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ABSTRACT

GYMEA is a multi~purpose neutronics code used extensively in the H.T.G.C.R. project of
the A.A.E.C; The code has three main functions:

(i) running of burnup surveys of near—homogeneous reactor systems,

(i) running of neutron diffusion calculations in nuclear data library correlations with

measurements made in near—homogeneous subcritical assemblies carried out at
the A.A.E.C., and

(1ii) preparation of suitably averaged cross section data from the code’s 120—group (with
resonance parameters), 70-nuclide main data library for direct input to space—
dependent codes such as CRAM, 4—Z00M (9—Z0O0M translated to the IBM 7040),
DSN and TDC (Carlson’s FLLOCO versions translated to the [BM 7040), and WDSN.

Because free input is used and a toy compiler is provided, new applications of the code
can be developed by code users to extend its function. The source language is FORTRAN IV
(95 per cent.} and MAP (5 per cent.) for the IBM 7040 (and later an IBM 360). 32K words of core
storage are required together with 4—6 magnetic tapes and an on—line 1401 including reader, punch,
and printer. Typical runs for data preparation take 3 minutes, diffusion calculations 10 minutes and
burnup calculations 15 minutes.

A few illustrative examples ate included in the report,
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1. INTRODUCTION

The maintenance of a nuclear data file, and its ready transformation to group data for
neutronics codes, is essential for a reactor project such as the H.T.G.C.R. (High Temperature
Gas—Cooled Reactor) preject under study at the A.A.E.C. Research Establishment. The file
should be processed with groups collapsed over a reasonable specttum. For a homogeneous
core the flux obtained from a space—independent, or space-averaged, calculation of neutron
balance provides a reasonable spectrum for group collapsing. In a reactor study extending
beyond clean core conditions the calculation of burnt—up core nuclide concentrations is a
valuable assec for determining group data at different stages of reactor life. In addition no
teactor study is satisfactory unless the data file correlates satisfactorily with selected
experiments carried out on macroscopic properties of materials to be used jn the reactor project.
Out of these needs came the codes GIBBA (Pollard and Clancy 1964) and MULGA (Clancy et al.
1963); and out of experience obtained with these codes came GYMEA.

) GYMEA is essentially three codes in one: it is (i) a zero dimensional multigroup (i’ 120) .
neutron diffusion code, (ii) a multinuclide (¥ 100) burnup code, and (iii) a data preparation code. -
It is written in FORTRAN IV (95%) and MAP (5%) for the IBM 7040 computer system. The programme
computes neutron spectrum (optionally) and nuclide concentrations to enable spectrum-weighted,
group—averaged cross section data and scattering transfer matrix data to be prepared for direct

input to a variety of neutronics codes (CRAM,4—Z0OOM,DSN,WDSN, and GYMEA).

Although the code has essentially the three main functions mentioned previously, these
functions are by no means independent and experience with the code has shown the advantages
to be gained from having all three aspects in the one progtamme. Features of the code include:

(1) criticality on concentration or group—dependent bucklihg;

(2) output of reaction rates, microscopic and/or macroscopic cross sections collapsed
over the spectrum for mixtures defined by the user;

(3) saving up of the previously mentioned information, which may be processed further
using the toy—FORTRAN provided as part of the code;

(4) detailed resonance theory using an extension of ther-Hil.l-and Schaefer method
(McKay et al. 1965);

(5) allowance for resonance overlap following Keaner"s (1966).observations on the work
of Rowlands (1963), including gross flux corrections suggested by Keane and
Pollard (1966); ‘

(6) allowance for resonance screening of small particles of fuel separated from the
main bulk of core material, following Keane (1964a);

(7) production of resonance shielding factors to save time when using the code for a
burnup survey;

(8) burnup calculated analytically— permitting large time steps;

(9) parallel searching of a tape for 2 chosen-scattering matrix using the IBM 1401 while
the IBM 7040 is engaged in calculation (Richardson 1965).

‘The code uses two completely binary libraries— one a cross section {and resonance parameter)
tape, the other a scattering matrix tape— and needs a scratch tape for intermediate storage of
information. Input is read from the card reader and outpur is preduced on the printer and punch (CRAM
data, etc.). A condensed and/or mixed GYMEA library can also be produced on one or two other tape
units.

The cross section library contains information for six neutron reactions:



(1) (n,¥), (n,0), or {n,p), depending on the nuclide,
(2) (n,f),

(3) (n, absorption),

(4) (n,v—f) or (n.n) for moderator nuclides,

(5) (n, transport), and

{6) (n,2n) or other reaction, dependiqg on the nuclide.

In burnup calculations reactions (1) and (6) are used to produce other nuclides and reaction (2) is

used to produce fission products for fuel of one of four different types. A general table is given at

the beginning of this libraty which states the burnup mechanism of each nuclide. This feature adds
considerably to the flexibility of the programme as burnup mechanisms are not built into the programme.
Such a table may contain an entry that reads "

U235,2,N00,U0236,N00,0.,0.,0.,0.,0.

which.states that U**® yields fission products based on the 2nd yield entry for each fission product
nuclide, that decay is not be considered. (NOO), that reaction (1) of the library produces U**®, that
reaction (6) of the library is not to be considered as far as producing another nuclide is concerned,
and that the decay constant is zero, as are also the four possible yields from fuels designated as
fuels of type 1,2,3,0r 4. A restriction does apply however to the ordering of the library nuclides. -
Further details are given in Section 8.

The scattering matrix library contains scattering transfer matrices for materials such as BeO
at a varlety of temperatures. In additien, the theory used in the preparation of the scattering matrix
can be selected, for example BeO crystal scattering. Since the cross section library usually contains
data for individual nuclideg, the user must provide the mixing rules as part of the catd input to the
programme.

Such.a rule can be punched in free format (22)
‘BEO' = 1.BE9, 1.016, DENSITY 1.8'"'
Afrer the appearénce ofjthis card the user can refer to BeO as though data for it were given as part
of the cross section library information. The density is used only if nuclide ratios are to be normalized

to unit volume or if the effect of dispersed fuel particles is to be included (5.3).

Further GYMEA libraries can be created during running of the programme. These libraries can
have resonance parameters turnedinto shielding coefficients, or simply cross sections, and the groups
can be collapsed and nuclides mixed to form a new library oriented to the particular needs of the user.
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2. CODE PHILOSOPHY

The structure of an input deck for GYMEA is not unlike a set of source decks for compilation
and execution under the FORTRAN monitor. The reason for this is that particular users will bias
the running of GYMEA to suit their needs, which may include minor extensions of the code using
the toy~FORTRAN compiler. A tun may thus consist of a set of subroutines and perhaps a set of
jobs. The jobs may well be carried out for different people, with completely independent jobs
being run to take advantage of time—saving resulting from loading and unloading tapes.

Each GYMEA user deserves to be protected from a previous ‘foul—up’ just as each job of
a monitor run is guaranteed this protection. In fact the philosophy of GYMEA on detecting an error
is to call standard error routines which essentially call in the next job. It is possible however for
any user to write his own version of error routines using the toy—~FORTRAN provided as part of
the input facility. This type of variable extent input is possible as the code has a standard state,
and entry of data simply overwrites, or extends, this state to suit the nceds of theuser. It is felt
that the structure and philosophy of this code with its free input, variable extent data will find
wider application in scientific computing in the near future.

Those using computer programmes must surely be amazed at hardware development of
computers over the past decade and must surely be disappointed with software developments over
the same period. Perhaps writers of codes have available many more powerful tools now than ten
years ago, but we should seriously ask, how have the code users fared? Most scientific computing
in the field of nuclear reactor development is now initiated by persons other than code authors.
Code authors, and machine manufacturers, must therefore seriously look at this sadly neglected
area of computing. It is pleasing to read reports of a compiler language being developed by IBM
(1965) which promises to FORGO (perhaps a suitable name) the old tradition in computing of
terminating a user’s run without his permission.
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3. CODE MECHANISM

3.0 Summary

The code is achain programme and ‘consists of six links. Common subroutines form the
bulk of the main programme and common data consumes a large fraction of the available érorage.
One array WH (10000} is used for storing different quantities at different stages of the calculation
and an understanding of how this array is used throws some light on the structure of GYMEA.

3.1 Chain 1— Compiler and Error Routines

All data up to and including a CEASE card is read into thearray WH. Since cards are
originally read with FORMAT (12AG), 800 cards can be entered. These cards are then inspected,
using a free FORMAT input subroutine (22), and certain cards are compiled, that is, overwritten
by direct linkages to internal subroutines; for example '

Z(8) = Z(10)*0.8234E-2
is compiled into a card with a § in column 1 followed by numbers which provide the necessary

direct calculation of Z(8). The cards are then written at the beginning of tape 4 as a complete
file.

In addition, errors call this chain, which rewinds all libraries and prints self—explanatory
messages.

3.2 Chain 2— Input Data

The cards previously written on tape 4 are read into WH and the cards are inspected. Data
is then entered into COMMON to enable the neutronics part of the programme to function. Control
is transferred to chain 3 when a time card is detected; such a card may read

T = 0. DAYS, 20 MAX.FLUX IT., 0 CRIT. IT.

3.3 Chain 3—~ Burnup

Should burnup be required, a 100 x 100 (maximum) nuclide balance array is stored in WH.
As the array must be nearly triangular (6) the original information is stored in the lower half of the
array and the solution is produced in the upper half of the array. In practice the use of this array
and the flexible burnup mechanism table mentioned in Section I makes analytic solution feasible -
and worthwhile,

3.4 Chain 4- Group Flux Calculation, Condensing and Mixing Functions

When group flux is required to be calculated from neutron balance, WH is used-to store
information as an array 83 x 120 (maximum).

Scattering from one group to another is thus restricted to 80 groups, as the first two entries
in each column are ‘length of scattering vector’ and "position of self—scatter term’. ' '

Condensed and mixed cross section data is then gencrated inWH for six reactions per group
per mixture, Generated data is thus restricted by the requirement:

Gx(number of condensed. groups)x(nuﬁber of
specified materials) € 10000

Should the user wish to delay output of this information it may be written on tape 4 as a further file.

3.5 Chain 5~ Output for Most Neutronics Codes and Printed Output

The array WH is not disturbed by this chain, which uses the information for output either
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as cards for a variety of codes or as printed output. Scattering matrix information is stored in full
in an array WSS (3000), hence the following restriction applies:

(number of conden:sed groups)gx(numb_er of specified materials with scattering
matrices) <3000 '

3.6 Chain 6— Oftput for GYMEA Library

Again the array WH is left undisturbed as some of the information is needed for creating a new
GYMEA library. Information not given in this array, such asresonance parameters or shielding
coefficients, is obtained from the cross section library. Scattering matrices given as part of the
scattering matrix libraty are simply condensed— mixing is ignored for this application. By repeated
calling to this chain, it is possible to collapse the scattering matrices over different spectra for
different temperatures and so build up a tape with the same layout as the original.

3.7 Programme Flow

Essentially each chain is called as follows:

' 2 I |
Main =1 =2 2325 26
4
3.8 IBM 7040 Operating System
< Tapes ————> Reader Punch
0 1 2 3 4 9 Printer Typewriter

Tape 0 = a possible library tape either used or created,

2 ER bR 1y 3 ER] 7 L

Tape 1 )

I

Tape 2 = scattering matrix tape attached through on-line 14017,

Tape 3 = a possible library tape either used or created,

Tape 4 = scratch tape,

Tape 9 = normal system tape using $ EXECUTE GYMEA to call in programme
(an ordinary chain tape may be used alternatively).

Reader = card data input unit,

Printer = printed output unit,

Punch = punched ca:;d output unit for CRAM data, etc,
Typewriter = unit used for operator messages.

3,9 Proposed IBM 360 Version

At thetime of writing this report details have not been settled for the IBM 360 version of GYMEA.
Magnetic disk storage will be used for the libraries, otherwise the programme will not be changed a
great dezl initially. In addition the output medium for other neutronics codes (CRAM, etc.) will be
disk rather than the cards used for the present version. The programme should be operational in
September, 1966.



Extensions of the code will follow after September 1966 which will enable more detailed
treatment to be given to heterogeneous effects. In addition code—to—code communication will be
improved using magnetic disk as a common data poel between programmes so that GYMEA may be
readily used in a loop embracing other neutronics codes.
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4. A SIMPLE JOB AS ILLUSTRAT ION

$IBSYS ...hints are given thus
$1D
$70B 2210 J.POLLARD  ‘GYMEA’
§* LLOAD TAPES AS INDICATED
$-PAUSE 295 ON 1, 260 ON 2(VIA 1401),SCRATCH ON 4
SEXECUTE GYMEA
...the above are normal 7040 moniter cards
*GYMEA ...this card must be first data card

$IBSYS

...an * in col.l indicates a comment card

,JOB1 A SIMPLE JOB AS ILLUSTRATION

...the first card of a job (here called JOB1)
...the input data is punched anywhere on a card

CALJL STAN ...restores data to the standard state

USE LIB X-S=1 OF 100 NUCLIDES AND SCAT =2

...normally the first 3 characters identify the

... card and numbers are extracted from the

... temaining data.
'BEO'=1.BE9,1.014,DENSITY =1.8" '

...the mixture BeOQ is defined in terms of

...constituents of the X-S library:" ' means ead of
...definition
SCAT 900. 'BEO'CRrYy '

+++200.K scattering matrix of BeQ crystal is
..required

N(1,100)=0., 'BEO '24.-2,U233=4,—5"' '

...the nuclide concentrations are set
OUTPUT 3 PRINTX PRINTS CRAM

...the type of output required is set
MATS 'BEO', U233, PU239" '

...the resonance data of Pu®®*? will of course be

...obrained for infinite dilution

GROUPS S5 1 40 50 71 90 120

T=0.DAYS, 20 MAX FLUX ITERATIONS, 0 CRITICALITY
...this sends control to chain 3

END .-.the last card of a job

CEASE ...the last card of 'a set of jobs (a load)

...niotesthe order of the data may be varied

...provided the quantities defined by the user precede use
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5. CHAIN 2- INPUT DATA

5.0 Alphabetic List of Card Input Types

An example of each card input type is included in the alphabetic list below. Only the under—
lined characters are necessary to determine the type of the card. Most of the data is punched in free
format (22) —~ the exceptions are double underlined and b(=blank) is usedin these cases to indicate
the setting out. Normally the datais punched as for FORTRAN coding. Data, other than FORTRAN—
like cards, can be extended beyond one catd (column 1 to 72); continuation cards must then be punched
in ¢olumn 1 with.a non—~descending integer, which is tested but not read as part of the data. Brief
comments, which are not to be punched, are given thus:

-..comments, page(s) giving details, main page
...first,

*bbbbb7bbbb13bbb...comment card (* in column Iy, 1s

A

99  ...numbered card to assist logic (any card except END or
-+.CEASE), 59

"~ u

=GYMEA NDXD NDSC  ...library check card, 15

sGRO1  ...beginning of a job, 14

sDATA GRO1 ...beginning of data read by user’s programme, §1
LDISCARD  ...beginning of other than the first load, 14
SRETAIN " ...alternative to above, 14

JH20'-2.H1,1.016,1." ' ...a mixing rule, 19

ACCURACY = LLE-5 ...group flux accuracy parameter, 32 , 45
_AL_L N = 2*.04;68*0 ...concentrations for all nuclides, 21
AVX LIMIT=0. ...sets exit limit for B2AV, 33

BURN 2*——1;1,97*0 ...modifies burnup mechanism, 33

CALL NS1  ...call to subroutine,62,14 ;NS1 shielding
...subroutine, 23

CEASE ...terminating card of a load, 14
CONTINUE ...end of DO loop, 60
COPY 3 NDS1 1 5%0 4*1 ...sets parameters which determine
.«.structure of a scattering matrix
...library to be copied, 17
CREATE 3 NDX1 6*-1 64*0  ...sets parameters which determine
...structure of a cross section
..library to be created, 16
DO 2 -1=1,5,1 ...start of a DO loop, 6O

DT= 100.-,20,0,2 ...forces neutronics calculation,2é , 35

END ...final card of a job or subroutine, 14,60
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ERROR 1,16150,0,0 ...permits voluminous dump of programme co-mmon on
...detection of an error, 72

. FIFA PU239 PU241 ' ' ...distinguishing card for a buraup user, 24, 36

.

LUX =1,+14 ...sets required flux level, 3‘0‘

|

FORMAT(1X1P10E12.3) ;_...use‘r"s' required format for output, 61
GB2 = 120;’0.003 ...sets groﬁp-—dependént buckliné, 32

GFLUX =1, 1.5, 2, 2.1, 3, 3, 4, 3.8, 5, 6.1, 6.2, 6.18,
1 6.2, 6.29, 8.1, 7, 80%7.2, 10, 11, 12, 12,2, 18*2, 0.1,

1 I.—2 ...sets flux spectrum (not level)— note continuation cards, 32
GO TO 3 ...control is transferred to statement numbered 3, G0

GRQUPS 311072120 ...required condensed groups, 26

GSOURCE 1. 119*0. ...overwrites library fission source, 32
HEADb] SAMPLE JOB ...user's choice of heading information, 17

IF (X(0)) 1,2,2  ...logical test, GO

ITERATE 5; .05 ...sets outer iteration control for equilibtiulﬁ search,71]
J(1)=2  ...arithmetic card, 59

KEFF LIMIT = 1. ...sets exit limit for keff, 33

KINF LIMIT = 1.05 ...sets exit limit__for ke, 33

MATS '"BEO' U233 (23,70)' ! ...:equireﬂ_ materiais for outpur, 26

N '"BEO'=.04,(23,70)=1.~10" ' ...required concentrations, 21
OUTPUT 1 PRINTX ...printed group cross sections sought, 25
PART .01 'PU' "' .. particle size (for resonance theory), 22
PAUSE ...used with tape changing, 60

POWER =11, WATTS/CC ...only a burnup user may :'uée this, 30
PUNCHbOUTPUT NO 1 ...columns 1372 punched as a card 1-60, 61
PUT 3 30X1 3 3051 «..used w:th GjYM‘E_A li'bilhry' preparation, 17,55
PX s1,121,1 ...punches output from X:’-array, 61

REQD 10 ...required overlap _a}n_i_i transport cfé:s_s section, 27
RETURN ...returns from a usér's's::tllbréﬁtir-ie, 62; 14

RX 671,790;1 ...reads data cards after CEASE, Gl

SAYE 4 6*1 3*1 ...condensed data is saved in cote, 27

SCAT 900. 'BEO' CRYbbb' ' ...scattering temperature and matrices, 17



$IBSYS

SEARCH B10 .1, 1.2, 10., 1., 0.001 ...sets criticality search conditions, 29
SHUT DOWN  ...burnup option, 31

START UP  ...burnup option, 31

SUBROUTINE DAT  ...first card of a subroutine, 62

TEMP=850 ...temperature used in resonance theory (if different from SCAT
...card temperature), 18

TYPEbbLOAD TAPE 260 ON 2 ...operator messages, 61
- )

T= 0., 20,0 ..A.forces'neutroni(:s calculation, 28; 35
UNLOAD 2 ...physical tape unload, 61’

USE 1,70;2 ...libraries to be used, 15

Voib _4. ...rescales nuclide concentrations by .6, 22

WRITE10 TYPICAL BEO SYSTEM ...writes this message on the printer, 61

¥X 551,670,1 ...outputs X variables on the printer with FORMAT specified, 61

X(9)=4.9 ...arithmetic card, 59
Z(0)=1,0 ...arithmetic card, 59

«++7040 monitor card, example, 9

—13—
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5.1 Layout of a Run

Some entities which help to describe the structure of a data deck must first be defined.
In Section 4 a simple job was given as illustration. A job consists of all data cards for a problem,
which starts with the problem identification =

sNAME AND ANY COMMENTS
which has other control catds to force burnup calculations (detailed later), and which terminates
END
These cards are typical of input data which.is punched in free format (22) anywhece on a card or
set of cards. THe job name is given by the 4 characters immediately following the comma of the
leading card. This name is used to label output and serves to identify a job. A job must retain
an identity since, if errots arise in a job, the job is terminated (see Section 10 however) and the

next job is called. If thenext job is dependent on the first, then it will also be terminated
following an ertor in the first job. unless the standard data state (11) is restored thus

CALL STAN

before a neutronics calculation is attempted. Since data generated in one job is available in sub—
sequent jobs the choice of boundary between jobsis somewhat arbitrary.

In addition to jobs, which are carried out in the order of loading, subroutines may be
written by the user. These subroutines are common to all the jobs making up a load. A load
thus consists of initial subroutines, jobs. and pethaps subroutines interspersed between jobs,
loaded into the core for all data given prior to a card which is punched

CEASE

The selection of initial subroutinesis based on the fact that the subroutines can be retained o
discarded for the next load. Subsequent loads must be started with one of the cards

.DISCARD
JRETAIN

Between loads, datais always restored to the standard state as the compiler uses the COMMON
data area for its own needs.

The compiler and subroutines are discussed in Section 10, but suffice it to say here that
subroutines start wich.

SUBROUTINE EGI
they usually contain

RETURN
and they must conclude

END

Subroutines may call other subroutines. either written in the same fashion or provided internally,
and the manner of calling is simply

CALL EGI

Unlike FORTRAN subroutines, arguments may not be appended to the calling statement.
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The choice of aloadis also somewhat arbitrary, although it should be borne in mind that a
load may not contain more than 800 data cards and may not consist of more than 10 jobs.

It is possible for theuser to test whether a previous job has been terminated owing to an
error condition, even if the job is not in the same load, as one variable available to the user (12)
is set thus:
X(0) = —ve if an error exit,
or X(0) = 0. otherwise. A typical test at the beginning of a job might be
IF{X(0)) 1,2,2

etc. Section 1( contains further details of the compiler language.

A full set of data for GYMEA is termed arun. A run starts with the necessaty monitor cards,.
as given in the simple example of Section 4, and terminates with the monitor card

#IBSYS
The first data card of a run is overwritten by the SEARCH routine (Richardson 1965) when this
routine is transferred from 7040 core to the 1401 core. For this reason a spurious first card should
be provided, punched say

*GYMEA

In general cards punched with an * in column 1 are comment cards designed to assist data checking
as they are ignored by GYMEA.

