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Chapter 1

Introduction

The importance of nuclear data is often overlooked or oltiignored by many although it can
make or break any calculation. One can have the best codbse wadrld, but if the nuclear
data fed into those codes is lacking the results themseldsemwvorthless. Quality Assurance
(QA) is therefore an important aspect in the preparationwa@li@ated application library.

A set of library files can be considered to be a validated apptn library when the following
requirements are met, regardless of the application or ke pfe-processing codes involved
in the preparation of the library [1]:

e \erification

The verification process ensures that no problems were fduridg processing (due to

faulty data, bad formatting, etc.) and that correctiveandiare taken or that a warning
is issued if a problem was encountered. This verificatiortgse starts even before the
first library file is produced with the selection of the pragiag path for the data pre-

processing code and all relevant parameters.

e Validation

To ensure that the library is capable of providing accurat reliable results, it must
be validated. This can be done by testing the library agamtetnationally accepted
benchmarks. In order to validate nuclear data we also needdore that differences
in benchmark results are really due to differences in datdferiences in library pro-

cessing introduces “noise” and is therefore not acceptabtn validating nuclear data.
Examples of such influencing factors are for instance thsiemerof NJOY (99.00, 99.90,
99.112, etc.) [2], different cross section reconstructaarances, etc.

¢ Documentation

Documenting every aspect in the creation of the library igantant for future reference.
A data pre-processing code (in our case NJOY) should neversed as a black box.
With the documentation provided with the library, a usengtidoe capable of producing
exactly the same library and understand every aspect afeagion.

Before even starting with the production of a library, it isvays good to examine what has
been done in the past in the field of library preparation amdigation. A good place to start is
the documentation of older libraries like ENDF60, ENDFG@,[&, 3, 4, 5] to see what NJOY
processing path they had chosen, what values they used partamt parameters such as the
reconstruction tolerance, etc. Other important infororats the type of verification tests that



were performed and what types of benchmarks were used tatalihe library. And during
this phase the most important question should/bg We should learn from all that experience
and then decide upon our own approach.

All this has resulted in the creation of ALEPH-DLG (Data Laby Generator) [6] and ALEPH-
LIB (a multi-temperature neutron transport library forrelard use by MCNP(X) [7, 8] and
ALEPH [9]). ALEPH-DLG is an auxiliary computer code to ALERHhe Monte Carlo burn-
up code under development at S€KEN in collaboration with Ghent university. ALEPH-
DLG automates the entire process of generating library Wigls NJOY and takes care of the
first requirement of a validated application library: verihe processing. It produces tailor
made NJOY input files using data from the original ENDF filat{@h temperature, the fact if
the nuclide is fissile or if it has unresolved resonances) &ihen the library files have been
generated, ALEPH-DLG will also process the output from NJ@yYextracting all messages
and warnings. If ALEPH-DLG finds anything out of the ordinaitywill either warn the user
or perform corrective actions.

The temperatures included in the ALEPH-LIB library are 3600, 900, 1200, 1500 and 1800
K. Library files were produced for the JEF 2.2, JEFF 3.0, JERFJENDL 3.3 and ENDF/B-
V1.8 nuclear data libraries. This will be extended with ENBFVII when it becomes available.
This report deals with the JEFF 3.1 files included in ALEPHB Ithat are now released by the
NEA-OECD.

Another aspect that is important is maintenance and sufipdtte library. For now, the library
is limited to continuous energy neutron libraries. Protataddata for other charged particles
and Sa, 3) data files will be added in the future. Questions and comnamthis report and
the library may be sent to Wim Haeck and Bernard Verboomepli@iesckcen.be). A website
has also been created to keep users informed on the statusE#HLIB and other related
subjects (www.sckcen.be/aleph).



Chapter 2

NJOY Processing Path and Options

2.1 NJOY Version 99.112

The latest version of NJOY [2] available to us is NJOY 99.11() [dated November 26, 2005).
NJOY 99 is based completely upon NJOY 97 but the main goal @\NJ9 was to incorporate
cleanly a large number of changes needed for high-energy(ftatinstance the LA150 library
[12] with data up to 150 MeV), outgoing and incident chargedtiples and the new photo
nuclear data format of MCNP4C [13]. NJOY 2005 is currently endevelopment at LANL
but it is unclear when this new version of NJOY will becomeikalae [14].

For use under Windows and Linux, we compiled the code usiagd.#ihey Fortran95 compiler
If95 (for both operating systems). A few minor modificatibmeere made to improve the output
of the code:

¢ the output from the unresr and purr modules has been changhéts$ significant digits
are printed instead of 3 (unresr) or 4 (purr) because we wse thumbers for QA testing.

¢ the variable maxscr was increased from 10000 to 50000 inuhenpodule to correct an
error ('not enough scratch space’) that occurred duringtbheessing of3°Pu of the JEF
2.2 library, this has been fixed in NJOY 99.112 but we decideith¢rease it to 50000
instead of 12000 (just in case).

¢ the line 'zero=0’ was added to the reconr subroutines rdé2abrdf2hy to correct an If95
compiler warning ('zero is used but never set’) both in NJ@dates up92 and up99, one
of them is not required.

These updates have been added to the update file up112 (ysextitae the source code for
NJOY version 99.112) and the file uplf95 for the Lahey For®aspecific updates (see ap-
pendix A). Both the file up112 and uplf95 can be found on the Lias®s website t2.l1anl.gov.

2.2 NJOY Processing and Post-Processing

NJOY is a modular program in which the different modules aitked in sequence. Information
is passed from module to module through the use of ENDF filéss the NJOY module
that regulates this data flow. It should be noted that datagahen in this way has all of the

1For NJOY 99.90 [11] we also had to make some modificationsli@saemory problems and to fix compiler
errors and warnings. All those things have now been fixed @¥99.112.
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limitations of the ENDF format. An example being the use adfydhsignificant digits which
can cause NJOY warnings due to round-off when passing datadne module to another (see
section 3.2.1).

The NJOY processing path also depends on the type of liboabetcreated. A continuous
energy neutron library (c-type library) is created by usihg following sequence of NJOY
modules:

MODER 1 The first call to moder is used to convert the raw ENDF file imd\&IOY binary
file (binary files reduce the calculation time significantly)

RECONR The reconr module reads the data on the ENDF tape (resonanasters and
Cross sections), generates point-wise energy-depencdes# sections and puts all cross
sections on the same unionised energy grid.

BROADR The broadr module performs Doppler broadening to the spediémperature and
thins the resulting cross section.

MODER 2 The second call to moder is used to convert the NJOY binaryrfitea readable
ASCII file for use in ALEPH.

UNRESR The unresr module computes effective self-shielding paise cross section in the
unresolved energy range.

HEATR 1 The first heatr run generates point wise heat productiors@estions (also called
kerma factors) and radiation damage cross sections.

HEATR 2 The second heatr run is used as a kinematic check to verifgdirect processing
in the first run.

THERMR 1 The thermr module will generate the cross sections for ftaéierers in the ther-
mal energy range.

GASPR The gaspr module will add gas production reactions to thartyb

PURR The purr module will calculate the unresolved resonancéatility tables used in
MCNP(X).

ACER 1 This acer run will convert the previously generated data ant-type ACE file for
use in MCNP(X).

ACER 2 The second acer run reads the ACE file obtained from the preaoer run, performs
the standard consistency checks and produces the final AGEitiier ASCII or binary).
If problems occur, it will attempt to correct them.

Details on the input parameters for every module will folldivis advisable to read the input
specifications of the different modules of NJOY in the NJOYnonals [2, 10] before reading

the part about the input parameters that we have used.

NJOY is still evolving as more features are being added (d84€@Y errors and warning mes-
sages are linked to this). Until a few years ago, post-psiegf the libraries was still nec-

essary to add essential features such as delayed neuteo(wdteth is now handled by acer as
of NJOY version 99.63 [10], dated October 15, 2001), chaggticle emission (handled by
gaspr, an addition to NJOY 94.15, dated November 28, 1988)atldition of the probability
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tables for the unresolved resonances and the gamma praxldetia (which is now handled by
acer). To prepare the standard MCNP libraries (such as ENPH&Ahd ENDF66 [5]) LANL
has had to use special post-processing codes to add some fethious features to the final
ACE tape. Post-processing is also required in the case akarrthe files. The following two
problems for instance required post-processing for ENDF66

e The heating numbers in the probability table for the unnesbenergy range appeared to
be inconsistent with what MCNP(X) expects. This problem hasdver been corrected
with NJOY version 99.62 [10] (dated September 28, 2001) sonb longer necessary to
deal with this problem.

e On some platforms, it is possible that MCNP compiled in 32 mdewill fail when it
tries to read numbers smaller thenlD~3’. To correct this problem, numbers smaller
then 1. 10~37 are replaced by 11035

As we can see, all reasons for post-processing (except éola#it problem) have been dealt
with in some way by NJOY. As such, we feel that our librariefl méiquire no post-processing
except maybe for the last problem if it manifests itself.

2.3 Input for MODER 1

The moder module is used to convert ENDF, PENDF (Point-wNBE) and GENDF (Group
ENDF) files from the NJOY binary mode to formatted (i.e. ASGtipde and vice versa. In
this case, this moder run converts the raw ENDF file mountedroASCII tape<r aw ENDF>
(which is a positive number) to binary mode on tafi¢ nary ENDF> (which is a negative
number).

On older systems, the use of binary files allowed for a sigamficeduction in calculation time
because binary files can be read faster than ASCII files. Thig isnger an issue with current
computer technology. The transformation of ASCII to binarhowever still included because
it is a good test for the formatting of an ENDF file. If there meething wrong with the
formatting, this moder run will signal it.

The input instructions for this moder run would be:

moder
<raw ENDF> <bi nary ENDF>

2.4 Input for RECONR

The reconr module reconstructs resonance cross sectioggiis resonance parameters (found
in file 2 in the ENDF-format) and linearises cross sectiorag tise non-linear interpolation
schemes (such as lin-log, log-lin, log-log, ...). The resula point-wise ENDF file where
all cross sections have been set on a unionised energy graks Gections that are the sum
of other cross sections, such as the total cross sectiorherdtal inelastic cross section, are
recalculated as the sum of their constituent cross secti@iishe cross sections are recon-
structed to within a user specified accuracy. This modulénays the first to be run because
other modules, such as broadr, require linearised crosisssand/or an unionised grid.
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The input instructions for reconr consist of 5 lines. Thetfire is used to specify the binary
input tape<bi nary ENDF> and the binary output tapi nary out >, only two tapes are re-
quired (other modules will require more input and outpuep The second line contains the
new labekl abel > (delimited by single quotes) for the ENDF tape (the first kii¢he ENDF
file). The third line specifies the ENDF material numkeat > along with the number of com-
ment lines and the number of user defined energy grid poioth @f these have been setto 0
as we do not require these features).

The fourth line is the most important line as it controls thewacy of the reconstruction. Itis
used to set the following variables:

e <err>: the fractional reconstruction tolerance used when then@sce integral criterion
(<errint>)is not satisfied

e <t enpr>: the reconstruction temperature (which is normally 0.0u there exist ENDF-
files that use 77.0 K as initial temperature)

e <errmax>: the fractional reconstruction tolerance used when then@sce integral cri-
terion Kerri nt >) is satisfied (the default i80* <er r >)

e <errint>: the maximum allowed resonance integral error specifiemb(the default
is<err>/20000)

The linearisation process works as follows. First, the €s®tion is linearised until the cross
section at the midpoint between two grid points is within @fron<er r max> from the real
cross section. If the contribution of this interval to theogron the resonance integral (with a
1/E weight):

/ 9E) 4 (2.4.1)

E
is smaller than the maximum resonance integral eteor i nt >, than the cross section is de-
clared converged. If the resonance integral criterion tsabsfied<er r > is used (a reasonable
value would bé. 001). This is done to control the size of the file because a lotagssection
points are added due to resonances. To achieve maximunaagcwe seter ri nt >to a small
number (for instancée- 12) ) and<er r max> equal to<er r > so that the entire cross section is
linearised usingerr >.
To generate the standard MCNP library ENDF66 [1, 5], LANL siynpsed the default values
for <err max> and<errint >, as a compromise between accuracy and library size. To ese th

defaults, we only need to replace the fourth line with théofeing line:
<err> /

The fifth line is used to terminate the input for the reconr medif there were comment lines
or user specified points, they would be inserted into thetinmiructions before this last line).
The input instructions for reconr now are:

reconr

<bi nary ENDF> <binary out>
<| abel >

<mat> 0 0

<err> <tenpr> <err> 1l.e-12
0/
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2.5 Input for BROADR

The broadr module is used to generate Doppler-broadensg sextions using a point-wise
ENDF-file. The basis for the reconr module is the SIGMAL1 cogggion 77-1, dated 1977),
which is still part of the PREPRO codes [15] (under an evoleeth). To verify the correctness
of the cross sections generated by NJOY, we can use PREPROppdpdroaden the same
cross section and compare them.

The input instructions for broadr are quite similar to thadeaeconr. The first line speci-
fies the input tapes (the binary ENDF tag@ nary ENDF> and the output tape from reconr
<bi nary i n>) and the output fil&bi nary out > for use in the following NJOY module.

The second line is used to specify the ENDF material nurxivetr> of the material that needs
to be broadened. The following number is used to set the nuaflilemperatures to which we
want to broaden the cross sections. Because we will only broama single temperature at a
time, this has been set 10 The following numbers are only important when multiple para-
tures are used so they have been sét fbhe last and final entry on this line is the temperature
from which the broadening will start, this is the same terapee<t enpb> that we used in the
reconr module.

The following line is practically the same as the fourth lofereconr to specify the accuracy
of the broadening. The only difference is that the second/ésthe maximum energy above
which no broadening will be performed. This value is setd®6 eV by default. To be consis-
tent with reconr, all the other entries on this line are theesas the entries of reconr.

As was the case with reconr, LANL simply used the default @alto generate ENDF66 as a
compromise between accuracy and library size. To use tlailtef we only need to replace
the third line with the following line:

<err> |/

The fourth line specifies the temperatgtenmpb> to which we will broaden. The input instruc-
tions for broadr are terminated after this line.
The input instructions for broadr now are:

br oadr

<bi nary ENDF> <binary in> <binary out>
<mat> 1 0 0 <tenpr>

<err> le+6 <err> l.e-12

<t enpb>

0/

2.6 Input for MODER 2

This moder run converts the binary tag@ nary i n> (which is a negative number) to ASCII
mode on tapgALEPH t ape> (which is a positive number). This last tape can now be used fo
further verification such as plotting, ... The input instrags for this moder run would be:

moder
<binary in> <ALEPH t ape>

13



2.7 Input for UNRESR

The unresr module produces self-shielded cross sectiotiginnresolved resonance range.
For our purposes it is not necessary to run this module bedaespurr module will deal with
the unresolved resonance range using probability tablesveker, as part of the QA of the
library, some results from unresr are compared to purr (segom 3.2.3). This module will
only be run if there are unresolved resonances present ia éfehe ENDF file.

As usual, the first input line specifies the input files (thealynENDF tape<bi nary ENDF>
and the output tape from broadbi nary i n>) and the output filebi nary out > for use in
the next NJOY module.

The next line is used to specify the material material numtoat > along with the number
of temperatures (set tb as we only calculate one temperature at a time) and the nuafiber
0p values used in the calculation (which has been sét gee below on why we choosedg
values). The last number on this line is the print option. Aswil require some of the output
of unresr to verify the purr output, we set this optiori tmaximum output).

The third line is used to specify the temperatgrenpb> at which the cross sections are to be
calculated. This temperature is the temperature to whietcthss sections have been broad-
ened.

The fourth line is used to specify th®) values. og represents the effects of all other isotopes
in the mixture on the self-shielding effect of the flux. Thdweof 1e- 10 is required as this
represents infinity. The unresolved resonance cross ssatimrresponding tap = 1-10-10
are the infinite diluted cross sections. This value dgris required. For our purposes, it is
not necessary to specify any more valuesdgras the infinite dilution cross sections are the
only ones that we required [4, 5]. We decided however to ade&imp values:1e+8, 1e+6,
let+4, 1le+3, 3e+2, le+2, 3e+l andle+l. These values have been chosen to reflect the values
used by LANL for the ENDF60 library with probability tablealthough the documentation
of this library clearly states that those multiple valuesgfare not required [4]). The NJOY
manual [2] also states that the poifits+3, 3e+2 andle+2 are useful foP3°U (see page V-13
of the NJOY91 manual). The pointg+8 andle+6 have been added to make thggrid more
complete. The input for unresr is terminated after this bhegp values.

The input instructions for unresr now are:

unresr
<bi nary ENDF> <binary in> <binary out>

<mat> 1 9 1

<t enpb>

le+10 1e+8 le+6 le+4 le+3 3e+2 le+2 3e+l le+l
0/

2.8 Input for HEATR 1

The heatr module will add point-wise heating cross sect{aiso called kerma factors) and
radiation damage energy production to the ENDF-file that veepaocessing. This first heatr
run will add all the required reactions for acer and purr.

The input starts with the line containing the input and ottjles: the binary ENDF tape
<bi nary ENDF>, the output tape from the previous modslg nary i n>) and the output file

<bi nary out > for use in the next NJOY module.

14



The second line is used to specify the matesradt >. It is followed by the number of partial
kerma’s that have to be calculated next to the total kerm&Qtjt We will requiret or 5 extra
kerma factors (depending on the fact if the material is 8ssilnot). The next number specifies
the number of use@-values that we wish to enter (which we sefjo We want to process all
temperatures (although we only have one temperature initmmary) so the fourth number is
set to0. The following option is used to either transport gamma @yt® deposit their energy
locally. The default for this is to transport the gamma raye €et this td)). The printing
option that follows has been set@dor minimal printing.

The third line contains the partial kerma’s that we want towate. These partial kerma’s are:

e 302: the heat production due to elastic scattering, this isireddor purr

e 318: the heat production due to fission, this is required for foutr needs only to be
added if the material is fissile

e 402: the heat production due to ), this is required for purr

e 442: this option is added because of a planned modification to M@ldPwill allow the
heating values to be for the local deposition of photon gnedgen users don’t want to
do a complete neutron-photon-heating calculation (addedJOY version 99.85 [10],
dated February 25, 2002)

e 444: the total damage energy production

For the construction of the standard library ENDF66 [1, 5]NlAalso asked for the following
MTs:

e 303: the heat production due to non-elastic reactions (alltreas but elastic scattering)
e 304: the heat production due to inelastic scattering

e 443: the total kinematic kerma (high limit)

As far as we know, these are not required (the final ACE finalamily contain the total heating
and damage energy) so we decided not to add them.
As such, the input for this first heatr run looks like (for aifesssnaterial):

heat r

<bi nary ENDF> <binary in> <binary out>
<mat>50000

302 318 402 442 444 |

For a non-fissile material, teon line 2 is replaced b¥ and the kerm&18 is removed from
the last line.

15



2.9 Input for HEATR 2

This second heatr run is simply to check if everything is pssed correctly. This type of run
is also referred to as the kinematic check (see the NJOY9Liah§2| page VI-18). The input
for this heatr run is quite similar to that of the previoustnean. The only difference is that the
printing option is set t@ (maximum output with checking) and that we now ask@qgrartial
kerma'’s for fissile material o for a non-fissile material. The only extra kerma addegDi.
The output of this heatr run is not used for anything and so weewt to a temporary tape
<bi nary scrat ch>. The input for this heatr run will be (for a fissile material):

heat r

<bi nary ENDF> <binary in> <binary scratch>
<mat>6 000 2

302 303 318 402 442 444 |

For a non-fissile material, theon line 2 is replaced by and the kerm&18 is removed from
the last line.

