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Abstract —The potential impact of nuclear data uncertainties on a large number of performance param-
eters of reactor cores dedicated to the transmutation of radioactive wastes is discussed. An uncertainty
analysis has been performed based on sensitivity theory, which underlines the cross sections, the energy
range, and the isotopes that are responsible for the most significant uncertainties.

To provide guidelines on priorities for new evaluations or validation experiments, required accura-
cies on specific nuclear data have been derived, accounting for target accuracies on major design param-
eters. The required accuracies (mostly in the energy region below 20 MeV), in particular for minor
actinide data, are of the same order of magnitude of the achieved accuracies on major actinides. Specific
requirements also concern the improvement of minor actinide data related to decay heat and effective
delayed-neutron fraction assessment.

I. INTRODUCTION to the standard fuel components, or the use of reactor
cores dedicated to transmutation in a separate stratum of
Among the strategies for radioactive waste managethe fuel cycle®# In the latter case, the dedicated reactor
ment, the so-called partitioning and transmutatiBfiT)  core should be loaded with MA-dominated fuel, and both
strategy has attracted considerable interest in the lastitical and subcriticali.e., accelerator-driven system
decade, and relevant studies have been performed in séADS)] versions of such cores have been the subject of
eral leading laboratories, sometimes under the coordin@everal studie?.
tion of international organizationéee, for example, Although the major challenges of the dedicated cores
Ref. 1). Most of the studies have pointed out the role ofare to be found in the appropriate fuel development and
minor actinide( MA) transmutation to reduce the sourcein the demonstration of the viability of the ADS concept,
of potential radiotoxicity in deep geological storage andone aspect of particular relevance is the uncertainty as-
of long-lived fission product transmutation in order to sessment of the nominal predicted characteristics of such
eventually reduce the so-called residual fisk both  cores. A first partial intercomparison exercise was per-
cases, the transmutation should be performed in a neéermed under the auspices of the Nuclear Energy Agency
tron field, preferably with a fast neutron spectrdm. (NEA) of the Organization for Economic Cooperation
Among the different scenarios of implementation of theand Developme§t(OECD). The published results did
P/T strategy, there has been a remarkable convergensbow large discrepancies among the different param-
on two major options;* namely, the use of standard crit- eters, most probably to be attributed to nuclear data un-
ical fast reactors, where, for example, MAs are mixeccertainties. Some other studie$have been performed
that examine specific aspects, but no comprehensive analy-
*E-mail: massimo.salvatores@cea.fr sis has been performed until now. Also, these studies
tPresent address: DERIR Building 101, CEA/  only partially address the issue of the impact of high-
Cadarache, F. 13108 St.-Paul-Lez-Durance Cedex, France energy(E > 20 MeV) data on ADS core performance
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14 ALIBERTI et al.

assessment. The impact of uncertainties can be very sigiere the sensitivity coefficient§ are formally given
nificant, both on the safety assessment and the econontay

evaluation of a dedicated core. In fact, as an example,

uncertainties on the subcriticality level of an ADS dedi- §= @ . 9 _ (4)
cated to transmutation induce the need to define design do; Q

margins, which in turn can result in a proton beam- ) )

power requirement that calls for an accelerator able td "€ variance of can then be obtained as

deliver up to twice as much current of what is needed J

according to the nominal design value of the subcritical- var(Q) = >, SSg¢; . (5)

ity. Moreover, a sound uncertainty analysis can help to jii

d_efine new prioyity measurements of specific Cross Sec-  Tq exploit Eq.(5) one needs to obtain explicitly the
tions in well-defined energy domains, together with tar-s ¢gefficients and to establish an appropriate variance-
get accuracies. In this work, we have performed such variance matrix. For a set of integral paramet®fs
analysis for a representative ADS-dedicated core Witi@n —1...N), the assessment of the variances as given by
U-free, MA-dominated fuel. We have addressed both starg, (5) is of course relevant, but it is also relevant to
dard core-related parameteshich will be applicable  55qess the inverse problem, i.e., what are the required

both to critical or subcritical versions of the co@nd a5 uncertainties to meet specific target accuracies on
high-energy-related parameteiitke damages and gas the Q, parameter.

production in the structur¢gpotentially sensitive to data The unknown uncertainty data requiremernks
at energie€ > 20 MeV. An attempt has also been madecan pe obtained solving the following minimization
to define target accuracies and to point out major datﬁroblemlz-

needs. '

Z/\i/di2=min y i=1... (6)

Il. UNCERTAINTY ANALYSIS with the following constraints:

[lLA. Theoretical Background > Sd?<Ql, n=1...N, (7)

The principles of uncertainty analysis and its appli-
cations to the fission reactor field are well documentwhereS; are the sensitivity coefficients for the integral
ed1® We will simply recall here that we can represent aparameteQ,, andQy are the target accuracies on tKe
generic integral reactor parame®@r(such ask.;, or a integral parameters. The cost paramefgrare related to
reactivity coefficient, or even a reaction rate like theeacho; and should give a relative figure of merit of the
neutron-induced damage in the structiiras a function  difficulty of improving that parametefe.qg., reducing un-
of cross sections: certainties with an appropriate experiment

Q=f(oy02...,09) , &) I1.B. Sensitivity Coefficients and

. . Perturbation Theori
whereo, o, ...,05 represent cross sections by isotope, erturbatio eories

type of reaction, and energy range energy group, in a For practical purposes, we will distinguish the ex-
multigroup representationThe uncertainties associated plicit dependence from some cross sectides., o)
with the cross section can be represented in the form of gnd the implicit dependence from some other cross sec-

variance-covariance matrix: tions(e.g.,o{™) in the general expression of any integral
arameteR:
Cio Cop ... Cyy Q = f(o-jlmuo-ie) . (8)
Cr = : 2 . .

As an example, we consider a reaction rate

€ Gy o Cu R=(c%®) 9
where the elements; represent the expected values reyhere brackets, ) indicate integration over the phase
lated to the parametetg ando;. space. Note that in the present analysdisis the inho-

‘The variations of the integral paramet@rdue to  mogeneous flux driven by the external source. It would
variations ofo can be expressed using perturbation theope the homogeneous flux in the case of critical core stud-

ries' to evaluate sensitivity coefficients ies. Instead, the adjoint flux that appears later in the
So- paper corresponds to the homogeneous calculation in all
5Q/Q=>5 -4 (3) cases. In Eq(9), g© can be an energy-dependent detec-
j O tor cross sectiorRRis explicitly dependent on the® and
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NUCLEAR DATA UNCERTAINTIES IN ACCELERATOR-DRIVEN ASSEMBLIES 15

implicitly dependent on the cross sections that character- 11.B.2. Reaction Rates
ize the system, described by the fl@x In other termsR _ _ _
depends on the system cross Section@/iﬁqua‘[ior(3) The classical fo'rmulatlons found in Ref. 11, for ex-
can be rewritten as follows: ample, can be applied to the case of damage rate or He
s production in the structures or to the power peak factor
oj 0Q o\ 60° in the core:
0Q/Q = 2 3 o™ * (60"3'6). o® ' (10
: : R=(®,2r) . (15
where we have the hypothesis of an explicit dependence
of Q on only onec . If we drop the indexm, The sensitivity coefficients are given by
50—] aQ 0-e> 60-9 R _ *
6 = — 4+ — . = I + D , S - <‘£’R,O’j (2> ’ (16)
Q/Q JZSUJ (aae Q) e
(11) where® is as defined previouslypy is the solution of

where the terni is generally called the indirect effect, M*Wg = 3R, 17)
and the ternD is called the direct effect. While the di-
rect effects can be obtained with explicit expressions oandM* is the adjoint of the operataw.
the derivatives o), the indirect effecti.e., the sensitiv-
ity coefficientsS) can be obtained with perturbation ex-
pression, most frequently at the first ordér.

In what follows, we will recall in a simplified way The generic nuclid& transmutation during irradia-
the formulations of the sensitivity coefficients at the firsttion can be represented as the nuclide density variation
order for the indirect effects related to reactivity coeffi- petween time, andt. If we denotenf the final density,

cients}® reaction rate$; and nuclide transmutatidine.,  the appropriate sensitivity coefficient is given by
evolution in timé#). Reactivity loss during irradiation

will also be treated as well as the cases of effective frac- nf o 1 (%
= f n*oindt,
t

[1.B.3. Nuclide Transmutation

tion of delayed neutrons and of the decay heat. §¢= o mE T T (18)
j F F

[1.B.1. Reactivity Coefficients _ _ .
where the time-dependent equations to obtdimndn,

Areactivity coefficient(like the Doppler effedtcan  together with their boundary conditions, are defined in
be expressed as a variation of the reactivity of the unpeRef. 14.

turbed systentcharacterized by a value of the multi- The method previously described does not take into
plication factor, a Boltzmann operatbt, a flux ®, and  account the coupling with the flux fieff;16 neglecting
an adjoint flux®*): in this way the feedback from flux and spectrum changes
1 1 1 1 during irradiation time. We show in Sec. IV.F that this
Ap = <1— —) — <1— —) =— - — (120 approximation is acceptable in the cases under study
Kp K Ko Kp and that the time dependence of the flux spectrum is
negligible.

whereK, corresponds to a variation of the Boltzmann
operator such that

I1.B.4. Reactivity Loss Durin
M= My(= M +8Mp) @ Bp(=0 + 60,) g J

Irradiation,Apcycle

0" — p(= " +6%p) K= Kp(=K+5Kp) - At the first order, and neglecting the cross-section
(13 variation during irradiatiortwhich is a good approxima-

o o ] tion for fast neutron systemswe can write
The sensitivity coefficientsat first orde) for Ap to

variations of thes; are given as in Ref. 13:

_ 4p)
do;  Ap

Apcyclez 2 AnKpK , (19)
K

1 1
SRO :{F<@;’q@p>_i<@*v(fj@>} ’

where
(14)
wherel; = (@ F®) and I = (®;, F®,), F being the

neutron fission production part of thd (= F — A)  and pk is the reactivity per unit mass associated with
operator. isotopekK.

AnK = npk —nk (20
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16 ALIBERTI et al.

The related sensitivity coefficien§¥®associated where¥* and¥ (generalized importance functiorsre

with the variation of arv; are given by the solution of the following equations:
. cycle v:(r,E (l)*, v:(r, E
e o aAp R £ ( *)< X) . t(r,E) 26
Ap¥ee g, (@, F®) (Fo)

o ank 9 and
’ (2—-pK+EAnK %) (21
j K

~ 2p¥\ € o, S(LE)  X(E)pXi®)

] —
| | MY=o's) T @ Fe) @0
Using the formulations of Secs. II.B.1 and I1.B.3,
we obtain where we have explicitly introduced the energy- and
space-dependent form of the fission operator, and
cycle _ Px L q v+ (E,r) (component of the vectarX;) is the macro-
3 - % Apeyele , Noyndt scopic fission cross section multiplied by the prompt neu-

tron fraction at energy and space point, and y (E)
1 1 (component of the vectq) is the fraction of the fission

+ {—p (@, 07 Pp) — — (D%, 0 @} , (220  spectrum at energl; the bracketg , ) indicate integra-
It Iy tion over energy and space.

where the index refers to the core state &t te. I1.B.6. Decay Heat
Also in this case, the time-dependent variation of
the flux spectrum during irradiation is supposed to be of ~ The decay heat is defined as
negligible impact on the sensitivity coefficients for
Ap®yele (see Sec. IV.F H(t) = EK: A Qeni(t) , (28)

[1.B.5. The¢p* Parameter where for each isotop€, A« are the decay constant3y
_ _ is the heat released in decay reaction, aptt) are the
The ¢* parameter is defined for an external sourcenuyclide densities at time The equations fonk(t) are
driven system as the ratio of the average external sourgge classical ones:
importance to averaged fission neutron importance:

dnk(t) .
. (0'S) [(@%FD) <i _1>/<i _1> arrae EFvi,fo + 2 e (1) 7 bk
T sl Fe) T \ ke Ks )" |
+ 2N (A bk — T k(L) — A nX(t)
(23 i
where (29)
or in a more compact form,
(@, FD)
off = (@ AD) dn(t) K1 o .
EAEEAS dt = bk+ Z ijn (t) Ckkn (t) ) (30)
_ (F®) o
S <A(l)> where

& = solution of the inhomogeneous equation with vkt = fission yields for fissionable isotorfe

external sourc& T = microscopic reaction rates

AP =Fd+S. (24) bj_,x = branching ratios.

This is an inhomogeneous Bateman-type equation that
defines the appropriate nuclide field. The uncertainty on
H(t) is obtained by combining the appropriate deriva-
tives ofH with respect to\, Q, andn and accounting for
rbossible correlations. As far as variations of thegerms,

Equation(23) is a special case of a real and adjoint
flux functional ratiol s for which a generalized perturba-
tion theory(GPT) has also been establishd.

For that case, the sensitivity coefficients are give

by they can be evaluated using the perturbation techniques
do* 0] o indicated in Sec. II.B.3. A specific feature is represented
§ = — = — (v, o;®) + (¥,0, @)} , (25) by the variation of the fission yields, i.e., by the vari-
doj ¢*  @° ation of the source terrby in Eq. (30).
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NUCLEAR DATA UNCERTAINTIES IN ACCELERATOR-DRIVEN ASSEMBLIES 17

The relative sensitivity coefficients correspondingand
to the decay heat at= t, are given b
Y Jven sy ( 1 ) [Bv*S @xE)  [v 2]y
A— E v =

NS yir T (™ 90 IS @) (DN FD)
= e T f_n*mdt_ (31 (X" Bri% @) (2 FL)
Iyk,+ M=y, Ny, Jo (36)
[1.B.7. The Effective Fraction II.C. Calculational Tools and
of Delayed Neutrons Basic Data Library
The effective fraction of delayed neutron, is All the sensitivity calculations have been performed
defined by the following equation: with the ERANOS code systehi,which allows us to
calculate homogeneous and inhomogeneous solutions of
Bert = > B (32)  the Boltzmann equation, generalized importance func-
m tions, and to perform perturbation and uncertainty analy-

A ) ) sis. The discrete ordinate module BISTRRef. 18 has
where Bgi is the effective delayed-neutron fraction of peen used to perform flux and generalized importance

fissile materialm. For each fissile materiah, Beir =  function calculations. Ars, P; approximation inRZ ge-
2 Bi, whereg;, the effective fraction for the precursor ometry has been proved accurate enough for this type of
groupi, is expressed as follows: calculation.
de o Decay heat calculations have been performed with
g - NG D) the ORIGEN codd?
' (% FO) Cross-section data have been processed to the re-
quired multigroup structure, starting from the JEF-2.2
Bif[xf’(E)@*(r,E,Q)][V"(E’)Ef(r, E"(r,E, Q)] dr data files?® Homogeneous cross sections have been cal-
= culated because heterogeneity effects on the cross sec-

(2% FO) tions are rather small in these hard neutron spectra.

