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ABSTRACT

The LUBRA complex of codes is designed to produce (i) point cross sections,
(ii) infinitely dilute resonance integrals, (iii) effective resonance integrals based on
the different approximations presently available and optionally modified to include particle
size effects, (iv) Doppler coefficients, also based on the various medels, and (v} group
averaged cross sections, using Breit-Wigner single—level resonance parameters and other

basic data only.

The complex currently comprises five individual programmes coded in FORTRAN' IV
for an IBM 7040 computer and linked together by a specialised monitor system to permit
the use of LUBRA as a single entity.
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I. INTRODUCTION

1.1 General Remarks

Almost all studies of reactor physics require some knowledge of resonance absorption
cross sections; the accurate evaluation of derived quantities, such as effective resonance integrals
and Doppler coefficients, usually demands a time—consuming and intricate series of calculations.
The Theorctical Physics Section of the A.A.E.C.”s Physics Division has already prepared a number
of uncorrelated resonance absorption programmes, such as RPD006 and RPD0OR {Doherty 1963,
unpublished) and RP047 (Kletzmayr 1964, unpublished), which are oriented towards special tasks
and duplicate computation of several resonance contour integrals. Furthermore, there is no standard
sequence of codes which include the statistical region and the evaluation of Doppler coefficients
for each of the existing approximations to the resonance integral.

The LUBRA complex of codes described in this report was written to provide a single
flexible entity which encompasses the various important aspects of tesonance absorption in homo—
geneous systems. Each of the five codes treats a different aspect of tesonance absorption and by
using the tape monitor system the complex may be run as a single unit without operator intervention.
The theory of resonance absorption employed assumes that there is no interference or overlapping
between neighbouring resonance levels, and uses the Breit—Wigner single—level formula.

1.2 Outline of Individual Codes

LUBRA 0: The first code in the series is designed to generate capture, fission, and total cross
sections at specific energy points in the thermal and resonance energy regions. The programme
provides options whereby the formula may be evaluated in its asymmetric, symmetric, or *‘resonance-—
removed”’ form, allowing for the calculation of ‘*resonance—included’’ ¢ross sections, and the
removal of resonances from experimental cross section data or the addition of the resonance con—
tributions to resonance—removed cross section data at each required energy point. Different
formula options may be used for each resonance or group of successive resonances. Three
different methods of generating the energy grid are incorporated. For non—zero temperatures,
resonances are always Doppler broadened, but an option allows the user to select any range of
resonances to be treated at zero temperature. LUBRA 0 is essentially a translation of the IBM
1620 code, RPDO08, written by Doherty(1963, unpublished) but modified and extended to comply
with the format of the other LUBRA codes and the monitor system as a whole.

LUBRA 1: This code evaluates the infinitely dilute resonance integral of resonance absorbers

from Breit~Wigner single-level resonance parameters between any two arbitrary energy limits.

The treatment of the unresolved resonance region includes an estimate of the statistical distribution
. o — ) .

of [ and the contributions from higher {—states. A spectrum with energy dependence E 8—!

may be used in the calculations to simulate an epithermal spectrum, with § =@ signifying a 1/E
flux. The contribution of the tail of a single negative energy resonance can be included ; allowing the

tesonance integral to be evaluated from any lower energy limit. A negative energy resonance may

be either read in as part of the data or evaluated from the thermal capture and fission cross sections
at a given estimate of the negative resonance energy. LUBRA 1 is essentially a translation of the
IBM 1620 code, RPD0G6, written by Doherty (1963 unpublished), again modified to fit within the
monitor system.

LUBRA 2: This code is designed to evaluate the effective absorption resonance integrals of resonance
absorbers, both in homogeneous systems and in dispersed particles, from a selection of the

existing approximations in the resolved resonance region and from the Narrow Resonance model

in the statistical region, using the Breit—Wigner single—leveloresonance parameters. The unresolved
resonance integral includes the statistical distributions of 1_;,. and l—‘f (Greebler and Goldman 1962)

and an estimate of the contributions from higher orbital angular momentum states. Some of these
aspects had been included, though superficially, in a series of IBM 1620 programmes RP047,
(Kletzmayr 1964,unpublished).

LUBRA 3: This code generates the Doppler coefficients for resonance absotbers in homogeneous
systems and dispersed particles for each of the five approximations to the effective resonance
integral treated in LUBRA 2 in the resolved resonance region and for the Narrow Resonance model
in the statistical region again using the Breit—Wigner single-level resonance parameters. The
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Doppler coefficients may be either averaged over a temperature range AT (using the difference of
resonance integrals previously determined at two particular temperatures), or evaluated at a particular
temperature T [using a differentiation routine for I, £)1. In the treatment of Doppler coefficients
in the unresolved region the statistical distribucions of f_'no and [§ are included as for LUBRA 2. The
contributions from higher orbital angular momentum states have not been included in the evaluation

of the unresolved Doppler coefficient at a particular temperature T , but the effect (which is negli~-
gible for thermal systems) can be obtained from the averaged value.

LUBRA 4: The last code, in the present state of the complex, is both an editing programme, in that
it calculates further nuclear data using the results obtained by LUBRA 0, presenting the output in
any format provided by the user, and a cross section group averaging code which uses any atbitrary
flux provided by the user, or a flux spectrum calculated by the code, and point cross sections from
LUBRA 0. It also includes the effect of fission interference on the fission cross sections of the
fissile nuclides, following the method of Feshbach, Porter and Weisskopf (1954). Furthermore,
allowance can be made for a new and more accutate theory for.the averaging of resonance—removed
cross sections, which gives a more realistic energy dependence of cross sections in the groups
containing resonances. This is a particularly important feature for preparing accurate group cross
section libraries for the code GYMEA (Pollard and Robinson 1966).

2. LUBRA 0 (POINT CROSS SECTIONS GENERATING CODE)

2.1 Theory

2.1.1 Formula Options for Capture and Fission Cross Sections

Using the Breit—Wigner single—level formula for generating cross sections from resonance

parameters, the capture cross section, Thy » at an energy E] due to a single resonance at energy E;,
may be obtained from:

o,,(Ej) = R + BC v (x,0)8 , 2.1
I, I
where C = 2.608 x 10° né v )
['* E,
¥ (x,0) = the Doppler broadened line shape function,
x = & (B -E)

and &, E,, [, F.y, [, and gy are as defined in Section 8.

The symbols R, B, and 8 in Equation 2.1 relate to the various optionsoffered by the code.
S, the option referring to the asymmetric, symmetric, or ‘‘resonance—removed’’ form of the single—
level approximation is defined as:

 |E
.‘-E—l:" for “‘fasymmetric’’ formula (option 1)
)
S = '.“ 1 for “*symmetric’’ formula (option 2)
E;
V- 1. for “‘resopance—removed’’ formula {(option 3)
]

li.e. generation of 1/v tail of resonance].
R and B relate to the option which allows the calculation of either:
(i) *‘resonance—included’’ cross sections, or
(i1) the removal of resonances from experimental cross sectiohs, or

(iii) the addition of the resonance contributions to input ¢ross sections,
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Option (i) sets R =0, and B = +1 to givethe “‘resonance—included’’ cross sections:

clog L
Fny(Ej) = 2.608 x 10 W v (x,0)s ;

Option (ii) sets:

R = Un*y (Ej), the experimental cross sections read into the code, and

B = -1, to yield ¢ross sections with the resonances removed, giving:
. anl l—'y
Ony (Ej) = Orn.),(E]') - 2.608 x 10° g g (x,0)8 and
r

Option (iii) uses R = o“n’fy B = +1, to add the resonance contributions to ‘‘resonance—removed’’

cross section data giving:

H

Mg, T
%y (Ej) = Oy (Ep + 2.608 x 10° ~RELY y(x )5
Ep

In all cases the fission cross sections are obtained from:

ot (Ej) = R +BCy(x,0)8 (_1:‘11) , with R = Un*f (Ej) when required.
Y

2.1.2 Total Cross Sections

The option IRT = 1 allows the calculation of the total cross sections at energies E; from
the formula:

E, I + iy
%oi(Ej) = 0, ¥ (x,0) T BT % crb) X(x6) + oy, 2.2
where Uo = peak height of resonance E, ,
I;
= 2.608 x 10° x 28
I"E,

¥ (x,8), X(x,0) are the line—shape function and its associated function, defined by:

@ 1
—_— 2 2
b0 = L Ie—49 Gy 4y
2397 J

1+ y?
_oo
1,2 2
] —
and X(x, &) = if e 4 (x=y) y dy
"J—-’?T AN 1+y2

and the second term on the right hand side of Equation 2.2 arises from the scattering—intetference
effects. :

[v(z,6), X (x,8) are both obtained from subroutine PSICHI, described in Appendix A1),



For

The
(i)

or (ii)

—d—

o]
T = 0 K and unbroadened resonances,

1
¥ (x,0) = Tix? ° X (x,6)

1 +x?

2.1.3 Energy Grids
energy points at which cross sections ate to be generated by the code are either:
pte—determined by the user and supplied to the code in units of eV or MeV,
may be calculated by the code in one of two ways:

(a) The energy points may be generated at equal lethargy or energy intervals

(du or dE) between any two given lethargy limits (uy, uy) or energy limits
(E1,Ey)-

{b) Enetgy points may be assumed to follow the contour of each resonance,

2.2

The input to LUBRA 0 consists mainly of cards. Thete is however, an option allowing tape
input of resonance parameters and the set of energy—cross section values. The data deck contains

the followi

I(i)

I(ii

clustering around the resonance in an even distribution, such that:

[
E}—(E[)i im]—;‘ 3
where
mj = —nj (dn;) #n;

n; being half the number of energy points required around resonance (E;); and
dn; the integral increment in nj .

Since nj may be different for each resonance, overlap of energy mesh points
between successive resonances may occur. To overcome this problem arbitrary

“‘cut—off’’ points mid—-way in energy between any two successive resonance peaks

are set up by the code:
(Eg)i = ‘Ql'(Er)i t %(Er)iu B

each energy point E; is tested against this limit and discarded:
if E]-—< (Ec)i for mj <0
and E; #(Eg)j4q, formj >0

In this way an energy grid, continuous over all the input resonances, can be
generated. This option allows a detailed study of the shape of each resonance.

Operating Instructions

2.2.1 Input Specifications

ng:
.‘a title card, cohtaining any-alphameiic information statting-in.column 2 and.

not exceeding.71.characters,

) a card containing, in format (A1,3XI1,1XAG),

either TAPE n,RESNUC for tape
input of the resonance parameter data,
or CARD “for card f

where n = the tape unit number (0 to 4 on IBM 7040), and RESNUC is the



I(iii)

I(iv)

I{v)
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nuclide identification which must be the same as the heading preceding each
set of resonance parameters on tape (see Section 7.4.1) e.g. *bU233.

the set of resonance parameters (u, E;, [y, l_',y LI, gy.1D, Z, A, where ID =17)
on cards or tape as specified above, in the standard format (F7.3, E11.3, 4E10.2,
5X12,13,14) of the A.A.E.C. Nuclear Data Card Library (Doherty 1964 a), terminated
by a blank card or tape record (Details of tape contents are given in Section 7.4.1).
This deck must be omitted if these parameters are already in core from a previous
LUBRA run (See Section 7.2.3).

a card punched in format (AI,4(1XI1),1XA1,1XI1,1XE10.3) containing the input

and output options (LIN,LOUT), the input and output tape unit numbers
(LTIN,LTOUT) if required, the energy option LEN, the energy unit option MEV,

the option IRT and the potential scattering cross section of the resonance absorber

(o)) . All numbers must be separated by commas. The options are defined as
follows:

C for card input of energy—cross section data,
LIN =

T for tape input thereof,

I 1 for printer 1
2 for punch J, output. Apy desired combina—

1 4 for tape
tion of output unitsis obtained by setting LOUT equal to the sum of the numbers
connected with the peripheral devices to be used. For example:

LOUT = 3(=1+2) both prints and punches the output.

LOUT takes the values 1 to 7 with

LTIN, LTOUT may take the values 0 to 4 on the IBM 7040 system-
(0 if two consecutive runs have the same energy grid,

1 if specific energy values ate provided by either card or tape input;
an option used mainly for the addition or subtraction of resonance

) contributions to or from experimental cross sections,

LEN = 4

2 if the energy points are generated at equal lethargy or energy intervals
between any two given lethargy or energy limits,

3 if the code is to generate the energy grid by setting up any required
\. number of points around each resonance to trace its contour,

If LEN =1, the energies may be read either in MeV or eV, so that the option MEV
must be set equal to M for the former unit and left blank for the latter unit.

