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The nuclear data processing code has an important role to connect evaluated nuclear data libraries
and neutronics calculation codes. Japan Atomic Energy Agency (JAEA) has developed the nuclear
data processing code FRENDY since 2013 to generate cross section files from evaluated nuclear
data libraries, such as JENDL, ENDF/B, JEFF, and TENDL.

The first version of FRENDY was released in 2019. FRENDY version 1 generates ACE files
which are used for continuous energy Monte Carlo codes such as PHITS, Serpent, and MCNP.
FRENDY version 2 generates multi-group neutron cross-section files from ACE files. The other
major improvements are as follows: (1) uncertainty quantification for the probability tables of the
unresolved resonance cross-section; (2) perturbation of the ACE file for the uncertainty
quantification using a continuous Monte Carlo code; (3) modification of the ENDF-6 formatted
nuclear data file.

This report describes an overview of the nuclear data processing methods and input instructions

for FRENDY.
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1 Introduction

1.1 Background

The Japan Atomic Energy Agency (JAEA) has developed the evaluated nuclear data library
JENDL" and many neutronics calculation codes including a general purpose Monte Carlo code
MVP? a versatile reactor analysis code system MARBLE2,® and a particle and heavy-ion transport
code system PHITS.® Though JAEA developed some nuclear data processing codes a few decades
ago,>® these codes cannot treat the current nuclear data format. JAEA uses the foreign processing
codes, ie., NJOY”® and PREPRO,” and an in-house nuclear data processing code to prepare
cross-section data libraries for these neutronics calculation codes. It is very difficult for the
neutronics calculation code users to create cross-section data libraries for these neutronics
calculation codes. They must wait for the release of the new or revised cross-section data library.

The nuclear data processing code must be modified if a nuclear data representation, e.g., a
resonance format, cannot be treated by the code. The foreign processing codes are developed to
process their own evaluated nuclear data libraries. If a new nuclear data representation is adopted in
ENDF!? or JEFF,!" a high priority is assigned to modify NJOY and PREPRO. However, if the new
nuclear data representation was used only by other evaluated nuclear data library, the priority of
modification would be low and these codes might be modified by ourselves.

Recently, the introduction of the Generalized Nuclear Data Structure (GNDS) has been
considered'? as a new nuclear data format. The current processing codes cannot treat the GNDS
format without extremely large revision of the processing codes since the format uses eXtensible
Markup Language (XML) and it is quite different from the current nuclear data format, i.e., the
ENDF-6 format.'?

To overcome such problems, JAEA has developed a nuclear data processing code FRENDY
(FRom Evaluated Nuclear Data librarY to any application).!” The first version of FRENDY, i.e.,
FRENDY version 1, treats the ENDF-6 format and generates A Compact ENDF (ACE) files which
are used for continuous energy Monte Carlo codes including PHITS, Serpent'>, and MCNP.!® New
functions have been developed after the release of FRENDY version 1. The major developed

functions are as follows:

®  Multi-group neutron cross-section file generation function'”,

® Uncertainty quantification for probability tables of the cross-section in the unresolved
resonance region,

® Perturbation of the ACE file for the uncertainty quantification using a continuous energy
Monte Carlo code,'®

® Modification of the ENDF-6 formatted nuclear data file.
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This report describes an overview of the nuclear data processing methods used in FRENDY and

input instructions of FRENDY.

1.2 Overview of FRENDY

FRENDY is developed with consideration of maintainability, modularity, portability, and
flexibility. FRENDY is written in the object-oriented language C++ to achieve these requirements.
The maintainability and modularity are better than the conventional codes written in FORTRAN
since all classes in FRENDY were encapsulated. Each class is designed to be compact and
independent for portability and flexibility. FRENDY is developed not only to process the evaluated
nuclear data file but also to implement the FRENDY functions to other calculation codes. The users
can easily employ many functions e.g., read, write, and process the evaluated nuclear data file, in
their codes.

The version control system Git'® is used to ensure traceability and quality assurance. The version
control system enables us to easily create and manage the sources. The Boost test library®” is used
for the test programs, which are prepared to verify capabilities of FRENDY. The programs would be
helpful to learn each capability and avoid installation problems. Moreover, if a developer wants to
modify some class in FRENDY, the test programs assure the original capabilities.

The system structure of FRENDY is shown in Fig. 1.2.1. The modules with solid-lined shapes
have been already implemented, while the ones with dashed-lined shapes have not been developed
yet. Though the current version of FRENDY only treats the ENDF-6formatted file, FRENDY is
designed not only for the ENDF-6 format but also for other nuclear data formats. FRENDY converts
the nuclear data from each nuclear data format to NuclearDataObject. FRENDY can process the
other nuclear data formats if parser, writer, and converter modules for a new format are implemented.
Each module can be easily improved, extended, and modified to satisfy user’s needs since each
module is encapsulated and is unaffected by other modules. FRENDY keeps all data on
NuclearDataObject and uses NuclearDataObject for the data transfer between different processing
modules, e.g., the resonance reconstruction and Doppler broadening, to reduce the effect of rounding
errors and overhead by file access. NJOY uses an intermediate file, which is called the Point-wise
Evaluated Nuclear Data Format (PENDF) file or Group-wise Evaluated Nuclear Data Format
(GENDF) file, for the data transfer. Because the memory capacity of old computers was limited, the
intermediate file was required to reduce the memory size. This limitation is not so meaningful from
the viewpoint of current computational resources.

FRENDY has parser and writer modules to handle the ACE file. These modules are useful for the
generation and modification of the ACE file. There are some cases where users want to modify a

cross-section data library by themselves to estimate the impact of the perturbation of a cross-section
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on neutronics calculation results. The modification of the pointer data in the ACE file is difficult for
the neutronics calculation code users who do not know well about the ACE format. The ACE file
uses random access with pointers to the various parts of the data. If the number of energy grid points
is modified, modification of the pointer data is also required. FRENDY automatically adjusts the
pointer data by the writer module. Users can modify the ACE file if they prepare a main (control)
program with the parser and writer modules in FRENDY.

FRENDY generates a multi-group neutron cross-section file from an ACE file. The ACE file can
be generated with FRENDY or other nuclear data processing codes: the existing ACE file in the past
is also acceptable. The impact of the difference in the nuclear data processing on the neutronics
calculation can be removed if users use the same ACE files for Monte Carlo and deterministic codes.

The dot-lined modules in Fig. 1.2.1 have not been implemented yet in the current version of
FRENDY. These modules will be implemented in the future.

FRENDY can accept the input files and the PENDF file used in NJOY. NJOY is widely used in
many laboratories and companies to generate the cross-section data library for their neutronics
calculation codes. The NJOY users can easily use FRENDY without modification of their processing

environment, e.g., running shell scripts, input files, and post-processing programs.
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Figure 1.2.1 The system structure of FRENDY
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2 Resonance Reconstruction

2.1 Tasks of Resonance Reconstruction
2.1.1 Unionization of Energy Grid

Generally, the evaluated nuclear data file contains cross sections for many reactions, such as total,
elastic scattering, first chance fission, second chance fission, and radiative capture cross-sections.
The energy grid of cross-sections is not necessarily the same for the different reactions in the
evaluated nuclear data file. Considering the post process for the Doppler broadening and the
cross-section data library generation, the energy grid should be unified for all the reactions.

As shown in Fig. 2.1.1, the cross-section data given in the evaluated nuclear data file is divided
into three energy regions, i.e., resolved resonance, unresolved resonance, and smooth regions. In the
ENDF-6 format,'® File 2 contains resonance parameters that are used to reconstruct point-wise
cross-sections (exceptional cases may be found for the typical light-nuclei where only File 3 is used
to give the excitation functions”). In many cases, the evaluated nuclear data file contains the
resonance parameters for the total, elastic scattering, fission, and radiative capture reaction. The
cross-sections of other reactions and cross-sections in the smooth region are given in File 3, together
with background cross-sections which are used to supplement the cross-sections in the resonance

region.

1.0E+05

Unresolved
\ Resolved resonance Smooth
resonance

1.0E+04

1.0E+03

1.0E+02

Cross Section [b]

1.0E+01

1.0E+00 ' ' ' ' '
1.0E-05 1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07

Energy [eV]

Figure 2.1.1 Example of resolved, unresolved, and smooth regions
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2.1.2 Linearization of All Cross-Sections Given in File 3

The interpolation scheme is not necessarily the same for the different reactions and energy regions
to describe smooth cross-section curves with a minimized number of energy grid points. For
example, the radiative capture cross-section obeys the 1/v law in the low energy region where it
could be described with a few energy grid points by the log-log interpolation rather than the
linear-linear interpolation. In contrast, the elastic scattering cross-sections are constant due to
potential scattering at the low-energy region. In such a case, the linear-linear interpolation is
appropriate. Different interpolation schemes are usually used for each reaction to reduce the data size
of the evaluated nuclear data file, which is inconvenient for neutronics calculation codes. Therefore,
unification of the interpolation scheme is desirable for easy handling by neutronics calculation

codes.

2.1.3 Reconstruction of Resolved and Unresolved Resonance Cross-Section

A significant number of energy grid points are required to describe a resonance cross-section
curve, especially for heavier nuclei due to many resonance peaks. The evaluated nuclear data file
provides the parameters of the cross-section formulae, e.g., the Single- and Multi-Level
Breit-Wigner,?? Adler-Adler,>?® Reich-Moore?*?¥, and R-matrix limited.'> The explanation of
these formulae is described in Section 2.3.

As shown in Fig. 2.1.2, the resonance region is divided into two regions, i.e., the resolved and
unresolved resonance regions.”® The resonance peaks correspond to the excited levels of a
compound nucleus. As the excitation energy increases, the level spacing becomes so narrow that
each excitation level cannot be separated. The region where each excited level can be resolved is
called a “resolved” resonance region, whereas the region where each excited level cannot be
resolved is called an “unresolved” resonance region. At the higher energy, the resonance cannot be

observed. This region is called a “smooth region”.
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Figure 2.1.2 Difference of resolved and unresolved resonance regions

2.2 Calculation Flow of Linearization and Resonance
Reconstruction

A calculation flow of the cross-section linearization and resonance reconstruction is shown in
Fig. 2.2.1. The evaluated nuclear data file uses the table data for all cross-sections without resonance
cross-section and the parameter of the cross-section formulae in the resonance region to describe the
cross-section of these regions. Therefore, the linearization process is divided into two processes, i.e.,
the linearization of all cross-sections given in File 3 and that of the resolved and unresolved
resonance cross-sections given in File 2. The evaluated nuclear data file might contain background
cross-sections in the resolved and unresolved resonance regions in File 3. The background

cross-sections are also linearized in the former process.
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Figure 2.2.1 Calculation flow of linearization and resonance reconstruction

2.2.1 Algorithm of Linearization

An algorithm of the linearization is shown in Fig. 2.2.2. The linearization flow is as follows:

1. If the distance of energy grid points is large, a middle energy grid point is added.

2. Calculate the cross-sections ;11 and ¢';41/, at the middle point xi:1/2.

3.If 0';41/, does not satisfy Eqs. (2.2.2) and (2.2.3), the middle energy grid point is added.
4.1f 0';441, satisfies Eqs. (2.2.2) and (2.2.3), go to next energy grid point (i=i+1).

Here, o is a cross-section in the original interpolation, ¢’ a cross-section interpolated by the
linear-linear interpolation, i an index of energy grid point, and x an incident particle energy. They are
shown in Fig. 2.2.3. FRENDY uses three criteria for linearizing the cross-section, i.e., the distance of
energy grid points (dif;), the relative difference of 041/, and 0';11/, (dif;), and integral

difference of 0,41/, and ¢';41/, (difs), where

1> 1.0+V53 X err, 2.2.1)
i

X

X

dlfl =
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_ |U'i+1/2 - Ui+1/2|

Oit+1/2

dif, <err, (2.2.2)

; Xit1 —Xi\ |,
difs = (T) 0" i11/2 = Ois1/2| < erTine X Xl (2.2.3)

err and erry,, are the tolerance value and maximum integral error for linearization. These values

are input for nuclear data processing codes.

W
11 Add middie point

W 2)
1l Add middle point

;
O—
>—0 O—
O—

%Go to next grid point
—0—0-0-0

==4Go to next grid point

O Satisfy the difference criteria
® Not satisfy the difference criteria

Figure 2.2.2 Example of the linearization flow

Xit+1 — X ,
3 ) |U i+1/2 — 0i+1/2

dify = (

! .
difs = |C7 i+1/2 — Oi+1/2 Oi+1
if = ! !
Oi+1/2 : |
1 | :
| 1 |
I ' !
. : I
Xi Xit+1/2 Xi+1
i\ )
Y
¥ . Xit1
dif, = —=>1.0+V53 x err
Xi

Figure 2.2.3 Example of the middle point addition and the relation of ¢ and o', and x
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2.2.2 Linearization of All Cross-Sections without Resonance Cross-Section

FRENDY adds the specified energy grid points to all the reaction types before linearization.
FRENDY automatically adds energy grid points, i.e., 1.0 X 101", 2.0 x 10*", and 5.0 x 101" eV,
where, 7 is an integer. Cross-sections are measured at 293.6 K in most cases. At 293.6 K, the most

probable neutron energy E is

13806488 x 1072[J/K]
"~ 1.6021766 x 10-19[] /eV]

E = kT x 293.6[K] = 0.0253[eV], (2.2.4)

where kg is the Boltzmann constant. The most probable neutron energy E = 0.0253 eV is
automatically added to the grid points. FRENDY is also able to add the arbitrary energy grid points
specified in the input file by users.

Similar to NJOY, FRENDY version 1 modified the discontinuity points. When the discontinuity is
found, FRENDY version 1 deleted the energy grid point Ej, and added the energy grid points E, +
AE to obtain a continuous curve of the cross-section. FRENDY version 2 does not modify the
discontinuity points to treat the cross-sections as given in the evaluated nuclear data. As described in
Section 2.1.1, the linearization process is required for the Doppler broadening. The cross-section
integrated by energy at the discontinuity points is zero since the width of energy is zero. Therefore,
this discontinuity point has no impact on the Doppler broadening.

The energy grid points in each reaction are unionized as shown in Fig. 2.2.4. In the unionized
energy grid, a cross-section is calculated by interpolation when the corresponding energy grid is not
found in the original energy grid. If the relative difference of the energy grid point is less than

1.0 X 10719 ¢V, FRENDY assumes that both energy grid points are identical.

Reaction type A—(O—)

Reaction type B \/m

%

Unionized grid —O—O—O—O—O—Q—>

Figure 2.2.4 Example of the unionization of the energy grid

2.2.3 Resonance Reconstruction and Linearization in Resonance Region
FRENDY uses the energy grid points obtained in Section 2.2.2 as initial grid points. FRENDY
adds energy grid points before linearization, ie., 1.0 x 10¥*, 2.0 x 10", 5.0 x 10*", and

0.0253 eV, in the resolved resonance region, and also adds 13 energy grid points per decade, i.e.,

,10,
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1.0 x 10", 1.25x 10", 1.5 x 10", 1.7 x 10*", 2.0 x 10", 2.5 x 10", 3.0 x 101",
3.5x 101", 4.0 x 10", 5.0 x 10", 6.0 x 10*", 7.2 x 10*", and 8.5 X 10" eV, in the
unresolved resonance region.

In the unresolved resonance region, the ENDF-6 format contains the interpolation scheme to
represent the cross section'®. NJOY calculates the unresolved resonance cross-section using the
cross-section formulae on the fixed energy grid points and the other energy grid points between the
fixed energy grid points are calculated by the log-log interpolation. FRENDY does not use
interpolation and calculates the unresolved resonance cross-sections on all energy grid points using
the cross-section formulae to rigorously reproduce the unresolved resonance cross-sections.

The resonance cross-sections are also linearized using the similar method which is described in
Section 2.2.1. If 6';;41/, does not satisfy Eq. (2.2.5), a middle energy grid point is added so that

E X [difl'r]max <err U (difl‘r < erfpax N dify, < errype X xi%)rEA”, (2.2.5)
where 7 is the type of a reaction and err and erry,; are the tolerance value and maximum integral

error for linearization, and

0'ri — 0y
difl,r — | ri+1/2 r,z+1/2|' (2.2.6)

Orit+1/2

. 1
difyr = 2 (xi41 — xi)|0,r,i+1/2 - 0r,i+1/2|- (22.7)

In the ENDF-6 format file (MT 151 section of File 2 except for LRF=3 and 7), the resonance
parameters for the total, elastic scattering, fission, and radiative capture cross-sections are stored.

The symbol [di f”]max indicates the maximum relative difference in each reaction.

2.2.4 Merge and Output Cross Sections

The linearized cross-sections in the smooth and resonance regions are merged. FRENDY checks
the consistency of the cross-sections and corrects the total and total inelastic scattering cross-sections
when the cross-sections are merged. The total (MT 1) and total inelastic scattering cross-sections
(MT 4) obtained by the evaluated nuclear data file may be different from the sum of each component
cross-section. Thus, FRENDY makes the total and total inelastic scattering cross-sections from the
sum of each component cross-section.

Though the reconstruction of the resonance cross-sections is appropriately carried out, the
resonance cross-sections occasionally become negative due to a limitation of resonance formulae. In
such a case, FRENDY sets the cross-section as 1.0 X 101> b.

As described in Section 1.2, FRENDY can treat and write the PENDF file. The PENDF file
contains the self-shielded cross-sections in the unresolved resonance region in the MT 152 section of

File 2.

,11,
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2.3 Cross-Section Formulas in Resolved Resonance Region

This section describes the cross-section formulas in the resolved resonance region.®!*) The
derivations of the cross-section formulas are written in References 27 and 28.

The ENDF-6 format adopts the Single- and Multi-Level Breit-Wigner, Adler-Adler, Reich-Moore,
and R-matrix limited. FRENDY can treat all resonance formulas in the ENDF-6 format. FRENDY
uses the AMUR code? to calculate the R-matrix limited.

2.3.1 Single-Level Breit-Wigner Resonance Formula

The Single-Level Breit-Wigner (SLBW) resonance formula is as follows:

nr( )
Opn(E) = kng,Zz Lo (E) [Coswl <1_ >]¢(x) 2.3.1)

+[sin 2¢z]x(x)

n,r E F T

o (E) = Z Z e ) (2.32)
n,r E
o, (E) = Z Z ( ) (), (2.33)
o.(E) = on,n(E) + cf(E) + 0, (E), (2.3.4)
4
op = k—fZ(Zl +1)sin® ¢, (2.3.5)
l

where oy, is the elastic scattering cross-section, o, the potential scattering cross-section, oy the
fission cross-section, o, the radiative capture cross-section, E the incident neutron energy [eV],
g, the spin statistical factor, k the neutron wave number, I" the total width, I7, the neutron width,

I the total width, I, the capture width, ¢; the phase shift, and

21 A A
_r £ _—0 -3y 2.3.6
k =——\2myE —— = (2196771 x 10 )AHx/E, (2.3.6)
J+1 2 +1 .
U=+ 4+2 (2.3.7)
PI(E)rnr
L (E) = —="0 238
B = B ED 239
1
YO =173 gy (2.3.9)
X
x(x) =112 (2.3.10)
2(E — E/
=¥, (2.3.11)
)
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Si(E ) — $i1(E)

E. =E, +
T 2P (1E; )

Lo (1E-D. (2.3.12)

Here h is Planck’s constant, m, the mass of the neutron, 4 the ratio of the mass of the isotope to that

of the neutron, [ the target spin, P; the penetration factor, S; the shift factor, and E, the

resonance energy [eV]. The phase shift ¢, is given by!>?7-30:3D)
1 P
¢ =¢ 1 —tan”! (—l =, 1). (2.3.13)
b =p, (2.3.14)
¢y =p—tan'p, (2.3.15)
35
¢, =p —tan"l _pﬁz. (2.3.16)
. _, P15 —p?)
¢3; = p —tan 115——6,62' (2.3.17)
A ~2
P p(105 —10p%) 5 3.18
$s =P 105 — 4552 + p* (2.3.18)
The penetration factor P, is given by!3273%3D
2
_ PP _q
=5 i (2.3.19)
-1 1-1
Py = p, (2.3.20)
3
P = p2p+ T (2.3.21)
5
p
P = Ty (2.3.22)
o7
P; = 2.3.23
37 pb 4+ 6p* + 45p2 + 225 ( )
p°
P, = . 2.3.24
* 7 p8+10p8 + 135p* + 1575p2 + 11025 ( )
The shift factor S, is given by!**7-30:3D
2(1-5,_
5 =P ot ) -1, (23.25)
=S-1)*+P4
So =0, (2.3.26)
1
Sl = —p2—+1, (2327)
3p% +18
S, =——F 1% (2.3.28)
p*+3p%2+9

,13,
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6p* +90p? + 675

S5 =  pS+ 6p* + 45p2 + 225’ (2:329)
o 10p5 + 270p* + 4725p% + 44100 2330)
p® + 10p° + 135p* + 1575p2 + 11025’
where
p = ka, (2.3.31)
p = ka. (2.3.32)

Here a and @ are the channel radii in units of 10> cm. In the ENDF-6 format, the meaning of a

and 4 varies with the value of NRO and NAPS in the MT 151 section of File 2 as follows:

1
0.12343 + 0.08 (NAPS = 0)
a=45a (NAPS = 1), (2.3.33)
AP (NAPS = 2)

R {AP (NRO = 0) (2.3.34)

~ l4P(E) (NRO = 1)
The quantities AP and AP(E) are given in File 2 if required.
The SLBW resonance formulas can represent the Doppler broadened cross-section using the -y

method??. In the y-y method, the cross-section at T K is calculated as follows®?%3D:

nr( )
Opn(E) = kng,ZZ For () [Coszd’l (1_ >]¢(9,x) , (2.3.35)

+[sin 2¢z])((9 x)

4 n,r E rT’
or(E) =k—ZZgIZ ( )f Y(0,x), (2.3.36)
]
4 n,r T
oy(E)=k—fZgJZ ( )y ¥(6,x), (2.3.37)
]
where
(0, x) = ge X Re [W (ez_xg)] (2.3.38)
¥(0,%) = ge x Im [W (%xg)] (2.3.39)
g T
" [ak,TE (2.3.40)
A

The symbol W(x,y) is the complex error function. The complex error function is defined by

2e % (@, i [® et
W ) =W = -z? f —1 = -t dt = —f dt’ 2.3.41
(x,v) (z) = e % erfc(—iz) = _ize - ( )

z=x+1y, (2.3.42)

,14,
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where erfc(z) is the complementary error function.

2.3.2 Multi-Level Breit-Wigner Resonance Formula
The Multi-Level Breit-Wigner (MLBW) resonance formula is the same as the SLBW resonance

formula, except for the elastic scattering cross-section. The elastic scattering cross-section is as

follows:
L.@E 2\
1—cos2¢; — %1 5
4 - r T Xy
Gn,n(E)=FZZg, 5 . (2.3.43)
E) 2x
Lo |+(51n2¢l+z Lo () T2> + 2D;(1 — cos 2¢;)
T
where
1+l+%
D=Ql+1) - Z gy (2.3.44)
/=‘|1—l|—%‘

2.3.3 Adler-Adler Resonance Formula

The Adler-Adler resonance formula is as follows:

(z (G cos2¢pg + Hy - sin 2¢g) X P(x;,) ]
nE _
6i(E) = 0, + b { Ver +(I;I4M cosA2¢0 AG” sin 2¢) X x(x¢.) L (2.3.45)
k +At'1 E + ? + E't34 + Bf,lE + Bt'zEz J
1 1\
VB ( Z v (G () + Hypx(31.)) L
o+ (E) = _Z 7 2.3.46
r(B) =73 4 { Ay Ay A, 2 ( )
\#Ara + 2+ 2+ T BB 4 By
( 1 1\
E I Z . (Gy,rw(xw) + Hy.rX(xw))
o, (E) = —ZZ ] U , (2.3.47)
S a4z Avs Ava g opip g
k+ y'1+T+F+ £3 + 7.1 + 7,2
Opn(E) = 0.(E) — 0, (E) — o (E), (2.3.48)
4r
% =12 sin? ¢, (2.3.49)

where

,15,
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1
Y(xe,) = T T (2.3.50)
X
x(xer) = ﬁ (2.3.51)
—E
Xey = “C;— (23.52)
Cc,r

Here v, is the resonance half-width I},/2 for the reaction type ¢, G, the symmetrical
parameter for the reaction type ¢, H., the asymmetrical parameter for reaction type ¢, and A.; and
B.,; the background constants for the reaction type ¢, and pi, the resonance energy for the reaction

type c. These values are obtained from the evaluated nuclear data file.

2.3.4 Reich-Moore Resonance Formula

The Reich-Moore resonance formula is as follows:

2
o.(E) = k—ZZ Z g,{(1 = Re[UZ]]) + 2d,;(1 — cos 2¢)}, (2.3.53)

[
Cpn(E) = %Z zgf {l1- U] +2d,,(1 - cos 2}, (2.3.54)

L
4
of(E) = k—fzz g, ZIL%’,C g (2.3.55)
[ c

0y (E) = 0((E) — oppn(E) — o (E). (2.3.56)

Here U,lljn is an element of the collision matrix and Lg;j_c is an element of the R-matrix R*/ which

are given by

Url{!n_ — e2i¢l(2LlT‘l{TL — 1)’ (2357)
Llrll{c — (Rl,]);']é’ (2358)
11
i L, 2I, .2
R = 6o —2 nrer (2.3.59)
7 By —E— fryr

The term d;; is used to account for the possibility of an additional contribution to the potential
scattering cross-section from the second channel spin. It is unity when there is a second J value equal
to J, and zero otherwise®'?.

It is difficult to calculate the inverse matrix (R"/);% directly since the R-matrix is the complex
matrix. In the ENDF-6 format, the maximum number of channels is 3, i.e., 1 channel for elastic
scattering and 2 channels for fission. Therefore, the maximum matrix size of the R-matrix R in
Eq. (2.3.59) is 3 x 3. The inverse of the 3 X 3 complex matrix can be analytically calculated
without using the iteration method. FRENDY directly calculates the inverse of 3 X 3 complex

matrix as follows:

,16,



JAEA-Data/Code 2022-009

R2,2R3,3 - R2,3R3,2 R1,3R3,2 - R1,2R3,3 R1,2R2,3 - R1,3R2,2

1
R_lzdetR Ry3R31—Rz1R33 Ri1R33 —Ri3R31 RizRy1 —Ri1R;3 ), (2.3.60)
Ry1R32 —Ry2R31 RipR31 —RiiR3y  RyiRyp — RipR;;
where

Rii Riz Rig
R=|Ry1 Ry Ry3|, (2.3.61)

R31 R3p Rz

Ri{1R;,R33 + Ry 1R35R1 3+ R31R1 2R

detR = v1722f33 2,11t3,2101,3 31ft1,203,3 (23.62)

_R1,1R3,2R2,3 - R3,1R2,2R1,3 - R2,1R1,2R3,3

2.4 Cross-Section Formulas in Unresolved Resonance Region

In the ENDF-6 format, only the Single-Level Breit-Wigner representation is available for the
unresolved resonance region.'®

Each resonance parameter cannot be determined in the unresolved resonance region. The average
value and the distribution are used to represent the unresolved resonance cross-sections. Porter and

Thomas revealed that the reaction width distribution is described by the chi-square distribution®*:

r)

where P, (x) is the chi-square distribution for u degrees of freedom, x the ratio of I'(E) to r:

g 1 (ux)%—l _ux

P, (x) = >) % (2.4.1)

x = @ (2.4.2)

I'(E) is the reaction width at energy E, and I' the average reaction width. It should be noted that
I'(n/2) in Eq. (2.4.1) is the gamma function. The unresolved resonance cross-sections are obtained
using the chi-square distribution and the average reaction width which are obtained from the
evaluated nuclear data file.

Infinitely dilute cross-sections in the unresolved resonance region are defined based on the SLBW

approximation as follows:*!3
Ot = Opp + 0y + 0y, (2.4.3)
o, = Zk_”; %(% , (2.4.4)
z 9 <F” (2.4.5)
Opn = Op + Zkizz £< r,}rn — 2, sin? <pz), (2.4.6)
1

where
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Lolry ® ® ® Inalr,
ey P d P d P d —
T Ty

- 24.7)
Lo iXn i l5 x50

Loy + Traxpy + L+ Tixe)

= f P, (xp,) dxp f P,(xf;) dxs f Py (xcy) dx.
0 0 0

D is the average level spacing, I,; average neutron width, m average fission width, m average
radiation width, and Ij; average competitive reaction width. It should be noted that Eq. (2.4.7)
assumes that the radiation width is constant.

In the ENDF-6 format, the average reduced neutron width at the angular momentum quantum
number / is given instead of the average neutron width. The average neutron width is written by the
average reduced neutron width as

Tt = Tt VEun Vi (E), (2:4.8)
where mo is the average reduced neutron width, p,; the number of degrees of freedom in the
neutron width, and V;(E) penetrabilities for the unresolved region. Penetabilities V;(E) are given

by®1d

Ve =1, (2.4.9)

2

P
= 2.4.10
Vl pz + 1) ( )

4

P
V,y=———5—- 2.4.11
2 p4+3p2 +,0 ( )

As shown in Eq. (2.4.7), integrals of the form

o] [o¢]

(fy)) = f P,(x) dx f P,(y) £ G, y)dy, (2.4.12)

are required®? to calculate the unresolved resonance cross-sections. Equation (2.4.12) is evaluated

using the method proposed by Hwang®* as

10 10

(fl,y)) = z Z AL A X f(x98), (2.4.13)

j=1k=1
where A]’.‘ is the quadrature weight and x;‘ is the abscissa. The Aj-‘ and x;‘ have been calculated

for u=1, 2, 3, and 4. The ten-point quadrature is used for both the neutron and the fission width
distributions. For odd u

2w;Sz;#1
uo_ ] 7
A; —W, (2.4.14)
2
u_ 2z
xf = o (2.4.15)

while for even u
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uw;t (,u_xj)%—l e(_#TXj)

AH = 2 , (2.4.16)
/ r (E) (1+s)
o (1=9) (2.4.17)

KA EET))
w;® and z; in Egs.(2.4.14) and (2.4.15) are respectively the ordinates and the weights of the
half-range Gauss-Hermite quadrature derived by Steen, et al.*> On the other hand, W]-L and s; in
Egs. (2.4.16) and (2.4.17) are the usual Gauss-Legendre ordinates and the weights, respectively. The
same relationship holds for A} and yy. The A]’.‘ and x;‘ for p=1, 2, 3, and 4 and j=1, 2, ..., 10
are shown in Tables 2.4.1 and 2.4.2.31:39)

Substituting Eq. (2.4.13) into Eq. (2.4.7), the latter equation is

10 L Hnl—
(nzl}1> ZAunlevﬂzA;t” Fn l” I}Ix
ok
Loxi ™ +Tpx .f +ryl+rclx (2.4.18)
= Ll iRy
where
Hnt Vil
X X,
R — A#‘I‘Ll Avfl AACI L ] . (2'4.19)
= Hnl TRl
+F x Fy,l +Fc’lxk'

V¢, is the number of degrees of freedom in the fission width, and A.; the number of degrees of

freedom in the competitive reaction width. Using Eq. (2.4.19), Egs. (2.4.3) - (2.4.6) are rearranged as

Ot = Opp + 0y + 0y, (2.4.20)
oy = Z—HZZ&F IR 2421
Y k2 l D nlty, 1y, b ( . )
2 i A (2.4.22)
[
2m® 9y = .
Opn = Op + FZf(rn,lan,l -2 sin? (pl): (2.4.23)
[
where
HUn,l
i
yz—ZAM"ZZAV”ZAA”_ e E— (2.4.24)
Lo ™ + Ty, T+ T
N ( #n,z)z
Hnl VFl cl
Ry, = ZA ZA ZA T L = (2.4.25)
+ F x + F g + FClx
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Infinitely dilute cross-sections in the unresolved resonance region are calculated using Egs. (2.4.20) -

(2.4.23).

Table 2.4.1 Ten Point Quadrature Weights and Abscissa for Statistical Integration (u=1, 2)

One Degree of Freedom (u«=1) Two Degree of Freedom (u =2)

Abscissa x Weight 4 ; Abscissa x; Weight 4;
1 3.0013465E-03  1.1120413E-01 1.3219203E-02  3.3773418E-02
2 7.8592886E-02  2.3546798E-01 7.2349624E-02  7.9932171E-02
3 4.3282415E-01  2.8440987E-01 1.9089473E-01 1.2835937E-01
4 1.3345267E+00  2.2419127E-01 3.9528842E-01 1.7652616E-01
.5 3.0481846E+00  1.0967668E-01 7.4083443E-01  2.1347043E-01
76 5.8263198E+00  3.0493789E-02 1.3498293E+00  2.1154965E-01
7 9.9452656E+00  4.2930874E-03  2.5297983E+00  1.3365186E-01
8 1.5782128E+01  2.5827047E-04  5.2384894E+00  2.2630659E-02
9  2.3996824E+01  4.9031965E-06 1.3821772E+01 1.6313638E-05
10 3.6216208E+01  1.4079206E-08  7.5647525E+01  2.7453830E-31

Table 2.4.2 Ten Point Quadrature Weights and Abscissa for Statistical Integration (#=3, 4)

Three Degree of Freedom (1« =3)

Four Degree of Freedom (u=4)

Abscissa x; Weight 4 ; Abscissa x; Weight 4;
1 1.0004488E-03  3.3376214E-04 1.3219203E-02  1.7623788E-03
2 2.6197629E-02  1.8506108E-02 7.2349624E-02  2.1517749E-02
3 1.4427472E-01  1.2309946E-01 1.9089473E-01  8.0979849E-02
4 4.4484223E-01  2.9918923E-01 3.9528842E-01 1.8797998E-01
.5 1.0160615E+00  3.3431475E-01 7.4083443E-01  3.0156335E-01
76 1.9421066E+00  1.7766657E-01 1.3498293E+00  2.9616091E-01
7 3.3150885E+00  4.2695894E-02  2.5297983E+00  1.0775649E-01
8  5.2607092E+00  4.0760575E-03 5.2384894E+00  2.5171914E-03
9  7.9989414E+00  1.1766115E-04 1.3821772E+01  8.9630388E-10
10 1.2072069E+01  5.0989546E-07  7.5647525E+01  0.0000000E+00
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3 Doppler Broadening

3.1 Task of Doppler Broadening

The task of the Doppler broadening is to calculate the cross-sections at 73 K when cross-sections
are given at T4 K (where T, < Tp)*®. Most of the evaluated nuclear data files contain the
cross-sections at 0 K. The Doppler broadening is required when the cross-sections at 7K are
required.

At 0 K, a target nucleus is at rest in the laboratory system and the relative velocity between an
incident particle and the nucleus is uniquely determined. At an arbitrary temperature of T K, the
nucleus vibrates with an average energy 3kgT /2, where kg is the Boltzmann constant. In a such
case, the relative velocity between the incident particle and nucleus varies with the velocity of the
nucleus, v, in the laboratory system. For example, when the velocity of the incident particle is v,

the energy range of the incident channel £ is

%(mvnz—Mvz) <E S%(mvn2+Mv2), (3.1.1)
where m and M are the masses of the incident particle and nucleus, respectively.

An example of Doppler broadened cross-sections is shown in Fig. 3.1.1. The resonance width
becomes wider as the temperature increases, whereas a peak value of the Doppler broadened
cross-section becomes lower as the nuclear temperature increases. It should be noted that the integral
value of the cross-section remains unchanged even if the temperature is changed.

1.2E+03

+ | I
1.0E+03 0K
-=-1200K
8.0E+02 —

— - 30000 K

6.0E+02

4.0E+02

235U Total Cross Section [b]

2.0E+02

0.0E+00

8.6 8.7 8.8 8.9 9.0
Incident Neutron Energy [eV]

Figure 3.1.1 Example of Doppler broadened cross-sections
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3.2 Calculation Flow of Doppler Broadening

A calculation flow of the Doppler broadening is shown in Fig. 3.2.1. First, coefficients used for
the Doppler broadening are calculated to reduce the calculation time since these coefficients are
independent of the incident particle energies. Next, FRENDY calculates the Doppler broadened
cross-sections. Figure 3.2.2 shows an example of the difference of energy grid points at each
temperature. Additional energy grid points are required from 8.40 to 8.50 eV to reduce the
linearization error. The linearization flow of the Doppler broadening is similar to that of the
resonance reconstruction described in Section 2.2.1. It should be noted that FRENDY sets an upper
limit of the Doppler broadening as the upper limit of the resolved resonance region or 10° eV.

As the temperature becomes higher, the cross-sections may be linearized with fewer energy grid
points as shown in Fig.3.2.2. In such a case, NJOY eliminates redundant energy grid points.
However, FRENDY does not eliminate the redundant energy grid points. The current computational
platform accepts a large memory size and a large data size. The elimination of the energy grid points
is not necessary from the viewpoint of utilizing the computational resources. Keeping the unionized
base energy grid i.e., keeping the original energy grid at 0 K, will be useful for the generation of the
cross-section data library and the comparison of the cross-sections.

