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

by

D. R. Harris, W. A. Reupke, and W. B. Wilson

ABSTRACT

Successful nuclear design requires adequate prediction of integral design param-~
eters, and this in turn requires an adequate differential nuclear data base. Data
bases that apparently permit reduced bilases and design margins have been developed by
a) least squares adjustment of differential data or b) trial-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-
integral data set, and we describe consistency tests related to least squares adjust-
ment procedures. We suggest an approach to data adjustment that is contingent on con-
sistency analysis. A FORTRAN code ALVIN has been developed to carry out the indicated
data consistency and adjustment calculations, and to compute required sensitivities of
integral parameters to nuclear data changes. The sensitivity modules of ALVIN are val-
idated by computing with two distinct methods the cross-section sensitivity profile for
neutron penetration through a thick iron shield. The data consistency and adjustment
modules DAFT2 (for arbitrary variance-covariance data) and DAFT3 (for differential data

base of arbitrary size uncorrelated with integral data) are validated by comparing their
results for a set of data for three ZPR criticals.

I. INTRODUCTION

Successful nuclear design requires adequate pre-
diction of a number of integral design parémeters.’
Among these are reactivity worths, energy deposition
rates, nuclide transmutation rates, radiation doses,
and Rossi-a. Adequate prediction of integral design
quantities requires, in turn, a recognizably ade-
quate nuclear data base. Massive programs for meas-
urement and analysis of differential and integral
nuclear data have been devoted to this objective,
and the end is not yet in sight.

In the meantime, "improved" nuclear data bases
have been achieved, apparently permitting reduced
design biases and margins, through a) data adjust-
ment by least squares techniques, or b) trial-and-
error selection among alternative data sets. Data
adjustment or selection is carried out so as to im-
prove agreement between calculations and measure-
ments made on as-built nuclear devices and on spe-

cial experiments devised to resemble them. Many

workers have contributed to this development.l—z6

It is generally supposed that the data adjustment
or selection is not simply compensating for the sys-
tematic errors in computational technique; instead,
errors in 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
methods such as continuous energy Monte Carlo.
Critics of data adjustment and selection strat-
egies emphasize that forced but unphysical changes
in data may yileld improved agreement with available
integral observations, but may worsen agreement with
unmeasured, and frequently more important, integral
design parameters. Advocates of data adjustment or
selection respond that differential data are not now
and possibly will never be measured to the accuracies
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-
cient consequence that the choice is made deliber-
ately and the resulting adjusted or selected data
bagse often is protected.

Here we suggest an approach27 having potential
not confined solely to the design organization, and
we describe a computer program, ALVIN, to implement
and test the approach. We assume the existence of
an evaluated nuclear data file, specifically ENDF/B,
containing carefully analyzed and selected integral
data as well ag 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
ig tested for consistency in the statistical chi-
squared sense. (Consistency tests are discussed in
Sec. II-A.) If the data are consistent, there can
be no objection to adjusting the differential data
to improve agreement of predictions with the inte-
gral observations. (Data adjustment is discussed
in Sec. II-B.) When consistency has been establish-
ed, data adjustment is unlikely to distort unreal-
istically the differential data base. If, on
the other hand, the combined differential-integral
data get is clearly inconsistent, data adjustment
may be questionable and it might be more profitable
to use expedients such as design bilases until the
gource of the inconsistency 1s identified and re-
solved.

The next step is to identify the source of the
inconsistency, and this also is discussed in Sec.
II-A. If the inconsistency arises from over-opti-
mism as to the accuracy of integral data, this re-
sult 18 of great interest to designers in treating
design biases and marging. More likely there are a
number of sources of inconsistency. Consistency
tests applied to the unadjusted data set provide de-
tails of discrepancies only in particular integral
data. For corresponding details of inconsistencies
in particular differential data, the necessary tech-
niques are formally the same as data adjustment by
least squares. Intuitively, one is looking for
critical directions in the combined aspace of inte-
gral and differential parameters for which reduction
of the least squares functional forces the point rep-
resenting the data set to move far beyond reasonable
ﬁrobability. Thus we are led to data adjustment for

analygsis of consistency as well as for the achieve-
ment of an improved data base.

The ALVIN code provides the computational cap-
ability for this approach. Consistency and adjust-
ment procedures used in the code are described in
Sec. 11, while necessary sensitivity calculations
are described in Sec, III. Programming techniques
are outlined in Sec. IV, and a code abstract is in-
cluded as Appendix A. The data consistency and ad-
justment module, DAFT2, is adapted from a previous
code, DAFTl.28 Sample problems are described in
Sec. V and Appendixes C, D, E, and F. Code valida-
tion is carried out in terms of the sample problems
by carrying out required calculations in distinct
ways, then comparing the results, Data for three
ZPR assemblies provide the sample problem for the
data consistency and adjustment portions of ALVIN,
The sample problem for the semnsitivity parts of the
code is one for which a biological dose equivalent
is produced by D-Be neutrons penetrating a thick
iron shield. Input and output are described in Sec.
VI. Capabilities and limitations of ALVIN are sum-
marized in Sec. VII.

II. CONSISTENCY TESTS AND DATA ADJUSTMENT

Group cross sections, particle and photon yleld
data, and other differential data* in a nuclear data
library will be represented by X)sXpreeerXes where ¥,
the number of differential parameters, may be of or-
der 103 to 105. Integral parameters Yys¥greeesVy
such as reactivity worths and reaction rate ratios
are computed as functions of the primary parameters
yi(xl,xz,...,xj) for 1=1,2,...,%, or yi(x) in a con-
venient notation. Here 1, the number of integral
parameters, usually is of order 101 or 102. From a
combination of measurements, corrections, and analy-
ses one arrives at "evaluated' observed values x;,
x;,...,x§ and yi,y;,...,y;. Usually the evaluated
observed values of the integral parameters do not
equal the values of the integral parameters calcu-

lated using the evaluated data base x*. That is, y;

*Other data might include x; representing a nuclear
temperature characteristic of inelastic neutron
emission as suggested by D. W. Muir, As another
example, x; might be a mixing parameter such that
the cross Bection is x40, + (1-x4)0p, where Og and

Op are alternative physically reasonable evaluations

of the cross section.
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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
aata, or integral data, or both, and not a result of
inadequate computational techniques.

A, Tests for Consistency among Differential and
Integral Data
The data may be 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 assigned joint proba-
bility distribution. To test for consistency we

29 that

frame the so-called simple null hypothesis
the populations are normal with the evaluated means,
variances, and covariances. We then draw a sample
from the population and compute values for one or
more statistics. The values thus obtained permit

a decision to accept or reject the hypothesis at a
certain level of confidence.

Consider initially the quadratic form

Z T[yi(x) - ¥y,

i=1 it=1.
[y x5 = y51 (¢H)

where Y7V is the evaluated matrix of variances and
covariances among the evaluated integral parameters.
That 1is, nyii, represents the evaluated variance

of y: if 41 = 1' and the evaluated covariance of y:
with yi, if 1 # 1'. Under the simple null hypothesis
we expect S1 to be distributed as a XA distribution
with 1 degrees of freedom, symbolized as X" Here
the values yi(x ) are calculated outside ALVIN and
are regarded as sample values from the multivariate
normal distribution with means yi and evaluated var-
iance-covariance matrix JJV.
case described in Sec. V-A, 1 is 24 and §, is found
to be 503. For the X5, distribution the value of
503 is far outside the 1% probability limits (there

is a 1% probability that xza is less than 10.7 and

For example, for the

a 1% probability that XZA exceeds 43.0). Thus the
simple null hypothesis 1s rejected at the "highly
significant" level of 1%. We take this to imply

that the combined set of means, variances, and co-

variances for the evaluated parameter set is highly
inconsistent.

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

The quadratic form then becomes

b

_ e e 2,yy.
DDA IR AP @
i=1

where YYvii represents the evaluated variance for
the evaluated integral parameter yi. The individual
contribution of each integral parameter to the value
of Sl is evident and is distributed as a xi distri-
bution with one degree of freedom according to the
hypothesis. Thus deviant integral data can be iden-
tified under the initial hypothesis. 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

T 2
DI DR AT L

110 940 () - ¥14)
i=1 1i'=1 :

3 3
e e
+ Z 2 I - KT Ixg e - 350

71T g

b 3
e.xy, e
1=

i=1

subject to the requirements that

y () =y, ) +

3
5> aii

i=1

- x;] , i=1,2,...,1. (4)



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 aif- <
ferential and integral paranmeters. yyw will repre~-
sent the partition corresponding to the integral pa-
rameters, XXy will represent that for the differen-
tial parameters, and Ny will represent that for
both. The matrices V and W are symmetric.

Different samples of differential and integral
data will yield differing sample values of Sz. At
the evaluated point x = xe, used in the preceding
initial tests, S2 resembles Sl. If we minimize S2
by adjusting the combined data set to x = xa, then
the sample value of s, is algo distributed as X§°
We can ask if the data set is consistent after ad-
justment by examining the new value of 82. In the
previous example 52 is found to be 108 but remains
improbably large. Data adjustment may be risky in
such cases. Nevertheless, we can examine the con-
tribution to 82 of residuals x2-x° in order to iden-
tify potentially deviant differential or integral
data. The least squares adjustment process here is
looked upon as a device to identify anomalies in the
connected network of differential and integral data.
Thus we are led to consider data adjustment, both
for its role in the strategy of data improvement
outlined in Sec. I, and for determination of data
consistency.

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

Our consistency tests assume that the popula-
tions are normal, an assumption often made by eval-
uators in arriving at the evaluated variances and
covariances, Hence, the assumed normality and the
evaluated data values are related, and it is natural
to have them appear together in the consistency
tests. Nevertheless, the assumption of normality
may be inadequate.

Linear expressions relate calculated integral
parameters to differential parameters in Eq. (4) for
convenience and because ayilax is easily calculated
by perturbation techniques, while higher derivatives
are not. The computation of yi(x) and ayilaxj is
digcussed in detail in Sec, III. We note here only
that the computation of ayi/Bxj for i=1,2,...,3 is
carried out in a single calculation when, as in
ALVIN, linear perturbation theory is used for the
derivatives.

4

B. Nuclear Data Adjustment

Many groups have investigated and applied vari-
27
One

might, as in other disciplines, introduce cost fac-

ous adjustment techniques to nuclear data.

tors Ci’ which represent the cost to the design of
an error in predicting ¥y in the sense that the ov-
erall design penalty is a function of the Ci and of
the deviations lyi—yi[ from unknown true values ¥y
In the absence of a more realistic penalty function,
the nuclear designer might use differential data
gsets adjusted to minimize

¢

c= Z Cilyi(x) - yi . )
i=1

This strategy, however, does not reflect uncertain-
ties in determination of the differential and inte-
gral data. Moreover, it does not respond to the ob-
jection that to decrease.one set of design biases
may increase others for which integral observations
are sparse. Most investigators have used a mixed
strategy that attempts to improve the basic data set
as well as the integral results, or at least does
not seriously degrade the differential data. Barré,
Chaudat, and others3’5 have adjusted the differen-
tial data in multigroup form so as to minimize

b
s = D Iy 0 ~y51 vy, 6)
1=1

as in Eq. (2), but subject to constraints

Ixj - x;' < bj s j'i.2,---.$ . )

Conversely, Cecchini et al.7 minimize the sum of

squared residuals for the differential data,

)

s, ;[xj %] ,xxv“ , (8)

subject to constraints

yi(x)-yj <a;, 5, 1=1,2,3,..51 . (9)

13,18,21

British, Israeli, and other groups have mini-

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

-
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correlations to be negligible, whereas Swedishlofll’12

and Japanesels’16

groups and others have included
some correlations. It appears that correlations in
the differential data3°’3! should be included.®
Finally, linear programming techniques have been em-—

ployed to minimize25

1 3
R ACEE AT P CAEE el
i=1 =1

subject to constraints

y ) -yl <y, ie,2,00,0 (11)
and

Ixj - xg'l <V, L2t (12)

Where bounds are required in Eqs. (6)-(12) they are
usually taken to be one or two times standard devi-~
atlons.

