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Abstract: Thi s report i s one in the series of A@APOI N
temperature dependent cross sections for thedireant version of ENDF/Bn each casehave

used my personal computer at home and publicly available data and codes: 1) publicly available
nuclear data (the current ENDF/B data, availabldirmn at the National Nuclear Data Center,
Brookhaven National Laboratorttp://www.nndc.bnl.goy/and, 2) publicly available computer

codes (the current PREPRO codes, availabienenat the Nuclear Data Section, IAEA, Vienna,
Austria, http://www-nds.ia@.or.at/ndspub/endf/prepjoand, 3) My own personal computer
located in my homd.have used these in combination to produce the temperature dependent cross
sections used in applications and described in this report. | should mention that today athyone wi

a personal computer can produce these results: by its very nature | consider this data to be born in
the public domain.
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Disclaimer

Neither the author nor anybody else makes any warranty, expressed or impliesiimoesaany legal liability or
responsibility for the accuracy, completeness or usefulness of any information disclosed, or represents that its use would
not infringe privately owned rights.

The IAEA-NDS would appreciate any comment on this repoflBS.ContactPoint@iaea.org

The IAEA-NDS-reports should not be considered as formal publications. When a nuclear data library is sent out by the
IAEA Nuclear Daa Section, it will be accompanied by an IABBDS-report which should give the data user all necessary
documentation on contents, format and origin of the data library.

IAEA-NDS-reports are updated whenever there is additional information of relevaheeauters of the data library.

For citations care should be taken that credit is given to the author of the data library and/or to the data centaedhich iss
the data library. The editor of the IABADS-report is usually not the author of the data Ifora

Vienna,April 2018
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Overview

This report i s oné¢l,?2 3,5t 6heportstieatroveetise yaarks haliepi@demMed o
temperature dependent cross sections for the then current version of END§/Bn each case
| have usedny personbecomputer at home and publicly available data and codes

1) publicly available nuclear data (the current ENDF/B data, availablmemat the National
Nuclear Data Center, Brookhaven National Laboratbityp://www.nndc.bnl.goy and

2) publicly available computer codes (the current PREPRO codes, availaloie anthe
Nuclear Data Section, IAEA, Vienna, Austria
http://www-ndsiaea.or.at/ndspub/endf/preprand,

3) My own personal computer located in my home.

| have used these in combination to produce the temperature dependent cross sections us
applications and described this report.I should mention that today any® with a personal
computer can produce these results: by its very nature | consider thig da&tdaorn in the public
domain.
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Introduction: POINT 2018: ENDF/B-VII | Final

The latesENDF/B-VII | Final [7] data library was recently released and is noeljravailable
through the National Nuclear Data Center (NNDC), Brookhaven National Labordtoisy.
release completely supersedes all preceding releases of ENDHR#ividual files and/or
complete librariegan also be downloaded froiwttp://www.nndc.bnl.gov/

Periodic Table

ENDF/B-VII and VIII both span the periodic table of elements from Z = 1 to 100, but not all
elements are represented. The below tslnlemarizeshe number oévaluationsncluded for each
elemats(Z) in ENDF/B-VII (7) and VIII (8). 0* indicates no data for this elemeatg., ENDF/B

VIII does not include any data for Z = 85, 86, and 87.

Z 78 Z78 Z 78 Z 78 Z 78
133 2111 41 3 3 61 510 8123
222 2255 42 8 9 62 911 82 45
3 22 23 2 3 43 1 2 63 77 8312
422 24 4 5 441011 64 8 9 84 0* 3
522 2512 45 2 3 65 2 4 85 0* 0O*
612 26 4 5 46 7 9 66 711 86 0* 0O*
722 27 3 3 47 412 67 22 87 0* 0*
823 28 6 7 48 911 68 6 9 88 4 4
911 29 23 49 2 3 69 3 4 89 3 3
10 0* 3 306 7 5014 15 70 0* 9 90 8 8
1122 3123 5156 712 2 9155
12 3 3 3257 521115 72 6 9 921212
1312 3323 53 510 73 33 9367
14 35 3479 5412 14 7457 941011
1511 3523 5555 75 2 3 9% 77
16 4 5 3679 56 911 76 0% 9 96 1111
17 2 3 37 33 57 33 77 2 97 6 6
18 3 6 3867 58 810 78 0* 9 98 8 9
19 3 3 3933 59 3 3 7911 99 6 6
206 9 40 7 7 60 8 9 80 710 10011
What 6s New andvlaos. Yl ENDF/ B

