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ABSTRACT

A suite of Monte Carlo codes is teing develcped for use on
a routine basis ir. commercizl rezc*or srield design. The methods
adepted fer trnis purpese include the modulzr censtrurtion of codes,
simplified geometries, zutomitic vairi-nce reduction technicues,
coertinuous enerzy treatment of cross section data, and albedo
metheds for streaming., Descrirtiors zre ziven of the imlementation
of trese methods and of “ieir use in oprac*isal ezlculations.

1 TITTRCDUTTIOCH

The cbjectives of the work on Monte Carlc 2t Winfrith have been to
develop methods which can be used by engineers for commercial reactor shield
design. The eentral vrovlem in practical shielding ca2lculations is the
determination of radi-tion zttenuztion ir systems with complicated geometries.
Whilst 'onte Carlo is the obvious choice of method for treating problems
with strong geometric effects, it is not well suited to deep penetration
calculations. Two general lines of aporozch have been adopted to overcome
these difficulities: semi-znzlytic teciniiues exploiting the well-tried
removal and zlbedo approximztions zre usel for the treatment of streaming
phencmenz in ducts znd veids; znd zdjoirt diffusion theory solutions furnish
approximate importance functions for z2cceleration in bulk penetration
problems,

Tris marriage of the conventionzl methods which have long been estab-
lisr.ed for snield design with Monte Carle 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
exarple, used line-of-sight formulaze to calculate neutron sources from AGR
fuel clusters for the Monte Carlo treatment of the PCRV penetration-head
region (1). Similarly, Avery and Pugh used two-dimensional Monte Carlo to
investigate streaming phenomena in the refuelling machine of the Magnox
station 2t Trawsfynydd [2). Avery and Warman have employed an albedo-Monte
Carlo method in calculating the streamins of neutrons and gamma-rays along
air gaps and passageways between the vessel and primary shield of a PFR [3 .
The use of diffusion theory in adjoint mode to provide approximate importance
functions for acecelerating Monte Carlo calculations has been demonstrated by
Bendall and McCracken (4],
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This paper describes how the methods of coding, data handling and
variance reduction have evolved as 2 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, 2nd 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 [5]. 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 line-of-sight,
kernel albedo, 2nd diffusion theory in the various forms used for shielding
applications (eg the COMPRASHE removal-diffusion method [6] and the Adjusted
Diffusion Coefficients (ADC) Method (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 calculzations and for
repetitive runs in shield optimisation studies. The codes and methods
developed at Winfrith are complementary to the generalised geometry code MONK
which is the subject of another paper at this Conference [(8]. This code is
used primarily for criticality applications, but it can be utilised for
shielding studies where the geometric capabilities are essential for an
adequzte 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 2t the expense of some accuracy. It is also essential to reduce as
far as possible the de~ree 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) simplified geometries or specially written geometry modules;
(iii) automatic variance reduction facilities;

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

(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-albedc modules for semi-analytic
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The Winfrith Radistion Physizs =1l S'*.liing Greur (WRS) Cypeern{ ] - - :
inte the first category. Fro-rzmoes crpled O Wi i

prosrzmmes running under the rncrm:l

coding technigues z2rnd stazndzrd rout!

improve the ezse arnd flexibil: :

es-ecially for thre complax ser
design calcul-tion, It is bec-: : 4
processes, of which the Monte Czrlo tr'ckzu: zyels
that the WRS system concentrates n tire constriction of si
than automated linkages between sepzarzte compiter runs -5

the basic aporoaches mentioned above, Ho ever, I
be run efficiently as separate jobs tiis secornd appro:ch c=
powerful through the use of a highly oresaznised i-*2 brgs Wi
management routines 2s, for examrle, in *we COSIOS syzter [1v] @ ok tos been
developed at Winfrith. The two approaches are c.mrlermert~r: since *+:a baste

unit in the COSMOS schemer is 2 code, znd this cod= may be cne =ssemnprled fror

WRS modules. Trus, if the shield desisners using WRS cniles retuire extorcive
data banking facilities or automated links with core ecaleculztions *ier +hrse

are availzble through COSKOS.

