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Abstract —Methodologies to calculate adjoint-based first-order-linear perturbation theory sensitivity co-
efficients with multigroup Monte Carlo methods are developed, implemented, and tested in this paper.
These techniques can quickly produce sensitivity coefficients for all nuclides and reaction types for each
region of a system model. Monte Carlo techniques have been developed to calculate the neutron flux
moments and/or angular fluxes necessary for the generation of the scattering terms of the sensitivity
coefficients.

The Tools for Snsitivity and Urertainty Analysis Methodology inplementation in three dimensions
(TSUNAMI-3D) control module has been written for thtarlardized ©mputer Aalyses for icensing
Evaluation (SCALE) code system implementing this methodology. TSUNAMI-3D performs automated
multigroup cross-section processing and then generates the forward and adjoint neutron fluxes with an
enhanced version of the KENO V.a Monte Carlo code that implements the flux moment and angular flux
calculational techniques. Sensitivity coefficients are generated with the newly devetostiv8y Analy-
sis Module for £ALE (SAMS). Results generated with TSUNAMI-3D compare favorably with results
generated with direct perturbation techniques.

I. INTRODUCTION SEN2 prototypic two-dimensioné2-D) sensitivity analy-
sis tool® also based on deterministic neutron transport,

The usefulness of sensitivity analysis techniques fofVas developed. Initial application of these COHEBC. ne-—
reactor safety applications has been demonstrated repegt- lity safety analyses demonsirated the potential benefit
edly over the last 30 yr. Application of sensitivity theory 'at would be provided by implementing th¢ltech-
has included assessing the impact of small deviations ifidues into a three-dimensior(@ D) Monte Carlo code,
reactor parameters, as well as determining the effect J¥iCh is the computational approach often needed to
nuclear data on the multiplication facftRecently, multi- 1'Cde! the geometric complexity important for accurate
group sensitivity and uncertaing/U) techniques have prediction of the effective neutron multiplication factor
been used to determine the area of applicabifi@A) of (kef_f) fora system._The differential operator perturbation
critical experiment$:#This work requires groupwise sen- options available in recent releases of the MCNP code
sitivity coefficients for multiple reaction types for every could lend themselves to this type of analysis, but the

nuclide in each system included in the analysis. Two serEoMPutational time would likely be prohibitive. This is

sitivity analysis sequences have been developed for t gcause the AOA techniques require a comparison of the
Standardized Gmputer Aalyses for licensing Falua- sensitivity coefficients for each of the systems under con-
tion (SCALE) code systerAThe SENL, a one-dimensional Sideration on an energy-dependent basis for multiple nu-
(1-D) sensitivity analysis tool based on deterministic neu—Clear reaction types for each nuclide in each system.

trontransporfwas developed to test these newAOA tech-Because of the large number of energy-dependent sensi-

niques. Once favorable results were demonstrated, tH1L coefficients required by the AOA techniques, the
adjoint-based first-order-linear perturbation theory ap-

proach to sensitivity analysis was chosen as the solution
*E-mail: reardenb@ornl.gov methodology.
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Several sensitivity analysis codes have been written [I.A. Calculation of Flux Moments with
that apply first-order-linear perturbation theory to Monte Carlo Techniques
forward- and adjoint-flux solutions obtained with deter- o
ministic neutron transport techniques. However, prior to ~ Deterministic neutron transport codes calculate the
this work, this approach to sensitivity analysis had nevefloments of the forward and adjoint fluxes for each re-
been applied to a production-level Monte Carlo coded!on on_aflxe_d spatial a}nd energy mesh t_hrough a series
The calculation of the sensitivity coefficients, as imple-€xpansion using spherical harmonics. With some modi-
mented in this methodology, requires the determinatiofications, this methodology can be applied to the calcu-
of the forward and adjoint energy-dependent scalar nedatlon of flux moments Wlth Monte Carlo metho_ds. Based
tron fluxes as well as the moments of these fluxes. Pre?n an angular flux solution obtained over a discrete an-
viously, no methodology existed for the generation ofdular quadrature, thgth real valued flux moment for
the moments of the neutron flux with Monte Carlo tech-€N€rgy group and regiorzcan be calculated as follots
niques. The flux moments are necessary for the compu- N
tatiorj .of the group-to-group transfer components of the &gi .= S w, RioS . (1)
sensitivity coefficients. In Sec. |l of this paper, two new ] ’
techniques for the generation of flux moments with Monte
Carlo techniques are presented. Section |l also preseridiere
the techniques for the generation of sensitivity coeffi- "o . . S
cients. Section Il presents the implementation of this g2 = neutron flux in regiorg, for directionn and
methodology into the SCALE code system. Section IV energy grourg
contai_ns_ verification cases and sample calculations. These W, = weight function for directiom
descriptions demonstrate the consistency of results gen-
erated with the SCALE sensitivity analysis sequence and R} = real-valued spherical harmonics function for
those generated through direct perturbation techniques. moment indey and quadrature directiom
Finally, Sec. V presents conclusions drawn from this work
and recommends further enhancements to improve upon N = number of directions in the angular quadra-
this work. ture set.

Using the track length estimator method in a Monte
Carlo calculation, the groupwise scalar flux within a sin-

Il. METHODS . , . ; ;
gle region for a single generation of particles is calcu-

,10
The application of first-order-linear perturbation lated a8
theory to Monte Carlo techniques is presented in this

K
section. The most complex component of this implemen- > Wl 2
tation is the calculation of the group-to-group transfer k=1
terms. Because the transfer scattering cross sections bg.2 = K ' 2)
are stored in a Legendre expansion, the neutron fluxes V, > W o
must be calculated in terms of the flux moments. In three k=1
dimensions, this requires a spherical harmonics expan., . o
sion of the neutron flux. Geometrical configurations typ-
ically used in Monte Carlo analyses are not well suited |, = distance traversed by partidkavhile within
for the classical approach to the calculation of neutron " regionz and energy groug

flux moments as is commonly used in deterministic neu-
tron transport codes. Monte Carlo models for criticality W , = weight of particlek while traversing regioz
safety often involve large geometric regions and multi- )
ple use of the same region in arrays. V, = volume of regiorz

A new approach to compute flux moments using co-
ordinate transformations to calculate the spherical har- Weo
monics components of the flux solution using Monte K = total number of histories in the generation.
Carlo methods is presented in Sec. Il.LA. The use of a
coordinate transformation to calculate an angular flux  New techniques have been developed to calculate
solution with Monte Carlo methods, and then computdlux moments via Monte Carlo methods. The flux mo-
the flux moments though a spherical harmonics expaments are tallied in a method similar to that used to cal-
sion, is presented in Sec. I.B. Reviews of techniquesulate the scalar flux, with only one additional term.
applied later in this paper to generate sensitivity coeffi-Through this technique, each tally is treated in a similar
cients from the flux moments and the cross-section datmanner to each solution direction in discrete ordinates
are presented in Secs. II.C and 11.D. techniques. Each flux moment is calculated as

= initial weight of particlek
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K J. which the flux tally occurs. By using the center of the
> Rkl 2 region as a reference point, consistency of the moment
=1

B .= X , (3) calculation is assured with differing models of the same
' v ﬁ W system. The’ and]’ axes are chosen to form an orthog-
2 & Ko onal coordinate system witt held in the plane formed

by I andj. The use of constraints other than the restric-

whereR}is the real-valued spherical harmonics functiontio" 0f 1" to this plane may be explored in future studies.
If an additional constraint is not placed on eitheor j’,

