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SENSIT: A CROSS-SECTION AND DESIGN SENSITIVITY
AND UNCERTAINTY ANALYSIS CODE

by

S. A. W. Gerstl

ABSTRACT

SENSIT computes the sensitivity and uncertainty of a calculated
integral response (such as a dose rate) due to input cross sections
and their uncertainties. Sensitivity profiles are computed for
neutron and gamma-ray reaction cross sections (of standard multi-
group cross-section sets) and for secondary energy distributions
(SED’S) of multigroup scattering m;trices. ~n the design sensi-
tivity mode, SENSIT computes changes in an integral response due
to design changes and gives the appropriate sensitivity coeffi-
cients. Cross-section uncertainty analyses are performed for three
types of input data uncertainties: (a) cross-section covariance
matrices for pairs of multigroup reaction cross sections, (b)
spectral shape uncertainty parameters for secondary energy dis-
tributions (integral SED uncertainties), and (c) covariance
matrices for energy-dependent response functions. For all three
types of data uncertainties, SENSIT computes the resulting vari-
ance and expected standard deviation in an integral response of
interest, based on generalized perturbation theory. SENSIT uses
angular-flux files from one-dimensional discrete-ordinates codes
like ONETRAN, ANISN and DTF and reads multigroup cross-section
sets in three different formats. This report gives detailed input
specifications”, precise definitions of all input and output ar-
rays; a discussion of the underlying theory; and details of pro-
gram flow, data management, and storage requirements. Eight sample
problems are described in detail for which complete input files
and selected output prints are listed.

1. INTRODUCTION

Sensitivity analysis in radiation transport theory attempts to determine

quantitatively how sensitive a calculated integral response is to the input data

for the transport calculation. Such input data may concern either cross-section

data, geometry specifications (design data), methods approximations, or any other
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input required to perform a transport calculation. In an uncertainty analysis,

the sensitivity information is used, together with additional data about the un-

certainty of the input data, to calculate or estimate the uncertainty of a cal-

culated integral response which results from these input data uncertainties.

In a cross-section uncertainty analysis the data uncertainties may be quantified

in cross-section covariance matrices and in spectral shape uncertainty parameters

for secondary energy distributions (SED’S), while the resulting response uncer-

tainty is best quantified by a variance or relative standard deviation. In a

design sensitivity analysis, usually a specific design change (e.g., a material

replacement or a geometry modification) and its effect on a calculated integral

response is of concern. Therefore, in such cases a resulting response change

is calculated based on generalized perturbation theory.

The SENSIT code is in some respects more comprehensive than earlier sensi-

tivity codes presently in usel. Specifically, SENSIT includes the calculation of

sensitivity profiles for secondary energy distributions (SED’S) and performs also— — —

an SED uncertainty analysis. In addition, SENSIT also allows design sensitivity

analyses and detector response uncertainty analyses to bq performed in addition

to the standard cross-section sensitivity and uncertainty analysis.

II. SENSIT INPUT SPECIFICATIONS

The following pages describe the input data to SENSIT in the order in which

they must be entered into the code. In addition to the title card, which is

always first, all input data may be categorized as control integers on cards 2

and 3, and problem dependent data starting with card 4. Many of the problem de-

pendent data are required only conditionally, depending on the value of certain

control integers, as indicated. Therefore, mainly depending upon values for

ITYP, the sequence of problem-dependent input data may be different from case to

case.

Card 1: Format (8A1O)

80-column title card for job description



Card 2: Format (1216), control parameters

Integer Variable
No. Name Description and Options
1 ITYP Type of sensitivity/uncertaintyanalysis:

o- standard cross-section sensitivity analysis

1- design sensitivity analysis

2- vector cross-section sensitivity and uncertainty

analysis,

3- SED sensitivity and uncertainty analysis.

2 IGE Geometrical model:

1- slab or plane geometry,

2- one-dimensional cylindrical geometry,

3- spherical geometry,

4- two-angle slab geometry.

3 ISN Order of SN angular quadrature; must be even integer.

4 IM Total number of spatial mesh intervals.

5 IGM Total number of energy groups.

6 NCOUPL Number of neutron groups in case of coupled neutron/gamma-

ray calculations,

Zero if pure neutron or pure gamma-ray calculation is

performed.

7 LMAX Pfl-orderof cross-sections.

8 ITAPE Type of angular fluxes to be read from TAPE1 (PHI) and

TAPE2 (PHISTAR) (see. Sec. V.C):

o- reads flux tapes generated by DTF or ANISN,

1- reads flux tapes in CCCC-format; e.g., as generated

by ONEDANT or ONETRAN.

3



Integer Variable (Card 2 continued)

No. Name Description and Options
9 IXSTAPE Source of multigroup cross-section input (see Sec. V.A,B):

10 NPERXS

11

0-

1-

2-

Number

expects cross sections from cards (i.e., in input

stream of problem-dependent data), if ITYP = 0,1,3,

expects cross sections from TAPE4, if ITYP = 0,1,3,

expects vector cross sections and covariance data

from TAPElO, only if ITYP = 2.

of successive cases to be run for the same PHI/

PHISTAR, and the same perturbed zone identifications:

if ITYP = 0,1,3: number of perturbed cross-section

sets to be read from TAPE4, or from

cards

if ITYP = 2: number of vector cross-sectionpairs

with covariance matrices to be read

from TAPElO.

IDESIGN Type of design sensitivity analysis (zero if ITYP = 0,2,3):

o-

1-

for ITYP = 1 when 2 cross-section sets (perturbed

and unperturbed) must be read per case,

for ITYP = 1 when only 1 cross-section set (2) is

read per case, and the special design perturbation

of a 1% density increase is assumed (AZ = 0.01 Z)

in all perturbed zones.

Card 3: Format (1216), control parameters

Integer Variable

No. Name Description and options

1 KSRS Number of source zones.

2 KDET Number of detector zones.

3 KPER Number of perturbed zones.



Integer Variable (Card 3 continue(i)

No. Name Description and options

4 Kxs Format of input cross sections if ITYP = 0,1,3, cf. Sec.V.A.:

o- if ITYP = 2 (KXS is not needed),

1 - LASL

2- ORNL

read

format: 6E12.5,

format: limited fixed field FIDO format as

by ANISN (see Sec. V.A.le).

5 IHT

6 IHA

7 DETCOV

8 NSED

9 IOUTPUT

10 NSUMCOV

.

Position (row) of total cross section in multigroup

cross-section tables (typically 3),

o- if ITYP = 2.

Position (row) of absorption cross section in multigroup

cross-section tables (typically 1),

o-

0-

1-

0-

1-

0-

1-

0-

N-

if ITYP = 2.

if no covariance matrix for the

function is provided,

read covariance matrix for R(g)

vant uncertainty analysis.

detector response

and perform rele-

for ITYP = 0,1,2, and for ITYP = 3 if no SED uncer-

tainties are provided,

read integral SED uncertainties if ITYP = 3.

print sensitivity and uncertainty output only

for the sum over all perturbed zones (in case

KPER >> 1),

print all sensitivity and uncertainty output for

each individual perturbed zone and for the sum

over all perturbed zones.

if ITYP = 0,1,3,

number of partial sums desired of individual

response variances computed for ITYP = 2.
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Integer Variable (Card 3 continued)

No. Name Description and options

11 ITEST Flag to output specific test prints (which may be very

voluminous):

0- no test printout,

1- provide test printout including cross sections

but no angular fluxes,

2- provide test printout with angular fluxes but

no cross sections.

3- provide test printout with vector cross sections

and covariance matrices if ITYP = 2.

12 IPRINT Flag to provide test

traces, and dumps

management module

printouts of pointers,

as edited from the dynamic data

BPOINTR:

o- no test printout,

1- print dumps only,

2- print traces only,

3- print dumps and traces.

Card 4 and all successive cards: Problem-dependent input data

Input Number Input Required
Array of only
Name Entries Format if Description and conditions

En(g) IGM+l (if 6E12.5 aIways Energy group boundaries for neutron

NCOUPL=O) groups in ev, starting with highest

energy (i.e., group 1). Zero is not

NCOUPL+l (if allowed as group boundary.

NCOUPL#O)

Ey(g) IGM+1 6E12.5 NCOUPL#O Gamma-ray energy group boundaries in eV,

-NCOUPL starting with highest gamma-ray energy

(i.e., group NCOUPL+l). Zero is not

allowed as group boundary.

6



Input Number Input Required
Array of only
Name Entries Format if Description and conditions
W(m) MM* 6E12.5 always SN quadrature weights consistent with

MUE(m)

Z(i)

ISFIR(k),

ISLAS(k)

IDFIR(k),

IDLAS(k)

IPFIR(k),

IPLAS(k)

RHo(g)

RHO(j)

Mw 6E12.5

IM+1 6E12.5

2 216

2 216

2 216

IGM 6E12.5

IDET 6E12.5

those used in flux calculations for

PHI and PHISTAR (level weights excluding

starting weight).

always SN quadrature direction cosines (level

cosines excluding starting directions).

always Spatial mesh boundaries for the entire

system in cm.

always Interval number of first and last inter-

val of k-th source zone.

1 card with two numbers must be entered

for each of the KSRS source zones!
1

always KDET cards describing all detector zones

(like above)
I

always KPER cards describing all perturbed zones

(like above).

always Energy distribution of detector response

function R(g,i) by group, starting

with g = 1 (see Sec. V.D).

always Spatial distribution of detector res-

ponse function R(g,j), per detector

*)MM= ISN for slab and spherical geometry (IGE=l or 3)

MM = ISN*(ISN+2)/4 for cylindrical geometry (IGE=2)

MM = ISN*(ISN+2) for two-angle slab geometry (IGE=4)

see Sec. V.C.
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Input Number Input Required
Array of only
Name- Entries Format if Description and conditions

interval j = 1,...> IDET, starting with

covR(g,

f3P)

QUE(g)

QUE(j)

IGPF’IGM

IGM

ISRS

ID,

DEN1,

DEN2

3

SUMSTRT, 2

SUMEND

6E12.5

6E12.5

6E12.5

ITYP=O

and

DETCOV=l

always

always

(16,6X, ITYP=2

2E12.5)

216 ITYP=2

and

first interval of first detector zone

(see Sec. V.D).

Relative covariance matrix for detector

response function starting with 1 title

card.

Energy distribution of source distribution

functions Q(g,j) by group, starting

with g = 1 (see Sec. V. D).

Spatial distribution of source distri-

NSUMCOV+O

1

bution function Q(g,j), per source in-

terval j = 1,...,ISRS, starting with

first interval of first source zone

(see Sec. V. D). ,

Identificationnumber and 2 number den-

sities (in atoms/barn cm) for pair

of vector cross sections read from

tape 10.

1 card must be entered for each of the

NPERXS vector cross-section pairs!

SUMSTRT identifies the first (SUMEND the

last) vector cross-section pair from

the string of NPERXS cases, for which

the response uncertainties are added

and edited as partial sums of vari-

ances.

card must be entered for each of the

NSUMCOV partial sums desired!



Input Number Input Required
Arrav of only
Name- Entries Format if- Description and conditions

GMED(g) IGM1+

FSED(g) IGM1+

ID,

NUMDEN,

XSNAME

3

+)
IGM1 = Number

IGM1 =

IGM1 =

1216

6E12.5

16,6X,

E12.5,

2X,A1O

of neutron

ITYP=3 Array of energy-group numbers which

and identifies the median energy group for

NSED=1 each SED associated with the initial

energy group g. Use zero if no SED is

identified for a given initial energy

group g.

ITYP=3 Integral SED uncertainty associated with

and initial energy group g, corresponding

NSED=l to GMED(g).

IXSTAPE=l ID identifies the cross-section set for

and the specific material for which a stan-

ITYP=O dard cross-section sensitivity analysis

or or an SED sensitivityfuncertaintyana-

ITYP=3 lysis is to be performed. ID is the se-

quence number of the string of material

cross sections on TAPE4, e.g., for the

third XS-set on TAPE4: ID=3.

NUMDEN is the number density for the

material.

XSNAME is an optional 10-column name de-

signation which will reappear in the

output.

Note: If an SED sensitivity/uncertainty

analysis is desired for more than

1 material per SENSIT run

groups in the problem:

IGM if pure neutron calculation is performed (NCOUJ?L= O),

NCOUPL if coupled neutron/gamma-ray calculation is performed.

9



Input Number Input Required
Array of only
Name- Entries Format if Description and conditions

(NPERXS > 1), then the last three

Xs(g, depends on control IXSTAPE

gP>f) parameters = o

XSBAR(g, depends on control IXSTAPE

gP)Q) parameters =0 and

ITYP=l

and

IDESIGN

=0

arrays GMED(g), FSED(g), and (ID,

NUMDEN, XSNAlfE)must be provided

for each material successively to

make a total of NPERXS sets of

these 3 arrays.

Perturbed cross-section set with title

card and number density card (see

Sec. V. A).

Reference or unperturbed cross-section

set with title card and number density

card (see Sec. V. A).

10



The basic theory upon

ysis methods are based has

III. UNDERLYING THEORY

which the p~esent sensitivity and uncertainty anal-

developed over the past several years. We refer to

only a few selected references here which can provide the user an overview of the

field, Refs. (2) through (6). More mathematical detail is given in Ref. (7),

with special emphasis on discrete-ordinates formulations. The description of the

underlying theory in this section will be restricted to as much detail as is re-

quired to understand input and output of the SENSIT code, while a general know-

ledge of the field is assumed.

A. Standard Cross-Section Sensitivity Analysis (ITYP = O)

Conventional sensitivity profiles P2 may be derived from the expression for

the forward difference approximation, Eq. (36) inRef. 7, or Eq. (17) in Ref. 3,

orEq. (26) inRef. 4. The analytical definition of a cross-section sensitivity

function FZ (E) expresses the sensitivity of a calculated integral response I

to a particularcross section 2X at energy E and may be expressed as

(1)

H+(jQt dE’ $(r,f2,E)2X S I(x,fJ-&’,E+E’)@’k(r,Q’,E’) .— —— ——9

In a multigroup formulation one usually prefers to identify and work with a sen-

sitivity profile P; , which is related to the above sensitivity function through

the scaling factor Au‘byp; = ~z (Eg)/Aug and refers to a group-averaged sen-

sitivity. Aug is the letharg~ width of energy group g. The exact numerical de-

finition of a multigroup cross-section sensitivity profile for the macroscopic

cross section Z: is:

I
LMAX GMAX

p: = - 2: T“xg +
1/

~:+;’.+:g’. 14*Aug ,
x 9 !2=og’=g ‘

(2)

11



where Zg =
x,T

2:+;‘ =
9

*1=’=

=

total macroscopic cross section for reaction type x,

A’th Legendre coefficient.of the scattering matrix element for

energy transfer from group g to group g’, as derived from the

differential scattering cross section for reaction type x,

IPERT MM
n

numerical :

lar fluxes

ntegral of the product of forward and adjoint angu-

over all angles and all spatial intervals described

by i= 1,...,IPERT.

