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A lattice cell benchmark calculation is carried out for APOLLO2 and SLAROM-UF on the infinite
lattice of a simple pin cell featuring a fast reactor. The accuracy in k-infinity and reaction rates is
investigated in their reference and standard level calculations.

In the 1st reference level calculation, APOLLO2 and SLAROM-UF agree with the reference value of
k-infinity obtained by a continuous energy Monte Carlo calculation within 50 pcm. However, larger errors
are observed in a particular reaction rate and energy range. A major problem common to both codes is
in the cross section library of 23°Pu in the unresolved energy range.

In the 2nd reference level calculation, which is based on the ECCO 1968 group structure, both results
of k-infinity agree with the reference value within 100 pcm. The resonance overlap effect is observed by
several percents in cross sections of heavy nuclides.

In the standard level calculation based on the APOLLO2 library creation methodology, a discrepancy
appears by more than 300 pcm. A restriction is revealed in APOLLO2. Its standard cross section
library does not have a sufficiently small background cross section to evaluate the self-shielding effect of
6Fe cross sections. The restriction can be removed by introducing the mixture self-shielding treatment
recently introduced to APOLLO2.

SLAROM-UF original standard level calculation based on the JFS-3 library creation methodology is
the best among the standard level calculations. Improvement from the SLAROM-UF standard level

calculation is achieved mainly by use of a proper weight function for light or intermediate nuclides.
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1. Introduction

A lattice cell benchmark calculation is performed for cell calculation codes APOLLO2 and SLAROM-
UF in the framework of the collaboration STC.4.2.1 between Commissariat a I’'Energie Atomique (CEA)
and Japan Atomic Energy Agency (JAEA). The accuracy in k-infinity and reaction rates are investigated
in their reference and standard level calculations.

A comparison is made on the infinite lattice of a simple pin cell featuring a fast reactor, in which a
difference mainly appears in the self-shielding treatment.

A larger error would be expected in APOLLO2 since it is optimized to thermal reactor analyses,
especially in terms of the cross section library. Thus a special attention is paid on the library creation
methodologies.
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2. Calculation Codes

Outline of the calculation codes and calculation schemes employed in this work are described.

2.1 APOLLO2

APOLLO2Y is a modular multigroup transport code developed by CEA. The self-shielding effect is
treated by a background cross section method or a sub-group method. The former method is used for
resolved resonances in a standard level calculation. The latter is used in a reference level calculation and
for unresolved resonances in the calculation of any level. The evaluated self-shielded (or effective) cross
sections are then used to calculate flux distribution in a cell. A variety of flux solvers are available.

2.1.1 Background cross section method

A method with the background cross section is employed in the resolved resonance range in the standard
level calculation.

2.1.1.1 Creation of cross section library

For a mixture of a resonant isotope and moderator (non-resonant) isotopes, the neutron slowing down
equation in the absence of fission source is given by

NOOO,t (u) + Z Nmam,t(u)

O(u) = Noro®(u) + »  Nprim®(u), (2.1.1)

where u is the lethargy, ® is the flux, o, is the microscopic cross section for reaction x (t=total, s=elastic
scattering), N is the density, and r is slowing down operator. The subscript “0” and “m” denote that the
values are on the resonant and moderator isotopes, respectively.

An assumption is introduced that the slowing down terms can be described by the isotropic elastic

scattering in the center of mass system:

r® (u) = / os (W) p(u' — u)® (u) du’ (2.1.2)
u—Ee
, exp(u’ —u)
- =
p(u’ — ) T
2
where o = (ﬁ—_ﬂ (A: the atomic mass) and ¢ is the maximum lethargy gain (¢ = —In ).

In addition, following assumptions are made:
e Moderator isotopes are pure scattering materials, that is, oy = Oy s-
® 0y o(u) is constant (= o3, ) for u € g.

e The slowing down term by the moderator, r,,®, is expressed by a product of smooth function C(u)
and total (=scattering) cross section o, +.

Then we obtain
ro®(u) 4 of C(u)

00,:(u) + o

O(u) ~ : (2.1.3)

g : . . g __ 1 g
where o3/ is the background cross section for the resonant isotope and group g, o = 5= > N0y, 4.
m

Using Eq. (2.1.3), ® is calculated and the lethargy integrated reaction rate for resonant isotope 0,

reaction x, and group g, T&fcm’g(: /, cg 00.2(u)®(u)du), is obtained.

u



JAEA-Research 2009-030

This calculation is carried out with NJOY? (using the flux calculator option of GROUPR module).
The smooth function C(u) is set to 1 (1/E weight). The evaluated reaction rates are stored in the cross
section library as a function of the background cross section and temperature T (resonant cross section
depending on T).

2.1.1.2 Livolant-Jeanpierre approach

The effective cross section is calculated based on a double equivalence step: (a) a homogenization step
and (b) a multigroup equivalence step.

In the homogenization step, an equivalent background cross section is evaluated for a resonant isotope
so that the microscopic absorption reaction rate of the isotope in a heterogeneous region is reproduced
in the corresponding (having the same composition of the resonant isotope) homogeneous system.

In the multigroup equivalence step, the microscopic effective cross section is evaluated so that the
reaction rate obtained in the homogenization step is reproduced by a set of the effective cross section and
the flux solved in a multigroup slowing down equation.

(1) Homogenization step

Reaction rates are calculated in a heterogeneous and homogeneous systems under the common approx-
imations:

® 0 .(u) is constant (= oy, ) for u € g.

e The slowing term by the resonant isotope is written as ro®(u) =~ ¥rop(u), where ¢ and ¢ are global
and local components of ®(= ¥¢).

e Global flux 7 is independent of regions.

e The slowing term by the resonant isotope is expressed by the TR (Total Resonance) approximation.

(a) sub-step 1 (heterogeneous calculation)

The absorption reaction rate is calculated in a heterogeneous system.
In a heterogeneous system, the slowing down equation for a mixture of a resonant isotope and moderator
isotopes is given by

ViSia(u)®(u) =

J

Pjsi (W) Vj {No,jro,j‘l’j(U) + ZNm,ﬂm,j‘I’j(u)H ; (2.1.4)

where V' is the volume, 3, is the macroscopic cross section for reaction x, and P;_,; is the probability for
a neutron born in region j to have its first collision in region i. The subscript “i” and “j” denote that the
values are on the corresponding regions.

Applying the first three of the common approximations, we obtain

@i(u) = Z [Cij(w)ro,j5(w)] + Si(u), (2.1.5)

where

Pji (u) ViNo j

Ciju) = Vidit(u)
> [Pisi (W) V357, ;]
S; (U) = Vizi,t(u)

When the TR approximation is applied, the term, rg ;jp;, is expressed by

igi
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rojps(u) & Y [prop(g’ —9) <UO,j,s(U/)SOj(U,)>g,] , (2.1.6)

where prop(g’ — g) is related to the probability that a neutron scatters from group g’ into group g. Here,
the following assumptions are used:

e Lethargy gain by scattering is so small that the term exp(v’ — u) in Eq. (2.1.2) is replaced by a
constant with the condition f;ﬂao p(u — u)du’ =1, that is, (1 — ag)/eo, then

1 u
rop (u) =~ — / oo,s (u) @ (u')du'. (2.1.7)
6\0 u—eq
e For lethargy u’ belonging to energy group g’, the product oo s (u') ¢, (u') is described by the average
value (g0, (u/)p;(u'))" .

