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Covariances of the self-shielding factor and its temperature gradient for the uranium-238 neutron cap-
ture reaction have been evaluated from the resonance parameter covariance matrix and the sensitivity of
the self-shielding factor and its temperature gradient to the resonance parameters. The resonance param-
eters and their covariance matrix for uranium-238 were taken from JENDL-3.3, while the sensitivity co-
efficients were calculated by varying resonance parameters and temperature. A set of computer code mod-
ules has been developed for the calculation of the sensitivity coefficients at numerous resonance levels.
The present result shows that the correlation among resonance parameters yields a substantial contribution
to the standard deviations of the self-shielding factor and its temperature gradient. In addition to the stand-
ard deviations of these quantities, their correlation matrices in the JFS-3 70 group structure are also ob-

tained.
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1. Introduction

Doppler reactivity has been recognized as one of the most
important safety parameters among the self-regulation char-
acteristics of reactors, and a high accuracy in the prediction
of the reactivity has been vigorously sought in reactor de-
sign. To improve the prediction accuracy in fast reactor sys-
tems, Doppler reactivities at various critical assemblies have
been measured'® and analyzed.”

In standard sensitivity analyses of nuclear characteristics,
the relative sensitivity of a nuclear characteristic R to the in-
finite dilution cross section 6o, Sgs = (60/R)(OR/06 ) has
been used. The sensitivity analysis system SAGEP!® has
used this relative sensitivity coefficient for improving the ad-
justed reactor constants with fixed self-shielding factors.
This formalism is not applicable to temperature-related nu-
clear characteristics such as Doppler reactivity, however, be-
cause such characteristics depend on the self-shielding factor
as well as the infinite dilution cross section. Regarding the
temperature gradient of the self-shielding factor as a “pseu-
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do cross section,” the relative sensitivity of the temperature-
related nuclear characteristic R to the temperature gradient
of the self-shielding factor «, Sz, = (a/R)(0R/0cx), can be
introduced. If the temperature gradient is defined using the
logarithmic derivative of the self-shielding factor with re-
spect to temperature, o = (1/f)(df/dT), the coefficients
Sk« can be obtained from the sensitivity coefficients of ef-
fective neutron multiplication factor ks to the infinite dilu-
tion cross section Sy ,.'" In this background, the SAGEP
system was extended to temperature-related nuclear charac-
teristics, and an adjusted reactor constant ADJ2000 was ob-
tained by using the coefficients Sz, for the Doppler reactiv-
ities measured in ZPPR-9 and FCAXVII-1 experiments.'!?

The sensitivity coefficient Sg, can also be used to evalu-
ate the uncertainty in the Doppler reactivity arising from the
uncertainties in resonance parameters if the uncertainty in
the temperature gradient of the self-shielding factor o/«
is obtained. In practical discussion of the Doppler reactivity
in fast reactor systems, the self-shielding factor of the 23%U
neutron capture reaction is of paramount importance. It is
difficult to calculate the uncertainty in the temperature gradi-
ent of the self-shielding factor, however, because there are
more than one thousand resonance parameters in 238U, forc-
ing, consequently, a huge amount of the flux calculations to
be done for the change of each parameter. A study of the un-
certainty in the Doppler reactivity was made by the direct
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keg-difference method and an analytic expression of sensitiv-
ity coefficients of Dopper reactivity to the resonance param-
eters.'>!'4 They discussed the sensitivity of self-shielding
factors and Doppler reactivity to resonance parameters as
well as the analytic properties of the Doppler broadening
function (¢ and x). The uncertainty in Doppler reactivity
due to uncertainties in resonance parameters was then ob-
tained by changing resonance parameters of interest on the
basis of standard deviations in the resolved resonance pa-
rameter sets'> accompanying JENDL-3.2 (Japanese Evaluat-
ed Nuclear Data Library Ver.3.2).!9 However, the correla-
tion among resonance parameters was not taken into account
because the covariance matrix of resonance parameters was
not available at the time.

For two data libraries of JENDL-3.2 and JENDL-3.3
(Japanese Evaluated Nuclear Data Library Ver.3.3),!'” much
effort has been devoted to evaluating nuclear data cova-
riance,'®2D and the resonance parameter covariance matrix
of 23U is also available for the present study. Therefore, a
more precise evaluation of the uncertainty in Doppler reac-
tivity is now possible and should be done on the basis of
recent progress in nuclear data evaluation.

In this article, we discuss an evaluation of the covariances
in the self-shielding factor f and its temperature gradient o
in relation to the 233U neutron capture reaction on the basis
of microscopic nuclear data and newly developed computer
code modules taking into account the correlation among res-
onance parameters.

This paper is organized as follows: Section II reviews the
source of uncertainty in Doppler reactivity in terms of nucle-
ar data. Section III derives the uncertainties in self-shielding
factor and its temperature gradient from the resonance pa-
rameter covariance matrix. Code modules developed in this
work are also introduced in this section. Section IV contains
results and discussion. A conclusion is given in Section V.