NJOY outputs thermal quantities when the temperature is equal to 293.6 K, i.e., the most probable
nucleus energy kT is equal to 0.0253 eV’¥. Though these quantities may not be used in the current
reactor analysis, users might know them for their applications. FRENDY calculates the thermal
quantities for the users. The thermal quantities consist of the fission and radiative capture
cross-sections at the standard thermal value of 0.0253 eV, the integrals of these cross-sections
against a Maxwellian distribution at 0.0253 eV, the g-factors, 71, a, and K;. Here the g-factor is the
ratio between a Maxwellian integral and a corresponding thermal cross-section, 1
Maxwellian-weighted average of (ﬁaf) / (af + O'C), a average of or/o., and K, average of
- 1)0f — 0¢, where v, gr, and o, are the average number of neutrons per fission, fission

cross-section, radiation capture cross-section, respectively.
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Calculation of coefficients for
Doppler broadening

v

Calculation of Doppler
broadened cross-section at 7K

v

Add energy grids to linearize
cross-section

¥

Calculation of thermal
quantities when 7=293.6 K

I 2 ,

: Output PENDF file
1 or
! Go to next process

Figure 3.2.1 Calculation flow of the Doppler broadening

1.0E+03 —=—0K

= -]1200K

8.0E+02

6.0E+02
7
e
P '
4.0E+02 - )z/'
'
X

2.0E+02 *
» il
ArEee

‘4_;?:&-5-35
0.0E+00

8.40 8.45 8.50 8.55 8.60 8.65 8.70 8.75 8.80
Incident Energy [eV]

Figure 3.2.2 Example of the difference of energy grids in each temperature

(*335U(n, total) cross-section in JENDL-4.0)

It should be noted that the actual FRENDY calculation does not delete the energy grid points

and keeps the original energy grid points.

,23,



JAEA-Data/Code 2022-009

3.3 Doppler Broadening Formula
3.3.1 Doppler Broadening Theory
3.3.1.1 Derivation of Doppler Broadening Formula
The neutron flux ¢ is written with the velocity vector of a neutron in the laboratory system v,
and the neutron density # as
¢ = n|v,l. (3.3.1)
Considering the velocity distribution of the target nucleus at temperature 7K in the laboratory

system as P(v;, T), the number of reactions between the neutron and target nucleus is
f nlv,|lo(lv,|) N P(v,, T) dv,. (3.3.2)
0

Here v, is the velocity vector of the target nucleus, N the number density of the target nucleus and

v, the relative velocity vector between the neutron and target nucleus

v, =V, — V. (3.3.3)
Here the effective cross-section o(|v,|,T) at T K is defined as follows:
N o(wal.T) = | nlv,lativ,) N P, T) dv, (334)
1 [ee]
o(loal. 1) = = [ loClo DP, 1) do. (3.35)
n —00

Let us approximate the velocity distribution of the target nucleus P(v,,T) as the

Maxwell-Boltzmann distribution as follows:
3

Pw,T) = ( )Ee‘%h’f'z (3.3.6)
v 2k T '
Substituting Eq. (3.3.6) into Eq. (3.3.5), the effective cross-section is expressed by
1 MoNF M
o ) = - f_ wou) (2nk3T> e 2" gy, (3.3.7)
where

Un = |vnl, (3.3.8)
vy = v, (3.3.9)

The relation between the velocity vector of the neutron v, and that of the target nucleus v, is
shown in Fig. 3.3.1. v, is written by xy- and z-components of the target nucleus velocity vectors
Vixy and vy, as

Ve =Vixy + Uiy = (vt,xy COS P, Vg xy SiNQ, vt,z)' (3.3.10)
where Vg, cos@ and vy, sing are the x- and y-components of the target nucleus velocity. Using

Eq. (3.3.10), Eq. (3.3.7) becomes
3 M
)2 e_W(vrz_v"Z+Zant'z) dv (3.3.11)

o) = o [ o)

nJ—

2mkgT

,24,



JAEA-Data/Code 2022-009

3
5 21

z 1 ) 0
= (é) Uy f f Veay ¥y 0 (0 )e P o™+ 20mvis) dyy L dy, | dgp
T/ VnJ_wJo 0

3
Zﬁi « 2 2 e

= 1—] vt'xyvra(vr)e_ﬁ(”r ~n )f e 2Pvnvezdy, dvg .

m2vyy, 70 —o

Here the following relations are used:

_ M
= 2kgT’
vt,z = |vt,Z|’

Vtxy = |vt,xy |'

2

2 2
V" = Vp — vtlz = |vn - vt,z| + |vt,xy| = Unz - 21JnUt,z + vt,zz + vt,xyz

= V2 + v — 20,V 4,

[} oo oo 2m
f dv = j Ve xy Vg xy j dvxy de.
—00 0 —oo 0

Using Eq. (3.3.15), the following relation is obtained:
dv,  d
AVixy  AVpyy

2 2 2
\/vn — 2UpVp, + Ve 7+ Vpyy

1 = 1%

=—(p 2 — 2 2\72 — _bxy

=3 (vn 200V, + V7 Vi xy ) X th,xy = .
T

Substituting Eq. (3.3.17) into Eq. (3.3.11), the effective cross-section is calculated from
3
2 2 (00} [ee)
o(v,, T) = f f v,20(v,)e Pwr*~vn®) f e~ 2Pvnvizdy, , dv,.
T2y, "0 —®

As shown in Fig. 3.3.1, the range of v, is
Uy — VU SV, SV, + 1.
Using the range of v,, the integral range in Eq. (3.3.18) is
25 (=
o(vp, T) = — f v,20(v,)e Pwr*~vn®) f e~ 2Bvnvez du, ,dv,
2y, 0 Vn=Vr

1
3 e
= 1'8 vrzg(vr)e_ﬂ(vrz_vnz){e_zﬁvn(vn_vr) — e_z.BVn(Vn"'Vr)}dvr

2,270

1
5 e
= 1'3 vrzg(vr){e_ﬁ(vr_vn)z — e‘ﬁ(vr"'vn)z}dvr

2,270

,25,
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_ B f 20 (w) fem WPy’ — o=(WFmetFn) ) g,
0

T v, 2

The Doppler broadened cross-section is finally expressed by Eq. (3.3.20). Eq. (3.3.20) is given by

a simple form as follows:

o, T) = 0" (v, T) — 0" (v, T), (3.3.21)
where
6" (v, T) = Fiz f v.26(v,)e~(Bor=VB) dy. (3.3.22)
Tt ),

Though the integral range in Eq. (3.3.22) is from zero to infinity, it is practically limited from v,

t0 Vmax- USINg Uppin and vpa., Eq. (3.3.22) is

o (v, T) = \/éi f " 2 (v)e~ (BB . (3.3.23)

2
Un Vmin

The number of energy grid points from vy, t0 Vg, is very large. For example, **U has more
than one million energy grid points. In such a case, a long computing time is required to calculate
Eq. (3.3.23).

In the equations described above, the distribution of the relative speed v, is considered. As
shown in Eqgs. (3.3.3) and (3.3.15), the relative speed is given by the sum of the target nucleus and
incident particle velocities. Because the neutron speed in Eq. (3.3.23) is constant, only the target
nucleus speed distribution affects the relative speed distribution. As shown in Eq. (3.3.6), the target
nucleus speed distribution is approximated by the Maxwell-Boltzmann distribution. The relation of
\/Evt and the Maxwell-Boltzmann distribution P(v., T) is shown in Fig. 3.3.2 and Table 3.3.1. It
should be noted that P(v,, T) in Fig. 3.3.2 and Table 3.3.1 is normalized by a maximal value of
P(v;, T). As shown in Fig. 3.3.2 and Table 3.3.1, P(v,, T) is extremely reduced with increasing
JBv.

The target nucleus speed range of FRENDY is set as follows”®:

JBv: < 4.0, (3.3.24)
As shown in Table 3.3.1, P(v;, T) is 1.1x10”7 when \/Evt = 4.0. This speed range would not cause
any problems practically. Using Eq. (3.3.24), the integral range in Eq. (3.3.23) is

4 4
Vp——==70 <7V, +—. (3.3.29)
VB VB
The integral range for ¢*(—v,, T) is also given by Eq. (3.3.24)
4
0<sv < \/_F (3.3.26)
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Ut xy

Figure 3.3.1 The relation between the neutron velocity vector v,, and the target nucleus
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Figure 3.3.2 The relation of \/ﬁvt and the Maxwell-Boltzmann distribution P(v,,T)

(P(v,, T) is normalized by a maximal value of P(v,T))

_27_



JAEA-Data/Code 2022-009

Table 3.3.1 The relation of \/?vt and the Maxwell-Boltzmann distribution P(v,,T)

(P(v,, T) is normalized by a maximal value of P(v,,T))

VB P(v,,T) VB, P(v¢,T)
0.0 1.00E+00 4.0 1.12E-07
0.5 7.79E-01 4.5 1.61E-09
1.0 3.68E-01 5.0 1.38E-11
1.5 1.05E-01 5.5 7.29E-14
2.0 1.83E-02 6.0 2.31E-16
2.5 1.93E-03 6.5 4.46E-19
3.0 1.23E-04 7.0 5.24E-22
3.5 4.79E-06 7.5 3.72E-25

To rewrite Eq. (3.3.23) with a simpler form, x and y are defined as follows:

, M ’ZET ’ A
= = —_— = _— = 3.3.27
x =./Bv, 26T | m kBTET JaE,, ( )
, M ’ZEn A
= = |— |2 = | —F =/ 3.3.28
y By, 26,T | m kBTE" ak,. ( )

Here E, is the relative energy of the neutron given by %mvrz, E, the neutron energy in the

laboratory system, A the ratio of the mass of the nucleus to that of a neutron and
_ Az 3.3.29
a—kBT—mB. (3.3.29)

Substituting Egs. (3.3.25) - (3.3.29) into Eq. (3.3.23), the latter equation leads to

o*(y, T _11 T —(x-y)?
yvT)= N fH x%a(x)e dx. (3.3.30)
where
1
dUr = \/—de (3331)

To calculate Eq. (3.3.30), o(x) is linearized as®”

E—E; Eiyg—E
O'(X) Ei+1 _ Ei 0( l+1) Ei+1 _ Ei 0( L)

2 _ .2 2,2

=2 a(xz ) + T 7% a(xz)

- X2 — x2 i+1 X2 — x2 i
i+1 i i+1 i

(3.3.32)

= Ai + Bixz,
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where

_ xta0(xf) = Eio(xfya)

A SN
o _ o) = o(x?)
' xi2+1 - xiz

Substituting Eq. (3.3.32) into Eq. (3.3.30), the latter equation turns out to be

N .
o*(y,T) = iiz lerl{A-xz + Bix*}e~ (9 dx
Y \/Eyz L L )

To calculate Eq. (3.3.35), z is defined as

i=0 " %i

zZ=x-Y.
Using Eq. (3.3.36), Eq. (3.3.35) is given by
N
1 1 Xi+1~Y
o*(y,T) = ——zz:f Ci(2)e % dz,
L4 i=0 “Xi~Y

where

C;(z) = Biz* + 4B;yz3 + (A; + 6B;y?)z%? + (2A;y + 4B;y®)z + (4;y* + B;y*).

To calculate Eq. (3.3.37), G,(a,b) is introduced as
Gn(a,b) 1fbn-zzd
ab)=—| z"e Z.
" Vi Jg
Here, Eq. (3.3.39) is rewritten as
1
Gn(a: b) = E(Dn(b) - Dn(a));
where
Do(a) = = f " e g
a)=—| z"e Z.
" Vi Jo

Equation (3.3.41) satisfies the following recursive relations’®:

Dy(a) = erf(a),

1 2
D;(a) = \/_E(l —e @ ),

n—1 1 1
D,(a) = ——F,_,(a) — — gl ¢ — 81

2 v Vn

(3.3.33)

(3.3.34)

(3.3.35)

(3.3.36)

(3.3.37)

(3.3.38)

(3.3.39)

(3.3.40)

(3.3.41)

(3.3.42)

(3.3.43)

(3.3.44)

Here &, ; is the Kronecker delta and erf(a) the error function. The error function is defined by

f(a) = — f "ot g

erfla)=—| e Z.
Vi Jo

Using Eq. (3.3.39), Eq. (3.3.35) is written by

,29,
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1
oy, T) =— 2 Ci, (3.3.46)
m2y?izo
where
C; = BiG, + 4B;yG5 + (A; + 6B;y*)G, + (2A;y + 4B;y*)G, + (A;y* + B;y*)G,, (3.3.47)
Gn = Gp(x; — ¥, Xi41 — ¥)- (3.3.48)

3.3.1.2 Treatment of cross-section at 0 eV

Treatment of cross-section is required from 0 eV to the lowest energy (E;) given in an evaluated
nuclear data file. Normally, a cross-section at 0 eV is not included in the evaluated nuclear data file.
The cross-section at 0 eV is required to calculate the Doppler broadened cross-section in low energy
region.

NJOY and SIGMA1 approximate that the cross-section obeys the 1/v law. Eq. (3.3.30) is given by

1 *1g,x 01%; (7Y
o*(v) = —f 2 2o (-0)? gy = 172 f (z—y)e % dz
0 0

\/EyZ X n-yZ
(3.3.49)
o1x1 (H1(0,x; —y) Hp(0,x; —y)
== 2 + 2 :
Vr y y
H,(a, b) 1fbn-zzd (3.3.50)
a,b)=—| z"e z 3.
" Vi J,

Here o; and x; are the cross-section and the x value at E;, respectively. Equation (3.3.49) is valid
below E; as far as since the cross-section obeys the 1/v law. However, the cross-sections which do
not exhibit the 1/v behavior, e.g., the elastic scattering cross-section, are not expressed,
appropriately.

FRENDY determines the cross-sections at 0 eV by the linear extrapolation with the cross-sections
at the lowest and next-to-the-lowest energy grid points. Our study>? has revealed that the difference
of the cross-sections of the linear extrapolation is so small, even if the capture cross-section, which
obeys the 1/v law, is concerned. Therefore, the linear extrapolation is appropriate for the treatment of

the cross-section at 0 eV.

3.3.2 Speed-Up of Doppler Broadening

The Doppler broadening process requires a relatively long computational time for the calculation
of the error function of Eq. (3.3.45). As shown in Eq. (3.3.46), G,(a,b) is dependent only on the x
value, i.e., the relative neutron energy E,. The G,(a,b) values for each cross-section at energy grid
point E are identical since the energy grids of many cross-sections are unionized by the previous
process. FRENDY calculates all cross-sections at energy grid point £ simultaneously to reduce the

number of the error function calculation.
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Consequently, the actual calculation formula is as follows:

1
oc(y,T) =— ZCi,c, (3.3.51)

m2y?i=o

where

Bi,cG4 + 4’Bi,cyG3 + (Ai,c + 6Bi,cy2)GZ

ic = ) (3.3.52)
" +(241cy + 4Bicy®) Gy + (Aiey® + Bicy*)Go
E:.,,0.(E;)) — E;o.(E;
A =—2 o é) ‘ZC( 1) (3.3.53)
Xiv1 — X
0.(Ei;q) — 0.(E;)
o= —— (3.3.54)
Xiv1 — X

Many reactions have a threshold and their cross-sections are zero below the threshold. FRENDY
eliminates the energy grid points below the threshold because these energy grid points are not used
in nuclear data processing and neutronics calculations. Therefore, the number of energy grids
becomes lower when the reaction has higher threshold energy. The Doppler broadening below the
threshold is not required since the Doppler broadened cross-sections are also zero below the
threshold. To skip the Doppler broadening below the threshold, FRENDY divides all reactions into
six groups, i.e, the number of energy grid points is less than 100, 500, 1000, 5000, 10000, and more
than 10000, and the Doppler broadening is carried out in each group.

3.4 Calculation of Thermal Quantities

The evaluated thermal quantities are as follows:

+ Fission cross-section at 0.0253 eV OF th
* Average neutron production at 0.0253 eV Ven
+ Capture cross-section at 0.0253 eV Octh

* Integral of fission cross-section against a Maxwell-Boltzmann
distribution in the thermal region It tn

* Integral of radiative capture cross-section against a Maxwell-Boltzmann

distribution in the thermal region Icen
+ g-factor of the fission reaction g
+ g-factor of radiative capture reaction Je
* Average value of a at thermal region a
* Average value of 1 at thermal region n
* Average value of K; at thermal region K,

* Integral of fission cross-section against a Maxwell-Boltzmann

distribution in the resonance region It reso
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+ Integral of radiative capture cross-section against a Maxwell-Boltzmann

distribution in the resonance region Icreso
Ofen, Ven and oy are values at 0.0253 eV. Other values are defined as follows®*?):
E _E_ ( )
I =f o, (E) e kBT(dE, 3.4.1
r,th ceth r (kBT)Z
2 1 _E_ 2 Ly,
gy =——7 VEo,(E) e kTdE = ———, (3.4.2)
! \/E kBTGT,th E€th " (k T)3 \/Eo-r,th
o.(E) E £
a= —_— e kBTdE, (3.4.3)
Lem o7 (E) (kpT)?
or(E) E _kE_T
= e ksTdE, (3.4.4)
7 Lem 5,(E) + 0. (E) (kT)?
E
K= | {WE —Dop(E) —0.(B)} —ze ©TdE, (34.5)
EE€th (ksT)
__E_
[ = E kaTdE, 3.4.6
r,reso Lereso JT( )(kBT)Z e "B ( )

where r indicates the reaction, i.e., r=f for the fission reaction and =c for the radiative capture
reaction. The integral range in Egs. (3.4.1) - (3.4.6) is from the lowest energy grid point to 1.0 eV for
the thermal region and from 0.5 eV to the highest energy grid point for the resonance region,

respectively. The trapezoidal integration is used to calculate the integration in Egs. (3.4.1) - (3.4.6)

Ei<1.0
. Ei - E Ei El
Lien = W 0, (E)Ere T — 0, (Ey_y)Ey e ol (3.4.7)
Ei<1.0
Ei—E4 <UC(E) ——l o.(Ei-1) Ei_l)
o E;e k8T — ———E; e k8T |, (3.4.8)
- 2(kgT)? Uf(E) Uf(El 1)
E;<1. 0
E _Ep E; E,_ _Ei_
Z : ( O'c( ) E %pT — Uc( i 1) Ei_le RB%>’ (349)
z(kBT) O'f(E) +o.(E) Uf(Ei—1) + 0.(Ei—1)
E;<1.0 _Ei
E,—E;_4 {W(E) - Doy (Ey) + o (E)}Ee ®sT
Emin _{(V(Ei—l) - I)Uf(El_1) + GC(Ei_l)}Ei_le kBT
Emax E
E,—E; _Eiy
Ly reso = W(@*(E )E;e kBT —0.(Ei_1)E;_qe kBT) (3.4.11)
E;=0.5
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4 Thermal Scattering Cross-section Calculation

4.1 Thermal Scattering Law Data

At high energies, the wavelengths of neutrons are small, and it is reasonable to treat scattering as
classical collisions between particles. At thermal energies, the wavelengths of neutrons are similar to
the size of molecules and the spacing of crystalline lattice and the theory of classical collisions
cannot be adopted, directly*®. In such energy regions, consideration of thermal scattering caused by
crystalline and chemical binding is important for many materials, e.g., H.O, ZrH, and graphite, to
improve the prediction accuracy of neutron calculations. The evaluated nuclear data file gives the
Thermal Scattering Law (TSL) data to consider the scattering by crystalline and chemical binding. In

the ENDF-6 format'®, the following scattering cross-sections are defined:

® coherent elastic scattering for crystalline materials,
® incoherent elastic scattering for partially ordered materials,

® incoherent inelastic scattering for non-crystalline materials.

The evaluated nuclear data file contains only parameters to calculate the thermal scattering
cross-sections. Reconstruction and linearization of the thermal scattering cross-sections, secondary

neutron energy, and scattering angle are required.

4.2 Calculation Flow of Thermal Scattering Cross-Sections

A calculation flow of the thermal scattering cross-sections is shown in Fig. 4.2.1. The thermal
scattering cross-sections, secondary neutron energy, and scattering angle are calculated when the
evaluated nuclear data file contains the parameters of these cross-sections. FRENDY also calculates
the incoherent inelastic thermal scattering cross-sections with the free monatomic gas model® when
the evaluated nuclear data file does not contain the parameters or users want to calculate them.

As shown in Fig. 4.2.1, FRENDY skips the calculation of the incoherent elastic scattering
cross-section using the Debye-Waller factor when the Bragg edge data is included in the evaluated
nuclear data file. The ENDF-6 format cannot contain the parameters of both the coherent and
incoherent elastic scattering cross-sections in the evaluated nuclear data file. If a new nuclear data
format contains both parameters, the calculation flow can be changed and FRENDY will be able to

calculate both the coherent and incoherent elastic scattering cross-sections.
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Reading the evaluated nuclear data file

Calculation of
incoherent inelastic
scattering cross-sections
using thermal scattering
law data

Is there thermal
scattering law
data?

oes user want to
calculate incoherent

inelastic scattering cross-

sections?

Calculation of
incoherent inelastic
scattering cross-sections
as a free gas

Calculation of coherent
elastic scattering cross-
sections

[s there Bragg
edge data?

Calculation of
incoherent elastic
scattering cross-sections

Is there Debye-
Waller factor?

Output PENDF file or
Go to next process

Figure 4.2.1 Calculation flow of the thermal scattering cross-sections

4.2.1 Coherent Elastic Scattering
The coherent elastic scattering is observed in crystalline materials such as graphite. As shown in
Fig. 4.2.2, the crystalline atoms cause neutrons to scatter into many specific directions and it is

called “Bragg diffraction”.

Figure 4.2.2 Example of Bragg diffraction
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The Bragg diffraction is observed in the specified energy. In the Bragg’s law, the interference is
strongest when the wavelength 1 is satisfied with Eq. (4.2.1)*"
h

2dsinf =ni = , 4.2.1)
ZmEi

where d is the distance between atomic layers in a crystal, 8 the scattering angle, n a positive
integer, /4 Planck’s constant, and E; the energy of the i-th Bragg edge.

Figure 4.2.3 shows the coherent elastic scattering cross-section for graphite at 296 K taken from
JENDL-4.0". As shown in Fig. 4.2.3, the very strong peaks which are known as Bragg edges are
observed in the coherent elastic scattering cross-section. It should be noted that the cross-section is

zero below the first Bragg edge.

IO.OE'"I"'I"'I"'I"'I

Aoy

doaoa el

Cross section [b]
o
|

Ol L ol 1 P | n ol 1 sl 1 P | 1

1.0 x 10+ 1.0 X 1072 1.0 X 10Y

Incident neutron energy [eV]

Figure 4.2.3 Example of coherent elastic scattering cross-section for a crystalline material
(Graphite, 296 K, JENDL-4.0)

The evaluated nuclear data file provides the number of the Bragg edges, the energy of the Bragg
edges, and the crystallographic structure factor. The coherent elastic scattering cross-section 0<% is

represented as follows:*?

o“"(E,E',p) = %EEE o fie ?WES(u — u)S(E — E), (42.2)
i
where
w=1- % (4.2.3)
E = hgzr:z, (4.2.4)
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2 h?
fi= 2mNVZ|F(Ti)|» (4.2.5)
Ti
h
h=o (4.2.6)

In the above equations, E is the incident neutron energy, E’ the secondary neutron energy, u the
scattering cosine in the laboratory system, o, the characteristics coherent scattering cross-section,
W the Debye-Waller factor, E; the energy of the Bragg edge, §(x) the delta function, 7; the
vectors of one particular “shell” of the reciprocal lattice, m the neutron mass, N the number of
atoms in the unit shell, V the volume in the unit shell, and F(t;) the crystallographic structure
factors. The evaluated nuclear data file contains s; which is proportional to the structure factor.
Using s;, Eq. (4.2.2) is
Ei<E

o°"(EE', 1) = % z s;6(u—p;)S(E —E"). 4.2.7)

The coherent elastic scattering cross-section is linearized in this module using a similar method
that is used in the resonance reconstruction. As described in Eq. (4.2.7), the secondary neutron
energy is equal to the incident neutron energy, and the scattering cosine is fixed. The linearization of
the secondary energy and scattering angle is not required for the coherent elastic scattering.

For the incident neutron energy, FRENDY adds a middle energy grid point when the following

conditions are satisfied:

) O.inc E. ,E’, + O.inc E-,E’, )
gine (E, 1,E’,u) _ B B ) (B, B 1) > err x "¢ (E, 1,E’,y>, (4.2.8)
l+§ 2 l+§
. oM (E;o, E', 1) + 0™¢(E, E',
ine (EH;,E’, u) _ 0" (Ei4q u)z (E, E',w) > 1.0 % 1075, 42.9)
2

where err is the tolerance value for the linearization. FRENDY terminates the linearization when

the energy interval satisfies the following criterion:

Eijy, —E = Ei% x 3.0 x 1075, (4.2.10)

4.2.2 Incoherent Elastic Scattering

The incoherent elastic scattering is observed in partially ordered materials such as ZrH and
polyethylene. The incoherent elastic scattering is isotropic and contains no structural information
since the intensity of this type of scattering is independent of the scattering angle.*> The incoherent

inelastic scattering cross-section o'¢'(E,E’, 1) is given b
g u g Yy

. 0]
o (E,E', p) = Ybe-ZWE(l-m&(E —E), 4.2.11)

,36,



JAEA-Data/Code 2022-009

where oy, is the characteristic bound scattering cross-section*?.
The angle-integrated cross-section ¢'¢!(E), which is divided into equally probable cosine bins,
and the cumulative distribution are output in the PENDF file. Because the incoherent elastic

scattering is isotropic, the integrated cross-section 6°*(E) is calculated by

1 —4WE
. 0y _ Op 1—e
ot () = f e~2WE(-1) gy :_{—}_ (4.2.12)
2 2 | 2WE

The equally probable angle ji; is also calculated by

Ny e 2WEQRQWE; — 1) — e WEQ M) QWEp;_; — 1)

T 4.2.13
M= wE 1— e *WE ’ (4213
where ny;, is the number of cosine bins and y; is the upper limit of cosine bin which is given by
1 1— e *WE
=1 1 —2WE(1-pi-1) | 42.14
=14 n( ke (42.14)
Uo = —1. (4.2.15)

Figure 4.2.4 shows the incoherent elastic scattering cross-section for H in ZrH at 296 K taken
from JENDL-4.0. Compared to the other reactions, the incoherent elastic scattering cross-section can
be represented with a slowly varying function. Therefore, the linearization of the incoherent elastic
scattering cross-section is not performed and the energy grid of the total cross-section is used for the

incident neutron energy grid.

100.0 f——+—————————————

| PRI

10.0F

P e |

o
AL

Cross section [b]

. |

Ol 1 | L M | PR | i
1.0x 104 1.0%x 102
Incident neutron energy [eV]

O | s
1.0x10°
Figure 4.2.4 Example of incoherent elastic scattering cross-section

(Hin ZrH, 296 K, JENDL-4.0)

4.2.3 Incoherent Inelastic Scattering
The incoherent inelastic scattering is observed in non-crystalline materials such as H,O and ZrH?®.
The thermal scattering law data is used to consider the effect of the chemical binding of a molecule

on neutron scattering. Using the thermal scattering law data S(a, ), the double differential
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d? o‘inC(E,E',y)

1s written as foll 44).
1Edo s written as follows

scattering cross-section

d?c™(E,E', 1) o, |E'
Al 2 Gy 42.16
dEdQ ik, | ES@h) (42.16)
where
o= E tE—2WEE (4.2.17)
AkgT
_EF-E (4.2.18)
18 - kBT ) VN

a the dimensionless momentum transfer, § the dimensionless energy transfer, A the ratio of the
target mass to the neutron mass, and kg the Boltzmann constant.

The evaluated nuclear data file provides the thermal scattering law data of n-th type atom because
molecule consists of many elements. FRENDY uses the following equations to calculate the inelastic

incoherent scattering cross-section at T'K in each energy grid point!?:

N

. ~ M,0p, |E' _B
o (E,E', 1) = ﬁ —e 7S, (an B), (4.2.19)
n=0 B
A, + 1)

Opn = Ofn (A—) ) (4.2.20)

n
Opn = 4may,?, (4.2.21)
q, = =t E2EE (4.2.22)

A kyT

where N; is the number of non-principal scattering atom types, M,, the number of n-th type atoms
in the molecule or unit cell, gy, the characteristic bound incoherent scattering cross-section, and
sy the characteristic free atom scattering cross-section.

The thermal scattering law data describes the thermal neutron scattering cross-section of the atom
for which the chemical binding is considered*?. For a free gas of scatterers with no internal structure,

the thermal scattering law data S, (a,, 8) is

2 2
exp {— M} (4.2.23)

Sn(an' ,8) =

1
\/Fan 4a,
When the evaluated nuclear data file does not include the thermal scattering law data or users want
to calculate the incoherent inelastic scattering cross-section as a free gas, FRENDY assumes that the
nucleus is a free particle with no internal structure and the thermal scattering law data is calculated
using Eq. (4.2.23).

When a or f value is outside the range of the table, the differential scattering cross-section can
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be computed using the short collision time (SCT) approximation*?:

O.inc,SCT(E E’' 'u) —

om [E T 1 exp{_(an—lﬁl)z T BBl
n=02kBT ETeff /47Tan 4—an Teff 2

where Terf is the effective temperature for the SCT approximation which is given in the evaluated

}, (4.2.24)

nuclear data file.

Figures 4.2.5 and 4.2.6 show the incoherent inelastic scattering cross-section for H in HO and H
in ZrH at 296 K taken from JENDL-4.0. The THERMR module of NJOY’® uses the fixed incident
neutron energy grid, which consists of 117 energy grid points from 1.0 X 107> to 10 eV, to
calculate the incoherent inelastic scattering cross-section and secondary energy and angular
distributions. The incoherent inelastic scattering cross-section at the other energy grid points are
interpolated using the fifth order Lagrange interpolation and secondary energy and angular
distributions are not calculated to reduce calculation time and data size. As shown in Fig. 4.2.5, the
incoherent inelastic scattering cross-section for many materials can be represented with a slowly
varying function. In such a case, the fixed incident neutron energy grid is appropriate. However, the
fixed incident neutron energy grid is inappropriate for some materials, e.g., H in ZrH. The incoherent
inelastic scattering cross-section of these materials oscillates at the higher energy region as shown in
Fig. 4.2.6. The adoption of the finer energy grid is required to adequately reproduce the incoherent
inelastic scattering cross-section distribution in such materials*>.

FRENDY calculates the incoherent inelastic scattering cross-section in all energy grid points of
the total cross-section to appropriately treat such materials when the thermal scattering law data is
given. FRENDY uses the fixed energy grid points to calculate the incoherent inelastic scattering
cross-section when the thermal scattering law data is not given. Similar to NJOY, the fixed incident
neutron energy grid, which consists of 117 energy grid points from 1.0 X 107> to 10 eV, is used to
calculate the incoherent inelastic scattering, and other energy grid points are interpolated using the
fifth order Lagrange interpolation. This is because the number of energy grid points of heavy
nuclides is very large. The incoherent inelastic scattering cross-section for a free gas is not so
important for neutronics calculation and it can be represented with a slowly varying function of the
incident neutron energy. A large amount of data size is required to show the secondary energy and
angular distributions. The secondary energy and angular distributions are output only in the fixed

incident neutron energy grid points to reduce calculation time and data size.

,39,



JAEA-Data/Code 2022-009

10000; ! =] T ] T LI | T T T T

—
o
o
o

100

Cross section [b]

10- L M L M L M L M L M. I
1.0 10~ 1.0x 102 1.0 107

Incident neutron energy [eV]

Figure 4.2.5 Example of incoherent inelastic scattering cross-section

(H in H>0, 296 K, JENDL-4.0)
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Figure 4.2.6 Example of incoherent inelastic scattering cross-section

(Hin ZrH, 296 K, JENDL-4.0)

Linearization of the secondary energy and angular distributions for the incoherent inelastic
scattering is required. For the secondary energy, FRENDY adds a middle energy grid point when the

following condition is satisfied:

) o™ (E,E'iy1) + 0™ (E,E")
2

ginc (EE 1
l+§
(4.2.25)

> err X

gine (EE 1) +1.0x 10-3|,
L+E

where err is the tolerance value for the linearization and
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1
o™ (E,E") = f o™ (E,E', ) dp. (4.2.26)
-1

When the integrated incoherent inelastic scattering cross-section satisfies the following equation, the
linearization at this energy grid point is finished and moves to the next energy grid point

1 . .
5 Ei —E') (0™ (E, E"141) + 0 (B, E'))) < 1.0 X 107, (4.2.27)

For the angular distribution, FRENDY adds a middle angular point when either of the following

conditions is satisfied:

O.L'nc (E,E’,’u ) B O-IHC(E, E’,,Lli) + O-lnc(EiE,,/.li+1)

1

i+5 2
(4.2.28)
> err X |ginc (E,E’,y, 1) ,
I.+§
, . o (EE',w;) + 0™ (E,E',
|O.lnC(E’E!”ui) _ JlnC(E'E’rﬂi+1)| > ( lul) - ( :u1+1) . (4.2.29)

The linearization is finished and moves to the next angular point when the distance of the angular
points is so small, i.e., it satisfies the following equation:

Wi — Hipq < 1.0x 1075, (4.2.30)
The integrated cross-section ¢™¢(E), which is divided into equally probable cosine bins, and the
cumulative distribution are written in the PENDF file. Because the incoherent inelastic scattering

cross-sections are linearized, o™(E) is easily calculated with the trapezoidal integration as

follows:
o (E) = f o (E,E")dE’
0
oM (E,E')) + 0" (E,E';_y) (23D
) [ ] i—1 ’ ’
L
where
. 1 .
o E) = [ o, B
-1
) ) 4.2.32
amc(E,E’uj) + JL"C(E,E'yj_l) ( )
= Z > x (1 = #j-1)

J
To calculate the cumulative distribution, FRENDY searches for the j-th cosine bin y; that satisfies

the following equation:

uo o (E,E")
j o™ (E,E', W) dp = ———, (4.2.33)
Hj—1 nbin

where n,;, is the number of bins. The cumulative o5 pr (E JE' u j) value, which is calculated by

the following equation, is written in the PENDF file
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. Hj .
O-]-l"’yE"gVDF(El E’IM]) = f M X O-lnC(EJ E’,M) d.u'

3 oM (E,E', 1) — 0 (E, E, ul)) (uiva® + Hisa s + %)
Z (4.2.34)
+5 (120 (B, E', ) = 0™ (B, B, i41) ) (i + 1)
Hit+1
= Zf u(ap + b) du,
T U Hi
where
inc E,E', i _ inc E,E’, .

,C ( Hiv1) —0( ul)' (4.2.35)

Hiv1 — Hi
b= ;o™ (E,E', tliyq) — Mi+10im(E;E'rﬂi). (4.2.36)

Hiv1 — Hi
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5 Probability Table Generation

5.1 Treatment of Self-Shielding Effect in Unresolved Resonance
Region

In the unresolved resonance region, each resonance cannot be separated and the evaluated nuclear
data file provides mean values of resonance spacing and resonance partial width.!® The
self-shielding effect in the unresolved resonance region also has a large impact on the fast reactor.*®
The probability table method is widely used to appropriately treat the self-shielding effect in the
unresolved resonance region for continuous energy Monte Carlo codes.***” In this method, a table
provides the probability distribution of the cross-section in a given energy grid point which
corresponds to the resonance structure. Consideration of the self-shielding effect in the unresolved
resonance region is also used for the multi-group transport calculation. The Bondarenko-style
self-shielded cross-section*® is used to treat this effect and it is generated using the probability table.
Though some nuclear data processing codes generate the Bondarenko-style self-shielded
cross-section by the deterministic method, e.g., the UNRESR module in NJOY.”® According to the
manual of NJOY, the Bondarenko-style self-shielded cross-section generated by the probability table
is more appropriate than that by the deterministic method.*” The self-shielding factor generated by
the deterministic method sometimes shows inappropriate values, e.g., negative or larger than 1.0.

Therefore, FRENDY uses only the probability method to calculate it.

5.2 Calculation Flow of Probability Table Generation

The evaluated nuclear data file provides only mean values of the resonance parameters in the
unresolved resonance region. In the unresolved resonance region, the ladder method*? is used to
generate a lot of pseudo resonance structures using random numbers based on the averaged
resonance parameters. A resonance structure generated by random numbers is called a “ladder” and

an example is shown in Fig. 5.2.1. The pseudo resonance structure is generated as follows:

(1) Determination of the i-th resonance energy E; by multiplying the average level spacing
D by the random number Ry, conforming to the Wigner distribution function,

2) Determination of the resonance width I5.; by multiplying the average resonance width L
by the chi-squared random numbers with k degrees of freedom R,z (k),

3) Determination of the energy grid point E; at which the cross-section is calculated using
the uniform random number R,

4) Calculation of the cross-section o, ; (E]-, T) of the energy grid point E; at 7K with the
y-x method*”, and

%) Calculation of the probability P,(T) of ¢,_1 < ¢, ]-(Ej, T) < oy,
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where r is a reaction type, g, the upper limit cross-section of the n-th probability bin, and
O j (Ej, T) the total cross-section of the energy grid point E; at T'K.

To calculate probability table B,(T), we generate a lot of ladders. The evaluated nuclear data
library contains the energy-dependent average resonance parameters. Therefore, the probability table
is calculated in each energy point which corresponds to the energy-dependent parameters. Generally,
the number of sampling energy grid point E; is 10,000 and the number of ladders is 20-100. When
the number of energy points is 30, the cross-section should be calculated 6-30 million times. Since
the number of the energy grid points of the linearized cross-section is less than a few million, the

calculation of probability tables in all energy points requires a long calculation time.