The values of prop(¢’ — g¢) is a function of £g and calculated in APOLLO2.
Then the scattering reaction rate based on the TR approximation for region i and the resonant isotope
is given by

TR, het, 1 TR, het,
Ty, M= Z {Kf—l—prop(g %g)mTo,i,s J ey 00,s(w)C; j(u)du (2.1.8)
j
+/ 00,s(w)S;(u)du (2.1.9)
ueg
1 /
g / TR,het,g
K] = Z [prop(g —g) A 1o, } .
9'<yg

The integrals in the equation are calculated by a quadrature formula with the probability table (as

: TR,het . . TR.het.g -
in a sub-group method) and 7} ,;"“"Y can be solved in the ascending group order. Once T ;"9 is
TTR,het,g

0in is calculated in a similar manner.

obtained, the absorption reaction rate

(b) sub-step 2 (homogeneous calculation)

The absorption reaction rate is calculated in the homogeneous system containing the resonant isotope
with the same composition as in the heterogeneous region of interest.
In a homogeneous system, under the common approximations, Eq. (2.1.1) reduces to

(00 (u) +0%] o(w) = S [prop(s’ — 9) {oo.s(w)ew))” | +50%, (2.1.10)
9'<g
where 77 is the effective ratio of the macroscopic scattering cross section of moderator to the total for
resonant isotope 0 in the region i, and o7, is the equivalent background cross section defined by

1
9 = —=——— — 00.+(u) (assumed constant in group g). (2.1.11)

g
@Yy
J

7§ is obtained by
. 5.(0)
b u€g 1- 00,t (u) Z Ci,j (u)

J

du, (2.1.12)

assuming that ro j¢;(u) of Eq. (2.1.5) is independent of region j. It is calculated in the sub-step 1 using
a quadrature formula.

The scattering reaction rate, Tg fuhom.g ig then written as
1
TR,hom, TR,hom,
Tps "™ = {Kg +proplg = 9) 5= Tos " + ol | 17, (2.1.13)
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where

K9

1 TR.hom,g
Z [pTOP(g/ - g)mTo,s e
9'<yg

o= 1 / 005 4.

Aud Jyeq 00,4(u) + 02y

T R,hom,g
TO,S

The integral 19 is calculated by a quadrature formula with the probability table, and can be

TR,hom,g
TO,S

solved in the ascending group order for a given ¢, and the calculated ~;. Once is obtained,

T R,hom,g
TO,a

the absorption reaction rate, , is calculated in a similar manner.

(c) sub-step 3 (equivalent background cross section)

The equivalent background cross section ¢?, is searched in the homogeneous system so that the ab-

sorption reaction rate in the homogeneous system becomes equal to that in the heterogeneous system:

Toa "™ (0%) = Toay . (2.1.14)

. . . h .
Then 07, is used as the background cross section o to obtain 7,73, the reaction rate based on the

cross section library as

het, hom,
T07f,xg = 75T07;7ﬁ§(af = Jfb). (2.1.15)

This procedure is justified since Eq. (2.1.10) is similar to Eq. (2.1.3) and is linear on ~;.

In this way, the precise slowing down treatment based on the flux calculator in NJOY is reflected.

These homogenization steps are repeated for each region and each resonant isotope included in a system
to be solved.

(d) sub-step 4 (transfer matrix self-shielding, TRSS option)

This step is not included in the standard version of APOLLO2 and specially introduced to avoid a
problem encountered in a fast reactor analysis (see Appendix A).

In the step, the effective scattering transfer matrix O'g’eif;g 9
table additionally prepared in the library creation process.

Then the probability that a neutron scatters from group g’ into group g is evaluated by

is evaluated using a self-shielding factor

het,g'—g (O_g )

g'—g _  “0is b,i
Poi = = het,g/—>g( g ) (2.1.16)
0,i,5 bi
g

(2) multigroup equivalence step

A set of the effective cross section o , ; and the flux 7 is iteratively calculated preserving the reaction
rate obtained in the homogenization step, that is,

neb9(g9 )
g o 54, T 5L
O N (2.1.17)

The flux ¢ is given by a multigroup form of Eq. (2.1.5):

]_ ’ het, / /
Lng - Aud Z Z [pg HgTO,ivsg (Ug,j) Cigu' + Sig (21.18)

J |9'<g

,where
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P?..ViNg
oI, = =i (2.1.19)
" Vsl
> [PLiViTm ;]
gy _ , (2.1.20)
' Vixi,
Pjg ' ., is a function of the macroscopic effective total cross sections.
pglﬂg is the probability that a neutron scatters from group g’ into group g, and is calculated in the

sub-step 4 (TRSS option). (in the standard APOLLO2, infinite dilution scattering reaction is used.)
Thet,g

The equation is solved by iteration keeping Tp ; 2 (ag’i). In the first iteration, the flux ¢? is set to unity,
then %7, is obtained by Egs. (2.1.17) and (2.1.21), and the flux is updated by Eq. (2.1.18).
E?,t = NO,iUg,t,z‘ +%; (2.1.21)

m,i,t°
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2.1.2 Sub-group method

A sub-group method is employed in the reference level calculation and in the unresolved resonance

range of the standard level calculation.
For a mixture of a resonant isotope and moderator (non-resonant) isotopes, the neutron slowing down

equation is given by

ViZia (@) = 3 [Py () Vi (w)] (2.1.22)
73(u) = Ro,y®;(u) + Ry (u) + Q; (u),

where 7 is a source term, R = Nr, and @ is an external source.
Then lethargy averaged flux and reaction rate are written as

@)’ = ¥ 4 (2 w) (21.23)

(00 (u)®i(w)? = v <om(u)mrj(u)> : (2.1.24)

Here we introduce an approximation:
e cross section o, is not correlated to the source term 7.

Then the equations can be written as

(®s(u)? = % <Im> (15 (u))? (2.1.25)

(o)’ =3 2 (a( ZDY (2120

)

o\ 9
The coefficients <L((uu))> and <U$ (u) %> are calculated by a quadrature formula with the prob-

ability table created by CALENDF?) code.
The slowing terms are written as

— / ’ g/
Aug/ Boji(u)dn = 1o A g ;qu TAu (So5s (u') @5 (u)) (2.1.27)
! g —g ’ g
Bt J o, i P I= 5 A g ;qu A9 (S5 (u') ®5 (') (2.1.28)

Unlike in the previous section, the probability, pg)j_’g is approximately calculated by the infinite dilution
cross section, since the self-shielding effect on the probability is not large in the fine energy group structure.
The second term is more simply written as

1 / ’ !
— Ry j®j(u)du = g%gZzﬁb A (@ (u))? . (2.1.29)
Au ueg o A g /Z<:g o !
Then the source term is obtained by
(001" = g 3 P58 (o () 23 ()" s ST A (@ )+ (@)
g'<g 9'<g

(2.1.30)
This equation is solved in the ascending group order using Eqgs. (2.1.23) and (2.1.24). Then the effective
microscopic cross section is obtained from Eqs. (2.1.25) and (2.1.26).
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2.2 SLAROM-UF

SLAROM-UF? is a lattice cell calculation code for fast reactor analyses developed by JAEA. Its
reference level calculation is based on a combination of a fine group calculation (max. 900 groups) and
an ultra-fine group (UF) calculation (approx. 100000 groups). In a normal calculation procedure, the
fine group calculation is first carried out to obtain effective cross sections based on a background cross
section method. In case of a heterogeneous cell, Tone method is employed to evaluate the background
cross section. Then the UF calculation is carried out to replace effective cross sections over the energy
range below about 50 keV. Thus obtained cross sections are then used to calculate flux distribution by
the collision probability method for a heterogeneous cell or by solving the B1 equation for a homogeneous
cell. The standard level calculation uses a coarse group cross section library without the UF calculation
process.

2.2.1 Background cross section method

A method with the background cross section is employed in the standard level calculation and over the
energy range higher than about 50 keV in the reference level calculation.

2.2.1.1 Creation of cross section library

The creation procedure of the library is similar to that in APOLLO2. The library is created mainly by
NJOY and self-shielding data are tabulated as a function of the background cross section and temperature.
Major differences from APOLLO?2 are as follows:

e Effective cross sections are tabulated in stead of reaction rates.

e The elastic removal cross section is stored for self-shielding treatment of the scattering transfer
matrix.

e The narrow resonance (NR) approximation is used.

e NJOY process starts with the pointwise evaluated nuclear data file (PENDF) created with
PREPRO2004% ( LINEAR, RECENT, and SIGMA1).

The NR approximation is used because of two reasons: (a) A special care was paid in the standard level
calculation as described later. (b) In the reference calculation, group structure is so fine above 50 keV
that the approximation is valid and accuracy below 50 keV is assured by the UF calculation.

The default library set contains libraries of three different group structures. One is a JFS-type® 70
group library for the standard level calculation. The others are 175 and 900 group libraries for the
reference level calculation.

The 175 and 900 group libraries are created by NJOY with a standard weight function of Maxwellian +
1/E + fission spectrum. On the contrary, the 70 group library is created with a special weight function.
In addition, data for major heavy nuclides are created by TIMS?). More details of the 70 group library
are described below.

