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Abstract

The calculation of theféective delayed neutron fractioBe« s, with Monte Carlo codes is a complex task due to the requirgimie
properly considering the adjoint weighting of delayed news$. Nevertheless, several techniques have been profoseclimvent

this difficulty and obtain accurate Monte Carlo resultsger; without the need of explicitly determining the adjoint flux. this
paper, we make a review of some of these techniques; namehawe analyzed two variants of what we call the k-eigenvalue
technique and other techniques based dfedint interpretations of the physical meaning of the adjoigighting. To test the
validity of all these techniques we have implemented theth thie MCNPX code and we have benchmarked them against a range
of critical and subcritical systems for which either expggihtal or deterministic values gf;; are available. Furthermore, several
nuclear data libraries have been used in order to assesspiaet of the uncertainty in nuclear data in the calculatdaevafBe ;.

Keywords: effective delayed neutron fraction, adjoint flux, Monte CaligNPX

1. Introduction ods, such as these derived in Nagaya and Mori (2005, 2011),
_ _ _ . but we have not considered them in this paper.
The dfective delayed neutron fractigh s is a crucial pa- In the first of these categories, techniques based on k-

rameter in reactor safety since it corresponds to the maximu ejgenvalue calculations, we include techniques based en th
reactivity that can be inserted in a critical system withbet  definition and calculation of certain parameters by anakogy
coming prompt-critical. This parameter is also fundamieiota  the efective multiplication constantk{;), such as those of
describe the kinetic and dynamic response of both critinédl a Bretscher (1997) and Spriggs et al. (2001). Techniquesthase
subcritical nuclear Systems to internal or external prttiDnS. on the interpretation of the next-fission probab|||ty as Hdoe
Calculation methodologies fgd.s¢ must take into account joint weighting have been analyzed by Nauchi and Kameyana
that it is an adjoint-weighted parameter. Since the calmia (2005), Meulekamp and Van der Marck (2006) and Nagaya
of adjoint fluxes with Monte Carlo codes is cumbersofigs et al. (2010). Techniques based on the interpretation of the
is usually calculated with deterministic codes. Neveehs]its jterated fission probability as the adjoint weighting can be
calculation with Monte Carlo codes is also desirable Sihe@'t seen as an improvement of the previous ones, and they have
allow dealing with more complex geometriesfidient mate-  peen proposed by Nauchi and Kameyana (2010), Raskach and
rials and continuous energy cross sections. The need of accBlyskavka (2010), Chibaetal. (2011) and Irwanto et al. (301
rate calculation tools fgge ¢t is specially relevantin the case of |n section 2 we will provide some discussion on the derivatio
ADS that cannot become critical, since the experimentarelet and the physical meaning of all these techniques.
mination offe+ is usually very diicult in a subcritical state. In sections 3 and 4 we will present the results of the appli-
For this reason, a large number of publications have apeareation of the above mentioned techniques against a number of
over the last years consideringigrent techniques for the cal- critical and subcritical benchmark systems, that we cansiol
culation ofge 1 with Monte Carlo codes. Trying to group them, pe representative of a wide range of nuclear systems. For thi
we have classified them into two categories. The first one comye have used the Monte Carlo code MCNRRelowitz et al.
prises techniques based on k-eigenvalue calculationssetie  (2006)) with three dierent nuclear data libraries (EN[B=
ond one comprises techniques based diedint interpretations  v/|1.0, JEFF-3.1 and JENDL-3.3). The use of several nuclear
of the adjoint weighting, such as those based on interyéti®@  data libraries allows us to set a lower limit to the uncetiagm
adjoint weighting as the next fission probability or theated g, estimators, due to both the accuracy of thiedent tech-

fission probability. In addition, a third category of tectés  niques and the uncertainties of the basic nuclear data.
can be considered to include those based on perturbative met