(3) Ej = Emin + (Emax — Emin) X Ry

(4) oy, (Ej,
f ! ;:
7 rl

’HH Sl I

\I — *Vi*;
W (zm,i=17><x) f

I:)5

P,
{ - (5)
’ﬁ&

Figure 5.2.1 Example of pseudo resonance structure generation for the ladder method

UJ

‘-’fz
2=

k

Emin ET',i—l —/ \

(1) Ey; = Eri—1+ D X Ry

5.2.1 Determination of Resonance Energy

The average level spacing D is the mean value of the distribution of resonance spacing and it
obeys the Wigner distribution. The resonance spacing is determined by multiplying the average level
spacing D by the random number Ry, conforming to the Wigner distribution function. Ry, is
calculated using the inverse transform sampling. The Wigner distribution function B, (y) is given

as follows:
T T
P, (y) = Eye‘zyz. (5.2.1)

The cumulative distribution function E, ({) of the Wigner distribution is

g .,
Fy({) =f P, dy=1-e"%". (5.2.2)
0

The inverse function of F, ({) is
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4 1
=+ [-in(t——=) (5.2.3)
( \/ T 1-F w ({)
Using Eq. (5.2.3), Ry, is calculated using the uniform random number R,, as follows:
2 1 2 1
Ry =— ln( ) =— |In (—) 5.24)
v \/E 1- Ru \/E Ru

5.2.2 Determination of Resonance Width
The resonance width I distributes according to the chi-squared distribution with a certain
number of degrees of freedom'?). The resonance width is determined by multiplying the average
resonance width I, by the chi-squared random numbers with k degrees of freedom R,2 (k). To
calculate R, (k), the PURR module in NJOY and the U3R code®” use discrete random numbers.
Table 5.2.1 shows the chi-squared random numbers R,z(k) in PURR. For example, if R, is 0.03
and the number of degrees of freedom is 1, the chi-squared random number is 0.0013100 from
Table 5.2.1. The discrete random numbers are inappropriate because the resonance structure depends
on the chi-squared random numbers.
To appropriately calculate the chi-squared random numbers, FRENDY uses®"
Rp (E 2) (k>1)
Re(={ 2

(R*R: (5,2) (k=1

where Rp(a, ) is the gamma random number, a a shape parameter, and  a scale parameter.

: (5.2.5)

Marsaglina’s method is used to calculate the gamma random number.
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Table 5.2.1 Chi-squared random numbers R, (k) in PURR

Ry R (1) R (2) R,»x(3) R (4)
0.00~0.05 0.0013100  0.0508548 0.2068320 0.4594620
0.05~0.10  0.0091950  0.1561670 0.4707190 0.8937350
0.10~0.15 0.0250905 0.2673350 0.6919330 1.2175300
0.15-020  0.0492540 03850500  0.9016740  1.5087200
0.20~0.25  0.0820892  0.5101310 1.1086800 1.7860500
0.25~0.30  0.1241690  0.6435640 1.3176500 2.0585400
0.30~0.35  0.1762680  0.7865430 1.5319300 2.3319400
0.35~0.40  0.2394170  0.9405410 1.7544400 2.6106900
0.40~0.45 0.3149770 1.1074000 1.9881200 2.8987800
0.45~0.50  0.4047490 1.2894700 2.2362100 3.2003200
0.50~0.55 0.5111450 1.4898100 2.5025700 3.5199500
0.55~0.60  0.6374610 1.7124900 2.7921300 3.8633100
0.60~0.65 0.7883150 1.9631400 3.1114300 4.2377600
0.65~0.70  0.9704190  2.2498400 3.4696700 4.6534500
0.70~0.75 1.1940000  2.5847300 3.8805300 5.1253300
0.75~0.80 1.4757300  2.9874400 4.3658600 5.6771200
0.80~0.85 1.8454700  3.4927800 4.9641700 6.3504400
0.85~0.90  2.3652200  4.1723800 5.7542300 7.2299600
0.90~0.95 3.2037100  5.2188800 6.9464600 8.5410000
0.95~1.00  5.5820100  7.9914600 10.0048000 11.8359000

5.2.3 Determination of Energy Grid Points

To calculate the probability P,(T) of o,_4 < 6,(E,T) < g, FRENDY sets 10,000 energy
grid points in each ladder and calculates only the Doppler broadened cross-section on these

energy grid points. The energy grid point is determined by the uniform random number R, as

follows:

E:

unresolved resonance region, and E,,,, the upper energy limit of the resonance range in the

unresolved resonance region.

,46,
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5.2.4 Calculation of Cross-Sections

In general, the kernel broadening method,?” which is adopted in Doppler broadening of FRENDY,
the BROADR module in NJOY, and SIGMAI module in PREPRO,” is used to more accurately
calculate the Doppler broadened cross-sections in the resolved resonance region than the other
calculation methods. This method requires a long calculation time to calculate the Doppler
broadened cross-sections. The ladder method generates a lot of resonance structures and calculates
the Doppler broadened cross-sections. Thus, the kernel broadening method for the ladder method is
not accepted in the unresolved resonance region from the viewpoint of calculation time.

In the ENDF-6 format, only the Single-Level Breit-Wigner (SLBW) representation is available for
the unresolved resonance region.'” The SLBW approximation allows the use of the y-x method*’
which approximately calculates the Doppler broadened cross-sections in short calculation time.

In the -y method, the cross-sections at 7 K are calculated as follows:*?

0-1[;/7"
o,(E,T) = Tl/)((. x), (5.2.7)
Jll}r
Fnr .
o,(E,T) =0, (lp((,x) (cos 20, — 1+ T) + x(¢, x) sin 2¢z) + o), (5.2.9)
where
_ 4t I,
01 —k—rzngr. (5.2.10)
©° 1 ¢ 2
*© ¢ 2
X6 = %f e T, (5.2.12)
2
x = Fr(E —E), (5.2.13)
2
y =+ (E — Ey), (5.2.14)
I
I
(=

m (5.2.15)
f4EkBTﬁ7

SWUE D - Si(E) PE)
2(P(ED)  PUED ™

o, the radiative capture cross-section, oy the fission cross-section, ogthe elastic scattering

E, =E +

(5.2.16)

cross-section, o, the potential scattering cross-section, [;. the total width, I, the radiative
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capture width, I, the fission width, I3, the neutron widths, k, a wave number, g; a spin
statistical factor, E an incident neutron energy, E, a relative kinetic energy, ¢; a hard sphere
phase shift, S; a shift factor, P, a penetration factor, m the mass of the neutron, M the mass of
target nucleus, and kg the Boltzmann constant.

Equations (5.2.11) and (5.2.12) are rewritten as

Ysx)=—| ———
o \/Ef‘“1+(x—%s)2

(5.2.17)
%
= s* ds
zﬁf_ i Cx cz
2
_S ]
x(s,x) = j —Ze_s ds
Vilog 4 (- 2s)
(5.2.18)
(x -5 2y
S ds
fo_f . (2 '
— {sx + 2 7
where
¢
s —E(x—y), (5.2.19)
2
y=x-— Zs' (5.2.20)
dy 2
—=—- 5221
We re-introduce the complex error function w(z) mentioned in Eq. (2.3.41) as follows:
i [° e
w(z) = e~ erfc(—iz) = e‘Zz(l - erf(—iz)) = Ef P ds. (5.2.22)

Here erfc(a) is the complementary error function of complex argument @, erf(a) the error

function of complex argument «, and

z=(x+ i)g =u+ih, (5.2.23)
where
¢
u==-x, (5.2.24)
2
h= g (5.2.25)
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Substituting Eq. (5.2.23) into Eq. (5.2.22), the latter equation is rearranged as
i [ 1
w(z) = —f — e S%ds
v

—os—(x+ i)% -
o ¢ ¢ 1 » (5.2.26)
=— (s—§x+lz) e (Ze ds.
/o s?—{sx+px* +p
From the above equation, we obtain
o ¢
1 2 _ 2
Re[w(z)] = ;f G 72 e 5" ds, (5.2.27)
—o0 _ 242 2
s? —(sx + X+
and
11® %x -5 )
m[w(z)] = —f (2 (2 e 5" ds. (5.2.28)
TJ- —{sx + 2 T
Using Eqgs. (5.2.27) and (5.2.28), Eqgs. (5.2.17) and (5.2.18) are expressed as
Y(s,x) = gRe[w(z)], (5.2.29)
x(s,x) = glm[w(z)]. (5.2.30)

As shown in Egs. (5.2.29) and (5.2.30), ¥(s,x) and x(s,x) are calculated using the real and
imaginary parts of the complex error function w(z).

To estimate the complex error function, some calculation methods are proposed.>*** We adopted
the 4-pole Padé approximation®>>7? to reduce the calculation time while keeping enough accuracy.
This is one of the most efficient methods to reduce the calculation time with the y-y method.

The complex error function using the 4-pole Padé approximation is written as

po + p1(u + ih) + p,(u + ih)? + p3(u + ih)3

wu +ih) ~ \/_ 14+ q,(u+ih) + q,(u+ih)? + g3(u+ ih)3 + q,(u + ih)*
i Aut A +i(As + Agu?) (5.231)
1 By + Bou? + Byu* + i(Byu + Bgu3)’
where
Ay = p; — 2p,h — 3p3h?, (5.2.32)
Az = p3, (5.2.33)
A3 = po + pih — poh? — psh?, (5.2.34)
Ay =p, +3p3h, (5.2.35)
By =1 - qih — qzh* + qsh>+q,h", (5.2.36)
B, = q, — 3qzh — 6q,4h?, (5.2.37)
B3 = qa, (5.2.38)
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B, = q; + 2q,h — 3q3h® — 4q,h3, (5.2.39)
Bs = q3 + 4q,h, (5.2.40)
Po = iV, (5.2.41)

—1572 + 88w — 128

P1= % (6n? — 297 + 32) (5.2:42)
Pz =t 6(6;23 3—n2;1: (-):}32) VT (5.2.43)
ey
0 =t 2(67129f ;9378+ 3V (5.2.45)
93 =1 6(6;3 3—an;nl (-)+432) v, (5.2.47)
,, _ ont=6om +128 5248)

= 3(61% — 297 + 32)

5.2.5 Calculation of Probability
To calculate the probability of the n-th bin P,(T), we count the number of energy grid points
that the total cross-section oy ; (E s T) satisfies the following equation
Op-1 < 01 (E;,T) < 0. (5.2.49)
The PENDEF file contains B, (T), average cross-section &,-(T), and cross-section of the n-th bin
0y n(T). 6,(T) and o0,,(T) are obtained by

Y0 (E;T)

&.(T) = . (5.2.50)
" Nladder X Nsample
Er n(T)
T) = ————, 5.2.51
O—T,n( ) 5r(T) ( )

where, 0y, 1s an average cross-section of g,_; < at,j(Ej,T) < 0y, Nigdder the number of
ladders, and Nggmpie the number of sampling energy grid points.
The Bondarenko-style self-shielded cross-section oy, ,-(T) is also calculated using o, ,(T) and
0t (T) as follows:
Ln agof%n (7(2")
0 (T) = O—JOM' (5.2.52)
"oo + 0n(T)

where r is the reaction type, i.e., the total, elastic scattering, fission, and radiative capture.
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5.3 Investigation of Appropriate Number of Ladders

The ladder method generates a lot of pseudo resonance structures to produce a probability table.
Investigation of the appropriate number of ladders, i.e., the number of pseudo resonance structures,
is important to reduce nuclear data processing time while keeping the accuracy of neutronics
calculations.’”

To determine the appropriate number of ladders, we address major heavy nuclides, i.e., 2*2Th, 33U,
B4y, 35U, 38U, 2'Np, 28Pu, 2Py, #°Pu, 2*'Pu, 2*’Pu, *'Am, and ***Cm, from JENDL-4.0" as
target nuclides. The number of probability bins is 20 and the number of ladders is 10, 50, 100, 200,
300, and 500. The number of ladders for the reference case is 1,000. The calculation time of 2**U and
2380 are 10 hours and 4 hours, respectively, using Intel Core i7-3960X processor (3.30 GHz) without
parallel computation when the number of ladders is 1,000. From the viewpoint of calculation time,
the larger number of ladders is not acceptable.

As described in Section 5.2, the probability table is calculated in each energy point which
corresponds to the energy-dependent average resonance parameter. In this study, we compared the
RMS value of all energy points and probability bins. The RMS value RMS, ,.(T) is calculated as

follows:

2
Zg 25 {Plref,g,n(T) X Glref,r,g,n(T) - Pl,g,n(T) X O-l.T,g,n(T)} (5.3.1)
GxB '

RMS,(T) = j

where [ is an index of the ladder number, x a reaction type, G the number of energy points, B
the number of probability bin, and [,.; a reference number of ladders. Tables 5.3.1 - 5.3.3 show
the RMS value of each ladder number. As shown in Tables 5.3.1 - 5.3.3, the RMS values are enough
small when the number of ladders is 100. The generation time of the probability table for each
nuclide (number of ladders: 100, number of temperatures: 1) was usually 1 to 2 hours. This

generation time is acceptable from the viewpoint of the current computational performance.
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Table 5.3.1 RMS value of probability table difference in each number of ladders (293.6 K) (1/3)

Nuclide Le;\;ider Total Scatter Fission  Radiation
0.

10 0.20% 0.20% 0.18% 0.22%
20 0.15% 0.15% 0.14% 0.16%
30 0.12% 0.12% 0.11% 0.12%
50 0.08% 0.08% 0.08% 0.09%
100 0.06% 0.06% 0.06% 0.07%
200 0.05% 0.05% 0.04% 0.05%
300 0.04% 0.04% 0.03% 0.04%

500 0.03% 0.03% 0.03% 0.03%
10 0.31% 0.31% 0.33% 0.35%

20 024%  023%  026%  027%
30 018%  0.18%  020%  0.22%
233 50  016%  0.16%  0.17%  0.19%
100 0.11%  0.10%  0.12%  0.12%
200  0.08%  0.08%  0.08%  0.09%
300 0.06%  0.06%  0.06%  0.07%

500 0.05% 0.05% 0.05% 0.05%
10 0.23% 0.23% 0.33% 0.26%

20 0.15% 0.15% 0.23% 0.17%
30 0.14% 0.14% 0.21% 0.16%
234 50 0.09% 0.09% 0.13% 0.11%
100 0.07% 0.07% 0.09% 0.08%
200 0.05% 0.05% 0.06% 0.05%
300 0.04% 0.04% 0.05% 0.05%

500 0.03% 0.03% 0.05% 0.04%
10 0.31% 0.30% 0.33% 0.34%

20 0.23% 0.22% 0.24% 0.25%
30 0.18% 0.18% 0.19% 0.20%
235 50 0.14% 0.13% 0.15% 0.15%
100 0.10% 0.10% 0.11% 0.11%
200 0.07% 0.07% 0.08% 0.08%
300 0.06% 0.06% 0.07% 0.07%

500 0.05% 0.05% 0.05% 0.05%
10 0.22% 0.22% 0.20% 0.23%

20 0.14% 0.14% 0.13% 0.15%

30 0.11% 0.12% 0.11% 0.12%
236 50 0.09% 0.09% 0.08% 0.09%
100 0.07% 0.07% 0.06% 0.08%
200 0.05% 0.05% 0.05% 0.05%
300 0.04% 0.04% 0.04% 0.04%
500 0.03% 0.03% 0.03% 0.03%

232
Th
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Table 5.3.1 RMS value of probability table difference in each number of ladders (293.6 K) (2/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.23% 0.23% 0.22% 0.23%

20 0.15%  0.15%  0.15%  0.17%
30 012%  0.12%  0.12%  0.13%
238 50  010%  0.10%  0.10%  0.11%

U 100 0.08%  0.08%  0.07%  0.08%

200 0.06%  0.06%  0.06%  0.06%

300 0.04%  0.04%  0.04%  0.05%

500  0.03%  0.03%  0.03%  0.03%

10 031%  030%  036%  0.32%

200 022%  0.22%  0.25%  0.24%

30 0.18%  0.18%  020%  0.19%

237 50 0.15%  0.14%  0.17%  0.15%
Np

100 0.11% 0.11% 0.11% 0.11%
200 0.07% 0.07% 0.08% 0.07%
300 0.07% 0.07% 0.07% 0.07%

500 0.05% 0.05% 0.05% 0.05%
10 0.24% 0.24% 0.34% 0.27%

20 0.16%  0.16%  025%  0.18%

30 0.13%  0.13%  020%  0.15%

238 50  0.11%  0.11%  0.16%  0.12%
Pu 100 0.09%  0.09%  0.12%  0.10%
200 0.05%  0.05%  0.07%  0.06%

300 0.04%  0.05%  0.06%  0.05%

500 0.04% 0.04% 0.05% 0.04%
10 0.26% 0.26% 0.30% 0.30%

20 0.19%  0.18%  022%  0.22%

30 0.14%  0.14%  0.16%  0.16%

239 50 0.12%  0.12%  0.15%  0.14%
Pu 100 0.08%  0.08%  0.09%  0.10%
200 0.06%  0.06%  0.06%  0.07%

300 0.05%  0.05%  0.05%  0.06%

500 0.04% 0.04% 0.05% 0.05%
10 0.23% 0.23% 0.28% 0.24%

20 0.16%  0.16%  022%  0.18%

30 0.12%  0.12%  0.18%  0.14%

240 50 0.10%  0.10%  0.13%  0.11%
Pu 100 0.06%  0.06%  0.08%  0.07%
200 0.05%  0.05%  0.06%  0.05%

300 0.04%  0.04%  0.05%  0.04%

500 0.03%  0.03%  0.04%  0.04%
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Table 5.3.1 RMS value of probability table difference in each number of ladders (293.6 K) (3/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.19% 0.18% 0.23% 0.24%
20 0.14% 0.13% 0.16% 0.17%
30 0.11% 0.10% 0.12% 0.13%
241 50 0.09% 0.08% 0.10% 0.11%
Py 100 0.06% 0.06% 0.07% 0.08%
200 0.05% 0.05% 0.05% 0.06%
300 0.04% 0.04% 0.04% 0.05%

500 0.03% 0.03% 0.04% 0.04%
10 0.21% 0.21% 0.33% 0.23%

20 0.14%  0.14%  0.22%  0.15%

30 0.12%  0.12%  0.19%  0.13%

S 50  0.09%  0.09%  0.14%  0.11%
Pu 100 0.06%  0.06%  0.10%  0.07%
200 0.05%  0.05%  0.07%  0.05%

300 0.04%  0.04%  0.05%  0.04%

500 0.03% 0.03% 0.05% 0.04%
10 0.30% 0.29% 0.36% 0.31%

20 022%  021%  026%  0.23%

30 0.17%  0.16%  020%  0.18%

o 50 0.14%  0.14%  0.17%  0.15%
100 0.10%  0.10%  0.11%  0.10%
200 0.07%  0.07%  0.08%  0.08%
300 0.06%  0.06%  0.07%  0.07%
500 0.04%  0.04%  0.05%  0.05%
10 025%  025%  039%  0.28%
20 0.19%  0.18%  028%  0.21%
30 0.14%  0.14%  020%  0.16%
4 50  0.11%  0.10%  0.17%  0.13%
Cm 100 0.08%  0.08%  0.12%  0.09%
200 0.06%  0.06%  0.07%  0.06%

300 0.05%  0.05%  0.07%  0.05%

500 0.04%  0.04%  0.05%  0.04%
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Table 5.3.2 RMS value of probability table difference in each number of ladders (1000 K) (1/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.25% 0.25% 0.23% 0.26%

20 0.15% 0.15% 0.14% 0.16%
30 0.14% 0.14% 0.13% 0.15%
50 0.10% 0.10% 0.10% 0.11%
100 0.08% 0.08% 0.08% 0.08%
200 0.06% 0.06% 0.05% 0.06%
300 0.04% 0.04% 0.04% 0.05%

500 0.03% 0.03% 0.03% 0.04%
10 0.41% 0.40% 0.42% 0.44%

20 031%  031%  033%  0.34%
30 023%  0.23%  025%  0.25%
233 50 0.19%  0.19%  021%  0.22%
100 0.14%  0.14%  0.15%  0.16%
200 0.09%  0.09%  0.10%  0.11%
300 0.08%  0.08%  0.09%  0.09%

500 0.06% 0.06% 0.07% 0.07%
10 0.27% 0.27% 0.34% 0.28%

20 0.18%  0.18%  0.24%  0.19%
30 0.16%  0.16%  021%  0.18%
)34 50  011%  0.11%  0.15%  0.12%
100 0.08%  0.08%  0.10%  0.09%
200 0.05%  0.05%  0.06%  0.06%
300 0.05%  0.05%  0.06%  0.05%

500 0.04% 0.04% 0.05% 0.04%
10 0.42% 0.42% 0.44% 0.45%

20 0.30% 0.30% 0.31% 0.32%
30 0.25% 0.25% 0.27% 0.27%
235 50 0.18% 0.18% 0.19% 0.19%
100 0.13% 0.13% 0.14% 0.13%
200 0.09% 0.09% 0.10% 0.09%
300 0.08% 0.08% 0.08% 0.08%

500 0.07% 0.06% 0.07% 0.07%
10 0.28% 0.28% 0.26% 0.30%

20 0.17%  0.17%  0.16%  0.18%

30 0.14%  0.14%  0.13%  0.14%
)36 50  0.10%  0.10%  0.10%  0.11%
100 0.09%  0.09%  0.08%  0.09%
200 0.06%  0.06%  0.06%  0.06%
300 0.05%  0.05%  0.05%  0.05%
500 0.04%  0.04%  0.03%  0.04%
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Table 5.3.2 RMS value of probability table difference in each number of ladders (1000 K) (2/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.28% 0.28% 0.27% 0.29%

20 020%  020%  0.19%  0.20%

30 015%  0.15%  0.15%  0.16%

238 50  013%  0.13%  0.13%  0.14%
100 0.09%  0.09%  0.09%  0.09%
200 0.07%  0.07%  0.07%  0.07%
300 0.05%  0.05%  0.05%  0.06%
500 0.04%  0.04%  0.04%  0.04%
10 040%  040%  043%  0.41%
20 032%  032%  034%  0.33%
30 025%  025%  026%  0.26%
237 50  019%  0.18%  020%  0.19%
100 0.14%  0.14%  0.14%  0.14%
200 0.10%  0.10%  0.10%  0.10%
300 0.08%  0.08%  0.09%  0.09%

500 0.07% 0.07% 0.07% 0.07%
10 0.29% 0.29% 0.36% 0.31%

20 0.19%  0.19%  026%  021%

30 0.14%  0.14%  0.19%  0.16%

238 50  0.13%  0.13%  0.16%  0.14%
Pu 100 0.09%  0.09%  0.11%  0.10%
200 0.06%  0.06%  0.07%  0.06%

300 0.05%  0.05%  0.06%  0.05%

500 0.04%  0.04%  0.05%  0.04%

10 032%  031%  036%  0.35%

20 024%  024%  026%  027%

30 0.19%  0.19%  020%  0.20%

239 50 0.15%  0.15%  0.17%  0.16%
Pu 100 0.10%  0.10%  0.11%  0.11%
200 0.08%  0.07%  0.08%  0.08%

300 0.06%  0.06%  0.07%  0.07%

500 0.05% 0.05% 0.06% 0.06%
10 0.27% 0.27% 0.32% 0.27%

20 0.18%  0.18%  023%  0.19%

30 0.15%  0.15%  0.18%  0.16%

540 50 0.12%  0.12%  0.14%  0.12%
Pu 100 0.07%  0.07%  0.09%  0.08%
200 0.06%  0.06%  0.07%  0.06%

300 0.05%  0.05%  0.06%  0.05%

500 0.04%  0.04%  0.05%  0.04%
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Table 5.3.2 RMS value of probability table difference in each number of ladders (1000 K) (3/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.22% 0.21% 0.25% 0.24%

20 0.16% 0.15% 0.18% 0.18%

30 0.13% 0.13% 0.14% 0.14%

241 50 0.11% 0.11% 0.12% 0.13%
Pu 100 0.07% 0.07% 0.08% 0.08%
200 0.06% 0.06% 0.06% 0.06%

300 0.05% 0.04% 0.05% 0.05%

500 0.04% 0.04% 0.04% 0.04%
10 0.26% 0.26% 0.33% 0.26%

20 0.17%  0.17%  0.24%  0.19%

30 013%  0.13%  0.17%  0.15%

S 50  0.10%  0.10%  0.14%  0.12%
Pu 100 0.08%  0.08%  0.09%  0.09%
200 0.05%  0.05%  0.07%  0.06%

300 0.04%  0.04%  0.06%  0.05%

500 0.04% 0.04% 0.05% 0.04%
10 0.43% 0.42% 0.46% 0.43%

20 029%  029%  032%  0.30%

30 0.24%  0.24%  026%  0.24%

o 50 0.18%  0.18%  021%  0.19%
100 0.13%  0.13%  0.14%  0.13%
200 0.10%  0.09%  0.10%  0.10%
300 0.08%  0.08%  0.09%  0.08%
500 0.07%  0.07%  0.07%  0.07%
10 030%  030%  040%  0.32%
20 022%  021%  030%  0.24%
30 0.17%  0.17%  023%  0.19%
4 50 0.13%  0.12%  0.16%  0.14%
Cm 100 0.09%  0.09%  0.12%  0.10%
200 0.06%  0.06%  0.08%  0.07%

300 0.06%  0.06%  0.07%  0.06%

500 0.05%  0.04%  0.06%  0.05%
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Table 5.3.3 RMS value of probability table difference in each number of ladders (2000 K) (1/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.28% 0.28% 0.26% 0.30%

20 0.17% 0.18% 0.16% 0.18%
30 0.16% 0.16% 0.15% 0.16%
50 0.11% 0.11% 0.10% 0.11%
100 0.09% 0.09% 0.09% 0.09%
200 0.06% 0.06% 0.06% 0.07%
300 0.05% 0.05% 0.05% 0.05%

500 0.04% 0.04% 0.04% 0.04%
10 0.45% 0.44% 0.46% 0.48%

20 0.36% 0.36% 0.37% 0.38%
30 0.28% 0.28% 0.28% 0.29%
233 50 0.23% 0.23% 0.24% 0.25%
100 0.17% 0.16% 0.17% 0.18%
200 0.11% 0.11% 0.11% 0.12%
300 0.10% 0.09% 0.10% 0.10%

500 0.08% 0.08% 0.08% 0.08%
10 0.32% 0.32% 0.37% 0.33%

20 0.22%  0.22%  0.28%  0.23%
30 017%  017%  0.22%  0.18%
)34 50 0.12%  0.12%  0.15%  0.13%
100 0.09%  0.09%  0.10%  0.09%
200  0.07%  0.07%  0.08%  0.07%
300 0.05%  0.05%  0.06%  0.06%

500 0.04% 0.04% 0.05% 0.05%
10 0.48% 0.48% 0.49% 0.51%

20 0.36% 0.36% 0.37% 0.37%
30 0.30% 0.30% 0.31% 0.31%
235 50 0.24% 0.24% 0.24% 0.25%
100 0.15% 0.15% 0.16% 0.16%
200 0.12% 0.12% 0.12% 0.11%
300 0.09% 0.09% 0.09% 0.10%

500 0.08% 0.08% 0.08% 0.08%
10 0.32% 0.32% 0.31% 0.33%

20 0.20% 0.20% 0.19% 0.21%

30 0.16% 0.16% 0.15% 0.16%
236 50 0.13% 0.13% 0.12% 0.13%
100 0.10% 0.10% 0.10% 0.10%
200 0.07% 0.07% 0.07% 0.07%
300 0.06% 0.06% 0.05% 0.06%
500 0.04% 0.04% 0.04% 0.04%
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Table 5.3.3 RMS value of probability table difference in each number of ladders (2000 K) (2/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.31% 0.31% 0.30% 0.32%

20 022%  0.22%  0.22%  0.23%

30 017%  0.17%  0.17%  0.18%

238 50  015%  0.15%  0.15%  0.16%
100 0.10%  0.10%  0.10%  0.10%
200 0.09%  0.09%  0.08%  0.09%
300 0.06%  0.06%  0.06%  0.06%
500 0.05%  0.05%  0.05%  0.05%
10 048%  048%  051%  0.49%
20 038%  038%  0.40%  0.39%
30 029%  029%  030%  0.29%
237 50  023%  0.23%  024%  0.23%
100 0.15%  0.15%  0.15%  0.15%
200 0.12%  0.12%  0.13%  0.12%
300 0.10%  0.10%  0.11%  0.10%

500 0.08% 0.08% 0.08% 0.08%
10 0.32% 0.32% 0.38% 0.34%

20 0.22%  0.2%  028%  0.23%

30 015%  0.15%  020%  0.17%

s 50 013%  0.13%  0.16%  0.14%
Pu 100 0.10%  0.10%  0.12%  0.11%
200 0.06%  0.06%  0.07%  0.07%

300 0.06%  0.06%  0.06%  0.06%

500 0.04%  0.04%  0.05%  0.05%

10 036%  036%  03% _ 0.3%

20 027%  027%  030%  0.29%

300 020%  020%  0.22%  0.22%

. 50 0.18%  017%  020%  0.19%
Pu 100 0.13%  0.13%  0.13%  0.14%
200 0.08%  0.08%  0.09%  0.09%

300 0.08%  0.08%  0.08%  0.08%

500 0.06% 0.06% 0.07% 0.07%
10 0.31% 0.31% 0.35% 0.31%

20 021%  021%  025%  0.22%

30 017%  0.18%  020%  0.18%

540 50 0.13%  0.13%  0.15%  0.13%
Pu 100 0.08%  0.08%  0.09%  0.08%
200 0.06%  0.06%  0.07%  0.07%

300 0.06%  0.06%  0.06%  0.06%

500 0.05%  0.05%  0.05%  0.05%
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Table 5.3.3 RMS value of probability table difference in each number of ladders (2000 K) (3/3)

Nuclide Ladder Total Scatter Fission  Radiation

No.
10 0.25% 0.25% 0.28% 0.27%

20 0.18% 0.17% 0.20% 0.19%

30 0.15% 0.14% 0.16% 0.16%

241 50 0.12% 0.12% 0.13% 0.14%
Pu 100 0.08% 0.08% 0.09% 0.09%
200 0.06% 0.06% 0.06% 0.07%

300 0.05% 0.05% 0.06% 0.06%

500 0.04% 0.04% 0.04% 0.04%
10 0.29% 0.30% 0.35% 0.29%

20 020%  020%  0.25%  0.21%

30 0.15%  0.15%  0.20%  0.16%

S 50  0.11%  0.11%  0.14%  0.12%
Pu 100 0.09%  0.09%  0.11%  0.10%
200 0.06%  0.06%  0.07%  0.06%

300 0.05%  0.05%  0.06%  0.05%

500 0.04% 0.04% 0.05% 0.04%
10 0.50% 0.49% 0.52% 0.50%

20 037%  036%  039%  0.37%

30 029%  029%  031%  0.30%

" 50  021%  021%  023%  0.22%
100 0.16%  0.16%  0.17%  0.17%
200 0.11%  0.11%  0.11%  0.11%
300 0.10%  0.10%  0.10%  0.10%
500  0.08%  0.08%  0.09%  0.08%
10 034%  034%  0.44%  0.36%
20 025%  025%  0.32%  0.26%
30 0.19%  0.19%  024%  0.21%
4 50 0.15%  0.14%  0.18%  0.15%
Cm 100 0.11%  0.11%  0.13%  0.11%
200 0.07%  0.07%  0.08%  0.07%

300 0.06%  0.06%  0.08%  0.06%

500 0.05%  0.05%  0.06%  0.05%
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5.4 Uncertainty Quantification for Probability Table

As described in Section 5.3, the optimal number of ladders depends on the resonance parameters.
FRENDY version 1 requires the number of ladders as an input parameter to generate the probability
table. The generation time of the probability table will be reduced if we can set the optimal number
of ladders. FRENDY version 2 prepares the uncertainty quantification function for the probability
table. FRENDY version 2 allows setting the tolerance of the probability table as an input parameter.
Users can generate the probability table with the optimal number of ladders when they set this input
parameter.

The probability table is used for the consideration of the self-shiclding effect in the unresolved
resonance region. The probability bin which has the larger cross-section is more important since the
large cross-section, i.e., the resonance peak, has a large impact on the self-shielding effect. FRENDY
version 2 considers the product of the probability table P(T) and the total cross-section a;(T) as
the target of the statistical uncertainty of the probability table to consider the difference of the
cross-section at each probability bin. Note that this method calculates the statistical uncertainty
for each probability bin.

When the number of ladders is i, i numbers are given, i.e., Py ;(T)ay o j(T), Py ;j(T)ay,; ;(T),
P, (TG, ;(T), -+, P;;(T)ay,; ;(T), where j is the bin number. The central limit theorem (CLT)
method is used for uncertainty quantification. The maximum value of the statistical uncertainty
of each probability bin is considered as the statistical uncertainty of ladder i. FRENDY
calculates the statistical uncertainty of the probability table every 10 times to reduce the
calculation time of the statistical uncertainty.

Table 5.4.1 and Fig. 5.4.1 show the uncertainty of the probability table in each ladder number.
As shown in Fig. 5.4.1, the uncertainty of the probability table decreases in proportion to the
square of the number of data. Tables 5.4.2 and 5.4.3 show the uncertainty of the probability
table in each probability bin. As shown in these tables, the uncertainty of the higher and lower
cross-section regions, where bin number is 18~20 and 1~3, is smaller than that of the other
probability bins. These tables also show that the position of the largest uncertainty bin is not
changed in each number of ladders and the uncertainty of the probability table in each
probability bin also decreases in proportion to the square of the number of data. These results
indicate that the convergence of the uncertainty in the higher and the lower cross-section regions
is fast.

