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Abstract— A new approach for treating the sensitivity and uncertainty in the secondary energy distri-
bution (SED) and the secondary angular distribution (SAD) hus been developed, and the existing two-
dimensional sensitivity /uncertainty- analysis code, FORSS, was dxpanded to incorporate the new
approach. The calctlational algorithm was applied fo the ’Bq(n,zrt) cross section to study the effect
of the current uncertainties in the SED and SAD of neutrons emtttea'from this reaction on the predic-
tion accuracy of the tritium production rate from °Li (Ty) and "Li (T;) in an engineering-oriented fu-
sion integral experiment of the U.S. Department of Energy/Japan Atomic Energy Research Institute
Collaborative Program on Fusion Neutronics in which beryllium was used as a netitron multiplier. In
addition, the analysis was extended to include the uncertainties in the mtegrated smooth cross sections
of beryllium and other materials that constituted the test assembly used in the experiment. This com-
prehensive two-dimensional cross-section sensitivity/uncertainty anialysis aimed at identifying the
sources of discrepahc:es between calculated and measured values for T; and T>. Without considering
the unceriainties inithe SED and SAD of the °Be(n,2n} cross.section, the uncertainties in T; are ~2
to 3% in the Li,O breeding zone, whereas they are ~10% when theuncertainties in the SED and SAD
are included. The contribution from the uncertainties in the SAD was* small {~ 1%} compared with the
contribution from the uncertainties in the SED. Asfar T>, the.uncertainties in the Li,O zone with and
without considerlng the SED and SAD results are 4 to 7 and 2 to 5.5%, respectively. The estimated
uncertainties in T; and T, could partly cover the observed discrepancies between calculations and mea-
surements, although other sources have been identified. Although the approach followed to complete
the uncertainty analysis is not standard because of the absence.of an existing file that contains the
uncertainty informétion in the SED and SAD of the ®Be(n,2n) reaction, the resulits obtained by intro-
ducing approximat;ons to these data clearly demonstrate the importance of accounting for the un-
certainties in the SED and SAD when a complete cross-section sensl'tlvlty/uncertamty analysis is to be
performed

L. INTROIi)UCTION

Beryllium has been suggested for many conceptual
blanket designs® for fusion reactors, particularly solid
breeder blankets, because of its sugerlor neutron muilti-
plication capability throumh the "Be(n,2n) reaction,
‘whose threshold energy is low. The need has been re-
alized for “clean” benchmark integral experiments of

" *Current address: Bettis; Atomic Power Laboratory,
P.O. Box 79, West Mifflin, Pennsylvania 15122-0079.

simple geometry utilizing a 14-MeV point source to ver-
ify the adequacy of current computational techniques
and nuclear data in assessing neutron muitiplication in
beryllium. Iniaddition, engineering-oriented integral ex-
periments are also needed to verify the design aspects
of utilizing beryllium as a multiplier by enhancing the
tritium production rate (TPR) throughout the lithium-
bearing breefling material.

In most iexperiments devoted to the verification
of the neutrén multiplication power in beryllium, the
neutrons leaked from the outer surface of beryllium
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spheres (or shells)of various radii (or thicknesses) are
absorbed in an oyter absorbing medium (or bath) in
cases with and without beryllium to verify the appar-
ent (leakage) multiplication factor, This effort began
at Lawrence Livermore National Laboratory? (LLNL)
and was continued by Cloth et al.,’ Basu et al.,* Nar-
gundkar et al.,>%iand Wong et al.” In these experi-
ments, calculations using ENDF/B-III, -1V, and -V
data generally overestimated the apparent neutron

multiplication factor by as much as 15 to 25%, depend- -

ing on the beryllium radius (or thickness), and the larger
discrepancies occurred in the large spheres (or shells).
Recently, leakage gpectrum measurements from beryl-
lium spheres were carried out by Androsenko et al.b
Leshchenko et al.,” and Ebi et al.,'° while Smith and
King'! and Chen et al.!? performed manganese bath
and polyethylene absorption measurements, respec-
tively, for neutron multiplication in beryllium spheri-
cal shells, Some ofithese recent experiments have been
analyzed'? with the Young and Stewart!* evaluation
[denoted the Los Ajamos National Laboratory {LANL)
evaluation in this paper] and the ENDF/B-VI eval-
uation!® (the LLI\;&L evaluation here) for beryllium
data. The neutron multiplication was perfectly repro-
duced'!"!® by the LANL evaluation, while it is antici-
pated that a lower multiplication!® will be obtained
by the new data of ENDF/B-VI developed at LLNL.

. Furthermore, in the Kernforschungszentrum Karlsruhe.

experiment,'® it was shown that for a.17-cm-thick
beryllium spherical shell, there is an underestimation
(~12%) in the leakage spectrum in the low-energy
range (2.45 MeV to 0.1 MeV) and overestimation
(~10%) in the energy range up to ~3 MeV with the
LANL evaluation.. Above 3 MeV, perfect agreement
with the measured spectrum is obtained. When ENDF/

B-VI data are used, it is argued that'®1> 3 large under-

~ estimation will be produced in the neutron spectrum
around 1 to 2 MeV, which suggests again that the
Be(n,2n) cross section of ENDF/B-VI (already ~15%
lower than that of LANL at high energies) should be
increased. : :
Oyama and Magkawa'” performed angular leakage
spectrum measurements using a 5-cm-thick cylindrical
beryllium slab. When the experiment was analyzed with
the LANL evaluation for beryllium, the integrated
spectrum was underestimated in the 0.1- to 0.5-MeV en-
ergy range, overestimated in the 0.5- to 10-MeV energy
range, and underestimated in the eniergy range above
10.MeV., When this experiment was analyzed'® with the
LANL and the LLNL evaluations by the ANTRA2
code,'®!? it was found that the reproduction of the ex-
perimental spectruin was better with the LANL data
than with the LLNL data, especially in the 1-MeV en-

ergy range, which also suggests increasing the 14-MeV -

(n,2n) cross section in ENDF/B-VI,

Aside from the clean benchmark experiments men-
tioned earlier, several engineering-oriented integral ex-
periments were performed within the ongoing U.S.

Department of Energy/Japan Atomic Energy Research
Institute (DOE/JAERI) Collaboration Program on Fy.
sion Neutronics where the TPRs for SLi (T) and i

(T7) were measured inside a LiO zone (~60 long) lo.
‘cated behind a 5-cm-thick beryllium layer. This config.

uration was carried out in an open-geometry case of the
phase I experiments®®?* and in a closed-geometry case

~of phases IIA and IIB (Refs. 23, 24, and 25). In the

U.S. calculations, three evaluations for beryllium were
used, namely, ENDF/B-V, LANL, and ENDF/B-v]

‘(LLNL), to analyze some of these experiments.?6 ¢

was:shown, however, that the LLNL data give a bet-
ter prediction for Tg and other reaction rates than the

'LANL data. The LANL data give much improved cal.

culated-to-experimental values (C/E) for local Ty, T,
and other reaction rates as compared with the ENDF/
B-V.data. Although the total integrated *Be(n,2n)
cross sections in the LANL and ENDF/B-V evaluations
are the same, the improvement was due to the more ac.

<urate representation of the secondary energy distri-

bution (SED) and the secondary angular distribution
(SAD) of neutrons emitted from this reaction.

The importance of the accuracy in determining
the SED and SAD of neutrons emitted from reactions
such as (n,2n), (n, inelastic), etc., has thus been real-
ized since neutron transport and subsequent interactions
with various nuclides of the transport media depend
on the incident neutron energy and direction of those
secondary neutrons. In this paper, a new methodol-
ogy is developed and incorporated in the current two-
dimensional sensitivity/uncertainty analysis codes to
estimate the uncertainty in a particular design param-
eter (¢.8., Tg and T) due to uncertainties in the SED
and 8AD of the secondary neutrons emitted from the
*Be(n,2n) reaction. It should be pointed out that read-
ily available data on the uncertainties in the SED and
SAD of the *Be(n,2n) reaction are currently nonexis-
tent, and there is an immediate need to process this
information from measured experimental data. How-
ever, an approximation to these data was introduced
by comparing the multigroup form of the *Be(n,2n)
Cross section among three available evaluations. In ad-

 dition, this approach enabled us to separate effects aris-

ing from uncertainties in the SAD from those arising
from uncertainties in the SED. The approach was ap-
plied to investigate discrepancies between calculations
and measurements for Ts and T; behind the beryllium
layer.in the beryllium-sandwiched (BES) experiment of
phasé IIA of the DOE/JAERI Collaboration Pro-
gram. -2 Furthermore, an extensive sensitivity/uncer-
tainty analysis was also carried out for other partial
integrated cross sections of beryllium and other mate-
rials (.g., "Li, 190, °Li, iron) to quantify the impor-
tance of their associated uncertainties on Tg and T,
predictions relative to the uncertainties arising from

~ the current inaccuracies in the SED and SAD of the

9Be('n,2n) cross section. The analysis was carried out
for each of the three evaluations of beryllium data,
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namely, the ENDF/B-V, LANL, and LLNL evalua-
tions, with emphasis on the differences among them for
the SED and SAD of the *Be(n,2n) reaction.

In Sec. I1, the features of the *Be(n,2n) cross sec-
tion among the three evaluations considered are out-

lined. The experiment is described in Sec. III, where
the C/E values for Tg and T, are given with the three
- valuations. The new approach to treating sensitivities
to the SED/SAD is described in Sec. IV. In Sec. V, the
calculational procedures followed in the sensitivity/
uncertainty analysis are given. The results of this analy-

sis are given in Sec. VI, and the conclusions and re- .

marks are cited in Sec. VII.

IL BERYLLIUM DATA

The _’Be(n,Zn; reaction proceeds by transitions
through levels in °Be, ®Be, and “He. The levels in-
volved are wide and unstable, land the end result of the
reaction is always two neutrons and two alpha parti-
cles. Perkins was the first to ajtempt to include details
of this transition. His evaluation was used in ENDF/
B-III in the form of a single energy-dependent cross sec-
tion with an angle-integrated secondary neutron spectra.