2.10 Input for THERMR 1

The thermr module generates point wise neutron scatterogg sections in the thermal energy
range and adds them to the library. As was the case for thsum@dule, it is not required to
run this module to create an MCNP(X) library [4]. For the cieatf the ENDF66 libraries,
thermr wasn't even used [5, 1]. We include it here for conggiess.

As usual, the input begins with the input and output files. Bhmary ENDF tape<bi nary
ENDF> and the output tape from the first heatr ki nary i n>) are read in and the new file is
written to the output file<bi nary out > for use in the next NJOY module.

The second input line specifies the material to be read fremENDF input tape<bi nary
ENDF> (which we set td) and the materiatmat > to be read from the input tag®i nary i n>.
Next we have to select the number of equi-probable anglegclwiie set tol6). The next
option is1 as we only calculate one temperature. The next two optianssed to specify the
inelastic and elastic optioni(nc andi coh). We choose the free gasific = 1) as inelastic
option and no option for the elastic optioncoh = 0). We only have one principal atom so
the next number i4. The inelastic reaction will be written to mt numb&tl (the special mt
number for free gas). For the output option we choose maximutput with intermediate
results (optior?).

The third line is used to specify the temperatarenpb> and the fourth line is used to set the
tolerance (which we set to the tolerana r > used in broadr and reconr) and the maximum
energy for thermal treatment (we chodseV).

The input for this module will therefore be:

t her nr

<bi nary ENDF> <binary in> <binary out>
O <mat> 16 1 101 221 2

<t enpb>

<err>5
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2.11 Input for GASPR

The gaspr module adds charged particle production (al$edcghs production). The module

takes any cross sections of reactions in which secondatiglearsuch as protons;-particles,
are produced and adds the particle production from tbisss sections to the library.

The input for this module is quite simple, just the standard bf input and output files: the

binary ENDF tapebi nary ENDF> and the output tape from the thermr modgibe nary i n>)

as input anckbi nary out > as output for use in the next NJOY module.

The input for gaspr will therefore be:

gaspr
<bi nary ENDF> <binary in> <binary out>

2.12 Input for PURR

The purr module will prepare the probability tables for theatment of the unresolved reso-
nance self-shielding in MCNP(X). Unresolved resonance s@klding is already treated by
the unresr module using the Bondarenko-method (also cadiledackground cross section
method). This method is however not very useful for contirsienergy Monte Carlo codes.
The probability table is a more natural approach to the efféainresolved resonance self-
shielding in Monte Carlo codes. When no unresolved resonameggesent, it is not necessary
to run this module as no probability tables will be produced.

This module will construct a series of resonance laddersabey the statistical distributions
given in file 2 of the ENDF file. Each of those ladders will be géed randomly to produce
contributions to a probability table. As a convergence skt of Bondarenko values is calcu-
lated at the same time and another set is calculated usirapthpleted probability table.

The input for purr is quite similar to that of the unresr maa(ds both modules serve the same
purpose). Again, the first line are the input (the binary ENBpe<bi nary ENDF> and the
output tape from the gaspr modulei nary i n>) and output files<bi nary out >).

The second line has the same numbers as the second line fr@sr:.uthe materiaknat >,
the number of temperature$)(and the number ofp values 9). The following two values
are the number of probability bins and the number of resomdemiders that will be used to
calculate the probability table. We have set the numberabaoility bins t020, as is the case
for the standard ENDF60 [4] and ENDF66 [1, 5] libraries. Farstpractical applications, it is
accepted that a table with 10 bins will be sufficient [16], so choice of 20 bins is acceptable.
For the construction of ENDF60 and ENDF66 libraries, LANLeds32 resonance ladders
but apparently this was not enough for certain isotopesh(sisé3°U, 235U and?3%Pu). The
number of resonance ladders was raised to 64 for those emtdpsts have also shown that the
probability tables change according to the number of resombadders used. We have therefore
chosen to usé4 resonance ladders by default for every isotope. The follgwiumber is the
printing option which we set td (maximum output, we will need the result for the QA of the
library). The last number allows us to set the number of gnpaints desired. This has been
set to the default valué( calculate all points).

The third and fourth line are the same as the lines for untbsrtemperaturet her mh> and
the gp values. The purr input is therefore:

purr
<bi nary ENDF> <binary in> <binary out>
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<mat> 19206410
<t enpb>
le+10 1e+8 le+6 le+4 le+3 3e+2 le+2 3e+l le+l

2.13 Input for ACER 1

The acer module prepares libraries in the ACE format (A Compad) for the MCNP(X)
continuous-energy Monte Carlo code. The ACE format contdirthe details of the normal
ENDF format but the representation of the data is differemtthe sake of efficiency. All
cross sections share a unionised energy grid. Cross seotigadctions that are the sum of
others (such as the total cross section or the total inelesiss section) are removed and will
not be added to the library (they will be reconstructed wheressary by MCNP(X)). Angular
distributions are converted into 32 equi-probability bimgumulative probability distributions.
Detailed photon data will be generated directly from files 12, 14, 15 and 16 if they were
present in the ENDF file. Charged particle production cros8@es are also added to the ACE
file.

This first acer run will convert the previously calculatedrpavise ENDF file along with other
data from the original ENDF file into an ACE file. The second awerwill perform consistency
checks of this ACE file and correct the problems if possible.

The first line of the acer input specifies the input and outpes fi There are normally three
input files. The first is the original ENDF filebi nary ENDF>. The second file is the point-
wise ENDF file<bi nary i n> from the gaspr or purr run. The third input file was normally
used to input the 30-by-20 photon production matrix. This haw become obsolete as the
photon data is read directly from the original ENDF file (iEthption<i opp> on line 5 is set
to 1, which is the default value). This input tape has theref@enbset td. After these three
input files, we need to specify two output files: the new ACE<SAEE t ape> and a file for the
new xsdir entry. The ACE file will however be checked by the secacer run and the xsdir
entry for the library will be generated by that run. The fiftitrg on the first line is therefore
set to<scr at ch>, a temporary file.

The second input line sets the basic characteristics ofiltinary. The first number (often
referred to as opt ) sets the type of library. We want a fast data library spt is set tol.
The second entry determines the output from the module. Naubis required from this run
(comprehensive output will be generated by the second nutf)esfollowing number i§. The
following two numbers are the ACE file typ@at ype> (which we have set tb for ASCII tapes)
and the library suffixsuf f > (specified by the user). Because we do not want to read any extra
pairs ofi z andaw, the last number on this line &

The third line is simply a labedl abel > for the library. The fourth line sets the matersaft >
and the temperature enpb> of the library. The fifth line is used to add certain optionshe
ACE file. The first is the use of the new format for MCNP4C-typediles and the second is
whether or not to include detailed photon data &hepp> option mentioned earlier). Both are
1 by default. The last input line is used to specify if we wanthim the cross sections (using
the defaults will not thin any cross section, which we wileusThe input for this acer run will
be:

acer
<bi nary ENDF> <binary in> 0 <ACE tape> <binary scratch>
101 <suff>0

<l abel >
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<mat > <t enpb>
11
\

2.14 Input for ACER 2

As mentioned before, this acer run will perform a number afststency tests on the produced
ACE file and try to correct any problems that might surface sTan will also produce the ACE
file in the format requested by the user (either an ASCII fileinkby file). Please note that
binary files generated by NJOY can only be used on the systewharh they were created.
The input for this acer run is quite similar to that of the poess run.

The first input file has been set ioas we will not be needing it. The second input file is the
ACE file <ACE t ape> produced in the previous run. When performing ACE consistencsy,
the third entry on this line is not used for an input file but &r output file<pl ot file> (a
positive number because it is an ASCII file) containing plstrinctions for viewr and/or plotr.
The last two files will be the final ACE filefi nal ACE> and the file<xsdi r > containing the
xsdir line for the library.

To perform the ACE consistency check,opt > (the first entry on line 2) will be set to for
ASCII ACE files. The print control is set to maximurh)( The type<nt ype> of ACE file is
eitherl for an ASCII file or2 for the binary file (specified by the user). The next numbedis
to specify that we do not want to change any materials in traty. This line is then followed
by the labekl abel >. So the input for this acer consistency run will be:

acer

0 <ACE tape> <plot file> <final ACE> <xsdir>
7 1 <ntype> -1

<l abel >
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Chapter 3

Library QA - Verifying Correct Processing

3.1 Introduction

When NJOY has finished creating an ACE file, the data has to b&egketo ensure proper
processing. Most of the time, we can rely upon NJOY itselfaatis. NJOY verifies if the
necessary data is available, the second acer run performsa@fistency checks and corrects
problems if any are found, ... We can however not rely on NJ@viea So in addition to the
internal NJOY processing QA, we have to perform the follayateps as well:

e Check the NJOY output to analyse warning messages and etoovsfify resonance
reconstruction errors, to verify the correct processinthefunresolved resonance prob-
ability table, and to process the results from the acer stersty check.

e Check cross section plots to find anomalies.

e MCNP(X) testing to see if MCNP(X) accepts the ACE file.

During the preparation of the ENDFG60 [4, 3] and ENDF66 [1,tahslard libraries, LANL also
tested (and corrected) the library files using special memhecking codes:

e CHECKTHRESH: this code performs reaction threshold procgssitompare thresh-
old energies with kinematic thresholds for negatr@alue reactions.

e CHECKND_NEUT: this checks the secondary neutron distrimgtiosing law 4 and 44.
It verifies that the interpolation schemes are used (1 ot B)entifies any negative prob-
ability density functions (or PDF) values and it checks ifitnens can be produced with
an energy greater than the initial energy (including fisgitmthe case of negative PDF,
the negative values are set to zero and the distributiom@nealized. It also corrects the
secondary neutron distributions (except for fission) fargres greater than the incident
neutron energy.

e CHECKND: this checks the secondary photon distributionsgiEiw 4 and 44.

e CHECKS: this checks data files using the mt5 reaction which éslide combine many
reactions into one single reaction at high incident neugregrgies (typically> 20 MeV).

e CHECK_URES [4]: this checks the proper processing of the uhred@sesonance prob-
ability tables.
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None of these codes are available to us but some of them haaelglbeen added to the internal
NJOY testing. All corrections and tests of CHECKTHRESH are newgrmed by default by
the reconr module, see section 3.2.1. The tasks of CHECKND TN\&tid CHECKND are now
performed by acer itself (see section 3.2.1) or during tlex aonsistency check (see section
3.2.4). Only the CHECK_URES and CHECKS5 tests have not (yet) bededadBecause the
unresolved probability tables are a very important parhefliorary, we will provide testing of
our own to ensure correct processing (see section 3.2.3).

3.2 NJOY Output Processing

3.2.1 Common NJOY Warnings

Whenever NJOY encounters an abnormal situation it will isswearning message. In some
cases, NJOY will take steps to correct the problem. All theessages have to be collected
and understood before the produced library files can be apgroThe following is a list of
messages that can be encountered:

e changed threshold from... to ... for nt...

When reconr goes through the reactions given in the ENDF atiahy it also checks the
threshold energf, against th&-value and the ratidW R(the ratio between the atomic
weight and the neutron mass) found in the ENDF file. If the coord

> AR 2, (3.2.1)

is not satisfied, the threshold energy is changed and reatinssue this warning.

Initially, NJOY only gave this warning if the change is grerathan 0.1% but it appears
that NJOY 99.90 will issue the warning regardless of the gkeaso the majority of all
warnings encountered will be this one. This warning can m@rngd (or a corrected
evaluation should be used). In the cas@®é¢ and®'P from JEFF 3.1, this can also lead
to a warning in acer (see below) due to rounding errors.

e ---nessage fromemerge---non positive elastic cross sections found

The reconr module found a non positive elastic cross seetohset it a very small but
positive value. In older evaluations, the negative crosB@eis most likely caused by the
use of Single Level Breit Wigner (SLBW) to represent the resoagrarameters in file
2. Although the use of SLBW is now discouraged in favour of falisms such as Multi-
Level Bright Wigner (MLBW), R-matrix, Reich-Moore and R-functiformalisms, it is
still possible to have negative scattering cross sectiees [17], p 2.34 to 2.36). In JEFF
3.1, the following nuclides are known to have this probleifar, 8INi, 111cd, 113Cq,
128T1¢,157Gd, 182 and?*4Cm.

e ---message fromlunion---xsec nonzero at threshold for nt=...

The initial value of a threshold reaction cross section fedent from zero. NJOY has
corrected this by using a jump in the cross section at theshioid energy. Because of
this correction, acer and MCNP(X) will however give a warngancerning coincident
energy points (see below). This message can be ignoredéavaluation should maybe
be corrected as well. The following nuclides in JEFF 3.1 arvewn to have such cross
section jumps160, 19F, 23Na, 3°Cl, 37ClI, 1°9Nd, 1°°Eu, 294Pb and®*3Am.
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---message fromhinit---nf4 and 6 mssing, isotropy assunmed for nt...

The ENDF file contains cross sections in the mt600 to mt80@edwt these do not
have corresponding entries in file 4 (angular distribufjamsfile 6 (energy-angle dis-
tributions). In order to continue, NJOY assumes an isotrepigular distribution. This
message can be ignored, but the evaluation should maybereetea as well.

---message fromhinit---nt18 i s redundant

In the ENDF format, mt18 (total fission) is always the sum ol&tmt20, mt21 and
mt38. If any of these are present, heatr will use the spessacated with these mt-
numbers and ignore the spectrum of mtl18. This is just annmitive message and can
be ignored.

---message fromhinit---nt19 has no spectrum

As mentioned before, mt18 (total fission) is the sum of mt1&0nmt21 and mt38.
In some evaluations, these partial fission reactions aendmut they have no spectrum
associated with them. heatr will now assume that the specissociated with mt18 has
to be used instead. This is just an informative message andecggnored.

---message fromhinit---n458 is mssing for this mat

Energy release in fission for incident neutrons (mt458) ssimg from the ENDF file of

a fissile nuclide. No partial components of the fission enestpase are given while they
are required to calculate the heating. This message cambeeid, the only solution is

to use a corrected evaluation which includes mt458.

---message fromhinit---nf6, nt... does not give recoil za=...

The energy-angle distribution for the specified particlmissing in file 6. NJOY requires
energy distributions for all secondary particles from actiea to compute the energy
deposition. In this case, NJOY has to make an assumptionemetgte an approximate
to the data needed. This message can be ignored, but thetwalghould maybe be
corrected as well.

---message from nheat---changed g from... to ...

NJOY does not include energy from delayed emission (gammabetas) in the prompt
heating. The fission Q-value is changed from the total valuengn file 3 to a prompt
value using the delayed neutron energy from mfl, mt458. iEhjast an informative
message and can be ignored.

---message fromsixbar---no distribution for nt... particle ...
The ENDF6 format allows an evaluator to describe a subsedtidile 6 using LAW=0
(no distribution given). This is fine for particle yields fgas production, ... but they

are not adequate for computing heating and damage. Thisecemored if no corrected
evaluation is available. In JEFF 3.1 this message is issaednf5 in the following

evaluations: all Ca isotope®Sc, all Fe isotopes, all Ge isotop&8]c, all Pb isotopes
and?%3Bi. The mt5 reaction number is a lump reaction number for meugnergies
above 20 MeV so for normal applications this should not pageohlem.

---message from héddx---vertical segnent(s) in distribution
y(x) is ill defined

This error is issued fot®Fe.
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---message from ptleg2---negative probs found

Secondary particle energy and/or angle distributions @arepresented using a infinite
serial decomposition in Legendre polynomials. Becausefantmseries is not practical,
it has to be cut off at a certain order (in the ENDF format, thpar limit is 64). Because
the Legendre polynomials are not necessarily positive, ¢hn introduces areas where
the series leads to negative values - which is physicallyossjle. An evaluation with
this error should be corrected (for instance by using a mighder cut-off).

This message occurs when the acer module has found suchtaveggabability distri-
bution function (or PDF) value. To “solve” the problem, abas set the value to zero
and has renormalized the distribution back to 1. The CHECKTHRE&dJe was used
to verify and correct this in the case of ENDF60 and ENDF66q(teeit was added to
NJQY). Table 3.1 gives an overview of all evaluations in JBEFwith this error.

---message fromptleg---negative area between mu=... and
Cy e, €= L.,

The ptleg subroutine of the acer module translates ENDF hdigeangular distributions
into tabulated form with equal probabilify intervals. In this routine the cosine interval
U =-1to 1lisdivided into 1000 intervals and integrated. Whenittbegral of the angular
distribution over such an interval is negative, we recehivg nessage. This is caused by
the fact that the Legendre polynomial series can lead totivegealues (see the ptleg2
problem on negative probabilities)°O from ENDF/B-VI.8 (which has been taken over
to JEFF 3.1) is known to have this problem.

---message from uni onx---threshold error

This error is encountered for instance f&e and®'P from JEFF 3.1. This error normally
surfaces when there is an inconsistency between the tHdeshergy of a reaction in

the ENDF file and the value calculated by NJOY (see the firsiratescribed in this

section). This is already checked and corrected in recotiviserror should never occur.
However, NJOY uses ENDF files to transfer information betwa®dules in which any

number is rounded to 6 significant digits. In the case of tr@/abmentioned nuclides,
the difference between the calculated value and the onesiENDF file occurs in the

7th significant digit (which is lost due to rounding). As sutfis error can be ignored.
As an illustration, this is the complete message3fér:

---message from unionx---threshold error
54 3.4023020E+06 3.4023021E+06 9.9999998E-01

---message from consis---consistency problens found

The second acer run provides a consistency check of the ACaréiiuced by the first
acer run. Whenever something abnormal is found, this messgiidee printed. In some
cases, the error should have been corrected. See sectidd@.thore information.