The default number of ladders in FRENDY is 100. As shown in Table 5.4.1, the uncertainty
of the probability table, where the number of ladders is 100, is almost less than 5%. Using these
results, the default value of the uncertainty of the probability table is 5%.
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Table 5.4.1 Uncertainty of the probability table

No. of ladders

Figure 5.4.1 Uncertainty of the probability table in each number of ladders

U233 U235 U238 Pu239 Pu240 Pu241 Am241
Ein 6.0E+02 3.0E+04 5.0E+02 3.0E+04 2.0E+03 1.5E+05 2.5E+03 3.0E+04 2.7E+03 9.0E+04 3.0E+02 3.0E+04 1.5E+02 4.0E+04
50 7.29% 5.25% 6.46% 3.84% 2.69% 2.43% 3.90%  4.35% 573%  2.67% 9.14% 3.07% 8.85% 5.19%
" 100 4.63%  3.60% 4.27%  2.72% 1.75% 1.70%  3.04%  3.41%  3.66% 1.86%  6.60%  2.00%  6.49%  3.24%
_dg 200  3.12% 2.53% 2.79% 1.98% 1.22% 1.24% 2.03% 2.29%  2.37% 1.30% 4.54% 1.45% 4.53% 2.58%
E 300 2.60% 1.98% 2.39% 1.60% 0.98% 0.98% 1.65% 1.89% 1.95% 1.03% 3.75% 1.18% 3.77% 2.08%
S 500  2.00% 1.55% 1.90% 1.25% 0.75% 0.75% 1.24% 1.44% 1.49% 0.78% 3.06% 0.91% 3.02% 1.60%
g 1,000 1.45% 1.05% 1.35% 0.87% 0.54% 0.55% 0.88% 0.97% 1.07% 0.54% 2.08% 0.62% 2.15% 1.13%
g 2,000 1.04% 0.74% 0.99% 0.61% 0.37% 0.38% 0.61% 0.68% 0.75% 0.38% 1.42% 0.44% 1.50% 0.77%
Z 3,000 0.87% 0.61% 0.81% 0.50% 0.30% 0.31% 0.50% 0.55% 0.61% 0.31% 1.17% 0.36% 1.23% 0.64%
5000  0.67% 0.47% 0.63% 0.38% 0.23% 0.24% 0.38% 0.42% 0.47% 0.24% 0.89% 0.28% 0.96% 0.50%
10,000  0.47% 0.33% 0.45% 0.27% 0.17% 0.17% 0.27% 0.30% 0.33% 0.17% 0.63% 0.20% 0.67% 0.35%
10.0%
—>— J-235, Ein=5.0E+2 eV
= © =U-235, Ein=3.0E+4 eV
B
R=
100
5 1.0%
5)
=
)
VN <
0.1%
10 100 1,000 10,000

Table 5.4.2 Uncertainty of probability table in each probability bin (U-235 from JENDL-4.0,
Ein =500 eV)

50 100 150 200 250 300 400 500 600 700 800 900 1,000 2,000 3.000 5000 10,000

1 0.05%  0.05%  0.03%  0.04% 0.03% 0.03% 0.03% 0.02%  0.02%  0.02%  0.02%  0.02%  0.02%  0.01% 0.01% 0.01%  0.01%

2 013% 0.11% 0.08%  0.07%  0.06%  0.05% 0.05% 0.04% 0.04% 0.04% 0.03%  0.03% 0.03% 0.02% 0.02% 0.01%  0.01%

3 043%  029%  023%  020% 0.18%  0.17%  0.15%  0.14%  0.12%  0.11% 0.11% 0.10% 0.10%  0.07%  0.06%  0.05%  0.03%

4 072% 048%  043% 037% 034% 031% 027% 0.24% 021% 020% 0.18%  0.18%  0.17%  0.12%  0.10%  0.08%  0.05%

5 1.29%  0.84%  0.67%  0.60%  0.54%  0.48%  043% 038% 034% 031% 029% 027% 0.26% 0.19% 0.15% 0.12%  0.08%

6  2482% 1.61% 1.28% L13% 1.02% 091% 0.79% 0.71%  0.66%  0.62%  0.58%  0.53%  0.50%  0.36%  0.30% 0.23% 0.16%

5 7 022%  1.53%  1.32%  L15%  1.02% 0.93% 081% 0.71%  0.66%  0.63%  0.58%  0.55% 0.53% 037% 030% 024% 0.17%
Z 8 1.87%  1.36%  1.13%  098%  0.88%  0.79%  0.69%  0.62%  0.56%  0.52%  0.49%  046%  044% 031% 025% 0.20% 0.14%
E 9 1.83%  1.31%  1.06%  0.90%  0.85% 0.77%  0.67%  0.60%  0.56%  0.52%  0.48%  0.46%  044%  032% 0.26% 020% 0.14%
2 10 247%  1.60% 135% 1.14% 1.02% 091% 0.80% 0.73%  0.67% 0.62%  0.57%  0.54% 0.51% 0.36% 029% 0.23% 0.16%
'_E 11 2.04%  1.53% 1.37%  129%  1.15%  1.06%  0.95%  0.85%  0.77%  0.72%  0.66%  0.62%  0.58%  041%  0.33% 0.26%  0.18%
g 12 245%  1.72% 147% 1.27% 1.16%  1.05% 0.89%  0.80% 0.74%  0.70%  0.66%  0.62%  0.59%  041% 0.34% 0.26%  0.19%
& 13 3.06% 233% 1.95% 1.67% 1.56% 1.39% 1.20% 1.06% 0.98%  0.90% 0.85%  0.80% 0.76%  0.54% 0.44%  0.34%  0.24%
14 528%  3.45% 2.69%  2.33% 2.09% 1.88% 1.64% 1.46% 1.34% 1.24% 1.16% 1.09% 1.04% 0.74% 0.61% 047%  0.33%

15 6.46% 427%  3.26%  2.79%  2.55% 239%  210% 1.90% 1.74% 1.59% 147% 141% 135% 099%  0.81% 0.63%  0.45%

16 4.69%  331% 2.74%  245% 220% 2.04% 1.74% 1.58%  1.45% 1.36% 1.27% 120% 1.15% 0.82% 0.67% 0.51%  0.37%

17 3.59%  2.77%  234%  2.05% 1.84% 1.68%  143% 127% 118% 111% 1.04% 098%  0.93% 0.66% 0.54% 0.41%  0.30%

18 3.69% 272% 225% 191% 1.74%  1.59%  136% 120% 1.09%  1.00% 0.94%  0.90% 0.85%  0.60% 0.49%  0.38%  0.27%

19 205% 1.23% 1.01% 087% 0.79% 0.71% 0.62%  0.54%  0.49%  047% 0.43% 040% 038%  026% 021% 0.16% 0.11%

20 047% 023% 0.16% 0.12% 0.09%  0.08%  0.06% 0.05% 0.04% 0.04% 0.03% 0.04% 0.03% 0.03% 0.02% 0.01% 0.01%

Max 6.46%  4.27%  3.26%  2.79%  2.55% 2.39% 2.10% 1.90% 1.74%  1.59% 1.47% 1.41% 1.35% 0.99%  0.81%  0.63%  0.45%
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Table 5.4.3 Uncertainty of probability table in each probability bin (U-235 from JENDL-4.0,

Ein = 30 keV)

50 100 150 200 250 300 400 500 600 700 800 900 1,000 2,000 3.000 5,000 10,000

1 0.71%  0.55%  044%  037% 034% 031% 029% 0.26% 024% 022% 020% 0.19%  0.18%  0.13%  0.11%  0.08%  0.06%

2 014% 0.09%  0.07%  0.06%  0.05%  0.05% 0.04%  0.04% 0.04% 0.03% 0.03% 0.03% 0.03%  0.02%  0.02%  0.01%  0.01%

3 099%  0.74%  0.65%  0.54%  046%  0.42%  0.37%  0.33% 030% 028% 026% 024% 023% 0.16% 0.13% 0.10%  0.07%

4 1.92%  143%  117% 097% 0.89%  0.83% 0.72%  0.63%  0.58%  0.54%  0.50% 0.47%  046% 0.32% 026% 0.20% 0.14%

5 327%  2.63%  214%  181%  1.63%  145% 128% 1.14% 1.04% 0.95% 0.89%  0.84% 0.80% 0.56%  0.45% 0.35% 0.25%

6 3.53%  2.66% 222% 1.95% 1.73% 1.53% 130% 117% 1.07% 0.98% 091% 0.86%  0.82%  0.58% 0.47% 0.37%  0.26%

5 7 27%  2.03% 1.71%  1.58%  143% 130% 1.18%  1.07%  0.96%  0.90% 0.83% 0.79% 0.74%  0.53% 043% 033% 0.23%
4 8 3.71% 2.52% 206% 173% 1.51% 1.39% 1.22% L11% 1.01% 0.94% 0.87% 0.83% 0.79% 0.56%  0.46%  0.35%  0.25%
'_'E 9  377% 272%  220% 1.98%  1.71%  1.60%  1.37% 1.25% 1.17%  1.06%  0.98%  0.92% 0.87%  0.60% 0.50%  0.38%  0.27%
2 10 3.19% 207% 191% 1.59%  1.40% 1.25% 1.07% 0.96% 0.88%  0.80% 0.76%  0.71%  0.68%  0.48%  040% 0.30%  0.22%
% 11 3.01%  220% 171% 1.43% 1.27%  1.20% 1.05% 0.95% 0.87%  0.80% 0.75%  0.70%  0.66%  0.46%  0.37%  0.29%  0.20%
g 12 3.16%  229%  2.00% 1.69%  1.49%  136% 1.19% 1.07% 098%  0.88%  0.83% 0.78%  0.74% 0.52% 0.43%  033% 0.23%
= 13 3.03% 227% 1.90% 1.63% 1.45% 134% 1.11% 097% 086% 0.78%  0.73%  0.70%  0.66%  0.46%  0.37%  0.29%  0.20%
14 3.11% 219% 1.78% 1.61% 1.42% 1.32% 1.13% 1.03% 095% 089%  0.84% 0.79%  0.75%  0.53% 0.43% 0.33% 0.23%

15 3.84%  254%  211%  1.79%  1.55%  146%  129% 121% 111% 1.02% 0.96%  0.90% 0.85%  0.61% 0.49%  038%  0.27%

16 247% 1.99%  1.75% 1.49%  1.28% 1.18%  1.02% 0.89%  0.83% 0.77% 0.72%  0.69%  0.66%  0.47%  0.38%  0.30%  0.21%

17 1.84%  1.32%  1.12%  0.98%  0.88% 0.81% 0.73%  0.65%  0.60%  0.55% 0.51% 048%  0.46% 0.33% 027% 021% 0.15%

18 1.60%  1.08%  0.86%  0.76%  0.67%  0.61% 0.53% 0.49% 0.44% 0.40% 0.37% 034% 032% 023% 0.19% 0.14%  0.10%

19 1.61%  1.00%  0.74%  0.63%  0.55% 0.51% 046%  0.40% 0.36% 0.32% 0.30% 028% 027% 0.19% 0.15% 0.12%  0.09%

20 273%  172%  140%  1.21% 1.11% 1.02%  0.93% 0.83% 0.75% 0.68% 0.63% 0.61% 0.57% 0.40% 0.33% 0.26% 0.18%

Max 3.84%  2.72%  2.22%  1.98%  1.73%  1.60%  137% 1.25% 1.17% 1.06% 0.98%  0.92% 0.87% 0.61% 0.50% 0.38%  0.27%
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6 Gas Production Cross-Section Calculation

When the incident particle energy is large, the induced nuclear reactions yield such light particles
as proton ('H), deuteron (*H), triton (*H), *He, and alpha particle (*“He). These light particles
accumulate as gases in a nuclear system. The estimation of the gas generation is important since gas
generation affects the embrittlement of material and the internal gas pressure in a fuel pin.

Though the ENDF-6 format defines the total gas production cross-sections, i.e., (z, Xp), (z, Xd),
(z, Xt), (z, X*He), and (z, Xa)) in MT 203-207 sections of File 3, these production cross-sections are
mainly used for derived libraries.'® Here, z is the incident particle and X is the number of emitted
light particles. FRENDY sums all the gas production reactions to calculate the total gas production
cross-sections. For example, when a nucleus has only (n, p) and (n, 2p) reactions for gas production
cross-section, the total proton production cross-section G, xp)(E) is calculated as follows:

O(nxp)(E) = Op)(E) + 2 X 0(n 2p)(E), 6.1)
where E is the incident particle energy.

FRENDY also considers the residual nucleus for the calculation of the total gas production
cross-section. For example, 2H(n, Y)*H or °Li(n, o)’H reactions yield tritium as the residual nucleus.
In such cases, FRENDY adds tritium to the total gas production cross-section.

FRENDY overwrites the total gas production cross-sections even if the total gas production

cross-sections are already defined in the evaluated nuclear data file.
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7 ACE File Generation and Its Application

7.1 ACE File Generation

Continuous-energy Monte Carlo calculation codes do not use either the evaluated nuclear data file
or the PENDF file which is the intermediate file of NJOY,”® directly. The ACE (A Compact ENDF)
file is one of the cross-section data library formats and it is employed in many continuous-energy
Monte Carlo calculation codes including PHITS,” MCNP,'> and Serpent.!® Users can consult the
MCNP manual'® for the ACE format. The ACE format is designed to include all the details of the
ENDF-6 representations for neutron and photon data.*” The ACE format adopts the unionized
energy grid and the cumulative probability distribution for the Monte Carlo calculation codes to
handle the data conveniently. The unit of energy is changed from eV to MeV. The detail of the
transformation is explained in Reference 42.

The ACE file generation module transforms the original nuclear data format, e.g., the ENDF-6
format,'® into the ACE format. The ACE file generation module transforms the original angular and
energy distributions to the specific representation suitable for Monte Carlo sampling procedures.

The ACE format provides for several different “data classes®” as shown in Table 7.1.1. Each class
is distinguished by the suffix. For example, “92235.50c” represents the continuous-energy neutron
data. It should be noted that the current version of FRENDY does not generate photo-atomic and
photo-nuclear data. Though the processing modules for the continuous-energy neutron data, the
thermal scattering law data, and the dosimetry data are well verified, those for the other data, i.e., the
continuous-energy photon, deuteron, triton, *He, and alpha data, are not verified. Users must
carefully check the processing results when they process these incident particle data.

As described in Section 1.2, FRENDY prepares the ACE data parser and writer modules to easily
handle the ACE file. There are some cases where users want to modify the cross-section data library
to estimate the impact of the modification of the cross-section data library on the neutronics
calculation results. The modification of the ACE file is so difficult for users who do not know well
about the ACE format. The ACE file uses random access with pointers to the various parts of the
data. If the users want to modify the parameters of the ACE files, they also must modify the pointers.
The users can easily modify the ACE file using the ACE data parser and writer modules of FRENDY

since FRENDY automatically adjusts the pointers in the writer module.
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Table 7.1.1 ACE data classes and suffixes

Suffix ~ ACE data class Implementation of FRENDY
c continuous-energy neutron data Yes
t thermal scattering law data Yes
y dosimetry data Yes
p photo-atomic data No
u photonuclear data No
h continuous-energy proton data Yes but not verified
0 continuous-energy deuteron data Yes but not verified
T continuous-energy triton data Yes but not verified
s continuous-energy *He data Yes but not verified
a continuous-energy alpha data Yes but not verified

7.2 ACE File Perturbation

The perturbation of the cross-section, number of neutrons per fission, fission spectrum, and so on
are required for the sensitivity analysis. The perturbation of these data is also used for the uncertainty
quantification of the nuclear characteristics due to the covariance of the nuclear data. FRENDY
prepares the ACE file perturbation tool to easily perturb the cross-section, number of neutrons per
fission, and fission spectrum.'®

The perturbation tool multiplies the perturbation factor f' by cross-section, number of neutrons per
fission, and fission spectrum at the arbitrary energy region as shown in Fig. 7.2.1. Note that this tool
does not consider the continuity of the distribution. The energy boundary of the perturbation
becomes discontinuity.

The ACE file contains many reaction-type data, e.g., total, elastic, fission, and radiative capture
reactions. The perturbation tool not only perturbs the target reaction data but also modifies the total
reaction data. For example, the total (MT=1), the non-elastic neutron (MT=3), the absorption
(MT=27), and the neutron disappearance reactions (MT=101) contain the radiative capture reaction
(MT=102). The perturbation tool modifies the cross-sections of MT=1, 3, 27, and 101 when it
perturbs the cross-section of MT=102. If users perturb the total reaction using the perturbation factor,
consisting of reaction types, e.g., MT=3, 27, 101, and 102 are also perturbed using the perturbation
factor.

The energy integral of the fission spectrum must be 1.0. The perturbation tool normalizes the
fission spectrum after the fission spectrum is perturbed. The perturbation tool modifies the other
energy range so that the energy integral of the fission spectrum is 1.0 if users want to perturb the

fission spectrum at the specified energy range.
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FRENDY also prepares the ACE file editing tool. This editing tool outputs the one-dimensional
data, i.e., cross-section, number of neutrons per fission, and fission spectrum. Users can plot the
one-dimensional data using plotting tools such as Excel, GNUPLOT, and Matplotlib. Users can
easily compare the original ACE file and the perturbed ACE file using this editing tool.

Cross-section is
discontinuity at boundaries
of energy region.

4 Energy range of
El ¢ : perturbation
S |
=,
=
S o =fXa
2
g
@)

Incident neutron energy [eV]

Figure 7.2.1 Overview of ACE perturbation tool
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8 Multi-Group Neutron Cross-Section Generation

8.1 Multi-Group Neutron Cross-Section Generation of FRENDY

The continuous energy Monte Carlo calculation codes are widely used for neutronics calculations
and radiation shielding calculations. The multi-group deterministic calculation is also important for
the design of the nuclear reactor, calculation of the optimum loading pattern, transient analysis, and
so on. The multi-group neutron cross-section generation code FRENDY/MG'? was implemented in
FRENDY to generate the multi-group cross-section file. This section explains the procedure of
multi-group neutron cross-section generation in FRENDY.

FRENDY can generate GENDF, MATXS, and KRAM®® formatted multi-group neutron
cross-section files from ACE files. Similar to the ACE file generation, FRENDY can treat NJOY
compatible input format. The input of the GROUPR and MATXSR modules of NJOY are available
in FRENDY version 2. The other modules, e.g., CCCR and WIMSR, are not available in FRENDY
version 2. If users use the input file of GROUPR module, FRENDY automatically generates an ACE
file before the generation of a multi-group neutron cross-section file.

FRENDY has new functions, e.g., the automatic background cross-section set with the minimum
number of background cross-sections®” and the explicit consideration of the resonance interference
effect of the compound of different isotopes. These new functions are only available for the

FRENDY original input format.

8.2 Overview of Multi-Group Neutron Cross-Section Generation
FRENDY generates neutron multi-group microscopic cross-sections of various nuclides using the

point-wise cross-sections in ACE format files. Major capabilities are summarized as follows:

e Process neutron cross-sections.

e Use only ACE files to provide cross-sections. No ENDF format file or other supplemental data is
necessary.

e 1/E, Fission + 1/E + Maxwell with temperature specification for fission and Maxwell, or user input
spectrum can be used as a weighting function for the narrow resonance (NR) approximation.

e Self-shielded cross-sections in the unresolved resonance energy region are generated by using the
probability tables in an ACE file.

e Self-shielded cross sections for all 1-dimensional (1d, e.g., total, capture)/2-dimensional (2d, e.g.,
scattering) cross-sections are generated (NJOY considers self-shielding only for total, capture,
fission, and elastic scattering in the 1d cross-sections, for elastic scattering in the 2d

cross-sections).
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e Ultra-fine group slowing down calculation or the NR approximation can be used to generate a
continuous energy neutron spectrum that is used to collapse cross-sections. The recurrent relation
proposed by Kier is adopted in a slowing down calculation to reduce computation time.

e A compound of different isotopes can be specified to explicitly consider the resonance interference
effect in a material, e.g., 2°U, 2**U, and '°0 in UO.,.

e Arbitrary mass can be used for the background moderator nuclide in the slowing down calculation
to compute the A factor for the intermediate resonance (IR) approximation.

e Any number of background cross-sections can be used.

¢ Any order of anisotropic scattering cross-sections can be considered.

e Calculation of the current (P; flux) weighted total cross-section in addition to the conventional
scalar flux (Po flux) weighted total cross-section.

¢ Any energy grid points can be used for an ultra-fine group slowing down calculation. Energy grid
points specified in user input data (in mg_ufg_structure and mg_flux calc w_eh_el) for a slowing
down calculation are automatically refined based on the energy grid points in an ACE file.

e Treat the angle/energy distribution law for LAW=3, 4, 7, 9, 11, 44, 61, 66 in an ACE file;
treatments of all nuclides in major recent nuclear data files (JENDL-4, ENDF/B-VII.1, VIII.0, and
JEFF-3.3) are possible.

e Treat an energy-dependent number of neutron emissions mainly in the high energy range (e.g.,
C-natural, MT=5, ENDF/B-VII.1, corresponding to (n, xn) reaction where x indicates the number
of emitted neutrons).

e Can treat the free gas model, the short time collision time (SCT) approximation, incoherent
inelastic, incoherent elastic, coherent elastic in S(a, 8) data. The types of S(a, ) that can be
used are: H in H,O, D in D,0, Be, Be in BeO, O in BeO, Graphite, Benzene, H in ZrH, Zr in ZrH,
0O in UO,, U in UOy, Al, Fe, H in Polyethylene.

e In the computation of thermal scattering cross-sections, detailed energy discretization is used for
numerical integration. While NJOY2016 utilizes fixed incident energy grid points (118 points) for
thermal scattering cross section treatment, approximately 20,000 incident energy grids are used for
numerical integration of thermal scattering cross sections in FRENDY.

e Fission spectrum and v values for the prompt, delayed, and total (=prompt + delayed) neutrons
can be generated. These for independent delayed neutron groups are explicitly calculated and
edited.

e Treat arbitrary thermal cut-off energy (both for the incident and outgoing energies).

e Treat arbitrary multi-group energy structure.
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8.3 Theory of Multi-Group Neutron Cross-Section Generation
8.3.1 Calculation of Multi-Group Constants
8.3.1.1 Overview

There are two different types of multi-group cross-sections, i.e., one-dimensional (1D) and
two-dimensional (2D) cross-sections. The 1D cross-sections include total, capture, fission, and so on.
The 2D cross-sections correspond to those with energy transfer such as elastic scattering, inelastic
scattering, fission, (n, 2n), and so on. The multi-group cross-sections are collapsed from pointwise

cross-sections using appropriate pointwise (or ultra-fine group) flux or current.

8.3.1.2 One-dimensional cross-section
The 1D cross-sections are generated as follows:
Jiex, 0x(EYPL(EDAE

Gyt = , 8.1)
T g, (BME

where g, x, [, 0,(E), ¢,(E), Eg, and E are energy group index, reaction type, Legendre order of
angular flux moment, the pointwise cross-section of reaction x, /-th order angular flux moment,
energy range for energy group g, and incident energy, respectively.

Only Py flux (0-th order of angular flux moment) is used except for the Py flux weighted total
cross-section and anisotropic components of elastic and inelastic scattering cross-sections. For the
total cross-section, the Py flux weighted total cross-section (P total) and the P; flux weighted total
cross-section (P total) are edited since total cross sections are multiplied by neutron current, which
corresponds to Py flux, in diffusion and transport equations. For /-th order anisotropic scattering

cross-sections, /-th order flux moment (P; flux) is used for energy collapsing.

8.3.1.3 Two-dimensional cross-section
The 2D cross-sections are generated as follows:

fEEEg fE'EEgr O-x,l(Ei E’)¢I(E)dE’ dE

Og.9' %1 = ’
fEEEg ¢l(E)dE

(8.2)

where g, g°, x, [, 0x(E), ¢,(E), Eg, Ey, and E are incident energy group index, outgoing energy
group index, reaction type, Legendre order of angular flux moment, /-th order angular flux moment,
energy range for energy group g, energy range for energy group g’, and incident energy, respectively.

In an ACE file, angular distributions of emitted neutrons are given for cross-sections having
secondary neutron(s), i.e., double differential cross sections are given. However, Legendre moments
are necessary for multi-group cross-sections since direct utilization of double differential cross

sections is not popular in subsequent neutron transport analyses. The Legendre components of

,70,



JAEA-Data/Code 2022-009

cross-sections are given by:
1 !
f—1 ox(E,E', ) P,(u)dp

1
f—l Pl (ﬂ)dll
where o, (E,E’, 1), u, and P;(u) are the double differential cross-section of incident energy E,

oy (E,E") = (8.3)

outgoing energy FE’, scattering angle pu, scattering angle (direction cosine), /-th Legendre

polynomial.

8.3.2 Considered Reaction Type (MT)

All types of cross-sections for neutrons in an ACE file are automatically considered in FRENDY
and their multi-group cross sections are generated.

In an ACE file, MT=4 (total inelastic scattering) may not exist even if inelastic scattering
cross-sections (MT=51-91) exist. FRENDY automatically sums up independent inelastic scattering
cross-sections (MT=51-91) and edits the multi-group cross sections for MT=4. It should be noted
that MT=4 and MT=51-91 are redundant. Therefore, the summation of MT=4 and MT=51-91
provide incorrect (double) inelastic scattering cross-sections. In subsequent analyses, MT=4 can be
used instead of MT=51-91 to avoid summing up. Similar treatments are carried out for MT=18,
103-107 as shown in Table 8.3.1.

A special MT number, MT=—1 is considered in FRENDY, which represents the current (P; flux)

weighted total cross-section.

Table 8.3.1 Automatically generated MTs in FRENDY

Automatically generated MT number
if not exist in an ACE file Summed MT numbers

4 (inelastic) 51-91

18 (fission) 19, 20, 21, 38
103 (n,p) 600-649
104 (n,d) 650-699
105 (n,t) 700-749

106 (n, *He) 750-799
107 (n, o) 800-849

8.3.3 Ultra-Fine Group Spectrum Calculation
8.3.3.1 Overview

In FRENDY, two different ultra-fine group neutron spectra can be used to collapse point-wise
cross sections in an ACE file. The first one is the neutron spectrum with the narrow resonance (NR)

approximation and the second one is that obtained by an ultra-fine group slowing down calculation
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in a homogeneous medium.

8.3.3.2 Weighting flux by narrow resonance approximation
The weighting flux used in Eq. (8.1) or (8.2) is given by:®

W(E)

o (B) + 5)0H (84)

$(E) =

where ¢p(E), W(E), Z.(E), Zp, and [ are neutron spectrum (scalar flux, Py flux), weight, total
macroscopic cross-section, macroscopic background cross-section, and order of Legendre moment,
respectively. When one nuclide is considered, Eq. (8.4) is equivalent to

W(E)

(0. (E) + o)+ ®)

$(E) =

where o.(E) and o, are microscopic total and background cross-sections, respectively. When
multiple nuclides are considered as a material in FRENDY, Eq. (8.4) can be written as

$(E) = W) +1’ (8.6)
(Zk otk (E)Ny + o) X Nk)

where o, (E) and Nj, are the total cross-section and number density of nuclide £, respectively.

For the weight W(E) , 1/E, Fission+1/E+Maxwell, or user input value
(mg_weighting_spectrum_mode or mg_weighting_spectrum_data) can be used. The 1/E weight is

given by

1
W(E) ==, 8.7
(B) = 7 (8.7)
where E is incident energy.

The fission + 1/E + thermal Maxwell spectrum is given by:'®

E
W(E) =VEe s (E > Ef), (8.8)
W(E) = % (Ef > E > E,), (8.9)
W(E) = Ee ™8 (E, = E), (8.10)

where E, Tf, Ty, B, Ef, and E; are incident energy [eV], fission temperature [eV], Maxwell
temperature [K], Boltzmann constant [eV/K], energy boundary between fission and 1/E spectra, and
energy boundary between 1/E and thermal Maxwell spectra, respectively. These spectra are smoothly
connected at the boundaries (Ef and E}). In other words, the weights given by Egs. (8.8) - (8.10) are
normalized so that two different spectra give the same value at the energy boundaries Ef and E;.
Any weighting spectrum can be provided through user input (mg_weighting spectrum_mode or

mg_weighting_spectrum_data). The pointwise weighting spectrum is obtained by the linear
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interpolation of user input provided at the discrete energy points. The weighting spectra above the

highest energy and below the lowest energy of user input are assumed to be 1/E.

8.3.3.3 Weighting flux by slowing down calculation

The narrow resonance approximation shown in Eq. (8.4) provides a simple and quick estimation
of ultra-fine group flux, but its accuracy is not sufficient when the energy width of a resonance peak
is larger than the average loss of neutron energy per collision. Such a situation happens for large
resonances of heavy nuclides (e.g., 2*®U) in the lower energy range. To accurately capture the
neutron slowing down effect, the neutron slowing down equation for ultra-fine groups should be
numerically solved. The slowing down equation in a homogeneous medium assuming isotropic

scattering in the center-of-mass system is expressed as®®

Z Ny, i (E' )) d(E' )m,

I

ZUEYP(E) = 5T E) + | 8.11)

E'>E
where E, X.(E), ¢(E), s/ iSSion(E), N, o5 (E), and aj, are energy at the LAB system, total

cross-section, scalar flux, fission source, the number density of k-th nuclide, elastic scattering

(Ag-1
(A +1)2

cross-section of k-th nuclide, and a; = (A x 1s the relative mass of k-th nuclide to neutron).

Note that inelastic scattering is neglected and a fictitious background (moderator) nuclide having a
constant scattering cross-section (0;) and zero absorption cross-section is considered in the slowing
down calculation.

The discretized form of Eq. (8.11) is

g-
- dE ,
Et,gd)g = nglSSlOTl Z Z(Nko-skg )¢g (1 —a )E (812)

where g and dE are the index of ultra-fine energy group and energy width of g’-th ultra-fine

energy group. Equation (8.12) is efficiently solved using the recurrent formula proposed by Kier.*®

8.3.3.4 Combination of NR and ultra-fine group slowing down spectra

The slowing down calculation can provide an appropriate spectrum for the resonance region
where neutron slowing down is the main contributor to form the shape of a spectrum. However, in
the fast and thermal energy range, fission source and thermal up-scatter play significant roles for a
spectrum shape. Therefore, neutron spectra obtained by the NR approximation and the ultra-fine
group slowing down calculation are coupled as the weighting flux. The two boundary energies,
Enign and Ej,, can be specified in input data (in mg_flux calc_w_eh_e). The default value of
Enign and Ej,, are 1.0x10* and 1.0, respectively. The NR flux is used for E > Epign and E <

Ejow, while the slowing down flux is used for Ep;gp = E = Ej,y,. It should be noted that shapes of
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NR and slowing down spectra are different thus the weighting spectrum becomes discontinuous at
the energy boundary of connection. Therefore, Ep;zn and Ej,, are adjusted to multi-group energy
boundaries to avoid an impact on multi-group cross-sections. Ep;qp is adjusted to the nearest
multi-group energy boundary higher than Ejp;gp. Similarly, Ej,, is adjusted to the nearest
multi-group energy boundary lower than Ej,,,.

FRENDY edits multi-group Py and P; fluxes. In the Py and P; fluxes, the NR flux is used for all
energy range to avoid the above discontinuity. In order words, the slowing down calculation result is
not used to edit multi-group Po and P; fluxes even if the ultra-fine group slowing down calculation is
carried out. As discussed later, Py flux is necessary to compute fission spectra. For this purpose, the

multi-group Py flux obtained by the NR approximation is used.

8.3.3.5 Consideration of multiple nuclides
Generation of effective multi-group cross-sections is usually carried out considering a nuclide in
focus and a background moderator nuclide that is a pure constant scattering material without
absorption. However, FRENDY can treat multiple nuclides to directly consider the resonance
interference effect among different nuclides in a material. Number densities of multiple nuclides can
be specified in the user input data(in mg_number density). If multiple nuclides are input, the

macroscopic total cross-section used for spectrum calculation is calculated as follows:

Zt(E) = Zk O-t,k(E)Nk + Op Zk Nk' (813)

Namely, the background cross-section o, is multiplied by the total number density of input
nuclides. In this case, the background cross-section would correspond to the escape cross-section

which represents the heterogeneous effect in the resonance calculation.

8.3.3.6 Background cross-section

The background cross-section is used to consider the self-shielding effect in a homogeneous medium.
Very large and small background cross sections correspond to the infinite-dilute and fully
self-shielded conditions, respectively. In FENDY, 10 barn is assumed as the background
cross-section for the infinite-dilute condition. Any number of background cross-sections can be
specified in the user input data (in sigma_zero data). FRENDY also provides automated background

cross section setting capability. The detail will be described in Section 8.3.4.

8.3.3.7 Mass of background nuclide and IR parameter
In the ultra-fine group spectrum calculation, a fictitious nuclide having a constant background
cross-section is considered. The background cross-section corresponds to the elastic scattering

cross-section. Usually, the relative atomic mass of the background nuclide is assumed to be the same
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as that of hydrogen (0.999167). However, for example, oxygen, which is a major nuclide in a fuel
pellet, has a heavier atomic mass thus its effect on slowing down is different from that of hydrogen.
The intermediate resonance (IR) parameter is commonly used to capture the impact of the different
atomic mass of moderator nuclides in a slowing down calculation.*®

The typical calculation procedure for the estimation of IR parameters is as follows. We consider

calculating the IR parameter of '°O for 23%U.

(1) Generate an effective cross-section of 23U using slowing down calculation. The background
cross-section of o3, and default mass (ag =0.999167) for the background nuclide are used. The
generated microscopic cross-section is gy.

(2) Generate an effective cross-section of 23U using slowing down calculation. The background
cross-section of o3, and mass of oxygen (a; =15.8575) for the background nuclide are used.
The generated microscopic cross-section is 0.

(3) Generate an effective cross-section of 23U using slowing down calculation. The background
cross-section of o3, (e.g., 01 = 1.05X gp¢) and default mass (ay =0.999167) for the
background nuclide are used. The generated microscopic cross-section is 0.

(4) The IR parameter is calculated by

_ 01— 0p
firn =14 g =, (8.14)
Ob1 ~ 9ho :
Obo

The concept behind the above estimation is as follows. By considering the heavier nuclide (e.g.,
oxygen), average slowing down lethargy becomes small, by which the depression of neutron
spectrum at the resonance peak becomes larger. Therefore, the effective cross-section becomes
smaller due to the stronger self-shielding effect. This effect can be alternatively modeled by

02— 09
9p1~%0

9bo

decreasing the background cross-section. The in Eq. (8.14) represents the variation of

effective cross-section per unit variation of background cross-section. Namely, Eq. (8.14) converts
variation of the effective cross-section due to the different mass of moderator nuclide to the variation

of background cross-section.

8.3.3.8 Resonance up-scattering correction
In the epi-thermal energy range, neutron scattering is usually treated as the asymptotic kernel that
appeared in Eq. (8.11), i.e.:

P EEE——— E<E <E
Kas,i(E*E,)= (1_ai)E (al - - )

0 (E' < aE, E' > E)

(8.15)
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a; = (A —D?/(A; + 1)? (8.16)
where, A; is the relative mass of target nuclide 7 to a neutron. In the asymptotic kernel, transfer
probability takes a constant value for o;E < E' < E.

However, especially for heavy nuclides, up-scattering due to thermal motion of nucleus cannot be

neglected. In such a case, the following scattering kernel is used®”:

5
W1 Bz (" kgT 2) E ¢ (8.17)
Kruia B = B = ool | o (o2 e (= 1 i

where, og;,(E) and oy, are the /-th order total elastic scattering cross section at T K and the total
elastic scattering at 0 K of nuclide 7 at incident energy E. Note that the isotropic scattering in the
center-of-mass system is assumed, which is justified for the epi-thermal energy range of heavy
nuclide. W,(t) for isotropic scattering component in Eq. (8.18) is given by:

IIUO (t) = H(t+ - t)H(t - t—)[erf(t + gmin) - erf(gmax - t)]

(8.19)

+H(t — t)[erf(t + epin) — erf(t — ein)],
Emin = /min(E, E")(A; + 1) /KT, (8.20)
Emax = ymax(E, E"(A; + 1)/kT, (8.21)
ty = (Emax £ Emin) /2, (8.22)

where, H represents the Heaviside function. The general expression of K, ;;(E = E') can be
found elsewhere *"®». The actual calculation procedure considering the up-scattering kernel can be

found in reference 63.

8.3.4 Automated Setting of Background Cross-Sections

The choice of background cross-sections is important for accurate interpolation of self-shielding
factors while minimizing the number of background cross-sections. In FRENDY, the successive
halving method, whose concept is similar to the inverted-stack method used in the reconstruction of
point-wise resonance cross-sections in NJOY, is used. The outline of the calculation procedures is

summarized in Fig. 8.3.1.
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Figure 8.3.1 Calculation flow of adaptive background cross section setting

Firstly, the initial guess of background cross-sections is set in Steps (1) and (2). Secondly,
unnecessary background cross-sections are eliminated in Steps (3) — (7). Finally, in Steps (8) — (16),

background cross-sections are added until the interpolation error satisfies the error tolerance.

(1) Set minimum and maximum background cross-sections, which correspond to 03,1 and 03, in
Fig. 8.3.2. The maximum background cross-section is fixed to 10'° barn. The default value of the
minimum background cross-section is 107! barn but can be set by input data (sigma_zero data)
since a fully shielded condition may not be necessary for some nuclides such as fission products
due to a small number density in realistic situations.

(2) Divide the range between the minimum and the maximum background cross-sections into 10
equally divided intervals in the logarithmic scale, which gives an initial guess of background
cross-sections. Nine background cross-sections are added as the candidates of background
cross-section and the total number of background cross sections are 11 including the minimum
and the maximum values. Since the initial background cross-sections may include unnecessary
points, some of the background cross-sections may be eliminated in the procedures from Steps
(3) to (7).

(3) Calculate the interpolation error for each background cross-section except for the minimum and

the maximum values. For example, let us consider 2" background cross-section (g3, , in Fig.
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8.3.1). In this case, the self-shielding factor or the reaction rate at the 2" background
cross-section is interpolated using the self-shielding factors or reaction rate at 1%t 3™, 4% 10%
and 11" background cross-sections. Note that the interpolation method will be described in the

next subsection. The interpolation error at k™ background cross-section is calculated by

i ref
fkmt —Jk

jk
int

where &, fi', and fkref are the interpolation error at the k™ background cross-section, the

£ = , (8.23)

interpolated self-shielding factor or reaction rate, and the reference self-shielding factor or
reaction rate without interpolation. The reference self-shielding factor or reaction rate is
calculated with the ultra-fine group spectrum. The self-shielding factor or reaction rate depends
on the energy group and/or type of reactions (typically, total, elastic scattering, fission, and
capture). In the present study, the maximum value of & is chosen among the energy groups
and/or reactions since uniform background cross-sections are used for all energy groups and
reaction types.

(4) Repeat Step (3) for k=2,3,...,and N —1 where N is the total number of background
cross-sections.

(5) Select the background cross-section point where &, takes a minimum value (&x min)-

(6) If & min is smaller than the tolerance for interpolation error, eliminate this background
cross-section. The tolerance is set by input data.

(7) If & is smaller than the tolerance for interpolation error, return to Step (3). Namely the
unnecessary points, where interpolation errors are sufficiently small, are eliminated through the
repetition of Steps (3) — (7).

(8) Choose k™ interval and set three intermediate points of background cross section considering the
logarithmic interpolation for background cross-section:

The X Op 41 The X Op 4 (8.24)
where w = i,%, Z. It should be noted that in the conventional inverted stack approach, only the
interpolation error at the midpoint is considered. However, during this study, we found that
estimation of interpolation error only at the midpoint may not be sufficient since the error may be
small at the midpoint due to cancellation. Therefore, three intermediate points are considered.

(9) Evaluate the self-shielding factor or reaction rate at the intermediate points by interpolation.

(10) Evaluate the reference self-shielding factor or reaction rate at the intermediate points using the
ultra-fine group spectrum calculation result.

(11) Evaluate the interpolation errors of three intermediate points by Equation (8.23).

(12) Repeat Steps (8) to (11) for all intervals.

(13) Choose an interval that contains the largest interpolation error in Step (12).
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14) Add the midpoint background cross-section (obtained b o2 x gl/?
( p g Y Opk

pr+1) if the largest

interpolation error is larger than the tolerance. The background cross-sections are added as the
order of the magnitude of interpolation error, i.e., the interval with maximum interpolation error
is considered at first, then the interval with second-to-maximum is considered next, and so on.
Note that the midpoint background cross-section is added rather than the background
cross-section with maximum interpolation error to construct the uniform background
cross-section set.

(15) Terminate the procedure if the total number of background cross sections is larger than or equal
to the maximum number of background cross-sections, which is given by input.

(16) Repeat Steps (8) to (15) until all interpolation errors become smaller than the tolerance.

When the reaction rate is used to check convergence, the following equation is used to estimate

the reaction rate:
ek = Z Ox,gkPgr (8.25)
gEfast

where 17y, Oy g, and ¢, are the reaction rate (reaction type x, background cross section k), the
effective microscopic cross-section (reaction type x, group g, background cross section k), and
energy integrated scalar flux (group g). Only the fast group (> 1.0 eV in this study) is considered in
Equation (8.25) since the self-shielding factor in the thermal energy region is not usually important.

For ¢, those obtained from the infinite-dilute condition are used.

8.3.5 Unresolved Resonance Cross-Sections
8.3.5.1 Calculation of self-shielding factor

In the unresolved resonance region, which may locate the energy range between the fast smooth
energy range and the resolved energy range, the probability table may be provided in an ACE file in
addition to the point-wise cross-section. Self-shielding factors for microscopic cross-sections are
calculated using the probability table of an ACE file in FRENDY. Two options are used in the
probability table in an ACE file. When the parameter IFF of the UNR block in an ACE file is 0
(IFF=0), the probability table provides the band cross-sections and the band probabilities. On the
other hand, when IFF=1, the self-shielding factors (ratio to the infinite-dilute cross-sections) and the
band probabilities are given in the probability table. In the case of IFF=0, the effective cross-sections
are once calculated in FRENDY and then they are converted to the self-shielding factor by dividing
shelf-shielded effective cross sections by the infinite dilute cross-sections.