([Z,(To) = Z,(DNY(D) g + ([Z4(To) — Z(DIHT)) g + [L(To) — L(T)]
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II. Source of Uncertainty in Doppler Reactivity

In order to place the current covariance evaluation of self-
shielding factor and its temperature gradient in the uncer-
tainty evaluation of Doppler reactivity, error propagation
of these quantities to Doppler reactivity is conceptually re-
viewed in this section. Here, we consider a homogeneous
system, for which the macroscopic cross section of reaction
channel ¢ (¢ = y for capture and f for fission) for incoming
neutrons with energy E at temperature 7 is

S(E,T) =Y Nioie(E,T), ()

where N; is the number density of the i-th isotope and o; . is
the cross section of the i-th isotope for the neutron-induced
reaction channel c. The Doppler reactivity R for the change
in temperature from Ty to T = Ty + AT is defined as

PO S o
ketr(To)  kese(T)

with the effective neutron multiplication factor ke (T),
(WE) Zp(E, T) P(E, T))g
([Z/E.T)+ Zp(E DIE, T))g + L(T)’

ket (T) = (3)

where
(...)p: abbreviation of integration with respect to energy
E,
fission neutron multiplicity,
¢(E, T): neutron flux,
L(T): leakage from the system per volume.
The variable E in v(E), X.(E,T), and ¢(E,T) is omitted
hereafter for simplicity.
By using the expression of ke, the Doppler reactivity in
Eq. (2) can be written as

W(E):

R~
WEAT)HD))g

, 4)

on the assumption that the reactivity perturbation due to the Doppler effect is sufficiently small that (v X:(T) §(T))g ~
(vZ¢(To) ¢(To))g- The contribution of the i-th isotope to the reactivity R is then

Ni
Ri= 5y, T — oM + [01,(To) = 01 (DI
N; .
= 58 (To) — &3 (T 8. X
B 375 L L G0 = DN 5
Here, 6fc(T) = 6fc(T, op) is the effective cross section for the channel c at the g-th energy group,
; 8
&EC(T’ op) = (0ic(E,T)P(E, T, 0p))% .

(P(E, T, 03))5

with the background cross section of the system o3,. The symbol (...)% expresses the energy integration over the g-th group.
Let us introduce the self-shielding factor i‘:”C(T, op) and its temperature gradient (xf’c(T, op),'V

6% (T, 0p)
FET,0p) = g0
U[,C(Trefa Oop = OO)
1 3 fE(T, o
o (T, 03) = — fieToon),
’ (T, 0p) oT
where

(7

()
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6% oo = 6$C(Tref: Op =

i,c,00 i,

)

is the infinite dilution cross section calculated at a reference temperature Ty.¢.* Hereafter, we omit o, for simplicity. Then
6% .(Tp) can be related to 67 .(T)

67 (To) = (1 — off (T) AT) 65 (T),

o0)

(10)

and R; in Eq. (5) is consequently expressed in terms of the product of «f ., f5., 67, .., and (¢)%:

N; AT
R = T
<v2f<T>¢(T>EZ 2 [

g c=r.f

AT) 6F oo (Teen) | (BT (1)

The variation of Eq. (11) corresponding to the variation of the temperature gradient of the g-th group Safc is

N; AT
-5 T 8 T Tre T g
|:<V2f(T)¢(T)EZ Z of (T) fE(T) 65 oo (Tren) | (0 ))Ej|

g c=nf

SR;

5ot (T)

with the weight wy,,

> @ (1) FAT) 6%, oo (Trer) (P

c=y.f

ST ) [ 6 T G

g8 c=nf

(13)

8 A8

The variation 8R;/R; for simultaneous change of all of ., f%., 6. .. and (¢)§ becomes

SR,' 6X8 SYg
R;

8.8 XY cc'=y.f
where X and Y denote «;, fic, Gic O (@), and pxeye is the correlation coefficient between two quantities X¢ and Y ¢ . This
expression tends toward a simpler form

2 2 . 2 2
( ) Z Z SafL,(T) n ) fc(T) 4 80’& oo(Tref) + <8<¢(T))§>
i (T) *(T) 6. oo(Trer) (B(T)%:

(14)

15)

e=v.f
if the correlation among all quantities is neglected. As shown
in Egs. (14) and (15), the uncertainty in the Doppler reactiv-
ity 6R; /Ri is related to the uncertainty in the temperature gra-

dient al . self-shielding factor /%, infinite dilution cross sec-
tion 67 ., and group-averaged flux (¢)§.

In the following sections, we evaluate the first term
(Safc / aﬁc and the second term §f7./f%. regarding these uncer-
tainties as propagated from uncertalntles in the 28U reso-
nance parameters via the self-shielding factor of >*U neu-
tron capture reaction. An example of the self-shielding factor
f and its temperature gradient « for the neutron capture of
238U are shown in Fig. 1.

II1. Evaluation of Covariances of the Self-Shielding
Factor and its Temperature Gradient

We evaluate the covariances of the self-shielding factor
8f5(D)/fE(T) and its temperature gradient 8o} (T)/f .(T)
in the first and second terms of Eq. (15) for the 2¥U neutron
capture reaction. Hereafter, we omit the suffix i for isotope

* We can set any temperature to Ti. In this work, the lowest tem-
perature in the central difference formula (600 K) is chosen as
Tt as explained in the description of ERRORF in Section II1.3.
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and c for reaction channel. Error propagation from resonance
parameters to the self-shielding factor and its temperature
gradients are

8fe 8f¢ X A8 x 8% xi b
Ggg’ e o Z L P —
VAR JEox; f€ o T X x
g Oxi 8x;
= Z S8 P (16)
Xi Xj
Sa® o xi 0t x; das  8x; 8x;
Tgg — = = —— pj—
ot s ad ox; of ox; X; X
ij
5x, Ox;
= ngsg -, (17)
where
04¢: Correlation matrix of self-shielding factor {f*}

Tgy: Correlation matrix of temperature gradient {c®}
x;: Resonance parameter x = {x;} = (E,1, 1, T 1,..0)

pjj: Correlation matrix of resonance parameter x

8x;: Absolute standard deviation of resonance parameter x;

s;: Relative sensitivity coefficient of self-shielding factor
f% to resonance parameter x;

S%: Relative sensitivity coefficient of temperature gradient
of to resonance parameter X;
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Fig. 1 Dependence of self-shielding factor f and its temperature gradient « = 1/f(df/dT) on background cross section
(0p) for 238U neutron capture reaction at the energy interval of 1 to 2keV calculated from JENDL-3.3. Values at four
temperatures (7 = 300, 600, 800, and 1000 K) and at one temperature (7' = 800 K) are shown for f and «, respectively.