In ENDF/B-IV and -V, only four of the °Be excita- -

tion levels (1.68, 2.43, 6.76, and 11.28 MeV) have been
considered, each having zeroj width, and the energy-
angle correlation between the emitted neutrons is
ignored, although the measured (»#,27) neutron emis-
sion spectrum of *Be shows a strong energy-angle
correlation. ;

The concept of pseudolevels is used in which 33 in-
elastic levels were chosen by Young and Stewart! to
fit the neutron emission spe¢trum measurements of
Drake et al.2” This was done by performing numerical
fits to Drake et al.’s experimé¢ntal double-differential
neutron emission cross section (DDX) using smooth
inter- and extrapolations. This LANL evaluation sig-
nificantly improved the ENDF/B-1V and -V data, as

pointed in Sec, 1. The (n,2n) distributions were based

on data for a cluster of real leviels near E, = 2.429 MeV
and 32 excitation energy bing to represent the (n,2n)
continuum levels. The excitation energy bins have

half-widths of 0.25 MeV, Compatison of the neutron

emission spectrum with ENDF/B-IV and -V beryllium
cross sections showed that the importance of the low-
lying states was overemphasized in ENDF/B-IV and
-V. This was the reason for the gverprediction of neutron
multiplication in the early beryllium experiments*” by
as much as 15 to 25%. In the LANL evaluation, a more
appropriate correlation was used for the energy-angle
distribution of the emitted ..neutr;ons fromthe *Be(n,2n)
reactions that was ignored in ENDF/B-V, although the
total smooth cross section in the two evaluations is al-
most the same. : '
Recently, Perkins, Plechaty, and Howerton!’ eval-

uated the DDX using a Monte Carlo technique to model |

- and the NJOY processing system.
* Fig. 1 that the ENDF/B-V and LANL data (processed

the angle-energy distributions of the many-particle
breakup reaction of bervllium. The evaluated data
considered the measurements by Drake et al.,2” Baba
et al.,”® and Takahashi et al.%° The new evaluated data

-~ of beryllium in ENDF/B-VI are based on the Perkins,

Plechaty, and Howerton (or LLNL) evaluation. The
LLNL evaluation uses a more appropriate representa-
tion of the DDX where the correlated angle-energy dis-
tributions of the inelastically scattered neutrons are

‘given as tabulated functions, i.e., pointwise in energy

and anglein the laboratory system, whereas the LANL
evaluation is given in the Legendre approximation in
the center-of-mass system. Thus, the LLNL evaluation
lends itself readily to rigorous S, transport calculations
in which DDX data are used directly in the segmented
angular space without the need for Legendre approxi-
mation. In this analysis, however, the updated version
of the NJOY89 processing code3® was used to generate
P, components 'of the ENDF/B-VI data for beryllium.
In this case, the angular dependence of the tabulated .
DDX data is numerically fitted by a truncated Legendre
series expansion using an Sy Gaussian quadrature pro-
cedure for the integration over the whole angular scat-
tering range. |
Figure 1 shows the total integrated cross section of
the ?Be(n,2n) reaction above 2 MeV processed (in 30
neutron group ‘of MATXSS group structure®) from
the ENDF/B-V, LANL, and LLNL evaluations. In the
case of the LANL evaluation, two processing systems
were used, namely, the AMPX grocessing system*?
0 One can see from

either with the AMPX or the NJOY processing system)
are very similar, Also, the ENDF/B-VI data are lower
than the ENDF/B-V and LANL data (by ~10to 15%)
at high energies; as pointed out earlier. As for the SED
of the Be(n,2n) cross section, Figs. 2, 3, and 4 show
this distribistion for several incident energies (incident
energy group in 30-group structure) for the three eval-
uations, respectively, In these figures, E;, and E,,, rep-

- resent the incident and emitted energy, respectively. As

shown, the SED in the LLNL evaluation does not ex-
tend below ~1keV (according to the notations used in
the figures, E,y,; ~ 102 = 1 keV for b = 3). In the
LANL cva,luatfon, the cross section extends below
1 keV, but the ¢ross section in this energy range is neg-
ligible. In'the ENDF/B-V evaluation, however, the
SED extends down to very low energies. '

IH. THE EXPERIMENT
The -ES experiment of phase IIA of the DOE/

- JAERI Collaborative Program on Fusion Neutron-

ies?*2* was congsidered for this analysis. The rectangu-
lar Li;O test agsembly (86.4 X 86.4 x 60.71 cm) was
placed at one end of a rectangular enclosure made of
Li,CO;, and the deuterium-tritium neutron source,
generated from.the rotating neutron target, was placed
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Fig. 1. Processed 9:Be(n,2ﬁ) cross section with various evaluations.

UOI1I9S §503)

3 x 10~

2ix 108

{,0L X Q) UORIIS S5O

Fig. 3. The SED (cross section) of neutrons emitted from

the *Be(n,2n) reaction: LANL evaluation.

38 section} of neutrons emitted from

o

- Fig. 2. The SED {cr
the Be({n,2n) reactio

NUCLEAR SCIENCE AND ENGINEERING

: ENDF/B-V evaluation.

APR. 1993

VOL. 113




Cross section (b x 10°)

Fig. 4. The SED (ctoss sectiop) of neutrons emitted from
the %Be(n,2n) reaction: LLNL evaluation,

~78 cm from the square front surface of the test as-
sembly, as shown in Fig. 5. The inner cavity was 87 x
89 x 124 cm, and the thickness of the Li,COj enclo-
sure was 20,5 cm. A 5-cm-thick polyethylene layer was
included at the outer surface J)f the enclosure to-elimi-
nate the low-energy room-retirned component of the
neutrons reflected by the room walls and reentering
the test zone. In this BES expériment, the first 5 om of
the assembly consisted of LijO blocks followed by a
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5-cm-thick beryllium zone. The rest of the assembly is
made of Li,O blocks following the beryllium layer.
The TPR for 5Li (Ts) was measured by on-line Li-
glass detectors > Other methods (lithium metal and
LiyO gellet) were also used to measure Ts;. The TPR
from ‘Li (T) was measured by the NE-213 indirect
method and by lithium metal and Li,O pellet detec-
tors. Figure 6 shows the C/E values for Tg.and T at
several locations throughout the axis of the test assem-
bly. The cdlculations were performed by the 30-group.
library of MAXTXSS5 (ENDF/B-V) (Ref, 31) and with
the three evalyations for beryllium, separately. As
shown, the C/%valuqs for T inside the beryllium layer
with ENDF/B-V (C/E ~ 1,65) arelarger than those ob-
tained by the LANL and LLNL evaluations (~C/E ~
1.38). This is due to its large *Be(n,2n) cross section
(see Fig. 1), which led to a larger neutron multiplica-
tion and hence a larger T in and behind the beryllium
layer. Additionally, the SED of the *Be(#n,2n) reaction
evaluated by ENDF/B-V exhibits a larger low-energy
-compenent, as can be seen from Figs. 2, 3, and 4, with
a consequent enhancement in Ty inside and behind the |
beryllium layer. In the rest of the LiO zone, T is
overestimated, particularly with the ENDF/B-V eval-
uation. The overprediction by the LANL and LLNL
evaluations are comparable in the bulk of the assem-
bly (~5 to 8%), but just behind the beryllium layer,
there is a sudden drop in the C/E values by as much
as 5 to 10% (ttt {argest drop is with the LLNL data). .
As for T, the ENDF/B-V evaluation.gives the larg-
est local values inside the beryllium layer (due to the
larger neutron multiplication) but lower values in the
bulk of the Li,Q zone as compared with the other eval-
uations. The T, values obtained by the LANL and

7, ! Source cavity fié 7 . ,

% ww’ .~ Target Eé / -
0 | 1k -78.0 " | 8
‘ 7 | é:.*é"'-beam % / /

é o ____ Beryllum~ . /4//////7/?/% | ,_

Fig. 5. Geometrical Iconfiguration of the BES experiment. Dimensions are given in centimetres,
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Fig. 6. C/E values for T and Ty I the BES experiment
along the central axis ¢of the test assembly.

LLNL evaluations are comparable (the LLNL values
are slightly larger), but generally, T, is overpredicted
by ~2 to 20% throughout the bulk of the Li,O zone.
The purpose of this analysis is to identify the contri-
bution to the observed discrepancies in Ts and T, that
is attributable to the uncertainties in the SED and SAD
of the °Be(n,2n) reaction as well as the uncertainties
in the other smooth partial cross sections of beryllium
and other materials. :

IV. NEW APPROACH FOR TREATING
SENSITIVITY TO VARIATIONS IN THE SED
AND SAD OF THE °Be(n,2n) REACTION

1V.A. Pr}evious Approaches

Gerstle et al.>* and Embrecht?® introduced the

concept of the “hoticold” SED and the “forward-
backward” SAD to analyzé the sensitivities to the
total SED and SAD.:For the hot-cold integral sensi-

tivity, the concept of the median energy £ of second. -
ary neutrons was introduced in which the probability
of emission is equal above and below this energy. Thig
hot-cold integral SED sensitivity expresses the frac.
tionalichange in the integrated response (e.g., Tg and
T,) when the number of secondary neutrons that Scat-
tered in the hot part of the SED above £ is increased
by 1%, while the number of secondary neutrons scat-
tered into the cold part below E is decreased by 1%,
Similarly, the forward-backward SAD integral sensi.
tivity can be explained as the fractional change in the
integral response when the number of secondary ney-
trons that were scattered forward is increased by 1%,
while the number of secondary nieutrons that were scat.
tered backward is decreased by 1% such that the total
angle-integrated cross section remains unchanged,
Gerstle et al.’s approach is less tedious and simple, but

it totally ignores the fact that the measured emission

neutron spectrum could be larger (or smaller) than that

- of the evaluated value over several ranges of the emis-

sion energy (or angle) and not over only two ranges as
defined by the median energy E or the median angle .
Furuta, Oka, and Kondo?¢ followed a more accy-
rate approach to treat the SED by defining standard de-
viations of the emission spectrum of various reactions
in'®Li and "Li over several ranges of the emission spec-
trum » where direct comparisons between evaluation -
and meéasurement were made to derive these standard
deviations. They introduced a covariance matrix for in-
tegrated areas of SAD and SED, with relative standard
deviation (RSD) evaluated by the following formula:

[f PX(E-rE’)dE’—fPe{E—vE‘)dE’]

RSD,, = .
' ' ng(EhrE’)dE’ '
m

)
where P, and P, are the measured and evaluated SED
functions, respectively, and m denotes the m’th inte-
gration interval. '

IV.B. New Approaches

IV.B.1. Variation in the Secondary
Energy Distribution

1V.B.1.a. Variations in the Excitation Levels
Variations in the SED of the emitted neutrons from

' the *Be(n,2n) reactions could be achieved in several

ways. For example, the beryllium (n,2#) cross section
of ENIDF/B-V is represented by four excitation levels,
each with its own SED. Varying the contribution of a

particular level to the total cross section and, at the

same time, varying the contribution from other levels

* such tHat the total cross section is kept the same will

result in a different final SED. In this approach, we
have (in multigroup form)
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: n
- Xl X2, [ ¢ I Xy
Ogg = Ogf + Ogp + ... +iogh = g ox (2
where

Ggg' = agf(g ""3_')

f(g — g') = probability diétribution function, the
probability that neutrons scattered at
group g will be transferred to group g’

x; = i'th excitationé level
n = number of exditation levels involved.

If the cross section of a particular level g is changed -

by a factor ay’ (the “prime level”) and, at the same
time, the cross sections of the other levels o). are
varied by factors a;, we get

n ; _
o’ = 2 (L+agagg + (1 +aNoy . (3)
o ;
To keep the total integrated {in kenergy and angle) cross
section the same, we should have

og" = 3 Oga” = ogld . 4)
) g :

By summing Eq. (3) over the ekit energy group g’, we
get

n -
o™ = 25 (1 +ap)od 4 (14 o) o™

i=1
ism

. . _
= g0 + > o 08 + agloym .
fm] :
i=m : S
Since we force the condition ih Eq. (4) to hold in or-
der to’keep the total cross section the same at incident
energy group g, we get '

n ' .
_Z alof = -—ozg'a;"" . 5)
o

There are several ways to vary the cross sections of the
excitation levels involved. One method is the “level-
independent treatment,” in whjch the variation factors
that are applied to each excitation level are assumed to
be the same: 1

R S S
Qg = Qg T = ... = 0Qg= 0Oy,

i=m. (6)
From Eq. (5}, the variation factor that is applied to each
excitation level is then given by -

o m Xm

Og 0y ;
=—-—"f 7
% gy — og" 0

By using the level-independeni; variation factor a,, we
get a new SED. This can be shown by using Eq. f’l) in
Eq.(3): _ i -
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n i
new _. ‘ Xi m_x
Ogg = ;} (1 + ag)ogg +ag'og?
=
" imm

‘ n
— oy Old Xy m X
= Ogp’ ot Z} QgOggr + Olg Ogg’
= .

