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Estimates of the uncertainty Ay in predicting the
achievable tritium breeding ratio (TBR) due to the
uncertainties in nuclear data base are presented for
several fusion blanket concepts. Specifically, the im-
pact of the current uncertainties in measuring basic
nuclear data on the calculated TBR is analyzed and
discussed for four leading blanket designs that utilize
different breeding materials, namely, Li,O, 17Li-83Pb,
LiAlO,, and Flibe. The impact on the TBR values of
various evaluations for beryllium, which is employed
as a multiplier in the latter two blankets, has been
studied. Estimates for Ap in other blanket concepts
have also been assessed. Moreover, estimates have
been made, bused on previous studies, for the contri-
bution to &y introduced by using neutron cross-sec-
tion libraries that have different group structure and
weighting spectra.

Based on statistically incorporating the present
cross-section uncertainties and their correlation in the
analysis, the range of the uncertainty in TBR was
Jound to be between 2 and 6% in all the concepts con-
sidered. The nonstatistical treatment for cross-section
errors tends to give larger values for Ap. The uncer-
tainty in TBR introduced by misrepresenting the sec-
ondary energy-angle distribution of the °Be(n,2n’)
cross section ranges from ~4% in the Flibe to ~2%
in the LiAIO, blanket. Uncertainty up to ~15% can
be encountered in the TBR evaluation in thin blankets
with natural °Li enrichment if broad-group cross-sec-
tion libraries are used. However, this uncertainty can
be reduced upon using an appropriate weighting spec-
trum representative of the one found in these blankets
type.

I. INTRGDUCTION

Fuel self-sufficiency in future fusion reactors based
on the deutertum-tritium cycle requires that the tritium
breeding ratio (TBR) exceeds unity by a margin re-
quired to compensate for losses and radioactive decay,
supply enough startup inventory for other fusion reac-
tors, and provide holdup inventory, which accounts
for the time delay between production and use as well
as reserve storage.' The required margin is uncertain
at present due to the uncertainty involved in predict-
ing the performance characteristics of the plasma and
other technology components of a future fusion reac-
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tor. On the other hand, the achievable TBR for a
given blanket concept is also uncertain due to the
uncertainty associated with systemn definition (e.g.,
using limiter versus divertor, nonbreeding inboard
blanket in a tokamak system, etc,) and the inaccura-
cies in predicting the TBR. The latter includes the
uncertainty associated with the geometrical modeling,
calculational methods, and basic nuclear data.

The uncertainties in the required TBR value due to
uncertainties in the performance parameters of various
fusion reactor components are the subject of Ref. 1.
In this paper, we evaluate the range of uncertainties in
predicting the achievable TBR arising from the current
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uncertainties in the neutron cross-section data base.
The uncertainties in the TBR attributed to modeling a
fusion system and to applying various transport codes
are not discussed here, but they are the subject of an
on-going analysis. Here, emphasis is placed on the
impact of the many sources of uncertainties in nuclear
data on the prediction of the TBR value in various
blanket concepts. These uncertainties include those
introduced in generating various cross-section librar-
ies (e.g., processing system, weighting spectra, multi-
group boundartes, etc.) in addition to the uncertainty
i measuring basic nuclear data. This latter uncertainty
arises from the various measuring techniques used by
experimentalists and the systematic errors involved in
measurements. Furthermore, correlations may exist
among various cross-section uncertainties over specific
energy ranges. In addition, for neutron-producing
cross sections such as (n,2n’), (n,inelastic), etc.,
there exist uncertainties in the secondary energy distri-
bution (SED) and secondary angular distribution, al-
though the integrated cross section is known to a
better accuracy.

Various studies have recently been conducted to
asscss the impact of neutron cross-section uncertain-
ties on various responses such as tritium breeding,?
fissile breeding in a fusion-fission hybrid system,**
heating and damage rates,’ exposure dose rate,® etc.
These studies were limited in their scope, however,
since either a particular system was considered and the
analysis was performed only for that system,” or no
statistical treatment for the cross-section uncertainties
propagation was taken into consideration and only
rough estimates for cross-section uncertainties were
used in the analysis over limited ranges of neutron
energy.5 12

In the present study, rigorous analysis has been
conducted to statistically incorporate the present cross-
section uncertainties and their correlations to derive an
estimate for the range of the uncertainty Ap in the
TBR in four of the primary blanket concepts. More-
over, ecstimates for Ay, in other designs are also pro-
vided based on extrapolation of the results for the four
primary concepts. Since some of the blankets consid-
cred utilize beryllium as a neutron multiplier, a serious
eftort has been devoted to studying the impact of var-
ious evaluations for the beryllium cross sections on the
TBR.

In Sec. 11, estimates of the range of the uncertainty
in the TBR value are given when various multigroup
cross-section libraries and weighting spcctra are used
in the evaluation. This section is based on results from
previous studies and is included for completeness. A
description of the blankets chosen for the present
study is given in Sec. I1l. Section IV is devoted to
invcestigating the deviation in the TBR value, using var-
tous evaluations for the Be(n,2n’) cross section. Be-
cause the SED for this reaction is presented differently
in these evaluations (although the integrated cross sec-
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tion is the same), the results given in this section reveal
to what extent the TBR varies with the present uncer-
tainty in the SED of the °Be(n,2n’) cross section.
Results from the cross-section sensitivity and uncer-
tainty analyses are given in Sec. V. First, a brief the-
oretical background for the methodology used and a
description of the calculational procedures are given in
Secs. V.A and V.B, respectively, while the results from
the sensitivity and the uncertainty analyses are pre-
sented in Secs. V.C and V.D, respectively. Special ef-
fort has been devoted to comparing the uncertainty
analysis results to those obtained with published esti-
mates for cross-section uncertainties where the non-
statistical treatment was employed. The results of such
a comparison are given in Sec. V.E. Estimates for Ap
in other blanket concepts are given in Sec. V.F, while
Sec. VI is devoted to conclusions and comments re-
garding nuclear data uncertainties.

Il. IMPACT OF VARIOUS CROSS-SECTION LIBRARIES
AND WEIGHTING SPECTRA ON TRITIUM BREEDING

Recent effort was focused on predicting the at-
tainable TBR in various blanket concepts with several
multigroup neutron cross-section libraries and with
different weighting spectra used to collapse fine-group
to broad-group libraries.!*!* Discrepancy among the
predicted TBRs was found to depend on the type of
breeding material, blanket thickness, and the degree of
$Li enrichment.

An example of the results obtained from these
studies is shown in Table I, taken from Ref. 13, for a
17Li-83PB self-cooled blanket. The Monte Carlo
MCNP calculation, which is based on a continuous
energy cross-section library, was used as the reference.
Multigroup calculations were carried out with 80-, 30-,
and 21-group structure libraries. For the latter two
libraries, several weighting spectra were used to con-
struct these libraries, as shown in Table 1. For the nat-
urally enriched ®Li case, using a broad-group library
generated with a weighting spectrum that deviates
from the actual spectrum in the blanket and has fewer
groups at the low-energy range can lead to a 9 to 14%
decrease in the TBR when compared to the corre-
sponding value obtained from the MCNP calculation
(comparc the 30-group data with spectrum 3 to the
MOCNP calculation). This deviation is more pronounced
as the blanket thickness gets larger; however, this
descrepancy ranges from —3 to —6%, using the fine
80-group library. Obviously, this range of uncertainty
in the calculated TBR is still large and is comparable
to the TBR uncertainty found in the present study due
to the uncertainties in the basic nuclear data combined.
As pointed out in Ref. 13, and for this particular blan-
ket, which has a low SLi content, the uncertainty aris-
ing from using broad-group libraries can be narrowed
if an appropriate weighting spectrum representative of
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the blanket system is used to generate these libraries
provided fine enough groups are used in the high-
energy range. The situation is different in blankets that
have highly enriched ®Li. In this case, and as shown
in Table I, the discrepancy in the TBR values is within
a fraction of a percent, and the predicted TBR is in-
sensitive to the library group structure and weighting
spectra.!?

Similar conclusions were reached in Ref. 14 for
blankets that utilize helium as a coolant. It was found
in this study that the uncertainty in the TBR calculated
with several libraries for Li, O and liquid-lithium (nat-
urally enriched) systems is within 4%. For the Li-Pb
systems excellent agreement is obtained with the broad-
group libraries as compared to the MCNP results as
long as most neutrons are absorbed in the blanket by
®Li (highly enriched blanket). For thin (“leaky”) or
low-enriched ®Li blankets, however, the uncertainty
in the predicted TBR is as large as 10% with various
libraries.