We choose to use the least squares approach,
ninimizing 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.2’9 When the integral
parameters are assumed to be linearly dependent on
the differential data, as is expressed in Eq. (4),
it i1s not necessary to iterate to convergence32 in
order to compute adjustments. Thus the data adjust-
ment subroutines DAFT2 and DAFT3 (to be described)

are simpler than DAFT1,28

but their notation and
coding techniques 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 J x J are
inverted in this case. DAFT3 computes the same
quantities, but requires inversion only of 2 x %
matrices by use of a special technique described in
Sec. II-B-2. This technique is only applicable when
the differential data are uncorrelated with the in-
tegral data, but it permits simultaneous adjustment
of arbitrarily large differential data libraries.

1. Data Adjustment with Full Correlations —-—

DAFT2. It is convenient conceptually and for cod-
ing purposes to form the union of the differential

and integral parameters and to normalize them by

dividing by their evaluated values, Let

yk(x)/yi for k=1,2,...,1 ,
Zk(X) = = (13)

xk/xi for k=1+1,%+2,...,1+9=R .

W‘Nm IF‘

Similarly, the primary quantities to be adjusted are

transformed to
xj = xj/x§ for 3=1,2,...,3 . (14)

1
Let 2z ka, represent the evaluated variance for the

evaluated parameter 28 if k=k', or the evaluated
covariance between Zi and Zi, if k#k'. Note that

7z' _Z

t
Vi = Z'ka,/(z;zi,). Let 22'y represent the

1]
matrix with elements 2z ka,, and form the weight
matrix
YY Y
] [
zz'y _ 2zl w Xy ) 1s)

X, Xy

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

e,tr 2Z'

8, = [2(X) - 2°] Wiz - 2% . (16)

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

are transformed to
3
_ e _ &
2,(X) = 2, (%) +Z Ay 1%y - 51,
Al

k=1,2,...,R a7



where

7 &) /vy for kal,2,...,8

2, () =
1 for keit+l,...,R , (18)
and
e
Zk(x )Dkd
for k=1,2,...,% and j=1,2,...,9
Ag =
TR
for k=3+1,...,R and i=1,2,...,%, (19)
and

e
ij = - e %XE
i %) e

for k=1,2,...,% and §=1,2,...,5 . (20)

The D matrix is the matrix of computed relative sen-

sitivities. The normal equations to be solved are

R R 5
33 e -z Y Ay - xE]
k=l k's=l =1
X zz'wkk..xk‘j =0 for §=1,2,400,] (21)
with solution
3
a e -1
xj xj * j'zl ij'Bj' for 1=1,2,...,5 . (22)
Here
& £
1]
Bo= D D0z - NP,
kel k'=1
for i=1,2,..457 » (23)

and

This symbolism follows that in DAFTl and is used in
coding DAFT2. Now that the adjusted values of the
differential parameters have been obtained, the as-

justed values of the integral parameters develop

. from Bq. (17),

8 & v/ = e e
Y, =y vy =y Yy

3
+Z Ay [x;l - x§] . 25)
3=1

The matrix C.'1
covariances among the adjusted quantities as derived

L]
from the input evaluated uncertainty matrix zz v,

18 the matrix of variances and

but it does not reflect the actual dispersion in the

data. Hence it is customary,29’33 in obtaining the
variance-covariance for the normalized adjusted data,
to multiply by S;/I, a "dispersion multiplier," where

S; is computed after adjustment.

sa
Xy - -fz— -l (26)

If S;/Q is less than unity, it is replaced by unity
in ALVIN., Similarly, combining Eqs. (25) and (26),
one obtains the variance-covariance matrix among the

adjusted integral quantities,

Wy = a By ot @7

and the covariance matrix between adjusted integral

and differential quantities,

™ aa®y (28)

2. Adjustment of Arbitrarily Large Differential
Data Sets -- DAFT3. Daft 2 must invert one matrix
") of order (1 + 3) x (L + ) and one matrix (C) of
order § X 3. When 3, the number of differential
quantities in the library, is large, say 103 to 105.
the matrix inversion becomes a problem which is fre-
quently resolved by adjusting only part of the data

set. Had the adjustment been applied to another

R R
t
Gy Z E “kj'zz Vigerdry for 330 = 1,2,0.,5 (24)

k=1 k'=l




part of the library, the result would be different.
This matrix inversion problem camn be circumvented,8
and arbitrarily large differential data sets adjusted
simultaneously when, as is assumed by most groups,
the differential data are uncorrelated with the in-
tegral data.

Let YYV represent the evaluated variance~covar-
iance matrix for the evaluated integral quantities,
let xxV represent the evaluated variance-covariance
matrix for the differential quantities, and suppose
that the evaluated differential quantities are un-—
correlated with the evaluated integral quantities.
The weight matrix expressed by Eq. (15) then has
partitions YYW = YYV—l, Xxw = XXv—l’ and XYW = 0.

Let YXA represent the upper ¥ X § partition of the

A matrix expressed by Bq. (19). That is, a compo-
nent YxAkj of this 1 X § matrix is Z(Xe)DkJ. The
adjusted values of the differential quantities are

obtained in this case from

-1
2 - x® - XXv YXAtr(YYV + YXA XXV YXAtr)

x [¥¢-Y@H1 o, (29)
where the largest matrix to be inverted is only of
order ¥ x T, The adjusted values of the integral
quantities are obtained as before from Eq., (25).
The variance-covariance matrix of the adjusted dif-.

ferential quantities 1is

1

Xya | XXy _ XX Yer YY YR, XK YX,try
.« YX, XX,

(30)
and again a matrix of order omly % %X 1 must be in-
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)

verted.

and (28), respectively.
Because 1 usually is much less than 3, this
technique, coded as DAFT3, requires inversion of

much smaller matrices than is the case for DAFT2.

III. SENSITIVITY CALCULATIONS
The calculations described in the previous
section required derivatives Byilsxj of integral

parameter i with respect to differential parameter j.

These derivatives can be expressed conveniently as
relative sensitivities [see Eq. (20)],

= §
b, =44

- ’ (31)
1j yi(xe) GxJ X

e

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

set x°. Many workers also have contributed to this

34-45 We now describe computations of

development.
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(£) at a point §
in phase-time space satisfies the inhomogeneous lin-
ear Boltzmann equation

=5 , (32)

where S(§) is the local source density.
flux w+(5) satisfies the adjoint equation

The adjoint

it =5t (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 ¢+ are
defined such that

whu = 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+,E) is an integral
quantity of interest. Suppose that the operators
and sources change as might occur, for example, if
differential nuclear data are changed. Then

(L+68LY@W+6P)=85+6865 , (35)
and

atr et + ot = stesst (36)



When these results are combined, it follows that the
exact change 6(8+,W) in the integral quantity, even
for large changes in operators and sources, is

sesTp) = -t sLty + sv1) + w69

+ sty ron (37)

or

sty = -t vt + st + of + atLes)

+ @¢stey (38)

in addition to two other equivalent forms.

We now confine ourselves to the case of fixed
sources and small perturbations, i.e,, to linear per-
turbation theory. In this case, from Eqs. (37) and
(38),

sest oy = —te = sttty . (39)

Further, conaider the time-independent, one-space-
dimensional, multigroup situation for which the Boltz-
mann equation and its adjoint are

@v+ 28)\08(5_:9)
2j+1 o]
Z 24 Egraglgry @F (W)
8 =] i=0
- Sg(r,ﬂ) ’ (40)

and

. +
(R + EDb @D

ZE

g'=1 j=0

-5 @d (41)

for each multigroup g=1,2,...,8. Here w (z,f) and
\P (z,R) are the adjoint flux, reupect:ively, at posi-

tion r in multigroup g and in direction 1, with Le-

gendre expansions

¥y @0 Z

‘ng ©E, 47D B (42)

+
Yoy @r@ (43)

+ N 2
e 522

in terms of the Legendre polynomials, Pj(u), of the
polar angle cosine U. The Legendre coefficlents of

, £lux, ng, and adjoint flux w;a, are readily computed

from SN’ multigroup Monte Carlo, PN’ and diffusion

theory solutions, and their use eliminates the neces-
sity for determining consistent quadrature techniques
for the inner product, so Legendre fluxes and adjoint
fluxes are utilized henceforth. In this case the in-

ner product expressions of Eqs. (37) and (38) become

sest ) = -t em9)

[ T3 52,

g J=0

- J
< Sty + 2 gyl o )
8

and

sty = -cetyt, o

/ dr +l

8 =0

x (=62 “'aj ZGZ 'szj ,  (45)

for the change in the integral quantity consequLnt to
changes in group cross sections. Thus for chanﬁel in




-

’

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

LG

_/ r Z gJ ’ (46)
ashy _ - )
a5 e S Vlyy “7
g8

These derivatives, of the form ayi/bxj, complete-
ly characterize nuclear data sensitivities as comput-—

ed by multigroup S, , Monte Carlo, P_, or diffusion

N? N

theory codes. Fission neutron production cross sec—
tions can be thought of as being absorbed in the

3

L
g'+g +
do not require cross sections or values of (S ,¥),

arrays. The expressions, Eqs. (46) and (47),

i.e,, ¥y» SO they represent a discrete calculation
which is carried out by a basic subroutine, SENSI,
in ALVIN. Legendre fluxes and adjoint fluxes are
read in (KFLUX=1) by subroutine REDFLX, or are com-
puted (KFLUX=2) by REDFLX 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. In
ALVIN the derivative a(S+,¢)/3Eg is labeled DYDG(IG),
and a(s*,w)/azé ,. is 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'%¥/at to Bq. (40), add 3¢ to ma. (),
and note that these do not change when differential
multigroup data are changed. Thus Eqs. (46) and
(47) apply also to the time-dependent case if the
right-hand sides are integrated over time. 1If
KTIMS = 1, the time integral is carried out in SENSIT
by reading in fluxes and adjoints at each time step,
executing Eqs. (46) and (47), multiplying by the
width of the time step, accumulating, and repeating
the operation for all time steps.

Two aspects of the adjoint source S+ are note-
worthy. First, suppose (S+,w) represents a detector
response or dose such that a response or dose per
unit monoenergetic flux is Zd ¢ over a volume Vd ¢
then we wish (S ,¥) to equal Vd ¢ detwo if the angle

integrated flux d)o is uniform over the detector re-

glon. The inner product (S+,w) then is
jaQJ%£S+(Q)W(Q) or vdets+(g)¢o in this case. Thus
the directed adjoint source S+(Q) is zdet’ but the
angle integrated source frequently input into trans-
port codes 1is 4"zdet'
Second, consider a time-dependent problem for
which the response of interest is the temperature
e(cm) 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
heating, Let qg represent the local energy deposi-

tion per fission in group g. Then

a6 f f
=< + = .
T K8 E drx fd qufgwg (48)
g

The solution to Eq. (48) is

st = o)

—<tc)
/dtZﬁQ/ —&z JHED 69

s0 the angle-integrated adjoint source is

- 'li(t-t )

. e
= 4mq Efg e

U(t-t ) (50)
in Vm and zero elsewhere. Here we have used the
unit function U(T) which is unity for T 2 0 and is
zero otherwise. Adjoint sources generally can be
constructed by this method.

B. Reactivity, Rossi-at, and Other Eigenproblems

The transport operator L can be broken up in

many ways and for each there is an eigenproblem,
' - "
L'y, =al"y, . (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 whose
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 a corresponding set of ei-

genfunctions of which ordinarily only 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 becoﬁes L + 6L,

and the eigenvalues and eigenfunctions change accord-

ingly,
(L' + 6L')(wa + Gwa)

= (a + Sa)(L" + GL")(wa + Sw‘) . (52)
Subtracting Eq. (51) from Eq. (52) and linearizing,

we leave

SaL"y, = (L' - aL™&p, + (SL' - adL"™)y, . (53)

Adjoint to Eq. (51) is the relation

Lyl = aryt o, (54)
with the adjoint boundary conditions described ear-
lier. Multiply 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 the ad-
Joint property expressed in Eq. (31), with the re-

sult that

(¥, [6L ~ adL"1y )
+ n
WhL",)

Sa = . (55)
f
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-
cult situation arises when the integral quantity of

mental eigenfunction and adjoint.

interest is a ratio of reaction rates

o+
. (Sa0,)

IR COR®

(56)

both measured in the fundamental flux. In this case

10

+ +
erq . (Sr/qu - sq,aw‘) 7
Rrq (S5 va)

and an inner product with Gwa is required. Often
in mathematical physics when an eigenfunction change
is required it is expanded in a complete set of ei-
genfunctions. In the transport problem, howaver, we

are unlikely to have available any eigenfunctions .
other than the fundamental.