(1) Library based on NJOY
Under the NR approximation, the flux is written as

C(u)

D (u) x ————————.
(u) oo, (u) +of

(2.2.1)

In the 70 group library, a collision density calculated for a typical fuel assembly of the Japanese sodium-
cooled fast reactor “Monju” is used. It is calculated using a very fine group homogeneous cell calculation
(~ 5,000 groups), that is,
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ng (I)fg
Clu) = MM
Aufg
where “fg” means a group in the very fine group calculation and M” denotes the value is on “Monju”.
Then the flux is written as

for u € fg, (2.2.2)

ng (bfg
D (u) Mt Mfg for u € fg. (2.2.3)

oo,t(u) + o}

Dividing ¥+ by the atomic density of a resonant material and expressing it by the resonance term

0o,: and the background cross section term O']{; p» We obtain

(U(JJC,'% + Uz]:f,b) ‘bﬁ

fa

P(u) o
) oo,t(u) + o}

for u € fg. (2.2.4)

Use of the collision density serves to make ® closer to q)ﬁ by reducing the variation in og,, so that broad

group cross sections averaged with @ﬁ would be reconstructed having the background cross section as a

variable. If the condition,

agi +ol9
— ", ~ const. (2.2.5)
oo,t(u) + o

is satisfied, the broad group cross sections becomes that of the “Monju” core.

(2) Library based on TIMS

TIMS solves the slowing down equation by an ultra-fine group calculation. Two resonant isotopes and
a fictitious moderator can be considered as

Se(uw)@(w) = Noaroa®(u) + No2ro2®(u) + > Nuprm®(u), (2.2.6)

where the subscripts “1” and “2” denote the 1st and the 2nd resonant isotopes.
Using the assumptions:

e Moderator isotopes are pure scattering materials with isotropic elastic scattering in the center of
mass system.

® 0y2(u) is constant (= o, ) for u € g.

and using the definition of the background cross section, we obtain

exp(u’ —u)

or(w)®(u) = ro1®(u) + Rorg2®(u) + of /“ O (u')du’, (2.2.7)

U—Em

1—ay,

where Ro, called R-factor, is the density ratio of the 2nd resonant isotope to the 1st. «,, is determined
so that it can represents all moderator isotopes in a system. The fictitious atomic mass, A = 30, is used
as default.

The flux is calculated by solving Eq. (2.2.7) with an ultra fine group using the recurrence formula
developed by Kier®.

Then self-shielding factors are calculated and stored in the cross section library as a function of the
background cross section, temperature, and R-factor. In the present 70 group library, TIMS is used for
three combinations of the 1st and the 2nd resonant isotope; (23%U, 239Pu), (23¥U, 235U), and (**°Pu,
238U).

This tabulation is applied to the unresolved resonance range as well. In the case, a fictitious ladder of
resonance cross sections are generated in TIMS by a Monte Carlo method keeping the average values of
unresolved resonance parameters within assumed errors (of several percents).
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2.2.1.2 Tone method

Tone method®) is used to evaluate the background cross section in a heterogeneous cell.
Starting from Eq. (2.1.22);

ViSi(w)®i(u) = 3 [Py (w) Vi ()], (2:2.8)
J
we introduce an approximation:
Pj%i (U) P]g—m
Zi,t(u) f( ) Zg,t ( 9)

It is based on the assumption that the ratio varies slowly with lethargy and does not depend on the
region j, considering P;_,;(u) is a function of X; ;(u).
Using the reciprocity relation

ViPisj (u) Xi ¢ (u) = Vi Pjoi (u) 5j ¢ (u), (2.2.10)
Eq. (2.2.9) can be written as
PO Vs (u) fi(u) = ViPry (u) 52, (2.2.11)

Taking summation over regions and using the normalization condition, Y P;,; (u) = 1, we obtain
J
59
Vixi,

filu) = Z%MVE() (2.2.12)

Substituting Eq. (2.2.9) to Eq. (2.2.8), and assuming the source term 7 is constant within a group, we
obtain

V, P!
& (1 J*lg, 2.2.13
In this expression, the lethargy dependence of the flux is determined by f;, then
B, () ! (2.2.14)
ZPJ_HV Sje(u)’
Expressing ¥, ; by a resonant and the moderator terms:
Ejyt(u) = NO,jUO,t(u) + Efn,j,t’ (2215)
we obtain the relation:
1
P (u) o , 2.2.16
( ) Uo’t(u) + U’%one,b,i ( )
where
Z _]—m 7n gt
= = (2.2.17)

0.9
Tone,b,i
Z _]—>7,V NO 2J

Eq. (2.2.16) has the same lethargy dependence as Eq. (2.2.1) with C (u) = const., indicating that
the equivalent background cross section that relates a heterogeneous cell to the homogeneous cell can be
defined by Eq (2.2.17).

Then the effective cross sections (including scattering transfer matrix) are obtained by interpolating

o . in the background cross sections.
,
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2.2.2 UF calculation method

The UF calculation method is employed over the energy range below about 50 keV in the reference
level calculation. The calculation is carried out after the calculation of effective cross sections by the
background cross section method.

The methodology is the same as that in TIMS. It solves the slowing down equation in an ultra-fine
group structure using the recurrence formula developed by Kier, and uses a fictitious ladder of cross
sections for unresolved resonances.

The differences are in the capability to handle a heterogeneous system and any number of isotopes.
The flux is calculated by the following slowing down equation:

exp(u’ —u)

ori(u)®i(u) = ZPj—n(U)VjZ/u Niok,s(u') ;i (u)du'. (2.2.18)
j L Ju—eg

1—a

SLAROM-UF uses the PENDF data created in PREPR0O2004 and TIMS; from which about 100000
group cross section data are created in SLAROM-UF for a user-specified temperature.

Thus calculated neutron flux in the ultra-fine group structure is used to obtain effective cross sections
in the group structure specified in the previous step. Then cross sections in the previous step are replaced
on capture, fission, elastic scattering, and elastic removal reactions. Improvements are achieved on the
self-shielding effects as well as on the infinite dilution cross sections by reflecting the precise neutron
spectrum of the calculated system.
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2.3 Calculation Schemes

Two levels of calculation schemes, standard and reference level calculations, are tested in each code as
listed below. In the standard calculation scheme of SLAROM-UF, a library equivalent to APOLLO2 is
prepared to remove an influence of the library creation methodology.

AP11276 APOLLO2 reference level calculation (11276 groups) with the sub-group method

AP172 APOLLO?2 standard level calculation (XMAS 172 groups) with the sub-group method for unre-
solved resonances and with the background cross section method for resolved resonances.

UF900 SLAROM-UF reference level calculation (combination of 900 fine group calculation and the UF
calculation )

SLA172 SLAROM-UF standard level calculation (XMAS 172 groups without the UF calculation). A
172 group library was created reflecting the energy group structure and methodology employed in
creation of the APOLLO2 172 group library.

SLA172JFS SLAROM-UF original standard level calculation (XMAS 172 groups without the UF cal-
culation). This is an equivalence of the 70 group standard calculation scheme of SLAROM-UF.
A 172 group library was created using the methodology employed in the SLAROM-UF 70 group
library.

0)

In addition, the 2nd reference level calculation are tested, where ECCO 1968 group structure'®) is em-

ployed.

AP1968 APOLLO2 2nd reference level calculation with the sub-group method. This is equivalent to

the reference level calculation employed in ECCO system dedicated to the fast reactor analyses in
CEA.

SLA1968 SLAROM-UF 2nd reference level calculation without the UF calculation. A 1968 group library
was created reflecting the methodology employed in creation of APOLLO2 172 group library.

