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CONSISTENCY AMONG DIFFERENTIAL NUCLEAR DATA
AND INTEGRAL OBSERVATIONS: THE ALVIN CUDE FOR DATA ADJUSTMENT,
FOR SENSITIVITY CALCULATIONS, AND FOR IDENTIFICATION OF INCONSISTENT DATA

by

D. R. Harris, W. A. Reupke, anc W. R, Wilson

ABSTRACT

Succesaful nuciear design requires adequate prediction of integrel design param-~
eters, and this in turs requires an adequate differential nuclesr dats base. Data
bases that apparently perwi. reduced hiases and design margirnas have been developed by
a) least squares &sdjustment of differentisl data or b) trisl-and-error selection from
alternative evaluated data sets. Criticisms and defenses of such procedures are dis-
cussed. We relate useful data adjustment to consistency of the combined differential-
intcgral data set, and ve describe cons{stency tests related to least aquares adjust-
nent procedures. We suggest an approach to data adjustment thaz 1s contingent on con-
sistency analysis. A FORTRAN code ALVIN has been developed to rarry out the indizated
dats conaistency snd adjustment calculations, and to compute required sensitivities of
integral parameters to nuclear data changes. The sensitivity sodules of ALVIN are val-
1dated by computing with tvo distinct methods the cross-section sensitivity profile for
neutron penetration through a thick iron shield. The dats consistency and adjustaant
modules DAFT2 (for arbitvary variance-covariance data) and DAFT) (for differential data

base of arbitrary sire uncorrelated with integral data) are validated by comparing their
results for a set of data for threz 2PR criticals.

1. INTRONUCTION

Successful nucloar design req .res adequate pre-
diction of a number of integral dseign paraseters.
amang these are reactivity worths energy deposition
rvates, nuclide transautation rster, radistion doses,
and Rosci-c. Adequste prediction of integral design
quantities requires, in turn, a recognizably ade-
quate nuclear dsta base. Maasive prograns for meas-
uresent and analysis of differentisl and integral
nuclear dsta hsve been devoted to this objective,
and the end {s not yet in sight.

In the meantize, "improved" nuclear data bases
have been achieved, apparantly permitting reduced
design bilases and margins, through a) data adjust-~
ment by least squares techniques, or b) trisl-and-
error selection among alternstive dsta sets. Data
adjustment or selection is carried out so 2s to im~
prove agreesent between calculations and measure-
zents made on as-built nuclear devices and <n spe~

cial experiments devised (0 resemble them. Many

workers have contributed to this developucnt.l-26

It is gencrally supposed that the data adjustment
or selection &{s not simply compendating for the aya-
tematic errors in computational technique; instead,
evrors {n calculation are assumed to be driven down
or allowed for as a result of numerical experimenta-
tion or as a result of comparison with very accurate
sethods such as continuous energy Monte Carlo.
Critice of data adjustment and selection strat-
egies emphssize that forced but unphyaical changes
in data may yield isproved agresment with available
integ-al observations, but ﬁay vorsen agreement with
unzeasured, and frequently more importaat, integral
deaign paraneters. Advocates of data adjustment or
selection respond that differertial data are not now
and possibiy will never be measured to the accuraciea
required and inferrable from good integral measure-
ments. Other arguments have been put forth on both
sides of the controversy. In any case, the strategy
chosen by a nuclear design organization to deal with



inadequacies in the nuclear data base is of suffi-
clent consequence that the choice is made deliber-
ately and the resulting adjusted or selected data
base often is protected.

Here we suggest an cppronch27 having potential
not confined sclely to the design organization, and
we describe a computer program, ALVIN, to implenent
and test the approach. We aseume the existence of
an evaluated nuclear data file, specifically ENDF/B,
containing carefully analyzed and selected integral
data as well as differential data, and containing
for these quantities evaluated variance and covari-
ance data as well. The combined first and second
moment differential and integral data set, or a par-
ticularly significant part of the data set, first
ie tested for consistency in the statistical chi~
aquared sense. (Consiatency tests are discussed in
Sec. II-A.) If the data are consistent, there can
be no obiection to adjusting the differential data
to improve agreement of predictions with the inte-
gral observations. (Datz adjustment is discueeed
in Sec. 1I-B.) When consistency has been establish-
ed, data adjustmant 1a unlikely to distort unreal-
istically the differential data base. If, on
the other hand, the combinyd differential-integral
data set is clearly inconsistent, data adjustment
may be questionable and it might be more profitxble
to use expadients such as design biases until the
source of the inconsistency is identified and re-~
solved.

The next step is to identify the source of the
inconsietency, and this also ie discussed in Sec.
II-A. If the incensiatency arises from over-opti-
aism as to the accuracy of integrel data, this re-
sult ie of great interest to designera in treating
deeign bisses and margine. More likely there are a
number of sourcea of inconsiatency. Consistency
tests applied to the unadjustad data set provide de-
tails of discrapancies only in particulsr integral
data. For corresponding detsils of inconsistencies
in particular differential date, the recassary tech-
niques are formally the same ss data adjustment by
least squares. Intuitively, one is looking for
criticel directions in the combined space of inte-
grel and differential parameters for which reduction
of the leaat squares functional forcas the point rep-
resanting the dats sat to mo’e far bayond rsasonabla
probability. Thus we ere led to dats sdjustmen:t for

analysis of consistency as well as for the achieve~
ment of an improved data bass.

The ALVIN code provides the computational cap-
ability for this approach. Consistency and adjust-
ment procedurea used in the code are described in
Sec. 1I, while necessary sensitivity calculations
are deescribed in Sec. I1I. Programming techniquea
are outlined in Sec. 1V, and a code abstract is in~
cluded as Appendix A.
justment module, DAFT2, 1s adapted from a previoue
code, DAFTI.ZB Sample problems are described in
Sec. V and Appendixes C, D, E, and F. Code valida~
tion 1is carried out in terms of the sample problems
by carrying out required calculations in distinct

Data for three

The data consistency and ad-

ways, then comparing the results.
ZPR assemblies provide the sample problem for the
data consistency and adjustment portions of ALVIN.
The sample problem for the semsitivity parta of the
code is one for which a biological dosa equivalent
is produced by D-Be neutrons penetrating a thick
iron shield. Input and output are described in Sec.
V1. Capabilities and limitations of ALVIN are sum-
marized in Sec. VII,

IT. CONSISTENCY TESTS AND DATA ADJUSTMENT

Group cross sections, particle and photon yield
data, and other differential data* in a nuclear data
library will be represented by “1"2"""3' vhere §,
the number of differential parameters, may be of or-
der 103 to 105. Integral parameters Yys¥greses¥y
such as reactivity worths and reaction rate ratios
are computed as functions of the primary parametera
yi(xl'XZ""'xj) for i=1,2,...,%, or y1(x) in a con-
venient notation. Here I, the number of integral
parspeters,usually is of order 101 or 102. From a
combination of messurementa, corrections, end analy-
ses one arrives at "evaluated” observed values g:.
x;.....x; and y:.y;,....y;. Usually the e;nlunhed
observed values of the integral parameters dc not
equal the values of the integral parsmeters calcu-
leted using the avaluated dats baas x*.  Thac da, y:

*Othcr dets might include x4 representing e nuclear
tenparaturs cheracteristic of inelastic neutzor
eniesion as suggested by D, W, Muir. As enother
example, x; might be a mixing parameter such that
the cross section 18 x40, + (l—xj)ob, wherze 0, and
Op ere altsrnstive phyaically reassiaable avalustions
of the cross section.



differs from yi(xe). In dealing with this discrep-
ancy, we assume that numerical experimentation has
shown it to be a result of errors in differential
uvata, or integral data, or both, and not a result of
inadequate computational techniques.

A. Tests for Consistency among Differential and
Intugral Data
The data may te discrepant in that yi * yi(xe),

but at the same time they may be consistent in view
of uncertainties in measurement and evaluation. The
combined set of differential and integral parameters
may be consistent in that their values could reason-
ably have been drawn from an assignhed joint proba-

bility distribution.
frame the so~-called simple null hypothesis29 that

To test for censistency we

the populations are normal with the evaluated means,
variances, and covariances. We then draw a sample
from the population and cowpute values for one or

more statistics. The values thus obtained permit

a decision ter accept or reject the hypothesis &: a
certain level of confidence.

Consider initially the quadratic form

1 1
e, _ _eyy. =1
5 = Z Z[yi(x ) =y YV

i=] '

-
-

by 9 - ¥4l e}

where 7YV is the evalvated matrix of variances and

covariances among the evaluated integral parameters.
That is, yyV1
of y: if 1 = 1{' and the evaluated covariance of y:
with yi. if 1 ¢ 1°.
we expect §; to be distributed as a xn distribution

1 represents the evaluated variance

with 1 degrees of freedom, symbolized as xn Here
the values yi(x ) are calculated outside ALVIN and
are regarded as sample values from the multivariate
normal distcibution with means y: and evaluated var-
iance-covariance matrix ny. For example, for the
case¢ described in Sec. V-A, 1 1s 24 and 51 is found
to be 503. For the xga distribution the value of
503 1s far outside the 1% probability 1imits (there
is a 1% probability that xza is less than 10.7 and

a 1% probability that Xza exceeds 43.0). Thus the
simple null hypothesis is rejected at the "highly
significant"” level of 1Z. We take this to imply
that the combined set of means, variances, and co-

" tified under the initial hypothesis.

Under the simple null hypothesis

variances for the evaluated parameter set is highly
inconsistent.

In practice the integral observations usually
are considered to be independent (when commor quan-
tities like delayed neutron fraction are removed
from quantities like reactivity worth observation).

The quadratic form then becomes

- e _ e 2,yy
S) Z fy, ) - y1° /v, @
i=1
where v represents the evaluated variauce for

the evalu::ed integral parameter y:. The individual
contribution of each integral parameter to the value
of S1 is evident and is distributed as a xi distri-
bution with one degree of freedor according to the
hypothesis. Thus deviant integral data can be iden-
However, no
information has been obtained as to the consistency
of particular differential data with this procedure.
To examine the consistency of the combined dif-

ferential and integral data, consider the quadratic

form
1 1
Sy = z z lyg ) = y3177W 0 (g0 - ¥50d
=1 11
3 3
D DD DN AR i BN
=1 §'=1

+ zz Z‘h(’" UL AR R €

i=1  j=1

subject to the requirements that

y,(x) =y, %) +

- x;] , 1m1,2,...,1, (4)

! 3



The weight matrix W in the quadrature form will be
taken to be the inverse of the matrix V of evaluated
variances and covariances among the evaluated dif-
ferenticl and integral parameters. Yy will repre-
sent the partition corresponding to the intagral pa-
rameters, "W will reprasent that for the differen-
tial pzrameters, and u will represent that for
both. The matrices V end W are symmetric.

Different samples of differential end integral
data will yield differing sample values of Sz. At
the evaluated point x = xe. used in the preceding
initial tests, s2 resemblee 51. If we minimize s2
by adjusting the combined data set to x = x'. then
the sample value of 5, 19 also distributed as x:.