I)Oarrtriz?em.em indexj corresponding to the direction of the transform would be able to rotate abéut and the

In Eq. (3) the real-valued spherical harmonics func_conS|stency of consecutive transformations of the same

tions are calculated for each history using a transformea'recé'o?] could not be;lz_sureq. W';h the ;trafnshform cprln—
coordinate system such that the moments are based o ac: (e pr?smondarg) |rr(]act|onho _tralv(re] ofthe particle
polar rather than Cartesian position vector. This isa3-[5ema'r; ulnc ngg ' #t the sfp ernéa agT‘O”'CS terms
extension of the 1-D method for calculating the flux mo-\"’/‘ﬁhc?hcud"’.‘te t_usmg the trans o_rrrt1e ﬂcotor mfate sydstfem.
. . | e direction cosines consistently transformed for

ments in terms of Legendre polynomials ba_sed onlm_on each history, the new polar and azimuthal angles can be
the direction cosine with respect to the spatial coordinate; d and th herical h ics f ; b

This coordinate transform is illustrated in Fig. 1. colmpluted, fan t ehsr?_ erca har?l”nonlcs unctions carr: €
Here,i, |, andk represent the directional coordinate sys-geel (t:;ll?éz asogr?c?v?/n ir:sé%% The flux moments can then
tem axesy., n, and¢ represent the direction cosines; Although this methodol6 roduces accurate solu-
andg andp represent the polar and azimuthal angles Oiions the gomputational cos??lsphigh Each time a parti
the “normal” coordinate system. The same symbols; ,” el ) . B
“primed” represent the transformed coordinate syste glesfcontnpunon tg tﬂe ﬂu;]( 1S t?”r']ed’ the angular
Here, the transformed polar & axis is colinear with rans ormatlt?ns ?n | t 3 spherical harmonics compo-
the position vectorr; directed from the center of the nents must be calculated.

region for which moments are desired to the point at I1.B. Calculation of Angular Fluxes with

Monte Carlo Techniques

In order to improve the efficiency of the calculation,
an alternative technique was devised such that the angu-
lar flux is tallied within the Monte Carlo code. These
angular fluxes are stored, and after the Monte Carlo cal-
culation is complete, a spherical harmonics expansion of
this solution is performed to obtain the flux moments.
The method for the calculation of the scalar flux as pre-
sented in Eq(2) is easily modified to calculate the group-
wise angular flux in a region as

K
Ewk,zlk,z,n
k=1

¢S, z = K 3 (4)
Vz 2 Wk,O
k=1

wherely , , is the distance traversed by parti&evhile
within regionzand energy groug within the quadrature
directionn.

In Eq. (4) the direction of travel for each history is
calculated in reference to the same transformed coordi-
nate system as presented in the previous section and
shown in Fig. 1. The use of this technique for the calcu-
lation of the flux moments provides a significant im-
provement in the computational efficiency over the
previously described method of calculating the flux mo-
ments directly in the Monte Carlo code. Although the
coordinate transform must still be performed for each

Fig. 1. Coordinate system transform for spherical harmonflux tally, the spherical harmonics components no longer
ics expansion. have to be repetitively calculated. Instead, the direction
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of travel must be checked for storage in the proper quad- () ok

rature direction. Any of a wide variety of angular quad-sﬂ“”) kK 93(7)

rature sets could be used to produce the angular fluxes = =

using this methodology. An example application of this <¢T(g)<aA[E(§)] s 38[2(5)]>¢(5)>
methodology is presented in Sec. llI.A. _ () ax(r)  k 9x(P)

N
I1.C. Explicit Sensitivity <¢ @ia B[z(g)]¢(§)>
Coefficient Generation 7)

Using the foregoing methodologies to calculate thewhere£ is the phase-space vector and the brackets in-
flux moments for the forward and adjoint solutions, thedicate integration over space, direction, and energy
flux information necessary to compute the sensitivitiessariables.
of kef to the cross-section data using multigroup Monte  Thek sensitivity for individual cross sections can be
Carlo methods is available. The same problem-dependeobtained from Eq(7) using the discrete ordinates form
cross-section set used to generate the Monte Carlo solof the transport equation. In doing so, the phase-space
tion is also used for the generation of the sensitivityvector& has been replaced by indices representing dis-
coefficients. A review of methods used to generate theretization in space, energy, and angle. It has been dem-
sensitivity coefficients is presented in this section. Thisonstrated in Ref. 12 that sensitivity coefficients for
methodology is identical to that used in the FORSS codeeactionx, isotopei, energy groum, and computational
systent! for fast reactor applications, with the addition regionz can be represented as
of the sensitivity ofke to the fission energy spectrifm i : :

(x). The sensitivity coefficients produced with these tech- Tixgzt Togzt Taxgz

niques give the sensitivity of the computég to a Sexign = D ' ®)
particular groupwise cross-section data component, the
so-called explicit sensitivity coefficients. where the denominatd is expressed as
In operator notation, the eigenvalue-neutron- transport 1]
equation can be expressed as 2 2 vV, 2 (74,234 g, 20, 2) 2 (Xy.2 P42
i=1z=1 g=1
1
Ab = B, (5) ©
where
where Xig’,z = average fraction of fission neutrons emitted
into energy groupy’ from fission of iso-
¢ = neutron flux topei in regionz
k = kesr, the largest of the eigenvalues Pg,z = Average number of fission neutrons emitted
from fission of isotopd in regionzin en-
A = operator that represents all of the transport equa- ergy groupg
tion except for the fission term 3} 4.2 = Macroscopic cross section for fission of iso-

o topei in regionz and energy groug
B = operator that represents the fission term of the _ ) )
transport equation. | = number of isotopes in the system model

. ) R = number of computational regions in the sys-
The adjoint form of the transport equation can be tem model

expressed as .
G = number of neutron energy groups in the sys-

tem model.

ATd)T — }BTd)T . (6)

k Energy-integrated coefficients are obtained by summing

the groupwise coefficients over all energy groups. The
In the adjoint equation, the adjoint flu" has a special terms of Eq.(8) represent the transport processes for
physical significance as the “importance” of the parti-neutron loss, fission production, and scattering to the

cles within the system. group of interest iy, T,, andT;z, respectively. The first
Using linear perturbation theory, one may show thateérm is expressed as

the relative change ik due to a small perturbation in a NMOM '

macroscopic cross secti@hof the transport operator at Tigz= —3hg:Ve 2 (2¢ + 1) ¢g b, (10

some point in phase-spaéean be expressed as
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where [1.D. Implicit Sensitivity

; . . Coefficient Generation
%,z = Macroscopic cross section for some reac-

tion x, of isotopei, energy groupy, in The methodology to calculate the sensitivity coeffi-
regionz cients, as presented in Sec. II.C, was developed for fast
¢ = Legendre order that corresponds to thereacto_r applications in which the effect of resonance self-
’th real-valued flux moment shielding in t_he multigroup cross-section data is mini-
mal. To provide an accurate estimation for systems in
<5ng = j’'th component real-valued adjoint flux Which resonance self-shielding is important, the sensi-
moment for energy groug, and regiorz  tivity coefficients as computed in E8) require addi-
tional terms to account for the first-order implicit effect
NMOM = total number of real-valued flux mo- of perturbations in the material number densities or nu-
ments corresponding to the desired Le-cjear data upon the shielded groupwise macroscopic cross-
gendre order of expansion. section data. This section reviews techniques developed
The second and third terms can be expressed as in Ref. 12 that are applied later in this paper. ,
The sensitivity of the cross-section data to the input
R S S . data in turn affects thk. sensitivities. The implicit por-
T2.02= | VePg.221,0209.2 E bg.2xg.z (11 tion of the sensitivity coefficient, the sensitivity of the
o=l groupwise data to the input quantities, is defined as

and w; 02x4
. NwOM G ‘ S ST (13
Té,x,g,z = 2 V, 2 ¢gj’,z g]),zzgzlg’ag,z , (12) 9 !
=0 g=1 wherew; is some input quantity. The; term could rep-

resent the number density of a particular material, a cer-
tain nuclear data component, or a physical dimension of
a system. For the sensitivity coefficients desired, which
q are the sensitivities . to the groupwise cross-section
ata, the effect orke; Of perturbing one cross section
hat affects the resonance-shielded values of all cross
sections is the desired result. df is a certain cross-
section data component for procgssf nuclidej in en-