31t must be remarked that the latest versions of the MCNP cadeatso
Lcorresponding author. Tel:+84)913460936; vicente.becares@ciemat.es provide values for adjoint-weighted parameters. The daficin methodology
2currently at Karlsruhe Institute of Technology, INR, Hemmavon- is based on an interpretation of the adjoint flux as iteratesidn probability
Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen (@eyn (Kiedrowski (2010); Kiedrowski and Brown (2011)).
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2. Calculation methodologies values anymore. See, e.g., Bell and Glasstone (1970), Henry
o ) (1975) or Ott and Neuhold (1985) for further discussions on
The usual definition oferr is: this topic. For instance, considering the adjoint flux to ba-c
P e stant over the whole phase space, we can define a non-adjoint
((D/l’ Fd‘Dﬂ) @ weighted delayed neutron fractigay, that can be expressed as:

Bett = Tt 2\
(@], Fo,) .
(Fd‘D,l)
whereF is the creation operator, that takes into account all Po = (,fq)ﬂ)
neutrons (prompt and delayed) created in the phase space by
fission, andFq is the delayed neutron creation operator, that The determination of, with Monte Carlo codes poses no
takes into account only delayed neutrons. The bracketsateli major dificulty and can be performed by simply counting the
integration over the whole phase space. More specificéy, t humper of total and delayed neutrons produced in fission pro-
expressions in the numerator and in the denominator of Eq. desses. On the contrary, the determination of adjoint-uteit)

can be expanded as: parameters requires the development of specific methoiéslog

(6)

(‘D;’ 'fd‘D/l) = /(DE (ﬁ E. Q)Zf (P, E) va (') x 2.1. k-eigenvalue methods
Some of these methodologies can be classifiedkas
xxa (E. Q' - E.Q) 0, (FE.&)dEdYdEd}dP  (2)  eigenvalue methodecause they are based in defining and solv-
ing eigenvalue equations similar to 4 and 5. A first method is

and applied by Bretscher (1997) and it has been nameghept
R . methodby Meulekamp and Van der Marck (2006) and the
(‘DS, F<D,1) = /fDZ (V, E, Q)Zf (M E)v(E)x prompt k-ratio methody Nagaya and Mori (2011). It is ob-
tained by defining the following eigenvalue equations:
xx (E.¢' - E.Q) @, (r.E.&)dEdYdEddr  (3) X 1.
, M®p = —Fp®p (7)
v(E’) and vq (E’) denote, respectively, the average num- kp
ber of total (both prompt and delayed) and delayed neutrons 1
at energyE’ produced per fission. y (E'.&’ - E. Q) and M@} = k—lfgdﬁ, (8)
p

Xd (E’,ﬁ' - E, ﬁ) represent, respectively, the spectrum of en-
ergy and angular distributio(E, 3) of the total and delayed =~ whereF, is the prompt neutron creation operator. Assuming

neutrons produced by an incoming neutron i, &'). <y is that®, = @), which in principle seems a good approximation
since over 99% of the neutrons produced in fission are prompt

the macroscopic fission cross section. Fina]blyandtl)} arere-  neutrons. we can obtain that:
spectively thel-mode direct and adjoint neutron fluxes, that is,

the fundamental mode solutions of the eigenvalue equdtions (q);’ lfddh) (q)’s, |fp¢)/l)
1 Bett = —— z =1-—— z =~
Vi, = (= Fao, (4) (0} Fu) () F,)
ff
b -
PO P ] (@ kMey) ke (o). M)
e ®) (@ MO er (@), M)
being M the migration and losses operator, that takes into 3 Kp 9
account the net number of neutrons leaving the phase space ~ = kgt ©)
element by capture, out-scattering or streaming, farid the _ _ _ .
creation operator, already definekll” andF' are their corre- ~ The eigenvalué, can be easily evaluated in MCNPX with-
sponding adjoints. out requiring any modification of the code, making the most of