5.2 Library Information

5.2.1 Library request

Before any reference is made to data in a library, a library tape or tapes must be specified
thus

USE X-§ 1 , 21 NUCLIDES, SCAT 2

Only the underlined are the important indicatives. The first number is the unit on which the cross
section library is mounted (LIB), the second number (NN) is the number of the last nuclide beyond
which the cross section nuclear datais ignored, and the third number is the unit on which the
scattering transfer matrix library is mounted (LIBC). A cross section library must always be
provided before a neutronics calculation is attempted; on the other hand a scattering matrix library

is only necessary if group flux is to be calculated from neutron balance of a homogeneous system
(7.2), and the actual unit must be 2, connected through the on—line 1401. Since this card forces

the programme to check that the specified tapes are in fact GYMEA libraries LIBC should be punched
as a negative number if a scattering matrix tape is not required, The number NN is mainly of interest
to burnup users as they may save machine time by eliminating consideration of the nuclides at the end
of the library. Other users may just as well use NN =100 (this is equivalent to the full nuclide set if
the library does not contain 100 nuclides) as no time—saving results from using a smaller number.

If the libraries referenced in a previous USE card, not necessarily immediately before, are
required to be checked to make sure they are specific libraries then the following type of card should

be used

=GYMEA NDXD NDSC
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The labels NDXD and NDSC must agree with the libraries mounted, cross section library first, other—
wise the subroutine LIB is called. The user may write this subroutine himself if required (10). If
LIBC <0 then any non—blank label can be used for the second item. In addition to this checking
feature, the =GYMEA card prints the library heading record of each library to provide the user with

a record for later reference. '

5.2,2 Library copies

During the loading of information for chain 4 flux calculation, the user can create an additional
library for each entry to this part of the programme. This created tape is then used in calculating
reaction rates and collapsed and mixed cross section data rather than the original library— this need
for reading the cross section library twice is explained more fully in Section 7. 'The saving of machine
time that may result depends on the problem being undertaken and the actual original library. An
example is given in JOB2Z, Section 15. For aproblem not requiring burnup (5.3.9), only those
nuclides specified for output (5.4.2) are created on the specified tape. The library may thus be
considerably reducedin bulk with a consequent saving of machine time during later calculation of
collapsed and mixed cross section data. This created library is a complete library in every detail,
and may be used later in a run following a new USE card, or may be dismounted and saved for later
use., The card that sets this option is, for example,

CREATE TAPE 3 NDX9 THUS 100*0

Again the underlined are the important indicatives and the example illustrates the use of repeated -
entry of a data word, 100%0 (22). The significant entries on the card have the following meanings:

(i) the tape unit on which the additional library is to be created, or a negative
number if create mode is no longer required,

(ii) the identification label to be given to the library,

(iii) -the numbers (IS) that identify the type of nuclear data to be created, given for
each nuclide of the original library (actually NN data words); —1= light scatterer
(scattering cross section is given rather than voy), 0= nuclide with only cross
sections given, 1= nuclide with shielding coefficients given {5.3.8) for the library-
designated resonance groups (18.1.1), and 22= nuclide with tesonance parameters
given for the resonance groups. If any entry is less than —1 then the data is
created with the same structute as the original library.

A restriction obviously applies to the type of data that may be created, depending on the type of
data given in the original library...

L. ~1 0 1 2
original —IS .

created—1S
-1 ' 0 1 2

The additional information required for the production of shielding coefficients (7.4.3) is
detailed later (5.3.8). It is important to note that data may be punched on more than one card
following each.control word, for example CREATE. To prevent the free input routine from reading
through control words when insufficient data is given by the user, all continuation cards must be
punched with a non—descending integer in column 1, which is tested, but otherwise ignored. This
feature must be used with all data extending beyond one card; see however Section 10.1.4.

All libraries produced by GYMEA, and all printed output, are labelled with heading informa—
tion which may be set by the user thus



HEAD SAMPLE RUN FOR J.P. AND G.R.

The alphabetic information punchedin columns 13 to 54 is used as heading. The character given in
column 12 is used as page control for printed cutput produced by chain 5 (8.3). In addition to the

heading information given above, the date held in the 7040 coreis always used as part of the heading
record.

It has been shown that machine time may be saved by creating a reduced bulk copy of an
original cross section library. It is not envisaged that machine time will be seriously affected
by the bulk of a scattering matrix library, as the first required scattering matrix for a specific temp—
erature is located by the 1401 working in parallel operation with the 7040(Richardson 1965). Never—
theless a feature is available which permits the bulk of a library to be reduced. As shown later in
this section, it is possible to group—collapse a scattering matrix library, and the newly—created
scattering matrix tape must have the same structure as the original. This forms a strong motive
for having available a feature for deleting information from an original library.

The card used to cause this copy to be made is, for example,

COPY TAPE 2 NDS8 THUS 1, 5%0, 1, 3*0

The underlined items have similar meanings to the items on the CREATE card with the exception
that the fixed point numbers that follow the label have the following meaning

0 = don’t copy

1

i

copy

and numbers must be given first for the material set of the original scattering matrix library (18),
6 in the example, and then for the temperature set (18), 4 in the example. Thismay be understood
if it is noted that the structure of the scattering matrix library is such that data for all materials
is given for every temperature of the library temperature set.

Again the information on the HEAD card and the date is used to form a heading record. A
point that was not previously emphasized is that a scattering matrix may be mounted or created on
any unit, but if the tape is to be used in neutronics calculations it must be mounted as unit 2 and
must be connected through the on—line 1401, Unlike the CREATE feature, which is delayed until
the neutronics calculation is under way, COPY is carried out on detecting the data card.

5.2.3 Condensed and mixed GYMEA library

Most of the comments relating to preparation of condensed and mixed rather than simply
copied or data~deleted libraries are better discussed in the section dealing with this type of
preparation (9).

A card that sets the cross section library unit and prepared library name, and the scattering
matrix unit and prepared library name, may be punched, for example:

PUT X-S5 3 X801 SCAT 0 SC01

The programme includes provision for the preparation of both libraries on the same unit; the cross
section library precedes the scattering matrix library.

5.2.4 Scattering matrices request

As discussed earlier in this section, it is generally necessary to nominate a tape unir for
the scattering matrix library (USE), and the programme can be made to check that the correct library
is mounted (*GYMEA). As it is possible to have available scattering matrices for one material for
different thermal scattering models, each scattering material to be included in the study must be
nominated, as well as its method of preparation. The card used for this may read, for example:

SCAT 900., 'BEQ' cry ''
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It is necessary of course to know the temperatures, materials, and mode of preparation of
available scatterers in the scattering matrix library. In the example above the first item is the
required temperature in degrees Kelvin, which must agree with an entry in the library temperature
set table to within one degree. The given temperature also sets the temperature to beused in
resonance theory (7.4); this may, however. be changed as indicated below. The next entries are
alternately material and mode of preparation, given for all scatterers of interest in the problem in
hand, terminating with inverted commas ' '. In general, chemical names enclosed in commas, for
example "BEO’, describe a material that is not necessarily given in the cross section library (5.3).
The correspondence is determined by data cards which specify the mixing rules. The mode of
preparation must always be given as G characters, for example,

CRYbbb (b = blank)

Abbreviations such as CRYbbb for crystal scattering and GASbbb for monatomic gas scattering are
convenient for indicating the required scattering law; these conventions are, however, the conven—
tions of authors of the scattering matrix library and have no explicit meaning to the code GYMEA.

As a rule the materials given in the scattering matrix library set are materials which must
be defined by the user to obtain the cotrespondence with nuclides in the cross section library (19).
This layout of scattering matrix library is not essential, but it does provide the user with the means
of adding proportions of scattering matrices to allow for, say, the scattering of neutrons in Q%
associated with heavy nuclides when they are present in a matrix of a dominant scatterer, say BeO.
In Secrion 5.3.1 such an application is given as an example. The complication associated with
materials stems from the fact that fundamentally the code, since it is a burnup code, must deal
only with nuclides. The code never has available concentrations of materials, and these are
always produced when required from the nest of mixing rules given by the user and the nuclide
concentrations,

5.2.5 Resonance temperature

It is possible to change the temperature specified on the SCAT card as far as it determines
the temperature used in resonance theory. A data card that will cause this change may be punched,
for example:

TEMP 850.K

5.3 Nuclide Information

5.3.1 Material specifications

Three possible representations of material specifications are given below:

(i) Nuclide labels, for example BE9 (or BE 9). are used to identify specific nuclides
available in the cross section hbraxyo

(ii) Material labels, for example 'BEO' (note the inverted commas enclosing at most
four characters), are used to identify specific materials either available m the
cross section library or definedusingmixing rules detailed below.

(iii) Nuclide sets, for example (1,5) (note the brackets), are used to identify nuclides
of the cross section library, 1 to 5 in the example cited.
In addition, the blank material label 7 ' is used to indicate the end of nuclide information, and commas
or blanks may be used to separate nuclide information and assist readability. The distinction between
nuclides and materials which are given in the library is unimportant except to authors of cross section
libraries, who must be able to describe burnup mechanisms adequately (I18). The distinction between
materials which are given in the library and materials defined by the user is only important if an applica-
tion required by the user requires material densities. Such densities are available only for defined
materials.(5.3.5 and 5.3.7).



5.3.2 Mixing rules

A mixing rule is given by the general statement:

material = weighted sum of nuclides or materials, either given in the library or defined
previously, with density (g/cm®) given immediately before the terminating blank material Iabel' .

For example,
'"BEO' =1.BE9, 1.016, 1.8" '

is read as '"for every one molecule of BeO we have 1 atom of Be® and 1 atom of O'°, the density of
BeO being 1.8 g/cm®'. Alternatively this can be written

'"BEO' =1.BE9, 1.016, DENSITY 1.8' '
or "BEO' =1.1,2), 1.8' "IF BE AND O 1 AND 2 OF LIB

In the second example DENSITY is not interpreted by the free input routine as it is seeking a number.
This possibility of insertion of check words is typical of the application of the free input routine to
GYMEA. However, check words used to assist data checking should be avoided when the routine is
seeking alphabetic. information. Further details are given in Section 22. For those people not
familiar with the inverted comma, it is punched 4 in the one card column (lower case =) andis
frequently written as @ for punching detail to avoid confusion with other characters.

It is shown in Section 10 that elements of a Z array can be calculated or set. _This feature
¢an be used with mixing rules, since a negative weight is replaced by the implied indirectly
referenced clement of the 7 atray. For example,

Z(20) = 0.76

Z(21) = 0.17

Z(22) = 0.07

'"PU" = 20 PU239, —21 PU240, —22 PU241, 0" '

defines 'PU' to consist of 0.76 parts of Pu®*®, 0.17 parts of Pu®®®, 0.07 parts of Pu®**'; the density
is zero, which is satisfactory for applications not requiring material density. The elements of the

Z array may be defined later than the appearance of the card defining 'PU", as the interpretation is
not made until immediately before actual use of the information given on the card, for example, to
define a material concentration of "PU'. Density may also be specified in this indirect fashion by
giving a negative value. Again a feature of the free input routine has been used, namely, the decimal
point was not punched for the floating point data, as the routine provides an imagined decimal point
to the extreme right of the number (22). The material 'PU! may be used,if required, in mixing rules
that follow, for example

'"PUO2' = 1.'PU,2.016,11.7 !

Normally mixing rules must be associated with materials given in the scattering matrix library
and selected using a SCAT card (5.2.4), for example,

'BE9' = 1.BE9, o' '
'016' =1.016,0""

As a more involved application, indicating the reason why the scattering matrices are usually given
as materials which must be defined by the user (19), consider an example in which

Ngep = 4x107% nuclides /10~ * ¢m?

N—‘UzasOQ = 1x10~"* nuclides/10™** cm?

and the following SCAT card is used:



20—
SCAT 900, 'BEO' CRY 'O16'GAs ''!

Care must be taken to ensure that scattering by oxygen is not accounted for twice. In the example,
for every 1 atom of O'® associated with U?*® there are 201 atoms of O*° in the mixture. The definitions

'BEO' = 1.BE9,1.016,0" !
'016"' = 201. 016,-1 016,0" ' THE LAST 016 is Z(1) VEIGHTED
Z(1) = —~200.

are therefore used to obtain an allowance for the O'° not present in BeO using '016' GAS scattering.
Two entries of weighted amounts of 0%, which give in all a weiglit of unity are required because

the material concentration of '016' is obtained from the first entry on the definition card as the
nuclide concentration of O divided by 201 {see Section 5.3.3). The concenttation of '016"
calculated in this manneris used with the '016" microscopic scattering matrix data to give the
required macroscopic data which makes allowance for scattering of neutrons with oxygen in U**%0,.
On the other hand the cross sections of '016' are obtained from the complete mixing rule. A more
general example is given as part of JOB4, section I5.

The other remaining odd value for a fraction of a material, zero, is also given an interpreta—
tion which.is useful for defining a single material which.has the macroscopic properties of its con—
stituents, for example,

'™MIX" = 0. (1,100), 0." '

The microscopic.cross sections of the component nuclides are weighted by the nuclide concentration
defined immediately before actual use of the card, say to prepare data for CRAM. For people intent

on burnup studies, it should be pointed out that three sets of nuclide concentration exist at the end

of atime step — called by printed output AFT.N,AVE.N and BEF.N (17). The actual concentrations
used for this weighting purpose depend on Z(0) in the following fashion:

(+ve AFT.N,
(

Z(0)= (0 AVE.N,
( .
(—ve BEF.N.

For a-user not involved in burnup studies, provided Z(0) is not negative, this point may be ignored,
since

AVE.N = AFT.N
From computer- storage considerations no more than 40 materials may be defined, and no more
than 200 entries may appear in a compacted table, based on storage of information 2 words per nuclide

ot material, or 4 words per material set plus 1 word for each density,

5.3.3 Dominant huclide

The first libraty nuclide or material of a specification is termed the dominant nuclide. If the
first item of a definition is a defined material, then the first library nuclide or material of this defined
material is the dominant nuclide; this procedure may have to be taken to further depth, but eventually
a library nuclide or material will be located. Given the concentration of say 'BEQ, it is then a simple
matter to calculate the additional amount of Be’ and O®° this contributes to a homogeneous mixture.
The reverse is not so simple, however, unless the concentration of the dominant nuclide Be® is used
to calculate the concentration of "BEQ'. Essentially, every defined material should have a unique
dominant nuclide if the concentration of defined materials is to have a sensible meaning, say, for
printed output (8.3). In addition, when mixing is carried out for preparing a new GYMEA library (9)
entries in the burnup table that describe the next nuclide of a burnup chain are based solely on the
dominant nuclide. On the other hand the mixture decay constant and mixture yields from fission are
an aggregate for the whole mixeure. : o
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This interpretation may not be of universal application, but it is a simple matter ro change the
table using the library edit programme, EDITOR (Ford 1966— see brief details Section 19).

5.3.4 Concentration definition

Nuclide or material concentrations may be given simply as ratios (5.3.5), or as nuclides /10~** cm®.
Normally these concentrations are entered using a card which starts N and which terminates ' ',
although it is possible to calculate concentrations and have the result available to GYMEA th;ough
the user’s COMMON data area (12). An example of the latter method is

X(51) = 1L.E—-4
and an example of the former method is
N'BEO' =1.—4""

Note that the condensed exponent notation is available for floating point data (E absent) using the
free input routine (22). Remembering that only concentrations of library nuclides are stored by the
code (5.2.4), one essential difference exists between the two methods — the first enters 1,E—4 as
the concentration of Be?, provided it is the first library nuclide, and the second adds 1.E—4 to the
previous concentrations of Be® and O'®. This last feature is a result of the requirement, for defined
materials, of adding say O'° from BeO to 0" from ThO, to give the correct O content of a mixture
of BeO and ThO,. To avoid confusion with materials possibly available as part of the library data,
this feature of adding concentrations is extended to cover all single nuclides and materials. When
the concentration of a set of library nuclides is given, however, the concentration specified over—
writes the previous data. This, plus the fact that more than one concentration may be specified on
a card, enables concentrations to be easily set; for example,

N(1,100)=0., 'BEO' = 1.~4 '"THO2'=1,-6""

will set
- —4
NBe° =1.x 10
Ngie =1.02x 107
and NTp22=1.x 10—°

provided the materials '"BEO' and '"THO2' have been defined prior to the use of this card.

To enable nuclide concentrations to be readily punched using a computer programme, including
GYMEA itself, concentrations of all nuclides (NN) may be given in library order following the control
word ALL N, for example, ’ ’

ALL N 1.00E-04 1.02E—04 ...ETC...

5.3.5 Nommalization of concentrations to unit volume

A subroutine NUC is available which transforms nuclide or material ratios to nuclides/107%* em?,
Only defined materials should be used in detailing material ratios, as the density of each material is
used to calculate nuclide concentrations assuming that there is no change of volume on mixing, The
concentration of any other nuclides specified will be set zero without an error condition resulting.” "An
example of the use of this feature is

'"BEO' = 1.BE9, 1.016, 1.8"' '
'"THO2'= 1.TH232, 2,016, —-5" ' .LE.Z(5) = DENSITY

N(1,100)= 0., '"BEO' = 100, 'THO2" =1" "
CALL NUC
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On entry to the subroutine the array AFT.N (X(Sl) X(150)) contains nuclide ratios clenved from the
material ratios given on the data card, and on exit the array AFT.N contains these concentrations
normalized to nuclides /1072 em?.

It is important for this application that only materials required in the calculation should
have (non—zero) densities given and that the materials with non—zero densities should each.contain
a unique dominant nuclide (5,3.3). Materials with zero densities | glven areignored, The sample
calculation, JOB2 of Section I5, illustrates these remarks.

5.3.6 Renormalization of concentrations to allow for void

When a data card, punched, for example,

VOID 0.05 I.E. 5 PERCENT

is detected in the input, the concentrations held in the array AFT.N are renormalized by the factor
(1-VOID).

5.3.7 Effect of resonance self shielding of separated fuel patticles

The procedure given by Keane (1964a) for modifying the potential scattering cross section of
moderator nuclides, &g, when fuel particles are separated from the bulk of moderator, gives

oF =0y /(1 + EZPIVm /Vp) -
which is appli'ed in resonance theory as
Oi)* “Nnod %*/MNres»

for all library moderator nuclides (18), where

f =modified mean chord length for the fuel particles volume V, surface $

(%)

1
~lg

N
:n|<:

i

aD of Keane and he recommends using a =%,

It

D =mean diameter of particles in cm, and

Vi /VP = ratio volume of homogencous mixture to volume of separated particles.

The potential scattering cross sections for modetator nuclides, originally extracted from,
the specified cross section libraty tape, are adjusted automatically when a card such as

PART 0.01 'TH' ' '

is detected. In this example E=Of01 cm is required (200 micron particles) for separated fuel particles
composed of all the Th.originally given as a homogeneous mixture, that is, the concentrations for
the homogeneous system must be given before this card. The materials given on the PART card

. must be defined by the user as the densities are required in this application. A further feature
which helps if fis to be calculated using the compiler, is that a negative data entry refers to an
element of the Z array (12); for example if P=—1, then Z(1) is used instead. New PART catds

may be used as frequently as required — note that a card must be used if the initial composition
is changed.

The total potential scattering cross section, ¢ o used in GYMEA resonance theory (7.4,2)
then amounts to the following: o _ P



Upt = Ogp * sum(O'P’f)

where o5, =the potential scattering cross section of the resonance nuclide being studied, and the
sum is taken over all moderating nuclides. The expression for o; ¢ &iven above is of the same form
as the expression used in calculating heterogeneous effects of a more general nature than dispersed

fuel particles. In such applications, a = 2/3 is generally used, and then [ = 4V /s,

The user may wish to adjust the potential scattering cross sections.of the nuclides himself
using the compiler and the fact that the cross sections are held in the user’s COMMON (12) as
X(351) — X(450) for nuclides 1-100. It should be noted that the resonance theoty requires the
identity of each.nuclide to be retained as the theory determines a factor A for each potential

scattering cross section. The feature mentioned should prove useful although it must be used
with.some care,

5.3.8 Concentration definition for shielding theory

It is shown in Section 7.4.3 that ashielded cross section at one temperature is given by

1
o, =(Tw/(l+-é-+%)'é

op (x =7, f, and vf),

where

Op ® total moderator potential scattering cross section per absorber atom, and

Oy » A, and B are the shielding parameters to be determined for each reaction type x.

The three parameters are determined from three forced calculations of the shielded resonance cross
section using resonance theory (7.4.2). The forced calculations are carried out for three different
‘specified nuclide concentrations contained in three arrays designated N 1, N,, and N 5. The nuclide
concentrations may be entered into these arrays using three subroutines. “These Subroutines require
the concentrations to be defined using the nuclide concentration card (that is stored in the array
called AFT.N}, for example,

N(1,100) = 0., BE9 = 4.-2, TH232 = 4,—4" '
The subroutine
CALL NS1
then transfers selected elements of AFT.N to the array ;N\,i' Two rules are observed in this selection:

(i) if the library does not contain any shielding factors (IS¥1) then all concentrations
stored in AFT.N are transferred to N4, or

(ii) if the library contains at least one shielded nuclide (15=1) then only the con-
centrations of those nuclides that have resonance parameters given (IS22) are
transferred to N .

LA

The subroutines
CALL NSZ2
CALL NS3
play a similar role but relate to the arrays N ; and N respectively. The reason for the selection

rules cited above is that entry of data for the calctlation of shielding parameters for a specified
nuclide should not destroy previous data possibly read from the library tape (18).
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A library containing shielding parameters for selected nuclides may be created during normal
running of the programme. The feature is set with the CREATE card (5.2.2). The concentrations
N1, Ng, and N3, besides providing sample points for calculating resonance cross sections, are

used to regenerate these cross sections before the shielding parameters are group collapsed (9).

3.3.9 Distinguishing card for a burnup user— FIFA

When GYMEA is run as aneutronics code for clean core conditions, only data requested for
output (5.4) is used to give reaction rates and condensed and mixed cross sections. When burnup is
required, howevyer, data for all nuclides is used, up to and including data for the nuclide specified
on the USE card (NN). Since this latter manner of operating GYMEA probably involves a greater
bulk of calculation, it should be avoided by all except users intent on burnup studies. The type of
card that distinguishes a burnup user from a neutronics user is punched, for example,

FIFA PU239, PUz241 '

where the nuclide or material labels identify nuclides to be included in the definition of initial fissile
atom concentration used in the calculation of FIFA (fissions/initial fissile atom). The concentration
of Pu?*® and Pu*'* defined prior to this card will be set in COMMON storage (as FIFC or X(39) ) for
later use. FIFC should be non—zero, otherwise a burnup job will be terminated for TX0 (5.5). In
addition all nuclide concentrations defined prior to the use of this card are copied from the array
AFT.N to BEF.N (12.3).