If LEN = 2, the grid may be calculated at equal energy intervals dE between

limits E; and Ey if the MEV field contains an E, and at equal lethargy intervals du
between uy; and u; if MEV is left blank.

IRT =1 for calculation of the total cross sections, oy,

= 0 (or blank) if the above option is not required.
[The o field may be left blank if IRT = 0.]

the next card contains, in format (2I4,£10.3),

NOP = the number of different sets of formula options (if NOP &1, the whole
resonance region is treated with one option),

NDBR = the number of groups of resonances which are not to be Doppler broadened
(if temperature is 0 °K, NDBR = 0; also if all resonances are broadened
NDBR = 0),

TEMP = temperatute in degrees Kelvin,



I{vi)

I(vii)

I(viii)

I{ix)
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a card containing the group partitioning for the different formula options,

in format I3, each separated by a comma, (for example bbs, bb9, b20,

implies the first 6 resonances, the next 9, the next 20,etc.), and must be
omitted if NOP €1 (or blank).

a card containing the formula options corresponding to the above partitioning
as two digit numbers (IJ) separated by commas, [for example 31, 32,22, ... 1,

where the first digit (I) refers to the particular form of the single—level approxi~
mation with:

1 — for asymmetric form

1= 12 — for symmetric form

3 — for “‘tesonance-removed’’ form,

and the unic digit (J} refers to the second option, that is:

I = 12 — for the removal of resonances from input cross sections

Jl — for *‘resonance included’’ cross section calculation

3 — for the addition of resonance contributions to the input cross sections,

this card contains the partitioning of resonances into Doppler broadened and
unbroadened resonances and must be omitted if the option is not required,
[for example bb1-b10, b40—b49, . . . means vhat resonances 1 to 10 and

40 to 49 (both limits inclusive) are not to be Doppler broadened] .

the next set of cards depends on the particular choice of option LEN, and only
one of the following subsections is applicable.

(a)

(b}

{c)

(d)

If LEN =0, or if the energy grid is the same as for the immediately
preceding problem, no energy cards ate required.

If LEN =1 and LIN = C, the next set of cards contains the energy—cross
section values for the (n,y ) reaction, terminated by a blank card, followed,

if If # 0, by the set of energy—cross section cards for the (n,f) reaction,
again terminated by a blank card, in the format (7X2E12.5). If the

energy values only are required (for example, for “*resonance—included?”

cross section evaluation) the cross section fields may be left blank. For

It # 0, the energy fields may be left blank provided the energies of the opy
block ate the same as those for the o;, block and in the same order.

No cards are needed for the fission cross sections if I = 0 for all resonances.

A similar input is required on the tape unit specified by LTIN, if LIN =T.

(i) the upper lethargy limit uy ,:sthe lethargy step du, and the lower
lethargy limit uy , if MEV is left blank, or

(ii) the lower energy limit E, the energy step dE, and the upper energy
limit ¥, if MEV_= E.

For LEN = 3, the next card after I{viii) contains the set of numbers
nj (1 to JR),dnj (i =1 to JR), where JR is the total number of resonances
read in, in format (I3) each separated by a comma, where
nj = half the number of energy points around resonance (E;);,
[E; =(Ep; +mj /2]

and dnj =interval between these energy points [m] = —n;(dn;) ”li} .
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I(x)  the last n cards of the input contain the output formats for the capture, fission,
and total cross sections respectively, where:

n =3 if all three formats are required (in above order),

n =2 if either the total, or the fission cross sections are missing, in which
case the appropriate format follows the capture cross section format,

and
n = 1 if the capture cross section only is generated by the code.

If the formats for a repeat problem are the same as those of the immediately preceding
job, the appropriate formats need not be read in again. A card containing
SAMEbFORMATS in columns 1 to 12 should be used instead.

Sections I(1) to I(x) describe the complete input required for the generation of the cross
sections for a particular nuclide.

Exit from LUBRA 0 to the monitor is achieved by terminating the input deck with an END
catd (E in column 1). However, LUBRA 0 may be continued in two ways:

(1) A CONTINUE card (C in column 1) will restart the code, allowing the generation
of cross sections for the same resonance patameters with a different combination

of formula options, temperature, and energy grid. This card must then be followed
by:

(i) a title card (as described above),
(ii) either a card containing an S in column 1 (for example SAMEbOPTIONS) if all
variables defined in I(iv) above remain the same, in which case section I(iv) is

omitted and the. rest of the data deck consists of I(v) to I{(x) inclusive,

or a blank card if a new set of options described in I{iv) is required, in which
case the rest of the data follows items I(iv) to I(x) above.

N.B. If the card "'SAMEbOPTIONS’’ is used, the total cross section is not calculated again and the
code sets IRT = 0.

(2} Acard containing NEXT (N in column 1) will return control to I(i) above for another
run of LUBRA 0 with an entirely new set of data (that is, different nuclide).

2.2.2 Outpur Specifications

The output on all peripheral devices is in the form of a lethargy—energy—cross section table
in the format specified by the user with appropriate headings and spacings between successive blocks

of cross sections. A table of the resonance parameters is produced as part of the printed and punched
output only.

For tape output, the beginning of the entire LUBRA 0 output is marked by the record:
STARTbOFbLUBRAOLOUTPUT

and the whole file is terminated by the record:
ENDbLLUBRAObJOBS.

The output file of each individual problem is terminated by the Hollerith characters: ENDbOFbFILE.

All records on tape are 72 characters long.



2.2.3 Limitations

The limitations imposed by LUBRA 0 result from the size of the computer memory only and
consequently can be overcome for larger computers. The dimension statements of this code limit
the number of resonances of any one resonance absorber to 300, the total number of energy mesh

points for each cross section to 1000, and the partitioning of resonances with respect to formula
option and Doppler broadening to 100 sections each.

If a very fine energy grid is required so that the number of cross section points exceeds
the dimensions specified (that is, 1000) by the code, the energy range must be divided up into

several regions and each set of points (<1000) run separately using a series of CONTINUE cards
(Section 2.2.1).

3. LUBRA 1 (INFINITELY DILUTE RESONANCE INTEGRALS)

3.1 Theory

A brief outline of the theory usedin LUBRA 1follows: Details are given by Doherty (1964 b).

3.1.1 The Resolved Resonance Integral

The infinitely dilute capture resonance integral between the limits E; and E} due to a
tesonance at energy Er in a 1/E flux is defined by the Breit—Wigner single—level formula:

Le (B0 g%
Ir =6.52 x 105 ——p—— f e )
L

VE, (E—E.)* +_l;_’ '
l-_‘n I g
y 8]
= 6.52 x 105 ———— I 3.1
VE, r

_ X
where 1:. =92 [ L + a—b’ gnj(yi'*'%‘)z + CZI+ b%-3a jw_ tan—" (yi_%)_tan_l()u +T)} ,

a’y, 4ab lmj 4a’c 1 c

¢
and a® = EF +—[;——'

b* = 2(E;t+ a)
c* = 0.5(a — E;)
Y1 = -‘/EL ’
and the upper limit Ey is assumed to be + ®.
The total resolved resonance integral Iy is therefore given by the sum over all the individual integrals:
In= 31
Fission integrals are treated similarly.

3.1.2 The Unresolved Resonance Integral

In a 1/E flux the unresolved resonance integral including the statistical distribution of rno
and contributions from higher f—states is given by Doherty (1964 b) as:
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Ej+i _
<1_r|10> I/EHEZ dE

n— v
IE = a % ‘r Py (I°)d T° _1 , 3.2
1:01 = ["! . (o] —2 2 J’
o Ei (F,y+ < £ > 4 <I_'n > 9E 1/E) E

r
where  a = 4.08 x 10° 2L ,
D ,

6’[2 is the penetration probability for £ =0 to 4 taken from the table of Weinberg and
Wigner (1958),

Pi(Fno) is as definedin Appendix B,1,
and D, <]_l|10> > F’y , <rf >, and g; are as defined in Section 8.
Ty + <[} >) 6

Writing B = , each of the integrals in the

above equation is evaluated analytically by LUBRA 1. The integration limits are determined from:

Eyq L
100
Eiv1i = Ej (E"——'—‘*D) ;

R*Z

giving one hundred steps between E; = Eg + D and the upper integration limit E , which is
supplied by the input, with the steps smaller at lower energies where the integrand is largest,
Ep is the energy of the highest resolved resonance.

3.1.3 Nen 1/E Fluxes

Following Doherty (1964b), LUBRA 1 multiplies the infinitely dilute resonance integral
for each resolved resonance by the factor E % to estimate the effect of spectra with energy
dependence E 3—1 '

The unresolved integral for E %! spectra is evaluated from:

1 - aj Py () dly

(]

dE
Er2 (o + <l >+ <> VE) EI-0

J’EH <1_'f?> vE
3.3

Doherty felt that the effort of coding the above double integration would not be justified
and hence the correction factor:

38 D?
1+ [Eg «2] :
is used for all calculations invelving non 1/E fluxes in the unresolved region.

3.2 Operating Instructions

3.2.1 Input Specifications

The input to LUBRA 1 consistsof the following items:
I(i) a title card containing up to 71 alphametic characters starting in column 2;

I(ii) an option card containing the input option for the resonance parameters (LIN),
the output option (LOUT) for the final results, the input and output tape unic
numbers (LTIN, LTOUT) if required, the options N1, N2, N3, N4 and the nuclide label
RESNUC in format (A1,6(1XI1), 1XI4, 1XAG), all numbers separated by a comma, where:



—10—

LIN = input device option for the IC (or blank) for cards,

tesonance parameters =
1T for tape,
LOUT = output option for all fl — for prirter,
tesults =3 2 — for punch,

4 — for tape.
Any combination of output units may be used by giving LOUT the appropriate value,

for example LOUT = 3 will produce both printed and punched output.

+ 1 if a negative energy resonance isincluded in the set of input
resonance cards (or tape),

N1 =
1 0 (or blank) otherwise,
I + 1 for negative energy resonance parameter calculation,
N2 =g
1 0 {(or blank) otherwise,
+ 1 if unresolved resonance parameters for the £ =0 state are provided as
f input either on a card or tape,
N3 =
1 0 (or blank) if the average parameters are to be calculated by the code,
number of energies in the unresolved resonance region for which average
N4 parameters are to be calculated,

1 0 (or blank) if this option is npt required;

and RESNUC, the nuclide label, identifies the correct set of resonance parameters
on the specified tape (for example *bU233). RESNUC = blank for card input of

parameters.

I(iii) =& card containing the coefficient & used in the assumed flux, Es_l, and the lowerr
and upper energy limits of integration (E,, Ey) in format (3E10.3).

I(iv) for LIN = C only, the set of resonance parameter cards in the standard format
(F7.3, E11.3, 4E10.2, 5XI2, I3, 14), terminated by a blank card;
if LIN = T, this set must beone of the files on the input tape specified by
LTIN. However, this section must be omitted if the resonance patameters
are already available in the core of the computer.

I(v) for N3 = +1 and LIN = C, the next card contains the average resonance parameters
[D,<rno>, l—',y , <Ig>, gy, ID,Z,A, where ID = 181, for the £ =0 orbital momentum

state in format (7XE11.3,4E10.2,5%12,13,14); for LIN = T, the average resonance
parameters must follow the set of resolved parameters on tape;

I(vi) for N2 = +1 only, thenext card contains the thermal capture and fission cross
sections as well as the estimated energy of the negative resonance [format
(3E10.3)];

I(vii} for N4> 0 only, the next card contains the N4 required energies in the statistical
region for which resonance parameters are to be calculated. [format (7E10.3)] .

Items I(i) to I(vii) are the complete input for any one specific problem.and LUBRA 1 may be
terminated here by an END card (E in column 1). However, the code may be re—started in one of
3 ways: ’
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(1) A CONTINUE card (C in column 1) will repeat the pteceding problem with a different
value for at least one of the options N1, N2, N3, or N4. This card must be followed by:

(i} a title card as described above,

(ii) a new option card containing N1, N2, N3, N4 in format (3(11,1X),I4), each
separated by a comma,

and (iii) if N1 = +1 only, a card containing the negative energy resonance parameters
in the standard format.