In this work, we consider only féective" the delayed neu- the ability of this code to “switch{@” the delayed neutron trans-
tron fraction defined in Eq. 1 with the fluxds and®’. Several ~ port (this is a standard feature of MCNPX and MCNP since
other delayed neutron fractiogscan be defined considering version 4C, and it is performed by overriding the KCODE card

fluxes other tharb, or (Djl but they will not be the "fiective” ~ with @ TOTNU NO card). To perform this calculation it is ob-
viously required that nuclear data libraries contain infation
about delayed neutron spectra, which is included in thestiate
“4Notice that thel-mode flux,®,, obtained as solution of Eq. 4 only cor- yersions of the most common ones.
responds to the physical flux for a critical system. As theesysdeparts from : ; P : _
criticality, the physical flux also begins tofférentiate fromd,. Hence, the A prOb.Iem of th.e promp'g method lies, in Our oplnlon,_ inun
concept of Gective delayed neutron fraction losses significance faesysfar ~ derstanding hOV\_/ it takes 'nFO. aCCOL.mt adjoint weighting. In
away from critical. fact, the calculation of an adjoint-weighted parametes fik ¢




should not be possible using expressions that only contain kof a subcritical reactor maintained in a steady state by tarex
eigenvalues, i.e., that are not adjoint-weighted pararseldo-  nal neutron source. The neutron transport equation apfuied
tice that both eigenvaludg s andk, can be determined (Egs. this case takes the form:

4 and 7) with no need to define any adjoint flux. For instance,

Bretscher (1997) considers no adjoint fluxes for derivirg th F® - M® = —Sex (12)
method. - . S

Notice as well that, in principle, any weighting functionde As the adjoint equation, let us consider:
@} as defined by Eq. 8) can be used instead i Eq. 9, lead- Ehpt _ NIyt = _3, (13)

ing to the same numerical value f8y;. In particular, we could
consider a constant weighting function over the whole phase where we have considered the macroscopic fission cross sec-
space and therefore the method must provide valugSofor-  tion as the adjoint source. Then, subtracting Eq. 12 migtipl
stead of3e¢+. In our opinion, it is not fully understood how the by ¥' and Eqg. 13 multiplied byp and integrating the result-
appropriate adjoint weighting is taken into accountwheulyp  ing expression over the entire range of the variables taikitog
ing the prompt method, as defined by Eqg. 9, and, in particulamccount the properties of the adjoint operators, we end tip wi
when it is applied with a Monte Carlo code. These issues havthe following expression:
not been addressed when the prompt method is discussed by
authors like Meulekamp and Van der Marck (2006) or Nagaya /Sext(ﬁ a, E) i (rj Q. E) drdQdE =
and Mori (2011).

In Meulekamp and Van der Marck (2006), it is also remarked . . .
that the prompt method is always an approximate method, be- = /Zf (" Q. E)@(r, 4, E) drdQdE (14)
cause of the approximatich, ~ ®,. For this reason, we have
considered the possibility of removing the approximatign b The right-hand side of the last equation is just the response

defining a new parameté; as: of the system to the external source, that is to say, the numbe
of fissions per unit time that takes place in the whole system i
(lquy) the presence of the external source. We can further cldigy t
kp = (10)  if we consider the external source to have the shape of:

P (M®,)
. . . . . . SeXt(?9 Q9 E) = 6(?0’ QO’ EO)
Notice that Eg. 10 is not an eigenvalue equation. With this
parameter, a new delayed neutron fracgoican be defined in Then we find out that
an analogous manner to Eq. 9:
. ¥ (oo, Eo) = [ = (. GE) 0 (r. . E) cracite
B =1- ke—" (11) i
i where @(r,G,E) is the solution of the equation

