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ABSTRACT

A suite of Monte Carlo codes is being developed for use on
a routine basis ir. cor~.ercl=l reactor shield design. The methods
adopted fcr this purpose include the modular construction of codes,
sinplif-'ed geometries, automatic vctri'-r.ce reduction techniques,
continuous energy treatment of cross section data, and albedo
methods for streaming. Descrirtior.s are -riven of the implementation
of these rr.ethcis ar.d of their use in nrac^ieal calculations.

1

The objectives of the v;ork on Monte Carlo at Winfrith have been to
develop methods vrhich can be used by engineers for commercial reactor shield
design. The fentral problem in practical shielding calculations is the
determination of radi'tion attenuation ir. systems with complicated geometries.
Whilst "or.te Carlo is the obvious choice of method for treating problems
with strong geometric effects, it is not well suited to deep penetration
calculations. Two ,-er.eral lines of approach have been adopted to overcome
these difficulties: semi-analytic t^chni-nies exploiting the well-tried
removal and albedo approximations are used for the treatment of streaming
phenomena in ducts and voids; and adjoint diffusion theory solutions furnish
approximate importance functions for acceleration in bulk penetration
problems.

This marriage of the conventional methods which have long been estab-
lished for shield design with Monte Carlo in "hybrid" calculations has
proved to be the deciding factor which has led to the extensive use of Monte
Carlo as a shield design tool in the United Kingdom. Thus Dutton, for
example, used line-of-sight formulae to calculate neutron sources from AGR
fuel clusters for the Monte Carlo treatment of the PCRV penetration-head
region Ci]. Similarly, Avery and Pugh used two-dimensional Monte Carlo to
investigate streaming phenomena in the refuelling machine of the Magnox
station at Trawsfynydd C2]. Avery and Warnan have employed an albedo-Monte
Carlo method in calculating the streaming of neutrons and gamma-rays along
air gaps and passageways between the vessel and primary shield of a PTR £3]•
The use of diffusion theory in adjoint mode to provide approximate importance
functions for accelerating Monte Carlo calculations has been demonstrated by
Bendall and MeCracken C 3
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This paper describes how the methods of coding, data handling and
variance reduction have evolved as a result of this emphasis on design
applications. The calculational scheme is under continual development to
meet the changing needs of reactor programmes; the current status of codes
is reviewed, and some indication is given of future trends.

2 GENERAL DESCRIPTION OF THE METHODS

The capabilities outlined above are being provided for shield designers
in the form of codes of modular construction [5J. There are two levels of
approximation in the basic suite of modules, the Monte Carlo options being
supplemented by the fast and approximate methods based on linp-of-sight,
kernel albedo, and diffusion theory in the various forms used for shielding
applications (eg the COMPRASH removal-diffusion method C6j and the Adjusted
Diffusion Coefficients (ADC) Method L*7] ). Apart from their role in the
hybrid Monte Carlo calculations these approximate methods furnish a powerful
range of tools in their own right for rapid survey calculations and for
repetitive runs in shield optimisation studies. The codes and methods
developed at V̂ infrith are complementary to the generalised geometry code MONK
which is the subject of another paper at this Conference C8]> This code is
used primarily for criticality applications, but it can be utilised for
shielding studies where the geometric capabilities are essential for an
adequate representation of the problem.

There are a number of special features required for Monte Carlo methods
used for shield design. The code system must be flexible so that it is easy
to introduce new capabilities as different problems arise. Speed of execution
and economical storage requirements are important, and these may even have to
be pursued at the expense of some accuracy. It is also essential to reduce as
far as possible the decree to which the efficiency and accuracy of the codes
depend on the expertise of the users or on preliminary trial runs. Key
features which have been developed specifically to meet these requirements
include:

(i) modular construction of codes;

(ii) siaplified geometries or specially written geometry modules;

(iii) automatic variance reduction facilities;

(iv) a continuous energy treatment of data so that the user is not
left with the choice of basic material parameters which affect
the accuracy of the calculation;

(v) albedo methods for the solution of streaming problems.

It will be convenient to discuss the shielding code scheme under these five
headings. At present, it comprises a series of modules from which a variety
of Monte Carlo codes can be assembled. These can be used on a stand-alone
basis. Alternatively, they can be coupled to diffusion modules, run in the
adjoint mode, for the automatic generation of importance functions in bulk
penetration calculations, or to kernel-albedo modules for semi-analytic
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re.:u:rcr.er.ts of t ; . ' - ir u s e r s . :vr ::••. lv . *••• * • rr. "r. :•:• r" :r: . :
t'r.c f o l l c ir.f ar-prcsches:

( i ) the assembly of rr?~r-T.----r r'rer. •;:.:• r ~r "rv~ :ui-.-" •;;••••
l inkages ichi-vc-d V:T t•-.•-• f--.r'- sto-v-;

( i i j the oorf or^.ar.cr : f "i c-nic .I-;t Lcr. bv "•"- ::.r- •::" ."•'.'• r'": ;••
comcuttr runs wit:. -.uf o~';tc-i i . * ' r r = r..-f ••:•;: v'. ":••:;-;:.-