==
oid . 05 og™ &
= g%k X, m X
Ogg’ *+ 7. — oXm Z Ogg' + 0tg Ogg"
4 g =1
f*=m
By noticing that

n
s Xl e O X
_E Ogg" = Ogg’ == Ogg”
im]
i£m

we get

old X :
f Ogg? — Cgg’
new . old __ m_x &g &
' Og — 0g :

Another way of 'varying the cross section of the exci-

tation levels involved is to assume that the absolute vari-
ation in the cross section of other excitation levels is the
same: -

1ol o w202 mpdgd=  =aighi
ajol =afei=alel="... =0, FEm. (9)

"This method is the “level-dependent treatment.” From

Eq. (), the variation factor applied to excitation level
x; is now given by

ey 1T 2 X
I
Qg

T (n—1e¥

where 7 is the number of excitation levels that are con-
sidered in the tr¢atment. It could be all levels that are

(10)

‘energetically possible and contributing to the total cross

section, or it could be a'selected number of levels. The
new SED in this case is given by

m_Xm n
new _ old _ %g %

Tpg' = Oppt A———
w =% T o) Ao
f=m
Lo X ) X
= o2l — 35__*[2 o _ (1) ,x,,,] ,
28 (n—l) et o.;(r ngm 28
Ism
(11)

and the result from the summation over the exit en-
ergy group g’ shows that the total cross section remains
unchanged:

. amaXm
af = gf¥ — ——(:: _gl) [(n=1)—(n=1)]
=0

One important remark about these treatments is that
the variation factors «j could be treated as depen-
dent or independent on each excitation level; however,
the dependency on the exit energy group g’ does not
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lead to a new distribjution. For example, in the level-
independent treatment, if we assume th_e-f_gctors‘ Ogg: O
be dependent on the exit energy group g’, we get
X P Xrr=1
Otgy: Oagr + Qgy O+ + Olggr O’
+ g O+ = —afpogt
ie, .
L apag
ge’ — ol Xm
3 | Ogg” — Ogg’ |
The new distribution from these variation factors is
exactly the same as the old distribution:

(12)

m" on lmm‘o?(m
new . _old s X m . Xm
Ogg’ = Ogg' ™ 2 old — _xm Tag H ClggOgg

| J=1 Ogg = Ogg’

Liwm

L oaloln &
old _: “gg'gg

e Xi m _Xm
T O TSI o Lt Tagt t g Ogg”
. Uggr — O'ggr ;=l . )
; =
= g0 om X
= Ogg' 10l Ogg’[1 — 1]
— old .
= g >
where
old L .
—_ X — X
Ogg’ "gg"'.z Tafr -
. !=1 I
ishm

IV.B.1.b. Direct Var’:’ézzti_on Approach
One can proceed! by applying variation factors

Bgy to the total SED instead of applying these fac-
- tors to the cross sectjons of the excitation levels in- -

volved. This can be séen by noticing that

‘0 1 .
new _ _old I Xi X'
Ogg = Ggg' [1 + (’El: Qg0 + cxmcrgg"f‘) X ;’B?E] :

iem _ s
[l : 1

- old i Xi

= Ogg’ [1 + (}:‘l ag“sg’) x ofd]
i1 Osg’

- ol

13

= Ugg’ [1 + ng]] ’
where the variation fgctor Brs is now given by
no 1 '
By = (Z;ag,ag‘;') X —m . (14)
i=1 4 Ogg’

The condition that of*" should be the same as 02"
leads to = .

Com :
oldam Y f Xl -
_E"gg’ﬁgs’ = E%"g' =0.

& L imd

In this treatment, the @, factors are derived. from
Eq. (15), depending on the variation factor of the prime
level x,, and the variation factors for the other levels.
Hc?‘yvever, in practice, one can increase the cross section

dge by an assumed factor B, for a specified exit en-

(15).

‘ergy rgnge m; meanwhile, the cross section 62 for

other possible exit energy ranges / is decreased such that
the total cross section o, remains the same. Thus, from
Eq. (13), we have
ogl(1+82) , g’ isin the m’th interval
aner = old } ’s i ),
8¢ Oge' (1 +Bggr) , g’ isnot in the m’th
interval .,

The condition that o; should be the same as g2*
leads to '

' new _ < _old i
Z_ Tgg = Z Tgg' (1 + Bgg + By
g ]
and o
new _ old old ) i
og™" =08 + 2} g (BE + Bae')
rg
Therefore, we have
' : old _ old ot
Dogy B = =3, 058 By (16)
g g

In this ¢ase, the factors 84, are not calculated from the
level variation factors o} described earlier.

IV.B.2. Variation in the Secondary
Angular Distribution

The importance of studying the efféct of variations
in the SAD from the *Be(#,2n) multiplying reaction
on the design parameter at hand stems from the fact
that benyllium is normally placed in front of the tritium
breeding zone in a fusion blanket. An overestimation
in the neutrons scattered in the forward direction from
the 9Be(n,2n) reaction could lead to an overestimation'
of local TPRs behind the beryllium layer. The reverse
is true if neutrons are overestimated in the backward
direction. The course followed in examining the sen-
sitivity of local TPRs to variations in the SAD of neu-
trons emitted from the Be(n,2n) reaction is to adopt a
Legendfe expansion of the cross section of these reac-
tions whose coefficients could be varied to reflect a par-
ticular perturbation in the SAD. One can then assume
that the:space of the scattering angle is partitioned into
three regions: forward, upward, and backward. These
regions are defined as region 1 (0.5 < u < 1.0), region
2 (~0.5< u < 0.5), and region 3 (-1.0 < < =0.5),
where p is the cosine of the scattering angle in the lab-
oratory!system. In this analysis, the P, approximation

is used to represent-the scattering cross section at a par-

ticular angle u. That is,
Oggr (1) & 00y + 0k Py (0) + 02 Pyp) + Oag' P3 (1)
. ] . (3 2 1)
= 0fp + 0ge (W) + gy ~o—2
(56’ = 3p)

3
+ Oz 3

(17)
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By mtegratmg the angular cross section over the
three regions defined earlier aﬂd over the entire angu-
lar space, we get

Tog; = f“gg’(#) du (0-5E <u<L0),

Iggé = fogg’(ﬂ) dﬁ" (—0~5 <p< 0'5) s

_sté = f“gg'(#) dp (—1-0 < u<=0.5),

and
Ipy; = faggr(u)-du' (%1;'.0 << 10) .

Here, we have

Tog; = Togi + Iygy ‘* Iggs » (18)
and to preserve the SAD, the condition
Ig; = constant (19)

should hold. This implies no \farxatlon in the P, com-

ponent of the cross section ag ». Performing these in- .

tegrations, we get _
4¢ 0 0 O ¢},’g,

Ikg:'
a b c. d . ﬁ}g: | T ;
200 =2 0| || |1g| @
a =b ¢ -d] i Usgs

where a, b, and ¢ are constants. Lljlgure 7 shows the vari-
ations assumed in this study in the SAD. From Eq. (20),
if we increase Lggy by a factor ai,, agg will be increased
by a factor xg,; expressed as :

esi(“m)l

Xggi = b-a;g :

with the assumpt:on that a2, 3 ar , and Iy do not
change. This is the “forward” vé,nauon consuiered here.
If we increase Ip,; by a factdr a,, o2 will be in-
creased by a factor Xzgg3 expressed as

_ g (atm
Xgg3 =

vl (200)
. |

necessitates that no change in ¢}, and o}, takes place
(upward variation). If we increase I, by a factor oy,
o)y will be increased by a factor xg,; expressed as

1 i(aﬁ)
Xggi = ssb a}g

with the assumption that a
change {backward vanatlon

and the conservation condltlo:P expressed by Eq. (19)

(20c)

2
» Oggy and Ige. do not
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) (20&) |

Backward

---- Before variation (original)
—— After variation

Fig. 7. Three different variations considered in the SAD
analysis: (a) forward {b) upward, and (c) backward.

IV.B.3. Sensitivity Profiles for SED and SAD
I general, the relative sensitivity profile Py, (E) is

defined as the percentage change in the. mtegrated pa-

rameter R under cons1deranon (Ts or T in our case)
due to.a 1% increase in a particular type of cross sec-
tion I, at energy E, and this variation is assumed to
take.place within a particular region in space. This co-
efficient is given by

i ' '
Py (E) = R (¢*, Ly, $)¢ , (21)
where ¢ and ¢"* are the forward and the adjoint angu-
lar flux, and they are the solutions of the transport
equations L¢ =S and L*¢* = L,, respectively; Ly, is

the part of the Boltzmann operator that includes the

perturbed ¢ross, section I,. The notation ( , )z indi-
cates integration over the pha’se-space Q, and r only,
while theé notation ( , } indicates integration over the

‘whole phase.space @I, r, and E. The perturbation the-
-ory used to derive Eq. (21) can be found in Refs, 37

through: 43.
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In the multigroup treatment, and based on the ex-
citation level approach discussed earlier, the relative
sensitivity profile for variation in the cross ‘section of
an excitation level /|is given by

4m | [ o Lo ,
P§ (SED) = E&%[grq g{]} 21 + Dy e
I Tmesh

I ! '
X 2 37 VieB(herte(j)
. R j=m]

' Ligx '

. 2 2{+ l)a;_E}‘;-‘!

: I=m(

- ! Jmash : :

2 Everier)| .
: km(  jm]

(22)

The first term is the “scattering gain” term, and the sec-
ond is the “collisional loss” term. The total relative
sensitivity profile for SED is the summation of all the
excitation levels’ sensitivity coefficients and is given by

P (SED) = 3 P4 (SED)

- 4T I # [ GCmax Limax i |
= RAUE '{2 [ Z Z (21+ l)qg}:?é:g-.g

A=l g'-g_' P ]

! Jmﬂh
X 23 25 V(e ()
© k=m0 jmi

Lpyox .

- 3 @I+ Dafn

f=0 :

oy
X3 ﬁ lﬁ¢f‘(1)¢?""(j)]-] ,
k=m0 jm]
- (23)
where : :
V= vohuéne of spatial mesh j
AUE = letha;gy width o_f energy group g

Guar = 'maxifhnum number of energy groups
used in the multigroup calculations

Lo = ma imum number of polynoinials used
in the Py approximation

ofe, 1% = forw#rd and adjoint flux component of
the associated Legendre polynomials.

Note that the second|term of the SED sensitivity pro-
file will be cancelled dut [see Eq. (5)] because the total
cross section was kept the same when the SED was var-
ied. Thus, the SED sensitivity profile can be rewritten as

NUCLEAR SCIENCE AND ENGINEERING
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PL(SED) = s | 20 20 20 (20 + DofTiee

4 [ 7 Gmgx Lmgy
im] g'wg [m(

! Tnresh .
<& & verara] .
kmQ fj=1 .

. (24)

_ However, in the direct variation treatment, the varj.

ation factors B, and 87%. could be applied to the old

SED distribution. In this case, the SED sensitivity pro-.
file is given by

4,“. [ Gmax Lonax .
P{ (SED) = 05 el
£, (SED) R_AU'*E 3}8 EE, Q2!+ 1)B}, L
! Jmash .
X2 2 Vief(eiegy,  @s)
L, J‘

wherein is the number of exit energy ranges considered

. inthe old distribution. Likewise, the sensitivity profiles

for the SAD can be obtained by:using the variation fac-
tors ﬁ'gg; discussed in Sec. IV.B.2 in a similar fashion,

The three scattering regions considered in this analy-
sis are

’ ' Gmax 1

P/ (SAD) = ~ 2 RO xa " Loy W

up);rérd O 1 * _ upward

Pg (SAD) = _ggé E (9%, Xags LE&85¢)3' ’
and

backward CEE e ckwand
PIETISAD) = - 3 2 @8 xR Ly g

(26)

IV.C. Caiculation Procedures

The cross sections needed for the forward and the
adjoint transport calculations were generated from
the DLC-113/VITAMIN-E master interface fine-group
library* (174 groups), using the CHOX and MALOCS
codes of the AMPX processing system? and from the
MATXSS5 multigroup cross-section file by using the
TRANSX-CTR program.! These 30-group transpost
forward and adjoint cross-section libraries were con-
verted to group-organized cross-section sets by using
the GIP code.

