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A new method of calculating sensitivity coefficients of core characteristics relative to infinite-dilution cross sections has
been developed. Conventional sensitivity coefficients are evaluated for the changes of effective cross sections which are
dependent on individual models of core and cell. Therefore a correction has been derived to the conventional sensitivity
coefficients based on the perturbation theory. The accuracy of the present method has been verified by comparing numerical
results of sensitivity coefficients with a reference Monte-Carlo method.
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1. INTRODUCTION

Sensitivity coefficients are utilized in the three fields;
sensitivity analysis, uncertainty estimation and cross section
adjustment. In the sensitivity analysis, the effect of cross
section changes, for example from JENDL 3.3 to 4.0, on
core characteristics is estimated by calculating the product
of sensitivity coefficients and cross section changes, which
is important in releasing a new cross section library. In
the uncertainty estimation, the prediction uncertainty is
evaluated by using the cross section covariance and the
sensitivity coefficients'. In the cross section adjustment, the
sensitivity coefficients play an important role in adjusting
the cross sections by using the measured neutronics char-
acteristics based on the Bayes theory. Thus in these three
applications, the sensitivity coefficients have important
roles, and accurate evaluation is necessary.

Sensitivity coefficients are usually calculated by using
the generalized perturbation theory because the calculation
requires a lot of computing time. Sensitivity coefficients of
individual core characteristics such as ke, power distribution
and control rod worth are calculated relative to cross section
changes of each reaction type (fission, capture, scattering)
for many energy groups. The generalized perturbation theory
shortens the computing time by the use of generalized
flux and generalized adjoint flux. TSUNAMI module® in
SCALE code is a representative sensitivity calculation
code. In Japan we have developed SAGEP?, SAGEP-T*
and SAINT® codes based on the generalized perturbation
theory with use of the diffusion theory, transport S, method,
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and collision probability method, respectively.

However, the sensitivity coefficients are usually calcu-
lated by changing the effective cross sections. The effective
cross sections are the product of the infinite- dilution cross
sections and the self-shielding factors. The self-shielding
factor varies with other cross section changes due to change
of the background cross section, and the interaction effect
has to be considered in estimating the sensitivities.

The purpose of this paper is to derive a new method to
calculate the sensitivity which shows the core characteristic
changes due to the change of the infinite dilution cross
sections. The present method introduces a correction TERM
to the conventional sensitivity coefficient. Therefore, the
conventional approximation utilized hitherto with this
correction TERM can be used to calculate the improved
sensitivities.

To check the accuracy of the present method, numerical
calculations are performed for a representative PWR cell
model. Approximated (conventional) sensitivity coefficients
are calculated by using the SAINT code, which can treat
cell geometry using the collision probability method, and
then the improved sensitivity coefficients are calculated
by using the present method. Finally the improved and
approximated sensitivity coefficients are compared with
a reference one calculated by MCNP code.

The paper is organized as follow: The relation between
improved and approximate sensitivity coefficients is derived
in Section II, and numerical results are shown in Sec. III.
Section IV summarizes the conclusion.
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2. THEORY

Core characteristics such as ker, power distribution
and control rod worth are calculated by using an effective
cross section in deterministic methods. Usually the effective
cross sections are calculated by using the Bondarenko self-
shielding factor method', the subgroup methodl1 et al. Here
the Bondarenko self-shielding factor method has been
used. With that method the effective cross sections are
expressed by the infinite dilution cross section and the
self-shielding factors f°:

6=f-0 @

The self-shielding factors depend on the background
cross section and temperature. The background cross section
for nuclide i in a homogeneous medium is calculated with

the formula
o =— N o 2
BTNy L 3 @

where N is the atomic number density of light nuclide
k and ot is the microscopic total cross section. In a hetero-
geneous medium the background cross section for the
infinite regular lattice is given by

1._1=-C
Ny 1-C+aC

where C is the Dancoff factor, Z. is the reciprocal of
the fuel diameter, a is the Bell factor, and oy is the back-
ground cross defined by Eq. (2).