The Winfrith Radiation Physics ••=.:. 1 3": :-.-l i i r . r Sr^-.r (?ZZ) Cyr*•-::. [ ] c
i n t o the f i r s t catefjory. Fro -rir:r.os rissor.b]--d f r ~ YrRT :-• j.;l.• ~ :•• ? !••;•-.:.
programmes running under the r.crr.-il jp^-r:* :r..- ::y.~f--r. :-.:t u:;'.'.?- jt-.: : .••::;;••':
coding techniques and s tandard rcut:r-3s :'cr ; .c^: '-kc-e: '•'•€» '-"•'• ' ' "-" "'
improve the e^.se and f lexibii :4 : ; . ' v;.'t:. •.•;• io:. '-r- I'-s "•':!". '•:•• crr.s* >-.. ;•*. :,
e s - e c i a l l y fo r the complex s e r i e s cf s^eps f r e r : - : . t l y r-" 'r:ir '-i ':. .;- '• Id
design c a l c u l a t i o n . I t i s bec. ' ise tr.esc- c2.1.eolations '.••clu-io j+ <-•!• *Iv--
p rocesses , of which the Monte Carlo t r ack i r . r ;yclo r.ay be ciasn-'-d s T.O,
tha t the WRS system concent ra tes n the co?istr.;ction of sir.r^o ?o-i>s r-.ti.'-r
than automated l inkages between separa te computer runs ".s -;r, ti.-- s--:-^r.d cf
the b a s i c approaches mentioned above. Ho-ever, fcr ?alcul- t i o r s v;r.:c:. '"-r.
be run e f f i c i e n t l y as sepa ra te jobs t h i s second approach car: be r -do v-ry
powerful through the use of a highly organised I'4"a bac-- wfth spec ia l i-.t-a
management rou t ines a s , fo r example, in *-'r.e COST.'OS sys+er. L1C-J v;r."?h •-:s b;-en
developed a t Winf r i th . The two approaches a re crr.T.ler.ei.tary s ince +:.'v b a s ' c
un i t in the COSMOS schemn i s a code, and t h i s cod^ may be one assernhl^d f r c r
WRS modules. Thus, i f the sh ie ld des igners using 7/RS cn.les r e r j i r c »"•:•:' ovcive
data banking f a c i l i t i e s or automated l i n k s with core ca l cu l a t i ons •'•her. +h'-sc
are a v a i l a b l e through COSMOS.

3.2 Descr ipt ion of the WRS system

A WRS module cons i s t s of one or mere svbrou^ines . A propjranr-.f1 i s
assembled from one or more modules to -o thp r r;fth a linkin,0; module (a Fortran
main programme poss ib ly supplemented by subrout ines) which cont ro l s the
l o g i c a l flow of the c a l c u l a t i o n . The ease and f l e x i b i l i t y of code cons t ruc t ion
i s achieved through two main f e a t u r e s . The f i r s t is the convention t h a t i
module must be capable of accepting i t s i n i t i a l data t i t h e r from cords or
from a general loca t ion in core s to re or on backing s t o r e . A s imi la r rule
app l i e s to the output , with the l i ne p r i n t e r rer^l-r-cing the card r eade r . 7 i s
provides considerable f l e x i b i l i t y s ince the sarre module can be used, for
examole, e i t h e r on a, s tand-alone b a s i s (v.ith j u s t a very simple l ink ing
module) or as pa r t of a programme in which some or a l l of i t s i n i t i a l data i s
ca l cu la t ed by other modules. The second fea tu re is the method for the dynamic
s torage of da ta in core and on backing s t o r e . The data in core r e s i l e s in a
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c omp 1 '•'/. i t y .

( i ) The proLU-::. .f exer . t i ; : . sr----i is osrc- ia l ly ?r i t i?a l in Xcr.'c
Carle ic'i'-z, I1, '.vr.î h r.rl'.i z .v*- enter*'- i • ar.v thw."jsa2":ds rf tir.os
-:r..'l ar.y fixed ov-rr.- •• Is ':.•••"• r . j i * i r l i r l ocrros; cr.dinriy. T'.re ?;as
t 'k^r *̂ • - o »vr*t*n-? cf !»'cÎ 0X *~r' '•.'?' ' \ t'- * so cvrr*' -̂ads dur**~ ~ t̂ *e

cole is net sifinifican'.ly i r . r ' i r e i \j L':z -.cijl ' .r nature.

( i i ) There are *",wo factors which lead to or. ir.crv'isc- i;. t.-.e storage
re ]uirer.er.ts of '.7RS pi-orrair/ es . Thr- f i r s t is the pres-nee of the
system routines which occupy 2V; K byt-~-s, ar.i the- second is the
presence of the full input '-s-.l output -r'ior.s in ^v-r;,' module.
Hov;ever, the l a t t e r are cften •,vritJen --s separate subrcutir.es so
that sp î̂ e can be save 1 through, the u -e cf ar. overlay. Ir. addftion,
the dynamic storage system ensures t:.at very cconor.ical use can be
made of the data storage area by keeping the storage compacted and
by removing data when ft is no longer required.

( i i i ) I t i s a feature of a l l but the simplest modular systems that the
i n i t i a l task of programming becomes protracted and more complex.
This is acknowledged to be true of the V.'RS system, though by no
means to an unacceptable degree.

Experience with the use of the system has confirmed the vie-: that the extra
i n i t i a l coding effort is repaid ultimately during the assembly of large
programmes. The ab i l i ty to use modules on a stand-alone basis has been found
useful during the testing stages, which are often especially lengthy and
diff icul t in the case of Monte Carlo codes. '.nhe system also provides a very
convenient way of linking Monte Carlo with the approximate methods for the
types of hybrid calculation described in the Introduction.

V
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- p ; . 1 : t ' :.c w.•:.:.•-•-. : r;. ''": • • • r "J'.:.:•:•• .*•• - • • r ^ ; " i s u s e d

?_" •• c~-'-'::'L-"s ' ~.r.i tr.orn:"c:-e i.cc lr. X, .'7: ̂ r •".': '. r. ::•'. ".I •""•''or.-* r*ios;, 'i!v.i
thr.;-" --.r. i ̂ccrr-T.cI to ••. v;i:-~- r'-.:.--f i* 'T%'--'i?'i :•.-:-» -rc'-1---s. :io7r-"v-r, in
tr.'-- :":2t ro'-ct-or "r.-l :7?~. fie-Iis tt.---re is ': :v •:•-•• r:---s-::t ir.t«rr.ril j;.:-Jds
"iP-I 2 ore/arc-•'lev ?cr.f: -"jritions in *"ri- r.r"il". r-rrlrr/ -A I "• r̂ cn-'-try with rrovision
for ti.T- introduction of cylindrical re^ici.s rcrr'--̂ '"-r.f r.£ fu~-2 cr:'-.::!.•-• Is, control
rod:3 or, ir. t:.e azo of i sodiur.-cooled fast r----- -tor, r.':t-ri'lG *ertinc~ -"igs
con'; a in in-- cylindrical specimens. 7ho ?.rc?.l" -̂:•- Ĉ -'l •'•'3 accordingly beer.
written fcr ti.is purpose, initially ir. tv;o-ii~.r-t.sicr.':l reorr.c-try in v.r?.ich the
horizontal reactor plan consists of a mesh of r :••• il':t'.-rn.l triangles on which
are superimposed circles which may be nested. 7.'it:.in fach triangle the
tecr.r.i:ue of Woodcock tracking [13J is used, in ;vhich the collision points are
determined using the r.ean free path corresponding to *he highest cross section
of any material in the triangle. At each point the ratio of the true cross
section to this maximum, cross section is calculated, and using this ratio as
a probability a choice is made between a real reaction and a pseudo-reaction
in which no change of energy or direction occurs. This method has the
advantage that it is not necessary to calculate distances to region bound-
aries within the triangle but only to test v.hether -.• co-ordinate ' <s inside or
outside a region. There is a danger that this saving of effort will be offset
by the generation of large numbers of pseudo-collisions f there are materials
present with widely different cross sections. However, his has not proved
to be a problem in the application of McRIG to garrr.a-ray heating in fast
reactor cores. This 5s probably due in part to the particular geometric
configurations, and also to the fact that the energies at which widely differ-
erJ cross sections occur are unimportant.