We can ask 1f the date set 1is consistent after ad-
justment by examining the new value of sz. In the
previous exemple Sz is found to be 108 but remains
improbably large. Dats adjustzent may be risky in
such casss. Nevartheless,K e can examine the con-
tribution to sz of residuals x;-x; in order to iden-
tify potentially deviant differential or integral
data. The least squares adjustment process here is
lookad upon as & device to identify andmaliss in the
connected network of differential and integral data.
Thus wi are lsd to consider dats adjustment, both
for 1ts role in the strategy of dats isprovezsnt
outlined i{n Sec. I, and for determinetion of data
consistency.

Before discussing data adjustment it is useful
to touch briefly on the normal spproximation snd on
the linearity of Eq. (4).

Our consistency tests assune that the popula-
tions sre normal, an assumprion often made by eval-~
uators in arriving at the evalustsd varisnces and
covariances. Hence, the essumed normality and the
evalusted dats values are related, snd it is natural
to have them appear together in the consistency
teets. Nevertheless, the essumption of normelity
mey be inadequete.

Linear expressions relate calculated integrel
parametere to differentiel perameters in Eq. {4) for
convenience end becsuse 3y1/3x.1 is easily calculated
by perturbation techniques, while higher derivatives
are not. The computation of yi(x) and ayilhxj is
discussed in detail in Sec. III. We note here only
that the computation of ByilaxJ for 3=1,2,...,3 1s
carried out in a single calculation when, as in
ALVIN, linear perturbation theory is used for the
derivatives.

4

B. Nuclear Data Adjustnent

Many groups have investigated and spplied vari-
ous adjustzment techniques to nuclear dntn.27 One
might, as in other disciplines, introduce cost fac-
torg Ci' which represent the cost to the dssign of
an error in predicting ¥y in the sense that the ov-
3rall design penalty ie s function of the C1 and of
the devietions Iyl-yzi from unknown true values y, .
In the absence of a more realistic penalty function,
the nuclear designer might use c¢ifferential data

seta adjusted <o minimize

t
C= Z Cl'yi(x) - y: . (5)
iw]

This strategy, however, does not reflect uncertsin-
ties in determination of the differcnzial and inte-
gral data. Morsover, it does not respond to the ob-
jection that to decreass one set of design bieses
may increase others for which integrsl observations
are spasrse. Most investigators hava used e mixed
strategy that ettempte to improve the beeic date set
ss well as the integral results, or at lesst doss
not sericusly degrade the differential data. Barré,
Chaudat, and o:hcr|3'5 hsve adjusted the differen-

tisl deta in multigroup forms so ss to minimize

t
5, = Z ly, 0 - y32, ®)
i=1

as in Bq. (2), but subject to constrainre

IIJ - K;' < bj o 3mi2,...,9 . m

Convarssly, Cecchini et al.7 mininize the sum of

squared residuals for the differentiel data,

$
. -2
S0 by -1y, ®

i=1
subject to constraints

v 00 -yf[ <o, . 1=L,2,3,..4 . (9)

British, Ieraeli, and other grOupnla’la’zl have mini-

mized the general quadrutic form, Eq. (3). assuming

~



correlations to be negligible, whereas Swediahw’u‘12

15,16

and Japanese groups and others have included

some correlations. It appears that correlations in
the differential dat330'31 cshould be 1nc1uded.16
Finally, linear programeing techniques have been em-

ployed to minimlzezS

1 1
c = .8 ]
9 Z!’H(") yelfug + Z'xj xj'/vj » 10)
i=} =1
subject to constraints

i =il <u L telz.0t 1)

and

bry = x{| < v 3=1,2,...,1 a2)

3 ’
Where bounds are required in Egqs. (6)-(12) they are
usually taken to be one or two times standard devi~
stioms.

We chouse to use the least squares approach,
minimizing the quadratic form in Eg. (3), because of
the connection of this technique with consistency
tests.  Bounds are not placed on changes of differ-
ential data during adjustment.z'9 When the integral
parameters are assumed to be linearly dependent on

(A)I
32 4a

the differential data, as 1s expressed in Eq.
it {s not necessary to iterate to convergence
order to compute adjustments, Thus the data adjust~
ment subroutines UAFT2 and DAFT3 (fo be described)

28

are simpler than DAFTI, but their notation and

coding techuiques are otherwise similar. DAFT2 ad-
justs data and computes diagnostics in the general
case when differential and integral parameters may
be correlated; matrices of order at least § x § are
snverted in this case., DAFT3 computes the same
quantities, but requires inversion only of 1 x 1
matrices by use of a special technique described in
Sec. 1I-B-2. This technique is only applicable when
the differential data are uncorrelated with the in-
reyral data, but it permits simultaneous adjustment
of arbitrarily large differential data libraries.

1, Data Adjustment with Full Correlations —-
DAFT2.
ing purposes to form the union of the differential

It is convenient conceptually and for cod-

and integral parameters and to normalize them by

dividing by their evaluated values. Let

yk(x)/yi for k=1,2,...,2 ,

P {13)
xk/x: for ke1+1,3+2,...,1+T=k .

N

x'Nm IZ‘

Z,(X) =

Similarly, the primary quantities Lo be adjusted are
transformed to
(14)

X, = x /x% for 3=1,2,...,1 .

3773

L]

Let 2z
evaluated parameter Z: if k=k', or the evaluated
covariance between Z, and Zy. 1f kfk'. Note that

ka, represent the evaluated variance for the

zz! Z

]
A V represent the

L
KK’ = zz ka./(z;zz.). Let 2

1
matrix with elements z ka,, and form the weight
matrix

g a2zl [T

X, 0,

zz' 1s)

This matrix is partitioned only to relate to
the partitioned matrices appearing in Eq. (3); DAFT2
makes no assumptions requiring partitiouing, such as
that YHJ vanishes, The Gauss-Markov theorem shows
that for this cholce of weight matrix, the variances
are minimized for any linear combinatione of the ad-
justed parameters; thus the variances on derived in-
tegral quantities are minimized as well. When nora=

al distributions are assumed, as is done for our

consistency tests, this is a maximum-likelihood esti-

mate as well.zg’33

The quadratic form to be minimized 1is, from

Eq. {3),

e, txr 22°

5, = [2(x) - 2°] Wlz(x) - 2% . 16)

Here Z and z% are column vectors with elements Zk
and ones, respectively. The linear relations, Eq.
(4), between differential and integral quantities

are transformed to
3
e 2:: e
Zk(x) Zk(X ) + <t Akj[xj - xj] .

k=1,2,...,R , 17



where

v, (X5 /¥ for k=1,2,...,!
Zk(k‘) - % ® she »
1 for k=i+l,...,8 (18)

and
e
zk(x )ij
for k=1,2,...,1 and 3=1,2,...,%

By "
6’ nk'I
for k=t+l,...,% and j=1,2,...,%, (19)

and

e
D, ﬁ_e_ gyz
Iy, 6 e
for k=1,2,...,% and j=1,2,...,5 . (20)

The D matrix is the matrix of compufed relative gsen-

sitivitiea., Tha normal equations to be solvad are

2 2 3

e {J &
DI DR A RE-LT DT RREIRY
kel k'sl 1e1

1]
x 22 Mgrhygry = 0 for =,2,...,] 1)

with solution

b
a _ .e -1
Xp= %+ ZCJJ'BJ‘ for §=1,2,...,3 . %

i'=1
Here
g 13
e e,,22'
By = Z Z (2 = Z X Hghers
kel k's=l
for §=1,2,...,5 , (23)
and

This symbolisam follows that in DAFTL and 1e used in
coding DAFT2.
differcntisl parameters have been obtained, the as-
Justed values of the integral parameters develop
from Eq, (17),

Now that the adjusted values of the

a a, e _ a,, e
Y - yily1 yylx )I)'1

3
:E: a e
+ - .
Aij[xj xJ] 25)
i=1
The matrix C-I is the matrix of variances and
covariances among the adjusted quantities as derived

.
from the input evaluated uncertsinty matrix 2z v,

but it does not reflect the actual dispersion in the
data. Hence 1t is cuntomary.29'3J in obtaining the

variance~covariance for the normalized adjusted déta,
to multiply by s;/!. a "digperaton multiplier,” where

S; i@ computed after adjuatment.

Sa
Xy - 'iz_ ¢t (26)

1t S;/t is leas than unity, 1t is replaced by unity
in ALVIN, Similarly, rombining Eqa. (25) and (26),
one obtains tha variance-covariance matrix among the
adjusted integral quantities,

Wy o g Xy 287 @n

and the covariance matrix betwaen adjusted intagrsl
and differential ¢uantitias,

YRy o 2 %%y, (28)

2, Adjustment or Arbitracily Lazrga Differential

Pata Sete -- DAFT3, Daft 2 muat invert one matrix
(V) of order (£ + §) x (1 + 5) and one matrix (C) of
order § * §. When J, the number of differential
quantities in the library, is large, say 103 to 105.
the matrix inversion becomes a problem which ia fre-~
quently resclved by adjusting only part of the dats
set. Had the adjustment been applied to another

'3 R
ij,- z Z Akj'zz'"kk'Ak'j for 1,§' = 1,2,.--.5 . (24)

kel k'sl



part of the library, the result would be different.
This matrix Inversion problem can be circumven:ed,8
and arbitrarily large differential data sets adjusted
sigultaneously when, as 1s assumed by most greoups,
the differential data are uncorrelated with the in-
tegral data.

Let YYV represent the evaluated variance-covar-
fance matrix for the evaluated integral quantities,
let xxV represent the evaluated variance-covariance
matrix for the differential quantities, and suppose
that the evaluated differceatial quantities are un-
correlated with the evaluated integrel quantities.
Th: weight matrix expressed by Eq. (15) then has
partitions YYH = .n'\'—l, xx‘-‘ - xxv"l. and XYK' - 0.
et X represent the upper T x § partition of the
A matrix expressed by Eq. (19).
nent Yxﬂkj of this 1 x § matrix is Z(Xe)Dk,. The
adjusted values of the differential quantities are

That is, a compo-

obtained in this case from

1

X, YX,etr ¥Y K, X -
L xS e W YXgER YN YK MK YK er

{4

< - veS1 (29)
where the largest matrix tuv be inverted is only of
order T x t. The adjusted values of the integral
quantities are ohtained as hetore from Eq. (25).
The variance-covariance matrix of the adjusted dif-

ferential quantities is

XKpd o XN | XK YRRV YK XK YKoy

. YXA XXV (30)
and again a matrix of order only 1 x 1 must be in-
verted. The variance-covariance matrix XXM is ob~-
tained from Eq. (26) by replacing C by Xxva’ and
YYM and YXM are computed as before from Eqs. (27)
and (28), respectively.

Because 1 usually is much less than ¥, this
technique, coded as DAFT3, requires inversion of

much smiller matrices than is the case for DAFT2.

II1. SENSITIVITY CALCULATIONS

The calculations described in the previous
section required derivatives 6y1/6xj of intepral
parameter i with respect to differential parameter j.

These derivatives can be expressed conveniently as

relative sensitivities ([see Eq. (20)},

where hoth integral values yi(xe) and derivatives
are computed for a given evaluated differential data

ser x°. Many workers also have contributed to this

developnent.aA-AS

We now describe computations of
relative sensitivities and derived quantities, such
as sensitivity profiles, from linear perturbation
theory using SENSI and related modules in ALVIN.