The rest of the input depends on the values of options N2, N3 and N4.

(2) A FLUX card (F in column 1) will repeat the preceding problem with a different spectrum
E %! or different energy limits (or both), This card must be followed by (i) a title card
plus (ii) & card containing values for 3, E;, Ey as described in I(iii) above. However,

if the energy limits for this problem remain the same as for the preceding job, the E
fields may be left blank.

L’EH

{3) A NEXT card (N in column 1) will return control to the beginning of the programme and
requires a completely new set of data [I(i) to I(vii)]. This allows the calculation of
tesonance integrals for a different resonance absorber or a change of input/output
options for the same absorber.

3.2.2 Output Specifications

The output on all peripheral devices is labelled sufficiently well to ensure full understanding.
The beginning of the entire set of LUBRA 1 jobs on tape is marked by the Hollerith record
STARTbOFbLUBRALIbOUTPUT, the end of the whole chain file by ENDbLUBRAIbJOBS, while
the output of each individual problem is terminated by the ENDbOEbFILE record.

All tape records are 72 characters in length.
3.2.3 Limitations
As for LUBRA 0, the limitations imposed on LUBRA 1 are primarily due to the computer
memory size. The dimensions specified by this code allow for 300 resolved resonances and
1000 arbitrary energy points in the unresolved region for which average parameters can be evaluated.

A further limitation is the inclusion of a single negative resonance only, whether the parameters are
read as part of the input or calculated by the code.

4. LUBRA 2 (EFFECTIVE RESONANCE INTEGRALS IN HOMOGENEQUS SYSTEMS)

4.1 THEORY

4.1.1 The Resolved Resonance Integral

Since the exact analytical solution to the slowing down equation is not genetally possible,
some approximation must be used toyield an estimate of the effective resonance integral. The
usual treatment of resopnance absorption involves one of two assumptions:

(I} That the resonance width is so narrow with respect to the average neutton
energy loss per collision that a single collision throws a resonance neutron
completely out of the resonance region. This yields the narrow resonance
{N.R.) approximation.

(ii) That the neutron suffers negligible energy loss on collision with an absorber
nucleus and hence requires a very large number of such collisions to traverse
the resonance; at the same time it is assumed that the neutron is scattered
right out of the resonance on its first collision with a moderator nuclide. These
assumptions lead to the ‘nartow resonance infinite absorber’ model (N.R.L.A.).
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These two formulae, however, give accurate results for very few resonances only and hence
several ‘intermediate resonance’ formulae have been developed to give a better representation of the
real resonance. There are several different approaches to this problem. The three ‘intermediate
resonance’ formulae incorporated into LUBRA 2 and described in detail below, all introduce an
arbitraty parameter A (or ) which characterizes the location, between narrow and wide resonance
approximations, of the actual resonance,

* Narrow Resonance Approximation [N.R.]

ICODE =1

Under assumption {i) set out above, the narrow resonance formula for the effective resonance
integral is:

G (E)  dE
I = (o *+ o) \[ T (Ey o o 5 4.1

where ©,, 0 are the absorption and total cross sections of the absorber nuclide (both are
functions of energy),

Oy, @ are as defined in Section 8.

Using the relations:
x = (E-E;)

I’
a = T Oo ¥ (1,6)

Q
u

Q
i

0o ¥ (x,0) + Op
where o, is the peak height of the resonance,
I;
= 2.608 x 10° ~251
"E,

ra =r‘7+1}

El

¥ (x,8) is the Doppler broadened line—shape function defined in Section 2.1.2,

and taking EL outside the integral sign, then:
r

11=

1) -) 4-2

e
. 0 8.3 = px8) g
where J{ ;ﬁl) .[) y(x,8) t B4 *

Cr+0'b

ﬁ=_M_
1 Uo

For T 0°K the above formula reduces to:

]—| s =
11=a_°5.1(1+1_)2 . 4.3
Ep 2 B
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* Narrow Resonance Infinite Absorber Model [N.R.I.A.]

ICODE =2
Using assumption (ii) above, this approximation yields the formula:
L - o (E) dE
o = A 4.4
res

Following the N.R. approximation method with symbols defined as above, the N.R.L.A.
formula becomes (for T > 0°K):

ra Yo
IO = Er ﬁo](gyﬁo) H 4-5
I' o
whet = — M
e Po I o,

For T = 0°K this reduces to

FO' T -
I . a0 “ A . ]
o o 7 (1 + ﬁo) 4.6

* Goldstein and Cohen A-Method [I.R.(l)]

m|n—-

ICODE =3

In their treatment of resonance absorption Goldstein and Cohen (1962) introduced an arbitrary
parameter A into the flux, and determined its value by equating successive orders of approximation
{ to the effective resonance integral. The effective resonance integral is thus defined as:

. oy (E) dE
Iy = (O * Aoy f o,(E) + Nog(E) + oyt Aoy E ¢ 4.7

Ies

with A determined by iteration from the transcendental equation obtained at T = 0°K:

X -1 tan Xin ’
xl}\
1 o 2T
ool gl bl
where X = (] — 1 + =) 1 »
A [ ( ) l:( B ' ) B
oyt @
bz ==
8 ) r Oy *+ Ao
A Fa + AT, Ty ’
2
o0 = (%) i A = mass number of absorber nuclide.

The formula for the effective resonance integral at temperatures > 0°K can be written:

l; Yo

I, = T Br 16,80 (B defined as above) ,

4.8
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which reduces, for T = 0°K, to

Fa T T," . N 7
I, = T, (1 + B-}\) . 4.9

P

* Goldstein and Cohen ;(.L—Method [I.R. (2)]

ICODE =4

A second approximation, formulated by Goldstein and Cohen (1962), which eliminates the
process of iteration on A, involves the use of a linear trial function inthe form of a linear combina—
tion of the N.R. and N.R.[.A. fluxes and the equating of the first and second order approximations

to the resonance integral.

The effective resonance integral obtained this way is:

I,u, = T—l'l‘_[l[lo + ,LLI:_] )
I o 1
aErO —l_‘;—',_: [Boj(azﬁo) + )u’ﬁi.](eiﬁi)] ) 4.10

where f;, Bo are the f8’s defined for the N.R. and N.R.I.A. approximations respectively,

and: 1
2(1. ¥ Fi)(fm* op) (1 — Xo)
®oo= :
L 1 1
(1+_:|-_)2-|’(1+L 2 + ]_+—-—)2 Xis
50 1 Bo ﬁi j M
ran™* Kpe h
where Xen = ’
XA
2E, 1V 1 )%— =
XA = r (1- a) I:(l + -)8;) + (1 +F}\ ,
P ~ I Oy t KO
o [, +«by %

At T =0°K, the resonance integral becomes:

N I( %0)-%+(1+%1)-2#} ' | i

# Eg 1"‘#1

* Modified A~Method [L.R. (3)]

ICODE =5

McKay, Keane, and Pollard (1965) proposed a modified effective resonance integral which
takes account of the slowing down properties of the moderating nuclides. They define the effective

resonance integral as:

0, (E)
Iy = f(p) o j 2 dE 4.12

T, (E) + Agog (E) * o0 E

res
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. 2
with f(p) = T+p
where
ced o1
P = expl E-(UM+UB)J ' 4.13
)\i Ni. Tb;
Up)\'_ all nuclides Nabs ’

in the system

— s & Nj ob; s Nj oy,
§ - all nuclides Nabs / i NabS ’

; all nuclides
in the system in the system

where  N; are the atomic densities ofthe nuclides in the homogeneous system,
Ob; their corresponding scattering cross sections, and
Nabs is the atomic density of the absorber nuclide.
‘Best’ values of the \; are given by the generalized formula (obtained at T = 0 °K):
1 1
s 1 1 .
Ap =1~ -2 (1 + )2 + (1+i.)2 lstan‘"1 l 1 )
B By j 1 1
‘(1+ L—f + 0 (1 + —1—)2
_ P BN
2E; Ap -1y
where xj = = (I-4dp , & = , Ajis the mass number of the ith nuclear
[ 1 Aj +1 "
species,
. r o
By = = - pA
atrly o

Again the A; are found by an iterative procedure. A, is the A—value for the absorber nuclide.
The value of p may be found from Equation 4.13 by a single iteration using f(p) =1 as a

first approximation in the definition of I [Eq_uation 4.12]. McKay, Keane,and Pollard (1965) found

that this procedure was generally not only more expeditious but also more accurate than us:pg the
limiting value of p.

For T > 0°K, the effective tesonance integral is:

oy
Iy = g #p) BAJ (6, ) 4.14
which reduces to:
1
Iy - aEr" = ) (1 +F>\) at T = 0°K \ 4.15

For temperatures greater than zero degrees absolute all approximations may be written
in the general form:
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ago

r .
lefs = - @) By 38, By, 4.16

where f(p) = 1 for all except the modified A-method,

A = 1 yields the N.R. formula,

and A = 0 the N.R.I.A. formula.
4
ForT=0°K fBaJ(0,8)) = ZL[1+ «-L) . 4.17

4.1.2 Effect of Particles Dispersed in Homogeneous Systems

The effect of small particles of fertile material dispersed in a2 homogeneous system, each
of diameter d microns, has been analysed by Keane (1964), leading to essentially the same expressions
for the above approximations to the effective resonance integral, but with the scattering cross section
oy replaced everywhere by:’

M
g, i — s
P 1+ aN,doy

where a is the effective particle constant, which has a value between 3/8 and 2/3,

and NP is the number of fertile nuclides per c.c. of particle and is given by:
Ny(abs)
N =

P s I NHi Ap; 1 }

all nuclidesl 0.6023 pPiI

in particle

where Ny, AP”OP are defined in Section 4.2.1, I(iv).

4.1.3 The Unresolved Resonance Integral

An attempt has been made to. give proper treatment to the unresolved resonance region.
The statistical distributions of T‘ and [} as well as the contributions of higher f~states have
been incorporated in the narrow resonance formula. It was assumed that any variations in the
unresolved resonance integral due to the use of different approximations would have little effect
on the overall resonance-integral.

* The Statistical Distributions of f;lo and rf

Using the statistical distributions of l—r'loand It proposed by Porter and Thomas (1956)
and following the method of Greebler and Goldman (1962) the unresolved resonance integral
(using the N.R. model) for the £ = 0 momentum state is given by:

E -

1 dE
2G| <G g -
E,

; ~ (O’M+ G’b) 4
oo oD 2

Details of the mathematical analysis involved .in obtaining the above expression for I |ﬂ-0
are given in Appendix B.1. n

* Higher {—States

For the sake of simplicity of analysis, the higher f—state contributions were included in
the integral by assuming that the effective resonance integral in the unresolved resonance region
including the higher £—states varies by the same factor as the infinitely dilute resonance integral
calculated in the statistical region by Doherty (1964b).
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Denoting the infinitely dilute resonance integral which includes the higher f—state contribution

by I°°| and the integral for the £=0 state by I°°|E=O » then the modified effective resonance integral
in the statistical region is given by:

I“"E

. IU|E = IU|£=O X —-—--—Imlﬁzo

4.2 Operating Instructions

4.2.1 Input Specifications

All data for LUBRA 2 are read from cards but rescnance parameters may be read from tape if
required. The input deck consists of the following:

I(i) a title card containing alphameric information up to 71 characters starting in
column 2;

I(ii) a card containing the various options catered for by the code:

ICODE,LIN,LOUT,LTIN,LTOUT,INFO,JFUN,IRR,JAVA and RESNUC in format

(I1,1XAL,4(1XI1),2(1XA1), 1XI1,1XAG), separated by commas, where the formula
option is:

(1 N.R. approximation
2 N.R.I.A. approximation
ICODE =% 3 Goldstein and Cohen A—method

4  Goldstein and Cohen py—method

.5 Modified A—method,

LIN =input device option for the resolved and unresolved _ j C for cards
resonance parameters ) l T for tape

1 for printer
2 for punch
14 for tape

LOUT = output option =

Again any combination of output units may be used by giving LOUT the appropriate
value, for example 3 =1 +2 means both printer and punch output.