3.2.2 Resonance Reconstruction

The reconr module reconstructs resonance cross sectiongsthe resonance parameters and
linearises cross sections that use non-linear interpolathemes on a unionised energy grid
(all cross sections of the same nuclide will use the sameggrggid). During the reconstruc-
tion and linearisation of the cross section, two criterihpe used: the fractional reconstruction
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Table 3.1: Overview of all nuclides from JEFF 3.1 with theep problem: mt-
numbers, energy (given in MeV) and number of negative pritibatalues.

nuclide| mt E nr | nuclidemt E nr | nuclide| mt E nr
10 2 165 20| 188 |51 20 11| 283y 2 165 19
2 17 15| 1%gr |51 20 13 2 17 49

11g 2 20 59| YHf | 2 17 24 2 18 92
8Co | 2 145 3 2 18 17 2 185 122
0IRy | 2 6.87 20 2 19 71 2 19 18
2 7 21 2 20 71 2 195 272

2 105 33| Hf | 2 9 66 2 20 272

2 11 90 2 14 9| ¥y |73 16 1

2 12 171 ¥Au | 2 24 39 77 16 1

2 13 25 2 25 096 81 16 1

2 14 44 2 26 217| %8y | 2 20 148

2 145 43 2 27 228| ®pu | 2 15 6

2 15 46 2 28 264 2 20 6

2 16 77 2 29 278| %%py | 2 20 89

2 17 98 2 30 391| *Am | 2 19 13

2 18 127 53 29 18 2 20 41

2 19 164 53 30 27 |2Am| 2 19 13

106pg | 2 14 2 56 30 9 2 20 41
2 145 5| ¥4g |68 25 14| #Ccm | 2 20 132

07pg | 2 145 7 | 19Hg |69 20 14| ?*Cm | 2 20 41
108pg | 2 145 3| ?2Ra | 2 20 14 51 15 24
10pg | 2 12 6| 2Ra | 2 20 15 51 20 24
2 14 5| 2PRa |2 20 17 52 4 8

ag | 2 15 2| ?2Ra | 2 20 17| ?Cm | 2 20 44
2 20 2| %Ac |2 20 17| ¥*Cm |2 20 8

3 a |2 10 17| 22Ac | 2 20 18| 2Cm | 2 20 47
BIsm| 2 10 3| 29Th |2 20 20| ##Ccm | 2 20 50
5Ho | 2 25 67| 2°Th | 2 20 10| Bk | 2 20 53
2 30 236 ®pa |2 15 2| %%cf |2 20 86

51 30 2 2 20 23| ®Es | 2 19 31

166gy |51 20 4| 28y |2 15 1 2 20 86
167y |51 20 9 2 20 30| ®%6s | 2 20 92
52 20 7 2Fm | 2 19 30

2 20 92
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tolerance<er r > and the maximum resonance integral exerri nt > with its associated re-
construction toleranceer r max>. If we asked for maximum accuracy, the tolerareer >
will be used in the linearisation of the entire cross sectida a result, the file will be rather
large due to the large number of points. To avoid large files,nhaximum resonance integral
error<er ri nt > and the reconstruction tolerancer r max> are used. In that case, the tolerance
<er r max> will be used for the linearisation of the cross section if énsor on the resonance
integral satisfies the maximum resonance integral ewori nt >. If this is not the case, the
cross section is linearised to withder r >,

After finishing the reconstruction, the reconr module wilhpa summary table of the possible
resonance integral error due reconstruction process. tdbis must be checked to see if the
error is not too large. Fot*®U from JEF 3.1 (usinger r > = 0.001 and the default values for
the other tolerances), this summary looks like this (somesliwere cut to save space):

estimted maxi mumerror due to
resonance integral check (errmax,errint)

upper elastic percent capture percent fission percent

ener gy i ntegral error i ntegral error integral error
1. 00E- 05
1. 00E- 04 2.17E+01 0. 000 1.84E+02  0.000 1.82E-03 0.000
1. 00E- 03 2.17E+01 0. 000 5.81E+01  0.000 5.76E-04 0.000
1. 00E- 02 2.17E+01 0. 000 1.84E+01 0. 000 1.82E-04 0.000
1. 00E- 01 2.17E+01 0. 000 5.84E+00 0. 000 5.77E-05 0.000
1. 00E+00 2.16E+01 0. 000 1.93E+00 0.000 1.86E-05 0.000
5. 00E+02 1.92E+01 0.001 5.03E+00 0.014 1.89E-05 0.008
1. 00E+03 1.51E+01  0.002 2.45E+00  0.045 4.10E-04 0.149
2. 00E+03 1.48E+01  0.006 1.34E+00 0.129 2.91E-04 0.114
5. 00E+03 1.78E+01  0.019 1.09E+00 0.362 9.05E-09 0.001
1. 00E+04 1.03E+01  0.059 5.37E-01 0.912 6.96E-05 0.496

In the case where maximum accuracy is requested (ggng> = 0.001), the numbers in the
error columns above are all zero. If the errors are too lalgeyser can simply decreass r >
and run NJOY again.

Just checking this table can already lead to surprisindteesthis is for instance the resonance
reconstruction summary for elemental sulfur from ENDF/B:6.

estimated nmaxi numerror due to
resonance integral check (errmax,errint)

upper elastic percent capture percent fission percent

ener gy i ntegral error i ntegral error i ntegral error
1. 00E- 05
1. 00E- 04 2.26E+00  0.000 3.58E+01  0.000 1.24E-01 0.000
1. 00E- 03 2. 26E+00  0.000 1.13E+01  0.000 3.92E-02 0.000
1. 00E- 02 2. 26E+00  0.000 3.58E+00 0.000 1.24E-02 0.000
1. 00E-01 2.26E+00 0. 000 1.13E+00 0. 000 3.92E-03 0.000
1. 00E+00 2.26E+00  0.000 3.58E-01 0.000 1.24E-03 0.000
5. 00E+04 8.63E-01 0.006 5.22E-03 0.073 3.73E-04 1.774
1. 00E+05 1. 10E+00 0. 003 1.53E-03 0.038 2.01E-03 1.743
2. 00E+05 5.86E+00 0.001 2.04E-03  0.247 1.30E-03 1.077
5. 00E+05 2.48E+00 0.010 1.22E-03 0.866 6.59E-04 1.765
1. 00E+06 1.52E+00 0.018 5.29E-04  1.057 2.69E-05 2.025
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Apparently, this element has non-zero fission integralgs Tdue to the fact that the fission
widths in the resonance parameters are not zero so NJOYlai@suhe integral. This evalua-
tion has been in use since 1979 and was included in the betsi@wvef ENDF/B-VII (in the
betal version released in October 2005 this element was/egijo

In the case of JEFF 3.1, no adjustments of the standard valueerr >, <errmax> and
<errint>was required.

3.2.3 Unresolved Probability Tables

As was mentioned already in the introduction of this chapter will provide for testing of
the unresolved probability tables. For this, we will penfiomost of the tests performed by the
CHECK _URES code [4] in one form or another:

1. Compare the infinite dilution cross sections obtained fuomesr by those calculated by
purr and compare the infinite dilution total cross sectionth whe sum of the infinite
dilute elastic, fission and capture cross section for bathvetlues from unresr and purr.
Fractional differences of more than1i0~10 are noted.

2. Compare for each probability bin the total cross sectidh thie sum of the elastic, fission
and capture cross section. Differences of greater than &%ated.

3. Compare the average cross section values from the laddatateon with those obtained
through the probability table itself.

4. Check if the cumulative probability is correctly normalizto 1 (give or take 11010)
and check for abnormal zero probability bins.

5. Check the rows of the probability table for negative sexstiand abnormal zero cross
sections.

The following is an illustration of all the tests performedALEPH-DLG for 238U at 300 K
for the energy of 20 keV. First, the infinite dilution crossens from unresr and purr are
compared. The first part of the test is the comparison of theitie dilution values for the total,
elastic, fission and capture cross sections (on the leftilamdecond part consists of testing
whether the total value equals the sum of the three partalshe right):

PURR- UNRESR infinite dilution cross section check

total elastic ... capture | unresr tot purr tot
unr esr 1.432516E+01 1.379577E+01 ... 5.293905E-01 | 1.432516E+01 1.432516E+01
purr infd 1.432516E+01 1.379577E+01 ... 5.293905E-01
purr bkgd 0.000000E+00 0.000000E+00 ... 0.000000E+00
diff [% 0. 0000 0. 0000 c 0. 0000 | 0. 0000 0. 0000
passed? yes yes Ca yes | yes yes

Passed all tests - no problenms found

In this example, the column for the fission cross section wiaited (every value in this column
was zero). When this test fails, this is mainly due to the bemkgd cross section (which is
why the values of the background cross section is printe@dsutell).

The second stage is the comparison of the Bondarenko valt@seth during the calculation
of the probability table and the ones calculated using tbéaility table itself. Although the
table contains all data for eveoy values that were used during the NJOY run, only the infinite
dilution values are compared:
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PURR Bondar enko val ues check

Bondar enko cross sections by direct sanpling

si gma0 pO total elastic ... capture pl tota
1. 000000E+10 1.436541E+01 1.383465E+01 ... 5.307606E-01 1.436541E+01
1. 000000E+08 1.436541E+01 1.383465E+01 ... 5.307606E-01 1.436541E+01
1. 000000E+06 1.436536E+01 1.383461E+01 ... 5.307592E-01 1.436532E+01
1. 000000E+04 1.436079E+01 1.383018E+01 ... 5.306131E-01 1.435618E+01
1. 000000E+03 1. 432063E+01 1.379131E+01 ... 5.293179E-01 1.427672E+01
3. 000000E+02 1.422678E+01 1.370058E+01 ... 5.262064E-01 1.409623E+01
1. 000000E+02 1.401740E+01 1.349858E+01 ... 5.188250E-01 1.371602E+01
3. 000000E+01 1.360558E+01 1.310305E+01 ... 5.025293E-01 1.303210E+01
1. 000000E+01 1.316814E+01 1.268519E+01 ... 4.829514E-01 1.234338E+01

Bondar enko cross sections fromprobability table

si gma0 p0 total elastic ... capture pl tota
1. 000000E+10 1.436541E+01 1.383465E+01 ... 5.307606E-01 1.436541E+01
1. 000000E+08 1.436541E+01 1.383465E+01 ... 5.307606E-01 1.436541E+01
1. 000000E+06 1.436537E+01 1.383461E+01 ... 5.307592E-01 1.436532E+01
1. 000000E+04 1.436095E+01 1.383034E+01 ... 5.306137E-01 1.435650E+01
1. 000000E+03 1.432210E+01 1.379278E+01 ... 5.293225E-01 1.427959E+01
3. 000000E+02 1.423104E+01 1.370482E+01 ... 5.262162E-01 1.410407E+01
1. 000000E+02 1. 402651E+01 1.350768E+01 ... 5.188275E-01 1.373089E+01
3. 000000E+01 1.362018E+01 1.311771E+01 ... 5.024718E-01 1.305142E+01
1. 000000E+01 1.318591E+01 1.270308E+01 ... 4.828283E-01 1.236715E+01

Bondar enko cross sections difference [%

si gm0 p0 total elastic ... capture pl total | passed?
1. 000000E+10 0. 0000 0. 0000 ... 0. 0000 0.0000 | yes
1. 000000E+08 0. 0000 0. 0000 ... 0. 0000 0. 0000
1. 000000E+06 0. 0001 0. 0000 ... 0. 0000 0. 0000
1. 000000E+04 0. 0011 0.0012 ... 0. 0001 0. 0022
1. 000000E+03 0. 0103 0.0107 ... 0. 0009 0. 0201
3. 000000E+02 0. 0299 0.0309 ... 0. 0019 0. 0556
1. 000000E+02 0. 0650 0.0674 ... 0. 0005 0. 1084
3. 000000E+01 0.1073 0.1118 ... 0.0114 0. 1481
1. 000000E+01 0. 1349 0.1409 ... 0. 0255 0. 1924

Passed Bondarenko infinite dilution test

In the example given above, the column for the fission crostsssewas omitted (all values are
again all zero).

The third and last stage is the testing of the probabilityetatself. The test again consists
of two parts: an overview of the probability table (for evdaipn, the probability cumulative
probability and the cross section values are printed) andoth test (where the sum of the
partials is compared to the total value). For 88U example the probability table overview
looks like this (the bin tests were omitted due to space):

PURR- ACER unresol ved resonance probability table check

fission
0. 000000E+00
0. 000000E+00
0. 000000E+00

el astic
3. 585895E+00
5. 966992E+00
8. 200861E+00

tot al
3. 823343E+00
6. 229751E+00
8. 460657E+00

bi n tot prob
1 4.662500E-03
2 1.791875E-02
3 6.367188E-02

cum prob
4. 662500E- 03
2. 258125E- 02
8. 625313E- 02

capture
2.374473E-01
2.627585E-01
2.597957E- 01
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4 5, 406562E-02 1.403187E-01 9.689484E+00 9.443480E+00 0. 000000E+00 2.460040E-01
5 5.973125E-02 2.000500E-01 1.029883E+01 1.006470E+01 0.000000E+00 2.341318E-01
6 5.639375E-02 2.564438E-01 1.073697E+01 1.049481E+01 0.000000E+00 2.421615E-01
7 5.767500E-02 3.141188E-01 1.108989E+01 1.082473E+01 0.000000E+00 2.651615E-01
8 b5.776563E-02 3.718844E-01 1.142084E+01 1.112118E+01 0.000000E+00 2.996622E-01
9 5.468125E-02 4.265656E-01 1.175799E+01 1.140497E+01 0.000000E+00 3.530230E-01
10 5.284063E-02 4.794063E-01 1.211012E+01 1.171121E+01 0.000000E+00 3.989129E-01
11 5.945000E-02 5.388563E-01 1.251434E+01 1.205582E+01 0.000000E+00 4.585232E-01
12 5.955312E-02 5.984094E-01 1.299979E+01 1.247663E+01 0.000000E+00 5.231506E-01
13 6.262187E-02 6.610312E-01 1.361066E+01 1.300291E+01 0.000000E+00 6.077522E-01
14 6.210313E-02 7.231344E-01 1.441660E+01 1.372964E+01 0.000000E+00 6.869662E-01
15 6.502188E-02 7.881563E-01 1.554050E+01 1.475955E+01 0.000000E+00 7.809531E-01
16 5.855312E-02 8.467094E-01 1.713908E+01 1.625956E+01 0.000000E+00 8.795226E-01
17 6.284687E-02 9.095562E-01 1.976246E+01 1.877427E+01 0.000000E+00 9.881902E-01
18 6.582813E-02 9.753844E-01 2.653817E+01 2.553805E+01 0.000000E+00 1.000119E+00
19 1.940000E-02 9.947844E-01 4.153256E+01 4.053079E+01 0.000000E+00 1.001761E+00
20 5.215625E-03 1.000000E+00 5.675590E+01 5.566543E+01 0. 000000E+00 1.090471E+00
average probability table 1.436541E+01 1.383465E+01 0.000000E+00 5.307606E-01
average |adder calculation 1.436541E+01 1.383465E+01 0.000000E+00 5.307606E-01
diff [% 0. 0000 0. 0000 0. 0000 0. 0000
passed? yes yes yes yes

Passed all bin tests - no problens found
Passed al| average cross section tests - no problenms found
Passed negative test - no negative cross section were found

Passed zero test - no abnormal zero cross section were found

As was indicated before, these probability table can havwevaéer of defects. First of all, there
are the possible zero cross section values. They mostly acche first few bins where the
cross section value can become very small. This is possidyta round-off because ENDF
files are used to transfer information (the number of sigaifidigits is limited). The following
is an example fot*‘Ce from JEFF 3.1 at 300 K (at an energy of 12.5 keV) where théielas
cross section in the first bin is zero while the elastic cresdign values for bin 2 and 3 are
quite low:

PURR- ACER unresol ved resonance probability table check

bin tot prob cum prob total el astic fission capture
1 5.918750E-03 5.918750E-03 4.427165E-04 0.000000E+00 0.000000E+00 4.427130E-04
2 1.353125E-02 1.945000E-02 9.661759E-04 1.346222E-07 0.000000E+00 9.660378E-04
3 5.795938E-02 7.740938E-02 7.611501E-03 1.364715E-03 0.000000E+00 6.246783E-03
4 6.397500E-02 1.413844E-01 4.903847E-01 4.784755E-01 0.000000E+00 1.190921E-02
5 5.536563E-02 1.967500E-01 1.183513E+00 1.170341E+00 0.000000E+00 1.317209E-02
6 5.531875E-02 2.520688E-01 1.711335E+00 1.699135E+00 0.000000E+00 1.220037E-02
7 5.514687E-02 3.072156E-01 2.183366E+00 2.170705E+00 0.000000E+00 1.266053E-02
8 4.683750E-02 3.540531E-01 2.597204E+00 2.583742E+00 0.000000E+00 1.346129E-02
9 5.892187E-02 4.129750E-01 3.046429E+00 3.029602E+00 0.000000E+00 1.682707E-02
10 6.120000E-02 4.741750E-01 3.591510E+00 3.571395E+00 0.000000E+00 2.011522E-02
11 6.227500E-02 5.364500E-01 4.240109E+00 4.214968E+00 0.000000E+00 2.514148E-02
12 5.410938E-02 5.905594E-01 4.973862E+00 4.941652E+00 0.000000E+00 3.221007E-02
13 6.009688E-02 6.506563E-01 5.898720E+00 5.852202E+00 0.000000E+00 4.651832E-02
14 6.285625E-02 7.135125E-01 7.318426E+00 7.252548E+00 0.000000E+00 6.587885E-02
15 6.911875E-02 7.826313E-01 9.840770E+00 9.731101E+00 0.000000E+00 1.096695E-01
16 6.023750E-02 8.428688E-01 1.470241E+01 1.451735E+01 0.000000E+00 1.850631E-01
17 6.598437E-02 9.088531E-01 2.714710E+01 2.687932E+01 0.000000E+00 2.677814E-01
18 6.877500E-02 9.776281E-01 8.425859E+01 8.396091E+01 0.000000E+00 2.976748E-01
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19 1.414687E-02 9.917750E-01
20 8.225000E-03 1.000000E+00

1. 817117E+02
2.107427E+02

1. 814068E+02
2.104787E+02

0. 000000E+00
0. 000000E+00

3.048717E-01
2. 640955E- 01

1. 563706E+01
1.563707E+01
0. 0000
yes

1. 555737E+01
1. 555737E+01
0. 0000
yes

0. 000000E+00
0. 000000E+00
0. 0000
yes

7.969520E- 02
7.969520E- 02
0. 0000
yes

average probability table
average | adder cal culation
diff [%4

passed?

Passed all bin tests - no problenms found

Passed all average cross section tests - no problens found

Passed negative test - no negative cross section were found

Warning: did not pass zero test - 1 abnormal zero cross section were found

Negative cross section values on the other hand are phlysicglossible. When these oc-
cur, ALEPH-DLG will simply rerun the isotope with the unrésed probability table option
switched off. For now, this is the only point where ALEPH-Dlt&kes corrective actions. This
is an example of*8Nd of JEFF 3.1 at 300 K (at an energy of 8 keV) where there aregy@tive

values in the probability table (4 total and 3 capture cressign values):

PURR- ACER unresol ved resonance probability table check

bi n tot prob cum prob total el astic fission capture
1 4.181250E-03 4.181250E-03 -4.822215E-02 1.156328E-07 0.000000E+00 -1.373847E-02
2 1.150312E-02 1.568437E-02 -4.658385E-02 1.093039E-06 0.000000E+00 -1.210115E-02
3 5.239688E-02 6.808125E-02 -3.997770E-02 4.144996E-05 0.000000E+00 -5.535351E- 03
4 6.160625E-02 1.296875E-01 -5.314284E-03 2.803189E-03 0.000000E+00 2.636633E-02
5 5.971563E-02 1.894031E-01 3.755912E-01 3.083192E-01 0.000000E+00 1.017559E-01
6 6.245937E-02 2.518625E-01 1.303667E+00 1.246896E+00 0.000000E+00 9.125447E-02
7 6.225312E-02 3.141156E-01 2.168909E+00 2.124675E+00 0. 000000E+00 7.871813E-02
8 6.263438E-02 3.767500E-01 2.917091E+00 2.879398E+00 0.000000E+00 7.217662E-02
9 6.926562E-02 4.460156E-01 3.638130E+00 3.614899E+00 0.000000E+00 5.771551E-02
10 6.888437E-02 5.149000E-01 4.412159E+00 4.363108E+00 0.000000E+00 8.353441E-02
11 6.702500E-02 5.819250E-01 5.273581E+00 5.208550E+00 0.000000E+00 9.951473E-02
12 6.297500E-02 6.449000E-01 6.276626E+00 6.190311E+00 0.000000E+00 1.207987E-01
13 5.291250E-02 6.978125E-01 7.435103E+00 7.309307E+00 0.000000E+00 1.602797E-01
14 5.661875E-02 7.544312E-01 8.961360E+00 8.785904E+00 0.000000E+00 2.099398E-01
15 5.539062E-02 8.098219E-01 1.142069E+01 1.119543E+01 0.000000E+00 2.597388E-01
16 5.801250E-02 8.678344E-01 1.629022E+01 1.598533E+01 0.000000E+00 3.393781E-01
17 5.465312E-02 9.224875E-01 2.924341E+01 2.881197E+01 0.000000E+00 4.659304E-01
18 5.442500E-02 9.769125E-01 8.742029E+01 8.642198E+01 0.000000E+00 1.032795E+00
19 1.606875E-02 9.929812E-01 2.152746E+02 2.138398E+02 0.000000E+00 1.469247E+00
20 7.018750E-03 1.000000E-00 2.962066E+02 2.951656E+02 0. 000000E+00 1.075480E+00
average probability table 1.609580E+01 1.591664E+01 0.000000E+00 2.136386E-01
average | adder calculation 1.609580E+01 1.591664E+01 0.000000E+00 2.136387E-01
diff [% 0. 0000 0. 0000 0. 0000 0. 0000
passed? yes yes yes yes
Passed all bin tests - no problens found
Passed all average cross section tests - no problems found
Warning: did not pass negative test - 7 negative cross section were found

Passed zero test - no abnormal zero cross section were found

There is also the possibility to have bins with zero probghbiln this case, the bin will never
be sampled so that negative or zero cross section valuessifithdo not pose a problem.
This problem also surfaced during the preparation of the URESry for MCNP (the first
MCNP library to include probability tables) [4] but no cortee measures where taken. It is
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up to the user to decide what to do with this problem. An exeexample with 8 bins of zero

probability can be found iA°°%Cm from JEFF 3.1 at 300 K (at an energy of 150 eV):

PURR- ACER unresol ved resonance probability table check

=3
>

O ~NO O b WN -

O PO OUOIOITOITO 0T OO0 O OO OOONO B Ol

tot prob

. 446875E- 03
. 434375E- 02
. 831875E- 02
. 525313E- 02
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 694969E- 01
. 308437E- 02
. 635625E- 02
. 392813E-02
. 385313E-02
. 643125E-02
. 654375E- 02
. 943750E- 03

P OO OWONODORRPRRERRRRRPRRERE R O

cum prob

. 446875E- 03
. 979062E- 02
. 810937E- 02
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 133625E- 01
. 828594E- 01
. 459438E- 01
. 023000E- 01
. 562282E- 01
. 100813E- 01
. 765125E- 01
. 930563E- 01
. 000000E+00

average probability table

average | adder cal culation

diff [%4
passed?