A. Inhomogeneous Transport

The particle or photon flux Y(f) at a point §

in phase-time space satisfies the inhomogeneous lin-

ear Boltzmann equation

Ly =s , (32)
wheve S(£) 15 the local svurce density. The adjoint
flux w+(£) satisfies the adjoint equation

Lttt = st (33)

where S+(€) is an adjoint source, and where L+ is an
operator adjoint to the Boltzmann operator L. The
adjoint operator and boundary conditions on w+ are
defined such that

whin = avte . (34)
Here (¢,x) symbolizes an inner product, in this case
Just the integral of ¢{£)x{E) over the relevant re-
gion of phase-time space.

Choose S+(€) so that (S+.€) is an integral
quantity of interest. Suppese that the operatsors
and sources change as might occur, for example, 1if
Ten

differential nuclear data are changed.

L+ +8) =5+65 (35)

and

at syt e st = sTeest (36)



When these resulta are combined, it follows that the
exact change 6(S+.w) in the integral quantity, even
for large changes in operetore and eources, is

s(st) = ~LeLry + sy + whies)

+ @ty s, an

or

sty = ottt + ot + 0t + atLes)

+ sty (38)
in addftion to two other equivalent forms.

We now confine ourselves to the case of fixed
sources and small perturbations, 1.e., to linaar per-
turbation theory. In thia case, from Eqe, (37) and

(38),
sestp) = -t o = -ty (39)

Further, conaider the time~indepandent, one-spacée~

dimensional, multigroup situation for which the Boltz~

mann equation &nd ite adjoint are

@9 + v, @D

g ©
-
- Z PO - R AN LR )
g'=l j=0
- 5n® (40)
end
N +
-9 + L @D
8 & 2441 o3
P IPIE L SOOTCLIE
g'=1 3i=0
(41)

P
53(5-2) .

for each multigroup §=1,2,...,§. Hera ws(;.g) and
w*(;.g) ere the adjoint flux, reapectively, at posi-

tion £ in miltigroup g and in directfon {, with Le-
gendre expaneions

L
2]+1
e =Y Hy or e “2)

i=0

+ 24+1  + .
e = ) By onwm (43)

j.lo

in terms of the Legendre polynomials, Pj(u), of the
polar angle cosins u. The Legendre coefficiente of
flux, wzJ' and adjoint flux w;s, ere readily computed
from SN’ multigroup Monte Carlo, PN’ and diffusion
theory solutiona, and thaeir use eliminatee the neces~
eity for determining consistent quadratura techniques
for the inner product, so Legendre fluxes and adjoint
£luxea ars utilized henceforth. In this case the in-
ner product expressions of Eqs. (37) and (38) become

sty = vt
-fd_r.

-3 3
x { OZSWSJ + 2' ngl_.swgljl » (44)
8

Z 24+1 o
4m g
g8 3=0

and

8es*,u) = -tV

./dgzwz%a

8 =0

e 3+
* [=SEgvgy * Z.um' 5'3%1 @5
)

for the chaage in the integral quantity conocquhnc to
changes in group tross sections, Thus for changas in



particular cross sections we obtain from eicher Eq.
(14) or (15) the results

o

+
astuy 2441+
% fdi L oam Vel o GO
=0
+
a(s . 2441 +
—MBZJ' a H e, “n
g'g

These derivatives, of the form ayi/axj, complete-
1y characterize nuclear data sensitivities as comput-
ed by multigroup SN' Monte Carlo, PN, or diffusion
theory codes. Fission neutron production cross sec~-
tions can be thought of as being absorbed in the
o,

878 +
do not require cross sections or values of (S ,¥),

arrays. The expressions, Eqs. {46) and (47),
i.e., yi, so they represent a discrete calculation
which 1is carried out by a basic subroutine, SENSI,
in ALVIN, Legendre fluxes and adjoint fluxes are
read in (KFLUX=1l) by subroutine REDFLX, or are com-
puted (KFLUX=2) by KEDFLX from discrete ordinate
fluxes and adjoints. SENSI computes the inner pro-
duct in slab. spherical, or cylindrical geometry ac-
cording as KGEOM is 1,2, or 3, respectively. 1In
ALVIN the derivative a(s+,w)/azg is labeled DYDG(IG),
and a(s+,w)/azé t+g 18 labeled DYDL(LJ,IGI,IG). These
quantities can be normalized and stored into sensi-
tivity arrays for use in data adjustment.

If the inhomogeneous problem is time-dependent,
we merely add a time integral to the inner product,
add v;la“’/ac to Eq. (40), add -v;lau’/ac to Eq. (41),
and note that these do not change when differential
Thus Eqs. (46) and
also to the time~dependent case if the

multigroup dat.. are changed.
(47) apply
right-hand
KTIMS = 1,
by reading
executing Eqs. (46) aud (47), multiplying by the

width of the time step, accumulating, and repeating

sides are integrated over time. If
the time integral is carried out in SENSI

in fluxes and adjoints at .ech time step,

the operation for all time steps.

Two aspects of the adjoint source S+ are neote-
worthy. First, suppese (S+,w) represents a detector
response or dose such that a response or dose per

unit monoenergetic flux is I over a volume Vd

et?
wo if the angle

+ det
then we wish (S ,¥) to equal vdetxdet

integrated flux wo 18 uniform over the detector re-

glon, The inner product (S+,W) then is
Joafarst @@ or v, s* @y, in this case. Thus
the directed adjoint source $*(2) 1s Zdet' but the
angle integrated source frequently input into trans~
port codes is Aﬂzdet.
Second, consider a time-dependent problem for
which the response of interest is the temperature
G(tm) at a time tm, of a material of volume Vm, with
total heat capacity C, with a total heat transfer co-
efficient K to a reservoir, and subject to fission
represent the local energy deposi-
Then

heating. Let qg

tion per fission in group g.

do
Cac * X6 Zﬁ-r:ﬁg Ulegby - (48
B
The solution to Eq. f48) is
+
(5,p) = 8(xr)
T k
=(t~t') q
-f dt'Z/:’Q/d‘ e LI vy ¢9)
- - c “fg
("] B Vm
so the angle-integrated adjoint source is
13 .
=2(t=t )
+ 1l c m _
Sg Anqglfg -e u(e tm) (50)

in Vm and zero elsewhere. Here we have used the
unit function U(T) which is unity for T # 0 and is
zero otherwise. Adjoint sources generally can be
conscructed by this method.

B. Reactivity, Rossi-0i, and Other Eigenprobleme

The transport operator L can be broken up in

many ways and for each there is &an eigenproblem,

1 = "
L wa al wa B (51)
Here wa is the eigenfunction corresponding to eigen-

value a. For example, L" might be the fission neu-
tron production operator, in which case 1/a is the
multiplication factor. For another example, L"

might be in multigroup notation a square matrix wnose
elements are zero except on the main diagonal where
the elements are inverse speeds, V;l. In this case,
a represents the Rossi-0 parameter. For any partic-

ular breakup of the transport operator, there is a



set of eigenvalues and e corresponding set of ei-
genfunctions of which ordinarily oanly one, the fun~
damental, is real and non-negative. The fundamental
is usually the only eigenfunction computed by con~
ventional transport codes.

After nuclear data change, L becomes L + 6L,

and the eigervalues and eigenfunctions change accord-

ingly,
(L + SL) (Y, + Gwa)
= (a + Ga)(L" + 6L")(wa +o0) . (52)

Subtracting Eq. (51) from Eq. (52) and linearizing,

ve leave

GaL"wa = (L' - aL")Gwa + (6L' - aSL")wa . (53)
Adjoint to Eq. (51) is the relation
bt L et
L wa aL wa , (54)

with the adjoint boundary conditions described ear-
lier. Muleiply Eq. (53) by w: and integrate over
phase space. The first terms on the right-hand side
of Eq. (53) contribute nothing in view of th2 ad-
Joint property expressed in Eq. (31), with the re-
sult that

W, (6L - asL"1y,)

. (55)
+ ),
Wh L")

g =

The fundamental eigenvalue is an integral quan-
tity of considerable interest and according to Eq.

(55) its change can be computed using only the funda-
A much more diffi-

mental eigenfunction and adjoint.
cult situation arisés when the integral quantity of
interest is a ratio of reaction rates

+
_ 5pvy)

R
Tq +
O

(56)

both measured in the fundaméntal flux. In this case

10

+ +
Gqu, (Sr/qu - Sq.GWG)

s (s7)

Rrg SR

snd an inner product witp Gwa is required. Often
in mathematical physics when an eigenfunction chenge
is required it 1is expanded in a complete set of ei-
genfunctions, In the transport problem, however, we
are unlikely to have available any eigenfunctions
other than the fundamental.

Usachev“4 has developed an iterative algorithm
for computation of Eq. (57) requiring repeated solu-
tion of the inhomogeneous transport equation. We
develop an alternative algorithm and suggest its use
in an appropriate way that cnly reauires knowledge
of the unperturbed flux and adjoint. Llet w: repre-
sent the solution to the inhomogeneous equation,

R

L wr - Sr . {58)

Insert this expression into Eq. (57) and apply the
adjoint property, Eq. {(54). Then

+ R

i (wr/qu, Wq.L 6wl)

. (59)
T (50,

The linearized Eq. (52) can be rearranged to provide
an iterative calculation of the nth approximation,

Gwe.n’ to the desired Gwa.

L'6Y, o = (aL" + 8al" - 6L')Y,

+ aL"§y , (60)

8,n=1

with starting conditionédh 0" 0. This conastitutes
»
an algorithm for computation of the required L'Gwa n
]
under proper conditions of convergence., Here we

terminate at n = 1, whereupon, approximately.

+ + ” "
b o WrlReq = VG a8L” + Sar” - 8Ly

e (Sq1¥g)

The above approximation is not coded into this var-
sion of ALVIN.
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Returning to the eigenvalue perturbations, we
now apply the previously described techniques to de-
velop the inmner products in Eq. (55) for Rossi-o

and for reactivity perturbations. For Rossi-ua,

da 1 _.L. 62
3 "D f"i L “2
g ("]
and
%__1 241+
az), nm_/"'£ wn YagiVeg's (63)
8'g
where

(64)

. 2)41 4+ 1
fds E; A wm Vg wagj
8

For reactivity perturbations, it is convenient to

break up Zg'*g into a scattering portion and a fis-
gion portion
3 8J
Tgrog ™ Igtag * VgrleggragSyo - 65)
Then,
-
o .1 2041+
3z D f £ 4n “'ogj'ogj * (66)
S P 1
and
ap
8
3[}:8' + (1 D)V 19> ng ag _‘]0]
-1 far E ¥ , (67)
D " DSJ pg'l
where

\Y
- + g
Dy /ds Z 2 Ypgo T Zgg'Xg'og¥ogro - (68)
8 g

Theoe expressions also are in their simplest form.

Equations for sensitivities thus far have been

expressed as derivatives with respect to macroscopic

crosy gections.

Ordinarily a sensitivity of interest

will be for a single material or nuclide, but this

may occur with different number densitities DENS(IR)

in different spatial regions IR=1,2,,...,NR.

A deriv-

ative with respect to a microscopic cross section O

is obtained from the corresponding derivative with

respect to a macroscopic cross

section I as in Eqs.