LIN,LTOUT are the input/output tape units required (left blank if not used),

0 (or blank) for output of total resolved, unresolved, and whole region
resonance integrals,

INFO

1 if detailed information (A’s, individual resonance integrals, p's)
L is required for each resolved resonance,

N.B. For tape output INFO should always be set to 1,

jR (or blank) uses RES]J block (Doherty, 1964 ¢), 1 to evaluate the

JFUN J—function
IB uses the routine of Bell, Buckler, and Pull (1963) j ’

JR for calculation of resolved resonance integral only,

IRR

1l

B (or blank) for calculation of total resonance integral over the resolved

]\U for evaluation of unresolved resonance integral only,
and statistical regions,



I(iii)

Iiv)

I(v)

I{vi)
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1 if average resonance parameters in the statistical region are
read in from a card or tape,

JAVA =

0 (or blank) if they are calculated by the code, or if they are not
required, and

RESNUC is the nuclide label required to identify the specific set of resonance
parameters on tape |Section 7.4.1]. The RESNUC field is left blank for card

input of tesonance data.

a card containing, in format (514,3E10.3), the following quantities:

NSIG = the number of absorber nuclide concentrations required to calculate
the potential scattering cross sections of the moderator per absorber
nuclide, (see I(v)), (maximum = 20),

NRAD = the number of particle sizes (maximum = 20},

NRES = the number of resolved resonance parameter cards (maximum = 300),

NNUC = the total number of nuclides in the system (maximum = 20),
NMOD = the number of moderators (for example Be, O, C) (maximum < 20),
TEMP = temperature in degrees Kelvin,

AP =

the effective pasticle constant, a, following Keane (1964).

The next set of NNUC cards in format (1XA2,I13,1P4E12.5) contains all information
required for the nuclides in the system.

Each card contains data for one nuclide only andis arranged as follows:

Item 1: NUCL

nuclide identification, thar is, 2-letter symbol (for example TH),
Item 2: A = mass number of that particular nuclide,

Item 3: Ny = atomic density (x 1077*) of the nuclide in a homogeneous system,

Item 4: oy = corrésponding potential scattering cross section,

Item 5: AP = mass number of nuclide or compound (for example ThO ;) present
in particles,

Item 6: Py = corresponding density,

with items 5, 6 omitted if calculations are performed for homogeneous mixtures only.
The Ny field for the last nuclear species (resonance absorber) may be left blank.

The next card or set of cards in format (7E10.3) contains the NSIG (X 20) atomic
density values (x 107 ™) «of the heavy absorber, required for a number of systems

in the calculation of the potential scattering cross section of the moderator per
absorber nuclide from:

nMop Ny o)
. = S, S
M i1 Nabsorber

a card (or cards) in format (7E10.3) containing the NRAD (£ 20) particle sizes
(diameters in microns), and may be a blank card for homogeneous calculations.
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I(vii) If LIN =C, the set of resonance parameter cards (u, Ep, Ih, I_'.),, I'; + &), ID,
Z, A where ID = 17) in format (F7.3, E11.3, 4E10.2, 5X12, I3, 14}, the standard
format of the A.A.E.C. Nuclear Data Card Library (Doherty 1964 a). This
deck must be omitted if the resonance data are already stored in core.

If LIN = T, theresonance parameters must be on the specified input tape
preceded by. a heading record, containing the identifying nuclide label (see
Section 7.4.1).

I(viii} If JAVA =1 only, the average parameter card or record on tape (ug, D, <I_'n0>

l—'?, , <Ig>, g7, 1ID, Z, A, where ID = 18) in the same format as the resolved
parameters.

L

Paragraphs I(i) to I(viii) describe the complete input for the evaluation of the effective
resonance integrals of a single resonance absorber at a particular temperature and formula option
for a number of absorber nuclide concentrations and particle sizes. )

Exit from LUBRA 2 to the LUBRA.monitor is achieved by an END card (E in column 1).
However,the programme may be re—started in one of the following ways:

(1) A CONTINUE .card (C in column 1) will repeat the preceding problem for a different
value of ICODE, JFUN or INFO (or all three), and must be followed by a title card
and an option card containing ICODE, INFQ, JFUN in format (2(I11,1X),A1), separated
by commas.

(2) A card containing TEMP (T in column 1) should be used if the preceding problem
requires re—running for the same formula option but different temperature, and must be foll—
owed by a title card plus temperature card (temperature in degrees Kelvin in
format E10.3).

(3) A NEXT card (N in column 1) will return control to paragraph I(i) above. This
option must be used if a new set of parameters ot different mixture of nuclides

is required.

4.2.2 Output Specifications

There should be no difficulties in interpreting the output, as the results are clearly labelled
for all options. The entite LUBRA 2 output on tape is preceded by the. Hollerith record
STARTbOFbLUBRA2bOUTPUT and completed with the ENDbLUBRA2bJOBS message with each
individual problem terminated by an ENDbOFbFILE record. All tape records are 72 characters
long.

4.2.3 Limitations

The dimensions specifiedin LUBRA 2 limit the numher of resonances of any one particular
absorber to 300, the number of nuclear species in the system to 20, the number of absorber con—
centrations (specified by oy ) to 20 and the number of particle sizes (diameter specified in microns)
to 20.

Only one formula option and one temperature may be treated during each run. The appropriate
use of a series of CONTINUE and TEMP catds provides a facility whereby all formula options and a
range of temperatures may be investigated.

The evaluation of the unresolved resonance integral is very time-consuming owing to the
lengthy numerical integration procedure. However, since for most absorbers in well-moderated
systems the contribution of the unresolved resonance region to the total resonance integral is less
than 10 per cent. of the resolved integral, the routine which evaluates the statistical contribution
should be used with discretion to prevent unnecessary waste of computing time.

Although it is possible to derive an analytic expression from which the unresolved resonance
integral at T = 0 °K may readily be evaluated, the additional effort was not considered worthwhile in
view of the fact that the formula established for non—zero temperatures gives sufficiently accurate
results for T = 0°K calculations.
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5. LUBRA 3 (DOPPLER COEFFICIENTS FOR RESONANCE ABSORBERS)

5.1 Theory

The Doppler coefficient for resonance absorption is defined as:

Do = 1 °p 5.1
p o1r ’
where p is the resonance escape probability and T is the temperature in degrees Kelvin. However,

we have the relation:

gt |

P =eXPJA—:——-—~ 2 ' ' 5.2
l &(oy top)
where lo¢f is the effective resonance integral of the absorber nuclide, £ is the average logarithmic

energy loss per collision of the mixture, defined in Section 8.

N.B. To include the effect of small particles of fertile material dispersed in the homogeneous
system, Oy is replaced everywhere by

Oy
o

b = mﬁ—l—j—a_&; following the method of Keane (1964).

Substituting Equation 5.2 in Equation 5.1, the Doppler coefficient may be expressed in terms of the
effective resonance integral: '

o1 | Olegt
B E(O'M* Th) oT

De

5.1.1 Resolved Resonance Region

* Exact Doppler Coefficient at a Particular Temperature

(a) The Doppler Coefficient at Non Zero Temperatures

Using the general expression . for the effective resonance integral, expressed in terms
of the J—function, and defined in LUBRA 2:

[en:

.
leff = —5 r° £(p) Br 1(8, Br) ,

E

and setting f(p) = 1 for all models except the modified A—method which is treated separately below:

aIeff . Ia Goﬁk\—a](‘g,ﬁ}\)
aT E, aT

E, PA" 30 3T ’

ra UO H—e) ‘BJ(G”BA') 2 since 8 = "r" A )
B, AM\aT 38 2 VETE;

Consequently, the Doppler coefficient is:

1§

1 a0 6 3T, Br)

D R —
E(oy + o) Ep 2T o8
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The derivative of the J—function with respect to & can easily be shown to be:

[+ ]
_4 ﬂ}\_ f lp’z
—_— —_ . dx 5.3
6 J, (b +By)° ’

0 e
where ¢’= ——"b-a(x—’-)-
X

However, numerical evaluation of the above integral, though yielding accurate results, is
too time~consuming to warrant its use by the code. Instead, a very much faster and equally accurate

routine which uses quadratic interpolation between J—~function values obtained from the Bell, Buckler,
and Pull subroutine (Appendix A.2) calculates ;

?—%’—'B_& for all values of & and JBP\ v

Hence, the Doppler coefficient may be written:

DC = G/B}\_ J;\' ) 5-4

where G = — L lage 0
& (UM + Op) Er 2T

It
1]

N YA

Equation 5.4 may now be applied to the various approximations to the effective resonance

integral.

(1) N.R. approximation (ICODE = I):

'
DC =G ﬁi Ja 3
oy t O
where 3, = M 77 ,
%

and J{ is defined like J} with A = 1.

(2) N.R.I.A. approximation (ICODE = 2):
[" oy
I' o ’

a o

! .
Do =G 8,7, with B, =

and Jc: is defined like ]): with A=0.

(3) Goldstein and Cohen A—method (ICODE = 3):

De

H

GBI

where [3) r (UM * ‘)‘Gb)

If

| VIR 3P N P o

0
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(4) Goldstein and Cohen i —method (ICODE = 4):

De = 1£+-,a (Bo J(‘)"'.u'lsi Jli] v

21+ Bl-l)(chﬂuab)(l_xc,l)

1 L L
(1+%0)2 {(1 +%0)2 + (1 + }Ti)z }UMX“

and X 44, X411 ate as defined in Section 4.1.1.under **Goldstein and Cohen gt —Method®’.

where =

(5) Modified A—method (ICODE = 5):

Since the effective resonance integral is defined as:

1

r
legg = —B.0 £(p) BATE, By)

Er
where f(p) = 2

I+p 7

. .1 9dp . : .
the Doppler coefficient evaluated from D, = —p ST 18 determined from the expression

i
Dc = Gf(p) BT\
a
where B\ = r pA , as for Section 4.1.1 ,
I +2.Th 0y

I
G, J) are as defined in Equation 5.4 ,

2

[1 +py— In po ]
(1 +po) Po— Po Po »

and f*(p) =

where py, the first iteracion on the resonance escape probability p, is defined as:

r
Po = ew{~ — aEc'f’ ﬁAJ(B,ﬁA)}-

gf(O"M + O'b)

(b) The Doppler Coefficient at Zero Degrees Kelvin
7
To obtain a definition for the Doppler coefficient at zero temperature, the derivative. of the
J—function with respect to € must be expressed in terms of the integral given in Equation 5.3.

2 el ’2
Hence Dy = — f*{p) T2 % 2 A J __._"b__ dx . 5.5
E(oy *+ o) E; g (¢ + By

Using the asymptotic value of the line shape function,

~ 1
vF Tex2o

this integral reduces to:
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@

4 Xt
/3)6 b (1 +x%) (b +x%°

where b)i = _ﬂ
B

Thus the Doppler coefficient at T = 0°K may be written in a form similar to Equation 5.4 as:

Do = G*B Iy
where G* = — 8k FE_ % f*(p)
AT TF Pl
(ch + o-b)
(14]
J" = 4 X2 - . -
AT 18; drxy (6] 7 x ) dx, which is evaluated analytically to:

.
I = -2m7 - - 1 3
A IB)\{ ‘FP‘\ 2by (1 +)6)\) L+ 418)\ ’
and f*(p) = (i—%z [1+py-po Inpo 1 for the modified A—method,
0

I

1 for the other four models.

* Average Doppler Coefficient

The Doppler coefficient may also be calculated as an average value over a range of temper—
atures from:

5. - - 1 Bleff  for all models except the modified A—method,
£ (O * %) AT

where OlIg¢ is the difference between the effective resonance integrals evaluated at the two
end—points of the temperature range AT. However, for the modified A—method it is more con—
venient to calculate the Doppler coefficient from the definition:

— 1 A ' . .
D - = £ , where Ap is the difference between the resonance escape
C P AT
rav .

probabilities at the two end—points of the temperature range AT, and Pay is the average escape
probability between the two temperature limits.

5.1.2 Unresolved Resonance Region

The Doppler coefficient in the unresolved region for tlge € = 0 orbital angular momentum
state including the effect of the statistical distributions of 1—;1 and_rf and based on the N.R. model

is given by:
- pE
Dol - =it 8@, emy | o2 e
¢lp- = —-'—'-_—-" . ( ¥ + f] < =7 E
0 80 é'-TD ]:1 i=1 El 36 on r
The detailed analysis is described in Appendix B.2.
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The effect of higher orbital angular momentum states on the Doppler coefficient at a
specific temperature has been omitted, since the theory employed in LUBRA 2 need not.necessarily
be valid for unresclved Doppler coefficients. An estimate of the contributions from £>0 states
can be obtained from the averaged value of D..