The relative sensitivity coefficients s and S¢ are defined
as

o x AT

si(x,T) = e o (18)

S T) = X; oad(x,T) (19)
BT we(x, T ox

The summations in Egs. (16) and (17) are taken over all re-
solved resonance parameters. By equating g and g’ in
Egs. (16) and (17), we obtain the relative variance of the
self-shielding factor and its temperature gradient in the
g-th group,

818 8 ,8

(f) = sty x’ (20)
ij

sad\ Ox; Ox;

— ) =) S — L. 21

(“g )tot ,2,: 5Py Xi Xj @D

From Egs. (16) and (17), the correlation matrices 6,, and
Tgy can be expressed as

¢ Oxidx 8f8 8f¢
%=(Zs . )/ G
5 8x; 8 Sat Saf
we (T ) [ (55) @

In the present work, the resonance parameter set x = {x;}
and its covariance matrix V (V = p;0x;0x;) are taken
from the evaluated nuclear data library JENDL-3.3, while
the sensitivity coefficients sf and S¢ are obtained using
a newly developed code system ERRORF described in

Section III.3.

1. Resonance Parameter x and Covariance Matrix V

In the current evaluation, we take the resonance parameter
set x and its covariance matrix V from evaluated nuclear da-
ta files compiled in the ENDF-6 format.” Among the major
evaluated nuclear data libraries, JENDL-3.3 is the unique so-
lution in the present study because the other libraries do not
include the resonance parameter covariance matrix in their
238U data evaluation.

In the evaluation of 23U data for JENDL-3.3, the reso-
nance parameters of 561 s-wave resonance levels and 1129
p-wave resonance levels are compiled in the resolved reso-
nance region (up to 10keV) with the Reich-Moore formal-
ism. The fission cross section is several orders of magnitude
smaller than the elastic and capture cross sections in the re-
solved resonance region and not compiled in JENDL-3.3.
Thus, we ignore the fission widths I'y; in the discussion.

The 23%U resonance parameters compiled in JENDL-3.3
are originally taken from the JEF-2 evaluation;>® however,
the resolved resonance region was divided into 10 energy in-
tervals in JENDL-3.3, and in each energy interval, the cross
section is calculated from resonance parameters of levels in
the interval (inside levels) as well as certain important levels
outside the interval (outside levels). For example, the
6.67 eV resonance level (I', = 1.493meV and I'), = 23 meV
in JENDL-3.3) is compiled in all 10 intervals so that the tail
effect of this resonance is taken into account in the intervals
above 1keV. This level is an inside level for cross section
in the first interval (107°-1keV) and an outside level for
cross sections in the intervals above 1keV (1-2, 2-3,
9-10keV).

® The resonance parameter set and its covariance matrix of 233U
evaluated for JENDL-3.2 is adopted in JENDL-3.3
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Fig. 2 Relative standard deviations (1o) in neutron width éT",;/T",; (upper) and capture width T",,;/T",; (lower) com-
piled in JENDL-3.3!? for neutron-induced 2**U reaction. Vertical dashed lines show the boundaries of energy intervals.

The 23U resolved resonance parameter covariance matrix
in JENDL-3.3'” was evaluated using the KALMAN sys-
tem,?® where the uncertainties in resonance parameters were
estimated so that the uncertainties in the cross sections give
constant uncertainties (3% for the total and 5% for the cap-
ture, in general) in the cross sections averaged over an ap-
propriate energy range. The resonance parameters of p-wave
resonance levels are excluded in the evaluation of the cova-
riance matrix because of their small contribution to the cross
section.

The resonance energies of all levels and widths of outside
levels are assumed to be not uncertain in the JENDL-3.3
evaluation. In other words, the cross section in an interval
should be regarded as not sensitive to resonance parameters
of outside levels when we study error propagation with the
covariance matrix. For example, cross sections above
1keV are regarded as not sensitive to the change in the res-
onance parameter of the 6.67eV level even though we use
the tail of this resonance when we calculate cross sections
above 1keV, because the JENDL-3.3 resonance parameter
covariance does not give uncertainty of the 6.67 eV level pa-
rameters for neutrons with energies higher than 1keV. The
covariance matrix then becomes

vioo0 0
0o Vv 0
V= ) , (24)
0
0 0 0 vio
where V', V2, ..., V!0 are resonance parameter covariance

submatrices for cross sections in the 10 energy intervals.
A similar submatrix structure can also be introduced to the
correlation matrix, ,o” = /(6x,8xj) In the JENDL-3.3
238U evaluation, the neutron and capture widths of approxi-

VOL. 45, NO. 3, MARCH 2008

mately 30 s-wave resonance levels are chosen from levels in
each interval, and their covariance matrix V' in each energy
interval was evaluated for I';, and T',,.

The right-hand sides of Eqgs. (20) and (21) are accordingly
decomposed to the sum of 10 quadratic forms p/[s#8x/x] and
oS8 dx/x],

i o1 OXi0x
(L) =% ¥ a2 o S g, 0
ot leL, i.jeM, leL,
Sad\ 2 Ox; Ox;
(E) =3 3 sisep = Y plistaal, @6)
tot leL, i.jeM; J leL,

where L, means the set of energy intervals overlapping with
the g-th group, and M; means the set of all resonance param-
eters of the levels in the /-th interval. Note that s{ and S% are
zero if i € M; and [ ¢ L, because we assume that the cross
section in an energy interval in L, is not sensitive to the
change in the i-th resonance parameter.

Standard deviations in I', and I', compiled in the cova-
riance matrix of JENDL-3.3 are shown in Fig. 2, with the
boundaries of the 10 energy intervals. We can see that the
deviation is approximately 50% at maximum for both I,
and T',,.