Cross section libraries used in the above calculation schemes are briefly compared in Table 2.1. In this
test, the evaluated nuclear data file JEFF3.1'3) is used in all the calculations.
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Comparison of cross section libraries used in the calculations

Calculation scheme

AP11276, AP172 UF900, SLA172 | SLA172

AP1968 SLA1968 JFS
PENDF | NJOY PREPRO2004(LINEAR, RECENT,

(RECONR, THERMR, BROADR) SIGMA1), NJOY(BROADR)

GENDF | NJOY(UNRESR,| same as AP11276 same as AP11276 except use | same as | same  as
GROUPR(NR | except use of flux of PURR® AP172% | SLA1968
approx. with calculator with except except for
weight function | weight function of use of weight
of Maxwellian 1/E in GROUPR PURR function
+ 1/E + fission | for resolved °)
spectrum)) resonances

Dilution | none 65 points originally | 9 points (0.1, 1, 10, 35, 100, 103, 104,

points created and later 10°, 106)

reduced
considering
interpolation error

Special probability table created with CAL- | PENDF prepared with none TIMS for

library ENDF (for the sub-group method) PREPRO2004 + pseud 28U and

PENDF created with TIMS 239py

calculation®)

for unresolved resonance

(used in the ultra-fine group

a) PURR is used for better equivalence to the sub-group calculation of APOLLO2. In the SLAROM-UF original library,
UNRESR is used.
b) Different weight function of Maxwellian+1/E+fission spectrum is used but effectively the same in the resonance energy
range of interest.

c¢) Collision density calculated in “MONJU” fuel assembly is used.

d) Ultra-fine group cross sections (100,000g) at a user-specified temperature are constructed in SLAROM-UF.

13 —
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Energy group structures in the above calculation schemes are shown in Fig.2.1 for energy range of
interest in this work (see Fig. 3.1). In the 900 group structure, a coarser energy mesh structure is
employed below about 50 keV where the self-shielding effect should be evaluated by the UF calculation.
The group structure of the UF calculation is listed in Table 2.2.

Reference values are obtained with continuous energy Monte Carlo codes TRIPOLI4!'Y) (CEA) and
MVP'2) (JAEA). Both codes use the probability table for unresolved resonances. In this report, results
with MVP are used as a reference unless specified.

10000 900

AP11276 —— UF900 ——

9000 800
8000 700 /l
ave;Au=0.0005 (45729 to 83159) /
7000 P4 ave.Au=0.05 (713g to 845g)
600
o 6000 aQ
3 3 500
a a ave.Au=0.0083 (1g to 712g)
> 5000 >
= =
o 2 400
w4000 w
ave.Au=0.0021 (1g to 4571g)
300
3000
2000 200
1000 100
05 3 4 5 6 7 03 3 4 5 6 7
10 10 10 10 10 10 10 10 10 10 10 10
Neutron Energy [eV] Neutron Energy [eV]
(a) AP11276 (b) UF900
70 T 1600 T
AP172 ——— ECCO1968 ——
60 _H_‘_Hjﬁh 1400
H_H_\ ave.Au=0.21 (34g to 67q)
1200
50
o ave.AU=0.0083 (1¢ 10 1469g)
LH_H1 1000
a o
3 40 H_‘—\_L 3
% % 800
5 1‘_‘_‘1 ave.Au=0.16 (1g to 33g) s
e 30 2
w \_LLLH_LL w
/ 600
20 h
LLLLLLLLH 400
10 H_L 200
05 3 4 5 6 7 03 3 4 5 6 7
10 10° 10 10° 10 10 10 10° 10 10° 10 10
Neutron Energy [eV] Neutron Energy [eV]
(c) AP172 (d) ECCO 1968

Fig. 2.1 Energy group structures of employed calculation schemes

Table 2.2 Energy group structure of UF calculation

Energy range (eV) | Lethargy width (x107°) | Number of groups
52475-9118.8 3.125 56,000
9118.8-4307.4 6.250 12,000
4307.4-961.12 12.500 12,000
961.12-130.07 25.000 8,000
130.07-0.11861 50.000 14,000




JAEA-Research 2009-030

3. Benchmark Data

A cylindrical fuel pin cell model was prepared featuring a fuel assembly of the French fast reactor
“SuperPhenix”. The cell is comprised of three regions; fuel, cladding, and coolant with homogenized
wrapper tube. The fissile materials in the fuel region are represented by 2*°Pu and the structural materials
are by °°Fe. The specifications of the cell are listed in Table 3.1.

Table 3.1 Material composition (barn-cm)

Region Fuel Cladding Coolant Homogeneous
28y 2.20094E-02 - - 8.78186E-03
B9py 3.48900E-03 - - 1.39213E-03
240py 1.14759E-03 - - 4.57894E-04
160 5.32919E-02 - - 2.12637E-02
0Fe - 8.47660E-02 | 2.01709E-02 || 2.28763E-02
23Na - - 2.32498E-02 || 1.01024E-02
| Radius(cm) | 035700 | 042500 | 0.56517 || -

Temperature is all set to 300K.
The cell-total neutron spectrum (flux per lethargy) and reaction rates are shown in Fig. 3.1. The flux

is normalized in the volume and energy integrated value. The reaction rates are noticeable from 100 eV
to 10 MeV.
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Neutron Spectrum ( Region 0 )

0.25
02 hJ_H
:«ET
5 015
8
>
3
£
®
3 01
0.05 ‘|_|J—J>
. J
10" 107 10° 10* 10° 10° 10
Neutron Energy [eV]
(a) Neutron Spectrum
Taux Reaction Fission ( Region 0)
0.00045
Fission
Capture
0.0004
0.00035
0.0003
5,
‘@ 000025 =
: I—| M L
c
£ 00002 [ -
@
@
: il
0.00015 ke
T
0.0001 'J
5e-05 u —||_‘
0 ._._._..JF_E
10' 102 10° 10* 10° 10° 10’

Neutron Energy [eV]

(b) Reaction rate

Fig. 3.1 Feature of the benchmark model (MVP)
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4. Results

Results are summarized in this section for the heterogeneous model. The homogeneous model is referred
only in a discussion. In the calculation, the iteration procedure on the background cross section, which
is often used to take into account the resonance overlap effect among different nuclides, is not used to
simplify the comparisons. Its influence will be discussed in Section 5.4.3.

The following parameters are compared between the codes and among the calculation schemes:
e k-infinity
e Reaction rate

e Neutron spectrum

The volume and energy integrated flux is normalized to unity in the evaluation of the reaction rate and
neutron spectrum.

The results by MVP and TRIPOLI are all based on the track length estimator. The flux and reaction
rates are tallied in ECCO 33 group structure'®) and their uncertainties are summed up by the root sum
square if necessary. Cross sections are obtained by dividing the reaction rates by the flux.

The summary of k-infinity calculations is listed in Table 4.1. An energy break-down is shown for energy
ranges higher and lower than 40.9 keV (upper boundary of 13th group in ECCO 33 structure), where the
k-infinity is expressed by the macroscopic reaction rate ratio as:

k — infinity = Production term/Absorption term,

Production term = v ®,

Absorption term = X, ® — 2,0, ® — £,,5, 2.

In the reference level calculations (AP11276 and UF900), the results of the k-infinity agree to the
reference within 50 pem, while the standard level calculations (AP172 and SLA172) differ by more
than 300 pcm. In the 2nd reference level calculations (AP1968 and SLA1968) and in the SLAROM-UF
original standard calculation (SLA172JFS), the accuracies are nearly as good as those in the reference
level calculations.

When compared on the energy break-down, differences in accuracy are not so clear. SLA172JFS and
SLA1968 look best among all the calculation schemes.

Table 4.2 shows the comparison on the reaction rates. Unlike in the reaction rate ratio, the standard
calculations show poor accuracy with about 1,000pcm of errors in the Etotal values. The other schemes
have similar accuracy and SLLA1968 is the best.

Table 4.3 lists total calculation time required for a calculation. It is a rough evaluation and the values
can be shorter by optimizing input data. In all the case except AP11276, more than 90% of the time is
spent for the self-shielding calculation. In the standard level calculation, calculation times are the same
between APOLLO2 and SLAROM-UF.