5.2 Operating Instructions

5.2.1 Input Specifications

The basic input to LUBRA 3, whether from cards or tape, is identical to that of LUBRA 2
with the exception of the second card which contains one additional option, ITP, and an extra card
inserted after I(ii) if the entire input is from cards. The input consists of the following information:

(i) a title card containing alphameric information in columns 2 to 72;

I(ii) a card containing the options ICODE, LIN, LOUT, LTIN, LTOUT, INFO, ITP, IRR,
JAVA in format (I1, 1XA1l, 4(1X1I1), 3(1XA1), 1XI1), where:

IT for calculation of D¢ at a temperature T,
ITP =
1R for calculation of average D over a temperature range AT.

N.B. ITP may be left blank for card input.

If ITP =R, the input/output units specified by LTIN/LTOUT must not be 1, since this
option makes use of a scratch tape on unit 1. Moreover, this option always requires
tape input.

For card input only [LIN =C(or blank) ), the next card describes the input option for the
resonance data of the resonance absorber and may be either:

TAPE n,RESNUC if resonance parameters are read off tape,

or CARD if they are supplied on cards,
in format (A1, 3XI1, 1XAG), where n = itape unit number. (0 to 4 on IBM 7040), and RESNUC is
the nuclide label which identifies the required resonance parameter file on.tape, and must be
identical to the label in columns 1 to 6 of the file heading (See Section 7.4.1).

The rest of the card deck is identical to items I{iii) to I(viii) of the LUBRA 2 input speci-
fications (Section 4.2.1).

For tape input, one complete LUBRA 2 output file is required on the tape specified by
LTIN for the evaluation of the Doppler coefficient at temperature T, and two complete LUBRA 2
output files (same formula option, different temperatures) for the calculation of the average
Doppler coefficient over a range AT for each job.

When running a seriesof LUBRA 3 jobs the order of the LUBRA 3 problems must always
correspond to the order of the LUBRA 2 output files on tape to prevent any input errors.

However, if the order of LUBRA 2 output files on the LUBRA 3 input tape is known, files
may be skipped (either forward or backward) and the LUBRA 3 jobs run in any order desired without
causing data input errors, provided, of course, the SKIP facility is used correctly.

Exit to the monitor is again achieved by an END catd (E in column 1). Hovu;ever, the code
may be restarted in one of the following ways: '

{1) A CONTINUE card (C in columns 1) will repeat the preceding problem for a
different formula option ICODE or J—function routine (denoted by JFUN),
allowing for a different option INFO and/or input device LIN. Any one or all
of ICODE, JFUN, INFO, LIN may be changed from the previous run. The
CONTINUE card must be followed by:
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(i) a title card,

(ii) the option card containing ICODE, INFO, JFUN, LIN, LTIN in format
(2(I1, 1X), 2(Al, 1X), I1) separated by commas, where LTIN is the tape
unit number and need not be specifiedif LIN=C or the same input tape
is usedfor successive jobs.

LIN need not be specified if the entire seriesof jobs (or any two successive
ptoblems) obtains the data from a single input device Teither cards or tape
for the entire run]. However, LIN must be specified for each change in
input device,

(iii) the appropriate input must be the next file (or files) on the specified input
‘ tape, if LIN=T,

If the SKIP facility isused in conjunction with the “*CONTINUE control return’’
(see below), the same input tape is used and both the LIN and LTIN fields may
be left blank. :

{(2) A TEMP card (T in column 1) must be used if:
(i) the preceding problem is to be recalculated for a different temperature T, or
(ii) theoption ITP is changed from R to T or vice versa, or

(iii) the input device is changed from cards to tape or vice versa. In each case
this card must be followed by:

(a) a title card, and

{b) the card containing the required values of ITP, TEMP, LIN, LTIN in format
(A1, 1XE10.3, 1XA1, 1XIi}, where LTIN need.only be specified if anew
input tape is introduced and LIN must be specified. if the input device for
the current problem differs from that of the preceding job, and

(c) the appropriate LUBRA 2 output file (or files) must be next on the input
tape LTIN if required.

If ITP is set to R and the input tape remains the same as for preceding problems, the
rest of this card may beleft blank, since LIN is automatically set to T and the value
of TEMP is provided on the input tape which must contain the appropriate 2 LUBRA 2
outputs as the next 2 files.

If ITP =R, and a new input tape isprovided, LIN and LTIN must be specified as
required.

If input has been from_tape and either:
{a) ITP is changed from R to T, or

(b) stays at T but requires a new temperature value, and if the calculation
of the Doppler coefficient at the temperature specified by TEMP does not
read further input from tape, LIN must be set to C. If then the next problem
in the series, still evaluating D at a temperature (ITP=T), again needs
tape input, the ITP field must be reset to T, but LTIN may be left blank
if the same tape is used.

If input is always from cards, D can be calculated at a particular temperature only.
Hence only the value of TEMP may be changed each time and both the ITP and LIN

fields may be left blank.

If the SKIP facility is used with the **TEMP control return’’, the same input tape is
used as for the preceding problem and LIN, LTIN should be left blank.
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(3) A NEXT card (N in column I) returns control to the very beginning of the programme
and a whole new set of data litems I(i) to I(v111)]1s necessary to continue execution
of LUBRA 3. This return must be used if a new set of resonance parameters is to
be read in.

THE REWIND/SKIP facility

The input tape may be rewound at any stage after completion of a problem by using

a REWIND card (columns 1 to ) in place of a NEXT card. Files may be skipped

by the use of the skipping option which is indicated by the card SKIP tn, M (S in
column 1), where n (in column §) is the number.of files to be skipped (1 digit only) and M
{starting in column 8) is cither CONTINUE, TEMP, or NEXT depending on the section
of the input to which control is to be returned (equivalent to (1), (2), (3) above
respectively). SKIP + n means forward skipping of n files, while SKIP — n is
effectively a backward skip andis equivalent to REWIND plus SKIP + (p-n—1)

where p is the number of files which had been read up to that statement This
means that the tape will be reset at the beginning of the (n+ 1)t file precedmg

the file which is next on tape at the time of using the SKIP option.

5.2.2 Output Specifications

The LUBRA 3 output is very similar in style and format to the LUBRA 2 output, all results
being clearly labelled for quick and easy tecognition. Again the tape output contains special
identifying records. For LUBRA 3 the entire output is preceded by the Hollerith record:
STARTbOFbLUBRA3bOUTPUT and terminated by the record ENDbLUBRA3bJOBS, with individual
jobs terminated by the ENDbOFDbFILE message.

All tape records are 72 characters long.
5.2.3 Limitations

The limitations imposed on dimensioned variables in LUBRA 3 are identical to those in
LUBRA 2. Again, only one formula option and one temperature can be handled per run.

The evaluation of the unresolved Doppler coefficient is even more time-consuming than the
calculation of the unresolved resohance integral. This is because the numerical integration requires
the value of 9J/98 at each step, the evaluation being a lengthy procedure involving interpolation
between several J—functions. Since the contribution of the statistical region to the total Doppler
coefficient is very small indeed compared to the resolved region, it is envisaged that the unresolved
Dopplet coefficient will not be calculated very often, theteby eliminating unnecessary waste of
computing time.

The rare need for T=0“K calculations does not warrant the effort involved in finding an
analycic expression for the unresolved Doppler coefficient at absolute zero temperature. However,
smce the expression derived in Appendix B.2 for non—zero temperatures cannot be used at
T =0°K, the code estimates a suitable value by setting T =0.1°K.

Special care should be taken when using the SKIP tn, M facility since input errors can
easily occur if the tape contents, in particular the order of LUBRA 2 output files, is not known
exactly. Appendices E.2 and F.1 illustrate a typical series of dependent LUBRA 2 and 3 jobs,
pointing out the various combinations that can possibly arise.

6. LUBRA 4 (EDITING AND CROSS SECTION GROUP AVERAGING CODE)

6.1 Theory

6.1.1 Evaluvation of ozhg » ¥ Onf, 7, (for fissile nuclides only)

LUBRA 4 requires the cross section data obtained from a LUBRA 0 run (or any other source)
and a set of ¥—values to evaluate:
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Pabs 7 “ny * Unf
voye (using an interpolated valueof v) ,

and 7 = Vohf/ T4k, for each lethargy point uj or group k, whose lethargy boundaries are

gy and g . ,

where O L5, Opf, ¥, and 7 are defined in Section 8.

The v—values may be given either as point data ¥(u;) not necessarily at the same lethargy
points as the cross sections, or as group values ¥ for groups either identical to the averaging groups
or entirely different, or they may be calculated by the code from the formula given below.

(a) For point values it is assumed that ¥ varies linearly with energy between any two
successive data points and hence the code can find the ¥—~values at the c¢cross section
peints by interpolation from:

V(E*)= A +B E"

where A - ZiBje1—F Vi
Bje1—
. < E¥ <F.
E; <E} <Ej,,
B . Gitim Y
Ej’” —Fj s

(b). The v~—values may be calculated for each cross section point during the group averaging
process from the formula:

¥j =a+bEj,

where E: is in MeV, a and b are constants characteristic of each nuclide and part of
the input,

{c) If the v—groups are identical to the groups used in the averaging process, then the
given V} are constant over the corresponding groups (gk to gp .y)-

(d)} If the two setsof group structure are not the same, the P7~values for the groups
(8) to g ;) are found by interpolating between successive input group values of V.

6.1.2 Fission Interference

In their treatment of fission interference effects Feshbach, Porter, and Weisskopf (1954)
considered interference between two adjacent resonances only (one on either side of the resonance
being considered) and arrived at a formula for the cross term between resonances i and k of the form:

I G
i Yok Vi Yk BE,-—EO;):(Ei-—Eok) > —25

fersor (3 Hor - (3}

-

Tik = 877%.5] -’Kiﬁk

where y, = [-B
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~ f6.52 x 10° ~ 6.52 x 10°
Kp o= mMEq; ’ A= J 7 Eqy

Eo—i » Epp are the resonance cnergies of resonances i and k respectively.

With 87 X g; {K; Xy now defined by:

L L 1
6 - - -
5.216 x 10 gy Ej 2 Eoi4 E0k4 ,

the above formula becomes:

q
It

1 L
ik 5.216 x 10° 8] \]_i-i (Eoi Eok) 4F ,

I T
Yni Yok Y& Yik [(E]-—Eoi )(E,“Eok) + —25 -z—k:l
., (LY I} ¢
e (scnor - (51

and hence the total fission cross section at energy Ej including the fission interference effect is
given by:

where F =

: = * . i )
“hi (E]) Ynf (E]) * > 31 { o—i,i-—l +Ui,i+1} '
resonances

1 = g 1
The factor 5 occurs because Oji1 = Ti-1,i

6.1.3 Group Averaged Cross Sections

Group cross sections may be obtained by averaging point cross sections over any type of
poine or group flux supplied by the code user or,if so desired, over a calculated flux supplied by

the code itself.

* Flux Data

(a) Point flux (¢] at point uj):

The flux between any two adjacent data points is assumed to vary linearly
with lethargy, so that the flux at a point ug, where uj < u < Wiy, may be
determined from:

$(ug) = Aug +B

'¢j+1-¢’j A
with A = — 0
uj+1—uj \
¢ O<uj<23 .

uj+1 qb] —qu+1 uj

e = )
(b) Group flux [ak for group (g to gk +; y 1. )

Group flux values may be supplied so that eicther:

(i) the flux groups correspond to the averaging groups, in which case the flux
Py is constant for the group (g) to gk+1), or

(ii) the 2 sets of groups do not correspond, so that the averaging procéss used for (i)
must be.suitably modified to allow for different group flux values within group (g to gy 41)-
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{c} Calculated flux values.

Flux values may be calculated at the points used in the averaging process from
the formula:

§=1
®(E;) = E;
which yields a 1/E flux for =0 .

* Cross Section Data

For point cross section data the cross section is assumed to vary linearly with lethargy
between any two adjacent points, so that the cross section at a point u) is given by:

o = Pugp + Q

o -
where P = _1tF T
Ui — Y
; . <
with u; <uk U 4
Wi+l Oi~ T4y

Ui+ — 8y

* Averaging Process

The group cross section for group (gi to gy ;) is given by:

Bk+1
f o (u) $(u) du
= Bk

-Ek = 1

gk +1
Lk P(u) du

where the o(u), P(u) at the points of integration are found by the methods described above.