1. Capture reaction sensitivity (nonfission, nonscat-ergy grouph expressed a&y , which is sensitive to
tering). Only the T; , 4, term is used for this class of perturbations in processin energy groum for nuclide
reactions wher&; 4 . is the absorption cross section of | expressed ag;,g, the complete sensitivity df. due to
interest[(n,y), (n,a), (n, p), etc). perturbations ok, can be defined using the chain rule
for derivatives as

wherezﬁ;igﬁggz is the€’th moment of the transfer cross
section for reactiomx of isotopei, from energy groug’
to energy grou in regionz.

For specific reactions, not all of tHeterms define
above are needed to calculate the sensitivity coefficien
The application of Eq(8) for each type of reaction is
outlined as follows:

2. Fission reaction sensitivityThe fission reaction
requiresT] , ¢ ,andT; 4 ,, whereX; , ,in the definition kg dk Skg ok

i . I - : = — = .
of T{ . 4. is the fission cross section. (Scxp oo = = asi, k a%ig

3. ¥ sensitivity The 7 reaction only require3; 4 . . _ .
M ak Ix,g aE)J/,h

4. x sensitivity The y reaction only requires; , ,, +>> — X i
with the y and»3 terms interchanged. R SN S AN O

5. Scattering reaction sensitivitpll scattering re- =Sesi,+ 2> Sesi, S sl (14)
actions[elastic, inelastic, anén,2n) reactiong require e gy T e

Tixgzand T3y 4, WhereZ} 4, in the definition of
T{ ¢, IS the scattering cross section aiﬁﬁ;l'gfﬁg,k in the
i iti ! i - - . . . . .
definition of Ts xg.; IS @ component of the group-to the region subscript omitted, andj and h are varied

group scattering matrix for theth scattering moment of 4 jide all processes that are influenced by the value
reactionx. of 5
X, g

where the sensitivity coefficients with respectkig are
the explicit components as computed in E§), with

6. Total reaction sensitivityThe total reaction re-
quiresTy x g7, 12,g,2» @andTz g . Here,2} 4 ,in the def-

inition of T{ , 4 . is the total cross section, aXd i g « IIl. IMPLEMENTATION

in the definition ofT; , 4 , is @ component of the group-

to-group scattering matrix for thé€'th scattering mo- The methodologies presented in Sec. Il of this paper
ment. For nonfissionable isotopés, 4 , will be zero. have been implemented into the SCALE code system.
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Before detailing this implementation, overviews of cur-tron transportcodes are available in SCALE 5. KENO V.a
rent criticality safety analysis capabilities in SCALE, onis a well-established and widely used code that requires
which the sensitivity analysis tools are based, are pregeometrical models to consist of primitive bodies, such as
sented for the convenience of the reader and to establigluboids, cylinders, and spheres. KENO-VI is a general-
a common terminology. A criticality safety analysis with ized geometry Monte Carlo code that allows the geomet-
SCALE is performed through an automated execution ofical model to consist of arbitrarily shaped bodies. Both
a series of computational codes from a single userversions of KENO computie. and scalar neutron fluxes,
defined input. Version 5 of SCALE, SCALE 5, which is and both operate in forward and adjoint modes. The
under development at this time, has been updated t6SAS25 analysis sequence performs automated critical-
FORTRAN-90 from the FORTRAN-77 coding of the pre- ity safety analyses with KENO V.a. Alternatively, a 1-D
vious version of SCALE, SCALE 4.4.a. For the first deterministic neutron transport calculation can be con-
time, SCALE is capable of processing current ENBF  ducted with XSDRNPM inthe CSAS1X analysis sequence.
VI data-file formats. The individual computational codesA summary of the SCALE 5 analysis sequences relevant
in SCALE are referred to as modules. SCALE moduledo this work is given in Table I. Brief descriptions of the
can be of two types: functional and control. A functionalrelevant functional models are given in Table Il.
module is an individual code that performs a specific  Because it analytically calculates the volumes of user-
computation. A control module guides a computationatefined material regions and is more widely used than
sequence of a series of functional modules and generat6&ENO-VI, KENO V.a was selected for the initial imple-
input specific to the individual modules that it executesmentation of the sensitivity analysis methodology. First,
from a single user-defined sequence input. A control modthe methods already present in KENO V.a for the gener-
ule may be able to perform several different computaation of the adjoint flux were tested. Next, the capabili-
tional sequences, using different functional modules ases to calculate the flux moments and angular fluxes
needed for the type of analysis requested by the user. Theere added to KENO V.a. Modifications to calculate the
Criticality Safety Analysis £quenc€CSAS controlmod-  implicit sensitivity coefficient terms were made to the
ule guides criticality safety analyses in SCALE. Severatesonance self-shielding codes. A new functional mod-
computational sequences are available within CSAS, butle, the ®nsitivity Analysis Module for SSALE (SAMYS),
only those relevant to this work are described here. was designed to use the forward and adjoint fluxes and
A CSAS analysis sequence begins with the procesghe region volume data from KENO V.a along with the
ing of user-defined materials with theaterial hput Ro-  problem-dependent cross-section data and the implicit
cessor Lilary (MIPLIB). MIPLIB prepares a problem- sensitivity coefficient terms to produce the desired sen-
dependent cross-section data library and generates initivity coefficients. Finally, a new SCALE control mod-
for the resonance self-shielding codes. Multigroup resoule Tools for Sensitivity and Umrertainty Analysis
nance self-shielding calculations are performed with thélethodology mplementation in three dimensions
BONAMI code in the unresolved resonance region and TSUNAMI-3D) was written to perform all steps of the
with the NITAWL-III code in the resolved resonance sensitivity calculation in an automated and user-friendly
region. The resonance self-shielding calculations artashion, consistent with the SCALE philosophy.
performed in a user-defined unit-cell geometry for the

nuclides present in the problem-dependent cross-section LA, Modifications to KENO V.a
data library. NITAWL-IIl produces an AMPX working-
formatted cross-section datdibrary in the energy group Before modifying KENO V.a, investigations were

structure requested by the user. The working library igerformed to assess the performance of its adjoint solu-
used in a neutron transport code to perform the criticaltion option. It was noted that for certain classes of prob-
ity calculation. Two multigroup 3-D Monte Carlo neu- lems, particularly fast systems, it was necessary to