IPERT

2A ViX~(i)*Y~’(i) ,
i=l

spatial integral of

forward and adjoint

MM

zXj(i) = ~ 0~(i)*p9(pm)”w
m=

the product of Legendre coefficients of

angular fluxes.

$g(i),$~(i) =
m

Pg(pm) =

{Pm,wm) =

discrete-ordinates representations of forward and adjoint angu-

lar fluxes for group g, spatial mesh point i and discrete

direction m.

Legendre polynomial of order 2 at direction cosine pm.

discrete-ordinatesquadrature direction cosines pm and asso-

ciated quadrature weights wm.

12



volume of spatial mesh interval i.

lethargy width of energy group g,

An (Eg/Eg+l), where Eg and Eg+l are upper and lower energy

group boundaries.

integral response as calculated from forward fluxes only,

IDET IGM MM

i?, g~l m~ , ‘}i’~”$~(i).wm

spatially and group-dependent detector response function.

The basic Eq. (2), as well as its corresponding Eq. (l), consist of

two terms on the right-hand side.
.

The first term, which is always negative, is

called the “loss term”
(3,7) and involves always the total (collision) cross

section for a certain reaction type. The second term involves only the differen-

tial scattering cross section and is always positive; it-is called the “gain
term,,(3,7)

Loss term and gain term, respectively, indicate a loss or a gain

in (positive) sensitivity in the sense that the total cross section always in-

dicates a neutron interaction which removes the neutron from the considered

phase-space volume {A~i,Af2 Mg) represented by {i,m,g], while scattering inter-
-m’

actions can transfer neutrons from other phase-space regions into the specific

phase-space volume under consideration.

In order to avoid ambiguities in the interpretation of sensitivity profiles,

careful consideration must be given to cases when the reaction cross section

xx is a composite cross section. Ideally, Z~ should always be chosen as a par-

tial reaction cross section of one exclusive type, like (n,u), (n,2n), (n,n’)-

elastic, etc. However, in practice, complete cross-section sets, including full

scattering matrices, are seldom available for all desired partials. In such

cases, composite cross sections must be used, such as total absorption, total in-

elastic or even total scattering cross sections, which complicates the interpre-

tation of the resulting sensitivity profiles. If, for example, the (n,2n)

cross section is treated as a negative portion of the total absorption cross

section, which is the case in some standard transport cross-section sets, then

it is possible that the loss term for the absorption cross section is positive

for those groups where the (n,2n)-reactiondominates.

13



In order to facilitate the interpretation of sensitivity results, SENSIT

prints loss and gain terms in addition to the net sensitivity profiles. In the

following we give the discrete-ordinatesequations which are the exact equi-

valents to the algorithms coded in SENSIT to produce the standard sensitivity

profile output. A verbal synopsis of Eqs. (3) through (13) is printed with the

SENSIT output if ITYP=O or 3.

1. Pure Loss Terms. For the neutron sensitivity profiles 4 loss terms are

printed but only 3 for the gamma-ray profiles:

Axs = p: = +:bs .Xg/I$*Aug ,
abs,Loss

(3)

where Z~bs is the absorption cross section in group g as taken from position

IHA in the input cross-section tables (see Sec.V.A).

NU-FISS = PVZ = -vZ~.Xg/I ‘Aug ,

fiss,Loss o
(4)

where vZ~ is the standard group-averagedproduct of fission cross section and

number of fission neutrons per incident neutron. This “cross section” is taken

from position IHA+l of the input cross-section tables. One may note here, that

if no absorption or fission cross-section profiles are desired, the data in

cross-section table positions IHA and IHA+l may be replaced with any other multi-

group cross section to produce the loss-terms of sensitivity profiles for such

substitute cross sections.

(5)

where Z: loss is the total scattering cross section for all group transfers with-

in group’g and out of group g:

14



(6)

Equation (6) is evaluated in SENSIT by summing the Po component of the scattering

matrix along the appropriate diagonal, where GMAX denotes either the total number

of neutron groups or the total number of gamma-ray groups for neutron or gamma-

ray profiles, respectively.

TXS = Pg
z

= -Z! Xg/I@*Aug ,
T,loss

(7)

where
??

is the total interaction cross section for group g as taken from posi-

tion IHT in the input cross-section tables.

2. Pure Gain Terms. SENSIT prints 3 gain terms for the neutron profiles,

but only one for gamma rays. The two additional gain terms for neutrons refer

to (n,y)-reactionsand neutron secondary energy distributions as explained

below.

N-GAIN or G-GAIN = P:
s,gain

I=‘r ‘Y 1/~~+~’ $:g’ IQ*Aug .
!?,=0 g’=g ?

(8)

The inner summation in Eq. (8) indicates that all sensitivity gains are counted

which relate to scattering transfers.within and out of group g into all other

groups g’. For the neutron profile (N-GAIN) the upper limit of the group summa-

tion, GMAX, is the total number of neutron groups, while for the gamma-ray pro-

file (G-GAIN), GMAX is chosen as the total number of gamma-ray groups.

15



N-GAIN(SED) = ~~

[

=LY2 $;g *f’g

}/’

I ●Aug .
0

(9)
s,gain Q=og’=1 ‘

This partial profile is only printed for neutron groups and differs from N-GAIN

of Eq. (8) by re-arranging g and g’ and the group summation. N-GAIN(SED) there-

fore counts all sensitivity gains due to scattering transfers from all (higher)

energy groups g’ into group g. Hence, this profile may be considered as an

adjoint to N-GAIN; its physical interpretation relates to the importance of neu-

tron secondary energy distributions, as described in Section D.

NG-GAIN = P~
a(n,y),gain

‘MAX IGM

z. x
[J?= O g’=NCOUPL+l

(lo)

!

where Z~~y),g is the 9’th Legendre coefficient of the gamma-ray production cross

section for neutron group g as taken from the input scattering matrix. The group

summation in Eq. (10) indicates that all sensitivity gains are counted, which

are due to transfers from neutron group g into all gamma-ray groups g’.

3. Net Sensitivity Profiles. SENSIT prints for both, the neutron as well

as the gamma-ray profiles, two net (or total) sensitivity profiles which are

obtained by summing the appropriate loss and gain terms according to Eq. (2).
.

SEN = P; = p; + pg
2 9

s,net S,loss s,gain
(11)

where simply the partial profiles defined in Eqs. (5) and (8) are added for each

group.
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.

SENT = ~: = ~; + pg
1 ?

T,net T,loss s,gain
(12)

where the partial profiles of Eqs. (7) and (8) are added.

It may be noted here that Eqs. (11) and (12) differ only with respect

to which loss term is chosen. The loss term of Eq. (12) may include the effects

of many more reaction types than that of l?q.(11), depending on the contents of

position IHT in the input cross-section tables. In contrast, however, the net

sensitivity profile of Eq. (11) may be considered self-consistentbecause it

utilizes only the information contained in the input transfer matrix, independent

of the values for ~ in cross-section table position IHT.

4. Integral Sensitivities. All sensitivity profiles printed by SENSIT are

also integrated over neutron energies and gamma-ray energies separately, i.e.

Integral =
x

SENgOAUg 9

g

(13)

where the group summation extends form g = 1 through g = NCOUPL for neutron pro-

files and from g = NCOUPL+l through g = IGM for gamma-ray profiles. As a test for

the consistency of the calculation one might note that the integrals over Eqs.

(8) and (9) must be identical and equal to the total neutron-scattering gain

term. If any n-gamma gain terms (NG-GAIN) are calculated, they will be offset

again in the net total neutron profile (SENT), because
%

includes a component

due to (n,y)-reactionswhich is counted in TXS as a neutron loss mechanism.

5. Source and Detector Sensitivity Profiles. All SENSIT runs (for any

value of ITYP) print sensitivity profiles for the source and detector distribu-

tion functions Q(E) and R(E) even before any cross sections are read. These

sensitivity profiles are based on the dualism
(4)

that the integral response I

may be calculated independently either from the forward flux alone:
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IDET MM IGM

or from the adjoint flux alone:

ISRS MM IGM

=Xzx
i=l m=l g=

(14)

(15)

Vi=Q~*@~(i)ow
m’

where .: and Q? are the spatially and group dependent detector response function

and neutron source distribution, respectively. If it is-desired to determine

how sensitive the integral response I is to the energy distribution of either

Rg or Q?, Eqs. (14) and (15) can be used to define a
i

vity profile, which may then be interpreted in exact

cross-section sensitivity profiles:

IDET MM

‘p~=z~iim .QV Rg@g(i) w /1 ●Aug ,
i= 1 m= 1

detector and source sensiti-

analogy to the standard

(16)

ISRS MM

l?~=x~iim m$V Qg$*g(i)w /1 ~“Aug .
i=l m=l

(17)

For internal consistency, the detector sensitivity profile p: is normalized to

I from Eq. (14), while the source sensitivity profile P: is normalized to I *
4 @
fromEq. (15). Ideally, of course, 10 = 10*. The integrals over Eqs. (16) and

(17), according to Eq. (13), must be 1.0 if the spatial integrations are carried

out over all source and detector zones. However, if the control parameter IOUTPUT
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is set to 1, then SENSIT prints P: and

dual source and detector zone as well.

allow a quantitative interpretation of

source and detector zones to the total

Pg and their integrals for each indivi-
Q
These zone-wise integral sensitivities

the relative importance of the various

integral response I.

B. Design Sensitivity Analysis (ITYP = 1)

The objective in a design-sensitivity analysis is to estimate the change

of an integral response I due to a given design change without repeating the

transport calculation for the altered design. Methods, based on generalized

perturbation theory, have been developed which allow such estimates to be made
(4,7)

with second-order accuracy in respect to the associated flux changes .

These perturbation methods require only the forward and adjoint flux solutions

to a reference case and the specification of a perturbation Lo this reference

design, which is equivalent to a postulated design change. All such design

changes can be described then by a perturbation, AL, in the linear Boltzmann

operator L.

Due to the dualism of forward and adjoint formulations for radiation trans-

port calculations, two different but equivalent expressions can be derived for
(4,7)the estimated integral response in the perturbed system . These expressions

are both second-order with respect to flux changes but first-order with respect

to the perturbation and are denoted as the adjoint difference (AD) and the for-

ward difference (FD) formulation. Using the convenient operator notation of

Refs. 4 and 7, we obtain for the integral response in the perturbed system the

two expressions

# =<R,I$>- < $*,AL$ J s 1$1) - AI:) ,

1(2) = < Q,L$)* > -
FD

< $,AL*$;’> = l$;) - AI:;) ,..

(18)

(19)

where <, > indicates integrations Over all independent variables, and $, @ are

the forward and adjoint angular fluxes for the reference design. It may be

noted that the first-order terms on the right sides of Eqs. (18) and (19) are

computationally identical to I
@ and %: as ‘efined ‘n ‘qs“ ’14) a;;)’15)“ ln

addition, if the operators AL and lW* are written down explicitly , it is
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noted that the second-order term in Eq. (19) is equivalent to the negative of

the numerator of Eq. (2) when the cross sections 1X are replaced by cross-

section changes AZ, and when an additional integration over all energies E,

namely, a summation over all groups g, is performed:

IGM

g= 1

LMAX IGM

!2=0 g’=g

. (20)

The analogous expression for the seond-order term in Eq. (18) becomes

IGM
A1&) =

z\
I

q.xg -y ~ AZ:;;g ●@” . (21)

g=l 3=0 g’=1

The perturbation, as expressed by macroscopic cross-section changes in Eqs. (20)

and (21) is calculated in SENSIT f,romtwo sets of input cross-section tables, the

unperturbed or reference cross-section set {~] and the perturbed cross-section

set {2):

q =q_ q , (22)

AZ:+;’ = zg+g’ - z:?;’ (23)
9 S,9 9

A@’% = ~g’+g - &g . (24)
s,Q S,J? S,JI

A design sensitivity coefficient Xmaybe defined for both (AD and FD)

formulations according to

@,l;l) = ~ -
‘AD=AD

AI~)/l$l) , (25)
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1(2)/$) = 1 - AI$$/I$& ,
‘FD = FD

(26)

from which the estimated fractional change of the integral response I due to the

introduction of the perturbation can be easily determined.

It has been demonstrated in Refs. 4 and 7 that the AD-formulation is more ap-

propriate for cases where the perturbation is geometrically closer to the detector

than to the source, while the FD-fomulation is better suited for cases where the

perturbation is geometrically closer to the source than to the detector. How-

ever, if both reference fluxes, ~ and $*, are completely converged, then both

formulationswill give identical results.

SENSIT prints all design sensitivity information, as defined in Eqs. (18)

through (26), separately for neutrons and gamma rays; also, if IOUTPUT = 1,

it prints the same information for each.perturbed zone as well as integrated

over all perturbed zones. If the control parameter ITYP is set to 1, the SENSIT

output will also contain a synopsis defining the variable names used to edit the

design sensitivity information.

If the control parameter IDESIGN is set equal to 1, then the special case of

a design perturbation is assumed, which is equivalent to a 1% increase in all

cross sections in all perturbed zones, i.e., Eqs. (22) through (24) are replaced

byAZ= 0.011. Such a perturbation may also be interpreted as if the material

density in the perturbed zones were increased by 1%. In this mode only one

cross-section set {Z] needs to be read into SENSIT per case.

c. Vector Cross-Section Sensitivity and Uncertainty Analysis (ITYP = 2)

The term “vector cross-section” has been chosen to identify a multigroup

cross-section set which consists of a linear string of numbers with one group-

averaged reaction cross section per group, but no scattering matrix. Such a

cross-section set can be described by a vector, or one-dimensional array, with

IGM elements, in contrast to the two-dimensional cross-section tables, which in-

elude.transfer matrices. All reaction cross sections which do not need to des-

cribe the production of secondary neutrons or gamma rays, such as (n,a), (n!abs.),

~, etc., are completely described by a vector cross section. Obviously, by

definition, such vector cross-sections can only generate a loss term in a sensi-

tivity analysis. However, existing correlations between two individual vector

cross sections are easily described by a simple two-dimensional correlation
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matrix. As a consequence, therefore, it is also straightforward to describe cor-

related cross-section uncertainties of pairs of vector cross sections by a two-

dimensional covariance matrix(5). For ITYP = 2, SENSIT performs a complete sen-

sitivity and response uncertainty analysis for given sets of vector cross-section

pairs {Z~] and {Z:] with an associated covariance matrix Cov(Z~,X~’) attached to

each pair. These pairs of vector cross sections with their covariance matrix are

read from TAPElO by identification numbers as specified in the input stream.