Usachevaa 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 only requires knowledge
of the unperturbed flux and adjoint. Let w: repre-
sent the solution to the inhomogeneous equation,

o

L'w S .

M M (58)

Insert this expression into Eq. (57) and apply the

adjoint property, Eq. (54). Then
+ -+
W /R__ -y ,L'6Y )
6R, = L a (59)
SRR

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

L'8y, . = (abL" + 8aL" - SL")Y,
1]

+ aL"Gwa a1 (60)
’

with starting condition Gwl o 0. This constitutes
’
an algorithm for computation of the required L'Gw. n
9’

under proper conditions of convergence. Hare we

terminate at n = 1, whereupon, approximately,

+ + "
B = (¢r/thr- wq,[aGL + 6aL" - GL']w.)
rq

. (61)
+ .
(Sg¥,)

The above approximation is not coded into this ver-
sion of ALVIN.




ve

Returning to the eigenvalue perturbations, we
now apply the previously described techniques to de~
velop the inner products in Eq. (55) for Rossi-a
and for reactivity perturbations. For Rossi-a,

0

o 1 2j+ + 2
3% =D fdl wr YogiVag) (62
g o
h|
and
Bl L [ MR
) = g’y (63)
82g,*g [+
where

fdr 22—1—— el v Vg (64)

For reactivity perturbatioms, it is convenient to

break up IJ
reak up Io, .

sion portion

into a scattering portion and a fis-

3 8j
I + .
R VgrlegXgragSio (63
Then,
1 2041
S G -
and
9p
sj + (1=
8[zgv+g 1 D)\’gvzgnxg._,gﬁjol
=1 E v (67)
D 4“ DSJ pg'y °
where

v,
z E £
/dr %30 an Zeg'Xgraglogro ® (68)

These expressions also are in their simplest form.

Equations for sensitivities thus far have been
expressed as derivatives with respect to macroscopic
cross sections. 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 ¢
is obtained from the corresponding derivative with
respect to a macroscopilc cross section I as in Eqgs.
(46), (47), (62), (63), (66), and (67) by

NR

% = E /d_g DENS(IR)* remainder of . (69)
IR=1 “Region IR expression

When sensitivity integrals are coded in SENSI, the
number density of the material of interest is in-
cluded as in Eq. (69) with one exception: The reac-
tivity denominator in Eq. (68) requires the actual
macroscopic fission cross sections for the assembly,
so these are read in for each group and region and
used as macroscopic quantities.

C. Sensitivity Profile

Expressions were developed in the previous sec-
tions for derivatives By/azgandaylazg,*g, where y
is 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 238“. We illustrate
the compounding process not for a particular differ-
ential cross section, but for the “sensitivity pro-
file," an interesting parameter characterizing a

class of cross-section changes.a3’45

Suppose that for a particular nuclide, say 238U,
we change the total cross section in group g by the
amount 62:, corresponding to a change in reaction x,
say an inelastic cross section. The group-to-group
transfer cross sections for this reaction, Zéf*g,
change accordingly, and we make the particular as-

sumption that

Jx sr*
_s:s_6§ .l 70)
Tee Te

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

11



Cross gsections for particle transfer into group g

are unchanged. Then, compounding changes by the

3
usual (Gy = 2; siiﬁxi) method we have, from Eqs.
(46) and (47),

S(5 .9) _px _&

s (70
st,y) 8 iy

where the sensitivity profile P: is

P* = 1 ~/f;r 2
g &ty J Zj=0 4

_ < Jx
[ z:“'gj +sz'ws':lwsj : (72)
g

This inhomogeneous sensitivity profile character-
izes certain interesting cross-section changes and
1s computed by subroutine PROFIL in ALVIN,

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

Bartine et al.“5

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

px' - 1 /dr E :21-*-1 ¢+

X (=D, z ;zg’.‘*gwg.jl . (73)
8l

In paraphrase, because (w+,6Lw) equals (6L+w+,¢),

then ¢+6Lw equals w6L+¢+ over some more limited re-
glon of phase space. There is no a priori reason
to expect this to be generally true, although it is
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 P: are

12

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

we believe it it correct.

IV. ALVIN PROGRAMMING

ALVIN is programmed 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 CDC
features are avoided, e.g., Hollerith is used for

Five large arrays are stored in LCM
changed for other machines.
formatting rather than asterisks. A code abstract
1s included as Appendix A.

The code consists of the main ALVIN routine and
eight principal subroutines with about 1100 gtate-
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 matricesg are so
large, and so frequently have integral regularities,
that it may be useful to create subroutines like
SENRD2 to generate 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.

systematics have been followed in variable naming.

Certain

TABLE I

ROUTINE CALLS AND TAPE REQUIREMENTS IN ALVIN

Routine Calls or Requires

ALVIN SENSRD (SENRD2), SENSI, DAFT2, DAFT3
SENSRD

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

CROSEF

CROSEC Cross section tape

DAFT2 INFO, MATINV

DAFT3 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
III describing the calculations.

The structure of ALVIN is shown in Fig. 1.
Pairs of control parameters KSENS and KADJST define
various modes of code operation. For example,
KSENS=3 and KADJST=2 result in sensitivities being
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=1 and KADJST=1
where sensitivities are calculated by SENSI, and mno
data adjustment or consistency calculations are car-

ried out.

V. SAMPLE PROBLEMS AND CODE VALIDATION

Two sample problems are provided, one stressing
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 calculation in different ways.

KSENS, KADJSY

KSENS
2
Y A
Coll coll Coll
SENSRD SENST SENSRD
SENSI
y
Y
Vﬁ:;asts
2
Y
Call Coll
DAFT2 DAFT3
¢
Fig. 1. ALVIN structure.

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 important criticals, ZPR-6-6A, ZPR-6-7, and
ZPR-3-48, prominently display the reactivity worth
discrepancy and have been compactly presented by
Bohn.l‘7 Table II identifies 24 integral parameters
yi,i=l,2...,24, for these assemblies, and Table III
identifies 19 differential nuclear quantities xj,
j=1,2...,19, of interest. It is convenient to allow
y4 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

e
datum Oj to its evaluated value ¢;. Then the eval-

e h|

uvated quantities y: and xj are unity, and

AN AT I AT,
axj <& Ci Boj <& Ei acj <&

This normalization is essentially that described in
II-B~1.
on inference of Ei from experiment are made explicit
in Eq. (66).
are the C/E values for multiplication factors of
ZPR-6-6A, SPR-6-7, and ZPR-3-48, indicated in the
second column of Table II by subscripts A, 7, and 8,

Sec. The effects of cross-section changes

For i=1,2,3 the integral parameters

respectively. For i=4,5...,15 the integral parame-

ters are the C/E values for central worths of 239Pu,

235U, 238U, and 1OB, indicated by 49, 25, 28, and B,
respectively, as superscripts on W; for example, the
C/E value for the central worth of 239Pu in the
ZPR-6-7 assembly is indicated by w?g in Table II.
Finally, for 1 greater than 15, the integral parame-
ters y, are C/E values of ratios of reaction rates,
e.g., 7RZ§§ for Y20 represents the C/E value of the

238 239Pu fission rate

U capture rate relative to the
If vy is (onlom)/(cn/o)E, then

to first order (unchanged flux spectrum),

measured in ZPR-6-7.

Byi

o, | e nj mj

3=

(75)
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10
11
12
13
14
15
16
17

18
19
20
21
22
23

24

14

TABLE II

INTEGRAL PARAMETERS yj AND VALUES yi(xe) COMPUTED
USING EVALUATED NUCLEAR DATA PARAMETERS x©

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

vy ¥, %)
X, 0.9920+0. 004
K 1.0024+0. 004
kg 0.9927+0. 004
wed 1.10+0.025
wis 1.1540.025
w28 1.24+0.035
A —"
v 0.92+0.075
w3 1.25+0.035
w§5 1.2440.035
w?s 1.16+0.025
wg 1.18+0.035
wgg 1.25+0.035
el 1.26+0.035
wgs 1.27+0.035
B
W 1.09+0.035
28¢
AR 0.9040.03
p28c  1.0340.03
A
28¢
RIS 0.9940.02
p25¢
749 1.05+0.02
R28c
7M49f  1.0940.02
o 28¢
7°25¢  0.9440.02
R28c
7R25f  1.0440.02
o28F
8R25¢  0.96+0.05
R28c
8%25f  0.94+0.05

¥y
Adjusted
by ALVIN
0.993

1.001

1.002
0.990
1.014
1.090
0.854
1.052
1.036
0.936
1.027
1.042
1.046
1.024
0.960
0.942
1.060
0.975
1.032
1.053
0.924
1.023

0.961

0.924

Ve
Selected
by Bohn

1.06
1.05
1.09
0.96
1.14
1.08
0.95
1.17
1.12
1.08
0.99

1.06

TABLE III

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

*3 i
% <& Adjusted Selected
A 3 i | by Alvin by Bohn
1 o2 140.1 0.978 0.93
2 o® 140.1 0.932
3 ol 140.1 0.995 0.97
4 o 140.1 0.989
5 o8 140.15 0.961 0.88
6 o 140.1 0.979 0.97
7 o%8 140.15 0.840 0.88
inel - *
a
g oo 140.1 1.059
9 d° 140.1 1.063
el —
10 o 140.1 0.979
n oM 140.1 1.001
12 o 140.1 0.995
13 V28 140.06 1.138 1.10
u v 140.04 1.106 1.012
15 O 140.06 1.166 1.024
16 VO 140.1 1.009 1.016
17 Vi 120.1 1.009
18 o8 1#0.1 0.995
19 ¢ 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, A through Yi5» are high
and differ from unity by many standard errors; this
is 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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SENSITIVITY COEFFICIENTS (xj/yi) ayi/axj FOR ZPR~-6-6A, ZPR-6-7, AND ZPR-3-48 (REF. 47)
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examnined separately.48 The uncertainties ascribed to
differential data in Table III assume that cross-sec-
tion errors are correlated at all energies. Sensi-
tivities presented by Bohn are listed in Table IV.
Calculated results shown in Tables I through III used
ENDF/B-I1I as the evaluated data base as processed
Values of differential
and integral parameters adjusted by ALVIN also are
listed in Tables II and III and show physically plau-
sible trends.

into multigroup form by SDX.

Values selected by Bohn from six

trial sets of differential quantities also are list-
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 sensi-
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
congiderably more information, particularly consis-
tency information, than do Tables II through IV,
Values of chi-squared before and after adjustment
both are improbably large, 503 and 91, raspectively,
for 24 degrees of freedom. The dispersion multiplier
DISPR 18 3.8 for this problem, thus accounting for
the fact that errors in the adjusted data in Tables
IT and III are larger than input evaluated errors in
Contributions of the 43 differential

and integral parameters to chi-squared are listed

many cases.,

before and after adjustment.

This sample problem is not fully illustrative
of the capabilities of DAFT3 in that many more than
19 differential data could be treated by DAFT3,
ever, the sample problem is useful for code valida-
tion in that, with only 24 + 19 parameters, data ad-
justment can be carried out by DAFT2 as well as by
DAFT3. To facilitate this comparison, inputs to
DAFT2 and DAFT3 are made similar when only standard
DAFT2 and DAFT3 re-
sults agree for this problem, thus validating the

How-

error information is provided.

consistency and data adjustment part of the code.
B. Sensgitivity Calculation
Illustrative of sensitivity calculations in

ALVIN is a spherical representation of a thick iron
ah:Lelcl-coll:me:c:r.l'9 The shield consists of a 70~
cm-radius sphere of iron with a 4-cm-radius void at
the center. An isotropic neutron source is uniformly
distributed in a central l-cm-radius sphere with the

0° spectrum of neutrons produced by 50-MeV deuterons

16

on beryllium.50 The response quantity consists of
the product of the neutron flux and neutron fluence-
to~dose equivalent converaion factor summed over all

neutron energy groups and, averaged over the volume of

~ the l-cm-thick air shell at the outer gurface of the

sphere, -
51

The SN transport code DTF”"~ was used to calcu-

late the neutron fluxes and adjoint fluxes throughout .
the shield, using 4l-group, P-5 cross sections and

S-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 sensitivity profiles as described in Sec.

III-C.