AN WORFRPRPPPPOOOCODOO0OOCOWOWRMIEOU

NN

t ot al

. 392441E-01
. 419568E+00
. 681343E+00
. 316751E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
.017317E+01
. 017338E+01
.017472E+01
. 018443E+01
. 294963E+01
. 205054E+01
. 450191E+02
. 276506E+03

.471146E+01
.471146E+01

0. 0000
yes

Passed all bin tests - no problems found

Passed al

WNNNPFRPPRPPPPOOO0OO0OO0ODO0O0OO0O0OO0CWOWPN™SOLE

S~ b

el astic

. 552841E-01
. 056844E- 01
. 217565E+00
. 032870E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
.017317E+01
.017317E+01
.017317E+01
. 017146E+01
. 213710E+01
. 906784E+01
. 113558E+02
. 836888E+03

. 080950E+01
. 080950E+01

0. 0000
yes

average cross section tests - no problens found

Passed negative test - no negative cross section were found

Varning: did not pass zero test - 32 abnormal zero cross section were found

Warning: 8 zero probability values found

In some cases, all the problems described above can be founsingle example. This is for
instance the case for the probability table?@fla from JEFF 3.1 at 300 K (at an energy of 15

keV):

PURR- ACER unresol ved resonance probability table check

=3
N U~ WN R S

el el
W NP O

O WWUITOOOODODOOOoOOo

tot prob

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 852375E-01
. 289687E- 02
. 425000E- 02
. 732500E- 02

~NOoOO OO 01 OO OO0 O0OOoO oo

cum prob

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 852375E- 01
. 181344E-01
. 523844E-01
. 197094E- 01

P RPPRPPOO0OO0OO0OO0OO0OO0O0OOo

t ot al

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 056769E- 01
. 056798E- 01
. 056858E- 01
. 057690E- 01
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el astic

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 138332E- 08

AP OONANPFPPNPOOOOOO0OOCONPMMOW

N

O OO OO O0ODODODOOO OO

fission

. 833252E- 04
. 402496E- 04
. 618940E- 04
. 973886E- 04
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
.990072E- 10
. 036667E- 07
. 540981E- 06
. 247093E- 05
. 970381E- 04
. 946783E- 03
. 588485E- 02
. 816872E-01

. 228177E-03
. 228177E-03

0. 0000
yes

fission

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00

AP ONOFRPFPNNOOODODOOODONPMOW

w

WWWWOODODODODOOOoOOo

capture

. 835767E-01
. 132430E- 01
. 633165E-01
. 835829E- 01
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 092492E- 07
. 056038E- 04
. 555110E- 03
. 295907E- 02
. 117332E-01
. 979749E+00
. 362735E+01
. 391363E+02

. 897738E+00
. 897738E+00

0. 0000
yes

capture

. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+00
. 959991E- 02
. 959699E- 02
. 959101E- 02
. 950781E- 02



14
15
16
17
18
19
20

7.261250E-02 7.923219E-01 1
5.415938E-02 8.464812E-01 1
4.939687E-02 8.958781E-01 7
5. 180000E-02 9.476781E-01 2
3.734063E-02 9.850187E-01 1
1. 083750E-02 9.958562E-01 5
4.143750E-03 1.000000E-00 9
average probability table 1
average | adder calculation 1

diff [%

passed?

. 064582E- 01
. 248099E- 01
. 096786E- 01
. 888497E+00
. 538414E+01
. 999406E+01
. 958044E+01

. 912509E+00
. 912509E+00

0. 0000
yes

O© O, N O1EFE O

[EY

. 7139630E- 07
. 009233E- 02
. 924746E- 01
. 760378E+00
. 514680E+01
. 946302E+01
. 904143E+01

. 7193225E+00
. 7193225E+00

0. 0000
yes

O OO OO oo

o O

. 000000E+00 -
. 000000E+00 -
. 000000E+00 -
. 000000E+00 -

. 000000E+00
. 000000E+00
. 000000E+00

. 000000E+00 -
. 000000E+00 -

0. 0000
yes

W WORFRLrNWW

N

. 881927E- 02
. 055926E- 02
. 807285E- 02
. 715786E- 02
. 206328E- 02
. 857638E- 01
. 937373E-01

. 599318E- 02
. 599318E- 02

0. 0000
yes

Varning: did not pass 3 of 20 bin tests

Passed all average cross section tests - no problens found

Warning: did not pass negative test - 8 negative cross section were found
Warning: did not pass zero test - 30 abnormal zero cross section were found
\Wrning: 9 zero probability values found

An overview of the nuclides in JEFF 3.1 that have these problean be found in table 3.2.
Please note that nuclides that have negative values in tibpility table will not have prob-
ability tables in ALEPH-LIB. Because zero probability bindazero cross section values are
not so bad, these nuclides still have probability tableslitE RH-LIB.

Table 3.2: Overview of all nuclides from JEFF 3.1 with probiein the
probability tables.

Negative cross section values
Nuclide T [K] Nuclide T [K]

22Na all 139 g all

36ar all 141py all

101IRy all 144Nd all

104pq all 145\d all

106pg all 146Nd all

107pd 300, 600, 900, 1200 148Nd all

108pd 300, 600, 900, 1200 4’Pm 300, 600, 900, 1200

110pq all 238Np 300, 600, 900

1092g 300, 600, 900 252t 300

Zero cross section values Zero probability bins
Nuclide T [K] Nuclide T [K]

1225 all 3BAr all

14085 all 93zr 300, 600, 900, 1200

144ce all %Nb 300, 600

180H¢ 900 116gn 300
118gp 300
1245 all
142ce 300
250Cm all
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3.2.4 ACER consistency tests

As was mentioned before, the second acer run will performnalbm@u of consistency tests on
the ACE file that was produced and to correct some of the prablbiad might be detected.
The tests performed by acer are the following:

1.
2.
3
4
S.
6
7
8

9.

Do threshold values correspondQevalues?

Is the energy grid monotonically increasing?

. Check the angular distributions for the correct referdramme (either CM or LAB)

. Check the angular distributions for unreasonable cosines

Is the emission energy less than the incident energy?

. Do summation cross sections match sums?
. Ensure that probability density functions are non-negat

. Are only appropriate interpolation values used?

Do threshold reactions start with a zero cross section?

In the case of JEFF 3.1, the following consistency problemsevencountered:

check that main energy grid is nonotonic
consis: energy ... less than ... (see point no. ...)

The energy grid constructed by reconr (and thinned by bjaadst consists of mono-
tonically increasing energy values. The acer module hasd@oints where this does
not appear to be the case. In all cases encountered, the pooaestion had the same
energy value (which represents a jump in the cross sectimhhat a decreasing energy
value. This error is most likely due to rounding in the ENDE f{ilhe ENDF format only
allows for 6 significant digits). This consistency probleam¢herefore be ignored.

check reaction threshol ds agai nst g val ues
consis: threshold ... less than the expected ... for ...

This is the same threshold error problem as described in Ditee @cer messages men-
tioned earlier. This consistency problem occurs for®e and®'P from JEFF 3.1 and
can be ignored. As an illustration, this is the complete mgssor3!pP:

consis: threshold 3.40230200E+00 | ess than the expected
3. 40230208E+00 for (n,n*4)

check energy distributions
consis: ep.gt.epmax 8.509482E-12 with g.1t.0 for (n,x) at e
1. 000000E-11 -> 1. 000000E- 11
consis: aw.lt.180---this is probably an error.
consis: shifting eprines greater than epmax and renorming the
distribution
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check energy distributions
consis: ep.gt.epmax 9.901826E-12 with g.1t.0 for (n,x) at e
1. 000000E- 11 -> 1. 000000E- 06
consis: aw.ge.180---there could be a legitimte positive-q
channel or adm xed fission.

This concerns a nuclide with an energy distribution wheesaihitgoing neutron has more
energy than the incoming. This is only possible for posityeeactions (exothermic
reactions) which are rare for light elements. NJOY corréutsby shifting the energies
and renormalizing the distribution, but only if the atomi@ss number is below 180.
For nuclides with an atomic mass larger than 180, NJOY do#sngbecause there is a
possibility to have a reaction with positive Q.

In JEFF 3.1, the first message is issued for element#t, 10, 27Al, all Ca isotopes,
453, all Fe isotope$INi, 92Ni, 64Ni, all Cu isotopes, all Ge isotopeSNDb, 2°Tc, 103Rh,
127) and12°Ni. The second message occurs for all Pb isotopes 4.

check angul ar distributions for correct reference frame
consis: should be |ab: (n,n*c)

The reference frame used appears to be incorrect. For ENDRi€®ccurred foP4°Cf
and was corrected by simply changing the parameter in theFEiN®that sets the refer-
ence frame. For heavy nuclides this can be done but for lightelides this can introduce
errors. In JEFF 3.1 this problem occurs for the continuunmefdstic scattering if°Na
and?3%pu.

checki ng energy distributions
consis: bad | awd4 kal bach r for (n,xd) at 1.800000E+01 ->
6. 609760E+00

This message indicates a problem in an energy distribuon JEFF 3.1, this problem
occurs only for nuclides taken over from JENDL 3.3 where filmt203-207 have been
defined:%6Zr, °"Mo, 19%Mo, 1?1Sb,123Sh and all W isotopes.

The mt-numbers mt203-207 (total production of protonsoms, deuteron$He anda)
are redundant mt-numbers and should only be used in deriesdaiccording to ENDF
format [17]. They are not used during transport in MCNP(X) d&aese the secondary
particle energy and angle distributions are associatdutivé reaction that creates them.
This consistency problem can therefore be ignored.

check photon production sum
consis: mismatch at 1.000001E-03 gpd= 1.040651E-01
sum= 1. 040869E- 01

This error occurs fof®Mo in JEFF 3.1.
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Chapter 4

JEFF 3.1 Library Overview

4.1 Processing parameters and naming convention

ALEPH-LIB is the name of the multi-temperature library tka are providing for standard use
by MCNP(X) and ALEPH. The temperatures included in this ligrare 300, 600, 900, 1200,
1500 and 1800 K. Library files were produced using the JEFXEEF 3.0, JEFF 3.1, JENDL
3.3 and ENDF/B-VI1.8 nuclear data evaluations. This will beeaded with ENDF/B-VII when

it becomes available. The distribution of ALEPH-LIB alsotains all the graphs produced by
NJOY during the second acer run (see section 2.14). The ¢éitke content of the JEFF 3.1
library can be found in appendix B.

Because the library is foreseen for every-day use, certampoomises must be made between
file size and accuracy. The tighter the tolerances set in Nl@Ymore accurate the linearised
cross sections will be to the data in the original ENDF file.fastunately, the more accurate
the linearised cross sections are, the larger the files willAnd that will definitely have an
adverse effect on calculation time (the larger the ener@y, gine longer it takes to find the
proper interval).

We have therefore chosen to use a cross section reconstruoterance of 0.1% with de-
fault values for the resonance integral checks (1% for theimmam reconstruction tolerance
<errmax> and 5 10°8 for the resonance integral errcer ri nt >, see sections 2.4 and 3.2.2 for
more information). All nuclides that have unresolved reswes will have probability tables in
the unresolved resonance energy range, except if thereaneamces of negative cross section
values in the table.

For the naming convention of the libraries, we choose toli460 for the stable nuclides and
T/ 100 + 70 for the metastable nuclides (see table 4.1). For exar@ip®d2. 03c is the library
at 300 K for the ground state 8#2Am while 95242. 79¢ is the 900 K library of the metastable
state o42Am.

Another method that is often suggested to identify the gdostate and metastable state is to
change theAl D of the metastable state, for instar@®242 for the ground state an@b342
for the metastable state. We decided to use different {jamambers for the ground state and
metastable state instead of this method because this mie#isqoroved to be problematic with
MCNPX. It leads to a fatal error in the models for proton trasspwhere the value of 342 is
used as the atomic mass f#"Am. In other cases it did not lead to fatal errors, but the \gron
value for the atomic mass was still used by MCNPX for use in thesigs models.

We chose to use the same numbers for every nuclear data twalbacause there would not
be enough library numbers if every nuclear data evaluatias assigned its own set of library
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numbers. The user can however simply create his own xsdwlfign he wishes to mix nuclear
data evaluations.

Table 4.1: Library suffix numbers
used for nuclides in the ground state
(GS) and metastable state (MS).

T[K] GS MS
300 03c 73c
600 06¢c 76¢C
900 09c 79c
1200 12c 82¢c
1500 15c 85¢c
1800 18c 88c

Every nuclide is provided as a single file. This increasespibtential for maintenance of
the library (whenever a correction is made, the user doefiaa to replace huge files, just
a few small ones). The file naming convention is simpBAM D>_<EVAL>. <SUFF> where
ZAM D is the ORIGEN identification number of the nuclide, wh&kL is the nuclear data
evaluation number2@ for JEF 2.2,30 for JEFF 3.031 for JEFF 3.133 for JENDL 3.3 and
68 for ENDF/B-V1.8) and where&UFF is the library suffix number (as given in table 4.1). For
example, the ACE file fof*?Am in the ground state at 300 K from JEFF 3.1 can be found in the
file 952420 31. 03c while itis 952421 31. 73c for the metastable state of the same nuclide.
The first part of the MCNP(X) xsdir file contains the atomic mealies (in units of neutron
mass) used by MCNP(X) to recalculate compositions to thedstahatoms barnt cm~1. The
standard xsdir files only contain atomic mass data for 300t rclides. Because ALEPH
requires atomic mass values for at least every nuclide Iplessi ORIGEN, we have decided
to update those atomic mass values by using the Atomic Maak&ion 2003 included into
NUBASE [18] from the Atomic Mass Data Center.

4.2 Known problems and fixes made to JEFF 3.1 library files

JEFF 3.1 contains a total of 381 files for neutron interact@80 of those files are processed
without problems by NJOY. Only°>3Es (carried over from JEF 2.2) could not be processed,
NJOY crashes on the purr module for this nuclide. This is met @ the evaluation but due to
NJOY itself. This happens under Linux and Windows but theeeaperating systems where
there are no problems [19].

It is not because NJOY produces a library file that there arprnblems with the file. Take
for instance®Ti. This nuclide has a negative scattering cross sectiorght énergy, and the
nuclide doesn’t even have resonances (so it can't be a probligh the background cross
section).

Other nuclide for which the initial library files producedr@rs in MCNPX runs are all Ti
isotopes and?®Bi. MCNPX 2.5.0 indicates cross section problems on theseidesduring
runs with photon transport (this example is f8¢Bi):

error in cross-section table 83209.06¢

energy in = 9.4950E-04 reaction index = 71 m = 849001
ty = 0 law = 4 energy out = NaN
energy in = 1.1936E-03 reaction index = 71 m = 849001
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ty = 0 law = 4 energy out = NaN

energy in = 5.9403E-04 reaction index = 71 m = 849001
ty = 0 law = 4 energy out = NaN

energy in = 1. 7530E-03 reaction index = 71 m = 849001
ty = 0 law = 4 energy out = NaN

energy in = 1.6567E-03 reaction index = 71 m = 849001
ty = 0 law = 4 energy out = NaN

The mt-number 849001 indicates the energy distributionstmondary photons from mt849
(the continuum part of the a,reaction). The incident neutron energy given in these 5rerro
messages always fall between the same two points in theyedistgbution: 200 eV and 2000
eV:

0. 000000+0 2.000000+2 14 0 32 168325 684931578
8.521680+5 5.459981-3 7.323380+5 1.868887-2 6.863380+5 6.270082-28325 684931579
6.494200+5 2. 600518-2 6.350200+5 4.448353-4 5. 355280+5 7.551445-28325 684931580
3.835880+5 4.803295-5 3.691880+5 2.852478-2 3.445240+5 8.478034-38325 684931581
3. 30124045 5.327032-2 3.048960+5 2.083518-1 3.048800+5 1.577010- 28325 684931582
2.782400+5 6.935875-3 2.658320+5 4.898069-1 0. 000000+0 0.000000+08325 684931583
1. 000000+0 0. 000000+0 8325 684931584
0. 000000+0 2.000000+3 14 0 104 528325 684931585
8.521680+5 5.085924-3 7.323380+5 1.732691-2 6.863380+5 5. 766741-28325 684931586
6.494200+5 2.409862-2 6.350200+5 4.126913-4 5. 355280+5 6.982942- 28325 684931587
3. 83588045 4.451134-5 3.691880+5 2. 646356-2 3.445240+5 7.856452- 38325 684931588
3. 30124045 4.942083-2 3.048960+5 1.931747-1 3. 048800+5 1. 460535-28325 684931589
2.782400+5 6.453642-3 2.658320+5 4.528921-1 5. 000000+2 1.271999-88325 684931590
1.500000+3 1.296834-8 3.500000+3 1.371543-8 7.500000+3 1.496824-88325 684931591
1.500000+4 1.750248-8 3.500000+4 2.682366-8 7.500000+4 3.947148- 88325 684931592
1.500000+5 1.562675-7 2.500000+5 8.169484-8 3.500000+5 9.229639-88325 684931593
4.500000+5 6.190369-8 5.500000+5 4.169681-8 6.500000+5 2.742916-88325 684931594
7.500000+5 2.159205-8 8.500000+5 7.887886-8 9.500000+5 4.612430- 88325 684931595
1. 050000+6 3.173138-8 1.150000+6 2.692093-8 1.250000+6 1.302563-88325 684931596
1. 350000+6 7.538207-9 1.450000+6 5.288322-9 1.550000+6 3.411298-98325 684931597
1. 650000+6 2.071720-9 1.750000+6 1.180929-9 1.850000+6 6.42268-108325 684931598
1. 95000046 4.12952-10 2.100000+6 1.61768-10 2.300000+6 5.01925-118325 684931599
2.500000+6 1.78194-11 2.700000+6 5.05304-12 2.900000+6 1.50722-128325 684931600
3.100000+6 4.18405-13 3.300000+6 7.77131-14 3.500000+6 2.43760-148325 684931601
3.700000+6 3.48986-15 3.900000+6 3.67159-16 4.250000+6 1.00000-368325 684931602
4.750000+6 1.00000- 36 8325 684931603

The problem is caused by the continuum part of the energytrspecfor the first few points
(1075, 2.53 102 and 200 eV) this continuum is set to zero (there are only discphoton
lines). There are two solutions to the problem: either fixat@uation (by replacing the zeros
in the continuum byL. 00000- 351 [20]) or to propose a fix for NJOY to avoid this type of
problem altogether (by replacing these zerod b§0000- 35).