Although with this definition ok, it is expected tha#’ will (¢ (r,.3,E) = -6(ro, G0, Eg). That is to say, the value
be equivalent to the non-adjoint weighted neutron fraciign  of the adjoint flux in a point of the phase space is the response
as defined by Eg. 6, we have also included the results obtainexf the system to a unit source introduced in this point. Hence
with this parameter in section 4, to help clarifying how tlte a adjoint functions can be interpreted as gwirce importance
joint weighting influences the prompt method. We will denotemeaning the total number of fission reactions caused by the
the prompt method usinkf, as prompt method with the total introduction of a source neutron in the point of the phaseespa
eigenfunctionas opposite to the previous method, which we(r, E’, &}').
will denote asprompt method with the prompt eigenfunction Alternative ways to derive the interpretation of the adjoin
ki, can be calculated with MCNP performing a single weighting as the neutron importance or the iterated fissiob
KCODE cycle switching 6 the delayed neutron transport and ability are presented in Henry (1975) and Hurwitz (1964). Be
taking as initial fission source distribution a previousjoti-  aware that in the previous derivation, the macroscopioofissi
lated one with a flux that includes both prompt and delayed netcross section has been considered as the adjoint source. Bel
trons. An alternative to improve statistics is to perforrmyaf  and Glasstone (1970), for instance, consider a macrosdepic
these KCODE switching f6 delayed neutrons and upgrading tector cross section instead, and interpret the adjointsfiuthe
the initial fission source in another KCODE cycle run in paral importance of a neutron to the detector response.
lel, this one considering both prompt and delayed neutrons. To implement the interpretation of the adjoint weighting as
neutron source importance to calcul@tg; it is necessary to
2.2. Methods based onjfiirent interpretations of the adjoint determine the dierentimportances of prompt and delayed neu-
flux trons in generating new fissions. For this, first notice thatt

A second class of methods for the calculatiopgf is based

on .the. interpreta.tion Qf _the physigal meaning Of. the adjomt 5Take into account that this is equivalent to the track lergtimator ofk.
weighting. To derive this interpretation, let us considier tase  Hence, we will use this estimator for all calculations.
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is well known, the total progeny of a given neutron is given byneutron generation timés
k + k? + k¥ + ... in case the multiplication constaktremains In practice, we only need to calculate a limited number of
constant between fission generations; otherwise it willilbery  values ofkgj, providing that this number is enough to reach
by ko + koky + kokiko + ... Therefore, itis necessary to determine convergence. If we are left with a single cycle we will be con-
the multiplication constant of delayed neutrons. sidering only the multiplicity of the delayed neutrons bat of

To obtain these values, a modification of the MCNPX codetheir progeny, which is defined as the next fission probabiiit
has been implemented to track the delayed neutron credion. Meulekamp and Van der Marck (2006):
this way, if we start from an already converged fission source
distribution, we can now obtain the subset of the fissions@ur BNEP = 130@ (16)
corresponding to delayed neutrons. Once this delayedareutr Ke
source is known, a value &fp can be calculated (in MCNPX
this is performed with a single KCODE cycle, taking this de-
layed neutron source as initial fission source distribytidio-
tice that, with this definitionkyo is not an eigenvalue, as it is
calculated from the delayed component of a converged sourc

This first KCODE cycle will also provide a second fission jnact. However, the validity of this approach has been ques
source distribution that can be used as the initial fissiame® tioned by other authors, for instance Irwanto et al. (201@) a

distribution for another KCODE cycle, in order to obtain @se hiha (2009). We discuss the validity of this approximation
ond multiplicative constarky; and a third fission source dis- section 4

tribution. In turn, this third source distribution can besdgo
obtain a third multiplicative constankg,, and so on. Notice
that after several cycles the valuelkgfwill tend to the value of 3. Benchmark systems
ketf, as the neutron sources used to calculate them tend to reach
the initial fission source distribution (considering botiompt
and delayed neutrons), and therefore the results obtaiitad w
this technique will converge.