The self-shielding factor in the unresolved energy range is multiplied by the point-wise
cross-section that is given at the infinite-dilute condition. The “self-shielded” point-wise

cross-section is used in the ultra-fine group spectrum calculation (using the NR approximation or the
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ultra-fine group slowing down calculation) and successive effective multi-group cross-section

calculations.
The effective microscopic cross-section (or self-shielding factor) is calculated by®*®
W0y
Zl LYX,l
op + 0z
g, = b W bl (8.26)
2 op + 0

where oy, 0,;, 0,, 0y;, and w; are the effective cross-section of reaction x, the i-th band
cross-section of reaction x, background cross-section, i-th band total cross-section, and the band
probability (weight). In the case of IFF=0, g, is the effective microscopic cross-section while g,

is the self-shielding factor for IFF=1. In the case of IFF=0, the self-shielding factor is calculated by

WiOy,i

Zi Op + O-t,i
Wi

Oy % op + 0y

o = W;0y i, (827)

e X Opoo + Ot
W.
Z L

where o, and o0p, are the infinite-dilute microscopic cross-section and the corresponding
background cross-section. It should be noted that the different weights may be used for the total
cross-section.

In the case of IFF=0, o;; is given by a factor to the infinite dilute total cross-section. Therefore,
an infinite dilute cross-section is necessary for Eq. (8.26) or (8.27). In FRENDY, the point-wise
cross-section given in the ACE file is used as the infinite-dilute cross-sections. It should be noted
that the point-wise cross-section, which corresponds to infinite-dilute condition, may be different
from the average cross-section obtained by the ladder calculation (random sampling of unresolved
resonance cross-section) in the ACE file. Therefore, the self-shielding factor obtained by the

multi-group neutron cross-section file would be slightly different from those in the ACE file.

8.3.5.2 Py and P; flux weighted total cross-section

In the Boltzmann transport equation, the total cross-section is multiplied by the angular flux.
Therefore, the point-wise total cross-section should be theoretically collapsed by the angular flux.
However, this approach is not favorable since the total cross-section becomes angular dependent and
common transport codes cannot handle the angular dependence of the total cross-section. Instead,
the total cross-section can be collapsed by the neutron current, which corresponds to the P;
component of Legendre expansion of angular flux. This approach is theoretically justified since the
total cross-section is multiplied by the P; moment (P; flux) of angular flux in the P; transport theory.

In the probability table expression, the P; flux weighted total cross-section is given by
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WiOy,i
Zi Op + O-t,i
Wi
Oy % op + 0y
p = Wio'xi, (8.28)
,00  —
x Z" O-b'oo + O-t,i
W.
2 L

L Opoo + 0

where [ is the order of Legendre moment and /=1 for P; flux.

8.3.5.3 Treatment of ILF and 104
In the UNR block in the ACE file, there are two flags except for IFF. The ILF is the inelastic
competition flag and the IOA is the other absorption flag. In FRENDY, these flags are not currently

used in the processing.

8.3.5.4 Definition of infinite-dilute total cross-section

The probability table in the ACE file is generated by a random sampling method that constructs
artificial resonance ladders in the unresolved resonance region. The infinite dilute total cross sections
are computed in this processing and used to calculate band cross-sections and probabilities. Since the
resonance ladders are generated by the average statistical property of resonances in the unresolved
resonance region, some inconsistency may exist between the smooth cross-section in the unresolved
resonance region.

The smooth cross-section corresponds to the infinite-dilute cross-section. The infinite-dilute total
cross-section can be also calculated by the results of the random sampling. These two infinite-dilute
cross-sections are slightly different since these two values are obtained by different routes. In
FRENDY, the smooth (point-wise) cross-sections are used as the infinite-dilute cross-sections while
that obtained by the random sampling is used in the ACE file generation. Therefore, the self-shielded
cross-sections (the Bondarenko cross-sections) generated by the probability table in the ACE file are
somewhat different from the multi-group neutron cross-section, especially in highly self-shielded
conditions using small background cross-sections. In the continuous energy Monte Carlo calculation
code, the smooth cross-sections are used as the infinite dilute-cross sections when IFF=1. In this
context, the processing results of FRENDY would be consistent with the treatment in the continuous

energy Monte Carlo calculation code.

8.3.6 Cross-Sections with Emitting Neutrons
8.3.6.1 Overview

For the reactions with emitting neutrons, angular and/or energy distributions are provided in an
ACE file. As shown in Table 8.3.2, FRENDY handles the elastic scattering and LAW=3, 4, 7, 9, 11,
44, 61, 66 in the DLW block of an ACE file. The angular and/or energy distributions are read and
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calculated as follows. For LAW=4, 7, 9, 11, and 66, the angular and the outgoing energy distributions

are independently defined. For other cases, the angular and the energy distributions are dependent on

each other.
Table 8.3.2 Available LAW number in FRENDY
LAW Angular distribution Energy distribution
Analytically calculated from
(Elastic scattering, MT=2) AND block
angular distribution
3 Analytically calculated from
AND block
(Inelastic scattering, MT=51-90) angular distribution
4,7,9, 11, 66
AND block DLW block
(Fission, (n, 2n) reactions, etc.)
44,61
(Continuum inelastic scattering, DLW block DLW block
MT=91)

8.3.6.2 Elastic scattering
In the elastic scattering (MT=2), the kinematics based on the two-body scattering is used. In an
ACE file, only angular distribution at the incident energy is given in the AND block. The outgoing
energy distribution is not provided for elastic scattering since the outgoing energy is analytically
calculated by the kinematics.
The multi-group elastic scattering cross-section is calculated by
Joeg BB Jprcyi 05 (B E' u(E, EN) P (u(E, E"))dE" dE

Oslg~g' = : (8.29)
Jpeq 1(E)E

where E, E’, 05 4.,4» $i1(E), o5(E,E', 1), and P;(u) are the incident energy (LAB), outgoing
energy (LAB), multi-group scattering cross-section (/-th order anisotropic), /-th order angular flux
moment (P; flux), scattering cross-section from E to E’, scattering angle u, and /-th order Legendre
polynomial P;(u). Note the scattering angle is a function of £ and £

The angular distribution is given by the center-of-mass (CM) or the laboratory (LAB) system.
Since a neutron transport calculation is carried out in the LAB system, the coordinate conversion is
necessary when the angular distribution is given in the CM system. The scattering angle (direction
cosine) is converted from the CM system to the LAB system as follows:®

14+ Aucy
J1+ A2+ 2400,

(8.30)

Urap =

where U5, Ucm,and A are the direction cosine of scattering angle in the LAB and CM systems,
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the relative atomic mass of target nuclide, respectively. The denominator of Eq. (8.30) becomes zero
when A =1 and ucy = —1. To avoid zero division, the following relation is used when 1 + A% +

2Aucy < 10710,

1+u
Uias = TCM (8.31)

Integration in Eq. (8.29) is the triple integration of incident energy, outgoing energy, and direction
cosine. In FRENDY, the integration is carried out for the outgoing energy at specific incident energy
then averaging on incident energy is carried out. Since the direction cosine is represented as a

function of the incident and outgoing energies, the following relation is used.

O-S,l,E—>g’ = J. O-S(EFEII .u(El E,))PZ(M(EIE,))dE,l (832)
E'eg’

where g’ indicates the energy range of the outgoing energy group.

The integration of Eq. (8.32) is carried out by:

1
Os1Eng = fE, ,O'S(E,E’,H(E,E’))PI(M(E,E’)) TEE) du. (8.33)
€g Q=B )
dE’

The actual numerical calculation procedures to calculate multi-group elastic scattering cross-section

from the incident energy E to outgoing energy group g’ are as follows.

(1) Choose incident energy E, where E is specified in the LAB system.

(2) Calculate the maximum and minimum outgoing energy in the LAB system by

Fimax = F, (8.34)
E'min = aE, '
—A)2
where a = S+j32 and A4 is the relative mass of the target nuclide to neutron.
(3) Choose energy integration range considering energy group boundary of group g’ as
E _ { E’max (Eg’,upper = E’max) (8.35)
upper — , ) .
Eg’,upper (Eg’,upper <E max)
, E,min (Eg’,lower < E,min)
E'jower = 1 ' (8.36)
Eg’,lower (Eg’,lower = E min)
where Egrmer s Egliower » E'upper» @and E'jgyer are the upper and the lower energy

boundaries of g’-th energy group, the upper and the lower energy boundaries of integration,
respectively. Note that the integration is not carried out when:
E’upper < Eg’,lower'

!
E'rower > Eg’,upper'

(8.37)

since the outgoing energy range does not overlap the energy range of g’-the energy group. In this
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case, 05,54 = 0.

(4) Divide the energy range E'ypper~E'jower into MAX _EOUT_DIV_ELASTIC intervals where
MAX EOUT DIV_ELASTIC is set to be 64 in FRENDY. If the number of angular distribution
points in the table (the AND block in an ACE file) is larger than MAX EOUT DIV_ELASTIC,
the number of angular distribution points in the AND block is used instead of
MAX EOUT DIV_ELASTIC.

(5) Scattering angle of a neutron is increased as the outgoing energy decreases when A > 1.0.
Therefore, direction cosine for E',;, is ypsp = —1. However, in the case of hydrogen (A < 1.0),
the scattering angle increased as the outgoing energy decreases but the scattering angle takes the
maximum value, and then the scattering angle decreases as the outgoing energy decreases. In the
case of hydrogen, direction cosine for E',,;, is p 4 = 1. It means that a minimum p; 45 exists

only for hydrogen, which corresponds to

Kemmin = —A. (8.38)

Equation (8.38) can be obtained by
dirap _ d ( 1+ Apcy ) _ A+ APucy —0 839
ditey  dptem \J1 + A% + 2Apcy (1+ A2 + ZAHCM)% ' (8.39)

Therefore, the outgoing energy corresponding to Ucpy min 1S added to the outgoing energy
boundary listed in Eqgs. (8.35) and (8.36). The outgoing energy corresponding to ey min 1S
calculated using Eq. (8.39).
(6) The upper and lower boundaries and the average energy of the divided energy range are
calculated by

(log(E,upper) - log(E,lower))
n

(log(E,upper) - log(E’lower))
n

E’i,upper = exp{ x({+1)+ lOg(E,lower)}:

E'ilower = exp{ X1+ log(E’lower)}, (8.40)

14 — ! !
E average,i — \/E i,upper X E i,lower »

where 7 is the number of divisionsand 0 <i<n—1.

(7) Calculate scattering angle (direction cosine) for E'; yppers E'ijower> and E'gperqge,i by

_a-ay
“Ta+ar
, (8.41)
<2 X Ef -1+ a))
U cM = (1 — a) )
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1 (W ey <-1)
Hom =M oy (F1 =gy < 1),
1(Wey>1)
Three different direction cosines ey, iupper HKemjitower » HcM,iaverage coOrresponding  to
E'i upper> E'ilower> and E’avemge,i are calculated.
(8) Convert pcy to uap by Eq. (8.30). The direction cosines in the LAB system, U;apiupper
KLaB,ijlowers a0 Hpap i average are Obtained.

(9) Convert the probability density of angular distribution in the CM system to the LAB system as

3
(Az + 2AU1 4B i average T 1)2 (8.42)
A2 (A + .uLAB,i,average) ’

pAfrap; = Pdfcm, X

pdfiap; and pdfcy; are the probability densities of angular distribution in the LAB and CM
systems, respectively. For the probability density at Ucp i average 18 used for pdfey;.

(10) If the probability density for angular distribution is given in the LAB system, Step (9) is

skipped.
(11) Numerical integration is carried out using
n-1
O-s,l,E—>g’ = z pdeAB,i X Pl(/"LAB,i,average) X (HLAB,i,upper - ,uLAB,i,lower): (8-43)
i=0

(12) Finally, the multi-group scattering cross-section is calculated by

fEEEg 5159 PEVE 5,05y Du(EAE,
S,l,g—»g’ = ~ : : . :
fEeEg ¢1(E)dE Zl ¢Z(E1)AE1

o (8.44)
Equation (8.44) is numerically integrated. The following energy grid is also considered in
numerical integration for accurate calculation:

-multi-group energy group boundary,

-incident energy whose outgoing energy with pcy = —1 is a multi-group boundary.

AE; in Eq. (8.44) is set assuming the lethargy width of 0.001.

8.3.6.3 Inelastic scattering (LAW=3: level scattering)
For law=3, the probability density function for angular distribution in the CM system is given in
an ACE file while the outgoing energy is calculated by
wev = () (k- () 0) (845)
where
E2"t: outgoing energy of a neutron in the CM system,

E™: incident energy of a neutron in the LAB system,
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A: relative atomic mass of target nuclide to a neutron,

. . . A 2 A+1 . .
|Q]: Q-value of inelastic scattering where Q < 0. The values of (A_+1) and (T) |Q| are given in

the DLW block of an ACE file.
The outgoing energy in the LAB system is given by

El" 4+ 2uc(A + 1) [ElE™
(A +1)2 ’

(8.46)

El(,)ut — Egut +

Uc: direction cosine in the CM system.
When the incident and outgoing energies are given in the LAB system, direction cosines in the

CM and LAB systems are calculated by

A+ 1D2EP" —E"(1+R?)

. , 8.47
Hc 2RE" (8.47)
1+ RMC

U, = , (8.48)
J1+RZ+ 2Ry,
A+ 1)(—

R=4 |1- M (8.49)

AE™

When the probability density for direction cosine is given in the LAB system, the Legendre
coefficient is calculated by

thL g upper

P (EM) = pr (B, u)P(uy)dpy, (8.50)

thig! lower
where
PLig' (E ,f"): Legendre coefficient for incident energy E/™ and outgoing energy for g,
prL (E n ,uL): probability density in the LAB system.
KL g upper: the upper value of direction cosine in the LAB system corresponding outgoing energy
group g,
KL g’ 1ower: the lower value of direction cosine in the LAB system corresponding outgoing energy
group g,
KLg' upper and Uy g7 jower are calculated using Eqs. (8.47) to (8.49) using E . utg upPer o g
E ,? ut’g"lower, which correspond to the upper and lower outgoing energy for energy group g’ in the
LAB system. When the probability density for direction cosine is given in the CM system, the
Legendre coefficient is calculated by

*HLg! upper in in
pC(EL rﬂc)](EL '.uc) P(pp)dpy, (8.51)

THULg lower

pL,l,g’(Eli,n) =

where pC(E n yc) and J (E n ﬂc) is the probability density in the CM system and the Jacobian,
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respectively. The Jacobian is necessary since pL(ELin, ,uc) is given per unit direction cosine in the

CM system and is given by

3
dug RZ(R +pc) '

The numerical integration for Eq. (8.50) or (8.51) is carried out as follows.

J(EM, ue) =

(1) Set the incident energy in the LAB system, E}™.

out,upper out,lower
EL pp EL

(2) Calculate maximum ( ) and minimum ( ) outgoing energies in the LAB
system using Eqgs. (8.45) and (8.46), and pu.=11. Note that ur =1 and pur=-1
correspond to the maximum and the minimum outgoing energies, respectively.

Eout,g’,upper
L

(3) Set outgoing energy group g’ whose energy group boundaries are and

out,g' lower
E"9 :

out,g’ lower out,upper out,g' upper out,g' upper out,upper
4) If ;"9 < EMMPPET < pPURIUPPET (get EPMVIUPPET (o be E)MVUPPET

out,g' lower tl out,g' upper out,g' lower tl
(5) If E;"9 < EUBOWeT < EUVOUPPET (get EJMYY tobe EJ*0TOVET

out,g’ upper out,g’ lower
E; and Ej

(6) The energy range between is subdivided into

MAX EOUT _DIV_ELASTIC intervals where MAX EOUT DIV_ELASTIC is set to be 64 in
FRENDY. If the number of angular distribution points in the table (the AND block in an ACE
file) is larger than MAX EOUT DIV_ELASTIC, the number of angular distribution points in
the AND block is used instead of MAX EOUT DIV_ELASTIC.

(7) The values of w; g7 ypper and fiy g7 1ower are calculated using Eqgs. (8.47) and (8.48) using the
subdivided energy range obtained in Step (6).

(8) The Jacobian J is calculated by Eq. (8.52) when the probability density function for angular
distribution is given the CM system. Note that average p. of the energy interval is used.

(9) Interpolate the probability density function pL(E n ,uL) or Pc (E n Ilc) in the ACE file. Note
that average u. or p; of the energy interval is used.

(10) Perform numerical integration of Eq. (8.50) or (8.51). The simple trapezoidal rule is used in

FRENDY as follows:
Prig (EL") = Z pu(EL i) Pk A i (8.53)
i
Py (ED") = Z pe(EL" i) J(EL e,i) Pr(iei) D (8.54)
i
where

Uc,;: average direction cosine in the CM system of i-th outgoing energy interval,
yy ;- average direction cosine in the LAB system of i-th outgoing energy interval,
Ay ;: width of direction cosine in the LAB system of i-th outgoing energy interval.

(11) Finally, the multi-group scattering cross section is calculated by
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fEEEy 05 (Ei")prig (EL™)du(Ef")dES
Jees, 91(EL")AEL" (8.55)
_ Zi0s (B (B A(ELDAEL,
Yidi(EM)AE™ :

Equation (8.55) is numerically integrated. The following energy grid is also considered in

Oslg-g' =

numerical integration for accurate calculation:
-multi-group energy group boundary,
-incident energy whose outgoing energy with pcy = —1 is a multi-group boundary.

AE L”i in Eq. (8.55) is set assuming the lethargy width of 0.001.

8.3.6.4 Inelastic scattering (LAW=44, 61: Kalbach-87 etc.)

For LAW=44 or 61, the probability density function for angular distribution is given as a table of
the incident energy, outgoing energy, and scattering angle (direction cosine). When the probability
density function is given in the LAB system, the Legendre coefficients for the inelastic scattering

can be obtained by

+1
pL,l(Ein; Efut) =f PL(Ein. El?utnuL)Pl(ruL)d:uL' (8.56)
-1

where

pLi(EM, EP™): Legendre coefficient,

pL (E n pput, ,uL): probability density in the LAB system,
E™: incident energy in the LAB system,

EP“t: outgoing energy in the LAB system,

u: direction cosine in the LAB system,

P;(u;,): Legendre polynomial of the /-th order.

The integration of Eq. (8.56) is numerically carried out using the trapezoidal rule and sufficiently
fine discretization on p;. The number of intervals for angle integration is the maximum of 20 and
the number of angle points in the DLW block for inelastic scattering.

On the contrary, more complicated calculations are necessary when the probability density
function is given in the CM system. In this case, the Legendre coefficients pL‘l(E in | L"ut) in the

LAB system are obtained by
+1

pLi(EL ELY) = f pc(EM EZ, uc) ] Pi(uy)duy, (8.57)
Mznm

where
Pc (E n gout, Hc)3 probability density distribution in the CM system,
E2"t: outgoing energy in the CM system,
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Uc: direction cosine in the CM system,

dEQ"t d .
J == _ZFC jacobian.
dEL duy,

It should be noted that E® and EP%¢ are fixed in the integration of Eq. (8.57). Note also that the
Jacobian J is necessary since the probability density function p. (E in Eg“t,uc) is given per unit
E2"t per unit po while integration is carried out with y;, and pL,l(E in Ef“t) is given per unit
EPYt.

In the calculation of pL_l(E ) L"ut), the following relations are used.

J= EﬁZi = ! , (8.58)
E¢ J14+c¢%2—=2cu;

1 Ein 1 vim i1 1 U
Cc = = = = UCTI‘L_ = —F; (859)
A+ 1 [EP A+100" A+ 1P pout  pput
e =]y — ), (8.60)
1 out,max
i C
min — Z(l A - ) (8.61)

Eout,max 1
Foutmax _ pin c__ 8.62
L L Ein Tavi) s

EZt: outgoing energy of a neutron in the CM system,

where

EP“t: outgoing energy of a neutron in the LAB system,
E™: incident energy of a neutron in the LAB system,
U scattering cosine direction in the LAB system,

Uc: scattering cosine direction in the CM system,

A: relative atomic mass.

Detail calculation procedures are as follows.

(1) Set the incident energy E[™.

(2) Set EZ**™* from the maximum value of the energy grid in an ACE file for inelastic
scattering.

(3) Set EZ**™* from Eq. (8.62).

(4) Set outgoing energy group g’. Energy group boundaries in the LAB system are E fut’g "upper

out,g’ ,lower
and E 9 .

out,g’ ,lower out,g' upper out,g' upper
(5) If E;*9 < EPUEMaX < pOURIMPRET qop pPUDTUPPET (o he EPUEMAX,
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out,g' upper out,g' lower
g'upper 4nq U9

(6) Sufficiently subdivide the energy range between E, . The lethargy

width of 0.01 is used for subdivision. To avoid too finer or coarser subdivisions, the number of
sub-divisions in energy group g’ is limited to between 5 and 100.

(7) Calculate ™" using Eq. (8.61).

(8) Sufficiently subdivide direction cosine from +1 to u*™. The number of intervals for angle
integration is the maximum of 20 and the number of angle points in the DLW block for inelastic
scattering.

(9) Calculate J using Eq. (8.58).

(10) Calculate p. using Eq. (8.60).

(11) Calculate EZ** using Eq. (8.58) and the value of J obtained in Step (9).

(12) Interpolate the probability density p. (E in pout, ,uc) using the results of Steps (10) and (11).

(13) Perform numerical integration of Eq. (8.57) to obtain pL,l,g,(E i")

(14) Finally, the multi-group scattering cross-section is calculated by
Jier, 05 (EL )PLig (L) i (EL")AEL"
Jier, $1(E)AEL"
~ i Us(Eli,,rzl')pL,l,g’(Eliﬁ)d)l(EIiﬁ)AEliﬁ.

i pu(EL})AEL]

Equation (8.63) is numerically integrated. The following energy grid is also considered in

Oslg-g' =

(8.63)

numerical integration for accurate calculation:
-multi-group energy group boundary,
-incident energy whose outgoing energy with pcy = —1 is a multi-group boundary.

AE ,f’; in Eq. (8.63) is set assuming the lethargy width of 0.001.

8.3.6.5 Other reactions (LAW=4. continuous tabular distribution)
The outgoing energy distribution is given in a tabulated form for each incident energy grid. The
table is interpolated based on the option specified by INTT (1/2 = histogram/linear-linear). The

incident and outgoing energies are specified in the laboratory system.

8.3.6.6 Other reactions (LAW=7: simple Maxwellian fission spectrum)

The outgoing energy distribution is given by'®

VE' E'

"N — _ < F' < — 8.64
f(E > E") i exp( O(E))’O_E < (E-U), (8.64)

where

I: normalization factor to make fOE_U f(E > EE' =1,

0(E): effective temperature as a function of incident energy,

,90,



JAEA-Data/Code 2022-009

U: a constant to define the upper limit of outgoing energy.

By integrating Eq. (8.64), the multi-group expression is obtained.
E "

Eg’u Eglu g
fE—g) = j f(E > ENdE' = fo FE —ENVdE — [ ' F(E » ENAE’

Egll 0

1
=3 (h(Ega) — h(Egn)),

(8.65)

!

E
70

3 E'
) + gB(E)E erf| |[—=

h(E") = —B(E)\/ﬁexp< o |

where Egr, and Egr; show the upper and lower energy boundary of g’-th group.

The incident and outgoing energies are specified in the laboratory system. The analytical form of
the normalization factor / is given in the ENDF-6 format manual, but / is numerically obtained as
follows in FRENDY:

I= Zf(E - g). (8.66)
gl
Finally, the multi-group transfer probability is calculated by
E u !
Jeo! ox(E)bo(EXf (E > g")dE

L) = , 8.67
o= [ 0x (E)o(E)E en

where
Egu, Egi: upper and lower energy boundary of group g, the highest value of Eg,, is U,
f(g = g'): group to group transfer probability,
o, (E): microscopic reaction cross-section of type x,
¢o(E): scalar flux.
In the case of the fission spectrum, v(E)os(E) is used for o,(E). Numerical integration of

Eq. (8.67) is carried out assuming the lethargy width of dE to be 0.001.

8.3.6.7 Other reactions (LAW=9: evaporation spectrum)

The outgoing energy distribution is given by'®

E' E'
f(E—)E’)=TeXp<—@>,OSE'S(E—U), (8.68)

where

I: normalization factor so that [ OE_U f(E > EYE' =1,
0(E): effective temperature as a function of incident energy,
U: a constant to define the upper limit of outgoing energy.

By integrating Eq. (8.67), the multi-group expression is obtained.

,91,



JAEA-Data/Code 2022-009

Eg’u Eglu Eg’l
FE—g) = j f(E > ENdE' = fo f(E > ENdE' — fo f(E > ENdE’

Eyll

1
=7 (A(Egn) = h(Eg)), (8.69)

EI
h(E") = 6(E)| 6(E) — ———|(E'"+6(E)) |
(E") = 6( )( (E) exp( Q(E))( +6( )))
The incident and outgoing energies are specified in the laboratory system. The normalization factor /
is obtained by the same procedure shown in LAW=4. The multi-group transfer probabilities are

obtained as well.

8.3.6.8 Other reactions (LAW=11: energy-dependent Watt spectrum)

The outgoing energy distribution is given by'®

fE gy =t @ (1_ o (870

sinh (\/ﬁ),o <E <(E-U),
where

I: normalization factor so that fOE_Uf(E - E"YdE' =1,

a, b: parameters as a function of incident energy,

U: a constant to define the upper limit of outgoing energy.

By integrating Eq. (8.68), the multi-group expression is obtained.
E , 1

Ey’u Eg’u g
f(E-g)= f f(E - E"dE' = fo f(E - E"NdE' — f(E = E"dE'

Egll 0

1
I

((Eg) = h(Egn)

h(E") = Va3bm exp (ab) (_ erf(ax/ﬁ;/é@) N erf(aﬁzf/;@»

~aexp 2 ) sinn (5.

The incident and outgoing energies are specified in the laboratory system. The normalization factor /

(8.71)

is obtained by the same procedure shown in LAW=4. The multi-group transfer probabilities are

obtained as well.

8.3.6.9 Other reactions (LAW=66: n-body phase-space distribution)

The outgoing energy distribution is given by'®

f(Ec = E¢,uc) = Cn\/E'c(Egmx — Ep),
4 (8.72)

C; = —n'(EZ-nax)z'
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105
Cy = -
32(E*)2
C. - 256
> T 14m(ERX)S
where
n: number of bodies in phase space, defined in an ACE file,
E[***: maximum possible outgoing energy in the CM system,
E¢: incident energy in the CM system,
E(: outgoing energy in the CM system,
Uc: scattering angle (cosine direction) in the CM system.
Since multi-group cross sections are calculated in the LAB system, the following relation is used

in FRENDY:

(5)-+
F(E ~ Bio) = CuBp (B = (B; + By — wJEEL)) *

Er = E,
L™+

(8.73)

where

E;: incident energy in the LAB system,

E|: outgoing energy in the LAB system,

Uy scattering angle (cosine direction) in the LAB system.
The multi-group expression is given by

Eg’u 1
flE—-g)= f j 1f (E, = EL, p )P (uy)duy dE], (8.74)

Eg 7-
where
E 41, upper energy boundary of g -th energy group,
E 4, lower energy boundary of g -th energy group.
The normalization of f;(E — g') and evaluation of the multi-group transfer probabilities are

carried out by the same procedure shown in LAW=4.

8.3.7 Thermal Cross-Sections
8.3.7.1 Incoherent inelastic (free gas model)

The thermal incoherent inelastic scattering for free gas (unbounded atom) is given by

o o, [E' 1 (a + B)?
O.lnc,lnela(E’El"u) — —_ exp <_ , (8.75)
2kT | E \JAnta 4a
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_E'+E - 2uVEE'
- AkT ’

a

E'—E

B=—7

where

A+1)? . . . . .
Op = Ofree %: the incoherent inelastic scattering cross-section for the bounded state,

Ofree: €lastic scattering cross-section for unbounded (free) state obtained by pointwise elastic
scattering cross-section,

A: relative mass of a nucleus to a neutron,

k: Boltzmann constant [eV/K],

T: Temperature [K],

E: incident energy in the LAB system,

E': outgoing energy in the LAB system,

u: scattering cosine angle in the LAB system.

The Legendre moments of o™ (E,E’, ) can be calculated by

1

O_linc,inela(E’E/) — f O'inC(E,E',‘u)Pl(M)d,U, (8.76)
-1

where
P;(1): Legendre polynomial of /-th order.

Behavior of o™ (E,E',u)P,(11) can be very steep for u when E and E’ are close to each
other and a can be zero for particular u. Therefore, conventional numerical integration using the
trapezoidal rule requires very fine division on u therefore longer computation time is necessary. In
NJOY, Eq. (8.76) is numerically integrated by the adaptive integration using successive halving of
integration intervals. The accuracy of numerical integration is controlled by a tolerance that is given
by a user. Note that the minimum value of a is defined in NJOY (10) to avoid the numerical issue.

In FRENDY, the following formula is used instead of Egs. (8.75) and (8.76):%%

o Va+b o ¢ 1 ? a—u’
O_lmc,mela(E, E') — f —exp (— — (u + g) ) Pl ( > du’

a5 b 4 b

a-b (8.77)
_E'+E
© AKT
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2VEE'
AkT '’

o, 1 |[E
4kT\arm | E’

u? =a.

12
It should be noted that P, (aTu) in Eq. (8.77) in the above reference seems to be incorrect.

2
Behavior of zb_c exp (— i (u + g) ) is generally smoother than that of Eq. (8.75) thus the accuracy

of numerical integration would be higher. The following figures show behaviors of Eq. (8.75) and
integrand of Eq. (8.77) within the integration range, for £=0.01 [eV], £'=0.00999 [eV], 4=230,
7=600 [K], 0,=1.0.

2500 - (
3000

2000 - 2500

1500 [ 2000
1500

1000 |-
1000

500 - ;J 500 F

—1‘.0 —6.5 0‘.5 1.0 0 61 0,62 0,63 0.64 0.65
Eq. (8.75) Integrand of Eq. (8.77)

Figure 8.3.2 Example of pseudo resonance structure generation for the ladder method

The adaptive numerical integration is carried out in FRENDY to obtain ¢/ (E,E') using

Eq. (8.77) as follows.

(1) The integration range [Va — b, Va + b] is initially divided into 32 equivalent intervals.

a-u?
b

2
(2) Estimate f(u) = %exp (—i(u +§) )Pl( ) for u = ul,u“TJrul,uu where u; and u, are

upper and lower bounds of the interval.

<(f(ul)+f(uu))_f(uu+ul)>
: — : that indicates error due to linear interpolation of f(u) for
()

(3) Estimate € =

the integration range.

(4) If € is larger than the tolerance (default:10-?), the current interval is divided into two regions and
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goes to Step (2).

(5) If ¢ is smaller than the tolerance, the integration value for the current interval is estimated by

the Simpson formula as

. Ltu -y
Ac"Me (B, EY) = (f(ul) + 4f( > ) + f(uu)> - Au. (8.78)
(6) o™ (E,E") is obtained by
o_linc,inela(E, E') — z AO‘linC(E, E'). (8.79)

To obtain the multi-group cross-section, integration on energy is carried out as follows:

upper umaer
fE;%wer ¢l(E) f lowgr an fnela (E E )dE dE
incinela __ Eg
Lg~g' ;l.ppe‘r
fEéower ¢l(E)dE (880)

ZE o AE (,bl(E ) ZE]egl llnc,inela(El’ f )AE’
Y 5eq AE; 1(E) ’

where

AE;: i-th energy interval for numerical integration,
E;: i-th energy grid point,

¢, (E;): weighting flux.

The lethargy width of AE; is set to 0.001. That of AE’; is set to 0.001 when g’ = g and 0.005
when g’ # g since the variation of o/"“"™®'*(E,E') is steep when E ~ E'. The identical
numerical integration scheme is used for other thermal cross-section treatments. The neutron spectra
obtained for the infinite-dilute condition is used for ¢;(E). In this case, ¢;(E) is equivalent to
W(E) in Eq. (8.4).

To reduce the numerical integration error of Eq.(8.80), the analytical solution for

inc,inela

g, (E,E") is used. The analytical solution for the Py component of Eq. (8.77) is given as

follows:*

L. , ar n? E E'
aé,r;c,'lzwla(E,E ) = ff? ex (ﬁ_ﬁ erf( n ’ﬁ_ ’kT
E E’
terf| n /ﬁ+p ’ﬁ (8.81)
+ f £ E ¥ erf E + E
N e TP Jkr )TN\ kT TP ke ) (|

,96,



JAEA-Data/Code 2022-009

A+1

w P= ': 7 and upper/lower signs correspond to E < E' or

where erf is the error function, n =

E' < E, respectively.

Direct utilization of Eq. (8.80) in numerical calculation results in severe numerical round-off error.
Therefore, the following relations are used in the actual implementation of the numerical calculation
of erf(x) + erf(y) or erf(x) — erf(y).

x Xy >0, erf(x) + erf(y),
x Xy <0, erf(x) + erf(y) = erf(x) — erf(—y) = 1 — erfc(x) — (1 — erfc(—y)) (8.82)
= erfc(—y) — erfc(x),

gincinelacp pry — —f%x x y > 0,erf(x) — erf(y) = 1 — erfc(x) — (1 — erfc(y))

0,ana

(8.83)
= erfc(y) — erfc(x),

x Xy <0,erf(x) — erf(y),
where erfc(x) = 1 — erf(x) is the complementary error function and is an intrinsic function is
provided in C++.

Once "™ (E,E") is obtained, then ¢"“™¢'* s calculated by

0,9—-9’.ana
Eupper Eupper ]
N Jpiower WED [ 1 tower Ooana " (E,E")dE' dE
09" ana = e
Jyiower W(E)AE (8.84)

ZE i€9 AE W(E)ZE]EQI (;r:fnl;lela(E,E’)AE’j
ZEleg AE W(Ei)

The adaptive numerical integration for Eq. (8.77) is used but &€ = 0.001 is used to obtain accurate

results.
. inc,inela .
Finally, o, gog!  are normalized as
inc,inela
~inc,inela _ _inc,inela ~0,9—g’.ana
Lg—g' — “lLg-g’ O_inc,inela : (8.85)
0,9-9’

The analytical solution for the higher Legendre components can be obtained by the analytical
integration of Eq. (8.85). Thus analytical solution may be used in Eq. (8.80). However, numerical
instability is observed due to severe numerical round-off error. Therefore, normalization using only

Py component is carried out in FRENDY.

8.3.7.2 Incoherent inelastic (SCT approximation)
When the energy transfer is large in the thermal energy range, the short time collision (SCT)

approximation can be used instead of the free gas approximation:*”
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o op |E' 1 T a—|pD* T +
O_lnc‘lnela(E‘ E’,M) — Zka E T eXp <_ ( 4 |ﬁ|) T _ B 2|B|>' (886)
vara | lefr a eff

where T and T,r; are temperature and the effective temperature in [K]. The effective temperatures
are taken from the NJOY2016 values, which come from ENDF-B/III, ENDF/B-VIII, or JENDL-5.
Equation (8.86) is formulated as follows to be consistent with the calculation of free gas:

O.inc,inela (E E’ 'u)

o, [E' 1 T (a+ﬁ)2+(a+ﬁ)2
= 2kT |E Vana |Topr ¥ 4 4

C@—1BD* T g+I8l
4a Teff 2

o, [E' 1 T (a+ p)?
= 2kT |E Vana |Topr ¥ 4

(8.87)
T _ 2
(1 (a— 18D
Teff 4o
_o (B 1 (_@+p)
2T |E Vana P 4a
T +B)? T —|B1)?
o | T e (@B (T \@=18D%)
Teff 4o Teff 4o
Equation (8.87) further converted to
i Vatb 1 2
O_llnc,mela(E’E/) =f —Cexp <__(u+'[_;) >
Ja=b b 4 u
(8.88)

X

! exp 1<1— ! ><u—@>2 P(a_u2>du
Teff 4 Teff u L b )

The difference between Eqs. (8.69) and (8.80) is the following factor in the integrand:

r L LAY 8.89
Torr 7 Z( _Teff)<u_?> ' (8:59)

Namely, the identical numerical integration procedures can be used for the free gas and SCT except

for the factor shown in Eq. (8.89).

,98,



JAEA-Data/Code 2022-009

8.3.7.3 Incoherent inelastic (S(a,p) data in an ACE file)

The S(a,B) data except for the free gas model and the SCT approximation are stored in the
thermal scattering block of a thermal ACE file. The following data are given in the case of
incoherent inelastic scattering:

*Cross sections for incident energy grid points. (ITIE block),
*Energy/angle distribution table for each incident energy grid point (ITXE block).

In the ITXE block, scattering angle distribution is described in the discrete cosines of scattering
angle providing equal probability in each bin. All energies and angles are represented in the LAB
system. Therefore, the Legendre components are calculated by

Ny
gincinela g pry = z gincinela(p pry Nipl ), (8.90)
i=1 K
where
o™¢(E,E"): incoherent inelastic scattering cross-section given in ITIE block and incident and
outgoing energies are given by the LAB system,
N,,: number of equiprobable cosine bins,
Y;: direction cosine of i-th bin in the LAB system.
To describe the energy transfer probability, one of the following three options are used in an ACE

file:

(1) Equally distributed energy grid points (ifeng=0 in ACE file, iwt=1 in ACER),
(2) Skewed distribution of energy grid points (ifeng=1 in ACE file, iwt=0 in ACER),
(3) Continuous distribution energy grid points (ifeng=2 in ACE file, iwt=2 in ACER).

In option (1), outgoing energy is divided into intervals having an equal probability for outgoing
energy. Then the average energy preserving average outgoing energy for each energy interval is
calculated. The average energy is used as the outgoing energy grid point. In option (2), the skewed
weight is used rather than the equal weight in option (1). The first and the last energy intervals have
a relative weight of 1, the second and the second-to-last have a relative weight of 4, and the rest of
the energy intervals have a relative weight of 10. The setting of average energy for each interval is
the same for option (1). Finally, in option (3), many outgoing energy grid points and associate
cumulative outgoing probabilities are tabulated.