While this approach provides geometry capabilities adequate for a lar^e
r- nge of problems it is essential to have a more general code for those which
a> not amenable to a simplified representation --nd which are not sufficiently
c imon to warrant specially written geometry modules. Reference has already
been made to the general Monte Carlo code MONK developed at Risley. An example
of this type of problem occurred in the design of the Prototype Past Reactor
when the general geometry code GEM [1A-] (the forerunner of MOKK) was used in
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;>••! cui ••„;.:„• ;•• - f. ?•,. . ;••».- r-. p.,-. r o t o r wr.irrh involved both neutron niult i-
r . . • * 1 :. . ; • •.".••• i v- . t ie i . O f ] . In the f;<-13 of :f?R shield iesign and
i-'- •"-.':.• - I . ! * ! .• :' ••::.. -L-:-V; :.<-.--:t:r.g ir. fast ro~:-tors (such ~s a pa r t i a l l y
i:,z- :•',.• \ •'.':•.. r : •-.• r- :.s J. :r.?rc--:3ir.g dc-r.ai.d for ti.roo-di.-.'.er.sior.al
c-lieu I ' I :.;; '.:. •.'•'.•;>.•.. r - r r lcr . t i -• gc-cr.'-try to be carried cut en a routine
ir. s '~ . I4, '..-: . • • r i':.*".y ••.•crcsc-i tc incorporate tr.e 2 co-ordinate: into
McRXl v . - ; : : . ' f.' •.-• *. .;k -,f .-_• ocifying; the geometry in s-.ch problems which

A-'.'CE R£J"C?I0 : : !,:27::ODS FOR PE-.'ETRATIOI.' CALCULATIONS

•: ?• 1 -.- .1'ited inportar.ce function

Fcr •:."•-• ir. r> :••":•! 'i-.-sifT; applications acceleration techniques employing
s r l i t t i n - - .v 1 R-;cc'-.-!. rc-jl-?**e have the advantapes of being re la t ive! ; / simple
to ipr-ly, -•' : ••':;.r c : f : ' ic ier . t l / powerful f c r deep penetration problems, and of
be:?-.^ -;.>-f] '.r. ••. r. I !•- r-jr.pe :f apc l ica t ions . The method was implemented in
-•* sir.'"!-- f r' '.r. *"(•"' RZ .^eonc-tr;/ rjj'ogram.'ne KcTUD Ci6j, in which s p l i t t i n g and
roul^t 'r- --.v- --.' r'l! '• \ -t s r a t f a l surfaces with a fixed s p l i t t i n g pov.er of two.
This •\rrrr' "••. •.••.;• -'• - 'lis^dvanta/'es that no allo^vance i s naie for the energy
dcr':. 1̂ -: '•• '.f ':,:.•• :r-c ;-t".r.:.-e function ^nd tha t considerable i n i t i a l experiment-
\' ion '.z r:"-1- r. v • :r--d to find t'.e best posi t ion for the s p l i t t i n g surfaces .
A cjr.r: -T hly *rr I'r-v-l r.-vthed ".'.";S used by Bendali in the prototype one-
dimo>:sicr.-:1 -:~\r- V.c'-'-T.'? [-V] ir. which s p l i t t i n g and Russian r~ule t te may occur
i t eoJliG->:. ^r~i]:-c. • >'. I ot ^oints d is t r ibuted uniformly along a p a r t i c l e
tr--ck. /> •'• •••••. --c'nf the- decree of s p l i t t i n g i s determined by reference to
an ir.rc't- :.->• f-jn^tlcn v.'-.ich .r.ay depend on posi t ion, energy, and d i r ec t ion .
I4 v;--c !•'T."r.;,tr:t- 1 +'-.-t tVie use of an approximate ijnportance function obtained
frcrr. M: ' l.j^Lr.t. r-^r^v-.i -diffusion calculat ion was very effect ive in acce ler -
a t i n r t ' - ;•; i :••;! i t icn cf a specific pay-off.

The -';:t> t:c ! c:. of t'r.is method to higher dimensions was not immediately
possibi" or/in-- to ' • " l-:ck of a suff ic ient ly fas t tvro-dimensional removal-
diff-;Gicr. pro-r'.Tu-e. This obstacle has now been removed by the development
of -x r.v 'j.c3 of udjuctod diffusion coefficients (-\DC) [?] which eliminates
the lengthy c :lcul:ition cf f i r s t co l l i s ion sources, and also by the i n t r o -
duction of ir.rroved r.c-thods for the solution of the diffusion equations [
I t is now p-orosed to invest igate the further extension to three dimensions
by using the d i f f : s ion programme SNAP [18] in adjoint mode to calculate
import'ir.ee functions.