Once the valuekyo, kq1, etc, have been determined, the value
of Bett can be calculated as:

In Meulekamp and Van der Marck (2006) it is also discussed
the validity of this approximation, arguing that the exambwl-
edge of the adjoint flux is not critical since the valueGgfs
is largely determined by the value 8§ and hence the accu-
‘?acy in the definition of the adjoint weighting function hate

We have implemented the techniques described in the previ-
ous section with a modified version of the Monte Carlo code
MCNPX 2.7 and validated them against a set of benchmark ex-
periments for which measured or deterministic datggfer are
available. These benchmarks have been chosen to be repre-

A sentative of wide range of systems. Hence, they include two
Equilibrium number of delayed neutrons g y Y

BiEp = — X homogeneous bare fast systems (Godiva and Jezebel), four re
Equilibrium number of all neutrons flected fast systems (Topsy, Popsy, Big-Ten and CORAL-I), a
o thermal system (TCA), two configurations of a subcritica-sy
Average multiplication of delayed neutrons tem (Yalina-Booster) and three large fast systems (MUSE-4,
Average multiplication of all neutrons ESFR and MYRRHA).
MCNP inputs have been taken from the IHECSBE (2008)
- B, lim kao + KaoKaz + Kaokaikaz + .. + [T7g Kai (15) (the reference number is given), unless indicated otherwis
0 n e Keff + kgff + kgff +o KD brief description of these system follows. The sgpag ref-

erence values considered by Meulekamp and Van der Marck
We will denote this technique to calculaier; asintegrated (2006) have been used when available; otherwise, the s@urce

fission probability(I.F.P). We introduce this new definition to "eferenced.

differentiate it from the concept dgerated fission probability « Godiva (HEU-MET-FAST-001). A bare, highly enriched
introduced in Hurwitz (1964). In Hurwitz's derivation, wfi (94 wo) uranium spherical co.re containing 52.42 kg of

is done for a critical system, the iterated fission probgbit . ! i

. ystem, ! lon p Bp uranium. The proposed MCNP model consists of five
defined as the number of fissions produced in the n-th genera-
tion after a neutron is introduced in the system, and theegfo
'S'Us_ua”y mterpretgd dﬁiokdlk.dz---kdn- NeY?rthe|eSS, althOUQh 81n fact, we consider that for a critical system both intetgiiens are actu-
this interpretation is appropriate for a critical systetrgegems glly equivalent. In a critical s%/stem,sthe exp_ressikunﬁL I<d0l_<d1+kdokd1kd2_+...
to us less appropriate for a subcritical system, becausedlst ~n the numerator ankle s + k¢ + kg¢¢ + ... in the denominator both diverge.
to 0 after a large number of generations. Therefore, in tégc Therefore, we can neglect the firstterms (which take a finite value) in both

. . ) ! . the numerator and the denominator, and take out the commtorsato be left

we consider that a better estimate of the neutron importesnce .
the total (or integrated) number of fissions produced by argiv o
neutron, i.eKyo+Kdokdr +Kdokdi Kz +..., which tends to converge Bien = o lim ko-.-kam (L + me) + -+ T ki)
to afinite value. Thus, this is the interpretation we havepaeid nm—e ket (1 +Ketf+ ...+ kg;’f’”)

in this paper. It must be remarked that this same Intery at f after them-th generatiorky; has converged to the valuelef ¢, then the terms

has already be?n applied by Feghhi et al: (2007, 2008) FO Ca¥etween brackets in the numerator and in the denominatoreansel out, and
culate neutron importance functions and importance-wieajh thus we are left with the iterated fission interpretationhef adjoint flux.
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ENDF/B-VII.O

Benchmark Bett reference By BrE. BTE. BNEP BiEP
Godiva 659+ 10 640 6516 637+3 643.05+0.09 642+ 1
Jezebel 194 10 204 1767 210+3 183.35+0.04 178.5:0.3
Topsy 665+ 13 812 6986 816+3 620.77+0.13 684+ 1
Popsy 290t 10 536 2826 546+3 256.73+0.08 273.4#0.5
Big Ten 720+ 7 904 724+4 906+3 697.72+0.09 712+ 2

CORAL 663+ 17 822 67%6 811+8 620.91+0.12 681+ 1
MUSE-4 331+ 5 352 313+6 354+3 313.99+0.08 313.6£0.6

TCA 771+ 17 702 7638 701+6 763.32+0.21 763+ 2

Yalina-B (902 1. e.) 761 663 7168 669+6 724.82+0.24 731+ 1

Yalina-B (1141f. e.) 753 662 7287 665+4 715.69+0.23 719+ 1

Table 1:Bef andpg results (in pcm) with the ENDB-VII.O library. Statistical errors are given when avai@bBpe: prompt
method with the prompt eigenfunctiofi g.: prompt method with the total eigenfunctigdy rp: next fission probabilityp; rp:
integrated fission probability.