(46), (47), (62), (62), (66), and (67) by

i-
oy E dr DENS(IR)*
IR=]1 " Regiou IR

When sensitivity integrals are
number dens!ty of the material
cluded as in Eq. (69) with one
tivity denominator in Eq. (68}

remainder of . (69)

expression

coded in SENSI, the
of interest is in-
exception: The reac~

requireg the actual

macroscopic fission cross sections for the assembly,
so these are read in for each group and region and

used as macroscopic quanticies.

C. _Sensirivity Profile

Expressions were developed in the previous sec-
tions for derivatives Sy/BZsand Bylafg,*g, where y
i8 an integral parameter. These constitute the basic
building blocks for compounding derivatives with re-
spect to any differential data, e.g., the inelastic
scattering cross sections for 2380. We illustrate
the compounding proceas not for a particular differ-
ential cross section, but for .the "sensitiviiy pro-
file," an interesting parameter characterizing a
class of cross-section changes.43’45

Suppose that for a particular nuclide, say 238“,
we change the total cross section in group g by the
amount 6Ex, corresponding to a change in reactfon :,
say an inelastic cross section. The group-to-grouo
transfer cross sections for this reaction, Zéf
change accordingly, and we make the particular as-—

sumption that

Jx X

b &L

ij.ﬁ:&i - —)E& , (70)
g Iy

for all exit groups g' and for all Legendre crders j.

11



Croas sections for particls transfer into group g

are unchanged. Then, compounding changes by the

usual (6y - 2; %ildxi) method we have, from Eqs.

(46) and (47),

8¢5 ,0) . px B
B I v

where the sensitivity profile P: is

P J(;r 1
8" (st .w)

i=0

-zw ZZJ 's:”’sj : 2

This inhomogeneous sensitivity prcofile character-
izes certain interesting cross-section changes and
15 computed by subroutine PROFIL in ALVIN.

Similar profiles can be defined and computed
for Rossi-it and for reactivity and in general under
other assumptions than Eq. (70), but we do not carry
these out in ALVIN,

Bartine et a1.45 use the definition Eq. (71)
for inhomogeneous sensitivity profile, but they ap-
pear to state, on the basis of equations like Egs.
(34) and (39), that another definition can be used,

S T (3
& (s.w)

j=0

X (~Ijbgy + z zé’,‘_,sws.j} . (73)
g'

In paraphrase, because (w+.6Lw) equals (6L+w+.W)-
then w+6Lw equals w6L+¢+ over some more limited re-
There is no & priori reason

glon of phase space.
to expect this to be generally true, although it 1s
true for the fully absorptive case. We have devel -~
oped a complete analytic solution to the case of hy-
drogenous slowing down in in infinite homogeneous
medium46 to be used in clarifying a variety of prob-

lems. For this case the two definitions of ?: are

12

not equal and, because our definition, Eq. (71), was
arrived at by the orderly process of compounding,

we believe it it correct.

IV. ALVIN PROGRAMMING

ALVIN is programued in FORTRAN-IV to be machine~-
independent except for large storage requirements
which, in the distributed version, are specific to
the CDC-7600.,
and only a few statement lines would need to be
Otherwise, specific CBC

Five large arrays are stored in LCM

changed for other machines.
features are avoided, e.g., Hollerith is used for
formatting rather than asterisks. A code abstract
18 included as Appendix A.

The code consists of the main ALVIN routine and
eight principal subroutines with about 1100 state-
ment lines, approximately 20% of which are comment
lines. The routines, the subroutines they call, and
their tape requirements are listed in Table I. A
subroutine SENRD2, which generates sensitivities spe-
cific to a sample problem, is provided as well. Sen-
gitivity and variance-covariance matrices are so
large, and so frequently have integral regularities,
that it may be useful to create subroutines like
SENRD2 to gcuerate them for specific problems.

Program variables have the same significance
in all parts of the code, and their values, with a
few exceptions, are passed through labeled commons.
All variables are defined in Appendix B, and these
definitions hold in all parts of ALVIN. Certain

systematics have been followed in variable naming.

TABLE I

ROUTINE CALLS AND TAPE REQUIREMENTS IN ALVIN

Routine Calla or Requires

ALVIN SENSRD (SENRD2), SENSI, DAFTZ, DAFT3
SENSRD

SENSI REDFLX, CROSEF, CROSEC, PROFIL
REDFLX Flux tape, adjoint flux tape
PROFIL

CROSEF

CROSEC Cross section tape

DAFT2 INFO, MATINV

DAFT) INFO, MATINV

INFO

MATINV



For example, indices have a fixed meaning, and tem-
poraries are formed by suffix T. Variable names
usually are similar to notation used in Secs. II and
I11 describing the calculations.

The structure of ALVIN is shown in Fig. 1.
Pairs of control parameters K7Z.S and KADJST define
various modes of code operation. For example,
KSENS=3 and KADJST=2 cesult in sensitivities * ing
read in by SENSRD, some sensitivities being calcu-
lated and added by SENSI, and consistency tests and
data adjustment being carried out for full correla-
tion by DAFT2. A simple case is KSENS=]l and KADJST=1
where sensitivities are calculated by SENSI, and no
data adjustment or consistency calculariona are car-

ried out.

V.  SAMPLE PROBLEMS AND CODE VALIDATION

Two sample problers are provided, one stressin3
the data consistency and adjustment parts of ALVIN,
and one stressing the sensitivity parts of the code.
The sample problems are used to illustrate capabil-
ity, input, and output. In addition, however, the
sample problems are used to validate the code by
carrying out the same calculaticn in different ways.

KSENS, KADJST

Colt Col Celt
SENS SENSRD
SENSRD 1 SENST

Cott Coit
DAFY3

Fig. 1. ALVIN structurec.

A. Data Consistency and Adjustment

Integral observations made on LMFBR-like criti-
cals have frequently failed to agree with calcula-
tions. Reactivity worths in particular have been
discrepant, thus presenting the nuclear designer
with serious problems in view of the importance of
reactivity worths in the design process., Data for
three importanr criticals, ZPR-6-6A, ZPR-6-7, and
ZPR-3-48, prominently display the reactivity worth
disc 'epancy and have been compactly presented by
Bohn.['7 Table 11 identifies 24 integral parameters
yi,i-l,z....Zk, for these assemblies, and Table III
identifies 19 differential nuclear quantities xj'
3=1,2...,19, of interest. It is convenient to allow
Yy to represent the ratio of the computed value Ci
of an integral parameter to its experimental value
Ei' and to let xj represent the ratio of the nuclear

datum crj to its evaluated value a;. Then the eval-

uated quantities y: and xj are unity, and

21 9 %
%, ).e"lT, %o e \E, 7o, e (74)
1ix 1 WAL 1 bl

This normalization is essentially thst described in
Sec. II-B-1.
on inference of E1 from experiment are made explicit
in Eq. (66). For 1=1,2,3 the integral parameters
are the C/E vslues for multiplication factors of
ZPR-6-6A, SPR-6-7, and ZPR-3-48, indicated in the
second column of Tsble II by subscripts A, 7, and 8,
For 1=4,5...,15 the integral parame-

The effects of cross-section changes

respectively.
ters are the C/E values for central worths of 239Pu.
235y, 238y and 103, indicated by 49, 25, 28, and B,
respectively, as superscripts on W; for example, the
C/E value for the central worth of 23%, 1n the
ZPR-6-7 assembly s tndicated by Wi® tn Table II.
Finally, for 1 greater than 15, the integral parame-
ters Yy ;;: C/E values of ratios of reaction rates,
€.8.» 7R[.9f for Y20 represents the C/E value of the

239

U capture rate relative to the Pu fission rate

measured in ZPR-6-7, If vy 1s (cn/om)/(on/o)a. then
to first order (unchanged flux spectrum),

Byj
>, | e" snj - an "

Jix

(75)
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TABLE 11

INTEGRAL PARAMETERS yjy AND VALUES y,(x®) COMPUTED
USING EVALUATED NUCLEAR DATA PARAMETERS x©

[If no adjustment were necessary yi(xe) would = unity)

¥y ¥y
y (xe) Adjusted Selected
1 1 £l by ALVIN by _Bohn
1k, 0.9920+0.004 0.993
2 K 1.00264+0.004 1.001
3k 0.9927+0.004 1.002
o W 1.1040.025 0.990 1.06
5wy 1.15+0.025 1.014 1.05
28
6 W 1.24+0.035 1.090 1.09
7w 0.9240.075 0.854 .96
8 Wi 1.2540.035 1.052 1.14
9wl 1.2440.035 1.036 1.08
10 W 1.1640.025 0.936 0.95
n v 1.1840.035 1.027 1.17
49
12w 1.25+0.035 1.042 1.12
13 WP 1.2640.035 1.066 1.08
1% i 1.27+0.035 1.024 0.99
15 W 1.09+0.035 0.960 1.06
28f
16 R230 0.90+0.03 0.942
T 1.0340.03 1.060
28¢
18 R2SL 0.9940.02 0.975
o25¢
19 %9t 1.0540.02 1.032
R28c
20 7R49F  1.09+0.02 1.053
o 28¢
21 7N25¢  0.9440.02 0.924
R28c
22 7R25f  1.04+0.02 1.023
p28¢
23 sf2s¢  0.96+0.05 0.961
R28c
2 8F25f  0.9440.05 0.924

14

TABLE I1I

PRIMARY NUCLEAR DATA FARAMETERS Xy THEIR
UNCERTAINTIES, AND THEIR ADJUSTED™ VALUES

x x
x x& Adjusted Selected
i 1 1 by Alvin by Bohn
1 o 140.1 0.978 0.93
2 o 140.1 0.932
3 o? 120.1 0.995 0.97
4 o¥ 140.1 0.989
s o8 140.15 0.961 0.88
6 off 140.1 0.979 0.97
7 o8 140.15 0.840 0.88
inel —
; Na
6 o 140.1 1.059
g o 140.1 1.063
el ="
10 140.1 0.979
un o 140.1 1.001
12 o 1#40.1 0.995
28
EIT 140.06 1.138 1.10
VIR 1+0.04 1.106 1.012
15 v 140.06 1.166 1.024
16 VO 140.1 1.009 1.016
17 Vi 140.1 1.009
18 oo 1#0.1 0.995
19 o 140.1 1,085
el -

The third columns of Tables II and III list the val-
ues of the parameters determined at the evaluated
point together with standard errors, most of them
assigned by Bohn, for the quantities. Most of the
computed reactivity worths, Y, through y15’ are high
and differ from unity by many standard errors; this
18 the reactivity worth discrepancy. Uncertainties
in reactivity worths due to uncertainties in delayed
neutron yields are not included, because the delayed

data (J=13,17) are assigned uncertainties and
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examined seplrately.48 The uncertainties ascribed to
differential data in Table III essume that cross-sec-
tion errors are correlated at all energies. Sensi-
tivities presented by Bohn are listed in Table IV.
Calcuiated results shown in Tables I through III used
ENDF/B-1II as the evaluated data base as procassed
into multigroup form by SDX. Values of differential
and integral parameters adjusted by ALVIN also are
ligted in Tables II and III and show physically plau-
sible trends. Vialues selected by Bohn from six

trial sets of differential quantities also are liat~
ed. Our data adjustments are intended to be illus-
trative only of the techniques involved and, par-
ticularly, illustrative of consistency inferences.
More detailed study of data uncertainties and senasi-
tivities would be required to justify an adjusted da~
ta set for nuclear design application.