5.2 A solf-3d.justinft acceleration method

A method has boen established for circumventing the d i f f icu l ty of
calculating importrince functions in the ra ther di f ferent , but not uncommon,
class of problem in which uniform accuracy i s required over a wide range of
energies -ind pos i t ions . This i s frequently the case, for example, in a
gampia-ray heating calculat ion in a reactor core, and i t was the type of output
needed from the one-dimensional reference calculations to which diffusion
solutions were f i t t ed in the production of adjusted coefficients for the ADC
method mentioned above. The technique, which has been tes ted in the prototype
XY geometry code McBOX, i s to arrange for the programme continually to adjust
importance values on the bas is of the h i s to r i e s so far generated, with the aim
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of assisting the penetration of particles to all parts of phase space in
roughly equal numbers. The source module of I-!c30X samples from a distribution
S'(x,y,E), and if the true source function is S(x,y,E) it assigns a weight
T = S(x-,y,E)/S'(x,y,E) to the particle. For the pur-poses of the splitting and
Russian roulette process the phase space of points (x,y,E) is divided into a
number of regions, each of which has an importance value denoted by I. It is
convenient to regard W = 1/1 as the "region weight". Particles hive a track-
ing weight U which is initially 1 and which is separate from the source weight
T so that the total weight used in flux estimation is the product of T and U.
Splitting or roulette may occur when a particle enters a new region by cross-
ing a spatial boundary, by suffering an energy loss which transfers it to
another region, or when it is first generated as a source particle. The
expected number of particles produced is equal to U/N, the ratio of the old
particle weight to the weight of the new region. The actual number of particles
is selected by random sampling from the integers on either side of this ratio,
and the weights of the particles (if any) are divided by this integer. This
method ensures that the expected values of the particle weights are equal to
the region ".-eights themselves, but the weights within any region are of course
distributed somewhat because only integral numbers of particles can be
produced by splitting and roulette.

T/;.e quantity which the programme calculates for use as a region weight
is the "current" entering the region. This is a quantity wfrn ch would be
observed i-rith a t:-"ue source S'(x,y,E) and no splitting. When splitting is in
operation the current from a /fiver, number of source particles is estimated
by (SLQ)/V where V is the region volume and the surjr.ation is taken over all
particles entering the region. Thus, when the weight adjustments have
settled down we have

W = (£u)/V

and since the particle weights have a mean value \'f this implies thai the
number of particles entering any region is proportional to its volume. This
is the quantitative interpretation v.hich has been £iven to the requirement
for particles to be distributed evenly throughout phase space. While this
criterion probably gives an approximation to the optimum condition?, for most
problems of this type, it cannot of course always guarantee equal variances
in all regions. For example, the errors still usually increase with distance
from the source since the tracks tend to be more highly correlated at larger
distances. It is also n^t always possible to apply the splitting method
without modification. It has been found necessary, for example, to limit the
number of particles produced by splitting to a maximum of 10 in order to
avoid inefficiency in problems in which there is the possibility of transfers
between regions of very widely differing weights.

Subject to these qualifications the method has proved to be useful,
especiallv in easing the task of the user in this type of problem. It is,
of course, essential for efficiency that the '"eights should be substantially
determined within some reasonable fraction of the total running time. This
has been achieved in the applications so far tested in which, for example, the
weights had settled down to reasonable values within four minutes of a
30 minute run °or neutron penetration throurh 80 cm of iron.



323

6 THE HANDLING OP DATA FOR PEITETRATIO?: CALCULATIONS

6.1 Neutron data

The choice of a scheme fcr handling interaction data must be made in the
face of conflicting demands.

(i) The methods and data must be simple enough to ensure speed of
execution and economy of storage.

(ii) The treatment must be sufficiently detailed to give the required
accuracy in a wide range of problems.

The scheme which is used in the Monte Carlo shielding codes at Winfrith is the
DICE system [193 which consists of two pa--ts:

(i) a programme MOULD which processes data from the UK Nuclear Data
Library into a form suitable for use during Monte Carlo tracking
and writes it onto a tape;

(ii) a suite of routines which are loaded with the Monte Carlo programme
and are called to calculate mean free paths and to determine the
outcome of interactions.

In this system energy is treated as a continuous variable but the cross sections
(both total and partial) are assumed to be constant in each of a number of
groups. These groups, which must be the same for all elements, can be chosen
when the data tape is generated by the MOULD programme, which calculates the
cross sections by averaging the UKNDL values over each group. Angular
distributions are also converted by MOULD into a more convenient form which
consists of equiprob^We ranges within each of which the probability is
assumed to be constant. ^2 equiprobable ranges have normally been used.
Energy distributions for scattered neutrons are taken from the UKNDL without
alteration except that continuous probability distributions are again expressed
in terms'of equiprobable ranges (64- in number).

As a compromise between the conflicting requirements noted above, the
cross sections have normally been represented in 300 DICE groups covering the
range 0.025 eV to 15 MeV with equal lethargy intervals. This group size is
sufficiently narrow not to require the group averaging process to take account
of broad variations in the shape of the flux spectrum. On the other hand,
the groups are too wide to follow cross section changes in the vicinity of
narrow resonances, and it is therefore necessary to consider the effect of
using average values in such regions and to e: amine the averaging process used.
The programme MOULD calculates the group averaged microscopic cross sections
for each element using as its weighting factor the reciprocal of the total
cross section for the element. Thus, for a pure element the weighting factor
approximates to the asymptotic infinite medium flux shape (E"j£ ) » since

the energy E and the mean logarithmic energy decrement I are almost constant
ovsr such a narrow group. In this case the error will therefore depend on how
far the spectrum differs from this asymptotic shape. I?- the case of a mixture
of elements an error is introduced since the averaging is done before the
macroscopic cross section is calculated and it does not therefore take account
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of the environment of the element.

6.2 Tests of neutron data

These effects are currently being examined, principally in the context
of benchmark ex-erirr.ents £20] performed in the ASPIS shielding facility at
Winfrith in vi- ieh the source is a conventional fission plate. The standard
scheme v;itr. yOQ DICE groups has been used in calculations for an experiment in
which spectra were measured in a thick iron shield. As can be seen in
Figure "•, the ealcul-ted fluxes below a few hundred KeV are higher than the
spectrum obtained fror. rroton-recoil counter measurements by up to a factor
two. In order to find out whether these differences can be attributed to the
cross section representation in this region of narrow resonances and minima
some tests have been made in which very much finer DICE groups were used.
For these tests the MOULD programme was rerun to process the same basic data
into about 1000 groups above 10 KeV. Figure 2 shows in a small but typical
nv.errty rî .-e ':n~ the standard group scheme fails to follow the cross section
variation, and that whil3 even t e 1000 group scheme is not completely
adc ;u tc i+ •• s s-iff \ cier.t to provide a test of the effect of a finer represent-
ation. A cne-dlmensior.al case with a nlane fissicr. ?ou-'ce was ured and the
flux ~-t 'IT1 tr 70 on from the source was calculated in fairly broad groups
(similar to thcs^ used in the ASPIS calculation). The *"c30X programme was run
for lc.i-~ er.o;fh (1? mir.utes CPU on an IBM 370/165) to rive standard deviations
of about 1?" for the- group fluxes. No statistically significant differences
7,'er-1 foun.1 between the results obtained with the standard scheme and the fine
groui: ::ci •-"•me. Tith th~ broad group scoring it was not possible to observe the
differences of fine structure which were undoubtedly present, but the result
shows th-.t a r'ir.̂ r cross section representation does not significantly alter
the rer.rral flux level. It is concluded that the observed differences from
the me'sured spectra are not due to the cross section representation, and
that ir. -rcbloms similar to this the normal DI"E group scheme is adequate for
predicting at least those response functions which do not shoiv a rapid varia-
tion with encr-ry.