JENDL-3.3
Benchmark Bets reference  fo BrE. BTE. BNEP BLEP.
Godiva 659+ 10 631 6406 631+3 638.83+0.09 639+ 1
Jezebel 194 10 203 1847 200+3 181.11+0.03 176.5:0.3
Topsy 665+ 13 825 6966 820+3 614.54+0.14 685+ 1
Popsy 290+ 10 563 2786 545+3 254.50+0.07 276.1+0.4
Big Ten 720+ 7 926 724+4 918+3 694.15+0.10 710+ 1
CORAL 663+ 17 837 6956 833+7 614.25+0.14 682+ 1
MUSE-4 331+ 5 357 3186 3533 315.56+0.09 314.6£0.6
TCA 771+ 17 708 7828 714+6 777.24+0.20 779 2
Yalina-B (902 f. e.) 761 664 T72¥8 664+4 731.42+0.27 736+ 1
Yalina-B (1141f. e.) 753 662 7268 660+4 721.93+0.23 725+ 2
Table 2:8e11 andBp results (in pcm) with the JENDL-3.3 library.
JEFF-3.1
Benchmark Pett reference po BrE. BTE. BNEP BiEP
Godiva 659+ 10 633 64%6 630+ 3 639.01+ 0.09 637+ 1
Jezebel 194 10 208 198+ 6 192+ 3 188.22+0.04 183.9-0.3
Topsy 665+ 13 822 702:6 822+ 2 626.37+0.13 686+ 1
Popsy 290: 10 556 294+ 6 547+3 267.70+0.07 283.4-0.5
Big Ten 720+ 7 921 743+ 4 921+ 3 714.65+0.09 729+ 1
CORAL 663+ 17 833 700+ 6 830+8 627.44+0.13 683+ 1
MUSE-4 331+ 5 366 326+6 361+ 3 325.24+0.09 324.40.6
TCA 771+ 17 722 790+ 8 727+ 6 785.63+0.21 788+ 2
Yalina-B (902 1. e.) 761 678 7398 681+4 741.50+0.27 744+ 1
Yalina-B (1141 f. e.) 753 676 T3H7 676+x4 732.10+0.26 735+ 2
ESFR, MOX core, BOL 389.5 491 3987 465+21 391.620.08 388.7+ 0.7
ESFR, MOX core, 1230 EFPDs 360.3 454 368 404+ 35 360.33+0.07 358.1+0.7
ESFR, (U-Pu+MA)O, core, BOL 363 477 3647 475+ 27 362.22+0.08 357.3:0.8
ESFR, (UrPu+MA)O, core, 1230 EFPDs 338.7 436 33% 393+31 337.59-0.07 335.3+0.9
MYRRHA, critical core, BOC 321 363 33110 347+13 321.27+0.06 321.3:0.7
MYRRHA, subcritical core, EOC 332 377 339 399+12 332.68-0.09 330.5-0.6

Table 3:8¢¢1 andBp results (in pcm) with the JEFF-3.1 library (JEFF-3.1.1 fur ESFR and Myrrha).



shells with slightly varying composition and an additional
sixth shell added to compensate for reflections in the sup-
porting elements and other factors.

Jezebel (PU-MET-FAST-001). A bare plutonium sphere
(4.5 wo of Pu-240) containing 17.020 kg of a plutonium
and gallium alloy (1.02 yio of gallium).

Topsy (HEU-MET-FAST-028). A sphere of 93/aen-
riched uranium (17.84 kg) surrounded by a thick (19
inches) U-238 reflector.