Thée total and partial cross sections for the sensitiv-
ity anglysis were also prepared from the VITAMIN-E
master library into the 30-group structure by using the

'NITAWL module of the AMPX processing system. The .

ANISN-formatted transfer matrices of the total and
partial cross-section libraries were converted to the
MATXS format, which is required for the sensitivity
analysis by using the ANTMX code of the FORSS
cross-section sensitivity/uncertainty analysis system. 4’
This code system was developed at Oak Ridge National
Laboratory and is applied in this analysis. However,
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some modifications in that system were required. The
calculational procedures are summarized in Fig. 8.

The unshaded boxes in Fig. 8 represent the calcu-

lational procedures and codes|used to perform the sen-

sections, and the shaded boxes indicate the calculational
path followed in carrying out the sensitivity and.uncer-
tainty analysis for the SED 4and SAD variations. As
shown, some modifications were required in the mod-
ules of the FORSS code to perform the SED and SAD
sensitivity/uncertainty analysis. The volume-integrated
product code, VIP, was used for the preparation of the
(¢dx,9") flux file in two-dimensional form. This code
was developed by Childs and co-workers**-*” and is

sitivity /uncertainty analysis for_ the “smooth” cross -

section unge:
RSDs) containdd in ENDF/B-V, file 33. For beryllium
smooth cross sections, the uncertainty information was

used for each résponse considered in this analysis. The
MATXS partialicross sections and the volume-integrated

- flux file (¢x,¢* ) were used as input to the JULIET

code to get the sensitivity profiles for each partiai cross

-section. The end product of the JULIET sensitivity pro-

files are placed in a SENPRO file. For the SED/SAD
analysis, after the variation factor for each excitation
level was calculated by the VARIX code, these factors
were applied to.each sensitivity profile generated by the

JULIX code, a modified version of JULIET.
The sensitivity profiles were coupled to the cross-
m{nty information (quantified in terms of

ENDF/B
ﬁ Y
v Y Y
| PUFF-2 AMPX | NJOY
Covarlance L - A J |
oo = .--------—-:::::::::::'Trﬂq‘sport cross section
:' : ——
1
| .
: : v '
, :
| ! GRTUNCL ANTMATXS
I . - _ -
H DOT 4.3 MATXS
1 RSD/COR | : ' - -
! forSED/SAD , | ! * H
| ‘ ] :
| | VIP :
: | |
| | ]
| | ]
' | | :
| - O ' E
: |
E ' CAVALIER In ; -JULIET :
I . — ) ! _
: Uncertsinty | | i SED/SAD
: ; H Sensitivity | sensitivity
. ; 1 [
SED/SAD : _ y Variation factors "
| uncertainty _ _ ¥ for SED/SAD :
o o o o o o e i + ------------- - ——— - P L R R

Fig. 8. Calculationial procedures of the FORSS SED and SAD sensitivity/uncertainty analysis.

NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 113 APR, 1993




350

obtained from the LANL -evalu?tion (tt':he (;'?ry ':::;1];.
i ross-section uncertainty information - -
}lrll.lgin(): For the uncertainties in the SED and SAD of the
9Be(n,2n) cross section, they were denvc.d from a sim-
le comparison foﬂ-l':e transfer cross section _agﬁ: of the
g)Be:( n,2n) transfer cross-section matrices of t e thrge_
evaluations for beryllium in the manner descnbed in
Sec. VI.B.2. The RSDX code was developed to gener-
ate the RSD in the dg,: of the *Be(n,2n) cross section
from the three evaluations, and the UNCSS was devel-
oped to couple sensitivity profiles to uncertainty data.
The PUFF code was used to generate the covariance
matrices for smooth|cross sections, as shown in Fig. 8.
The BES system|discussed in Sec. III was selected

for the analysis. Five locations (denoted P1, P2, P3,
P4, and P5 at 2.54,6.72, 8.22, 10.72, and 35.72 cm
from the front surface of the Li,O assembly) were se-
lected for each Tg and T,, as shown in Fig. 9. Loca-

Neutron source
-]

Li,0, 5cm T Py, z=2564cm

Beryllium, § cm x Py,Ps, z = 6.72 and 8.22 cm

’ Py, 2 = 10.72 cm

Li.0 9Py, z=3672cm

Liz'(i':oa enclogure

Fig. 9. Different _dqitector locations considered in the sen-
sitivity/uncertainty analysis for the BES system.

SONG, YOUSSEF, and ABDOU

tions P2 and P3 are inside the beryllium zone, location
P3 is 0.72 cm behind it, and P5 is in the middle zone
of the Li;O assembly.

One forward calculation was performed using the
DOT 4.3 code™ in two-dimensional r-z geometry along
with. She uncollided flux obtained by the GRTUNCI,
code.* The calculations were performed using the Pg-Sg
approximation with the 30-group neutron library. Ten
adjoint calculations were needed (five for Ty and five
for Ts) to calculate the adjoint fluxes. The response
function [SLi(n, @)¢ or "Li(n, n’a)t macroscopic cross
sections] was considered at each location, separately,

. as the source to the adjoint equation, and the adjoint

fluxes (g and ¢3) were calculated using an adjoint
cross-section library generated by using the GIP code.
Note that the uncollided adjoint fluxes were first gen-

erated by the GRTUNCL code since the responses con-

sidered are at spatial points in space.

V. SENSITIVITY/UNCERTAINTY
ANALYSIS RESULTS

V.A. Sensitivity Analysis Results

V.A.1. Sensitivity Analysis Results for the
SED of the *Be{n,2n) Cross Section

V.A.La. Excitation Level Variations

Thc results given here consider the LANL evalua-

~ tion although parallel analyses were carried out for the

ENDF/B-V and LLNL evaluations. The LANL eval-

“uation was based on data for a cluster of real levels near

E,, = 2.43 MeV and 32 excitation energy bins, with a
half-width of 0.25 MeV, to represent the (n,2n) con-
tinuurr levels as mentioned earlier. In this analysis,
these levels were grouped into three “lumped” levels
that each consisted of nine pseudolevels. Details of the
pseudolevel groups are given in Table I. The required
variation factors for the level-independent and the
level-dependent treatments are obtained from Egs. ()
and (10); then, these factors are used to calculate the

-total integrated relative sensitivity coefficients shown

in Fig: 10 for T; at the five locations P1 through PS.
As shown, the coefficients corresponding to the first

TABLE 1

Grouping into Three Lumped Excitation Levels in the
LANL Evaluation for the °Be(#,2n) Cross Section

Lumped Ey
Level Pseudolevel (MeV)
1 1 through 9 2.25
2 10 through 18 6.75
-3 19 through 27 11.25
NUCLEAR SCIENCE AND ENGINEERING YOL. 113 APR. 1993
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Sensitivity coefficient

P P2 -~ P3 P4 PS
fLocation

Fig. 10. Integrated s'ensitik_/ity coefficient for T due to
variation in the SED of the 9g
independent treatment): LANL evaluation.

excitation level (x,) [i.e., when the prime level consid-
eréd is x,; see Eq. (7)] and the second excitation level
(x2) are negative inside and around the beryllium layer
while the coefficients corresponding to the third exci-
tation level (x3) are poéitivﬁ. This is because the low-
enérgy component of the toTal SED is emphasized (i.e.,
increased}) in the case of the third excitation level. Note
‘that the SED for three lumped excitation levels from

e(n,2n) cross section (level-

351

the 33 pasuialevels is a distribution of the two neutrons
emitted from the *Be(n,2n) reaction. Figure 11 shows
this SED (og¢, not normalized) for each lumped exci-
tation level. If the incident neutron energy is ~14 MeV,
the two neutrons emitted from exciting the third exci-
tation level will have energy of ~1 MeV, animportant
range for contributing to Tg, while for the first and
second excitdtion levels, the two neutrons emitted will
have energies of ~10 and 5 MeV, respectively, ranges
that are not largely contributing to Ts.

As for Ty, increasing the cross section of the first
excitation level while decreasing the cross sections of
the other levels [to keep the integrated Be(n,2n) cross
section the sgme] leads to an increase in T at all loca-
tions. This is because the high-energy component of the
total SED is emphasized (i.e., increased). The coeffi-
cients for the second and third levels are negative, as
shown in Fig. 12. The treatment with either the level-
dependent or the level-independent approach gives
similar results (not shown). The integrated relative sen-
sitivity coefficients for the variations in the various lev-

_els are large (by about an order of magnitude) for T,
as compared-with the coefficients for Ts, although in
both cases, the absolute values of these coefficients are
small. - :

The choice of which excitation level to increase (or
decrease) with.a compensating decrease (or increase)
in the other levels depends on the discrepancies be-
‘tween measurements and calculations, For example,

01504 o
........ 18t -level
C andteve |
o1zsd: 3rd lgvel I '
| |
_ 01007 ,r-J 4o
5§ | | E
g 0.075 4 |
g . | :_.‘ =
0.060 4 " l -
00251 __w__'["‘l | |
0.000 H—r e
104 10° 108 107 10°

Neutron energy (eV) .

Fig. 11. The ®Be(n,2n) tbtal cross section from three levels of the LANL evaluation for the YBe(n,2n) cross section

{E; = 13.5 to 15 MeV).
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0.2
0.1 5
0.0 -+
_0.1 -
-0.2 . —r :
P1 P2 P3 P4 P5
' Location '

Fig. 12. Integratj::d sensitivity coefficients for T, due to
variation in the SED! of the *Be(n,2n) cross section (level-
independent treatmeht): LANL evaluation.

choosing the third éxcitation level in the LANL evalu-
ation will improve|the C/E values for Ts (lower than
unity) just behind the beryllium layer in the experiment

at hand. However, {the sensitivity coefficient for a 19% .

increase in that level is ~0.01% for Ty at location P4.
The observed discrgpancy of ~5 to 10% shown in the
Fig. 1 variation cannot be explained by the 1% varia-
tion assumed, unleps this variation is 100% or more.
It was shown, however, that when the uncertainty in-
formation is coupleéd with the sensitivity coefficients,
large uncertainties!in Ts (and T;) are obtained (see
Sec. V.B.2). : '

V.A.1.b. Direct Variation in the SED
of the °Bé(n,2n) Cross Section
over Several Energy Intervals

The sensitivity qloeﬁficients-were calculated accord-
ing to Eqs. (15) and (23) for the direct variations in

the SED of the LAINL °Be(n,2n) cross section. The -

direct variations were selected to conform with some
of the discrepancies between the calculations and mea-
surements in recent|experiments. For example, the re-
sults of Oyama and Maekawa’s experiment!” on the

leakage spectrum behind a 5-cm-thick beryllium slab

with LANL data shpwed that the calculated spectrum
is underestimated in the energy range 0.1 < E,,, <
0.5 MeV, overestimated in the energy range 0.5 <
E,y; < 10 MeV, and underestimated in the energy range
EOUI > 10 MeV.' . )