ENDF/B-VIII (POINT2018) include$57 evaluationscompared t@23evaluations in ENDF/B
VII (POINT2015). There arel35 new evaluations included in VIII which were not included in
VII. 422 of the423evaluations from VIl are included in VIII; the only one not include@-{s-
Nat, which has been replaced by its isotopéste, thatwith 6-C-Nat replaced by itssotopes
VIII does not include any elemental mixtures

135 New Evaluations in POINT2018 (ENDF/BVIII)

Neutron 18-Ar-41 33-As-73 47-Ag-112 52-Te-131 61-Pm-143 68-Er-163 72-Hf-181 77-Ir-192 81-TI-204
6-C-12 20-Ca-41 34-Se75 47-Ag-113 52-Te-131Im 61-Pm-144 68-Er-165 72-Hf-182 77-Ir -194m 82-Pb-205
6-C -13 20-Ca-45 34-Se81 47-Ag-114 531-128 61-Pm-145 68-Er-169 74-W -181 78-Pt-190 83-Bi-210m
8-0-18 20-Ca-47 35Br-80 47-Ag-115 531 -132 61-Pm-146 69-Tm-171 74-W -185 78-Pt-191 84-Po-208
10-Ne-20 23V -49 36-Kr-79 47-Ag-116 531 -132m 61-Pm-150 70-Yb-168 | 75-Re-186m 78-Pt-192 84-Po-209
10-Ne-21 24-Cr-51 36-Kr-81 47-Ag-117 531-133 62-Sm-145 70-Yb-169 76-0s-184 78-Pt-193 84-Po-210
10-Ne-22 25-Mn-54 38-Sr-85 47-Ag-118n 531-134 62-Sm-146 70-Yb-170 76-0s-185 78-Pt-194 93-Np-236m
13-Al-26m 26-Fe-55 42-Mo-93 48-Cd-107 54-Xe-125 64-Gd-159 70-Yb-171 76-0s-186 78-Pt-195 94-Pu-245
14-Si-31 28-Ni-63 43-Tc-98 48-Cd-109 54-Xe-127 65Th-158 70-Yb-172 76-0s-187 78-Pt-196 98-Cf-247
14-Si-32 29-Cu-64 44-Ru-97 4%In-114 56-Ba-131 65-Th-161 70-Yb-173 76-0s-188 78-Pt-197
16-S-35 30-Zn-69 45-Rh-104 | 50-Sn-121m 56-Ba-139 66-Dy-154 70-Yb-174 76-0s-189 78-Pt-198
17-Cl-36 31-Ga-70 46-Pd-103 51-Sb-122 58-Ce-137 66-Dy-155 70-Yb-175 76-0s-190 80-Hg-197
18-Ar-37 32-Ge-71 46-Pd-109 52-Te-121 58-Ce-137m 66-Dy-157 70-Yb-176 76-0s-191 80-Hg-197m
18-Ar-39 32-Ge-75 47-Ag-108 | 52-Te-121m 60-Nd-149 66-Dy-159 72-Hf-175 76-0s-192 80-Hg-203
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423 Evaluations inPOINT20115 (ENDF/B-VII') (422 in VIII; 6-C-Nat in RED not in VIII )

68-Er-166 88-Ra-224 94-Pu-242
68-Er-167 88-Ra-225 94-Pu-243
68-Er-168 88-Ra-226 94-Pu-244
68-Er-170 89-Ac-225 94-Pu-246
69-Tm-168 89-Ac-226 95-Am-240
69-Tm-169 89-Ac-227 95-Am-241