The sensitivity coefficient is defined by the relative
change of the core characteristics due to the relative change
of the cross section. Here we consider the following two
sensitivities, the sensitivity due to the relative change of
the infinite dilution cross sections and the approximate
sensitivity due to the relative change of the effective cross

oLy = oy + aZ, ©)

sections
dR
5= 2R @
do/s
and
. dR
5= /R ®)
dc/s

The relative change of the infinite dilution cross sections
causes the change of the core characteristics as follows:

dR/p _dR/R d3/5
do/s  do/s do/g ©

From Eq. (1), one can obtain

d& /5= df/s + do/g ©)

Therefore, the improved sensitivity is expressed by
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using the approximate sensitivity as follows:

_sis. Y
S—S+S-d0/6

Let us consider the above equation in more detail.
The sensitivities and the cross sections are dependent on
nuclides, reaction types (such as fission, capture and
scattering) and energy groups. Let us consider the case
where there is a perturbation in o of nuclide i, reaction
type j in energy group g. This perturbation causes a change
in the self-shielding factor f of nuclide 1°, reaction type j°
in energy group g . The second term on the right hand side
of Eq. (8) has to cover the contributions for all nuclides i’,
reaction types j° in energy groups g, therefore we have
to take the summation overi', j and g'.

The sensitivity for the nuclide i, reaction type j in energy
group g is given by

)

df/ i
T do-]l/o-]l

The first term is the direct contribution to S, which
can be calculated using the conventional tools evaluating
sensitivity coefficients such as SAGEP, SAGEP-T and
SAINT. The second term represents the indirect contribution
through the change of self-shielding factor. These coefficients
can be calculated as follow:

Here we assume that the wide resonance approximation
is applied for heavy nuclides, of-course the narrow resonant
approximation is applied for light nuclides. The self-shielding
effect depends on the neutron spectrum, where the neutron
spectrum for the heavy nuclide i’ is written as

®(E) x (10)

oL (E) + ol

Equation (10) indicates that when oi(E) and o} change
by the same factor, the neutron spectrum remains the same,
This shows that the ratio h'= o}/0!(E) has the effect on the
neutron spectrum, and also on the self-shielding factor.

Now let us consider a case when there are cross section
perturbations in 04 (E) and o, this ratio changes to h''=
0'b/0°5(E), where the superscript " indicates the perturbed
cross sections.

When the perturbations of cross sections AG=0" - O
are small compared to o, so h™ can be written as

Aol _ Aci;(E)}

oh  oL(E) )

K* = Kt {1 +

Equation (11) is interesting, for when the relative

changes of Ac'}/0'} and AG'i(E)/0"i(E) are the same, h'=h,

and therefore the self-shielding effect remains the same
before perturbation.
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The self-shielding effect is dependent on the ratio of
0, to O, so the perturbed self-shielding factor can be written
as:

- df(h) ah df(h) ah
fh") = f(h)—'_Wf)—GaAGa +Wa—0bA0b (12

Using Eq. (11), Eq. (12) reduces to

N e 06D (A0 _ Ao,
o) =+ G -T2 @

When there are some heavy resonant nuclides mixed
in fuel (indicated by i and i"), the neutron spectrum in Eq.
(10) is replaced by

1

d(E) « (14)

o Ni . "
0} () + Ziwi e 0 + b
From Eq. (14) the total background cross section is

NE g o o
NT 0, + oy (15)

i

op =

Therefore the change in the background cross section
due to the cross section perturbation of heavy nuclides i is
¢ Nb
AGb = WAO';(l = Sii‘)' (16)
because Aot = 0 for these heavy nuclides.
Substituting Eq. (16) to Eq. (13), the change of the
self-shielding factor of nuclide i', reaction j° due to the
cross section perturbation of nuclide i, reaction j will be
written as

Afy = fi.(h) — f.(h)

_Of(h) (N, A, |5y Ao 17
T 9ht N; G{;( i) ol i’

where 8;=1 for i=i', and =0 for i#£i .
Therefore we obtain:

do; oh; ol do!

df (h') _ oF; (') {& (1-8,)doy By dci{}
J

Ni\ O'g dG;
N (18)
_0f3(W) dol (N; (1-8;) 8

~ oh" do! N; ol ol J

where doi/do! is usually unity except for scattering
reaction;, in which case it is zero.