Two types of direct variation in the SED of the
*Be(n,2n) cross s tion were performed by assuming
that these discrepancies were due to the inadequacy
of the SED of the total Be(n,2n) cross section. In
case 1, the overestimated part of the integrated spectrum
0.5 < E,,; < 10 MgV) was decreased by 1%, and the
necessary increase i the underestimated parts (£, >

NUCLEAR SCIENCE AND ENGINEERING

10 MeV and 0.1 < E,,,, < 0.5 MeV) was caleulated such
that the total integrated spectrum was kept the same,
The variations were also assumed to be for all incident
ener-gies [above the threshold energy of the *Be(n,2n)
reaction]. In case 2, the lower energy part of the SED
below 0.1 MeV was increased by 1%, and the neces-
sary:decrease in the SED above 0.1 MeV was carried
out for all incident energies to investigate the effect of
a variation in the lower energy tail of the SED of the
Be(n,2n) reaction on T,

~ The integrated sensitivity coefficients resulting from
these variations are shown in Fig. 13. In case 1, the in.
tegrated coefficients are positive for Te inside and
around the beryllium layer, Since T is increased be-
hind:this layer, the drop in the C/E curves observed at
this location will be lessened, FHowever, the coefficients
are still small in absolute values. The breakdown of the
conttibution to the sensitivity coefficients of Ts, at
eachilocation, that comes from various energy ranges,
namely, 10 < E,,; < 17 MeV, 0.5 < E,,, < 10 MeV,
and 0.1 < E,,, < 0.5 MeV, is shown in Fig. 14, No
varigtion in the SED was carried out below 0.1 MeV
in case 1. The 1% decrease in the energy range 0.5 < -
Eour < 10 MeV resulted in a negative (and relatively
large) contribution to the sensitivity coefficients for Te
at all locations. However, the contributions from the

‘necessary increase in the SED above 10 MeV and in

the energy range 0.1 < E,,,, < 0.5 MeV (which is also
relatively large) compensate for the negative contribu-
tion resulting from the decrease in SED in the energy
rang¢ 0.5 < E,,, < 10 MeV. The net result is positive
coefficients inside the beryllium layer and around it.
Notejthat this net coefficient is negative at the bulk of
the LiyO zone (location P5).

In case 2, the integrated sensitivity coefficients for
Ts were also positive inside and around the beryllium

M Case 1
Case 2

PP P2 P83 P4 PS5
_ Location
Fig. 13. Integrated sensitivity coefficient for T due to

two types of variations in the SED of the *Be(n,2n) cross
section (direct variation).
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W Total 2 0.5 to 0.1 MeV
17 to 10 MeV 0.1 MeV

10 to 0.5 MeV
0.5

:0.3 -

0.1 9

heressrem
_ i\;\\ﬁi\'\\\\\j\;\\\\\\v
. ..{{\'\‘\\.\w-x\\\\\_\\\\w
TR

S "ltV fhici

_.01 o
-0.3 7
0.5 . e —
PP P2 P3 P4  PB
Location

Fig. 14, Breakdown (by enefgy range) in the integrated
sensitivity coefficient for T¢ due to case 1 variation in the
SED- of the *Be(n,2n) cross segtion.

layer, as shown in Fig. 13. However, their absolute val-
ues are very small (0.001%), Tﬂaerefore, variations in the
SED of the emitted neutrons from the 9Be(n,2n) reac-
tion 'below 0.1 MeV have httlp effect on Tg; the larger
effect is due to variations petfformed above 0.1 MeV,
as in case 1.

As for T,, the variation in case I indicates that

T, has positive integrated sensitivity coefficients at all
locations, and their absolute values increase as one pro-
ceeds toward the back locations of the test assembly
(not'shown) Although the SED was decreased (by 1%)
in the energy range 0.5 < E,,, < 10 MeV, where the
threshold of the “Li(n,n’'a)t teaction lies, the increase
in the SED above 10 MeV leads to a larger and posi-
tive contribution to the total sensitivity coefficient, and
that leads to net positive valugs Therefore, any uncer-
tainties in the SED of the *Be(n,2n) reaction above
10 MeV will have a large effect on T, as expected.

V.A.2. Sensitivity Analysié Results for the SAD
of the Be(n,2n) Cross Section

The SAD was mcreasecl by 1% in the interval
0.5 < < 1 for the first case (forward variation). The
upward SAD (—0.5 < p < 0;5) was kept unchanged.
The: required change in the. Lackward SAD (—1.0 <
p < —0.5) was calculated such that the integrated SAD
was kept the same. In the sedond case (upward varia-

tion), a 1% increase in the upward SAD was applied

with a corresponding dacreasq’ in the forward and back-
ward SADs. In the third case, the backward SAD was
increased by a 1% (backward variation), and the re-
quired change in the forward 'SAD was-calculated such
that the integrated SAD wad kept the same. The up-
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“ward SAD remained unchanged in this case. The vari-
- ation factors fdr each SAD variation were obtained by

Eqs. (208), (20b), and (20c) and used in the SAD sen-
sitivity calculatpons by applylng Eqgs. (26).

The integrated sensitivity coefficients for T are
shown in Fig. 15 for the three cases. The coefficients
of Tg for the forward variation in the SAD is positive
inside and behind the beryllium layer (0.009 and
0.013%, respectively) but negative in the front Li;O
zone, as expected, These coefficients increase as one
proceeds inside the back LiO zone because more neu-

trons can now reach these locations and contribute to

Ts. The sensitivity coefficients of T, for the forward
variation are negative inside the beryllium layer and
at the front LipO layer, but positive (with i increasing
trend) behind tfle beryllium layer, as shown in Fig. 16,

0.08

] ‘Forward
0.08 = -
. = Upward

0.04 wews T Baokward

0,02 +

0.00 “rpi

Sensitivity coefficient

-0.02

—0.04

M P2 P3 P4  P5
Location
* Fig. 15. Integrated sensmwty coefflmeht for Ts due to

three types of variations in the SAD of the *Be(n,2n) cross
section: LANL evaluation.

0.10
0.08 7™ I Forward
& b |l Upward
0.08 4 ‘Backward
0.04
!
_ 0.02 .
0:00
-=0.02
~0.04 ' v v v v
P1 P2 P3 P4 P5
' ‘Location

Fig. 16. Integrated sensitivity coefficient for T, due to
three types of variations in the SAD of the *Be(n,2n) cross
section: LANL evaluation.
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because more high-energy neutrons reach the bulk of
the back Li,O zone. The coefficients for the upward
variation are always positive and large inside the beryl-
lium layer because more neutron multiplication occurs.
However, as a result of the softening of the incident
spectrum with this type of variation, the high-energy
neutrons reaching the back Li,O zone are decreased,
and hence, a reducion in Ty occurs in the bulk of the
LiyO zone. The coefficients for the backward variation
are positive (but small) inside the beryllium layer and

at the front Li,O layer but negative behind the beryl- -

lium layer, as expetted.

V.A.3. Variations in the Other Cross
Sec;tions of Ber_yllium-

The sensitivity janalysis was extended to include
variations in the other smooth integrated partial cross
sections of 'beryl'liuan
T,. The analysis wds carried out for the three evalua-
tions for beryllium,.

The integrated !sensitivity coefficients for Te in-
crease inside and around the beryllium layer when the
®Be(n,total) cross section is increased, as shown in
Fig. 17, The sensitivity coefficients dueto a 1% increase
in the YBe(n,total) cross section are ~3.1 to 3.3% in-
side and ~0.95% behind the beryllium layer (location
P4). An increase in the *Be(n,total) cross section
means an increase }n the (n,elastic) and (»n,2n) reac-
tions, thus leading to more neutron moderation and
multiplication; thetefore, enhancement in T¢ occurs
near the beryllium layer. However, the contribution
from the *Be(n,elastic) reaction dominates that from
the *Be(n,2n) reaction inside and around the beryl-
lium layer. This is seen from Fig. 18, where the sensi-
tivity coefficients for the “Be(n,elastic) cross section
are shown. i '

'l ENDF/B-V
- B LANL

P P2 P8 P4 PB
Location

Fig. 17. Integrate‘::l sensitivity coefficient for Ty due to.
a 1% increase in the total cross section of beryllium.
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to study their effects on Ts and

14. e
B ENDF/B.V

3 . B LANL -
B LN

Pl P2 P3  Pa  FPp
Location

Fig. 18. Integrated sensitivity coefficient for Te due to
a 1% increase in the elastic cross section of beryllium,

The values (and signs) of the sehsitivity coefficients

~due to variation in the *Be(n,total) cross section are

basically driven by the contribution from the *Be(n,
elastic) cross section (~90% of the contribution in-,
side the beryllium layer). The contribution from the
*Be(#n,2n) cross section is small (~9%) inside the be.
ryllium layer but increases just behind that layer
(~20%). The sensitivity coefficients behind the beryl-
lium layer for variations in the total Be(n,2n) cross
section are factors of ~3 and ~25 larger than those ob-
tained from variations in the SED and SAD, respec-
tively, However, at locations deep inside the Li;O zone
(locatjon PS5), the coefficient for the ¥Be(n,total) cross

section [basically due to *Be(n,elastic) reactions) are

negative since high-energy neutrons reaching this loca-

 tion decrease with increasing a number of interactions

(particularly elastic ones) inside the beryllium layer.
The sensitivity profiles for T, for variations in the
*Be(n,elastic) cross section are shown in Fig. 19. This
figur%‘ shows in what energy range (or group) the vari-
ation in the cross section will give the largest coefficient.
As shown, variations in the low-energy range for the
Be(#,elastic) cross section lead to a large variation in
Ty, particularly inside and just behind the beryllium
layer. Note also that the profiles are negative at deep
locatibns (location P3). .

The sensitivity coefficients for Ty due to a 1% in-
creasd in the *Be(n,total) cross section are always nega-
tiveat all locations, and they are driven by the variation
in the!®Be(n,2n) cross section (see Fig. 20). The coef-
ficients for the Be(n,elastic) cross section are an or-
der of magnitude lower than those.of the *Be(n,2n)
cross section inside the beryllium layer. The sensitiv-
ity profiles of T, due to variations in the *Be(n,2n)
cross sections are negative at all locations (not shown),
and Ty is most sensitive to variation in the *Be(n,2n)
cross section at incident group 2 (13.5 to 15 MeV),
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Fig. 19. Relative sensitivity profile of Te due to a 1% increase in the *Be(n, dlastic) cross section at various loeations. _

V.A.4. Variations in the Cross Sections
of Other Materials

The integrated sensitivity coefficients for Ty due
to a 1% increase in the total cross sections of other
materials are shown in Fig. 21. Inside and around the
beryllium layer, the coefficients of beryllium are the
largest. The second largest (and positive) coefficients at
these locations are those for 0, and they are mainly
due to variations in the elastic and inelastic cross sec-

: B ENDEF/B-V
~03 1 [ LANL
1 LN

—0.4 , -

P1 P2 ' P3 P4 PS5
Location

Fig. 20. Integrated sehsitivity coefficient for T, due to
a I% increase in the total cross section of beryllium.

tions whose reactions tend to slow down neutrons to
lower energy ranges where T is large. The contribu-
tion from the '°Q{n,élastic) cross section is dominant.
This can be seen from Fig. 22, which shows the con-
tribution to the total sensitivity coefficient from vari-
ations in each partial cross section at various locations,