6.3 Data sensitivity calculations

Tests of this kind involving the comparison of independent Monte Carlo
runs are ofter. difficult becau.e the differences are masked by statistical
errors. The problem arises also in calculating the sensitivity of results to
small c:.':n~es in the basic data itself. A way of overcoming this difficulty
is to use the same set of histories for both cases and to take account of data
chan-es by means of veig: ting factors [21]. Consideration is being given to the
use of this method for the data sensitivity calculations which are required in
shield design problems with complicated geometries in order to identify the
major sources rf error and to make error estimates. For the method to be
useful it is necessary to be able to look at the effects of a large number of
different data changes, and this is best done by writing details of the basic
set of histories onto a magnetic tape which can then be processed as many times
as neoej/vsry.

6.4. Gamma-ray data

Data handling is -ery much simpler for gamma-ray tracking than it is in the
caje of neutrons. The GAMBLE system [22] was written as a gamma-ray counterpart
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of the DICE system, and was designed so as to be interchangeable with i t . I t
has been found necessary to cor.cider only three reactions: Compton scattering,
pair production (in which the photons are assumed to be produced at the
collision point) , ar.d photoelectric absorption. The just i f icat ion for
omitting Bremsstrahlung effects is based on the work of Dutton £23j who
showel t h ' i r contribution to be negligible in reactor shield design calcu-
la t ions , when the principal sources are usually belov/ 6 KeV. The GAMBLE
system uses a version of the routine :-IEITLER [24] to derive cross sections
for any element frorr; data in the UK Data Library. During -orogramne execution
the cross secticr.z are scored r.clr.t-v?' s<~, and l inear inteir.ol'-tior. is employed.

7 THE ALBEDO I.Z^OD FOR STBEAlil'G- CALC""L~.?I0I IS

The r-ff iciency of reactor s- ielding is always reduced to some extr-rt by
the precede-? of osocn* ia l ro.se ~nr. ar.d void-s~aees ccr.ts.~r.zng gases cr other
lov.: dens it;* rr.atfrialc. The cooi'-rt -assages through the shie l l of a gas-
cooled r e ' e ' r r Tcvide an o* vious <~-xam~le, b':t the problem is not confined to
this rycte™. r-\nce acc-'sc- spaces ard structural clearance gape must alsc be
present in ti e s':.irlds of ivatcr-ccled reactors and of sodium-cooled fast
reactors . In +he zc'r-'rs- ""fGcrdrcd in Section 2 the codes provided for
streaming c*;Icul"-ticr.r in *•• •"- s'lrvov orstion are based cr. •uhs Icernel—albedo
method. T" ir t-"c!ni •;•:- i s , ].or-vcr, r cs t r ic te " to the- simpler ~eonetries ar.d
i t is therefore r/.cf S S T / •-: rroviie a Vcnte Carlo option for the correct
treo.tr.ert of more cor.rli •• xc-! r;-rtf-"?. For this rurrcse. r.e-thcis have b-~en
developed by ' . : i l l r r [~rj ' r ". •.• vc- bee;, evalu'tod ~'o;: ::.oans of a code, ?.-.!"C':T,
for cylindrrcnl lucx3 -•'•.: •: ' c :'•- •'-•r.'*r"-l reoretr* code ".-"_*? OKU.

7.1 The "orm of i'-..•:• "Ibelo

The general form ••.€ *"••: '.•ll̂ -do (rep resent in- the ^rob 'bi l i ty of reflection
of r-.diation from a &-.rf:--c- ,'' .".-;," be •-x- ressed as

(i ( r - • r , E -* E. H -* O- )
I - O - C ' ~ c ~

where r , E ar.d JT arr- t: c rcsitio: ' . erer-'v "-nd direction of the incident
- o ^ - o '

radiati or ';rd r. E a;.d -0- are •*•.!•- ccrrespordir." quantities for the emergent
Tiation. For botl: neutrot- a> d '-amma-ray data the followir.f; general si*npli-

i f i t ion P h.avp been no ie:

( i ) Peflected particles are ass"med to emer--e at the po'nt of
incidence, ie r = r .

( i i ) The angular distribution of t!ie emergent radiation is assumed to
be independent o-'1 h <•]• the energy and the direction of the incident
radiation.

( i i i ) The energy distribution of the emergent radiation is assumed to be
independent of tre direction of the incident radiation.

The remaining functional dependences are then expressed in the following
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p a r t i c u l a r forms:

( i ) Energy i s r e p r e s e n t e d p;roup-wise.

( i i ) The angu la r terms d e p e r l or. a no --r of t h e c o s : n e

Thus, t ne a lbedo f o r - ~iver. wal l m a t e r i a l r.iy 'UP w r i t t e n as

- n ( - ) 1 -n ( r )

«„•> g) A ( r . ) A o ° B(

where <* r e p r e s e n t s a rrroup n u r b ^ r ar.l A 1c *~hn oos 'r .o of t h e T ' - 1 P t o the
s u r f a c e n o r r . i l . For n--;tr~*-s t h e fi ^enr. •-• r ":••••-• r-'nf-.'. r.--\ •'"ron d i f f u s i o n
c a l c u l a t i o n ? wh i l e 4 '<;••• valU' 3 of A ar.'l r -">r B •".:.•.! r. • ";vo b---><ri 1- r i v e d by
f i t t i n g t he e x p r e s s i o n s to 'J.P .-^s ' i l^s 'if ?>^*-P Car lo c i l c u l °'1 i r r s . For
ganrva-rays t h e f u n c t i o n s h ive OP" n d e r i v e d fr"1-. -••b!'sh>>d e ^ r p i l a t i o n s of

^ n t ^ a ] a ' h o i o s .