TABLE |
Relevant Control Sequences in SCALE 5
Control Sequence Material Input Functional Modules Executed by the Control Sequence
CSAS1X MIPLIB BONAMI NITAWL-III  XSDRNPM
CSAS25 MIPLIB BONAMI NITAWL-11I KENO V.a
TSUNAMI-3D-K5N | MIPLIB BONAMI NITAWL-III KENO V.a KENO V.a SAMS
Adjoint Forward
TSUNAMI-3D-K5 | MIPLIB/SENLIB | BONAMIST NITAWLST KENO V.a KENO V.a SAMS
Adjoint Forward
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TABLE I investigated; at this point, however, these methods have
Relevant Functional Modules in SCALE 5 not been implemented. ,
The calculation of the flux moments required the
Functional calculation of the center of the fuel regions in KENO V.a
Module Brief Description to establish a reference point for the transformed coor-
dinate system as discussed in Sec. Il.A. A methodology
BONAMI Existing SCALE functional module thatper-  was developed to analytically determine the center of

forms resonance self-shielding calculp- the fueled regions from the geometry description. This
tions in the unresolved resonance region.  methodology is equivalent to a center-of-mass calcula-
BONAMIST | New enhanced version of BONAMI that tion with a uniform density for fissile materials and a
performs resonance self-shielding calcula- zero density for all other materials. Other options are
tions in the unresolved resonance regipn available for the user to input the desired center refer-
and generates the sensitivities of the sglf- ence point from which the flux moments are calculated.
shielded groupwise cross sections to the The ability to specify a region-dependent reference point
input data. for the flux moment calculations is especially useful for
NITAWL-IIl | Existing SCALE functional module thatpef- systems with loosely coupled individual components,
forms resonance self-shielding calculp- where the moments calculated in reference to the center
tions in the resolved resonance regions. Able of the entire system do not accurately represent the mo-
t_o process ENDMB-VI cross-section datg ments of each component.

files. New routines were written to perform the coordi-
NITAWLST | New enhanced version of NITAWL-Il thaf  nate transform and calculate the spherical harmonics func-
performs resonance self-shielding calcula- tions or angular quadrature direction for each history.
tions in the resolved resonance region gnd Depending on whether the user desires flux moments
generates the sensitivities of the self- ang/or angular fluxes, calls to these routines are made at
shielded groupwise cross sections {0 te gach point where a flux tally occurs. To ensure that the
input data. angular-dependent tallies are precise, the tallies are made
XSDRNPM | Existing 1-D deterministic neutron trans- at five points along the particle’s track since the last
port code that operates as a functional mod- tally. The multiple-tally procedure is necessary because
ule within SCALE. the angle between the direction of travel and the position
KENO V.a Existing 3-D Monte Carlo neutron trang- Vvector, measured relative to the center of the fueled re-
port code that operates as a functional m¢d- gions, can change significantly over the length of a given
ule within SCALE. Flux moment and track. The use of five tally points was arrived at through
angular flux calculational techniques wefe  an interactive process to optimize the results. For adjoint
added to KENO V.a as part of this current  proplems, the fluxes are determined for the reflected an-
research. gle from the direction of travel. An input parameter was
SAMS New SCALE functional module that gen- added to allow the selection of the Legendre order through
erates the sensitivity der computed by @l which the flux moments are calculated. This parameter
neutron transport code to the cross-sectjon does not affect the scattering order used by KENO V.a in
data used in the transport calculation. the calculation of collisions. A separate parameter was
also added to select the order of the quadrature set for
the angular flux calculations.

The flux moment calculations are conducted as shown
in Sec. Il.A. The angular flux calculations, described in
significantly increase the number of histories per generSec. 11.B, are more complex. For this implementation,
ation to prevent all histories from being terminated bysymmetric-level-quadrature sets are used for consis-
Russian roulette before they produced a new set of figency with deterministicS, codest® The quadrature di-
sion points for the next generation. If no fission pointsrection in which the particle is traveling is determined
are created by a generation of particles, the code printsy comparing the direction cosines of the particle, in the
an error message and ceases execution. For example tiansformed coordinate system, against the range of a
an adjoint calculation of the GODIVA experiméritwhich  given quadrature direction.
consists of a bare sphere of highly enriched uranium Because the particles’ directions are assigned from a
metal, the number of histories per generation must be sebntinuum, a methodology was devised to determine the
to at least 15000 to ensure that some fission points amuadrature direction in which the particle is traveling.
created in each generation. In moderated systems, tfidarough this methodology, the quadrature direction is
number of histories per generation typically is severabssigned based on the proximity of a particle’s direction
hundred to a few thousand. Methods for biasing the adef travel to a discrete angle in the quadrature set. To
joint solution to obtain better performance have beernsure that a given particle can only be assigned to one

j*2)
1

—
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region, the solid angles representid@ are assigned [11.B. Calculation of Implicit
such that they sweep out equal volumes of a unit sphere Sensitivity Coefficients

without overlapping. The octant in which the particle is . L
traveling is determined first, and then the region within The calculations of the implicit components of the

that octant is determined based on the order of the quag€NSitivity coefficients are performed by enhanced
rature set. versions of the resonance processing codes, as well as

As an illustration of this technique, an example for€nhanced routines in MIPLIB. To simplify the generation

an$, quadrature set is presented. For angular flux calcu-
lations, the directional space is divided into octants, which
are sequenced for consistency with determiniSticodes
as shown in Table IIl. Herey, n, and ¢ take on their
ordinary meanings as direction cosines with xhg, and
Z axes, respectively.

A sketch of the symmetric level quadrature for the
S, set for the first octant is shown in Fig. 2. In determin-
istic neutron transport, the solution would be computed
for directions corresponding to the labels 1, 2, and 3.
However, in Monte Carlo transport, the particles can
travel in any direction, not just discrete directions. The
particle must be tallied in the quadrature direction cor-
responding to the particle’s direction of travel. The se-
lection of the quadrature direction is illustrated by the
hatched surfaces shown in Fig. 3. A particle will be
counted in the first subregion if itsvalue is greater than
¢,, shown as the horizontally hatched surface in Fig. 3.
A particle will be counted in the second subregion if its
& value is less tha#, and itsu value is greater than,,
shown as the vertically hatched surface in Fig. 3. A par-
ticle will be counted in the third subregion if itsvalue
is less tharg, and itsu value is less thap,, shown as u
the diagonally hatched surface in Fig. 3. The values of  Fig. 2. Symmetric leves, quadrature arrangement for the
uo and &, are chosen such that the solid angles withirst octant.
surfaces corresponding to each of the hatched surfaces
sweep out equal volumes of a unit sphere. Because the
scalar flux tally is divided among all of the angles in the
gquadrature set, a weight of 1.0 is assigned to each direc-
tion. With this weight, the scalar flux can be recon-
structed by simply adding the fluxes from each angular
flux direction. Using the techniques defined in tBg
quadrature set example, angular flux calculation tech-
niques have been implemented for even-numbered quad-
rature sets up t&e.