. BLANKET CONCEPTS CONSIDERED
FOR THE ANALYSIS

The material composition and dimensions for four
primary blankets considered in the present work are
summarized in Table I1I. These blankets are the Li,O
helium-cooled blanket with primary candidate alloy
(PCA) structure (Li,O/He/PCA), the 17Li-83Pb self-
cooled blanket (Li-Pb/Li-Pb/PCA), the LIAlO, water-
cooled blanket and beryllium multiplier and ferritic

steel (FS) structure (LiAlO,/H,0/FS/Be), and the
Flibe blanket (Flibe/He/FS/Be) (Ref. 15). In Table 111,
the TBR from SLi(Tg), from ’Li(T;), and the total
breeding ratio in these blankets are shown based on a
one-dimensional poloidal axis calculational model. In
this calculation, the University of Wisconsin (UW) 25-
group library was used, which is based on ENDF/
B-IV data (see Ref. 13), except for beryllium for which
the Los Alamos National Laboratory (LANL) evalu-
ation was employed (see Sec. IV). Note, in particular,
that the contribution to the total breeding from the
"Li(n,n’a)t reactions is generally small in the Li-Pb,
LiAlO,, and Flibe blankets where the neutron spec-
trum is lower in the high-energy range as compared to
the Li,O blanket. In addition, the Li-Pb blanket has
the highest TBR value as compared to other blankets.

IV. IMPACT OF VARIOUS EVALUATIONS FOR THE
9Be(n,2n’) CROSS SECTION ON THE TBR

For the Flibe and the LiAlO; blankets, the TBR
has been calculated using three evaluations for the
°Be(n,2n’) cross sections: the ENDF/B-1V (Be-1V),
the ENDF/B-V (Be-V), and the LANL evaluation
(Be-LANL). The motivation behind comparing the
results is that recent studies have indicated that the
beryllium (n,2n’) cross section currently supplemented
in the ENDF/B-V is in error and results in a different
neutron multiplication factor when the experimental
and analytical values are compared.'®!” The ENDF/
B-IV and -V evaluations are carried out by Howerton

TABLE 1
Tritium Breeding Results Obtained Using Different Group Structures and Weighting Spectra*
Discrete Ordinates ONEDANT
Lithium Blanket Continuous 30-Group Data 21-Group Data
Enrichment | Thickness Energy 80-Group
(% °Li) (cm) MCNP Library | Spectrum 1* | Spectrum 2° | Spectrum 3¢ | Spectrum | | Spectrum 2
7.42 60 0.792 0.771 0.777 0.783 0.716 0.804 0.883
0.011)¢
80 0.985 0.948 -- 0.955 0.870 - 1.051
(0.011)
100 1.130 1.066 -- 1.069 0.974 1.085 1.153
(0.011)
90 60 1.389 1.393 - 1.399 1.399 -—- 1.431
(0.009)
80 1.512 1.508 -- 1.510 1.510 -—- 1.532

*Table taken from Ref. 13.
*Calculated spectrum at blanket midpoint.
®The 1/E spectrum.

“The spectrum used to generate the 80-group library.
dFractional standard deviation.
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TABLE 11

Material Composition and Dimensions for the Four Blanket Concepts Considered for the
Cross-Section Sensitivity/Uncertainty Analyses

Li,O/He/PCA Li-Pb/Li-Pb/PCA
Outer Outer
Radius Radius
Zone (m) Composition (m) Composition
| 2.53 Plasma 1.94 Plasma
2 2.73 Vacuum 2.14 Vacuum
3 2.79 First wall: 100% PCA (6.6% dense) 2.15 First wall: 50% PCA, 50% Li-Pb
(90% °1.1)
4 3.21 Breeding zone: 6% PCA, 85% Li,0O 2.75 Breeding zone: 7.5% PCA,
(density factor, 0.8), balance helium 92.5% Li-Pb (90% °L1i)
S 3.43 Plenum zone: 100% PCA (10% dense) 3.05 Reflector: 90% PCA, 10% 1.i-Pb
{(90% °Li)
6 3.73 Shield: 100% stainless steel 3.65 Shield: 90% Fe-1422, 10% H,O
LiAlO,/H,0/FS/Be Flibe/He/FS/Be
I 1.94 Plasma 1.94 Plasma
2 2.14 Yacuum 2.14 Vacuum
3 2.19 First wall: 32% HT-9, 7% H,0, 61% void 2.20 First wall: 11.7% HT-9
4 2.39 Blanket 1: 19.5% HT-9, 21.5% H,O0, 2.40 Blanket 1: 6% HT-9, 9% Flibe,?
5% LiAlO,,° 45% beryllium,® 9% void 53% beryllium¢
S 2.46 Blanket 2: 12.5% HT-9, 11.5% H,O0, 2.52 Blanket 2: 6% HT-9, 9% Flibe,
70% LiAlO,," 6% void 75% silicon carbide (SiC)
6 2.66 Blanket 3: 7% HT-9, 4% H,O0, 84% LiAlO,," 2.77 Blanket 3: 28% HT-9, 9% Flibe,
5% void 53% SiC
2.84 Coolant manifold: 33% HT-9, 67% H,O 2.99 Plenum: 27% HT-9
8 3.14 Shield: 80% Fe-1422, 20% H,O 3.29 Shield: 80% Fe-1422, 20% H,0

2Flibe (natural fithium): °Li, [.135-3 (read as 1.135x 10°Y); "Li, 1.420-2; beryllium, 1.729-2; fluorine, 4.991 -2

atom/b-cm for 100% TD.

"Breeder (y-LiAlO,): 87% theoretical density (TD), 90% °Li enrichment.

‘Beryllium: 87% TD.
4Beryllium: 100% TD.

and Perkins,'® while the latest evaluation for the
°Be(n,2n’) cross section was provided by Young and
Steward'® from LANL.

As it stands, the ENDF/B-1V and -V evaluations
are the samec where the time sequential reaction

“Be(n,n{)°*Be(n;)®*Be

is allowed to be described by up to four time sequen-
tial processes through four °*Be excitation levels of
1.68, 2.43, 6.76, and 11.28 MeV. This inherent diffi-
culty in presenting the *Be(n,2n’) cross section that
carried over to the ENDF/B-V evaluation limits the
presentation of the °Be(n,2n’) measurements by not
allowing more than four levels to describe the time
sequential reactions. Recent measurements by Drake
et al.'® showed that while the integrated values of the
FUSION TRCHNOY OGY
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(n,2n’) reaction are in good agreement with the
ENDF/B-1V evaluation at energies of 5.9, 10.1, and
14.2 MeV, the differential cross section o(E — E’,u) 18
not. Drake et al. indicated that from ~6 to 12 MeV
the cross section for excitation of the 2.43-MeV level
in ®*Be is substantially lower by a factor of 2; i.e., the
low-lying states in the ?*Be are overemphasized in the
ENDF/B-1V (and -V) evaluations. This remark has
also been indicated by Purser?® and Basu et al.!” mea-
surements. In the work by Basu ct al., the measured
values of neutron multiplication were found to be
~25% lower than the calculated values in a rectangu-
lar geometry made of beryllium and surrounding the
14-MeV neutrons. This 25% deviation is due partly to
the inaccuracy of the °Be(n,2n’) cross-section evalu-
ation and partly to the inaccurate method used in ana-
lyzing the experiment.
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TABLE 111
TBR from °Li(Tg), from "Li(T,), and the Total Breeding Ratio in the Four Blanket Concepts*
TBR Li,O/He/PCA Li-Pb/Li-Pb/PCA LiAlO;/H,0/FS/Be Flibe/He/FS/Be
Te 0.8026 1.5792 1.2489* 1.2808%
T, 0.4253 2.640—-3° 1.999-32 1.079-2*
T (total) 1.2279 1.5818 1.2509* 1.2916*

*Based on one-dimensional poloidal axis calculational model; data are based on ENDF/B-IV except for beryllium.