This problem has been corrected for all library files of thes@topes and®®Bi included in this
distribution.

1The problem remains whein 00000- 36 is used.
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Chapter 5

Library QA - Validation

5.1 Introduction

Benchmarking the new libraries is a very important step indbeelopment of a validated
application library and must be as thorough and as compégpessible. The new libraries will
be applied to a number of different fields: from thermal watederated reactors, Accelerator
Driven Systems (ADS) to shielding applications, ... Evepplacation field has its specific
demands on nuclear data. In thermal water moderated sydfeensmphasis will lie on lower
energy while ADS applications requires high energy datatalenuclides can be of significant
importance in one application while they are not for anottmplication. Accurate high energy
data for Pb and Bi is for instance required for ADS applicaiostructural material data for
shielding applications, ...

It is obvious that it is impossible to provide benchmarks deery possible material and ap-
plication area so choices have to be made. We have thergited to perform a number of
benchmark that were previously used to validate the stand@NP libraries:

e criticality benchmarks which were already used for validgthe MCNP ENDF60 and
ENDFG66 libraries

e the Lawrence Livermore pulsed sphere experiments

In order to be able to validate nuclear data, one must be batedifferences in benchmark
results are really due to differences in data. Differencelibrary processing can introduce
“noise” and is therefore not acceptable. Possible sourtssah noise in a data library are
different versions of NJOY (99.90, 99.90, 99.112, ... )fed#nt cross section reconstruction
tolerances, ... This is why we decided to generate librdoeall major nuclear data evalua-
tions available, all with the same basic set of NJOY inpuapsaters.

5.2 Criticality Benchmarks

5.2.1 A Suite of Criticality Benchmarks for Validating Nuclear Data

In April 1999 Los ALamos National Laboratory released aeswit 86 criticality benchmarks
[21] (along with the corresponding MCNP input files) for theesific purpose of validating
nuclear data libraries for MCNP [22, 23]. We have decided peat these benchmarks for our
newly generated MCNP(X) libraries.
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The different benchmarks in the suite were specifically ehds obtain a set of problems that
would test different energy regions, such as the high-gnexgion of fast critical assemblies
and the thermal region of the solution experiments, to tagbus reflector materials while
maintaining an acceptable amount of benchmark problems.

This suite has been compiled using two compendiums of alitycexperimental information:
the Cross Section Evaluation Working Group (CSEWG) specifinatand the International
Criticality Safety Benchmark Evaluation Project (ICSBEP). Beemetry and material speci-
fications for the 86 benchmarks were taken primarily fromlI@®BEP compendium.

In this suite, there are 5 different categories: criticaleasblies with?3%U, intermediate en-
riched?3%U (IEU), highly enriched?3°U (HEU), 23%Pu and mixed metal assemblies (MM), see
table 5.1. References to the CSEWG compendium in bracketsatediccorresponding set of
CSEWG specifications that were not used in these benchmarksinVery category there are
bare, reflected and solution assemblies. The reflector rastéremselves are Be, BeO, C, Al,
Fe, Ni, W, Th,233U and natural uranium. For 5 assemblies there are two sefseoffations
given so that we have to perform a total of 91 criticality cddtions.

5.2.2 Benchmark Results

The numerical benchmark results for the criticality benahka can be found in table 5.2. This
table includes the results for the ENDF60 and ENDF66 staht&CNP(X) libraries along
with the results for the JEF 2.2, JEFF 3.0, JEFF 3.1, JENDLaB@BENDF/B-VI.8 libraries
included in ALEPH-LIB. Figure 5.1 plots these results with @¢&lculated over experimental)
to visualise the tendencies in the results.

5.3 Lawrence Livermore Pulsed Sphere Benchmark

5.3.1 Experimental Setup

In the late 60’s, Lawrence Livermore National Laboratory.KIL) has performed a series of
pulsed sphere experiments [24] to study neutron crossossctboth at low and high neutron
energy) and for the purpose of validating neutron transpmies that were being used at LLNL
(such as SORS and TART) [25, 26, 27, 28, 29, 30]. Los AlamosoNatiLaboratory has also
used these experiments to benchmark MCNP [31] and to benkHeNDF/B-VI data [32, 33].

In these pulsed sphere experiments, an almost isotropic €¥ Meutron source was placed
at the center of a spherical target assembly. The resultogron emission spectra was then
measured using time of flight techniques. For the high engpggtra, a total of 51 experiments
on 38 different target configurations using 16 differentenials have been performed (see table
5.3).

The nearly isotropic 14 MeV neutron source placed at theetaitthe spheres was produced
by a T(d,nfHe reaction. A deuteron beam was accelerated by the Liverimsulated Core
Transformer (ICT) accelerator to an energy of 400 keV ancctietoward a tritiated titanium
disk of 1.2 cm in diameter at the center of a cubical 40 ft. ¢apt. The target disk was held
in place by a low mass structure made primarily of aluminuch stainless steel.

The neutron detectors (either the Pilot B or NE213 detethat)were used to measure the time-
of-flight spectra were placed inside the target pit wall$ibe collimators to protect them from
the target pit background. Both the Pilot B and NE213 deteotre operated at a 1.6 MeV
neutron bias (neutrons below this energy were not detecidw) neutrons detected have ener-
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Table 5.1: Criticality benchmark descriptions.

Name | Type | Description CSEWG ICSBEP
23umtl | 2°%U | Jezebel-23, Bare Sphere of U233 (F-19) 233U-MET-FAST-001
23umt2a| 233U | 0.481" HEU-Reflected Sphere of U233; Planet Assembly 233U-MET-FAST-002 Case 1
23umt2b| 223U | 0.783" HEU-Reflected Sphere of U233, Planet Assembly 233U-MET-FAST-002 Case 2
23umt3al 233U | 0.906" Normal Uranium-Reflected Sphere of U233, Planet Akbem 233U-MET-FAST-003 Case 1
23umt3b| 233U | 2.09" Normal Uranium-Reflected Sphere of U233, Planet As§emb 233U-MET-FAST-003 Case 2
23umtdal 233U | 0.96" Tungsten-Reflected Sphere of U233, Planet Assembly 233U-MET-FAST-004 Case 1
23umt4b| 233U | 2.28" Tungsten-Reflected Sphere of U233, Planet Assembly 233U-MET-FAST-004 Case 2
23umt5a| 233U | 0.805" Be-Reflected Sphere of U233, Planet Assembly 233U-MET-FAST-005 Case 1
23umt5b| 223U | 1.652" Be-Reflected Sphere of U233, Planet Assembly 233U-MET-FAST-005 Case 2
23umt6 | 233U | Flattop-23, 7.84" Normal-Uranium Reflected Sphere of U233 233U-MET-FAST-006
flat23 | 233U | Flattop-23, CSEWG, U(N)-reflected U233 sphere + gap F-24
23uslla| 233U | ORNL-5, 1.0226 g/l Unreflected 27.24" Sphere of U233 nitrate 233U-SOL-THERM-001 Case 1
solution
23usllb | 233U | ORNL-6, 1.0253 g/l Unreflected 27.24" Sphere of U233 nitrate 233U-SOL-THERM-001 Case 2
solution with Boron
23usllc | 233U | ORNL-7, 1.0274 g/l Unreflected 27.24" Sphere of U233 nitrate 233U-SOL-THERM-001 Case 3
solution with Boron
23uslld | 233U | ORNL-8, 1.0275 g/l Unreflected 27.24" Sphere of U233 nitrate 233U-SOL-THERM-001 Case 4
solution with Boron
23uslle | 233U | ORNL-9, 1.0286 g/l Unreflected 27.24" Sphere of U233 nitrate 233U-SOL-THERM-001 Case 5
solution with Boron
23usl8 | 233U | ORNL-11, 1.0153 g/l Unreflected 48.04" Sphere of U233 nitrate 233U-SOL-THERM-008
solution with Boron
leumtla| IEU | Jemima 1, Cylindrical Disks of HEU and Natural Uranium IEU-MET-FAST-001 Case 1
ieumtlb | IEU | Jemima 2, Cylindrical Disks of HEU and Natural Uranium IEU-MET-FAST-001 Case 2
leumtlc | IEU | Jemima 3, Cylindrical Disks of HEU and Natural Uranium IEU-MET-FAST-001 Case 3
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Name | Type | Description CSEWG ICSBEP
ieumtld| IEU | Jemima 4, Cylindrical Disks of HEU and Natural Uranium IEU-MET-FAST-001 Case 4
leumt2 | IEU | Reflected Jemima, U(N)-Reflected Cylindrical Disks of HEU IEU-MET-FAST-002
and Natural Uranium
leumt3 | IEU | Bare IEU Sphere (36 wt.%), VNIIEF IEU-MET-FAST-003
ieumt4 | IEU | Graphite-Reflected IEU Sphere (36 wt.%), VNIIEF IEU-MET-FAST-004
ieumt5 | IEU | Steel-Reflected IEU Sphere (36 wt.%), VNIIEF IEU-MET-FAST-005
leumt6 | IEU | Duralumin-Reflected IEU Sphere (36 wt.%), VNIIEF IEU-MET-FAST-006
umetlss| HEU | Godiva, Unreflected sphere of HEU, Simple Sphere repretsamta (F-5) HEU-MET-FAST-001 Case a
umetlns| HEU | Godiva, Unreflected sphere of HEU, Nested Spherical shell HEU-MET-FAST-001 Case b
representation
bigtenl | HEU | BIGTEN, 1d model: U(N) reflected uranium sphere F-10
bigten2 | HEU | BIGTEN, 2d model: U(N) reflected uranium cylinder
umet3a| HEU | 2" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 1
umet3b | HEU | 3" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 2
umet3c | HEU | 4" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 3
umet3d | HEU | 5" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 4
umet3e | HEU | 7" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 5
umet3f | HEU | 8" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 6
umet3g | HEU | 11" Tuballoy-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 7
umet3h | HEU | 1.9" Tungsten Carbide-Reflected HEU(93.5) Sphere, Topsymsise HEU-MET-FAST-003 Case 8
umet3i | HEU | 2.9" Tungsten Carbide-Reflected HEU(93.5) Sphere, Topsymisise HEU-MET-FAST-003 Case 9
umet3j | HEU | 4.5" Tungsten Carbide-Reflected HEU(93.5) Sphere, Topsymisise HEU-MET-FAST-003 Case 10
umet3k | HEU | 6.5" Tungsten Carbide-Reflected HEU(93.5) Sphere, Topsymsise HEU-MET-FAST-003 Case 11
umet3l | HEU | 8.0" Nickel-Reflected HEU(93.5) Sphere, Topsy Assembly HEU-MET-FAST-003 Case 12
umetda | HEU | Water-Reflected HEU(97.675) Sphere, with plexiglass ring HEU-MET-FAST-004 Case 2
umetdb | HEU | Water-Reflected HEU(97.675) Sphere, Trans. Am. Nuc. Soc. 27, HEU-MET-FAST-004 (Case 1)
pg. 412 (1977)
umet8 | HEU | Bare HEU Sphere, VNIITF, 3D model HEU-MET-FAST-008
umet9a | HEU | Be-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-009 Case 1
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Name | Type | Description CSEWG ICSBEP

umet9b | HEU | BeO-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-009 Case 2
umetll | HEU | Polyethylene (CH2)-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-011
umetl2 | HEU | Aluminium-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-012
umetl3 | HEU | St.20 Steel-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-013
umetl4 | HEU | Depleted Uranium-Reflected HEU( 89.6) Sphere, VNIITF HEU-MET-FAST-014
umetl5 | HEU | Bare HEU Cylinder, VNIITF HEU-MET-FAST-015
umetl8 | HEU | Simplified Bare HEU Sphere, VNIIEF HEU-MET-FAST-018
umetl9 | HEU | Graphite-Reflected HEU Sphere, VNIIEF HEU-MET-FAST-019
umet20 | HEU | Polyethylene-Reflected HEU Sphere, VNIIEF HEU-MET-FAST-020
umet21 | HEU | Steel-Reflected HEU Sphere, VNIIEF HEU-MET-FAST-021
umet22 | HEU | Duralumin-Reflected HEU Sphere, VNIIEF HEU-MET-FAST-022
umet28 | HEU | Flattop-25, U(nat)-Reflected HEU SPHERE (F-22) HEU-MET-FAST-028
usoll3a| HEU | ORNL-1, Unreflected Sphere of Uranyl(20.12 g/l) Nitrate (T-1) HEU-SOL-THERM-003 Case 1
usoll3b | HEU | ORNL-2, Unreflected Sphere of Uranyl(23.53 g/I) Nitrate witbron (T-2) HEU-SOL-THERM-003 Case 2
usoll3c | HEU | ORNL-3, Unreflected Sphere of Uranyl(26.77 g/l) Nitrate withron (T-3) HEU-SOL-THERM-003 Case 3
usol1l3d | HEU | ORNL-4, Unreflected Sphere of Uranyl(28.45 g/I) Nitrate witbron (T-4) HEU-SOL-THERM-003 Case 4
usol32 | HEU | ORNL-10, Unreflected Sphere of Uranyl(28.45 g/l) NitratehnBoron (T-5) HEU-SOL-THERM-032
pumetl | 2%°Pu | Jezebel-Pu (4.5 %), Bare sphere of Pu-239 with 4.5 % Pu-240 (F-1) PU-MET-FAST-001
pumet2 | 23°Pu | Jezebel-Pu (20 %), Bare sphere of Pu-239 with 20 % Pu-240 (F-21) PU-MET-FAST-002
pumet5 | 23°Pu | Tungsten-Reflected Pu(94.79) Sphere, Planet assembly PU-MET-FAST-005
pumet6 | 23°Pu | Normal Uranium-Reflected Pu(93.80) Sphere, Flattop assembl (F-23) PU-MET-FAST-006
pumet8a 23%Pu | Thorium-Reflected Pu(93.59) Sphere, Thor Assembly, 1D Model | (F-25) PU-MET-FAST-008 Case 1
pumet8b| 23%Pu | Thorium-Reflected Pu(93.59) Sphere, Thor Assembly, 2D Model PU-MET-FAST-008 Case 2
pumet9 | 23°Pu | Aluminum-Reflected Pu(94.8) Sphere, Comet Assembly PU-MET-FAST-009
pumet10| 23%Pu | U(N)-Reflected Pu sphere PU-MET-FAST-010
pumetll| 23%Pu | Water-Reflected alpha-phase Pu sphere PU-MET-FAST-011
pumet18| 23%Pu | Be-Reflected Pu(94.79) Sphere, Planet Assembly PU-MET-FAST-018
pumet19| 23%Pu | Be-Reflected Pu( 90) Sphere, VNIITF PU-MET-FAST-019
pumet20| 23%Pu | Depleted Uranium-Reflected Pu( 90) Sphere, VNIITF PU-MET-FAST-020
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Name | Type | Description CSEWG ICSBEP
pumt21al ?*°Pu | Be-Reflected Pu Cylinder PU-MET-FAST-021 Case 1
pumt21b| 23°Pu | BeO-Reflected Pu Cylinder PU-MET-FAST-021 Case 2
pumet22| 23%u | Simplified Plutonium (98 %)Bare Sphere, VNIIEF PU-MET-FAST-022
pumet23| 23%Pu | Simplified Plutonium Sphere, Graphite reflector, VNIIEF PU-MET-FAST-023
pumet24| 2%%Pu | Simplified Plutonium Sphere, Polyethylene Reflector, VNIIEF PU-MET-FAST-024
pumet25| 23%Pu | Simplified Plutonium Sphere, 1.55 cm Steel Reflector, VNIIEF PU-MET-FAST-025
pumet26| 2%°Pu | Simplified Plutonium Sphere, 11.9 cm Steel Reflector, VNIIEF PU-MET-FAST-026
pnll | 23%Pu | PNL-1, Idealized (No Container) Unreflected Sphere of Pu T-13
Nitrate Solution
pnl6 | 23%Pu | PNL-6, Idealized (No Container) Unreflected Sphere of Pudtétr | T-14,T-24
Solution; Revised PNL2
pusllla | 2%%Pu | PNL-3, Unreflected 18" Sphere of Pu(22.35 g/l) Nitrate Sohut (T-15) | PU-SOL-THERM-011 Case 18-
pusl1lib | 23°%Pu| PNL-4, Unreflected 18" Sphere of Pu(27.49 g/l) Nitrate Sohut (T-16) | PU-SOL-THERM-011 Case 18-
pusllic | 2%°Pu | PNL-5, Unreflected 16" Sphere of Pu(43.43g/l) Nitrate Sotut (T-17) | PU-SOL-THERM-011 Case 16-
pusllld | 23%Pu| Unreflected 16" Sphere of Pu(34.96g/l) Nitrate Solution PU-SOL-THERM-011 Case 16-
mixmetl | MM | HEU-Reflected Pu Sphere, Planet Assembly MIX-MET-FAST-001
mixmet3| MM | HEU-Reflected Pu Sphere, VNIITF MIX-MET-FAST-003
mixmet8| MM | ZEBRA 8A/2, Graphite and Natural Uranium reflected Pu MIX-MET-FAST-008 Case 1
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Figure 5.1: C/E results for the criticality benchmarks.

894ANd —— €€T1ANAr —+— LE4dAr —+— 0€4dAr —— 2243l —+— 094ANT ——



Table 5.2: Criticality benchmark results.