Delayed-neutron data were also taken from the JEF-2.2
(33 files.
The basic multigroup structurg3 energy groups,
see, for example, Table Xhas an upper energy limit at
v9 = number of delayed neutrons emitted by fission19.64 MeV.
_ To investigate high-energye > 20 MeV) effects in
x{ = delayed-neutron spectrum for the graiup a subcritical system driven by a spallation neutron source
induced by high-energy protoE, ~ 1 GeV), the multi-
group data have been extended up to 150 MeV using the
data provided in Ref. 21. For that purpose, ten energy
groups with a lethargy width of 0.2 have been added to
the basic 33-energy-group structure to cover the energy
range from 19.64 to 150 MeV.

where

B; = fraction of delayed neutrons from the group

Using the GPT, the sensitivity coefficients fBgs,
including both the directi.e., related to the delayed-
neutron parameterand the indirect effect, are given by

aBeff Bi a:éeff X_id 6Beff Jj

A d 3 3
i PBert X" Pet 0j Best I1l. THE REFERENCE DEDICATED SYSTEM
~ A FOR THE UNCERTAINTY ANALYSIS
Bett Bi n 9Beft )(id Jj

. 4=
IBi Bert  OXF Pet  Be lIlLA. The Reference System

X (W 0 D) + (W, o &* )} (34) The methodology outlined in Sec. Il has been ap-
== s A plied to a dedicated system that has some general fea-

Where\ir* and\l} (genera”zed importance func“@rm‘e tureS(e.g., the mass ra.t|0 betWeen plut0n|um and MA,

s’ =

the solutions of the following equations: the americium-to-curium ratio, ejcthat are representa-
tive of the class of MA transmuters with a fast neutron
Bi[®*x8]v93:(r,E) spectrum and a fertile-free fuel, as proposed, for exam-
(A" =F")¥v* = ple, in the framework of the OMEGA project in Japan, as

dep* g 3d . . s . X
(X2 Bz @) studied at Commissariat a 'Energie Atomique, France,

[©* ]S, (1, E) or examined in the United States.
_ = xvatn B (35) The target and the coolant material of the core are
(D* Fd) the Pb-Bi eutectic. This is a more specific choice, in
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profon particular in terms of coolant, which in principle, how-
— ever, does not affect much the overall uncertainty analy-
+ sis features because these are more related to the type of

neutron spectrurfi.e., fast versus thermal neutron spec-

trum). Finally, the system that we have chosen is very
close to the subcritical core, which has been analyzed in
the framework of an OECD-NEA benchmd&Rhe geo-
metric model and compositions are given in Fig. 1 and
Table I, respectively.

The spallation source in space and energy has been
generated using the MCNPX code, assuming a beam ra-
dius of 10 cm of protons with an energy of 1 GeV. For
the successive propagation of neutrons using the deter-
ministic code system indicated in Sec. Il.C, a cut-off
energy of 20 MeV has been chosen. As far as the spectral
distribution, 14% of the spallation neutron source is above
20 MeV. Figures 2 and 3 show the axial and radial dis-
tributions, respectively, of the neutron source split into
four energy bins: 0 to 6.1, 6.1 to 19.6, 19.6 to 55.2, and
55.2 to 150 MeV.

150 4 —

VoID

|
TARGET / BUFFER

120 4 CORE REFLECTOR

HEIGHT [cm]

e, —————

0 142 [1.B. Main Parameters of the
Reference System

=]

RADIUS .
[ezn] The main parameters of the reference system, ob-

Fig. 1. Geometry of the reference ADS c@iR Z mode). tained with the calculation route indicated in Secs. II.C

TABLE |
Compositions of the Reference Core
Fuel Reflector TargeBuffer
Compositions Compositions Compositions Compositions
Isotope | (10?4 at/cmd) Isotope | (10?4 at/cmd) Isotope | (10?*at/cm?d) Isotope | (10?*at/cmd)

23"Np 4.377E-042 S8re 4.386E-05 S4Fe 2.990E-03 Pb 1.320E 02

238py 4.226E-05 50Cr 1.128E-04 56Fe 4.560E-02 Bi 1.632E-02
23%py 5.051E-04 52Cr 2.096E-03 S"Fe 1.075E-03
240py 2.321E-04 53Cr 2.328E-04 58Fe 1.344E-04
241py 1.232E-04 54Cr 5.682E-05 50Cr 3.458E-04
242py 9.102E-05 58N 6.451E-05 52Cr 6.422E-03
24IAm 8.084E-04 60N 2.384E-05 53Cr 7.134E-04
242mAm 1.089E-05 6INi 1.015E-06 S4Cr 1.741E-04
243Am 5.827E-04 62Nj 3.173E-06 58N 1.977E-04
242Cm 4.079E-08 64N 7.792E-07 60N 7.305E-05
243Cm 3.326E-06 Mo 1.163E-04 6INi 3.111E-06
244Cm 2.371E-04 Mn 1.114E-04 62Nj 9.724E-06
245Cm 3.164E-05 Pb 6.360E 03 64N 2.388E-06
246Cm 5.355E-07 Bi 7.865E-03 Mo 3.565E-04
Zr 7.477TE-03 182y 6.984E-06 Mn 3.412E-04
15N 1.058E-02 183\ 3.770E-06 Pb 4.075E-03
SFe 9.759E-04 184y 8.045E-06 Bi 5.039E-03
56Fe 1.488E-02 186y 7.439E-06 182y 2.140E-05
S’Fe 3.507E-04 183 1.155E-05
184y 2.465E-05
186y 2.280E-05

aRead as 4.37%X 1074
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3.0E+14 1E+15 3
3 19.6 - 6.1 MeV
2 5E+14 | 1E+14 5 7\ 552-19.6 MeV
o ) ]
x £ 1E+13 2
E 20E+14 £ E 150 - 55.2 MeV
= 6.1-0 MeV 2 ]
g 9 1E+12 5 Core Boundary
= 1.5E+14 - = ] .
§ 19.6 - 6.1 MeV g 1E+11 : SUM
3 1.0E+14 - 55.2-19.6 MeV, 3 ] 6.1-0MeV
(7] o 1E+10 4
150 - 55.2 MeV 3
5.0E+13 - ]
target 1E+09 5 [ -
0.0E+0 ‘ ‘ ; ; ‘ ; ; ¥ ; 1E+08 | ‘ l : : : :
50 60 70 80 90 100 110 120 130 140 0 10 20 30 40 50 60 70
Z[cm] R[cm]

Fig. 2. Axial distribution of the neutron source by energy

Fig. 3. Radial distribution of the neutron source by en-
domain(MCNPX calculation.

ergy domain(MCNPX calculation.

TABLE 1
Main Parameters of the Reference System
Apcycle
Beff a .
Kef (pcm) ApDoppler Apveid 1yrP 2 yrP Decay Heat Peak Powet
0.948164 185.4 | —0.00026 | +0.02906 | —0.01196 | —0.02158 25 MWthermal) 2.9
(An/n)oyele® [1024 at,/cm3]
238pu 241Am 242‘nAm 24%m 242Cm 244Cm 245Cm
1.23 —1.07E-1 7.66E-1 —8.99E-2 6.57E+2 9.62E-2 4.74E-2
AFOr AT = T — Trer = 1773 to 980 K.
PAt full power.
¢ At discharge. Nominal power of the core: 377 Mtherma).
dSee text.
e(ng — ng)/ng after 1 yr irradiation.
fRead as-1.07x 10" %
TABLE 11l
Main Parameters of the Reference System
Maximum dp& Maximum He Productioh Maximum H Productiod Maximum
o* (s7x cm3) (s7xcm3) (s¥1xcm3) (He production/dpa?
1.18 2.58E-16° 6.15E+15 6.77E-16 0.24
aSee text for description.
bRead as 2.5& 10%©
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 146  JAN. 2004



20 ALIBERTI et al.

and lll.A using the 33-energy-group structure, with up-of the displacements per atofupa, He production,
per energy boundary at 19.64 MeV, are given in Tables land H productior(all in iron) at the spatial point where
and lll. they reach their maximum value. The maximum value
In Table Ill, ¢* is the ratio of the average external of the ratio(He production/dpa is calculated at its own
source importance to average fission neutron impor-
tance introduced previously.
The peak power is defined as the point maximum
power value normalized to the total power. Max dpa, 4.5E+15-

; X 9.0E+15
Max He production, Max H production are the values Q0EHS - | MAX 0.0E+00

He-production [1/s/cm**3]

22 & 8 g o o0
TARGET / BUFFER T Z [em] T F
< proton
HEAM FITE beas Fig. 4d. Maximum He production(R,Z) = (20 cm,
Fig. 4a. Reference coordinates for the fuel region. 107.5 cm.

m 3.0E+16-
G.0E+16

1 MAX 0.0E+00-
30E+16

BOE+16

Power Peak
H-production [1/sicm**3]

Z [em] oo

Fig. 4b. Maximum peak power(R,Z) = (20 cm, 107_';'2;_'6' Maximum H production(R,Z) = (20 cm,

102.5 cm.
m15E+16
30E+16
30E+16 1 00E+00- 4
= [ |1 15E+16 ]
3 ! A —————— & =
E o <
= =
W (X
= El
[ =
2 g
8 by
T
g o o 3
T &8 2 8 20 Z [cm] -
Z[cm] - _ . .
Fig. 4f. Maximum(He Productiop/dpa:(R,Z) = (20 cm,
Fig. 4c. Maximum dpaR,Z) = (20 cm, 105 cm 107.5 cm).

NUCLEAR SCIENCE AND ENGINEERING VOL. 146 JAN. 2004



NUCLEAR DATA UNCERTAINTIES IN ACCELERATOR-DRIVEN ASSEMBLIES 21

maximum value position. In Figs. 4b through 4f, the 008
spatial distributions of the peak power, Max dpa, Max 007 Reference System | [~
He production, Max H production, and Maie 006 - - - - PHENIX
production/dpa are showr(Fig. 4a allows visualiza- == .
tion of the reference coordinate system 005 T ) ; oK

One can observe that the power peak is obtaineﬁ 0.04 o .
approximately at core midplane, where the flux reachesc 003

its highest value. The Max dpa, He-, and H productiond oo B e T

pectrum

[arbitrary units]

are located a few centimetres above the core midplane, R

the location of the maximum of the higher energy neu- 001

trons coming from spallation. The He- and H-production <
spatial distribution are peaked at the ctraffer inter- 1E2 1E4 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
face, while the dpa and power are more evenly distrib- Energy [eV]

uted in the core. . -
.. Fig. 6. Core average adjoint flux spectrum. For compar-
[
. In Table ”’.APDOP,p ¢ corresponds to the reactivity ison, the adjoint flux spectrum for the typical fast reactor
induced by a jump in temperature between 980 an@HgN|X is also shown.

1773 K. TheAp®®e is the reactivity variation resulting
from a 1- or 2-yr irradiation. A more detailed analysis of
these parameters is given later in this paper.
Finally, the(An/n)cvee, j.e., the relative variation of 6
a few selected major isotope nuclear densiti&SPu,
24IAm, 2420Am, 24Am, 242Cm, 24Cm, and2*°*Cm), is
a measure of the effectiveness of the transmutation 4 ... e
process. i
In Figs. 5 and 6, the neutron flux and adjoint spectra 37 7 o
are also given. One can observe a harder neutron spec-_ |
trum (both real and adjointwith respect to a standard
fast reactofe.g., for the PHENIX react@rThis effect is P ISURSURSSS v RSOy L RSO By et
related partly to the contribution of the high-energy neu- Cm244
trons coming from spallation, partly to the presence of 0= S
Pb-Bi as coolant, and partly to the higher importance of '#° &1 182 1'E+E3ner1'E+[1v1 VRS BGRB8
the high-energy fissions in the system. It can be of inter- id
est in this respect to inspect the energy shape ofite  Fig. 7. Then = vot /o energy shape for selected actinides.
vas /o, parameter for several actinides. In fact, the sharp
high-energy slope of thg of 24Am, 243Am, and?4Cm
(presentin high percentage in our reference sysstiows
a remarkable difference with respect to that#Pu, for V. UNCERTAINTY ANALYSIS
example(see Fig. 7.