(a) For point fluxes and point cross sections
Ble+1 uj 43

b (Au+B) (Pu+Q) du
Bk vy
5‘ =
k Bk+1 pYj+1
p (Au+B) du
&k y
Bkstpyp 2 1
gl_‘,c T‘-(l.lj + u; Uy +uj+1)+§(uj+uj+l)(BP+QA) +BQ}
= L
Bk +1 A
2 -2-. (uj+1 +uj) + B}
A

where A, B, P, Q are found by interpolation, and the interval uj to uj4y is the portion of the curve
for which both the cross sections and fluxes are linear.

(b} For group fluxes and point cross sections where the groups are in a 1:1 correspondence:

Bk+1
j P o (u) du
— &k
(o8 -
k7 Bk+i _ ’
f (,t'k du
&k
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Bk +1 p
g—l:{ 7(“j+1+uj)+Q} (W+g —uj)

(Bk+1 — 8k)

{c) For group fluxes where the groups (qy, to q ) do not correspond to the averaging groups,
the above formula l‘Elas been suitably modified }}n thehgéde to yield the correct value for the average
cross section in group (g to gk +1) -

(d) For fluxes calculated from ¢ (E) = E®! the formula reduces to:

Bk+1

5 5 P 5 5. L
% E7 Py +Q) - Ejyy (Pujyy +Q = %5 (Byyy — E )}
51{ = gk H
5 8
(Ek - Epy)

where the summation is performed over the input lethargy—cross section points. For a 1/E flux,
the group cross section T is given by the expression in (b) above.

6.1.4 “‘Residual-Resonance Removed’'' Cross Sections

When averaging the resonance removed cross sections obtained from LUBRA 0, the energy
dependence is not predicted correctly because the symmetric part of the resonance wings is sub—
tracted from non—resonance groups and added to the resonance groups. The new theory included
in the GYMEA library group cross sections (Pollard and Robinson 1966) gives a more realistic
energy dependence of cross sections yielding ‘‘residual—resonance removed’’ cross sections in the-
groups containing resonances.

The formula used te calculate the group cross section for group k with lethargy boundaries

8k Bl 4y 1S:

g

k +1 o I
1 T o
ol = 7 o d - 3R = ( E; ) i
gk I¢SONARCEeS !
in group k
where Au = Br+1 — 8
o fa Iy Tt

and rois T T 1, for Tahgs Ony s %uf > Gor  respectively.

Assuming linearity of cross sections between each pair of input values (03, 03 | ) where
the cross sections from LUBRA 0 must be “‘asymmetric—included’’ (formula option 11, Section
2.1.1), the formula is reduced to ¢

— 1 p ,
g (k) = A Elll {(“jﬂ - uj)l:T (O + ) + Q:I}
]

s aol_'r
20y all E, ;

resonances
. ingroup k

In the non—resonance groups, the averaging process remains as described in Section 6.1.3.
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6.2 Operating Insttuctions

6.2.1 - Input Specifications

Input of cross sections and flux data may be provided either on cards or tape. If cross section
data have been obtained by some means other than LUBRA 0 they must be presented to the code in a
format similar to a LUBRA 0 output. Flux data may be given as either point or group values in any
format specified by the user but with the restriction that the point flux data are presented as u, ¢(u)
per card, and the group flux in a GYMEA type of input (that is, any number of group flux values per
card), with a further option allowing input of a MULGA 1 point flux spectrum. All other information
is on cards. The deck comprises the following:

I(i) a title card containing up to 71 alphameric characters starting in column 2, and

the nuclide label in columns 19 to 24 right adjusted (for example bbU233 or bTH232)
for a GYMEA type output of cross sections only,

I(ii) an option card containing ICODE, IXSEC, IFLUX, LOUT, ITXS, ITFL, LTOUT, ITO,
in format.

(11, 2'(1XA1),5(1XII)) all separated by commas, where
ICODE takes the values ! to 7 with:
1 for calculation of Tabs, YOnf: 1»
ICODE = § 2 for group averaging of cross sections %ny> %nfr Ttot o
14 for inclusion of fission interference.

Any combination of these three options (3, 5, 6, 7) may be fed into the code, which
will perform the calculations with the following proviso:

For any combination with option 4 (that is, 5, 6, 7) the fission interference term is
calculated first and added onto the fission cross section at the appropriate lethargy
before any of the other processes are carried out.

For ICODE = 4, there is a further option ITO with the following definition:

ITO = 1 if the magnitude of the fission interference term only is required,
in which case only the lethargy grid need be read into the code
and should always have IXSEC = C (or blank).

and ITO = 0 {more usually blank) if the effect of the fission interference is
included in the fission cross section.

N.B. ITO is left blank for all other values of ICODE even if they are combinations
of option 4,

For ICODE =3, 7 a further opticn JBOA (see paragraph I(vii) ) is required to inform
the code whether group averaging is to be performed to Ony s Opf» For before
calculating G5, POhf, M), Of Oyhgs YOhf, 7. are to be calculated first and then

all six items group averaged.

IXSEC, IFLUX are the input opticns for the cross section and flux data respectively
and are set to T for tape input and C (or blank) for card input.

LOUT is the output opticn for all results from LUBRA 4 and takes the values 1 to 7

with:
J‘l - printerl

LOUT = 1 2 — punch output

— tape
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I(wi)
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ITXS, ITFL, LTOUT are the tape unit numbers (0 to 4 for IBM 7040) required for
tape input/output (left blank for cards or printer).

a card containing RESIDUALBRESONANCEbREMOVAL (R in column 1) if
“‘residual—resonance removed’’ cross sections are to be calculated, followed by:

a card stipulating the two energy limits (E;, E;) denoting the resonance region

in which the group averaging of cross sections includes the ‘‘residual-resonance

removal’’ (lower energy limit E first, in format 2E10.3),

a card specifying the input option for the resonance data, and containing either:
TAFPE n, RESNUC for tape input

or CARD for card input

in format (A1,3XI11,1XA6), where n is the input tape unit and RESNUC the nuclide

label (6 characters) required to identify the specified resonance parameter file on

tape (Section 7.4.1), and

the deck of cards (terminated by a blank), or tape file, containing the resonance data.

This information must not be included if these resonance parameters are already
available in core.

If the ‘‘residual—resonanceremoval’’ calculation is not tequired, card I(iii) is a blank card,
and I{iv} to I(vi) inclusive are not required.

I(vii)

The next set of input contains the cross section data and optional formats used in
the input/output routines. The layout of this deck depends entirely on the value of
the input option IXSEC.

To simplify the instructions below, the format cards are identified by the following
labels:

FMT1 = format for oy,

FMT2 = format for oh¢ input formats.

FMT3 = format for Opq, J

FMT4 = format for the flux and must adhere to the following conditions:

(a) for point fluxes, the code reads u, ¢(u) per card and the format provided

by the user must adhere to this requirement;

(b) for group fluxes, the flux values must be provided in a format similar to -
the GYMEA flux data {for example: (GE11.3)] with the highest energy ""("
group flux first. s Iy

N.B. If this format card is blank the code will automatically read point fluxes
under format (F7.3, 1IPE11.3) and group fluxes under the GYMEA format defined
in (b).

If FMT4 contains MULGA 1 in columns 1~6, the code trequires a MULGA 1 output
(i.e. 242 records) on cards or tape.

FMT5 = output format for the cross sections.

If this card is blank the input formats given for Opy.» Onf » 2and Opor and three further
formats for oyl g, vopf, 77 defined below. are used by the code.

If a GYMEA type of output is required the format card must contain GYMEA in columns
Ito5.
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For any other format specification provided by the user, the code will
output the lower and upper group boundaries and the corresponding
group averaged cross section foreach reaction. (A typical format would
be (2F7.3, 1PE11.3) ).

FMTG6 = format for oy,
FMT7 = format for voy; output formats if FMTS5 is blank
FMT8 = format for 7

Cross section data:

(a)} For tape input, a LUBRA 0 output file is requited on the tape unit specified
by ITXS. If the cross sections did not result from a LUBRA 0 run, the user
must make sure that the tape input is identical to a LUBRA 0 output (Section
2.2.2), otherwise the code will skip to the next problem.

In addition the following format cards are required:
FMT4 is required for ICODE =2, 3, 6, 7;

FMTS5 for all values of ICODE except ICODE = 4, and

FMTG 1
FMT7 J if FMT5 is blank and ICODE =1, 3, 5, 7.

EFMTS8

N.B. For ICODE = 4 and ITO =1, input is always from cards (see specifications
below).

(b) For card input, the cross section deck consists of the 3 input format cards FMT1,
FMT2, FMT3 plus all or some of the other formats according to the requirements
set out in (a) above, followed by the cross section deck which, for all ICODE
except 4, is as follows:

(1) Aheading card for the total cross section containing a **T* in column 3, followed by the
set of cards each containing (u, E, 0yo¢) in format FMT3.and terminated by a blank card.

If thereis no total cross section data to be read in, a single card containing
NO TOTAL X—SECTION (N in column 1) must be inserted here instead of the

Opop block.

(2) A heading card for oy, containing a **C "’ in column 3 and the temperature T
in column 31 - 40, followed by the set of cards (u, E, Uﬂ?’)i in format FMT1.
This is terminated by a blank card only if thereis no total cross section data.

(3) A heading card for ou¢ containing an “'F*’ in column 3, followed by the block
of cards containing (u, E, 0y¢)j in format FMT2.

If there is no fission cross section a *“‘NO FISSION X—SECTION?’ card
(N in column 1) must be inserted here to replace the O, ¢ block.

For ICODE = 4 and card input thete are 2 possible input layouts depending on the
value of ITO.

ITO = 0 or blank requires a fission cross section deck (u, E, oyf per card in format
FMT2) complete with a heading card containing an “‘F’' in column 3 and the
temperature in columns 31 - 40, and a blank end card.
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ITO =1, requires a card containing Gy, du, uy in format (3E10.3), where uy, up are the
upper and lower lechargy limits of the lethargy grid and du is the lethargy step.

End of cross section input.
v—information for ICODE =1, 3, 5, 7 and fissile nuclides only.
For non—fissile nuclides paragraphs I(viii) to I(x) must be omitted.

I(viii) The next card contains NOUS, IUPOG, IUQE, ANU, BNU in format (14, 2(1X A1),
1X2E10.3), where:

NOUS = the number of ¥—values (either point or group) and is left blank if the
v—values are calculated by the code.

If NOUS = the number of cross section points, it is assumed that the v—values
are given at the same lethargy points as the cross sections.

¢ P (or blank) for point v—values,

G for group values, ¥, where the groups do not coincide with
those used in the averaging process,

IUPOG = £ X for group values, ¥, where the groups are identical to the
averaging groups,

C for calculation of point ¥—values from the formula vj =a+b E} .

If the v are poinc values their cortesponding lethargies need not necessatrily
coincide with the lethargy values of the cross sections.

U (or blank) if the v—values are given at lethargy points,
IUGE =
E if they are given at energy points.

N.B. (1) Both lethargy and energy grids are given in increasing order of magnitude and
the v—values must be arranged correspondingly. The energy grid values are

given in units of MeV.
(2) If IUPOG = C or X, the IUOE field may be left blank.

ANU, BNU are the constants a, b which are required to calculate the v—values
from v; = a +bEi.

]
If IUPOG £ C, these 2 fields remain blank.
This marks the endof the v —information required for IUPOG = C.
For all other definitions of IUPOG the following additional information must
be at hand:
I(ix) a card containing the NOUS values of v or ¥ in format (7E10.3), and
I(x) a card containing the NOUS lethargy or energy points corresponding to the NOUS
point ¥—values, or the (NOUS + 1) lethargy or energy boundaries of the NOUS
group values 7. [in format (7E10.3)] .
This card is not required if:

(a) NOUS =1, in which case v is constant over the whole range, .

(b) NOUS = NE, the number of cross section points, for the reason set
~out above,
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(c) IUPOG =X, which implies that the number of groups and group
boundaries of the ¥—values are identical to those used
in the averaging process.

. > .. End of information on v .