*1(n,3n) reaction term should be multiplied by 2, but not applied here for lack of data.
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Table 4.1 Summary of k-infinity and macroscopic reaction rate ratio
Lo (Production term) / (Absorption term Etotal)
Cal. type k-infinity Ehigh?) Elow?) Etotal
MVP® 1.31769 (£5) 0.89899 (£68) 0.41866 (+6) 1.31765 (+69)
TRIPOLI® | 1.31786 (£31) (+13) | 0.89786 (£15) (-86) | 0.42004 (£12) (+105) | 1.31790 (£19) (+19)
AP172 1.32179 (+311) 0.89984 (+64) 0.42196 (+250) 1.32179 (+315)
SLA172 1.32520 (+570) 0.90439 (+410) 0.42079 (+162) 1.32519 (+572)
SLA172JFS | 1.31849 (+61) 0.90059 (+122) 0.41788 (-59) 1.31847 (+63)
AP1968 1.31912 (+109) 0.89707 (-146) 0.42206 (+259) 1.31913 (4113)
SLA1968 1.31888 (+90) 0.89861 (-29) 0.42025 (+121) 1.31886 (+92)
AP11276 1.31833 (+49) 0.89590 (-235) 0.42244 (+287) 1.31834 (+53)
UF900 1.31820 (+38) 0.89723 (-133) 0.42096 (+175) 1.31819 (+42)

a) Number of neutron tracked: MVP 20,000(per batch) x1,550(50 discard), TRIPOLI 10,000(per batch) x1,200(21 discard)

b) Ehigh> 40.9keV, Elow< 40.9keV, Etotal=Ehigh+Elow

Values in parentheses (in pem):
MVP: Statistical error(lo)
TRIPOLI: Statistical error(lc), (Difference from corresponding MVP value) / MVP Etotal

The others: (Difference from corresponding MVP value) / MVP Etotal

Table 4.2 Summary of macroscopic reaction rate

Production term (x107?) Absorption term (x107?)
Cal. type -
Ehigh Elow Etotal Ehigh Elow Etotal
6.0319 2.8090 8.8410 3.3152 3.3945 6.7097
MVP
(£6) (£5) (£8) (£31) (£6) (£32)
6.0262
2.8192 8.8454 3.3149 3.3969 6.7117
TRIPOLI (£11)(-
64) (£8)(+115)| (£14)(+50)| (£7)(-5) (£12)(+36)| (£14)(+31)
AP172 6.1016 2.8612 8.9628 3.3561 3.4247 6.7808
(+788) (4+590) (+1379) (+609) (+451) (+1060)
SLA172 6.1159 2.8456 8.9614 3.3524 3.4100 6.7624
(+950) (+413) (+1363) (+555) (+231) (+786)
6.0612 2.8124 8.8737 3.3284 3.4019 6.7303
SLA172JFS
(+332) (+38) (+370) (+197) (+110) (+308)
6.0209 2.8328 8.8537 3.3125 3.3993 6.7117
AP1968
(-125) (+269) (+144) (-40) (+72) (+31)
6.0322 2.8210 8.8532 3.3179 3.3949 6.7128
SLA1968
(+3) (+135) (+138) (+40) (+6) (+46)
6.0137 2.8356 8.8493 3.3111 3.4013 6.7124
AP11276
(-206) (+300) (+94) (-61) (+102) (+41)
6.0279 2.8282 8.8561 3.3139 3.4044 6.7183
UF900
(-46) (4216) (+171) (-19) (+148) (+129)

Values in parentheses (in pcm): same as Table 4.1.
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Table 4.3 Calculation CPU time (sec)

Cal. type | AP172 | SLA172 | AP1968 | SLA1968 | AP11276 | UF900 |

Hetero. cell 2 2 194 35 15,200 45

Homo. cell 2 2 160 18 13,500 24

Machine: CPU Pentium 4 2.40GHz, memory 500MByte free
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5. Discussion

The results are investigated in each calculation level as itemized below. In addition to a general
comparison, discussions are made on topics expected from theoretical consideration. The typical data of
the self-shielding factor, the key quantity in the present work, are summarized in Appendix A.

1 Comparison on the reference level calculation (AP11276 and UF900)
2 Comparison on the 2nd reference level calculation (AP1968 and SLA1968)

a. Resonance overlap effect:
The 1968 group structure is not so fine as those in AP11276 and UF900 in the resolved reso-
nance energy range of heavy nuclides. Its influence is evaluated quantitatively by comparing
cross sections of 239Pu and 238U between the two reference level calculations.

3 Comparison on the standard level calculation (AP172 and SLA172)

a. Effect of heterogeneous-homogeneous equivalence:
SLAROM-UF uses the larger approximation in treating heterogeneous cell by the Tone method.
Its influence is evaluated by comparing cross sections for the two cell models.

4 Comparison on the SLAROM-UF original standard level calculation (SLA172JFS)

a. Comparison among methodologies to create the self-shielding table
There is a difference in the methodologies to create the self-shielding table between APOLLO2
and SLAROM-UF standard libraries. The APOLLO2 library is based on the flux calculator,
while the SLAROM-UF library is on the NR approximation and TIMS. Accuracy is investigated
among the methodologies.

b. Effect of weight function
SLA172JFS shows better accuracy in the 172 group structure. Among special features of
the library used in SLA172JFS, the effect of the better smooth function (weight function) is
evaluated.

c. Effect of background cross section iteration
In the present work, an iteration procedure are not employed for the background cross sec-
tion, by which resonance overlap effects are taken into account approximately. The effect is
investigated using the results of SLA172JFS.
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5.1 Comparison on the reference level calculations (AP11276 and
UF900)

Figure 5.1.1 compares differences from the reference values on the fission reaction rate, the capture
reaction rate, and the neutron spectrum. The left figures are on the relative difference and the right on
the absolute difference. The absolute values correspond to those in the parentheses in Table 4.2, that is,
a difference from MVP value is divided by the MVP energy total production or absorption reaction rate.

The results are satisfactory in that all the relative differences are within 1% and the absolute errors of
reaction rates do not exceed 20 pcm in any energy group, except for the three points below:

1 Overestimation of the fission reaction rate around 4 keV in AP11276 and UF900 (discussed in Sec-
tion 5.1.1)
The overestimation results in an error of several hundred pcm in the Elow component of the pro-
duction and absorption terms in Table 4.2 (the fission reaction rate to be multiplied by the value
of v(~ 3) for the values to be related to the production term).

2 Underestimation of neutron spectrum above 1 MeV in AP11276 (discussed in Section 5.1.2)
The underestimation results in an error of 200 pcm in the Ehigh component of the production term.
The error appears by more than -100 pcm in the Ehigh component of the k-infinity.

3 Underestimation of neutron spectrum around 50 keV in UF900 (discussed in Section 5.2.4)
The underestimation is negligible in the relative difference but clear in the absolute difference,
resulting in an error of 80 pcm in the absorption term. The error does not appear in the k-infinity
due to a cancellation between the two reaction terms.

The above results indicate that AP11276 has good accuracy thanks to a cancellation of the independent
errors between the Ehigh and Elow components. If one of the errors is corrected, the accuracy of the
k-infinity will be deteriorated.
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5.1.1 Overestimation of fission reaction around 4 keV

Figure 5.1.2 compares the cell-averaged effective microscopic cross sections of 2*Pu fission in the 172g
structure. The result by TRIPOLI is also plotted. The left is on the heterogeneous benchmark model
and the right is on a special homogeneous model in which the 23°Pu density was reduced to 1.0 x 10~ 10
(barn-cm) (instead the 2*°Pu density was increased by 1.38 x 102 (barn-cm) to roughly compensate
reactivity loss). In this modeling, the self-shielding effect on the 23°Pu cross section becomes negligible.

In AP11276 and TRIPOLI4, the difference from the reference exceeds 30% at the 50th group (3.35-3.53
keV) in both models. The error comes from not in the self-shielding treatment but in the infinite dilution
cross section.

Figures 5.1.3-5.1.6 compare 23Pu fission cross sections in a very fine energy mesh structure for the
diluted ?**Pu model. Data for ENDF in each figure were taken from NJOY UNRESR module output
at 300K. Data for MVP and TRIPOLI4 were obtained by tallying in the energy structure defined in the
MVP library (within a statistical uncertainty of 1%), those for AP11276 were taken in its library energy
structure, and those for UF900 were from PENDF (this case only at 270 K). AP11276 data include those
self-shielded by the sub-group method and not self-shielded.

The results by MVP and AP11276(no self-shielding) follow the ENDF data. The other data fluctuate
statistically and are difficult to see their adequacy.