Popsy (PU-MET-FAST-006). A plutoniufgallium sphere
(6.06 kg) surrounded by a uranium reflector.

Big Ten (IEU-MET-FAST-007). The Big Ten core con-
tained uranium with three fierent enrichments (93%,
10% and natural). It was surrounded by a depleted ura-
nium reflector. Total uranium mass in the reactor was 10
metric tons.

CORAL-I. A reflected, highly enriched uranium cylinder
(containing 26 kg of 90% enriched uranium) surrounded
by a reflector of natural uranium (Verdaguer Hernandez
et al. (1972)). It was in operation at CIEMAT (for-
merly JEN) between 1968 and 1988. MCNP models for
CORAL-I are available (Villamarin et al. (1999)). Exper-
imentalBe; data were measured and are presented in De
Francisco et al. (1973).

TCA (LEU-COMP-THERM-006). The TCA (Tank Crit-
ical Assembly) consists of a tank containing an array of
fuel assemblies of 2.6 /@ UO, and water that acts as mod-
erator. The number of fuel rods and the lattice geometry
and pitch can be changed. The reactor is made critical by
adjusting the water level.

Yalina-Booster. The Yalina-Booster subcritical facilisy
located at the JIPNR-Sosny of the National Academy of
Sciences of Belarus. The facility consists of a fast and
a thermal zones partially decoupled by a thermal neutron
absorbing layer between them. The fast zone is formed by
HEU (90% and 36% enrichment) in a lead matrix and the
thermal zone is formed by LEU (10% enrichment). The
whole assembly is surrounded by a graphite reflector. Ex-
perimentalBe¢ data are not available, but deterministic

of MOX fuel and sodium rodlets surrounded by a reflec-
tor made up of stainless steel and sodium rodlets. The
MCNP input has been made using the specifications given
in Soule et al. (2001)3.¢; data have been taken from Le-
brat et al. (2008). It must be remarked that the values of
Bett Were measured in a later configuration than those of
the MCNP input file used, with 1115 fuel elements instead
of 1112. These three elements were added to compensate
for the decay of some of the Pu-241in the MOX fuel. Nev-
ertheless the dierence in the measured value3ef; is not
expected to be significant.

ESFR (European Sodium Fast Reactor). The 3600 MWth
core under consideration is divided in two zones with dif-
ferent Pu content, which is surrounded by a stainless steel
reflector. Two dfferent cores are studied. The first core
is loaded with (U,Pu)@ MOX fuel and the second has
(U,Pu,MA)G; fuel. The two zones averaged Pu content is
15 w/o and in the second case the MA content is/d.vin
both cases, the results for beginning of life (BOL) and af-
ter 1230 equivalent full power days (representative of End
of Equilibrium Cycle) are presented. The reference results
for Bet 1 were calculated by PSI with the deterministic code
ERANOS (Martin-Fuertes et al. (2011)). The MCNP in-
put was developed within the participation of CIEMAT in
the CP-ESFR project (Pérez-Martin et al. (2011)).

MYRRHA. This facility is a Lead-Bismuth cooled re-
search reactor planned to be built at SCK-CEN site in Mol
(Belgium) (Sarotto et al. (2012)). Itis conceived to operat
in both critical and subcritical modes, in this case acting
as a prototype of accelerator driven system (ADS). Both
configurations have been considered in our study: a 100
MW(th) critical core at beginning-of-cycle (fresh fuel Pu
content 34% wt.) and a 94 MW subcritical core at end-of-
cycle (Pu content 30% wt. in the fresh fuel). Both MCNP
reference inputs were developed by SCK-CEN within the
CDT FASTEF project. The reference results fgf s were
calculated by ENEA using ERANOS code. Fuel deple-
tion calculations for the end-of-cycle core have been per-
formed with the EVOLCODE system (Alvarez-Velarde
et al. (2006)).