Input for this sample problem is shown in Ap~-
pendix C. The output, shown in Appendix D, provides
considerably more information, perticularly consis-
tency information, then do Tables II through IV,
Values of chi-squared before and after adjustment
both are improbably large, 503 and 91, restactively,
for 24 degrees of frasdom. The dispersion multiplier
DISPR is 3.8 for this problem, thue accounting for
the fact that errors in the sdjusted data in Tablss
II and III are larger than input evaluated arrors in
many cases. Contributions of the 43 differential
and integral paremeters to chi-equared are lieted
before and after adjuetment.

This sample problem is not fully illuetrative
of the capabilitiee of DAFT) in that many more than
19 differential data could be trasted by DAFT3. How~
ever, the sample problem is ueeful for code valida-
tion in that, with only 24 + 19 parameters, date ad-
justment can be cerried out by DAFT2 ae well as by
DAFT3. To facilitate thie comparieon, inputs to
DAFT2 and DAFT3 arc made eimilar when only stendard
error information ie provided. DAFT2 and DAFT3 re=-
sults agree for this problem, thus velideting the
conaistency and date adjuetmsnt part of the code,

B. _Seneitivity Calculation

Illustrative of seneitivity celculatione in
ALVIN 1e a spherical representation of a thick iron
-hicld-collil.:or.‘g The ehield coneiets of a 70~
ca~radius ephere of iron with a 4-cm-radiue void at
the center. An isotropic neutron soutce ie uniformly
distributed in a centrel l-cm-radiue sphere with the
0°® spectrum of neutrone produced by 50-¥aV deuterons
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on bcryllium.su The response quant:ity consists of
the product of the neutron flux and neutron fluence-
to-dose equivalent conversion factor summed over all
neutron energy groups and averaged over the volume of
the l-~cm-thick air shell at the outer surface of the
sphare.

The sN transport code DTF51
late the neutron fluxee and adjoint fluxes throughout

was used to calcu-

the shield, using 4l-group, P~5 cross sections and
§-16 quadrature. The source for the adjoint calcula-
tion, located in the l-cm-thick shell surrounding the
sphere, was the vector of neutron fluence-to~dose
equivalent conversion factor.

Directed fluxes and adjoint fluxes were read in
to ALVIN through REDFLX and converted to Legendre
components. Nuclear data were read in through CROSEC
and CROSEF,
SENSI to compute detailed sensitivities as described
in Sec. III-A. These were then used by PROFIL to
compute eensitivity profiles as deacribed in Sec.
111-C, The computed sensitivity profile as a func-
tion of energy group is illustrated in Appendix E
and output ie listed in Appendix F,

All routines in ALVIN that are concerned with
ssnsitivity are used in calculation of the sensitivi-
ty profile, and cen be validated by & direct calcula-
tion. The sensitivity profile P(IG) represents the
change in neutron dose-equivalent rate at the shield

Fluxes and nuclear data were used by

surface resulting from a change in crose section in
group IG combined with proportionate changes in
transfer cross sections from group IG to other
grouss. The ALVIN cslculation uees first-order per-
turbation theory; this spproximation, as well as code
accuracy, can be validated by comparison with direct
calculations.,

The divect spproach to determine the change in
the result due to & change in the cross.section data
involves the creation of an altered cross-section
set, performing e neutron traneport calculation us~
ing the altered croes sections, end converting the
fluxes in the outer shell to the neutron dose equiva~-
lent rate., The fractional change in the dose equiva-
lent rate divided by tha frectional change in the
croes eections of group IG thus yielde the sensitivi-
ty P(IG) of the result to croes sections in group IG.

Sixteen eeparate, eltarad cross-section sets
vers formed with I.(16) and 3 (IG+16), I6' = 1G,KG
for all j increesed by 0.1, 0.5, 1.0 or 10.0% for
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Fig. 2. Sensitivity of shield surface neutron

dose-equivalent rate to neutron cross-
section data computed by direct change

in cross sections and by linear perturba-
tion -- ALVIN calculation.

group IG = 9, 19, 20, or 25. The sensitivities re-
sulting from the neutron transport calculation are
superimposed on the sensitivity profile histogram

of Fig. 2.
verged to 10-4. so the only directly calculated sen-

The separate DTF calculations were con-

sitivities shown are those for which the relative

For exam-

change in dose equivalent exceeded 10-4.
-13

ple, the dose equivalent changed from 0.7189 x 10
rem/s to 0.7188 x 10717, 0.7187 x 1071, and 0.7186
x 1017 ren/s, when the cross sections of group 19
were increased by 0.1, 0.5, and 1.0%, respectively.
Therefore, these cases were disregarded.

In addition to accuracy problems in the direct
calculation, there are nonlinearity problems in the
perturbation calculation. Consider monoenergetic
neutron penetration through a slab of thickneas X
with cross section £. Then,

&,

T - ...JXL . (76)

1 8E,2
37 (XE E)

Patrect = ~-f1- -le XL 3

If 8Z/I 18 chosen to be 0.1 to insure accuracy in
the dose equivalent change, then for the shield
thicknees studied here (about 12 mean free paths
thick) the direct calculation underpredicts the re-
sult for very small SI/Z by about one-third accord-
ing to Eq. (75).
of magnitude can be observed in Fig., 2 for the di~
rect calculation with 8Z/Z equal to 0.1l.

An underprediction of this order

Conversely
one can conclude from these results that linear per-
turbation theory will overpredict the change in dose
equivalent by about one-third when fractional changes
of 10% in cross section are considered.

Useful direct calculations for the purpose of
validating ALVIN's linear perturbation calculatioms
should have SIZ/Z sufficiently small to avoid the
nonlinear effects discussed above and sufficiently
large to avoid inaccuracy problems. The results
shown in Fig. 2 are in good agreement and are be-
lieved to validate the inhomogeneous sensitivity
parts of ALVIN.
Rossi-a and reactivity utilize inhomogeneous sensi-
tivities and have not been validated separately.

Calculations of sensitivities for

INPUT AND OUTPUT

Input requirements are shown in Table V.

VI.
For-
mats and precise variable descriptions are given in
terms of the variable definitions listed in Appen-
dix B.

Qutputs are labeled also by variable name and
follow the examples shown in Appendixes D and F.

VII. SUMMARY OF ALVIN CAPABILITIES AND LIMITATIONS

ALVIN carries out sensitivity calculations for
steady-state or time-dependent inhomogeneous trans-
port. For eigenproblems, ALVIN computes sensitivi-
ties of eigenvalues to nuclear data changes (apeci-
fically reactivity and Rossi~a), but does not com~
pute sensitivitiea of eigenfunction propercies such
as reaction rate ratios., Sensitivities are computed
with respect to total cross section, with respect to
individual Legendre components of group-to-group
transfer crosa sections. and with respect to fission
parameters. Sensitivity profiles are computed.

ALVIN carries out data consistancy and adjust-
ment calculations for arbitrary variances and covari-
ances among the differentisl and integral dsta. DAFT2
i used for these calculations and the number of pa-

rametera treated is limited by the necessity for in-
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TABLE V

ALVIN PROBLEM INPUT

(KSENS=1, KADJST=3, KVAR=2)

Order Format Contents
1 16A5‘ Title
2 1216 KSENS, KADJST , MY ,MJ
3 16A5 Title
4 6E12.6 DYDX(I,J),J=1,MJ

A card set for each I=]1,MI.

5 1645 Title
6 6E12.6 YC(I),I=1,MI
7 16A5 Title
8 1216 KVAR
9 6E12.6 VE(K1,K2),K2=1,MK

A card set for each Kl=1,MK,

The DAFT3 subroutine
carries out data consistency calculations and ad-

version of large matrices.

justs an arbitrarily large and correlated differ-
Least
Limits

ential base uncorrelated with integral data.
squares techniques are employed throughout.

on data adjustments are not used in ALVIN.
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APPENDIX A

PROGRAM ABSTRACT

Name of program: ALVIN.

Name of computer for which program is designed:
CbhC-7600.

Programming language:
Nature of the problem solved:
the consistency of a set of differential and in-

FORTRAN-1IV,
ALVIN analyzes

tegral nuclear data, adjusts the differential
nuclear data to improve agreement with integral
observations, ~nd identifies incomnsistent data.
ALVIN also computes required sensitivities and
related quantities such as sensitivity profiles.
Method of solution: Linear perturbation theory

is used for sensitivity calculations.

Data con-
sistency and adjustment computations use least
squares techniques.

Restrictions on the complexity of the problem:
The DAFT2 consistency and adjustment subroutine

treats fully or partially correlated differen~
tial and integral parameters, but only as many
as the order of the largest matrix that can be
inverted. The DAFT3 consistency and adjustment
subroutine treats arbitrarily large differential
datas sets, but only if they are uncorrelated
with the integral data.

Related and auxiliary programs:

None.

7.

8.

9.

10.

11.

12,

13.
14.

Typical running times: About 1 min, depending

on size of problem.

Description:
input and output are described in Ref. 1.

Equations, calculational methods,
Unusual features: Data set consistency is ana-
lyzed. A special algorithm is used in DAFT3 to
treat arbitrarily large data sets.

Status: The program is currently in use and
can be obtained from the Argonne Code Center.

Distributed version uses

Machine requirements:

LCM to store five large arrays. Otherwise ma-

chine-independent.

Operating system:
Other programming information:

Independent.

None.

References:

(1) D. R. Harris, W. A. Reupke, and W. B.
Wilson, "Consistency Among Differential Nuclear
Data and Integral Observatioms -~ the ALVIN
Code for Data Adjustment, for Sensitivity Calcu-
lations, and for Identification of Inconsistent
Data," Los Alamos Scientific Laboratory report
LA-5987 (1975).