Then the values are simply averaged in energy (Table 5.1.1). The averages for 3.35-3.53 keV and for
3.53-5.00 keV correspond to the controversial energy groups in Fig. 5.1.2. The group 51 (2.25-3.35 keV)
was not compared since it is partly in the resolved resonance range (~2.5 keV). The averages for 3-4 keV
and for 4-5 keV correspond to those described in the original ENDF file of JEFF-3.1. The ENDF data
averaged here are identical to those in the original ENDF file (change in values by temperature rise is
negligible).

MVP and AP11276 (no self-shielding) reproduce the ENDF data. UF900 gives slightly different results.
The difference is mainly in interpolation schemes of cross section data. In SLAROM-UF library, PENDF
is created with RECENT code of PREPRO2004, where the interpolation is carried out on the resonance
parameters. On the other hand, the ENDF data is based on cross section interpolation. AP11276 (with
self-shielding) and TRIPOLI4 do not reproduce the averaged values, which would come from CALENDF
used to prepare the probability table.
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Table 5.1.1 Average values of ?*Pu fission cross section in an unresolved energy range

Data source
E keV

nergy range (keV) AP11276

ENDF AP11276 | TRIPOLI4| MVP | UF900
(noSS)

3.35-3.53 5079 2.073 2.721 2.883 2.071 2.108
(AP172g, gp.50) ' (+0.0) (+31.3) (+39.2) (-0.0) | (+1.7)
3.53-5.00 - 2.542 2.665 2.626 2.542 2.605
(AP172g, gp.49) ’ (+0.0) (+4.9) (+3.3) (+0.0) | (+2.5)
3.4 5,000 2.993 3.181 3.181 2.992 3.057
' (+0.0) (+6.3) (+6.3) (-0.0) | (+2.2)
A5 5 304 2.395 2.520 2.485 2.395 2.428
' (+0.0) (+5.3) (+3.8) (+0.1) | (+1.4)

Values in parentheses (in %): difference to ENDF.
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5.1.2 Underestimation above 1 MeV in AP11276

The underestimation is attributed to the incident energy of the fission spectrum. In APOLLO2, as the
library is optimized to thermal reactor analyses, the incident energy is fixed at the lowest energy. On the
other hand, SLAROM-UF uses an incident energy determined by a preliminary homogeneous calculation
with an initial incident energy at 200 keV. When a fixed incident energy (determined by averaging with
the weight function) is used in SLAROM-UF, a similar discrepancy arises (Fig. 5.1.7).

Neutron Spectrum ( Region 0 )
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Fig. 5.1.7 Accuracy of neutron spectrum with fixed incident energy
(UF900CHIsimple : UF900 cal. with the fixed incident energy for fission spectrum)
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5.2 Comparison on the 2nd reference level calculations (AP1968
and SLA1968)

Calculation results are tabulated and plotted in the same fashion as in Section 5.1. A similar good
accuracy is achieved as in the previous (1st) reference level calculations. Small differences observed are
discussed in the following sections.
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5.2.1 Resonance overlap effect

Figure 5.2.2 compares cross sections of 23Pu and 238U between the 1st and 2nd reference level calcu-
lations for the homogeneous model in ECCO 33 or the 172 group structures.

The 1st reference level calculations both agree with the reference values within the statistical uncertainty
below 2 keV (in the resolved resonance range). A few percents of differences are observed in the 2nd
reference level calculations. It is due to the resonance overlap effect which the 1968 group calculation
can not treat so accurately as in the 1st reference level calculation. The influence on the reaction rates
is as small as about several ten pcm as observed in the comparison between Figs. 5.1.1 and 5.2.1.
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5.2.2 Overestimation of fission reaction around 4 keV

The overestimation mentioned in Section 5.1.1 appears similarly in the 1968 group calculation. The
239Py fission cross sections are compared similarly using the diluted 23°Pu model, in Table 5.2.1 and

Figures 5.2.3-5.2.5.

Figure 5.2.3 is in the 172g structure and Figs.5.2.4 and 5.2.5 are in the 1968g structure. Data in the
Table 5.2.1 is the simple average of the 1968g results. In Fig.5.2.5, PENDF data (at 270K, change in
temperature is negligible) used in creation of the library is also plotted.

AP1968 data do not follow the ENDF data, which is the common behavior in the data based on

CALENDF.

SLA1968 data show slight difference from the ENDF data (Fig.5.2.5). The difference originates from

the same reason as mentioned in Section

5.1.1.
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Fig. 5.2.3 Accuracy of ?*°Pu fission cross section in an unresolved energy range

(2nd reference level cal. in Diluted

239Pu model)

Table 5.2.1 Average 2*°Pu fission cross section in an unresolved energy range (1968 group

library)

Data source
Energy range (keV)
ENDF AP1968 SLA1968

3.35-3.53 2.467 2.107

2.072
(AP172g, gp.50) (+19.1) (+1.7)
3.53-5.00 5 541 2.664 2.603
(AP172g, gp.49) ' (+4.8) (+2.5)
3.147 3.082

3-4 2.992
(+5.1) (+3.0)
2.493 2.426

4-5 2.394
(+4.1) (+1.3)

Values in parentheses (in %)

: difference to ENDF.
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5.2.3 Additional Comment on APOLLO2

Compared to Section 5.1.2, a small improvement is found on the effect of incident energy dependence
of fission spectra. Fission spectra used in AP11276 and AP1968 are plotted with regard to SLA1968 in
Fig. 5.2.6. The figure on the relative difference explains the difference observed in the neutron spectra
between Figs. 5.1.1 and 5.2.1.
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Fig. 5.2.6 Difference of fission spectrum between APOLLO2 reference level calculations (
SLA1968 as reference )

In the absolute difference of the neutron spectrum, a discrepancy from the reference is clearly found
from 10 to 100 (keV) in AP1968. Tt is observed in AP11276 of Fig. 5.1.1 as well. The discrepancy
mainly originates from the scattering cross section of 2*Na (Fig. 5.2.7). Tt exceeds several percents in
the 1968 group structure (Fig. 5.2.8). In the figure, a AP1968 case without the sub-group calculation is
also shown with the index, “NoSG”, which gives a good accuracy because the self-shielding effect in the
1968 group structure is negligible in this energy range (see Appendix A). This result indicates that the
problem would be in the sub-group parameter of 23Na.
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5.2.4 Additional Comment on SLAROM-UF

The neutron spectrum of SLA1968 shows better agreement around 40 keV than that of UF900.

Figure 5.2.9 plots the removal cross section of UF900 against SLA1968 in the 900 group structure
(groups above 52 keV are partly condensed to have common energy group boundaries). The removal
cross section here includes that of the inelastic scattering reaction. The difference appears below 52 keV
where the cross section of UF900 is evaluated by the UF calculation. °°Fe is the dominant contributor
to the difference.

Figure 5.2.10 compares the removal cross section and PENDF of °6Fe. The error appears in a smooth
part of the cross section, thus the neutron spectrum should be determined mostly by external sources.
The lack of fission and inelastic scattering sources in the UF calculation would be the reason of the error.
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5.3 Comparison on the standard level calculations (AP172 and
SLA172)

Figure 5.3.1 compares differences from the reference values on the reaction rates and neutron spectrum.

Apparently, errors are larger than those in the reference level calculations. The errors mainly come
from those in the neutron spectrum.

Some differences exist between AP172 and SLA172, though the cross section libraries are created on a
similar methodology, a reason of which will be discussed in Section 5.3.2.
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5.3.1 Effect of the heterogeneous-homogeneous equivalence

The SLA172 case uses the Tone method to evaluate the self-shielding effect in a heterogeneous cell,
which would cause a larger error than the AP172 case. This influence is investigated by comparing cross
sections of 239Pu and 238U between the heterogeneous and homogeneous models in Fig. 5.3.2.

The differences between SLLA172 and AP172 are larger by several percents in the heterogeneous model
for the 238U capture cross section. It would be the errors accompanied with the Tone method.
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Fig. 5.3.2 Difference in accuracy of cross sections between heterogeneous and homogeneous

calculations in the 172g structure
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5.3.2 Other differences between AP172 and SLA172

Figure 5.3.3 compares macroscopic cross sections in the homogeneous model. Besides the differences
in the fission cross section around 4 keV mentioned in Section 5.1.1, clear differences are observed in the
scattering cross section. The differences similarly appear in the removal cross section, which causes the
difference in the neutron spectrum. Figure 5.3.4 is on the absolute difference for the scattering cross
section. We can see that the differences are mainly due to *°Fe.