1%

Name Result ENDF60 | ENDF66 JEF 2.2 JEFF3.0 | JEFF3.1 | JENDL 3.3 | ENDF/B-VI.8
mixmet1 | 1.00000 (160) 0.99722 (12) 0.99683 (12)] 0.99320 (12)] 0.99750 (12)| 0.99833 (12)] 0.99698 (11)] 0.99675 (11)
mixmet3 | 0.99930 (160) 0.99883 (12) 0.99826 (11)| 0.99479 (11) - 1.00042 (12)| 0.99906 (12) 0.99842 (11)

mixmet8 | 0.99200 (630) 0.99214 (10) 1.00433 (10)| 0.99247 (9) - 0.98792 (10) 0.99261 (9)| 1.00367 (9)
pnll - 1.00818 (12)| 1.00879 (12)| 1.01499 (12)| 1.00862 (12) 1.00821 (12) 1.01123 (12) 1.00767 (12)
pnl6 - 1.00327 (13) 1.00354 (14) 1.01074 (14)| 1.00453 (13)| 1.00352 (13) 1.00655 (13) 1.00243 (14)

pumetl | 1.00000 (200) 0.99781 (11) 0.99750 (11) 0.99468 (11) 1.00019 (12) 1.00012 (11) 0.99698 (11) 0.99751 (11)

pumet2 | 1.00000 (200) 0.99853 (11) 0.99805 (11)| 0.99523 (11)| 1.00490 (12) 1.00435 (11) 1.00131 (11) 0.99798 (11)

pumet5 | 1.00000 (130) 1.00964 (12) 1.00770 (12)| 0.99564 (12) - 1.00416 (12)| 1.00131 (12) 1.00780 (12)

pumet6 | 1.00000 (300) 1.00396 (14) 1.00253 (14) 0.98688 (14) 0.99526 (13) 1.00297 (13) 0.99165 (14) 1.00289 (14)

pumet8a | 1.00000 (300) 1.00658 (13)| 1.00666 (12) 0.98654 (12)| 1.00945 (12) 1.00294 (12)| 1.00734 (13) 1.00635 (12)

pumet8b | 1.00000 (60) | 1.00603 (12)| 1.00574 (12)| 0.98623 (11)| 1.00915 (12) 1.00234 (12)| 1.00672 (12) 1.00555 (12)

pumet9 | 1.00000 (270) 1.00111 (12) 1.00114 (12) 1.00987 (12) 1.00463 (12) 1.00448 (12)| 1.00005 (12) 1.00142 (12)

pumet10 | 1.00000 (180) 1.00014 (12) 0.99866 (12) 0.98734 (12)| 0.99487 (11) 1.00147 (12)| 0.99168 (11) 0.99859 (12)

pumet11 | 1.00000 (100) 0.99753 (14) 0.99695 (14) 0.99603 (14) 0.99741 (14) 0.99681 (15) 0.99788 (15) 0.99648 (13)

pumet18 | 1.00000 (300) 0.99968 (12) 0.99917 (12)| 0.98555 (12)| 0.99717 (13) 0.99705 (12)| 0.99746 (13) 0.99929 (12)

pumet19 | 0.99920 (150) 1.00208 (12) 1.00126 (13)| 0.98491 (12) - 0.99913 (13)| 0.99959 (13) 1.00095 (12)
pumet20 | 0.99930 (170) 1.00002 (12) 0.99848 (13)| 0.98406 (13) - 1.00050 (12)| 0.98956 (13) 0.99830 (12)
pumet21al 1.00000 (260) 1.00452 (13)| 1.00407 (12) 0.98989 (12) - 1.00346 (13)| 1.00332 (13) 1.00397 (13)
pumet21b| 1.00000 (260) 0.99324 (12)| 0.99252 (13)| 0.98370 (12) - 0.99220 (13) 0.99242 (12) 0.99157 (13)
pumet22 | 1.00000 (210) 0.99658 (11) 0.99614 (12)| 0.99333 (11) - 0.99804 (11)| 0.99510 (11) 0.99615 (11)
pumet23 | 1.00000 (200) 0.99829 (11) 0.99786 (12)| 0.99449 (12) - 0.99862 (12)| 0.99616 (12) 0.99796 (12)
pumet24 | 1.00000 (200) 1.00002 (12)| 0.99986 (13)| 0.99804 (12) - 0.99954 (13)| 0.99887 (13) 0.99954 (13)
pumet25 | 1.00000 (200) 0.99709 (11) 0.99659 (12)| 0.99556 (12) - 0.99665 (11)| 0.99682 (12) 0.99653 (12)
pumet26 | 1.00000 (240) 0.99742 (12) 0.99663 (12)| 0.99901 (12) - 0.99697 (12)| 0.99993 (12) 0.99694 (12)
puslila | 1.00000 (520) 0.99543 (10) 0.99617 (10) 1.00061 (10) - 0.99541 (10) 0.99851 (11) 0.99536 (11)
pusl11b | 1.00000 (520) 1.00080 (11)| 1.00132 (11) 1.00658 (11) - 1.00079 (11)| 1.00406 (11) 1.00046 (11)
pusl1lc | 1.00000 (520) 1.00612 (12) 1.00648 (12) 1.01339 (12) - 1.00618 (12)| 1.00948 (12) 1.00561 (12)
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Name

Result

ENDF60

ENDF66

JEF 2.2

JEFF 3.0

JEFF 3.1

JENDL 3.3

ENDF/B-VI.8

pusllid
23umtl
23umt2a
23umt2b
23umt3a
23umt3b
23umt4a
23umt4db
23umtba
23umt5b
23umt6
23uslla
23usllb
23usllc
23usl1ld
23uslle
23usl8
flat23
bigtenl
bigten2
umetlns
umetlss
umet3a
umet3b
umet3c
umet3d
umet3e
umet3f
umet3g

1.00000 (520)
1.00000 (100)
1.00000 (100)
1.00000 (110)
1.00000 (100)
1.00000 (100)
1.00000 (70)
1.00000 (80)
1.00000 (300)
1.00000 (300)
1.00000 (140)
1.00000 (310)
1.00050 (330)
1.00060 (330)
0.99980 (330)
0.99990 (330)
1.00060 (290)
1.00000 (100)
0.99600 (300)
0.99600 (300)
1.00000 (100)
1.00000 (100)
1.00000 (500)
1.00000 (500)
1.00000 (500)
1.00000 (300)
1.00000 (300)
1.00000 (300)

1.00000 (300)

1.01031 (12)
0.99307 (11)
0.99559 (11)
0.99766 (11)
0.99681 (11)
0.99916 (11)
1.00303 (12)
1.00561 (13)
0.99468 (12)
0.99708 (12)
1.00124 (13)
0.99777 (8)
0.99755 (8)
0.99705 (8)
0.99722 (8)
0.99673 (8)
0.99640 (5)
1.00281 (13)
1.00706 (10)
1.00465 (10)
0.99656 (12)
0.99655 (11)
0.99308 (12)
0.99276 (11)
0.99792 (12)
0.99664 (12)
1.00106 (13)
1.00156 (12)
1.00183 (13)

1.01107 (12)
0.99287 (11)
0.99521 (11)
0.99742 (11)
0.99618 (11)
0.99823 (12)
1.00207 (12)
1.00418 (12)
0.99483 (11)
0.99721 (13)
1.00036 (13)
0.99876 (7)
0.99776 (7)
0.99819 (8)
0.99817 (8)
0.99758 (8)
0.99749 (5)
1.00216 (13)
1.00941 (9)
1.00736 (10)
0.99645 (11)
0.99647 (11)
0.99170 (11)
0.99180 (12)
0.99686 (12)
0.99523 (12)
1.00028 (12)
1.00066 (13)
1.00142 (13)

1.01692 (12)

0.99956 (10)
0.99754 (9)
0.99529 (11)
0.99490 (11)
0.98383 (12)
0.98259 (12)
0.98710 (11)
0.98522 (12)
0.99048 (13)
0.99067 (13)
0.99198 (12)

1.01371 (11)
1.01023 (12)
1.00945 (12)
1.00890 (12)
1.00646 (12)

1.00835 (12)
1.00704 (13)
1.00389 (13)
1.00081 (8)
1.00054 (8)
1.00031 (8)
1.00010 (8)
0.99934 (8)
0.99913 (5)
1.00601 (13)
0.99329 (9)
0.99136 (9)
0.99653 (11)
0.99633 (11)
0.98667 (12)
0.98566 (12)
0.99005 (12)
0.98823 (11)
0.99283 (12)
0.99306 (12)
0.99387 (13)

1.01032 (12)
1.00416 (11)
1.00251 (12)
1.00343 (12)
1.00567 (12)
1.00707 (13)
1.00542 (11)
1.00429 (12)
1.00062 (12)
1.00010 (13)
1.00610 (13)
0.99903 (7)
0.99902 (7)
0.99834 (8)
0.99848 (8)
0.99761 (8)
0.99788 (5)
1.00808 (13)
0.99052 (10)
0.98819 (9)
0.99639 (12)
0.99637 (12)
0.99387 (12)
0.99328 (12)
0.99796 (12)
0.99625 (12)
1.00051 (12)
1.00055 (13)
1.00137 (13)

1.01364 (12)
1.00412 (11)
1.00302 (12)
1.00422 (11)
1.00102 (12)
1.00005 (12)
1.00561 (12)
1.00421 (12)
1.00137 (12)
1.00172 (13)
0.99834 (13)
1.00024 (8)
1.00021 (7)
0.99955 (8)
0.99964 (8)
0.99899 (8)
0.99903 (5)
1.00042 (13)
0.98784 (10)
0.98569 (10)
1.00296 (11)
1.00294 (11)
0.99225 (11)
0.99036 (12)
0.99464 (12)
0.99210 (12)
0.99642 (12)
0.99665 (12)
0.99764 (12)

1.01018 (12)
0.99288 (10)
0.99527 (12)
0.99770 (11)
0.99622 (11)
0.99813 (12)
1.00222 (12)
1.00414 (12)
0.99494 (13)
0.99713 (12)
1.00033 (13)
0.99853 (7)
0.99839 (7)
0.99783 (8)
0.99800 (8)
0.99727 (8)
0.99739 (5)
1.00209 (13)
1.00918 (10)
1.00718 (10)
0.99619 (12)
0.99668 (11)
0.99154 (12)
0.99156 (11)
0.99654 (12)
0.99531 (12)
1.00020 (13)
1.00073 (12)
1.00156 (13)

Continued on next page




LY

Name

Result

ENDF60

ENDF66

JEF 2.2

JEFF 3.0

JEFF 3.1

JENDL 3.3

ENDF/B-VI.8

umet3h
umet3i
umet3j
umet3k
umet3l
umetda
umetdb
umet8
umet9a
umet9b
umetll
umetl2
umetl13
umetl4
umetl5
umetl18
umet19
umet20
umet21
umet22
umet28
usoll3a
usol13b
usoll3c
usol13d
usol32
ieumtla
ieumtlb
ieumtlc

1.00000 (500)
1.00000 (500)
1.00000 (500)
1.00000 (500)
1.00000 (300)
1.00200
1.00030 (50)
0.99890 (160)
0.99920 (150)
0.99920 (150)
0.99890 (150)
0.99920 (180)
0.99900 (150)
0.99890 (170)
0.99960 (170)
1.00000 (160)
1.00000 (300)
1.00000 (300)
1.00000 (260)
1.00000 (210)
1.00000 (300)
1.00120 (260)
1.00070 (360)
1.00090 (360)
1.00030 (360)
1.00150 (260)
0.99890
0.99970

0.99930

1.00635 (12)
1.00656 (13)
1.00768 (12)
1.00985 (12)
1.00468 (12)
1.00082 (14)
0.99634 (15)
0.99243 (11)
0.99482 (13)
0.99381 (12)
0.99645 (15)
0.99391 (12)
0.99418 (11)
0.99553 (12)
0.99150 (12)
0.99616 (11)
1.00364 (12)
0.99741 (13)
0.99488 (12)
0.99230 (12)
1.00235 (13)
0.99789 (8)
0.99700 (8)
0.99357 (8)
0.99506 (9)
0.99749 (6)
0.99723 (12)
0.99743 (12)
0.99908 (12)

1.00464 (12)
1.00582 (12)
1.00917 (12)
1.01351 (12)
1.00433 (12)
0.99961 (15)
0.99578 (15)
0.99221 (12)
0.99505 (13)
0.99363 (12)
0.99513 (14)
0.99380 (12)
0.99405 (12)
0.99433 (12)
0.991009 (11)
0.99605 (12)
1.00344 (12)
0.99658 (13)
0.99401 (12)
0.99238 (11)
1.00183 (13)
0.99953 (7)
0.99850 (8)
0.99487 (9)
0.99648 (8)
0.99915 (6)
0.99677 (11)
0.99673 (12)
0.99785 (12)

0.99665 (12)
0.99748 (12)
1.00165 (12)
1.00668 (12)
1.00385 (12)
1.00008 (14)
0.99601 (15)
0.99077 (12)
0.98833 (12)
0.98985 (12)
0.99619 (15)
0.99742 (12)
0.99731 (12)
0.98682 (11)
0.99007 (12)
0.99454 (11)
1.00254 (12)
0.99628 (13)
1.00054 (11)
1.00060 (12)
0.99164 (12)
0.99904 (7)
0.99814 (8)
0.99482 (9)
0.99643 (8)

0.99577 (12)
0.99579 (12)
0.99472 (12)

1.00133 (12)
1.00341 (12)
1.00902 (12)
1.01421 (13)

1.00012 (14)
0.99584 (14)

0.99133 (11)
0.99602 (11)
1.00353 (12)
0.99708 (13)

0.99397 (12)
0.99416 (13)
0.99906 (7)
0.99813 (8)
0.99428 (8)
0.99598 (8)
0.99840 (5)

1.00115 (13)
1.00283 (12)
1.00843 (12)
1.01418 (13)
1.00175 (12)
0.99893 (14)
0.99466 (14)
0.99242 (11)
0.99354 (12)
0.99244 (12)
0.99581 (15)
0.99476 (11)
0.99271 (11)
0.99653 (12)
0.99106 (12)
0.99601 (12)
1.00363 (12)
0.99724 (13)
0.99351 (12)
0.99380 (12)
1.00181 (12)
0.99907 (7)
0.99826 (8)
0.99439 (8)
0.99580 (9)
0.99886 (5)
0.99786 (12)
0.99796 (11)
0.99794 (12)

1.00645 (12)
1.00738 (12)
1.01233 (12)
1.01763 (13)
1.00746 (12)
1.00637 (15)
1.00249 (14)
0.99887 (11)
0.99995 (12)
0.99999 (11)
1.00149 (14)
1.00082 (12)
1.00302 (11)
0.99443 (12)
0.99832 (12)
1.00224 (11)
1.00948 (12)
1.00278 (12)
1.00485 (11)
0.99955 (11)
0.99800 (12)
1.00043 (7)
0.99941 (8)
0.99587 (8)
0.99732 (9)
1.00015 (5)
0.99944 (11)
0.99947 (12)
0.99643 (11)

1.00473 (12)
1.00581 (13)
1.00870 (12)
1.01306 (12)
1.00431 (12)
0.99906 (14)
0.99511 (14)
0.99223 (11)
0.99465 (12)
0.99282 (12)
0.99525 (14)
0.99387 (12)
0.99418 (12)
0.99457 (12)
0.99149 (12)
0.99600 (12)
1.00317 (12)
0.99687 (13)
0.99415 (11)
0.99264 (12)
1.00195 (12)
0.99930 (7)
0.99829 (8)
0.99464 (8)
0.99610 (8)
0.99923 (6)
0.99652 (12)
0.99666 (12)
0.99812 (11)
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Name Result ENDF60 | ENDFG66 JEF 2.2 JEFF3.0 | JEFF3.1 | JENDL 3.3 | ENDF/B-VI.8
ieumtld | 1.00020 | 0.99964 (12) 0.99824 (12) 0.99516 (13) - 0.99810 (11)[ 0.99711 (11) 0.99855 (13)
ieumt2 | 1.00000 (300) 1.00419 (11)| 1.00347 (10) 0.99353 (11)| 0.99066 (10)| 0.99209 (11)| 0.98710 (11) 1.00335 (11)
ieumt3 | 1.00000 (170) 1.00046 (12)| 0.99893 (12)| 0.99577 (11) - 0.99926 (12)| 0.99692 (12) 0.99920 (11)
ieumt4 | 1.00000 (300) 1.00465 (11)| 1.00381 (12)| 1.00204 (12)| 1.00169 (12)| 1.00376 (12)| 1.00279 (12) 1.00376 (12)
ieumt5 | 1.00000 (210) 1.00010 (12)| 0.99883 (11)| 1.00388 (12) - 0.99771 (12) 1.00146 (11) 0.99901 (12)
ieumt6 | 1.00000 (230) 0.99217 (11) 0.99117 (12)| 1.00678 (11) - 0.99241 (12)| 0.99374 (11)

0.99154 (12)




Table 5.3: Target material overview for the Lawrence Liverenpulsed sphere experiments.

Material Size | Experiment|| Material | Size| Experiment
oL 05| 01,02 Ti 1.2 28
1.1 03 2.2 29
1.6 04 3.5 30
Li 0.5 05, 06 Fe 0.9 31,32
1.1 07 2.9 33,34
1.6 08 4.8 35, 36
Be 0.8 09 Pb 1.4 37,38
C 0.5 10, 11 H,O 1.1 39
1.3 12,13 1.9 40, 41
2.9 14, 15 DO 1.2 42
N 1.1 17 2.1 43
3.1 18 Polyethylene| 0.7 44
@) 1.1 19 1.6 45
Mg 0.7 20,21 3.0 46
1.2 22 Teflon 0.9 47
1.9 23 1.8 48
Al 0.9 24,25 2.9 49, 50
1.6 26 Concrete | 2.0 52
2.6 27 3.8 54

gies ranging from about 16 MeV to 2 MeV. As such, the pulsedsplxperiments described
here are excellent benchmarks for the higher energy cratisise (above 2 MeV).

The detectors were placed at 30 degrees and 120 degreesegjitéct to the beam line at
distance between 750 and 925 cm (depending on the angle nddgtieaexperiment). A mea-
surement at 30 degrees was made for every type of sphere aedaha@nly those spheres and
materials that have two experiment numbers in table 5.3 ireeasurements at 120 degrees.
The pulsed sphere experiments are a lot more sensitive $8 sextion data and even angular
distributions when compared to integral benchmarks (a gend example are the magnesium
spheres, see section 5.3.3 and figures 5.22 to 5.25). Thestaspne makes them prime can-
didates for validating nuclear data because even the sshdlfeerences will be very clear.

In general, the following requirements must be met to obégreement between the experi-
mental time of flight spectrum and those obtained througbutations:

e the correct total and total elastic cross section at aronfldV (the transmitted peak
and the elastic region is sensitive to cross sections aetregy)

e the correct total cross section over the entire energy range
¢ the correct total and level inelastic scattering crosscest
¢ the correct angular distribution for elastic scatterind #re levels of inelastic scattering

The neutron source itself (in particular the energy andeadgdtribution) must be well known
because the position of the transmitted peak is determinddebneutron energy of the source
under the measured angle. This has however nothing to dotlathuclear data itself. This
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neutron source must be modeled correctly in the transpde twat is used (something which
has already been done by LANL [32, 33]).

5.3.2 MCNPX Calculations

As mentioned before, the pulsed sphere experiments candoetavenchmark both neutron
cross section data and neutron transport codes. In gehesa two aspects cannot be separated,
but they are separable when the relevant neutron croseseeie accurately known or when
we are satisfied from other considerations that the neutamsport code being used is correct.
In our case, we want to benchmark different nuclear datauatiahs using MCNPX 2.5.e, a
code of which the validity has been proven on numerous oooasi

Some of these pulsed sphere experiments have already begfoudenchmarks with MCNP
[31, 33]. These reports also included the MCNP input files tate used for those bench-
marks. Because not every pulsed sphere experiment from itp@adrLLNL report [24] is
given in the previously mentioned LANL reports, we have dedito remodel the geometry of
every pulsed sphere experiment as it was given in the ofiginidL report. The MCNP(X)
input files for these revised geometries are detailed in [34]

The experimental data from the LLNL report [24] is expresasdcounts per ns per source
particle (detected neutrons at the detector when the tapiedre is not present). As such, the
calculated time of flight spectrum must be divided by 2 (beeaue use 2 ns time bins ) and by
the total number of neutrons that reach the detector whetatget sphere is not present (this
requires a seperate calculation).