A burnup user may return to the alternative status using a FIFA card punched

FIFA ''

5.4 Information Obtained on Output

5.4.1 Type of output

The code has provision for output of information for a variety of neutronics codes, as well
as information which.may be printed.

Printed output is created in two chains— chains 3 and 5. Output from the burnup and
neutronics chain (3) is illustrated in Section 17, but it should be noted that single nuclide informa—
tion, as distinct from information for defined mixtures, may be printed as l—group collapsed cross
sections, reaction rates/source neutron (standard option), etc. The type of normalized output
obtained is determined by a control word X(9) (=0. for the standard state). Starting at the first
digit of X(9) immediately preceeding the decimal point and moving to the right, each. digit is
inspected in turn to enable more. than one outpur table to be produced for each.neutronics calcula—
tion. The digits have the following interpretation:

0 Nog/s
1 Nog

2 No

3 o¢

i o

5 N*og¢/s
6 Nrog

8 new page (only)

9 end of output
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where
N= nuclide concentration AFT.N
o= collapsed cross section (6 reactions given)
¢= flux
S= source strength, hence Nog/S is a reaction rate per source neutron
N*=nuclide concentration AVE.N
(N and N* are the same for a non—burnup user)

If two successive digits are the same, the output terminates on the second digit of the pair. Using
the compiler (10), X(9) can be set as part of the input data; thus :

X(9} = 4.809

would result in two tables being produced, the first for o and the second for No¢/S, with the latter
starting on a fresh page, The table for ¢ would follow a standard table, starting on anew page,
which lists keff » ko, ete. (6.5). Only the fitst 7 digits may be used for this application.

If X(9) is negative, no cutput is produced unless X(9)<~10. in which case the complete
set of condensed and mixed cross sections is produced as a further file (the first file is the compiled
input data} on tape 4. The user may wish to prevent, or save up, output during an iterative procedure
carried out under contrel of the compiler. When output is saved up on tape 4, it can be used later
with.the aid of the subroutine OUTPUT which is obtained thus:

CALL OUTPUT

Of course it is not possible to change the number of groups or number of materials between gen—
erating the information and using it (see also Section 713.3).

Output from chains 5 and 6 is requested using a card

OUTPUT 2 CRAM - PRINTX

which.informs the programme that 2 types of output are required, namely CRAMbb (b=blank) and
PRINTX. The types of output that may be requested are:

BPRINTX (printed cross section data given one material at a time)

CRAM (FORTRAN version of Hassit's code (1962))

4-Z00M (FORTRAN version of 9—-Z0Q0M (Stone et al. 1959))

DSN (FORTRAN version of Carlson’s code (Catlson et al. 1960))

WDSN (WINFRITH DSN code (Francescon {1963})

PRINTS (p;:inted scattering matrix data)

GYMEA {a PUT card must also be used (5.2.3); Section 9 gives details of
preparation of new condensed and mixed cross section and scattering
matrix libraries for GYMEA).

From time to time other codes will be added to this list as they become available on the computer

used at the A,A.E.C. For the user wishing to extend the source code, Section 20 contains brief
details of the programme source structure,
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In addition to the name, for example PRINTX, each item of the above list may be followed by a
fixed point number if required (not compulsory). If PRINTX is followed by a 1, then the cross section
output is printed one group at atime for all materials required. The meaning associated with this
feature for other items of the list is given in Sections 8 and 9.

The variable X(6) is used in conjunction with. PRINTX and PRINTS in much the same manner
as X(9) is used for burnrup and neutronics chain output except that the digit 8 has no interpretation —
instead, page control of output, other than the first page of a calculation, is set with a character in
column 12 of the HEAD card (5.2.2).

5.4.2 Content of output

The content of output information is determined by three cards which set the materials required
for output, the condensed group structure, and the required resonance overlap procedure and transport
cross section averaging procedure. An example of the first type is

MATS U233, 'BEO', (3,8) ' '

which specifies output for eight materials — U***, BeO (presumably a defined material), and the
library nuclides 3 to § inclusive. Again " 'is used as aterminator of material labels, The collapsed
group structure is given in terms of the library groups thus

GROUPS 2 1 48 120

which specifies that the condensed groups have the following structure:

group 1 condensed = original groups 1 to 48

group 2 condensed = original groups 49 to 120.
The condensed groups need not embrace the full library set, but scattering matrices may be truncated
if the full set is not used. Note that if the number of groups defined is NGD then (NGD+1) fixed
point numbers must be given to specify the condensed group boundaries. Should these numbers run
beyond one data card then subsequent continuation cards must have a non—descending integer
punched in column 1. This integer is tested by the free input routine (22), but otherwise ignored.
This feature of continuation cards is available with.all data except FORTRAN—like cards.

The programme inclodes optional provision to allow for cross section change due to overlap -

of resonances (7.4.5) and optional averaging of transport cross sections when condensing groups

(7.3) thus

(i) ¢ = lzo_tr,i(bi/?(pi
or (i) O¢ = Z oy ; Di B P; /ZD; B ¢
i i
where Oy is the collapsed transport cross section for a particular nuclide,

Tir,i is the library ith group transport cross section for a particular nuclide,

Dj is the ith group transport cross section based on X
the mixture specified by the user (5.3.4), and is given by

tri the transport cross section of
?

D = ‘%‘ i
B is the group dependent buckling specified by the user (5.7) or the number 107!% if the
buckling is zero, '

¢; is the group dependent flux (5.5),

and the summation on i extends over all groups to be collapsed to one.
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A single fixed point number is given on acard, for example,
REQD 11
where the tens dig}t has the interpretation
0 =no overlap
1 = overlap
and the units digit has the interpretation
0 =method (i)
1 = method (ii), normal diffusion code requirement.
The standard state of the code (11) sets this variable to 11. During print out the variable is referenced
X5-0T=11

and, if the option required cannot be accommodated by the current calculation of the code {7.4.5), the
option used instead is printed with a minus added as a warning indication.

Entries on the MATS card are restricted to not more than 40 words of indicative information,
based on a nuclide or material producing 1 such word or a material set producing 3 words for each

dara item on the card.

5.4.3 Output for later computation

The user can set the condensed and mixed cross section subroutine to save selected, weighted,
condensed and mixed cross sections in the user’'s COMMON (12). Using this feature it is possible to
calculate quantities by manipulation with the compiler (10). Entties given on the appropriate SAVE
card relate to a previously used, although not necessarily immediately preceding, MATS cards, for
example,

MATS U233, 'BEO', (3,8) '

SAVE AS 4 2*1, 4%0, 100 0 —1

The fixed point numbers supply the following information:

(i) The first number is a digit 0 to 7 which has the same interpretation as digits of
X{9) and X(6} (5.4.1), that is o is to be saved for the example.

(i1) The second to seventh numbers are six digits 0 or 1 which relate in order to individual
neutron reactions to be saved or not;

do not save

0

1

n

save,
and reaction 1 = (n,¥) usually
2 = (n,f)
3 = (n,abs)
4 = (n,vf) or (n,n) for moderator nuclides
5 = (n,transport)

6 =(n,2n) usually ,
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(see library details, Section 18.1). Thus o} and of are required for the example given,
(iii) The remaining numbers, comptising one for every entry on the MATS card— (3,8)
is one entry~ have an interpretation which is best explained in terms of the
example:
100 = save first entry for U™ in Z(100), second entry in Z{101), etc.,

0 = do not save information for BeQ

~1 =use index register J(1) (see Section [0) and save first entry for nuclide 3
in Z(J(1) ), second entry for nuclide 3 in Z(J(1) + 1), etc. '

If 3 condensed groups were requested with a previous card, then entries saved for U?** in the example
would result in the Z array containing the following information:

7(100) = o (group 1),
Z(101) = o, (group 2),
7(102) = o, (group 3),
Z(103) = of (group 1),
Z(104) = of (group 2),
and Z(105) = 0 (group 3).

If X(8)%0. then, instead of information being directly stored in the Z array as indicated above.,
X(8) weighted entries would be added to existing Z elements thus:

Z(100) = Z{100) + X(B8) *0 (group 1}, etc.
Using this feature it is possible to obtain time-averaged quantities, for example.

5.5 Forcing a Neutronics Calculation

5.5.1 Flux from neutron balance

Two types of time catd cause the programme to call the neutronics and burnup chain, chain 3,
These cards are discussed at length in Section 6,1. However, a user not intent on burnup, but
requiring group flux to be calculated from neutron balance of a homogeneous mixture of materials
with specified concentrations (7), will probably use a card punched

T =0, 200

or DT =

Q
Mo

5 g; L

it 3

I
|

which.simply sets reactor time to zero, that is, clean core status, sets an upper limit to the number

of iterations required in the flux calculation, and sets the maximum number of criticality iterations

to zero. This latter number is only positive when a parameter is to be adjusted to achieve a specified
state of criticality.

5.5.2 Criticality

If a parameter is required to be adjusted to achieve criticality, then, before a time card punched,

say,
T =0., 20,6

can be used, an eigenvalue search.card must be given. Such cards may be punched, for example,
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SEARCH B10 1.-3, 0.8, [.+3, l., 0.001

SEARCH 'cM' .1, L.1, 10, 1.05,1.—4

SEARCH GB2 1.-2, 0.5, 1.+2, 1., 0.0l

The indicative word SEARCH should be followed by a library or defined material name (brackets
are not permitted), or by GB2, which indicates group buckling is to be adjusted to achieve criticality,
When the latter option is required, only the level of a previously defined group-dependent buckling
(5.7) is adjusted. To understand the other entries on the card, it should be noted that the programme
finds an eigenvalue which multiplies the original guess given by the user; in the first example this
would be the concentration of B'?, set perhaps using a card

N B10 = LE-7''

The five floating point numbers given on the SEARCH card (and available as X(33) to X(37)
of the user’s COMMON —Section2) have the followingmeaning for each number, in order of punching:

(i} a lower limit for the e,ig-envalue, A,

(ii) a second guess at the Veigenvalue (remember =1 is the first guess),
(iii) an upper limit for the eigenvalue,
(iv) the required multiplication constant, ke, and

(v} the required accuracy in kegf ,

If the search proceeds outside the specified limits an error will result. The method used is based on
linear interpolation or extrapolation.

Criticality is not restricted to T=0 but may be used after any burnup step.

5.5.3 Other flux options

The user may prefer to group collapse data with either
(i) a flux of his choice given for all groups, or
(ii) a flux appropriate to the Westcott (1-957) convention {13,2).

Section 5.7 shows that a group flux can be defined as part of the input data, and the only
point which needs to be emphasised here is that if resonance overlap and/or. diffusion type transport
cross sections (5.4.2) are required, the programme must be forced to enter the subroutine that normally
calculates flux from neutron balance. This is because these features require data based on the whole
library, and a first reading of the library is carried out in the subroutine mentioned {see also the
CREATE feature (5.2.1) ). If the maximum number of flux iterations is set to 1, the actual routine
that calculates flux from neutron balance is bypassed. Thus a card punched, say,

T=0., 1, 0
can be used,

However, if the options mentioned are not required, or if the user’s COMMON has been set
to the required data (12), then cne reading of the library can be bypassed with two cards punched,
for example,

FLUX =1.+413 — SEE END OF SECTION

T =0, —1, 0
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A card punched with anegative number of iterations sends control to the subroutine that calculates
reaction rates and condensed and mixed cross section data (7.3) without first entering the flux
balance subroutine . Zero iterations also has an interpretation, which is that both the subroutines
mentioned ate bypassed. Of course a calculation of the type mentioned above must have previously
been carried out— this feature is really only of interest to a burnup user with non—changing reaction
rates.

Westcott flux (13.2) with a specified r value (ratio of epithermal to thermal flux) is obtained
using three cards punched, for example,

FLUX = 1.+13

X(0) = 0.02

CALL WEST
The first sets the flux level (5.6), the second gives the r value, and the third forces the calculation
to proceed. The neutronics calculation can then be carried out using a time card as the subroutine
WEST will have generated the required elements of group flux.

The reader may wonder at this stage why a FLUX card is not always required. The reason
is that the programme sets the flux level appropriate to neutron balance from unit source if no flux
(or FLUX=0.) is given (5.6). I the flux is to be calculated in this fashion using WEST, data may
be punched thus:

FLUX = 1.

X(0y =0.08

CALL WEST

FLUX = 0.

T=0.,1,0
It should be noted that group flux is set to the level given on the FLUX card not when this card is
used, but rather when WEST, or the subroutine that calculates reaction rates and mixed and con—

densed cross section data, is called.

5.6 Reactor Control Information

It was shown above that the total flux level can be set witha card

FLUX = 1.+13 N/CM*#*2/SEC

and it was noted that this does not immediately set the group-dependent flux to the specified level.
Other possible data of this section may only be used by burnup users, that is, those users who
have indicated their intention with.a FIFA card (5.3.9). Firstly it should be noted that the use of

a FLUX card also tells the programme that during burnup the FLUX level is to remain at the level
specified. If in addition the group-dependent flux does not change, then the one analytic solution
of the burnup equations (G,2) holds for all time, and advantage may be taken of this feature by
using time steps chosen simply to provide output information. However, if the group-dependent
flux, the spectrum, does change, time steps must be chosen consistent with this, using, say,

DT = 100., 20, 0, 1
(see also Section 6.1).
Burnup users may set the power level thus:

POWER = 10. WATTS/CM**3
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which tells the programme to adjust the level of previously calculated reaction rates (7.3.1) to this

level before proceeding with burnup. The status of constant flux level burnup can be retained using
two cards, for example,

POWER = 10.

FLUX = 0.
which.will overwrite zero FLUX with that calculated to give the specified power. From then on this
calculated flux level will be retained. Similarly the status of step—wise constant power level burnup
can be retained using

FLUX = 1.+14

POWER = 0.

If the flux is to be calculated at a level consistent with unit source then the feature previously
indicated in Section 5.5.3 can be used, namely,

POWER = 0,

FLUX = 0.

The last mentioned cards appear to have shut the reactor down, but this is not the interpreta—
tion of the programme. Instead the SHUT DOWN option is set using a card punched

SHUT DOWN

When this card is used the previously defined status is retained, so that later the option for START UP
can be set using a card punched

START UP

Since the SHUT DOWN card sets reaction rates to zero, a calculation of fresh reaction rates
must be forced before proceeding. This can be done using, for example,

DT =0.,20,0,1

These features are of use to those interested in, say, the reactivity saving resulting from allowing |
certain nuclides, for example Pa®®, time to decay, and are best clarified with an example.

Example

An infinite homogeneous reactor composed initially of Be’(4x 102 nue. /107 em?®),
U (1x10"°nuc./10™* cm?®), and Th?** (1x107* nuc./107%% cm?) is to be burnt for 500 days at a
constant power level of 0.1 watt/cm® and a temperature of 300 °K. It is theh to be shut down for
10 days and started up again., What is ke after a further 90 days burnup?

Excluding monitor cards and cards associated with voluminous neutronjcs output (5,4), the
data for this problem may read:



*GYMEA

yEX1 ILLUSTRATES BURN UP
USE 1,61,2

SCAT 300. BE9 GAS '
N(1,100)=0., BE9=4.~2, U233=1.~.5, TH232=1.—4 " '

POWER = 0.1
FIFA U233 ''!

T =0.,20,0
DT =125.,20,0,4

SHUT DOWN
DT =10,,0,0,1

L R |

*NOTE...NO FLUX ITERATIONS
START UP
DT =¢.,20,0,1
T =600.,20,0
END
CEASE

5.7 Group Information

Three types of group information may be entered as data, using cards punched, for
example,

GFLUX = 1. 1.5 1.8 2. 5. 6.
18 10. ,ETC...

GSQURCE = 0.54, 0.46, 118*0

GB2 =120%1.—4  1/CM**2

Data must be given for the library number of groups (NG) and since this data frequently extends
beyond one card a non—descending integer must be punched in column 1 of continuation cards as

explained in Section 5.4.2.

The first type illustrated above defines the spectrum of group flux but not the level (5.6).
The second defines the spectrum of group source, which will be used rather than the library
spectrum. The level is adjusted to a total source of 1 n/cm?, sec. The third defines a group-
dependent buckling, which is normally defined with all elements the samc, However it is
possible roughly to simulate a reflected core for a burnup study, using a typical calculation
carried out with a space-dependent code which calculates :

B? = — [ [V ¢pdV/[pdV]

core

for each neutron energy group.

All of the above quantities may also be entered via the X array of the user's COMMON (12).

5.8 Flux Accuracy and Burnup Mechanism Information

Theuser may change the accuracy parameter used as a convergence test in the calculation
of group flux from neutron balance (7.2). For example

ACCURACY = 1.=-3
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will set a parameter which.will stop further iterations of group flux when roughly speaking the total

absorption and leakage rate from unit source changes by less than 10™° from one iteration to the next.

The standard state (I11) consists of an ACCURACY parameter of 10™% It is not anticipated
that this feature will be used except by people studying the effect of small changes on a sy stem.

Frequently it is difficult to assess the relative importance of an individual nuclide on the
burnup mechanism. It is possible for the user to change the burnup mechanism slightly with a card

punched, for example,

BURN 2*-1, 1, 97*%0

which should contain entries for each nuclide being USED (NN nuclides in all). Each entty of a fixed
point number sets an option for each library nuclide in turn. The options are:..

(i) —1 do not burn up (still produced however)
(ii) 0 follow library rules
(iii) 1 burn up (does not produce further library nuclides however).
The example given in Section 6,2 better explains the function of this type of card.
5.9 OrherData
It is possible for the user to specify lower limits for keff, ko, B2AV (6) using the cards
KEFF LIMIT = 1.
KINF LIMIT = 1.1

AVX LIMIT = 1.—4

When a quantity falls below a level set in this manner the next job is called (SEND). The standard
state (11} for each of these limits is 0., 0., and —1. respectively.

The user may make changes to data that is set by the subroutine STAN (I1), or that is read
from the heading file of the library (I18), usingthe compiler discussed at length.in Section 10. For
example it may be desired to change the potential scattering cross section of the first library nuclide
to 5.4 barns. This would be achieved thus:

X(351) = 5.4
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6. CHAIN 3— BURNUP

6.0 Summary

This chain controls the neutronics calculation and burnup. Burnup is carried out analytically
based on the burnup mechanisms given as part of the cross section library. Time-dependent quantities,
such as FIFA, are also calculated analytically using average concentrations for a time step. The
analytic solution procedure requires the 1-group microscopic reaction rates to remain constant, hence
it may still be necessary for the user to specify ‘integration’ time steps consistent with the needs of
his problem — say, 100 days. Chain 4 (7) carries out the calculation of group flux and cross sections
and chain 3 uses the results to calculate keff, etc. The concentration of any nuclide, mixture, or
level of group-dependent buckling may be adjusted to achieve a specified value of kegf if required.

6.1 Data Options

Control is transferred to chain 3 from the input chain 2 when a ‘time’ card is detected. The

data supplied with the card controls the functioning of the chain. Two types of ‘time’ cards are
permitted, for example,

T=0.,20,0
DT=100.,20,0,1
but both determine the same quantities. The data entries given in order have the following meanings:

(1) determines the time (in days) after first start up (T=0.,...) at which. ourput is required

for the behaviour of the reactor system being studied (if the specified time is negative
then X(41) is used instead),

(2) determines the option required with the flux spectrum calculation (LSID),

{3) determines a limit to the number of permitted iterations to achieve cﬁticality on, say,
buckling (5.5.2), and

(4) which.is only used with the DT card, is the number of such time steps required at
one entry to chain 3— control is not passed to chain 5 until the number of repeats

is satisfied, hence CRAM output, for example, would not be produced for the inter—
mediate steps.

The manner in which the chain works can best be understood by referring to the flow diagram
which follows.
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burnup (1) if T=0. or DT=0. bypass burnup,
(2) normalize reaction rates consistent with specified power or flux,

(3) analytically calculate nuclide concentrations at end of time step, average for
time step, and use the average concentrations to calculate time integrals

(FIF A, etc.),

neutronics (4) if LSIDX0 call chain 4 for calculation of flux spectrum and/or reaction rates
and condensed, mixed cross sections, :

(5) calculate multiplication constant, keff, etc.,

(6) if criticality required, adjust eigenvalue on concentration of a nuclide or
mixture or level of group-dependent buckling and return to (4),

output (7) output burnup results— nuclide concentrations, I—group reaction rates, etc.
(8) if all repeats havenot been satisfied, return to (1), |

finish (9) call chain 5 if output required,
{10} call chain 6 if output required,

(11) return control to chain 2 otherwise.

Note that burnup is carried out before the group flux calculation. This is necessaty to give
quantities such as multiplication constant, keff, a precise meaning. Of course the user must make
sure that burnup is possible by forcing a calculation of reaction rates at T=0.(LSID%0) or after
START UP following a period of SHUT DOWN (5.6). The user requiring butnup should force a
calculation of reaction rates for all nuclides rather than for just those specified on the MATS card.
As discussed in Section 5.3.9 this is achieved by theuse of a card which indicates also the nuclides,
or materials, to be included in the definition of initial fissile atom to be used later inn the calculation
of FIFA (fissions /initial fissile atom). Such a card may be

FIFA PU239 PU241 "'

and when chain 2 detects this card the concentration of Pu®®® and Pu**? previously defined are added
together and set aside in COMMON storage. This concentration should be non—zero, or an error will
result for T¥0. In addition all nuclide concentrations defined before the use of this card are copied
from the array AFT.N to BEF.N (12}.

6.2 Analytic Solution of Butnup Equations

The set of equations for production and burnup of each nuclide are a set of coupled first
order differential equations. In GYMEA these equations are solved all at once for all nuclides
up to the nuclide specified on the USE card. For example, with the card

USE 1, 55, 2

the user has stated that he is only interested in the first 55 nuclides of the library. To save machine
time, and to simplify greatly the solution of the equations, the nuclides must be ordered in the GYMEA
cross section library so that except for a few isolated instances anuclide can only burn or decay to a

nuclide further down the library set. For the few isolated instances a nuclide can burn or decay to the
nuclide immediately preceding it in the library set provided that the preceding nuclide itself does not

do the same thing.