In JENDL-3.3, the covariance matrix in the unresolved
resonance region (10 to 150 keV) was evaluated in one group
expression because of the limitation of the data file format,
and we exclude the region from the present evaluation.

2. Sensitivity Coefficients sf and S¢

Sensitivity coefficients of the self-shielding factor f¢ and
its temperature gradient o® with respect to the i-th resonance
parameter, s; and S¥ are calculated according to their defini-
tion in Egs. (18) and (19). We modify Eq. (18) for numerical
calculation of S%,
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xp  0af(x,T) 1 osi (x,T)
wf(x,T) o  of(x,T) T

The self-shielding factor f8(x, T') is obtained from the res-
onance parameter set x according to Eq. (7) using NJOY.?»

The neutron flux ¢(E, T, o0p) is calculated according to the
Bondarenko model,

S¥(x,T) = 27

C(E)
ox,E,T)+ o0,
where C(E) is a weighting function (a priori flux) for which

we take an analytic form of the Maxwell distribution +
(1/E) + fission neutron distribution.

H(E.T,0p) = (28)

3. Code Modules-ERRORF
We have developed a new set of code modules to prepare

a modified resonance parameter set x;, and to calculate

the self-shielding factor f, sensitivity coefficients 5§ and

Slg in Egs. (18) and (27), and the correlation matrices

0, and 74y in Eqgs. (22) and (23). This code system—

ERRORF?—consists of NJOY and certain newly

developed code modules (READCOV, REPCHANGE,

FTOALPHA, and ERRPROP). The flow of calculation in

the ERROREF system is summarized in Fig. 3.

The function of each module in the ERROREF is as follows:

(1) READCOYV: To read nuclear data file in the ENDF-6
format and output resonance parameter covariance
matrix.

(2) REPCHANGE: To read nuclear data file in the

ENDF-6 format and to change the i-th resonance param-
eter x; in x to obtain a modified parameter set x;, where
the i-th parameter is changed from x; to (1 + €)x;. We
set € to 0.05 in the present work.
Note that the parameters in outside levels are un-
changed. Concerning the resonance parameters of the
6.67 eV resonance level in all 10 intervals, the parame-
ters given in the first interval (10~5—1keV) are changed
while the parameters in the intervals above 1keV (1-2,
2-3,...9-10keV) are not changed, because the param-
eters of outside levels are assumed to be certain in the
covariance in JENDL-3.3.

(3) NJOY: To construct cross section o(x;, E, T) from the
modified resonance parameter set x;, and to calculate
self-shielding factor f(x;, T) from effective cross sec-
tions 6%(x;,T,0,) and infinite dilution cross sections
68(x;, Tret, 0p = 00) according to Egs. (6), (7), and (28).
We calculate o(x;, E,T) at three temperature points
(600, 800, and 1000K) so that we obtain temperature
gradient «® at 800K (a typical condition of sodium-
cooled first breeder reactor-FBR) in step AT = 200K
by the central difference formula. In the calculation of
self-shielding factor fé(x;, T), we use a background
cross section o, = 37 barn as a typical value in FBR.€

¢ Obtained by potential scattering cross sections of 3.7 barn (1°0),
3.2 barn (Na), 11.5 barn (Fe), 4.4 barn (Cr), and 17.7 barn (Ni),
and the core composition of a typical large fast reactor, 0.00173
(1%0), 0.00967 (Na), 0.0113 (Fe), 0.00328 (Cr), 0.00224 (Ni),
and 0.00764 (3*3U).

N. OTUKA et al.

JENDL-3.3
28U file

Read Read resonance

covariance parameters
matrix V={Vj;} x={E, T, T}
READCOV |
Loop for all
resonance
parameters i
REPCHAGE

repare a modified
parameter set x;

NJOY | v
Calculate

self-shielding factor
{f% (i T))

FTOALPHA :
ﬂ:11 Calculate temperature

gradient {0 (x,7)} and
sensitivities {s*; (x,T)},
{S% (1))

Calculate J
Lyl {OF%f*}, (O}

{605%6"} (o) [ mrmror |

/

Fig. 3 Flow of calculation in the ERRORF system. Self-shielding
factors are calculated using NJOY.?Y

Write
{0f/f%), {64}

{000}, (T}

NJOY sets Tier in Eq. (8) to 600 K. Calculation is done
from the upper boundary of the thermal region (~ 3 eV)
to the upper boundary of the resolved resonance region
(10keV) in the 70 group structure defined in the JFS-3
(JAERI-Fast Set Ver.3) format.”?” Energies of upper
boundaries in the 70 group structure are tabulated in
Table 1 for fast reactors.

(4) FTOALPHA: To obtain temperature gradient of(x;, T)
and sensitivity coefficients s{(x,7) and S¥(x.T) from
partial derivatives of fé(x;, T) with respect to the reso-
nance parameter and temperature according to
Egs. (8), (18), and (27). The partial derivative with re-
spect to resonance parameters was obtained using the
forward difference formula, while the partial derivative
with respect to temperature was obtained using the cen-
tral difference formula for numerical accuracy; namely,
a8(x;, T), s;(x,T), and S(x,T) are obtained using

g l fg(xi9T+AT)_fg(xi7T_ AT)
of(x;, T) = ,
fe(xi, T) 2AT
(29)
sf(x, T) _ Xi fg(xis T) - fg(x9 T) , (30)
S8(x, 1) Ax;
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Table 1 Upper energy boundaries in the JFS-3 70 group structure.?” “1.00000E+07” means “1.00000 x 107 eV”