TABLE 11l
Sequencing of Octants for Angular Flux Calculations
Octant Index Sign ofx Sign ofn Sign of ¢
1 + + +
2 + - +
3 - - +
4 - + + /
5 + + - /
6 + - - w
7 - - - . . . . .
8 — + — Fig. 3. Surfaces corresponding to each direction in octant
one forS, quadrature set.
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of the required implicit sensitivities, the GRESS auto-numbers of histories are permitted in the forward and
matic differentiation prograit was used to process the adjoint cases. SAMS automatically checks for available
appropriate source code such that the enhanced versiotiata in the cross-section data file and prepares a list of
of the codes compute the same quantities as the standasensitivity coefficients that can be calculated for each
codes as well as the sensitivities of these quantities to theuclide. SAMS then calculates the sensitivity coeffi-
input data. Because GRESS is limited to processing onlgients and their associated Monte Carlo uncertainties for
FORTRAN-77 coding, and SCALE 5 is programmed ineach nuclide for each region containing that nuclide on a
FORTRAN-90, versions of the necessary codes frongroupwise basis. Once all of the groupwise sensitivity
SCALE 4.4.a, which is programmed in FORTRAN-77, coefficients have been calculated, they are summed to
were used for this exercise. Where possible, any newroduce energy- and region-integrated sensitivity coef-
capabilities in SCALE 5 were added to the SCALE 4.4.dicients and their associated Monte Carlo uncertainties.
codes. One important omission is that NITAWL-III from Subsequent to the computation of the explicit por-
SCALE 5 can process multipole formatted resolved restion of the sensitivity coefficients, data from SENLIB,
onance parameters from ENPB-VI data, but BONAMIST, and NITAWLST are used to compute the
NITAWL-II from SCALE 4.4.a does not have this capa- implicit portion of the sensitivity coefficients. This im-
bility. Thus, the implicit sensitivity coefficients can only plementation of the implicit sensitivity coefficients is
be generated from ENDB-V and earlier cross-section more general than that presented in the example calcu-
data. lation of Ref. 12, as it allows for the assessment of the
The Dancoff factors necessary for the resonance selfmplicit components for all reactions due to interaction
shielding calculations are computed by MIPLIB andwith all nuclides. Because the sensitivity of a response to
passed as input to BONAMI and NITAWL-IIl. Lumped a material number density is equivalent to the sensitivity
moderator scattering cross sections are also computed the same response to the corresponding total macro-
by MIPLIB and passed as input to NITAWL-IIl. GRESS scopic cross section, the computation of the implicit sen-
was used to process the appropriate MIPLIB routinesitivity coefficients can be based on the sensitivity to the
to generate the sensitivity of the Dancoff factors andnput material number densities. The implicit effect of
lumped moderator scattering cross sections to ththe number densities d@g must be accounted for from
input material number densities. The GRESS-enhanceskveral sources. One source is the effect of the number
MIPLIB routines are called SENLIB. The GRESS- densities’ input to BONAMIST on the shielded cross
enhanced versions of BONAMI and NITAWL-II have sections inthe unresolved resonance region. For this case,
been named BONAMIST and NITAWLST, respectively. the implicit sensitivity ofke to the total cross section of
For BONAMIST, the sensitivities of the shielded group- nuclidei is
wise cross sections in the unresolved resonance region _ ‘ _
are computed with respect to the input material number L Sk 03yn
densities and the Dancoff factors for each material re- (ScxtyJimpiicic = 2 22 kK o3 X s sl
gion. NITAWLST computes the sensitivity of the group- boyen yho S T
wise shielded cross sections in the resolved resonance Sty 93
region to the scattering cross section of the lumped mod- <
erators and the Dancoff factors for each nuclide. The
sensitivities are stored on formatted file output by each
code. The resonance self-shielded cross-section data li- = 2 22> Scx) Sl sy St sty
brary produced by the GRESS-enhanced codes is iden- Iy
tical to one that would have been produced by the

corresponding nonenhanced codes. - ; % % SIS N )
I11.C. Sensitivity Analysis Module wherej andy are varied to include all processes that are
for SCALE (SAMS) sensitive toN', the number density of thieth nuclide.

Additionally, the energy group for the implicit sensitiv-

The SAMS module was designed to execute undeity g is varied over all energies. The sensitivity of the
the SCALE driver in conjunction with the other func- total macroscopic cross section to the groupwise macro-
tional modules of the SCALE code system. SAMS usescopic total cross sectid®; i is simply 1.0. For data
either the flux moments or angular fluxes generated froncomputed by SENLIB and input to BONAMIST and
the enhanced version of KENO V.a along with theNITAWLST, an additional term is necessary to account
problem-dependent cross-section data file to produce tifer the sensitivity of the SENLIB parameter, denoted
explicit sensitivity coefficients using the methodology w.,. The chain rule for derivatives can again be used to
presented in Sec. II.C. The number of particle historiepropagate this sensitivity to k& sensitivity. The im-
or generations from the Monte Carlo calculations is onlyplicit sensitivity ofkes to the input number densities, in
used for statistical uncertainty analyses, and differenthis case, is
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i}h ok Om 32% The Monte Carlo uncertainties in the forward and
(Sc st )implicit = PIPIPIDS T i ey adjoint flux solutions and the value kf; are propagated
mj oy h Zyn  Zyn dom to the final sensitivity results using standard error prop-
: , : agation technique. The forward and adjoint fluxes are
ﬁ aﬂn b I treated as uncorrelated to each other. Also, the group-
wm 037 b o3k wise values of each flux solution are treated as uncorre-
lated. The flux moments within each group are treated as

- T Y5 S S, s S sl fully correlated. Although this method provides an ade-
— J y ™ v =y, h y,hy @m “®m, =T T=T,g

guate assessment of the statistical uncertainty in the sen-
sitivity coefficients, a more robust technique may be
S SIS, S implemented' i_n_subsequ'ent revisions. _
e v Zyn Ry Om The sensitivity cpefflments and their associated Monte
Carlo uncertainties integrated over energy and region for
X SN Sesh g (16) every nl_JcIide an_d_reaction are W_ritten to an output file.
’ A data file containing the groupwise sensitivity data for

wheremis varied to include all SENLIB-computed pa- every nuclide and reactipn is also .produced for use in
rameters that use the material number densities in thefi*PS€duent postprocessing or plotting.

calculation and are input to BONAMIST and NITAWLST, ___ Furthermore, SAMS can use cross-section—
The calculation of the implicit sensitivity of a total covariance data files to propagate the uncertainties in

cross-section component in the unresolved resonance |%1-e cross-section data to an uncertainty in the_computed
gion requires the sum of the implicit quantities com-Ket value of the system analyzed. An explanation of the

puted in Eqs(15) and(16) with wy, varied to include the cross-section—covariance data file and a theoretical de-
Dancoff factor for each zone used in the BONAMISTV(EIOpme.nt of this uncertainty propagation are givenin a
calculation. The calculation of the implicit sensitivity of companion papef.

a total cross-section component in the resolved reso-

nance region requires only the use of Ebo) with o,

varied to include the Dancoff factor as well as the lumped ~ !I.D. TSUNAMI-3D SCALE Control Module

scattering parameters for each material input to The TSUNAMI-3D control module for SCALE was

NITAWLST. Because a single implicit sensitivity de- . Lo
pends on numerous other sensitivities, a particular imgeS|gned to allow automated use of the 3-D sensitivity

plicit sensitivity can have contributions from both thetechnlques with Monte Carlo methods. Two analysis se-