In coupled (n,y)-calculations,this analysis is treating only the neutron groups.

As a first step SENSIT calculates the sensitivity profiles P; and P; for

each individual vector cross section according to an equation equivalent to

Eq. (3), i.e., a pure loss term. Then the covariance matrix Cov(Z~,Z~’) is

used to compute the resulting integral response uncertainty due to the correlated

cross-section uncertainties of this pair of vector cross sections according to(5)

IGM1 IGMI

(27)

g= 1 g’=1

The upper limit of the double sum, IGM1, is the number of neutron groups (IGM1 =

NCOUPL in a coupled (n,y)-problem). Both, the variance Var(I ) as well as the
@

relative standard deviation

are printed by SENSIT for each vector cross-section pair. Since all cross-section

uncertainties pertaining to one material may be described by a sum of several

vector cross-section covariance matrices, SENSIT also prints specified sums of

response variances

NSUMCOV

Var(I ) L@ MAT = n. 1
Varn(I ) ,

0
(29)
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and the resulting standard deviation (61/I.)MT,

cross-section pairs describe the cross sections

assuming that NSUMCOV vector

for one material sufficiently.

D. SED Sensitivity and Uncertainty Analysis (ITYP = 3)

It has only recently been recognized(8) that sensitivity profiles for se-

condary energy and angular distributions are obtained as adjoints of the standard

sensitivity profiles, i.e., from the differential form of the adjoint difference

(AD) formulation. For ITYP = 3, SENSIT computes and prints the double-differenti.al

and single-differentialsensitivity profiles for secondary energy distributions

(SED’S) and performs also an SED uncertainty analysis based on the hot/cold con-
(9)cept of integral SED uncertainties . A sensitivity or uncertainty analysis

for secondary angular distributions is not implemented in this version of SENSIT.

Also, the SED sensitivity and uncertainty analysis is not performed for secon-

dary gamma rays in the case of a coupled (n,y)-calculation.

As shown in Ref. (8), a double-differentialSED sensitivity profile is

described by the differential form of the gain term in the AD-formulation; cf.

Eq. (21) and Eq. (9):

P~~~g ❑ PSED(g-in,g-out)

(30)

This double-differentialSED sensitivity profile quantifies the sensitivity of

the integral response I
g’+g

4
to the scattering matrix element 2s . Therefore,

P$fig is a pure gain term for the sensitivity gain due to the transfer of neutrons

from the incident energy group g’ to the final energy group g. P~~~g is double

differential because it is scaled to the product of both lethargy widths, Aug’

and Aug, of the incident and the final energy groups.

From Eq. (30), two single-differentialSED sensitivity profiles may be ob-

Lained, depending upon which of the two group indices an integration is per-

formed:
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g’= ]

and

(31)

(32)

Equation (31) describes the sensitivity of I
o
to the sum of all scattering trans-

fer cross sections which transfer neutrons from any incident energy group g’ into

the specific final energy group g. P&D ❑ PSED(g-out) is identical to N-GAIN(SED),

as defined earlier in Eq. (9). In complete analogy, Eq. (32) adds up all sensitivit

gains due to neutron transfers originating in group g’ and transferring into any

final energy group g ~ g’. P~~D ❑ PSED(g-in), when given as a function of g’

is, therefore, identical to the standard sensitivity gain term N-GAIN(g), as de-

fined in Eq. (8), where the nomenclature for g and g’ is reversed.

In order to perform an SED uncertainty analysis based on the hot/cold

concept introduced in Ref. 9, it is required to specify the median energy

group of the SED for each incident neutron energy group, GMED(g’), as well as

the associated integral SED uncertainty (spectral shape uncertainty parameter),

‘sED(g’), for each SED with incident energy group g’. GMED(g’) and FcJED(g’)are

expected input arrays in SENSIT if ITYP = 3 and NSED = 1. Hot and cold integral

SED sensitivity coefficients, S~OT(d’) and SC~LD(g’), are then computed by
(9)

SENSIT according to .

GMED(g’)

‘Ho#) =fhg’. x P;~~g*Aug ,

g=g’

IGM1

(33)

(34)

g = GMED+l
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From these two components of an integral SED sensitivity, SENSIT obtains the net

integral SED sensitivity coefficient

S(g’) = ‘H()+’) - ‘~~~l)k’) , (35)

which quantifies how much more sensitive the integral response I
0
is to the hot

component of the SED at incident energy group g’ than to its cold component. The

simplest possible response uncertainty estimate due to estimated SED uncertain-

ties is then obtained from(’)

IGM1

61
xl S(g’) “FSED(g’) .r

SED ‘g’= 1
(36)

Values for all SED sensitivity profiles, as defined in E~s. (30) through (32),

all integral SED sensitivity coefficients, Eqs. (33) through (35), and the es-

timated response uncertainty due to all integral SED uncertainties according to

Eq. (36), are printed by SENSIT for each set of material cross sections and as-

sociated integral SED uncertainties.

IV. COMPUTATIONAL OUTLINE

Basically the SENSIT code reads angular-flux data and differential cross-

section data and then performs the arithmetic calculations defined in the pre-

vious section. Therefore, no intrinsically complex computational algorithms are

of concern, but an efficient management of large arrays of data is of prime im-

portance. The code therefore employs variable dimensioned arrays throughout and

uses for economical storage allocations a separate data management package

(BPOINTR) subroutines. This software package has been developed by Argonne

National Laboratory and is also a part of most ANL originated codes such

as MC2-2 (ANL-8144) or FX2-TH (ANL-78-97). Our version of BPOINTR is described
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in Ref. 10; a later, more comprehensiveversion of this data management package
(11)

has recently been issued and its documentation is in print .

A. Overall Program Flow

The entire SENSIT code consists of four functionally different parts:

1. The main program which operates as a driver routine to allocate core

space through BPOINTR subroutine calls.

2. Computational subroutines which evaluate the expressions defined in

the previous section.

3. Data management subroutines from the BPOINTR package and standard

FORTRAN functions from systems libraries.

4. Text editing routines which output the computed results.

In the following we describe the functions of all relevant subroutines in as much

detail as may be required to understand the flow of computations performed in

SENSIT.

B. Data Management and Storage Requirements

SENSIT uses one-, two-, and three-dimensional arrays to manage the large

amount of numerical data involved in its execution. Core storage is reserved

for a particular dimensioned array only during the time the corresponding data

are required to be in-core; at other times, the space is made available for the

storage of other data. In order to alleviate bookkeeping chores associated

with such dynamic storage allocation techniques, Argonne National Laboratory

developed a collection of subroutines, called the BPOINTR package
(10,11)

, which is

incorporated in SENSIT. The user needs to know nothing about the BPOINTR

routines themselves, only that they require two large blocks of workspace called

“containers” for data storage during execution of a job. The container sizes

are set in the main program by four FORTRAN statements as explained below, and

the choice of sizes is problem dependent. The first container, the FCM (fast-

core memory) or SCM (small-corememory) container, is in the CDC-7600’S fast

memory. The second, the ECM (extended-corememory) or LCM (large-corememory)

container, is in the slower memory banks of the CDC-7600. On IBM machines,
(10,11)

both containers are in fast memory .

In SENSIT, the main program is the control routine which defines the two con-

tainer arrays and makes appropriate calls to BPOINTR subroutines to control the

dynamic allocation of space within these containers. Calls to calculational sub-
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routines transmit pointers corresponding to array locations through the calling

sequences. Detailed program documentation for the BPOINTR package, including flow

charts, common block information and subroutine descriptions, is available in

Ref. 11. A shorter, functional write-up ~.sprovided in Ref. 10, which gives

calling sequences for the BPOINTR routines.

The SCM container is a blank common block BLK and is assigned in the main

program by the two FORTRAN statements

COMMON BLK(24000)

MAXSIZ = 24000 .
(37)

The container size of 24 000 words is chosen so that the SENSIT code uses all of

the available small (fast) core memory on the CDC-7600 at execution, after the

code itself is stored there. Only therelatively small data arrays and arrays

which are being used repeatedly during execution are allocated to this SCM con-

tainer. On the CDC-7600 the full SCM is always available for any job, therefore,

no operational advantage is achieved by reducing this pre-programmed container

size to a smaller SCM allocation.

The LCM container is a named common block, ARRAY2, and is assigned in the

main program by the two FORTRAN statements

COMMON /ARRAY2/ BLKECS(80000) ,
CALL BULK(80000) .

(38)

The container size (in this case 80 000 words) is completely problem dependent

and should be chosen before execution according to the specific problem or machine

size. An advantage at execution (quicker access to the machine, shorter job

turn-around time, less computer costs if the charging algorithm counts the re-

quired LCM size) is realized when BLKECS is chosen as small as possible. To

achieve this, the LCM container size in the two statements, given in (38), at

Lhe beginning of the main program must be changed simultaneously. The optimal

size of BLKECS is probably best obtained by trial and error.
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All large data arrays (two- and three-dimensionalarrays) are stored in the

LCM container BLKECS at the time when they are needed for execution in one of

the computational subroutines. At one specific time there are never all LCM

arrays stored in BLKECS, because the BPOINTR package allows to take out unneeded

arrays and re-use that space to put in new arrays. Therefore, it is very dif-

ficult to predict the minimum size required for BLKECS just on the basis of

input array sizes. However, if even the maximum available LCM on a specific

computer may not be large enough to accommodatethe minimum required BLKECS for

a specific problem, the knowledge of which arrays are stored in LCM can help

to indicate how or on which input arrays the problem might be trimmed down to

fit the maximum available core space.

The major input arrays assigned to BLKECS are the angular flux arrays for

$ and Q* in the detector, source and perturbed zones, and the cross section

arrays, as listed in Table I. The lengths of these arrays are also given in

Table I as a function of input control parameters. This table allows the user

to identify the largest arrays, which must be stored for a specific problem. If

a problem must be trimmed in size to fit into LCM, it is then recommended to

attempt to first cut down on the largest arrays. For example, if the cross-

section arrays are dominating the LCM container space, a reduction in array size

is easily achieved by choosing a lower order of cross section anisotropy; i.e.,

a smaller LMAX. Or, if the angular flux arrays are overwhelming the LCM container,

one can simply reduce IPER, ISRS or IDET by including only a part of all per-

turbed, source, or detector zones in one SENSIT run. In this case the full

problem is solved by a series of smaller size SENSIT runs.

c. Summary of Subroutine Functions

Basically, all subroutines are called from the main program with a few ex-

ceptions where subroutines are called from other subroutines. Comment cards are

inserted generously at the subroutine calls as well as in between executable

statements in the main program and in all subroutines. Here we summarize only

the general functions carried out by each computational subroutine. We use the

nomenclature defined in previous sections.

Since data management, as opposed to computational complexity, is of prime

concern in SENSIT, as explained above, most subroutine calls refer to the dynamic
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TABLE I

ARRAYS ALLOCATED TO THE LCM CONTAINER ARRAY BLKECS

Length of Subroutine in Array only
array which array used if

Array Name (words) is first used

PHI

PHID

COVR

FISTAR

FISTAS

FISS

PHIP

FISP

FISTAP

Xs

XSBAR

DSL

DSLFD

PSI

PSED

Cov

(IM+l)*MM

IGPt~IDET*MM

IGM*IGM

(IM+l)*MM

IGM~ISRS*MM

IGI@ISRS*MM

IGM*IPER*MM

IGM*IPER”WM

IGM’~IPER*MM

(IGM+IHT)*

*IGM$’(LMAX+l)

(IGM+IHT)$’

*IGM*(LMAX+l)

IGM*IGM*

*NMOM (+)

IGM*IGM*

*NMOM (+)

IGM$’lGM

*NMOM

IGM1*IGM1

IGM1*IGM1

SUB2A

SUB2A

SUB2A

SUB2B

SUB2B

SUB2B

SUB3

SUB3

SUB3

SUB5

SUB5

sUB6

SUB6

SUB4

SUB11

SUB5V

always

always

DETCOV = 1

always

always

always

always

always

always

ITYP = 0,1,3

ITYP = 0,1,3

ITYP = 0,1,3

ITYP= 0,1,3

ITYP = 0,1,3

ITYP = 3

ITYP = 2

(+)NMOM = LMAX+l for IGE = 1,3

= (LMAX+2)2/4 for IGE = 2

= (LMAX+1)2 for IGE = 4
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storage allocation scheme provided by the BPOINTR package. Since these routines
(10,11)

are described in detail elsewhere , we just summarize here the subroutine

names which belong and refer to the BPOINTR package.

1. BPOINTR Package. Subroutines from the

all dynamic storage allocation functions within

POINTR IPTERR PRTIlE

PUTPNT PUTM PRTI2E

BULK REDEF PRTI2

FREE REDEFM PRTRIE

WIPOUT PURGE PRTR2

GETPNT STATUS PRTR2E

IGET PRTI1 FREE1

BPOINTR package

SENSIT are:

ALLOC1

ALLOC2

IPT2

ILAST

MEMGET

MEMGET1

SQUEEZE

which perform

SQUEEZEX

These subroutines are attached to SENSIT after the computational subroutines.

2. Subroutine SUB1. This routine reads, from input cards, the neutron and

gamma-ray group structures En(g) and Ey(g), the SN quadrature weights w(m) and

level cosines MUE(m), all geometry information such as spatial mesh boundaries

z(i), and the interval numbers which identify source, detector and perturbed

zones in the problem. SUB1 calculates the lethargy widths per group, Aug, and

spatial mesh cell volumes Vi. The numbering sequence of the spatial mesh cells

is reordered for the source, detector, and perturbed zones as described in

Sec. V.C. This renumbering is achieved by three calls to subroutine MAP as

described later. A somewhat elaborate editing algorithm is also built into SUB1

which prints the geometry information in one summary table that allows for easy

debugging of input errors.