Group Energy Group Energy Group Energy Group Energy

1 1.00000E+-07 21 6.73795E+04 41 4.53999E+02 61 3.05902E+00
2 7.78801E+06 22 5.24752E+04 42 3.53575E4-02 62 2.38237E+00
3 6.06531E+4-06 23 4.08677E+04 43 2.75365E+02 63 1.85539E+00
4 4.72367E+06 24 3.18278E+-04 44 2.14454E+02 64 1.44498E+-00
5 3.67879E4-06 25 2.47875E4-04 45 1.67017E4-02 65 1.12535E+00
6 2.86505E+4-06 26 1.93045E+-04 46 1.30073E+4-02 66 8.76425E-01
7 2.23130E+4-06 27 1.50344E+4-04 47 1.01301E+4-02 67 6.82560E-01
8 1.73774E4-06 28 1.17088E4-04 48 7.88932E+01 68 5.31579E-01
9 1.35335E+4-06 29 9.11882E+03 49 6.14421E+01 69 4.13994E-01
11 8.20850E+4-05 30 7.10174E+03 50 4.78512E+01 70 3.22419E-01
12 6.39279E4-05 31 5.53084E+03 51 3.72665E+4-01

13 4.97871E+05 32 4.30743E+03 52 2.90232E+01

14 3.87742E4-05 33 3.35463E4-03 53 2.26033E+01

15 3.01974E4-05 34 2.61259E4-03 54 1.76035E+01

16 2.35177E+405 35 2.03468E+03 55 1.37096E+01

10 1.05399E+4-06 36 1.58461E4-03 56 1.06770E+01

17 1.83156E4-05 37 1.23410E4-03 57 8.31529E4-00

18 1.42642E4-05 38 9.61117E+02 58 6.47595E+00

19 1.11090E4-05 39 7.48518E+02 59 5.04348E+00
20 8.65170E4-04 40 5.82947E+02 60 3.92786E4-00

S T) 1 sf(x, T+ AT) — s‘f(x, T — AT) (up to 20keV) are compiled into one energy interval. Note
i (X, )

as(x,T) 2AT

€2y

where Ax; = 0.05x; and AT =200K are chosen as
mentioned above.

Self-shielding factors f% listed in the output of NJOY
have 6 digits, and therefore, the values have a numerical
error of an order of 1.0 x 1073, To minimize truncation
error, we introduce a cut-off parameter ¢ = 1.0 x 107>
and set df8/ox; =0 if |f8(x;, T) — f8(x,T)] <c. We
use the same parameter ¢ = 1.0 x 10~ for the change
in infinite dilution cross section; namely, df%/dx; =0
if [68(x;, Tref, 0p = 00) — 68(x, Trer, 0, = 00)| < c.

(5) ERRPROP: To calculate standard deviations §f$/f*
and Saf/af, and correlation matrices 6,y and T,y ac-
cording to Egs. (20)-(23).

A typical CPU time for the NJOY calculation is approxi-
mately 4min for a given resonance parameter set x; at
the three temperatures (7 = 600, 800, and 1000K) on a
2.8 GHz Pentium 4 processor. Total CPU time for NJOY
calculation is consequently about 3d when we change two
parameters (I', and I',) of the 561 s-wave levels in
JENDL-3.3.

Calculation time depends on the structure of resolved res-
onance parameters as well as the total number of resonance
parameters in the adopted nuclear data library. The 10-ener-
gy interval structure employed in JENDL-3.3 shortens the
calculation time required to generate cross sections
o(x;, E, T) from x; because the number of levels considered
is limited to those in one energy interval. CPU time for the
NJOY calculation increases to 20 min for a resonance pa-
rameter set at the three temperatures if we use the 23%U
resonance parameters in the ENDF/B-VILO library,’® where
all resonance parameters in the resolved resonance region
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that the ENDF/B-VII.O library does not provide the cova-
riance matrix of 28U resonance parameters, and therefore,
cannot be used in the present work.

IV. Results and Discussions

1. Self-Shielding Factor and Temperature Gradient

The self-shielding factor f¢ and its temperature gradient
af for 28U neutron capture reaction are shown in Table 2
and Fig. 4. The neutron capture cross section of %U at
300K in JENDL-3.3 is also plotted in Fig. 4. In the figure,
the correlation between the position of the resonance level
and the self-shielding factor is clearly seen below 200eV,
where level spacing is wider than the energy widths of
groups. Then f# takes unity if there is no resonance level
in the group except a small resonance tail effect. On the
other hand, level spacing is narrower than the energy widths
of groups above 200eV, and number of levels per group
gradually increases with neutron energy. The self-shielding
factor then increases monotonically with neutron energy
and approaches unity. Temperature gradient e is in the or-
der of 10~ if resonance levels exist in the g-th energy group.
Below 200 eV, the temperature gradient is enhanced around
positions of the resonance levels although the self-shielding
factor f% shrinks due to neutron absorption by resonance.
However, the trend is masked by many resonance levels
above 200eV.

2. Sensitivity Coefficient

The sensitivity coefficients of the temperature gradient to
resonance parameters Sf' for I',; and I',; are shown in
Fig. 5. Here, we consider the sensitivity to resonance param-
eters that are included in the evaluation of the covariance
matrix in JENDL-3.3.
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Table 2 Self-shielding factor f¢ and its temperature gradient o with their relative standard deviations (107 for 28U
neutron capture reaction in the JFS-3 group structure (7' = 800 K, o, = 37 barn). Two cases are considered for relative
standard deviations: “tot” gives the contribution of both variances and covariances of all resonance parameters. “var”
is the same as “tot,” except that covariances are not considered

G Ernax 3f8/f8 [%] L0 /K Sad fad [%]