Thiis de f r ee of n i m r l i f ina^ io^ h" s ".:• -• r. -;n^l r."' cti'ly 'o ens::r« r a p i d
samplin/j fro-; ^ro r^fl^^-f-ed i i o t r i r ^ : or h ' j + , no"" -Jr.rort--nt l y , t o rfdur»o
t a s k of cal o Z " v " r.r; "ThMc ' l i t ' •*' r J.r P v:" l r r i r ~ ^ ' f v : i l : rr t o r i ' i l s encoun-
t e r e d 4n p r a o t i c 1 ! To^ ln r r . s . Tr. r ' -^ ' iro 1 r v ; 1 . o r - T ^ s ! t ^s an t i c in ' - ^pd tl^at
t h e az imu th i ] IoTK~r i°>: '••? " in b^ i r . ^ r cducp ' ir:tc *• •"" ' ih^do usr i vrHh t h e !T~
Car lo method v.r; *"h.̂ :J" in ir i^r^ri-h"- '1 I O . T of rr'' ^1 r;1 ir. '.!Jiaccr>Titibl o anour.t of
work t o c a l c j l l o t : " a l i ; ' i •.'• '•.'. : : i t i . "•'••••.'fr, 1' v.'puli not be p o s s i b l r f o r
a l l t h e s i r .p l i f ' i e ' -1 ion? to V ror .TV'i , r.or lo- r- f - ^r T V ' a r t o br- n--c~ssary
on t.: o ^vi-it-1?-?r> r f i : -̂  c ' :cr^orf ' ; l ap-il i "• t : onr of '"h^ c4 rr:"l' f i o i " Iher lo . T":o
examples of 3' ch IT^P"1 i c tlo'-.c! • >-c i '. lua+"."--t-"- : ir F i - i r o s ? to 6 . Fir:-;rc 3
shov:s t!;. or.-:-, ' r e - , an i ^ . l ^ e - l - •"••-•! 3 f t . r.-j-;-r-- ?on:-:--4---;villr>d duc t s
s t u d i ^ l ext^r^sivply i t nh:T. [?^]« ^•• p 3o-:rc-- : V \ * : - To <̂ r 5hi"ldir.f: Reac tor
i s a c o l l i r . 1 .̂1 r<~-it--r. r- ' ir . i ; ^ i l " : t '-t 4 r-' c:. • r. !•:•- v a i l . Tn ? i - : r p -V t h e
r e s u l t s of RXCT-OTO c l o u b t i c r . ? :r^ ^f-r:---ro'! •.•;:t; :rp-iC-.jre.T.~nts of t h e thor r .a l
f l u x due to l i ' ^ ' 1-r-i.t t i • rr.al r---:tr n s . ? ! - :'•-• ^ i i l u r ' ! r-- tos a * ' r . roo-le-f °d.
d'i?t of r e c t a r ' - . 111- ," - -ss s^ •i ' or. ••. .-r^-.hi •- 1 : r * o ' •.•- t h : - . a l column of t l ie
&LEEP r e a c t o r i t : i r w . . l l . A "or.'-e C-.rlo -a". c- i i t !"• -"or *•-. in d-ict was
perforr.e.d v::.ti. '.i.o c y l i i v i r : '*al "r-o'v-try RA"C*;T; cc i^ by rppr^S ' - r t i'..f, t!:e duc t
c r o s s s e c t i o n by •: c!" ' - ' ; Ia r c ross G ; c t : o ; : of f • • s'-.-r a r o a . The p re l i - ' t i o n s
of t h e l-esponr-o of a 3 P , c-ambfr a r e cornp-."0 ; v;i+.!i f- ^ reasurern'-n-t s -itrl v r t h
t h e p red ic t : ' o t . i cf thi ^•-r ; 'o l--r : - -do - •!•-• T ' L T i r ^ D ••. P i - : r e 6 .

7 .2 Vafjar.ce r e d u c t i o n t e c l r . i a i o s

In most s t r ^a run r : pi^oblors s r.o f ^ rn cf a c c e l n r i t i o n i s r o o u i r c d i f t h e
Monte Carl r.othod ^ s to ho of nra •!..1 a l ' if1 , i n i v i r i r u s *rc!:ni -UPS h.ave been
examined.

( i ) The f i r s t r .^ thols i n v e r t ; "•i*-od i r . v r l v 1 ! binsr- ' . l n-inp I ir." from t!>e
ar^ r . ln r li rtr i bu^ ' or f • r r e f l e c t e d n . l i a t i oi:. Th.ro'- types of
b i a s s l n r wer" examined:

(a) The isimutlnl an-]^ •vis S":irl~l fron i distr ibution with
a l inear bias wh'ch increased tr,e rirobability of
reflection in the forward ' irection by a factor N re la-

c
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tive to the backward direction.

(b) A polar angle biassing in the form of an inverse power of
-ND>

the cosine of the polar anp:le {/*• ) was used to
increase the probability of sinling it glancing angles.

(c) Correlated sampling of the azimuthal and polar angles
was used, with stronger biassing being applied near the
start of the leg than near its exit.

It was found that the optimum choice of biassing functions
increased the efficiency of a three-lec:ged duct ca.-.ulation by a
factor 60. Polar angle biassing was mcst effective, and
surprisingly correlation of the azimuthal and polar angle
sampling did not improve efficiency.

(ii) The method of splitting and Russian roulette api"'.ied at each
point of reflection was examined. The importance function used
was independent of energy and was an exponential function of

the distance along each leg of the duct (e ). The function was
adjusted in trial runs in order to give an approximately uniform
flow of particles along the duct. In a three-legged problem with
a mouth source the use of splitting improved the efficiency by a
factor of 500.

(iii) With the high intergroup transfer probabilities in the albedos
it li usually a problem to obtain accurate results in the high
energy groups. There is a straightforward way of avoiding this
difficulty if the emergent angular distribution in the albedo is
independent of energy since in this case the same set of particle
tracks may be used for all groups and the group dependence from
the other terms in the albedo can be taker, into account by
carrying a separate particle weight for each group. This "group
correlation" approach has been extended to albedos in which the
angular distribution does vary with energy, when these variations
are allowed for by means of additional weighting factors.