2Based on the LANL evaluation for beryllium; see text.
PRead as 2.640 x 1073,

The recent and unofficial evaluation for the ?Be
cross sections carried out by Young and Stewart'®
has been updated and correctly represented the en-
ergy-angle distribution of the secondary neutrons
from the °Be(n,2n’) reactions. In this evaluation,
the "Be(n,2n’) reactions, which are binned in excita-
tion energy of MT =51 to 83, are derived to agree
with the evaluation by Drake et al.'® The (n,2n’) dis-
tributions are based on data for a cluster of real levels
in °*Be near 2.43 MeV (MT = 52) and 32 excitation
energy bins to represent the (n,2n') continuum.'® We
emphasized that integrating the differential cross sec-
tion o(E — E’,u) over scattering angle in Young and
Stewart’s evaluation yields essentially the same values
for the total °Be(n,2n’) cross section. It is the energy-
angle correlation for the 9Be(n,2n’) cross section that
has been improved.

The Be-1V, Be-V, and Be-LANL evaluations de-
scribed above have been used in the current com-
parative analysis, and the results are summarized in
Tables 1V and V for the Flibe and LiAIO, blankets,
respectively. To minimize sources of difference in the
evaluated TBR, we chose to use the ENDF/B-IV data

base for other materials present in these blankets. In
processing the beryllium data from the Be-LANL
evaluation using the AMPX module,?' only the levels
MT =51 to 73 were considered (the levels MT > 73
occur at energies higher than the 14.1-MeV ncutron
source). A multiplication factor of 2 is used in process-
ing the Be(n,2n’) cross section from these inelastic
levels.

Using the Be-LANL evaluation, an ~4.6% de-
crease in TBR from °Li, T¢, and a corresponding
decrease of ~7.5% in T, are obtained in the Flibe
blanket as compared to the results obtained with the
Be-V evaluation. In the LiAlO; blanket, the corre-
sponding decreases in Tq and T, are 1.1 and 2.5%,
respectively. However, since the tritium breeding is
mostly from °Li, the overall decreases in the TBR are
~4.6 and 1.1% in the Flibe and the LiAlO, blankets,
respectively. Also note from Tables IV and V that the
contribution to the overall decrease in the TBR is
mainly from the front zone of the breeding region
(blanket 1) in both blankets. Simultaneous decrease in
both Tg and T, using the Be-LANL evaluation, can
only be explained by the decrease in the number of

TABLE 1V
TBR in the Flibe/He/FS/Be Blanket Using Three Different Evaluations for the Beryllium Cross Sections
-
Be-V Be-LANL Decrease Be-1V
Parameter Evaluation Evaluation (%) Evaluation
TBR for °Li, T,
Blanket 1 zone 9.896-—-1° 9.382-1 5.19 9.704 -1
Blanket 2 zone 22231 2.146-1 3.46 2.242-1
Blanket 3 zone 1.296—1 1.280-1 1.23 1.349-1
Subtotal 1.342 1.281 4.55 1.330
TBR for "Li,T,
Blanket | zone 9.865-3 9.068-3 8.08 9.877-3
Blanket 2 zone 1.351-3 1.290-3 4.52 1.380-3
Blanket 3 zone 4.486—4 4.347-4 3.10 4.596-4
Subtotal 1.166-2 1.079-2 7.46 1.172-2
Total TBR 1.354 1.292 4.58 1.342

2Read as 9.896 x 107},
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TABLE V
TBR in the LiAlO,/H,0/FS/Be Blanket Using Three Different Evaluations for the Beryllium Cross Sections
Be-V Be-LANL Decrease Be-1V
Parameter Evaluation Evaluation (%) Evaluation
TBR for °Li, T,
Blanket 1 zone 1.039 1.021 1.73 1.031
Blanket 2 zone 1.427—1¢ 1.451-1 —-1.68 1.439—1
Blanket 3 zone 8.125-2 8.330-2 -2.52 8.559-2
Subtotal 1.263 1.249 1.1 1.265
TBR for "Li, T,
Blanket 1 zone 6.410-4 6.132—4 4.34 6.413-4
Blanket 2 zone 7.353-4 7.202—4 2.05 7.467-4
Blanket 3 zone 6.737-4 6.662—4 1.11 6.864—4
Subtotal 2.050-3 1.999-3 2.49 2.074-3
Total TBR 1.265 1,251 1.11 1.267

“Read as 1.427 x 107",

neutrons available for breeding. This becomes appar-
ent when the neutron balance in the blanket with the
two cvaluations is examined. We have carried out this
task for both the Flibe and the LiAlO; blankets using
the three evaluations. For the Flibe blanket, for exam-
ple, the following conclusions are drawn:

1. Neutron multiplication is 2.02, 1.93, and 2.02,
with the Be-V, Be-LANL, and Be-IV evaluations,
respectively. This multiplication is solely due to the
(n,2n") reactions, which are dominated by the con-
tribution from the “Be(n,2n’) reaction. This contri-
bution is ~46.4, 44, and 46.3% in the threc cases,
respectively.

2. Most of the neutron absorption reactions are in
%Li. The fractions of thc available neutrons contribut-
ing to T, are ~63.3, 63, and 62.7% in the Be-V, Be-
LANL, and Be-1V cases, respectively.

3. The results from the Be-1V cvaluation case are
essentially the same as the Be-V evaluation case, since
the 9Be(n,Zn/) cross section is derived in the same
manner in both cvaluations, and are essentially based
on the same data and format.

4. The decrease in the °Be(n,2n’) reaction rate
using the Be-LANIL evaluation is ~9.3 as compared to
the ‘)Be(n,Zn’) reaction rate with the Be-V evalua-
tion. However, the decrease in the neutron multiplica-
tion is ~4.3%, which is basically the same amount of
decrease in the TBR. The last two conclusions empha-
size that the present °Be(n,2n’) evaluation in the
ENDF/B-V overestimates the ncutron multiplication.
The ~9.3% decrease observed in the *Be(n,2n’) reac-
tion rate is due to the difference in the representation
of the energy-angle distribution of the secondary neu-
trons obtained from this reaction rather than from the
integrated value for the Be(n,2n) cross section. In
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the neutron multiplication the ~25% overestimation
observed by Basu et al.!'” is due to utilizing beryllium
everywhere in their experiment.

It is interesting to explain the decrease in the neu-
tron multiplication although the total °Be(n,2n’)
cross section is almost the same in the three evalua-
tions. The energy-angle correlation corrected in the
LANL evaluation for the secondary neutrons tends to
transport thesc neutrons in the forward direction and
away from the breeding zone (note that isotropic scat-
tering for the second neutron in the time sequential
reaction was assumed in the ENDF/B-IV and -V eval-
uations). Since the °Be(n,2n’) reactions contribute
the most to the excess neutrons, the relative amount of
neutrons available for further multiplication in the
beryllium zone through successive Be(#n,2n’) reactions
decreases, particularly when we note that the thresh-
old for the *Be(n,2n’) reaction is only ~2.4 MeV,
Consequently, the total number of neutrons available
for breeding decreascs and that results in a comparable
decrease in the TBR.

We have focused in the above discussion on the
impact of various representations for the secondary
cnergy and angular distribution of the °Be(n,2n’)
cross section on the TBR in the Flibe and the [1AIO;
blankets. We would expect that the uncertainty in the
TBR gets larger when the uncertainties in the second-
ary energy-angle distribution of similar reactions [e.g.,
(n,inelastic), (n,3n’), etc.] and in other materials
arc considered. The example given above for the
“Be(n,2n’) reaction is based on direct evaluation for
the uncertainty in the TBR due to the uncertainty in
the secondary neutrons distributions. In addition to
this uncertainty, there is another contribution that
comes from the uncertainty in the integrated values for
the various partial cross sections. This part is evaluated
in Sec. V.
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V. CROSS-SECTION SENSITIVITY AND UNCERTAINTY
ANALYSES PROCEDURES AND RESULTS

V.A. Theoretical Background

The statistical variance in the integrated tritium
production rate, R, = TBR, is given by>’-??

AR, : :
( ——‘) =) PE*PE*corr(LE,L8)
Ry g 7

X RSD(LE)RSD(LE) , M
where

L% = neutron interaction cross-section
type X in energy group g

corr(L§,L) = correlation matrix for the multi-
group cross sections L{ and L

P&X < relative cross-section sensitivity

' profile coefficient of the response

R, due to variation in the cross-

section type L¢ at energy group g,

and is defined as the fractional

change (in percent) in the response

R, due to a 1% increase in cross
section L# at neutron group g.