o4

.ot 4

342 Description of the WRS system
A WRS module consists of one or mcre svbrou‘ines. A presrarme i

assembled from one or more modules to-cther with 2 linkine moduls (s Fortran
main programme possibly supnlemented by subrout;nes) wrich controls tic
logical flow of the calculation, The ezse znd flexibility of code ~orstruction
is achieved through two mazin features. The first is the convention that =2
module must be capable of zccepting its initizl data cither from cards or
from a2 general location in core store or on backing store. & similar rule
applies t» the outnut, with the line printer rerl:cing the c~rd resder, 7T is
provides considerazble flexibility since the sare module can be used, Tor
examcle, eitrer on a stand-alone basis (=ith just a very simple 11pk1ng
module) or as part of a prosramme in which some or all of its iritizl data is
calculzted by other modules. The second fezture is the method for the dvnamic
storage of data in core and on backing store. The data in core resiiles in a
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There are *wo fzctors wiishn lex
reuirererts of WRS prosrum es. fe first rressn the
system routires wtlch occupy 2% K brteg, : i :
presence of tie full iInrut =nd cutru® -rilonms In ~v-ry mcdule,

However, the latter zre cfitern writ‘en »s sernrzte subrcutives so
A . overizy. In zddition,

s

that spr-e can be savel thrcugh the u cf
e ise can be
4

he

made of the data stormge arez by keeping <
by removing datz when it is no lenger resuired.

It is a feature of all but {the simples® modul=r systems thzt the
initial task of prograzmmins becomes rrotrzcted and more complex.
This is =acknowledged to be true of the WRS system, though b no
means to an unacceptable degree,

Experience with the use of the system has confirmed the view that the extra
initial coding effort is repaid ultimately during the assembly of large

programmes.

The ability to use modules on a stand-z2lone basis has been found

useful during the testing stages, which are often esrecially lengthy and
difficult in the case of Monte Carlo codes. '"he system also provides z very
convenient way of linking Monte Carlo with the approximate methods for the
types of hybrid calculation described in the Introduction.
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forz- 1 : i~ secmotrr with rrovision
for tis introduction of aylindriczl resiciz rorresert’ng 21 eranels, control
rods or, in tre cace of 2 ssdiumecooled Dast rooctor, matorinls terting igs
contzinin- eylirdrieazl C Tre VeRlD ~ {477 i 5 accordingly been
written fcr ti1 rpo i 0= zorn soometry in wiich the
horizontal resc P 21 trizngles on
Are 3upTrimpos r each triangle the

tecrini e of W ] is used, in wii tne collision points are
determined us mean flree h corressordin- te *he highlsest cross section
of zny material in the ‘riangle. At ==zch point tie rztio of the true cross
section to this maximum cross se~tion is czleul-:ted, =2nd using this ratio as

a preobzbilit; z choice is made between = rezl rez~tiorn and 2 pseudo-reaction
in which no chanse of energy or direction cccurs., Tris method has the
advantage that it is not necessary to czlcul=zte distances to region bound-
aries witrin the triargle but only to test whether -+ co-or’inzte "s inside or
outside a region. There is a2 danger that this saving of effort will be offset
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by the generation of large numbers of pseudc-collisions f there are materialc
present with widely different cross sections. FHowever, his has not proved

to be a problem in the application of McRIG to garma-ray heating in fast
reactor cores. This is probably due in part to the particular geometric
configurations, znd also to the fact that the energies at which widely differ-
er' cross sections occur are unimportant.

While this approach provides geometry czpabilities adequate for a large
r-nge of problems it is essential to have 2 more ~eneral code for those which
a: not amenable to a simplified representation -nd wrich are not sufficiently
¢ wmon to warrant specially written geometry modules. Reference has already
been made to the meneral Monte Carlo code MONK developed at Risley. An example
of this type of problem occurred in the design of the Prototype Fast Reactor
when the general geometry code GEM ([14] (the forerunner of MONK) was used in
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TARLUUIE REDUCTION MNETHODS FOR PENETRATION CALCULATIONS
el Tiv o o2 e dnted dmporiarce function
applications zcceleration technigues employing
razve tre advantzges of teing relatively simple
nowerful fer deep penstratiorn problems, zand of
f zprlications. The method was implemented in
r programme MeNID [16], in wrich splitting and

ces with 2 fixed splitting pover of two.
: o res that no allowance is made for the energy

depro ey ee 28 4ile Ioecrtirnee fur ctﬂcn znd thzt considerzole initizl experiment-

v iov Ts oo e ipadl to £3ird the best position for the splitting surfaces.