3. Subroutine SNCON. This routine is borrowed from the ONETRAN discrete-

ordinates transport code
(12)

and generates point directions and point weights for

the input SN quadrature set {Wm,pm]. It also computes the Legendre polynomials

PQ(pm) and the more general spherical harmonic functions required for cylindri-

cal and two-angle slab geometries.
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. Subroutine SUB2A. The main function of this routine is to calculate

14 O;I(’)q, the integral response for the unperturbed reference case, computed

only from forward fluxes from Eq. (14). l?orthis purpose the energy and spatial

distribution functions for the detector response, RHO(g) and R.HO(j),are read

from input cards. The forward angular flux in the detector zones is read from

TAPE1. As a by-product of the calculation of I according to Eq. (14), the
o

detector sensitivity profile P;, Eq. (16), is also obtained and edited. If

DETCOV = 1 and a covariance matrix COVR(g,g’) is provided in the input, then

subroutine SUB9 is called to perform a detector response uncertainty analysis.

5. Subroutine SUB2B. This routine performs functions analogous to SUB2A,

except for the adjoint fluxes. First the energy and spatial distribution func-

tions for the source distribution, QUE(g) and QUE(j), are read from input cards.

Then, the adjoint angular flux in the source zones is read from TAPE2 and its

group and directional order reversed to confirm to the same ordering as used for

the forward flux. The integral response Id~, obtained from the adjoint flux

distribution alone,

sitivity profile Pg
Q

6. Subroutine

is calculated via Eq. {15), together with the source sen-

via Eq. (17).

SUB3. The main function of this routine is to read forward

and adjoint angular fluxes from TAPE1 and TAPE2 for all perturbed zones. The

adjoint angular fluxes are also reordered with respect to their group and angu-

lar variables to confirm with the ordering principle of the forward fluxes.

7. Subroutine MAP. MAP is a special utility routine which is called from

subroutine SUB1 to renumber spatial mesh cells for given zones . Specifically,

MAP generates an integer map for all spatial mesh boundaries, such that those

mesh boundaries within specified (disjoint) zones are numbered consecutively,

while those outside these zones are set to zero (Sec. V. C).

8. Subroutine SUB4. Using the forward and adjoint angular fluxes, &(i)

and ~~(i), for spatial intervals within perturbed zones, SUB4 calculates the

arrays Xg and $~g’ required for the evaluation of sensitivity loss and gain

X~(i) and Y~’(i),terms, respectively. Two intermediate arrays, are used to

finally compute *~g’ as defined in Sec. II. A.
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9. Subroutine SUB4V. For vector cross-section sensitivity analyses

(ITYP = 2) only sensitivity loss terms are computed. Therefore only the array

X% is needed, but not $~g’. Hence, if ITYP = 2, subroutine SUB4V is called

instead of SUB4 to calculate Xg as a spatial integral over all perturbed zones.

10. Subroutine SUB5. The general function of this routine is to read into

SENSIT the needed differential cross sections, either from input cards or from

TAPE4. SUB5 is only called for ITYP = O, 1, 3, but not for ITYP = 2 because the

vector cross-section sensitivity analysis requires a special cross-section tape,

TAPElO, which is differently formatted than TAPE4. SUB5 is written in 3 different

sections to read cross sections (a) in LASL format from cards, (b) in LASL for-

mat from TAPE4, and (c) in limited FIDO (ORNL) format from cards. For detailed

format specificationswe refer to Sec. V.A. SUB5 reads a complete cross-

section table for each material, which includes LMAX Legendre components with

IGM energy groups and a table length of IGM+IHT. After the (assumed) microsco-

pic cross sections are read, SUBS converts them immediately to macroscopic cross-

sections using the input number densities.

11. Subroutine SUB5V. For the case of a vector cross-section sensitivity

and uncertainty analysis (if ITYP = 2) SUB5V is called instead of SUB5 to read

cross sections into SENSIT. SUB5V first reads, from input cards, the identifica-

tion number and two number densities for the pair of vector cross sections to be

read from TAPElO. Then subroutine COVARD is called from SUB5V, which actually

reads the microscopic cross-section pair, Xlg and Xg together with the relative
2’

covariance matrix Cov(Z~,Z!j’). This information is printed if ITEST = 3.

Finally, SUB5V generates macroscopic cross sections using the number densities

read from input cards.

12. Subroutine SUB6. This

tables the vector cross-sections

routine extracts from the full cross-section

~:bs, Vz:, 2: loss, ~, and the down-scattering
*

matrix Z~+~’. For design sensitivity analyses-(ITYP = 1) these cross-section

data are ~repared for both the perturbed (2) as well as the unperturbed ($)

cross sections in order to then calculate the net cross-section perturbations,

according to

tering cross

according to
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Eqs. (22) through (24). In addition, the total macroscopic scat-

section per group is calculated directly from the scattering matrix,

Eq. (6), by summing ~~+~’ along diagonals. In coupled neutron/
Y



gamma-ray calculations (if NCOUPL > O) the total

section per neutron group is also evaluated. If

print all of the above calculated cross sections

13. Subroutines TEXT and TEXTA. These two

gamma-ray production cross

ITEST = 1 is chosen-,SUB6 will

for all groups.

routines have the exclusive

function to print definitions of variable names which are used when the computa-

tional results are edited. TEXT prints a list of definitions pertaining to the

standard cross-section sensitivity analysis when ITYP is chosen as O or 3. TEXTA

prints another list of definitions used for design sensitivity output (if ITYP=l).

14. Subroutine SUB8. This routine calculates and edits the final results

of the sensitivity analyses for the standard (ITYP = O) and design sensitivity

(ITYP = 1) cases. SUB8 uses the previously prepared cross-section arrays from

SUB6 and the arrays Xg and t$g’ from SUB4 to evaluate Eqs. (3) through (5),

Eqs. (8) through (15), Eqs. (18) through (21) and Eqs. (25) and (26). If

IOUTPUT = 1, all sensitivity results are printed for each individual perturbed

zone and for the sum over all perturbed zones, while for IOUTPUT = O a consid-

erably shorter printout is provided by editing only the sensitivity results

integrated over all perturbed zones.

15. Subroutine SUB8V. In the case of a vector cross-section sensitivity

and uncertainty analysis (ITYP = 2) all editing is provided by SUB8V instead

Pg and P;, for the pair of vector crossof SUB8. First the sensitivity profiles, ~

sections read from TAPElO via SUB5V are evaluated and edited. Then the uncer-

tainty analysis, according to Eqs. (27) and (28), for th~s cross-section pair is

performed using the relative covariance matrix Cov(Z~,2~ ), which has also been

read from TAPE1O via subroutine SUB5V.

16. Subroutine SUB9. Should a covariance matrix be provided for the de-

tector response function R(g), i.e., if DETCOV = 1, then SUB9 is called to read

these data and perform the relevant uncertainty analysis. Response variances are

also calculated for the special cases of assumed full correlation (+1) and the

completely uncorrelated case.

17. Subroutine SUB9V. This routine is called only if ITYP = 2 and

NSLJMCOV> 0, i.e., when partial sums are required of individual response vari-
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antes. SUB9V first reads the integers SUNSTRT and SUMEND which define the

variances to be summed. Assuming no correlations between the individual

vector cross-section errors specified in any or all of the NCOV covariance ma-

trices, SUB9 then computes the total variance and relative standard deviation.

18. Subroutine COVARD. For vector cross-section uncertainty analyses

(ITYP = 2), the routine COVARD is called to read into SENSIT, from TAPElO, the”

pair of vector cross sections with their respective covariance matrix for each

specified identificationnumber. The input ID number is correlated with ENDF/B

specifications through a call to subroutine SETID. It is important to note that “

all arrays in subroutine COVARD are fixed-dimensioned,i.e., their field length

is not dynamically allocated as is the case

the present version of SENSIT, the 2 arrays

are restricted to a maximum size of 50 x 50

striction of the code and may be changed at

rather arbitrary, considering our specially

neutron groups.

for all other arrays in SENSIT. In

describing the covariance matrices

each. This is not a serious re-

any time. The choice of”50 x 50 was

prepared TAPE1O which uses only 30

19. Subroutine SETID. This routine is called only from COVARD and has the

sole

into

read

function to translate the input ID numbers for vector cross-section pairs

ENDF/B nomenclature. It is these latter identifiers which are required to

data from TAPElO.

v. DETAILS OF PROGRAM OPTIONS

In this section we describe special details which are helpful in preparing

input to SENSIT or may prove valuable if modifications of the FORTRAN coding are

considered.

A. Cross-Section Input Options

If ITYP = O, 1, 3, complete transport cross-section tables are read into SEN-

SIT by subroutine SUBS; if ITYP = 2, a specially formatted vector cross-section

file is read from TAPElO as described later.
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1. Transport Cross-Section Tables. Three options are built into subroutine

SUBS to read standard neutron (or coupled neutron/gamma-ray) cross-section sets:

first, LASL format cross sections from cards; second, LASL format cross sections

from TAPE4; and third, limited FIDO (ORNL) format cross sections from cards.

The general structure of all transport cross-section tables is as described in

the transport code literature; e.g, the ONETRAN
(12) (13)

or ANISN manual .

Each nuclide is described by a cross-section table of IGM columns and length

ITL = IGM + IHT. The position of a certain cross section in each of the IGM

columns is specified relative to the total cross-section (pos. IHT). The fol-

lowing ordering is assumed in the column for group g:

XS-position in

general typical standard

XS-position XS type XS set
f I

f 1

? f

IHT-4 . 0
n,2n —

IHT-3

IHT-2 = IHA

0
transport —

CT
abs

1

IHT-1 vu
f

2

IHT
‘T

3

IHS = IHT + 1 4

IHS + 1
f-l+g

5
! t t

I t I

f ! ?

IHT+IGM = ITL
~g-IGM+l+g
s

IGM + 3
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The requirements that IHS = IHT + 1 and ITL = IHT + IGM restricts these cross-

section tables to include only downscat.teringbut no upscattering. The test—

printout in sample problem 1 contains an example of a coupled 6-group cross-

section set with 3 neutron and 3 (identical) gamma-ray groups. Since this printout

is generated line-by-line, the sequence of data along lines corresponds to the

ordering along columns as discussed above.

If anisotropic scattering is considered, then the complete cross-section

set for an isotope or reaction is expected to consist of LMAX+l cross-section

tables representing Legendre expansion coefficients. Note, however, that two

different conventions are presently being used for such expansions. Omitting

the energy dependence and abbreviating IJo= Q-G?’we have:——

a. LASL (ONETRAN, etc.) convention:

.

LMAX

zJ1.Jo)= x
2!?,+1

g=o 4n “~~”%(Po) ,
(39)

so that

+1
~LASL

= 2n
J

~S(IJo)pl(t.Jo)dpo .S,J?
-1

b. ORNL (lUiISN,etc.) convention:

LMAX

ZJpo) = x & “Z:y “P2(po) ,
>

J?,.()

so that

(40)

(41)

(42)
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Due to these different conventions the higher-order components of the scattering

tables differ by a factor of (2!2+ 1):

~om
S,l?

= (2Q+ 1) $7 ,
?

(43)

which is compensated for in SENSIT subroutines SUB8 and SUB1l according to

KXS=lor2.

The actual formats in which the cross sections are read into SENSIT differ

also according to KXS = 1 or 2, and IXSTAI?E= O or 1:

c. LASL-Formatted Transport Cross Sections From Cards (KXS = 1 and

IXSTAPE = O: The standard LASL cross-section format expects a string

of data which corresponds to reading the above-mentioned cross-section table

columnwise in ascending group order. The format for the numerical data is a

6E12.5 data field which expects 6 numbers per card. The only difference between

cross sections read from cards or from tape lies in the title cards and the

number density specifications. If KXS = 1 and IXSTAPE = O, the format for one

complete cross-section set is:

Input Number Input Required
Array of Format only
Name Entries if Description

TITLE

NUMDEN,
JCOVAR

PLTITL

Xs(g,g’,o)

PLTITL

Xs(g,g’,fl)

1 card

2 words

1 card

IGM~ITL

1 card

IGM$’ITL

20A4 always XS title card for this material

12X,E12.6, always NUMDEN.= number density of
11X,11 cross section. JCOVAR = indi-

cator if the last P -XS set is
followed by a covar?ance ma-
trix, 0/1 = no/yes.

20A4 always title card for Po-component.

6E12.5 always microscopic cross-section set
for Po-component.

20A4 LMAX>O title card for P2-component

6E12.5 LMAX > 0 microscopic cross-section set
for Pi-component.
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Input Number input Kequ~rea
Array of Format only
Name Entries if Description

Note: For each P -component a
set of {PLTITL,XS~must be in-
put, until L = LMAX is reached.

CTITL 1 card 8A1O JCOVAR = 1 title card for covariance
matrix.

Cov(g,g’) IGM*IGM 6E12.5 JCOVAR = 1 covariance matrix for cross-
and section set XS(g,g’,Q)

ITYP = O

If a design sensitivity is required (ITYP = 1) with an independent reference

cross-section ~ (IDESIGN = O), then a second complete cross-section set

XSBAR(g,g’,Q), starting with a material title card, is exPected”

If JCOVAR on the number density card is 1 and a relative covariance matrix

is entered, then SENSIT performs a cross-section uncertainty analysis analogous

to the vector cross-section uncertainty analysis, where Eqs. (27) and (28) are

evaluated for the net sensitivity profile as defined in Eq. (11), i.e., PI = P2 =

SEN.

d. LASL-Formatted Transport Cross Sections From TAPE4 (IWl = 1 and

IXSTAPE = 1):

In this case the cross-section data are read from a card-image tape accord-

ing to their material sequence number. It is assumed that, for ITYP = O or 3, a

tape has been

trary number,

is identified

material’s ID

prepared which contains complete cross-section sets for an arbi-

say MAXMAT, of materials. Then each cross-section set per material

by its sequence number between 1 and MAXMAT, which is then the

number. The card input then must specify only this ID-number and

the associated number density in order for SENSIT to read the desired cross-

section set from TAPE4, as described in the detailed input specifications:

1 card with (ID, NUMDEN, XSNAME) is required for each of the NPERXS cases.