Using this normalised time of flight spectrum we have alsegrated the number of counts in
time bins corresponding with neutron energies of 12-16 Me¥ 216 MeV. Determination of
the time bins was based on the time a particle of a given engogyd take to travel from the
center of the sphere to the detector without collision (thBIL report contains this information
for every target sphere).

The calculations were all run to obtain an accuracy of 0.1 %hertotal value. This way, the
error in every 2 ns time bin (except for the first few time birssgqual to or below 1 %. In
most cases, this could be achieved with 20 million neutrotgd@s when no variance reduction
techniques were used. The calculation time itself variechf20 min per sphere (e.g. tABe
calculations) to 2 hours (e.g. the Pb calculations) on a 3 GPl@d. An exception to this are the
Fe calculations which used 8 times more patrticles to obtarptoper accuracy and about 10
hours to complete.

5.3.3 Benchmark Results and Discussion

Figures 5.4 to 5.54 (at the end of this chapter) give the te$oll the 51 pulsed sphere experi-
ments that can be found in the original LLNL report [24]. Feery sphere, we have calculated
the time of flight spectrum using the standard MCNP(X) libkea'ENDF60 and ENDF66 and all
the libraries contained in ALEPH-LIB (JEF 2.2, JEFF 3.0, BE3FL, JENDL 3.3 and ENDF/B-
VI.8). For each experiment, there is an overview graph ofeaults along with 7 other graphs
for each individual result (making it a lot easier to compartn the experiment itself). When-
ever an evaluation required for the calculation was mis§iogn the ace libraries, the figure
will contain the text “No result due to missing evaluation.”
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Lithium spheres

We start with 8 experiments on lithium spheres (four vfith and another four wittPLi) in
figures 5.4 to 5.11. There are three configurations for th#tsarh spheres (with radii of 8.97,
16.52 and 25.52 cm) where the different parts are encasedrietal cladding (68.6% Fe,
20.0% Cr, 8.4% Ni, 2.0% Si and 1.0% Mn). It should be noted thatdensity of the casing
was rather high when compared to other spheres that use riee casing material (> 9.0 g
cm 3 compared to the usual 7.9 g c®). In our calculations, we have used those high values
in order to conserve the mass of the material.

The JEFF 3.0 library is missing one of the isotop®8\( in the cladding so no results are
presented for this library (the cladding can have significaipact on the results, we refer to
the case of liquid oxygen for an obvious example). Fortugatiee lithium data in JEFF 3.0 is
taken over in JEFF 3.1 so that differences between botlridsraould only be due to different
data for the casing materials. In tfls) graphs, we can also see that the JEFF 3.1 and ENDF/B-
V1.8 curves are (practically) the same. In this case, the tiflight spectrum is dominated by
the lithium (contrary to the liquid oxygen sphere where tagieg has a larger influence).

For theLi spheres it is rather difficult to draw a conclusion. Therethree families of curves:
ENDF (ENDF/B-VI.8 and JEFF 3.1 have the same lithium dataNDE 3.3 and JEF 2.2. All
families seem to be good in the transmitted peak. But beyoadré#msmitted peak, they tend
to separate (first JEF 2.2 and later on JENDL 3.3). In thabreglENDL 3.3 followed by JEF
2.2 appear to be the best. At the end of the time of flight spettthe JEF 2.2 curve joins the
ENDF curves. And in that region, the JEF 2.2 and ENDF curveeaipto be the best.

The situation is however very different for thki spheres. The curves for the different libraries
are already a lot closer to each other. The JEFF 3.1 evatu@itiken from JEFF 3.0 which in
turn took the data from an EFF 2.4 evaluation) and JENDL 3 apto be the best, closely
followed by ENDF/B-VI.8 and JEF 2.2 (based on an older EFFuat#bn).

The beryllium sphere

The results for a beryllium sphere can be found in figure S fhis case, it is a hollow sphere
with an outer diameter of 12.58 cm and inner diameter of 8 cm.

There are again three different tendencies in the resuN®RE(JENDL 3.3 is very close to
the ENDF curves although there is no relation between the, the-F and JEF 2.2. From the
graphs, it is obvious that the JEF 2.2 curve is completelylmffat least a factor 2). Just as
with the lithium spheres, it is not so simply to draw a defimibeclusion here. Just beyond the
transmitted peak, JEFF 3.1 appears to be the best. In thdenutithe time of flight spectrum
it appears to be ENDF while at the end JENDL 3.3 is the closest.

As noted in chapter 4, the JEFF 3.0 data (based on EFF 3.0 nfwdi2p be corrected because
NJOY added the (n,2n) reaction twice. It appears that NJG6 dot distinguish between mt16
(total (n,2n)) and mt875 to 890 (the different levels of the2() reaction). The JEFF 3.1 file
was also based on EFF 3.0 evaluation (mod 6), but this filedyréad this correction. This
(n,2n) problem is also clearly visible in the beryllium pedssphere where the original JEFF
3.0 data was used. In this spectrum, an extra small peak iegppexst to the transmitted peak
and the rest of the spectrum is increased slightly (see fig@)e This problem shows that the
pulsed spheres can be very useful to quickly assess theygoidi library file.
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Figure 5.2: Comparison of the time of flight spectrum of a demyl sphere using the original
JEFF 3.0 evaluation where (n,2n) is counted twice (left) hiedcorrected evaluation (right). .

Carbon spheres

The graphs for the carbon spheres can be found in figures 6.538. The three types of
carbon spheres (with radii of 4.187, 10.16 and 20.96 cm)aie spheres of 99.995% carbon.
These carbon spheres are very interesting examples sirapube the transmitted peak, elas-
tic, discrete inelastic and continuum inelastic regioresguite well separated. If we take for
instance figure 5.17, then the spectrum between roughly A6@25 ns is mainly determined
by the first level of inelastic scattering (4.43 MeV). Themeat level (7.66 MeV) determines
the spectrum between 200 and 325 ns, ...

For the carbon spheres, we observe three families of cuBKBF (being ENDF60, ENDF66,
ENDF/B-VI.8, JEFF 3.0 and JEFF 3.1), JEF 2.2 (based on ENDF/BAd JENDL 3.3. The
global agreement between the different libraries is quiedy(it should be said that all libraries
except for JENDL 3.3 are based on ENDF/B data). The agreewignthe measured spectrum
is however the best for JENDL 3.3.

Liquid nitrogen spheres

The liquid nitrogen spheres can be found in figure 5.19 an@.5Ebr the nitrogen spheres,
there are two configurations. Both consist of an inner sphiéed fivith liquid nitrogen that is
placed inside another sphere. In between the spheres,isheracuum. The composition of
the casing material is the same as the one used in the lithineres (except that the normal
density of 7.9 g cm? is used). For the first configuration, these spheres havieofe®.11 and
22.55 cm. For the second configuration this is 55.93 and 6dml1

The best results for these liquid nitrogen spheres arersddavith JEFF 3.1 and ENDF/B-VI.8
(it should be noted that the nitrogen evaluations in JEFRaB21all ENDF/B-VI evaluations).

Liquid oxygen spheres

The result of the liquid oxygen sphere (with a radius of 1@Bf() can be found in figure 5.21.
The configuration of the liquid oxygen sphere is similar tattbf the liquid nitrogen sphere
(the inner sphere has a radius of 10.50 cm and the outer spasieradius of 11.28 cm).

The agreement between the different libraries and the erpatal results for the oxygen
sphere is not very good (especially if we compare it with ftance the carbon spheres where
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the agreement was almost perfect). This might (among o#smons) be caused by the tem-
perature of the data used to calculate time of flight speethach is around 300 K while the
liquid nitrogen is probably a lot colder).

We also observe some differences between the JEFF 3.1 codvithe ENDF/B-VI.8 curve
while the oxygen data in JEFF 3.1 is taken from ENDF/B-VI.8e Tifferences between both
curves are therefore related to differences in the dataeafdking materials of the liquid oxygen
sphere. And as we will see later on for the iron spheres (saeefis 33 to 5.38), the iron data
from JEFF 3.1 and ENDF/B-V1.8 are distinctly different. Ethway, the form of the measured
spectrum is reproduced to some degree.

Magnesium spheres

The results for the magnesium spheres can be found in figi284&5.25. The three types of
magnesium spheres (with radii of 8.94, 16.50 and 25.50 cenyalid spheres of magnesium.
All the ENDF libraries and the JEFF 3.0 library are in goodesggnent with the measured
spectrum. The JENDL 3.3 and JEFF 3.1 data on the other hawd Isinge differences just
after the transmitted peak (corresponding to neutron exeaf 14 to 5 MeV). After a review
of the data in question, we found that the JEFF 3.0 data (deiyjental Mg) was based on
JENDL 3.2 while the JENDL 3.3 data (the individuMg, 2°Mg and?®Mg isotopes) were
based on the same JENDL 3.2 data (with a few updates. The JERRat itself was simply
taken over from JENDL 3.3.

As mentioned eatrlier, the first few levels of inelastic satty determine the part of the time
of flight spectrum just after the transmitted peak. In ordeexplain the differences between
the spectra, we compared the data for the first levels ofstielacattering of*Mg, 2°Mg and
26Mg from JEFF 3.1 with those of elemental magnesium from JEBF 3

The individual levels of inelastic scattering associatétti &#*Mg, 2°Mg and?®Mg are all differ-
ent from each other and can all be found in the elemental nsagmesvaluation (an overview
of the corresponding levels can be found in the commentaedt the ENDF file). For ex-
ample, the first level of 24Mg (at 1.3686 MeV) is the third legéthe elemental evaluation.
The second level d¥*Mg (at 4.1200 MeV) is the 18th level in the elemental evatati .. To
transform the cross section of a level from an isotope todhtte element, we need to multiply
the cross section by the isotopic abundance of the isot@8%% for?*Mg, 10.00% for*>Mg
and 11.01% for®Mg). The angular distributions of those inelastic levelsndt need to be
transformed. To transform the other cross sections (elaspture, ...), we need to sum the
individual isotopes’ cross sections multiplied by the gt abundances.

We found no differences in the cross sections, but we did fifiedrdnces in the angular distri-
butions of the first two levels of inelastic scatteringfivig, (at 1.3686 and 4.1200 MeV) and
26Mg (at 1.8087 and 2.9384 MeV. This can be seen in figure 5.3¢hwhives the first three
levels of inelastic scattering 8fMg compared to the corresponding levels in the elemental
magnesium data. Apart from these differences, no othermdéferences were found in other
cross sections that can be important for the time of flightspen (such as elastic scattering,
capture, (n,2n), ...). The difference in the spectra is gbbponly caused by the difference of
a few angular distributions. This example alone demoredrdte power of the pulsed sphere
as a simple validation benchmark.
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Figure 5.3: Comparison of the angular distributions of th& fiiree inelastic scatter-
ing levels of?*Mg from JEFF 3.1 (at 1.3686, 4.1200 and 4.2384 MeV) compared t
the corresponding levels of elemental Mg from JEFF 3.0.

Aluminium spheres

The results for the aluminium spheres can be found in figu28 & 5.29. There were three
different solid aluminium spheres available (with radii&®4, 16.50 and 25.50 cm). The
configuration of these spheres is exactly the same as thake sblid magnesium spheres.

The different nuclear data libraries give similar resuksoly 250 ns. Above this value, the
different libraries appear to have two tendencies (the fiostesponding with ENDF60 and
JEF 2.2 and the second with all the others). The ENDF60 and?JEKbraries give the best

agreement with the experimental results. It should be nittadaluminum from ENDF/B-VI
is used in JEFF 3.0 and JEFF 3.1.
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Titanium spheres

The results for the titanium spheres can be found in figuré8 @ 5.32. There were three
different solid titanium spheres available (with radii 088, 16.50 and 25.50 cm). The config-
uration of these spheres is exactly the same as those ofltlersgnesium spheres.

Contrary to the results for magnesium and aluminium wher&badtiries (or sets of libraries)
gave similar or identical results, all libraries (excep tifferent ENDF libraries) give different
results. Furthermore, none of these come even close to gerimental results. A thorough
review of the titanium data relevant for these benchmarksasefore required.

Iron spheres

The results for the iron spheres can be found in figures 5.33®& There were three different
solid iron spheres available (with radii of 4.46, 13.41 a@d3Zm).

Except for the older JEF 2.2 evaluations of iron, all libearappear to give good agreement with
the measurements. We can also see that the curves obtairteld@d- libraries are higher than
the ones obtained from JEFF 3.1 and JENDL 3.3 just after #vesinitted peak. This supports
our conclusion that the differences in the liquid oxygenesph(see figure 5.21) are related to
differences in data for the casing materials (the oxygea miealEFF 3.1 and ENDF/B-VI.8 are
the same). For those curves, the ENDF data also gave a cusve #ie one from JEFF 3.1 in
the area just beyond the transmitted peak.

In general we can say that the JEFF 3.1 are slightly betterttr ENDF/B-V1.8 evaluations,
but the difference is only minor.

Lead spheres

The LLNL pulsed sphere experiments included a single lehergpwith a radius of 8.97 cm
which includes a thin steel cladding (the configuration &f #phere is the same as the smallest
lithium spheres). The results for this sphere can be fourfigume 5.39.

For this lead sphere, we see a good agreement of all theiébnaith the experimental results
(except maybe for JEF 2.2 between 175 and 250 ns). The JER@2sthe oldest (which is

a revised ENDF/B-IV evaluation). In the ENDF data we find areolHNDF/B-VI evaluation
with an upper energy of 20 MeV (ENDF60) and a newer evaluatitman upper energy of 150
MeV (ENDF66 and ENDF/B-V1.8). The JEFF 3.1 evaluations am@ aealuations prepared by
NRG (The Netherlands) in 2004. Although the evaluations areglifferent, we can see that
all libraries appear to give rather similar results.

Light and heavy water spheres

The water spheres (both normal light water and heavy watergiailar to the liquid oxygen
and nitrogen spheres in configuration. The results for tapeeres can be found in figures 5.41
to 5.43 for the light water spheres and 5.44 to 5.45 for theyheater spheres.

For both light water and heavy water, the different librargve almost the same results. The
neutron scattering in these spheres is primarily dominlayestattering interaction with hydro-
gen and deuterium. The other nuclides in these spheresdjiggea or iron are not as important.
Most library families contain different evaluations fordrpgen and deuterium but they only
differ by more than a few % and such differences cannot besthed easily in the results.
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Polyethylene spheres

Figure 5.46 to 5.48 gives the results for the solid polyathgl spheres (spheres with radii of
16.5, 25.5 and 40.4 cm). As we know from the carbon and watezres, the different carbon
and hydrogen evaluations give very similar results so tlaaies not come as a surprise that the
results for polyethylene are also very similar.

It is even possible to discern the influence of the carbon. date small peaks that appear
at 175 ns and 200 ns are probably caused by the first and seweladtic scattering levels,
as we observed for the carbon spheres (although the effettiese inelastic levels was more
pronounced in those cases).

We also saw that the carbon data results in three differeniliés of curves in the carbon
spheres (ENDF, JEF 2.2 and JENDL). In this case, we canndhsse three families because
the hydrogen scattering is dominant.

Teflon spheres

Figure 5.49 to 5.52 gives the results for the solid teflon sghe Contrary to the previous
polyethylene spheres, the carbon data is now dominant. And eesult, we can observe
the same three families of curves from the carbon data: ENigihg ENDF60, ENDF66,
ENDF/B-VI.8, JEFF 3.0 and JEFF 3.1), JEF 2.2 and JENDL 3.3.

Concrete spheres

The concrete results can be found in figures 5.53 and 5.54inAteese are solid spheres of
concrete (55.70% O, 15.10% H, 14.90% Si, 3.60% Ca, 3.20% A)%.C, 1.80% Mg, 1.30%
Na, 0.325% Fe, 0.325% K, 0.325% Ti and 0.325% Mn) with radRDbf0 and 35.5 cm.

The agreement for the different libraries in the case of trerete sphere is astonishing, espe-
cially when we know that there are 12 different elements i plarticular instance of concrete
(there are literally thousands of different possible cosifpans of concrete). This is however
a pulsed sphere experiment that does not give much infasmatncerning the nuclear data
(simply because the number of materials involved is too hidh order to learn something
from the results, the number of materials should be as smglbasible. Solid spheres of a
single material (such as the spheres of solid carbon, laryll. . .) are the best way to go.
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Figure 5.4: Experiment Li 0.5 mfp at 30 degrees with the Pilot B detector.
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Figure 5.6: Experiment $Li 1.1 mfp at 30 degrees with the Pilot B detector.
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Figure 5.7: Experiment £Li 1.6 mfp at 30 degrees with the Pilot B detector.
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Figure 5.11: Experiment 81i 1.6 mfp at 30 degrees with the Pilot B detector.
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Figure 5.14: Experiment 11: C 0.5 mfp at 120 degrees with G218 detector.
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Figure 5.15: Experiment 12: C 1.3 mfp at 30 degrees with th2 I8Eletector.
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Figure 5.16: Experiment 13: C 1.3 mfp at 120 degrees with G218 detector.
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Figure 5.17: Experiment 14: C 2.9 mfp at 30 degrees with th2 I8Eetector.
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Figure 5.18: Experiment 15: C 2.9 mfp at 120 degrees with G218 detector.
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Figure 5.19: Experiment 17: N 1.1 mfp at 30 degrees with tihat Bidetector.
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Figure 5.20: Experiment 18: N 3.1 mfp at 30 degrees with tihat Bidetector.
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Figure 5.21: Experiment 19: O 1.1 mfp at 30 degrees with thet Bidetector.
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Figure 5.22: Experiment 20: Mg 0.7 mfp at 30 degrees with il B detector.
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Figure 5.23: Experiment 21: Mg 0.7 mfp at 120 degrees witiNB213 detector.
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Figure 5.24:
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Experiment 22: Mg 1.2 mfp at 30 degrees with fla B detector.
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Figure 5.25: Experiment 23: Mg 1.9 mfp at 30 degrees with il B detector.
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Figure 5.26: Experiment 24: Al 0.9 mfp at 30 degrees with tihet B detector.
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Figure 5.27: Experiment 25: Al 0.9 mfp at 120 degrees withNE213 detector.
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Figure

Neutron flight time [ns]

5.28: Experiment 26:

Neutron flight time [ns]

Al 1.6 mfp at 30 degrees with tihat B detector.
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Figure 5.29: Experiment 27: Al 2.6 mfp at 30 degrees with tihet B detector.
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Figure 5.30: Experiment 28: Ti 1.2 mfp at 30 degrees with titat B detector.
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Figure 5.31: Experiment 29: Ti 2.2 mfp at 30 degrees with titat B detector.
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Figure 5.32: Experiment 30: Ti 3.5 mfp at 30 degrees with titat B detector.
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Figure 5.33: Experiment 31: Fe 0.9 mfp at 30 degrees with #6218 detector.
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Figure 5.34: Experiment 32: Fe 0.9 mfp at 120 degrees witiNtB213 detector.