The coefficient Pff,}k is system dependent, and its
evaluation is straightforward using first-order pertur-
bation theory,*** and is given by

pe = SR/ Ry

L.
M STE/LE = - E(d’kvl‘):xd))g ’ (2)
X/ Hx k

where

¢, o5 = forward and adjoint angular flux, respec-
tively

Ly = portion of the Boltzmann transport oper-

ator L, which contains the cross section
L.
In Eq. (2), only the indirect effect of the perturbed
cross section is accounted for. If the response is also
evaluated directly from X, a contribution to Pg;_"'
should be added. '

The correlation matrix Corr(E,f.‘,Ef') represents the
correlation between the multigroup cross sections L
and E_é", and its elements are independent of the spe-
cific blanket under consideration. The RSD (XZ§) in
Eq. (1) is the relative standard deviation (RSD) of
cross section £f, and the information required to con-
struct the correlation matrices and the RSDs for var-
ious cross-section types is implemented in file 33 of the
ENDF/B-V basic data file.?

The relative variance in the response R, given by
Eq. (1) is made up of contributions from each mate-
rial present in a particular blanket. In the uncertainty
analysis results given in Sec. V.C, we assume that the
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uncertainty associated with cross sections of a partic-
ular material is uncorrelated to the uncertainties in the
cross sections of other materials. Thus, (AR,/R,)?,
given by Eq. (1), is the algebraic sum of the contribu-
tions from each material. For a particular material,
however, the correlations between errors in the cross
sections of that material are considered according to
Eq. (1). Furthermore, and to investigate the impact of
these correlations, we compare the results obtained
from Eq. (1) to the case where (AR, /R)? is evalu-
ated from the expression

(AR /R)* = 3 PEFPE *corr(T,L§)
L o T

X RSD(EE)RSD(EE NS, . (3)

where 6,,- = 1 when g = g’ and zero otherwise. In this
formulation, it is assumed that the correlation matrix
for cross sections L§ and L# is filled only through its
diagonal, and the uncertainties are assumed to be
uncorrelated between different energy groups. A more
conservative evaluation for the relative variance in the
response R, can be obtained from the expression

(AR(/Ry)? = 3- PEFPE*RSD(ZEHRSD(ZF) . (4)
ge’ ’

In Eq. (4), the uncertainties in cross sections £§ and
Eyg' are assumed to be fully correlated over the energy
range where such correlation exists (as specified in the
error files of ENDF/B-V). In this case the correlation
matrices are assumed to be

corr(L§, L) =x1, (%)

and the sign of the correlation depends on whcther L
and L§ are correlated or anticorrelated over the spec-
ified energy range.

V.B. Calculational Procedures

To carry out the cross-section sensitivity/uncer-
tainty analysis, the partial cross sections for each cle-
ment present in each blanket were gencrated from
the DLC41/VITAMIN-C library*® using the AMPX
module,?' and a modified version of the SWANLAKE
sensitivity code?’ was employed to generate the sensi-
tivity profiles, values of P in a one-dimensional geom-
etry. The integrated relative sensitivity coefficient S‘fx,
defined as®'?

St =2 PE (6)
¥4

was evaluated for both responses Rq , =T and Ry, =
T, based on a 1% increase in the partial cross section
¢ at all energy groups.

The correlation matrices and cross sections RSDs
for the elements °Li, lead, iron, chromium, nickel,
180, fluorine, aluminum, silicon, carbon, hydrogen,
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and beryllium were generated using the UNCER code
(a modified version of the PUFF-2 code).'! Although
the results shown in Table 111 are based on the ENDF/
B-1V evaluation (except for beryllium where the LANL
evaluation is used), the generated correlations are
based on the ENDF/B-V evaluation. This is not a
point of concern since the correlation matrices are rel-
ative in nature.

For ’Li, since only private evaluation for the
7Li(n,an’)l cross section and its covariance exists, but
has not been officially released,?®?* the cross sections
used in the calculation are those based on ENDF/B-
IV. However, in carrying out the uncertainty analysis,
results from the nonstatistical treatment (see Sec. V.E)
were used where the "Li(n,n’a)t cross section was
decreased by 15%. This is consistent with the new
evaluation for this reaction where it was found?® that
the ’'Li(n,n’a)t cross section in the ENDF/B-1V
evaluation is overestimated by ~15%. In performing
the sensitivity/uncertainty analysis, the UW 25-group
structure was adopted for the calculation (see Ref. 13).

V.C. Cross-Section Sensitivity Analysis Results

The relative integrated sensitivity coefficient Sé\,,
given by Eq. (6), has been evaluated for the response
Ryy=Te and Ry, =T,, based on a 1% increase in
the partial cross section L§ at all energies for each ele-
ment present in the four blankets, and the results are
summarized in Tables VI and VII for S7¢ and §,7,

respectively. The results shown are for those elements
whose coefficients are large. From these tables, the
following observations can be made.

V.C.1. Tritium Breeding from °Li, T

First, all reaction types that lead to neutron disap-
pearance [e.g., (n,v), (n,p), (n,d), (n,t)...] have
negative sensitivity coefficients as expected since these
reactions dccrease the number of neutrons available
for tritium breeding (both from °Li and ’Li). The
exception is for the case of the ®Li(n,x)¢ reaction,
which has a positive net cocfficient since the direct
part, the part that comes from

(SR(’l.x/R(’lJ I

=5 L "o
5L, /L, RT6< (.0 ®)

and has a value of unity, dominates the indirect con-
tribution evaluated from Eq. (2). As a second ob-
servation, we note that all reaction types that lead
to neutron multiplication [e.g., (n,2n’), (n,3n"),
(n,2n")a] have positive coefficients since the number
of neutrons available for tritium breeding increases
due to these reactions.

In the Li-Pb blanket, tritium breeding from °Li is
more sensitive to variations in the lead, °Li, and iron,
in that order. A 1% increase in the total cross sections
of these elements (equivalent to increasing the atomic
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densities by 1%) leads to a 0.117, 0.074, and 0.035%
change in Tg, respectively. In the Li, O blanket, how-
ever, Tq is most sensitive to "Li, ®Li, and iron, in that
order, with corresponding coefficients of 0.185, 0.086,
and 0.046%, respectively. Because lead is used as a
neutron multiplier in the Li-Pb blanket, variation in
the Pb(n,2n’) reaction has the largest coefficient as
compared to the sensitivity coefficient for other par-
tial reactions of other materials. The profile P§
for lead is shown in Fig. 1, and it is positive at all ener-
gies with the largest values occurring at the highest
energy group.

It is interesting to note from Table VI that the
(n,inelastic) cross section for all materials has a nega-
tive sensitivity coefficient in the Li-Pb blanket while it
is positive in the Li,O blanket. This reaction type,
which occurs mainly at high energy, competes with the
neutron production from the Pb(n,2n") reaction in
the high-energy range down to the threshold for the
Pb(n,2n’) reaction (~7.5 MeV). In this energy
range, increasing the (n,inelastic) reactions in the
Li-Pb blanket tends to decrease the Pb(n,2n") reac-
tions, and hence the sensitivity profiles have negative
values in this energy range, as shown in Fig. 2 for
example. Below the Pb(n,2n’) threshold, however,
the profiles for the (n,inelastic) reactions have posi-
tive values since in this case the (n,inelastic) reactions

1o° T T T 'f
? 101 ]
< ——+—++++ Positive Values
E Negative Values ]
2 iy
oD
@
o072t J
&
j‘é
3 )
g
£ 103t 1
D
o

'l. 1 i 1 1
10
103 10% 10° 106 107 108

Neutron Energy (eV)

Fig. 1. The relative sensitivity profile for the Pb(n,?.n’)
cross section in the Li-Pb/Li-Pb/PCA blanket inte-

grated over the system.
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Fig. 2. The relative sensitivity profile for the Fe(n,inelastic)
cross section in the Li-Pb/Li-Pb/PCA blanket inte-
grated over the system,

moderate neutron energy to the range where the
SLi(n,e)t cross section is large and hence more breed-
ing from °Li occurs. However, the net coefficient

Ts is negative since the negative part of the

E(n,melamc)
sensitivity profile above the Pb(n,2n’) threshold dom-
inates. Since no multiplier such as lead exists in the
Li,O blanket, the protfiles for the (n,inelastic) cross
section arc always positive, as shown in Fig. 3 for iron.

The (n,elastic) cross section has a positive coeffi-
cient for all elements in the Li-Pb and Li,O blankets.
This reaction occurs at all energies, but it is more pro-
nounced at low energy. It tends to decrease neutron
cnergy to the range where the ®1.i(n,«)f cross section
1s large.