; loped within the TSUNAMI-3D control
resolved and unresolved resonance regions. Thus, Jpences deve
sensitivity data computed from SENLIB, BONAMIST, module, TSUNAMI-3D-KSN and TSUNAMI-3D-KS, are

and NITAWLST must be checked for contributions to 9€Scribed here. The available analysis sequences are de-
L L : tailed in Table I. The relevant functional modules are
the implicit sensitivity of interest. q ibed in Table II. The TSUNAMI-3D-K5N Vs
To compute the implicit portion of sensitivity coef- escribedn favle fl. 1he e analysis

ficients for reactionsx other than total, an additional sequence perfprms Monte Carlo calculations using the
term must be employed. With the implicit sensitivity of enhanced version of KENO V.a and then calculates sen-

ke to the total cross section computed, the chain rule fop 1Vity data with the SAMS module. TSUNAMI-3D-

g : : - < .. K5EN performs resonance self-shielding calculations with
derivatives is again applied to propagate the sensitivit
of ke to the total cross section to the sensitivityka ¥he standard BONAMI and NITAWL-III codes currently

to some other process. This is accomplished using th%g?\leraggx/eslizp:ezr:eﬁ)éesglgbvlzs ?Hgﬁie-riyllz\lb?g;?u

sensitivity of the total cross section to the particular

: i . cross-section data but does not calculate the implicit terms
g;(:;e:: es, computed from the unshielded cross SeC'[I((S; the sensitivity coefficients. The TSUNAMI-3D-K5analy-

sis sequence computes the implicit portion of the sensi-
v ok i sl tivity coefficients by replacing some routines from
e _— ) < *.9 ,T'9> _ MIPLIB with corresponding routines from SENLIB,
K 03%g implicit  \ 2T.g 02k g BONAMI with BONAMIST, and NITAWL-IIl with
NITAWLST. The same unit-cell types available with
(17)  CSAS25 are available in TSUNAMI-3D-K5N and
i o o TSUNAMI-3D-K5. In addition to the usual problem-
With the implicit sensitivities properly computed, dependent cross-section data library, the master sensitiv-
the complete sensitivity coefficient by group can be comity Jibrary is produced by NITAWL-III or NITAWLST.
puted as the sum of the explicit and implicit terms as  This library contains additional reaction-dependent
scattering data not available in the commonly used
(Sczi totar = (Sesi expiicit T (Scsi Jimpiicit - (18) working-format library. After the chosen resonance

(ngix,g)impncit = <
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processing is completed, the TSUNAMI-3D control mod-  For the convenience of the user, the TSUNAMI-3D-
ule then executes an adjoint criticality calculation withK5N and TSUNAMI-3D-K5 analysis sequences were de-
the enhanced version of KENO V.a, which calculates theigned to use input very similar to CSAS25. In fact, if
angular fluxes or flux moments, and stores these data ithe default parameters for the adjoint calculation and
a binary data file. Subsequent to the adjoint calculationsensitivity coefficient generation are acceptable, the re-
TSUNAMI-3D executes the corresponding forward cal-quired input is exactly the same as that required by
culation with KENO V.a and stores the required data in a&CSAS25. Several new optional input parameters have
separate binary data file. After generating the requiretheen added for the flux moment and angular flux calcu-
data files, TSUNAMI-3D executes the SAMS module tolations, the adjoint calculation, and the execution of the
produce the sensitivity coefficients. A flow diagram of SAMS module. These will be described in detail with
the TSUNAMI-3D-K5N and TSUNAMI-3D-K5 analy- the code documentation and user’s guide, which will be
sis sequences is shown in Fig. 4. issued with SCALE 5.

SCALE DRIVER

TSUNAMI-3D Problem-dependent
control module input data

MIPLIB

o SCALE
T\ output file

¢’
<,
C
‘% Sensitivity of
b‘o input for resonance
- processing codes to
o material number
densities
SENLIB |t

Master cross-section
library

Sensitivity of
problem-dependent
cross-section data
to input
parameters

BONAMI BONAMIST
NITAWL-III NITAWLST

Problem-dependent
cross-section data

KENO V.a
forward case|

KENO V.a
adjoint case

KENO data
file

SAMS

\ AR |

Group-wise
and region-dependent
sensitivity data

Fig. 4. Flow diagram for the TSUNAMI-3D SCALE control module.
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IV. SAMPLE CALCULATIONS generations for the forward case. TSUNAMI-3D-K5 au-
tomatically increases the number of particles per gener-

Sensitivity results calculated with TSUNAMI-3D ation by a factor of 3 for the adjoint analysis. These
have been verified by comparison with sensitivity re-results, shown in Table 1V, indicate similarity with the
sults generated by direct perturbation of the inpugirect perturbation results for some nuclides, but not for
quantities. For each input quantity examined by direcPthers. Differences outside obrlvary from 1.2% for
perturbation, thekes of the system was computed first 2>°U to 33% for C. Asubsequent analysis was performed
with the nominal values of the input quantities, then withwith the TSUNAMI-3D-K5 model divided into nine
a selected input value increased by a certain percenta ,herlcal SheIIS, Wlth all Othe_r parameters held constant.
and then with the value decreased by the same percenthe results from this analysis, also shown in Table IV,
age. The direct perturbation sensitivity coefficienkgf ~ compare much more favorably with the direct perturba-

to some input valuer is computed as tion results. For this model, the maximum difference out-
side I is for 235U and is 1.8%. In subsequent calculations

a dk a Kk, —Kk,- with only a +2% variation in the’3>U number density, a
@ T X da kK X at—a- (19 direct perturbation sensitivity value of 0.252 was ob-

tained, which is equivalent to the result obtained with
wherea™ anda~ represent the increased and decrease@SUNAMI-3D-K5, indicating that foP3°U, a+5% vari-
values of the input quantity, respectively, an#t,+ and  ation could have produced a nonlinear response.

k.- represent the corresponding valuesgf. The differences in the results from the two
TSUNAMI-3D models, one region and nine regions, are
IV.A. U(2)F, Test Case due to the summation of the product of the forward and

adjoint fluxes over the regions in the problem. For a

A simple test case was analyzed through direct perregion in which the flux moments vary greatly by posi-
turbation methods as well as with TSUNAMI-3D, and tion, subdividing will provide better resolution of the
the results were compared. The selected sample prolkariation of the flux across the system and produce more
lem, which is identical to the test case selected for th@ccurate results. The number of regions necessary for
validation of the 1-D SEN1 sensitivity analysis se-accurate computation of the sensitivity coefficients was
guencé, is based on an unreflected rectangular paralleldetermined through an iterative process. Models divided
epiped consisting of a homogeneous mixture;dRd  into more regions produce the same results as the nine-
paraffin with an enrichment of 2% i#*°U. The H/?3°U  region model. It should be noted that increasing the num-
atomic ratio is 293.9:1. The dimensions of the experiber of computational regions increases the run time for
ment® were 56.22X 56.22 X 122.47 cm. For consis- this problem by~10%. The sensitivity results from the
tency with the previous SEN1 analysis and ease ofiine-region model using the TSUNAMI-3D-K5N analy-
obtaining precise direct perturbation results, this expersis sequence, which does not include the contributions
iment was modeled as a sphere with a critical radius ofrom the implicit sensitivity coefficients, are also shown
38.50 cm. in Table IV. The TSUNAMI-3D-K5N analysis was per-

Direct perturbation results were obtained using thdormed with the same 44-group ENPB-V library as
1-D criticality analysis sequen®e;SAS1X, of SCALE. was used in the TSUNAMI-3D-K5 analysis. The differ-
To obtain the direct perturbation results shown inences in the computed results between TSUNAMI-3D-
Table 1V, 11 independent criticality calculations wereK5N and TSUNAMI-3D-K5 for the same system model
performed. First, the baselilge; was computed using are~20% for'H and nearly 40% fo#38U. Thus, the use
the actual input values. Next, the number density of @f the TSUNAMI-3D-K5 sequence is strongly recom-
single nuclide was increased by 5%, and the was mended over the use of the TSUNAMI-3D-K5N se-
recomputed. The same number density was then deruence. However, TSUNAMI-3D-K5N should produce
creased by 5% from the baseline value, andkfyevas  accurate results for fast systems where resonance self-
recomputed. With the three values computed, @9) shielding is not important.
was used to compute the sensitivitylQf; to the material To further verify the sensitivity data from the
number density, which is equivalent to the sensitivityTSUNAMI-3D sequences, groupwise sensitivity coeffi-
of ket to the total cross section. The perturbed calculaeients were computed fdiH elastic scattering with di-
tions were conducted for each nuclide in the problenrect perturbation techniques. To accomplish this, the 1-D
description. scattering data as well as the 2-D scattering matrix for