The difference of 5Fe scattering cross section is attributed to a restriction on the background cross
section (BG) in the AP172 case. In the APOLLO2 172 group library, the BG values for *°Fe is truncated
at 20 barn, because the behavior of the reaction rates against BG is not monotonous. On the other hand,
actual BG in the benchmark problem is around 12 barn, making self-shielding factor calculated by AP172
erroneous.

This error can be removed by introducing the mixture self-shielding treatment into AP172 calculation
as described in the next section.
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Fig. 5.3.3 Accuracy of macroscopic cross section (standard level homo cal.)
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5.3.3 Application of mixture self-shielding treatment in AP172

The problem mentioned in Section 5.3.2 can be solved by introducing the mixture self-shielding (SS)
treatment'*). The mixture treatment calculates effective reaction rates for a BG value in the code.

In the mixture treatment, a homogeneous cell calculation is carried out in the AP11276 group structure
for an energy range of interest. The slowing down equation is solved in a similar manner to the flux
calculator of NJOY. Exceptions are

e the slowing down source term is expressed by the TR approximation,
e the probability table is used to evaluate a resonance integral,

e as many resonant isotopes as required can be handled.

The last feature is effective to treat the resonance overlap effects accurately. The reaction rate thus
calculated for a background cross section is used in the multigroup equivalence step in place of the
library created by NJOY.

The mixture treatment option is available in the standard APOLLO2; however, the restriction remains
on the treatment of the self-shielding for the transfer matrix. Then APOLLO2 has been tentatively
modified by M.Coste of CEA to treat the SS factor on the transfer matrix correctly and calculation on
the present benchmark were performed using the slightly different nuclear data JEFF-3.2 5.

Figure 5.3.5 compares the scattering cross sections between the new result (named “AP172mix”) and
the previous standard level result. In the comparison, a difference in nuclear data (between JEFF-3.1
and JEFF-3.20) is negligible. We can see the error found in AP172 is successfully removed in AP172mix.

Small differences remain between SLA172 and AP172mix around 1 MeV in %6Fe, and around 1 keV and
10 MeV in 160. Those in ®°Fe is because the self-shielding effect is not considered in AP172mix around
the energy range, which will be solved easily by changing default setting. Those in ®0 newly appeared
in AP172mix need an investigation.

An improvement is also expected in the resonance treatment for the heavy nuclides. Figure 5.3.6
compares cross sections of 23°Pu and 238U. A difference due to the nuclear data is again negligible as
shown in the right figures.

Improvement is clearly found in 23°Pu capture cross section and around 1 keV in #*°Pu fission cross
section. The result is similar to that obtained with TIMS used in SLA172JFS which will be shown in
Section 5.4.1.
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Fig. 5.3.5 Improvement in scattering cross sections by AP172mix (standard level cal.)
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Xsection Reaction Capture ( Nuclide U238 Region 1)
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Fig. 5.3.6 Improvement of cross sections (in fuel region) for heavy nuclides by AP172mix

(Statistical uncertainties of TRIPOLI results are similar to that of MVP result.)



JAEA-Research 2009-030

5.4 Comparison on the SLAROM-UF original standard level cal-
culation (SLA172JFS)

SLA172JFS uses the cross section library created using TIMS for 23°Pu and 2**U, and using the NR
approximation and the weight function for the other nuclides.

The weight function (named here “JFSweight”) is similar to the collision density calculated in SLLA1968
(Fig. 5.4.1). The right figure compares the neutron spectra calculated with SLA172JFS and SLA172wt1968
(library was similarly created using collision density calculated in SLA1968). The similarity of the two
collision densities indicates that JFSweight is an appropriate weight function for the present benchmark
problem. One may think that the accuracy of the neutron spectrum in SLA172wt1968 is not satisfactory
in spite of use of the “real” weight spectrum. The condition of Eq. (2.2.5) should be satisfied more strictly
for further accuracy.
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Fig. 5.4.1 Comparison of collision density and resulting calculated neutron spectrum

The summary of the k-infinity calculations and reaction rates are again listed in Tables 5.4.1 and 5.4.2.
The following new calculations were added to see a change in the transition.

SLA172JFSnoWT Library based on the 1/E + x weight function instead of “JFSweight” in SLA172JFS.
SLA172JFSnoWTnoR No R-factor in SLA172JFSnoW'T.

The difference from SLA172 to SLA172JFSnoWTnoR. comes from use of TIMS for 239Pu and 238U, and
use of the NR approximation for the other nuclides, both instead of the flux calculator. As described
later, differences between TIMS and the flux calculator are small and the latter change is the major
contribution.

The difference from SLA172JFSnoWTnoR to SLA172JFSnoWT is use of the R-factor. The effect
appears in the Elow terms.

The difference from SLA172JFSnoWT to SLA172JFS is use of JFSweight. This difference causes the
largest impact and appears mainly in the Ehigh terms.

The results of SLA172JFS are plotted in contrast to SLA172 in Fig. 5.4.2. An improvement is found
in general and mainly comes from that in the neutron spectrum.



Table 5.4.1 Transition from SLA172 to SLA172JFS on k-infinity and macroscopic reaction

rate ratio

JAEA-Research 2009-030

o (Production term) / (Absorption term Etotal)
Cal. type k-infinity -
Ehigh Elow Etotal
SLA172 1.32520 (+569) | 0.90439 (+410) | 0.42079 (+162) | 1.32519 (+572)
SLA172JFSnoWTnoR | 1.32550 (+592) | 0.90496 (+453) | 0.42052 (+141) | 1.32548 (+594)
SLA172JFSnoWT | 1.32365 (+453) | 0.90496 (+453) | 0.41867 (+1) 1.32363 (+454)
SLA172JFS 1.31849 (+60) 0.90059 (+122) | 0.41788 (-59) 1.31847 (+63)

Definition of the values follow Table 4.1.

Table 5.4.2 Transition from SLA172 to SLA172JFS on macroscopic reaction rate
Production term (><10_3) Absorption term(x10_3)
Cal. type
Ehigh Elow Etotal Ehigh Elow Etotal
SLA179 6.1159 2.8456 8.9614 3.3524 3.4100 6.7624
(+950) (+413) (+1363) (+555) (+231) (+786)
6.1029 2.8359 8.9388 3.3454 3.3984 6.7438
SLA172JFSnoWTnoR
(+803) (+304) (+1106) (+451) (+58) (+509)
6.0980 2.8212 8.9192 3.3428 3.3957 6.7384
SLA172JFSnoWT
(+748) (+137) (+885) (+411) (+18) (+429)
6.0612 2.8124 8.8737 3.3284 3.4019 6.7303
SLA172JFS
(+332) (+38) (+370) (+197) (+110) (+308)

Definition of the values follow Table 4.1.
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Fig. 5.4.2 Accuracy of the SLAROM-UF original standard level calculation
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5.4.1 Comparison among methodologies to create the self-shielding tables

To understand the difference between SLA172 and SLA172JFS in more detail, methodologies used in
creating the self-shielding tables are investigated.
Methodologies compared are

e SLA172 : the flux calculator of NJOY for all self-shielding factors
e SLA172NR : the NR approximation for all self-shielding factors
e SLA172JFS : TIMS for ?*°Pu and 2?®U and the NR approximation for the others.

e SLA172JFSnoR : TIMS without the R-factor in SLA172JFS, which ignores the resonance overlap
effect between 23Pu and 233U"!,

The comparisons are made on the homogeneous cell model and in the 172 group structure.

Figure 5.4.3 is on 23%Pu and 23%U. The left figures compare results based on the flux calculator
(SLA172), TIMS without the R-factor (SLA172JFSnoR), and the NR approximation (SLA172NR).

It is observed that the NR approximation causes larger errors in 23%U capture cross section below
400eV. The result of the flux calculator is as good as that by TIMS without the R-factor.

The right figures show the R-factor effect (resonance overlap effect). The effect mainly appears in 239Pu
cross sections, which results are similar to those mentioned in Sections 5.2.1 and 5.3.3.

Figure 5.4.4 is on the scattering cross sections. Clear errors are observed around 3 keV in SLA172NR
and around 30 keV in SLA172. The former is on the resonance of 2>Na and the latter is on the resonance
of 0Fe.