Note from Table VI that variations in the "Li cross
scction have practically no impact on the tritium breed-
ing from °Li in the Li-Pb blanket. This is not the case
in the Li, O blanket, however, where Ty is most sen-
sitive to variation in the ’Li cross section and in par-
ticular to variation in the elastic and the inelastic cross
sections. In addition, the total sensitivity coefficient
for 'Li in the Li-Pb blanket is about three orders of
magnitude lower as compared to the corresponding
value in the Li; O blanket. This is due to the fact that
Li is 90% enriched in the Li-Pb blanket, whereas
natural lithium is employed in the Li,O blanket.

The direct, indirect, and net sensitivity profiles for
FUSION TECHNOLOGY

vOIl 9 MAR 19R6

PREDICTION OF TRITIUM BREEDING

the ®Li(n,a)t cross section in the Li-Pb blanket are
shown in Figs. 4 and 5. Similar profiles were obtained
in the Li; O blanket. The direct part is always positive
at all energies and its profile presents the contribution
to Te from each energy group whereas the indirect
part is negative at all energies. In addition, the profiles
for the ®Li(n,«) cross section are larger in the ther-
mal and epithermal range in the Li,O blanket as com-
pared to the Li-Pb case. This is due to the fact that the
neutron spectrum in the Li-Pb blanket is lower in this
energy range than the corresponding spectrum in the
Li,O blanket. This is shown in Fig. 6 where the spec-
trum in the Li,O blanket is about three orders of
magnitude larger in the low-energy range than these
values found in the Li-Pb blanket. This is true since
the thermal and epithermal fluxes are depressed in the
later blanket where 90% enrichment for ®Li is used.
At higher energy (>1 MeV), the Li,O blanket ex-
hibits larger values for the spectrum since helium is
used as a coolant while the elastic and inelastic scat-
tering processes in lead tend to soften this spectrum in
the Li-Pb blanket.

The results shown in Table VI indicate that tritium
breeding from °Li in the LiAlO, blanket is most sen-
sitive to variations in the total cross section of beryl-
lium, iron, and °Li, in that order. This is also true
in the Flibe blanket with almost the same order of
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Fig. 3. The relative sensitivity profile for the Fe(n,inelastic)
cross section in the Li,O/He/PCA blanket inte-

grated over the system,
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Fig. 4. The direct and indirect part of the relative sensitivity profile for the ®Li{n,a)! cross section in the Li-Pb/Li-
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Fig. 6. The neutron spectrum in the middle of the breeding
zone of the Li-Pb/Li-Pb/PCA and the Li,O/He/
PCA blankets.

magnitude for the total coefficients. Note also that
increasing the structural material (equivalent to
increasing the total cross section for the structure con-
stituents) leads to a decrease in tritium production
from ®Li. In addition, the cross-section sensitivity
coefficient to variation in the total cross section of
beryllium has the largest values (0.21 and 0.47% in the
L1AIO; and the I'libe blankets, respectively). As in the
case for the Pb(n,2n") cross section in the Li-Pb blan-
ket, tritium breeding from (’Ll has the largest sensitiv-
ity coefficient for the Be(n, 2n’ ) reactions. As cited
earlier, the cross section for this reaction is constructed
from the inelastic levels MT =51 to 73, and the co-
cfficient shown in Table VI for the Be(n,2n") cross
section is the algebraic stummation of the sensitivity
coefficient for each inelastic level evaluated individ-
ually.

V.C.2. Tritium Breeding from ’Li, T,

Although tritium breeding from ’Li is much
smaller in the Li-Pb, LiAlO,, and the Flibe blankets,
as compared to the value attainable in the Li,O blan-
ket (see Table II1), a parallel analysis was carried out
to evaluate the coefficients S 7. and the results are
given in Table VII.

As general observations drawn from this table, we
note that all reactions leading to neutron disappear-
ance also have negative coefficients as is the case for
tritium breeding from °Li. In addition, all reactions
occurring at high energy [e.g., (n,inelastic), (n,n’p),

FUSION TECHNOI OCY vOI] 9 MAR 19R6
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(n,2n")a, etc.] have negative coefficients since in-
creasing these reactions is at the expense of decreasing
the "Li(n,n’a)t reaction. In fact, the total sensitivity
coefficients are all negative except for the TLi(n,n'a)t
cross section (treated as the inelastic cross section in
the tables shown), which has a positive coefficient, as
cxpected. We also notc that positive variations in the
®Li total cross section always lead to negative coeffi-
cients in all the blankets, but the impact is practically
negligible as compared to other elements. In addition,
increasing the structural materials in the three blankets
leads to a decrease in T, since they exhibit negative
scnsitivity coefficients. Note also that the largest coef-
ficient is due to variation in the "Li(n,total) cross
section, and the contribution comes mainly from the
"Li(n,inelastic) and "Li(n,elastic) cross sections.

V.D. Cross-Section Uncertainty Analysis Results

To arrive at an estimate for the uncertainty asso-
ciated with tritium production in the four blankets
considered, the PH 'T6 and Pq ‘11 profiles were coupled
with the correlduon matrices and the RSD for the var-
ious cross-section types in the manner given by Eqs. (1)
through (4).

Although tritium breeding from °Li or 7Li shows
high sensitivity to a particular cross-section change, the
uncertainty analysis can lead to different conclusions
depending on the size of the current uncertainties asso-
ciated with various cross-section types. As stated in
Sec. V.A, the two expressions given by Egs. (3) and (4)
were uscd to study the impact of the correlation be-
tween cross-section uncertainties on the final results.

Examples of the RSD and the correlation matrices
corr(L§, L&) are shown in Iigs. 7 and 8 for ®Li(n,a)t
(MAT = 1303, MT =105) and Pb(n,2n") (MAT =
1382, MT = 16). The Pb(n,2n") cross section has a
large RSD of ~200%. The maximum RSD in the
6Li(n,a)t cross section is only ~3.6%. Also, shown
in Fig. 9 is the correlation matrix for the inelastic level
MT = 52, where the real levels in the Be-LANL cvalu-
ation for the ?Be(n,2n’) cross section are clustered
around 2.43 MeV. The maximum RSD for this level
is ~24% and occurs near the threshold. For other
levels, the RSD varies between 11 and 19%.

The results for the relative variance and RSD in
the breceding ratio from Li and Li, individually, are
given in Tables VIII and IX for the four blankets. The
results shown in Table VIII for the Li,O blanket are
for the case where the correlation between the cross-
section uncertainties is considered according to Eq. (1).
Also given in this table are the corresponding results
obtained from Eqs. (3) and (4). It is clear from this
table that neglecting the correlation that exists between
data uncertainties gives a smaller variance in both Tg
and T,, while assuming that the correlation is full
(=1) overestimates these variances. This holds true
for the other blankets for which we only show the cor-
related case in Table IX.
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TABLE VIII

Relative Variance and RSD in the Tritium Breeding from SLi, "Li, and the Total Breeding Ratio Due
to Cross-Section Uncertainties of Various Materials in Li,O/Helium-Cooled Blanket

(ARsyi/Rsy;) (AR7;/R ;)
Fully Fully
Material Correlated Uncorrelated Correlated Correlated Uncorrelated Correlated

5Li 2.00-22 7.04-3 3.03-3 0 0 0
"Li 3.61-2° 3.61-2° 3.61-2° 1.39+2° 1.39+42° 1.39+2°
Oxygen 1.03 7.75-1 2.30 4.6 3.76 5.38
Iron 2.00—-1 1.41-1 2.69-1 4.63—1 2.19-1 2.32-1
Nickel 4.68-2 1.87-2 5.60-2 9.54-2 4.79-2 1.17-1
Chromium® 3.23-2 2.99-2 3.30-2 541-1 5.32-1 4,541
Relative variance (total) 1.37 1.01 2.72 1.45+2 1.44+2 1.45+2
RSD (%) 1.17 1.00 1.65 1.20+1 1.19+1 1.20+1

RSD in TBR (correlated case) = +£4.92%9

“Read as 2.00 x 10" 2.

“Error estimates for “Li are considered uncorrelated and are obtained from the nonstatistical treatment; see text.
“Covariance matrices for chromium are assumed to be the same as those for iron.
9Based on the values of T, and T, shown in Table III.