Fluxes and nuclear data were used by

The computed sensitivity profile as a func-
tion of energy group is illustrated in Appendix E
and output is listed in Appendix F,

All routines in ALVIN that are concerned with
gensitivity are used in calculation of the sensitivi-
ty profile, and can be validated by a direct calcula- -
tion. The sensitivity profile P(IG) represents the
change in neutron dose-equivalent rate at the ghield
surface resulting from a change in cross section in
group IG combined with proportionate changes in
transfer cross sections from group IG to other
groups. The ALVIN calculation uses first-order per-
turbation theory; this approximation, as well as code
accuracy, can be validated by comparison with direct
calculations,

The direct approach to determine the change in
the result due to a change in the cross-section data
involves the creation of an altered cross-section
set, performing a neutron transport calculation us-
ing the altered cross sections, and converting the
fluxes in the outer shell to the neutron dose equiva-
lent rate. The fractional change in the doge equiva-
lent rate divided by the fractional change in the -
cross sections of group IG thus yields the sensitivi-

ty P(IG) of the result to cross sections in group IG.

Sixteen separate, altered cross-section sgets .
were formed with ET(IG) and Zj(IG+IG'), IG' = IG,NG
for all j increased by 0.1, 0.5, 1.0 or 10.0X 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 tramsport 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

4

change in dose equivalent exceeded 10 '. Por exam-

ple, the dose equivalent changed from 0.7189 x 10—13
rem/s to 0.7188 x 10”13, 0.7187 x 10713, and 0.7186
b'q 10_13 rem/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 thickness X

with cross section I. Then,

2
Piirect = —[1——1—xz‘3—z+% xz sz_z) - .XE . (76)

21 X

If §I/T is chosen to be 0.l to insure accuracy in
the dose equivalent change, then for the shield
thickness studied here (about 12 mean free paths
thick) the direct calculation underpredicts the re-
sult for very small 8§Z/I by about one-third accord-
(75).
of magnitude can be observed in Fig. 2 for the di-

ing to Eq. An underprediction of this order

rect calculation with S8I/I equal to 0.1. 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% 1In cross section are considered.

Useful direct calculations for the purpose of
validating ALVIN's linear perturbation calculations
should have 8L/I 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. Calculations of sensitivities for
Rogsi-0 and reactivity utilize inhomogeneous sensi-

tivities and have not been validated separately.

VI. INPUT AND OUTPUT

Input requirements are shown in Table V. For-

mats and precise variable descriptions are given in

terms of the variable definitions listed in Appen-—
dix B.
Outputs 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 (speci-
fically reactivity and Rossi-a), but does not com—
pute sensitivities of eigenfunction properties 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 cross sections, and with respect to fission
parameters. Sensitivity profiles are computed.

ALVIN carries out data consistency and adjust-
ment calculations for arbitrary variances and covari-
DAFT2

18 used for these calculations and the number of pa-

ances among the differential and integral data.

rameters treated is limited by the necessity for in-

17




TABLE V

ALVIN PROBLEM INPUT

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

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

A card set for each I=1,MI.

5 16A5 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=1l,MK,

version of large matrices. The DAFT3 subroutine
carries out data consistency calculations and ad-
justs an arbitrarily large and correlated differ-
ential base uncorrelated with integral data. Least
squares techniques are employed throughout. Limits

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:
CDC-7600.

Programming language:
Nature of the problem solved:

FORTRAN-1V,

ALVIN analyzes
the consistency of a set of differential and in-
tegral nuclear data, adjusts the differential
nuclear data to improve agreement with integral
observations, and identifies inconsistent 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-
sigstency 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
data 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.

Fquations, calculational methods,
Unusual features: Data set consistency is ana-
A special algorithm is used in DAFT3 to

treat arbitrarily large data sets.

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

Machine requirements: Distributed version uses

LCM to store five large arrays. Otherwise ma-
chine-independent.

Operating system: Independent.

Other programming information: None.

References:

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

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

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



APPENDIX B

DEFINITIONS OF VARIABLES USED IN ALVIN

DEFINTITIONS

ACI1,12)=TEMPORARY MATRIX USED WITH DIFFERENT DEFINTTIONS IN DIFFERENT
SUBROUTINES

B(J)=VECTOR SOURCE TU RFARRANGED NORMAL EQUATIONS

CCJ1,J2)2MATRIX WHOSE INVERSE IS THE ADJUSTED VARTANCE=COVARIANCE MATRIX
OF INDEPENDENT QUANTITTIES, LATER THE INVERSE IS STORED IN C

CHI2F=CHI=-SQUARED AFTER ADJUSTMENT USING EVALUATED SECOND MOMENTS

CHI2I=CHI=SQUARED INITIAL

CHIDA=DTAGONAL. PART OF CHIZ2A

CHIDF=DTAGONAL PART OF CHIZF

CHIDI=DIAGONAL PART OF CHIZI

DENOMASDENOMINATOR OF UL(ALPHA)/D(CROSS SECTION) RELATION

DENOMR=DENOMINATOR OF D(REACTIVITY)/D(CRUSS SECTION) RELATION

DENS(TRY=NUMBER DENSITY IN REGION IR

DETERM=DETERMINANT OF A MATRIX

DISPR=DISPERSTION MULTIPLIER

DYDGCIGY=NERIVATIVE OF INTEGRAL QUANTITY WITH RESPECT TO VOVYAL CROSS
SECTION IN MULTIGROUP IG

DYDL(IL,IG1,16)=DERIVATIVE OF INTEGRAL QUANTITY WITH RESPECY YO iL=1 TH
LEGENDRE ORDER CROSS SECTION FOR TRANSFER FROM MULTIGROUP 161 TO
MULTIGROUP IG

DYDX(I,J)=DERIVATIVE OF INTEGRAL QUANTITY I WITH RESPECT TO DIFFERENTIAL
OUANTITY J COMPUTED AT THE EVALUATED DATA POINTY

FLAXLCIM,TL,16)=IL=1 TH LEGENDRE COMPONENT OF ADJOINT FLUX AVERAGED OVER
SPACE MESH INTERVAL IM, IN ENERGY GROUP IG

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

JA=QUADRATURE ANGLE INDEX

IDGCISAVE)=1G INDEX OF SAVED SENSITIVITY CASE

IDGI(TSAVE)=IG] INDEX OF SAVED SENSITIVITY CASt

IDLCISAVE)=IL INDEX OF SAVED SENSTTIVITY CASE

IDX(ISAVE)=IX INDEX OF SAVED SENSITIVITY CASE

IOYC(ISAVE)=aTY INDEX OF SAVEN SENSITIVITY CASE

16=MULTIGROUP INDEX

IL=LEGENDRE ORDER INDFX

IM=SPATIAL MESH INDEX

IMMAX(IR)IMESH POINT WITH HIGHEST INDEX IN REGION IR

IMMINCIR)=MFSH POTNT WITH LOWEST INDEX IN REGION TR

INDEX{1,J)STEMPORARY ARRAY USED IN MATRIX INVERSION

IPIVOT(T)=TEMPORARY ARRAY USED TN MATRIX INVERSTON

IPOSzPOSITION OF CROSS SECTION IN OTF CROSS SECTIQN FORMAT

IR=REGION INDEX

ITaTIME INTERVAL TNDEX

ITAPE= FILE SFT NUMBER (1 OR 2)

ITYPE=TYPE OF SAVED SENSITIVITY CASE, =1 TF INHOMOGFNEOUS
SENSTITIVITY, =2 IF D(ALPHA)/D(CROSS SECTION) SENSITIVIYY,
3 IF D(REACTIVITY)/D(CKROSS SECTION) SENSITIVITY

IYR=INDEX OF CASE OF SENSITIVITItS CALCULATFL FROM FLUXES AND
ADJOINY FLUXES READ IN

JTAPE=ASSIGNED TAPE NUMBER

KADJSTz2 IF DIFFERENTIAL DATA ARE TO0 BE ADJUSTED USING DAFT2, =3 IF
DIFFERENTIAL DATA ARE TO BE ADJUSTED USING DAFT3, =1 OVHERWISE

KFLUX=st IF LEGENDRE FLUXES ARE READ IN, =2 TIF DIRECTED FLUXFS ARE READ TN
FROM WHICH LEGENDRE FLUXES ARE COMPUTED FUR USF IN SENSITIVITY
CALCULATIONS

KYYPESTYPE OF SENSITIVITY CALCULATION, =@ IF INHOMOGENEOUS
SENSTITIVITY, =1 IF D(EIGENVALUF)/D(CROSS SECTION)Y

KGEOM=1 IF GEOMETRY [N SENSTTIVITY COMPUTATIONS IS SLAB, =2 IF SPHERICAL,
=3 IF CYLINDRICAL

KRELX=CONTROL SEY IN CODE, =1 IF FLUXES ARE HEING PROCESSED,=2 IF ADJOINY
FLUXES ARt BEING PROUCESSED

KSENS=1 IF SENSITYIVITIES ARE ONLY READ IN, =2 IF SENSITIVITIES ARE ONLY
COMPUTED FROM INPUT FLUXES AND ADJOINT FLUXES, =3 IF SENSITIVITIES
ARE BOTH READ IN AND COMPUTED

KTIMS=1 IF YIME DEPFNDENT FLUXES ARE USED IN SENSTTIVITY COMPUTATION

KVAR=1 TF EVALUATFD STANDARD ERRORS ONLY ARE READ IN FOR DIFFERFNTIAL AND
INTEGRAL PARAMETFRS, =2 IF FULL EVALUATED VARIANCE=COVARTIANCE ARRAY
1S READ IN FOR DIFFERENTIAL ~INTEGRAL PARAMETERS

21
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APPENDIX B (cont)

MI=NUMBER OF INTEGRAL PARAMETERS

MI=NUMBER OF DIFFERENTIAL PARAMETERS -

MK=MI+MJxNUMBER OF INTEGRAL=DTFFERENTTIAL PARAMETERS

NA=ZNUMBER OF QUADRATURE ANGLES FOR DIRECTED FLUX

NG=NUMBER OF MULTIGROUPS

NL=NUMBER OF LEGENDRE FLUX ORDERS USED ,IN SENSITIVITY COMPUTATION

NLR=NUMBER OF LEGENDRE FLUX ORDERS READ IN

NLCX=NUMBER OF LEGENDRE CROSS SECTION ORDERS READ 1IN

NM=NUMBER OF MESH INTERVALS IN SENSITIVITY CALCULATION

NR=NUMBER OF REGIONS IN SENSITIVITY CALCULATIONS

NSAVE=NUMBER OF CASES OF COMPUTED SENSITIVITIES SAVED INTO DYDX
(IY,IX) MATRIX FOR CASE IVR

NT=NUMBER OF TIME INTERVALS IN SENSITIVITY CUMPUTATION

NXR=NUMBER OF JYR CASES FOR WHICH NEW SET OF UN=-NORMALIZED
EVALUATED DIFFERENTIAL PARAMETERS ARE TO BE READ IN AND USED
FOR SENSITIVITY NORMALIZATION OR PROFILE CALCULATION

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

P(IG)=SENSITIVITY PROFILE FOR GROUP IG

PIVOT(I)=TEMPORARY ARRAY USED IN MATRIX INVERSION

GCOSA(IA)=COSINE OF WUADRATURE ANGLE NUMBER IA FOR DIRECTED FLUX

QLEGP(IL, TA)=LEGENDRE POLYNOMIAL OF ORDER Il=1 OF QCOSA(IA)

QWTSACIA)SWEJGHT FOR GUADRATURE ANGLE NUMBER [A

RZRESPONSE, INTEGRATED OVER APPROPRTATE VOLUME OF PHASE SPACE,
USED TN INHOMOGENEOUS SENSITIVITY NORMALIZATYON AND PROFILF
CALCULATION

RELXE=(XECJ)=XE(J))/SX(J)

RELXFE(XACJI=XECJ))/SX(J)

RELYE=(YC(I)=YECI))/SY(T)

RELYFa(YA(TI=YE(I))/BY(T])