W SLifnet) iron
W SLilindirecty [ %0
1 KN B Beryllium (LANL}

PP P2 P3 P4  P5
: Location

Fig. 21. Integrated sensitivity coefficient for Ts due to
a 1% increase in the total cross section of various materials.
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Fig. 22. Integi'ated relative sensitivity coefficient for T,
due to variations iin various partial cross sections of 160,

where it is clear that the largest contributions are from
the '80(n,elastic) cross section followed by the 60 (,
inelastic) cross section whose coefficients are positive
at all locations. Note that the contribution from the
1%0(n, o} cross section is relatively large, particularly
at deep locations. Thus, by increasing the elastic and
inelastic cross sections and by decreasing the (n, &) cross
section, the Ts profiles just behind the beryllium layer
will increase; this leads to animprovement in the C/E
curves shown in [Fig. 6. _ '

The coefficignts for a 1% increase in the "Li(n,

total) cross section are always positive at all locations .
and are due to the increase in the (n,2n), {n,elastic),

(n,n’a)t, and (n,3ne) cross sections, whose reactions
lead to low-energy neutrons. Note that at deep locations
(location P5), the relatively lar_.)ge coefficients are due
to variations (incfrease) in the "Li cross sections. The
net sensitivity coefficient due to a 1% increase in the
SLi(n,total) cros section is relatively small (except at
location P1), Vatiations in the cross sections of other
elements (iron, nickel, chromium, etc.) are noticeably
smaller than those for the basic materials (beryllium,
’Li, 10, SLi). - _ . _
As for Ty, and aside from variation in the "Li(n,
total} cross sectipn, the integrated sensitivity coeffi-
cients are all negative at all detector locations for vari-
ations in the tota} cross sections of other materials, as
can be seen from Fig. 23. These coefficients get larger
as one proceeds toward the back end of the Li;O zone.
The contribution from the variation in the g, of 60
leads to the largest negative coefficients. The deeper the
location of the detector is, the greater is the chance that
neutrons are absorbed and do not contribute to T;.
Figure 24 shows the sensitivity coefficients for T; due

NUCLEAR SCIENCE AND ENGINEERING

to variations in the partial cross sections of !0 at vay.
ious detector locations. The dominant contribution
comes from the (n,inelastic) cross section. The elastic
cross section has positive coefficients, in contrast to all
the other cross sections. As for variations in the o, of
7Li, the direct part of the sensitivity profile, which jg
always positive, dominates the negative indirect con.
tribution, which increases with depth. Variation in the
oy of "Li has the most significant effect on the T, in-
side and around beryllium layer, while variation in the

W e _' Iron
[ ] "Lifnet) ' %0
M “Litndirect) I Beryiiium (LANL)

g
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Fig. 23, Integrated sensitivity coefficient for Ty due to
8 1% increas¢ in the total cross sections of various materials..
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Fig. 24. Integrated relative sensitivity coefficients for T,
due to variations in various partial cross sections of 60,
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o, of beryllium leads to coefficients that are compara-
ble to those of %0 (this is in contrast to T where the
variation in the o, of beryllium has the largest coeffi-
cients at these locations).,

From these results, the following can be stated
regarding improvemient in cross sections that lead to
improved C/E values for T and T,. Just behind the
beryllium layer the underestlmatlon of T6 can be im-
¥roved by i mcreasmg the Bf(n ,elastic), *Be(n,2n),

60(n,elastic), and '%0(n,inelastic) cross sections and
decreasing the 0(n, &) cross section. A 1% variation
in that direction leads to integrated coefficients of 0.8,

0.25, 0.5, 0.08, and 0.08%, respectively, i.e., a net co- -

efficient of ~1.7%. At deeper locations, these coeffi-

cients are —0.3, 0.2, 0.2, 0.02} and 0.1%, r_espectlvely, :

i.e., anet coefﬁment of ~0.22%. Thus, while improve-
ment in the C/E values (increase).occurs just behind the
beryllium layer, & further overestimation (but to a lesser
extent) takes place at the bulk of the Li,O zone. For
T, this 1% variation leads tp coefficients of —0.03,
—0.2, 0.02, —-0.15, and 0.05%, i.e., a net coefficient
of —0.31% just behind the beryllium layer. These co-
efficients are —0.08, —0.22,0.1, —0.5, and 0.1% at
the deep locations, i.e., a net coefficient of —0.6%.
Thus, in both cases, the overestimation in T, (shown
in Fig. 6) is lessened. -

V.B. Uncertainty Ainalys:ls Results

V.B.1. Resuits Due to Uncertainties in the
Smooth Cross Sectxc}ns of Materials

V.B.1.a. Uncertamty inTs

The total RSDs in Tg and T, due to uncertainties in
the smooth cross sections of lall materials are shown
in Fig. 25. The RSDs in Tg atle 2.1, 9.3, 9.0, 3.2, and
2.5% for detector locations P1 through PS More than
90% of the RSD in T6 inside 1:he beryliium layer is at-
tributed to the uncertainties in the smooth cross sections
of beryllium, while their contribution just behind the
beryllium layer is ~80%. Thejcontribliﬁion to the RSD

in T¢ from each material i§ shown in Fig. 26. As’

shown, the contribution from the uncertainties in the
9Be cross sections is the largest at all detector loca-
tions. This contrlbutlon is dominated by the uncertain-
ties in the YBe(n,elastic) cross section inside and

behind the beryllium layer. T is is due to the large sen-.

sitivity coefficients of the “Beé(n,elastic) cross section
at these locations, as shown in Fig.18. At deeper loca-
tions (locatlon P35), the conttibution from the uncer-
tainties in the Be(n,2n) cross section dominates that
from the 9Be(n,elaatstlc) cross section (not shown).

Note that the sensitivity coefﬁclents of T at these deep
locations are positive for the!°Be(#,2n) cross section
but negative (and larger in absoclute value) for the
9Be(n,elastic) cross section, iand the net coefficients
are negative (see Figs. 17 and 18). The larger contribu-
tion to the RSD in T, that isi attributed to the uncer-
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Fig. 25. 'rp"tal RSD in T and T, due to uncertainties in
the oross sections of various materials.
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Fig. 26. The:RSD in T due to uncertainties in the cross
sections of various materials. Point detectors are considered.

tainties in the ?Be(n,2n) cross section at these deep

- locationsindicate, therefore, that these uncertainties are

larger than those for the 9Be(n,elastlc) cross section
whose sensmviiy coefficients are larger

~ The RSD in T¢ due to uncertainties in the 'O cross
sections is the second largest contributor to the total
RSD in Ts. This is die to the large values-of the (pos-
itive) sensitivity coefficients for %0(n,elastic) and
16O(n,melastulo) cross sections (see Fig. 22). The RSD
in T due to uncertainties in the "Li cross sections are
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ass
) * . 6 .
always larger than those due to uncertaintes in the °Li

. This can be unders ) g the in
:f;:led'relaﬂve sensitivity coefficients shown'in Fig. 21,

108 -TLi are larger than those
‘”h"{ﬁ.tlﬁ:oc'?ﬁggﬁgtgff?;e RSD in T; due to the un-
gg;tah:iies in ’Li cross sections to the RSD in Ty due
to uncertainties in the %0 cross sections is almost the
same as the ratio of their relative sensitivity coeffigler_lts
shown in Fig. 21. The RSDs in T due to uncertainties
in the cross sectionslof other materials are alwae(s small
comgared with the principal elements (°Be, €0, L4,
and °Li} at all detector locations. At deeper locations,
all the RSDs in T, show smaller values than those at
middle locations. If the contribution from the uncer-
tainties in the beryllFum cross sections is excluded, the
RSD in Tg is ~2.5%. This is consistent with the results
of Tkeda and Youssef>® for the reference experiment
they analyzed in a two-dimensional model where no be-
ryllium was-utilized, Additionally, the largest RSDs.in
Te are observed in and behind the beryllium layer,

V.B.1.b. Uncertainty in T,

The contributiohs to the RSD in T, arising from
uncertainties in the ¢ross sections of various materials
are shown in Fig, 27. Uncertainties in the 10 cross
sections give the largest RSDs in T, at all detector lo-
cations (1.5% at P1 fhrough P4 and 4.7% at P5). Gen-

. erally, the RSD in Ty increases as the detector location

moves toward the back of the assembly, a trend that
is consistent with thé absolute values in the integrated
relative sensitivity coefficients shown in Fig. 23.

The RSD in T, dlie to uncertainties in the Be cross

sections has an incredsing trend similar to that observed -

et 8]

L — 7Li

P ee— T :
——+— |ron :
——==— Chromium
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RSD (%)
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Fig. 27. The RSD ih T, due to uncertainties in the cross
sections of various:matérials. Point detectors are considered,

tood by examining the inte-
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in the case of !0, The RSDs of 1.2% in and aroung
the beryllium layer and ~2% at deep locations are
mostly attributed to the ®Be(n,2n) cross section,
whose sensitivity coefficients are large.

The total RSD in T, due to the uncertainties in

the data of all the materials considered varies from 1.8

to 5.5%, as shown in Fig. 25. The contribution from
the uncertainties in the cross sections of 150 and 9Be
amounts to ~95% of the total RSD in T at all detec-
tor lgcations. In particular, the contribution from the
uncertainties in the 'O cross section is ~75% at the
back of the Li,O assembly (detector location PS5).
Again, if the contribution from the uncertainties in the
bgrylliu_m cross sections is excluded, the RSD in T,
is ~1.8 to 5%, which is consistent with the results cited
in Ref. 50. As for other materials, the RSDs in Ty due
to the uncertainties in their cross sections are small com-

- pared with those for the principal materials.

V.B.2. Results Due to Uncertainties in the SED
of the *Be(n,2n) Cross Section

Generally, the relative variance of a response R can

- be obi:ained from

RVAR(R) = 35 3} Py, RCOV(Egy, Lyl Py
. g g% ‘

@n

© where

RCOV( Zge'sLger) = relative covariance matrix for
' the differential cross section
of Lgp

Pg_ . = SED sensitivity coefficient
8, &' = indices for incident and exit -
energy groups.

Currently, neither a covariance data file for the
SED/SAD nor standard procedures (codes) are avail-
able to process such information. In principle, one can
drive these uncertainties and covariance information by
carefully examining the uncertainties in available mea-
sured data on the SED and SAD at several neutron in-
cident energies and incorporating the driven covariance
information (in multigroup form) in the manner shown
in Eq. (27). However, the approach followed in this pa-
per is to utilize the differences among readily available -
processed multigroup cross sections ¢, of several
evaluations as a basis for approximate uncertainties in-
formation. In this regard, if N independent evaluated
data are available, the values for the variance of SED,
VAR(fg), can be roughly estimated for each SED as
follows:

' -,
VAR(fgg’) = N_l E (fgg'f "‘fgg')z s (28)
: - J*l
" NUCLEAR SCIENCE AND ENGINEERING VOL. 113
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where
N = number of evaludted data set available

Jeg- ™ Ly /Ty = normalized probability distribu-
tion in SED j

N .
Jog' ™ % 2 S d) = average value of the N num-
: J=1 .
ber of data. _
The RSD for evaluation / can be obtained from

. [VAR(fe]¥?

RSD(fppf) = ———>~22— |
RSD( fegJ) o

For our beryllium SED/SAD analysis, the three
evaluations for the *Be(n,2h) cross section were used
to derive the RSD for each|element of the scattering
matrix according to Egs. (28)land (29). The relative vari-
ance of response R for an ingident group g is obtained
from the relative covariance matrix RCOV (5, fog)
as follows: ' ' '

(29}

RVAR(R)g= 3} P,y (SED/SAD) -RCOV(fyp, foa®)
e

X Pyg-(SED/BAD) , (30)

where Py, (SED/SAD) is the SED/SAD sensitivity co-
efficient. Since there is little knowledge of the energy
correlation of SED/SAD uncertainties, correlation be-
tween different exit energy groups, g’ and g”, can be
assumed only as a. full corr?lation‘ or as an anticorre-
lation by comparing each element f,,. to the average
distribution f,- as follows: '

CORR(fgg’, fgg")

= { 1, when (fg ;fwgg’)(.f}gf —Ju) >0
=1, when (foy ~ fo) (S "_f;x") <9.