This experiment was modeled as a single computatH were perturbed on a groupwise basis in the master
tional region with TSUNAMI-3D-K5 using the angular cross-section data library using the AMPX utility mod-
flux calculation option with ar$, o quadrature set and the ule*® CLAROL. Furthermore, as the scattering cross sec-
44-group ENDFB-V SCALE library. Flux moments were tions for *H were perturbed, the lumped moderator
expanded to third order in the SAMS module. The num-scattering data input to NITAWL was appropriately per-
ber of particles per generation was set at 5000 with 100@urbed on a groupwise basis. This exercise was carried
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TABLE IV

379

Energy-Integrated Sensitivities and Standard Deviations for Spherical Model@pfFAJrest Case
for Direct Perturbation and TSUNAMI-3D Models

Isotope

Reaction

Direct
Perturbation

TSUNAMI-3D-K5
(Single Computational
Region
ket = 1.00373+ 0.00041

TSUNAMI-3D-K5
(Nine Computational
Regiong
Kett = 1.00416+ 0.00037

TSUNAMI-3D-K5N
(Nine Computational
Regiong
ket = 1.00332+ 0.00035

H
H
H
H
H

lZC
1ZC
12C
12C
12C
lZC
1ZC
12C
12C

19|:
19|:
19|:
19F
19|:
19|:
19|:
19|:
19|:
19|:
19|:

235
235y
235U
235
235
235
235
235U
235
235

238
238
238y
238U
238
238
238
238y
238U
238

Total
Scatter
Elastic
Capture

n,y

Total
Scatter
Elastic
n,n’
Capture
ny

n,p

n,d

n, a

Total
Scatter
Elastic
n,n’
n,2n
Capture
ny

n,p

n,d

n,t

n, o

Total
Scatter
Elastic
n,n’
n,2n
Fission
Capture
n,y
Nubar
Chi

Total
Scatter
Elastic
nn
n,2n
Fission
Capture
ny
Nubar
Chi

2.26E-01?

2.51E-02

3.99E-02

2.57E-01

—2.07E-01

2.43E-01+6.19E-03
3.43E01+6.17E-03
3.43E-01+6.17E-03
—1.00E-01+ 4.93E-05
—1.00E-01+ 4.93E-05

3.38E-02 + 3.86E-04
3.45E02 £+ 3.85E-04
3.42E-02 + 3.85E-04
2.56E-04 + 7.26E-06
—6.68E-04+ 1.63E-06
—4.93E-04+ 2.41E-07
—3.18E-08 + 4.42E-10
—8.03E-08 + 1.12E-09
—1.75E-04 £ 1.61E-06

5.32E-02 + 5.73E-04
5.88E02+ 5.71E-04
4.03E02+ 4.03E-04
1.85E-02+ 2.32E-04
3.34E-06 + 4.25E-08
—5.54E-03 £ 9.02E-06
—2.31E-03+ 1.05E-06
—2.22E-04+ 1.07E-06
—1.09E-05=+ 1.14E-07
—2.39E-06 + 3.31E-08
—3.00E-03 + 8.16E-06

2.60E-01+ 3.80E-04
5.39E04 + 2.94E-06
3.57E-04+ 1.91E-06
1.74E-04+ 1.86E-06
1.11E-05+ 6.15E-08
3.70E-01 + 3.42E-04
—1.11E-01+ 4.94E-05
—1.11E-01+ 4.94E-05
9.49E-01+ 1.85E-04
9.49E-01+ 2.07E-04

—1.96E-01+ 2.70E-04
6.85E 02+ 1.66E-04
5.35E-02+ 7.87E-05
1.39E-02+ 1.30E-04
1.03E-03+ 7.62E-06
3.46E-02 + 2.46E-05

—3.01E-01+ 1.64E-04

—3.01E-01+ 1.64E-04
5.38E-02+ 1.30E-05
5.14E-02+ 1.12E-05

2.24E-01+ 6.23E-03
3.26E-01+ 6.19E-03
3.26E-01+ 6.19E-03
—1.02E-01+ 5.01E-05
—1.02E-01+ 5.01E-05

2.49E-02 + 3.65E-04
2.56E-02 + 3.65E-04
2.53E-02+ 3.64E-04
2.46E-04+ 4.73E-06
—6.71E-04 + 1.05E-06
—4.99E-04 + 2.45E-07
—3.10E-08 + 2.80E-10
—7.85E-08 = 7.08E-10
—1.72E-04 = 1.02E-06

3.95E-02 + 4.89E-04
4.50E-02 + 4.87E-04
2.93E-02 + 3.70E-04
1.58E-02+ 1.85E-04
3.28E-06 + 2.84E-08
—5.53E-03 = 5.93E-06
—2.34E-03+ 1.05E-06
—2.18E-04+ 6.77E-07
—1.06E-05+ 7.25E-08
—2.34E-06 = 2.10E-08
—2.96E-03 = 5.34E-06

2.52E-01+ 3.78E-04
4.17E-04 + 2.46E-06
2.53E-04 + 1.86E-06
1.56E-04 + 1.42E-06
1.10E-05+ 4.20E-08
3.64E-01+ 3.33E-04
—1.12E-01+ 5.02E-05
—1.12E-01+ 5.02E-05
9.49E-01+ 7.18E-05
9.50E-01+ 8.03E-05

—2.06E-01+ 2.34E-04
6.23E-02+ 1.28E-04
4.88E-02 + 7.24E-05
1.24E-02+ 9.72E-05
1.01E-03+ 5.21E-06
3.38E-02+ 1.79E-05

—3.04E-01+ 1.58E-04

—3.04E-01+ 1.58E-04
5.29E-02 + 5.06E-06
5.05E-02 + 4.26E-06

2.90E-01+ 6.33E-03
3.92E-01+ 6.29E-03
3.92E-01+ 6.29E-03
—1.02E-01+ 5.09E-05
—1.02E-01+ 5.09E-05

3.18E-02+ 3.70E-04
3.25E-02+ 3.70E-04
3.22E-02+ 3.70E-04
2.47E-04+ 4.79E-06
—6.70E-04+ 1.07E-06
—4.99E-04 + 2.49E-07
—3.09E-08 + 2.86E-10
—7.81E-08 + 7.24E-10
—1.71E-04 + 1.04E-06

4.75E-02 + 4.95E-04
5.30E-02+ 4.93E-04
3.72E-02+ 3.76E-04
1.58E-02+ 1.87E-04
3.27E-06+ 2.91E-08
—5.51E-03 £ 5.97E-06
—2.33E-03+ 1.06E-06
—2.16E-04 + 6.86E-07
—1.06E-05+ 7.41E-08
—2.33E-06 + 2.15E-08
—2.94E-03 £ 5.37E-06

2.52E-01+ 3.83E-04
4.50E-04 + 2.49E-06
2.85E-04 + 1.89E-06
1.57E-04+ 1.43E-06
1.09E-05+ 4.28E-08
3.64E-01+ 3.38E-04
—1.12E-01+ 5.10E-05
—1.12E-01+ 5.10E-05
9.50E-01+ 6.81E-05
9.50E-01+ 7.62E-05

—2.88E-01+ 2.29E-04
2.77E-02+ 1.27E-04
1.41E-02+ 7.06E-05
1.25E-02+ 9.79E-05
1.01E-03+ 5.31E-06
3.37E-02+ 1.80E-05

—3.50E-01+ 1.54E-04

—3.50E-01+ 1.54E-04
5.05E-02 + 4.62E-06
5.05E-02 + 4.04E-06

a8Read as 2.26& 107 L
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out with +5% and—5% cross-section perturbations for value of 0.3257 0.0063 is statistically equivalent to the
each energy group in the 44-group SCALE ENDF direct perturbation value of 0.3223.