The simple burnup chain below highlights features of the analyric solution technique. A
circle denotes a nuclide, and lines leading to and from the circle indicate the burnup mechanism

described by the burnup table given as part of the ¢ross section library for this illustrative problem
(18).
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Here r(é‘) '—‘_TEG O’E(I;) @; for nuclide £,
1=1 :
where subscript i .indicates the neutron energy group ,
superscript (k) indicates reaction (k) of the library,
namely (71) = reaction (1), usually (n,7y),
(2} = fission,
(3) = absorption (7.3),

and ?\e is the decay constant (10" /sec) of nuclide £ .

Section 7 and Section I8 elaborate further on the quantities introduced here,

The quantity Y4, is the yield of nuclide 4 from fission of fuel of type 1— say nuclide 3
was designated as being a fuel of this type. Let Ny = the nuclide concentration of nuclide !
(huc./107* em’) at time t (10°* sec) after the previously considered time step of the reactor
system composed of a homogeneous mixture of the nuclides designated 1 to 4. The following

nuclide balance then applies for each nuclide;
Time rate of change of Ny
= loss due to decay of nuclide ¢

+ loss due to n—-absorption by nuclide £

+ gain due to decay of nuclides which produce nuclide f
+ gain due to n-capture reactions which produce nuclide

+yield from fission of nuclide £ from the four possible fuel types.

@ Y & a fuel of type 1



Using adot to denote differentiation with respect to the variable t. the set of balance
equations may be written:

Ny LN 0 0 0 N
[‘qg = f(il} "-l'(_;) }\.3 0 N‘Z
Ns A rél) —r{g’)— Ag 0 Ny
. 2
N 4 0 0 y‘4 (3 } --L'EB) N 4
ot N = A N. —(1)
Notice that A is a lower triangular matrix except for the term Ay - this formis typical for a

complete libraty sef of coupled equations with.only a few isolated just off—triangular elements.

Before the solution of Equation 1 is considered, a few additional features will be discussed.
In a general set of equations reaction (6) (usually (n,2n) ) may produce a nuclide belongmg to the
library set, hence production terms r ) would appear in the matrix A.

Use of a card such as
BURN 0 1 0 -1

(5.8) for the example being studied would force nuclide 2 to burn out. rather than to burn to nuclide 3;
hence the production term r Y would not appear in A, and. since nuclide 4 would be prevented from
burning out, the loss term —r3) would not appear.in A. This type of card forms a convenient way
to investigate the effect of chosen nuclides on the ovefall burnup mechanism. It should be borne in
mind that the BURN card does not alter decay or yield from fission.

Returning to the solution of the set of equations (1), the first step is to carry oug gransforma—
tions on A to yield a lower triangular matrix. In the example chosen this may beachieved using the

matrix
1 0 0 0
0 l. x 0
Is(x) =
= 0 0 1 0
0 0 0 1 —(2)
Now =Ia (x) La (y) = ,I:S (x +y),
1o () Ls (=%) = L5 (0) =L

I; (~x) = L3 ().

Then, from Equation 1.
(Is x) N} = (Ls (x) ALs (=x}) (Ls ) )
which is of the same form as the original Equation 1, namely

N A Ne )



except that A* may be made lower triangular by a suitable choice of x. If x is chosen so that
x* agp +X (Bop — 243) —agg = 0 —(4)

then the element a}, is zero in the transformed matrix and no other upper triangular element appears,
as any off—triangular elements are always separated from one another by at least one zero element—

a requirement of the ordering of the library nuclides. The roots of Equation 4 are always real as the
off—diagonal terms are always positive, and the actual choice of root is immaterial as the new diagonal
terms ay, and a§; simply interchange roles if one root is used rather than the other. For the more
general solution of Equation 1 applied to other library nuclide sets, a series of transformations

Eii(x 1) ,I,i ,(X2)... may be necessary; however a set of equations (3) is eventually obtained for which A*

is lower triangular,

Assuming that all leading diagonal elements a*ii are different from each other, excluding
possible zero elements, then the cigenvalues of A*are simply the diagonal terms and a solution
of the Equations 3 of the form ¥

N=*® :E

Lav]

=(5)

e
Y

can be assumed, where B is the required solution matrix and is lower triangular,

exp (alit)

exp (apat)
and e =

exp (aat)

exp (aj4t)

In practice the requirement that the eigenvalues are distinct is always met and will only be violated
if an attempt is made to use a libraty containing the same nuclide in several different positions.
Differentiation of Equations 5 and comparison with Equations 3 then gives
P :
2 ajk by
S L I T Y —(6)

1j. ajj-aii

for the off—diagonal terms, and the initial condition N* = N* (t=0) leads to the equation
* fand
bii e Nl (t=0) — kglblk (7)

for the diagonal terms. The result for i=1may beimagined contained in Equations 6 and 7 if we set

backward sums to zero, ¥ .. =0. Equations 5 and § express a recurrence relation which enables
k=1

all the elements of the solution matrix B to be determined provided the indices are ranged as follows:

(1,1); (2,1), (2,2); (3,1), (3,2), (3,3); etc.

The set of nuclide concentrations Q* may then beobtained from Equation S and the original
libraty nuclide set may be obtained from the simple transformation:
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One objection that may be raised concerning the analytic solution technique is that it appears
to be prone to round—off error, especially for the production of He® from the Be (n,0) reaction. However
the experiences of the authors indicate otherwise. Stated differently, the analytic procedure enables
long (say 100—day) time steps to be taken and hence the small (say 1-day) time steps, which would
produce the greatest round—off error, are unnecessary.

6.3 Analytic Calculation of Average Nuclide Concentrations

Since the analytic solution of the burnup equations is available in the formof Equations 5 and
B, time integrals of power and FIFA are best given in terms of average nuclide concentrations for the
time step. The average concentrations for the time step are simply

i~

§ A
N=ls(-x)B¢ ; —(9)
where ’é:contains elements of the form
¢ .
- -1 . ( * d t
= < exp(a;;t ) de
[¢]
- *11: [exp(ai;t)~11. =(10)
ar.

11

For small argument a-"'i t, Equation 10 may be expanded as a series in t and a few terms retained,
thus avoiding excessive round-off error.

6.4 Time Integrals

Some clarification is necessary on the statement made eatly in Section 6.2 , namely that
t (10** sec) is the time after the previously considered time step. For a burnup carried out so that
power is continually adjusted to the same specified level given on the POWER card, t is simply
the time between steps specified explicitly by the user, pethaps usinga card DT=... For aburnup
carried out so thar flux and reaction rates remain fixed (LSID=0), the first entry to chain 3 for a given
DT card will force a solution of the bumup equations. However, further repeats, as specified on the
card by the user, will use the previous analytic solution, and hence t is the time from the last step
of previous entty to chain 3. Since theuser has presumably requested intermediate steps only to

provide output for his own information, rather than to assist the solution of the problem, this possible
point of confusion should be botne in mind.

The various time integrals are given simply by the equations below.

b-T(t) = $-T(0)+Pt(sec),

XX(t) = XX(0)+ [zzﬁg(rﬁf’-rg”) ]t (days)/Dé (1),
B2AV(t) = XX(t)/ total t{days)

P~T(t) = P-T(0)+ (221% fy 1§y e (days),

FIS() - FISO)+ (3 ﬁ[, téz))t(sec),
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FIFA(t) = FIS(t)/ initial fissile atom concentration,
where $-T = flux time in n/cm?,
B2AV = average estimated buckling to give keff=1 in cm—2,
D = l-group diffusion coefficient based on N in cm
NG . 2NG
“ X DjBj $i/B13 ¢;
i=] i=]
P-T = power—time in watt days /em?,
fp = energy release/fission of nuclide £ in joule/fission,
FIsS = fissions/cm?®, and
FIFA = fissions/initial fissile atom.

—(11)

6.5 Multiplication Constant, etc,

One—group collapsed macroscopic cross sections for fission emission (¥ 2¢), total absorption
(2 a), and specified leakage (DB?) are all obtained from the following type of rule

NG NG
Vi = _El(sz )idi/ _21 &;
i= i=

(1)
The effective multiplication constant of a homogeneous system is then given by
kegt = v 3¢/ (2, +DB). (2)
In addition the infinite multiplication constant is simply
km = VZf/ Za . (3)

For a large system an estimate of leakage necessaty to make kegr=1 may be made from Equation 2,

namely

B, = (vI-3,)/D (4)
and the code produces this asoutput B2 (INF). Similarly Equation 2, can be used to obtain an
additional leakage term DB;ff which makes keff* 1 when leakage DB has already beenincluded
based on a specified group-dependent buckling (5.7), that is

Betf = (¥S¢—3, - DB?)/D. (5)

Since it is possible to obtain group-collapsed transport cross sections, weighted by DB? for each
group (5.4.2), then, when buckling has not been specified, the code uses B; =107 = 1,2,...,NG)
to prevent the weight from being zero.

For a system which is not large, a change in leakage produces a change in the flux which
in turn results in a change in the group-collapsed cross sections, hence the buckling obtained
from Equation 4, B% , may not be particularly accurate. The code, however, has provision for
adjusting B? to achieve criticality (5.5.2). After each adjustment a further flux calculation is
carried out until the specified multiplication is achieved.

Two other quantities produced by the cc_)dé are extrapolation distance, d, and radius of an
equivalent critical sphere, R, obtained by applying Equation 4. The equations used are
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NG 5.2 2NG 2 ) s
d = 2.13 2 (D;Bi) $i/B:X D;Bi®j (6)
and R = (7/Bwo)—d (B%> 0
=0 (Bo < 0) . (7)

For a system with group-independent buckling Bf (i=1,2,...,NG) adjusted to make keff =1, then B; = B?

The macroscopic cross sections which are used in the above equations are derived from the
cross sections calculated in the first library reading (group flux calculation subroutine, Section 7.2)
for a non—burnup user (no FIFA card)., For a burnup user the cross sections used are calculated in
the second libraty reading (reaction rates, condensed and mixed cross section calculation subroutine,
Section 7.3). The reason is quite simple — a non-burnup user may not want output for all materials
that contribute to kegf (5.4.2), hence all the information may not be available from the second library
reading. The only possible difference is that the cross sections calculated during the second library
reading are corrected for resonance overlap and resonance gross flux correction (7.4.5) whereas the
first are not.

A burnup user obtaining output for the full library group structure can obtain an idea of the
magnitude of the overlap and gross flux correction from ‘total neutron loss rate/source neutron’
printed by chain 5 (8), since differences from unity result from the condition that ‘total neutron
loss rate’ is based on the first library reading (no correction) whereas ‘source neutron’ is based on
the second reading (includes correction). When taken together, the two corrections mentioned above
to some extent compensate each other as they are corrections of the same form but with different
signs.

After butnup, the power density, in watts /em?®, is given by |
= (2)
P % Ny fprp &
using the notation of Section 6.4. Before burnup is calculated an equation similar to (8) above is

used to readjust the level of the reaction rates k) if the ‘constant’ power option is set (5.6). Only
a burnup user may specify this ‘constant’ power option.

0
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7. CHAIN 4~ GROUP FLUX CALCULATION, CONDENSING AND MIXING FUNCTIONS

7.0 Summary

A group flux calculation may be carried out for a- homogeneous system containing a uniformly
distributed neutron source emitting 1 neutron per cm® per second. The calculation requires a first
reading of the cross section library during which stage a smaller bulk library may be prepared for
the second reading if required (5.2.2). Scattering matrices specified (5.2.4) are used in the calculation.
Using this group flux, or the flux obtained from other options (5.5.3), group-condensed and nuclide
mixed cross sections and l—group microscopic reaction rates are obtained. This alse requires a
reading of a cross section library.

7.1 Required Option

As discussed in Sections 5.5 and 6.1, chain 4 is called when the second entry on the time
card (LSID) is non—zero, for example,

T=0., 20, 0

If LSID is positive then themain cross section library is read and a copy is created (5.2.2 and
5.5.3) if required. If LSID is also greater than 1 the flux balance subroutine is entered. Following
this the reaction rate, condensing and mixing subroutine is called. On the other hand if LSID is
negative, only the reaction rate, condensing and mixing subroutine is called.

7.2 Group Flux Calculation

The specified cross section library (5.2) is read to obtain a4, V2§, 2 for each group
(1 to NG) for the homogeneous mixture to be studied (5.3.4), and the specified scattering matrix
library is read to obtain group—to—group transfers 2;.,: based on the chosen scattering matrices.
As mentioned in Section 5.2 it is possible to- CREATE ‘a ctoss section library while reading the
main library perhaps to change resonance parameters to shielded cross sections for use with the
collapsing procedure (7.3). This procedure is probably only worthwhile for a person requiring
burnup using a cross section library containing many resonance parameters. Resonance theories
are discussed in Section 7.4.

If the group flux is to be determined from neutron conservation (LSID~1), the equation
solved is

W = X
where X is the group fission spectrum (18 and 5.7) normalized so that

NG
o Xj= 1 ]

]

[

¢ is the group flux , and

W has elements given by

[J
Wi = (AA) 85 - %Ne %G

h AA) = B + () B
where (AA) 3(2" T ati »

GiEj is the transfer from group i to j for nuclide [, except that

or-E' = -3 orE

11 i#i 1—=3 7

and [ is summed over nuclides with scattering matrices given on the SCAT card (5.2.4).
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The method usedis based on the Gauss—Seidel iteration technique as given by Ralston and
Wilf (1960) but advantage is raken of the main features of the flux equation.

For the K—1 groups into which no neutrons are scattered from lower energies, that is groups
j such that

Wii =g fori>j ,j=1,2,...K-1,

the matrix is lower triangular and the solution is immediate. For the remaining groups the equations
become

NG P
_EKWji $p =X, j=K,....NG,
1=

. .
where X is now a slowing down source.
La V]

The iteration scheme used for the nth time applied to solving the preceding equation for ¢(n)
amounts simply to solving the three equations given below for (,b(n), The solutions qﬁ(n) and q'){n)J

from the same equations are not obtained, as they are not required at this stage. The't ree
equations are

Yo Vi Yije s

Vi Yienjer Wisnie | | ®i0 |= | Xl -

iiai Fianin Bjeajee | | P50 X2

Wj,x "-'--Wj,i—l I({n) Wj,j+3 ...W]‘,NG ¢(jn+;1)
- ¥tk Wj+1,j—1 ‘ - wj+1,j +30 Wj+1,NG

_Wj +2,k 0 Wjag,jo d’]r-l-)l Wj +z,j+3---wj +2,NG ‘tb(n P

A division into 2 regions is made after the first iteration by the requirement that i should be
as large as possible, say i=L—1, such that

-1
IE Wi | <01 Wy s
=1
that is, the number of upscatters from group L—1 is to be just less than one tenth of the total removals

from that group. If NG-L is greater than 5, these groups are collapsed into 3 sections such that

3 (AA), qbi(l)is approximately the same in each section.
i

Using these three sections, the three equations

Kk k K
x (12( i (“));6) 50
) j

where k and k' have values from 1 to 3¢ are solved for MK afrer each major iteration to give
HED A

The initial estimate qb(o) is either a Westcotr flux (13,2) or the group flux from a prevmus
calculation.
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The accuracy criterion used for convergence is

G n ([1-—- l)
(AA),-Iqu)—qu <€,
j=l
where €, usually 107" , may be set in the input data (5.8). The number of iterations required depends

mainly on the ratio of absorption to scatters in each group, and c,b (0, and usually ranges between
4 and 7 for the basic 120—group libraries (19).

7.3 Condensing and Mixing Functions

7.3.1 Reaction rates
The burnup of anuclide depends on microscopic reaction rates (6.2). For this reason if

burnup is required (5.3.9), reaction rates for all library nuclides (NN) are calculated. If burnup is
not required, only reaction rates of those nuclides requested for output (5.4.2) are obtained., The
six reactions treated are those obtained from the cross section libraty (18), namely

(1) (n,capture 1)— usually (n,y)

(2) (n,fission)

(3) (n,absorption)

(4) (n, v fission emission)

(3) (n, transport)

(6) (n,capture 2)~ usually (n,2n).

Using a superscript to indicate the particular reaction and subscripts to indicate in order nuclide
and group, we have

NG . :

rék) = _21 Uﬂgk) @i (k=1,2,3,4,6), m
’:
NG NG NG 2

() = (2 o) Dby (T #5 /Y DiBig) @
i= 1= 1=

I =1, standard option,

" NG
or r(s) = X O'E(.S) qsi
i

s I=0 H
E i=1

where ¢, is the group flux, which is calculated from neutron balance (7.2), read into the programme
(5.7), or calculated from a Westcortt flux (13.2),

D; is the group diffusion coefficient =1/3 (ztr ¥i s
(Z,,); is the group transport cross section for the specified mixture,

B; is the group buckling specified by theuser (5,7), and

I is the option required with transport averaging — the second digit on REQD card
(5.4.2).
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7.3,2 Condensing

The user may specify the groups required for the condensed cross sections available for
output (8 and 9). The specification is given on a card punched, for example,

GROUPS S5 1,40,60,80,100,120

where the entries relate to the main library groups (5.4.2). The condensing is then carried out with
equations analogous to Equations 1 and 2 of section 7.3,1, for example, '

G0 . 60
OR T
i=41 i=41

Reaction (4) for light nuclides of the library set (I18), unlike the corresponding entries for r
{microscopic reaction rates), relate to neutron elastic scattering.

7.3.3 Mixing
Mixing is carried out according to rules set by the user, say,
'"BEO' = 1.BE9,1.016,1.8 ' '
for materials specified for output (5.3.2 and 5.4.2). For example
MATS U233, 'BEO' '°
will produce, in the order specified, data for the library nuclide U*** and the defined material BeO.
Since Be® and O'° would presumably be designated as light nuclides (18) reaction (4) would be
(n,n). The rule used is that all components of the mixture must be light for a defined material to

be considered to be light.

7.4 Resonance Theories

7.4.1 Resonance information

The resonance information supplied by the library consists of parameters for single-level
Breit—Wigner resonance contours and resonance-removed cross sections. The so-called resonance-
removed cross section is the residual cross section left over when the resonarnce contour, which is
considered to be symmetric, is subtracted from the cross section of interest. This idea has been
used for some time at the A,A.E.C. andis based on the usually, accepted idea in resonance studies
of adding a correction to calculations to allow for the *1/v tail’ neglected in the analysis. This
tail is not always 'l/v’, as single-level Breit-Wigner resonance contours do not account for
features such as fission interference. In addition the cross sections for the region normally con—
sidered to consist of unresolved resonances is treated as‘part of the resonance-removed cross
section. Using resonance parameters, and the resonance-removed cross sections, it is possible
not only to reconstrucet a cross section at say 300 K, but also to produce a cross section at other
temperaturcs. The error introduced by neglecting the temperature dependence of the resonance-
removed cross section should not be of great significance except possibly for the calculation of
temperature coefficients of reactivity. For these calculations, the resonance region contributien,
the Doppler coefficient, should be checked with a code which takes account of features neglected
by GYMEA. LUBRA (Kletzmayr 1966) is such.a code.

7.4.2 Cross sections from resonance parameters

The method used to calculate cross sections from resonance parameters for different temper—
atures apd different shielding resulting from flux variation through resonances is the method of McKay
et al. (1965), which is an extension of the Hill-Schaefer method (1962). The justification of the chosen
relationship of group cross sections to quantities calculated by resonance theory is given by Keane
and Pollard (1966). Following the notation of the first mentioned paper, we have for one resonance
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oy, = (1-p) f—Up /p 8u (group resonance cross section), (1)
where du = width of resonance group in lethargy units,
p = e:_"ol/‘f “p {resonarnce escape probability), ()
p = 2/(1+p), (3)
la % :
I = E; ay J (&, a}\r) (resonance integral), (4)
. {C1+Cp) ) xp
)\.g 2 ] = aE T— arctan (m) (5)
xp = 2B (1—ap)/1", (6)
k ) '
Ipn = 22:1 )\EO'PQ ( k = resonance nuclide ) (7)
£ =1rto k—1=light nuclides
e~ Nposp Ny (8)
YA -
= ) 9
) S S )
% -
and Cyp.= (1 +1/ap))” | (10)

The function J(,0) used in GYMEA is an approximation proposed by Doherty (1963).

Equations 5 to 10 and 4 and 3 are simply solved using one iteration, and numerical accuracy
is retained in Equation 1 using an expanded form based on Equation 2 for (1—p)< 10~*. Other
cross sections are obtained from 0, of Equation 1 using ratios of resonance widths, for example,

o
%,y = + Op -y Tesonance removed

r

a

The entry held in the library (18) as cross section {3)— normally absorption — is not used in
the resonance region for nuclides with resonance parameters or shielding coefficients given, as
cross sections (1) and (2) are summed to give the required cross section (3),

7.4.3 Cross sections from shielding coefficients

Following Keane (1964b) it can be seen that for zero temperature the equations of Section
7.4.2 give approximately (for one resonance)

o, = op/(L+oe/ )", (1)

i

where 9 71, 05 /2E; du (2)

infinitely dilute cross section.

Values of the concentration variation (O, variation) of a cross section can therefore be
anticipated for several resonances in a group, and not necessarily at zero temperature, using

ox = O, /{1 + %+o—€)§)l/2(x=’y,f,and7/f). (3)
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Three parameters 0y, A, and B have been introduced in Equation 3 and these are derermined from
three calculations of oy for three different Op - In all, nine parameters are determined for three
reactions.

Within this context 0, need not agree with 07, summed over resonances of the group. The
three o, chosen in calculating 0y, A, and B would be based on the anticipated range of concentra—
tiont variation of the nuclide under study for either a burnup study or a survey. For variation over a
range of % typically, 10*, 5x10% 5x10°, Equation 3 has been found by the authors to be remarkably
satisfactory. This point needs further verification however. It should be remembered from Section
5.3.8 that resonance parameters can be automatically turned into shielding coefficients using the

CREATE feature (5.2.2).

The o, used in Equation 3, unlike its counterpart in resonance theory (7.4.2), does not include
the potential ‘scattering cross section of the resonance nuclide—~ this convention is used throughout
shielding theory.

When using shielding coefficients the temperature is fixed to the value chosen when preparing
these parameters.