RM(IM)=LEFT«HAND COORDINATE OF MESH INTERVAL IM

SIGFN(1G, IR)=MACROSCOPIC FISSTUN CROSS SECTION IN GROUP 16 IN REGION IR
TIMES FISSION NEUTRON YIELD

SIGTO(IG)=MICROSCOPIC TOTAL CROSS SECTION IN GROUP TG

SIGTR(1G,162, ILY=MICROSCOPIC TL=-4 TH LLEGENDRE COMPONENT CROSS SECTION FOR
TRANSFER FORM GROUP IG TO GROUP 1G2

SORF(I1G2)=NORMALIZED FISSION NEUTRON SPECTRUM INTO GROUP 1G2

SPDS(IG)=PARTICLE SPEEDS IN GROUP IG

SX(J)=EVALUATED STANDARD ERROR FOR NIFFERENTIAL PARAMETER J

SXA(J)ZSTANDARD ERROR OF DIFFERENTIAL PARAMETER J AFTER ADJUSTMFNTY

SY(J)SEVALUATED STANDARD ERROR FOR INTEGRAL PARAMETER I

SYACI)=STANDARD ERROR OF INTEGRAL PARAMETER I AFTER ADJUSTMENT

TFMSTO(IG, TPOS)=TEMSTO(IM, IA)=TEMPORARY STORAGE FOR CROSS SECTIONS AND FOR
DIRECTED FLUXES AND ADJOTINY FLUXES

TITLE=DESCRIPTIVE TITLE FOR JOB AND FOR SUBSECYTONS OF INPUTY

TM(IT)SLOWER ROUND OF TIME INTERVAL IT

VE(K1,K2)SEVALUATED VARJANCE=COVARIANCE VALUE FOR INTEGRAL=-DIFFFRENTIAL
PARAMETERS K1 AND K2, LATER THE INVFRSE, TE, WEIGHT MATRIX, IS
STORED IN VE

VZI(K1,K2)=COMPUTED VARIANCE<-COVARIANCE VALUE FOR INTEGRAL-DIFFERENTTAL
PARAMETERS K1 AND K2 AFTER ADJUSTMENTY, INCLUDES DISPERSTON FACTOR
LATER THE ADJUSTED CORRELATION COEFFICIENT MATRIX IS SYORED
IN VZ,

XA(J)=ADJUSTED VALUE OF DIFFERENTTAL PARAMETER J

XE(J)=EVALUATED VALUE OF DIFFERENTJIAL PARAMETER J

YA(CT)=ADJUSTED VALUE OF INTEGRAL PARAMETER T

YC(I)=VALUE OF TINTEGRAL PARAMFTER [ COMPUTED FOR EVALUATED VALUES OF
DIFFERENTIAL PARAMETERS

YCUCISAVE)YRVALUE OF INTEGRAL PARAMETER, UN=NORMALYZED, COMPUTED
FROM EVALUATED DIFFERENTIAL PARAMETERS, USED TO NORMALIZE
SAVED SENSITIVITY CASE ISAVE, YCU=zR IF ITYPE=Q,
=e JGENVALUE TF ITYPE=2,3

YECT)=EVALUATED VALUE OF INTEGRAL PARAMETER I

ZA(K)=ADJUSTED VALUE OF INTEGRAL-DIFFERENTIAL PARAMETER

ZC(K)Y2VALUE OF INTEGRAL-DIFFERENTIAL PARAMETER K COMPUTED FOR EVALUATED
VALUES OF DIFFERENTIAL PARAMETERS

ZE(K)SEVALUATED VALUE OF INTEGRAL=DIFFERENTIAL PARAMETER K




APPENDIX C

SAMPLE INPUT FOR DATA CONSISTENCY AND ADJUSTMENT PROBLEM

SAMPLE PROBLEM»=CONSISTENCY AND ADJUSTMENT OF ZPR DATA

1 2 24 19

SENSITIVITIES FOR ZPR PROBLEM
W61 ! .98 .27
-,83

066 .87 28 -, 26
-,86

.66 -.06 .09 .21
..ﬂ7
-,991 .089 1,160 -, 161 -, 239 ., 255
+ 047 -,045 115 082 -, 006 -, 003
“.144 v, B56 -, P45
o264 -, 174 -, 206 210
.288 -, 028 -, 027 .010 0802 T
- 144 -,856 . 804
=1,345 -.@94 -,583 1,22%
+346 .043 .148 -,014 .002 -, A02
o144 ~.856 .802
-1,252 . 143 -.329 -, 92
s 28 098 0213 ~,020 «004 -,0n3
-, 140 -,856 ,8@2

0213 -.08% -, 417 199
o114 -,027 -,752 .0a3 -,083 -, 802
=.326 -.2252 -, 597 -, 0286 -, 7312 -, 0014
1,179 190 1,101 <950 .,391 137
»150 -,.304 « 035 309 .003 @04
~e326 -,82%2 «,597 -, 82006 -, 0312 . 006

1,207 -, 121 -, 778 1,045
2490 864 $192 -,n28 .03 -,n03
326 -, 252 -,597 -, 3206 -, 8312 . 201

=1,129 - 216 -.509 -, 260
0283 0149 0316 -,A33 804 -, 004
-, 326 -, 0252 «.597 -, 02006 -, 8312 .82

J2u7 .69 . 465 211
104 -, 99 804 -, 803 -, 002
=356 .,8210 =.599 -,8121 -, 0121 -, 002
7.060
1,199 ., 214 -1,874 .868 - 17 162
»183 -, 002 006 .8n2 .03
-.356 -,821¢ «,599 ..n121 -.0121 .0203
2057

o], U446 -, 167 -1,026 1,273
0640 . 047 ., 812 -, 004
=.356 -,0218 “.599 -,A121 -,0121 -, 001
» 395

1,199 «,273 -,561 -, 226

+338 N L1 .. 218 .04 -, P04
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APPENDIX C (cont)

-+356 -, 8210 «.599 -, 0121 -, 0121
«517
INT PARAMETERS COMPUTED FROM EVALUATED DIFF PARAMETERS
. 9920 <9924 . 9927 1,10 1,15
92 1.25 1,24 1,16 1,18
1,26 1.27 1,09 .90 1,03
1,85 1,29 .94 1,04 .96
EVALUATED STANDARD ERRORS
t

»1 o1 ol 1 015
.15 .1 .‘ '1 *
« 06 .04 .96 o ot

t
[
,984 .004 .004 .10 o190
o 15 o1 o 11 .10 o11
11 o1 o 11 .03 .03
.82 0 82 82 02 , @85




APPENDIX D

SAMPLE OUTPUT FOR DATA CONSISTENCY AND ADJUSTMENT PROBLEM

SAMPLE PROBLEM==CONSTSTENCY AND ADJUSTMENT OF ZPR DATA

KSENS KADJST
1 2

XECT) pJ=1,MJ
«100000E+21 ,100000E+81
+1000A0E+N1 ,100000F+Q}

YE(I),I=t,M]
«1000R0E+D1 ,10@000F+01
+100000E+01 ,100000E+N1
+1000RRGE+AY ,100000E+@]

MX
24

MJ
19

. 100000E+a1
» 1000BYE+RY

« 180000E+N}
«10900M0E+A1
»10700A0E+A}

« 10006A0E+A]
«100000E+01

. 1000@VE+A}
« JARVOBE+RY
s 1000NQE+D}

« 107000E+01
. 100000E+a1

. 100008E+01
.100000E+01L

INT PARAMETERS COMPUTED FROM EVALUATED DIFF PARAMETERS

YC(T),I=1,MT

«992000E+P0 ,992UMAGE+00 ,9927M0E+00 ,1100MAE+N1

«118000E+01 ,1250800E+01
«940000E+20 ,104000E+9)

EVALUATED STANDARD ERRORS

KYAR
1

SX(J),Jd=1,MJ
+«100000E+A2 ,1000MAE+AD
«107000E+A8 ,1000ACE+AD

SY(I),I=1,M]

«126000E+01
«96R00AE+GD

«100000E+72
»600000E=-01

L 127QARE+A}
+9UNBBBE+ AU

«10007BE+ 70
LU0ABAGE~]]

«400009E-92 ,4QNUOVE-02 ,400000E-02 ,250000F-01

«350000E-01
«20N0000E~01

« 350000E-01
«2000BVE~-0Y

CHIZ21
«502816E+A3 ,2095A7E+02
CHIZF

«909101E+@2 ,378792E+01

14

REDUCED CHI2F

«350000E~01
+5000A0E~3)

REDUCED CHIZ21I

DISPR
«378792E+01

«350000E=01
+500000E=A1

+1150AGE+A1
« 1090AVE+NY

. 1500ABE+00Q
.68NGABE=A1

. 250000E=A1
«350008E=-91

.100000E+A1
. 1088AAF+0)

+10000AE+0L
+100000E+01

L12U0AAE+@1
.900ANNAE+RQ

L 1UARANE+PD
L 100BAAE+AD

+3580ANE-01
.3000PAF-01

.108200E+0}
. 100800E+01

«100800E+81
.100000E+A1

+920000E +00
»103000E+01

. 15P0PVE+RAQ
+1APGABE +00

.750308E=01
.308800F -1

. 180000E +@1
,100800E+01

. 10780A0E+AY
«100000E+AY

. 125800E +71
,99080A0F +A0

. 100000E+A3 ,100VABE+AY
. 100000E+7%0 _10000CF+0C

+350000E-01
,200880E-A1

,102B00E+A ]
,108803E +01

., 100000E +31
,10A0AE+81

L126000E+AL
. 10500VE+@1

. 350000F-21
,2ABOABE~B1

,10@0N0E+A1

,100000E+01
. 100800E+01

.1168A0E4+01
L10990BE+A1

, 100003E + 00

.250000E-01
,2000A0E-01
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APPENDIX D (cont)

Ji o C(J1,J2),J2=1,HT ADJUSTEDN VARIANCE=COVARIANCE MATRIX FOR DIFFERENTTAL PARAMETERS

1 o3930PE-R3  ,6AW06E~-A3 ,254WT4F-QA3 ,23AQ97F-A3 _34HAGE-A3 ,u122KhE~A3 ,91392E-0A3
-.2°F°SETGU ~o3552ME~RU  ,6AT2TE-NQ «,757Q1E=Pd  (15369F=N3 L86379E-A5 -, 3A904E~B6

2  J6PUALE.R3  (23B93E-M2 ,34940E-03 ,945QQE-A3 ,74204E-A3 ,627ASE-A3 ,954K1E-A3
= 15532E-04 ~,322RTE-A4 =, 1803RE~A3 «,35A9RE=A3 =,92722F-04 ~,]32A3E=-AG =,23313E-04

3 ,25874F~A3  ,3H9UUE-A3 ,4MA24HE-A3 L 14UA1E-A2 ,3A219E-03 ,2922WE-A3 ,14278E-A2
=e11U8PE=-R4 =,17145E~04 ,53326F=0a ,73756E=04 61723E~-AS =, ITI4AE-A4 =, 3ARK2E-AQ

4 423B97E-83 ,945P4E=03 ,18041E~-A2 ,15@14F=81 ,6HRKAE-U3 ,B4932E-AU  ,14592E-A2
=« ISHIIE=PY =,31761F=A3 =, 1ATAGE=N2 =, 41659E~N3 =,10206E-A2 ~,27923E-R3 =,492@3E-03

5 o348R4E-A3  ,TA244E-03 ,30219FE-A3 ,64B86BF=03 _75934E-#3 ,ABRT2E-A3 ,14645E-A2
=e23697E=RU «,2919UE=A4 =,4RSRIE=AA =,1AVTRE=B3 «,3901GE-NG =, 1225AE~04 »,28738E-AY

6 LU1226E-A3 ,627R5F=N3 ,29220E-083 .AGQ932E-R4 ,L4AAT2E-A3 _9ANAT7E=-A3 =,633R6E-03
~e320S6E=N4 =, 507T4E~R4 «,93753E=P4 ~,130A3E-AT =, 1A1TSE-03 ~,18212E-08 =, 33731E-04

T  «91392E~R3  ,95461E-03 ,18274E=-02 ,18592E~M2 ,1864SE-02 -,633R6E-03 ,178ASE-A]
=e63610E-AS  ,24027E-03 ,20775E=-N2 ,18T763E=R2 ,264%6E=-02 ,IT79NKE-AS3 ,21705E=A3

8  o362BLE-A3  ,62256E-A3 L46USIE-A3  ,32224E-R2 ,3AGATE~A3 ,72338E-A3 =, 12140E-02
e 17371E=A3  LUASAGE=AY =,40A292E=A3 <, 64613E=A3 « 26158E=03 ~ 11R92E-84 =,66451E=AS