Table I summarises the relative efficiencies of RAFSORD calculations for
the three-legged ORNL duct using the various angle biassing and splitting
options. It can be seen that for this case it was splitting which was the
most powerful technique, and this enabled the thermal neutron calculation
described above to be completed in 3 minutes on an IBM 360/75 machine. The
group correlation technique was used in the calculation for the GLEEP
rectangular duct, in which the Monte Carlo results in Figure 6 were obtained
in 1 minute. The increase in efficiency was estimated hers as a factor 3»
Thus, although the major improvement in efficiency achieved with this method
occurs at high energies, the calculation of low energy fluxes is also
accelerated significantly.

V
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8 SUMMARY

The special features required of Monte Carlo codes to be used by shield
designers hBve been identified as J. flexible mode of construction, efficient
operation, and ease of apnlication. In the scheme described in this paper
the flexibility is provided by the WES modular coding system, wh?ch
facilitates the assembly of Monte Carlo codes and their linking with the
approximate methods required for many practical applications, and allows
alterations or additions to be made without the need for major repro,?ramming.
The requirements for speed and for economy of storage have influenced not only
the variance reduction methods but also the choice of simplified treatments
of geometry, neutron cross section data, and albedo data. The need to
facilitate the task of the programme users has led to the d°velopment of
automatic variance reduction facilities. It has also set a limit on the
degree to which cross-section data can be simplified, to ensure that the user
is not left r;ith a choice of parameters such as the number of groups or the
cross section averaging procedures, which may be problem dependent.

The aim of providing Monte Carlo methods which can be used efficiently
by engineers for routine shield design calculations on commercial reactors
presents considerable problems. It is believed, however, that the techniques
described in this paper represent significant progress towards this goal.
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TABLE I

Relative Efficiencies of the RANSORD Acceleration Techniques
for a Three-Legged 3 ft x 3 ft Concrete Duct Geometry
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Importance
Splitting

yes

yes

no

no

no

no

no

no

no

no

no

no

no

no

no

no

Reflected an^le Massing

Polar angle
N D value

0

1.6

1.0

1.5

0

1.5

0

0

1.6

1.6

1.7

1.7
0

1.6

1.5
0

Azimuthal angle
N value
c

1

100

1

5
1000

5
10

100

1000

100

10

100

2

1

1

1

Correlation

no

yes

no

no

no

yes

no

no

no

no

yes

yes

no

no

no

no

Relative
Efficiency

500

160

65

65

25

18

17

17

11

6

4

4

3
2

1
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Fig. 3. Geometry of the ORNL concrete ducts (ORNL-4147).



I I I I
SMOOTHED EXPERIMENT
BANSORD CALCULATION^ > EXPERIMENT - CADMIUM COVERED SEB40 TYPE

BF3 CHAMBER
MULTISORD
RANCYN l i t t ERROR BARS)

0731 X I O f l . ° ° O29
« ONE-LEGGED PROBLEM
O TWO-LEGGED PROBLEM
• THREE-LEGGED PROBLEM

BIOLOGICAL SHIELD

-I CROSS SCCTION OF DUCT t
EQUIVALENT CIRCULAR
REPRESENTATION FOR RANCYN

(RADIUS* l» 31

GRAPHITE
THERMAL COLUMN

IO SO 3 0 ~
CENTRE LINE DISTANCE FROM MOUTH [HI

Fig. 4, Comparison of RANSORD
predictions with meas-
urements of the thermal
neutron flux in the ORNL
ducts due to incident
thermal neutrons.

I* THICK'
MILD STEEL
LINER

Fig. 5. Three-legged steel-
lined duct in GLEEP
thermal column.

2OO
DUCT CENTRE LINE DISTANCE en

Fig. 6. Comparison of RANCYN
with MULTISORD for a
three-legged duct in
the GLEEP thermal
column.



335

DISCUSSION

Gelbard: There was a question raised initially in this talk as to whether
general geometry routines were substantially more expensive to use than speci-
alized geometry routines. Does anyone have any information on this subject?

Whites-ides: Since one of the most extensively used general geometry rou-
tines (aside from routines of combinatorial type) was written at Oak Ridge,
our experience might be of some interest. We find that general geometry rou-
tines generally run four to five times longer than specialized routines. That
is quite a penalty to pay to use a generalized geometry routine. I believe
that Mai Kalos is better qualified to comment on the combinatorial routines.
but we.find them quite a bit faster than the generalized routines for the rela-
tively simple problems in which we have used them.

Gelbard: Did you say that the combinatorial routines were quite a bit
faster than the general geometry routines that you have been using?

Wkitesides: For the problems that we have run, that seems to be the case.

Gelbard: I would think of them as general routines, not specialized rou-
tines .

Kalos: The combinatorial geometry code has.the property (as such codes
should) that when it is required to treat a slab, it does so very well. It
does not investigate to see whether a slab is, perhaps, a general n-th degree
polynomial, or whatever. It treats slabs in a rather good way, though not per-
haps as well as possible for infinite slabs in all cases. It is possible to
have your cake and eat it too. It is possible to make reasonable compromises
and I am glad to hear we have done a reasonable job in combinatorial geometry.

Whitesides: I was speaking of combinatorial geometry, as opposed to the
GEOK subroutines of the 05R which most people are using. GEOM solves a general
equation for every surface, and you may not have to do this, as Mai Kalos says,
in combinatorial geometry. You solve only what you need to solve.

Gelbard: At Argonne we don't have any information on this subject at this
point. But we ought to very soon because our original VIM code has a very
specialized geometry for ZFFR lattices and we are now supplementing this with
the combinatorial geometry capability. We will be interested to see what sort
of comparisons we get.

Borgwaldt: We have a general geometry routine, I think like that in 05R.
But we identify simple surfaces, like planes orthogonal to the x-y and z axes,
and cylinders parallel to the z axis. Since they are identified separately,
we get fast execution speeds for such surfaces, and normally only a very small
number of general planes or general second-order surfaces are really used.

Coveyou: I was wondering about that factor of 4. That is the execution
time for the geometry itself? What is a typical figure for the increase in
running time for the problem?