One can argue that the upcertainty in the response
under consideration could be estimated by simply cal-
culating that response with ¢ach of the available eval-
uation for beryllium cross se¢tions and then estimating
the standard variation in theresponse from the several
computed results. While thig is true, the uncertainty in
the response computed throygh this exercise is a com-
bined estimate that does not distinguish the separate
contributions from the uncertainties in the SED and the
SAD. On the other hand, by considering the standard
deviation in the normalized probability distribution
Jeg'» One-can incorporate this uncertainty information
in the manner given by Eq. é()) to.arrive at the uncer-
tainty in the design parameter R, Nevertheless, there
is an urgent need to have a more comprehensive covari-
ance evaluation for the SED and SAD for beryllium
cross sections that could, in principle, be processed into
the formalism outlined in this paper.

The procedures described in Eqgs. (27) through (30)

- were followed to derive the RSDs in the SED for the

Be(n,2n) cross section in each of the beryllium eval-
vations. Figures 28, 29, and 30 show these RSDs in
the g,.- elements of the *Be(n,2n) cross section for the
ENDF/B-V, LANL, and LLNL evaluations, respec-
tively. Note that the RSDs could be as large as 1000% ‘
(i.e., there is about an order of magnitude divergence
among the three evaluations in some secondary energy
ranges, which could lead to large uncertainties in T,
and T,). In the following, uncertainty analysis results
due to uncertainties in the SED based on the LANL
evaluation are given although parallel analysis was con-
ducted using the ENDF/B-V and LLNL evaluations.

V.B.2.a. Results from the Excitation
Level Treatment

The RSDs in the SED of the *Be(n,2#) cross sec-

tion of the LANL evaluation, shown in Fig. 29, are

large in the se]f-scattering region-and in the lower sec-
ondary neutrén energies (E,,, < 0.1 MeV). When the
RSDs are coupled with the SED sensitivity coefficients
according to Eq. (30), we obtain the RSDs in Tq and

‘T, shownin Fig. 31, where the level-independent treat-

ment was followed in obtaining the sensitivity coeffi-
cients. As.shown, the first level variation has the largest
RSD in T¢ while the third level variation gives the

'smallest values. This is becanse more secondary neu- .

trons are concentrated at high energies in the first level
variation casei(see Fig. 11) where the RSDs in the SED
are large, while the SED in the third level variation case

is more pronounced around.2 to 4 MeV where the RSDs

in the SED are relatively small, as shown in Fig. 29. The
RSDs in Ty show smaller values than of Ty although

the sensitivity coefficients of T, are a factor of 7 to 10

larger than those of Tg, as shown in Figs. 10 and 12,
The trend of the RSDs of Ty is similar to the corre-

- sponding sensitivity coefficients shown in Fig. 12.

10..

RSD

o N A o

Fig. 28. The SED RSD in the ENDF/B-V *Be(n,2n)
cross section: RSD of 1 means 100%.
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- Fig. 29. The SED} RSD in the LANL ®Be(#,2n) cross
section: RSD of 1 means 100%.

RSD

Fig. 30. The SED|RSD in the ENDF/B-VI *Be(n,2n)
cross section: RSD ofl 1 means 100%.

In the excitationilevel approach, the values of the '

RSDs in Tsand T, with the LANL evaluation are larger
than those obtained with the ENDF/B-V data for be-
ryllium; this is attributed to the larger absolute values

of the sensitivity coefficients for variations in the SED

of the *Be(n,2n) crass sections as compared with the
corresponding sensitivity. coefficients obtained with
the ENDF/B-V (and -VD evaluations. In the level-

- dependent treatment, the same trends discussed earlier
were observed (not shown).

V.B.2.b. Results froin the Direct
Variation in the SED

The two cases copsidered in this analysis are those
discussed in Sec. V.A.1.b: case 1, a 1% decrease in the

NUCLEAR SCIENCE AND ENGINEERING
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. Fig. 31. The RSD in T, and T, due to uncertainties
in the: SED of the LANL ®Be(n,2n) cross section (level.
independent treatment).

overestimated part of the SED (0.5 < E,,, <'10 MeV)
with 4 compensating increase in other energy ranges
such that the total *Be(n,2#) cross section remains un-
changed and case 2, a 1% increase in the SED of the _
lower ienergy part of the SED below 0.1 MeV with a
compensating decrease in the SED above-0.1 MeV. The
sensitivity coefficients obtained from these two cases
were coupled with the RSDs of the SED in the manner
discussed earlier for the three evaluations of beryllium,

- As expected from the results.of the sensitivity analy-
sis, the large sensitivity coefficients in case 1 led to large
RSDs iin Ts and T,. The values: of the RSDs in Tg are
e as 11% inside beryllium and 9.5% behind the
beryllium layer, as. shown in Fig. 32. The results shown
are based on the LANL evaluation. Note that the RSD
in Ty at the back location (P35) is relatively large al-

‘though the sensitivity coefficients in case 1 are smaller

at thisi location than inside and around the beryllium
layer (see Fig. 13). This is due to the large RSDs in
the SED at lower secondary neutron energies (E,,, <
0.1 MeV), as shown in Fig. 29, The RSDs in Ty also
have large velues (5% inside and 3 to 4% around the
beryllium layer) compared with those obtained in the
excitation level approach. In case 2, the RSDs in Ts
and T, are <0.5% because of the very small sensitiv-

ity coefficients, shown in Fig. 13.

V.B.3. Results Due to Uncertainties in the SAD
“of the Be(n,2n) Cross Section

The RSDs in the first- and second-order Legendre
polynamial transport scattering cross sections, oL, and
aZ, , were calculated from the three available 9Be{n,2n)
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Fig. 32. The RSD in Tz an{l Ty due to uncertainties in
the SED of the LANL ?Be(n,2n) cross section (direct
variation). ' : :

multigroup cross-section libraries. The RSDs in the
first-order transport scattering cross section. o, were
used in the forward and backward variations, and the
RSDs in the second-order transport scattering cross sec-
tion o7, were used in the upward variation, as outlined
in Sec, IV.B.2. These RSDs were coupled with the SAD

sensitivity coefficients according to Eq. (30) to obtain _

~ the RSDs in Tg and Ty.

Figure 33 shows the RSDs in T, and T, due to un-
certainties in the SAD of the LANL °Be(n,2n) cross
section, Similar results were obtained with the ENDF/
B-V and LLNL evaluations. The RSDs in T, and T,
with the three evaluations are small (less than ~1%) ex-
cept at the back locations in the forward and backward
variations, especially for Ty, This trend is consistent
with the corresponding absolute values of theintegrated
relative sensitivity coefficients shown, for example, in

Figs. 15 and 16. Note that the RSD in T at detector -

location P4 (just behind the beryllium layer) is ~1%
in both the forward and backward variations in the
ENDF/B-V (not shown) and LANL evaluations and
0.35% in the case of the LLNL evaluation (not shown).
The RSDs in T inside the beryllium layer are <1%
(0.3% in the ENDF/B-V and LANL cases and 0.2%
in the LLNL case). The RSDs in T; are generally

smaller than those for T, and for both responses, the

RSDs are an order of magnitllude lower than those ob-
tained in the case of variatigns in the SED.

V.B.4. Summary of Uncertainty Analysis Results

Table II shows the RSD§ in T, and Ty that result
from uncertainties in the smooth integrated cross sec-

tions and ungertainties in the SED and SAD of the
9Be(n,2n) cross section. Although the results discussed:

~ in this paper foous on the LANL evaluation for beryl-

lium, Table I gives results from. parallel analyses using -
the ENDF/B-V and LLNL evaluations. For example,
the results citgd in Table II for the effect of the uncer-
tainty in the *Be(n,2#) cross section of ENDF/B-V on
T and Ty involved coupling the SED sensitivity coef-
ficients for vatiation in the second excitation level (x2,
E,, = 2.43 MeV) as the prime level (this type of varia-
tion gives the largest sensitivity coefficients in both the
level-dependent and the level-independent treatment).
with the uncertainties in the SED shown in Fig. 28.

V.B.4.a. Discrepancy Between Calculations
: and Measurements for Tj

As shownin-Table II, the uncertainties in T due
to uncertainties in the integrated cross-section data
themselves are ~2.5% in the bulk of the Li;O zone,
~3.2% just behind the beryllium layer, and ~9.3%
inside the beryllium layer. As indicated earlier, these
uncertainties are mainly due to uncemtainties in the

Be(n,elastic) cross section, particularly inside the be-

ryllium layer. The smaller contribution to the RSDs in -
Te is attributed to uncertainties in the oxygen data,
particularly the (»,elastic), (n,inelastic), and (n, ) cross
sections. Thesq uncertainties and the uncertainties in the
"Li data conttibute appreciably to the RSDs in Ty in
the bulk of the Li,O zone (see Fig. 26). The impact of
the uncertainties in the SED of the *Be(n,2n) cross
section is not negligible, particularly if direct variation
in the SED of the LANL °Be(n,2n) evaluation is con-
sidered. Inside the beryllium layer, these uncertainties

lead to ~11.2% RSDs in Tg (excitation level treatment

2

g To, fOrward

g Ta, Upward

| =—=—w=c Tg, backward
s Ty, forward

seasgrest T.’.' upward
------ + Ty, backward

es, .
B

o "'".-':i::::;::::::;m,,=:=:-::n:§::iit:::a
P1 P2 P3 P4 P5
Location

Fig. 33. The RSD in T; and T due.to uncertainties in
the SAD of the LANL °Be(#n,2n) cross section.
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TABLE II _
S d T, Due to Uncertairjties in Nuclear Data, Includi_ng Uncertainties
Relative Standard Deviat;;);lst 1:2 gﬁ Bn:“ dTS AD of the Be( #,2n) Cross Section |
SED" (%) SAD® (%) ]
Cross ' ]
jon? | ENDF/B-V LANL LANL ENDF/B-V LANL LLNL
Detector | Secion o) (1) | Direct Varidtion | (Forward) | (Forward) | (Forward)
Location (%), _ il | .
T“pl 2.1 ; 1.0 (2.33)¢ | 1.4 (2.5¢ 52 (5.4)9 0.122 2.1)* | 0.47 (2.2)¢ 0.05 (2.1)d
P, 9.3 1.65.(9.45) | 3.2 (9.8) 11.2(14.6) 0.25 9.3) 0.14 (9.3) 0.12 (9.3
P, 9.0 : 1.6 (9.1) 3.1 9.5 11 (14.2 0.29 (9.0 0.27 9.0 0.12 {9.0)
P, 32 1.8 3.7 2.3 (3.9 9.2 9.7 09 (3.3 1.08 (3.4 0.71 (3.3)
P 25" 2.1 (3.3) 2,2 (3.3 9.3 (9.6) 1.83 (3.1) 1.37 (2.9) 0.59 (2.6)
T, ' . |
P, 1.8 0.3 (1.8) 0.3 (1.8) 1.2 2.2 0.26 (1.8) 0.11 (1.8) 0.05 (1.8)
P, l._9 0.55 (2.0) 1.25 (2.3) 4.6 (5..0% 0.26 {1.9) 0.11 (1.9 0.05 (1.9
P, 1.95i 0.57 2.1) 1.3 (2.3) 4.9 (5.3 0.075 (1.95) | 0.035 (1.95) | -0.015 (1.9)
P, 2.05 0.2 @2.1) 1.0 2.3) 3.1 (3.7? 0,12 (2.05 { 0.1 (2.05 | 0.02 (2.05)
Ps 5.5 . 0.1 (5.5 0.8 (5.6) 3.2 (6.4: 0.2t (5.5 0.11 (5.5 0.105 (5.5)

*Uncertainties inithe-cross section,
®Uncertainties in|the SED and SAD.