P [eV] / tot var ol /K] tot var
.. .. Unresolved resonance region
27 1.5034E+-04
28 1.1709E4-04 0.9444 0.0289 0.0437 0.3813 1.0054 1.0776
29 9.1188E+4-03 0.9258 0.1017 0.1490 0.4481 1.4260 1.6756
30 7.1017E4-03 0.8792 0.1488 0.3142 0.7400 1.2854 1.7108
31 5.5308E4-03 0.8913 0.1080 0.2258 0.6509 1.0125 1.3370
32 4.3074E4-03 0.7721 0.3064 0.4182 1.1065 1.4537 1.6364
33 3.3546E4-03 0.7877 0.2242 0.3687 1.2258 1.0435 1.3294
34 2.6126E4-03 0.6534 0.6841 0.9353 1.4786 1.5242 1.6700
35 2.0347E4-03 0.5290 1.3905 1.9059 1.8930 1.6642 1.6645
36 1.5846E+-03 0.5724 0.6365 1.0292 1.7635 0.9159 2.2293
37 1.2341E4-03 0.5227 0.1913 0.2321 1.9270 0.2856 0.2994
38 9.6112E+402 0.4546 0.5194 0.9475 2.3185 0.1997 0.9847
39 7.4852E+02 0.4065 0.5080 0.8958 2.4933 0.6442 0.5627
40 5.8295E4-02 0.4154 1.7276 3.7449 2.5972 0.4129 1.0545
41 4.5400E4-02 0.5179 0.7790 1.0278 2.5550 0.2084 0.3675
42 3.5357E+4-02 0.2607 0.5723 0.9962 2.7972 0.6127 0.6709
43 2.7537E+402 0.2310 0.6997 0.7048 3.1906 0.1280 0.1655
44 2.1445E4-02 0.0991 1.3409 1.3037 1.7293 3.2950 3.6340
45 1.6702E+-02 0.5395 0.0461 0.1249 2.5092 0.0758 0.1155
46 1.3007E4-02 0.0768 3.3638 3.1617 2.1981 3.4535 5.2937
47 1.0130E4-02 0.4179 0.3395 0.4751 2.5724 0.7534 0.9883
48 7.8893E4-01 0.0663 0.2503 0.1981 1.8597 0.3075 0.4401
49 6.1442E4-01 1.0049 0.0161 0.0287 0.0304 0.9149 0.9469
50 4.7851E+4-01 0.6032 1.1246 1.4205 0.5384 2.5131 3.0564
51 3.7267E4-01 0.0308 1.8899 1.4225 0.4830 5.0272 5.9589
52 2.9023E+4-01 0.9712 0.3320 0.7178 0.0661 5.4800 4.3853
53 2.2603E4-01 0.0447 12.2758 8.8289 1.1948 5.8284 17.4631
54 1.7604E+-01 1.0038 0.0475 0.0388 0.0346 7.7558 26.0629
55 1.3710E4-01 0.9981 0.0133 0.0277 0.0261 3.6872 7.6771
56 1.0677E4-01 0.9907 0.0099 0.0253 0.0984 0.7534 2.3966
57 8.3153E+4-00 0.0481 0.2168 1.3814 1.2504 2.7591 2.0000
58 6.4760E+4-00 0.7456 0.9495 0.6619 1.0289 3.3961 24171
59 5.0435E4-00 1.0002 0.0006 0.0011 0.0423 0.5157 0.3673
60 3.9279E4-00 1.0005 0.0004 0.0004 0.0220 1.5629 1.1944
61 3.0590E+4-00

Thermal region

In Fig. 5, we can divide the E-g plane into two regions at
(E,; = 1keV, g = 37) according to the property of sensitiv-
ity coefficients: Coefficients for E,; > 1keV and g < 37 take
finite values near the diagonal line in the E-g plane, while
some coefficients at (E,;, g) far from the diagonal line are fi-
nite in E,; < 1keV and g > 37 in the E-g plane. This struc-
ture is from the block diagonal matrix structure of the cova-
riance matrix shown in Eq. (24). For groups with energies
higher than the 37th group (g < 37), energy widths of groups
in the JFS-3 70 structure are about 1keV and comparable to
the energy interval in the block diagonal matrix structure
(=1keV). Thus, the sensitivities Sf (g < 37) are well de-
scribed using the contribution of resonance levels inside
the g-th group. On the other hand, all groups with energies
lower than the 36th group (g > 36) are in the first interval
(107> to 1keV); namely, they are correlated using the sub-

matrix V'. Therefore, temperature gradients of more than
one group (g > 36) are sensitive to a change of one reso-
nance parameter below 1keV.

3. Uncertainties in Self-Shielding Factor and Tempera-

ture Gradient

The relative standard deviation (1o) of self-shielding fac-
tor §f¢/f¢ and its temperature gradient o8 /o8 are shown in
Table 2 and Fig. 6 (labeled “tot”). The correspondence of
the position of resonance level to §f¢/f¢ and dof /aé is still
visible, as we see in Fig. 4; however, §f%/f¢ and da8 /af are
also affected by the resonance levels outside the g-th group.
Above 200 eV, fluctuations in §f8/f¢ and daf /a® are smaller
than those at lower energy, and they are less than several
percent.

In order to investigate the contributions of diagonal ele-
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Fig. 4 (a) Neutron capture cross section of 23U in JENDL-3.3 at 300 K. (b) Self-shielding factor f¢ for 233U neutron
capture reaction in the JFS-3 group structure (7' = 600, 800, 1000 K, o5, = 37 barn). (c) Same as (b), but for temper-

ature gradient o® at 800 K.

ments (variance) and off-diagonal elements (covariance) in
matrix V to (8f%/f%)2, and (8af /af)?,, we decompose them
to two terms:

AL A
(}{;) _ (J{;) + P[4/, (32)
tot var
sat\? o\ 2
(_> = (_) + peov[S48x/x], (33)
ot /o o8 ) ar

where the terms “var” and “cov” for the self-shielding factor
f# are defined as

(). - et

leLg i,jeM,;

30 <5x'>
2D s

leLg i,jeM,;

(34)

Sx, 8x,

pcov[sg(Sx/x] (1 - 81]) (35)

(8; is Kronecker’s delta). Note that pﬁj = 1if i = j. Similar
terms can also be defined for the temperature gradient of.
The contribution of variance is shown in Table 2 and
Fig. 6, labeled “var.” The significant contribution of correla-
tion between resonance parameters is visible in the deviation
of “tot” from “var.” This shows that the correlation among
resonance parameters should be taken into account in the
evaluation of the uncertainties.