7.4.4 Particle ‘self shielding

Section 5.3.7 introduced a basis for allowing for particle self shielding following Keane
(1964a). This method modifies the potential scattering cross section of light nuclides thus

Oé* = O’s/ (1 +‘B-ZPVm/VP)n

The modified potential scattering cross sections, US*, are used both in resonance theory (7.4.2) and
shielding theory (7.4.3).

7.4.5 Resonance overlap

Following the option set with a REQD card (5.4.2), it is possible to allow for overlap of
resonances using the method of Rowlands (1963) investigated by Keane (1966). In addition the
resonance gross flux correction factors investigated by Keane and Pollard (1966) are combined
with.the overlap corrections, assuming these two factors to be independent. In GYMEA the method
amounts to correcting cross sections (1) to (4) for all nuclides for the resonance groups using the

factor -
£3)
Cy =1~ (@ -3 J0/%, (1
then (k) # (k) ’
where
NN (3
Gai =2 g @

It

total absorption cross section for the ith'group,
(3)

I = absorption cross section for the [th nuclide,
i P

ZP = total potential scattering cross section, and
h = 1— §u /28 .

Allowance for overlap and gross flux correction is orly possible if the vector (5,); is available

from a first reading of the library, or is set by the user in COMMON (I2), otherwise the programme will
change the option. Normally this means that



REQD 01
should precede

T=0.,—-1,0
In addition, the storage assigned to (2,); is shared with information used in the burnup calculation;
hence after a burnup calcularion, (25); should be regenerated if overlap and gross flux correction is

required, using, say

DT=100., 20 (NOTE-POSITIVE), 0
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8. CHAIN 5— OUTPUT FOR MOST NEUTRONICS CODES AND PRINTED OUTPUT

8.0 Summary
Chain 5 produces output on cards suitable for input to the codes CRAM, 4—-Z00M, DSN, WDSN,

as well as printed multigroup cross—section and scatteting matrix data (PRINTX and PRINTS respect—
ively). The required options are set by use of the card

GUTPUT ...
Each of the code names in format {AG) appearing on this card, for example CR AMbb(b=blank), may be
followed by a fixed point number. These numbers are used for PRINTX, CRAM, and DSN. The

specific meaning of each is given below.

8.1 Condensing and Mixing

The condensed and mixed cross sections calculated in Chain 4 and stored in the array WH are
used here. However the condensing and mixing of scattering matrices occur in this chain. The method
of condensing the scattering matrices is given by the equation

Om_n = % ? Qbi‘jih.j /% P

where i is summed over the mth set of groups and j over the nth set of groups as defined by the
GROUPS card.

For example the following equation applies for the 2 groups 1 to 70, 71 to 120:

~
o

120 70
oy = 2 X Py Oinj [ E P
1=l =71 1=1

)

t
L

i

The mixing of scattering matrices follows the rules specified by the user. However, one point
needs to be stressed regarding the use of a compound library scattering matrix. For example, if

SCAT 900, 'BEO' CRY bbb'" '
is used with 'BEO' = 1.BE9, 1016, 0." '

then neither BE9 nor Ol6 has a scattering matrix associated with.it. The same is true of the usual
macroscopic material given by

MIX' = 0.(¢1,70)0.' "
The type of card which should be used in this case is
'MIX' = 0. 'BEO', 0. '0167, 0. (3,700 0." '

where '016' is defined as some portion of 016 not included in "BEQ"' — see Section 5.3.2 for
further details.

8.2 Special Materials

So that different output materials may be produced for different codes during the one calcula—
tion, the four material labels '"CRAM', "ZOOM', 'DSN', and '"WDSN ' are given a special meaning.
Thus, if a material for output is labelled "CRAM', it will not be produced as output for the other
codes, and output for CRAM will consist only of this material.

8.3 Priated Qutput

Printed output of both PRINTX and PRINTS is weighted according to the value of X(6) as
described in Section 5.4.1, The title given by the HEAD card (5.2.2) is printed at the beginning



of each block of data, so that it usually heads the data for each material. The character in column
12 of the HEAD card is used as the carriage control character when the heading is prmred The use
of this feature may considerably improve the layout of the data.

8.3.1 PRINTX

PRINTX output consists of weighted multigroup cross sections for the output materials printed
in a readable form. Normally the data is printed as group information for each nuclide, but, if the
digit 1 follows PRINTX on the MATS card, material information for each.group is produced. The
cutput is always terminated by a table of group summary information.

8.3.2 PRINTS

PRINTS output consists of a print—out of the condensed scattering matrices. The matrices
are printed as all outscatters from each group with the self—scatter term equal to the negative sum
of the outscarters.

8.4 Data for Other Computer Codes

Condensed cross section data following the user’s requirement (5.4.2) is produced on cards
for the 4 computer codes CRAM, 4—Z0OOM, DSN, and WDSN. To delimit a set of data for a code,
3 title cards are punched at the beginning and a distinctive card is punched at the end. Labelling
of cards in columns 73 to 80 is used to a variable extent. No action is taken to bring the data into
line with the particular restrictions of the code versions used at the A.A.E.C. For example, no
truncation of scattering matrices for DSN is carried out. Only for 4-ZOOM was it found necessary
to modify the data for the code.

8.4.1 CRAM
Output for CRAM consists of;
(1) The fission spectrum for each group.

(2) The following information for each material, where each cross section is given as
a block for all groups i:

Otr » O s Yofs (Tjnj 5 ) * LNGD)
and the optional information

a

I TEy T, gn
Here
o. . 1s set to zero
i1
. . NGD
and ol = ol + 3% o
t a -]

j=1-
Normally none of the optional cross sections are produced, but if thename CRAM is
followed by a fixed point number €, then extra cross sectionsare produced. Thus,
if £=1, 0only 0p is produced, if £=2, o, and oy are produced etc. The format used is
(1P5E13.5). '
8.4.2 4-ZOOM

For a 4—Z0OOM, (0, —vo; )and voy are produced to be used with a v value of 1.
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Qutput for 4-Z0O0OM consists of;

(1) The fission spectrum for each.group

{2) The average energy of each group

(3) The following information for each material as in Section &,4.1:

(Ta=~VO§), VOE, O¢r, (Ter~0ady (Hj—is | = 1L,NGD)

where
( o—jel/gsjs 1 *]
N
lu‘J—;l _(
( S -
and j ;
O:s,s Y% %

The format used is (1PGE12.4) except for the scattering matrices of heavy materials
where the 4-Z0QO0M repeat notation is used.

8.4.3 DSN

For DSN a fixed point number of the form llkkn may follow the label DSN. Here 1l is the table
length for output, kk is the position of the self—scatter term in the table and n is the number of
optional cross sections required. If 1ll,kk are not given, the programme calculates the minimum

required values. n is set to zero if no value is given. The programme checks to see if the data
will fit into the required table.

The output for DSN consists of the GO0, K7, K6, VI, CO vectors, with.the K7 vector con—
taining the fission spectrum, the velocities in V1 (cm/10™* sec)condensed inversely, and the K6

vector containing the group flux. The CO vector contains for each material the following table for
each.group i :

i i i i i
crl,c:rfl,o-1 voy , o

. sy seey N
n,2n’ tr ¢ Titkoi oo

imi Koty

where k and £ have the maximum values required and

o _cri o-i 3o
i1 tr a ixi )

The first three cross sections are optional and are deleted in the order o ms % » O - The format
used is (1PGE12.5).

C

8.4.4 WDSN

The output for WDSN must be specified by the user to be macroscopic and, for each material,
consists of the table indicated below, with. entries for each group i .

LV, PS8, 1., vog, o, (0,5, <L, k)

where LV is thelength of the table excluding the first 4 entries; PSS is the position of self scatter,

£ and k are the appropriate numbers for group i to give all non—zero values of Tiajs and 05, is as
in 8.4.3. The formatused is (216,1P2E12.4/(GE12.4)}.
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9. CHAIN 6 - OUTPUT FOR GYMEA L]BRARY

9.0 Surﬁmary '

The preparation of libraries with smaller bulk than the main libraries (19) is frequently
desirable to save machine time when a burnup survey of several systems is being carried out.
The bulk may be reduced by mixing fission products and condensing rhe cross section data. For
this reason the code GYMEA has available facilities for preparing its own smaller bulk libraries.
The cross section library application of deleting nuclides, with perhaps resonance mode changed,
is best carried out using the CREATE feature (5.2.2). Additions to the libraries can be cairied
out using the library editing programmes (19.4)}.

9.1 Reguired Data

Two data cards which must be specified for the preparation of condensed and possibly mixed
cross section GYMEA libraries are, for example,

PUT 3 XS01 0 3Co01

OUTPUT 3 PRINTX CRAM GYMEA
The first specifies that tape 3 is to be created asa cross section library to be called X801 and tape 0
is to be created as a scattering matrix library to be called SCO1 (5.2.3). In addition to these cards,
data must be given for

MATS

GROUPS

HEAD
as with any other output request. Either entry for tape specification on the PUT card may be negative
if only one library is to be prepared. Should both entries be the same, then, between preparation of the
cross section library and the scattering matrix library, the first tape will be unloaded and a message
typed advising the operator to mount a tape for creation of a GYMEA scattering matrix library. The
user should type a message before chain G is called, using a compiler feature (10} to nominate the
required tape, for example,

TYPE WHEN ADVISED MOUNT TAPE 300 ON 3

T=0.,20,0

A fixed point number may follow GYMEA on the QUTPUT card. This number sets options
detailed in Section 9.2, for example,

OUTPUT 1 GYMEA 1

9.2 Cross Section Library

9.2.1 Library structure

A condensed and /or mixed c¢ross section library is prepared for nuclides in the order specified
on the MATS card. Since this order is important in burnup studies (6.2) care should be used when
preparing the MATS card. The data created is the same type as that given in the specified library,
that is, if a nuclide on the main library has resonance parameters given then the created tape also
has resonance parameters for the nuclide under discussion. '

For the off_resonance region (18).condensed data produced by chain 3 (7.3) is used, whereas
for the resonance region, resonance parameters or shielding coefficients are extracted from the
specified library. For this reason mixingis not permitted in the preparation of a GYMEA library



except for nuclides which do not have resonance information as part of the main library (IS < 0 Section
5.2.2). Resonance parameters are simply stored ( X 100 resonances) for a group (unless the group is
not collapsed) and then created on tape. On the other hand shielding parameters are used to reconstruct
three cross sections, using the arrays N1, Ny, N5(5.3.8), which are collapsed in the usual fashion

o (a%
(7.3.2) and then reconverted to shielding parameters. In both cases the entries held in the library
(resonance-removed cross sections') are also collapsed in the standard way.

Using the optional data that may be given after GYMEA on the output card it is possible to
select different resonance group boundaries, provided they are ‘inside’ boundaries which would result
using the specified library resonance groups, and to select a library resulting from CREATE (5.2.2)
rather than the main library. Hence if the main library contains resonance parameters for a nuclide
we can CREATE a library with shielding parameters, and this structure can be used in the condensed
library preparation. The optional fixed point data word has the form

SLLLUUUB

the digits of which have the interpretation:

I

S sign — if negative no resonance information is created,

LIL.L

It

lower resonance group boundary in terms of condensed group structure,
UUU = upper resonance group boundary in terms of condensed group structure unless

UUU =0, in which case the structure of the main library determines the resonance
group boundaries,

B =0~ the main library isused,

B

1— the created library is used.

As an example, suppose the main library consists of 12 groups, of which 3 to 10 are designated in the
library heading information as being resonance groups (18), and the card used (5.7)is:

GROUPS 6,1,3,4,6,8,9,12
thatis R RRRRRRR
1123 4567891011 12 _ -
1 12 3 45 6

Then, in terms of the condensed group structure, groups 2 to 5 would be considered to be resonance
groups since groups 1 and & contain only partial resonance information for the full range. If then

(i) SLLLUUUB=0 (this is implied if the data word is not specified) the resonance groups
would be 2 to 5,

(i) SLLLUUUB =30040 ;
the resonance groups would be 3 to'4

ot (iii) SLLLUUUB=10051
an error condition would result as the first group is not a full resonance group.

9.2.2 Burnup table

The burnup table for the mixed nuclide library is obtained from the main library burnup table
as follows.
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(i) For a library nuclide the table is simply copied.

(ii) For a defined material the burnup and decay scheme of the dominant nuclide
(the first nuclide of a definition — Section 5.3.3) are used except that the
decay constant and fission yields are each calculated as an aggregate for
all component materials.

The aggregate for decay constant is basedon the mixing rules used in the preparation of cross sections
for the material (5.3.2) whereas the aggregate for fission yields may be weighted in the same fashion
or weighted differently using the following feature. If the mixing rule for a material is given in terms of
elements of the Z array, for example,

'F24'= -1 MO9s, -3 TC99, —5 RU101, 0" '

then in the preparation of "F2A ' cross sections and decay constant a weight Z (1) would be associated
with Mo®®, Z(3) with Tc®®, and Z(5) with Ru'"", whereas in the preparation of fission yields a weight
Z(2) would be associated with Mo®®, Z(4) with Tc*®,and Z(6) with Ru'"'.

For this application a mixing rule containing a zero coefficient, for example,
"MIX' = 0. (1,55), 0." '
is not given a special meaning as it is for cross section mixing (5.3.2), but is taken to mean zero
proportion of the specified nuclides. In general it may be necessary to prepare a burnup table beyond
the scope of these features, in which case the library may be corrected later using the library edit

programme, EDITOR (Ford 1966 — Section 19.4).

9.3 Scattering Matrix Library

Mixing reles ate ignored in this application as a full main library complement (18) is always
involved. Each matrix of the library for the specified temperature is condensed to the required groups
(5.4.2) and the condensed libraty is copied to the specified tape (9.1). If the specified temperature
is the first of the library set, not necessarily the smallest temperature, then the tape is rewound and
a heading record is created. For other than the first temperature, the tape is not rewound and the
condensed scattering matrices are created on the tape withour a further heading record. Using these
features it is possible to create a condensed scattering matrix library with scattering matrices for
each temperature averaged over an appropriate flux spectrum. If the full set of scattering matrices
or full set of temperatures isnot required, a scattering matrix COPY should first be produced (5.2.2).
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10. CHAIN 1—- COMPILER AND ERROR ROUTINES

10,0 Summary

The ability to calculate quantities of direct interest in—situ in GYMEA is a useful feature
which enables people not necessarily involved in writing the code to extend the code to cairy out
many different calculations. It has been found that the mixing of macro—data and compiler instruc—
tions greatly adds to the versatility of GYMEA.

10.1 The Compiler

This routine isused to read data cards into core, to ‘compile’ some of them, to write them out
on unit 4 as one binary file for execution in CHAIN 2, and finally to set the core to standard state (11).

The process of compilation consists of: -

(1) All transfer points are set to absolute form.

(2) Most of the FORTRAN-like cards are interpreted and changed into a set of words
describing the function of the statement. These words are stored in place of the

original card for later execution. For completeness a description of all the
FORTRAN -like cards (GYMEA code) follows,

GYMEA code cards are all executable and may be mixed with the other input cards as desired.
The data may be punched anywhere on a card but on one card only. Statement numbers are indicated

by a slash (/) and are the first characters on a card. They may appeat on any of the input cards except
END and CEASE, for example,

/2 T=0.,200

10.1,1 Constants and variables

Any integer or floating point constant acceptable to FREE input may be used (22). There ate
only three variables available, all subscripted, namely, X(n), Z(n), J(n), dimensioned 2000, 860, and
9 respectively. As well there are the special variables X(0), Z(o), and J{o). X and Z are floating
point variables and ] is a fixed point variable. The subscript n may be any integer, positive or
negative. A negative subscript has the meaning X(—n) =X(]J(n) }. Thus J(n) is referred to as —n
when used as a subscript or a DO loop index.

10.1.2 Arithmetic statements

An expression consists of one or two variables or constants separated by one of the four
operators: +, —, *, /. However an operation on two constants is invalid. An expression is either
of fixed ot floatmg point mode; mixed mode expressions are not allowed., A negative sign may
precede an expression.

A statement is then of the form
a = b

where a is a variable and b is an expression. a and b may be of different mode the expression
being evaluated in its mode and converted to the other if required.

Examples are:

X(2) =2(1)* 1.3
Z(10)= —J(9) + J(~2)
Iy =7
Z(—5)= =Z(0)
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10.1.3 Control statements

The main control statements are:

GO TO The statement GO TO n, where n is a statement number, transfers
control to the card with statement number n. The statement
GO TO J(0) means: transfer to the card which has the card
number of the present card plus J(0). This provides a feature
equivalent to a computed GO TO statement.

IF The statement IF (V) n 4, ns, ny transfers control to the statement
number n4, nty, of ng, depending on whether the fixed or floating
point variable V is negative, zero, or positive,

DO The statement DO n —iy =i,, iy, i, where n is a statement number and
i1,...,1, are positive integers, executes repeatedly the statements
up to that numbered n, with J(i;) having the value i, increniented
in steps of i, until i3 is reached. The integer i, must always be

given and each DO loop must end with a separate CONTINUE state—
ment.

Other control statements are:

CONTINUE a dummy statement used mainly to end a DO loop,
PAUSE causes the machine to halt for operator action,

END must be the last physical statement of each job or subroutine.
Also terminates a job.

The following example is a sample portion of a programme illustrating contrel statements.

IF (X(~-1)) 1,2,2

/1. DO3-2=1,10,1
DO 4 '-3 = 1,5)1
INEC)) = J(2) +J(3)

Z (—4) =Z(-2)* X(~1)
N, 4  CONTINUE

/3 CONTINUE

GO TO 5
/2 X(—=1) = —X{-1) + Z(10)
GO TO 1

/5 CONTINUE

10.1.4 Input—output statements

Input—output of numeric (floating point only) data differs more from FORTRAN than other
statements do. The first 2 or 3 characters indicate the type of statement and only the numeric
information following is relevant. Here W,P,R stand for print, punch, and read respectively.
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Where only 2 letters are given the statement is of DO loop form, for example, -
WX (X(1), I =1, 10, 1)
RZ. 1100 2

Where the third letter is S, the first number is the number of single variables following,
for example, :

¥Z$ 3 ONLY Z(0), Z(5), Z(-3)
PXS 5J-1;—2,—3,—4,—5
A maximum of 9 variables can be processed this way. If the first number-is zero, input—
output of a card image columns 1-72 is achieved. Two card images can be read and written this
way: one by using X, theother by using Z. Thus
RXS ©
WXS 0
would be used to.read an-clprint a card.
The standard FORMAT for output is (1P5El4.j). This can be changeld by usiﬁg a formatAcard

FORMAT( )

where the left bracket must be in column 13, The FORTRAN variable-format feature is used to effect
this. The given FORMAT is then the one used until replaced.

When a read card isused, data is read from the card reader under the standard form of free
input (22); no continuation integer is required in column 1 for this application. This data for any
job must begin with the card :

,DATA JOBN

(when JOBN is thejob name) which follows the CEASE card. The read feature is useful to enter
blocks of data for which no macro—card exists.

There are also four cards for writing messages:

WRITE1 comments
PUNCH s
TYPE &
WRITE2 SRRRL

The first 3 output columns 13—72 of the card on the specified device in columns 1—60 and the fourth
writes columns 13-72 of the card and columns 1-72 of the next card on the printer in columns 1-~132 .
Note that column 13 of these cards is used for printer control.

The statement UNLOAD n causes the tape on unit n to be physically unloaded.

10.1.5 Subroutines

For the purpose of GYMEA, there ate three types of subfoutine:
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(1) Internal— written in FORTRAN or MAP originally and part of the system.

(2) External— written in GYMEA code by the user as input.

{3) Replaceable—~ internal versions are available, but if theuser enters his own
version that will beused for the run.

An external subroutine is a non—argumented subroutine which may include any of the input
cards of the code except another SUBROUTINE card. The return from a subroutine, provided by a
RETURN card, is to the next input card after that being executed when the subroutine was called.
The indices J(1),..., J{9) are saved on entry and restored on return. The last physical statement
of a subroutine must be END.

External subroutines are normally loaded first, but they may be loaded between or after the
jobs. If two subroutines of the same name are loaded, the last oneis used. Subroutines may be .

nested up to ten deep.

Subroutines are called by

CALL NAME

where only the first 3 letters of NAME are significant. Subroutines which arepart of the system

and may be called are:
EXP
LOG
SEND
SCEASE
EXIT
CLOCK

DAT

LIB

FINISH

STAN
DUMP
EQU
WEST
NS1
NS2
NS3

NUC

sets Z{0) = EXP ( X(0) ),

sets Z(0) = ALOG ( X(0) ), that is log,,

terminates a job, .

terminates all jobs in a load,

returns control to the system monitor,

sets Z(0) equal to the running time of the code in minutes,

called when a data error occurs,
calls SEND

called when a library error occurs,
calls SEND

called on internal timer overflow,
calls DUMP, then calls EXIT,

sets storage to standard state (11),

prints out all non—zero J, X, Z variables,
carries out equilibrium search.{i3.1),
comi:utes a Westcott group flux (13.2),
transfers data to shielding array 1 (5.3.8),
transfers data-to shielding array 2,
transfers data to shielding array 3,

normalizes defined material concentrations (5.3.5),



OUTPUT . writes out the output set up previously, if

this was retained prior to this card using X(9)< ~10.(5.4.1).

DAT, LIB, FINISH. and SEND are the subroutines used by the code that may be replaced.

Examples:

1.

To set Z(59) = eS‘S :

X(0) =5.5
CALL EXP
Z(59) = Z(0)

To print themachine time used:

SUBROUTINE TIME

CALL CLOCK

FORMAT (15 HOTIME TAXEN WAS.F6.2,5H MINS)
WZS 1 Z(0)

RETURN

END

CALL TIME may then appear anywhere in a job or subroutine.

3.

10,2 Errors

To obtain a dump before termination when the programme detects a data error:

SUBROUTINE DAT
CALL DUMP
CALL SEND

END

To check the tape on a libraty error:

SUBROUTINE LIB

TYPEbbbCHECK TAPE ON 1, MUST BE GYMEA NDXD
PAUSE

USE 1, 70, -1
RETURN
END

This chain is called when any error is detected by the programme. All libraries are rewound
and the input cards read back into storage, and a self-explanatory message is then printed. The
bulk of the 68 different error messages is one of themain reasons for the inclusion of all errors in

this small chain.