In all the cases except the ESFR and MYRRHA, Hae;

calculations with the ERANOS code have been reportedesults with three dierent nuclear data libraries (ENDF-VII.O,

by Aliberti et al. (2009) for two dferent configurations JEFF-3.1 and JENDL-3.3) processed at room temperature are
of the system with a dierent number of fuel rods in the presented. For the ESFR and MYRRHA, we only present re-
thermal zone (902 and 1141, respectively). The referencsults for the JEFF-3.1.1 library processed at operatingéze
value we consider here is the average of several librariesures.

No estimation of the error is given. MCNP inputs were
supplied by JIPNR-Sosny and have been modified to fit
these two configurations.

MUSE-4. The MUSE-4 experiment was carried out at

4. Validation results

The results of the validation are presented in Tables 1, 2 and

the MASURCA reactor at the CEA-Cadarache facility 3. They include results @8 with the techniques described
(France) between 2001 and 2004 and comprised severad section 2 as well as results f65. The ratios between the

critical and subcritical configurations. The referencé-cri

values ofBe¢+ calculated with the dierent techniques and the

cal configuration consisted of a core formed by a mixturereference values are presented graphically in Fig. 1.
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with different techniques to the reference values.

The prompt method (both with the prompt and the total
eigenfunction) has been applied considering the simple- ave
age of the thred s estimators provided by MCNPX (colli-
sions, absorptions and track length estimaftors) the case of
the I.LF.P and N.F.P methods only the track length estimatsr h
been considered.

Results show that the prompt method, with the prompt eigen-
function, fits the reference experimental or determinissults
with good accuracy in all the cases. These results are ¢ensis
with the conclusions of previous benchmarks (e.g. Meulgkam
and Van der Marck (2006)), in spite that, as it was commented
in section 2, the question of how adjoint weighting is takeo i
account with this method, is not, to our understandingyfull
explained.

On the other hand, the prompt method with the total eigen-
function has been found to provide valuegptather than val-
ues ofBett, as expected. Although in homogeneous systems
(Godiva, Jezebel) both values are similar, in heterogenget
flected) systems (Topsy, Popsy, Big Ten, CORAL), whgye
andpBes¢ are very diferent, the prompt method with the total
eigenfunction overestimates the valugsef; by a factor of up
to two. For thermal systems (TCA and Yalina-B), however, it
has been found to underestimate the values by about a 10%.

The integrated fission probability methodology has alsmbee
found to provide accurate results 8¢+ in all cases for the
number of KCODE cycles considered (50). If only a single
KCODE cycle is performed (next fission probability approxi-
mation) the values ofi.t¢ obtained can be up to about 10%
lower than the reference values for the case of reflectedrmsygst
(Popsy, Topsy, Big-Ten, CORAL).

In these cases, we have analyzed the number of KCODE cy-
cles required in order to reach convergence in the valyg @f
The results of this analysis are presented in Fig. 2. Notive h
the value of3e ¢t increases rapidly with the first cycles, and after
about 15 cycles, a relatively constant level is reached. ¥ ve
accurate determination &f+¢ is required for this level to re-
main constant with the number of cycles; otherwise, the inias
ket will accumulate with the increasing number of cycles and it
will result in an increasing systematic deviation in theweabf
Bett With the number of cycles. Therefore, a larger number of
KCODE cycles require a higher precision in the determimatio
of ket (More statistics).

To better understand the evolution of the+ results with the
number of KCODE cycles, we have obtained the radial distribu
tions of the initial delayed neutron fission source, and gwdn
sources after a fierent number of cycles for the cases of the
four spherical reactors (Fig. 3). It can be observed howtHer
cases of the non-reflected systems (Godiva and Jezebdij-the
sion source distribution does not experience major chaniles
the number of cycles. For these systems there was no notice-
able diterence between th s results considering the next fis-
sion and the integrated fission probability interpretagiohthe
adjoint weighting. In the reflected systems (Topsy and Pppsy

7It has to be noticed that thia 1 estimator must keep the correlation among
the two calculations (with and without delayed neutrond)ich, in general, is
lost using the combined averagg ¢ estimator.
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