T

IV.A. Variance-Covariance Matrix
for Multigroup Data

Variance-covariance data are still scarce in all major

=0 data files, in particular for minor actinides and materials
E 012 ] Reference System |z =471 like Pb or Bi, which play an important role in our study.
> - - - -PHENIX f ' Since a significant part of our work was based on the
g7 JJ E JEF library data, we have used for major actinides and
£ 008 . ‘ some structural materidlFe, Cr, Nj) uncertainty data
'g 008 . JJ ' provided in Ref. 22. For major actinides, since most eval-
g FJ . ? uations in the major data files are based on common sets
8 004 : of experimental data, significant variation of the uncer-
% 002 . JJ L, tainty values is not expected. For minor actinides, we
g Lo LL‘ have defined uncertainties based on a comparative analy-
T e sis among major data files performed in the framework

S ety o TR TR of the Nuclear Science Committee of the NEA of OECD
gy [eV] L
(Ref. 23. For example, large uncertainties for thermal
Fig. 5. Core average flux spectrum. For comparison, th@nd epithermal data 8f*Am or 24Am have been pointed
flux spectrum for the typical fast reactor PHENIX is also shown.out in this study. For structural materials like Pb and Bi,
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we have intercompared data files and extracted an edtites, and in particular data for MAs have not been
cated guess for uncertainties. assessed. However, it was considered of interest to al-
The diagonal values used, reduced to a 15-energyew for some hypothesis, at least on the energy correla-
group substructure of the reference 33-group structurdions, to gain some insight on their potential impact. We
are shown in Tables IV, V, and VI. have chosen rather arbitrarily to introduce a full corre-
As far as correlations, most of our analysis hadation on selected energy domains, the same for all types
been based on the hypothesis of no correlation amongf cross sections and isotopes. These energy ranges are
uncertainties, in particular of no energy correlation for 820 to 1 MeV, 1 MeV to 100 keV, 100 keV to 1 keV, and
specific reaction type. Since the present analysis is pef: keV down to epithermal energy. The purpose of these
formed at 15 energy groups, it implicitly allows for a full correlations is essentially to impose energy shapes on
energy correlation for each reaction type within the enthe cross sections, as obtained, for example, from model
ergy range of each group. calculations. We refer to uncertainties obtained with this
As mentioned previously, the variance-covariancehypothesis as having been obtained with partial energy
data are relatively seldom associated with evaluated datarrelationg PECS. The uncertainty analysis presented

TABLE IV
Variance Matrix for Major Actinides*
Group (Mev)a v (% Tinel Tel Tcapt On,2n v Tt Tinel Tel Ocapt On,2n
238p|; and?py 239p,
1 19.6 0.012 | 0.05| 0.15 7T 0.3 0.16 | 0.008 | 0.03 01| T 0.1 0.13
2 6.07 0.014 | 0.05| 0.11 0.3 0.0075 0.03f of 0.085 0|25
3 2.23 0.018 | 0.1 0.15 0.3 0.007 0.037 0.L 0.9g95
4 1.35 0.02 0.1 0.15 0.3 0.0065 0.065 0.5 0.13
5 4.98E-1° | 0.028 T 0.2 0.25 0.0055 0.04 0.1%5 0.13
6 1.836-1 | 0.03 0.2 0.15 0.008| 0.028 0.15 0.0Y8
7 6.74E-2 | 0.0312 0.2 0.1| 0.1 0.015| 0.03 0.2 0.0B9
8 2.48E-2 | 0.0311 0.1 0.008| 0.045| 0.2p 0.05 0.0p6
9 9.12E-3 | 0.031 | 0.2 0.1 0.008| 0.063 0.25 0.0%6
10 2.04E-3 | 0.03 0.1 0.0051 0.02 0.06p
11 454E-4 | 0.029 0.1 0.005| 0.025 0.06b
12 2.26E-5 | 0.028 0.08 0.003| 0.025 0.065
13 4.00E-6 | 0.027 v v 0.03 0.0024| 0.025 0.039
14 5.40E-7 | 0.026 | 0.5 0.05 0.001 0.0022 0.0025 0.008
15 1.00E-7 | 0.019 | 0.5 0.05 0.001 0.002 0.0025 v 0.008
241p 242p
1 19.6 0.01 0.12§ 0.1 T 0.5 0.18 | 0.012 | 0.05 0.1% T 0.3 0.25
2 6.07 0.0095( 0.2 0.15 0.5 0.2 0.011 0.05 015 0.3
3 2.23 0.009 | 0.05| 0.11 0.4 0.019 0.1 0.15 0.3
4 1.35 0.0085| 0.05 0.11 0.3 0.02 0.1 0.15 0.3
5 498E-1 | 0.008 | 0.06 0.2 0.2 0.03 T 0.2 0.25
6 1.836-1 | 0.007 | 0.1 0.2 0.2 0.031y 0.2 0.1f
7 6.74E-2 | 0.0065| 0.1 0.2 0.15 0.031p 0.2 0 0.1
8 2.48E-2 | 0.006 | 0.08 01| 0.15 0.031p 0.1
9 9.12E-3 | 0.0055| 0.08 0.1 0.031| 0.2 0.1
10 2.04E-3 | 0.005 | 0.03 0.1 0.03 0.1
11 4.54E-4 | 0.0045| 0.03 0.1 0.029 0.09
12 2.26E-5 | 0.004 | 0.03 0.1 0.028 0.08
13 4.00E-6 | 0.0035| 0.03 0.1 0.027 Y v 0.08
14 5.40E-7 | 0.003 | 0.006 0.014 0.025 0.05 0.07 o0.0p
15 1.00E-7 | 0.0024| 0.006 v 0.014 0.02 0.05 0.07 0.01

*Variance matrix(éo /o).
aUpper energy boundary.
bRead as 4.X 10°L
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TABLE V
Variance Matrix for Minor Actinides*
Groupg? v Ot Tinel Ol Ocapt v Of | Oinel | Oel | Ocapt v Ot | Oinel | Oel | Ocapt
237Np 241Am and 243Am 242nAm
land?2 0.05| 0.25 0.5| 0.0% 04 0.05 Q2 05 ofos5 04 0.05 |02 (0.5 |0.05 (0.4

3 through 6 0.05| 0.25 0.5 005 01p 005 0.2 05 005 Q4 .05 (0.2 (0.5 |0.05 (0.4

7 through 15| 0.05| 0.25 05 00p 0.1p 0.5 (i).2 g5 Q05 Q.2 D.05 [ 0.2 [0.5 |0.05 [0.04
242Cm243Cm245Cm246Cm 244Cm

1 through 4 0.05| 0.3 0.5 0.0 04 0.05 Qg4 05 005 04

5 through 13| 0.05] 0.3 0.5 005 04 005 03 05 005 04

14 and 15 0.05( 0.3 0.5 005 004 005 03 05 005 (.04

*Variance matrix(do /o).
aSee energy boundary in Table IV.

in Secs. IV and V is based on the no-correlation hypotheertainly not satisfactory, because cross-section
esis. Section VI summarizes the results obtained wittmeasurements and evaluations account for normaliza-
the PEC hypothesis. No correlations have been intraions, for example, to standard cross sections. However,
duced among isotopes or cross-section types. This ihese correlations, in particular for MAs, have been not

TABLE VI
Variance Matrix for Structural Materials*
56Fe and®’Fe? Scra SN2 Zr
Group (MeV)b Tinel Oel Ocapt Tinel Oel Ocapt Tinel Oel Ocapt | Oinel Oel Ocapt
1 19.6 0.062| 0.1 0.15 0.41 0.075 0.1% 0.18 0.75 0.14 7 0.1 0.15
2 6.07 0.068| 0.1 0.1 0.06 0.04 0.18 0.14 0.2 0.085 g.1 0.1
3 2.23 0.056| 0.1 0.07 0.085 0.035 0.2 0.18 0.17 0.12 0.1 0J07
4 1.35 0.2 0.1 0.07 0.15 0.12 0.17 0.18 0.1 0.g9 Ol1 0.07
5 4 98E-1°¢ 0.08 | 0.07 0.09 0.15 0.1 0.1¢ 0.04 0.09 0.p8 0.97
6 1.83E-1 0.06| 0.076 0.15 0.1 0.1¢ 0.04 0.09 03 0.p6 0.076
7 6.74E-2 T 0.08 0.15 0.1 0.04 0.09 0.04 0.08
8 and 9 0.08 0.15 0.1 0.04 0.125 0.04 0.0B
10 and 11 0.04f 0.08 0.15 0.1 0.04 0.11 0.p4 0.08
12 and 13 l 0.08 0.15 0.1 0.04] 0.1 0.04 0.0B
14 and 15 0.054 0.04 0.079 0.04 0.054 ~ 0.04 | 0.054
15N Pb and Bi
GI’OU[LP Tinel Oel Ocapt Tinel Oel Tcapt On,2n
1land?2 0.4 0.05 0.3 0.4 0.2 0.2 1
2 through 13 0.05 0.3 0.4 0.2 0.2 1
14 and 15 0.05 0.3 0.04 0.2 0.2 1

*Variance matrix(do /o).

aror all (n, p) and(n, @) a constant uncertainty value ef20% has been adopted.
bSee energy boundary in Table IV.

‘Read as 4.9& 10 %

NUCLEAR SCIENCE AND ENGINEERING VOL. 146 JAN. 2004



24 ALIBERTI et al.

established in formal covariance data, and future studsection uncertainties for bo#fAm and 243Am have a

ies should certainly address these issues to consolidatery significant effect. The case of the inelastic cross
the results obtained in the present study. In summargection of?3Am is of interest. As shown in Fig. 8, this
the uncertainty values used in this study are prelimiisotope shows a very large value @f, in the energy
nary but allow reasonable and quantitative indicationsegion from 100 keV to 1 MeV, where the neutron flux
of their impact. In fact, to point out outstanding prob-is high in comparison with other actinides. For that en-
lems and areas of concern, an exact answer is not the¥gy region, the spread of evaluations, as given by the
major requirement but rather a physics insight on a verynajor data files, is very significafit which justifies the

large number of data with different sensitivities. large estimated uncertainty value given in Tables IV, V,
and VI.
IV.B. Uncertainty on the As for structural material$8Fe, Pb, and Bi inelastic
Multiplication Factor cross sections also make a relevant contribution to the
Th | f th . vsi total uncertainty orkess.
e results of the uncertainty analysis g are The energy breakdown of Table VII indicates that

given in compact form in Tables Vil and VIII, obtained ¢ e fission cross section, for example, the uncertain-
with the hypothesis of no correlation in energy amongie in the energy range from 10 keV4al0 MeV are the
reactions or isotopes, as previously indicated. Table Vil ¢t significant. High-energy data are also relevant in
IS Ia sqmrrr]\ary by energy %r?]up and r;eahctlon type. Eac e case of the capture cross sections. Both effects are
value is the square root of the sum of the squares, for guateq to the hard neutron spectra found in this type of
specific reaction type, of each isotope’s contributions, .o s expected.

Table VIl gives the summary by isotope and reaction ' Aq 3 final remark, these uncertainties, or at least
type. Each value is the square root of the sum of the,eir 5rger of magnitude, would apply to the case of the
squares, for a specific reaction type, of each energy grozfs, defined in Sec. 11.B.5, as has been shown in Ref. 9,

value. The total uncertainties quoted in Tables VII and, 4 would be applicable to a critical version of the sub-
Vil are the square root of the sum of the squares of theiii-a| core analyzed here.

values for each single group or isotope, respectively.

__The total valug+2.779 is fairly significant, and it IV.C. The Doppler Reactivity Coefficient

is much higher than corresponding values obtained for

standard critical cores. The major contributors among As expected, the Doppler reactivity effect is very
actinides are?*Am, 24Am, 244Cm, 23’Np, and?3°Pu, small, due both to the absence of true fertile isotopes
and the fission cross-section uncertainties generally plage.g.,23%U) and to the small Doppler effect of isotopes
amajor role. However, the capture and the inelastic crossike 24’Am in view of their resonance structure. In Fig. 9,

TABLE VII

keff—Uncertainties by Group—No Energy Correlation*

Group| (MeV)2 | ocap | Ofiss | ¥ Gel | Tinet | onon | Total

1 19.6 0.01 0.0 0.0 — 0.04 0.d
2 6.07 | 0.01 0.57 0.18 0.04 047 —
3 2.23 | 0.03 0.83 0.2y 0.7 046 —
4 1.35 | 0.47] 1.56 0.41 0.20 0.77
5 |[4.98e-1°|0.84| 0.39] 0.0§ 0.10 0.1p —
6 |[1.83e-1 |1.01] 0.32 0.01 0.06 0.20 —
7 |6.74e-2 | 0.41]| 0.24 0.07 0.0 0.04 —
8 |[248e-2 | 0.37| 0.22 0.04 0.0 0.03 —
9 |[9.12e-3 | 0.31] 0.200 0.03 — —| —
10 | 2.04e-3 | 0.20| 0.0 002 —| — —
11 | 4.54e-4 | 0.04| 0.0 —| —| —| —
12 (226e5 | — | — | — | — | — | —
13 (4006 | — | — | — | — | — | —
14 5407 | — | — | — | — | — | —
15 (100e-7 | — | — | — | — | — | —
Total 1.54]| 1.97) 0.54 0.2 1.0p 0.G

*Uncertainties(%).

aHigh-energy group boundary.

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
‘Read as 4.9& 10 1.
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TABLE VIII
kesi—Uncertainties by Isotope—No Energy Correlation*

25

Isotope | ocap | Tiiss v Tel Oinel | On2n | Total
238p 0.01( 0.11] 0.07 — — — 0.11
23%py 0.04( 0.51] 0.1% —| 0.04 — 0.53
240py 0.05( 0.18| 0.05 —| 0.07 — 0.19
241py 0.04( 0.30] 0.03 —| 0.0] — 0.31
242p 0.01| 0.05| 0.02 —| 0.0] — 0.06
23"Np 0.24| 0.70| 0.21 — 0.14 — 0.78
24)Am | 1.32| 1.12| 0.38) — | 0.22 — 1.79

2427Am | 0.01| 0.09( 0.03] — | 0.0 — 0.10
243\m | 0.74| 0.59| 0.21f —| 0.60 — 1.14
242Cm S — _ — — S S
24Cm | — | 0.05| 0.01| — — — 0.05
244Cm | 0.13| 1.09| 0.18 —| 0.07% — 1.11
245Cm | 0.01| 0.41| 0.08 —| 0.01 — 0.42
246Cm _ _ _ _ _ _

S6Fe 0.03| — 0.05| 0.49 — 0.50
57Fe — — — — | 0.06 — 0.06
52Cr 0.01| — — | 0.01] 0.03 — 0.03
SBNi _ _ _ _ _ _
Zr 0.03| — — | 0.03| 0.07 — 0.09
15N — — — | 0.19( 0.01 — 0.19
Pb 0.02| — — | 0.10f 0.41 0.04 0.43
Bi 0.04| — — | 0.11| 0.49| 0.03 0.50
Total? 154 1.97| 054/ 0.2 1.0j% 0.04 2.77

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

the capture cross sections below 10 keV?6Am are
compared to those ¢f8U, 23%Pu, and?**Pu. Very little

resonance structure is observed above 100 eV.