The effect of correlation among resonance parameters is
more clearly seen in Fig. 7, where the ratios of “var” to
“tot” are plotted for 6f¢/f% and daf /8. The ratio is nearly
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larger than 1, which means that the correlation among reso-
nance parameters suppresses the total standard deviations
(8f%/f)or and (8cf /o). The ratios reach approximately
5 at maximum for both f¢ and of. In the practical evaluation
of uncertainties in these quantities, it is, therefore, important
to take into consideration the correlation among resonance
parameters as well as the standard deviations in resonance
parameters.

Due to the block diagonal matrix structure of the cova-
riance matrix (Eq. (24)), we can regard the relative standard
deviation (Sa/af),, as the quadratic summation of the
quadratic form /p![S88x/x] over all [ € L, (Eq. (26)). Val-
ues of quadratic forms / p/[S¢8x/x] are tabulated in Table 3,
where cells of energy intervals that overlapped with each
group (/ € L,) are shaded. Relative standard deviations
(6a8 Jaf),; for all groups lower than 1keV (g = 38,39,...)
are described by the covariance of the first interval (10—
1 keV), and are not affected by levels above 1keV due to
the fact that there is no correlation between levels lower than
1keV and higher than 1keV in JENDL-3.3.

4. Covariances of Self-Shielding Factor and Tempera-

ture Gradient

In the evaluation of uncertainty in Doppler reactivity, the
correlation matrices of self-shielding factor and its tempera-
ture gradient among groups are required as shown in
Eq. (14). The obtained correlation matrices ¢ and pge giv-
en in Egs. (22) and (23) are tabulated in Tables 4 and 5,
where the diagonal elements are normalized to 100. Correla-
tion is weak among groups with energies higher than the en-
ergy region of the 38th group (g < 38), while it exists among
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Fig. 5 Absolute value of sensitivity coefficients of temperature gradient of to resonance parameter, |S¢(x, T)| for 28U
neutron capture reaction in the JFS-3 group structure (T = 800K, o, = 37 barn). The two plots are for I',,; (a) and I, ;
(b). E,; and g are the level energy of the i-th resonance level and index of group, respectively. Sensitivity coefficients of
levels not considered in the covariance matrix of JENDL-3.3 are omitted. See Table 1 for the boundaries of the JFS-3

group structure.

groups with energies lower than the energy region of the
39th group (g > 39). The strong correlations among groups
higher than the 49th group are remarkable.

V. Conclusions

We have derived covariances of self-shielding factors and
their temperature gradients from the resonance parameter co-
variance matrix and the sensitivity coefficients of the self-
shielding factor and its temperature gradient with respect
to resonance parameters in JENDL-3.3. In order to calculate
the sensitivity coefficients for nuclides with numerous reso-
nance levels according to the derived equations, a new sys-
tem ERROREF has been developed to obtain covariance ma-
trices of self-shielding factor and its temperature gradient.
This system was then applied to the evaluation of covarian-
ces in the self-shielding factor and its temperature gradient
for 28U neutron capture reaction at 7 = 800K and back-
ground cross section o, = 37 barn in the JFS-3 70 group

structure. We have shown that uncertainties in both the
self-shielding factor and temperature gradient are substan-
tially reduced if we include the correlation among resonance
parameters. Thus, we can conclude that the correlation
among resonance parameters has a crucial role in the precise
evaluation of uncertainty in the self-shielding factor and its
temperature gradient. The maximum uncertainty of the tem-
perature gradient is 8%, and approximately 2% above 1 keV.
Note that these values will not directly influence the uncer-
tainty in Doppler reactivity due to the fact that the uncertain-
ty of each group is weighted using the averaged flux and oth-
er quantities of the group.

We have often seen the elimination of long-range correla-
tion, which is introduced using the block diagonal matrix
structure of resonance parameter covariance matrix rather
than the real nature. Since the covariance matrix in
JENDL-3.3 was determined to reproduce uncertainty in the
cross section, we believe that the covariance results in relia-
ble uncertainty in the self-shielding factor and its tempera-
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Fig. 6 (a) Relative standard deviation (10) in self-shielding factor §f¢/f¢ for 233U neutron capture reaction in the JFS-3
group structure (7' = 800K, o5, = 37 barn). “tot” gives the contribution of both variances and covariances of all res-
onance parameters. “var” is the same as “tot,” except that covariances are not considered. (b) Same as (a), but for
temperature gradient o /8. (c) Same as Fig. 2, although 6T",/T", and 6T", /T, are plotted on the same abscissa.
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Fig. 7 (a) Ratio of (5/%/f%),. (var, contribution of variance) and to the total uncertainty (§f%/f%),, in self-shielding
factor for 238U neutron capture reaction in the JFS-3 group structure (7 = 800K, o}, = 37 barn). (b) Same as (a)
but for temperature gradient . (c) Same as Fig. 2, although éI", /T, and éI'), /T, are plotted on the same abscissa.

ture gradient. If another evaluation of the covariance matrix
without the block diagonal matrix structure is carried out in
the future, we can check the reliability of the use of the block
diagonal matrix structure by comparing uncertainties in de-
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rived quantities propagated from covariance matrices with
and without the structure.