Group structure (for ICODE = 2, 3, 6, 7 only),

I(xi) ~ The next set of information is required for group averaging of cross sections
and consistsof a card containing NG, JUOE, JBOA in formac {14, 2(1XA1) }, where:

NG =numberof groups to which the point cross sections are to be collapsed,
U or blank, if the group boundaties are given in lethargy units
(in increasing order of magnitude),

JUOE =
E if the group boundaries are given in energy units (again in increasing
order of magnitude),

JBOA need not be specified for ICODE = 2 or 6.

For ICODE = 3 and 7:

B if group averaging of oy, 0p¢, Oor is to be performed before

JBOA = evaluating &, VOq¢, 7,

A or blank, if group averaging occurs after calculating Tabs: YOnf, and 7.

I(xii} is a card containing the (NG + 1) lethargy or enetgy boundaries [in format (7E10.3)]
according to option on JUOE. The energy boundaries must be given in units of MeV.

+ « .« . End group information.
Flux data for ICODE =2, 3, 6, 7.

I(xiii) The acctual flux values are preceded by a card containing INOC, KPOG, DELTA, NGF
in format (2(Al, 1X), E10.3, 1XI14), where:

C, if flux is to be calculated at cross section lethargy points by

the code,
INOC =
blank, if the flux is read in from either cards or tape,
G, if group flux values are available,
KPOG = P, if point flux values are available,
X, for group flux data, if flux groups are identical to averaging groups,
-1 :
DEIL.TA = the constapt & tequired to evaluate qi)(E]‘) = E] when INOC = C only,
and is left blank otherwise.
This field may also be left blank for = 0.
NGF = number of flux groups, and requires specification only if KPOG = G.

I{xiv) The layout of the flux input depends on the format specified by FMT4 and option
KPOG.

If FMT4 = MULGA 1, a complete MULGA 1 output is required either on cards or as the
leading file on tape ITFL. (242 records and END OF FILE record).



—36—

Point flux data, read under any other format, must have a hkeading record followed by the
set of uj ¢(uj) in format FMT4 and terminated by a card or record containing
99.999 in field 1. Tape input must also have an ENDbOFbFILE record as the

very last record of each flux file.

For group flux, the NGF values of the flux are read inunder format FMT4. If KPOG = G,
the code also requites the (NGF + 1) lethargy boundaries (in increasing order of
magnitude) corresponding to the flux groups. Again the flux data is preceded by a
heading card or record.

. End flux input.

I{xv) For ICODE =4 only the last input item is the set of multilevel resonance parameter

cards in the standard formar (F7.3, 1IPE11.3, 4E10.2, X2, I3,14) tetminated by a
blank card.

N.B. This option must not be used in conjunction with “‘residual—resonance removal®’
calculation,

Paragraphs I(i) to I(xv) desctibe the complete input to LUBRA 4 for a single run and an END
card will cause exit to the LUBRA monitor. However, the code may be restarted in one of the following
ways:

(1) A CONTINUE card (C in column 1} is required if the preceding problem is to be re—run
with at least one of the following:

(1) new cross section data (either on cards or tape),
(2) anew flux spectrum (either on cards or tape),
(3) a new group structure.

This card is followed by a title card and a card in format (3(I1,1X), 2(A1,1X), 2(11,1X))
containing the options ISX, ISF, ISG which are set equal to 1 if the above conditions are
fulfilled, and the input options IXSEC, IFLUX with their corresponding tape units ITXS,
ITFL for cross section data and flux input, if new data are required.

If the tape units of 2 consecutive runs are the same, no rewind tapes occurs and the
required input is the next file on the particular tape unit.

These 2 cards are followed by the REWIND/SKIP card if required, then the remaining data
deck according to the values of ISX, ISF and ISG.

(2) A NEXT card (N in column 1) returns control to the beginning of the programme requiring
a whole new set of input [paragraphs I(i) to I{xv)]. This return must be employed if
the option ICODE is to be changed.

The REWIND a_nd SKIP facilities

The REWIND and SKIP features are usedonly for tape input of cross sections and/or flux
data and in conjunction with the CONTINUE option. The appropriate control card must be inserted
immediately after the card containing ISX, ISF, ISG, IXSEC, IFLUX, ITXS, ITFL, where the IXSEC
and /or IFLUX fields contain an “S” to designate that further input is required from the tapes already in use.

Each control card starts in column 1 and all “*slashes’’ (/) and commas may be replaced by
blanks.

The REWIND and SKIP facilities in LUBRA 4 differ from those employed in LUBRA 3 because
of thepossible existence of 2 input tapes (one for cross sections, one for flux data).  Any one of the
following control cards starting in column 1 may be employed

(i) REWIND/X to rewind the cross section tape only,

REWIND/F to rewind the flux tape only,

REWIND to rewind both tapes at the same time.
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(iiy SKIiP * m,X to skip £ m (<10) files on the cross section tape,
SKIP *n,F to skip 2 n (<10) files on the flux input tape,
SKIP *m to skip £ m files on both input tapes,
SKIP tm,X/+n,F to skip *m files on the cross
section tape and fn files on
ot SKIP £n,F/+m,X the flux tape.
SKIP + m means forward skipping of m files from point of call, while SKIP — m is effectively
a backward skip and is equivalent to REWIND and SKIP + (p—m—1) where p is the number of files

which had been read up to that time. The tape will then be reset at the beginning of the (n+1)th fjle
preceding the point at which the SKIP — m card is used.

The format of the SKIP card is SKIP in celumns 1 to 4, £m in columns 5 and 6, X or F in
column 8.

6.2.2 QOutput Specifications

The output contains the input cross sections, calculated cross sections and flux data (if
available} in any of the optional cutput formats already described in Section 6.2.1. Since explanatory
headings and comments are dispersed throughout the output, the user should have no difficulty in
reading the results. A sample output is provided in Appendix G.2.

6.2.3 Limitations

The dimensions specified in LUBRA 4 limit the number of energy points for each cross
section to 1000, the number of resonance parameters, used in either the “‘residual— resonance-
removal’’or**fission interference’calculation, to 300 each, the number of point ¥—values to 1000,
the nsumber of groups to 120, and the number of input flux values to 231. The number of calculated
flux values following an energy dependence E®~1depends on the number of cross section points
(which may be any number up to 1000), but these values ate never stored, and consequently are
not available as output data.

When using option ICODE =4, the maximum number of energy (or lethargy) points at which
the fission interference term may be calculated is again 1000.

The options of *‘residual—resonance removal’’ and “*fission interference’ must not be
employed simultaneously, since the smgle-—-level resonance parameters used in the “‘residual-
resonance removal’’ and the multilevel parameters requu-ed for the calculation of “‘fission
interference’” are read into the same storage positions in the computer memory, each set of data
overwriting the original contents at the point of input.

7. LUBRA TAPE MONITOR SYSTEM

7.1 Description of Moniter System

A single monitor system tape has been prepared to facilitate the use of the LUBRA codes.
The monitor uses the chaining facility of the IBSYS System calling each chain into core as required.
A series of LUBRA jobs is controlled by “*CALL"" cards which completely automate a monitor run,
reducing operator intervention to the loading of specified tapes only.

7.2 Specification of Control Cards

7.2.1 Format of Control Cards

The two control cards manipulating the LUBRA monitor system are:

(1) the ““CALL’’ card which causes the monitor to call a particular LUBRA chain
into core and perform its execution, and

(2) the “*“CEASE’' card which terminates the monitor run and exits to the IBSYS
monitor system.
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The standard format of the LUBRA call card is

Cols. 1} 21314 |5 16 |7 [8 |9 {10 111213 |14[15 16117 |18 |19 |20

“Jelaliu {b L juls|ralal [+ [« anycommentz

The important jtems for identification by the monitor are:

‘CALLb in columns 1 to 6,

n in column 12,
* in column 14, and
( _in ¢olumn 15,

where n takes the values 0 to 4 corresponding to the LUBRA code required, and the
symbols * and { ate as explained below.

Columns 16 ~ 69 may contain any useful comment, which is reproduced on the printer before
execution starts.

The above format was chosen to distinguish LUBRA call cards from other control cards in
use at the A.A.E.C. Research Establishment and for the sake of uniformity throughout a monitor
tun. However, a catrd of the form:

Cols.| 1| 21314516789 |10]11]12[13]14]15116]17 18?

%

The CEASE card must only be used to terminate a monitor run since the LUBRA complex

cannot be restarted without reloading once this card has been encountered. The format of this
card must be:

%r

where b stands for a blank. suffices for monitor recognition.

bl Cy A[LIL]Ib [b |b]btb|b|ajb

TG~

"1 ClE|A}S|E] " | _| blank

7.2.2 The Meaning of the ‘¥’ in Column 14

If LUBRA 0 and 4 are executed consecutively during a monitor run with the input to LUBRA 4
not dependent on the LUBRA 0 outpue (that is the LUBRA 4 input is on cards or tape using an
earlier run of LUBRA 0) then an asterizk (*) must be set in column 14. Since, for most runs, LUBRA 4

depends on LUBRA 0, whether information is stored in the computer memory or recorded on tape, this
column usually temains blank.

Similarly, if consecutive runs of LUBRA 2 and 3 are completely independent, an **’ must
occur in column 14, and appropriate input to LUBRA 2 must be furnished.

7.2.3 The Meaning of the *(’ in Column 15

For a sequenceof LUBRA jobs which treat a single absorber only, the set of resonance
parameters read in by the first code remains constant throughout the monitor run. In order to prevent
loss of time by repeated input of the same data, the monitor stores these parameters in a common

area and subsequent input from cards must not contain the resonance parameter deck. For this con—
dition column 15 is left blank.
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However, if the resonance parameters required by the next LUBRA chain are different
from the preceding ones, column 15 must contain a left bracket ‘(" and the required resonance
data must be supplied for the subsequent input.

7.3 Error Traps

7.3.1 CALL Card Errors

The monitor rejects any LUBRA CALL card not in the form:
bCALLb or ‘CALLDb (Columns 1 to 6).

Diagnostic messages are printed and the monitor searches for the next CALL card. If this card
calls on LUBRA 3 or 4 and does not contain an asterisk in column 14 (that is LUBRA 3 or 4
jobs are dependent on the output from preceding LUBRA 2 or 0 jobs respectively), the monitor
bypasses these jobs also, skipping through the data deck until a correct independent CALL card
is encountered.

If the LUBEA number, n, is greater than 4, the monitor again skips to the next CALL card,
since LUBRA n > 4 is not available at the present state of the development of this complex.

7.3.2 Errors in the Input/Output Routines

The LUBRA monitor system uses a modified version of the IBSYS etror routine XEM, which
prevents exit to the IBSYS monitor and hence termination of the LUBRA monitor run. This modified
ecror routine returns control to the LUBRA monitor on encountering input/output errors, which then
prints diagnostic messages and searches for the next set of data.

Input data errors may be due to misinterpretation of the input format for each card or record
on tape, or incorrect order of data. Similatly, ertors may be detected in the output formats. In both
cases the monitor exits from the particular chain in which errors were encountered and searches
for the next problem.

In the case of input errors only a NEXT card, introducing an entirely new set of data,
completely independent of any previous input, will cause re—entry into that chain. Otherwise
the monitor will skip to the END card of this particular set of LUBRA jobs and continue with
the next CALL. For output errors any of the continuarion features for each LUBRA chain suffices
to restart the chain, since all data have been read into the core previously

If input/output errors occur in any LUBRA ( or 2 jobs and output is written on tape, a file
consisting of 3 records (title, error message, ENDbOFbFILE record) is created on the output tape
for each incomplete problem. This precaution prevents input errors into dependent LUBRA 4 or 3
runs by allowing these latter codes to skip over problems in which LUBRA 0 or 2 has encountered
input or output errors.

7.4 Tape Requirements

In order to reduce the number of input/output tapes to a minimum, the monitor has been
provided with a facility which allows the use of a single output tape for all non~dependent LUBRA
chains. Each LUBRA chain file begins with the Hollerith record STARTbOFbLUBRAnbOUTPUT
and is terminated by the Hollerith record ENDbLUBRAnbJOBS. Hence the monitor can easily
search through the output tape to find the last written record to set the write—head of the tape
unit ready for the next LUBRA output, or through the input tape to find the particular LUBRA
chain file required as input into the next LUBRA code.