The resonance structure &PAm is such that self-

tions (o, = 5, 100, and 500 )y and in the case af, =
100 b, at two different temperaturésee Table X

As an example, ai, = 100 b and at energy between

~1 keV and 200 eV, the self shielding effgdt— f) on

shielding effects and, consequently, the Doppler effecthe capture cross section increases for a temperature in-
on the self-shielding in a hard neutron spectrum, as therease from 300 to 980 K by20% in the case of*°Pu,

one found in MA transmuter systems, are much smalleby ~30% in the case 08U, and by<5% in the case of
than for other fissile and fertile isotopes. To show this?*Am. In this situation, a sensitivifjuncertainty analysis
feature quantitatively, we have calculated self-shieldin@s outlined in Sec. 11.B for indirect effects is fairly irrel-
factors corresponding to different potential cross secevant, the most important uncertainty being associated

35
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Fig. 8. Inelastic cross section for selected actinides. Fig. 9. Capturdn,y) cross section for selected actinides.
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TABLE [X
Self-Shielding Factor for the Capture Cross Section$#u, 24'Pu, 24’Am, and 238U

Isotope 23%py 241py 24Am 238y

op (b) 5 100 500 5 100 500 5 100 500 5 100 500

T (K) 300 | 300| 980| 300 30Q 300 98 300 300 3p0 980 300 BOO PBOO |980 (300

Energy

(MeV) f f f f f f f f f f f f f f f f
9.12E-032 1 0.89| 0.92| 0.95 0.99 091 0.95 0.4 1.p0 0J95 098 (.98 1[1.00 [0.89 |0.84 |0.90 | 0.98
5.53E-03 | 0.88| 0.90f 093 099 0.88 0.92 0.95 09 0]92 Q.96 .97 [1.00 |0.83 |0.77 | 0.86| 0.97
3.35E-03 | 0.77| 0.86] 0.91 0.99 0.8 0.89 0.92 099 091 Q.94 .96 [1.00 (0.81 [0.76 | 0.86 | 0.95
2.03E-03 | 0.82| 0.90f 0.9 099 o0.82 0.85 0.89 098 088 (@.90 .92 pP.99 [(0.65 [0.58 | 0.68 | 0.90
1.236-03 | 0.70| 0.81f 0.93 0.9y 0.7/ 0.84 0.89 0098 0j93 04.91 0.93 pP.99 [0.53 |0.47 | 0.58 | 0.85
7.49E-04 | 0.51| 0.66/ 0.74 094 0.683 0.41 0.Yy8 0J96 0}89 (.86 .89 pP.98 [0.46 [0.38 | 0.49| 0.82
4.54E-04 | 0.42| 0.55 0.64 0.92 0.60 0.7 0.y9 094 0|80 Q.83 .88 .97 |0.41 |0.34 | 0.43]| 0.75
3.04E-04 | 0.26| 0.44; 054 0.85 0.183 0.5 0.y0O 092 067 Q.74 .84 pP.95 [0.24 [0.19 | 0.24 | 0.59
1.49E-04 | 0.22| 0.37| 0.4 0.83 0.34 0.0 0.66 0093 0{34 0.59 .68 p.92 [(0.16 [0.12 | 0.14 | 0.43
9.17E-05 | 0.11| 0.18 0.21 064 0.21 042 048 0/89 0|37 Q.59 .69 D.94 |0.42 |0.32 | 0.42| 0.83
6.79E-05 | 0.06| 0.15( 0.1 0.64 0.37 0.32 051 094 031 (.51 .59 p.91 (0.13 [0.10 | 0.11 | 0.39
4.02E-05 | 0.30| 0.38 0.44 0.80 0.37 042 044 089 0{29 Q.42 .49 p.88 (0.11 [(0.10 | 0.10| 0.30
2.26E-05 | 0.13| 0.16| 0.1 0.59 0.12 0.17 0.19 0p6 0}]17 Q.23 .26 Pp.66 |0.11 |0.10 ({0.11| 0.31
1.37E-05 | 0.14| 0.22 0.23 0.68 0.13 0.19 0.21 0Jp1 0}23 Q.32 .36 p.80 (1.06 [1.09 | 1.10| 1.01
8.32E-06 | 0.09| 0.13 0.13 048 0.33 043 0.16 00 0}j15 04.23 .25 p.64 [(0.15 [0.15|0.16 | 0.35
4.00E-06 | 0.22| 0.22| 0.22 0.69 0.4/ 0.22 0.25 0,81 0j07 Q.10 .11 p.40 |1.00 |1.00 | 1.00| 1.00

aRead as 9.1X 1073,

with direct effects, i.e., to the self-shielding factors them-

IV.D. The Coolant Void Reactivity Effect

selves. Table X shows the actual self-shielding factor for )

the24lAm capture cross section in the system under study. A perturbation component breakdown of the coolant
The corresponding potential cross sectignhas been Void reactivity coefficient, both by energy group and by
evaluated to-400 b. A detailed resonance data reassesdsotope(see Tables Xl and X)| reveals the peculiar na-
ment for isotopes liké4Am seems then appropriate to ture pf that coefficient in the system consld_ered. The
improve the confidence in the Doppler calculation of aPositive spectral compone(gum of the elastie- inelas-
core with a MA-dominated fuel.

of 24)Am in the System Under Study

TABLE X
Self-Shielding Factors for the Capture Cross Section

Energy Energy

(MeV) f (MeV) f
9.12E-03 1.00 9.17E-05 0.96
5.53E-03 1.00 6.79E-05 0.90
3.35E-03 1.00 4.02E-05 0.93
2.03E-03 1.00 2.26E05 0.86
1.23E-03 1.00 1.37E05 0.92
7.49E-04 0.99 8.32E06 0.59
4.54E-04 1.00 4.00E-06 0.41
3.04E-04 1.00 5.40E-06 0.86
1.49E-04 0.94 1.00E 06 0.99

aRead as 9.1X 1073,

tic + (n, xn) remova) is higher than the leakage effect.
That high value is directly related to the shape of the
adjoint flux discussed previousl{see Sec. IIl.B and
Fig. 6). The compensation of positive and negative con-
tributions to the spectral effect, which can be written in
perturbation terms as

cool

A%y ) CSRE S EDRED

X [é*(E’,r)—@*(E,r)]dEdE’ dr , (37)

wherence® ando 29 are, respectively, the number den-
sity and the total scattering cross section of the coolant,
is due to the energy shape of the adjoint fib’x. In fact,
inspection of Fig. 6 allows us to understand the high
positive value of the spectral component in the system
under consideration.

The sensitivity analysis and the results of the uncer-
tainty analysis underline the major role played by the
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TABLE XI
Energy Group Breakdown of the Core Coolant Void Reactivity by Component*
Energy Elastic Inelastic+
Group (MeV) Capture Fission Leakage| Removal (n, xn) Removal Sum

1 1.964E+12 0.4 -04 -11.2 2.8 -31.3 —39.8

2 1.000E+1 0.5 — —58.3 7.4 203.8 153.4

3 6.065E+0 4.4 0.5 —221.9 —18.2 842.5 607.3

4 3.679E+0 20.9 5.8 —483.2 61.4 1413.5 1018.4

5 2.231E+0 45.1 12.8 —786.1 252.3 1487.0 1011.0

6 1.353E+0 53.1 40.8 —695.3 469.6 788.5 656.8

7 8.209E-1 67.3 31.7 -579.9 463.7 70.2 53.0

8 4.979E-1 59.4 -3.1 —401.6 245.0 0.5 —99.9

9 3.020E-1 59.9 0.2 —387.0 114.4 —-15 —214.1
10 1.832E-1 64.8 -0.3 —296.4 165.2 -0.1 —66.8
11 1.111E-1 49.8 1.0 —189.2 104.8 0.5 —33.2
12 6.738E-2 76.6 0.2 -117.2 60.2 0.2 20.0
13 4.087E-2 41.5 1.4 —62.4 21.5 — 21
14 2.479E-2 27.0 1.4 —35.9 12.5 — 4.9
15 1.503E-2 21.6 -3.8 —39.0 9.0 — -12.1
16 9.119E-3 5.7 -04 -5.3 0.3 — 0.4
17 5.531E-3 18.8 -1.0 -4.7 -2.4 — 10.7
18 3.355E-3 31.7 —-3.2 0.7 7.1 — 36.3
19 2.035E-3 6.2 -0.3 4.9 1.1 — 11.8
20 1.234E-3 60.6 -3.6 5.3 -9.6 — 52.7
21 7.485E-4 2.4 —-1.7 4.3 0.3 — 54
22 4.540E-4 0.4 -0.5 1.8 -05 — 1.2
23 3.043E-4 1.3 -1.4 3.9 0.1 — 3.9
24 1.486E-4 0.9 -04 1.6 —-0.2 — 1.9
25 9.166E-5 0.5 -0.7 1.2 0.2 — 11
26 6.790E-5 0.9 -0.7 1.3 0.1 — 1.7
27 4.017E-5 0.5 -0.2 0.4 -0.1 — 0.6
28 2.260E-5 0.3 -0.4 0.5 — — 0.4
29 1.371E-5 0.2 -0.1 0.3 — — 0.4
30 8.315E-6 0.2 — 0.2 — — 0.4
31 4.000E-6 — — — — — —
32 5.400E-7 — — — — — —
33 1.000E-7 — — — — — —

Sum 722.7 73.8 —4348.2 1968.0 4773.7 3190.0

*Values are in pcm.
3Read as 1.96% 10

coolant materials’i.e., Pb and Bi inelastic cross- effects due to the change in shape of the real and the
section uncertaintiegsee Tables Xl through X\Jl Note  adjoint fluxes, besides Pb and BF*Am, ?4Am, and
that direct effects on fissile isotopes are coming througi4“Cm play a significant role. Finally, to obtain the total
their contribution to the normalization integral of the uncertainty value, direct and indirect effects should be
denominator of Eq(37). summed ugi.e., total uncertainty:+38.899.

The uncertainty on the leakage term of the void co-
efficient is related targ uncertainties. Since these un-
certainties are smaller than, uncertainties, the overall .
uncertainty is determined by the spectral component re- The relatively low nominal value g8 for the sys-
lated data. As for direct versus indirect effect, Tables Xlllitem under consideratio(see Table I} is expected be-
through XVI show the relevance of direct effe¢tstal cause the delayed-neutron parameters of the NIAs
value of the related uncertainty:24.6% with respect particular Am and Crhare smaller than the correspond-
to indirect effects(+14.299. As indirect effects(i.e., ing parameters for U and Pu isotopes.

IV.E. The Effective Delayed-Neutron Fraction
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28 ALIBERTI et al.
TABLE XII
Isotope Breakdown of the Core Coolant Void Reactivity by Component*
Elastic Inelastic+
Capture Fission Leakage Removal (n,xn) Removal Sum
23Np 0.3 10.1 — 0.1 0.9 11.3
238py — 11 — — — 11
239y 3.8 -9.2 0.1 — 0.5 -4.8
240py 1.2 6.5 — 0.1 0.7 8.5
241py 0.2 0.7 — — — 0.9
242py 0.2 2.1 — — — 25
245Am 4.3 34.9 0.1 — 1.4 40.7
242mAm — 0.4 — — — 0.4
243Am 3.1 17.9 -0.1 0.4 -3.7 17.6
242Cm _ _ _ _ _ _
243Cm — 0.1 — — — 0.1
244Cm 2.6 8.9 — 0.2 0.3 11.9
245Cm — 0.4 — — 0.1 0.5
Zr 23.8 — -6.6 36.2 -16.3 37
15N — — -7.5 132.7 — 125.2
Fe 61 — -79.1 121.3 4.6 107.9
Cr 3.9 — -5.8 15.5 -5.7 7.9
Ni -0.3 — 0.1 0.4 -0.2 —
Mo — — — 0.3 -0.2 —
Mn 0.8 — — 0.8 0.3 1.9
w 0.3 — — — — 0.3
Pb 224.2 — —1913.2 728.3 2229.5 1268.8
Bi 393.2 — —2336.3 929.2 2561.4 1547.5
Sum 722.7 73.8 —4348.3 1965.5 4773.7 3187.4
*Values are in pcm.
TABLE XIllI
Void Coefficient—Uncertainties by Group—Direct Effect*
Group| (MeV)2 | ocap | 0tiss | ¥ | Tel | Tinet | on2n | TotalP
1 19.6 —| 01| —| —| 18 17
2 6.07 0.1 11 02 19 18f —
3 2.23 0.2 13 03 23 12p —
4 1.35 05| 19 03 2 8P —
5 |[4.98E-1°| 05| 05 0.1 1.4 01 —
6 1.83E-1 | 04| 0.4 0.1 1. — —
7 6.74E-2 | 06| 0.3] 0.4 04 — —
8 248E-2 | 0.2 0.2] —| 0.3 — —
9 9.12E-3 | 0.2 0.2 —| —| — —
10 204E-3 [ 03| 01| —| —| — —
11 | 4544 | — | — | —|—| — | —
12 |226E5 | — | — | —|—| — | —
13 4006 | — | — | —| — | — —
14 [B40E7 | — | —|—|—| — | —
15 |100E7 | — | —|—|—| — | —
TotalP 11| 27| 0.5 4.3 24.(r 1.7 24 .4

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
‘Read as 4.9& 1071
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TABLE XIV

Void Coefficient—Uncertainties by Isotope—Direct Effect*

Isotope

Ocap Ttiss

Oel

Tinel

onon | Total

238pu
239pu
240pu
241Pu
242pu
237N
241Am
242mAm
ZA%m
242Cm
243Cm
244Cm
24SCm
246cm
SGFe
57|:e
SZCr
58Ni
Zr
15N
Pb
Bi

OPrrooooo
OFR OO RMNOR

|
| or 9|
abpE

o
Lrrstpp byl

wpeo
NN

Oproooopo
oFoorRrrWR

o tok

||o|_OH.o|O

Total

11 2.7

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

The uncertainty analysis related to indirect effects, The overall uncertainty due to indirect effects is
performed on the basis of the formulations of Sec. I11.B.7+10%, with a relevant contribution of*Am, 24Am,
is summarized in Tables XVII and XVIII.

and?#*4Cm data and some impact of the coolant material

TABLE XV

Void Coefficient—Uncertainties by Group—Indirect Effect*

GTOUP (MeV)a Ocap | Ofiss v Oel | Tinel | On,2n TOtalb
1 19.6 0.1 0.7/ 0.2 01 0.9 04
2 6.07 01| 49 1.7 1.9 9.4 —
3 2.23 0.1| 1.6/ 0.6 2.2 275 —
4 1.35 09| 22 05 29 1.3 —
5 |498E-1°| 28| 1.0| 0.2 24 11 —
6 |[183E1| 38| 10| 02 149 0§y —
7 | 674E-2 | 22| 12| 0.4 03 0.3 —
8 248E-2 | 21| 12| 0.2 0.4 04 —
9 |912E3 | 22| 15|/ 024 01 —| —

10 2.04E-3 | 1.0| 05| 0.4 0.4 — —
11 4544 | 01| —| —| 0.1] — —
12 226E5 | — | — | — | — | — —
13 |400E6 | — | — | —|—| — | —
14 | 5407 | — | — | — | —| — | —
15 100E7 | — | — | —| —| — —
Total 6.2 | 6.2 19 49 9.7 0.9

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

°Read as 4.9% 101
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30 ALIBERTI et al.
TABLE XVI
Void Coefficient—Uncertainties by Isotope—Indirect Effect*
Isotope | ocap | Tiiss | ¥ el | Oinel | On2n | Total
238py — | 03 | 01| — — — 0.3
2%Pu | 0.2 1.7 | 05| —| 02 — 1.8
240py 0.2 0.4 0.1} —| 0.1 — 0.5
241py 0.1 1.3 0.1 —| 0.1 — 1.3
242py | 0.1 0.1 —| —| 01 — 0.1
2Np | 1.2 1.8 | 06 —| 0.8 — 2.4
24Am | 5.2 3.9 15 —| 1.2 — 6.8
2427Am — 0.4 01| — — — 0.4
24Am | 3.1 21 | 08| —| 2.0 — 4.3
242Cm _ — _ - _ _ _
2Cm | — | 0.2 — | — — — 0.2
244Cm | 0.6 2.8 5] —| 04 — 3.0
245Cm — 1.7 03| — — — 1.7
246Cm _ — _ — _ _ _
S6Fe 0.1 — — | 17| 1.8 — 2.5
S7Fe — | — | 01] 05 — 0.5
52Cr — — | — | 05] 0.2 — 0.6
58Ni _ _ _ _ _ _ _
Zr 0.1 — | — | 06| 1.3 — 14
15N — — | — | 06| 0.1 — 0.6
Pb | 0.1 — | —| 29| 5.2 0.5 6.0
Bi 0.1 — | — | 34| 75 0.7 8.3
Total 6.2 6.2 19| 49| 97 0.9 14.2
*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
TABLE XVII
Ber—Uncertainties by Group—Indirect Effect*
Group| (MeV)2 | ocap | 0tiss | ¥ | Tel | Oiner | on2n | Total
1 19.6 — | 03[ 0.1 — 0.2 0.2 0.5
2 6.07 0.1 3.1 1.9 O. 2.8 — 4.3
3 2.23 02| 40 1.3 04 2.4 — 4.9
4 1.35 06| 3.1f 0.9 03 21 — 3.4
5 |4.98E-1¢| 22| 09| 0.2 0.3 0.6 — 2.5
6 (1831 | 44| 13| 03 03 0.8 — 4.6
7 |674B-2 | 21| 11| 0.3 02 0.1 — 2.4
8 |[248E-2 | 19| 11| 020 03 0.1 — 2.2
9 9.12E-3 15| 09| 0.2 — — — 1.8
10 | 2.04e-3 | 08| 03] 0.1y —| —| — 0.9
11 4544 | 01| 01| —| —| — — 0.1
12 |22665 | — | — | —|—| — | — —
13 |400E-6 | — | — | —|—| — | — —
14 |540E7 | — | —|—|—| — | — | —
15 |100E7 | — | — | —|—| — | — —
TotalP 59| 6.4| 20 08 4.4 0.2 10.4

*Uncertainties(%).
aHigh-energy group boundary.