“Variation of the;n’th excitation level in the ENDF/B-V and LANL evaluations,

Square root of 42 + b2

leads to 2 to 3% RSPs in Ty). In the bulk of the breed-
ing zone, the RSD in Ty is ~9.3% due to uncertainties

in the SED. Even with the excitation level treatment,

the resuitant uncertdinties in T in the breeding zone is
comparable (~2%) to those obtained from the current
uncertainties in the integrated cross sections (~2.5%),
The uncertainties inl Ty inside the beryllium layer due
to uncertainties in the SAD of the *Be(n,2n) cross sec-
tion are smaller (<0.3%) than those attributed. to the
uncertainties in the SED of this reaction. When the
largest numbers from Table I1 are used, the combined
uncertainties-in Tg inside the beryllium layer, just be-
hind it, and at the bulk of the Li,O zone are ~14.6,
~9.9, and ~9.8%, respectively, where the largest ef-
fect from the uncertainties in the SED and SAD.of the
9Be(n,2n) cross section is considered. Thus, the large
discrepancy (C/E ~ 1.4 with the LANL and LLNL eval-
uations) between cal¢ulations and measurements inside
the beryllium layer (see Fig. 6) cannot be explained only
by the uncertainties in nuclear data, The self-shielding
effect is the main spurce for this discrepancy. Flux
depression occurs in the finite-size detectors used to
measure Tg, and the apparent measured values are
therefore smaller than the calculated ones. It was
shown® that if the calculational model accounts for
the geometrical details of the detectors and the associ-
ated detection system, the contribution to the discrep-
ancy that is attributed to the self-shielding effect is
~30%, while the contribution due to flux perturba-
tion by the detector and the associated components

NUCLEAR SCIENCE AND ENGINEERING

total uncertainties when uncertainties in the SED and SAD are included.

is ~20%. Therefore, in our.analysis, the uncertainty in

. thenuelear data contributes about +15% in addition to

these sources of discrepancy ingide the beryllium layer. -

- The C/E values just behind the beryllium layer are ~0.9

(with:ENDF/B-V) and ~0.95 (with the LANL and
LLNL evaluations), as can be seen in Fig. 6. The con-
tribution (2 to 3%) to this discrepancy that comes from
- uncertainties in the smooth cross sections cannot cover
the ~10% discrepancy obtained with the LANL or
LLNI, data for beryllium. The RSD in Te of 9.7% due
to ungertainties in the SED of the *Be(n,2n) reaction
can pdrtly cover the observed 10% discrepancy just be-
hind the beryllium layer, but other sources lead to this
discrepancy. Among these sources are the following:

1. The interpolation scheme applied: The T, pro-
file is very steep at the boundaries between the beryl-
lium layer and the adjacent Li;O zone because of the
sudden changein the neutron spectrum inside and out-
side this layer. Therefore, the calculated values are very
sensitive to the interpolation scheme applied to calcu-
late thiose values at the exact measuring locations. Our
analysis indicates that a 4 to 6% difference in the C/E
values could arise from the different interpolation
schemes applied (log-lineer, log-log, and Lagrangian)
at the Be/Li,O boundaries. However, no apparent dif-
ferences occurred in the C/E values evaluated with
these interpolation schemes at locations farther away
(z > 15 cm) from the beryllium layer and inside the
Li;O zone.
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2. Error in the exact méasuring locations: When
the calculated values -are interpolated at locations
shifted 0.1 cm from the original locations of the mea-

suring points (i.e., 2,0, = z + 0.1 cm), the C/E values

behind the beryllium layer are greatly changed. This
particular variation assumes that the exact measuring
locations could be in error by ~0.1 cm. A 0.1-cm er-
ror in defining the exact measuring locations could lead
to a 15% decrease in the C/E values at a distance of
Z2=14+0.1cm and an ~2% increase at z = 1.4 —
0.1 cm behind that layer.

3. Size of mesh intervals in the calculational model:
As mentioned earlier, the T, profile is very steep at the

Be/Li,O boundaries; therefore, the calculated values

could have large uncertainties depending on the size of
the mesh intervals applied in the transport calculations.
To investigate this effect, smaller mesh intervals were
applied behind the beryllium/layer (Az = 0.1.cm), and
the results were compared with those obtained with a
relatively larger mesh size (A2 = 0.64 cm). It was found
that the C/E values differ by ~2% between these two
cases. '

It can be said from the abpve that differences in'the
interpolation scheme applied, errors in the exact mea-
suring locations, and the sizeé of the spatial mesh used
just behind the beryllium layer lead to ~4t0 6, ~2 to
15, and ~2% differences, regpectively, in the calcula-
tion of Te. By considering the additional 9.6% uncer-
tainty in T due to data uncertainty, the observed
discrepancy of ~10% behind the beryllium layer can
be explained. In the bulk of the Li,O zone, the ob-
served overestimation of ~10% in T, could be covered
by the RSD in T (~9.6%) due to data uncertainties,
provided the contribution frdm the SED uncertainties
in the Be(n,2n) reaction is considered.

V.B.4.b. Discrepancy Betweén- Calculations
and Measurements for T,

The uncertainties in T due to uncertainties in the
integrated cross-section data are ~5.5% in the bulk of

_ the LiyO zone, ~2% just beﬁind the beryllium layer,
and ~2% inside the beryllium layer. The largest un-
certainties occurred at the back locations in the Li,O
assembly. These uncertaintiesjare mainly due to the cur-
rent uncertainties in the '*0(n,inelastic), '50(#, ),
150(n, p), and ?Be(n,2n) cross sections, and the un-
certainties in oxygen data are the main contributor to
the RSDs in T,, especially at feep locations. Inside the

beryllium layer, the uncerta'ﬁnties in the SED of the

9Be(n,2n) cross section could lead to ~5% uncertain-
ties in T; and ~3% behind the beryllium layer and in
the bulk of the Li;O zone. The contribution to the
RSDs in T, attributed to the uncertainties in the SAD
of the *Be(n,2n) reaction is riegligible (~0.1%). Thus,
the total RSDs in T; inside the beryllium layer, just be-
hind it, and in the bulk of the/assembly are ~5.3, ~3.7,

and ~6.4%; respectively. Unlike Tg, both the uncer-
tainties in T; and the C/E values do not change notice-
ably between locations inside and outside the beryllium
layer. As shown in Fig. 6, the C/E value for Ty inside
the beryllium layer is ~1.13 (with the LANL and LLNL
evaluations for beryllium) and ~2 to 20% in the bulk
of the Li;O zohe. Note from Fig. 6 that T; obtained by
the LLNL evpluation is the largest because of the
smaller *Be(7,2n) cross section in this evaluation as
compared with LANL or ENDF/B-V, Increasing the
9Be(n,2n) cross section in the LLNL evaluation will
improve the C/E values for T;. The 5 to 6% RSDs in
T, due to the combined (total) uncertainties in data (in-
cluding SED-ahd SAD) could partly cover the 2 to 20%
discrepancy between the calculations and measurements
in the bulk of the Li,O zone, but not inside the beryl-
lium layer. Ngte that the experimental values for T,
were obtained by the NE-213 indirect method in which
the measured spectrum is folded with the "Li(n, n’a)t
cross section of JENDL3-PR1 (Ref. 52). It was shown

 that this cross section is underestimated by 8 to 10%

at high incident energies, which consequently leads to-

.lower experimerital values (larger C/E values) with the

NE-213 indire¢t method. This could partly explain the
2 to 20% overestimation in T, in the bulk of the Li,O
zone. -

V1. CONCLUSIONS

A new ap?roach for treating the sensitivity and
uncertainty inithe secondary neutron energy distribu-
tion and secondary neutron angular distribution was
developed, and the algorithm was incorporated into the
two-dimensional cross-section sensitivity and uncer-
tainty analysis code, FORSS. This new approach was
applied to.examine the effect of the current uncertainties
in the SED and SAD of the *Be(n,2n) cross section on

- the TPR from'SLi (T¢) and "Li (Ty) in an engineering-

oriented fusion integral experiment where beryllium
was used as a neutron multiplier. The new approach is
based on varying the contribution of a particular ex-
citation level ¢f the many levels used to describe the
9Be(n,2n) cross section to the total SED with a com-
pensating alteration in the contributions of other levels
such that the tptal integrated *Be(n,2n).cross section
remains the same. Direct variations in the total SED
and SAD were;also examined to derive the relative sen-
sitivity profiles for variations in the SED as well as the
SAD. The variations applied are arbitrary but can be
performed to conform with observations on the SED
obtained from:experimental results. The sensitivity pro-
files were then coupled with the uncertainties in the
SED and SADiof the “Be(n,2#) cross section. To-date,
there is a lack of information on the covariance data
for these distributions. To pursue the analysis, there-
fore, it was necessary to derive approximate RSDs in
elements of the multigroup transfer matrix o, for the
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9Be(n,2n) cross section based on comparisons made

among three evaluations for beryllium data, namely,

the ENDF/B-V, LANL, and LLNL (ENDF/B-VI) eval-

uations. The SED of the *Be(n,2n) cross section dif-
fers appreciably in these three evaluations, and in some
cases, the RSD in o, could be as large as 1000%, Al-
though the purpose of this analysis is not to examine
the accuracies of these evaluations, these evaluations
were used as bases to derive the RSDs in the SED (and
SAD) of the Be(n,2#n) cross section that are required
for the uncertainty analysis. _

A comprehensive two-dimensional sensitivity/
uncertainty analysisiwas performed on the smooth in-
tegrated cross sections of beryllium and other materi-
als as well as the SEID and SAD to arrive at.an estimate
for the uncertainties in the predictions of T and T,
that are attributed to nuclear data uncertainties. The
analysis was performed to investigate the reasons for
the discrepancies betiw
ues for local Tg and: T, at several locations in the test
assembly of the beryllium-sandwiched experiment of
phase IIA of the DOE/JAERI Collaborative Program
on Fusion Neutroni¢s. Without considering the uncer-
tainties in the SED and SAD of the *Be(#n,2n) cross
section, the uncertainties in Ts were ~2 to 3% in the
Li,O zone, whereasithey are ~10% when the uncer-
tainties in the SED and SAD of the *Be(n,2n) cross
section are accounted for. Inside the beryllium layer,
these uncertainties gre ~15 and ~9% with and with-
out results from the|SED and. SAD analysis. The con-
tribution from the SAD uncertainties is small in this
case (~1%). As for! T;, the uncertainties in the Li,O
zone with and without considering the SED and SAD
resultsare 4 to 7 and 2 to 5.5%, respectively. The esti-
mated uncertainties in Ts and T, could partly explain
the discrepancies between the calculations and measure-
ments, although other sources for these discrepancies
have been identified. The results obtained in this study
. demonstrate the importance of including the uncertain-
ties in the SED and $AD in any cross-section sensitiv-
ity/uncertainty analysis, particularly for those reactions
that affect the respanses under consideration such as
the °Be(n,2n) reactions. However, there is an imme-

diate need to generate covariance data for these distri-

butions in the evaluated nuclear data files to conduct
more -accurate cro§s-section sensitivity/uncertainty
analyses.
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