D. R. Harris
W. A. Reupke
¥. B. Wilson

Los Alamos Scientific Laboratory
P. 0. Box 1663
Los Alamos, New Mexico 87545
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APPENDIX B

DEFINITIONS OF VARIABLES USED IN ALVIN

DEFINTTIONS

ACI1,12)TEMPDORARY MATRIX USED WITH DIFFERENT DEFINTTIONS IN DIFFERENT
SURROUTINES

BCJ)SYECTOR SOURCE TU RFASRANGED NORMAL EGUALTIONS

C(J1,J2)aMATRIX WHOSE INVFRSE IS THE ADJUSTEDL VARITANCE=COVARIANCE MATRIX
OF INDEPENDENT QUANTITIES, LATER THE TINVERSE IS STOREN IN C

CHIZ2F=CH]=SQUARED AFTER ANJUSTMENT USING FVALUATED SECUND MOMENTS

CHI2IZCHI=SNUARED INJTIAL

CHIDASDTAGONAL PART OF CHIZA

CHIDF3SDTAGONAL PART OF CHTZF

CHIDIzDTAGONAL PART OF CHI21

DENOMAIDENUMINATUR OF L(ALPHAY/D(CROSS SECTTON) RELATION

DENOMREDENUMINATUR OF D(RFACTIVITY)/D(CRUSS SECTION) RELATION

DENS(YRYZNUMBER DENSITY IN REGION IR

DETERM=DETERMINANT OF A MATRIX

DISPR3DISPERSTON MULTIPLIER

DYDG(IG)SNERIVATIVE OF INTEGRAL QUANTITY WITH RESPECY 10 TOTAL CROSS
SECTION IN MULTIGROUP 16

DYDLCTIL,IG1,IG)SDERIVATIVF OF INTEGRAL QUANTITY WITH RESPECY T0 ILe=1 TH
LEGENDRE ORUDER CRUSS SECTION FOR TRANSFER FROM MULTIGROUP 1G1 TO
MULTTGROUP |G

DYOX(Y,J)=0ERIVATIVE OF INTEGRAL QUANTITY I wITH RESPECT TO OTFFERENTITAL
DUANTITY J COMPUTED AT THE EVALUATED DATA POINT

FLAXLCIM, JL,IG)3IL=} Tr LFGENDRE COMPONENT OF ADJOINT FLUX AVERAGED OVER
SPACE MESH INTERVAL TM, IN ENERGY GRNOUP IG

FLUXLCIM, IL,IG)=ltLe TH LEGENDRE COMPONENT OF FLUX AVERAGED OVER SPACE
MESH INTERVAL IM, IN ENERGY GROUP 16

LAZGUADRATURE ANGLE INDEX

IDGCISAVE)=TIG INDEX OF SAVED SENSITIVITY CASE

IDGI(TSAVE)=IGY INDEX OF SAVED SENSITIVITY CASt

IOLCISAVEYI=IL INDEX OF SAYED SENSTTIVITY CASE

IDX(ISAVE)IZIX INDEX UF SAVED SENSTITIVITY CASE

IOYCISAVE)=TY INDEX OF SAVED SENSITIVITY CASE

I1G=MULTIGRQUP INDEX

IL=LEGENDRE ORDER INDFX

IMsSPATTIAL MESH INDFX

IMMAX(JR)SMESH POINT WiTH HIGHEST INDEX IN REGION IR

IMMINCIR)=MFSH POTNT WITH LOWEST TNDEX TN REGION TR

INUEXC(ToJYSTEMPORARY ARRAY USED IN MATRIX INVERSION

IPIVOT(T)=TEMPORARY ARRAY USED TN MATRIX TNVERSTON

IPOSzPOSITION OF CROSS SECTION IN DTF CROSS SECTION FORMAT

IRZREGION INDEX

17aTIME INTERVAL TNDEX

ITAPE= FILE SFT NUMBER (1 UR 2)

ITYPE=TYPE OF SAVED SENSITIVITY CASE, 31 TF INHOMOGFNEOUS
SENSTTIVITY, =2 IF D(ALPHA)/D(CROSS SECTION) SENSITIVITY,
23 IF D(REACTIVITY)I/D(CROSS SECTION) SENSITIVITY

IYR=JNDEX OF CASE OF SENSITIVITILS CALCULATFG FRUM FLUXES AND
ADJOINT FLUXES READ TN

JTAPEZASSIGNED TAPE NUMBER

KADJST=2 IF DIFFERENTTIAL PATA ARE T0 BE ANJUSTEN USING DAFT2, =3 IF
RIFFFRENTIAL DATA ARF TU BF ADJUSTEDR USING DAFT3, =i OTHERWISE

RFLUX®] JF LEGENDRE FLUXES ARE READ IN, =2 TF DIRECTED FLUXFS ARE READ IN
FROM wHICH LEGENPRF FLUXES ARE COMPUTED FUR USE IN SENSITIVITY
CALCULATIUNS

KTYPExTYPE OF SENSITIVITY CALCULATION, =@ IF JINHOMOGEHEOUS
SENSTTIVITY, =t IF DC(EIGENVALUE)/D(CROSS SECTION)

KGEOM=1 IF GEOMETRY IN SENSTTIVITY COMPUTATTONS IS SLAB, 32 IF SPHERICAL,
=3 IF CYLINDR]ICAL

KRFELX=CONTROL SET IN CODE, =) JF FLUXES ARE HBEING PROCESSED,=2 IF ADJOINT
FLUXES ARE BEING PROCESSED

KSENS=1 JF SENSITIVTTIES ARE ONLY READ Tn, 32 IF SENSITTIVITIES ARE ONLY
COMPUTED FROM TINPUT FLUXES AND ADJOINT FLUYES, =3 IF SENSITIVITIES
ARE BOTH READ IN AND COMPUTED

KTIMS21 IF TIME DEPFNDENTY FLUXES ARE USED IN SENSTTIVITY COMPUTATION

KVAR=] IF EVALUATFD STANDARD ERRORS ONLY ARE READ IN FUR DIFFERFNTIAL AND
INTEGRAL PARAMETFRS, =2 TF FULL EVALUATED VARIANCE<COVARTANCE ARRAY
IS READ IN FOR DIFFERENTTAL =iINTEGRAL PARAMETERS

21
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APPENDIX B (cont)

MI=NUMBER OF INTEGRAL PARAMFTERS

MJENUMBER OF DIFFERENTIAL PARAMETERS

MKzM]1#MIXNUMBER UF TNTEGRAL=DIFFERENTIAL PARAMETERS

NAENUMBER OF QUADRATURE ANGLES FOR NIRECTED FLUX

NGE=NUMBER OF MULTIGROUPS

NL=NUMBER OF LEGENDRE FLUX ORDERS USED TN SENSITIVITY COMPUTATION

NLRsSNUMBER OF LEGENDRE FLUX ORDFRS READ IN

NLCXSNUMBER OF LEGENDRE CRUSS SECTION ORDERS READ IN

RMENUMBER OF MESH INTERVALS IN SENSITIVITY CALCULATION

NRENMUMHBER OF REGIONS TN SENSITIVITY CALCULATIONS

NSAVESNUMBER OF CASES OF COMPUTED SENSITIVITIES SAVED INTOQ DYDX
CIY,TX) MATRIX FOR CASE ITYR

NY=NUMBER OF TIME INTERVALS IN SENSITIVITY CUMPUTATION

NXR=NUMBER OF IYR CASES FOR WHICH NEW SET OF UIN=NORMAL IZED
FVALUATED DIFFERENTIAL PARAMETERS ARE TO BF READ IN AND USFU
FOR SENSITIVITY NURMALIZATION OR PROFILE CALCULATION

NYR=NUMBER OF CASES FOR WHICH FLUXES AND ADJOINT FLUXES ARE READ TN AND
SENSTTIVITIES COMPUTED

P(IG)=SFNSITIVITY PROFILE FOR GROUP IG

PIVOT(I)=TEMPORARY ARRAY USFD IN MATRIX INVERSION

QCOSACIA)ZCOSINE OF WUADRATIURE ANGLE NUMBER IA FOR DIRECTED #LUX

QLEGP(IL,TAY=LEGENDRE POLYNOMIAL OF ORDER IL=! OF QCOSACIA)

QWTSACTA)SWEIGHT FOR QUADRATURE ANGLE NUMBER TA

R3RESPONSE, INTEGRATED OVER APPROPRIATE VOLUME OF PHASE SPACE,
USED IN TNHUMUGENEOUS SENSTTIVITY NORMALIZATTON AND PROFILF
CALCULATION

RELXEZS(XECJ)Y=XECJ)}/ZSX(J)

RFLXF=(XACII=XECJII)/Z5X (D)

RELYES(YCCII=YECI))/SY(T)

RELYFe{YA(IJ=YE(LI))/SY(T)

RM(IMIBLEFT=HAND CUOORDINATE OF MESH INTERVAL IM

SIGFN(IG, IR)=MACROSCOPIC FISSIUN CROSS SECTION IN GRCUP 16 TN HEGION IR
TIMES FISSTON NEUTRON YIELD

SIGTO(IG)aMICROSCOPIC TOTAL CROSS SECTION IN GROUP 16

SIGTR(IG, IG2,IL)IEMICRNSCOPIC Itef TH |LEGENDRE COMPONENT CROSS SECTION FOR
TRANSFER FORM GROUP TG TO GROUP 1G2

SORF(IG2)SNORMAL 126D F1SSTON NEUTROM SPECTRUM INTO GROUP 162

SPDS(IGY=PARTICLE SPEEDS 1IN GROUP IG

SX{J)ZEVALUATED STANDARD ERROR FCOR DIFFERENTIAI, PARAMETER J

SXACJ)TSTANDARD ERROR OF NIFFERENTIAL PARAMETER J AFTER ADJUSTMFNT

SY(T)ZEVALUATED STANDARD FRROR FOR INTEGRAL PARAMETER I

SYACI)=STANDARD ERROR OF INTEGRAL PARAMETER I AFTER ADJUSTMENT

TEMSTO(IG, TPOS)=TEMSTO(IM, IA)=TEMPORARY STURAGE FOR CROSS SEFCTIONS AND FOR
DIRECTED FLUXES AND ADJOINT FLUXES

TITLE=DESCRIPTIVE TITLE FOR JOB AND FOR SUBSECTTONS OF INPUT

TM(IT)ELOWER BOUND OF TIME INTERVAL IT

VE{RY,K2)ZEVALUATED VARTANCE=CUOVARIANCE VALUE FOR INTFGRAL=DIFFFRENTIAL
PARAMETERS K{ AND K2, LATER THE INVFRSE, TE, WEIGHT MAIRIX, IS
STORED IN VE

VZ(K1,K2)2COMPUTED VARIANCE-COVARTANCE VALUE FOR INTEGRAL=DIFFERENTAL
PARAMETERS K1 AND K2 AFTER ADJUSTMENT, INCLUDES DISPERSTON FACTOR
LATER THE ADJUSTED CNRRELATION COEFFICIENT MATRIX IS STORED
IN VvZ,

XACJ)SADJUSTED VALUE OF DIFFERENTTAL PARAMETER J

XE(JI)ZEVALUMTED VALUE OF DIFFERENTIAL PARAMETEW J

YA(I)xADJUSTED VALUE OF INTEGRAL FARAMETER [

YC(T)=VALUE UF TNTEGRAL PARAMFTER I COMPUTED FOR EVALUATED VALUES OF
DIFFERENTIAL PARAMETERS

YCUCISAVE)SVALUE OF INTEGRAL PARAMETER, UN=NORMALTZFD, COMPUTFD
FROM EVALUATED DIFFERENTIAL PARAMETERS, USED 10 NORMALIZE
SAVED SENSITIVITY CASE ISAVE, YCHzR IF ITYPE=%,
sETGENVALUE TF ITYPE=Z2,3