Relative Variance and RSD in the Tritium Breeding from 8Li, "Li, and the Total TBR Due to

TABLE IX

Cross-Section Uncertainties of Various Materials in the Li-Pb, LiAlO,, and Flibe Blanket*

Li-Pb/Li-Pb/PCA LiAlO,/H,0/FS/Be Flibe/He/FS/Be
Variance Variance Variance Variance Variance Variance
Element in Ty in T, in T in T, in Ty in T,
oLi 8.19-22 0 1.20-3 0 3.82-2 0
TLi 5.43—-4 2.75+2 2.92-6 2.22+2 4.84-4 2.25+2
Oxygen 7.55-2 4.13 9.25-9 1.57-11
lron 1.19--1 1.73-1 6.94-1 1.47+1 7.99-1 1.34
Nickel 5.14-2 8.62-2 1.49-12 2.79-12 4.09-8 1.27-12
Chromium 1.13-2 8§.23-2
Fluorine 2.98-1 5.66
Silicon 7.31-2 4.75-1
Carbon 3.76-3 1.76-2
Hydrogen 1-3 9.89-2
Aluminum 1.69-3 6.50—1
Lead 1.53+1 1.59+1
Beryllium 3.54 9.30 9.77 9.91
Total variance 1.56+1 2.41+2 4.31 2.51+2 1.10+1 2.42+42
RSD (%) 3.95 1.55+1 2.08 1.58+1 3.31 1.56+1
RSD in the
total TBR (%) +3.98 +2.1 +3.41
*Values shown are for the “correlated uncertainties” case. The footnotes of Table VIII apply.
“Read as 8.19 x 1072,
298 FUSION TECHNOLOGY vOI. 9 MAR 108A
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TABLE X

PREDICTION OF TRITIUM BREEDING

Percentage Contribution from Each Blanket Constituent to the Uncertainty in Tritium Breeding from
®Li, ARs;/Rs;, and from 7Li, AR7,;/R7; in the Four Blanket Concepts Considered in the Analysis

Li,O/He/PCA Li-Pb/Li-Pb/PCA LiAlO,/H,0/FS/Be Flibe/He/FS/Be
Variance Variance Variance Variance Variance Variance Variance Variance
Element in Ty in T, in T in T, in Ty in T, in Ty in T,
SLi 1.46 ~0 5.26—12 ~0 2.78-2 -0 3.47-1 ~0
"Li 3.64 95.86 3.48-3 9.34+1 6.77-5 8.84+1 4.40-3 9.29+1
Oxygen 75.18 3.17 - ——— 1.75 1.65 8.41-8 6.49--12
Iron 14.60 3.19-1 7.63-1 7.18-2 1.61+1 5.86 7.26 5.54-1
Nickel 3.42 6.58-2 3.29-1 3.58-2 3.46—11 1.11—-12 3.72-7 5.25-13
Chromium 2.36 3.73-1 2.24--2 3.41-2 —— - —_ -
Fluorine -— -—- - S —— - 2.71 2.34
Silicon - - —— - - B 6.65-1 1.96 -1
Carbon T - - - - - 3.42-2 | 7.27-3
Hydrogen -——- - - - 3.50-2 3.94-2 - -—-
Aluminum - - - - 3.92-2 2.59-1 . -
[.ead - - 9.81+1 6.59 E— ——- - -—-
Beryllium -—- - - S 8.21+1 3.71 8.80+1 4.10

*Read as 5.26 X 10 .

In the Li,O blanket the RSDs in T¢ and T, are
1.2 and 12%, respectively, However, the RSD in the
total TBR 1s ~5%. Most of the contribution to the
variance in T, comes from the uncertainties associated
with the cross sections of oxygen (75%), iron (15%),
and "Li (3.6%). Note that the sensitivity analysis re-
veals different results where T¢ was shown to be more
sensitive to variation in the 'Li, ®Li, and iron cross
sections, in that order, and least sensitive to variation
in the 'O cross sections. This demonstrates that the
current uncertainties in the '®O cross sections are
large. Most of the contribution to the variance in T,
is from the uncertainties in the "Li cross section. This
contribution is ~96%. As pointed out in Sec. V.B,
no error file for "Li is currently implemented in the
ENDF/B-V although nonofficial data exist. In the pres-
ent analysis a reduction of ~15% in the "Li(n, inelas-
tic) cross section was assumed such that the total
cross section for "Li remains the same. This treatment
was considered in all the results shown in Tables VIII,
IX, and X.

In the Li-Pb blanket, the RSDs in Ty and T, are
3.95 and 15.5%, respectively, while the RSD in the
total TBR is ~3.95% since T is insignificant in this
case. An ~98% contribution to the variance in Ty
comes from the uncertainties associated with the lead
cross section and in particular from the uncertainties
in the Pb(n,2n’) and Pb(n,3n’) cross sections. The
results from the uncertainty analysis are consistent
with the results obtained from the sensitivity analysis.
FUSION TECHNOLOGY
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In the LiAlO, blanket, the RSDs in Tg and T arc
2.08 and 15.8%, respectively, and the RSD in the total
TBR is ~2.1%. Most of the contribution to the vari-
ance in Ty is attributed to the uncertainties associated
with the beryllium cross sections and in particular in
the current uncertainties in the inelastic levels (MT =
51 to 73) used to describe the °Be(n,2n’) cross sec-
tion in the Be-LANL evaluation. This contribution is
~82%, while a significant contribution {(~16%) is
due to the uncertainties in the iron cross sections. Note
in this case that the contribution from the oxygen
cross-section uncertainties is only ~1.75% in contrast
to the large contribution (75%) in the Li, O blanket.
This shows that results from the sensitivity/uncertainty
analyses are highly system dependent. While the uncer-
tainty in the cross section of a particular material is
acceptable in one system, it may not be the case in
another system. In addition, the uncertainty analysis
shows that the contribution to the RSD in Tg is most
significant from the uncertainties in the *Be, iron, and
180 cross section, while the sensitivity analysis reveals
that T is most sensitive to variations in iron, beryl-
lium, and ®Li, in that order. The uncertainties in the
cross sections of iron and oxygen contribute by ~5.9
and 1.7%, respectively, to the variance in T;.

In the Flibe blanket the RSDs in T, and T are
3.31 and 15.6%, respectively. The TBR has an RSD of
~3.4%. As is the case in the LiAlO, blanket, most of
the contribution to the variance in T is due to the
uncertainties associated with the °Be(n,inelastic)
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Fig. 7. The correlation matrix and RSD for the *Li (MAT = 1303) and reaction (n,a)t (MT = 105).

levels used to derive the 9Be(n,2n’) cross section.
Although the fluorine has a small cross-section sensi-
tivity coefficient for T4, the uncertainty analysis
shows that the uncertainties associated with the fluo-
rine cross sections contribute ~3% to the variance in
T¢. The same uncertainties contribute ~2.3% to vari-
ance in T,, which is again dominated by the contribu-
tion from the uncertainties in the ’Li cross sections
(93% contribution). A summary of the percentage
contribution to the variance in T and T, is given in
Table X for the four blankets considered.
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V.E. Comparison of the Uncertainty Analysis Results to
Results from the Nonstatistical Treatment

The results cited in the previous sections are based
on the statistical treatment for the uncertainty in the
data base and its correlation characterized by the
correlation matrices corr(L§,£8°). In previous stud-
ies,+10.12.30 however, the uncertainty in a response Ry
was derived from the expression
2.k, ‘S_Z:j

BRk/Rk:Z:PEX T8 (7)
4 X
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Fig. 8. The correlation matrix and RSD for the lead
(MAT =1382) and reaction (n,2n') (MT = 16).

In Eq. (7), no correlation between the uncertainty in
the cross section L¢ is considered, and estimates for
the relative uncertainty 8L,/XL, are made and incorpo-
rated with the sensitivity profile according to Eq. (7).
We have carried out such an analysis for the responses
Te¢ and T, in the four blankets. Some estimates for
oL /L used in this analysis are given in Table XI and
are obtained from the references cited in the footnotes
of that table. As stated in these studies, the total cross
section is generally known to have a higher accuracy
than the various partial cross sections. Therefore, it is
often more realistic in specifying cross-section error in
a given energy range to vary at least two partially com-
pensating cross sections in such a manner that the total
cross section remains the same. For '*O we included
the errors in the 'O(n,total) cross section, and no
compensating reactions were considered. For the ele-
FUSION TECHNOLOGY
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Correlation Matrix Display
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Fig. 9. The correlation matrix for beryllium (MAT = 104)
for the inelastic level (MT = 52).

ments °Be, carbon, fluorine, silicon, and aluminum,
the RSD processed for each reaction type found in the
ENDF/B-V error files for these elements was taken as
an estimate for 6Lg/E¢ and is used in Eq. (7).