Since outgoing energy grid points for options (1) and (2) may be too coarse, utilization of ACE
files with these options is not recommended. Option (3) is highly recommended to obtain accurate
thermal scattering cross-sections. However, options (1) and (2) may be adopted in an ACE file since

option (3) can be handled by MCNP version 6 or later and the default input data of ACER in
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NJOY2016 is option (2).

To obtain a multi-group scattering cross-section, energy grid points should be further sub-divided
since energy grid points and multi-group energy structures are inconsistent. Therefore, a probability
density distribution within the outgoing energy range defined in an ACE file is necessary for options
(1) and (2). The discretization error becomes large when the probability distribution within an
outgoing energy interval is assumed to be constant in options (1) and (2). The larger discretization
error results in the unphysical shape of the neutron spectrum in the thermal energy region. Therefore,
the probability distribution within an outgoing energy interval is assumed as follows to reduce the

discretization error of energy grid points.

I

o E
(o.znc,mela(E)fi exp <_ ﬁ)'E < E'

o.inc,inela(E’El) — { = (8_91)
lo.inc,inela(E)fL_ erf ﬁ JE > E'
where f; is the normalization factor defined by
Wi
= ol JE<E'
fEi,; €xp (_ k_T) dE’
fi : s (8.92)

Ei,u E’ !
fEi,l erf< /W) dE

w;:weight for i-th energy interval, which is specified by iwt,
E; ;: lower energy boundary of i-th outgoing energy interval,
E; ,: upper energy boundary of i-th outgoing energy interval.
The outgoing energy intervals are not explicitly specified in a thermal ACE file since only
outgoing energy grids are specified. Therefore, the outgoing energy intervals are assumed as follows

in FRENDY:

E 1—E;
i+§ t _ Wi

- )
Eiyg — Ei+1 Wit1
2

(8.93)

where

E;: energy grid point for i-th interval,
E, +%: boundary between i-th and (i+1)-th interval.

Note that the upper boundary for the highest interval is set to be thermal cut-off energy and the
lower boundary for the lowest interval is set to be the lowest energy boundary of the multi-group

structure.
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8.3.7.4 Coherent elastic
No energy loss occurs in the coherent elastic scattering. The coherent elastic scattering only gives
a self-scattering component since the incident and outgoing energies are identical. The coherent

elastic scattering cross-section is written as

b:
gcoh,ela(E“u) — Elé‘('u — 1),
ek (8.94)
E.
pi=1- ZEL )

where
b;: size of step, defined later,
E;: the energy of i-th Bragg edge.
The step size b; can be calculated by the following relation, which is obtained by the angular
integration of Eq. (8.94):
Egcohela(g) = Z b;, (8.95)
ie(ui=-1)

In the ACE file, the coherent elastic scattering cross-section is given as follows:

P(i
O.COh,Ela(E) = % ,Eela(i) <EL Eela(i + 1);

ogCOoMela(E) = 0,E < E,5(1), (8.96)

P(Nela)
E

O-CDh’em(E) = :Eela(Nela) <E,

where

P(i): constant given in an ACE file for the interval between i-th and (i+1)-th Bragg edges,
E. 14 (0): energy of i-th Bragg edge,

Ngyq: total number of Bragg edges.

Once b; is obtained, the Legendre components of the coherent elastic scattering cross-section are

obtained by
1 1p.
O_lcoh,ela(E) - f gcorela(E ) dy = Z f ELPI(HL-)(S(M — p)du
-1 ie(uz-1) "1 (8.97)
b, '
= EPI (ui)-

ie(uiz-1)

8.3.7.5 Incoherent elastic
No energy loss occurs in the incoherent elastic scattering. The incoherent elastic scattering only
gives a self-scattering component since the incident and outgoing energies are identical. In an ACE

file, the discrete cosine directions having equally scattering probability are given. Therefore, the
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Legendre component of an incoherent elastic scattering cross section is written as

N
) . 1
lencoh.ela(E) — O.anoh,ela(E)Nz P(uy), (8.98)
i=1
where

N': total number of discrete cosine directions,
u;: the i-th discrete cosine direction given in an ACE file.

The incoherent elastic scattering, o¢°"¢l¢(E), is tabulated as a function of incident energy in an
ACE file.

8.3.8 Fission Spectrum, Nu-value, and Fission Cross-Section
8.3.8.1 Fission spectrum
In an ACE file, energy distributions for prompt and delayed neutrons are given in the DLW block.

The fission spectrum for delayed neutron is calculated by
Jpeg Vi EXop (EYP(E) [pre g foi(E > ENAE' dE
Jseg Vpi(B)ar (E)p(EYAE (8.99)

Vp,i(E) = vp(E)g;(E),

xp,i(g—~g) =

where

xp,i(g = g'): delayed neutron spectrum for delayed group i, from group g to g’,

vp(E): delayed neutron nu-value,

vp i (E): delayed neutron nu-value for delayed group 7,

gi(E): fraction of neutron for delayed group i,

oy (E): fission cross-section,

¢ (E): neutron spectrum (scalar flux),

fpi(E = E'): energy distribution of delayed neutron group i, from incident energy E to outgoing
energy E’, where [ fp;(E - E")dE' = 1.

The total delayed neutron spectrum is calculated by

2i foeg VDi(Edop (E)D(E) [yre i fi(E > EAE' dE

xp(g—g") = (8.100)
i fEeg vp,i(E)or(E)p(E)AE
The fission spectrum for prompt neutrons is calculated by
Jpey vPE)or(EYP(E) [pe s fr(E = E")AE' dE
xp(g—g") =—2 = (8.101)

fEEg vp(E)os(E)p(E)dE

where

vp(E): prompt neutron nu-value,
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fp(E = E"): energy distribution of prompt neutron, from incident energy E to outgoing energy
E’, where [ fp(E - E")dE' = 1.

Finally, the fission spectrum for total (both prompt and delayed) neutrons are calculated by
Jeeq VP EYGF(EYP(E) frcyi fo(E — ENAE' dE

+ 2i fyeg V0 BV (EYP(E) [y fi(E — EVAE' dE (8.102)
Joeg VP (Yo (EDG(EYAE + 3 [, v (E)op (B (E)AE.

x(g-g)=
Equation (8.102) is usually used for steady-state calculations.

8.3.8.2 Nu-values
The total and/or delayed nu-values are given in an ACE file. In FRENDY, the prompt nu-values
are not used even if they are given in the ACE file. The prompt nu-value is calculated by subtracting

the delayed nu-value from the total nu-value. Any number of delayed neutron groups can be used in

FRENDY. These values are calculated by

Jseg vr(E)op (E)p(EDAE
Jpeg o (EYP(EYAE

vr(g) =

Jpeg Vo (E)or (E)$(E)dE (8.103)

Jpeq 5 (EYP(EYIE

vp(g) =

vp(g) = vr(g) —vp(9).
where

vr(g): total nu-value for group g,
vp(g): delayed nu-value for group g,

vp(g): prompt nu-value for group g.

8.3.8.3 Delayed neutron constants

The delayed neutron fraction of each group is calculated by

Jpeg Vpi(B)or (E)p(EYAE
S fpeg Voi(E)op (E)P(EVAE

b, (8.104)

where

7p,i: delayed neutron fraction of group 7, normalized as Y;1p; = 1.
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8.3.9 Output Format
8.3.9.1 KRAM cross-section format

The KRAM format was used in the KRAM code, which is a MOC transport solver.® The
cross-sections generated in the KRAM format is especially suitable for ordinary transport
calculations since various cross-sections are processed to be consistent with common transport

solvers as follows:

Ut,g = Gl,g’ (8105)
Org = 0189, (8.106)
_ 24/ %159-0'

Vg = T&Q'H/D_g, (8107)

117
O'a’g = 018,g + Z Gi,g + (1 - nslg)o's’g - (0‘16’51 + 0'24_’g + 0-30,9 + 0'41'g), (8108)

i=102

91
Is9-9" = Z Tig-g' T Z 9j.g-g" (8.109)
i=2,5,16,17,24, j=s51

25,30,37,41,42

_ (Zg’ U18,g’—>g¢g’ + Xpg Zg’ VD,g’O'18,g’¢g’)
g - )
(Zg Zg' O18,9'>gPg’ + Zg' VD,g’“lB,g"Pg’)

where 0; 4, 0; 4,47, N5 g, subscript D show 1D microscopic cross-section for MT=i, the 2D

(8.110)

microscopic cross-section for MT=i from energy group g to g’, the number of released neutron for
g-th energy group for MT=5, and delayed neutron parameters, respectively. Other notations are
common ones in lattice physics computation. It should be noted the following relations are used to

calculate MT=18, 103-107 when MT=18, 103-107 do not exist but the following reactions exist.

0189 = Z Oi,g, (8111)
i=19,20,21,38

649

0103,9 = Z Oi.g» (8.112)

i=600
699

O104,9 = Z Oi.g» (8.113)

i=650
749

01059 = Z Oi.g» (8.114)

i=700
799

01069 = Z Oi.g» (8.115)

i=750
849

0’107"9 = Z O-i’g. (8116)

i=800
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8.3.9.2 MATXS

The MATXS is a versatile cross-section format for multi-group cross-sections. The FRENDY
code can output the generated multi-group cross sections in the MATXS format. The output
cross-sections are chosen to be consistent with GROUPR/MATXSR in NJOY code. It means that
part of the edited cross-sections in FRENDY are not used in the cross-section in the MATXS format.
For example, though self-shielded cross sections are generated for all reactions with energy transfer
in FRENDY, only the elastic scattering and fission matrix cross-sections are output as the
self-shielded cross sections in the MATXS format.

All reaction types having 1D cross-section are output in the MATXS file. In addition to the

cross-section, the following quantities are also output:

* Pg multi-group flux,

* Py multi-group flux (current),

* Average direction cosine (mu-bar) (MT=251),
* Lethargy width (MT=258),

* Group averaged inverse velocity (MT=259).

The group averaged inverse velocity, the lethargy width, and the mu-bar are calculated by

1 foey 30 #EVIE

_ ’ (8.117)
14
0 ey BEVIE
St = In <Eg,upper> (8.118)
g~ ’ '
Eg,lower
Z IZ —qgl
Q= sLg _ g1 Zs1,9-9 (8.119)

250'.9 Zglzso,g—ngl
All 1D cross-sections are output for the infinite-dilute condition while the following cross-sections

and parameters are output for shielded conditions:

* Pop multi-group flux,

* P1 multi-group flux (current),

* Py weighted total cross-section,

» P; weighted total cross-section,

* Elastic scattering,

* Fission cross-sections (MT=18, or 19, 20, 21, 38), if exist,
* Capture cross-section (MT=102),

* Inelastic scattering (MT=51).
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All 2D cross-sections with energy transfer are output in the infinite-dilute condition. For the
shielded conditions, only the elastic scattering and fission matrix cross-sections are output in the
MATXS cross-section file.

In MATXS format, all shieclded cross-sections are stored as the difference from those of the
infinite-dilute cross-sections. However, Po and P; multi-group fluxes in the shielded conditions are

stored as-is instead of the difference from those of the infinite-dilute conditions.

8.3.9.3 Full MATXS

The ordinally MATXS file is consistent with NJOY2016. However, as described in the previous
section, limited reactions are output for shielded conditions. In FRENDY, another option to output
all shielded cross-sections exist (FullMATXS option). In this option, all 1D/2D shielded
cross-sections are output in the MATXS file include anisotropic scattering. In this option, the size of

a MATXS file may become large.

8.3.9.4 GENDF

The GENDF format is used as the output file of the GROUPR module of NJOY. It is also used as
an interface file format among several modules, such as DTFR, CCCCR, MATXSR, POWR, and
WIMSR. In FRENDY, the GENDF output in text (ASCII) format is implemented. The GENDF
format utilizes a similar format with that of ENDF.

The major structure of the GENDF format is as follows:
* General information, background cross-section, energy group structure (MF=1, MT=451),
* One-dimensional cross-sections, nu-value, flux (MF=3),
* Decay constant of the delayed neutron, delayed neutron spectrum if exist (MF=5),

* Two-dimensional cross-sections (MF=6).

The following points are the important to read the GENDF file.

* The floating-point number is expressed as the dedicated format of ENDF (e.g., 922350044 instead
0f9.22350e+4).

* The maximum and minimum value of the floating-point number is consistent with those in the
ENDF format.

* Prompt fission spectrum can be obtained by the fission matrix (MT=18) in MF=6.

* Delayed neutron fraction is considered in the delayed neutron spectrum. Namely, the delayed
neutron spectrum in the GENDF file is defined as the normalized delayed neutron spectrum
multiplied by delayed neutron fraction. Therefore, the sum of the delayed neutron spectrum is
identical to the delayed neutron fraction.

* Energy group index is numbered from lower to higher energy. Namely, the lowest energy group is
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the 1% energy in GENDF.

8.3.9.5 Full GENDF

In FRENDY, a GENDF file consistent with that of NJOY2016 is generated in the default.
However, limited reactions are output for shielded conditions in NJOY2016. Therefore, the
FullGENDF option is available in FRENDY. In this option, all 1D/2D shielded cross-sections are
output in the GENDF file include anisotropic scattering. The size of the GENDF file will be larger.

- 107 -



JAEA-Data/Code 2022-009

9 Modification of ENDF file

Users may need the modification of the ENDF-6 formatted file if they want to add or replace the
other data in the evaluated nuclear data file, e.g., the covariance data is not found in the original
nuclear data file or users want to investigate the impact of the neutronics calculation on the
difference of evaluated nuclear data file in each reaction type. However, the modification of the
ENDF-6 formatted file is difficult for beginners. FRENDY prepares the ENDF modification tool to
easily modify the ENDF-6 formatted file.

As shown in Fig. 9.1, the ENDF modification tool removes the specified MF/MT data in the
original evaluated nuclear data file and adds and replaces the specified MF/MT data from the other
evaluated nuclear data file. The functions of “add” and “replace” commands are the same. If a user
selects the “replace” command and the specified MF/MT data is not found in the original file, this
tool just adds the specified MF/MT data from the other evaluate nuclear data file. If a user selects the
“add” command and the specified MF/MT data is found in the original file, this tool replaces the
specified MF/MT data.

Note that the modified evaluated nuclear data file must be checked carefully since this tool does
not check the new file. The MF=3 data is related to MF=4, 5, 6, 9, 10, and 33 data. If the user
modifies MF=3 data, this modification may affect MF=4, 5, 6, 9, 10, and 33 data. This tool can
replace the specified MF/MT data from not only the identical nuclide but also the other nuclide. This
tool does not check the material number and automatically modifies the material number when the

difference nuclide data is merged. The user must check if the input file is correct or not.

MF=1
MF=2, MT=151
MF=3, MT=1
MF=3, MT=2
MF=6
remove@ @ add % replace
MF=1
MF=1 MF=2, MT=151 MP=1
MF=2. MT=151 MF=3 MT=1 MF=2, MT=151
MF=3, MT=1 MF=3. MT=2 MF=3, MT=1
MF=6 MF=3, MT=102 i
o6 MF=6

Figure 9.1 Example of ENDF modification tool
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The ENDF modification tool has another function. This tool linearizes the TAB1 data in the
ENDF-6 formatted file. Though some data processing codes linearize some data, e.g., the cross
section data in MF=3, the other data, e.g., the angular and the second energy distribution data in
MF=4-6 do not linearize. These codes do not check the interpolation law and the interpolation law is
considered the linear-linear or represented by the first interpolation law. In such cases, the processing
results of these processing codes are not correct. The linearization of these data before the processing
is one of the better ways to correctly process the nuclear data file.

The ENDF modification tool linearizes the TAB1 data in the specified MF or MF/MT data with a
simple input file. This tool linearizes the TAB1 data when it reads the specified MF or MF/MT data.
This function will help to process the evaluated nuclear data file.

The linearization process is identical to the linearization of the cross section which is described in
Section 2.2.1. The default tolerance value for the linearization is 1.0E-3. The users can modify the
tolerance value by the input parameter. The detail of the input parameter of this function and sample

inputs are described in Section 10.8.
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10 Input Instructions

10.1 Input Format
FRENDY accepts two types of input formats:

® FRENDY original input format,
® NJOY? compatible format.

The original input format requires only the processing mode name and evaluated nuclear data file
name at the minimum. FRENDY has default values in the source code for nuclear data processing.
Users can give the parameters in the input file if they want to change the parameters. The original
input format is simple and does not require expert knowledge of nuclear data processing.

FRENDY can also treat the input files for NJOY Many users process the evaluated nuclear data
file with NJOY. FRENDY interprets the input as the NJOY compatible format when the first
parameter is the NJOY module name, e.g., MODER and RECONR. The available module is
MODER, RECONR, BROADR, PURR, UNRESR, THERMR, ACER, GROUPR, and MATXSR.
Note that the UNRESR module is not prepared in FRENDY. FRENDY calculates the effective
self-shielded cross-sections using the probability table method even if the user selects the UNRESR
module. Users can easily use FRENDY without changing the input files for NJOY. They can
therefore replace NJOY modules with FRENDY ones as they need. In addition, the modules of
FRENDY and NJOY can be used in combination. For example, users can generate the multi-group
cross-section data library using the GROUPR module of NJOY with the PENDF file generated by
FRENDY.

10.2 FRENDY Original Input Format

In the conventional processing code including NJOY and PREPRO?, users must select the
running modules and prepare the input parameters for these modules to generate the cross-section
data library. FRENDY automatically generates the cross-section data library with the recommended
processing flow as shown in Fig. 10.2.1 when users select an appropriate processing mode at least.
They do not need to worry about what modules are required to generate the cross-section data library
when they use FRENDY original input format. FRENDY also prepares the skip option to manually
select the modules to be executed. Using this option, users can skip some modules in the

recommended processing flow.
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C Nuclear data (

v

Read and convert nuclear data

v

Resonance reconstruction

v

Doppler broadening ( Dosimetry ACE file (

Calculation of gas production
g 'IO —>
cross-sections

v

Generation of dosimetry ACE file

Generation of probability table

v

Generation of fast ACE file

v

Processing thermal scattering law
> g g

data

v

Generation of thermal ACE file

v

( Fast ACE file ( ( Thermal ACE file (

Generation of GENDF, MATXS and
KRAM files

GENDF, MATXS, and
KRAM files

Figure 10.2.1 Processing flow to generate ACE, GENDF, MATXS, and KRAM files

10.2.1 Processing Mode

The order of the input data is free except for the first parameter. Users must set the processing
mode as the first parameter. The available processing modes are listed in Table 10.2.1. The
representation of the ACE file processing mode is identical to NJOY.

The neutron-induced data and the thermal scattering law data are available to generate the
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multi-group cross-section file. The multi-group cross-section generation mode is not divided by the
processing type since the FRENDY checks the input parameter and judges which type of data is
processed.

FRENDY generates the multi-group cross-section file from the ACE file. The input file format is
not only the ENDF-6 formatted file but also the ACE formatted file. The start file format does not set

in the processing mode. The start file format is set in the input parameter “mg_start file mode”.

Table 10.2.1 Available processing mode

Processing mode name Description

ace_file generation_fast mode
ace_fast mode
ace fast Generation of the particle incident ACE
ace_file generation_normal mode file.
ace_normal mode

ace_normal

ace_file generation_ thermal scattering mode
ace_file generation_thermal scatter mode

ace_therm_mode )
Generation of the ACE file of the thermal
ace_therm )
) scattering law data.
ace_file generation_tsl mode

ace_tsl_mode

ace_tsl

ace file generation_dosimetry mode
) Generation of the ACE file of the dosimetry
ace_dosi_mode
] data.
ace_dosi

mg_generation_neutron_mode

mg_neutron_mode
Generation of the neutron-induced
mg_ neutron .
multi-group XS file.
mg_mode

mg

endf file modification mode

endf file modify mode
Modification of ENDF-6 formatted file.
endf mod_mode ) ) )
. The explanation of the input format is
modify endf file mode
shown in Section 10.7.
mod_endf file mode

mod_endf mode
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10.2.2 Input Parameters
10.2.2.1 General information

The input data except the processing mode consists of “parameter name” and “parameter value”.
Users need to set the parameters if they want to modify the default values. FRENDY original input
format accepts comment lines. The C++ style comments are available, i.e., “//” for a single line
comment and “/* ... */” for multi-line comments. FRENDY can read four types of data, i.e., integer,

real, string, and text, and the vector data of integer and real. The available types are as follows:

integer : integer number, e.g., -2, -1, 0, 1, 2,
real  :real number, e.g.,-1.0, 0.0, 1.0, 1.0E-1, 1.0E+1, 1.0D-1, 1.0D+1, 1.0-1, 1.0+1,
string : character data without space, e.g., nuclide name, calculation-type,

text  : multiple lines character data.

Users have to set the vector data in a bracket when they want to set the vector data of integer and

real value. If users want to set three values, i.e., 1.0, 2.0, and 3.0, users write as follows:
(1.0 2.0 3.0).
Since FRENDY can read data specified in multiple lines, the following input style is also acceptable
( 1.0
2.0
3.0 ),
or
1.0

2.0
3.0

If users want to set the text data, they need to enclose single or double quotation marks. The text data

allows multiple lines as follows:

“92-U-238 from JENDL-4.0
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Processed with FRENDY
Processed day: 2017/10/13”

or

92-U-238 from JENDL-4.0
Processed with FRENDY
Processed day: 2017/10/13°

If users want to use double quotation marks in the comment line, single quotation marks are used to

enclose the text data as follows:

‘This is the comment line for the PENDF file.
Users can use the “double quotation marks” when the comment line is enclosed by the single

quotation marks.’

If users want to use single quotation marks in the comment line, double quotation marks are used to

enclose the text data as follows:

“This is the comment line for the PENDF file.
Users can use the ‘single quotation marks’ when the comment line is enclosed by the double

quotation marks.”

10.2.2.2 Input parameter name and recommended value for common utilities
nucl_file name
Data type: string
Default value: This parameter must be required for the processing.
Explanation of this parameter: ENDF file name
Sample of this parameter
nucl file name ( U235.dat)

pendf label data
Data type: string
Default value: none
Explanation of this parameter: Label for new PENDF tape (Max. 66 words)

Sample of this parameter
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pendf label data ( “PENDF file of U235 from JENDL-4.0")

comment_data
Data type: list(string)
Default value: none
Explanation of this parameter: Comment line for the PENDF file.
FRENDY recognizes the comment line that is enclosed by double or single quotation.
If the user wants to use the double/single quotation in the comment line, please use the
single/double quotation to enclose the comment.
Sample of this parameter
comment_data
("This is the comment line for the PENDF file.
User can use the 'single quotation mark' when the comment line is enclosed by the double

quotation.")

error
Data type: real
Default value: 1.00x1073
Explanation of this parameter: Tolerance value for linearization.
Sample of this parameter
error 1.0E-3

€rror_max
Data type: real
Default value: errorx10.0
Explanation of this parameter: Maximum tolerance value for linearization.
Sample of this parameter

error max 1.0E-2

error_integral
Data type: real
Default value: error/20000.0
Explanation of this parameter: Maximum integral error for linearization.
Sample of this parameter

error_integral ~ 5.0E-8
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add_grid_data
Data type: list(real)
Default value: none
Explanation of this parameter: Additional energy grid [eV].
Sample of this parameter

add grid data (0.625 1.000 1.0E+6)

temp or temperature
Data type: real
Default value: 293.6 [K]
Explanation of this parameter: Temperature [K].
Sample of this parameter

temp 300.0

max_broading_ene
Data type: real
Default value: 1.00x10° [eV]
Explanation of this parameter: Maximum energy for the Doppler broadening [eV].
If the upper limit of the resolved resonance energy Ei is smaller than max_broading_ene, the
maximum energy for the Doppler broadening is modified to Ex.
Sample of this parameter

max_broadning_ene 1.0E+6

probability bin_no
Data type: integer
Default value: 20
Explanation of this parameter: Number of probability table bins
Sample of this parameter

probability bin no 20

ladder _no
Data type: integer
Default value: 100
Explanation of this parameter: Number of resonance ladders for generating the probability
table.

Sample of this parameter
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ladder no 100

sigma_zero_data
Data type: list(real)
Default value: 1.0x10'°, 1.0x10°, 1.0x10°, 10000.0, 1000.0, 100.0, 35.0, 10.0, 1.0, 0.1 [barns]
Explanation of this parameter
o0 values for the Bondarenko-type self-shielded cross-section in the unresolved resonance
region [barns]. Maximum o0 is considered as the cinf value.
The multi-group cross-section generation function can automatically set the background
cross-section. The input format for the automatic setting of the background cross-section is as
follows:
sigma zero data (auto err Nmax Omin Target INT)
where,
err: Tolerance value.
Nmax: Maximum number of the background cross-section.
Omin: Minimum background cross-section [barns]
Target: Target of interpolation. (factor or rr)
INT: Interpolation method (cubic or linear)
rr: Interpolation error is estimated for reaction rate
linear: linear interpolation
cubic: monotone cubic interpolation.
Note that the background cross-section of PURR uses the recommended value when the user
selects the automatic setting of the background cross-section.
If the upper limit of the resolved resonance energy Ei is smaller than max_broading_ene, the
maximum energy for the Doppler broadening is modified to Ej.
Sample of this parameter
sigma_zero_data(1.0E10 1.0E6 1.0E5 10000.0 1000.0 100.0 35.0 10.0 1.0 0.1)

sigma zero data(auto 0.1 50 1.0e-10 rr linear)

ene_grid no par ladder or ene_grid par ladder or
ene no_par_ladder
Data type: integer
Default value: 10000
Explanation of this parameter: Sampling energy grid number for each ladder number.
Sample of this parameter

ene grid no par ladder 10000
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random_seed
Data type: integer
Default value: 12345
Explanation of this parameter: Random number seed for probability table generation.
Sample of this parameter

random_seed 11111

err_p_table or err_p_tab or err_ptab
Data type: real

Default value: 1.0E-2

Explanation of this parameter: Tolerance value for probability table generation.
If this parameter is used, the ladder no parameter is disabled.

Sample of this parameter

err_p table 0.01

ace_file_ name
Data type: string
Default value: “nucl file name”.ace
Explanation of this parameter: ACE file name.
Sample of this parameter

ace_file name U235.ace

ace_dir_file name or ace_dir or menp_dir_file_name or menp_dir
Data type: string

Default value: "nucl file name".ace.dir

Explanation of this parameter: MCNP directory information for the ACE file
When the ace file name is set, the default value is "ace file name".ace.dir.

Sample of this parameter

ace dir file name U235.xsdir

suffix_id
Data type: real
Default value: .00
Explanation of this parameter: The suffix ID for the ACE file.
Sample of this parameter
suffix id 0.50
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ace_label _data
Data type: string
Default value: none
Explanation of this parameter: Label for the ACE file. (Max. 70 words)
Sample of this parameter

ace label data  “PENDEF file of U235 from JENDL-4.0”

iz_aw_data
Data type: list(real)
Default value: none
Explanation of this parameter: The list of (iz, aw) pairs for the ACE file. (iz=1000.0xZ+A,
aw=mass)
Sample of this parameter

iz aw data  (92235.0 2.330250E+2)

cumulative angle distribution_format
Data type: string or integer
Default value: string = yes, integer = 1
Explanation of this parameter: Calculation option of whether new cumulative angular
distributions for ACE file generation are used or not.
Available value is use, yes, no, default, 0, and 1 (O=no, 1=use/yes).
where
use, yes, default, 1: Use the new cumulative angular distribution.
no, 0: Do not use the new cumulative angular distribution.
Sample of this parameter

cumulative angle distribution format yes

10.2.2.3 Input parameter name and recommended value which are used only for thermal
scattering law data
nucl_file name_tsl
Data type: string
Default value: This parameter must be required for the processing.
Explanation of this parameter: ENDF file name for thermal scattering law data.
Sample of this parameter

nucl file name tsl ( HinH20.txt )
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equi_probable_angle no
Data type: integer
Default value: 10
Explanation of this parameter: Number of equiprobable angles for thermal scattering law data.
Sample of this parameter

equi_probable angle no 10

principal_atom_no
Data type: integer
Default value: FRENDY automatically set from the ENDF file.
Explanation of this parameter: Number of principal atoms for thermal scattering law data.
Sample of this parameter

principal atom no 1

atom_type no
Data type: integer
Default value: FRENDY automatically set from the ENDF file.
Explanation of this parameter: Number of atom types in the mixed moderator.
Sample of this parameter

atom_type no 1

inelastic_reaction_type no
Data type: integer
Default value: 221
Explanation of this parameter: Reaction type (MT) number for the inelastic reaction.
Sample of this parameter

inelastic_reaction_type no 1

max_thermal_ene
Data type: real
Default value: max(10.0, temp/300.0)
Explanation of this parameter: Maximum energy for thermal treatment.
Sample of this parameter

max_thermal ene 10.0
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thermal za_id_name
Data type: string
Default value: ZA value of the ENDF file.
Explanation of this parameter: ZA ID name for the thermal ACE file (ZA=1000.0xZ+A, Max. 6
words).
Sample of this parameter

thermal za id name lwtr

moderator_za data
Data type: integer
Default value: none
Explanation of this parameter: Moderator component ZA value.
Sample of this parameter

moderator za data 1001

10.2.2.4 Input parameter name and recommended value which are used only for multi-group
cross-section generation
mg_tsl data_type
Data type: list (string)
Default value: This parameter must be required for the processing of the TSL data.
Explanation of this parameter: The S(o.,p) type for the MATXS file.
The S(a.p) type used in FRENDY is shown in Table 10.2.2. The S(a.f) type has no impact on
the GENDF file. Please set “free” when the user only generates the GENDF file.
Sample of this parameter
mg_tsl data type (hh20)
mg_tsl data type (free)
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Table 10.2.2 S(a,p) type name list and corresponding material name

Material name S(a,p) type Material name S(a,P) type
Al al Hin YH; hyh2
Be be Hin ZrH hzrh
Be in BeO bebeo Liquid Methane (CHy) Ich4
Benzene benz N in UN nun
Cin SiC csic O in BeO obeo
Cs0-Hg c502h8 O in D,O od2o
D in D,O dd2o O in ICE (H,0) oice
Ortho-D dortho 0 in UO, ouo2
Para-D dpara Polyethylene (CH») poly
Fe fe Solid Methane (CH4) sch4
Graphite graph Si in SIC sisic
H in HO hh2o U in UN uun
H in Ice (H,0) hice U in UO; uuo2
Ortho-H hortho Y in YH> yyh2
Para-H hpara Zr in ZrH zrzrh

mg_file name
Data type: string
Default value: input file name
Explanation of this parameter: Multi-group XS file name.
The output file name is as follows:
"mg file name" "mg file mode" "ZAID of the ACE file".mg
Sample of this parameter

mg_file name “U235”

mg_edit mode or mg_edit_option or mg_edit xs

Data type: list(string)

Default value: GENDF

Explanation of this parameter: Output format and output data of the multi-group cross-section

generation.
The available output format and output data are as follows:

MATXS, SimpleMATXS, GENDF, FullMATXS, SimpleGENDF, FullGENDF, KRAMXS,
1DXS, 2DXS, NuChi, MGFlux, MGCurrent, UFG, UFG1DXS, and RUC.

where
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MATXS: Microscopic cross-sections in MATXS format, consistent with NJOY2016.
SimpleMATXS: Microscopic cross-sections in MATXS format, consistent with NJOY99.
FullMATXS: Microscopic cross-sections in MATXS format without truncation of
shielded cross-sections. Output file size may be large.

GENDF: Microscopic cross-sections in GENDF format consistent with NJOY2016.
SimpleGENDF: microscopic cross-sections in GENDF format, consistent with NJOY99.
FullGENDF: microscopic cross-sections in GENDF format without truncation of
shielded cross-sections. Output file size may be large.

KRAMXS: microscopic cross-sections in KRAM format.

1DXS: One-dimensional cross-sections such as total, fission, radiative capture.

2DXS: Two-dimensional cross-sections such as elastic scattering, inelastic scattering,
(n,2n) reaction.

NuChi: Nu-value and fission spectrum.

MGFIlux: Multi-group flux (group integrated values).

MGCurrent: Multi-group current (group integrated values).

UFG: Ultra-fine group spectrum, total cross-sections, the slowing down source, total
source.

UFGIDXS: One-dimensional ultra-fine group cross-sections such as total, fission,
radiative capture.

RUC: The 0 K scattering cross section data. This data is used for the input file of the

resonance upscattering resonance up-scattering correction (reso_upscat).

The user can select the specified MT number when 1DXS, 2DXS, and UFG1DXS options are
selected as follows:
"1DXS 1, 2, 4, -50"
The minus value for MT means all MT numbers between the previous MT number.
Sample of this parameter

mg_edit mode “U235”

mg_start_file_mode
Data type: string
Default value: ENDF
Explanation of this parameter: Format of the start file.
FRENDY generates the multi-group cross-section file from the ENDF-6 formatted file and the

ACE file. The user selects which data is used to generate the multi-group cross-section file.
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The available value is ENDF and ACE.
ENDF: A multi-group cross-section file is generated from the ENDF-6 formatted file.
ACE: A multi-group cross-section file is generated from the ACE file.
Sample of this parameter

mg_start_file mode ENDF

mg_label data
Data type: string
Default value: ENDF
Explanation of this parameter: The label of the multi-group cross-section file.
The label is output on the first line of the GENDF file.
Sample of this parameter

mg_label data “Multi-group XS file of U235”

legendre_order
Data type: integer
Default value: 3
Explanation of this parameter: Maximum Legendre order (P order)
Sample of this parameter

legendre order 3

max_thermal _ene e out
Data type: real
Default value: max thermal ene
Explanation of this parameter: Maximum energy of the thermal treatment for the outgoing
particle energy [eV].
Sample of this parameter

max_thermal ene e out 10.0

mg_weighting_spectrum_mode
Data type: string
Default value: 1/E
Explanation of this parameter: Weighting spectrum.
The available output format and output data are 1/E and Fission+1/E+Maxwell.
1/E: 1/E spectrum for the whole energy range.

Fission+1/E+Maxwell: Fission for fast energy range, 1/E for intermediate energy range,
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Maxwell for the thermal energy range.
The other parameters are required to use "Fission+1/E+Maxwell" option as follows:
mg_weighting_spectrum( Fission+1/E+Maxwell En E; Txs Ei Ez)
where
En: Highest energy [eV],
Ei: Lowest energy [eV],
Ths: Fission temperature [eV],
Ei: Energy boundary between fission and 1/E spectra [eV],
E»: Energy boundary between 1/E and Maxwell spectra [eV].
The sample of "Fission+1/E+Maxwell" is as follows:
mg_weighting_spectrum( Fission+1/E+Maxwell 2.0e+7 1.0e-5 1.6e+6 1.0e+6 0.625)
The default value of Ep, Ei, Tss, E1, and E; are 2.0e+7, 1.0e-5, 1.6e+6, 1.0e+6, and 0.0. When E;
is 0.0, E» is automatically set by this program.
Sample of this parameter

mg_weighting spectrum _mode  “1/E”

mg_weighting_spectrum_data or mg_weighting_spectrum
Data type: list (real)

Default value: none
Explanation of this parameter: Weighting spectrum. The user can manually set the weight
spectrum.
The format of the weight spectrum is similar to the TABI record in the ENDF-6 format as
follows:
mg_weighting_spectrum_data(E; Wi E, W» ... Eii Wi Ei W)
where
E; is the i value of energy [eV],
Wi is the i value of weight.
NJOY's weight spectrum, i.e., the “iwt” number of the GROUPR module and the weighted
spectrum name shown in Table 10.2.3, is also available. The input format to select the NJOY's
weight spectrum is as follows:
mg_weighting_spectrum_data( iwtXX)
where XX is the “iwt” number (iwt02 ~ iwt12).
Sample of this parameter
mg_weighting spectrum_data (1.0E-5 1.0 2.0E7 1.0)
mg_weighting_spectrum_data ( iwt06 )

mg_weighting_spectrum_data ( epri-cell-Iwr )
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Table 10.2.3 Weighted spectrum name list and corresponding “iwt” number

iwt Weighting spectrum name
2 constant
3 /e
4 fission+1/e+maxwell

epri-cell-lwr

5 epri-cell
epri
9 claw-weight-function

claw-with-t-dependent

claw-with-t-depend

10
claw-with-t

claw-t

vitamine-e

11 vit-e

ornl-5505

vitamine-e-with-t-dependent

vitamine-e-with-t-depend

vitamine-e-with-t

12
vit-e-with-t-dependent

vit-e-with-t-depend

vit-e-with-t

mg_weighting_spectrum_data_int or mg_weighting spectrum_int
Data type: list (integer)
Default value: 2 (linear-linear)
Explanation of this parameter: Interpolation method of the weight spectrum.
The format of the weight spectrum is similar to the TAB1 record in the ENDF-6 format as
follows:
mg_weighting_spectrum_data int(NBT; INT; NBT> INT> ... NBTi.; INT..;  NBT; INT))
where
NBT; is the value of n separating the i and (i+1)™ interpolation range,
INT; is the interpolation scheme identification number used in the i range.

The available interpolation scheme is 1 (const), 2 (linear-linear), 3 (linear-log), 4 (log-liner), and 5

(log-log).
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Sample of this parameter

mg_weighting_spectrum_data int (2 1) //NBT=2, INT=1 (const)

mg_structure or mg_structure_ neutron
Data type: list (real)

Default value: XMAS 172-group structure
Explanation of this parameter: Energy group structure.
The user can manually set the energy group structure [eV].
NJOY's energy group structure, i.e., the “ign” number of the GROUPR module and the energy
group structure name shown in Table 10.2.4, is also available. The input format to select the
NJOY's energy group structure is as follows:
mg_structure( ignXX )
where XX is the ign number (ign02 ~ ign34, ign101).