YECY)=EVALUATED VALUE OF INTEGRAL PARAMETER I

ZA{K)SADJUSTED VALUE OF INTEGRAL=DIFFERENTIAL PARAMETER

ZC(KVY3VALUE OF INTEGRAL=DTFFERENTIAL PARAMETER K COMPUTED FOR EVALUATED
VALUES OF DIFFERENTIAL PARAMETERS

ZE(X)REVALUATED VALUE UF INTEGRAL-DIFFERENTIAL PARAMETER K



APPEIDIX C

SAMPLE INPUT FOR DATA CONSISTENCY AND ADJUSTMENT PROBLEM

SAMPLE PROBLEM==CONSISTENCY AND ADJUSTMENT OF ZPR DATA

1

24

SENSITIVITIES FOR ZPR PROBLEM

61
.03

=.06

-, 07

-.991
047
-y 144

o264
088
- 144

L P
s 340
- 144

-1,252
P8
e, l44

111
-, 326

1.179
150
=, 326

,490
=, 326

283
=, 326

o144
=e 3586
-o860
1,199
,183
4356
« 0857

640
=356
» 395

»338

+ 849
-, 845
e A54

- 174
-, 024
-, 856

-, 094
«P43
-, 856

*,143
898
=, 856

-, 027
-. 8252

190
-,034
-, 0252

064
-, N252

o149
. 252

-, 70
., 0210
-, 214

-, 802
-,08210

047
-,0210

N LL

«66

-1}

1.160
-, 115

027

148

213

«213
-, 752
=,597
©1,1019
835
=,597
'1.2‘”
192
©,597
14129
316
=597
. 207
=,599
*1.074
-,599
e!,446
«,599

=1.199

-, 07

. 161
892

210

-, 214

-, 020

~,28%
,803
-, 0206

950
009
-, 0206

.12t
-, 120
-, 206

=21k
-, 733
-, 8206

~. P69
004
~e0321

«068
«006
-, 2121

“,167
- a12
=.7321

-,273
- 238

.08

.09

..239
-, P06

~.20h
. a02

-,58%
a2

=, 329
«884

-, 27

-, 26

.21

-, 25%
-, 03
-, 05

.210
, 205
.90y

1.22%
-, 202
. 802

., P92
-, @03
802

«199
-, A02
-, 001

2137
.24
. 206

1.04S
-, P03
< BN1

., 260
-, 004
902

211
-, P02
i '

162
.03
.a03

1.273
-, 204
-, @01

“e22h
- AP0

23



APPENDIX C (cont)

=356 -,8210 «.599 -,012) -, 0121
#S17
INT PARAMETERS COMPUTED FROM EVALUATED OIFF PARAMETERS
.9920 .9924a .9927 1.18 1,15 1,24
92 1.25 1.24 1,16 1,18 1,25
.26 1.27 1,09 .90 1,03 .99
1.05 1.89 W94 1,04 .96 09U
EVALUATED STANDARD ERRORS

1
»3 ol o1 ol 15 o3
s 15 el e ol ol oi
.86 .04 86 el ol o1
1
994 884 .eas4 .10 .10 o1
15 o1l .11 .10 o1t o1l
ot 11 11 .03 ,03 82

92 82 a2 02 «05 «0S
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APPENDIX D

SAMPLE OUTPUT FOR DATA CONSISTENCY AWD ADJUSTMENT PROBLEM

SAMPLE PRORBLEM==CONSISTENCY AND AUJUSTMENT OF ZPR DATA

KSENS KADJSTY
1 2
XE(J),J=1,M]

»100020E+01 ,130000E+01
«100000E+A1 ,1000QQF+01

YE(I),I=1,M]
«1000P0E+01 , 1PROBGVE+D)
+100000E+01 ,1000MGE+TY
«100000E+@31 , 100200E+M

Ml
24

MJ
19

«1@00a0E+aY
«100080E+01

+ 10BPABE+AY
«1000N0E+2]
+ 120000E+n1

- 1830AGE+ A}
+100000E+01

. 1 ¢ADABE +01
< 100B00E + A1
. 100D02E+0 1

«1070B0E+A1
+100000E+01

+10820G0E+ A1
. 10000PCE+01

INT PARAMETERS COMPUTED FROM EVALUATED DYFF PARAMETERS

YC(1),1=1,M1

«992000E+00 ,992400E+00 ,992700E+@0
+118000€+21 ,125003E+01 ,126000E+01
+940009E+20 ,10400QE+3] ,967300E+30

EVALUATED STANDARD ERRORS

KVAR
1

SX(J),J=1,M)

«1000A0E+00 ,10ABRQE+AO
«107320E+00 , 100VPAE+NG

SY(I),I=1,M1
«U00000E=-02 ,40Q000E~p2
+358P@0E-21 ,I50800E-01
+200000E=01 ,200000E~01

CHIZ1

« 10@000E+AD
+600000E-01

«408000E~-02
«3508000E-01
+58NRARE~-A1

REDUCED CHI21

*302816E+03 ,209507E+02

CHIZF REDUCED CHI2F DISPR
«909101E+A2 ,37R792E+01 ,37RT92E+01

.11380aE+a |
.12780BE+@1
«940283E + A

« 190000E + 00
«4NPR0RE~-01

«25AP0RE=01
< 3500A2E-A1
+50A¢ABE=R1

«115006F ¢+ 01
» 1090QA0E+A1Y

. 1578NGE +D
.60700RE-01

«250800E =01
« 1500P0E-01

+«120090E+ 7}
«17800RE+N}

.1000ABE+A1
<10000ABE+A1

124009E+@1
.900AAAE +02

10PRANE+AD
<1AVPAAE+a

+35P000F-01
s 3P000NF=01

. 1808002F+21
«10000RE+01

«100000E+01
- 100000€+01

»92G0ABE +30
. 103002F+21

. 150000E+00
. 18A200E+20

+75A9A0E -0}
.300000F-91

. 120200 +7)
. 120000PE+01

. 120800E+Q1
« 100008E+A1

. 125000F +71
. 990800F + 7@

+ 100000E+QQ
o 100GBSE+ 00

. 350BACE-a1
+ 2000BOE-A1

. 10P80RE+A1
. 10P@RBE +01

1200008 +0)
. 12AQABE+01

124006 +01
. 105208E + A1

, 199000 + P8
, 100@A0F + A0

< 350000E-01
. POBOARE-D1

. 100002E 40}

.10P00BE+01
.180000E+01

.116802E+81
. 19980BE+01.

L 1208PRE+ 0D

. 25A0MARE=1
. 20MBAAE=A1




9z

J1
1

w

o

o

13

14

1%

16

17

19

CCd1,12Y,32=, M1

«30300E.Q3
. 29095€E=0u

+6A0ALE-AS
=, 15532E-A4

.25a74F=q3
= 11082E=0a

+23897E<83
=~ 9SHO9E-0a

»3ARAUE-A3
=, 23697608

s 41220E-03
~o 32056C =014

«91392€-03
~eb3n10E=05

«342A¢E-03
-~y 17371E-03

+SA395E-0a
v 491ASE-23

-, 96503E-0a
= 195 1HE=AS

«y2995E=Na
«37828E-01

e 35521608
= 23942E-04

66727604
- H5B2AE=A%

. 75701E-04
e 3863GE=AS

¢ 1S369F=P3
»32114E=Rs

«d46379€-05
«0B12¢E-08

=, 32904Fe0p
o 13450€=-0¢

=s32184E-00
=.31805€=-ma

«13262F N3
- 99%GUE-NG

«6INNBE-R}Y
= 3552uF ey

+23893E=02
~y322R7E<08

o 369QRE-0A3
=s17145%E~024

«9850qf -3
. 31761F=03

«TA244E~D}
-,2919yE=Rg

+b62TANF Y
=.50774E=-0a

29546 IE-NS
«24@27E-03

162256E-03
«8aSROE-A4

«U8116E-03
*s13AA1E~-0g

«,13553E-03
«.602489E-04q

=.15532E~-03
=, 239a2F-Pa

. 322AT7E-0g
«378a5E~01

= IADIAE-N}
«494a6Feay

=o 3589AF=D3
CLELY(ET.I)

=, 92722F =0y
«AaNRIE=-Ng

=.132A3F~04
«83771E-05

=e23314F=0g
+6T7399€-a5

~. 1A213E~Ng
=e316h0dE-Ny

«56812E-03
-o82854E-9a

«25WTuF =P}
«6hT27E~008

«36940E=-03
®. IAYIAE=03

CUA2AHE-DY
«53526F-04

» 18043E-02
©o1A784E=A2

«30219F-03
= 4ASALE=-QA8

«29220E-0%
=,93753E=04

o 142T4E=A2
«2A775E-02

«86U53F03
-, 40292E~03

+» 199S¢LE~A3
=, 59u5hFen3

«,A7AS0E«AY
L 19130E-03

=o119Wa2Fenag
v ASA2RE=AS

., 17185F=04
LLLEI ST 1)

«93326F~04
« 10575F=01

« 7375000
=, 120133682

oBIT23Fa0y
-, A5413E-02

. 17T14AF=34q
e JATALNF0

- 3AUA2F =04
=¢37355€-a3

=, 183356-p4
LAY 2T -1

» 39601E=03
o 239A%E-A3

«23R97F =013
=.75741E=-04

«985AGE-23
«¢3SA9RE-A3

«10UN1E~-02
+73756F-00

. 1501aF-01
= 41 6SVE-A3

cHHHOAF=NT
~, 1AUTAF-03

«A4932E-Ag
“o 1306303

« 14592E-02
«J3765E=-R2

«3222aE=02
~.640613F=03

«37120E-02
= 731SRE-A3

e, 1136AE=22
¢ 1H334E=N3

o  9SRGQELAY
e 3361 HF=0A5

“.31763€-03
«hA3LTE=AQ

-, 1P7QaF=02
-, 12033C=02

. U1HSIE-RY
+13304E=02

= 102PAF=D2
< 1R2PYE-02

=.27924€-03
«TR696F=0a

*. 4920 %F-a3
+87386F-Ry

2. 223R2F=0Y o,

«5PALGF=Ry

«55436E=02
o 829559603

APPENDIX D (cont)

ADJUSTED VARJANCE=COVARIANCE MATRIX FOR

< 3AHRUE-NY
«15369F=0)

+73208Ee03
-oG2722€-09

*»30219E=-03
o L1723E-05

LHhBAKAE-D3
.o 192006E-02

«715934E=H3
=,3901%€-0a

2APRT2F-A3
e, 1A1THER3

J1aKaY%E-A2
« 26456E=02

« JAGATEAS
-, 26154€-03

#10306E-03
., 25421€-94

-, 91 BNEHY
*P00G2F=R3

=a236976-0a
«3211aF-f6

.o 29190E =AY
s HAVAJE-NY

- UNSALE-U
- A5613F=02

-, 1007AF =03
« 1A2A3E=N2

.. 3901SE=0G
«NR199E =012

- 12250F 04
. 78393F=03

*a2873AE-04
= 963%0€-a3

2531 apF =00
<TA374E=0a

«25053E=43
csT1723E=-93

OIFFERENITAL PARAMETERS

«41226E-03
«d4h379EeRy

«62TASE=-A3
- 13203E=04

v 29220E~A3
=, 17i48€E-0q

+83932F-0y
=, 27923E-03

+ARAT2E-A3
. 12250E-0a

LOBNATE=NT
e 18212E~Ra

«e633A6E-03
«179RRE=AS

«72330E~03
-,11092E~9a

w3ISATRE-NY
»23854E-A3

177526403
«31692E-05

-,320%0E-04
<A1 23E~AS

~,5A779E-0u
LU3T7LE-RS

-, 13003F=0n3
«TR29nE -Pa

- 1) 78¢-03
- 70393603

- 1R212F-0a
«37776E-0)