If an ERROR catd has been given as data (13) the appropriate sections of common storage
are dumped out in G format (interpreted as E mode for numbers with a non—zera exponent and [

mode otherwise) . This should only be used for programme debugging. The programme next calls
CHAIN 2 for termination or error tecovery.

Errors detected during compilation are treated differently. Instead of the procedure described

above, a message is written and the cardis not compiled. It is not until an attempt is made to execute the
card that the job is terminated.

—63—
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In relation to termination, it should be remembered that by having subroutines DAT or LIB
as input the user can obtain his own termination or recovery procedures. For instance, a check can
be made on all the cards of a large job without performing the calculations if an error occurs by using

SUBROUTINE DAT
RETURN

END



STANDARD STATE (STAN) 1!
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11. STANDARD STATE (STAN)

The common area of storageis set to its standard state after each load is compiled, and
whenever requested, by the card

CALL STAN

This should always be the first card of a job that is independent of previous jobs to give protection
from an error in the previous jebs. It should also always precede a USE card if the requested
libraries have a different structure from libraries used previously.

In the standard state the data areas (apart from WH, which contains the input cards, and a
few variables given below)are set to zero. No information pertaining to any libtary, or any informa—

tion previously calculated, is retained.

The variables not set to zero and the values they are given are;

LIB =-1 )
)
LIBC=~1 ) no libraries have been specified,
)
LIBS=-1 )
)
LXG = -1 )
)
LSG = -1 )
KTR = 11 overlap and transport options each set to 1,
STR = 1.E —4 accuracy of absorption required in group flux calculation,
SXA =-1. terminate the job if B2AV falls below -1,
IFP =-1 the programme is set to normalize the group flux to unit source when it
is calculated,
IWT =-1 reaction rates must be calculated before burnup is attempted,

X(0) is unchanged so that the user can test for previous errors,
FORMAT for GYMEA c¢ode output is set to (1P5E14.5)

and HEAD for neutronics output is set to blanks.
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12. USER'S COMMON

12,0 Summary

It is possible for the user of GYMEA to use or modify certain variables held in COMMON
storage in areas readily accessible using the compiler variables J(0)—](9), X(0)-X(2000),
Z(0)-7Z(860) (10.1.1). For example, we may modify the potential scattering cross section of the
first library nuclide thus

X(351) = 3.0

A list follows which gives entries in the user’s COMMON in terms of variables of the source
language programme (21) and names associated with printed output.

12.1 Index Registers J{0) — J(9)

The variables J(0) to J(9) are not used in the source programme. These variables enable
data to be processed using ordered arrays; for example, to set Z(1) to Z(100) to zero we may use

Doo -1 =1,100,1
Z(~1)  =0.
/ 9 CONTINUE
Here Z(—1) is inteipreted as Z(J(1)).

12,2 Special Registers X(0) — X(10)

The lvariables X(0) to X(10) are used as subroutine arguments and they obey the same rules
as do variables appended to a normal FORTRAN function ot subroutine-calling statement, for example
to calculate ef (£=X(11)) we may write

X(0) =X
CALL EXP

The result of the calculation is then available using the variable Z{0). In addition to this function
these variables are used to control certain aspects of the programme indicated below.

X(0) =1. on error exit from a job, 0. normal exirt,

X(1) to X(4) not used at present,

X(5) =1. programme uses average concentrations (AVE.N) in determining kegp . ete.,
2. programme uses final concentrations (AFT.N),

X(6) sets type of printed multigroup condensed output (5.4.1),

X used in conjunction with CALL EQU (I3.1),

X(8) used as a weighted coefficient for data accumulated with SAVE (5.4.3),

X sets type of printed one—group condensed output (5.4.1),

X(10) used by the programme for burnup control.



11
12
13
14
15
16
17
18
19
20

21

22

23
24

25

26

27

28

29
30
31

32

Result Registers X(11) — X(1999)

12,3
Coding Print Out
TA  T(DAYS)
DTD
AFL FLUX
APR POWER,AFTER
RPR POWER,SPEC.
VPR POWER,AVERAGE
BPR POWER,BEFORE
FIN FLUX-T
PIN POWER-T
VIN
XIN
FIFA FIFA
AKI K(INF)
AKE K(EFF)
XI B2(INF)
XE B2(EFF)
XAV B2AV
CNA A/S
SKI
SKE
SXA
STR

Remarks
time after burnup in days
difference in time between current and previous time step in days
flux level in n/cm? sec
power after burnup in watts /em®
specified power used as input
average power for tl_le time step
power at the beginning of the time step
flux—time integral in n/cm?®
power—time integral in watt—days/cm’®
total fissions /cm®

X_time integral in days/cm® with

X =(vZ-2,)/D

fissions /initial fissile atom
= VIN / FIFC

k

aa

keft

estimated buckling to give kegg =1 in cm™?

estimated buckling to give ke¢f =1 including DB® term,
from B® defined by the user, in cm—

time average buckling in cm™?

neutrons absorbed/source neutron (should be close to 1. if the
group flux is calculated from neutron balance)

KINF LIMIT for job exit (CALL SEND)
KEFF LIMIT for job exit
AVX LIMIT (X(27) ) for job exit

ACC IN ABS. RATE (5.9)



33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

48

49

50

51
o 150

151
o 250
251
o 350

351
o 450

451
o 550

551
0 670

671
o 790

791
© 910

GL

GG

GU
AER
ACER
ACET
FIFC
TEMP
TLAST
BPRS
XY(1)
XY(2)
XY(3)
EPART
VOID
ETCI1(1)

ETCI1(2)

ETC1(3)

AN AFT.N

AV AVE.N

BN  BEE.N

SXS

FER

GFLUX

GSCE

GB2

lower eigenvalue limit

second guess at eigenvalue

upper eigenvalue limit

required keff (or FIFA (13.1))

required accuracy in keff(or FIFA)

outer iteration accuracy in power (13.1)
initial fissile atom concentration

resonance temperature (degrees Kelvin)

if T+ ~1,20,0 is used then X(41) replaces —1

previous BPR (GYMEA modifies BPR)

>, +DB?
vZf

DB?

£ used in resonance shielding
void used to normalize nuclide concentrations
B2AYV saved from group flux calculation EQU search (13.1)

number of file skips through tape 4 before reading or writing
cross section data (13.3)

not used

nuclide concentrations at the end of the time step (nuclides /10

~69.~

—24

cm?®)

average nuclide concentrations for the time step (the numbers printed

above AFT.N and BEF.N tefer to the extremes of time in days for
the average concentfations) '

for constant power runs this is the N’s of the previous step and for

constant flux runs this is the initial fuel concentrations

potential scattering cross sections for each library nucilide

fission energy release for each nuclide (joule/fission)

group flu:;

group source (the programme normalizes this to unit sum)

group buckling
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to

to

to

to

to

to

to

to

to

to

to

911
1030

1031
1150

1151
1270

1271
1370

1371
1470

1471
1570

1571
1670

1671
1770

1771
1870

1871
1970

1971

1972

1973
1999

after a time card, T=0.

WU and AA

LAY

DB2

R(L,1)

R(L,2)

R(L,3)

R(L,4)

R(L,5)

R(L,6)

DC

ETC2 CRIT.R

EXTRAP.D

2.2 t DB? for each group, or burnup matrix terms if group flux
calculatmn does not follow burnup
v2f for each group, or burnup mattix terms as mentioned above

DB? for each group

microscopic reaction rates for capture 1 reaction for all nuclides
(rél) Section 7.3.1)in 107* /sec

fission

absorption

v—fission

trans port

capture 2

decay constants for each nuclide in 107% /sec

radius of critical sphere in cm (extrapolation distance removed)
based on B2(INF)

extrapolation distance in cm

spares

12,4 Additional Registers Z(0) - Z(860)

Z(0) (=X(2000) } is used by subroutines as output argument and this variable is used to indicate
which set of N's are to be used in forming macroscopic cross section information (5.3.2).

Z(1) to Z(500) are available for the user’s calculations and are retained.

Z(501) to Z(860) are available for the user’s calculations but are destroyed by the programme

. 20,0, for example. The programme uses the array in terms of three arrays

dimensioned WX(120), WY{(120), and WZ{120).

12,5 Other Programme Data

It is possible to make available data beyond the user;s COMMON by using the fact that the

origin of blank COMMON is X(19491), and all programme variablesin COMMON are listed relative to
this origin in Section 21.

Fixed point data may be changed using the origin J(19501).
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13. SPECIAL FEATURES

13,0 Summary

Details are given of (1) a simple model used to represent ultimate performance of a
recycling fuel system after reaching equilibrium, (2) a method of obtaining a soft spectrum
essentially based on joining 2 Maxwellian—spectrum to a 1/E-spectrum, (3) a procedure for
accumulating cross secction data for later processing, and (4) a method used in the original
source debugging.

13.1 Equilibrium Search

Following the ideas of Bicevskis (1963), a feature is available which allows the study
of a homogeneous recirculating fuel reactor system operating under equilibrium conditions. The
model implies infinite recirculation rate of fuel particles and does not fully account for resonance
self screening by the fuel. Nevertheless the idea is a useful starting point for survey calcula—
tions biased towards calculating ultimate performance of the system after it has been operating
for some time. For this model the composition of the core is the average of all states of burnup
of a recirculating fuel particle prior to rejection, The required core power density is specified
as P wates/cm® and this is requiredto be the average power density of a fuel particle from first
entry into the core to final rejection. Since the system is in equilibrium the model is equivalent
to a fuel particle burning up under conditions of constant flux level and spectrum, which is a
problem which makes full use of the analytic solution technique used in GYMEA (6.2). The problem
is to find the equilibrium state core concentrations of component nuclides which (1) determine the
spectrum and level through the specified power and (2) represent the average of all states of

burnup of one fuel particle burning in this spectrum. An iterative procedure is available in GYMEA
which

(i) galculates flux level and spectrum from a guess at the equilibrium concentrations,

NA(AFT.N);

(ii) calculates thie time of burnup of a fuel particle (Ng~BEF.N) necessary to achieve '
a specified number of fissions (F, FIFAS)— innet iteration;

A
(iii) calculates the average composition of the burning fuel particle Np (AVE.N) and its
average power density,

(iv) if the power density is not that specified for the core, repeats the procedure from
(i) using gB in place of EA — outer iteration,

JOB4 (15) illustrates the manner in which GYMEA is set up to do the problem. For this
application it should be noted that the requirement for the inner iteration is specified with a
SEARCH card (5.5.2) which must be punched with NOO followed by the 3 eigenvalue parameters
the required FIFA, and the required accuracy in FIFA. The outer iteration is set to a required
accuracy using a card, punched, for example,

kd

ITERATE 9,0.1

which sets the outer iteration to terminate after 9 attempts if the power from one iteration to the
next is not within the specified limit of 0,1 watt/cm®.

On completion of an equilibrium search, the concentrations AFT.N are normally overwritten
with the concentrations AVE.N — step (iv) above. This may be prevented by setting

X(7)=-1.
13,2 Westcott Flux
When the subroutine WEST is used thus

CALL WEST



a group flux is calculated based on the Westcott convention with an r value (ratio of epithermal to
thermal flux) specified using the variable X(0) (5.5.3). In addition to the Maxwellian thermal

region (temperature set by SCAT or TEMP card (5.2.4) ), joining region, and 1/E region, a terminating
region is added based on the fission source thus

u

f S(u’) du' .

0

The flux per unit lethargy is then given by (Westcott 1957)

, u
Pu) «(x2e * %ﬁﬂf S (u')duh

o
where x = E/kT,

B = r/(1-1.011),
and = (1=0.26(1 +(x/16.4)° y~ "' + (4‘,75/:;-)’)"1

This is integrated to give group flux following Cook (1964).

WEST is also used as a guess for group flux which.is to be calculated from neutron balance
of a homogeneous system (7.2) provided a group flux is not otherwise defined.

13.3 Saving Output on Tape 4

Normally, using the feature mentioned in Section 5.4.1 for saving output on tape 4
(X(9) € —10.), a file of cross section information is saved as a second file of binary records,
maximum 256 words. This file consists of condensed and mixed cross section data given/reaction/
group/material. If however X(49) is N. then, not counting the first file, N files will be skipped
before information is written or read. With this feature it is possible to use tape 4 as a library in
anather programme or to list the tape later using the option

CALL OUTPUT

In this application the additional information such as nuclide concentration, etc., is obtained from
the data currently held in core and may therefore not relate to the cross section data.

13.4 Expanded Error Diagnostics

A card is available which sets the ‘width’ of programme COMMON (21) to be printed when
an error is detected {normally zero). This feature was designed to assist programme debugging;
however it may be of use to people trying to probe the manner in which GYMEA functions. An
example of the use of the feature is

ERROR 1, 16000, 1,10000

which will result in a print out, when an error is detected, of COMMON 1 to- 16000; excluding the
array WH, and elements 1 to 10000 of the array WH.
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i4. CHECKOQUT

14.0 Summary

Checkout of a code such as GYMEA must, of necessity, be divided into three categories:
(1) theory checkout, (2) coding checkout, and (3) library checkout. Brief details are given below

of some of the tests which have been carried out. These tests were all completely satisfactory.

14,1 Theory Checkout

(1) Resonance theory checked against PEAS (Pollard 1964} and LUBRA (Kletzmayr 1966).

(2) Analytic burnup theory checked with DEMON (Bennett 1965).

14.2 Coding Checkout

(1) Group data preparation checked against MULGA (Clancy et al. 1963).
(2) Burnup performance compared with. FEVER {Todt 1962).

(3) Neutron diffusion calculation of critical buckling for a bare system compared with
CRAM (Hassitt 1962).

14,3 Library Checkout

(1) Cross section data for dominant nuclides checked against MULGA data,

(2) Selected cross section data plotted to the same scale as that given by Hughes
and Schwartz(1958).

14.4 Maintenance

Maintenance based on these three main aspects will continue for the life of the GYMEA
project, which is expected to be at least five years. From time to time further documents will
be published to give the GYMEA user confidence in the ability of GYMEA to provide data which
will adequately predict neutron behaviour in a reactor system. For example, correlation of
A.A.E.C, measurements carried out on exponential assemblies composed of BeO — Pu — Th —
U~ U™ _ U** with predictions based on GYMEA data is at present being prepared.

At the time of preparation of this report the code GYMEA has been operational for half a
year.
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16. COMMENTS ON OUTPUT

Heading information is widely used to clarify the meaning of output information (see Section
12.3 for the correspondence of printed labels with variables of the theory). The data entries given
thus

4 3 5 11
IT-FLUX,EIGEN.XS-0T

for the sample output (17) in order refer to

(1) the actual number of iterations taken by the subroutine calculating group flux from
neutron balance (7,2) if its use has been specified (7.1) (minus the maximum number of iterations
specified if convergence has not been achieved}, or the number given on the time card, say
T=0,-1,0, otherwise (5.5,3),

(2) the number of inner iterations associated with convergence of the SEARCH procedure
(5.5.2) (negative if not converged),

(3) the number of outer iterations associated with the search for an equilibrium composition
13.1) (negative if not converged), and
4 8

(4) a number which indicates the overlap and transport averaging method adopted by the code
(negative if the specified options cannot be accommedated) (5.4.2).

Columns 1 to 60 of the actual user’s card which initiates the neutronics calculation are
given to help label the output and suitable comments may be appended to this card if required.

The library nuclear data is under continual revision and hence the output given here may
not be completely up to date. The source and type of data is shortly to be documented (Cook 1966).
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18. STRUCTURE OF BINARY LIBRARIES

18.0 Summary

Details are given of the structure of GYMEA libraries which consist of binary magentic
tape files. The cards from which the libraries are prepared are discussed elsewhere {19.4). For
the cross section libraty, four types of data exist associated with data for nuclides designated
as (1) light — o is given rather than v0y¢ and these nuclides are moderators used for background
scattering in resonance theory, (2) unshielded — only cross sections given, (3) shielded — shielding
parameters given, and (4) resonance — resonance parameters given.

18.1 GYMEA X-S Library (no scattering matrices)
{(Max. 120 groups 100 nuclides {or materials) )

18,1.0 Summary

A libraty of NN nuclides contains NN +1 files each separated by a file mark., The library
consists of blocked binary records only (£ 256 words/block)., From burnup considerations, the
nuclides must be ordered in such.a way that, except for a few nuclides, all nuclides are derived
from nuclides earlier in the library. Nuclides may be derived from the nuc lide immediately following
provided no two such requirements appear together. Also from resonance absorption calculation con-
siderations the light nuclides must be first in the library. In general this ordering of nuclides is no
handicap to the functioning of the programme as an edit programme is available (Ford 1966 — Section
19). The library may be considered to consist of five parts:

Library identification 18.1.1

(
File 1 —~ ( Burnup data 78.1.2
( Group and nuclide information 18,13
Files — ( Nuclear data (excluding scattering matrices which are available as part of
2-(NN+1) ( the SCAT library)18.1.4 and 18.1,5
File 1

18.1.1 Library identification

1. Heading record of 12 words (ST({I), I = 1. 12y )

word 1 =G6H=GYMEA
word 2 =G6HbX-Sbb
word 3 = GHNAMEbb,where NAME = library identifier

word 4 )
word 12 )= 946 characters used to describe the library.

2. Second heading record of 5 words (ST, I = 1 5))

word 1 =number of groups (NG}

word 2 =npumberof nuclides (NN)

word 3 =temperature in “K (thisis only meaningful for libraries containing shielding
parameters rather than resonance parameters)

word 4 =the group at which resonance theory starts

word 5 = the group at which resonance theory terminates.

18.1.2 Burnup data
DO1I=1 NN ]
NN records of 10 words each | , | . ST(K),K=1,10] . The Ith .

record relates to nuclide I in the library (with nuclear data file (I+1) ). The words have the following
meanings:
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word
word

= GBPA233b =nuclide [. say.

= 0—4 to indicate fuel type,

(GHNGQObbb if no decay

word 3 =(6HU233bb if decay of nuclide I produces U233b

(6HYSObbb if decay of nuclide I produces a nuclide not included in the
nuclide set (actually any label will do other than NOObbb or
a library nuclide label).

%

word 4 =as above but for neutron capture via J(]')cfb
word 5 =as above but for neutron capture via o6 ¢
word 6 = A, the decay constant (1/10%° sec)
.word 7 = yield (1)

word 8 =yield (2)

word 9 = vyield (3)

word 10 = yield (4)

18,1.3 Group and nuclide information (ST{(K), K=1. NG(+1) or
(ST(K). K=1. NN)

1. A record of NG+ 1 words of the lethargies of the upper boundary of the first group
and the lower boundaries of all groups.

2. A recordof NG words of the normalized fission spectrum (unit sum).
3. A recotd of NG words of the group velocities (cm/107°sec)

4. A record of NN fixed point words (IS) used to ideatify each nuclide in relation to
resonance theory:

—1 indicates a light nuclide (maximum 10 will be used)
0 indicates a nuclide not requiring resonance theory
1 indicates a nuclide with shielding parameters given
22 indicates a nuclide with resonance parameters given.
5. A record of NN words of the nuclide masses (for example 9. for Be’).

6. A record of NN words of the material’s potential scattering cross section. Jg .

9. A record of NN words of the fission energy releases (joule/fission), S

8. A record of NN words of N's to reconstruct shielded cross sections (1),
9. A record of NN words ‘of N°s to reconstruct shielded cross sections (2).
10. A record of NN words of N:s to reconstruct shielded cross sections (3).

END OF FILE

18.1.4 Heading recod, IR quclide (file I+1)

1. A 3—word record to identify the nuclide
word 1 = label, for example BE9bbb
word 2 = mass, for example 9.
word 3 =[S(18,1.3), for example -1

2. A record of NG words indicating the number of trailer records associated with data for
each group. In the resonance region each entry indicates the number of resonance
parameter sets associated with each group. ‘



18.1.5 Nuclear data, 1th nuclide, given a group at a time (NG items in all)

1. For non—resonance groups
Records of 6 words each (ST(K),K=1,6)

(1) _

word 1 =0 = Teap1 — usually (n;¥)
word 2 = oD oy
word 3 = o @ Ta

word 4 = o@. vog for non—light nuclides IS X ~1
L 9s for light nuclides IS =—1

(53
= Otr

(63

word 5 = O

word 6 = &= Tcap2 — usually (n,2n).

2. For resonance groups

(i)

(ii)

(iii)

Trailer records of 6 words each (the trailer record follows the cross section record)

{(8T(K), K=1, 6)

light nuclides, IS=—1.,
as for Section 18.1.5 part 1,

nuclides not affected by resonance theory, IS=0
as for Section 18,1.5 part 1,

nuclides with shielding parameters given, IS=1
Records of 6 words each (ST(K), K=1,6),

word 1 *(Tn,9 ) w
word 2 = (0f )

T4, scattering cross section (not used at present)

i

word 3
word 4 = (vdf Yoo

% .
O¢r absorption removed (x 0y )

word 5

o6,

word 6 = = Tcap2 i

word 1 = A(l}
word 2 :A{z)
word 3 = AY
word 4 =BtV

word 5 = Biz)

word-6 = BM} ;

—-111-
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Then
(1} 5 I
aty =(o—n,y Yo 7 (1 + c%' + ‘;3_12) )/

y A7 By
0(21 = (O-f) / (1 + _O" + O‘ﬁp )A

PG Y R ) R ¢ J)
o= o, o, absorption removed
o = word 6.

(iv) nuclides with resonance parametess given, IS 22
Records of 6 words each (ST(K), K=1, 6),

H

word 1 0‘,“1‘!7 resonance removed
*

word 2 = Of resonance removed

word 3 = Og(not used at present)

word 4 = (VOf ) resonance removed

o'{; absorption removed

©. cap 2

11

word 5

word 6

it

F

M trailer records of 6 words each (the trailer records follow the cross sections
record) as indicated in the file heading record (Section 18.1.4 part 2),

DO1J =1,M

ST (K), K=1, 6

word 1 = E, (eV)

word 2 = [ o
word3=1_',>, !

word 4 = ]—'f "

wotd 5

3}
<
-

word 6

13
o

then the cross sections are calculated as for (iii) except that resonance theory
is used instead of shielding theory (7.4.2).