9  ¢SABISE-R4  ,UBL16E=A3 L19556E=A3 ,[37120E-A2 ,103A6E-83 ,35R19E-A3 =,41684E-02
e 49IASE=AT =, 14BALE-A4 ~,59056F=P3 «,73158E-03 =,25021E=-A4 ,L23854E-A3 ,53637E-03

18 =,965A3E=04 «,13553E=-03 «,87RSUHE~AQ =, 1136AE-02 =, 91UQAE=NY =, 17752E83 ,79177E-A3
=e19516E«A5 =,6N769E-04 ,1913VE=-A3 [ 16344E=AT ,2A452F-A3 ,41692E~AS «,4R8996E=AS

11 =,29495E=-R4 =,15532E-R4 «,11082F~A4 =,95899E-A4 =,23697E-AR =,32PSHE=-A4 =,06361WE-AS
¢37RU4BE-A1 ~,23942F~P4 ~,8582RE~A5 =,34616E-AS5 ,32114E-06 ,6A124E-AS ,13452E-04

12 =¢35520E-0U4 =, 322ATE~AU =, 17105F=A4 =, 31761E-A3 =,29190E~84 =,50774E-A4 ,24U27E-035
=+23942E-00 ,3784SE-A1 ,49446E-P4 ,6B367E=-A4 LNUWRIE-MQ  ,83T7TLE-AS ,67399E=0S

13 L 66T727E~0A4 =, 18UTRE=A3 ,53326E-04 =, 1ATU4F=A2 =, 4ASALIE-UG ~,93753E-A4 ,2B77S5E-02
=¢s8582AE-AS  ,49486F =04 L 1ASTHF=A1 «,12033E=~02 « 4S813F=0? =, 3ATARE=A3 =, 37355E-A3

14 = 7STA1E-R4 =, 3589BF=A3 ,73756E=08 «,41659F=03 =,1007AE-83 =,13A63F=-A3 ,14743E-A2
“e38016E-BS  ,6R367E-PL4 «,12033E-82 ,L13394E-02 ,1A2A3E-02 ,TA696E-A4 ,A73R6E-04

15 L15369E-03 «,92722E-04 ,61723F=05 =,19206F=R2 = 39((SE=-04 -,lﬂl75€-ﬂi «26456E-02
+32118E-R6  ,BANARLE=-NR «,45413E-R2 ,10A203E~A2 ,4R199E=-U2 =,7A393E=A3 =,96359E~A3

16 46379E=-0A5 =,132R3E=04 =, 17148F-04 =,27923E=A3 = {2250F=-03 =,18212E-B8 ,17986E-03
«ORI2UE~AS  L43774E-RS «,3A7RAF=-G3 ,TR696E-0A4 =, TAT93E=N3 ,3T776E~A1 ~, 829NE~A3

17 =,30904F =06 =,23313E-08 «,3AKG2E=-Ad =,092B3F-AT w 247T3IAF=-04 =, 33731E-A4 ,217RSE-A3
s 13462E-04  ,67399E=A5 ~,37355E~A3 ,B73R6E=A4 =,96359E-A3 ~, IR29AE-03 ,37536E~-0]

18 = 321A6E=-A4 «,1R213E-AQ ~,1433SE~Aa =, 223R2E~R3 «,25180E=-N4 «,82966E=-Nq ,12722E-A3
=e318ASE-PQ ~,3164VE-AQ ,4R2SYE-RE ,SABA9F~A4 ,7A374E-04 ,13916E-Ra ,26288E-04

19 ,13262F=-P3 ,S56812E~A3 ,398A1E=-A3 ,55a836E-A2 ,25053E~U3 ,6AU4PAE-A3 - 46838E-A2
=e99580E=AQ =,820S4E~04 ~,23I9A9E-A3 -,B82559E~A3 ~,71723E-A3 =, 43763E-03% =,930A4E-A3

«362RYE-A3
-e321A6E-AY

«62256E-~03
-, 18213E=-04

<46A53E-A3
-, 14335E-08

. 32226E-02
-, 223R26-83

«3A947E-03
“ 2514¥E-04

. T2338E-P3
- 82966E=N8

-, 1214nE=A2
L 12722603

. 3436HE-A1
-.95458E-04

~o 742SVE~-R2
-,34969€-03

«71742E-03
~o31191E-084

~.17371€-A3
~.318R5E-AQ

+485R9E-04
~e3166UE-AY

-, 4A292E-03
.482SUE-04

“e68613E-A3
«SARYIE-RG

-, 26154E-03
.7A374E-RS

- 11A92E-Rg
»13916E=-04

=.66451F-0S
«2628AE-BY

-, 9585hE-A4
+37R41E-PL

-, 13310E-02
- 93775E-74

.SARISE=84
.13262E-083

LAR116E-03
56812603

.19556E-A3
+398A1F-A3

L 3T120E-02
.55436F=02

J1R3ALF-AT
«256S3F-03

.3581¥E-A3
L 6RGRUE-AT

- 816RBE=A2
~.3603RE-02

-, 7825VE-A2
- 13310F-82

.178R1FE-0}
+SASARF-02

L14718E-02
-.53671E-04

= 491R5E-A%
-~ 9954UE=-AY

- 14BRIE=RY
-, 42454E-04

-.59856F=03
-,239R9E-03

-, 731SH8E-03
-, 82559F-03

-, 25421E-04
-, 71723E-A3

L 23A54F-03
-, 43763E-03

.53637E-R3
- 93UA4F-83

-, 34969F=-A3
«,93775F=-0a

L SASARE=A2
< 1259QE-01

-,965A3E-Ra

-, 13553E-03

«,B7850E«R4

v, 11348E-02

. 91B98E~04

-, 17752€-03

e 79177E~-A3

¢ 71742E-P3

.18710E-82

«37640E-01

~,19516E-05

-, bR749E=-84

19130603

+16304E-A3

«2P452E-03

+R1692E-05

« 4R996E-05

- 31191E-R4

-,53671£-04
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K1

v

10

11

12

13

14

15

VZ(X1,K?)pK2=1,%41

+4N650E-04
o I2H16E-0%
., 22683%E-04

,49838E=05
+16156E-04
L43529F-05

+27325E-05
-~ 30712E-04
+6R991E=05

«,35321E-04
«bU119E-0Y4
¢ 22T72E=-025

»S14U9E=08
-, 2511 76-03
-, 4N3S1E-04

-, 4RARSE-0Y
«7379¢E-A4
US6INE-AY

. 2ATHHE-RY
«12978F~a2
56592E-04

= G1713E=N4
=521 78E-04
L 18252E-04

253821E-04
L 31377E-23
-, 4U2R5E=04

- 2Ub6BE=NS
L GUASHE-A3
=y IRUSHE=QS

-, 72616E=-85
e 2TH6RSE=02
-,34808E~A4

«y3265UE=04
2 1540A6E-A3
s QUVRSE-PY

«63293E-04
=g T2125E=R5
»,2A713E-04

e 216S4E=-0%
- 68563E=03
=e17942E~-B4

-, 13811E=04
¢89472€-03

+UGHIHE=DS
=.32650F=04
-y 2SU96E~AG

«2R231E-P4
«2RUQLE-A4
JURISHE-AS

«26509E-04
+2RBISE-RY
2 T6330E-0S

«3A977F-0q
+172RBE~Q3
«25195E-045

., 12666E=04
“,TH4TBE-Ab
-, 48603E-A0

=, 16559E=04
“,153RbE=-A3
«SAYRUE-AY

= 21776F =04
~,2U232E-A3
«62613E-04

L 18360F =04
. 99725E~0A3
L 2M194F =04

«.36012F=04
«73209E~A3
-, 48996E-Aa

«78293E-0%
«42515€=-03
-, 42SUTE-0S

«16156F-04
o 15006E-A3
-,38511€E=-A4

«PRN41E-0Y
«1AH29E=-A2
«26647E-AU

= 4AUALE=D4
+T4499E=-03
-, 27917E=-A4

«23272E~7S
s IPURIE~DY
-, 198S0E=-AY

+B833ASE~AS
~a27344E-P3

2 27 325F =25
2632936004
-, 830A2E-0U

L265R9F =04
-, 4AURGE~AY
-,64459F =25

»3112RE-04
-, 1A6A0E-A4
. $3554E-04

- 6341 1E=05
-, 13201E=-03
-, 16108E-03

+2397n7E-0S
s 2A4TUE=-RAT
«21177F-24

*«SSTUSE-AS
-, 2PY12F=-03
s 2UHRU2E~-AS

-, 39354F-04
-, 12TR2F=03
-, 22¢51E-R3

«32121F=-04 "

»715776E-03
«13909F-03

-, 1A866E-04
LIRGHLE-AS
~,9517¥E=-Ab

-, 6542325
L 123R9F -3
.291R3E-a4

-.3A712F-04
-, 72125E=0A5
-.30181F-03

L 2RR93E=Q4
. T4499E-QT
. 73380E=-A4

«, 1A6ABF=A4
1 1078F=92
«,18673E-04

- 63212E-05
»21752E-03
» 72423E=-04

-, 164T1E-A4
. 23881F=038

-, $5321E-04
«21654E-05
- 27683E-04

. 3A977E-24
«23272E=-0%
»43529E-05

-.63411E-05
~.63212€-0S
+6A991E=-09

»12476E=-R2
= 9655uE=-04
«22TT2E-0AS

62436E~03
.3B3TUE-P4
-.4n351E-AQ

«31730E-03
JUUT22E=23
L4563NE=-04

«4RISSE-A3
-e62251E-03
«H6592F -4

«2552RF-03
«12969E-R3
« JR2S2E~AY

~o11437€=-03
-, 12141F=03
~,4N2ASE-AY

=e2AT3HE=P3
.810A5E-03
=« 3R4SHE=AS

«64119E-74
“obRG63E-23
-.3880RE-04

«172RAE~A3
«9A429E=05
«2UURSE~Q4

e 13241E-03
«21752E-23
-,2A713F=-04

=-.96550E=-A8
« 2THAQE~N2
«.17942E-04

«33267€E-03
«11767E=-R2

APPENDIX D (cont)