AHoeonsirr DI Anmereyel mothied vz uced by Bendall in the prototype one-

[4] ir which splitting ard Russian r-ulette may occur
-oints distributed uniformly zlong a particle

gre= of splitting is determined by reference to

o imrertoo ’nt ich may depend on vosition, energy, =nd direction.

T4 wme 3”ﬁ“1$1?%tf1 +a't thie use of zn aporoximate importance function obtained
frem 1 - 13~ int remevaladiffusien calculation was very effective in acceler~
atin~ v~ ciioilitiorn of 2 spocific pay-off.

The s otenctor of this method to higher dimensions was not immediztely
possibli~c owin~ to ‘i~ 1uck of a sufficiently fast two-dimensional removal-
diffisier vroframme. This obstacle has now been removed by the development
of 2 mthed of wdjusied diffusion coefficients (2DC) [7) which elimirates

the longthy c:lculztion of first collision sources, and 2lso by the intro-
duction of imrroved methods for the solution of the diffusion eguations [17].
It is now r.orvosed tc investigate the further extension to three dimensions
by using tie diff :sion crogramme SNAP [18] in adjoint mode to calculate
importar.ce functions.

5.2 A _sclf-zdjusting accelerction method

A metiiod has been established for circumventing the difficulty of
calculating imrortance functions in the rather aifferent, but not uncommon,
class of problem in which uniform accuracy is required over = wide range of
enercies and pcsitions. This is freaquently the case, for example, in a
gamma-ray teating calculation in a reactor core, and it was the type of output
needed f'rom the onc-dimensional reference calculations to which diffusion
solutions were fitted in the nroduction of adjusted coefficients for the ADC
methad mantioned above. The technique, which has been tested in the prototype
XY geometry code McBOX, is to arrange for the programme continualily to adjust
importance values on the basis of the histories so far generated, with the aim
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of assisting the penetration of particles toc all parts of ohase space in
roughly equal numbers. The source module of McBOX sarzles frem a distribution
S’(x,y,E), and if the true source function is S(x,y,E) it assigns a weight
T = S(x,vy,E)/8'(x,y,E) to the particle. For the purroses of the split‘ing and
' Russian rcoulette process the phase space of points (x,y,E) is divided intc a
i . number of regions, ezch of which has an importance value denoted by I. It is
' convenient to regard W= 1/I as the "region weight". Particles h-ve a track-
' ‘ ing welght U which is initially 1 and whicl: is separaste from the source weight
’ T sc that the total weight used in flux estimation is the product of T and U.
Splitting or roulette may occur wken a pzrticle enters 2z new region by cross-
ing a spatial boundary, by suffering an ernergy 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/W, the ratio of the old
particle weight to the weight of the new regior. The actuzl 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. Tkhi
H ; method ensures that the expected values of the particle weizhts are equal to
: the region weights themselves, but the weights within any region are of course
distributed somewhat beczuse only intesrzl numbers of particles can be
produced oy splitting and roulette,

[N

: Tne quantity which the programme calculates for use as a region weight

g ; is the "current” entering the region. This is a gquantity whsch would be

’ : observea *ith a tiue source S'(x,y,E) 2nd no splitting., When spiitting is in
operaticr. the current from a ziven number of source particles is estimated

. by (2:U)/V'where V is the region volums snd the sumraticn is tzken over all

¢ : particles entering the region. Thus, when the weirht adjustments have
settled dowvm we have

N

W= (ZDA

“ ; number of particles entering any rezion is proportional to its volume. This
is the gquantitztive irnterpr-tation which hzs been given to the requirement
for particles to be distrbuted evenly throughout phzse space. While this
criterion probably gives an approximation to the optimum conditions for most
. : problems of tuis type, it canrot of' course always guaraniee equal variances

& . in all regions. For example, tre errors still usually increass with distance
K from the source since the tracks tend to be more highly .orrelated at larrer
. distances. It is also n~t zlways possible to apply tlre splitting method

d without modification. It has been found necessary, for example, to limit the
i . number of particles produced by spliiting 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.

C R -

; v Subject to these qualifications the method has proved to be useful,
; M esnecialls in ezsing the task of the user in this type of problem. It is,
! ) of course, essential for efficiency that the weishts should be substantially
- ‘etermined within some reasonable froction 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
B £ 30 minute run Tor neutron penetration throurh 50 cm of iron.




6 THE HALDLIKNG OF DATA FOR PENETRATION CLLCULATIONS
6.1 Neutron data

The choice of a scheme fcr handling intersction dztz must be mzde in the
face of conflicting demands.