TAPE4 must then be formatted as follows:

1. record: title card (20A4) for material 1, P. component

2. record: PO-XS data for ID = 1, IGMxITL words in (6E12.5)-format
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3. record: title card for ID = 1, PI component

4. record: PI-XS data for ID = 1,
I

I

n-th. rec.: title card for ID = 2, PO component

(n+l)st. rec.: PO-XS data for ID = 2

(n+2)nd. rec.: title card for ID = 2, PI component
t

m-th. rec.:
‘LMAX

-XS data for last material (ID = MAXMAT).

e. FIDO (ORNL)-FormattedCross Sections From Cards (KXS = 2 and IXSTAPE = 0):

This option has been incorporated for convenience in cases when ANISN angu-

lar fluxes are used. We transferred the cross-section input algorithm from our

(rather old) version of ANISN into SUB5 of SENSIT, which allows SENSIT to read

the same cross sections as ANISN when KXS is set to 2. However, we caution the

use of this option because there are a great many different versions of ANISN

and FIDO routines in existence and compatibility among these different versions

is not guaranteed. Moreover, we are unable to precisely date our version of

ANISN from which this cross-section input algorithm was taken.

A total of LMAX+l P2 cross-section tables, based on definitions given in

Eqs. (41) and (42), define a complete material cross-section set, where again

each Pfi-tableis preceded by a title card. The actual cross-section data are

expected in a fixed-field FIDO format which allows blank fields and the repeat

option. For a detailed description of the FIDO format we refer to Ref. 13,

but stress again the limitations of our version, as mentioned above. TO elimi-

nate any remaining ambiguity, we recommend the editing of anY cross sections

used with ANISN and then reformatting them into the simpler LASL-formatted TAPE4

as described in the previous paragraph.

2. Vector Cross-Section and Covariance Matrix Input. If ITYP = 2, SENSIT

reads pairs of vector cross-sections with their associated covariance matrix from

TAPElO which, therefore, must be specially prepared as described below.
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3. Multigroup Processing of ENDF/B Covariance Data to Generate TAPE1O.*

The NJOY code(14) was used for processing the ENDF/B-V covariance data in-

to the 30-energy group multigroup structure used in a separate study
(15) for

TAPE10. The module in NJOY that specifically does this processing is the

ERRORR module. The multigroup output of the ERRORR module is in an ENDF-like

format; a sample of this output is given in Table II.

The data in Table II are given in standard ENDF/B BCD records or “cards”

consisting of 80 columns divided into 10 fields. The first 6 fields are 11

digits wide and are used for either floating point numbers or integers. The

7th, 8th, 9th, and 10th field are 4, 2, 3, and 5 digits wide, respectively, and

are used for in~egers only. In these latter 4 fields, that is, fields 7, 8, 9,

and 10, the digits in the field of 4 (field No. 7) represent the MAT or

“material number” of the isotope or element processed; the next 2 digits (field

No. 9) are the MT or “section number” that usually indicates the nuclear re-

action processed; and the final 5 digits (field No. 10) are just the card se-

quence number. Sections are delimited by zeros in the MT fields, files by

zeros in the MF fields, and materials by zeros in the MAT fields. The first

card shown in Table II, with zeros in all of the last four fields, is the

delimiter for the preceding material.

The next card shown in Table II is tb.efirst card for the material with

MAT-1326, which is natural iron. Note that on this card the number 2.6 x 104

appears in the first field and 55.365 is in the second field. These are the

“2A” (1 000 x Z + A) and “AWR” (atomic weight ratio, i.e., atomic weight of the

material divided by weight of the neutron) numbers as taken by the NJOY code

directly from the ENDF/B file. The fact that 1 000 x Z is 26 000 and A=O just

means that the data is for the element Fe rather than for an isotope.

Also note that MF=l and MT=451 on cards 1 to 8. This MF-MT combination is

normally used in the ENDF/B formats for descriptive Hollerith information, but it

is used here for the boundaries of the multigroup set used for the processed data

to follow. On card No. 2, note the number 30 in field 3 and the number 31 in

field 5, which indicates, respectively, the number of energy groups and the

-L
. The author is indebted to R. J. Labauve of LASL (T-2) who provided this

section and cooperated with the author in supplying needed data for many
practical applications of the SENSIT code.
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TABLE II

SAMPLE LISTING OF MULTIGROUP COVARIANCE DATA ON TAPElO

100
2.6EIEIEJ13+4 5.5365EI+1 0 81326 1451
a.awltm+a a.mwm+ 0 3: 0 3: 81326 1451
1.39W313-4 1.52ZW3-1 4.14WI@- 1 1.13aZ@+D 3.EHZM3+D 8.32EWM+ EI13261451
2.26EtOB+1 6.14W3W 1 1.67W3+ 2 4.549~a+2 1.235EIEi+3 3.35ZW+ 31326 1451
9.12EI@3+3 2.48EM3+4 6.76EW+ 4 1.849W3+5 3.Q3EM3+5 5.E@EIW+51326 1451
8.23EW+ 5 1.353W3+6 1.738W3+6 2.232WZI+6 2.’36580+6 3.68WKI+61326 1451
6.a7a@3+6 7.7F313W3+6 1.@3WZI+7 1.2WWI+ 7 1.35W3+ 7 1.5EIEW+71326 1451
2.@am3+ 7 1326 1451

1326 1 Q
1326 0 EI

E1.awm+ a E1.mima+a 1313263 1
1.35541+1 1.22a16+1 1.18821+? 1.16911+‘i’1.15747+3’i’1.ISW34+113263 1
1.14473+1 1.1389a+1 1.08615+1 3.81153+ O 7.48915+O 1.a3E151+113263 1
2.37348+B 9.85481+D 4.41598+a 3.68858+EI3.78846+@ 3.a6211+ B1326 3 1
2.67145+a 2.98232+8 3.06996+@ 3.34555+0 3.4@@99+U 3.67215+Q1326 3 1
3.58365+~ 3.28614+Q 2.98118+0 2.72494+a 2.57176+8 2.33a63+1313263 1

1326 3 8
f3.mzml+‘a(zl.fzlwam+a 01326 3 2
1.15197+1 1.141al+1 1.14~35+? 1.14W6+ ? 1.13984+3?1.13!346+113263 2
1.13848+1 1.13521+1 1.@3378+1 9.567W+ a 7.48389+EI1.~283B+ 113263 2
2.36615+@ 9.84a28+B 4.4@579+~ 3.68153+FI3.78343+0 3.E15551+@1326 3 2
2.35213+132.28275+a 2.22931+ a 2.434!3+ E 2.2D6a2+ O 2.14129+ f313263 2
2.E1425a+EI1.775EM+EI1.49848+a 1.30118+EI1.17171+13-9.82526-113263 2

1326 3 B
a.aaaaa+0 a.mma+ a 0 a 30 B1326 3 3
2.B34351-O 7.31472- 1 4.78657- 1 2.W519- 1 1.7623& 1 1.a57!35-113263 3
6.25256-2 3.69154-2 2.37323-2 2.44582- ! 5.26174-3 1.6E17WP21326 3 3
7.328134-3 1.45286-2 1.81936-2 7.D8119- 3 5.E13364-3 6.5W9a- 31326 3 3
3.19314- 1 6.99575- 1 8.4647- 1 9.11424- 1 1.19498+D 1.53CJ86+@1326 3 3
1.54115+B 1.51114+a 1.4827a+Ei1.42384+a 1.4EW6+ ~ 1.34810+Ei13263 3

1326 3 EI
a.mma+ o E1.mmaa+a
fa.mmm+ El‘a.tl’awzva+a a.rzwm+ : ‘a.wlmm+: mm0+3: 13.wmm3+ :% : :
B.8W3EIa+a F3.f3EK@Zi+D EI.EI1313EIE+0 ti.E@Zt@ZI+!3@.EW3C@+0 a.aga~a+01326 3 4
0.W313QWElEI.EWMW3+O 13.WWW3+EIEI.EIE@3a+EIEI.WMM+ a 13.BMWi@E01326 3 4
3.16D9k3-1 6.97516- 1 8.37997- 1 9.06148- 1 1.18417+a 1.5E1336+E113263 4
1.47693+8 1.4g533-I-a 1.328B6+EI1.a71365+B 7.E16491-1 3.81651- 113263 4

1326 3 a
O.mmla+ a E1.mwa+ a 0 El 30 Ei13263 16
8.ZMNM+ a a.EWii3EI-I-B 13.EW13a+a 13.EIEIQOa+Et@.EME@3+ EIf3.WWWZt+E113263 16
a.@?.MZIa+8 B.EN3EN30+B EI.EWEKI+@ EI.W?WWHa EI.WV38E3+EI8.WWU3+ B1326 3 16
EI.EWWI+a EI.EIWW+1313.WVZIEN3+a EI.EIW13EI+0 @.13’ZKWZI+0 @.13EI13aEI+81326 3 16
a.13W3a+D EI.E@3aEI+a 0.813WM+O 13.EIZWMZI+0 EI.E@8@3+O a.EMEW+ 01326 3 16
a.WW30+ a 13.W3W3+B 2.89441-3 1.65433- 1 4.65aEI& 1 6.2467Q- 113263 16

1326 3 0
Ei.umzlw0 a.lm!zlalzl+El ~132G 3 22
a.W381313+8 EI.@3WIEt+EIQ.EMW3+ : EI.QWEIEH: U@3E113+3:Q.EMaW+ IZ113263 22
tI.@m@zt-I-a @.@OEMQ+a 8.WK@EH 0 a.13@30a+a @.0@3a@+a a.W@313+81326 3 22
a.WWM3+ a a.E@WW O EI.WIOaEI+0 13.91ZWM+0 B.@3E@0+EI@.@3W3+ !313263 22
(3.WWIEI+0 @.WW3+ 13EI.WZIEIa+1313.13EWW3+!3EI.EIE@BO+i3B.aEiaEW81326 3 22
Ei.@3@ZN?J+Elt3.IZ@3EiEI+O 2.EIWUZW6 1.27543-4 4.U8366-3 4.22898- 21326 3 22

1326 3 0
C1.aEIEIEllzl+@ E1.mlimki+a 0 a 30 13~3263 28
8.@aEIW3+0 B.EIEV3W3+Q 13.W3WEHa @.EWWia+8 a.aW3i3+D 8.0~8B8+a1326 3 28
a.aaaaa+a a.aaaaa+a ei.aaaaa+a a.ziaimm o a.wioaa+o 13.umzm+ E113263 28
a.wma+ a a.mam+ a 0.EIEW3+B a.mmzw a a.aama+ a a.maaa+ a1326 3 28
a.aaaaa+a a.amam a a.aama+ 0 o.mmm a a.wwm+ a a.aaaw+ 81326 3 28
a.@EWa+ 8 a.W8W+ 8 3.32449-3 1.a2461-2 4.34896-2 1.552!38-113263 28

1326 3 8

a
1
2
3
4
5
6
7

:
IQ
11
12
13
14

24
25
26
27
28
29

%’
32
33
34
35
36
37
38
39
4a
41
42
43

::
46
47
48
49
5a
51
52
53
54

;:
57
58
59
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SAMPLE LISTING OF

a.mlami-a (zl.EIEIElaEl+B

TABLE II (cont.)

MULTIGROUP COVARIANCE DATA ON TAPElO

E1132631~2
2.133435+E 7.91472- i 4.78657-f’2.98S19-? 1.7623@3? 1.D5795-1132631g2
6.25256-2 3.69154-2 2.37323-2 2.44582- 1 5.26174-3 1.6a7EM-21326 31g2
7.32684-3 1.45286-2 1.a1936-2 7.t38119-3 5.@3364-3 6.59g77-3132G 31Q2
3.28287-3 1.87146-3 1.52351-3 1.246!32-3 1.Q1854-3 7.77897-41326 31g2
6.66572-4 6.35742–4 r5.485J9EI-47.13D11- 4 8.13104-4 9.53248-41326 31a2

a.miam+ o E1.Em3m+-El
1326 3- 8

(313263103
a.aEW8+ O E).W3EWCG EI.W3WM+: O.WWZM+ : Q.QWM3+3: EI.WPZW+1313263183
@.@@a@@+8 0.EWMW a 0.aaEIf30-f-O @.EtWZu3+0 EI.WW3W+O EI.E@(3@3+13132631E13
13.ZKNZWJ+a a.@ZWWt B a.E@W3+ f3EI.WWU3+@ Q.E@3@~+8 3.23EIa0-61326 31g3
2.221WP 5 1.8787i3-4 1.1271EP3 4.B3744-3 9.77153-3 2.6@238-21326 3183
5.64685-2 8.63289-2 1.!3654-1 1.28663-1 1.2a2@9-1 7.33574-21326 31Ei3

a.wlwla+a a.fzlmml+El
1326 3 g

81326 31!Z14
8.08aB@+!3F3.EKJ8W+a EI.EZWZM+: f3.13W3EWJ+: EMW3@+3: a.EWWZMI-G1326 31a4
8.WKKM+ El8.BWW+ B 8.EWN3f3+B 0.t3WW@I-EID.QEIEWwZWB EI.EJWDZU3+f3132631a4
13.EWW+ 8 EI.W3EIEWG @.OBEIaa+@ EI.aW3D+a EJ.WWV3+B 13.EWWM+B1326 3184
Ef.EMWM+O B.EM3EM+B EI.13WWM+a 13.EN3W3+0 EI.@30W3+a a.a~aaa+E113263184
EI.WWW3+El1.Bg996-S 2.25WN3-3 9.13333-3 1.99333-2 2.866Q& 21326 3104

1326 3 Et
@.0m313t3+a C1.mmw @ 01326 3105
~.8WBa+ 8 a.a8@3a+a 13.ENZWU3+: ~.a~a~~+: MMW3+3: O.WWEI+ @1326 3185
13.W3EWM+a a.QZWZ@F8 B.W3EM+ 8 8.WMZB3+a a.WZW3+ 0 ‘d.EJt3EWn+(3132631B5
8.08980+O g.t3f3@3f3+f3O.WWHZH a EI.EWM13+O B.f3WK3Ei+@ Et.E@Zn3Wa1326 31E15
~.W3W3+ a B.Z@aEIa+D 13.WW3+ a 0.WW3tI+a EI.EWW+ 13(3.fZWMEIETI-(3132631135
EI.EIEuZWI+El8.t3E@EIa+U Q.EMWKM EIEI.EIEJZVZW+a 5.6WZW 4 1.448g0-213.X 31g5