Whitesides: I am not sure I know ...
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Kalos: In a lot of problems, in our"experience, tracking through the
geometry takes a very large fraction of the running time — at least half, per-
haps more.

Whitesides: Yes, that is right.

Gelbavd: What is it in RECAP? Is it about 40%? I think that you men-
tioned that earlier.

Gast: Yes, that is correct.

Gelbavd: So, one-half is not unusual for a wide range of codes.

Kalos: I would like to add one comment about the use of complex geometry
routines. In particular, in combinatorial geometry, the running time, the
speed with which you treat a complex geometry, can well depend on how you set
the problem up. For example, you may have a particularly complex domain which
is not encountered very often and which may require a great deal of computa-
tion. If you use the simple device of putting it in a box, then you never
have to deal with the surfaces in this domain unless you first encounter the
box. The geometry computations will, then, speed up considerably. I don't
knew how to give general prescriptions for the average user, but a word to the
wise will go a long way.

Gelbavd: The other suggestion that has been mentioned is that simple
surfaces be identified specifically in general geometry.

Coveyou: When I designed this sort of routine originally it was based on
a block and zone concept, so that you in fact never did use the more complex
parts of the routine unless they were needed. Has that feature been dropped?

Whitesides: No it has not been dropped, obviously. But the problem is,
as Kalos correctly pointed out, that the efficiency of the routine in a speci-
fic case depends on the care and time you invest in writing out the geometry
description. In general, most people find that it is easier to let the machine
solve the geometry problem than to try to treat the geometry carefully them-
selves .

Gelbavd: I would like to rush the discussion today, because I want to
stick strictly to schedule and would like to cover some other questions. The
biasing that you discussed initially was one where the machine adjusted the
biasing so that you got equal density particles in equal volume of phase
space?

Gvimstone: Yes.

Gelbavd: Have you had any opportunity to notice what effect this has on
the error estimates? Have you had any trouble with error rstiiaates with this
sort of biasing.

Gvimstone: No, we have not really looked at this in any great detail.

Kalos: I want to ask first of all a technical question about this adap-
tive procedure. When you use this method, do you start with some sort of guess
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as to what would be a good set of weights, or do you start with flat weights
and go on from there?

Grimstone: We can do both; but I think in most applications we have, in
fact, started with flat weights.

Kalos: So that means that your information growss diffuses out slowly
from the source, and it also means that you have to execute some sort of
cycle, stopping, taking a tally of what has happened, and improving and going
on. About how many such bootstraps seem to be necessary in a penetration
problem where you have an attenuation of, say, 106?

Grimstone: Generally we make weight readjustments after every particle
history, and do this throughout the entire calculation.

Kales: Then the procedure is biased, your answers are biased.

Gelbard: You recall that he said that the arrangement settled after 5
minutes of computation, that although one continues to adjust the weights in
principle, in practice it is claimed that the adjustment process settles after
5 minutes.

Kalos: So that, in practice, he is claiming that, very likely, the bias
is small. I don't deny that.

Gelbard: This does depend on the settling time.

Grimstone: Presumably the bias would be smaller if we were to discard
that first 5 minutes of history, which we don't, in fact, do at the moment.

Kalos: If you did that, then it would be unbiased.

Ginmstone: Or almost unbiased ...

Kalos: No it would be unbiased, completely unbiased if you discarded the
settling period and did not readjust weights afterwards.

Grimstone: If we continued to refine the weights somewhat then it would
be somewhat biased, but probably not fco a serious extent.

Kalos: I regard the fact that you are able to bootstrap from zero infor-
mation to a reasonably satisfactory scheme as a significant triumph. In the
very early days we tried manually to do things like this and our experience
seemed discouraging. I am very encouraged and hope that we can do some experi-
ments along similar lines. We have had some ideas about bootstrapping which
are not quite the same as yours, but they rely on one's ability to do this
kind of thing, and I think that your success means that we will have success.

Coveyou: Have you performed the experiment of doing this kind of calcu-
lation twice, and comparing the weights you get to see if they vary very much
from one run to another.

Grimstone: Yes, I have tried to see how rapidly the weights appear to
be converging. The weights that we use are, in fact, very closely related to,
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and very similar in properties to the flux estimates themselves, and there-
fore behave if roughly the same way.

Coveyou: I wonder whether such a procedure has, shall we say, metaptable
states. Would you get a set of weights on one run, and yet another set of
weights and another set of answers if you were to rerun the whole problem
again, with a different set of starting weights and random numbers? I am won-
dering if it is sufficient to rely on the fact that the weights seem to have
settled down.

Grimetone: Well when I say they settle down what I mean by that is that
they might only have reached, say, within a factor of 2 of their final values.
I am not putting any very stringent convergence criteria on the weights.

Gelbaxd: I want to direct a brief question to Whitesides. In Grimstone's
study of the effect of cross sections, it was found that the cross sections
for iron in a big hunk of iron did not have to te represented very accurately.
I recall Monte Carlo studies of this sort at Oak Ridge, and I seem to remember
that they came to ocher conclusions. Is that not true?

Wkiteeides : That is correct. It just depends upon what sort of problem
you are looking at. If you are looking at a deep penetration problem through
iron, and you have many neutrons in the vicinity of the windows, they are going
to stream through. One thing that I have personally been concerned about for
some time (and this applies to criticality problems where you have heavy metal
reflectors) is that it is very, very difficult, I believe, to define a multi-
group set that is going to work. You are simply going to run into streaming
through windows when you least expect it, and when this streaming might cause
you the most difficulty.

Gelbard: The problem that was described here, was it not also a problem
of penetration through a large chunk of iron?

Grimstone: That is right, yes.

So it is not really clear why the conclusions are so different.
The Oak Ridge conclusion has been that you need an accurate cross section
representation.

Whitesidee: Obviously you can get a set that would give you the right
anr-rer.

Celbard: But the windows all disappeared in the smooth set that Grim-
stone used.

Wfiiteeidee: That is so.

Gelbard: If you can close these windows with impunity, then the cross-
section problem becomes very much easier. The Sn method then becomes a much
more important competitor. We don't have time to discuss this, but I think
it is really important to people in our business to think of the role of
other computational methods. If windows don't matter too much, Sn becomes a
tool which is much more valuable.