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

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

The scheme which is used in the Monte Carlo shielding codes a2t Winfrith is the
DICE system [19] which consists of two pa-ts:

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

(ii) a suite of routines which are lozded with the Monte Carlo progrzmme
and are called to calculzte mean free paths and to determine the
outcome of interactions.

In this system energy is treated as a continuous varizble 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 czlculates the
cross sections by averaging the UKNDL values over each group. Angulzsr
distributions are also converted by MOULD into a more convenient form which
consists cof equiprobabie ranges within ezch of which the probability is

assumed to be constant. 32 equiprobzble ranges have normally been used.

Energy distributions for scattered neutrons are taken from the UKNDL without
alteration except that coniinuous probability distributions are =gain expressec
in terms'of equiprobable ranges (64 in number).

As a compromise between the conflicting requirements noted above, the
cross sections have nermally been represented in 300 DICE groups covering the
range C.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 vieinity of
narrow resonances, and it is therefore nezessary 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 averzged microscopic cross sections
for each element using as its weighting factor *he reciprocal of the total
cross section for the element. Thus, for = pure element the weighting factor
approximates to the asymptotic infinite medium flux shape (E‘f Zt)‘1, since

the energy E and the mean logarithmic energy decrement ¥ are almost constant
over such a narrow group. In this case the error will therefore depend on how
far the spectrum differs from this asymptotic shape. Ir 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 envircnment of the element.

£,2 Tests of neutron da‘a

These effects are currently being examined, principally in the context
of benchmark ex-eriments [20) performed in the ASPIS shielding facility at
Winfrith in w: ich tre source is a conventional fission plate. The standard
schere vwit! 300 DICE groups has been used in calculzticns for an experiment in
which spectra were me-sured in a thick iron shield. As can be seen in
Figure 1, tne czlcul-ted fluxes below z few hundred KeV are hirsher than the
spectrum ovtzined from rroton-recoil counter measurements by up to a factor
two., In order to fird out whether these differences can be attrihuted to the
cross section revreseniation in this region of narrow resornances and minima
some tests hzve been mzde in which very much finer DICE groups were used.
For thes:s tests trhe MNOUVLD programme was rerun to process the same basic data
into zbeout 1300 eroups above 1C KeV. Figure 2 shows in a smzll but typical
enspry rivi-e Yo the standard zroup scheme fails ‘o follow the cross section
variition, ird tn~t wrilz: even t e 1000 group scheme is not comnletely
2de u"tc it s sufficient to provide a test of the effect of a2 finer represent-
aticn. & cne-dirmensionzl case with a plane fiscicon =ou-ce was ured and the
flux =t yiv te 70 om from the source was calculated in fzirly »ro=d groups
(sirilar to these used in the ASPIS calculation). The “eB0X programme wWas run
for leonz encush (15 mirutes CPU on an IBM 370/%65) to r~ive standzrd deviations
of =zbcut 177 for ths group fluxes. No statistically significant differences
wers Tourl botreern +he results obtained witnk the stardard schems and the fine
groun =ot~me, With the bread group scoring it was not possible to observe the
differsnces of fine structure wrich were undoubtedly presert, but the result
shows %trn.t 2 Tirer 2ross section repres=ntation does not significantly alter

tre gorer=l flux level, It is concluded that the obs-rved diftferences from
the me-sured snectra ~<re not due to the cross section representation, and
that ir. -reblems similar to this the normal DITE group scheme is adequate for
predictirg 2t iezst those response functions wrich do not snow 2 rszpid varia-
tien with encrzy.,

«3 Dztz sersitivit; calculations

Os

Tests of “nis kind invclving the comparison of independent Monte Carlo
runs zre of'ter. difficult hecau. e the differences are masked by statistical
errors., Tre rrcehlem arises also in calculating the sensitivity of results to
smzll cisnzes in “‘he basic data itself. A way of overcoming this difficulty
is to use tne same set of histories for both cases and to take account of data
chanc~es bty means of reig: ting factors [21]. Consideration 1is being given to the
use cf tiis metrnod for the data sensitivity calculations which are required in
shield design rroblers with complicated geometries in order to identify the
major sources -f error and to make error estimates. For the method to be
useful it is necessary to be z2ble to look at the effects of a large number of
differernt data changes, 2nd this is best done by writing details of the basic
set of ristorias onto a magnetic tzpe which can then be processed as many times