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

‘Read as 4.9& 10 L
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TABLE XVIII
Bei—Uncertainties by Isotope—Indirect Effect*
Isotope | ocap | Oriss v Oel | Oinel | Onon | Total
238py — 03] 01 — — — 0.3
239y 0.2 15| 04 — 0.1 — 1.5
240py 0.2 05| 01f — 0.1 — 0.5
241py 0.1 13| 01 — — — 1.3
242py 0.1 0.1 — — — — 0.2
27Np | 1.1 | 19| 06| —| 06| — 2.3
245Am 5.0 4.2 15 — 0.8 — 6.7
242mAm — 03] 01| — — — 0.4
2237m [ 29 [ 23| 08| —| 1.9 — 4.3
242Cm _ _ _ _ _ _ _
243Cm — 0.2 — | — — — 0.2
244Cm 0.6 29| 05| — 0.3 — 3.0
245Cm 16| 03| — — — 1.6
24GCm _ _ _ _ _ _ _
56Fe 0.1 — — | 0.1 1.6 — 1.6
5Fe — — | — —1] 01 — 0.1
52Cr — — | — | =] 01 — 0.1
58Ni _ _ _ _ _ _ _
zr 01| — | —| 01| 04 — 0.5
15N — | — | =104 — — 0.4
Pb | 01| —| —| 04| 20| o01 2.1
Bi 02 | — | —|05| 27 0.2 2.8
Total 5.9 6.4 | 20| 0.8 4.4 0.2 10.0

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

cross sectionsPb and BJ. As for direct effects, the ma- should also be associated with the spectra of the delayed
jor contribution comes from the uncertainty on the meameutrons. But this will modify only slightly the value
values of the delayed-neutron yiekfsThe sensitivity quoted previously, since the sensitivity gf; to varia-

coefficients are given byfor each fissile isotopen) tions of they{ is relatively smalf*
0y _ P IV.F. The Reactivity Loss During Irradiati
S(pd) = — . (38 .F. The Reactivity Loss During Irradiation

This parameter plays an important role in the overall
The value of these sensitivity coefficients is givenperformance assessment of a dedicated core because the

in Table XIX. The uncertainties to be used with thesedominating MA isotopes in the fresh fuel are trans-
coefficients can be deduced by the extensive work dodormed during irradiation in more reactive isotop@s
umented in Ref. 25. Accounting for the existing measurein the transmutation of4Am into 24Am, 23’Np into
ments and their associated experimental uncertainties,?8®Pu, 244Cm into 24°Cm, etc). This fact could give rise
value of £10% can be associated with Pu isotopes andb a reactivity increase during irradiation, and the intro-
+20% with MAs. This gives a value of uncertainty of duction of Pu in the fresh fuel is a measure to counter-
+5.3% onBes due to the direct effect which can be balance that effect because the burnup*u anc**Pu
combined to the indirect effect to give a total uncertaintyresults in a strong reactivity loss. Inspection of Table XX,
of approximately+15%. Note that a further uncertainty which gives the perturbation breakdown of the total effect,

TABLE XIX
Direct Effect Sensitivity Coefficient6%) for Bes*

237Np 238pu 239pu 240pu 24lpu 242pu 241Am 242 Am 243\ m 24SCm 244Cm 245Cm

Bo/Bex | 12.07 | 1.32| 33.01 534 258f 3.3p 5.88 11 7.32 0.13 2}46 2(24

*Values are in percent.
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32 ALIBERTI et al.
TABLE XX
Ap e (1 yr)—Perturbation Breakdown by Isotope*
Elastic Inelastic+
Isotope Capture Fission Removal (n,xn) Removal Sum

234y -25 6.0 — -0.9 2.6
235y -0.1 1.2 — 0 11
236y -0.1 0.1 — 0 -0.1
23"Np 616.6 —659.9 -1.7 74.8 29.8
238py —264.5 3060.5 — -55.4 2740.6
23%py 277.2 —5389.0 -2.2 82.2 —5031.8
24%py —28.6 108.6 0.8 -7.5 73.3
241py 100.9 —2032.1 -0.9 19 —1913.2
242py —43.2 139.5 0.6 -11.6 85.2
243Am 1712.8 —1620.4 -2.6 127.3 217.0
242mAm —-39.3 1354.4 -0.2 -21 1293.9
242Am -1.1 29.3 — -0.3 28.0
243Am 870.9 —700.3 -0.9 199.1 368.8
242Cm —-119.2 986.2 -0.1 —45.1 821.9
243Cm -0.1 14.1 — -0.1 13.9
2449Cm —135.6 735.6 -0.2 —36.6 563.1
245Cm -5.6 327.0 0.1 -2.4 319.1
246Cm -1.2 10.8 — -0.7 8.8
247Cm — 1.3 — 0 1.3
Fission products —574 0 —-41.1 —286.3 -901.3
Sum 2363.2 -3627.3 —48.6 34.6 -1278.2

*Values in pcm.

allows us to see clearly the different effects and their  Finally, sensitivity coefficients for nuclide density
order of magnitude. The totalp<°® value is then the variation obtained with the cross sections determined at
result of the compensation of large positive and negativ8OL do not change significantly if calculated at EOL.
contributions. This situation can give rise to large directEven the average flux level in the core changes just from
effects [both due todnX and ApX, see Eq.(22) in  1.944X10'®n/s-cm 2?atBOLt02.018<10*®n/s-cm?
Sec. 11.B.4, and indirect effects will play a lesser role. at EOL.
This is confirmed by the results of the uncertainty analy-
sis summarized in Tables XXI through XXIV. The
total uncertainty value is large, as expecteg+50%,
~600 pcm and can have significant effects. For exam-  The value quoted in Table Il was obtained using the
ple, in the case of an ADS and for a compensation of thelata of the ORIGEN cod¥.The breakdown of the con-
reactivity loss by a change of the proton beam currentyibution of heavy isotopes, fission products, and light
one should allow a relevant margin on the maximumisotopes is given in Table XXVI. The contribution of
current required from the accelerator to allow for uncerseparated heavy isotopes is given in Table XXVII. As far
tainties on the nominal value afp e as the relative contributions of heavy elements, light ele-

As expected?*Am, 243Am, 242"Am, and?**Cm cap- ments, and fission product and their evolution in time, a
ture and fission data uncertainties play a major role. comparisor(see Table XXVII|) with the values obtained

As anticipated in Sec. 11.B.3, in this analysis we ne-for the typical fast reactor SUPERPHENIRef. 26
glected the coupling between the nuclide density variaindicates that the presence of MAs in the fuel increases
tion and flux field because itis assumed to be of negligibléhe contribution of heavy isotopes with respect to the
impact. In fact, Fig. 10 shows the comparison of the fluxfission product component already at short cooling times,
spectrum calculated at beginning of lifOL) and at in particular due to the presence of Cm.
end of life (EOL). The difference is practically insigni- We have not attempted a full uncertainty analysis of
ficant, which is confirmed by inspection of one-groupthe decay heat data, such as the one documented in
cross sections calculated at BOL and at EGlee Ref. 27. However, partial but significant information
Table XXV). can be obtained using the uncertainties on the nuclide

IV.G. The Decay Heat
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TABLE XXI
Ap©ce (1 yr)—Uncertainties by Isotope—Indirect Effect*
Isotope | ocap | Triss v el | Oinel | On2n | Total
238py 0.03| 0.24| 0.04 — 0.01 — 0.24
239py 0.21| 1.47( 0.37 — 0.10 — 1.53
240py 0.16| 0.19] 0.0§ — 0.0¢4 — 0.24
241py 0.09| 1.16| 0.10 — 0.0 — 1.14 ]
242py 0.06| 0.04| 0.02 — 0.0 — 0.04
Z7Np | 1.22| 0.48| 021 —| 044 — 1.41 —
24)Am | 3.56 | 1.06| 0.50[ — 0.68 — 3.81]
242nAm | 0.02 | 0.37| 0.11 — 0.02 — 0.39
24Am | 2.36 | 0.55| 0.28] — 0.95 — 2.62
242Cm — _ S _ S _ _
24Cm | — | 0.18| 0.03| — — — 0.18
244Cm | 0.58( 0.85| 0.19 — 0.27 — 1.08
245Cm | 0.05( 1.67| 0.32 — 0.03 — 1.70
246Cm — _ — _ _ _ _
56Fe 0.12| — — | 0.17] 1.24 — 1.26
S7Fe 0.02] — — | 0.01] 0.18 — 0.18] -
s2cr | 003| — | — | 0.06| 013 —| 0.14 R
58N — — — — 0.01 — 0.01 ELASTIC
Zr 010 — — | 0.09| 041 — 0.43
15N 001 — — | 0.43| 0.05 — 0.43
Pb 0.05| — — | 0.29] 2.13 0.09 2.15 CAPTURE
Bi 0.15| — — | 0.36| 2.84| 0.06 2.86
TotalP | 4.50 | 2.99| 0.82| 0.66 4.01) 0.06 6.8

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

densities at EOL, which is discussed in Sec. IV.H. Astudies, in particular at long decay times as for reposi-

substantial improvement of decay-heat-related data i®ry impact evaluation.

needed in the case of MA-dominated fuel if a decay heat

target accuracy of=10% is required for future design is required.

TABLE XXII

Ap%°e (1 yr)—Uncertainties by Group—Direct Effect 6i-*

Group| (MeV)? | ocap | Ofiss | ¥ | Tl | Tinet | Tn2n | TotalP
1 19.6 — 0.6/ 0.2 — 0.1 — 0.6
2 6.07 0.1 64 19 — 1.6 — 6.9
3 2.23 03[ 95 29 — 2.7 — 10.3
4 1.35 53 209 51 —4 5.6 — 22.9
5 4.98E-1°¢| 9.7| 12.0| 2.4 —| 1.9 — 15.7|
6 1.836-1 | 11.8( 7.7f 1.1 — 2.0 — 14.3
7 6.74E-2 49| 55 1.4 —| 0.2 — 7.5
8 2.48E-2 45| 4.7 1.0 —| — — 6.6
9 9.12E-3 3.9 40 09 —| — — 5.7

10 2.04E-3 25 19/ 0.5 —| — — 3.2
11 4.54E-4 0.4 03] 0.1} —| — — 0.5
12 2.26E-5 — — | — =] — — —
13 4.00E-6 — | = | == — — —
14 5.40E-7 — — | — =] — — —
15 1.00E-7 — — | =] = — — —
Total 18.1| 29.00 7.2 — 7.0 — 35.6

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
‘Read as 4.9& 107%
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TABLE XXl
Ap©ce (1 yr)—Uncertainties by Isotope—Direct Effect 6&*
Isotope Ocap | Tiiss | ¥ | Oel | Tinel | On2n | Total
238py 1.1 143 29 — 0.3 — 14.9
23%py 0.6 6.0 14 —| 05 — 6.2
240py 0.1 0.7 0.4 — — — 0.7
241py 0.6 4.1 0 — 0.1 — 4.2
242py 0.2 0.7 00 — O.1 — 0.7
23"Np 2.6 6.2 1.99 —| 15 — 7.1
24Am 16.0| 11.7| 4.1 —| 2.6 — 20.4
242rAm 05| 7.6 23] —| 05 — 8.0
24Am 76| 5.0| 1.8 —| 5.9 — 11.0
242Cm 14| 10.7f 24 — 1.0 — 11.1
243Cm — 0.2 —| —| — — 0.2
244Cm 16| 141 23 — 0.8 — 14 .4
245Cm 0.1 3.2 0. —| 0.1 — 3.2
246Cm — 01| —| —| — — 0.1
56|:e — _ — _ — _ —
57Fe J— J— — _ —_ —_— - ¢ l::;“‘rr
52Cr _ _ _ _ _ _ _ o ! FLAS
58Ni o o o o o o o ; g n—[u.sm-
Zr — — — —_— —_— — — FISSION
15N — — — — - — - CAPTURE
Pb — | = = =] — — — 1
Bi — | === = — — =
Fission product 1.4 —| — — 1.8 — 2.1 &
Total? 18.1| 29.01 720 —| 7.0 — 35.6

*Uncertainties(%).