END OF FILE
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18.2 GYMEA SCAT Library (scattering matrices only)
(Max.120 groups, 80 max.length of scatter)

18.2.0 Summary

A library with data for NS materials and given for NT temperatures contains 14NSxNT files,
each separated by a file mark. The libraty consists of blocked binary records only (€256 words /block).
This library will be positioned by the IBM 1401 while the IBM 7040 is loading up cross section data
(using Richardson’s SEARCH 1965). As a result of this, machine time will not be wasted with a
library containing many different temperatures. The library may be considered to consist of 4 parts:

( Library identification (18.2.1)
(

File 1 — ( Scattering matrix identifiers (18.2.2)

(
{ Temperature list (18.2,3)

Files - Matrices (18.2.4)
2—(1+NSxNT)

File 1

18.2.1 Library identification

1. Heading record of 12 words (ST(K), K=1, 12)
word 1 =6H=GYMEA
word 2 = GHbSCATb
word 3 =GHNAMEbb (not necessarily the same as the cross section library)

word. 4)= 9AG characters used to describe the library.
word 12)

2. Second heading record of 3 words (ST(K), K=1, 3)

word ! = number of groups (NG — must agree with the cross section library)

word 2 = number of scattering matrices /temperature (NS)
word 3 = number of temperatures (NT).
(Note — it is assumed that every temperature hasa complete set of scattering matrices).

18,2.2 Scattering matrix identifiers

A record of 2 x NS words (ST(K), K=1, 2¢*NS). Each group of two words identifies the
material and its manner of preparation; for example a library may read

word 1 = '"BEQ!
word 2 = CRY

word 3 = BE9 (stored as GHBE9bbb)
word 4 = GAS

18.2,3 Temperature list

A record of NT words (ST(K), K=1,NT). Each.word is a temperatufe in °K andis given in
any order. For example the list may read '
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word 1 = 900,

word 2 = 300.

word 3 = 600.

ward 4 = 1200.
END OF FILE

18.2.4 Heading record, I*h material 7th temperature (file 1+1x]) (the next file would
be for the (I+ 1)':h material at the ]th temperature).

A 3—word record which identifies the matrix and which must agree with information given
previously (ST(K), K=1, 3).

word 1 = material, for example '"BEO'
word 2 = preparation, for example CRY
word 3 = temperature, for example 300.

L

n

18.2.5 Scattering data, Ith material, ]th tempetrature

After the heading record follow NG records of a variable number of words thus

DO 1 J=1, NG

N, LGG, ST(X), K=1, N

where N is the length of scatters (max.81) and LGG is the position of the 'self—scatter’ term
(actually the negative sum of the outscatters).

END OF FILE
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19. LIBRARIES AND EDIT PROGRAMMES IN BRIEF

19.0 Summary

The content of two main libraries used at the A.A.E.C. is given, Other libraries are
. discussed as well as the programmes used to edit GYMEA libraries.

19.1 GYMEA X8 Library NDXD,

(120 'gzoups, 70 nuclides)

19.1.1 Group boundaries

ENERGY (EV)

-115~

GROUP LETH E{AVE.LETH)
1 D. 1.75 1.0000E+07 1.7377E+06 4.16B6E+06
2 1.75% 2:25 1 737TE+086 1.054DE+06 1.3534E+06
3 2.25 2.50 1.0540E+06 - B.2085E+05 9.3014E+(5
4 2.50 2.75 B.2085E+05 6.392BE+05 T.2440E+05
5 2.75 3.00 6.3928E+05 4.97B7E+05 5.6416E+05

6 3.00 3.25 4.9787E+05 3.87T4E+05 4.393TE+05
7 3.25 3.50 3.8774E+05 3.0197E+05 3.4218E+05
8 3.50 375 3.0197E+05  2.3518E+0% 2.6649FE+05

.9 3.75 . 4.00 2.3518E+05 1.8316E+05 2.0754E+05

10 4.00 4.25 1.8316E+05 1.4264E+05 }1.6163E+05

11 4.25 450 1.42664E+05 1.1109€+09% 1.2588E+05

12 4.50 4.75 L1.1109E405 B.6517TE+04 9.8037E+04

13 4. 75 5.00 B.6517E+04 6.7379E+064 T.63%1E+04

14 5.00 5.25 6.7T379E+04 5.2475E+04% 5.9462E+04

15 5.25 5.50 5.2475E+04 4.0868BE+04 4.6309E+04

16 5.50 S.75 4.086BE+04 3.1828E+04 3.6066E+04

17 5.75 6.00 3.1828E+04 2.478BE+04 2.B08BE+04

18 - 6.00 6.25 2.4THBE+04 1.9305E+04 2.1B75E+04

19 6.25 6.50 1.9305E+04 1.5034E404 1.7036E+04

20 6.50 boT5 1.5034F404 1.1709E+04 1.3268E+04

21 6.75 7.00 1.1709E+04 .9.1188E+03 1.0333E+04

22 7.00 7.25 9.1188E+03 'T7.1017E+03 8.0473E+03

23 7.25 7.50 7.1017E+03 5.5308E+403 6.2673E+03

24 7.50 7-75 5.5308E+03 .4.3074E+03 4,8810E+403

25 7.75 8.00 4.3074E+03 3.3546E+03 3.8013FE+03

26 B.00 8425 3.3546E+403 2.6126E+03 2.9604E+03

27 8.25 B8.50 2.6126E+03 2.0347TE+03 2.3056LC4+03

28 8.50 B.75 2.0347E+03 1.5845E+03 1.7956E+03

29 8.75 3.00 1.5846F+03 1.2341E+03 1.3984E+03

30 9.00 3.25 1.2341FE+03 9.6112E+02 1.0891E+03

31 9.25 9.50 9.6112E+02 T.4852E+02 8.4818E+02

32 9.50 9.7% T.4852E+02 5.8295E4+02 6.605TE+02

33 . 2.75 10.00 5.8295E402 6.5400E+02 5.1445FE+02

start of 3% 10.00 10.25 4.5400E402 3.5358E+D02 4.0065E+D2
resonance 35 10.25 10.50 3.5358E+02  2.7%36E402 3.1203E+02
fegion 34 10.50 10.75 2.7536F+02 2.1445E402 2.4301E+02

37 10.75 11.00 2.1445E402 1.6702E+02 1.8926E+072
38 11.00 11.25 1.67T02FE+02 1.3007E+02 1.4739E+02
39 11.25 11.50 1.300/E+02 1.01l30E+02 1.1479E+02
4D 11.50 11.75 1.0130E+02 7.88B93E+01 B.9398E+01
41 11.75 12.00 7.8893E+01 6.1442E+01 6.9623E+01
42 12.00 12.25 6.1442E+01 &4.7851E+01 5.4222E+01
43 12.25 12.50 4.7851E+01 3.7267E+01 4.2229E+01
44 12.50 . 12.75 3.7267E+01 2.9023E+01 3.2888E+01
45 12.75 13.00 2.9023E+D1 2.2603E+01 2.5613E+01

46 13.00 13.25 2.2603E+01 1.T7603E+01 1.9947E+01
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end of

region

47 13.25 13.50 1.7603E+01 1.3710E+01 1.5535E+01
48 13.50 13.75 1.3710E+01 1.0677E+0L 1.2099E+01
49 13.75 13.90 1.0677E+01 9.1898E+00 9.9056E+00
50 13.90 14.00 9.1B898E+00 B.3153E+400 B8.7416E+00
51 14.00 i%4.10 B.3L53E+00 7.5240E+400 7.9097E+00
52 14.10 14.20 7.5240E+00 6.80B0E+00 7.1570E+00
53 14.20 14.30 6.8080E+00 6.1601E+00 6.4760E+00
54 14.30 14.40 6.160LE+00 5.5739E+00 5.8597E+00
55 14.40 14.50 5.5739E+00 5.0435E+00 5.302LE+00
56 14.50 14.60 5.0435E+00 4.5635E400 4.T7975E+00
57 14.60 14.70 4.5635E+00 4.1292E+00 4.3410E+00
58 14.70 14.80 6.1292E+00 3.7363E+00 3.9279E+00
59 14.80 14.90 3.7363E+00 3.3807E+00 3.5541E+00
60 14.90 15.00 3.380TE+D0 3.0590E+00 3.2159E+00
61 15.00 15.10 3.0590E+400 2.7679E£+00 2.9098E+00
62 15.10 15.20 2.7679E+00 2.5045E+00 2.6329E+00
63 15.20 15.30 2.5045E+00 2.2662E+00 2.3824E+00
64 15.30 15.40 2.2662E+00 2.0505E+00 2.1957€+00
65 15.40 15.50 2.0505E+00 1.8554E+00 1.9505E¢00
66 15.50 15.60 1.8554E400 1.678BE+00 1.7649E+00
67 15.60 15.70 1.6788E+00 1.5191E+00 1.5970€+00
68 15.70 15.80 1.5191E+00 1.3745E+00 1.4450E+00
69 15.80 15.90 1.3745E+00 1.2437E+00 1.3075E+00
resonance T0 15.90 16,00 1.26376+400 1.1254E400 1.1830E+00
71 16.00 16.10 1.1254E+00 1.0LB3E+0U 1.0705E+00
72 16.10 16.20 1.0183E+00 9.2136E-01 9.6860E-01
73 16,20 16.30 9.2136E-01 8.336BE-01 8.7643E-01
74 1630 16.40 B.3368E-01 7.5435E-01 7.9302E-01
75 15.40 16.50 T.5435E-01 6.8256E-01 7.1756E-01
76 16.50 16.60 6.8256E-01 6.1761E-01 6.4927€-01
77 16,60 16.70 6.1761E-01 5.5883E-01 $.8749E-01
(] 16.70 16.80 5.5683E-01 5.0565E-01 5.3158E-01
79 16.B0 16.90 5.0565E-01 4.5753E~01 4.80G99€-01
80 16.90 17.00 4.5753E-01 4.1399E-01 4.3522E-01
81 17.00 17.10 %.1399E-01 3.7460E-01 3.9380E-01
82 17.10 17.20 3.7460E-01 3.3895E-01 3.5633E-01
83 17.20 17.30 3.3895E-01 3.0669E-0L 3.2242E-01
84 17.30 17.40 3.0669E-01 2.7{51E-01 2.9174E-0l
85 17.40 17.50 2.7751E-01 2.5110E-01 2.6397E-01
86 17.50 17.60 2.5110E-01 2.2720E-01 2.3885£-01
87 17.60 17.70 2.2720E-01 2.055BE-01 2.1612E-01
88 17.70 17.80 2.0558E-01 1.8602E-01 1.9556E-01
89 17.80 17.90 1.8602E-01 1.6832E-01L 1.7595E-01
90 17.90 18.00 1.6832E-01 1.5230E-01 1.6011E-01
91 18.00 18.10 1.5230€-01 1.3781E-01 1.4487E-01
92 18.10 18.20 1.3781F-01 1.2469E-01 1.3109E-01
93 18.20 18.30 1.2469E-0F 1.1283E-01 1.1B61€E-01
94 18.30 18.40 1.1283E-01 1.0209E-01 1.0732E-01
95 "18.40 18.50 1.0209E-01 9.2375E-02 9.7111E-02
96 18.50 18.60 9.2375E-02 B8.3584E-02 B.7869E-02
97 16.60 18.70 B8.3584E~02 7.5630E-02 7.9507E-02
98 16.70 18.80 7.5630€-02 6.8433E-02 7.1941E-02
99 18.80 18.90 6.8433E-02 6.1920E-02 6.5095E-02
100 18.90 19.00 6.1920E-02 5.6028E-02 5.8901E-02
101 19.00 19.10 5.6028E-02 5.0696E-02 5.3295E-02
102 19.10 19.20 5.0696E~02 4.5872E-02 4.8224E£-02
103 19.20 19.30 &.5872E-02 4.1507E-02 4.3635E-02
104 19.30 19.40 4.1507E-02 3.7557E-02 3.9482E-02



105
106
107
108
109
110
il
112
il13
114
115
Lis
ir7
118
L1
120

19.40 19.50
19.50 19.60
19.60 19.70
19,70 19.80
19.80 19.90
19.90 20.00
20.00 20410
20.10 20.20
20.20 20.30
20.30 20.40
20.40 20.50
2U3.50 21.00
21.00 21.50
2L.50 22.00
- 22.00 22.50
23.00

22.50

19.1,2 Nuclides

3.7557€-02
3.3983E-02
3.0749E-02
2.7823E-02
2451L75E-02
2.2479£~02
2.0612E-02
1.8650E~-02
1.6875E6-02
1.5269E-02
1.3816E-02
1.2502E-02
7.5826E-03
4.5991E~03
2.7895E-03
1.6919E~-03

3.3983E-02
3.0749E-02
2. T823E-02
2.5175E-02
2.2779E-02
2.0612E-02
1.8650E-02
L. 68T5E-02
1.5269E-02
1.3816E-02
1.2502E-02
7.5826E-03
4.5991E-03
2.7695E-03
1.6919E-03
1.0262E-03

3.5725E-02
3.2325€-02
2.9249E-C2
2.3947E-02
2.16568BE-02
1.9606E-02
1e7741E-02
1L.6052£-02
1.4525E-02
1.3142E-02
G9.T362E-03
Da9053E~03
3.5817E-03
2.1724E-03
1.377E-03
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6 light nuclides, 16 other main nuclides, 35 individual fission products, 4 pseudo fission products,
9 control nuclides, (R =resonance parameters given).

=Bt B o SR B B S

Be®
016
c2
H*
Dﬂ
AL
Lis
T?
He?
Th?*?
Pai®
U3
U
UZ:H
Uass
yae
Uzaﬂ
Pu239
Pu*®
Py
Pu142

22999

FRERPER=zEIX

= =

27
28
29
30
31
32
33
34
35
36

-37

38

39

40
41
42
43
44
45

46

47
48
49
50
51
52
53

Rh:oa
RullM
Rth!
PdlDS
Pdloﬁ
PdlD'J
Pdioﬂ
Agmo
cdl!i
IISI ]
Xel!l
Xela3
Cslﬂ!
Csl!l
1135
Xe:ss
Cs'?®
Ndux
Nd144
Nd145
Nd146
Pm147
Pml48
"PmeM!
Smt"D
Smuo
Smlsl

54 Smllﬂ
55 Eu's?
56 Eu154
57 Eu'®?
58 'Ps1'
59 'Ps2’
60 'Ps3!
61 - 'Ps4’
62 B'®
63 - Cr®
64 Mn®*
65 Fe%®
66 N
67 - Co®**
68 Cu®?
69 wlaﬁ
70 AulOT .
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19.2 GYMEA SCAT Library NDSC,

120 groups G matrices at 4 temperatures

19.2.1 Materials

"REQ CRY crystal scattering

'"RE9' GAS monatomic gas scattering

016" GAS ! ! i

"H20' EFF effective width model scattering
'Cc12' CRY crystal scattering

'c12! GAS monatomic gas scattering

19,2,2 Temperatures
300 °K
900 °K
600 °K
1200 °K

19,3 Other Libraries

The cross section library NDXD was prepared from a library consisting of 100 nuclides
(NDXC~ Cook 1966) by mixing 43 fission product dregs into 4 pseudo fission products. It has
been found that little loss of accuracy results from this procedure for long—term reactivity
predictions. Other libraries of both fewer nuclides (more mixed fission products) and fewer
groups have been prepared from time to time to suit the particular needs of people engaged in
reactor assessment. :

Additional scattering matrix libraries are available. The data for all scattering libraries
was prepared by McGregor (1965a) using the programmes LEAP (McLatchie 1962), PIXSE
(Macdougall 1963), and GAM—1 (Joanou and Dudek 1961).

19.4 Edit Programmes in Brief (EDITOR and SCATLD)

Details have been given in the previous sections for the structure of libraries as required
by the code GYMEA. However those engaged in library maintenance are necessarily more interested
in the structure of BCD cards from which an ofiginal library isloaded or which comprise corrections
to be made to an existing library. Two library edit programmes are available— EDITOR (Ford 1966)
for the cross section library, and SCATLD (McGregor 1965b) for the scattering matrix library. EDITOR
has been made very versatile to cope with the detailed needs of those maintaining the cross section
library and uses free input. SCATLD does not need this flexibility, as maintenance is normally only
tequired at the level of one complete scattering matrix, and fixed format input is therefore used.
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20. PROGRAMME SOURCE STRUCTURE

The structure of the programme is set out by chains below. Each of the subroutines required
in a chain is given, with entries in columns of those subroutines which it calls. Subroutines given
in inverted commas have more than one entty point and an (M) following a subroutine means-that it is

included in chain (0).

CHAIN (0)

'CLock '
INTVLL
CHAIN (1)
CHAIN (2)
PSLIB
RUREDY
'SEARCH '
SKIP
RUREDY
'SEARCH'
'cLock'
SKIP
CHAIN (1)
SEARCH
COLLEC
CONC

CONC

LOCK
TEST

TEST

NUCL

CLOCK

CHNRTN

~119-

EHAELEQ CHAIN (1)
FPT CALL
_ HOLLRH (M)
HOLLRH CALL
_ CHAIN (2)
ERROR
CHAIN (1) ERROR 3
'CLOCK ' (M) ERROR 3
SKIP (M) _
SRCH STAN
COMPIL HOLLRH (M)
ERROR PACK
CHAIN (2) _
SRCH DATE
COMPIL
'"FREE' CHAIN (2)
PACK '"CLOCK ' (M)
DATE SKIP (M)
ERROR MAIN
STAN CALL
'"FREE' MAIN
LHFREE CHAIN (1)
RHFREE SCEASE
ERFREE '"FREE'
LHFREE PACK
ERROR 'CLOCK'
RHFREE TEST
ERROR HOLLRH(M)
ERFREE ERROR
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CHAIN (2) (contd.)
UNDO
SDAT
CALLCH
GETL
MAKET
PUTN
SORTN
TYPE
GNAME
CALL
RETURN
COLLEC (M)
UNLOAD
BUT
SEND
PART
ORDER
PSLIB (M)
'SEARCH" (M)
NUCL (M)
CONC (M)
SKIP (M)
TEST (M)

CALL
ERROR
MAIN
SDAT
SEND
SCEASE
'SEARCH' (M)
'cLock ' (M)

DAT

LIBER
STAN
DUMP
CALLCH
FINISH
WEST
NUC
NSS
MAKET
GETL
'"FREE'
PUTN
ERROR
GETL
ERROR
PACK
LOOK (M)
'FREE'

DUMP

STAN
HOLLRH (M)
GNAME
'"FREE'
PACK
SORTN
PUTN

PUTN

NSS
TEST (M)

RETURN

CALL

MAIN
SDAT

'FREE'

PACK

ERROR
SEND

'CLOCK ' (M)

MAIN
SCEASE

'SEARCH'

'"FREE'

PACK

MAIN
LIBER

CALL
DAT

CALL
ERROR

CHAIN (1)
FINISH

DUMP
BUT

LOOK

ERROR
PART

ERROR

COLLEC (M)

AETC
NUC

COLLEC (M)

AETC



CHAIN (2) (contd.)

SORTN

AETC

WEST
WESTSP
WESTSP
CALLCH
CLOCK
CHAIN (3)
ERROR

UNLOAD

UNDO

TYPE

ORDER

PACK

'"FREE'
as for CHAIN (1)

EXTRA2

CHAIN (3)

WATCH
GYMEA?2
EQU
OUTPUT
SAVE
CHAIN (2)
CHAIN (5)
CHAIN (6)
SKIP (M)
GYMEA2
ERROR
BURNUP
CHAIN (4)
KETC
EIGENV
TGRALS
OUTPUT
EIGENV
ERROR
COLLEC (M)
SORTN
EXPL
ERROR
TGRALS
ERROR

KETC

EQU
ERROR
GYMEA?2
OUTPUT

BURNUP

—~121~

WATCH
CODE

CODE

QUTPUT
NUCL (M)
ANORM
HOLLRH (M)

DS

ANORM

SAVE
COLLEC (M)
ANORM
DS

WATCH
CLOCK (M)

ERROR
CHAIN (1)

SORTN
PUTN

PUTN
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CHAIN (4)
FLUXBL FIRSTD - SIDW
RATES ERROR -
CHAIN (3) SAME WEST
FLUXBL WISIT WESTSP
PSLIB (M) CAM WESTSP
ERROR NUCL (M) -
STOD SKIP (M) SAME
WEST BLOCKD -
SKIP (M) SHIELD WATCH
FIRSTD RES CLOCK (M)
BLOCKD RESH ERROR .
RUREDY (M) SHIELD CHAIN (1)
SCATD -
SEDL RESH
WATCH -
RATES RES
WATCH RES]
COLLEC (M) RES]
SKIP -
FIRSTD STOD
BLOCKD MUGN
VERLAP \ MUGN
CAM -
ERROR CAM
SCATD -
RUREDY (M) WISIT
COLLEC (M) ERROR
LOOK (M) VERLAP
ERROR -
SKIP (M) SEDL.
PSLIB (M) SIDW




CHAIN (5)
CLOCK (M)
COLLEC (M)
PRINTX
PCRAM
PZOOM
PDSN
PWDSN
PGMCM9
PLSCD
CHAIN (2)
CHAIN (6)
'SGG T
PSLIB (M)
RMAT
SORTS
RUREDY (M)
ERROR
HOLLRH (M)

PRINTX
HOLLRH (M)
GCOL
ANORM
COLLEC (M)
RMAT
CONC (M)
NUCL (M)
PRINTS
PRINTN
WDS

PCRAM
CHEAD

GCOL

RMAT
WDS
'SGG '
NUCL (M)
PZOOM
CHEAD .
GCOL
HOLLRH (M)
RMAT
NUCL (M)
wDS
'sGG'
CONC (M)
PDSN
CHEAD
HOLLRH (M)
'SGG!
ERROR
GCOL
RMAT

"NUCL (M)

" PWDSN

CHEAD
RMAT
NUCL (M)
wDS
'SGG'
PGMCM9
CHEAD
RMAT
NUCL (M)

wDS

PRINTS ¥
PRINTN
Flsga!