1326 3 0
E1.mlzml+a E.mmmi- Q (3132631~6
EI.EKWM+B ~.t3@3aEI+B EI.EWWZW: E1.Z@3EIEi+: @.WZWW3: a.EWWZ@+01326 31@6
~.B@WD+ B Ef.@3gW3+a f3.W@Wt+a f3.@0Wf3+0 ~.WW3+ @ 13.f3EWW+EI13263106
8.WWJW+ a a.EMg@a+O Q.Baa@a+@ EI.t3EWWJ+B EI.Ew3@3WB @.f3tWW+81326 31t16
B.8W3g+ 8 D.EWM3EWWB EI.Ei0Ei8B+0 !3.EN3W3EI+g @.t3W3EI+O B.EWJEVW+1313263186
a.W3EIEla+a E1.WX@3+f3B.8WKW+ 8 8.33334-6 3.91667-4 5.31W8- 31326 31B6

1326 3 B
E1.ElaEMa+ElE1.mEIEla+El 91326 31E17
EI.W3a8a+@ f3.f3~@8~+a 0.8WWF : f3.W3EM+: @.E?EWEW3:~.@ZaEM+EI132631g7
8.EKWJEI+EI8.EMQW+ D 13.Un3EKWa Q.W3EiEt+O EI.W3WN3+EI~.@3f3W+E1132631E17
a.mwzm+ a 13.EWEW 0 a.mma+ a EI.wmm+ 0 O.EWWM+ a a.mrznzm+a1326 31a7
8.W3aW 8 0.W3Wa+ a a.aaaaa+a f3.E@@@@+a 1.98577-5 6.30973-41326 31a7
7.88327-3 1.S8243-2 3.18674-2 3.88642-2 3.9a835-2 2.1523a-21326 3187

1326 3 a
1326 a a

2.6t3aaa+4 5.5365a+ 1 a 0 a 13132633 1
a.aaaaa+a a.aoaaa+a El 1 El 3a132633 1
a.mmaa+ a a.aaaaa+tzf 1132633 1
1.81487-3 1.99a84-3 2.@416& : 2.a7346-: 2.a9334-: 2.1Q578-3132633 1
2.11317-3 2.11788-3
a.a~aaa+a a.amaf3+B

132633 1
2132633 1

1.99a84-3 2.18787-3 2.2447@ : 2.28a39-; 2.3a263-: 2.31657- 3132633 1
2.32507-3 2.33026-3 132633 1
13.mmm+ a a.aaaaa+D 3132633 1
2.a416a-3 2.2447a-3 2.30329-: 2.3~a7- : 2.363al-: 2.37737- 3132633 1
2.38619-3 2.39151-3 132633 1
a.m38a0+a a.aaaaa+a 4132633 1
2.a7346-3 2.28a39-3 2.34EM7-: 2.37754-: 2.4W91- : 2.41554-3132633 1
2.42456-3 2.429!37-3 132633 1
a.aaaaa+a a.amaa+ a 5132633 1
2.89334-3 2.3a263-3 2.363al-: 2.4Eia91-; 2.42454-: 2.43934-3132633 1
2.44849-3 2.45396-3 .132633 1

60
61
62
63
64
65

%

%
70
71
72
73
74
75
76
77
78
79
8a
81
82
83
84
85
86
87

:;
9a
91
92
93
94
95
96
97
98

1::
lal
la2
103
la4
las
la6
1a7
la8
la9
lla
111
112
113
114
115
116
117
118
119
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TABLE II (cont.)

SAMPLE LISTING OF

E1.mmm+ a B.mmm+ El

MULTIGROUP COVARIANCE DATA ON TAPElO

G 25 6 3El1321533
-9.59302+11-5.UO@Ba+13-6.55B48-j-1.Cj2718-2:-6.21454-4-2.f39329-3132633
a.mkwti+a 0.mm3EJ+@ 0 313132G33
a.mt?lwzl+a 13.lamzllzl+8 4 27 4 27132633
-6.98955-4-2.33988-4-5.G3~Y2-5-1.57685-5 132633
lzl.mzum+@ E1.mmzl+El 4 27 4
-9.13G4B-4-7.47432-4-1.53677-4-2.4@5G6-5

28132633
132633

E1.mmlm+Cllzl.mzm+El 4 29132633
-1.38458-3-9.G85G1-4-1.87498-:-2.7944EP2~ 132633
a.mlmzl+a Ei.lzmwt+a 4 30132633
-2.563@G-3-1.@2291-3-1.S4789-‘$-6.8f3334-2~ 132633
E1.wmlm+ElE1.tvzmwEl El 102
O.amm+ ElO.lzllmzl+0

33132633KJ : 19132633
-1.63835-5-3.27826-5-1.22710-4-2.a7935-*~-l.15466-4
a.wmm+ a 13.fmmlzl+13

132533
3 19 3

-5.58855-5-1.07321-4-5.95814-5
2Q132G33

132633
E1.tlmlm+a E1.fzlfmm?+El 12 19 12 21132633
-2.07223-5-4.03725-5-4.37136-5-5.B3268-5-5.43578-5-6.11663-5132633
-6.5’3791-5-6.7GIW3-5-G.G89EK?-5-S.37887-5-5.9318’3-5-5.586S3-5132633
a.fmoml+ 13E1.mzmm+El In 21 la 22132633
-3.88925-5-’3.EM449-5-9.83828-5-1.l179g-4-1.21267-4-1..24479-4132633
-1.23Ef61-4-1.16954-4-1.09333-4-1.01351-4
O.fmmm+ @ a.mlmzl+ B

13.2633
23132633

-2.57173-5-6.14953-5-6.75694-1:-7.78287-2:-8.50809-1:-8.75384-5132633
-8.64538-5-S.17804-5-7.59485-5-6.984$39-5
E1.mmm+ Ela.lmaalzl+a

132633
10 21 la 24132633

-1.74D88-5-4.2B357-5-4.682@2-5-5.43312-5-6.06136-5-G.25493-5132633
-G.163513-5-5.8f3138-5-5.342Q2-l;-4.86@94-5
E1.lzlmwl+0 E1.lzllztmml+@

132633
25132633

-1.63792-5-3.9773@-5-4.46431-5-5.28688-2:-5.86834-1:-6.E365Z8-5132633
-5.97842-5-5.6a371-5-5.13613-5-4.64644-5 132633
B.lmam+ ElE1.lmEIEIEi+B la 21 la 26132633
-1.68233-5-4.t1922a-5-4.6W92- 5-5.4685t2-5-6.t3795a-5-6.2S666-5132633
-6.1952?-5-5.E10147-5-5.3!(M5-5-4.79542-5 132633
a.mmm+ 8 B.wmzlzli’El 27132633
-1.79797-5-4.37820-5-4.91180-1:-5.82658-2;-6.47322-1:-6.69235-5132633
-6.’59564-5-6.17893-5-5.65893-5-5.11434-5 132633
E1.wmm+ a E1.lmmzl+G 28132633
-2.33664-5-5.66CWH-5-6.331912-1:-7.4G662-2:-8.26873-1:-8.5454-5132633
-8.4W57- 5-7.9f3368-5-7.25866-5-6.S8314-5
a.waml+ a a.fmwm+ 13

132G33
29132633

-3.79314-5-9s14425-5-1.EU624-%.18819-2:-I.38975-1:-1 .350!34-4132633
-1.33276-4-1.25443-4-1.15668-4-1.Er3431-4 132G33
B.amm+ a E1.mmzlEl+El 10 30132633
-7.67502-5-1.23961-4-2.E128E18-1~-2.34G40-2&2.57142-4-2.64767-4132633
-2.61491-4-2.469g1-4-2.288g6-4-2.U9856-4 132633
E1.mmw a E1.mzmm+El 0 103 0 3D132633
E1.fmzm+ ElEJ.tzmmEl+El 19132633
-1.71773-7-1.71773-7-1.71773-;-1.71773-%.71773- !-1.71773-7132633
-1.31582-8
o.mE19a+ a a.rmam+ 8

132633
18 7 2D132633

-6.73354-7-6.73354-7-G.73354-;-6.73354-7-6.73354-7-6.73354-7132633
-5.158@4-8 132633
E1.(mmm+@ E1.mmml+ a 13 18 13 21132633
-3.36247-6-3.36247–6-3.3Et247-6-1.17786-4-7.13781-5-3.14654-5132633
-1.88B98-5-4.863B5-6-3.18a96-6-2.41618-6-2.13432-6-2.28442-6132633
-3.74344-6 132633
a.amazli-a a.lmmla+ @ 13 18 13 22132633
-1.!1391-5-~.1~391-5-1.~1391-5-2.3646a-4-1.45874-4-Gc6479& 5132633
-2.16325-5-9.57623-6-6.2G389-6-4.75790-6-4.28287-6-4.49844-6132G33

4
4
4
4
4
4
4
4
4
4
4

:
4
4“
4
4
4
4

:
4
4

:

:
4
4
4
4
4
4
4
4

9g0
9El1
9f32
903
904
9E15
9ElG
907
908
9D9
910
911
912
913
914
915
91G
gjr
918
919
320
921
922
923
924
925
92G
927
928
929
930
931
932
9s3
934

4 935
4 936
4 ’337
4 338
4 935
4 940
4 941
4 942
4 943
4 944
4 945
4 346
4 947
4 348
4 949
4 950
4 951
4 352
4 953
4 354
4 955
4 356
4 357
4 958
4 959
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number of energy-group boundaries in the multigroup set. The values of the group

boundaries, given in eV from low to high energy, follow on cards 3 through 8.

Cards 9 and 10 are MT and Ml?delimiters, respectively.

Multigroup cross-section data are given in cards 11 through 102. This

file, denoted by MF=3, corresponds to the smooth cross-section file in ENDF/B.

The MT numbers used here are exactly those defined for ENDF/B, namely:

MT=1 - total cross section

MT=2 - inelastic scattering cross section

MT=3 - non-elastic cross section

MT=4 - total inelastic scattering cross section

MT=22 - (n,n’a) cross section

MT=28 - (n,n’p) cross section

MT=102 - (n,y) radiative capture cross section

MT=103 - (n,p) cross section

MT=104 - (n,d) cross section

MT=105 - (njt) cross section

MT=106 - (n,3He) cross section

MT=107 - (n,a) cross section

Note that cross sections for these 13 reactions are given in barns.

The multigroup covariance data for MAT=1326 (Fe) begin with card No. 103.

This card repeats the 2A and AWR numbers in fields 1 and 2, and indicates in

field 6 that data for 13 reactions are to follow. The designation of MF=33 for

this file is the same as that for analogous covariance data in ENDF/B. Note

that the number “l” in the MT field indicates that the first set of data is for

MT=l. Card 104 contains the number “l” in field No. 4, ~hich indicates that the

data to follow is the covariance of MT=l with MT=l, or just the variance of the

iron total cross sections. Note also that the number “30” appears in field No.

6, which is a repeat of the total number of energy groups in the multigroup

structure.

Because of the large volume of data in the covariance files, zero values

are suppressed in the output. Thus, flags must be set toindicate the positions

of non-zero data in the output covariance matrix. On card No. 105, the numbers

,,8,,!!,1II1!
$ 8,” and “1” occur in fields No. 3, 4, 5, and 6, respectively. The
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number “l” in field No. 6 indicates that the data to follow are for group No. 1

or row No. 1 in the covariance matrix. The number “8” in field No. 3 (or field

No. 5) indicates that there are only 8 consecutive non-zero positions in this

row, and, finally, the number “l” in field No. 4 means that the 8 consecutive

non-zero numbers begin at row position No. 1. The 8 non-zero covariances then

follow on cards 106 and 107.

This can be made somewhat clearer by taking another more general example

farther down the data listing. In card No. 911, for MT=4, field No. 4

contains the number “102.” This means that the data to follow are the covari-

ances of the iron inelastic scattering reaction with the iron radiative capture

reaction. The data for group No. 21 of MT=4, for example, are given on cards

916, 917, and 918. On card No. 916, the group number is identified in field

No. 6. The number “12” in field No. 3 (or field No. 5) indicates that there are

12 consecutive groups for which covariances with MT=103 are non-zero, and the

first non-zero value begins with group No. 19 for MT=103, as indicated by the

n~ber “19” in field No. 4. In referring to the entry in the 6th field of card

917, for example, one would say that “the relative covariance of the iron

inelastic cross section (MT=4) in group 21 (1.738-2.232MeV) with the iron radia-

tive capture cross section (MT=102) in group No. 24 (3.68-6.07MeV) is -6.11663 x

10-5.”

B. Geometry Input Options and Spatial Zone Descriptions

All computations in SENSIT are based on angular flux information as pro-

vided by angular-flux output tapes from the one-dimensional transport codes

ONETRAN(12), DTF(*6), or ~1SN(13) . Therefore, the geomqtry description in SENSIT

must conform to some degree with that of the original transport problem. Parti-

cularly, the total number of spatial mesh cells, IM, must be the same in SENSIT

as in the original transport problem, and it must be the same for forward and

adjoint fluxes. (The same requirement holds for IGE, ISN, IGM, and NCOUPL).

Also, source and detector zones should be chosen in SENSIT concurrent with those

of th$ forward and adjoint transport calculations so that the total integral

response, I
4
from Eq. (14) and I 4 from Eq. (15), can be computed correctly and

+“
compared with the transport code’s results. However, perturbed zones may be

specified in SENSIT completely independent from the transport code’s zone

structure.

45



Specifically, SENSIT expects as an input array Z(i) the IM+l spatial mesh

boundaries for which forward and adjoint fluxes have been calculated. The angu-

lar flux values are then read from TAPE1 and TAPE2 selectively only for those

spatial intervals which are identified to lie in either a source, detector, or

perturbed zone. This way, the storage of the entire angular-flux arrays $:(i) and

$*g(i) in core is avoided. Each of the angular-flux tapes is scanned three times:
m
once to read values in source zones only, once to read values in detector zones

only, and once for the perturbed zones only. The identificationof source, de-

tector, and perturbed zones follows the scheme shown in Fig. 1, which exemplifies

the procedure for a total of KPER perturbed zones. The number of source, detector,

and perturbed zones may be arbitrarily specified in the SENSIT input. The loca-

tion of these zones on the entire spatial mesh is identified by pairs of input

interval numbers, IFIR(k) and ILAS(k), which specify the first and last intervals

for zone k. Subroutine MAP generates from this information an integer map

IMAP(i) as shown in Fig. 1, which re-numbers the intervals so that all problem-

irrelevant intervals carry an index zero. This map is used then to read angu-

lar fluxes selectively only for values with IMAP # O. All SENSIT printout edits”

this new numbering scheme for source, detector, and perturbed zone identification,

which also allows an easy check of the geometry specification. The total number

of intervals in all source zones, ISRS, in all detector zones, IDET, and in all

perturbed zones, IPER, is computed internally by SENSIT.

c. Angular Flux Input Options, Quadrature Weights, and Direction Cosines

The input parameter ITAPE allows to read angular forward- and adjoint-flux

tapes in two different formats. ITAPE = 1 is the preferred option because the

standardized CCCC-flux format is defined precisely
(17)

and is recommended by the

~ommittee on ~omputer code coordination as a code and computer independent stan-

dard interface format. (ONETRAN, e.g., generates a CCCC-formated angular flux

tape on TAPE31 if both control integers IFO and IANG are set to 1.) If ITAPE =

O, SENSIT reads TAPE1 and TAPE2 as generated by ANISN or DTF.