The results of using this nonstatistical treatment to
arrive at estimates for 8Rg ./Rg , and 6R; /Ry are
summarized in Table XII for the Li,O blanket. Sim-
ilar tables were obtained for other blankets (not
shown). In Table XII, the contribution to the uncer-
tainty in T¢ and T from ecach material is given along
with the values obtained from each partial and com-
pensating cross section. Since the sensitivity profiles
for the cross sections used in the analysis have differ-
ent signs, error cancellation occurs. The entry “max-
imum 6R/R” shown in this table for each element
either has a positive or negative contribution to the
total 8R/R. If the contributions to 6Rs /Rg, , from
each element are added in one direction {positive or
negative) such that the change in Rg , is maximum,
we arrive at the value identified by the entry “ARg /
R, (maximized to 6Rs )" shown in the table. The
value for 6R; /R in this treatment is consistent
with the sign used in maximizing 6Rs, . Also shown
in Table XII are the corresponding values when 6R7,,
is maximized. When the values for T¢ and T are con-
sidered, we arrive at the expected deviation in the total
TBR given in the last entry of the table for the two
cases where 8R; . and SR, are maximized individ-
ually.

A comparison of the results obtained from both
the statistical and nonstatistical treatment for cross-
section uncertainties is shown in Table XIII. In the
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TABLE XI
Error Estimates for Various Partial Cross Sections as Obtained from Literature
Increase
in Varied Cross-Section
Cross-Section Energy Range Cross Section Type Varied to
Element Type Varied (MeV) (%) Compensate
61 ra -7
. et <}o)£7l?o 10-2 o } (n, total)
10210 107! 1.0 t0 2.0
107" to3x 107! 5.0
Ix10 'tosx 107! 5.0t0 1.0
Sx107'to7x 107! 10 to 15 (n, elastic)
7x 107" to 1 15
1to 1.7 1510 10
1.7to 14.1+1 10
Li® (n,n)t 3to 14.1 —15 (n, elastic)
Lead* (n,2n") 7.510 14.1 20 (n, inelastic)
lron¢ (n, inelastic) 81015 25
Nickel® (n,2n") 8to IS 25
Chromium® (n,n")p 8to 15 50 > (n,elastic)
(n,n" ) 8to IS 50
(n, absorption) gto 15 25
el {(n, total) <0.5 4.0 )
0.5t0 15 1.0
(n, elastic) <0.5 4.0
0.5t0 4.0 1.0
4.0106.5 3.0
6.5t09.5 6.0 No compensating
9.5t012.5 15 L Cross sections were
2.5t 15 10 considered for oxygen.
(n, inelastic) 6.5to 1S 30
(n,7v) All energies 14
(n,p) 9.5t0 15 20
(n,d) 9.5t0 12.5 50
12.5t0 15 30
(n,a) 2to 15 20 /

*Error estimates are taken from Ref. 10.
"Error estimates are taken from Ref. 29.
“Lrror estimates are assumed.,

YError estimates are taken from Ref. S.

‘Error estimates for nickel and chromium are considered the same as for iron. The (n, n’«) reaction is not considered for

nickel.
‘Error estimates are taken from Ref. 23.

statistical treatment, the uncertainty in the TBR is esti-
mated via Eq. (1) and is introduced in the entry “errors
are correlated.” Neglecting the correlation that exists
between the cross-section uncertainties [via Eq. (3)]
gives smaller values for the uncertainty in the TBR, as
shown in Table XIIL. The relatively large uncertainty
in the TBR value found in the Li,O blanket is due to
a combination of having a large sensitivity coefficient
g)f.T7 to variations in the ’Li cross sections [mainly

Li(n,n’a)t cross section] and to the appreciable
amount of T, bred in this blanket in comparison to
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other designs. Note that an error of —15% was as-
sumed in the "Li(n,n’a)t cross section used in the cal-
culation, which is based on the ENDF/B-1V evaluation.
The uncertainties cited in Table XIII should, therefore,
be applied to the TBR values calculated from the
ENDF/B-1V data base. On the other hand, the rela-
tively small uncertainties in the TBR values found in
the LiAlQ, and Flibe blankets are due to the fact that
the latest evaluation for the beryllium cross sections'®
was used. If the TBR values in these blankets were
evaluated with the ENDF/B-1V (or -V) cross sections

FUSION TECHNOIL OGY A/a VIR
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TABLE XII
Maximum Expected Error in Tritium Breeding (Li,O Helium-Cooled Blanket)
(6R6L'|/R6U) (6R7Li/R7Li)
Cross-Section Cross-Section Cross-Section Cross-Section
Cross-Section Compensating Type Type Type Type
Element Type Varied Cross Section Increased Decreased Increased Decreased
SLi (n,a)t 1.95—-12 —-1.95-1 -2.92-2 2.92-2
(n, elastic) -3.62-2 3.62-2 5.31-2 -5.31-2
(n, total) -391-2 3.91-2 0.0 0.0
Maximum 6R/R +1.20-1 +2.39-2
Li (n,n’a)t -9.82-1 9.82—1 ~1.06+1 1.06+1
(n, elastic) 7.92—-1 -7.92-1 -1.19 1.19
Maximum 8R/R F1.90-1 F1.18+1
Oxygen (n,total) None 1.14-1 -1.14-1 -3.04-1 3.04-1
(n, elastic)® 2.30~-1 -2.3-1 -1.13-1 1.13-1
(n,v) -5.47-4 5.47-4 -3.03-5 3.03-5
(n,p) —3.48-1 3.48-1 -3.87-1 3.87-1
(n,d) —-1.67-1 1.67—1 —1.86-1 1.86—1
(n,a) -1.51 1.51 -1.48 1.48
(n, inelastic)® 1.05 -1.05 —-5.45 5.45
Maximum 8R/R ¥3.31 ¥7.9
Iron (n,2n") 1.27 -1.27 -9.46-1 9.46—1
(n,n’a) 2.04-3 -2.04-3 -1.10-2 1.10-2
(n,n’p) 2.80-2 —2.80-2 —1.52-1 1.52-1
(n,absorption) -4.66-1 4.66—1 —-4.72—1 4.72-1
(n, inelastic) 3.25-1 —-3.25-1 —-1.72 1.72
(n, elastic) —-1.71-1 1.71-1 2.12-2 -2.12-2
Maximum 8R/R +9.91-1 ¥3.28
Nickel (n,2n") 9.47-2 —9.47-2 -7.03-2 7.03-2
(n,n’p) 1.14-2 —-1.14-2 —-6.14-2 6.14-2
(n, absorption) -3.02-1 3.02-1 -3.03-1 3.03-1
(n, inelastic) 7.02-2 -7.02-2 —-3.72-1 3.72~1
(n, elastic) —-4.22-2 4.22-2 4.89-3 ~4.89-3
Maximum 6R/R F1.68-1 F8.01—1
Chromium (n,2n") 2.38-1 —-2.38—1 —-1.76-1 1.76-1
(n,n'a) 2.01-4 -2.01-4 —-1.17-3 1.17-3
(n,n'p) 4.54-3 —4.54-3 -2.53-2 2.53-2
(n, absorption) —-7.97-2 7.97-2 —-8.05-2 8.05-2
(n, inelastic) 4.52-2 —-4.52-2 —-1.72—-1 1.72-1
(n, elastic) -3.51-2 3.51-2 3.71-3 -3.71--3
Maximum 6R/R +1.73-1 F4.51-1
6R,/R;(maximized to §Re(;) +4.95 +16.79
8R,;/R;(maximized to §R ;) +2.62 +24.26
<6RU) ¢ +9.05%
Rii / ma +10.12%

2Read as 1.95 x 107",
®Cross section varied such that maximum 8R/R is estimated.
CRbl'i = 08026, R7Li =0.4253, RLi =1.2279, i = 611 or 'Li.
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TABLE XIII
Estimates of the Uncertainty in TBR Due to Uncertainty in Nuclear Data Base in Four Blanket Concepts
Blanket Concept
Li,O/He/PCA Li-Pb/Li-Pb/PCA LiAlO,/H,0/FS/Be Flibe/He/FS/Be
Method (%) (%) (%) (%)
Statistical treatment
Errors are correlated +4.92 +3.98 +2.1 +3.41
Errors are not correlated +4.78 +3.80 +1.74 +2.67
Nonstatistical treatment
(6Re;;/Re ;) maximized +9.05 +4.70 +6.30 +7.54
{ (6R7( /R,y maximized +10.12 +1.49 +1.82 +4.31

for “Be, these uncertainties would be larger and a
contribution from the uncertainty in the angle-energy
distribution for the *Be(n,2n’) should be added (see
Sec. 1V).