Usually the f table is described as a function of the
background cross section only or a relevant nuclide, and
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the total cross section is assumed to be fixed in these tables,
therefore O f | (hy)/6h™ in Eq. (18) can be written as:

af _ of

oh ~ 9oy

Of /0w is calculated by the finite difference approximation
Finally, the coefficient in the second term of the RHS

Of _ Jopraoy-fio 19)
aO'b AGb

of Eq. (9) is called TERM and can be written as

Y )
fl /f] B 0']! {Nl (')f]
dG%/G} f}

oh
A1l -6)=-226.L.—L (20
N80 611} ol

When one considers the cross section perturbation of
light nuclides k, the narrow resonance approximation has

to be used. In this case;, the neutron spectrum is expressed
by

P(E) (1)

Glt‘(E) + Glg

and therefore o, is replaced by o in Eq. (20).

3. NUMERICAL RESULTS

The SRAC’, SAINT and MCNP? codes are used to
perform these analyses, where the SRAC code is used for
the self-shielding factor calculations, the SAINT code for
conventional sensitivity coefficient calculations and the
MCNP code for verification. In all calculations, the ENDF/
B-VI library was used.

Sensitivities are calculated for the standard PWR —UOX
fueled pin-cell. The fuel, clad and water properties are
shown in Table 1.

Table 1. Isotopic Data for UOX Cell

. Radius Densi Temperature
Region Isotope (cm) (atom/ ctlzlr’) I(OK)
U-235 4.6539E+20
Fuel U-238 04645 | 1.8344E+22 1023
O-16 4.2607E+22
(0] 3.0828E+20
. Cr 7.5866E+19
Cladding Fe 0536 | 1.4834E+20 700
Zircaloy-4
Zr 4.2427E+22
Sn 4.8183E+20
H-1 6.6629E+22
Coolant 0-16 0.7610 33334F422 583
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First, the self-shielding factors are calculated using
the SRAC2006 code for different isotopes and reactions.
Then the self-shielding gradients with respect to the back-
ground cross section are calculated, and from Eq. (20), the
TERMs are determined. TERMs are shown in Fig. 1~ 4 as
a function of energy groups (10 MeV ~ 4.1399E-01 eV).

The TERMs in Figures 1(a), (b), (c) and (d) represent
the changes of U-235 capture, fission, elastic and inelastic
self-shielding factors respectively due to perturbations in
U-235, U238 and O-16 capture cross sections.

Figures 2~ 4 represent the changes of U-238, U-235
and O-16 self-shielding factor due to perturbations in
capture, fission and elastic cross sections respectively.

The SAINT code is then used to calculate the
conventional approximated ke sensitivity coefficients for
different isotopes and reactions. After calculating the
approximated sensitivities and the TERMs, the improved
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ke sensitivities can be calculated using Eq. (9). Figures 5~7
represent the approximated and improved k.« sensitivities
for U-235, U-238 and O-16 capture cross sections respec-
tively, while Figures 8,9 represent k. sensitivities for U-
235 fission and O-16 elastic cross sections respectively.
Figures (a)’s stand for the sensitivity and (b)’s for the
differences between approximated and improved sensitivity,
where the difference is defined by:

Difference = (Slmproved — SApprox.)/Slmproved x 100 (%)

It is shown in Figures 5~9 that the differences between
improved and approximated sensitivities are large, at 57
(6.4759 - 8.3153 eV), 53 (1.7604E+01 - 2.2603E+01 eV)
and 51 (2.9023E+01 - 3.7266E+01 eV) energy groups, which
are the resonant energy groups, and the main contributor
to these differences is the U-238 capture cross section.
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Fig. 3. U-235 / Fission TERM.
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Fig. 4. O-16 / Elastic TERM.
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MCNPS5 calculations’ are performed at these energy
groups in order to verify the present formula. The results
of MCNP k. sensitivity coefficients compared to SAINT
(Approximated) and improved sensitivity coefficients are
shown in Tables 2, 3 for U-235 Capture and U238-Capture
reactions respectively.
where