As described in the previous section, angular fluxes are read selectively

according to the integer map IMAP(i). However, in both options for ITAPE, values

for angular fluxes are actually read at spatial mesh boundaries rather than at

mesh centers. Therefore, after reading these mesh-boundary values, mesh center
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averages are calculated by SENSIT, which are then used in all subsequent compu-

tational subroutines. These mesh-centered averages are also re-numbered ac-

cording to the integer map IMAP(i); cf. Fig. 1.

The SN angular quadrature set, {w(m),p(m)],which must be read into SENSIT

must conform with the quadrature set used in the transport calculations that

generated the angular fluxes. If these sets were different, then the angular

integrations in SENSIT will not be carried out correctly. Since tables of

{w,p] are standard printout in all transport codes, it is recommended that these

values be copied for use in SENSIT. Only the level weights and level cosines

must be entered into SENSIT, which then internally computes the proper point

weights and point directions, for cylindrical geometry, for example. Starting

weights and starting directions must be excluded from SENSIT input.

D. Source and Detector Distribution Functions

The descriptions of the source distribution function Q! and the detector

response function R! are in complete analogy. Both functions can be specified

with arbitrary spatial and group dependencies such that

(44)Qg=qg*qi for 1 ~i ~ISRS ,
i

and

Rg = pgop for 1 < i < IDET ,
i i

(45)—.

where the spatial index i runs from 1 to ISRS in Eq. (44) and from 1 to IDET

inEq. (45). Only ISRS values for qi are required to describe the spatial de-

pendence of the source distribution on the source intervals; and IDET values for

Pi.

Some freedom exists with respect to how the one-dimensional arrays qg, qi

and pg, pi may be chosen. For consistency, however, at least two integral condi-

tions must be satisfied:

first: Qg and R! must
i

be the same if

be chosen so that the

computed from forward

total integral response must

or adjoint fluxes alone:
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which, using Eqs. (14) and (15), becomes

IDET IGM ISRS IGM

(46)

(47)

where we used the symbols $0 and ~~ for the scalar forward and

adjoint fluxes.

second: If the source distribution Qg is normalized to a total source
1

strength ,

ISRS IGM

Q z ~ VQg ,
tot = ,. (48)

i=1 g=l 1 1

then the detector distribution may remain unnormalized, and so will
*

be $..

For example, in all our coupled 3 + 3 group sample problems we chose to normalize

the source distribution so that always 1 neutron plus 1 gamma ray are emitted

per second from the source zone. Equation (48) yields then

ISRS

Q .,=xvqiiqg
tot

.
i=l

iig=l
(49)

If we choose qg = {1,0,0,1,0,0),then ~Viqi= 1 is required. The total volume of

the source zone(s) is always V = ~ Vi, and , therefore qi = l/V for all source
Q Q

mesh cells will guarantee ~ Viqi = 1. Since there is only one source zone with
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only one interval, it is easy to see that ql = I/Vl is required, so that qi = {~ }.
VI

In slab geometry, therefore, VI = 1 cm3 (compare sample cases 1,2, and 4), while

in cylindrical geometry (sample 3) VI = n (Z; - Z:) = n cm3, which gives

ql = -3I/it= 0.31831 cm . As a response function for these sample cases we

g = {loo, 100, ....chose (arbitrarily)a flat energy distribution p 100] which

then leads to the spatial distribution function of pi = {1/V9, l/V1o}. In

general, it depends on how R? was entered as the adjoint source when TAPE2 was

generated, whether p. must be divided by the mesh cell volume V. or not.
1 1

In this context it might be convenient to list the analytic expressions

for a mesh-cell volume V< in the three different geometries treated in SENSIT.

A spatial mesh cell with’lower boundary Z- and upper boundary Z+ has

lowing volume:(12)

in

in

in slab geometry: Vi=z+-z- ,

22
cylindrical geometry: Vi=n(z+- z-) ,

4X 3 3
spherical geometry: vi=; (z+-z) .

A dimensional consideration might assist in deciding whether q. must
1

by Vi or not. From Eq. (47) the units in which R! must be expressed

rived. Assuming the dimensions

for [Vi] 3=cm,

[Q:] =
3neutrons/cm s,

[0:1 = neutrons/cm2 s, and

[$~gl = response/neutron,

the fol-

(50a)

(50b)

(50C)

be divided

may be de-

it follows from Eq. (47) that

[R!] = response
neutron-cm ‘
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which is the unit of a macroscopic cross section. Often, however, response func-

tions such as flux-to-dose-rate conversion factors, RC, are given in units of

response per flux unit, i.e.,

responses
‘c = .

neutron/cm2s

.
IL is clear in such cases, that RC must be divided by a volume of units cms so

that the above derived dimensions for R! are obtained.

VI. SAMPLE PROBLEMS

In this section we give a brief description of 8 sample problems, which

demonstrate the capabilities built into SENSIT. In the Appendix, the complete

input files and the relevant parts of the printe:’output files are reproduced

for all 8 sample problems. The SENSIT code package contains all input and com-

plete output files, together with all input angular flux and cross-section files

(tape 1, tape 2, tape 4, and tape 10).
:;

All 8 sample problems have been executed on LASL’S and MFECC’S CDC-7600

computers, under the ~ivermore ~ime sharing ~ystem (LTSS). Execution times for

the first 6 sample cases are all under 1 second, sample 7 required 12.9 seconds

CPU (~entral processor unit) time— , and sample 8 executed in 62 seconds CPU

time. The angular-flux tapes required to run SENSIT were obtained as output

tapes from independent radiation transport calculations with the LASL code ONE-
T~(12) . The CCCC-formatted angular-flux tape is assigned TAPE31 after comple-

tion of a ONETRAN run. This designation must be changed to either TAPE1 or TAPE2

before SENSIT is executed. The required cross-section tapes, TAPE4 or TAPE1O,

have also been prepared independently before SENSIT was run. For sample cases 7

and 8, the ENDF/B-V cross-section files were the basis for preparation of TAPE4

-L
., Magnetic ~usion Energy ~omputer ~enter at Lawrence ~ivermore ~aboratory (LLL)

;n Livermore, California.
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and TAPElO using the LASL cross section processing system NJOY
(14) with the post

processor TRANSX
(18)

, which retrieves selected cross-section sets from the multi-

group data base MATXS.

A. Problem Description for Samples 1 through 6

These samples are based on an artificial problem with artificial cross

sections, which is ideally suited to demonstrate almost all SENSIT capabilities.

The spatial mesh consists of 10 intervals of width 1 cm, subdivided into 4

zones, including two perturbed zones PI ~ as shown below:
9

=l--&-
0.0 1.0 2

-4-kl-4-3&
.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 Z(i) .

As an energy group structure we chose 6 groups. To allow coupled neutron/gamma-

ray calculations, we designate groups 1, 2, 3 as neutron groups and groups 4,5,6

as gamma-ray groups. A coupled multigroup cross-section set has been invented

which describes the above 10-cm long model as a scattering and absorbing medium

of one mean free path (mfp) for groups 1 and 4, two mfp for groups 2 and 5, and

three mfp for groups 3 and 6. The complete P. transport cross-section table as

used in SENSIT and the associated ONETRAN runs is given in Table III. Note that

neutron and gamma-ray interaction cross sections were chosen to be identical.

Because the gamma-ray production cross sections (framed portion in Table III)

are set to zero, identical numerical results should be expected for neutrons and

gamma rays. Symmetrical (with respect to neutrons or gamma rays) spectral dis-

tributions for source and detector were chosen as follows:

~g = {1,0,0,1,0,0] ,

pg = 100 x {1,1,1,1,1,1] ,

and the total source strength was normalized to 2 as stated in Eq. (49). The

spatial distributions qi and pi depend upon the geometry of the problem, as

discussed in section V.D.
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TABLE 111

COUPLED 3+3 GROUP TRANSPORT CROSS-SECTION TABLE
USED WITH SAMPLE PROBI.EMS1 THROUGH 6. FRAMED

PORTION IS GAMMA PRODUCTION MATRIX

Table Xs n-groups y-groups
Pos. type g=1 g=2 g=3 g=4 g=5 ~=6

l=IHA z: 0.02

2 “#
f

0.0

3=IHT
~

0.1

4 I:+g
0.05

0.05 0.1

0.0 0.0

0.2 0.3

0.1 0.2

0.02 0.05

0 0.01

0 0

0 0

0 0

0.02 0.05 0.1

0.0 0.0 0.0

0.1 0.2 0.3

0.05 0.1 0.2

$
0.0 0.02 0.05

i
1

0.0 0.0 0.01

0.0 0.0 0.0

0.0 0.0

0

An exact re-calculationwith ONETRAN using

zones gives

exact

10
= < R,@ >

pert.
= 377.540

z = 0.9 ~ in the two perturbed
pert.
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Al1

out with

from I ...
0“

1.

transport calculations to generate the angular-flux

ONETRAN(12) and were converged to high accuracy, so

by less than 0.1%.

tapes were carried

that I differed
$

Sample Problem 1. This is a standard design sensitivity problem with

test printouts. Cross sections for the perturbed zones PI and P2 were chosen such

that

2 =0.9$ ,
perturbed

\

~.~ -Iu=-o.lz .
P

z =1.OZ ,
unpert.

After the input specifications are edited in the SENSIT output, the first compu-

tational result is I
@
= 365.487 which is followed by the detector sensitivity

profile integrated over both detector zones as well as for each detector zone

individually.
%

= 365.399 is computed next and edited-togetherwith the source

sensitivity profile per source zone. Note that the first-order responses I and
$

agree within 0.02% consistent with independent results from the ONETRAN cal-
::ations Withz

Cross-section tables are edited next, together with test

printouts for @n:::&@:’ .

The actual design sensitivity results are preceded by a table of definitions

for the acronyms used

AI:) = AI:;) =

in the printout. The computed response perturbation is

- 11.9913 ,

which results from two equal parts for neutrons and gamma rays each. The inter-
(1) is

pretation of this result is, of course, that the integral response I = I

predicted by perturbation theory to change to I
(2)

when Iu is replaced by 2P in

both perturbed zones:

1(2) = 1$1) - AIfi) 1(2) = 1$:) - AI$:)
AD FD

= 377.4783 = 377.3903
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An exact recalculationwith ONETRAN using Z = 0.9 ~ in the two perturbed
pert.

zones give

exact

10
=<R,~ > = 377.540 .

pert.

Comparing with the above perturbation theory results allows us to quantify the

perturbation theory error in this case to

and ‘lFD
~ 0.04%, which may be considered very small errors. Since IOUTPUT = 1

has been specified for this sample problem, the individual contributions to Al
(2)

from each perturbed zone are also printed. Comparing the zone-wise sensitivity
(2) -‘2) - -7.994 and AIk=2 - (2) =output AIk=l – -3.997 with the total response change AI

-11.9913 shows that the total response is, in this case, exactly twice as sensitive

to the zone-l-perturbationthan to the zone-2-perturbation.

2. Sample Problem 2. This sample is a slightly modified version of sample

problem 1 because we set IDESIGN = 1 and require, therefore, that only one cross

section set is read into SENSIT. The design sensitivity results assume in this

case that the perturbation consists of a 1% increase of these cross sections in

all groups, which is equivalent to a 1% density increase in

We chose ~ as the cross-section set in the perturbed zones,

AZ = 0.01 “z .

The results of the analysis show

all perturbed zones.

then

AI(2) = f#
AD

= +1.19913 ,

which is in magnitude one tenth of the result in sample problem 1, but of opposite

sign (as expected). The computational advantage of this option is that only one

cross-section set needs to be stored in core during execution. It is quite pos-

sible, therefore, that a large design sensitivity problem can be executed with

IDESIGN = 1 but may exceed available core storage for IDESIGN = O. In the Ap-

pendix, only the first and the last page of the sample 2 printout are reproduced

to avoid duplication.
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3. Sample Problem 3. This sample i.sincluded to demonstrate how aniso-

tropic cross sections are read into SENSIT from cards and how the SN constants

{Wm,pm] are specified in cylindrical geometry. For simplicity, we chose the

Pi-component of the scattering cross-section tables to be identical to the PO-

component. This leads us, however, to a pathological case because only for a

delta-function distribution are identical Legendre expansion coefficients for

all orders obtained. Therefore, in order to obtain reasonable convergence of

our transport calculations for ~ and Q>:, we must choose a fairly high SN-order of

N = 16.

Again, only the first and last pages of the SENSIT printout are reproduced

in the appendix. As final result for this sample case let’s consider

& . AI;;) = -0.174833 .

From an exact recalculationby running ONETRAN with 2 = 0.9 ~ we obtain

AI
exact

@
= -0.1747 ,

which is in almost a perfect agreement with the perturbation theory estimate.

4. Sample Problem 4. The input specification for

based on the same problem as sample 1 and 2, except that

standard cross-section sensitivity analysis. Therefore,

set needs to be entered as material specification in the

this sample case is

now we perform a

only one cross-section

perturbed zones. Only

the first and the last 4 pages of the SENSIT printout are reproduced in the

Appendix. The table of definitions, which is always printed for ITYP= O, sum-

marizes the information contained in Eqs. (2) through (17), and initiates the

detailed sensitivity profile printout. Because we used identical neutron and

gamma-ray cross sections, the resulting sensitivity coefficients are identical.

The corresponding sensitivity profiles differ from each other, however, because

of the different group structure assumed for neutrons and gamma rays.
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The first two sensitivity profile prints (for neutrons and gamma-rays,

respectively) are for the spatial integral over all perturbed zones. If

IOUTPUT = 1, profiles are printed for the individual perturbed zones.