1t is clear from this table that the statistical treat-
ment where the covariance in the cross-section errors
is considered tends to decrease the estimate for the
uncertainty in the total TBR as compared to the values
obtained from the nonstatistical treatment. In addition
and consistent with the statistical treatment results, the
Li, O blanket exhibits the largest uncertainty in the
TBR with a value of ~10%. This relatively large value
1s a point of concern in designing blankets that utilize
Li,O as a breeder since this blanket type has the
smallest TBR value as compared to the other blankets.
The larger values in the uncertainty in the TBR ob-
tained from the nonstatistical treatment can be viewed
as conservative estimates although the statistical treat-
ment results are more realistic.

V.F. Estimates for the Uncertainty in the TBR
for Other Blanket Concepts

Estimates for the uncertainty in the TBR Ap aris-
ing from cross-section uncertainties in other blanket
concepts are summarized in Table XIV. The blanket
concepts shown in this table are those rated to have
more plausible features than others. The values cited
are based on anticipated estimates as explained in the
comments included in that table. As shown, the range
of the uncertainty in the TBR due to data base uncer-
tainties is between 2 and 6% in all the blanket concepts
considered.

VI. CONCLUSIONS ON THE UNCERTAINTY
IN PREDICTING THE TBR

Previous studies'3''* have shown that the un-
certainty in the TBR prediction attributed to the
approximation introduced in the data with the multi-
group treatment (various group structure and differ-
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ent weighting spectra) can be almost <1% provided
that (a) high-energy neutrons are adequately treated
and finc enough groups are used in the high-energy
range, and (b) most neutrons are absorbed in the blan-
ket by ®Li (highly enriched systems). For thin blankets
that utilize naturally enriched lithium, the discrepancy
in the TBR obtained with various group structure and
weighting spectrum can be as large as 4 to 15% de-
pending on the breeding material and blanket thick-
ness. This discrepancy can be reduced if an appropriate
weighting spectrum representative of the system under
consideration is used to generate broad-group hbraries.

To evaluate the effect of uncertainties in the basic
data arising from measurements, four blanket con-
cepts have been considered for the cross-section sen-
sitivity and uncertainty analysis performed in the
present work. Three of these blankets utilize a neu-
tron multiplier, lead in the Li-Pb blanket, and beryl-
lium in both the LiAlO; and the Flibe blankets. It
was found from both the sensitivity and the uncer-
tainty analysis that the uncertainty in tritium breed-
ing from Li (the dominant contributor to the total
breeding ratio in these three blankets) is due mainly
to uncertainties associated with multiplying reactions
such as the Pb(n,2n"), Pb(n,3n’), and “Be(n,2n’)
€ross sections,

For the Flibe and LiAlO, blankets, and aside
from the uncertainty associated with the total angle-
integrated cross sections, it was found that the latest
evaluation for the °Be(n,2n’) provided by LANL re-
sults in a decrease of ~4.3% in the TBR for the Flibe
blanket as compared to that obtained with the current
°Be(n,2n’) cross-section evaluation implemented in
both the ENDF/B-1V and -V versions. Therefore, im-
proving the representation of the energy-angle distri-
bution for the secondary neutrons in a multiplying
reaction can lead to a substantial change in the tritium
breeding.

As shown in this study, the uncertainty analysis re-
veals, in some cases, different results from the sen-
sitivity analysis. An example of such differences is

FUSION TECHNOI OGY vOl 9 MAR 19RA
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TABLE X1V

Estimate of the Uncertainty Associated with TBR Ap = A7/T in Various Blanket Concepts
Due to Uncertainties Associated with Nuclear Data Base

Range
of AD
Number Blanket Concept (%) Comments

1 Li,O/He/PCA ~4.9 Based on extensive, detailed cross-section sensitivity/uncertainty
analyses. Statistical crror propagation was considered. Higher values
are obtained with nonstatistical cross-section error treatment,

2 Li-Pb/Li-Pb/PCA ~3.9 See comments on blanket 1.

3 LiAlO,/H,0/FS/Be ~2.1 See comments on blanket 1.

4 Flibe/He/FS/Be ~3.4 See comments on blanket 1.

5 Li/Li/V ~6 Taken from Ref. 10. In the treatment cited in this reference, no
cross-section uncertainty correlation was considered.

6 Li/Li/FS ~5.5 Assumed that the uncertainty in TBR is 0.5% less than the Li/Li/V
case, since cross section for FS constituent (mainly iron, nickel) is
better known than for vanadium.

7 Li/He/FS ~5 Assumed same as in the Li/Li/FS blanket, less ~0.5% due to
replacing lithtium by helium coolant.

8 LiAlO,/He/FS/Be ~2 Assumed same as in blanket 3, less 0.1% due to the contribution
from errors associated with H,O cross section.

9 LiAlO,/DS/FS/Be ~1.9 Based on normalizing the contribution to the TBR uncertainty in
blanket 8 from beryllium, oxygen, aluminum, and FS to the weight
of these materials in the draw salt (DS) blanket. Contributions from
the DS coolant were not considered.

10 Li-Pb/Li-Pb/V ~4.4 Additional value of 0.5% was added to the uncertainty in TBR of
blanket 2 for reason explained in comments on blanket 6.

the case of oxygen. While the sensitivity analysis
performed on the Li,O blanket shows that tritium
breeding from °Li is least sensitive to variation in the
oxygen cross sections, the uncertainty analysis has re-
vealed that the current uncertainties in the oxygen
cross sections lead to an ~75% contribution to the
variance in Tq. In addition, the same uncertainties in
oxygen cross sections contributed only ~2% to the
variance in Tg in the LiAIO; blanket. This demon-
strates that the uncertainty analysis is highly system
dependent.

The present uncertainties in the ®Li cross sections
seem adequate for predicting the TBR in all the blan-
kets studied. Furthermore, no further improvement is
needed in the "Li cross sections for blanket concepts
utilizing neutron multiptiers. The situation is different
for blanket concepts without a neutron multiplier. For
example, for the case where Li, O is used as a breeder,
the uncertainty in the "Li(n,n’a)t cross section con-
tributes ~96% to the variance in T; in this blanket,
and almost 30% of the total breeding comes from this
reaction. It has also been shown that the Li,O blan-
ket exhibits the largest uncertainty in tritium breeding
(~5%) as compared to other blankets. As pointed
FUSION TECHNOLOGY
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out earlier, this presents a point of concern especially
because the Li,O blanket has the lowest TBR value
in comparison to the achievable TBR in other blan-
kets, and because the primary motivation for con-
sidering Li,O as a candidate breeder is the possibility
of achieving self-sufficiency without the use of a neu-
tron multiplier. If the achievable TBR with Li,O
proves inadequate without a neutron multiplier, Li,O
will be eliminated as a candidate breeder since other
breeding materials offer better chemical stability and
their performance with a neutron multiplier is com-
parable.

Considering other blanket concepts, it seems that
the uncertainty in tritium production, Ap, arising
from the uncertainties in nuclear data base is ~2 10
6%. Our estimates for A, based on statistical treat-
ment and correlation among uncertainties give sma}lgr
values of A than those obtained from the nonstatisti-
cal treatment. The values obtained in the latter case
can be considered as conservative limits.

The uncertainty evaluations given in the present
work are limited for several reasons. First, perturba-
tion theory was applied, and the results are limited by
the limitation inherent in this method.>**'** Second,
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the uncertainty analysis results are based only on the
available data regarding the uncertainty in the total
angle-integrated cross sections as currently implemented
in the error files of the ENDF/B-V. No error files are
presently available for the uncertainty in the angle-
energy distribution of the secondary neutrons emitted
in neutron-producing reactions. Theories and format
to incorporate the uncertainties in these secondary dis-
tributions within the perturbation theory are currently
in progress.3*¥* These results from direct evaluation
with a different representation for the °Be(n,2n’)
cross section emphasizes the importance of incorporat-
ing such uncertainties. Third, the sensitivity and un-
certainty analyses presented in the present study are
based on onc-dimensional analysis. Assessment of the
TBR and its uncertainty due to nuclear data in a par-
ticular conceptual reactor design that includes more
design details and geometrical variation will require
multidimensional cross-section sensitivity/uncertainty
analyses. At present, there are computational tools to
perform this task using two-dimensional transport
codes.3!3 Currently, there is an on-going cffort to
extend the present work to multidimensional geome-
tries.
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