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

TABLE XXIV
Ap©ce (1 yr)—Uncertainties by Isotope—Direct Effect 6n*

Isotope Ocap Ofiss On,2n Total®
238py 0.01 0.03 — 0.04
23%py 0.03 0.08 — 0.09
240py 0.10 — — 0.10
241py 0.07 0.14 — 0.16
242py 0.01 — — 0.01
23"Np 0.20 0.01 — 0.20
24IAm 1.30 0.56 — 1.42

2427am 0.05 0.13 — 0.14
243\m 1.43 0.60 — 1.55
242Cm 0.01 0.02 — 0.02
244Cm 3.96 0.49 0.01 3.99
245Cm 0.30 1.97 — 2.00
Total? 4.43 2.20 0.01 4.95

*Uncertainties(%).

aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

IV.H. Transmutation Potential ¢8Pu,
2410 2420\m 243\m, 242Cm, 244Cm),

and24°Cm

cator of the potential of a dedicated core to transmute that
nuclide. A full sensitivity analysis, according to the for-
mulation of Sec. 11.B.3, has been performed for selected
nuclei:2%8Pu,?4Am, 242"Am, 243Am, 242Cm, ?44Cm, and

The variation of the nuclide density over one irradia-2>Cm. The nuclide density variation for these isotopes
tion cycle(or 1 yr), for example, can be taken as an indi-for a 1-yr irradiation at full power was given in Table II.
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Fig. 10. Flux spectrum in the cell at BOL and after 1-yr irradiati&@®OL).
TABLE XXV
One-Group Cross-Section Evolution in Time
Fission Capture
BOL EOL? BOL EOL?
23"Np 3.90E-1P 3.80E-1 1.23E+0 1.26E+0
23%py 1.71E0 1.72E+0 3.83E-1 3.93E-1
240py 4.46E-1 4.37E-1 4.44E-1 4.54E-1
241py 2.25E+0 2.27E+0 4.76E-1 4.81E-1
242py 3.23E-1 3.16E-1 3.76E-1 3.85E-1
24Am 3.17E-1 3.10E-1 1.59E+0 1.62E+0
242mAm 2.80E+0 2.83E+0 4.16E-1 4.23E-1
242iAm 2.82E+0 2.85E+0 5.17E-1 5.23E-1
243Am 2.50E-1 2.44E-1 1.35E+0 1.37E+0
242Cm 6.71E-1 6.60E-1 3.83E-1 3.94E-1
243Cm 2.93E+0 2.96E+0 1.63E-1 1.68E-1
244Cm 5.11E-1 5.00E-1 4.37E-1 4.45E-1
245Cm 2.40E+0 2.42E+0 2.56E-1 2.62E-1

aEOL (1 yr).
bRead as 3.9x 10 L

The major contributions to the uncertainty associ-in particular to the?*4Cm capture cross-section assumed
ated with these variations due to dd&ssentially cross uncertainty.
section$ uncertainties are summarized in Table XXIX. This result is relevant, sinc&“Cm is the gateway
Once more as expected, the capture and fission cro$s higher mass isotopes, some of them with potentially
sections of*Am and?*Am have significant effect@ver-  relevant effects on the fuel cycle.g., ?5°Cf, strong
all uncertainty on the nuclei density variation20%). neutron emitter by spontaneous fissiofthese higher
The case of*°Cm is very interesting because there is am€mass isotopes do not appear in our present study, lim-
indication of a potential uncertainty of a factore2 on ited to one cycle irradiatiofl yr), but will be very
the 245Cm buildup at the end of the 1-yr irradiation, duerelevant in the case of multiple recycle of the MA fuel.
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TABLE XXVI
Decay Heat and Its Evolution in Time*
Dischargé 500 s 1000 s 3000 s 1h 12 h 1 day 10 day
Light elements 6.98FE4P 5.72E+4 | 5.46E+4 | 5.24E+4 | 5.19E+4 | 4.21E+4 | 4.14E+4 | 3.89E+4
Heavy elements 5.64E6 5.51E+6 | 5.40E+6 | 5.14E+6 | 5.09E+6 | 4.85E+6 | 4.77E+6 | 4.38E+6
Fission products| 1.93E7 6.36E+6 | 5.39E+6 | 3.84E+6 | 3.61E+6 | 1.70E+6 | 1.39E+6 | 6.93E+5
Total 2.51E+7 1.19E+7 | 1.08E+7 | 9.03E+6 | 8.76E+6 | 6.59E+6 | 6.20E+6 | 5.11E+6
*Decay heatW).
AEQL (2 yr).
bRead as 6.9& 10%
TABLE XXVII
Decay Heat—Heavy Element Breakdown by Isotope*
Dischargé 500 s 1000 s 3000 s 1lh 12 h 1 day 10 day
U 7.63E+0P 7.62E+0 7.61E+0 7.59E+0 7.58E+0 7.29E+0 7.01E+0 3.71E+0
Np 3.05E+5 3.04E+5 3.04E+5 3.01E+5 3.01E+5 2.58Et+5 2.19E+5 1.15E+4
Pu 9.59E+-4 9.58E+4 9.56E+4 9.50E+4 9.49E+4 8.93E+4 8.81E+4 8.85E+4
Am 9.08E+5 7.73E+5 6.65E+5 4.08E+5 3.66E+5 1.73E+5 1.34E+5 7.83Et+4
Cm 4.33E+6 4.33E+6 4.33E+6 4.33E+6 4.33E+6 4.33E+6 4.33E+6 4.20E+6
Bk 1.37E-3 1.35E-3 1.33E-3 1.26E-3 1.26E-3 7.09E-4 6.58E-4 6.41E-4
Cf 2.16E-4 2.16E-4 2.16E-4 2.16E-4 2.16E-4 2.17E-4 2.17E-4 2.22E-4
Total 5.64E+6 5.51E+6 5.40E+6 5.14Et+6 5.09E+6 4.85E+6 4.77TE+6 4.38E+6
*Decay heatfW).
BEOL (2 yr).
bRead as 7.6X% 10°
TABLE XXVIII
Decay Heat—Relative Contribution of Heavy Isotopes and Fission Products at Different Cooling Times*
Dischargé 500 s 1000 s 3000 s 1lh 12 h 1 day 10 days
ADS
Heavy elements 23 46 50 57 58 74 77 86
Fission products 77 53 50 43 41 26 22 14
Superphenix
Heavy elements 8.9 NA 20.2 22.3 22.5 32.3 34.1 22.8
Fission products 89.7 NA 74.6 72.6 72 63.7 62.1 73.2

*Relative contribution(%).
BEOL (2 yr).

The uncertainties related to their buildup have to beshape in the core shows a marked gradient, which gives
carefully assessed in performing full-fuel-cycle and transfise to a maximum-to-average power ratioe2.9 (see
mutation scenario studies. Table Il). This parameter is important because the cool-
ing system of the system, for example, should account for
IV.l. The Peak Power Value the power gradient and its possible evolution in time.
and Its Uncertainty We have performed the uncertainty analysis using
The system considered for the present analysisis subhe perturbation formulation of Sec. 11.B.2, for the
critical by ~5%AK/K, and as expected, the radial powerfollowing reaction rate ratio:
NUCLEAR SCIENCE AND ENGINEERING
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TABLE XXIX
Uncertainties on the Nuclear Density Variation?8fPu, 24’Am, 242"Am, 243Am, 242Cm, 244Cm, and?**Cm*
Isotope Uncertainty due to: Total
237Np 238Pu 241Am 24ZCm
238py Capture Fission Capture Fission Captu Fission Capture Fisgion

3.67 0.12 0.19 0.61 6.31 0.04 0.06 0.09 7.33

24]Am
241Am Capture Fission

11.06 10.31 15.12

24]Am 242‘nAm
2427Am Capture Fission Capture Fission
15.70 0.15 0.83 2.45 15.91
242Pu 243Am
243Am Capture Capture Fission

0.22 10.66 10.94 15.28

24]Am 242Cm
242Cm Capture Fission Capture Fissioh

12.54 0.15 0.17 0.27 12.54

24%m 244Cm
2449Cm Capture Fission Capture Fissioh (n,2n)

23.48 0.20 4.98 8.75 0.20 25.55

24%m 244Cm 24SCm
245Cm Capture Fission Capture Fissioh (n,2n) Capture Fission | (n,2n)
4.82 0.03 72.33 1.71 0.04 5.48 36.10 0.03 81.19

*Values are in percent.

mum power is observed.

PMax —
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The major contribution to uncertaintgtotal value
+20.5% is given by?*Am and?4Am capture and fis-
sion cross sectiong**Cm fission, and®*Am inelastic

NUCLEAR SCIENCE AND ENGINEERING
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cross sections. AlsG%Fe, Pb, and Bi inelastic cross-
section uncertainties make a significant contribution.

An inspection of the sign associated with the sensi-
wherer = ryay IS the spatial position where the maxi- tivity coefficients shows that for all isotopes, the capture
sensitivity coefficients are positive and those for fission
The results are shown in Tables XXX and XXXI. are negative over the entire energy range. The inelastic
cross-section sensitivity coefficients are positive down
to a few hundred kilovolts. In fact, an increase of the
capturegor a reduction of v — 1) oy ] means an increase
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TABLE XXX
Power Peak—Uncertainties by Group*
Group| (MeV)? | 0cap | Tfiss | ¥ | Oel | Tinel | Tnzn Total
1 19.6 — | 04 0 — 0.4 — 0.5
2 6.07 0.1] 39 1.3 0.2 3.4 — 5.4
3 2.23 0.2l 58 1.9 0.2 3.3 — 6.9
4 1.35 36| 11.d 3.0 1.6 6. — 13.5
5 498E-1¢| 6.5| 2.9| 0.6/ 0.4 1.6 — 7.3
6 1.83E-1 79| 2.4 0.5 04 1.5 — 8.4
7 6.74E-2 3.2] 18| 0.5 0.4 0.3 — 3.8
8 2.48E-2 29| 16/ 0.3 —| 0.3 — 3.4
9 9.12E-3 2.4 15/ 0.2 0.1 — — 2.9
10 | 2.04e-3 | 16| 06| 014 0.4 —| — 1.7
11 4 54E-4 0.3] 0.1 —] 0.1] — — 0.3
12 |226E5 | — | — | —| —]| — | — —
13 4.00E-6 — — | == — — —
14 |5407 | — | — | —|—| — | — —
15 1.00E-7 — — | = —| — — —
TotalP 12.0] 13.9] 3.9 1.8 8.0 — 20.5

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

‘Read as 4.9& 101

of the subcritical level and, as consequence, a more peakadutrons to lower importance energy regions, with a con-
behavior of the power shape. As for the inelastic crossequent decrease in the reactivity level and increase of
sections and in view of the sharp slope in energy of thehe power gradient. Finally, note once more the signifi-
adjoint flux (see Fig. 6, an increase ofr, will transfer  cant contribution of the**Am inelastic cross section

TABLE XXXI
Power Peak—Uncertainties by Isotope*
Isotope | ocap | Oriss v Oel | Oinet | On2n | Total
238p 0.1 0.8 0.2 — — — 0.8
239y 0.3 3.7 0.8 — 0.3 — 3.8
240py 0.4 1.3| 04| —| 01 — 1.4
241py 0.3 22 02| —| o021 — 2.3
242p 0.1 0.4| 0.1 — — — 0.4
2BINp | 19| 49| 15| —| 11| — 5.6
241Am 10.3 79| 2.7 — 1.7 — 13.4
242mA M — 0.7 0.2 — — — 0.7
243/\m 5.8 42| 15| — 4.7 — 8.7
242Cm S _ _ _ S _ S
243Cm — 03| 01| — — — 0.4
244Cm 1.0 77| 13| — 0.5 — 7.9
245Cm 0.1 3.0| 0.6 — 0.1 — 3.1
246Cm _ _ — _ _ _ _
56Fe 0.2 — — | 05 3.9 — 3.9
57Fe — — — — 0.5 — 0.5
52Cr — — — | 0.1 0.2 — 0.2
58Ni — — _ _ — — —
zr 0.2 — — | 0.4 0.6 — 0.7
15N — — | — | 16| 01 — 1.6
Pb 0.2 — — | 0.2 3.0 — 3.0
Bi 0.2 — — | 0.3 3.6 — 3.6
Total? 12.0 | 13.9( 3.9 1.8 8.0 — 20.5

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
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TABLE XXXII
Main Parameters of the Reference System
Maximum dp& | Maximum He Productiof| Maximum H Productioh Maximum
Calculation o* | (st xcm™3) (sT1xcm™3) (s*1xcm3) (He production/dpa?
150 MeV—Referenceé 1.20 2.58H6 7.31E+15 7.31E+16 0.28
20 MeV—Option A | 1.18 2.58E16 6.15E+15 6.77E+16 0.24
20 MeV—Option B | 1.29 2.59E 16 9.28E+15 7.49E+-16 0.36

aSee text for description.
bRead as 2.5& 10

already indicated previously in the case of other integratall this calculation option A. The availability of a
parametergkes, etc). multigroup library extended to 150 MeV, based on the
data evaluated at Los Alamos National Laboratge
Sec. 1.0, allowed us to check this approximation. An-
other approximation was also checked, i.e., a calculation
with the upper energy boundary still at 20 MeV but with
the high-energy neutron sourcekat- 20 MeV added to
the first group of the energy structure between 0 and

A few of the parameters considered in our study car20 MeV (option B). The three calculation@nultigroup
show a significant sensitivity to data at energy>  extended to 150 MeV taken as reference; multigroup up
20 MeV. This is the case gf*, Max He and H produc- to 20 MeV: options A and Bare shown in Table XXXII.
tion, Max dpa, and MaxHe production/dpa. A better agreement is shown with respect to the ref-

The nominal values given in Table Ill were calcu- erence when option Ais used. Option B tends to provide
lated using the cross-section library with upper energpverestimated values, giving too much weight to the neu-
boundary at 20 MeV and with the high-energy neutrortrons at~20 MeV. This effect is made evident by a com-
source(E > 20 MeV, calculated with MCNPXredis- parison of the spectrum at high energly > 1 MeV)
tributed on the energy range from 0 to 20 MeV. Weobtained with the three calculatiofsee Fig. 11

V. PARAMETERS WITH HIGH-ENERGY
(E > 20 MeV) DATA DEPENDENCE

1.E-1 4

150 Mev (Reference)

M L L A 20 MeV (Option B)

£ 1E2 E—

- ] — ———20MeV (Option A)

e ]
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Fig. 11. Flux spectrum above 1 MeV as obtained with three different calculations to account for high{&her@p MeV)
neutrong(see text for details The three spectra have been normalized to the same integral value over the full energy range.
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The extension of the multigroup cross-section li-values by energy group and by isotope and reaction type
brary up to 150 MeV has a significant impact on someare given in Tables XXXIII and XXXIV.
parameters like the Max He production and, conse- Ingeneral, due to the nature f and its expression
quently, on the MaxHe production/dpa in the structures. as a ratio, the impact of cross-section uncertainties is
On the other hand, the multigroup library extensionrelatively small(total uncertainty value with no energy
up to 150 MeV has been shown to have a negligibleorrelation less thar-3%). The impact of high-energy
impact on parameters likkes, reactivity coefficients, data,E > 20 MeV (in particular,oi, ando, o, of Pb and

reactivity loss during irradiation, power peak, etc. Bi), is limited.