Use of the flux calculator is effective for 2Na as in the above heavy nuclide cases; however, it is not
true for %°Fe and the NR approximation is better. Considering that the UF calculation, which solves a
slowing down equation as in the flux calculator, does not yield this large error, lack of the contribution
of the source term by the other isotopes, would be a cause of the error.

“1This case is equivalent to a flux calculator case with an admixture moderator by specifying the parameters; alpha2=0.875

2
(: %, 30 : mass of admixture moderator), sam=1.0, beta=1.0, and gamma=1.0 in NJOY GROUPR module.



JAEA-Research 2009-030

Xsection Reaction Capture ( Nuclide U238 Region 0 )

Xsection Reaction Capture ( Nuclide U238 Region 0 )

25 25
referror —+— referror —+—
SLA172homo SLA172JFShomo
20 F 'SLA172JFSnoRhomo m 20 SLA172JFSnoRhomo o
SLA172NRhomo --------
15 15
2 S
S 10 S 10
<] <]
c e
o 2 [ 1
5] 5} L
3 N
§ §
= u e s S e =0 g e
g 2
e o
2 2 5
o a
-10
-15 -15
-20 -20
10° 10° 10* 10° 10 10° 10 10°
Neutron Energy (eV) Neutron Energy (eV)
(a) 238U capture (b) 238U capture (R-factor effect)
Xsection Reaction Fission ( Nuclide PU239 Region 0 ) Xsection Reaction Fission ( Nuclide PU239 Region 0 )
25 25
referror —+— referror —+—
SLA172homo SLA172JFShomo
20 'SLA172JFSnoRhomo m 20 SLA172JFSnoRhomo o
SLA172NRhomo
15 15
2 S
S 10 S 10
<] <]
g g
5] - 5]
' ° f . e °
£ i i £
£ ol—f 4 | S WO £ o la= i BN v TLCE N B = CLE SR S —_—
g 8 F [l b
e o
g 5 e 5
o a
-10 -10
-15 -15
-20 -20
10° 10° 10* 10° 10 10° 10 10°
Neutron Energy (eV) Neutron Energy (eV)
(c) 239Pu fission (d) 239Pu fission (R-factor effect)
Xsection Reaction Capture ( Nuclide PU239 Region 0 ) Xsection Reaction Capture ( Nuclide PU239 Region 0 )
25 25
referror —+— referror —+—
SLA172homo SLA172JFShomo
20 'SLA172JFSnoRhomo m 20 SLA172JFSnoRhomo o
SLA172NRhomQ --------
15 15 |
2 S
S 10 w S 1t
<] <]
g g
5] 5]
s ° s 8
§ r §
< 0T + = = e 5 = u 1 st b
<] 8 i i
g 8 ||
S 5 = 2 o]
a | T hrewed a b
-10 -10
-15 -15
-20 -20
10 10° 10* 10° 10° 10° 10° 10°

Neutron Energy (eV)

(e) 239Pu capture

Neutron Energy (eV)

(f) 239Pu capture (R-factor effect)

Fig. 5.4.3 Comparison of cross sections for heavy nuclides among various methodology in

creating self-shielding table (standard level homo cal.)
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Fig. 5.4.4 Comparison of scattering cross sections among various methodology in creating
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(standard level homo cal.)



JAEA-Research 2009-030

5.4.2 Effect of weight function

The other difference between SLA172 and SLA172JFS is use of JESweight. The effect mainly appears
on the neutron spectrum which originates from the removal cross section as in Fig. 5.4.5. Contribution
of nuclides are equally found in 60, ?3Na, and ®°Fe.
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5.4.3 Effect of background cross section iteration

In the present work, an iteration procedure for background cross sections was not employed to make
comparisons simple. An effect of the iteration is investigated by comparing SLA172JFSnoR with the
iteration procedure (named “SLA172JFSnoRIte”) and SLA172JFS in the homogeneous cell model. If
the iteration procedure is effective, resonance overlap effects between 23°Pu and 2?*U are considered to
some extent and SLA172JFSnoRIte results should be closer to SLA172JFS results than SLA172JFSnoR
results.

Figure 5.4.6 compares cross sections for nuclides of interest. We can see that the iteration procedure
is effective in general. In particular, large improvement is found in 239Pu capture cross sections below
several 100 eV.

An exception is in the 22U capture and scattering cross sections around 3 keV. The values deviate
from SLA172JFS when the iteration procedure is applied. However, in this case, the deviation from
SLA172JFS has no meaning since the resonance overlap effect is dominant between **Na and 2**U. The
accuracy of the capture cross section becomes worse by the iteration, whereas that of the scattering cross
section becomes better. This contradiction indicates that the problem would be in the infinite cross
section, that is, weight function used is not good enough.

Figure 5.4.7 shows the iteration effect on the reaction rates. The effect is so small that we can see the
discussions made so far are not affected by the use of iteration procedure.
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6. Conclusions

A lattice cell benchmark calculation was carried out for APOLLO2 and SLAROM-UF on the infinite
lattice of a simple pin cell featuring a fast reactor.

The accuracy was compared on k-infinity and reaction rates in the two kinds of reference level calcu-
lations and in the standard level calculations. All the calculations were performed with JEFF-3.1.

In the 1st reference level calculation, APOLLO2 and SLAROM-UF agreed with the reference value of
k-infinity obtained by a continuous energy Monte Carlo calculation within 50pcm. However, larger errors
were observed in cross sections in a particular energy range. The problems are

e 239Pu cross sections in the unresolved energy range in both codes,

incident energy of x spectrum in APOLLO2,
e 23Na cross sections around 50 keV in APOLLO2 reference level calculation,

e 99Fe cross sections around 40 keV in SLAROM-UF reference level calculation.

The former three problems are on the cross section library. The 1st one for APOLLO?2 and the 3rd one
appear only in the sub-group calculation, and the library creation code CALENDF may need modification.
The last one is associated with a restriction of the ultra-fine group calculation.

In the 2nd reference level calculation, which is based on the ECCO 1968 group structure, both results
agreed with the reference value of k-infinity within 100pcm. In comparison with the 1st reference level
calculation, the resonance overlap effect was observed by several percents in cross sections of heavy
nuclides.

In the standard level calculation based on the APOLLO2 library creation methodology, a discrepancy
appeared by more than 300pcm.

A restriction has been found in applying APOLLO2 to a fast reactor analysis. The APOLLO2 172
group library does not have a sufficiently small background cross section to evaluate the self-shielding
effect on %%Fe cross sections. The mixture self-shielding treatment recently introduced in APOLLO2 was
tentatively applied and found effective to solve the problem.

SLAROM-UF standard calculation uses a larger approximation in treating a heterogeneous cell. The
error was observed by several percents in 233U capture cross section.

SLAROM-UF original standard level calculation based on its library creation methodology is the best
among the standard level calculations. Improvement from the SLAROM-UF standard level calculation
is achieved mainly by use of a proper weight function for light or intermediate nuclides.
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Appendix A Comparison of Self-Shielding Fac-
tors

The self-shielding (SS) factors are compared among calculations with different cell models and energy
group structures. The factors were obtained from SLAROM-UF calculations performed in a slightly
modified cell model in which a set of nuclides with a very small density (1 x10~barn-cm) were added to
the original cell model as a different nuclide so that the self-shielding effects on the added nuclide were
treated independently. Thus obtained cross sections of the added nuclides are of the infinite dilution.
Then the SS factor were obtained by the ratio of the original cross sections to the added.

Figures A.1to A.3 compare the SS factors for major nuclides and reactions among SLA172, SLA172homo,
and SLA1968homo.

The difference between the cell models (SLA172 and SLA172homo) do not exceed a few percents. The
heterogeneous effect on the SS factor is not large in the present cell model.

In the 172 group calculations, the SS factors on the removal cross sections are significantly different
from those on the scattering cross section, whereas they are similar in the 1968 group calculation.

This is the reason that the self-shielding effect on scattering matrix should be considered by the TRSS
option in the AP172 calculation.
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Self-shielding factor Reaction Removal ( Nuclide FE56 Region0 )

Self-shielding factor Reaction Removal ( Nuclide NA23 Region0 )
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Self-shielding factor Reaction Fission ( Nuclide PU239 Region0 )
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