15 NelelAIrY.

5 Gamma-ray data

Data handling is -—ery much simpler Tor gamma-ray tracking than it is in the
case of neuvtrons, The GAMBLE system [22] was written 25 2 gamma-ray counterpart



of the DICE system, znd wzs desi=ned so zs to be interchzngeszble with it., It
has been found necess-ry to concider only three reactions: Compton sczttering,
pair prodiction (¢, wr.ict, the protons are zssumed to be produced zt the
collision noin+) zr.d photoclectric absornticn., The justifiicztion for
omitting Br@mvstr’}lu“; ef'fects is bzsed on the work ct Dutton [23] who

showe? thrir contr rtu*ion to be negligivle in reactor shield design calcu-
lztiors, whern the prinhﬁpzl sources azre usually below 6 NeV, The GAMBLE

system uses a versior of the routine BITLER [24] to derive cross sections
for any element from la a2 in tne UX Data Library. During pnrogramme execution

the cress section: are sored roint-w'se, and lirezr intermol-tion is employed.

7 THEE ALZEDC !ET0D FOR STREATING CALCLATIONS

The ~fficiency of re<ctor s:ielding is alwgys reduced to some ext~ri by
tiie nresencs of essentizl ragc- ~er aud veid-s-zees ceornteining gzses or cther
low densit;” materizic, Tle coslort nascages trroush the siiell of z gas-

cooled re~cicr ~revide mn o vious exzm-le, bt the nroblem is roi confi-ed to
this cycten sznce ACCTES SDPRCES wd str;:turc, clearance gzpc must zlsc be
pregsent in vntor-co~led rezctors and of sodium-cooled fzst
reactors, < itcd ir Section 2 the ccles rrovided or

stream ng ﬁi‘cuT tiCh: ir. e gnrves option are bhased corm “he kernel-zlredo
rethod. T ir tocini e is, Lo ricte’ tec tic simrslier -cometries znd
it is therefore n&chS't' t~ rroviZe 2 Vente Cario ortion for trne correct
treztrert of movrc comrli~ *¢d rorters., For this rurccose., -ethols have bren
developcd by Viller [77]) -1 i ve beor evaluted b neans of = code, RATCVT,
for cylindrienl luc*z ~n1 = -cor cener~l ~eore*r zode ~AVSQREE,

7«1 The orm oof tio ~ibclo

’.Jo
g

The mereral form of *-:
of r-distion f'rom 2 suriuc

where r , E and f1 =are tre resiticr, erersr ~nd direction of the incident
-0

radiaticr «rd r, E =i i~ cerresrording cuantities for the emergent
liation. For both ~amra-rzy dzta the followins general simpli-
icntionms have been mz e

(1) Reflected particles
ircidence, e r = r .

(ii) The ang:lar Aistribution of the emereent r=diztion 1s a2ssumed to
be independert o” t *i the energy and tre direction of the incident
radiaticn.

(iii) The energy distritntion 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 fellowing

e B AT
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particular forms:
(i) Energr is represented sroup-wise.

(ii) The angrlar terms deperd on 1 ro -r of the cos'ne,

Thus, *ne tlhedo for - ~iver wall materisl mar be writ*en as

P(qc—) g) A(n)/ho B()/‘~

where « reprerents = groun nurber anl 4 ic *te cos'ne of the ar~le to the
surfice nerrmil, For nocitr-us the B term o or Yoo sbhtainel “ron diffusion

calcul~tions while *4s yalu g of 2 and n oar 3 23 0 tsve baon U orived by
:

‘D

fittin~ the exrressiecrs *o LL
gammz-rays tne functions tave bern derived from s bhilsieed oorpe
differenting

:
o regults of TTevrte Cavlp 2aleulntd
. 3

This derree of simrlificatior - Lo n isel ned only ‘o ensurs rapid
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tive to the backward direction.

(b) A polar angle biassing in tre form of an inverse power of
-N
the cosine of the polzr ancle ( m D) was used to
increase the probsbility of s2rnling 2t glancing angles.

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

It was found thzt the optimum choice of biassing frinctions
incrensed the efficiency of a three-lecged duct cz.-ulation by a
factor 60. Polar angle biassing was mcst effective, and
surprisingly correlation of the azimuthil and poizr angle
sampliing did not improve efficiency.