LS1489E=-04
- 13811E-04

= 126606E-04
+H3BZRSE-AS

,239A7E-05
- 164T1E-84

»62436E-A3
¢33267€=-03

,93RUIE-03
~(1159RE=03

LANIRUE-U3
-, 5A596E=A3

»83AA3E-A3
«43637E-R3

.21118E-04
«72701E~-24

W 18117E=A3
SRB23UE-DY

= 378489E-A4
-, 36010E-23

~,25117E-03
LA9UT2E-03

~ THUTRE-A6
-, 27388E-03

,20UT4E-83
J238A1E-03

«343T4E-0
W117HTE-02

-, 1159RE=83
L 278A3E-N2

- 4RARASE-AY
~.65RA3E-A5

~,16559E~04
- 77RS9E=05

«SS74SE=-A5
«1P61UE=-BY

«31738E-03
-.12792E-03

LBAIRLE~DA3
< U4OR22E-AY

e 19471E=-02
«27877E-03

. 104STE=-R2
. 18166E-04

~e36279E=-03
«HOORAE-0Y4

~e23616E-03
«b6USSE-B4

.59643E-A3
-, 18792E~04

«73790E-04
-, 15296E-023

=, 153R6E-23
-, 92R4TE-Ab

-, 2AB12E-03
+618ASE-R0

LU44722F~03
. 297R4E=-04

-, 5A596E=-A3
-.S7204E-A4

ADJUSTEFD VARTANCF=COVARIANCE MATRIX FOR INTEGKAL PARAMETERS

-, 2ATL6E=-DY
«57399E=-04

-.217T6E=-04
.27750E-05

-.39354E=-R4
- 16294E~R4

LURISSE-AT
L28922E-04

+43883E-A3
-, 99172E=-05

«104STE-P2
+»13893E-03

o 17354E-02
«31023E-03

~,4A765E=0A3
-, 5257HE=04

~o6UR23E~CU
. 2R5S1E=A4

-, 38327E-04
-.5694BE-A4

o 12978E=-02
»11062E-03

-, 24232E-73
-, 534A3E=04

-, 12782E-03
.68163E=04

-,62251E-03
-.62848E-A4

«43637E-93
o 11126E=83

e, 41713E-04 ,53R21F-04
=.36825F=-04 ,S52471E-04

JIA3ROE-RG =, 3681 2E-04
«o21THIE-A4 =~ 1S9TTE-A4

032121E=-04 «,1BU66E-AY
o 1 94RNE-AY =, 16039E-A4

4 25528E-03 «,114376-03
e 2ABRIE=B3 =, 43244E-74

21118604 L1A117E=N3
L 13545603  ,120S0E~-A3

~.36279E-03 ~,23616E=03
JU2956E=R8 =, 21959€-A3

- UATHSE~A3 =, 6URPIE-04
= 461NTE-B3 »,24TRIE-D3

.1PAA9E-02 ,752T4E-03
JSRBTUE=AL = B96RUE=NG

J752T4E-A3  ,1A296E-02
JT1696E~04 ,7TOR2E-RAU

,2P635E-03 ,2A1A3F-A3
L7SS73E-A4  L4A321E-04

-,52178E=-04 ,31377€-A3
-, 22325€~03 ,9332i€=-04

.99725€-A3 ,73209E-03
-, 49622E-84 =,132A9E-03

J75776E=83 ,9A964E-83
-, 119A9E-84 ,77933E-05

1296903 = 12141F=03
bbB16E-NE =, TIUIRE-NS

L T27RLE-AU  ,B623PE~A4
«,1276TE=B3 L4T7294E-04

-, 28668E=05
2R167E~04

JTR293E-05
~,1153RE=04

-, 65423E=05
-, 865A5E-05

«,20736E-A3
. 82251E-04

©,37849E=04
,T83A3E-04

+59643E-03
-, 1 75A5E=03

« 3B327E-74
" 10165€-03

,2P6356-03
-, 71936E=04

+2A1R3E~N3
£ 286HTE=R4

. 12389E-02
L45702E-04

L6aBSVE-A3
+56513E-04

LA2515€-03
-, 11002683

L 1238903
« 15928E-04

<81BASE-03
-, 29816E~04

., 36010E-03
AB4SSE-04




8¢

16

17

18

19

28

21

22

23

24

=,22775E=-AS

=,658R3F =05
*,15296E-03
=,12344E-03

«57399E-04
011062E-03
+26037E=A3

-, 30825E=-04
~,22325E-03
~s51173E=-048

+S2471E~-04
«93321E-04
«,95164E~AG

028167604
21 56513E-04
+36870E~03

~.22bR83E=-04
-,34808E-04
«UP316E-03

- q,25396F-04
=, 38511E=04
«8A6ASE-03

«B3682E-04
“y30181E~03
«3738G4E=04

-, 22683E=R4
., 34808E=04
$4A316E-A3

-, 25198E=-0A5

-, 77859F=AS
-.92BUTE=A
-, 13657E-03

«2775AF =05
=,53u4a3fF-R4
+2RBATE-AZ

~,21711E-04
-, 49622E-04
-, 56617E=0A4

-, 1597TE=04
“ 132R9E=A3
«, 1AS29E-A3

“,11538F=04
-, 11802E-03
+ARTI3E-AT

.43529€=-85
< 200RSF-04
L4a6ASE=N3

+48159E-0S5
«266ATE-AY
s 4935BE=-03

=, 64459€E=-05
o« 733RJE-04
s41362E-84

o 43529E=-05
«2GBASE~-04
«44605E=A3

-y 16700E =03

. 1A614F =04
+b618RSF=a4
L,4u999E-A3

-y 16294E-04
L6A163E=00
.32521E=04

o, 194RNE=-AY
“ 119A9E-0Y
L4R199E-03

-, 16839E-04
.717933E=05
-, 22393E-04

=, 86505FE=0%
-, 15928E-04
,2A1A4E~n4

+6B991E-A5
“,20713F-A4
+373R4E-R4

»T6336E=05
-, 22917E=-A4
S U1362E-04

+33554E-04
- 18673E-04
WARTRGE-A3

+6R991E=05
-, 28713E=04
«37384E=-04

APPENDIX D (cont)

=.2P775E-8S

-, 12792F-R3 ,49RP2E-A4 ,27RTTE-A3 ,1A166E-84
2 297R4E-0Y =,572R4E=A4 ,169A5E=-R2 +13235E=-02
o 12344E=N3

J2R9P2F«AL =,99172E=-85 ,1@AR93E-A3 ,31823E-A3
< 628NRE-AG  ,11126E=-A3 ,13235E-02 ,17651E-72
«2hY3TE~RT

-,2A6R9E=A3 ,13585€-A3 ,42956E-74 -, 461R7E-A3
JOhBIGE-AU =,1276TE=B3 ,36558E-83 =,15491E-0A3
-y51173E~-84

-, 43204E-04 ,120SAE~-83 =,21959E=A3 =,24783E-A3
-, 7949RE=A5 ,47294E-AQ =,10452E-A3 =,19987E-A3
95 16UE=AY

=, 42251E=A8 ,TA3A3ZE~B4 =,175A5E~A3 «,19165E-03
=.29d16F~A4 L46G55E=04 «,25164E-A3 ,94442E~04
« 3hATUE=A3

(22772E=05 =,AR361E~-04 ,45630E-A4 ,56592E=04
=o17902E=0Y »,22775E=N5 =, 12344E-03 ,26837€-83
24N316E~R3

,25195E=A5 =,48643F=-04 ,SOUAAE-B4 ,62613E-04
«,1985UE-A4 =,2519RE=#5 =,13657E-A3 ,2RBA7E-903
LUN6ASE-A3

g 16108E=-03 ,21177E-84 ,24242E-03 =,22051E~-03
«72023F~04 =, 167AUE~A3 ,48999E-03 ,32521E-~04
«37384F-04

2 22772E~05 =,40351E=A4 ,45630E~04 ,56592E-04
e 17982E=A4 =, 22775E=05 =,12344E-03 ,26037E-03
+40A316E-03

669RUE=04
+36558E=083

-, 5257PE-R4
., 15891E-03

SRATAE-R4
JT63U4E-BS

-, 896B4E=AY
«2R250E~A3

-, 71936E-084
.23396E-03

»18252€=~04
=,51173E-84

,2A19AE~AY
=, 56617E-04

.13909E=03
L4R199E=A3

o 1A2S2E~A4
«,51173E=04

L 66455E-04
-, 1Aa52€-A3

,2R551E=A4
-, 199A7E=03

,71696E=04
L2A254E=R3

LTT@R2E=AY
,32a156-03

L2B66TE=0Y
L22615€-03

., UA2RSE=84
-, 95160E-04

- 4A996E-AL
., 18529E<03

-, 951 T8E-R6
-,22393E-74

-, 4a2ASE=B4
., 95164E=04

-, 1A794E-84
«,25164E=83

«,56948E-04
+9AUA2E-RA

,75573E-R4
4 23396E-03

L4B321€-04
,22615€-93

SUSTR2E-A4
+66230E=83

e 3B456E=85
+3687AF=03

., U2547E=D5
,a8793€-83

.29103E-A4
,2B1AGE-84

vy 38456E«05
+36878E<03




6¢

10

12
13
14
15
16
17
18
19

CONCTNE W,

APPENDIX D

SUMMARY FOR DIFFERENTIAL PARAMETERS

XE(I)
1.00000E+00
1.00000E+00
1.7090BE+00
1.0000RE+Q0
1.7000PE+003
1.00800E+00
1,0000AE+00Q
1.20000E+20
1.70008E+00
1.007A00E+00
1,0000RE+0@0Q
1.00000E+00
1.00000E+0A
1.000300t+00
1.70G00E+00
1.907P0PE+80
1.00000E+00
1.00000E+00
1,020000E+00

MJ
19

MK CHIZ2]

$X(I)
1.P000NE-01
1.00000E~01
1,00000E-01
{.0000PE~01
1.50000E-21
1.00000E-21
1.50000E-01
1,70000E=~0D1
1.,000008E=01
1,00080E~01
1.,30000E=-01
1,00000E~01
6.,A0000E~-02
4,00000E-02
6.7000VQE-02
1.20000E=01
1.70000E=-01
1,00000E~01
1,00007E=-01

CHIDI

43 5,0282E+02

XC(1)
1,00000E+00
1.70@80E+00
1,70000E+007
1.00RQBE+00
1.00000E+00Q
1,00000E+00
1.00000E+00
1,08300E+00
1.00000E+80
1.700A00E+¢0
1,00000E+00Q
1.00000E+00
1,00000E+07
1.70N0BE+00
1.00000E+04
1.,00000E+0@
1.00000E+00
1.72R00E+0Q0
1.0000QE+07

CHIZF
9.3918F +

al

RELXE

e ® &

® o6 % & ¢ ¢ o @

VORIV DISS
o

CHIDF
2.3247E+01

(cont)

RELXE&®»2

XA(T)
9,78R12E~01
9,32236E~01
9,94686E=01
9,88789E-01
9,61475E-01
9,79102E~81
8,39995E-01
1,A5RB3E+00
1,06331E+08
9,79160Ew@1
1,00134E400
9,95451E+01
1,13790E+00
1,10604E+80
1,16569E+00
1,AR909E+@0
1,00RB2E+@0
9,95512E=01
1,P8546E+20

SXA(T) RELXF
1,982U3E~02-2.19885E-01
4,BBRBTE-B2-6,77641E~01
2,00620E-82-5,3942PE-02
1,22533E=-01=1,12109E=-01
2,75562E-02=2,56835E~01
3,09979E-02-2, AB985E-21
1,33036E~81~1,A6670E+00
1,85363E«01 5,B88324E-01
1,33422E=01 6,33065E~01
1,94A11E-01-2,88402E~21
1,94546E=01 1,34117E-02
1,94538E=81=4,54920E~02
1,02R34E=01 2,29827E+00
3,66A85E02 2,651083E400
6,94256E=02 2,7614TE+80
1,94360E=01 9,88541E~02
1,93743E-01 B,R2264E-02
1,94528E=01-4,48831E-02
1,12206E-81 8,54607E-081

RELXFaa?2
4,83494E=02
4,59197E-01
2,96974E-03
1,25684E-02
6,59644E~02
4,36747E-02
1,13785E+08
3, 46125E-01
4,00771E-01
4,34316E-02
1,79872E-04
2.,06956E-03
S.282B4E+00
T.A2798BE+80
T.62574E+00
8,25446E~-03
7.,78399E=-03
2,81449E-03
7,30352E«01
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APPENDIX D (cont)

SUMMARY FOR INTEGRAL PARAMETERS

YE(T)
1., 20000E+00
1.7000RAE+00
1.70A00E+00
1.,20000E+00
1.2000AE+00
1.00000E+00
1.0000PE+07
1.70000E+00
1,20000E+00
1.20A0BE+ U0
1.70007E+00Q
1.70000E+un
1.RBABE+ LA
1.70000t+00
1,0070QE+0P
1,7000AE+00
1.0000PE+00
1.P0NAE+00
1.00780E+QQ
1.00000E+00
1.70B0AE+¥Q
1.00000E+00
1,00700E+00
1.,20000E+00

MK
24

MK CHI?I

SY(T)
3.70000E=03
4,00000E-03
4,70000E-23
2,500090E-02
2.50000E~02
3.5000RE~02
T«50000E~-02
3.50008E~02
3.54880E~-Q2
2.50000E=02
3.50000E~02
3.5000RE=92
3.5000AE=02
3,50000E=-02
31.500008E-02
3.A0A00E~02
3.200A0BE~02
2.M0000E~02
2,R0000E=02
2,080@0RE~02
2,A000AE~02
2,M0000E~02
5,00000E~02
5,00008E-02

CHIDI

S.A2R2E+B2

43 5,0282E+P2

YC(I)
9,92700E-8)~

RELYE
2.70008E+0@

9,92400E=-81+1,90000E+080
9,92700E-A1=1,82500E+00
1,12000€E+09 4,0000AE+00
1.15000E+00 6,ABNGOE+Q0
1,24000E+0@ 6,85714E+00
9,200VNE=~B1-1,B666TE+0D

1,25000E+00
1.28800E+20
1.16000E+207
1.18080E+00A
1.,2570AE+00
1,2600RE+002
1,27000E+08
1.,09000E+0%

T7.14286E+00
6,85714E+00
6,40000E+00
5.14286E+00
T.14286E+00
7,42857E+00
7.71429E+00
2,57143E+09

9,00000E-41~-3,33333E+20
1.03000E+092 1,00P0RE+00
9,90900E~01=5,00800AE-01
1.,05000E+80 2,50800E+00
1.79000E+00 4,5000RE+00
9,40000E=01-3,0000AE+00
1.A4000E+0Q 2,000R80E+0Q
9,68000E~-01-8,A0000E~01
9,.40800E-0)~1,200A0AE+@R