B-V library structure. BONAMI, NITAWL-III, and The execution time for a criticality analysis of the
XSDRNPM were then used to compute tkg; of the  nine-region model using the CSAS25 analysis sequence
system with each perturbed library. The groupwise sensin the forward calculational mode on a Compaq XP1000
tivity coefficients were then computed using EtQ). The  workstation required 10.32 min, including the resonance
results from this direct perturbation analysis as well as theelf-shielding and criticality calculations. The analysis
TSUNAMI-3D-K5N and TSUNAMI-3D-K5 results from  of the same model in the TSUNAMI-3D-K5 sensitivity
the nine-region models are shown as sensitivity profilesinalysis sequence required 98.75 min, including the res-
in Fig. 5. The TSUNAMI-3D-K5 results provide excel- onance shielding, forward and adjoint criticality, and sen-
lent agreement with the direct perturbation results. Besitivity calculations. Thus, a factor 6¥10 is required to
cause of their similarity, the TSUNAMI-3D-K5 results are move from the computation of the systéqy value and
difficult to discern from the direct perturbation results in scalar fluxes in CSAS25, to the generation of these pa-
Fig. 5. The effect of omitting the contribution of the im- rameters plus the sensitivity &t to every reaction of
plicit sensitivity coefficients in the TSUNAMI-3D-K5N every nuclide for every region in the system. For this test
model can be seen in the difference between thease, a total of 45 sensitivity profiles were calculated for
TSUNAMI-3D-K5N and TSUNAMI-3D-K5 results. In  each region of the system in addition to the total for all
particular, the implicit effect of the large resonancéfty  regions. In this 44-group energy structure, there are 1980
capture at 6.7 eV on th¥H elastic scattering sensitivity data points for each region, making a total of 17820
profile is clearly shown in the difference between theunique sensitivity coefficients. The generation of these
TSUNAMI-3D-K5 and TSUNAMI-3D-K5N results. With-  same sensitivity coefficients through direct perturbation
outthe implicit effects, the sensitivity in the energy grouptechniques would require 35641 criticality calculations
including 6.7 eV is overestimated by a factor of nearly 2that require 10.32 min each for code execution. This
Also showninthe legend of Fig. 5 are the energy-integratedoes not include the substantial time required to gener-
values, noted witla, and the sum of the negative values,ate appropriate inputs. The execution time alone would
noted withosg for each sensitivity profile. Thus, fdH  require>6000 h, where TSUNAMI-3D-K5 performs the
elastic scattering, the TSUNAMI-3D-K5 energy-integratedcomplete analysis irc100 min.
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Fig. 5. Comparison of elastic scattering sensitivity profilesfidrfrom U(2)F, test case.
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IV.B. SHEBA-II Test Case and SENLIB. The forward and adjoint flux solutions nec-
. essary for the generation of the sensitivity coefficients
_ To verify the accuracy of the TSUNAMI-3D calcu- e computed using an enhanced version of KENO V.a.
lations for a more complex geometrical configuration, arpe pnewly created SAMS module uses these flux solu-
sensitivity analysis of the SHEBA-II experiméht®was

AP . . tions and the problem-dependent cross-section data to
performed with direct perturbation and with TSUNAMI- -04,ce sensitivity coefficients. Sensitivity coefficients
3D-K5. The critical assembly vessel of SHEBA-II con-

. S o ' are automatically produced for every reaction of every
sists of a cylindrical tank, which is essentially a 73.7-cm, clide in every region of the system model. With
length of 50.8-cm outer-diameter stainless steel pipe. Arqner specification of the problem geometry, to obtain
safety rod thimble with a 6-cm outer diameter passesjequate resolution of the neutron fluxes, TSUNAMI-
through the center of the critical assembly vessel. Th@p_k5 has been demonstrated to show good agree-
tank is filled to a critical height of 43.5 cm with & 5% ment with direct perturbation sensitivity coefficients.
enriched solution of UGk, and water. Direct pertulrba- TSUNAMI-3D produces sensitivities in a number of con-
tion results were obtained by varying th&U and'H  \epient formats for further analysis either manually or
number densities independently and calculakagwith  vith other automated techniques. Using sensitivity pa-
the perturbed 3-D models using KENO V.ain the CSAS25, \eters generated from 3-D models with TSUNAMI-
SCALE sequence. In the TSUNAMI-3D-K5 model, the 35 'the number of critical experiments and applications

fuel was divided into a total_of 15 regions. Scoping calhat can be analyzed with/8 techniques has been greatly
culations revealed that no significant changes in the sefscreased.

sitivity results were realized by further dividing the Future work on the methodology employed by
geometry. The forward analysis was performed with 500§ gyNAMI-3D may include development of biasing tech-
particles per generation and 1000 generations. The sefjqyes to aid in the production of the multigroup adjoint

sitivity coefficients were generated using tBg quad-  f,x solutions and methods for geometry division to en-
rature set, with the flux moments expanded to third order,

; sure proper resolution of the fluxes. The techniques im-
and the 44-group ENDB-V library of SCALE. The  jemented into KENO V.a may also be used to develop a
TSUNAMI-3D-K5 computed sensitivity o to the to-

g . . sensitivity analysis sequence using the generalized ge-
tal cross section 0f3°U is 0.2508+ 0.0004, which sta- y y q g g 9

O . X . ometry multigroup Monte Carlo code KENO-VI.
tistically agrees with the direct perturbation result of
0.2478 + 0.0084. For the'H total, the TSUNAMI-
3D-K5 sensitivity coefficient of 0.2822 0.0087 statis-
tically agrees with the direct perturbation result of
0.2897+ 0.0078. The author acknowledges the assistance of L. M. Petrie of
the Oak Ridge National Laboratory Nuclear Science and Tech-
nology Division for his assistance and advice in the develop-
ment of the work described in this paper. The author also
V: SUMMARY AND CONCLUSIONS acknowledges the U.S. Department oprrFl)e(@jbE) Environ-
) L o mental Management Science Program, which provided the ini-
Methods for calculatinds sensitivity coefficients +ja| 3 years of project funding, and DOE Nuclear Criticality
to multigroup cross-section data have been derived fogafety Program, which, through Environmental Management
application with Monte Carlo methods. These sensitivityand Defense Programs, has provided continued funding for
coefficients are calculated with adjoint-based first-ordethis research. The assistance of W. C. Carter in the preparation
linear perturbation theory. This methodology requires thef this manuscript is greatly appreciated.
calculation of the moments of the forward and adjoint ~ Oak Ridge National Laboratory is managed by UT-
neutron fluxes. New methods for the calculation of theBattelle, LLC, for the U.S. Department of Energy under con-
flux moments and angular fluxes within Monte Carlo ract DE-AC05-000R22725.
codes via a coordinate transform have been devised.
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