-.33731f-0g
- 1APCAER}

=, 429hHE-00
«13914EeRa

L6RGNGENS
~,83763E-R4

.91302€=03
-, 3A9A4E=06

L9506 1E=03
“a23313E-08

,1427aE-02
~, 3RBAE-AU

L 1US92E=02
~,492A3E-A3

»18645E=02
~,2473AE=Aa

~,633R6E=03
~.33731E-04

< 17805F=01
«21705E-0}

-, 121 40E~02
., 664S1E-0A5

=, A1 6R6E=02
+51637E-03

LTA1TTE-03
=, 489QGENS

e, 636 IVE-PS
«13452E=-04

»2G027E~03
L67499E-0%

«2A77SE=N2
«.37355€-03

«13763E=R
»ATSABE=AY

»264SHE =2
-9 96359€-A3

.1 T9B6E-03
-, 18290F-03

«2370%E~-A4
«37534E=-0}

«12722€03
«262RBF=N4

- URMINE-R2
“ 93URGE-N3

«JO2RUE=AY
v 321A6E0g

+62256E-03
. 1821304

«UOHSIE=A3
= 14335603

« 32224€E-02
«,223A2€-0%

<3A9UTJE-PS
o 2S1AGE =AY

«72330E 03
e, 42966E-1g

-, 1214nE=02
«12722€-43

» 3436UE=-A
*.95050E-09

«, 7425nE-A2
-, 34949F 03

11742604
«,311%91F-0a

*17371E=03
“.31RAYE-0G

+4USAGE =Ry
.. 3106UE=-DY

- 48292603
+AR2SUE-Py

.. 64613E-21%
«5PBGCE-P4
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SFNS;'IVITV ANALYSIS, 41=GP NEUTRON TRANSPORT IN IRON SPHERE

2 ]
8 73

«2848 Evnp

2 78
6
G, BLUa3E=09

APPENDIX E

SAMPLE INPUT FOR SENS: “IVITY CALCULATION

[}
DATA FUR SENSITIVITY ANALVSIS

17 b

CASE ONE OF ONF
9

ALVIN
ALVIN
SENS]
SEN3L
SEnS]
SENnSI
SENS]
REJFLX
CROSEC
[

APPENDIX F

SAMPLE OUTPUT FOR SENSITIVITY CALCULATION

SENSITIVITY ANALYSIS, 41=GP NFEUTRON TRANSPORT IN InON SPHERE

KSENS
2

KADJST
1

Y] MJ
a "]

DATA FOR SENSIVIVITY ANALYSYS CASE ONE OF ONF

NYR
U

NXR
]

XGEON
2 !

NSAVE KTIMS N1

KYYPE
a [ ] L

IMMINCIR), IMMAX(JRY, IRE1,NR

73

DENS(IR), Th=],NR

«BUBHARE=21

KFLUX
2

NM
T4

NG NLR
41 [

(RM(IM), IM=1,NMet)

INPUT RADTI
He
« 30030A€E+ 01
< FRAVRRE+NY
+15000BE+02
«21AUANE+R2
«27T0BMRE+RA2
+» 3300AVE+A2
«39V0R0E ¢+ 032
«4SARRRE+02
«S1QU0RE+R2
+S7TA0ANE+Q2
+6300BE+02
+690000F +@2

(J),J21,7%

« 25A0A0E+ 00
+4BABAAF+ 0
« JONURAUF e A2
«16P0BVE+D2
« C2AORIESR2
+2BNOARE+02
« 3400N0E+Q2
 40ABBRE +02
« U6BVAVF ¢ 02
«520000E+02
+SBRVONAE+D2
«bUARAVE +B2
+ 70M000F ¢+ B2

«500090E+00
+50PBNQE+ A
» 110400 +02
. 170000E+02
«230000EeR2
«290000F+0A2
«350002€+92
«810000E+A2
+A700RREeD2
«530000E+02
+590000F +22
«650000E+02
«710000F+02

(QCOSA(TAY,TAZ1,NA)

COSINE(}),T=

1.17)

LT} NL
17 6

¢+ T5PVABE+AN ,1A0VRCE+AY ,24BHAAF R
+OURBAREIR) ,TURNRKE+D] L AKAAPAF+0)
+12P0QVE+P2 ,1300P0EeA2 ,1400AAAF¢ A2
+«1800CUE+02 ,19A00VE+A2 ,20RARKF +02
«PUAVBBEL02 ,250000F+02 ,26M000F+A2
«30MOPAE+72 ,3100R6Ee02 ,320000F ¢ A2
+» JOPVRVECN2 I70000F+P2 ,BHANARE eR2
+U2ANAVE+Q2 ,4300R0F+02 ,44B2NKE 02
«HB0UVPAE+MA2 ,490008F A2 ,SUBAAAF¢N2
«SUOBRAE+A2 ,35MGRAE+N?2 ,S568004F+R2
«HUROAVE+R2 ,610000E¢A2 ,A2AVBAF +A2
«66B0ABECN2 ,HTAGRAEIAZ ,HRBAARF+N2

> 10AONBE+D1=,982031E400=,91A5A2E+00=,833027E+A0=,T4TAHLBE+AL>,650T7S6F¢00
=e536B9TE+A0=,391194E+A08~,1334436E+00 ,133446E+00 ,391194E+@0N ,S36897F+0R0
«6507S0E*AQG ,T4T46BF+08 ARITQAR2TE+AY ,9105A2E+R0 ,982031E+00

(OWTSA(TA),TAZ],NA)

WEIGHT(I), 1=
(4.
.bZBaauE-ﬂl

1,17
«27@77T1E=01

«367965E=01

LUN24U1E-R] ,454261F~A1 ,S23245F=-A)

«90T613E=81 ,1UG526E+A0 ,140526E¢88 ,907613E=-M1 ,H2RIAAF-01
+523245E=01 ,454261F=01 ,4492441F=01 ,367965€6-01 ,270771E-01

31
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APPENDIX

(RUCINY, TNzt NMe 1)
INPUT RADIICJY,J 21,75

L8
+» 30RRGE+ M
+ F04BBUE N
+ 1500PREeN2
«2100BNE+P2
+27TANRAEeN2
«3304R0E 002
«390000E 02
«ASU00UE o2
«510000E +02
<STOOPAEL A2

+030UNLE @2
+690000FE 02

«250000FE ¢+ 0D
+BBNVASE + Y
«13BURQE 02
« 16RUNQE* 02
«22ROAUE+ 92
+200QNBE o2
«33R00PEc02
»80RI0REL N2
+A0RINIE 02
«S200MIF ¢+
+SOPARYE B2

+6aNAAYE P2
+« TORBAYE oM2

«500000€+ R0
«SENUBYE+RY
«1190MRE+R2
1 70004E 02
«230000F+02
+ 298Q00E + 82
«350080E+02
+A210000Ee02
«A7TRBRIF 282
«S3N0NRE+ M2
«S9NPNAL A2

«b5AANAF e A2
< TIMBABE o 02

CQCOBA(TA),TAZ],NS)
COSINE(]), 128,17

CNSINES MULY BY =),

IN REPFLX

FUR

F (cont)

+«TSASAQE MY
+bBNINVE 00}
« 12P8AUE 02
< 1ABURUE+A2
+280HARE 1002
« 340RAF ¢ A2
« 360UANE ¢ 002
+4204A0F ¢ 2
+«AH0YAIE e 12
«SANBARE 22
«500VAPE+ A2

«hOANAAE A2

ARJUINTY FLuX

<1 ARBALE QY
< TAROALE + 1
. 13A0AUF + 92
. 19800¢F ¢ 22
< 25M0RUE +A2
. 31PUPUF 102
L 37PORGE 402
. S30URUEF + @2
+A9RANGF ¢+ P2
. SHRUAVE ¢ A2
6 1RAAVE + @2

«OTAUBUF 202

FXPANS JON

< 2PAARAF + R
+ARARARF oM}
< JUANPUF ¢ B2
< 2HANAUF 4 A2
«CHANPRF 202
+3200ARF e A2
< IAARAREF o002
+ SUANAAF +02
<SORORRF e B2
+S6RARAAE ¢ A2
«H2NBAUF e P2

+HACARNF ¢+ N2

«19000B€E+A1 ,B2UTIERY ,910582F+00 A3302T7E¢P0 ,74T46AEeA0 ,65A756F e RO
«93609TE+0Y ,191198E+00 , 13344, ToR0=,1333406F108=,391193E+M0= _SI6RTF ¢+
©,6508756E+M0=, TATIHLE + 0= AIIGPTE+ A=, I ASAZE + A=, FA24T1F o1

(GWTSA(TA),TAZ],NA)
Wt TGHT(TI), Yz,17
«27TA771F=01 ,367965E-R1 ,8024a)1F=01 ,Lu054261F=A1 ,523245F=0
<H2BUUNE=PL ,90Tn13E=0] ,1UA%26F+00 ,164a526F ¢ ,TH13F=A1 A2RU4AF=A)

e,
«523245F =01

NLCX
)

«850261€=01

«U0244)E«A1

Po
1
P2
P3
Pq
PS

FE
FE
Fe
FE
FE
FE

(¢14
uf
UF
uF
UF
Of

PY=PA,q16P
P@=PB,a1GP
PR=PB,816GP
PU=PA,a1GP
PU=PA,a1GP
P@ePh,a1GP

+R014U3E=08

CROSS
CROSS
CRUSS
CROSS
CROSS
CRODSS

SFCTIONS
SECTIONS
SECTINNS
SECTJONS
SECTINNS
SECTTONS

«JOT965E=01 ,270771F=-0]
ADJ TO EXP VAL AFIFR CHANGF IN CRANGE
ADJ TU tXP VAL AFTER CHANGE IN CRANGE
ADJ TO EXP VAL AFTER CHANGE IN CRANGE
ADJ YO EXP VAL AFTER CHANGE In CRANGE
ADJ YO EXP VAL AFTFR CHANGF TN CRANGE
ADJ TO E£XP VAL AFTER CHANGE TN CRANGE



APPENDIX F {cont)

SENSITIVITY PROFILE

GROUP

" aa
VD ODACND NN -

-t s e et - e
X B N W N TWY

P - L I LELT Y
SODQOJGU‘N-GGGNO-ﬂgamEg

=
-

SENSITTIVITY

=1,952690E=04
~i.029A5E~02
=7,16549E=0n3
*8,20070E03
1. 75711F+23
=1.83075%F~a3
=1.10495F a3
"1.1534LE=03
*1,15511E=p
=9,7242¢fF-4a4
=2,1657RC=-N3
=1,46277E=-13
*2,03108E=-03
*2.,0006%2E~-03
*3, 94029 =03
*9,26679F-03
»3,24802E~02
*5,.23364E~02
=9, 26052E~-03
*2.59525E-02
=3,21015F=013
1, 996A5F =R}
=4, B4289E-B4
=3, 998A5E-0y4
=1.,835A8E-04
=1,68276E~Dy
*1.,53271E=04
*1.,35874E-0g
*1.06397E-04
=7.357S4E-05
=4, 06675E=-05
=1.55801F=p%
4 ,992RT7€E=Ng
*1.,19203E=0¢

3