The ERROREF system excludes the unresolved resonance
region due to the fact that the ENDF-6 format did not allow
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Table 3 Relative standard deviation (10) in temperature gradient of the self-shielding factor (8a8/af),, and the quadratic form of the I-th energy interval, |/ p'[S88x/x]
(1 <1< 10) for 28U neutron capture reaction in the JFS-3 group structure (7 = 800K, o, = 37 barn). Note that (§a8 /o),y is the quadrature sum of /p/[S¢8x/x]. Energy
intervals overlapping with the g-th group (I € L,) are shaded

Enax (608 08 ) ot \/pl [Sgéx/x ] [%]
Grp | [ev] [%] 0-1keV | 1-2keV | 2-3keV | 3-4keV | 4-5keV | 5-6keV | 6-7TkeV | 7-8keV | 8-9keV | 9-10keV
Unresolved resonance region
27 1.5E+4
28 1.2E+4 1.0054 0 0 0 0 0 0 0 0 0 1.0054
29 | 9.1E+3 1.4260 0 0 0 0 0 0 0 1.0376 0.9735 0.0955
30 | 7.1E+3 1.2854 0 0 0 0 0 0.7898 0.9997 0.1701 0 0
31 | 5.5E+3 1.0125 0 0 0 0 0.7244 0.7074 0 0 0 0
32 | 4.3E+3 1.4537 0 0 0 1.3240 0.6001 0 0 0 0 0
33 | 34E+3 1.0435 0 0 0.7678 0.7066 0 0 0 0 0 0
34 | 2.6E+3 1.5242 0 0 1.5242 0 0 0 0 0 0 0
35 | 2.0E+3 1.6642 0 1.3691 0.9462 0 0 0 0 1] 0 0
36 1.6E+3 0.9159 0 0.9159 0 0 0 0 0 0 0 0
37 1.2E+3 0.2856 0.0087 0.2855 0 0 0 0 0 0 0 0
38 | 9.6E+2 0.1997 0.1997 0 0 0 1] 0 0 0 0 0
39 | 7.5E+2 0.6442 0.6442 0 0 0 0 0 0 1] 0 0
40 | 5.8E+2 0.4129 0.4129 0 0 0 0 0 0 0 0 0
41 | 4.5E+2 0.2084 0.2084 0 0 0 0 0 0 0 0 0
42 | 3.5E+2 0.6127 0.6127 0 0 0 0 0 0 0 0 0
43 | 2.8E+2 0.1280 0.1280 0 0 0 0 0 0 0 0 0
44 | 2.1E+2 3.2950 3.2950 0 0 0 0 0 0 0 0 0
45 1.7E+2 0.0758 0.0758 0 0 0 0 0 0 0 0 0
46 1.3E+2 3.4535 3.4535 0 0 0 0 0 0 0 0 0
47 1.0E+2 0.7534 0.7534 0 0 0 0 0 0 0 0 0
48 | 7.9E+1 0.3075 0.3075 0 0 0 0 0 0 0 0 0
49 | 6.1E+1 0.9149 0.9149 0 0 0 0 0 0 0 0 0
50 | 4.8E+1 2.5131 2.5131 0 0 0 0 0 0 0 0 0
51 | 3.7E+1 5.0272 5.0272 0 0 0 0 0 0 0 0 0
52 | 2.9E+1 5.4800 5.4800 0 0 0 0 0 0 0 0 0
53 | 2.3E+1 5.8284 5.8284 0 0 0 0 0 0 0 0 0
54 1.8E+1 7.7558 7.7558 0 0 0 0 0 0 0 0 0
55 1.4E+1 3.6872 3.6872 0 0 0 0 0 0 0 0 0
56 1.1E+1 0.7534 0.7534 0 0 0 0 0 0 0 0 0
57 | 8.3E+0 2.7591 2.7591 0 0 0 0 0 0 1] 0 0
58 | 6.5E+0 3.3961 3.3961 0 0 0 0 0 0 0 0 0
59 | 5.0E+0 0.5157 0.5157 0 0 0 0 0 0 0 0 0
60 | 3.9E+0 1.5629 1.5629 0 0 0 0 0 0 0 0 0
61 | 3.1E+0

Thermal region
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Table 4 Correlation matrix of the self-shielding factor 6, for 233U neutron capture reaction in the JFS-3 group structure (T = 800K, o}, = 37 barn). Diagonal elements are
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normalized to 100. Matrix elements where correlations are allowed by the block diagonal matrix structure of JENDL-3.3 are shaded
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Table 5 Correlation matrix of the temperature gradient of self-shielding factor 7,y for 238U neutron capture reaction in the JFS-3 group structure (7 = 800K, o}, = 37 barn).
Diagonal elements are normalized to 100. Matrix elements where correlations are allowed by the block diagonal matrix structure of JENDL-3.3 are shaded
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an energy-dependent covariance matrix for unresolved reso-
nance parameters when the JENDL-3.3 evaluation was per-
formed. Extension of the current format of the unresolved
resonance parameter covariance to the energy-dependent
form is now proposed. Our system should be extended to
the unresolved resonance region when the evaluation of
the energy-dependent covariance of unresolved resonance
parameters becomes feasible.

The present code system can be applied to other nuclides
such as 2°U, 2¥Pu, and 2*°Pu, for which covariance matri-
ces for JENDL-3.3 are given.17'29) Furthermore, a new cova-
riance evaluation of 233U, 2°U, 28U, and >*’Pu is now ongo-
ing for the ENDF/B-VII library and is expected to be com-
pleted in 2007.2® Further evaluation of self-shielding factors
and their temperature gradients for these other nuclides and
libraries is reserved for a future work.

Our final goal is the evaluation of uncertainty in Doppler
reactivity and we plan to do it on the basis of the uncertain-
ties in self-shielding factors and their temperature gradients
obtained in the present work.
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