For a monitor run involving dependent LUBRA codes, the minimum number of tapes is 2 °
(3 if a scratch tapeis used on unit I for LUBRA 3), with the output from dependent LUBRA codes
on separate tapes since the output tape of the one becomes the input tape to the dependent jobs.
The output of any additional independent LUBRA chains may be written on either one of these
output tapes. In addition LUBRA 4 may require an extra input tape for the flux data.
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7.4.1 Resonance Data Tape

Each LUBRA code allows tape input of resonance information. This facility envisages
the use of a resonance parameter library tape. Each resonance file on tape must consist of the
following:

(i) a heading record containing the nuclide 1abel identifying the specific
resonance data in the first 6 characters (for example *TH232),

(ii) the set of resonance parameters for the resolved resonance region [u, Ey, Th, F.),, I,
g;. 1D, Z, Al in the standard format (F7.3, 1PE11.3,4E10.2, 53X, 12, I3, 14),

(iii) a blank record of 72 characters to terminate the resolved data, and

. o. T .

(iv) the unresolved resonance parameters [uR, D, <1—'n >, F-y , <>, gy, ID, Z, Al , in
the standard format given in (ii) above, if required at any stage during the entire
menitor run .

The order of the nuclide species on tape is arbitrary; however, the user must provide the
exact nuclide label for the resonance absorber tequited when specifying RESNUC in the input.

7.4.2 Dependent Chains

Two LUBRA chains are classified as dependent if the output of one is part of (or the whole)
input to the other. At the present stage LUBRA 0 and 4, and LUBRA 2 and 3, are the only pairs
of dependent chains in the LUBRA complex of codes.

¢ The Dependent Pair LUBRA 0-4

For dependent runs of LUBRA 0 and 4 the following two situations are possible:

(a) 1f LUBRA Q is run for a single problem only, the cross sections are stored in the
computer’s memoty and are ‘directly available to LUBRA 4. Hence, neither the
LUBRA 0 output tape unit nor the input option, IXSEC, and input unit, ITXS, for
LUBRA 4 need be specified. However, the output option for LUBRA 0 must specify
tape output (LOUT 2 4) and LUBRA 4 must be called immediately after LUBRA 0.

(b) If several problems are run consecutively by LUBRA 0, followed by LUBRA 4 jobs
in the same sequence, the LUBRA ( output tape contains the requited cross section
data for LUBRA 4 and the monitor automatically sets the LUBRA 4 tape input unit
equal to the LUBRA 0 output unit. Hence, the IXSEC, ITXS fields of the option
card of the LUBRA 4 input may be left blank.

N.B. It is advisable always to execute dependent runs of LUBRA 0 and 4 consecutively.

* The DependentPair LUBRA 2-3

For dependent runsof LUBRA 2 and 3 which must alwa)-!s be executed consecutively, the
following situations may occur:

(a) If the results of all LUBRA 2 runs are on a single output tape, the input tape unit
for LUBRA 3 is automatically set equal to the LUBRA 2 output unit. Hence LIN,
LTIN for LUBRA 3 need not be specified. The sequence of problems run by LUBRA 2
and 3 must be identical.

(b) If the input to LUBRA 3 is from cards and if the initial data [items I(iii) to I(ix) of
LUBRA 3 input] are identical to the LUBRA 2 data then, provided LUBRA 2 treated
a single resonance absorber at one temperature only, these data ate directly available
from core and must not be read in again. In this case cards I(i) and I(ii} only are
required as input to LUBRA 3.
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Timing Facility

LUBRA monitor system incorporates the timing subroutines:

(i) CLOCK and SCLOCK to determine the time elapsed between entry into and exit from

(ii)

each LUBRA chain. This facility yields a rough estimate of the overall execution
time (including input/output) of each LUBRA code.

The subroutine INTVAL isiacluded to time each individual problem in a series of
jobs for any one particular LUBRA chain. This exact timing of individual jobs is
an optional facility, initiated by the use of a TIME catd (TIME in columns 1 to 4}
immediately following the CALL card for a particular LUBRA chain. This card
must be omitted if the timing facility is not required.

8. NOTATION
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Ttor;

O-abs]'

energy of a resonance peak

lethargy corresponding to the resonance energy E,
neutron scattering width of that respnance

neutron radiative capture width of resonance
neutreon fission width of resonance

statistical spin factor of resonance with spin J

= I, + I}

total neutron width = I + ry + If

energy of highest resolved resonance

lethargy of highest resolved resonance

otbital angular momentum number of incident neutron

average reduced neutron scattering width in unresolved resonance region

average neutron fission width in unresolved resonance region

average neutron radiacive capture width in unresolved resonance region
average level spacing between resonances in statistical region

mass number of absorber nucleus

atomic number of absorber nucleus

Boltzmann's constant = 8.61 x 10— °

temperature of system in degrees Kelvin

capture cross section at energy E;
fission cross section at energy E;j

total cross section at enetgy E;

absorption cross section at energy Ei = Unyj + Unfj
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v average number of neutrons per fission

vohfj fission rate x fission cross section at energy E]

oy potential scattering cross section of absorber nuclide
-_2

Op  penetration probability of a neutron with orbital angular momentum £

d particle diameter in microns .

Derived Quantities

. L A
9_7 —

kTE,
oy = potential scattering cross section of moderator per absorber nucleus,
Nj ob;
) all Nabs ’
moderators
where Nj = atomic density (x 10™**) of the ith moderator in the system,
o). = the corresponding potential scattering cross section, and
; .
Nabs = atomic density of the resonance absorber.
£) [n
Yo = peak height of resonance at enetgy E; = 2.608 x 10° E, ’
T average logarithmic energy loss per collision with the ith puclear
species in the system,
a.
= 1+ L fn a;
1—-a;
Aj—-11\2
where ¢; =
Ap +1
A; = atomic mass number of the ith nuclear species.
& = average energy loss for the system,

all nuclides( N'a-bs

in system

& C:l'bi Ni) N; Orbl, )

all nuclides ( Nabs

in system
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APPENDIX A

A.l1 Generation of Line Shape Function \y(x,5) by Means of Subroutine PSICHI

For any given J and x the subroutine PSICHI will caleculate the Dopplet—broadened
line shape function ¥ (x,8) which is defined as:

i

1 A2 2
o J' SEO Y gy
2\1; ) 1+Y2

r A
h g — L
where 2 \/kTEr

For 0 £|x|£ 10/6, when & < 7, the subroutine evaluates Y (x,?) from the differential
equation:

W(x,0)

v x,6) - —2—4 — 0 x Y (x,6) - -3—2 [2 + 6% (1 +x%)] Yx,0) ,

and the Taylor’s expansions for ' (x + 5x, &), Yix + 3x, &)

3

that is, o
' in
oo 8%, 0) = ¢ 0) + 8x i, 0y + B2y o)
)3
e+ 8%, 0) = Yo 6) wbx gl sy + B Yl 0y - By
where 8x = 99—1 , and l,bm(x, &) is obtained by differentiating the equation for
"
Y (x, &) given above.
For ._lég_ = x| 2 -%-. ,  W(x, ) is evaluated from the 3—term asymptotic expansion:
U(x, 0) . 1 1 8x*=2 120 - 10x® +5x%)
' 1+x%* B3(1 +x?)? 6 (1 +x)*

For -.lél £ x| é%fl , the 2—term expansion isused, while for x > %-5- . Y(x,8) = i sz

is satisfactory.

For 6> 7, the 3—term asymptotic expansion suffices for the whole range.

For ¢ = o (thatis, T = 0°K), Y (x,8) = 1 - always.
) 1+x .
To economize on computing time, the lengthy process of solving the differential equations in the range

0 Slx| & %Q , for every x sent into the subroutine, is performed only once on first entering PSICHI

[ i
and the values of Y, Y, Y , ¢ at each x (31( = %) are stored in dimensioned variables. The

procedure is initiated by using the condition Y¥(0,8) = & erc (-3) ,

(continued)
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2 w

2 .
where ercx = ¥ j e~% dt, and is evaluated by a procedure derived from an
X

approximation to the error function given by Hastings (1955,p.169). This mesh is assumed fine
enough to allow interpolation between adjacent points for any subsequent x entering the sub—
routine, provided 0 X|[x|< {TO , using Taylor’s expansions about these points.

A.2 Evaluation of 7 (&,5)

The J-function defined as:

o - [ Y0
1.5 Wz,0) + B

b

may be evaluated by one of two subroutines:

The slow but accurate subroutine BBPJN is a 7040 version of the routine “'JFNCTN’’
written by Bell, Buckler, and Pull {1963). This subroutine takes between 4.5 and 12 seconds,
depending on the values of Sand &, for each value of J(&,8).

The alternative subroutine RES]J, following Doherty (1964 ¢), is faster but less accurate.
The evaluation of each J—function takes ™ 1.7 x 10~ seconds, but the range of validity covers
all 8> 0.05, 8 < 335 only.
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B.1 The Resonance Integral in the Statistical Region

The unresolved resonance integral for the £ = ¢ orbital angular momentum state using the
N.R. model is given by:

E,
o dE
I = {0y, + O a L=,
u (Ou b) J ot oy E
E1 -
Lo dE
= (O, +; 3 j a__ =
( M b) all res O + Oy E ’
[esonances

, r
SO R 16

= (E,
oy + Okyla
- w1 Ib)a aj 16.8) &
E,
where T; = Fy + <I}>

. - . o .
Allowing for the statistical distributions of 1_;1 and l'“f , assuming 1_'.), and D are constant
over the entire unresolved resonance region, the integral may be written as :

o]

k— 0% w E2
_ oyt op) T, L0 o : dE
P f P(ln) dﬂ,jo P(l})df‘ffE TEBy T
1

The statistical distributions of Fno and [f | as proposed by Porter and Thomas (1956),
follow the chi—squared distributions with one and three degrees of freedom respectively:

o]
Py (r‘no) = : ( Iy 2 XPq -~ (_L) ’
2-\I7r< T‘n°> 2 <(‘n°> / 2<l"n°>

'<2<31]::>) |

o . .
where <1—'n> is the average reduced neutron width for £ =0 state,

Mla—u

and Paclyy = 3 ( 3l )
: \f;<l"f> 2<1Iﬂf>

and < l_'f> is the average fission width for = 0 state.

Following the method of Greebler and Goldman {1962), the area under the P, versus 1—1'10 curve,
and the area under the P; versus l_'f curve, were partitioned into ten and four equal parts respectively. ‘
Ten values of [y used to represent the Iy —distribution and four values of [} for the [ —distribution
are then obtained from the relations: )

i = <G> x

and Ffi <]'i_- > Y]. , 1

i 210,

—
HA
-

4 H]

A
[17a

(continued)
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Z.
f L ]—}10 Pi (rno) d rno
i—1

= — 3

Zi o, . o
f Py(lyy d T

i1

X,

where i

(continued)

the Z; values being chosen to make the denominator equal to L ;
v, 10
j’ - I Ry dlf
al‘ld YJ' = . Wj—hl »
\Y’j
j Po(Tgy a Tt
1

the W; values being obtained by serting the denominator equal to

The .unresolved resonance integral for the =0 momentum state may then be evaluated from:

4

‘ E,

.oty 3% & : dE,

lulgeg = =02 2 2 Gt ) ! {16, By 22
i

. Eo dE; | .
The integral <] (6.8 )>g_0 w s evaluated numerically by the computer between
: = t .
E,

D

the energy limits E; =ER + =2 and E, =10 MeV , where Ey = highest resolved resonance energy.

B.2 The Doppler Coefficient in the Statistical Region

The Doppler coefficient in the unresolved resonance region for the £ =0 orbital angular

momentum state baséd on the N.R. model for the effective resonance integtal is given by:

DC|E - 1 aIU|E=O
0 Eoyrop) OT
1 d oy *tOp 4 o _ [Ee dE;
T T = sty T =X l’"f a, o Eo
(g t o) 9T 40D 25 a E <J( '8)>E—0 Er.
d — E ' dE
v ohg LTI 4 m g, PR 20
T 40D jay g " Jg, N%8 3T4y E
and 4_8.1. o8 = _ ._q._ EJ_
g 9T 2T é
Hence D 1 é §:°' (—l:'" +V [ )jEQ <9 9 | dE,
¢[p. soZor o 1,07 " i - 36/ E:

(continued)



APPENDIX B (continued)

Eo
The integral I <9 —-a—J> dE¢ is evaluated numerically (for T > 0 °K only)
E, d6 f=0 E; *

between the energy limits E, = Ep ¢ ‘% and E,; = 10 MeV , where Eg = highest resolved

resonance energy.
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