

..... G. ... OEXP.
netto time (u8)
for a single call o 240 - ~ 180
root-mean-ggquare error 1. 1010.4‘ 1 1‘. 21'0_4
max. error | %014 | 237,54
ubicina for max. error . .. ..0.90.. | ... 0.96.
wean arithmetic error | 073504 | 108
Mean “"°1“*°:.‘.°¥;?9‘.' T S 0.7310-4. | .. 113104
truncation error R BT ) T T .3._35",..4 .
zero value . Q 1.93 1 0.4
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'The time for a call of the IBM 7094 standard function 1 - ¢ was
found to 262 gS,

18. APPFNDIX VII: OPTIMIZATION OF COMPUTER TIME
FOR THE FOUR TYPES OF STARTERS -

The resonance absorpiion rate was in sec, 3 expressed as the sum of
5 terms (eq. (40)), where one is deterministic and the remaining four are
Monte Carlo terms, The combined Monte Carlo expression

R=-I|-12+13+I4=R1+R2+R3+R4 (68)

was composed of four mutually independent terms to be calculated separ-
ately according to the principles laid down in sec. 3. Now, some poseibil-
ities exist for carrying out a more refined composition af the terms in (66).
Spanier and Gelbard 2 propose a sampling technique, where the initial en-
ergy E is sampled from a combined density function, derived from the
four individual density functions, whereafter the category of starter is
selected, This procedure jmplies saving of computer storage.

In our case, small computing time rather than storage saving is ata
premium, and then ancther approach is feasible.

We still calculate the four terms in (68) separately, but we assume
that a certain amount of computer time T is at our disposal and try to’
find a division

T=T;+Ty+ Tg+ Ty , . ((f'r)
where T1 is the time spent in calculation of Bi“ so that a minimume-vari-
ance estimate of R is obtained, We have

dme ) o'my (68)
1

At this point we assumé that e
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k.
2wy - 2 | 9
1

where the k., are known positive constants. Hence we minimize the func-~
1 .

tional

LAY
v A : 70
o, TpuTgTy) = %‘T_l _ (70)

under the constraint (67). The method of Lagrange's multipliers yields
easily the solution

i 71)

Ty =T v : oot
i
1

In practice we have to estimate the k;, This is done in MCSUP by ap-
" plying a preliminary computation with time length T' distributed equally
with Ti' = -:-‘r- to each type of starters. Preliminary variance estimates

12 - o2m! (12)
are used to calculate ki as

;o (1%
ky =Ty % :

Now (71) is recast to

T, = g T
.'
1

(74)
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Hereafter the main calculation is executed, Utilizing also the pre-
liminary calculation, we have

"
T1 = Ti - T1 (75)

where T;' is the time spent in calculation of R, in the main calculation,

The MCSUP program uses T' = % and with this choice we finally

obtain

'r;'=(.a; -ﬁ)T v (76)

19, APPENDIX IX: COMPUTER DEPENDENT FEATURES OF MCSUP

MCSUP In its present form is intended for use on the IBM 7094 at the
NEUCC center in Lyngby, Denmark. In view of the possibility of its use
on-other computers, we give in this appmdi.;x those features of the code
that are specific for our system, and which perhaps have to be implement-
ed in other ways for other machines,

19, 1, The Timing Routine

It is eseential that a ﬁming routine ig available, The call is of the
type '

CALL TIME (ICLOCK)

where the integer ICLOCK measures the computer time in units of 1/80
sec. The actuel position of the zero on the time scale is irrelevant for
our purpose., ’ ) :

19,2, The Randomh Number Generator

The random number calls are of the type
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CALL RANDL (IX, R)
23)

_rent integer and is not used (yet it has to be initialized, cf. the input de-

In our case, a standard multiplicative generator is used. IX 1s a cur-

scription in 6. 1). R is the resulting random number between 0 and 1.

19, 3. Input/Output Units

The symbolic nos. of the input and output units are 5 and 6 for the
IBM 7094 at NEUCC. Only the statements

NIN =5
NOUT =6

(at the beginning of the code print-out, cf. Appendix III) should be changed
to fit other conventions.
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