(ii) The method of splitting and Russian roulette apn'ied at each
noint of reflection was examined. The importance function used
wzs independent of energy and was an exponertial function of

the distance along each leg of the duct (e “ i‘). The function was
zdjusted in trial runs in order to rive an approximztely uniform
flow of particles along the duct. In a three-legged problem with
a mouth source the use of splitting imprcved the efficiency by =a
faetor of 500,

(iii) With the high intergroup transfer prob:bilities in the albedos
it i 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 taken 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 RANSORD calculations for
the three-lezged 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 pnowerful technioue, 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 her2 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.



8 SUMMARY

The special features required of Monte Carlo codes to be used by shield
designers have been identified as . flexible mode of construction, efficient
operation, and ease of apolication. In the scheme described in this paper
the flexibility is provided by the WES modular codins system, which
facilitates the assembly of Monte Carlo codes and their linking with the
annroximate methods reguired for many practical aprlications, and allows
alterations or additions to be made without the need fer major reprogramming.
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 development of
automztic 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 lef't with a2 choice of parameters such a2s 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
describved in this paper represent significant progress towards tris goal,
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TABLE I

Relative Efficiencies of the RANSORD Acceleration Techniques
for a Three-Legged 3 £t x 3 ft Concrete Duct Gecmetry

Reflected angle biassing

Importance Relative
Splitting Polar angle Azi%uthal anzle Correlation BEfficiency
ND value hc value
yes 0 1 no 500
yes 1.6 100 yes 160
no 1.0 1 no 65
no 1.5 5 no 65
no 0 1000 no 25
no 1.5 5 yes 18
no 0 10 no 17
no 0 100 no 17
no 1.6 1000 no 11
no 1.6 100 no 6
no 1.7 10 yes 4
no 1.7 100 yes 4
no 0 2 no 4
no 1.6 1 no 3
no 1.5 1 no 2
no 0 1 no 1
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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 s»hject?

Whitesides: Since one of the most extensively used general geometry rou-
tines (aside from routines of combinatorial type) was written at Oak Ridge,
our expzrience 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 Mal Kalos is better qualified to comment on the comtinatorial routines.
but we .find them quite a bit faster than the genmerzlized routines for the rela-
tively simpie 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?

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

Gelbard: 1 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-t% 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: 1 was speaking of combinatorial geometry, as opposed to the
GEOM subroutines of the O05R which most people are using. GEOM solves a general
equation for every surface, and you may not have to do this, as Mal Kalos says,
in combinatoérial 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 ZPPR lattices and we are now supplementing this with
the combinatorlal 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 OS5R.
But we identify simpie surfaces, like planes orthogonal tc 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: 1 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?

Whitegides: 1 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.

Gelbard: What is it in RECAP? 1Is it about 40%? I think that you men-
tioned that earlier.

Gast: Yes, that is correct.
Gelbard: 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 exarple, you may have a particularly complex domain which
is not enciuntered 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 rirst encounter the
box. The geometry computations will, then, speed up considerably. 1 don't
kncw how to give general prescriptions for the average user, but a word to the

wise will go a long way.

Gelbard: The other suggestiorn 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.

Gelbard: 1 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?
Grimstone: Yes.

Gelbard: Have you had any opportunity tec notice what effect this has on
the error estimates? Have you had any trouble with error estimates with this

sort of biasing.

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

Kalos: 1 waat 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; hut I think in most applications we have, in
fact, started with flat weights.

Kalos: So that means that your information grows, diffuses cut 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, 1067

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

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

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

¥aloe: So that, in practice, he is claiming that, very likely, the bias
is smzil. I don't deny that.

Gelbard: Tris 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: 1If you did that, then it would be unbiased.

Grimstone: Or almost unbiased ...

Kalog: No it would be unbiased, completely unbiased if you discarded the
settling period and did mot readjust weights afterwards.

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

Kalos: I regard the fact that you are able to beotstrap 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.

Grimgtone: 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,

ISR
N ?
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and very similar in properties to the flux estimates themselves, and there-
fore behave in roughly the same way.

Coveyou: I wonder whether such a procedure has, shall we say, metastabic
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.

Gelbard: 1 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 ke 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?

Whitesides: 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
iren, 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. TYou 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?

Grimgtone: That is right, yes.

Gelbard: 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.

Yhitesides: Obviously you can get a set that would give you the right
anr ser.

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

Whiteaidee: That is so.

Gelbard: 1If you can close these windows with impunity, then the cross-
section problem becomes very much easier. The S, 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, S, becomes a
tool which iz much more valuable.