Finally, for the sensitivityuncertainty analysis for
¢*, Max He and H production, Max dpa, and Mée V.B. Max dpa, Max He and H Production,
production/dpa, the reference librarff.e., multigroup Max (He Productionjdpa

extended to 150 MeYhas been adopted.

As for uncertainties, the uncertainties associated with Among the parameters considered, the four most sen-
the cross sections extended to 150 MeV have been usédive to high-energy data are shown in Tables XXXV
in a 17-group structure, adding two more groups to théhrough XLII. These tables give the indirgée., related
15-group structure corresponding to the reference lito flux changes components of the uncertainty. How-
brary with upper limit aE = 19.64 MeV(Tables IV, v, ever, for the case of the Max He and H production, a
and VI): the energy boundaries of these two groups argignificant part of the uncertainty comes from direct ef-
150 to 55.2 MeMgroup 1 of the new 17-group structure fects, i.e., the effects due to the uncertaintiegrotr)
and 55.2 to 19.64 MeVgroup 2. As for the uncertain- and(n, p) cross sections in the structures. We have as-
ties related to the cross sections, the uncertainties umed at20% uncertainty for all these cross sections.
group 1 in the usual 15-group structure have been multifhe final uncertainty value is obtained by the linear sum
plied by a factor of 3 in group 1 and by a factor of 2 in Of the direct and the indirect effects components of the
group 2 of the new 17-group structure to account for thaincertainty(see Table XLII).

larger spread of data observed at higher energy. The total uncertainty is significant and obviously
has an impact on the Ma¥e production/dpa, which is

relevant in the assessment of material damage, and for

characterizing appropriate irradiation conditions, in par-
The formulation given in Sec. II.B.5 has been usedicular in spallation-source-driven systerfsee, for ex-

to derive sensitivities and uncertainties. The uncertaintample, Ref. 28

V.A. Thep* and Its Uncertainty

TABLE XXXIII
¢*—Uncertainties by Group*
GTOUP (MeV)a Ocap | Ofiss v Oel Tinel | On,2n TOtalb
1 150 — [ 0.03f 0.0 —| 0.08 —| 0.08
2 55.2 0.0y 0.0 0.0p — 0.82 036 0.90
3 19.6 0.0 0.0 0.0p 0.02 0.3 0.49 0.72
4 6.07 | 0.0 0.03 0.0 0.4 096 — 0.9%
5 2.23 | 0.02 0.19 0.0p 0.20 1.00 — 1.04
6 1.35 | 0.33 0.8 0.24 0.33 0.95 1.40
7 | 4.98E-1°¢(0.72| 0.30] 0.04 0.09 0.19 — 0.81
8 1.83E-1 [ 0.92| 0.27] 0.0 0.0p 0.1f7 — 0.98
9 |6.74E-2 | 0.41| 0.220 0.07 0.0 0.02 — 0.4f
10 2.48E-2 | 0.37( 0.20 0.04 0.0 — — 0.47
11 | 9.12E-3 | 0.32| 0.20 0.03 o.0L — —| 0.3]
12 2.04E-3 | 0.20( 0.08 0.02 o.0p — — 0.21
13 | 4.54E-4 |0.04| 0.0 —| —| —| —| 0.04
14 |22665 | — | — | — | — | — | — | —
15 [400E6 | — | — | —| —| —| — | —
16 [540E7 | — | — | — | —| —| — | —
17 |[100E7 | — | — | —| —| —| — | —
TotalP 1.39| 1.06| 0.24 0.4 1.82 0.96 2.74

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

‘Read as 4.9& 10 L
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TABLE XXXIV
¢*—Uncertainties by Isotope*
Isotope | ocap | Oiiss v Oel | Oinel | On2n | Total
238py 0.01| 0.08] 0.02 — — —
23%py 0.04| 0.37| 0.09 — 0.07 —
240py 0.04| 0.10| 0.03 — 0.01 —
241py 0.03| 0.26] 0.03 — — —
242py 0.01| 0.03] 0.01 — — —
2%Np | 0.23| 0.37| 0.11 — 0.08 —
24Am | 1.18| 0.48| 0.17] —| 012 —
242nAm | 0.01 | 0.08( 0.02 — — —
24\m | 0.67 | 0.25| 0.09] —| 041 —
242Cm — _ _ — — _
2Cm | — | 0.04| 0.01f — — —
244Cm | 0.12| 0.58| 0.10 — 0.04 —
245Cm | 0.01| 0.34| 0.07 — — —
246Cm — _ _ — — _
S6Fe 0.03 — — 0.15| 0.24 —
57Fe — — — — | 0.03 —
52Cr 0.01 — — 0.04( 0.01 —
58Ni _ _ _ _ _ _
Zr 0.02 — — 0.06| 0.02 —
15N 0.01 — — 0.16| 0.02 —
Pb 0.06 — — 0.23] 1.20 0.54
Bi 0.08 — — 0.28| 1.27| 0.79
TotalP | 1.39| 1.06| 0.27)] 0.43 1.8 0.96 2.74

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

TABLE XXXV
Maximum dpa—Uncertainties by Group*
G"OUP (MeV)a Ocap | Ofiss v Oel | Tinel | On,2n TOtalb

1 150 — — | —| —| 0.1 —
2 55.2 —| —| —| —| 2100 03
3 19.6 0.1 05 0.2 — 1.1 0.2
4 6.07 0.1 55 18 04 7P —
5 2.23 04 824 271 08 64 —
6 1.35 50 159 42 24 90 —
7 4.98E-1¢| 8.8| 4.1 0.8 1.3 20 —
8 1.83E-1 | 10.5| 3.3| 0.1 0.8 2. —
9 6.74E-2 43| 25/ 08 03 04 —
10 2.48E-2 3.8 22 04 03 0.7 —
11 9.12E-3 3.2 21 0.3 0.1 — —
12 2.04E-3 20 09 0.2 —| — —
13 4.54E-4 0.3 01f —| —| — —
14 2.26E-5 — — = = — —
15 4.00E-6 — — = — | — —
16 5.40E-7 — | — | == — —
17 1.00E-7 — — = — | — —

TotalP 16.1( 19.9] 5.5 3.0 14.1 0.5

*Uncertainties(%).

aHigh-energy group boundary.

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
‘Read as 4.9& 1071,
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TABLE XXXVI
Maximum dpa—Uncertainties by Isotope*
Isotope | ocap | Triss v Oel | Oinet | On2n | Total
238py 0.1 1.1 0.2 — — — 1.1
23%py 0.4 52| 12| — 0.4 — 5.4
240py 0.5 1.8 05| — 0.2 — 2.0
241py 0.4 31| 03] — 0.1 — 3.2
242py 0.2 0.5 0.2 — 0.1 — 0.6
23"Np 2.5 71| 21| — 1.6 — 8.0
24Am | 13.8| 11.3| 3.9 — 25 — 18.4
2427Am 0.1 1.0 03| — 0.1 — 1.0
24%Am 7.7 6.0 21| — 6.6 — 12.0
242Cm _ _ _ _ _ _ _
243Cm — 05| 01| — — — 0.5
244Cm 1.3| 11.1| 19| — 0.8 — 11.3
245Cm 0.1 42 0.8 — 0.1 — 4.3
246Cm — — _ _ — S —
S6Fe 0.3 — | 0.6 55 — 5.6
57Fe — — — | — 0.6 — 0.6
52Cr 01| — 0.1 0.3 — 0.3
SBNi - S _ _ — — —
Zr 03| — — | 0.3 0.9 — 1.0
15N — — — | 21 0.1 — 2.1
Pb 03| — — | 13 6.8 0.2 7.0
Bi 0.4 — — 1.5 8.1 0.4 8.3
Total 16.1 | 19.9| 5.5 3.0 14.1 0.5 29.9
*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
TABLE XXXVII
Maximum He Production—Uncertainties by Group*
Grou p ( MeV) a Ocap | Ofiss v Oel | Tinel | On,2n TOtaIb
1 150 — | —| —1]01 49 — 4.9
2 55.2 0.1 —| —| 0.4 21.7 5.7 21.4
3 19.6 0.1 0.1f 0.1 0.7 13p 328 35|
4 6.07 — | 2.3] 0.7 0.1 3. — 4.2
5 2.23 01| 35 11 03 2L — 4.7
6 1.35 19| 6.7] 1.7 09 3.p — 7.9
7 498E-1¢| 3.5 | 1.7| 0.3] 0.5 0.1 — 4.0
8 1.83E-1 | 42| 1.4] 0.3 0.3 0.4 — 4,
9 |(6.74B-2 | 1.7| 1.0 0.3 0.1 01 — 2.0
10 | 24862 | 15| 09] 020 0.1 01 — 1.8
11 | 9.126-3 | 1.3| 09| 0.f —| —| — 1.6
12 | 2.04e-3 | 0.8| 03] 0.1y —| —| — 0.9
13 4544 | 0.1 | 0.1| —| —| — — 0.1
14 2.26E-5 — | — | —|—| — — —
15 4.00E-6 — | — | —|—| — — —
16 |540E7 | — | — | —|—| — | — —
17 1.00E-7 — | — | —|—| — — —
TotalP 6.4 | 83| 2.3 1.4 13.% 40.0 43.4

*Uncertainties(%).
aHigh-energy group boundary.

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

‘Read as 4.9& 10 L
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TABLE XXXVIII

Maximum He Production—Uncertainties by Isotope*
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*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

TABLE XXXIX

Maximum H Production—Uncertainties by Group*

G"OUP (MeV)a Ocap | Ofiss v Oel | Tinel | On,2n TOtalb

1 150 —| —| —| — 18] —

2 55.2 —| —| —]01 65 12

3 19.6 0.1 04 0.1 02 5B 8.

4 6.07 01| 43 14 02 12p —

5 2.23 03| 67 22 0% 4p —

6 1.35 3.7 129 34 1f 6. —

7 |498E-1°| 6.7| 33| 06/ 1. 14 —

8 |183E-1 (81| 26/ 06 04 16 —

9 |[6.74E-2 | 3.3| 20 0.6 03 03 —
10 248E-2 [ 3.0| 18/ 0.3 04 02 —
11 9.12E-3 | 25 1.7( 0.3 0.1 — —

12 2.04E-3 | 16| 0.7/ 0. —| — —

13 | 4544 | 03| 0.1 —| —| — —

14 226E5 | — | — | —| — | — —

15 |400E6 | — | — | —| — | — —

16 |540E7 | — | — | — | —| — | —

17 100E7 | — | — | — | —| — —

TotalP 12.41 16.1) 4.4 2.2 16.6 9.9 28.%

*Uncertainties(%).
aHigh-energy group boundary.
bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

°Read as 4.9% 101
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TABLE XL
Maximum H Production—Uncertainties by Isotope*
Isotope | ocap | Triss v Oel | Oinet | On2n | Total
238py 0.1 09| 0.2 — — —
23%py 0.3 421 0.9 — 0.3 —
240py 0.4 15| 04 — 0.2 —
241py 0.3 25| 03[ — 0.1 —
242py 0.1 0.4 0.1 — 0.1 —
237N 2.0 57| 1.7 — 1.2 —
243Am 10.6 91| 31| — 1.8 —
242mAm 0.1 08| 0.2 — — —
243\m 6.0 48| 1.7 — 4.8 —
242Cm — — _ _ — S
243Cm — 04| 01| — — —
244Cm 1.0 9.0 15| — 0.6 —
245Cm 0.1 34| 0.7 — 0.1 —
246Cm — — _ _ — S
S6Fe 0.2 — — | 0.4 3.9 —
57Fe _ _ — _ 0.4 —_
52Cr — | — | — 01| 03| —
58Ni — — J— J— J— J—
Zr 0.2 — — | 0.2 0.9 —
15N — — — [ 15 0.2 —
Pb 0.2 — — 1 1.0 9.1 5.5
Bi 0.3 — — | 12| 121 8.3
Total 124 | 16.1| 4.4 2.2| 16.6 9.9 28.5
*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
TABLE XLI
Maximum (He Productiof/dpa—Uncertainties by Group*
Group| (MeV)2 | 0cap | 0fiss | ¥ | el | Tinet | Tn2n | TotalP
1 150 —| —| —| 01 48 — 4.8
2 55.2 — 0.1l —| 0.4 20.1 6.4 21.1
3 19.6 — 0.7] 0.2 0.7 116 34p 35.
4 6.07 0.1 324 19 08 4p — 5.4
5 2.23 0.2 47 14 0% 4B — 6.6
6 1.35 3.1 924 23 1% 58 — 11.
7 4.98E-1°¢| 5.2 2.4] 05 08§ 13 — 6.0
8 1.83E-1 | 6.3 2.0 0.4 05 1.7 — 6.7
9 6.74E-2 | 2.6 1.5 0.4 0.2 0.7 — 3.0
10 248E-2 | 2.2 1.3| 0.2 0.7 0.1 — 2.6
11 9.12E-3 | 1.9 1.2 0.2 —| — — 2.3
12 2.04E-3 1.2 05 0.Yf —| — — 1.3
13 4.54E-4 | 0.2 0.1 —| —| — — 0.2
14 2.26E-5 — | = | — =] — — —
15 4.00E-6 — | — | ——] — — —
16 5.40E-7 — | === — — —
17 1.00E-7 — | — | ——] — — —
TotalP 9.6 | 11.5| 3.2 2.0 14.1 404 45.

*Uncertainties(%).
aHigh-energy group boundary.

bTotal obtained as the square root of the sum of the squares of individual contributions in row or column.
‘Read as 4.9& 1071
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TABLE XLII
Maximum (He Productiof/dpa—Uncertainties by Isotope*
Isotope | ocap | Ttiss | ¥ | Gert | Tinel | On2n | Total
Zepy (01| 06| 01 —| — — 0.7
239y 0.3 30| 07 — 0.3 — 3.1
240py 0.3 11] 03( —| 01 — 11
241py 0.3 18] 02 — 0.1 — 1.9
242py 0.1 0.3 0.1 — — — 0.3
BINp | 15| 40| 12| —| 10 — 4.6
24Am | 8.3 65| 23 — 16 — 10.9
22 Am | — 06| 02| — — — 0.6
24%Am | 4.6 34| 12 — 4.1 — 7.2
242Ccm — — — — — — —
24Cm — 03] 01| — — — 0.3
24Cm | 0.8 6.4 11| — 0.5 — 6.5
245Cm | 0.1 25| 05 — 0.1 — 25
246Cm _ _ _ _ — — _
SoFe 0.2 — —| 04 3.5 — 3.6
S7Fe — | =1 =] = 04| — 0.4 ) .
52Cr — — — 0.1 0.3 — 0.3 |.'1-1:|-.-1.5T|c
58Ni — — — | — — — — ELASTIC
Zr 0.2 — — 1 0.2 0.6 — 0.6
15N — — — | 14 0.3 — 14
Pb | 02| — | —| 10| 83| 224 239 SEEEEE
Bi 0.3 — — | 11 9.7 337 35.1
Total 9.6 | 11.5] 3.2 20 141 40.4 45.5

*Uncertainties(%).
aTotal obtained as the square root of the sum of the squares of individual contributions in row or column.