The energy group structure can be automatically set by the user input.
The input format for the automatic setting of the energy group structure is as follows:
mg_structure (auto EiN;1O1 ExNoO2 ... EiiNi.iOi1r EiN;jO; Ein)
where
Ei: Energy boundary i [eV],
Ni: Number of divisions,
Oi: Option for divisions.
The available option for divisions O; is as follows:
EL: Divide the energy range by equi-lethargy width,
EE: Divide the energy range by equi-energy width.
Sample of this parameter
mg_structure (ignl8 ) //XMAS 172-group structure
mg_structure ( 1.0E-5 0.625 2.0E+7 ) //2-group structure
mg_structure ( auto
2.0e+07 3200 EL
100.0 1 EL
1.0e-5)
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Table 10.2.4 Energy group structure name list and corresponding “ign” number

) Energy group ) Energy group ) Energy group
ign ign ign
structure name structure name structure name
5 csewg-239 13 lanl-80 2 xmas-lwpc-172
csewg ” eurlib-100 xmas-lwpc
3 lanl-30 eurlib ’3 vit-j-lwpc-175
A anl-27 sand-iia-640 vit-j-lwpc
anl 15 sand-iia shem-cea-281
rrd-50 sand-640 o shem-cea
> rrd vitamin-e-174 25 shem-epm-295
gam-i-68 vitamin-e 26 shem-cea-epm-361
6 gam-i 6 vitamin-174 shem-cea-epm
gam-68 vit-e-174 27 shem-epm-315
gam-ii-100 vit-e " rahab-aecl-89
7 gam-ii vit-174 rahab-aecl
gam-100 vitamin-j-175 28 rahab
laser-thermos-35 vitamin-j " ccfe-660
laser-thermos vitamin-175 ccfe
i laser v vit-j-175 30 ukaea-1025
laser-35 Vit-j 31 ukaea-1067
epri-cpm-69 vit-175 32 ukaea-1102
epri-cpm xmas-nea-lanl-172 33 ukaea-142
? epri 18 xmas-nea-lanl 34 lanl-618
epri-69 xmas-lanl vitamin-b6-199
10 lanl-187 Xxmas-nea vitamin-199
11 lanl-70 19 ecco-33 1ol vit-b6-199
sand-ii-620 20 ecco-1968 vit-199
12 sand-ii tripoli-315
sand-620 2! tripoli

mg_structure g or mg_structure_gam or mg_structure_gamma

Data type:

list (real)

Default value: none

Explanation of this parameter: Photon (gamma) production energy group structure.

The user can manually set the energy group structure [eV].
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NJOY's energy group structure is as follows:

mg_structure( iggXX )

where XX is the igg number (igg02 ~ igg10).

Table 10.2.5 Energy group structure name list and corresponding “igg” number

) Energy group ) Energy group
88 structure name 88 structure name
5 csewg-94 vitamin-e-38

csewg vitamin-e
3 lanl-12 vitamin-38
steiner-21 ’ vit-e-38
! steiner vit-e
straker-22 vit-38
: straker vitamin-j-42
6 lanl-48 vitamin-j
7 lanl-24 vitamin-42
vitamin-c-36 10 vit-j-42
vitamin-c vit-j
vitamin-36 vit-42
; vit-c-36
vit-c
vit-36

mg_ufg structure or mg_ultra_fine group structure

Data type:

Default value:

list (real)

( 2.0e+07 10000
52475.0 56000
9118.8 12000
4307.4 12000
961.12 8000
130.07 12000
0.32242 10000
1.0e-5 )

EL
EL
EL
EL
EL
EL
EL
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Explanation of this parameter: Energy group structure to generate neutron flux in the ultra-fine
group structure.
The format of this parameter is as follows:
mg_ufg structure( Et N1 O1 Ex N> Oz ... EiiNii O EiN;Oi Eivp)
where
Ei: Energy of i boundary [eV],
Ni: Number of divisions,
O;: Option for divisions
The available option for divisions O; is as follows:
EL: Divide the energy range by equi-lethargy width.
EE: Divide the energy range by equi-energy width.
Sample of this parameter

mg_ufg structure

( 2.0e+07 10000 EL
52475.0 56000 EL
9118.8 12000 EL
4307.4 12000 EL
961.12 8000  EL
130.07 12000 EL
0.32242 10000 EL
1.0e-5)

mg_number_density
Data type: list (real)
Default value: 1.0 (use only one nuclide)
Explanation of this parameter: Number density of each nuclide [1/barn/cm].
If the user processes the one nuclide data, this parameter can be skipped.
Sample of this parameter

mg_number density (1.0)

mg_flux_calc_mode
Data type: string
Default value: SLD
Explanation of this parameter: Calculation option at the resonance region.
The available option at the resonance region is as follows:

NR: Use narrow resonance calculation.
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SLD: Use ultra-fine group slowing down calculation.
Sample of this parameter

mg_flux calc mode SLD

mg_flux_calc_w_eh_el
Data type: list (real)
Default value: 'W=0.999167, Ey=1.0x10% E=1.0
Explanation of this parameter: Calculation condition at the resonance region.
The format of this parameter is as follows:
mg_flux calc w eh el(W En E;)
where
W: Atomic weight (relative to neutron mass) used for the background moderator nuclide,
En: Upper energy to use ultra-fine group slowing down spectrum [eV],
Ei: Lower energy to use ultra-fine group slowing down spectrum [eV].
Sample of this parameter

mg_flux calc w eh el (0.999167 1.0E4 1.0)

mg_thermal_upscatter_treatment or mg_thermal_xs_treatment
Data type: string

Default value: on
Explanation of this parameter: Option for calculation of the thermal scattering using the free
gas model.
Available value is use, on, yes, off, no, default, and def
on, yes, default, def: Calculation of the thermal scattering cross-section
off, no: Skip calculation of the thermal scattering cross-section
Sample of this parameter

mg_thermal upscatter treatment on

reso_upscat or reso_up_scat or reso_upscat_data or reso_up_scat _data
Data type: list (string)

Default value: none

Explanation of this parameter: The file name list of the 0 K scattering cross section data.

If the user wants to consider the resonance upscattering correction, please use this option. The
user has to set the file name of the 0 K scattering cross section data which is generated by the
RUC option in mg_edit_option.

Sample of this parameter
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reso_upscat ( U235 RUC MT2.mg)
reso_upscat ( skip U235 RUC MT2.mg U238 RUC MT2.mg)

//Skip means that this nuclide is not considered the resonance upscattering correlation

reso_upscat mode or reso_up_scat_mode
Data type: string

Default value: ALL
Explanation of this parameter: Calculation option for the resonance up-scattering correction.
ALL: Resonance up-scattering correction is considered not only for 1D effective cross sections
but also for the elastic scattering matrix.
XS: Resonance up-scattering correction is considered only for 1D effective cross sections. No
resonance up-scattering is considered for the elastic scattering matrix.
Sample of this parameter

reso_upscat mode ( ALL)

potential scat xs
Data type: list (real)
Default value: none
Explanation of this parameter: Potential scattering cross-section of each nuclide [barns].
If the user does not set this parameter, FRENDY uses the potential scattering cross-sections
obtained by JENDL-4.0, ENDF/B-VIILO, or JEFF-3.3.
Sample of this parameter

potential scat xs  1.15825E+01 //Potential scattering XS of U-235[barns]

mg_mat_no or mg_mat_list or mg_mat _no_list
Data type: list (integer)
Default value: none
Explanation of this parameter: The MAT number of the GENDF file.
This parameter is only required when the ACE file is used as the start format of the multi-group
cross-section generation since the ACE file does not have the MAT number.
Sample of this parameter

mg mat no (825 9228 9237)//016, U235, U238
ace_output_option or ace_edit_option

Data type: string

Default value: on
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Explanation of this parameter: Output ACE file option until the multi-group cross-section
generation.
Available value is on, output, edit, off, no, skip, default, def.
on, output, edit, default, def: Output the ACE file.
off, no: Do not output the ACE file.
Sample of this parameter

ace_output option output

10.2.2.5 Optional input parameter
print_set data_resonance reconstruction or print_set data linearize
Data type: string

Default value: on

Explanation of this parameter: Output input information for the resonance reconstruction.
Available value is on, yes print write output, off, no, skip, default, and def.

on, yes, print, write, output, default, def: Output the input information.

off, no, skip: Do not output the input information.
Sample of this parameter

print_set data resonance reconstruction on

process_resonance_reconstruction or process_linearize
Data type: string

Default value: on
Explanation of this parameter: Processing option for the resonance reconstruction.
Available value is on, yes process, run, off, no, skip, default, and def.

on, yes, process run, default, def: Process the resonance reconstruction.

off, no, skip: Do not process the resonance reconstruction.

Sample of this parameter

process_resonance reconstruction on

write pendf resonance reconstruction or write_pendf linearize
Data type: string

Default value: off
Explanation of this parameter: Output PENDF file option for the resonance reconstruction.
Available value is on, yes, print, write, output, off, no, skip, default, and def.

on, yes, print, write, output: Output the PENDF file of the resonance reconstruction.

on, yes, print, write, output + PENDF file name: Output the PENDF file of the resonance

- 133 -



JAEA-Data/Code 2022-009

reconstruction with a specific name.

off, no, skip, default, def: Do not output the PENDF file of the resonance reconstruction.
Sample of this parameter

write_pendf resonance reconstruction (on “U235 reso.pendf”)

pendf file name resonance reconstruction or
pendf file name linearize
Data type: string

Default value: none

Explanation of this parameter: The PENDF file name for the resonance reconstruction.
The write_pendf linearize parameter is changed from off to on when this parameter is set.

Sample of this parameter

pendf file name resonance reconstruction ( “U235 reso.pendf”)

print_set data_doppler_boroadening or print_set data dop
Data type: string

Default value: on

Explanation of this parameter: Output input information for the Doppler broadening.
Available value is on, yes print write output, off, no, skip, default, and def.

on, yes, print, write, output, default, def: Output the input information.

off, no, skip: Do not output the input information.

Sample of this parameter

print_set data doppler broadening on

process_doppler_broadening or process_dop
Data type: string

Default value: on
Explanation of this parameter: Processing option for the Doppler broadening.
Available value is on, yes process, run, off, no, skip, default, and def.

on, yes, process run, default, def: Process the Doppler broadening.

off, no, skip: Do not process the Doppler broadening.

Sample of this parameter

process_doppler broadening on

write pendf doppler broadening or write pendf dop
Data type: string
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Default value: off

Explanation of this parameter: Output PENDF file option for the Doppler broadening.
Available value is on, yes, print, write, output, off, no, skip, default, and def.

on, yes, print, write, output: Output the PENDF file of the Doppler broadening.

on, yes, print, write, output + PENDF file name: Output the PENDF file of the Doppler

broadening with a specific name.

off, no, skip, default, def: Do not output the PENDF file of the Doppler broadening.
Sample of this parameter

write_pendf doppler broadening (on “U235 dop.pendf’)

pendf file name_doppler_broadening or pendf_file name_dop
Data type: string

Default value: none

Explanation of this parameter: The PENDF file name for the Doppler broadening.
The write_pendf dop parameter is changed from off to on when this parameter is set.

Sample of this parameter

pendf file name doppler broadening ( “U235 dop.pendf”)

print_set data_gas production_cross_section or print_set data gas xs
Data type: string

Default value: on

Explanation of this parameter: Output input information for the calculation of the gas
production cross-section.
Available value is on, yes print write output, off, no, skip, default, and def.
on, yes, print, write, output, default, def: Output the input information.
off, no, skip: Do not output the input information.

Sample of this parameter

print_set data_gas production_cross_section on

process_gas_production_cross_section Or process_gas Xxs
Data type: string

Default value: on

Explanation of this parameter: Processing option for the calculation of the gas production
cross-section.

Available value is on, yes process, run, off, no, skip, default, and def.

on, yes, process run, default, def: Process the calculation of the gas production cross-section.
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off, no, skip: Do not process the calculation of the gas production cross-section.
Sample of this parameter

process_gas Xs on

write_pendf gas production_cross_section or write_pendf gas xs
Data type: string

Default value: off
Explanation of this parameter: Output PENDF file option for the calculation of the gas
production cross-section.

Available value is on, yes, print, write, output, off, no, skip, default, and def.
on, yes, print, write, output: Output the PENDF file of the calculation of the gas production
cross-section.
on, yes, print, write, output + PENDF file name: Output the PENDF file of the calculation of
the gas production cross-section with a specific name.

off, no, skip, default, def: Do not output the PENDF file of the calculation of the gas production

cross-section.
Sample of this parameter

write pendf gas xs (on “U235 gas xs.pendf”’)

pendf file name gas production_cross_section or
pendf file name_gas xs
Data type: string
Default value: none
Explanation of this parameter: The PENDF file name for the calculation of the gas production
cross-section.
The write_pendf gas xs is changed from off to on when this parameter is set.
Sample of this parameter

pendf file name gas xs (“U235 gas xs.pendf”)

print_set data_ probability table or print set data prob table
Data type: string

Default value: on
Explanation of this parameter: Output input information for the probability table generation.
Available value is on, yes print write output, off, no, skip, default, and def.

on, yes, print, write, output, default, def: Output the input information.

off, no, skip: Do not output the input information.
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Sample of this parameter

print_set data probability table on

process_probability table or process_prob_table
Data type: string

Default value: on

Explanation of this parameter: Processing option for the probability table generation.
Available value is on, yes process, run, off, no, skip, default, and def.
on, yes, process run, default, def: Process the probability table generation.

off, no, skip: Do not process the probability table generation.

Sample of this parameter

process_probability table on

write probability table or write pendf prob_table
Data type: string

Default value: off
Explanation of this parameter: Output PENDF file option for the probability table generation.
Available value is on, yes, print, write, output, off, no, skip, default, and def.

on, yes, print, write, output: Output the PENDF file of the probability table generation.

on, yes, print, write, output + PENDF file name: Output the PENDF file of the probability table
generation with a specific name.

off, no, skip, default, def: Do not output the PENDF file of the probability table generation.
Sample of this parameter

write_pendf probability table (on “U235 ptab.pendf”)

pendf file name probability table or pendf file name prob table
Data type: string

Default value: none
Explanation of this parameter: The PENDF file name for the probability table generation.

The write_pendf prob_tablle parameter is changed from off to on when this parameter is set.
Sample of this parameter

pendf file name probability table ( “U235 ptab.pendf”)

print_set data_thermal scattering law or print_set data_tsl
Data type: string

Default value: on
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Explanation of this parameter: Output input information for the calculation of the thermal
scattering law data.
Available value is on, yes print write output, off, no, skip, default, and def.
on, yes, print, write, output, default, def: Output the input information.
off, no, skip: Do not output the input information.
Sample of this parameter

print_set data thermal scattering law on

process_thermal scattering law or process_tsl
Data type: string
Default value: on
Explanation of this parameter: Processing option for the calculation of the thermal scattering
law data.
Available value is on, yes process, run, off, no, skip, default, and def.
on, yes, process run, default, def: Process the calculation of the thermal scattering law data.
off, no, skip: Do not process the calculation of the thermal scattering law data.
Sample of this parameter

process _thermal scattering law on

write pendf thermal scattering law or write pendf tsl

Data type: string

Default value: off

Explanation of this parameter: Output PENDF file option for the calculation of the thermal

scattering law data.

Available value is on, yes, print, write, output, off, no, skip, default, and def.
on, yes, print, write, output: Output the PENDF file of the calculation of the thermal scattering
law data.
on, yes, print, write, output + PENDF file name: Output the PENDF file of the thermal
scattering law data with a specific name.
off, no, skip, default, def: Do not output the PENDF file of the calculation of the thermal
scattering law data.

Sample of this parameter

write_pendf thermal scattering law (on “U235 tsl.pendf”)

pendf file name thermal scattering law or pendf file name tsl
Data type: string
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Default value: none

Explanation of this parameter: The PENDF file name for the calculation of the thermal
scattering law data.
The write_pendf tsl is changed from off to on when this parameter is set.

Sample of this parameter

pendf file name thermal scattering law ( “U235 tsl.pendf”)

print_set_data_ace_ data_generator or print_set_data_ace
Data type: string

Default value: on

Explanation of this parameter: Output input information for the ACE file generation.
Available value is on, yes, print, write, output, off, no, skip, default, and def.

on, yes, print, write, output, default, def: Output the input information.

off, no, skip: Do not output the input information.
Sample of this parameter

print_set data ace data generator on

process_ace_data_generator Or process_ace
Data type: string

Default value: on
Explanation of this parameter: Processing option for the ACE file generation.
Available value is on, yes, process, run, off, no, skip, default, and def.

on, yes, process, run, default, def: Process the ACE file generation.

off, no, skip: Do not process the ACE file generation.

Sample of this parameter

process ace data generator on

10.2.2.6 Other input parameter
nan_err_mes_optor err_mes _nan_opt or err_nan_opt or nan_opt
Data type: string
Default value: runtime_error
Explanation of this parameter: Policy for dealing with NaN (Not a Number) when data is
output to ENDF, PENDF, and GENDF file.

Available value is runtime, runtime _error, error, caution, warning, default, and def.
runtime, runtime_error, error, default, def: The process is aborted when the “NaN” value is

found.
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caution, warning: The process is not aborted and the “NaN” value is converted -99999999.0
when the “NaN” value is found.
Sample of this parameter

nan_err_mes_opt runtime_error

10.2.2.7 Input parameter name and recommended value list

The input parameter name and its recommended value for the FRENDY original input format are
listed in Tables 10.2.6 - 10.2.15. Note the parameters and explanation of them are identical to
Sections 10.2.2.2 - 10.2.2.5.

The parameters shaded in Tables 10.2.6 - 10.2.14 always need input. In the default option,
FRENDY does not output the PENDF file and users do not need to select the modules to be executed.
Users have to set the print and process flags as listed in Tables 10.2.8 - 10.2.14 when they want to
write the PENDF file or skip the modules. FRENDY can recognize synonymous words. For example,
FRENDY prepares “ene grid no per ladder”, “ene grid per ladder”, and “ene no_ per ladder” as
the parameter name to change the number of ladders to generate the probability table and “on”,
“yes”, “print”, “write”, and “output” to write the PENDF file.

Table 10.2.15 shows the optional input parameter. The input parameters in Table 10.2.15 are

used for debug and checking the processing results.
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10.2.3 Examples of FRENDY Input Formatted File

The examples of the input files for the FRENDY original input format are shown in Figs. 10.2.2 -
10.2.6. As shown in Fig. 10.2.2, the “parameter name” and “parameter value” do not need to be
placed in the same line. Comment lines can be put among the “parameter name” and the “parameter
value”. As shown in Fig. 10.2.4, the minimum input parameters are the processing mode and the
evaluated nuclear data file name. FRENDY prepares the recommended values for the other

parameters as listed in Tables 10.2.5 - 10.2.13.

//Input file of FRENDY for continuous-energy neutron data
ace_fast mode //processing mode (generate fast ACE file)

//Nuclear data file name
nucl file_name U235.dat

/* ace file name */

ace_file_name U235.ace
temp 296.0 //temperature [K]
add_grid_data (0.625 4.0) /Additional energy grid point

sigima_zero data //sigma-infinity is 1.0E10 [b]
(1.0E10 1.0E06 1.0E05 1.0E04 1.0E03 1.0E02
3.5E02 1.0E02 1.0E01 1.0E-1)

Figure 10.2.2 Example of input file for continuous-energy neutron data

//Input file of FRENDY for thermal scattering law data

ace_therm_mode //process mode (generate thermal ACE file)

//Nuclear data file name
nucl_file_name
HO001.dat
//Nuclear data file name for TSL
nucl_file_name_tsl
H_in_H2O.txt
/* ace file name */
ace_file_name
H_in_H2O.ace
temp /* temperature */  296.0 //[K]

Figure 10.2.3 Example of input file for continuous-energy thermal scattering law data
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//Input file of FRENDY for continuous-energy neutron data
ace_dosi_mode //processing mode (generate dosimetry ACE file)

//Nuclear data file name
nucl_file_name U235.dat

Figure 10.2.4 Example of input file for continuous-energy dosimetry data

//Input file of FRENDY for multi-group neutron-induced data
mg_neutron_mode //processing mode (generate multi-group XS file)
//Nuclear data file name
nucl file_ name U235.dat
/* multi-group XS file name */
mg_file name U235
temp 296.0 //temperature [K]
/* Output data type list */
mg_edit mode (GENDF MATXS)
/* energy group structure */
mg_structure (ignl8 )/ XMAS NEA LANL 172 groups
/* weight spectrum */

mg_weighting_spectrum ( iwt05 ) / EPRI-CELL LWR

Figure 10.2.5 Example of input file for multi-group neutron-induced data

//Input file of FRENDY for thermal scattering law data
mg_neutron_mode //process mode (generate multi-group XS file)
//Nuclear data file name
nucl_file name HO001.dat
nucl_file name_tsl H_in_H2O.txt
/* multi-group XS file name */
mg_file_name H_in_H20
temp /* temperature */  296.0 //[K]
/* energy group structure */
mg_structure ( xmas_nea-lanl_172) //ign=18

/* weight spectrum */

mg_weighting_spectrum ( epri-cell-lwr ) // iwt=5

Figure 10.2.6 Example of input file for multi-group thermal scattering law data
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10.3 NJOY Compatible Format
The input format of NJOY is explained in the source code and manuals of the NJOY code
system’®. Users can consult them for the details of the format. FRENDY can process the evaluated

nuclear data file with the input file of the following modules:

MODER, RECONR, BROADR, GASPR, PURR, UNRESR, THERMR, ACER, GROUPR,
and MATXSR.

Though FRENDY processes the evaluated nuclear data file using the NJOY compatible format, users
should pay attention to the following points.

FRENDY reads and writes the PENDF file only in the text format.

FRENDY does not calculate the self-shielding factor in the unresolved resonance region

using the deterministic method and the input file of the UNRESR module is automatically

converted to that of PURR.

® The “iform” option in the THERMR module and the “ismooth” option in the GROUPR
module in NJOY2016 are ignored to treat both NJOY99 and NJOY?2016 formats.

® The fast, thermal, and dosimetry ACE file generation functions are only implemented and
other functions in ACER are not currently implemented.

® FRENDY cannot generate the MATXS file from the GENDF file. Users must combine the
GROUPR and the MATXSR modules to generate MATXS file.

® FRENDY generates multiple MATXS files when the GENDF file or the PENDF file contains

the multi-temperature data.

NJOY reads and writes PENDF files in binary format when the input tape number is negative. The
PENDEF file in the binary format is used to efficiently access the evaluated nuclear data file. It is
difficult to perfectly treat the binary file produced by FORTRAN since FRENDY is written in C++.
Furthermore, the PENDF file in the binary format is mainly used as a temporary file. FRENDY
changes the negative tape number (binary file) to a positive one (text file) when users set a negative
tape number.

FRENDY calculates probability tables to treat the self-shielding effect in the unresolved resonance
region with the ladder method. NJOY implements the deterministic method to calculate it with the
UNRESR module. According to the manual of NJOY, it is not recommended to use the deterministic
method*”. The self-shielding factor generated by the deterministic method sometimes shows
inappropriate values, e.g., negative or larger than 1.0. We believe that the calculation time of the

ladder method is acceptable on the current computational platforms. Therefore, we do not implement
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the deterministic method and FRENDY calculates the self-shielding effect in the unresolved
resonance region using the ladder method even if users select the UNRESR module. The input
parameters for the ladder method, e.g., the numbers of bins and ladders, are obtained from the
recommended value of the FRENDY original input as shown in Table 10.2.2.

The input formats of the THERMR module and the ACER module of NJOY2016 are slightly
different from those of NJOY99. Though FRENDY can treat both input formats, the new input
parameter prepared in NJOY2016, i.e., the “iform” option in the THERMR module and the “ismooth”
option in the GROUPR module are ignored.

As described in Chapter 7, the ACE file generation for the photo-atomic and the photo-nuclear
data is not currently implemented. FRENDY terminates with an error message if users select these
calculation modes.

FRENDY generates the MATXS file and the GENDF file from the ACE file. FRENDY cannot
generate the MATXS file from the GENDF file. FRENDY shows the warning message and
terminates the processing when the input of the MATXSR module is only found in the input data.

NJOY outputs one MATXS file even if the multi-temperature data is found in the GENDF file.
The multi-temperature MATXS file contains the difference data from the base temperature data. The
multi-temperature data has some problems, e.g., the number of significant digits is different in each
data block. We believe that the multi-temperature MATXS file should be separated in each

temperature.

10.4 Sample Input Data for ACE File Generation
10.4.1 Simplest Input Data
10.4.1.1 Fast ACE file generation
The simplest input format to generate the neutron incident ACE file requires only the processing

mode name and evaluated nuclear data file name.

ace_file_generation_fast mode // Processing mode name

nucl file name U235.fast.dat /I Nuclear data file name

The above input data generates the ACE file at a temperature of 293.6 K named “U235.fast.dat.ace”
and the directory information file named “U235.fast.dat.ace.dir”. For the other calculation conditions,

the default input parameters listed in Tables 10.2.6 - 10.2.14 are used.
10.4.1.2 Thermal ACE file generation

The simplest input format to generate the ACE file of the thermal scattering law data requires only

the processing mode name, evaluated nuclear data file name, and thermal scattering law data file
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name.
ace_file generation_thermal scatter mode /I Processing mode name
nucl file name HO001.dat /I Nuclear data file name
nucl file name_tsl HinH20O.dat // Thermal scattering law data

// file name

The above input data generates the ACE file at a temperature of 293.6 K named “HinH20.dat.ace”,
and the directory information file named “HinH20.dat.ace.dir”. For the other calculation conditions,

the default input parameters listed in Tables 10.2.6 - 10.2.14 are used.

10.4.1.3 Dosimetry ACE file generation
The simplest input format to generate the ACE file for the dosimetry data requires only the

processing mode name and evaluated nuclear data file name.

ace_file_generation_dosimetry_mode // Processing mode name

nucl_file name  U235.dosi.dat /I Nuclear data file name

The above input data generates the ACE file at a temperature of 293.6 K named “U235.dosi.dat.ace”,
and the directory information file named “U235.dosi.dat.ace.dir”. For the other calculation

conditions, the default input parameters listed in Tables 10.2.6 - 10.2.14 are used.

10.4.2 Input Data to Modify Default Input Parameters

As shown in Tables 10.2.6 - 10.2.14, many input parameters are prepared in the FRENDY original
format. However, in conventional applications users usually change only 5 parameters, i.e., the
temperature, the number of equiprobable angle bins for thermal scattering law data, ACE file name,
directory information for the ACE file, and a suffix ID for the ACE file. This section illustrates

examples of the input files to change these input parameters.

10.4.2.1 Fast ACE file generation

ace_file_generation_fast_mode // Processing mode name
nucl_file_name U235.fast.dat /I Nuclear data file name
temp 600.0 /l Temperature [K]
suffix_id 50 // Suffix ID for ACE file
ace_file name U235.fast.ace /I ACE file name
ace_dir_file name U235.fast.ace.dir // MCNP directory information
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The above input data generates the ACE file at a temperature of 600.0 K named “U235.fast.ace”, and
the directory information file named “U235.fast.ace.dir”. In this input file, the suffix ID of the ACE
file is changed from 0.00 to 0.50.

10.4.2.2 Thermal ACE file generation

ace_file_generation_thermal_scatter_mode // Processing mode name
nucl_file_name HO001.dat /I Nuclear data file name
nucl_file name_tsl HinH20O.dat /' TSL data name
temp 600.0 // Temperature [K]
equi_probable_angle no 30 // Number of equi-probable angles
suffix_id 50 // Suffix ID for ACE file
ace_file_name HinH2O.tsl.ace  // ACE file name
ace_dir_file name HinH2O.tsl.ace.dir

// MCNP directory information

The above input data generates the ACE file at a temperature of 600.0 K named “HinH20.tsl.ace”,
and the directory information file named “HinH2O.tsl.ace.dir”. In this input file, the number of
equiprobable angles is changed from 10 to 30 and the suffix ID of the ACE file is changed from 0.00
to 0.50.

10.4.2.3 Dosimetry ACE file generation

ace_file_generation_dosimetry_mode // Processing mode name
nucl file name U235.dosi.dat /I Nuclear data file name
temp 600.0 /l Temperature [K]
suffix_id 50 // Suffix ID for ACE file
ace_file name U235.dosi.ace /I ACE file name
ace_dir_file name U235.dosi.ace.dir // MCNP directory information

The above input data generates the ACE file at a temperature of 600.0 K named “U235.dosi.ace”,
and the directory information file named “U235.dosi.ace.dir”. In this input file, the suffix ID of the
ACE file is changed from 0.00 to 0.50.

10.4.3 Input Data to Reproduce NJOY99 Input

This section illustrates how to make FRENDY input files which is identical to NJOY input files.
The details of the input parameters of the NJOY input files are explained in References 7 and 8. All
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the input parameters in the NJOY input files are explicitly set in the FRENDY input files. The
processing conditions, PENDF file name, ACE file name, and so on of the FRENDY input files are
identical to those of the NJOY input files.

10.4.3.1 Fast ACE file generation
The following input files are typical for the fast ACE file generation. These input files process the

evaluated nuclear data file of 28U at 300.0 K.

<NJOY99 compatible format >

reconr / command

20 21 / input(tape20), output(tape21)
"pendf tape for JENDL-4.0 U-238' / identifier for PENDF

9237 3 3 / mat, ncards, ngrid

1.00e-03  0.00 / err, temp

'92-U-238 from JENDL-4.0'/ cards (1)
'Processed with FRENDY"' / cards (2)
'Processed day: 2017/10/13" / cards (3)

0.625 4.0 100.0 / enode
0 /
broadr / command
20 21 22 / input(tape20), pendf(tape21), output(tape22)
9237 1 0 1 0 / mat, temp_no, restart_opt, bootstrap, temp _initial
1.00E-03 100000 / err, max_energy
300.0 / temp
0 /
gaspr / command
20 22 23 / input(tape20), output(tape23)
0 /
purr / command
20 23 25 / input(tape20), pendf(tape23), output(tape25)
9237 1 7 20 100 1 / mat, temp_no, sig0_no, bin_no, ladder no, print_opt
300.0 / temp
1.OE10 1.0E4 1.0E3 300.0 100.0 30.0 10.0/sig0
0 /
acer / command
20 25 0 30 31 / nendf, npend, ngend, nace, ndir
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1 1 1 030 / iopt(fast), iprint(max), itype, suffix
'ACE file for JENDL-4 U238' / descriptive character
9237 300.0 / mat, temp
1 1 / newfor(yes), iopp(yes)
I 11 / thin(1), thin(2), thin(3)
stop /

< FRENDY original input format >
ace_file generation fast mode // Processing mode name

nucl file name tape20

pendf label data "pendf tape for JENDL-4.0 U238"

error 1.0E-3

temp 300.0

add_grid data (0.625 4.0 100.0)
max_broadening_ene 100000 // 1 MeV
sigma_zero _data (1.0E10 1.0E4 1.0E3 300.0 100.0 30.0
probability bin no 20

ladder no 100

ace file name tape30

mcnp_dir_file name tape31

ace label data "ACE file for JENDL-4 U238"
suffix id 0.30

comment_data
“92-U-238 from JENDL-4.0
Processed with FRENDY
Processed day: 2017/10/13”

/I Write PENDF file option for RECONR

write_pendf resonance reconstruction tape21l
// Write PENDF file option for BROADR

write_pendf doppler broadening tape22
// Write PENDF file option for GASPR

write_pendf gas prod xs tape23
// Write PENDF file option for PURR
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write_pendf prob table generator tape25

// Skip or running RECONR option

process_resonance_reconstruction on

// Skip or running BROADR option

process_doppler _broadening on

// Skip or running GASPR option

process_gas production_cross_section on

// Skip or running PURR option

process_probability table generator on

// Skip or running ACER option

process_ace data generator on

10.4.3.2 Thermal ACE file generation
The following input files are typical for the thermal ACE file generation. These input files process
the evaluated nuclear data file of °Be in BeO at 300.0 K.

<NJOY99 compatible format >

reconr

20 21

'pendf tape for JENDL-4.0 Be-009

425

1.00e-03 0.00

0

broadr

20 21 22

425 1 0 1 0
1.00E-03 100000.0
400.0

0

gaspr

20 22 23

0

thermr

60 23 25

27 425101411221

/ command

/ input(tape20), output(tape21)

/ identifier for PENDF

/ mat

/ err, temp

/

/ command

/ input(tape20), pendf(tape21), output(tape22)
/ mat, temp_no, restart_opt, bootstrap, temp _initial
/ err, max_energy

/ temp

/

/ command

/ input(tape20), pendf(tape22), output(tape23)
/

/ command

/ input(tape60), pendf(tape23), output(tape25)

/ natde, matdp, nbin, ntemp, iinc, icof
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1.00E-2 4.0

purr

20 25 26

425 1 7 20 200 1
400.0

1.0E10 1.0E4 1.0E3 300.0
0

acer

20 26 0 30 31

2 1 1 030

'ACE file for JENDL-4 BeinBeO'
425  400.0 'bebeo’

4009 8016

221 10 222 0 2 40 O
stop
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/ temp
/ tolerance, max energy
/ command

/ input(tape20), pendf(tape25), output(tape26)

/ mat, temp_no, sig0_no, bin_no, lad no, print_opt

/ temp

100.0 30.0 10.0/sig0

/

/ command

/ nendf, npend, ngend, nace, ndir

/ iopt(fast), iprint(max), itype, suffix

/ descriptive character

/ mat, temp

/1za01, 1za02

/ mti, nbint, mte, ielas, nmix, emax, iwt

/

< FRENDY original input format >

ace_file generation thermal scatter mode // Processing mode name

nucl file name

nucl file name tsl

tape20
tape60

pendf label data "pendftape for JENDL-4.0 Be-009"

error
temp
max_broadening_ene
sigma_zero_data
probability bin_no
ladder no

ace_file name
menp_dir_file name
ace_label data
thermal za id name

suffix id

1.0E-3

400.0

100000.0 // 1 MeV

(1.0E10 1.0E4 1.0E3 300.0 100.0 30.0
20

200

tape30_frendy

tape31 frendy

"ACE file for JENDL-4 BeinBeO"

"bebeo"

0.30
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//Thermal scattering law data only

equi_probable angle no 10
principal_atom_no 1 //Be
inelastic_reaction_type no 221

max_thermal ene 4.0

thermal za id name “bebeo”
moderator za data 4009

atom_type no 2 //Beand O
weight_option 0 //0 =variable

/I Write PENDF file option for RECONR

write_pendf resonance reconstruction tape21
// Write PENDF file option for BROADR

write_pendf doppler broadening tape22
// Write PENDF file option for GASPR

write_pendf gas prod xs tape23
// Write PENDF file option for THERMR

write_pendf thermal scattering tape25
/I Write PENDF file option for PURR

write_pendf prob table generator tape26

// Skip or running RECONR option

process_resonance_reconstruction on
// Skip or running BROADR option

process_doppler _broadening on
// Skip or running GASPR option

process_gas production_cross_section on
// Skip or running THERMR option

process_thermal scattering_law on
// Skip or running PURR option

process_probability table generator on
// Skip or running ACER option

process_ace_data generator on

10.4.3.3 Dosimetry ACE file generation
The following input files are typical for the dosimetry ACE file generation. These input files
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process the evaluated nuclear data file of 2**U at 300.0 K.

<NJOY99 compatible format >

reconr
20 21

'pendf tape for JENDL-4 U238’
9237

1.00e-03 0.0
0

broadr

20 21 22
923710 1 0
1.00E-03 100000
300.0

0

gaspr

20 22 23
acer

20 23 0 30 3I
3 1 1 030
'ACE file for JENDL-4 U238’
9237 300.0
stop

/ command

/ input(tape20), output(tape21)

/ identifier for PENDF

/ mat

/ err, temp

/

/ command

/ input(tape20), pendf(tape21), output(tape22)
/ mat, temp_no, restart_opt, bootstrap, temp _initial
/ err, max_energy

/ temp

/

/ command

/ input(tape20), pendf(tape22), output(tape23)
/ command

/ nendf, npend, ngend, nace, ndir

/ iopt(fast), iprint(max), itype, suffix

/ descriptive character

/ mat, temp

< FRENDY original input format >

ace_file generation_dosimetry mode // Processing mode name

nucl file name

tape20

pendf label data "pendftape for JENDL-4.0 U-238"

error
temp
max_broadening_ene
ace_file name
menp_dir_file name

ace_label data

1.0E-3

300.0

100000 //1 MeV

tape30

tape31

"ACE file for JENDL-4 U238"
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suffix_id 0.30

/I Write PENDF file option for RECONR

write_pendf resonance reconstruction tape21

// Write PENDF file option for BROADR

write_pendf doppler broadening tape22
// Write PENDF file option for GASPR

write_pendf gas prod xs tape23

// Skip or running RECONR option

process_resonance_reconstruction on

// Skip or running BROADR option

process_doppler broadening on

// Skip or running GASPR option

process_gas production_cross_section on

// Skip or running ACER option

process_ace data generator on

10.5 Sample Input Data for Multi-Group Cross-Section Generation
10.5.1 Sample Input Data to Generate Neutron-Induced Multi-Group Cross-Section

File

This section shows the sample input file to generate the neutron-induced multi-group cross-section

file from the evaluated nuclear data and the ACE files. The input files in this section process 'H and

250 at 300.0 K.