PRINTN

GCOL

RMAT
NUCL
SORTS
SLOOK
- NUCL
CONC
SLOOK: .
ERROR

'SGG

PLSCD

WDS

ERROR
CHAIN (1)

ANORM

CHEAD
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CHAIN (6)
SHIELD

MATS
NUCL (M)
CHAIN (2)
LOT13
WATCH
RESH
SAME
LOT 14
PSLIB (M)
RUREDY (M)
SKIP (M)
WDS
ANORM
WRT
MIXEM
BUT
ERROR
UNLOAD
TYPE

ANORM

WRT
MIXEM
MATS

MIXEM

BUT
LOOK (M)
ERROR

UNLOAD

ERROR
CHAIN (1)

wDS

TYPE
(not the same as the .
subroutine usedin CHAIN (2))

LOTI13

LOT14

MATS

SHIELD

RESH

SAME

WATCH

'CcLoCK ' (M)
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21. PROGRAMME COMMON

A list of the locations of all variables in blank common is given below. This is very

useful in implementing two features of the programme which the general user should not require.

The first use is in making accessible variables not included in the user’s common. Use
of the loop~round feature of core storage gives the relationships

// = X (19491)
//
//

Z (17491)

J (19501)

where // is the symbol used in the listing for the beginning of common. Thus any variables in
common can be used, but they should be altered only with great caution. As an example, the
lethargy boundaries U(1) to U(121) are accessible as X(32277) to X(32397).

The other use is in conjunction with the expanded error dump facility for programme

debugging (13.4).
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YZLTIL+//

BSLI+//

ZeZtet/

1s5+//

L C B1S+4/
> 1899+77/
e LY/
L SLY%//
i - rO8 2 ¥ ¥
B 69%+ S/
. : 9%+ /7
€E9%+//
09%+/7

. LG%+ S}
Yo bt/
. T16%+//
Syu4//

Qb+ )/
2hh+//
3% 2 ¥4
SERE/S/
€CEY+//
Och+//
LZ29+//

Y2+ S/
12%+//7
8I%+//
2lo+//
E60Y%+//

90b+ 4/
S92Z+//
e9e+s/
6ST+//
8EZ+//
Yeer//
1¢2+/7
82Z+//
SZ22+//
el /
612+//
ZB1+/7
6LT+S/
1L1+/7
S91+//
Z2o1+//
esle//
el+//
ECT+//
051+//

0+//

100000000009

*1374%
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€

nd3  @3s3 YoLT+27
no3 sY 2541477
nd3 a 25844/
nd3 ANIdX 0SS+//
no3 Sd €0S+//
N3 Tvs3y 08447/
E n Livsr/
no3 M wiv+l/
ne3 am 129427
no3 vH 899/ /
no3 148 So4+/7
no3 vIX 29947/
nd3  anld 6SY+7/
noa 148 96447/
no3 81 £Shes/
o3 LVeN 05Y+//
nd3 asN Lov+l/
no3 SHN Yhba s/
no3 otr Tyve//
no3 L BE+//
no3 »r GEYHS/
no3 1 ZEY+//
no3 19N 62%e//
no3 NN 9Zn+//
ndI  a1s1 €29+4/
no3  ININ 0Zv4s s
bz 1n0l LIY+//
o3I 03sx1 1e/7
no3  ¥8I1 80Y+7/
n8a  Sddl co%+//
nd3 S1 29247/
noa  sa811 192477
nd3  selt 8524/ 7
no3 WOl 9c2+//
nd3 z11 €€Z+//
no3 61 0€Z+//
i E] 91 L2247/
no3 €1 wZe+l/
no3 I 122477
no3 I S61+//
nb3 NOD 18147/
nd3 ZNX 81147/
no3 vr L9147/
no3 sVl Y9147/
no3 zvl1 191477
no3 val 8s14//
nd3 SQI0ON $S1+//
no3 91 Z51+//
nB3  aIxn 0G+//
nb3 AyIN3Y
000000000000 *000000000000
120 20000 00000000%102
9%07 20000 *1931S
asn 20000 *13%%d
I9vd $9/12/90

no3
nb3
no3a
no3
D!
nd3
no3
no3
no3
o3
nd3a
no3
no3
no3
nd3a
nd3
no3
no3
noea
no3
no3
no3
no3a
nod3
nd3
no3a
no3
no3
no3
no3
no3
no3
nod3a
no3
no3
nga
noa3a
no3
ne3
noa
no3a
nob3a
nb3
nob3
no3
no3
no3
no3
no3

170
120
asn
Isn

NOWWOD AEWISSY dvWEl

auvd
BNX
TNX
vl
yvl
vl
ival
NIVHIT
37281
3AVSI

"2¥211

19L1+/4/ no3a
2891+/7 nd3

28S+// - no3

LYG+// no3

Z649+// no3

YA LYV noa

YL XY ¥ no3

I ILTYN nd3a

OLa+// no3a

L9Y+/s/ no3

Y994/ / na3

196+// ivER

854+ s/ nd3a

SChe /] no3

ZSY+ 1/ no3

euv+// nb3

CTLT YT ¥ no3

€Yt/ nog

O%y+/7/ nos

LEY+// no3a

YEYe st no3

1EY¥+// nd3

gZY9+s/ nd3a

CZu+// no3

229+ 1/ no3

61547/ o3

91t/ ng3

01%+/4 no3a

LOY%+// no3

CoE+// no3

€9Z+// np3a

09Z+// no3

8yZ+// no3s

cEZ+// no3

2ET+// no3

622+// nd3

92Z2+// no3

£22+// noa

0zz+// no3a
€ERI+// ne3a -

o0RT+// nda

LLT+/ Y np3

99T+// no3

€91+/4 nd3a

091+/7 no3

LST1+/4 nb3

wGl+// np3a

161+/4 nnB3

, C1+7/ noa
0000000009%1 4000000004102 120
<0000 N3A3
€£0000 000000000000 120
200090 *121vaQ Isn
00000 #4+1797d N1Z2349

AWYANAD,

o1l
L1
1
11

r
iWd
€NX
i1sr
evi
£EVI

aorl
034N

XIN

N3S]
ansi
L0000

*121171 20000
20000

NOSNIG0¥"9 1122

861
ssT
[49)
6%1
941
Evl
o
et
%el
1€l
g8c1
621
221
611
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a1091+//
BEBST+//
BYSYE+//

YoOLI+//

YOLI+//
BL2ST1+//
BYIST+//
SHTISI+//
B899%1+//
BOERT+//
SYGET+//
929€Y+//
8ZEEI+//
EZECT+//
SIEETI+//
STEETI+//
ZIEET+//
GOEET+//
SO0LEN+//
EQEET+//
OOEET+//
L&ZET+//
YEZE1+//
162€1+4/7
BBZET+//
9ZELI+//
S9Z2EN+//
29ZE1+//
65214/ /
GCZEL+//
ESZET+//
LP2€T1+//
OZET+//
LETET+//
LOGZ1+//
C2921+//
SO%21+//
SYeZ1+//
SST121+//
BEETI+//
SEGTTI+//
ZEGTTI+//
626TI+7/
9Z6T1T1+//7
ECEIT+/Y/
026T1+//
L1611+/7
Y161T1+//
T16T1+//
BO6TIer/
SO6TT+//
09L11+//
LSLIT+//
YCl1t+//
ISLT1YE+//7

nb3 m
no3 AM
nb3 o
no3 15v
no3 MN
no3 4
no3a 20
nd3  103sI
nd3 1303s
ne3 AR
no3 3789
no3 Sx§
no3 NY
nb3 1wvd3
nda  isvil
no3 13y
nt3 n9g
ng3 uis
nd3a s
nb3 X
no3 Ixv
nta NIA
ndb3 #d9
no3 ¥dy
no3a vi
no3 NIF
nb3 JIN
no3 2987
ne3 19
nd3a X
nda viaay
ng3 sJ1i3
no3 10MW
nb3a  3Iavsre
nb3a 1A
nb3 SON
nd3  1vasy
nb3  1¥vdl
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22, FREE INPUT SUBROUTINE

22.0 Summary
The routine used has four main features:

(1) numetric data may be in any form readable by eye and alphabetic data may
be ignored, ' '

(2) a limited alphabetic mode is available in which blanks only are ignored,

(3) as much control of the reading and interpretation process as possible is
left under programmer control,

(4) data can be read from any input device (up to column 72 of a record) or from
' storage.

For the reading of floating point data, exponents may be simplified by omitting either the
"E' or the sign; blanks may be present in the exponent. Thus .01, 1.E-b2, 1.-2, 2,E2, 2.E+02
are all acceptable, If no decimal point is present, one is assumed after the number.

For any numeric data, the repeat notation, for example 5*%,1 meaning a set of five .1's
may be used. No blanks are allowed between the numbers here. TRus 5* and *.] are both
completely ignored. A card with.an * in column oneis ignored.

When alphameric data is read, each character from the first non—blank one is stored in the
given vector in the lower part of each word. Thus on the IBM 7040 the character A is equivalent
to 21 octal, thatis 17 decimal, and if 3 characters are requested the string AbB becomes 17,48.18.

22.1 Use

The routine consists of two MAP subroutines, The first has the 3 normal entry points and
the second has the auxiliary routines used, which may be replaced.

The three entry points to the routine for reading floating point, fixed point, and alphameric
data respectively are:

CALL EFREE (iT,IC,A,N)
CALL IFREE (IT,IC,IA,N)
CALL AFREE (IT,IC,IA,N).

In each of these calling sequences IT is the FORTRAN unit number (if negative this implies reading
from storage; see later), IC is the column from which interpretation is to begin, A or IA is the
variable or vector to be read, and N is the number of elements to be read. The column count may

be set as desired and the routine then continues to update it. IC must be greater than 72 for a new
record to be read, in which case the (IC/72) card is read and IC is used mod 72 for the column count.
If when column 72 is reached a request is not satisfied, anew record is read and IC set back to 1.
Thus if no control is required, IC is set to 73 at the beginning and then left for the routine to use.

When data is being read from storage, records are assumed to be stored in blank common under
format 12A6. Then if IT is negative the next record used is the Mth stored card where M = —IT. Thus
IT is updated by the routine when each new card is read if this feature is used. The routine PACK
(IA,N) can be used to pack the right hand character of the N(< 6) elements of the vector IA into the
first element of 1A in normal A format form.

To provide further control of the routine by the programmer, any of the routines ERFREE,
LHFREE, and RHFREE may be rewritten by him.
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When an error is detected,
ERFREE (IT,IND,I,ICC,BUF)
is called. Here IT is the unit number; IND is one of the alphameric words bb.E, bbIM, bbIS, bEND,
for an exponent or decimal error, a mode error, a scaling error, or a '§' control card respectively;

I is the number of elements of the vector already filled; ICC is the present ‘;‘:olumn count; and BUF
contains the card image (formar 12A6). From this information an appropriate message is printed.

When column 72 of a card is reached,

RHFREE (IT, IMODE, I, N)

11 EFREE 1
is called, Here IMODE = 0 for a call from IFREE
-1 AFREE [

and IT, N, I are as above.
When a new record is placed in the working buffer for FREE,

LHFREE (IT, BR, BUF)
is called, where RR is negative for a carry over from a previous record.

In the standard version these last two do nothing. The working buffer, which consists of
the 72 characters stored in the right hand end of the words 2 — 73 of the labelled common area

/FR/ of length 76, is accessible as long as the area in FREE is actually used.

22,2 Adaptations for GYMEA

This routine isused to give input to the code the following features:
(1.) All data may be punched anywhere on a card except in the few cases noted.

{2) On FORTRAN-like cards the repeat notation is discarded (as * means
multiplication), and the data for each statement must be on one card only.

{(3) For all other cards, repeat notation may be used, and a set of data may be
continued over many cards by having a non-descending integer in column 1
for cards other than the first of a set.

(4) Input cards are stored and read from storage as a programme

(5) Cards with an "#*' in column one are simply listed.

{6} Where the input cards RX etc.(10) are included, the standard version of FREE
is used for reading. '



ACKNOWLEDGEMENTS 23






23. ACKNOWLEDGEMENTS

The code GYMEA forms part of alarger entity now called the GYMEA PROJECT. This
project is to maintain and extend a reliable nuclear data file for reactor calculations to be
carried out at the A.A.E.C. Research Establishment. To this end, the talents, inspirations,
and hard work of many people have gone into the project. Work of this project has been carried
out over a period of several years, although the code GYMEA is of more recent origin. The
authors therefore thank the following people for contributions to the project.

Prof. A. Keane, Wollongong University College (formerly Head, Theoretical Physics Section) —
resonance theory and general assistance;

Members of the Theoretical Physics Section as under:

Mr. B. Clancy — bias of multigroup data and needs of burnup studies,

Mr. G. Doherty — nuclear data for several nuclides,

M:r. J. Cook — nuclear data, particularly fission product data,

Mr. B. McGregor — scattering matrix preparation and editing programme SCATLD,
Mr. K. Maher — data transcription and preliminary correlation with experiment,

Miss E. Kletzmayr — compatison of various resonance theories,

—131—

Mrs. L. Wall — comparison of GYMEA data with the data of Hughes and Schwartz (1958),

Miss J. Robertson - organization of computer runs;

Dr. G. Ford, IBM — library editing programme EDITOR;

Mr. A. Bicevskis and Mr. E. Hesse, Engineering Research Division — general discussion.
In addition the code GYMEA would still be in debug mode except for the assistance of

personnel of the Applied Mathematics and Computing Section, who made available the IBM 7040
at short notice and at odd times to suit the needs of the authors,






REFERENCES 24






~133—
24. REFERENCES

Benrett, N.W. (1965). - DEMON -. A programme generator for problems involving ordinary
' differential equations, AAEC/E142.

Bicevskis, A. (1963}, — An approach to burnup calculations. Description of **One Life’’ and
“*Reflected Lifetime”’. Unpublished A.A.E.C. internal report.

Carlson, B., Lee, C., and Worlton, J. (1960), — The DSN and TDC neutron transport codes, LAMS_2346.

Clancy, B.E., Doherty, G., Keane, A., Kletzmayr. E., and Pollard, J.P. (1963). — MULGA ~ A complex
of codes for the determination of multigroup averaged neutron cross section
data. AAEC/E114.

Codd, J., and Collins, P.J. (1963). — Some calculations concerning the influence of resonance over—
lapping on the Doppler effect in a dilute fast reactor. Conference on
Breeding, Economics and Safety in Large Fast Power Reactors. ANL-(792.

Cook, J.L. (1964). — RPD014; Westcott flux with hardening. Unpublished A.A.E.C. internal report,

Cook, J.L. (1966). — NDXC — GYMEA cross section library. A.A.E.C. report in preparation.

Doherty, G. (1963). — An approximation to the Doppler broadening function J{ 8,5) for resonance
absorption calculation. Reactor Sci. Tech. 17: 435,

Ford, G.H. (1966). — GYMEA EDITOR User’s Guide. AAEC/E!50.
Francescon, S. (1963). — The Winfrith DSN programme., AEEW-R273.
Hassitt, A. (1962). — A computer program to solve the multigroup diffusion equations. TRG-229 (R).

Hill, J.G., and Schaefer, G.W. (1962}, — An improved approximation for the calculation of resonance
integrals. English Electric Report W/AT—-1035.

Hughes, D.J., and Schwartz, R.B. (1958). — Neutron cross sections. Second Edition. BNL..325.
IBM (1965). — Operating system for the 360'—PL1 language specification. Form C28-6571.

Joanou, G.D., and Dudek, J.S. (1961). ~ GAM 1: A consistent P, multigroup code for the calculation
of fast neutron spectra and multigroup constants. GA.-1850.

Keane, A. (1964a). — Equivalence relations for resonance absorption in small particles. AAEC/E120.
Keane, A. {1964b). — The GIBBA libraries. Unpublished A.A.E.C. internal report.

Keane, A. (1966). — An estimate of the decrease in the effective resonance integral due to resonance
overlap. Submitted to Nucl, Sci. Engng.

Keane, A,, and Pollard, J.P. (1966). — Multigroup cross sections of resonance absorbers.
Nucl. Sci. Engng. (In press).

Kletzmayr, E. (1966). — LUBRA — A complex of codes for resonance studies. AAEC/E report in
preparation.

Macdougall, J.D. (1963). — PIXSE. AEEW_M313.
McGregor, B. (1965a). — NDSC — A GYMEA scattering library. Unpublished A.A.E.C. internal report.

McGregor, B. (1965b). — SCATLD — An editing programme for GYMEA scattering libraries. AAEC/TM310.



—-134—

McKay, M.H., Keane, A., and Pollard, J.P., (1965). — Resonance Absorption of Low Energy
Neutrons. J. Nucl. Sci. Tech. (Tokyo), 2 (11): 445—449.

McLatchie, R.C.F. (1962). — LEAP — An IBM 7090 FORTRAN II code for the evaluation of the
thermal scattering law. Unpublished,

Pollard, J.P. (1964). — PEAS — A resonance absorption programme. AAEC /E126.

Pollard, J.P., and Clancy, B.C. (1964). — GIBBA 2 and 3 — A zero dimensional burnup code.
Unpublished A.A.E.C. internal reports,

Ralston, A., and Wilf, H.8. (1960). — Mathematical Methods for Digital Computers. John Wiley
and Sons, N.Y.

Richardson, D.J. (1965). — SEARCH and QUERY. Uapublished (AAEC 7040 Programme Library).
Robinson, G.5. (1966). — Correlation of GYMEA Data with Experiment, Part 1. — AAEC to be published.
Rowlands, G. (17963), — Resonance overlap —unpublished but mentioned by Codd and Collins (1963).

Stone, S.P., Collins, E.T., and Lenihan, S.R. (1959). —~ 9—ZOOM — A one-dimensional, multigroup
neutron diffusion theory reactor code. UCRL —-5682.

Todt, F. (1962). — FEVER — A one—dimensional ten—group depletion program for reactor analysis.
GA-27409,

Westcott, C.H. (1957). — Effective cross section values for well moderated thermal reactor spectra.

CRRP~G680.



INDEX 25






—135 —
25. INDEX

Alphabetic summary of card input types, 11

Buckling, group dependent, specified, 32

estimated for bare system, 41
Burnup,. analytic solution, 36

data options, 35

flow procedure, 36

mechanism change, 38

user’s distinguishing card (FIFA), 24
Burnup table,109, 2

mixed library preparation, 56

Chain 1, details, 59
mechanism, 5
Chain 2, details, 11
mechanism, 5
Chain 3, details, 35
mechanism, 5
Chain 4, details, 43
mechanism, 5
Chain 5, details, 51
mechanism, §
Chain 6, details, 55
‘mechanism, 6
CLOCK, subroutine, 2
Code, flow by chains, 6
mechanism, §
philosophy, 3
Common data area, programme, 125
user’s, 67
Compiler, details, 59
mechanism, 5
Computer, 360, proposed system, 6
7040, current system, G
Conceantration, after burnup step, AFT.N, 40
average for burnup step, AVE.N,4
before burnup, BEF.N, 24 -
normal use, 21 ) )
normalization to unit volume, 21
shielding theory, 23
void allowance, 22 .
Condensed, mixed, GYMEA library, 55, 16
cross sections and reaction rates, 45
scattering matrices, 51
CRAM output, 572
Criticality, 28
Critical radius estimated for bare sphere, 42
Cross sections, condensed, 46
library — see Library
macroscopic, 20
printed output, 51

DAT subroutine,64 , 62

Data, alphabetic summary, 11
detailed, 14
illustrative, 83,9

Density, defined materials, 19, 2
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Diffusion coefficient, l-group, 41
Dominant nuclide, 20

DSN output, 53

DUMP subroutine, 52

Eigenvalue for criticality search, 28

Error, expanded diagnostics, 72
tecovery, 64

EXP subroutine, 62

Extrapolation distance, 42

EQU subroutine, 71, 62

Equilibrium search, 71

EXIT subroutine, 62

FIFA, 41
card, 24 , 36
FINISH subroutine, 62
Flow ptocedute, all chains, 6
Chain 3 — burnup, 36
Flux, level, set from neutron balance, 30, 31
set from specified power, 31
specified by user, 30
spectra, accuracy of neutron balance, 45, 32
option, neutron balance, 43, 28
option, read—in data, 32
option, Westcott, 71, 30

Group information, 32
GYMEA output, 55

Heading, output, 17
Input data — see Data

LIB subroutine,G3 , 62
Library, cross section, brief, 2
cards, 118
creation {unchanged groups), 16
details, 109
preparation (changed groups),55 ,17
use, 15
Library, scattering, brief, 2
cards, 118
copy (unchanged groups), 17
details, 113 :
preparation (changed groups)s7 , 17
use, 15, 16
LOG, subroutine, 62

Macroscopic cross sections, 20
Maintenance, 73

Material specification, 18
Mixing rules, 19,46, 2
Multiplication constants, 41

Neutron balance, flux calculation, 43, 28
NS1 subroutine, 23, 62
NS2 subroutine, 23, 62
NS3 subroutine, 23, 62
NUC subroutine, 21 62
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Nuclide, dominant, 20
light,109, 46, 16
resonance,109, 16
shielded, 109, 16

Output, comments on, 31
content, 26
correspondence, printed labels and theory variables, 68
CRAM, 52
cross sections, 52
DSN, 53
GYMEA, 55
illustrative, 83
options (CRAM, etc.), 25
saving in core, 27
saving on tape, 72 25, 5
scattering matrices, 52
subroutine, 25,72, 63
type (cross sections, reaction rates, etc.), 24
WDSN, 53
ZO0M, 52
Overlap, resonance theory, 48, 27

Power level, set from specified flux, 3]
specified by user, 30

Reaction rates, 45
Reactor control information, 30
Resonance, theory, approximate shielding, 47, 23
heterogeneous, 22,48
homogeneous, 46
overlap, 48, 27
parameters,112 , 4§

Scattering matrices, condensed, 51
library — see Library
printed output, 52

Source, other than library fissior, 32
SCEASE subroutine, 62
SEND subroutine, 62
STAN subroutine, 65, 14, 62
Standard state, STAN, 65
Subroutine, CLOCK, 62

DAT, 64, 62

DUMP, 62

EXIT, 62

EXP, 62

EQU, 71, 62

FINISH, 62

LIB, 63, 62

LOG, 62

NSI, 23, 62

NS$2, 23, 62

N$3,23, 62

NUC, 21 ,62

OUTPUT, 25, 83, 63

SCEASE, 62

SEND, 42

STAN, 65,14,62

WEST, 71,29,62
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Temperature, resonance, 18
scattering, 17

Time integrals, 40

Time of buraup, 35, 40

Time on machine, 62

Void, concentration allowance for, 22
WDSN output, 53

WEST subroutine, 71,29 ,62
Westcott_flux,?l , 29

ZOOM output, 52