TABLE XLIII
Total Uncertainty Value*
Maximum Maximum He Maximum H Maximum
dpa Production Production (He Productiop/dpa
Alng correlation® +36.0 +48.0 +34.8 +59.3
*Uncertainty (%).
aSee text.

As for specific contributions to the uncertainties re-  As a general comment, the total uncertainty values
lated to the indirect effects, the Pb and Bi inelastic andre increased. For example, in the cask.gf the uncer-
(n,2n) cross sections play a major role. Thre2n) data tainty increases from an already significan.77% to
uncertainty contribution increases from Max dpa to Max+4.4%. These results, due to the rather arbitrary nature
H production and has the highest value for Max He proof the correlations introduced, can only be taken to un-
duction, as expected. Actinide cross-section uncertaintiegerline the fact that the uncertainties could be higher if
are responsible for spectrum hardening or softening, anealistic energy correlations were introduced. They also
their impact is far from negligible. Their impact is the indicate the need for more comprehensive covariance
highest for Max dpa and the lowest for Max He produc-data. On the other hand, correlations among cross-
tion. The results for the MaxHe production/dpa are section type or among isotopés.g., in the case of
close to those obtained for Max He production. normalized cross sectionsan introduce some anticor-

relations, potentially decreasing the overall uncertainty.

VI. THE HYPOTHESIS OF PARTIAL
ENERGY CORRELATION VIl. AN ASSESSMENT OF CROSS-SECTION
TARGET ACCURACY
The PEC described in Sec. IV.A, has been applied in
the uncertainty analysis for all integral parameters con- In the previous sections, we have presented an
sidered. The results are shown in Tables XLIV and XLV.extensive uncertainty analysis for a large number of
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TABLE XLIV
Resulting Uncertainties for the Integral Parameters of the Reference System*
Maximum He Maximum H Maximum
o* Maximum dpa Production Production (He Productiopydpa
Alng correlation 2 +2.74 +29.9 +43.6 +28.5 +45.5
Alpgc @ +5.07 +48.9 +59.1 +53.1 +67.4
*Uncertainties(%).
aSee text.
TABLE XLV
Resulting Uncertainties for the Integral Parameters of the Reference System*
R . Apoycle Peak
Keff Beit Aprod (1yn Power
Alng correlation +2.77 +11.3 +35.2 +47.4 +20.5
Alpgc? +4.41 +17.4 +59.3 +73.1 +32.4
Ancycleb
238pu 241Am 242”}Am 243Am 242Cm 244Cm 245Cm
Alno correlation +7.33 +15.1 +15.9 +15.3 +12.5 +25.6 +81.2
Alpgc? +10.9 +23.8 +23.2 +24.3 +18.3 +37.8 +122.9

*Uncertainties(%).
aSee text.
b1-yr irradiation.

relevant parameters of a system dedicated to transespectively*=1, £2, +5, £15, £15, £15, and+15%.
mutation. For most parameters, the results are generallhese values are, of course, rather arbitrary, but they are
applicable to critical or subcritical versions of such trans-consistent with standard requirements for reactor design
muter cores, although somewhat dependent on the choiae early phases of development.

of the coolant. We have used the formulation shown in Sec. Il.A

In general, the effect of the set of the uncertaintiesvith the sensitivity coefficients obtained previously and
on the cross sections that we have adopgsenmarized assuming that the cost parametgi@e set equal to 1. To
in Tables IV, V, and V) is relatively large. These uncer- avoid the introduction of meaningless parameters, we
tainties can be tolerable in very preliminary design othave chosen as unknowirparametersi.e., as cross sec-
scenario studies. However, as soon as more precise itiens for which target accuracies are requiredly those
formation is needed, the margins to be taken on the nonthat globally account for 95% of the overall uncertainty
inal values to provide acceptable conservatism in desigfor each integral parameter.
or scenario studies, including fuel cycle evaluations, The selected parameters are shown in Table XLVI,
would introduce too many penalties. together with the initial uncertainty and the new re-

If, according to Sec. Il.A, one introduces target ac-quired uncertainty as a result of the minimization proce-
curacies in the integral parameters, one can obtain sigiure outlined in Sec. Il.A.
nificant quantitative indications of the cross-section In Table XLVII, we show
accuracies needed.

As for target accuracies in integral parameters, we 1.
have defined a tentative first set for the multiplication
factorkes, the external source importangé, the power
peak, the Max dpa, the Max He and H production, and
the Max(He production/dpa. The target accuracies are,

initial uncertainties on the chosen integral
parameters

2. part of the uncertainty accounted for by the se-
lected cross sections
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TABLE XLVI
Cross-Section Uncertainties for Selected Cross Sections: Original Uncertainty and
Required Uncertainty to Meet Integral Parameter Target Accuracy
Original Required Original Required
Cross Uncertainty | Accuracy Cross Uncertainty | Accuracy
Isotope Section Group (%) (%) Isotope Section Group (%) (%)
4 6.5 3.4 2 40 10.0
29y Tfiss
5 4 3.1 244Cm Tiiss 3 40 8.5
241py Tiiss 6 10 5.6 4 40 5.0
3 25 8.0 5 30 9.7
Ofiss 245Cm UTfiss
237Np 4 25 5.1 6 30 9.6
v 4 5 4.1 S6Fe Tinel 4 20 4.9
4 40 7.5 15N Ol 4 5 3.9
5 40 55 1 40 20.4
6 40 5.1 2 40 9.8
Ocap Tinel
7 20 5.9 Pb 3 40 10.6
8 20 6.3 4 40 10.1
241Am 9 20 6.9 Tnon 1 100 215
2 20 5.6 1 40 18.8
Ofiss 3 20 4.6 2 40 8.1
Tinel
4 20 3.9 Bi 3 40 9.3
3 5 3.8 4 40 14.0
14
4 5 3.3 Tnzn 1 100 17.5
4 40 10.4 1 20 20.0
5 40 5.5 2 20 12.0
Teap 6 40 5.1 3 20 12.1
7 20 5.9 Tapa 4 20 8.8
8 20 6.3 5 20 20.0
2 20 7.6 6 20 20.0
243Am
Cruss 3 20 6.2 7 20 10.9
4 20 5.4 1 20 10.8
T(n,a)
3 50 12.6 2 20 20.0
4 50 7.6 1 20 15.1
Tinel
5 50 12.0 Tinp) 2 20 12.4
6 50 12.2 3 20 20.0
aSee energy boundary in Table IV.
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TABLE XLVII

Selected Integral Parameters: Uncertainty Due to all Data Uncertainties of Tables 1V, V, @adi Wil );
Uncertainty Due to Selected Cross Secti¢fables Il and Il); Target Accuracies;
Resulting Uncertainty from the Minimization Procedure of Sec. II.A

Power Maximum Maximum He Maximum H Maximum
Kef o* Peak dpa Production Production. He Productioridpa
Alinitial +2.77 +2.74 +20.50 +29.90 +43.60 +28.50 +45.50
Alselected +2.63 +2.63 +19.45 +28.44 +43.43 +27.51 +45.18
Alrequired +1% +2% +5% +15% +15% +15% +15%
Alresutting +1.1% +1.0% +8.2% +13.0% +14.8% +13.7% +15.3%
3. uncertainties resulting from the new required un- VIIl. CONCLUSIONS

certainties on datéas shown in Table XLV
4. imposed target accuracies on the select integral The sensitivityuncertainty analysis carried out in
parameters, as given previously. this paper allows us to draw some conclusions on the

) _reliability of the present calculation of the systems ded-
The results are very encouraging because all the ingated to transmutation.

tegral parameter uncertainti@cept for the power peak-
ing) can be brought within the target accuracy. The case 1. The level of uncertainties in integral parameters
of the power peakingi.e., resulting uncertainty of ap- as assessed is obviously dependent on the assumed val-
proximately+8% versus the-5% target valupdoes not  ues of the cross-section uncertainties and their correla-
seem to be of major concern. tions. However, the present state of knowledge of MA
As for the required cross-section uncertainties, alFross sections allows us to state that the uncertainty in
the values are very reasonable and do not require unredhe nominal values of the major integral parameters is
istic uncertainty reductions. In particular, the required’€levant. Scoping calculations can certainly be per-
level of uncertainty for the capture, fission, and inelastidormed, but if one takes into account conservative esti-
cross sections of MAs, is comparable to the level of thénates as derived from the uncertainty analysis for
uncertainties that have been achieved for major actiperformance parameters, some conclusions of concep-
nides in the past. However, to meet these requirementsfaal design or scenarios studies can be significantly af-
sizeable effort of data reevaluation will be required andected(e.g., beam power needs to drive an ADS, reactivity
probably some new high-accuracy measurements, all bgoefficient assessment and its impact on safety, fuel-

low 20 MeV. It is also relevant to notice that the uncer-cycle-related constraints, like decay heat in a repository,
tainty required in the case of inelastic afrj2n) cross  €tc). The reduction of uncertainties would be mandatory

sections of Pb and Bi is of the order ef10 to 20%, in more advanced phases of the studies in order to make
according to the energy range, which again looks rathegensible choices among options and optimizations.

realistic and probably achievable. . 2. As expected, the most crucial data are fission,
The integral parameter selection for assessing targel v re “and inelastic cross sections of MAs. However
accuracies, accounts for most of the capture and fissio ecific’data related to decay heafk assessment are '

cross sections of MAs and inelastic cross sections of . . : -

. ) . f high relevance. Finally, in the case of coolant,
both MAs and PBBI. The resulting target accuracies for y, o gata for these mati/arials should bae/l?jbefinitely im-
cross sections will cover most of the potential target acgroved, in particular inelastic arfa, 2n) data.
curacy requirements for other integral parameters. T
show that, we have used the new uncertainties as indi- 3. High-energy datdE > 20 MeV) uncertainties
cated in Table XLVII, and we have recalculated the un-also play a role, but for the transmutation core, only a
certainty of, for example, the void reactivity coefficient. few data are relevant. Besidés, «) and(n, p) data for
The direct-effects-related uncertainties decrease fromtructural materials, only Pb and Bi high-energy data
+24.6% (see Sec. IV.Dto +7.5%, and the indirect- uncertainties are significant. For the major integral pa-
effects-related uncertainty decreases fratd.2%(see rameters considered, there is no serious impact of MA

Sec. IV.D to £7%. The resulting new total uncertainty data ate > 20 MeV.

on the void coefficient is now approximatel10 to High-energy data, of course, play a more relevant
15%, well within any target accuracy requirement forrole in the assessment of an ADS target performance. In
this parameter. that case, for example, the appropriate assessment of the
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activity generated by spallation products will be impor- 4. “AEuropean Roadmap for Developing Accelerator-Driven
tant, but again the relevant materials will be the potentiaBystemsADS) for Nuclear Waste Incineration,” Report of the
target material candidaté®b, Bi, W, etc). European Technical Working Group on ADSpr. 2001J).

4. If one defines target accuracies for the integral 5. “Accelerator-Driven System&DS) and Fast ReactdFR)
parameters to allow for more reliable engineering dein Advanced Nuclear Fuel Cycles. A Comparative Study,”
signs, the reduction of the uncertainties, in particular o©ECD Nuclear Energy Agenci2002).

MA data, which are needed to meet these target accura-
cies, is significant because one should reach uncertainé. “Comparison Calculations for an Accelerator-Driven Minor
ties of the same order of magnitude of those currentlyictinides Burner,” OECD Nuclear Energy Agent3002.
associated with the major actinide data.

) ) 7. G.PALMIOTTI, M. SALVATORES, and R. N. HILL, “Sen-

5. In this respect, if the nuclear data are reevalusitivity, Uncertainty Assessment, and Target Accuracies Re-
ated, one should include not only new differential meaiated to Radiotoxicity Evaluation,Nucl. Sci. Eng.117, 239
surements but, and mostly, integral experimélite MA (19949.
sample irradiation in power reactors with variable spec-
tra; see, for example, Ref. 2®ecause they provide a 8. G. ALIBERTI, G. PALMIOTTI, M. SALVATORES, and
most powerful tool for global data validation or for dataC. G. STENBERG, “Impact of High Energy Data on Uncer-
improvement via statistical adjustments. Some of thestinty Assessment of ADS Neutronic Desigiitans. Am. Nucl.
integral experiments have already been performed in theo¢, 87, 525(2002).
past but only partially used for nuclear data file updat-
ing, and efforts should be devoted to their full exploita- 9- G. PALMIOTTI, P. J. FINCK, I. GOMES, B. MICKLICH,
tion. For very high mass nuclei, some new techniqueﬁ”d M. SALVATORES, “Uncertainty Assessment for
like accelerator mass spectrometry, applied to tiny qua g%c_eFle;ator;\lDrnl/en-SSysttem, %reslfntedv\?t Int. C‘K‘f' Glfggl
tities of irradiated fuels at relatively high burnup, could ¢ uture ucear systems, Jackson, Wyoming, August 25—

. . . . . ptember 3, 1999.
provide relevant information with high accuracy.

Finally, future studies related to the impact of nuclearl0. Uncertainty Analysisy. RONEN, Ed., CRC Press, Boca
data uncertainties, in particular in the detailed desigffaton, Florida(1988; see also J. H. MARABLE et alAd-

assessment phase, should rely on variance-covarian&%BC:Sé”ENC”KCé?rEsgéeng?ﬁﬁ?ﬂ?ggg?\?g\}vl%&;gw'NS
data established in a much more rigorous manner, evél? ™ ’ " ; :

if adapted(in terms of format and complexifto user ;-\ AnpINI Uncertainty Analysisy. RONEN, Ed., CRC

needs. Press, Boca Raton, Florid4a988; see also E. GREENSPAN,
Advances in Nuclear Science and Technologygl. 14, J.
LEWINS and A. BECKER, Eds., Plenum Press, New York
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