CHINF
6,7663E+

CHIZF
9,0910E+0}

SUMMARY FOR COMBINED PARAMETERS

MK CHI21
43

CHIDI

S.M2R2E+R2 5,02R2E+02

CHIZF
9.,0910E+0}

CHIDF
9,A910E+

RELYE##2
4,0000AE+80
3,61000E+00
3,33063E+00
1.68000E+A1
3, 68A0AE+81
4,70204E+01
1,1377RE+20
5,10204E+81
4,78204E+01
4,09600E+81
2,64090E+41
S, 10204E+01
5,51837E+0A1
5,95102E+01
6,61224E+080
1,11111E+@1
1,70AGAE+2R
2,500ARE=01
6,2500AE+00
2.92500E+a1
9,AB@AAE+0N
4,PB00AE+8N
6,UPBOAE=01
1,44080E+A0

e1

DISPR

YA(T)
9,9271RE-a1
1,031S1E+30
1,72187E+80
9,98511E~81
1,71368E+00
1,A8997E+80
R.5337RE=01
1,05249E+80
1,A3574E+00
9,36@55E~81
1,M274RE+80
1,04182E+00
1.,P4629E+80
1,02388E+00
9,59831E~01
9,42179E-a1
1,A6A12E400
9,74651E-81
1,A3258E+00
1,75389E +a0
9,24455E~01
1,R2280E+00
9,61A46E=21
9,24055E-91

71 3,7879E+Q8

SYACT) RELYF
6,68208E=-03-1,82041E +00
5,31338E=03 3,76681E-01
5,57924E-83 4,667BSE-01
3,53207E-02-3,7T9562E=01
3,A6338E-82 5,87022E~081
4,81262E-02 2,570855E+00
4,16583E-02-1,95496E+20
3,28765E=02 1,49961E+80
3,17746E-02 1,02120E400
3,51980E»82-2,55780E+80
5,25480E=¥2 7,85083E=01
3,29A78E~02 1,1949RE+87
3,32R32E~82 1,3225RE+00
5,27346E~82 6,82383E~01
5,2804TE=N2=1,1476RE+00
4,11R91E=~02=1,9273TE+00
4,20133E-82 2,A0387E+80
2,76305E-82-1,26TU6E+80
1,RB042E=02 1,6288AE+00
2,57353E=82 2,69436E4080
2,AB7BRE~B2-3,77723E+08
2,22148E-82 1,14009E+20
2,20R75E=02-7,79072E~01
2,007RRE-B2~1,51089E +80

RELYFax2
3.31390E+00
1,41RRRE=@]
2,17813E=081
1,44067E~01
C,99233E~01
6,60774E+00
3,R21BRE+00
2,24883E400
1,04284E+09
6,54233E+00
6,16230E=01
1,42797E+00
1,T4922E+00
4,65537€«01
1,31718E+00
3.71474E+00
4,01548E+880
1,60646E+00
2,65299E+00
7.2595SE+00
1,82675E+01
1,29980E+00
6,06953E=01
2.,28279E+00



SENSITIVITY ANA
2 1
6

1
DATA FOR SENSITIVITY ANALYSIS

2 1
.8 73
.@848 E+00

2 74
6
8,81443E=n9

SENSITIVITY

KSENS
2

DATA FOR SENSITIVITY ANALYSITS

NYR
1

APPENDIX E

SAMPLE INPUT FOR SENSITIVITY CALCULATION

LYS1S,
%] Q@

) [

41 2

1 8

17 6

CASE ONE OF ONFE

APPENDIX F

41-GP NEUTRON TRANSPORT IN IRON SPHERE

SAMPLE OUTPUT FOR SENSITIVITY CALCULATION

ANALYSIS,

KADJST
1

NXR
6

m1 MJ

a a

CASE

KGEQM NR
2 1

ONE OF ONF

NSAVE
]

IMMINCIR), IMMAX(IR), IR=1,NR

73

DENS(IR), IR=21,NR

+«BU4BUARE~-O1

KFLUX
2

NM
T4

NG NLR
41 e

(RM(IM), IM=1,NM+ 1)

INPUT RADT!
3.
«30PARAE+Q1
«900URNE+N1
«1500008E+02
«21PA0AE+N2
«27TBBNRE+D2
«3300A0E+02
«390PABE+72
«4SNPAVE+N2
«S10070E+02
«STAQABE+QA2
«6380AAE+A2
«690000E +@2

(J),yJ=1,7%
«2SNOARE ¢+
JUBAVBARE+DY
« 1BAVRARF+ N2
<1 6A0AVE+R2
« C2RUBAYE+AL
. 2BRVABF+02
«3400N0E+AL
s UBNVRAVE+B2
LU463000FE+R2
«52RBAVE+AL
«SBRALAAE+R2
«HUAIRAVF + D2
« 718A0ABF+02

«50000BE+20
«SUARAVE+ A1
»110000F+02
«1708ABE+B2
+2300AYE+A2
«297RBABE+A2
« 350A0RRE+A2
at0BAVE+R2
LU7N0ABE+ N2
«537A000E+A2
«59B8A0F +02
«6500A0F +02
< T100FQF+ 02

(GCOSA(TA),TA=1,NA)

COSINE(I),T=

1,17)

NA
17

« 75AVAQRE+AR
«60A0MRE+0D)
. 1200BYE+R2
«18AGVBYE+Q?
+s24R0VABYE+QAL
< 30A0ANE+A2
» 360000E+Q2
L H2ARAYE+B2
«48BVBRF+A2
«S4BVANE+N2
«6VRRAYE LA
»66BVAAELAL

41=GP NEUTRON TRANSPORT IN JxON SPHERE

KTIMS

NL

. 100000E+A1
« TOANAUVE+AYL
+«138UANE+QA2
«1900Q0E+02
. 250800k +02
. 3100AVE+02
«3700AVF+Q2
+430000E+02
LU908AVE+A2
«SSANABE+A2
«61PRVORE+AL
+67AQAVE+12

ALVIN
ALVIN
SENSI
SENSI
SENS]
SENST
SENS]
REDFLX
CROSEC

NT KYYPE
1 ]

< 2NNARF+ M)
ANBONUF+A1
. 14ABAAF+02
L 20ARANF+B2
< 26UAANE+D2
.32RBRNE+A2
.38ANANAE+N2
JHUNBANE+N2
<HBBRANE+02
.56800NF+ N2
« H2AVAUF +02
HBABABF+R2

-, 1070P0E+01=,982031E+R0~.917A582E+00~,8330827E+00-,T47468E+00-,650756F+00
=e536897E+00~,391194E+00~,133446E+00
«658756E+20 ,74746BF+0A0 ,R3ITIB2TE+0B ,9185A2E+70

(OWTSA(TA),TA=1,NA)

WEIGHT(I), 1=

“,
«628U4VE=-01
«523245E=01

1,17
«2TO7T1E=~01
«9987613E-01
«U54261F=01

«367965€-01
. 144526E+08
WUB2UUIF-A1

«133446E¢00

~U4N2441E=-01

«144526E+00

«367965E~-01

«391194E+00
«982031E+00A

JU54261E=-01
«907613E-01
«27A771E~-01

<536R97F+a0

+5232U5F 01
h2RUUAF=A1

R

31
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4.

APPENDIX F (cont)

(RMCIM), IM=1,NM+1)
INPUT RADIICJ),J=t,75

«250000E+R0 ,50000GE+MB
+300000E+01 ,403000F+7A) ,SOMAVOQRE+D1
+«%00200VE+R1 ,100000E+82 ,1100ABE+M2
«153000€E+02 ,160V0CE+02 ,1700BVE+Q2
«2100U0QRE+G2 ,220000E+A2 ,230000F+02
«2TANNBE+A2 ,2800N0E+02 ,290020QE+A2
«33000VE+B2 ,340000E+02 ,350UQGE+R2
«390000E+02 ,4@0000E+N2 ,4103000E+02
«45V00UE+R2 ,ULOBBRE+B2 ,870000F+02
«51000VE+02 ,520000E+02 ,S530B0RE+A2
+STOBARE+A2 ,580000E+02 ,5990A0E+0A2

«6300QUE+02 ,640000E+02 ,65ARRAF+02
«690300F+82 ,T7B00RQE+R2 ,710000E+A2

(QCOSA(IAY,TA=1,

COSINE(L),I=1,1T7)

COSINES MULT BY =i,

«100000E+0Q1

IN REDFLX

NA)

, 750008E +980
«6BAUVABE+AY
. 120000F +02
. 1800AAF +02
. 24BBAAE +U2
. 300000E +02
. 36800AF+02
82B0PRF +02
 48000GE +82
.SGABARE +02
<6BBYAGE+02

L H6ABBRE+02

. 10PYABE+NY
.T2@Q0UE+01
. 13000CE+02 ,10AVANE +P2
< 1900R0F+A2 ,20AAANF +B2
<250UDRE+A2 ,26B0ARE +02
.31A300F+02 ,3200RAE +A2
.37000UE+A2 ,380AAGE+02
L430GABE+A2 L HUBARNUF +A2
49PN0AE+R2 SONARE +02
.S5QUABE+A2 ,56AANNE+A2
+610000E+82 ,6200URAE+02

LOTAVAVF+A2 ,6800ARE+0A2

FOR ADJUINT FLUX EXPANSION

< 2AARANF+M}
LANARANAF+0 Y

«982031E+04 ,910582E+00 ,B33027E+00 ,T4T46BE+AQB ,65ATS6F+A0

«S36897E+80 ,391104E+00 ,133446E+AB=,13TU46E+70~,391194E+A0=~,536897F+A0
= 6S07S6E+RB~, T4T7468E+NQ=,R33B27E+00-,9105R2E+AV¥~,982031F+00

(AWTSA(TIA), 1A=,

WEIGHT(I1),1=1,17

0.

Pa
Pt
P2
P3
P4
PS

FE
FE
FE
Ft
FE
FE

«27@771E=01 ,367965E-031
+628440F-01 ,987613E=8] ,144526E+00 ,1448526F+00 ,947613F~-01
«52324S5F=@1 ,450261E=A1 ,4024481FE-01

NLCX

Pu-P8,41GP CROSS
PA=-P8,41G6P CROSS
PR3-pP8,41GP CROSS
P@-P8,41GP CROSS
P@«P8,41G6P CROSS
P@-PB,416P CROSS

«801443E-N8

NA)

SECTIONS
SECTTIONS
SECTIONS
SECTIONS
SECTIONS
SECTIONS

«482441E-01

«367965E-01

ADJ
ADJ
ADJ
ADJ
ADJ
ADJ

EXP
EXP
EXP
EXP
EXP
EXP

LUS5U261F=A1 ,523245F=A1
J62RULAF-RY
W2TATTIE=A)Y
VAL  AFTER CHANGF IN CRANGE
VAL  AFTER CHANGE TN CRANGE
VAL  AFTER CHANGE IN CRANGE
VAL  AFTER CHANGE IN CRANGE
VAL  AFTER CHANGE IN CRANGE
VAL  AFTER CHANGE IN CRANGE



APPENDIX F (cont)

SENSITIVITY PROFILE

GROUP

ODDNP U E NN -

SENSITIVITY

*1,52696E=-04
-1,82585E~02
=7,16549E-03
=4,266T0E~03
=1,75711€E-03
-1,83075E~023
-1,10495E-03
=1,15348E=-03
=1,15511E-03
-9,72420F =04
=2,16578E-03
=1,46277E-03
-2,83188E~23
~2,80632E-93
=3,9402%E-03
*9,26679E-03
~3,24802E~-02
=5.23364E=-02
-9,26052E~-23
=2,59525€E=-02
-3,21015E=-03
-1,9960A5F~03
-4,84289E-04
=3,998R5E=-014
-1,835A8E~-04
-1,68276E~04
«1,53271E~04
=1435074E~-04
-1,086397€E-04
*7.35754E~2S
-4,06675F-05
=-1,55@01E~-05
~4,99287E-06
=1,19283E-06
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