87



T
— EXP 33
g 01 — ENDF60 || 5§ o1
o — ENDF66 o
9 — JEF 2.2 23
3 — JEFF 3.0 3
b e JEFF 3.1 e
§ JENDL 3.3 §
3 — ENDF 6.8 3
< 0.01r 4 < 001 E
(2} 1%}
=4 f=4
@ @
Qo Q
5 s
k3] o]
=g =4
& 0.001 1 £ o.001 E
0 j%2}
€ €
p=3 p=3
o o
(8} O
0.0001 ‘ ‘ ‘ ‘ ‘ ‘ 0.0001 ‘ ‘ : ‘ : ‘
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Neutron flight time [ns] Neutron flight time [ns]
S ox T o4
o o
@ ©
2 <4
8 &
%] 12}
€ €
3 3
o o
£ o001 1 2 oo E
(%] 1%}
c c
@ @
o o
5 <
k3] k3]
< <4
& 0.001 1 £ o.001 E
n 0
€ €
=3 =3
o o
(8} o
0.0001 . . . . . . 0.0001 . . . . . .
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Neutron flight time [ns] Neutron flight time [ns]
ERCE: R
o o
@ ©
= <4
8 8
2 ) ll
=4 c
3 3
Q Q
2 oot 1 2 oor E
[%2} 12}
c =
@ @ ]
Qo o i
5 =
@ k3]
< < 9
& o0.001 1 £ o.001 ] E
] 2] 1 by
E g S =
o o
(8} o
0.0001 . . . . . . 0.0001 . . . . . .
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Neutron flight time [ns] Neutron flight time [ns]
ERCE: 5 o1t
o [S]
k3] o]
= =4
8 S
2 1 2
=4 c
p=3 p=3
s} L 2
2 oon 1 2 oot k!
(%2} 1%}
(= =
@ | 5]
Q b o
5 =
o i o
[} [}
=y L <
£ o.001 4 4 & o001 El
a i e [ a
5 e . g
s} [s}
(8} (&}
0.0001 . . . . . . 0.0001 . . . . . .
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Neutron flight time [ns] Neutron flight time [ns]

Figure 5.35: Experiment 33: Fe 2.9 mfp at 30 degrees with tB218 detector.

88



.
— EXP 34
g 01 — ENDF60 || 5§ o1
o —— ENDF66 S
28 — JEF 2.2 3
3 — JEFF 3.0 E
b JEFF 3.1 e
= JENDL 3.3 £
3 — ENDF 6.8 3
2 o001 1 2 oo1 B
(%] [%]
=4 f=4
9] 9]
o o
5 5
o @
2 2
£ o.001 1 & o001 1
0 j%2}
€ €
p=3 p=3
[s} [s}
o o
0.0001 . . . . . . . 0.0001. . . . . . . .
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550
Neutron flight time [ns] Neutron flight time [ns]
S ox T o4
o o
@ ©
=) <y
8 8
%] j2]
€ <
3 =]
(=] o
2 oot 1 2 oor k!
(%] [%]
c c
9] @
o o
5 5
@ ©
1= =4
£ o.001 1 & o001 1
n 0
€ €
=3 =3
o o
o o
0.0001 . . . . . . . 0.0001. . . . . . . .
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550
Neutron flight time [ns] Neutron flight time [ns]
ERCE: R
o o
@ @
2 2
8 &
2 2 1
=4 c
3 =
o o
S o001 4 2 oon | ]
[%2} 12}
= [=4
9] @
o o
z <
@ ©
2 =y
£ 0.001 4 £ o0.001 | oy E
@ @2 | el :
c c L A T
3 3 T
o o
0.0001 . . . . . . . 0.0001. . . . . . . .
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550
Neutron flight time [ns] Neutron flight time [ns]
!
— EXP 34
S 01 5 o1 — ENDF 6.8
o o
o @
2 2
8 8
° | 2
=4 c
p=3 p=3
o o
2 oot [ 1 2 oot 1
(%2} 1%}
= [=
o 3
o o
z <
@ ©
<y <y
£ o0.001 i 4 & o001 B
‘2 i P! g
2 [ 2
o o
0.0001 . . . . . . . 0.0001. . . . . . . .
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550

Neutron flight time [ns]

Neutron flight time [ns]

Figure 5.36: Experiment 34: Fe 2.9 mfp at 120 degrees witiNtB213 detector.
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Figure 5.37: Experiment 35: Fe 4.8 mfp at 30 degrees with tB218 detector.
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Figure 5.38: Experiment 36: Fe 4.8 mfp at 120 degrees witiNtB213 detector.
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Figure 5.39: Experiment 37:
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Figure 5.40: Experiment 38: Pb 1.4 mfp at 120 degrees witiN&213 detector.
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Figure 5.41: Experiment 39: 40 1.1 mfp at 30 degrees with the Pilot B detector.
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Figure 5.43: Experiment 41: 40 1.9 mfp at 120 degrees with the NE213 detector.
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Figure 5.44: Experiment 42: 4@ 1.2 mfp at 30 degrees with the Pilot B detector.
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Figure 5.45: Experiment 43: 4@ 2.1 mfp at 30 degrees with the Pilot B detector.
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Experiment 44: Polyethylene 0.7 mfp at 30 degweith the Pilot B detector.
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Figure 5.47: Experiment 45: Polyethylene 1.6 mfp at 30 degweith the Pilot B detector.
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Figure 5.48: Experiment 46: Polyethylene 3.0 mfp at 30 degweith the Pilot B detector.
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Figure 5.49: Experiment 47: Teflon 0.9 mfp at 30 degrees wighRilot B detector.
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Figure 5.50: Experiment 48: Teflon 1.8 mfp at 30 degrees wighRilot B detector.
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Figure 5.51: Experiment 49: Teflon 2.9 mfp at 30 degrees wighRilot B detector.
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Figure 5.54: Experiment 54: Concrete 3.8 mfp at 120 degrettstive NE213 detector.
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Appendix A

Updates to NJOY

*ident updl gl
*/ Increase the nunber of significant digits in unresr and purr
*/ for the purpose of testing the probability tables.
*d unresr. 202
if (iprint.eq.1) wite(nsyso,’(1x,1p,8el4.6)")
*d purr. 1797
& 15x,’'’'total’’,7x,'"elastic' ', 7x,’ ' fission ', 7x,

*d upd2.12

if (iprint.gt.0) wite(nsyso, (i6,1p,4eld.6)")
*d purr. 2256, 2258

& ' bkgd ', 1p,4eld. 6/’ infd ', 1p,4eld. 6/
& ' aver’', 1p,4eld.6/’’ pcsd ', Op, 4f14.2/
& ' nres’’,il4)’)

*d purr. 2265, 2266
& 9x,’’'tenp’,6x,'"'sig0"’,6x,’ ' p0 total'’,7x,
& ''elastic'',7x,'"fission’,7x,’ capture'’, 6X,
*d purr. 2280
write(nsyso,’ (3x,1p, 2e10. 3,5e14.6)")

*d up84. 121

& (" tmax'', 1p,ell. 3, 1p, 10el4. 6/ (16x, 10e14.6))")
*d up84. 124

& "(’’ prob’ ', 1p, ell. 3, 1p, 10e14. 6/ (16x, 10e14.6))")
*d up84. 127

write(nsyso,’ (1x,a, 1x, 1p, ell. 3, 10e14. 6/ ( 16x, 10e14.6)) ")

*d purr. 2338, 2339

& 9x,’’'tenp’’,6x,'’'sig0" ’,6x,’"p0 total’’,7x,’"elastic"’

& 7x,''fission’’,7x," capture’’',6x,' ' pl total'’)")
*d purr.2372

write(nsyso,’ (3x,1p, 2e10. 3,5e14.6)")

*i dent updl g2
*/ Pu239 of JEF 2.2 has a problemin purr ('not enough scratch space’)
*/ upl04 fixes this (by increasing it to 12000), but to be sure we
*/ increase if to 50000
*d upl04.5

maxscr =50000
*i dent updl g3
*/ updates up92 and up99 are the sane so one of themmay be renoved
*d up92.6
*d up92.8
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Appendix B

Contents of ALEPH-LIB

Table B.1 gives an overview of the content of the JEFF 3.1 MCNHExary within ALEPH-
LIB. The entries in each of the columns of this table are dbsdrias follows:

Nuclide: this is the nuclid€AM D identification number (similar to th2Al D identification
used by MCNP(X)). TheZAM D number is the ORIGEN identification number of the
isotope (using the element numlZgthe atomic mass numbArand the metastable state
Mwhich is either O or 1):

ZAM D = 1000QZ + 10A+ M= 10ZAl D+ M (B.0.1)

Emax the maximum incident neutron energy for that data file.
GPD: this column indicates whether or not photon-produnctiata are included.

CP: this column indicates whether or not charged particldyeton data are included, and if
so for which type of particles.

v: this column indicates the type of fission nu data that islidet! for a fissionable material.
“tot” means that only total nu data are given and “both” meidwas prompt and total nu
are given.

DN: this column indicates whether or not delayed neutroa da¢ included.
T [K]: this column gives the temperatures for which libratgdi exist.

Probability tables: this column indicates if the librare&lhave unresolved resonance proba-
bility tables and gives the reason why such probabilityealare not included.
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Table B.1: JEFF 3.1 library files overview.

Nuclide | Emax | GPD CP v | DN T [K] Probability tables

10010 | 150 | yes d no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
10020 | 150 | yes p,t no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
10030 | 20 no p,d no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
20030 | 20 no p,dta no | no | 300, 600, 900, 1200, 1500, 1800no Nno resonances
20040 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
30060 | 20 | yes p,dtoa no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
30070 | 20 | yes p,dto no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
40090 | 20 | yes p,dta no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
50100 | 20 | yes p,dto no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
50110 | 20 | yes p.ta no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
60000 | 150 | yes p,da no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
70140 | 150 | yes p,dto no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
70150 | 20 | yes p,d,ta no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
80160 | 150 | yes p,dto no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
80170 | 20 no p,da no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
90190 | 20 | yes p,dto no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
110220 | 20 no p,da no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
110230 | 20 | yes p,a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
120240 | 20 | yes p,a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
120250 | 20 | yes p,a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
120260 | 20 | yes p.a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
130270 | 150 | yes p,d,ta no | no | 300, 600, 900, 1200, 1500, 1800no0  no unresolved resonances
140280 | 20 | yes | p,d,t3Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
140290 | 20 | yes p,a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
140300 | 20 | yes p,a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
150310 | 20 | yes p.a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
160320 | 20 | yes p,.a no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances

Continued on next page
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Nuclide | Emax | GPD CP v | DN T [K] Probability tables

160330 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
160340 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
160360 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
170350 | 20 | yes p.d, iy no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
170370 | 20 | yes p,d,tor no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
180360 | 20 no p,da no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
180380 | 20 no p,.da no | no | 300, 600, 900, 1200, 1500, 180G/es

180400 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
190390 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
190400 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
190410 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
200400 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
200420 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
200430 | 200 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
200440 | 200 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
200460 | 200 | yes p,d,tHeqa | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
200480 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
210450 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
220460 | 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
220470 | 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
220480 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
220490 | 20 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
220500| 20 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
230000| 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
240500 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
240520| 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
240530 | 20 | yes pa no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
240540 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
250550 | 20 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances

D
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Nuclide | Emax | GPD CP v | DN T [K] Probability tables

260540 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
260560 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
260570 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
260580 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

270580 | 20 no p,da no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
270581 | 20 no p,da no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
270590 | 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
280580 | 20 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
280590 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
280600 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
280610 | 150 | yes p,d, i no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
280620 | 150 | yes p.d, i no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
280640 | 150 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
290630 | 150 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
290650 | 150 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
300000 | 20 no p,ta no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
310000| 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800no no unresolved resonances
320700 | 200 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
320720 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
320730 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
320740 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
320760 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  no unresolved resonances
330750 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
340740 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
340760 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
340770 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
340780 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
340790 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

340800 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances

Continued on next page
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Nuclide | Emax | GPD CP v | DN T [K] Probability tables
340820 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
350790 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
350810 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360780 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360800 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360820 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360830 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360840 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
360850 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
360860 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
370850 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
370860 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
370870 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
380840 | 20 no pdttHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
380860 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no unresolved resonanc
380870 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
380880 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
380890 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
380900 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
390890| 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
390900 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
390910 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
400900 | 20 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
400910 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

400920 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 180Q/es

400930 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

400940 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 180Q/es

400950 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

400960 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc
410930 | 150 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonanc

es
es
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Nuclide | Emax | GPD CP v | DN T [K] Probability tables

410940 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

410950 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180¢/es

420920 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800/es

420940 | 20 | yes p,dBHea | no | no | 300, 600, 900, 1200, 1500, 1800/es

420950 | 20 | yes pa no | no | 300, 600, 900, 1200, 1500, 180Q/es

420960 | 20 | yes p,d,tor no | no | 300, 600, 900, 1200, 1500, 180Q/es

420970| 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

420980 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 180Q/es

420990 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180GQ/es

421000 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 180GQ/es

430990 | 200 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 180¢/es

440960 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 18(00no no resonances
440980 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
440990 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
441000 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
441010 | 20 no po no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
441020 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
441030 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

441040 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
441050 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
441060 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
451030 | 30 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 1800 ? ?

451050 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
461020 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
461040 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptable
461050 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

461060 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
461070 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl¢
461080 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl
461100 | 20 no pd¢t2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl¢
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471070 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
471090 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptabl
471101 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

471110| 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
481060 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

481080 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

481100 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

481110 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
481120 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

481130 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
481140 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

481151 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
481160 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

491130 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

491150 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

501120 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

501140 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180¢/es

501150 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

501160 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

501170 | 20 no p,d,tax no | no | 300, 600, 900, 1200, 1500, 180Q/es

501180 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

501190 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 1800/es

501200 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

501220 | 20 no p.d,tax no | no | 300, 600, 900, 1200, 1500, 180GQ/es

501230 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
501240 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

501250 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
501260 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
511210 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

511230 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180GQ/es
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511240 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
511250 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
511260 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
521200 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
521220 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521230 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521240 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521250 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521260 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521271 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
521280 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521291 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
521300 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
521320 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
531270 | 30 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800 ? ?

531290 | 30 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800 ? ?

531300 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
531310 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
531350 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
541240 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541260 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541280 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541290 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541300 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541310 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541320 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541330 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
541340 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
541350 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
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541360 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 18(Q0no no resonances
551330 | 20 no po no | no | 300, 600, 900, 1200, 1500, 180Q¢/es

551340 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
551350 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

551360 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
551370 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

561300 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

561320 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

561340 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

561350 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

561360 | 20 no p.d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

561370 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 180Q/es

561380 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
561400 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

571380 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180¢/es

571390 | 20 no pd¢t2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl
571400 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
581400 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
581410 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

581420 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

581430 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
581440 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180¢/es

591410 | 20 no pd¢t2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl¢
591420 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
591430 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
601420 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
601430 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

601440 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
601450 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptabl
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601460 | 20 no p,dtHea | no | no | 300, 600,900, 1200, 1500, 1800no  negative values in ptable
601470 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
601480 | 20 no pd¢t2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
601500 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
611470 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
611480 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
611481 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
611490 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
611510 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
621440 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
621470 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

621480 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
621490 | 20 no pa no | no | 300, 600, 900, 1200, 1500, 180Q/es

621500 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
621510 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

621520 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

621530 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800n0 no resonances
621540 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
631510 | 20 | yes p,d,BHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

631520 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

631530 | 20 no pa no | no | 300, 600, 900, 1200, 1500, 180Q/es

631540 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

631550 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 180Q/es

631560 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
631570 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
641520 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

641540 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
641550 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es

641560 | 20 no pdtHea | no | no | 300, 600, 900, 1200, 1500, 180G/es
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641570 | 20 no p,dtHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
641580 | 20 no pdt2Hea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
641600 | 20 no p,d,ta no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances

651590 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180Q¢/es

651600 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
661600 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no0  no unresolved resonances
661610 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180Q%es

661620 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180Q¢es

661630 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
661640 | 20 no po no | no | 300, 600, 900, 1200, 1500, 180Q/es

671650 | 30 | yes - no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
681620 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
681640 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
681660 | 20 | yes p,d, i no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
681670 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 180Q/es
681680 | 20 | yes p.d, iy no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
681700 | 20 | yes p,d,tr no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances

711750 | 20 no po no | no | 300, 600, 900, 1200, 1500, 1800/es
711760 | 20 no po no | no | 300, 600, 900, 1200, 1500, 180Q/es
721740 | 20 | yes - no | no | 300, 600, 900, 1200, 1500, 180Q/es
721760 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 180Q/es
721770 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 180Q¢es
721780 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800/es
721790 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800/es
721800 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 180Q/es
731810 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 180Q¢/es

731820 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180Q/es
741820 | 20 | yes p,dor no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
741830 | 20 | yes p,do no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
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741840 | 20 | yes p,de no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
741860 | 20 | yes p,do no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
751850 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180GQ/es

751870 | 20 no - no | no | 300, 600, 900, 1200, 1500, 180Q/es

760000 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
771910 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800/es

771930 | 20 | yes po no | no | 300, 600, 900, 1200, 1500, 1800Q/es

780000 | 20 | yes - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
791970 | 30 | yes po no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
801960 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
801980 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
801990 | 20 | yes p,de no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
802000 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
802010 | 20 | yes p,doa no | no | 300, 600, 900, 1200, 1500, 1800no no unresolved resonances
802020 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
802040 | 20 | yes p,der no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
810000 | 20 no p.d,tax no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
822040 | 200 | yes p,d,fHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
822060 | 200 | yes p,d,fHeqa | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
822070 | 200 | yes p,d,fHeqa | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
822080 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
832090 | 200 | yes p,d,tHea | no | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
882230 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no no resonances
882240 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
882250 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
882260 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
892250 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
892260 | 20 no - no | no | 300, 600, 900, 1200, 1500, 1800no no resonances
892270 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no no resonances
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902270 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800no no resonances
902280 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no0  no unresolved resonances
902290 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
902300 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
902320 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

902330 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no Nno resonances
902340 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
912310 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800¢/es

912320 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no unresolved resonances
912330 | 20 no - total | no | 300, 600, 900, 1200, 1500, 180Q/es

922320 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180G/es

922330 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

922340 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

922350 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

922360 | 30 | yes - both | yes | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
922370 | 30 | yes - both | yes | 300, 600, 900, 1200, 1500, 180G/es

922380| 30 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

932350 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
932360 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
932370 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

932380 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800no  negative values in ptable
932390 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800no no resonances
942360 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

942370 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no no resonances
942380 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

942390 | 30 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

942400| 30 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

942410 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

942420 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 1800¢/es
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942430 | 20 | yes - total | no | 300, 600, 900, 1200, 1500, 180¢es

942440 | 20 no - total | no | 300, 600, 900, 1200, 1500, 180%es

942460 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no no resonances
952410 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180G/es

952420 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

952421 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

952430 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180¢/es

952440 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
952441 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
962400 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

962410 | 20 no - total | no | 300, 600, 900, 1200, 1500, 1800no no resonances
962420 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

962430 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

962440 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

962450 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 180G/es

962460 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180G/es

962470 | 20 | yes - both | no | 300, 600, 900, 1200, 1500, 180Q/es

962480 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180¢/es

962490 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800¢/es

962500 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

972470 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no  no unresolved resonances
972490 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

972500 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

982490 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800¢/es

982500 | 20 no - both | no | 300, 600, 900, 1200, 1500, 180Q/es

982510 | 20 | yes - both | yes | 300, 600, 900, 1200, 1500, 180Q/es

982520 | 20 | yes - total | no | 300, 600, 900, 1200, 1500, 1800n0  negative values in ptable
982540 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
992530 - - - - - - - -

Continued on next page
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Nuclide | Emax | GPD CP v | DN T [K] Probability tables

992540 | 20 no - both | yes | 300, 600, 900, 1200, 1500, 1800no no resonances
992550 | 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no Nno resonances
1002550 20 no - both | no | 300, 600, 900, 1200, 1500, 1800no no resonances
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