< Input file to process 'H from evaluated nuclear data file >

mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF ) //Output format

nucl file name (../1ib/HO01.dat )
mg_file name HO001
temperature 300.0 //[K]

mg_structure ( xmas_nea-lanl 172)

mg_weighting_spectrum ( 1/e)

//ENDF file name
//Output file name

// Identical to ign=18 in GROUPR/NJOY
// Identical to iwt=3 in GROUPR/NJOY
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< Input file to process 235U from evaluated nuclear data file >
mg_neutron_mode //Process mode

nucl file name ( ../lib/U235.dat ) /ENDF file name

mg_file name U235 //Output file name
mg_edit mode ( SimpleGENDF SimpleMATXS GENDF MATXS
"MGFlux" )

//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016

mg_structure (ignl8) // Identical to ign=18 in GROUPR/NJOY
mg_structure gam ( vitamin-j-42 ) // Identical to igg=10 in GROUPR/NJOY
mg_weighting_spectrum ( iwt04 ) // Identical to iwt=4 in GROUPR/NJOY
temp 300.0 //[K]

legendre order 3

< Input file to process 25U from evaluated nuclear data file using specified energy
group structure and weighting spectrum>
mg_neutron_mode //Process mode
nucl file name ( ../lib/U235.dat) //ENDF file name
mg_file name U235 //Output file name
mg_edit_option ( SimpleGENDF  SimpleMATXS GENDF MATXS
MGFlux )
//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016
temp 300.0 //[K]
mg_structure ( 1.0E-5 0.625 5.0E5 1.0E6 2.0E+7) //4-groups
mg_weighting_spectrum ( 1.0E-5 1.0 2.0E+7 1.0) //constant

legendre order 3
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< Input file to process 23°U from evaluated nuclear data file for fast reactor>
mg_neutron_mode //Process mode

nucl file name ( ../lib/U235.dat) //ENDF file name

mg_file name U235 //Output file name
mg_edit_option ( SimpleGENDF SimpleMATXS GENDF MATXS
MGFlux )

//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016
temp 300.0 //[K]
mg_structure ( sand-iia-640 ) // Identical to ign=15 in GROUPR/NJOY
mg_weighting_spectrum ( iwt08 ) // Identical to iwt=8 in GROUPR/NJOY

legendre order 3

mg_thermal upscatter treatment off //Thermal scattering XS treatment

//Thermal scattering cross-section is not required in fast reactor

< Input file to process 'H from ACE file >
mg_neutron_mode //Process mode
mg_edit option (MATXS GENDF) //Output format
ace file name (../Jace/HOO1.ace ) //ACE file name
mg_file name HO001 //Output file name
temperature 300.0 //[K]

mg_structure ( xmas_nea-lanl 172) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

< Input file to process 23°U from ACE file >
mg neutron_mode //Process mode

ace_file name ( ../ace/U235.ace ) //ACE file name

mg file name U235 //Output file name
mg_edit mode ( SimpleGENDF SimpleMATXS GENDF MATXS
"MGFlux" )
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//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016

mg_structure (ignl8) // Identical to ign=18 in GROUPR/NJOY
mg_structure gam (iggl0) // Identical to igg=10 in GROUPR/NJOY

mg_weighting_spectrum ( iwt04 ) // Identical to iwt=4 in GROUPR/NJOY

temp 300.0 //[K]

legendre order 3

< Input file to process 23U from ACE file using specified energy group structure
and weighting spectrum >
mg_neutron_mode //Process mode
ace_file name ( ../ace/U235.ace ) //ACE file name
mg_file name U235 //Output file name
mg_edit_option ( SimpleGENDF  SimpleMATXS GENDF MATXS)
//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016
mg_structure ( 1.0E-5 0.625 5.0E5 1.0E6 2.0E+7) //4-groups
mg_weighting spectrum ( 1.0E-5 1.0 2.0E+7 1.0) //constant

legendre order 3

< Input file to process 23U from ACE file for fast reactor>
mg_neutron_mode //Process mode

ace file name ( ../ace/U235.ace ) //ACE file name

mg_file name U235 //Output file name
mg_edit_option ( SimpleGENDF SimpleMATXS GENDF MATXS
MGFlux )

//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
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//MATXS: MATXS format consistent with NJOY2016

mg_structure (ignl5) // Identical to ign=15 in GROUPR/NJOY
mg_weighting_spectrum ( iwt08 ) // Identical to iwt=8 in GROUPR/NJOY

legendre order 3

mg_thermal upscatter treatment off //Thermal scattering XS treatment

//Thermal scattering cross-section is not required in fast reactor

10.5.2 Sample Input Data to Generate Multi-Group Cross-Section File of TSL Data
This section shows the sample input file to generate the multi-group cross-section file of the
thermal scattering law data from the evaluated nuclear data and the ACE files. The input files in this

section process H in HoO at 293.6 K and graphite at 293.6 K.

< Input file to process H in H,O from evaluated nuclear data file >
mg_neutron_mode //Process mode
mg_edit option (MATXS GENDF) //Output format
nucl_file name (../lib/HO01.dat ) //ENDF file name
nucl_file name tsl (../1ib/01_h in h2o.txt ) //TSL file name

mg_file name H in H20 //Output file name
temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY
mg_tsl data type (hh20) //This data type is used for MATXS file generation

< Input file to process C in Graphite from evaluated nuclear data file >
mg neutron_mode //Process mode

nucl file name (../1ib/CO12.dat) //ENDF file name

nucl file name tsl (../lib/31 graphite.txt) //TSL file name

mg_edit option (MATXS GENDF) //Output format

mg_file name C_in_Graphite //Output file name
temperature 293.6 //[K]
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mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( 1/¢) // 1dentical to iwt=3 in GROUPR/NJOY
mg_tsl data type (graph) //This data type is used for MATXS file generation

< Input file to process H in H>O from ACE file >
mg_neutron_mode //Process mode
mg_edit option (MATXS GENDF) //Output format
ace_file name (../ace/HO01.ace ) //ENDF file name
ace_file name tsl (../ace/01 h in h2o.ace ) //TSL file name

mg_file name H in H20 //Output file name
temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY
mg_tsl data type (hh20) //This data type is used for MATXS file generation

< Input file to process C in Graphite from ACE file >
mg_neutron_mode //Process mode
ace file name (..Jace/C0O12.ace ) //ACE file name
ace_file name tsl (../ace/31 graphite.ace ) //ACE file name (TSL data)
mg_edit_option (MATXS GENDF) //Output format

mg_file name C_in_Graphite //Output file name
temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172) // Identical to ign=18 in GROUPR/NJOY

mg_weighting_spectrum ( 1/e) // Identical to iwt=3 in GROUPR/NJOY
mg_tsl data type (graph) //This data type is used for MATXS file generation

10.5.3 Sample Input Data to Generate Multi-Nuclide Data

FRENDY can process multi-nuclide data, e.g., >*°U, 238U, and '°0. This section shows the sample
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input file to process such multi-nuclide data. The input files in this section process *°U, 238U, and

1°0 at 600.0 K and H in H>O, D in D,0, and O in H,O at 293.6 K.

< Input file to process 25U, 28U, and '%0 from evaluated nuclear data file >
mg_neutron_mode //Process mode
nucl file name (
./1ib/0016.dat
./1ib/U235.dat
./lib/U238.dat ) //ENDF file name

mg_file name mix UO2 //Output file name

mg_edit mode (

SimpleGENDF

SimpleMATXS

GENDF

MATXS

"IDXS 1,2,4,-50"

"2DXS 1,2, 4,-50"

"MGFlux" )
//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016
//"1DXS 1, 2,4,-50": 1D cross-section data (MT=1, 2, 4 — 50)
//"2DXS 1, 2,4, -50": 2D cross-section data (MT=1, 2, 4 — 50)
//MGFlux: Multi group flux data

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_structure gam ( vitamin-j-42 ) // 1dentical to igg=10 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

mg_label data "This data is UO2 data" //This label is output in the GENDF file
temp 600.0 //[K]

legendre order 3

//8016.50c  92235.50c 92238.50c
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mg_number_density (4.58e-2 7.18e-4 2.22e-2) //[1/barn/cm]

< Input file to process H in H;O, D in D,0, and O in H,O from evaluated nuclear data
file >
mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF) //Output format

nucl file name (
../lib/H001.dat
../lib/H002.dat
./lib/0O016.dat ) //ENDF file name

nucl file name_tsl (
./lib/01_h_in_h2o.txt
Jib/11_d_in_d2o.txt
./1ib/02_o_in_h2o0.txt)

mg_file name mix_H20 //Output file name

temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

//1001 1002 8016
mg_number_density (4.68e-2 7.01e-6 2.34e-2)//[1/barn/cm]
mg_tsl data type (hh2o0 dd20 oh20 )

< Input file to process H in H;O, D in D;0, and O-16 from evaluated nuclear data file
>

mg neutron_mode //Process mode

mg_edit option (MATXS GENDF ) //Output format

nucl file name (../lib/HO01.dat ../lib/H002.dat ../lib/O016.dat) //ENDF file name
nucl file name tsl (../lib/01 h in h2o.txt ../lib/11 d in d2o.txt skip)
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mg_file name mix_H20 //Output file name

temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

//1001 1002 8016
mg_number_density (4.68¢-2 7.01e-6 2.34e-2)//[1/barn/cm]
mg_tsl data type (hh2o0 dd2o0 free )

< Input file to process 23U, 233U, and '°0 from ACE file >
mg_neutron_mode //Process mode
ace_file name (
..Jace/O016.ace
.Jace/U235.ace
..Jace/U238.ace ) //ACE file name

mg_file name mix UO2 //Output file name

mg_edit mode (

SimpleGENDF

SimpleMATXS

GENDF

MATXS

"IDXS 1,2,4,-50"

"2DXS 1, 2,4,-50"

"MGFlux" )
//SimpleGENDF: MATXS format consistent with NJOY99
//SimpleMATXS: GENDF format consistent with NJOY99
//GENDF: GENDF format consistent with NJOY2016
//IMATXS: MATXS format consistent with NJOY2016
//"1DXS 1, 2,4, -50": 1D cross-section data (MT=1, 2, 4 — 50)
/"2DXS 1, 2,4, -50": 2D cross-section data (MT=1, 2, 4 — 50)
//MGFlux: Multi group flux data

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
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mg_structure gam (iggl0) // 1dentical to igg=10 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

mg_label data "This data is UO2 data" //This label is output in the GENDF file

temp 600.0 //[K]
legendre order 3

//8016.50c  92235.50c 92238.50c
mg_number_ density (4.58¢e-2 7.18¢e-4 2.22e-2) //[1/barn/cm]

< Input file to process H in H,O, D in D,0, and O in H,O from evaluated nuclear data
file >
mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF) //Output format

ace_file name (
..Jace/HOO1.ace
..Jace/H002.ace
.Jace/O016.ace ) //ACE file name

ace_file name tsl (
./ace/01_h_in_h2o.ace
.Jace/11_d in_d2o.ace

./ace/02_o_in_h2o.ace)

mg_file name mix H20 //Output file name

temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

//1001 1002 8016

mg_number_density (4.68e-2 7.01e-6 2.34e-2)//[1/barn/cm]
mg_tsl data type (hh2o0 dd20 oh20 )
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< Input file to process H in H;O, D in D;0, and O-16 from evaluated nuclear data file
>

mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF) //Output format

ace file name (../ace/HOO1.ace ../ace/H002.ace ../ace/O016.ace ) //ACE file name

ace file name tsl(../ace/01 _h_in h2o.ace ../ace/l11_d_in_d2o.ace skip)

mg_file name mix_H20 //Output file name

temperature 293.6 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

//1001 1002 8016
mg_number_density (4.68e-2 7.01e-6 2.34e-2)//[1/barn/cm]
mg_tsl data type (hh2o0 dd2o free )

10.5.4 Sample Input Data for Automated Setting of Background Cross Sections

This section shows the sample input file to generate the neutron-induced multi-group cross-section
file from the evaluated nuclear data and the ACE files. This sample input file automatically set the
background cross-sections of multi-group cross-section file. The input files in this section process

250 at 600.0 K.

< Input file to automatically set the background cross section (processing 23U from
evaluated nuclear data file) >
mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF ) //Output format

nucl file name ( ../lib/U235.dat) //ENDF file name

mg_file name U-235 //Output file name

temperature 600.0 //[K]

mg_structure ( xmas_nea-lanl 172) // Identical to ign=18 in GROUPR/NJOY

mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

sigma_zero data(auto 0.1 50 1.0e-10 rr linear)
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//Tolerance = 0.1 (10%)

//Maximum number of background XS = 50
//Minimum background XS = 1.0E-10 (barn)
//Target of interpolation (factor / rr) = reaction rate)

//Interpolation method (cubic / linear) = linear interpolation

< Input file to automatically set the background cross section (processing 235U from
ACE file) >
mg_neutron_mode //Process mode

mg_edit option (MATXS GENDF) //Output format
ace_file name ( ../ace/U235.ace ) //ENDF file name

mg_file name U-235 //Output file name

temperature 600.0 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

sigma_zero data(auto 0.1 50 1.0e-10 rr linear)
//Tolerance = 0.1 (10%)
//Maximum number of background XS = 50
//Minimum background XS = 1.0E-10 (barn)
//Target of interpolation (factor / rr) = reaction rate)

//Interpolation method (cubic / linear) = linear interpolation

10.5.5 Sample Input Data for Automatic Setting of Energy Group Structure

This section shows the sample input file to generate the neutron-induced multi-group cross-section
file from the evaluated nuclear data and the ACE files. This sample input file automatically set the
energy group structure of multi-group cross-section file. The input files in this section process U
at 300.0 K.

< Input file to process 23°U from evaluated nuclear data file >
mg neutron_mode //Process mode

nucl file name ( ../lib/U235.dat) //ENDF file name

mg file name U235 //Output file name

mg_edit option ( GENDF MATXS)
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temp 300.0 //[K]
mg_structure (auto 2.0E+7 100 EL
1.OE+2 100 EL
1.0E-5)
/1 2.0E+7 eV — 1.0E+2 eV: Divide 100 energy groups by equi-lethagy width
// 1.0E+2 eV — 1.0E-5 eV: Divide 100 energy groups by equi-lethagy width
//EL: Divide by equi-lethagy width, EE: Divide by equi-energy width
mg_weighting_spectrum ( iwt03 ) // Identical to iwt=3 in GROUPR/NJOY

< Input file to process 23°U from ACE file >
mg_neutron_mode //Process mode

ace_file name ( ../ace/U235.ace ) //ACE file name

mg_file name U235 //Output file name
mg_edit_option ( GENDF MATXS )
temp 300.0 //[K]

mg_structure (auto 2.0E+7 100 EL
1.OE+2 100 EL
1.0E-5)
// 2.0E+7 eV — 1.0E+2 eV: Divide 100 energy groups by equi-lethagy width
// 1.0E+2 eV — 1.0E-5 eV: Divide 100 energy groups by equi-lethagy width
//EL: Divide by equi-lethagy width, EE: Divide by equi-energy width
mg_weighting_spectrum (iwt03 ) // Identical to iwt=3 in GROUPR/NJOY

10.5.6 Sample Input Data for Resonance Up-Scattering Correction

FRENDY can consider the resonance up-scattering correction. This section shows the sample
input file to use this function. The input files in this section process '°0, 2*3U, and 2**U at 600.0 K.
The resonance up-scattering correction of '°O is not considered. The scattering cross section data at
0 K is required to consider the resonance up-scattering correction. This section shows two types of
input data i.e., generation of the scattering cross section data at 0 K and generation of the

multi-group cross section data considering the resonance up-scattering correction.
< Input file to generate scattering cross section data at 0 K (processing 25U from

evaluated nuclear data file) >

mg neutron_mode //Process mode
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mg_edit option ( GENDF RUC) //Output format
nucl file name ( ../lib/U235.dat ) //ENDF file name

mg_file name U235 RUC  //Output file name

temperature 0.0 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

< Input file to generate scattering cross section data at 0 K (processing 233U from
evaluated nuclear data file) >
mg_neutron_mode //Process mode

mg_edit option (GENDF RUC) //Output format

nucl file name ( ../lib/U238.dat ) //ENDF file name

mg_file name U238 RUC  //Output file name

temperature 0.0 //[K]

mg_structure ( xmas_nea-lanl 172 ) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/e+maxwell ) // Identical to iwt=4 in GROUPR/NJOY

< Input file to generate multi-group cross section considering resonance
up-scattering correction (processing 190, 235U, and 28U from evaluated nuclear data
file) >
mg_neutron_mode //Process mode

mg_edit option ( GENDF MATXS) //Output format

nucl file name (../lib/O016.dat ../lib/U235.dat ../lib/U238.dat) //ENDF file name

mg_file name mix UO2 with RUC  //Output file name

temperature 600.0 //[K]

mg_structure ( xmas_nea-lanl 172) // Identical to ign=18 in GROUPR/NJOY
mg_weighting_spectrum ( fission+1/etmaxwell ) // Identical to iwt=4 in GROUPR/NJOY

//8016.50c  92235.50c  92238.50c

mg_number density (4.58e-2 7.18¢e-4 2.22e-2) //[1/barn/cm]
reso_upscat (skip U235 RUC 92235.00c MT2.mg U238 RUC 92238.00c MT2.mg)
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10.6 Input Instruction of ACE File Perturbation Tools
The ACE file perturbation tool contains two tools as follows:
tools/make perturbation_factor/make perturation factor.exe
tools/perturation_ace_file/perturbation_ace_file.exe
The input format of both tools is explained in this section. The installation of these tools is found in

the readme file of these tools (tools’README tools).

10.6.1 Input Instruction of make perturbation_factor
This tool is the uncertainty analysis tool using the Random Sampling method for the ACE file.
This tool generates perturbation factor from the relative covariance matrix of cross-section and
outputs the input data of the “perturbation_ace file.exe”. Note that the license of this tool is not the
2-clause BSD license. The make perturation_factor.exe uses the Eigen library. The license of this
tool is the MP2L license since the Eigen library is open-source software under the MP2L license.
The tool requires the following input data. In the input file, these terms are required and the user

has to enclose by "<>" to set the data of each term.

(1) Sample size (int): <sample size> sample no
The first parameter is the number of random samplings. The number of random samplings is

identical to the number of output files.

(2) Random seed (int): <seed> seed val

The second parameter is the initial random seed.

(3) File name of covariance matrix (string): <relative covariance> cov_file name

The third parameter is the name of the covaiance matrix file.

(4) Energy grid of covariance matrix [MeV] (real): <energy grid >(E; E> E3..Eq; Eg
The fourth parameter is the energy group structure. The number of energy grids of the input file
must be identical to that of the covariance matrix. The energy group structure is enclosed by the

bracket “()”.

(5) Nuclide name of the covariance matrix (string): <nuclide > (Nucl; Nucl» ... Nucli.; Nucly)
The fifth parameter is the energy group structure. The nuclide name is used as the directory
name which stores the output files. If the covariance matrix uses the multiple nuclides, the

nuclide name is enclosed by the bracket “()”.
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(6) Reaction type (MT) of covariance matrix (int): <reaction > (MT; MT> MTs ... MTi.; MT))
The sixth parameter is the reaction type number. If the covariance matrix uses the multiple

reaction type, the reaction type is enclosed by the bracket “()”.

10.6.2 Sample Input of make perturbation_factor

The sample input file of this tool is as follows:

< Generation of 100 sampling data from U-235 using cov_matrix.csv >

<sample_size> 100

<seed> 20190504

<relative _covariance>  cov_matrix.csv

<energy grid> (1.0E-11  6.8E-7 2.0El)
<nuclide> (U235)

<reaction> 2 18 102)

In this case, the sample number is 100, the initial random seed is 20190504, the covariance file name
is “cov_matrix.csv”, energy grid number is 2, the energy grid boundary is 1.0E-11 MeV, 6.8E-7 MeV,
and 20MeV, the nuclide name is U235, and reaction type (MT number) is MT=2, 18, and 102,

respectively.

< Generation of 200 sampling data from U-235 and U-238 using cov_matrix.csv >
<sample_size> 200
<seed> 1

<relative covariance>  cov_matrix.csv

<energy grid> (1.0E-11  6.8E-7 2.0El)
<nuclide> (U235 U238)
<reaction> 2 18 102) (4 16)

In this case, the sample number is 200, the initial random seed is1, the covariance file name is
“cov_matrix.csv”, energy grid number is 2, the energy grid boundary is 1.0E-11 MeV, 6.8E-7 MeV,
and 20MeV, the nuclide name is U235 and U238, and reaction type (MT number) is MT=2, 18, and
102 for U235 and MT=4 and 16 for U238, respectively.
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10.6.3 Input Instruction of perturbation _ace file

This tool generates the perturbed ACE file when the user sets the ACE file name, reaction type,
energy region, and amount of perturbation. This tool can use the output file of the
"make perturbation factor" tool.

The perturbation tool perturbs the cross-section, the number of neutrons per fission (Viotal, Vdelay,

and Vprompt), and fission spectrum line by line. The input format of this tool is as follows:

“MT number” Epox Emin f
or

“MT number” Euin Emax [

where Ejqe is the maximum energy of perturbation [MeV], Euin is the minimum energy of
perturbation [MeV], and f'is the amount of perturbation, respectively. Note that the above data must
be set in one line. The number of the perturbed data files is identical to the number of lines. The
available reaction type (MT number) is all reaction cross-section type, Viorat (MT=452), Vgelay
(MT=455), Vprompt (MT=456), and fission spectrum (MT=1018).

For example, if the user wants to modify elastic scattering cross-section (MT=2) from 1.0E-11
MeV to 1.0E-10 MeV and fission cross-section (MT=18) from 1.0E-6 eV to 1.0E-5 eV, the

perturbation data file is as follows:

2 1.0E-10 1.0E-11 1.1

18 1.0E-5 1.0E-6 0.9
or

2 1.0E-11 1.0E-10 1.1

18 1.0E-6 1.0E-5 0.9

The execution command of the perturbation tools is as follows:

J/perturbation_ace_file.exe “ACE file name” “input file list”

The perturbation tools developed for the uncertainty analysis tool using the Random Sampling
method. The input file list is required to run this tool and the input file name is written in the input
file list to perturb a lot of ACE files simultaneously.

This tool is developed to use the output file of "make perturbation_factor" as the perturbation data
file. The input file name must be "AAA nnnn", where "AAA" is the file name and "nnnn" is 4

numbers. For example, if there are three perturbation data files and the target nuclide is U-235, the
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input file list is as follows:

inp/U235_0001
inp/U235_0020
inp/U235_0300

The perturbation tool reads "U235 0001", "U235 _0020", and "U235 0300" files in "inp" directory
and output three perturbed ACE files. The perturbed ACE file name is automatically set using 4
numbers in the perturbation data file name (the "nnnn" part in the input file name). In this case, the
perturbed ACE file name is ace_file.ace 0001, ace file.ace 0020, and ace file.ace 0300 when the

original ACE file name is "ace file.ace 0001".

10.7 Input Instruction of ENDF Modification Tool

This tool is involved in the executable of FRENDY. The execution method is identical to the
processing of the nuclear data file.

The user must set the processing mode as the first parameter. The processing mode to modify the
ENDF-6 formatted file is as follows:
“endf file modification mode”, “endf file modify mode”, “endf mod mode”, or

“mod_endf mode”

The modification tool performs the modifications line by line. If the user wants to remove specified

MF/MT data, the user sets the following command:

remove MF “MF number” MT “MT number” “Original file name” “Modified file name”
remove MF “MF number” “Original file name” “Modified file name”
remove MT “MT number” “Original file name” “Modified file name”

If the user selects both MF and MT numbers, specified MF/MT data is removed from the original
file. If the user only selects the MF number, specified MF data is removed. If the user only selects
the MT number, specified MT data in all MF data are removed.

If the user wants to replace the specified MF/MT data, the user sets the following command:
replace MF “MF number” MT “MT number” “Original file name” “Replaced file name”

“Modified file name”
replace MF “MF number” “Original file name” “Replaced file name” “Modified file name”
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replace MT “MT number” “Original file name” “Replaced file name” “Modified file name”

The modification tool removes the specified MF/MT data in the original file and copies the specified
MF/MT data in the replaced file. The specified MF/MT data in the replaced file is copied even if the
original file does not contain the specified MF/MT data

If the user wants to add the specified MF/MT data, the user sets the following command:

add MF “MF number” MT “MT number” “Original file name” “Replaced file name”
“Modified file name”

add MF “MF number” “Original file name” “Replaced file name” “Modified file name”

add MT “MT number” “Original file name” “Replaced file name” “Modified file name”

The modification tool copies the specified MF/MT data in the replaced file. The specified MF/MT
data is replaced if the original file contains the specified MF/MT data.

If the user wants to linearize the specified MF/MT data, the user sets the following command:

linearize MF “MF number” MT “MT number” “Original file name” “Modified file name”
linearize MF “MF number” “Original file name” “Modified file name”

The linearization of the data is only available for the specified MF or MF/MT data.

10.8 Sample Input of ENDF Modification Tool
When the user wants to remove MT=19 from “./j40/Pu239.dat”, replace the MF=2 data with
“./b80/n-094 Pu_239.endf”, and add the MF=35/MT=18 data in “./f33/94-Pu-239g.jeff33”, the

sample input of modification tools is as follows. Note that after “//” is the comment.

endf file modification_mode /processing mode
remove MT 19 ./j40/Pu239.dat JPu239 _mod01.dat
replace MF 2 ./Pu239 modOl.dat ./b80/n-094_Pu_239.endf ./Pu239 _mod02.dat
add MF35 MT 18 ./Pu239_mod02.dat ./f33/94-Pu-239g.jeff33 ./Pu239 _mod03.dat

In this sample input, the modified file name is “./Pu239 mod03.dat”. As shown in the sample input

file, the user has to modify the original input file name in each line if the user wants to make

multiple modifications.
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When the user wants to linearize MF=4, 5, and 6 data of “./j40/Pu239.dat”, the sample input of

modification tools is as follows.

endf file modification_mode /processing mode
linearize MF 4 ./j40/Pu239.dat J/Pu239 _mod01.dat
linearize MF 5 ./Pu239 mod01l.dat ./Pu239 mod02.dat
linearize MF 6 ./Pu239 mod02.dat ./Pu239 mod03.dat

In this sample input, the modified file name is “./Pu239 mod03.dat”.
This program can linearize some evaluated nuclear data files in one input file. When the user
wants to linearize MF=4 and MF=5/MT=18 of “./j40/U235.dat”, “./j40/U238.dat”, and

“./j40/Pu239.dat”, the sample input of modification tools is as follows.

endf file modification_mode /processing mode

linearize MF 4 ./j40/U235.dat /U235 _mod01.dat
linearize MF S5 MT 18 ./U235 modOl.dat ./U235 mod02.dat
linearize MF 4 ./j40/U238.dat /U238 mod01.dat
linearize MF S5 MT 18 ./U238 mod0Ol.dat ./U238 mod02.dat
linearize MF 4 ./j40/Pu239.dat ./Pu239 _mod01.dat

linearize MF S5 MT 18 ./Pu239 mod0Ol.dat ./Pu239 mod02.dat

In this sample input, the modified file name is “./U235 mod02.dat”, “./U238 mod02.dat”, and
“./Pu239 mod02.dat”, respectively.
The user can also set the tolerance of the linearization. The default tolerance value is 1.0E-3, i.e.,

0.1%. When the user wants to linearize a small tolerance value, the sample input is as follows:
endf file modification_mode /processing mode

tolerance 1.0E-4

linearize MF 4 ./j40/U235.dat /U235 _mod01.dat

linearize MF 5 MT 18 ./U235 modOl.dat ./U235 mod02.dat

In this sample input, the tolerance value is changed from 1.0E-3 to 1.0E-4.
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11 Installation of FRENDY

This chapter describes how to install FRENDY on Linux, UNIX, or macOS platforms.

1. A disk space of about 1.2 Gbytes is required to make the executables from the program sources
and run all test programs and sample files. A disk space of about 210 Mbytes is required if users
make only the executables from the program sources.

2. A C++ compiler, the Boost library, and the LAPACK library are required to compile source
programs. The compilation has been confirmed for an Intel compiler (ICC) version 13.1.3 and a
GNU compiler (GCC) version 4.4.7 with the Boost library version 1.60.0 and the LAPACK

%) yersion 3.8.0.

library
3. Since FRENDY stores all nuclear data on memory, a large memory size is required. More than

1 Gbytes is recommended to run FRENDY.

11.1 Directory Structure
The directory structure is shown in Fig. 11.1.1. The “frendy” directory contains the source files.
The “sample” directory contains the input files for the test calculations to generate the fast and

thermal ACE files. The “test” directory contains source files to run the Boost.Test library.

frendy compile_all.csh /

sample run 7/ run_frendy.csh /

tests 7/ run_frendy.csh /
7/ README /

Figure 11.1.1 Directory structure of FRENDY

11.2 How to Install FRENDY on Linux, UNIX, or macOS Platforms
A shell script of “compile_all.csh” is included in the “frendy” directory to compile FRENDY
source codes. The users run only this shell script or issue the “make” command in “frendy/main”

directory. If the compiler successfully builds the executable file of FRENDY, the following message
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is written on the display.
### Completed to make FRENDY ###
The executable file named “frendy.exe” is generated in “frendy/main” directory.

FRENDY has the NJOY mode which processes the evaluated nuclear data file with the NJOY

calculation method. The differences between the NJOY mode and the original mode are as follows:

1. The NJOY mode calculates the unresolved resonance cross-section using cross-section
formulas on the fixed energy grid points and other energy grid points are calculated by the
interpolation method. The fixed energy grid points are 1.00 x 10", 1.25x 10™, 1.50 X
10", 1.70 x 10™, 2.00 x 10™, 2.50 x 10™, 3.00 x 10™, 3.50 x 10™, 4.00 x 10™, 5.00 x
10™, 6.00 x 10™,7.20 x 10", and 8.50 X 10™. This difference has an impact on resonance
reconstruction.

2. The calculation method of the complex error function which is defined in Eq. (2.3.41) is
different. The complex error function is used to calculate the Doppler broadened cross-sections
with the Single-Level Breit-Wigner representation. This difference has an impact on resonance
reconstruction and probability table generation.

3. The calculation method of the cross-sections at 0 eV is different. The cross-section at 0 eV is
required to calculate the Doppler broadened cross-sections at the low energy region. The NJOY
mode assumes that the cross-section obeys the 1/v law. This approximation is appropriate for
many reactions. However, the elastic scattering cross-sections do not obey the 1/v law since the
elastic scattering cross-section is constant due to the potential scattering cross-section at the
low-energy region. In such a case, the linear-linear interpolation is appropriate. The NJOY
mode uses the 1/v law to reproduce the NJOY results. This difference affects the Doppler
broadened elastic scattering cross-sections at the low-energy region.

4. The NJOY mode uses the fixed incident neutron energy grid to calculate the incoherent inelastic
scattering cross-section. The number of energy grid points is 117 from 1.0 X 1075 to 10 eV to
calculate the incoherent inelastic scattering cross-section and secondary energy and angular
distributions. The incoherent inelastic scattering cross-section at the other energy grid points is
interpolated using the fifth-order Lagrange interpolation and secondary energy and angular
distributions are not calculated. This difference affects some materials, e.g., H in ZrH, for which
the incoherent inelastic scattering cross-section oscillates.

5. The NJOY mode uses discrete random numbers to calculate the chi-squared random numbers

with k degrees of freedom R,z(k). This difference has an impact on the probability table
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generation.

Users run “compile_all.csh” or “make” command in “frendy/main_njoy mode” directory if they
want to compile with this calculation mode. The executable file named “frendy njoy mode.exe” is

generated in “frendy/main_njoy mode” directory.

11.3 How to Execute FRENDY

The execution command is
frendy.exe “input file name”
The input file name is set as a command-line argument.

11.4 Test Calculation with Samples

The sample input files are located in the “sample/input” directory. The sample input files which
are listed in this manual in Sec. 10 are used as the sample calculations. All nuclides and thermal
scattering law data are copied from JENDL-4.0. The “run_all.csh” shell script in the “sample/run”

directory automatically runs all the sample input files.

11.5 Test Programs for Boost Test Library

For quality assurance, the test programs are included to verify the capabilities. The Boost test
library?? is used for the test programs. Using the Boost test library, comparison of the calculation
results and confirmation of the run-time errors are easily done.

The source files for Boost test library are contained in the “test” directory. Users must run the
“run_all class.csh” shell script in the “test” directory if they want to compile and run all the test
programs. The source file name and the directory structure correspond to those of FRENDY sources
in the “frendy” directory. Users must recompile and run the test programs when they modify the
source files.

The test programs start with the following message
Running X test cases...

where X is the number of test cases. If the test programs are successfully finished, the following

message is written on the display

*** No errors detected
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If the test programs find errors, the following message is written on the display

*** ¥ failures detected in test suite ""Master Test Suite"

where Y is the number of errors.

11.6 How to Install FRENDY on Visual Studio 2019

This section shows the installation of FRENDY using Visual Studio 2019. The author strongly
recommends using the Windows Subsystem for Linux to compile FRENDY since the installation of
FRENDY using Visual Studio 2019 is difficult. The installation of FRENDY using Windows
Subsystem for Linux is explained in “FRENDY installation” on the web page of the FRENDY
training course: https://rpg.jaca.go.jp/main/en/program_frendy/index.html.

11.6.1 Installation of Boost Library
Installation of the Boost library is required before the compilation of FRENDY. The installation of

the Boost library is as follows:

Go to the web page of the Boost library: https://www.boost.org/doc/
Click “Getting Started”.

Click “Next: Getting Started on Microsoft Windows”.

Download the latest version of the Boost library.

Unzip the downloaded file.

S

Open the x64 native tools command prompt for VS2019. (Windows menu -> Visual Studio 2019
->x64 Native Tools Command Prompt for VS2019)

7. Move to the unzipped Boost directory.

8. Run “bootstrap”.

9. Run “.¥b2”

11.6.2 Installation of CLAPACK Library

Installation of the CLAPACK library is required before the compilation of FRENDY. The
CLAPACK library is only used to treat the resonance parameter written in the R-matrix limited
formula. The user can skip this process if the user doesn’t need to treat this resonance parameter.

The installation of the CLAPACK library is as follows:

1. Go to the web page of the CLAPACK library: https://icl.cs.utk.edu/lapack-for-windows/clapack/
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Download the CLAPACK library from the following web page:
https://icl.cs.utk.edu/lapack-for-windows/clapack/clapack-3.2.1-CMAKE.tgz

Decompress the CLAPACK library.

Install the CLAPACK library.

Run installed CMake and select the source code directory of the CLAPACK library and the new
directory to build.

Select Visual Studio 2019.

Click the “Finish” button.

Select the compiled directory and click the “Configure” button.

Click the “Generate” button.

10. Click the “Open Project” button and open the window of Visual Studio 2019.

11. Select “ALL_BUILD” in the solution explorer and run debug and release.

12. Select “INSTALL” in the solution explorer and run debug and release.

11.6.3 Installation of FRENDY

o ® N A kDb

The installation of FRENDY is as follows:

Download the “msdirent.h” file instead of the “dirent.h” file from the following web page:
http://svn.apache.org/repos/asf/avro/trunk/lang/c/tests/msdirent.h

Copy the “msdirent.h” file to the “frendy¥VisualStudio” directory.

Generate a project of FRENDY with “Continue without code”.

Click File -> New -> Project From Existing Code.

Input source directory of FRENDY.

Select “Console Application Project”.

Click the “Finish” button.

Remove main.cpp, main_frendy njooy mode.cpp, and main_frrendy.cpp.

Open property of this project. (Project -> Property).

10. Add include directory of the Boost library, the CLAPACK library and FRENDY.

11. Add additional dependency file as follows:

For release : lapack.lib;blas.lib;libf2c.lib;
For debug : lapackd.lib;blasd.lib;libf2cd.lib;

12. Compile FRENDY using release mode.

11.6.4 Running FRENDY with bat Files

The users can run FRENDY using the following two bat files:
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(1) run.bat
set INPNAME=inp JENDL-4 U235
call run_frendy.bat

(2) run_frendy.bat

set EXE=frendy.exe

rem set EXE= frendy.exe
set INP_DIR=. ¥input
set LIB_ DIR=..¥lib

set OUT_DIR=out
set PEN_DIR=pendf
set ACE_DIR =ace

mkdir %OUT_DIR%

mkdir %PEN_DIR%

mkdir %ACE_DIR FAST%
mkdir %ACE_DIR THERM%

set DIR._ DATA=xsdir_list
set LOG=log

rem del %DIR_DATA%
rem del %LOG%

set INP=%INP_DIR%¥%INPNAME%.dat
set LIB=%LIB_DIR%¥%LIBNAME%.dat
set LIBK=%LIB DIR%¥%TSKNAMEY%.txt

copy %LIB% tape20
if exist %LIBK% copy %LIBK% tape23

echo %LIBNAME%

echo %LIB%

echo %LIBK%

echo %LIBNAME% >> %LOG%

- 201 -



JAEA-Data/Code 2022-009

echo "" >> %LOG%

%EXE% %INP%  >>%LOG%

echo "" >> %LOG%

echo " ">>%L0OG%
echo "" >> %LOG%

copy output %OUT DIR%¥frendy output %LIBNAME%%TSKNAMEY%.dat
copy tape25 %PEN DIR%¥frendy result %LIBNAME%%TSKNAME%.dat
copy tape30 %ACE DIR %¥frendy acer %LIBNAME%%TSKNAME%.dat
type tape3l >>%DIR DATA%

del output
del tape20
del tape21
del tape22
del tape23
del tape25
del tape30
del tape31

rem rmdir /s /q %OUT_DIR%

rem rmdir /s /q %PEN_DIR%

rem rmdir /s /q %ACE_DIR FAST%
rem rmdir /s /q %ACE_DIR _THERM%
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