Eg is the energy group

_ SENSMCNP - SENSApprox.
SENSyicnp

X100 (%)

2 = SENSyenp — SENSImproved
SENSyenp

X100 (%)
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Table 2. ke Sensitivity for U-235 Capture Cross Section

Eg MCNP Approx. A Improved Ay
51 -1.9815E-3 -1.5362E-3 22.47 % -1.6631E-3 16.07 %
53 -1.5059E-3 -1.0762E-3 28.53 % -1.2933E-3 14.12 %
57 4.7545E-4 3.9213E-4 17.52% -5.1024E-4 732%
Table 3. keir Sensitivity for U-238 Capture Cross Section
Eg MCNP Approx. A Improved A,
51 -9.3525E-3 -1.6255E-02 -73.80 % -7.6780E-3 17.90 %
53 -1.1572E-2 -2.2738E-02 -96.49 % -1.0880E-2 598 %
57 -9.9073E-3 -2.7468E-02 -177.25 % -1.0661E-2 -7.61 %

It can be shown from these tables that A2 is smaller
than Al, which means that the sensitivity calculated by
the present model is more accurate and can be used to
calculate the sensitivity coefficients.

4. CONCLUSIONS

In order to calculate sensitivity coefficients of neutronics
characteristics relative to infinite dilution cross sections,
a new formula was introduced. This formula can calculate
the sensitivity coefficients using the conventional sensitivity
coefficients and the correction term called TERM.

Using the present formula, one can easily revise the
conventional sensitivity calculation codes such as SAGEP,
SAGEP-T and SAINT.

The present formula has been verified by performing
numerical calculations in cell geometry and comparing
the results with the reference MCNP code.

The results calculated by the present formula were in
good agreement with the reference results, particularly in
the resonance energy groups. This agreement shows the
usefulness of the present formula, and show the importance
of self-shielding factors when calculating sensitivity
coefficients in light water reactors.

ACKNOWLEDGMENTS
The authors are very thankful for the kind suggestions
and help to Prof. T. KITADA of Osaka University, and

758

for kind help to Prof. Van Rooijen of the University of
Fukui.

REFERENCES

[ 1] D. G. CACUCI, Handbook of Nuclear Engineering, Chapter
17, Volume 3, Springer Science + Business Media LLC,
Germany (2010).

[2] B. REARDEN, TSUNAMI-1D: Control Module for One-
Dimensional Cross-Section Sensitivity and Uncertainty
Analysis for Criticality, Version 6, ORNLOTM-2005039,
Oak Ridge National Laboratory (2009).

[3]1 M. HARA and T. TAKEDA, SAGEP: Two-Dimensional
Sensitivity Analysis Code Based on General Perturbation
Theory, JAERI-M 84-027, 1-30, Japan (1984).

[4]T. TAKEDA, K. ASANO et al., Sensitivity Analysis Based
on Transport Theory, Journal of Nuclear Science and
Technology, Vol. 43, No. 7, 743-749, Japan (2006).

[5] T. TAKEDA and M. NAKANO, New Calculation Method
of Sensitivity Coefficients of Cell Parameters and Its
Application, Journal of Nuclear Science and Technology,
Vol. 23, No. 8, 681-694, Japan (1986).

[6]P. REUSS, Neutron Physics, Chapter 8, EDP Sciences,
France (2008).

[7] K. OKUMURA, T. KUGO et al., SRAC2006: A Compre-
hensive Neutronics Calculation Code System, JAEA-Data
/Code, Japan (2007).

[ 81 X-5 Monte Carlo Team, MCNP — A General Monte Carlo
N-Particle Transport Code, Version 5, LA-CP-03-0245,
Los Alamos, USA, April 2004.

[9] D. ROCHMAN , A.J. KONING ,et al., Nuclear data uncer-
tainty propagation: Perturbation vs. Monte Carlo, Annals
of Nuclear Energy, 38, 942-952, (2011).

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.45 NO.6 NOVEMBER 2013