5. Sample Problem 5. This sample is based on the same problem as sample

4, but now we wish to perform an SED sensitivity analysis in addition to the

standard cross-section sensitivity analysis. . We assume for this case that no

SED uncertainties are available (NSED = O), but we still wish to obtain the SED

sensitivity profiles defined in Eqs. (30) through (32). As an additional fea-

ture we now read LASL-formatted cross sections from TAPE4. This cross-section

tape has been prepared in advance and contains P. cross-section sets for 2

(identical)materials of which we read only the second set into SENSIT.

In the Appendix we reproduce only the output pertaining to the SED analysis.

This is the page labeled “Double-DifferentialSED Sensitivity Profiles”, which

appears normally between the neutron and gamma-ray profiles summed over all

perturbed zones. The appendix contains also a listing of the contents of TAPE4

for this sample case.

6. Sample Problem 6. This sample is a further extension of sample problem

5 to demonstrate how an SED uncertainty analysis may be added to the SED sensi-

tivity analysis. NSED is set to 1 and the SED uncertainty information {GMED,

FSED] must be added to the input cards.

B. Problem Description for Samples 7 and 8

These last two sample problems are taken from a comprehensive

section and secondary-energy-distributionuncertainty analysis for

neutron cross

a fusion re-

actor, documented in detail in Ref. 15. The basic computational model consists

of 137 spatial intervals with a 14 MeV neutron source covering the first 4

intervals and a detector zone at intervals 80 through 108 describing a super-

conducting toroidal field (TF) coil. Choosing an energy dependent KERMA factor— —

as a response function in the TF coil.zone identifies the integral response of

interest as the total nuclear heating in this superconductingmagnet. The ques-

tion to be answered by this uncertainty analysis is: How uncertain is the cal-

culated nuclear heating in the TF coil, due to all cross-section uncertainties in
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the model? In the comprehensive analysis as documented in Ref. 15, additional

integral responses, and many more partial cross-section and SED uncertainties,

were considered than in these two sample cases.

The neutron and gamma-ray cross sections employed for this study formed a

coupled transport cross-section set with 30 neutron and 12 gamma-ray groups.

The transport calculations to produce the angular-flux tapes were performed with

P2 anisotropic cross sections and an S6 angular quadrature. The subsequent

SENSIT calculations, however, employed only isotropic transport cross-section

sets. The two sample cases described here identify 2 perturbed zones: PI is

the TF-coil zone (intervals 80 through 108), and P2 is another magnet coil (the

E-coil) in intervals 111 through 125. Both coils are composed mostly of copper

and a stainless steel structure. Therefore, the material cross sections to be

considered in these two perturbed zones are those of Cr, Ni, Fe, and Cu. Sample

problem 7 computes the integral response uncertainty due to the SED uncert-

ainties in the neutron cross sections of these 4 materials in the TF and E-coils.

Sample problem 8 performs an independent vector cross-section uncertainty analy-

sis for all partial cross sections used in the generation of cross-section sets

for Cr, Ni, Fe and Cu.

1. Sample Problem 7. The input file for this sample problem (as repro-

duced in the Appendix in its entirety) shows that a standard cross-section

sensitivity analysis, together with an SED uncertainty analysis, is performed for

4 successive cases (NPERXS = 4) and the cross sections are entered from

TAPE4 in LASL format (IXSTAPE = 1, IOKS= 1). Therefore, at the end of the input

file, four sets of SED uncertainty parameters and cross-section ID-cards are

supplied. The identificationnumbers refer to the material sequence on TAPE4,

which we chose to be C, O, Cr, Fe, Ni, Cu, and W.

Of the sample 7 printout, we reproduce in the Appendix only the first page

and the last 10 pages which contain the relevant results for copper (material

ID = 6). A response uncertainty of about 27%, due to the estimated SED uncer-

tainties in the copper cross sections in both perturbed zones, is calculated.

It is also noted that fairly large neutron sensitivity coefficients are calcu-

lated for both the SED and standard cross-section sensitivities. In contrast,
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the sensitivities to gamma-ray cross sections and to the gamma-ray production

cross sections are much smaller.

At the end of the sample 7 printout we have attached two pages of a listing

of the contents of tape 4 as used for this problem. Only the first page (begin-

ning of

(end of

format.

2.

carbon transport cross-section table) of the listing, and the last page

tungsten cross-section table) are reproduced to illustrate the TAPE4

Sample Problem 8. This sample performs a vector cross-section sen-

sitivity and uncertainty analysis for the fusion reactor design described

earlier. The cross-section and covariance matrix input is from TAPElO whose

content and format are described in Sec. V.A.2. Sample 8 computes a total

of 36 successive cases (NPERXS = 36) and expects in the input file, after QUE(j),

36 identification cards for vector cross-sectionpairs. In addition, these 36

vector cross-section pairs with their covariance matrices describe the partial

cross sections with their estimated uncertainties for the 4 materials Cr, Ni, Fe,

Cu, of which the two perturbed zones consist. We shall concentrate here, as in

the previous sample case, only on the results for copper whose ID-numbers on

TAPE1O are from 37 through 47. Therefore, again only the first page of the

sample 8 printout together with the last 12 pages are reproduced in the ap-

pendix.

In order to interpret the results of this analysis correctly, it is neces-

sary to know which pair of partial cross sections is identified by each ID number.

Such a cross reference list is contained in subroutine COVARD of SENSIT and is

also reproduced in Ref. 15. The SENSIT output for all Cu cross-section pairs

identifies three contributions to the response uncertainty with relative standard

deviations greater than 10 per cent:

ID = 37, Cov (~, <), 61/1 = 26.0 %

ID = 38, Cov (Z@elas ,) 61/1 =25.8 ~

ID= 39, COV (~elas,zelas ), 61/1 =25.7 %

These two cross sections, ~ and ~e~a5, show also the largest sensitivity profiles

compared to the other Cu vector cross-sections.
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On the last page of the sample 8 printout a summary of all calculated res-

ponse uncertainties is printed. According to the input parameter NSUMCOV = 4,

four partial sums of individual response variances are provided where the last

partial sum is over all Cu cross-section contributions (according to the input

for SUMSTRT = 26 and SUMEND = 36). The total response variance due to all copper

vector cross-section uncertainties is therefore computed to be 45.1 percent.

VII. RETRIEVING AND RUNNING SENSIT ON I.ASL’SAND MFECC’S CDC-7600 COMPUTERS

The current (March 1980) code package resides in a file named SENSITIO and

contains the FORTRAN code, the corresponding executable binary file, and all

input and data files to execute sample problems 1 through 8. The contents of

this code package are listed in Figs. 2 and 3, and spans a total of 27 files.

The file names are self explanatory as far as possible:

SAMPLXIN and SAMPLXOUT are the input and output files, respectively, for

sample problems x (for x = 1, 2, ..... 8) as described in Sec. VI;

TAPE1S3 is TAPE1 for sample 3;

TAPE2S7-8 is TAPE2 for sample 7 and sample 8;

SENS1O is the FORTRAN source program for the SENSIT code;

SENSIT is the executable binary file for the SENSIT code, which

results from compiling SENS1O with the FTN compiler.

Figures 2 and 3 are copies of terminal listings generated from an actual re-

trieval and execution of a SENSIT sample problem on LTSS.

a. On MFECC’S CDC-7600 (see Fig.2):

To retrieve the code package from MFECC’S file storage system, FILEM, the fol-

lowing command is required:

FILEM READ 5013 SENSITIO $END .

The file SENSITIO which is then in the local file space is a LIX file whose

contents will be listed by typing

LIX SENSITIO $LL SORT. .

In order to execute, for example, sample problem 3 we read from this LIX file

the 4 files required:
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FXLEM *E-D 5013 SENSI1lI) $END

1. RE~~ SENSITl~
FILE IS 0.4 TfiFE.
w%”E fiLL PEPuEETS? TUEN TYFE ENL, TO 6ET =ILES FPD?I TnPE.
~El?uEZT SENT TO FILE WN~EP
TfIFE PUEUE POSITION IS 4.
1. I?EfiII Z.ENEITl~
PI)s

RLL DOr4E

LXY SENsITlO$LL SOPT.

Fig. 2. Retrieval and execution of
SENSIT on MFECC’S CDC-7600
computer.

ST* -TN
=ENSXT LTSS TIME 2.076 SECONDS
cm.a= 1.568 SYS= .053 xz== .456

RI-L DONE

ls~NNEW LSL OUTPUT COL1. 80x S16 0UT3
‘Rl_LOUT-
‘NETOUT-

PaNNEPPNN : FILE-ID OUTg - mw.SL/KFVW+

&LL DONE
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MRSS

? GET zOE2190ZSENSXT10
000 80/02/31 11:43:54.129 6E7 sENs1710: ~0821’90zsENs1T1 0“
001 <1200ij00B kJKJRDS> ~0~03~13 14:50:06.121.
y E.+D

RLL YIONE
J-IX SE?.JSITIO!LL SORT.

RDDFJESS

2!5705
503001
26447

5066i’6
464

511657
1526

514270
2130

520477
2403

5234 ~6

27052
526546

307560
447540
404222
311233

56311!
3161

30505
232

14433
134570

2676
240653

SPRCE IS

BEGINS RT

INDEX SPSCE

RI-L DONE

LENGTH NfiME

542 SRMPLIIN
2675 SRMPL1OUT

403 SRMPL21N
2761 SfiMPL2nUT
1042 SRMPL31N
2411 SRMPL~KJUT

402 sRMPl_41N
4207 SIiMPL4CIUT
253 SPIMPL51N

2707 SF!MPL~OUT

273 SFWIPL61N
3140 5FlMPL60uT
1433 SfiMPLi’IN

34343 .~fiMP~~OuT

1473 SRMPL81N
33241 SRMPL80UT

43316 SEFJS1O

72747 ~ENSIT Fig. 3. Retrieval and execution ~f
232 TRPE1

306435 Tfit=E10s8
SENSIT on LASL’S CDC-7600
computer.

11252 THPE1S3
104063 TRPE1S7-8

232 TRPE2
11252 TePE2s3

144063 TRPE2s7-~
263 TSPE4

46705 TfiPE4sRflP7
105100

1071546 “
271 DECIHRL

LIX SENSITIO:GR. SHMPL21N TRPEi TRPE2 SENSIT

RLL DONE

SbJITCH S13MPL21N INPUT

F!LL DONE

SEPJSIT ~ 1 2.5
STOP FTN

SENSIT LTSS TIME 1.936 SECONDS

CPU= 1.316 SYS= .032 x/o= .588

RLL DONE

RLLOUT INPUT ❑ UTPUT BOX TOIMEB

RLL DONE
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GR. SAMPL31N TAPE1S3 TAPE2S3 SENSIT $END .

Since the executable binary file SENSIT expects the input file to be named

INPUT, the forward-flux file to be named TAPE1, and the adjoint-flux file to

be named TAPE2, we change these file names accordingly with the three commands:

SWITCH SAMPL31N INPUT

SWITCH TAPE1S3 TAPE1

SWITCH TAPE2S3 TAPE2

To execute sample problem 3, all that is required is a call to the execut-

able binary file by typing

SENSIT .

Completion of the run is indicated by the machine’s response with “STOP FTN”

and the LTSS time listing. SENSIT’S printed output is now contained on a

file named OUTPUT which may be listed with a number of systems routines, e.g.,

on LASL’S DEC-10 printer by typing

The

The

BANNER LSL OUTPUT COL1. BOXID OUTPUT .

option COL1. assures the proper line and page ejects to be recognized.

b. On LASL’S CDC-7600 (see Fiz. 3):

SENSIT code package may be obtained from LASL’S mass-storage system

command

MASS GET /082190/SENSITIO .

From the LIX file SENSITIO we may then obtain, e.g., the files required

cute sample problem 1:

LIX SENSITIO!GR. SAMPLIIN TAPE1’ TAPE2 SENSIT .

After changing the name of the input file to INPUT, by

SWITCH SAMPLIIN INPUT ,

we can then run SENSIT by typing

SENSIT

and obtain an OUTPUT file which may then be listed with

ALLOUT OUTPUT CC. BOXID .

c. “Changing the FORTRAN source code (see Fig. 4):

with the

to exe-

If it is desired to change the FORTRAN code, for example, to execute SENSIT with

another LCM container size as

LIX file SENSITIO the FORTRAN

described in Sec. IV.B, we retrieve from the

source program SENS1O and recompile. Figure 4
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HI-L DONE

ftl_L DONE

Fig. 4. Changing the SENSIT
FORTRAN source code.

t3Ll_ llCINE
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shows, for example, how the LCM container size is increased from 80 000 to

120 000 words and how sample problem 5 is executed.

First we read from LIX file SENSITIO the input data files required to run

sample 5, and the FORTRAN source code SENS1O:

LIX SENSITIO $GR. TAPE1 TAPE2 TAPE4 SAMPL51N SENS1O $END

NexE, we search the SENS1O file for the COMMON statement which assigns the LCM

container array size according to Sec. IV.B, Eq. (38):

TRIXAC$O$SENS1O$TP$BLKECS( 80000)

Then this line 14 is changed and listed again with the command

RP14$ 80000$120000$L

As explained in Sec. IV.B, we must also change simultaneously the card with

CALL BULK ( 80000) in the main driver routine:

TP$CALL BULK ( 80000)

RP120$ 80000$120000$L

At this point, all necessary source code changes are accomplished and before

executing sample problem 5 we must rename the input file

SWITCH SAMPL51N INPUT

and generate a new executable binary file by recompiling the altered FORTRAN

source code SENS1O. But first, the FTN compiler package must be read into our

local file space which, on the MFECC, is accomplished with

LIX LASLFTN SKIPSUM$GRZ~ ALL.$END

The new SENS1O can now be compiled, loaded and executed with FTN by typing

FTN (I=sENs1o,LCM=I,GO) .

The parameter LCM=I is required because more than the default value of LCM

storage is requested in this case. After completion, a Qew OUTPUT file will be

written with the results for sample problem 5. The new executable binary file

SENSIT may now be saved for later use.

1.

2.
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IX. APPENDIX

The following appendix contains 62 pages of selected computer printout as

described in the previous section. Particularly, the complete input files for

all 8 sample problems are reproduced exactly in the form in which they must be

entered to execute SENSIT for these cases. Note, however, that these input

listings are given with line numbers to the left of each input card, which,

of course, are not a part of the actual SENSIT input.
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