1-H-1 20-Ca-44 32-Ge-74 42-Mo-92 49-In-115 54-Xe-131 61-Pm-147
1-H -2 20-Ca-46 32-Ge-76 42-Mo-94 50-Sn112 | 54-Xe-132 61-Pm-148
1-H-3 20-Ca-48 33-As-74 42-Mo-95 50-Sn-113 | 54-Xe-133 61-Pm-148m
2-He-3 21-Sc45 33-As-75 42-Mo-96 50-Sn114 | 54-Xe-134 61-Pm-149
2-He-4 22-Ti-46 34-Se 74 42-Mo-97 50-Sn115 | 54-Xe-135 61-Pm-151

3-Li-6 | 22Ti-47 34-Se76 42-M0-98 | 50-Sn116 | 54-Xe-136 | | 62-Sm-144

3-Li-7 22-Ti-48 34-5e77 42-Mo-99 50-Sn117 | 55Cs-133 | | 62-Sm-147 g‘ﬂﬁ‘g g ggm:gg 9955'A/?n"_‘éi‘§n
4-Be7 | 22Ti-49 345e78 | 42Mo-100 | 50-Sn118 | 55Cs134 | | 62Sm148 | - o | o0 Tho50 | 95 Am.243
4-Be9 | 22Ti-50 34-Se79 43Tc-99 50-5n119 | 55Cs135 | | 62Sm149 | Zo o) | oo oos | ge amioas
5-B-10 | 23V-50 34-Se80 44-Ru-96 50-Sn120 | 55Cs136 | | 62Sm150 | o5 oe | o0th oot | g8 Am-244m
5B-11 | 23V -51 34-Se82 44-Ru-98 50-Sn122 | 55-Cs137 | | 62-Sm-151

72-Hf-177 90-Th-232 96-Cm-240
72-Hf-178 90-Th-233 96-Cm-241
72-Hf-179 90-Th-234 96-Cm-242
72-Hf-180 91-Pa-229 96-Cm-243
73-Ta-180 91-Pa-230 96-Cm-244
73Ta-181 91-Pa-231 96-Cm-245
73-Ta-182 91-Pa-232 96-Cm-246
74-W -180 91-Pa-233 96-Cm-247
74-W -182 92-U -230 96-Cm-248
74-W -183 92-U -231 96-Cm-249
74-W -184 92-U -232 96-Cm-250
74-W -186 92-U -233 97-Bk-245
75-Re-185 92-U -234 97-Bk-246
75-Re-187 92-U -235 97-Bk-247
77-Ir-191 92-U -236 97-Bk-248
77-Ir-193 92-U -237 97-Bk-249
79-Au-197 92-U -238 97-Bk-250
80-Hg-196 92-U -239 98-Cf-246
80-Hg-198 92-U -240 98-Cf-248
80-Hg-199 92-U -241 98-Cf-249
80-Hg-200 93-Np-234 98-Cf-250
80-Hg-201 93-Np-235 98-Cf-251
80-Hg-202 93-Np-236 98-Cf-252
80-Hg-204 93-Np-237 98-Cf-253
81-TI-203 93-Np-238 98-Cf-254
81-TI-205 93-Np-239 99-Es-251
82-Pb-204 94-Pu-236 99-Es-252
82-Pb-206 94-Pu-237 99-Es-253
82-Pb-207 94-Pu-238 99-Es-254
82-Pb-208 94-Pu-239 99-Es-254m
83-Bi-209 94-Pu-240 99-Es-255
88-Ra-223 94-Pu-241 100-Fm-255

6-C -Nat | 24-Cr-50 35Br-79 44-Ru-99 50-Sn123 | 56-Ba-130 62-Sm-152
7-N -14 24-Cr-52 35Br-81 44-Ru-100 50-Sn124 | 56-Ba-132 62-Sm-153
7-N -15 24-Cr-53 36-Kr-78 44-Ru-101 50-Sn125 | 56-Ba-133 62-Sm-154
8-0-16 24-Cr-54 36-Kr -80 44-Ru-102 50-Sn126 | 56-Ba-134 63-Eu-151
8-0-17 | 25Mn-55 36-Kr -82 44-Ru-103 51-Sb-121 | 56-Ba-135 63-Eu-152
9-F-19 26-Fe-54 36-Kr -83 44-Ru-104 51-Sb-123 | 56-Ba-136 63-Eu-153

11-Na-22 | 26-Fe-56 36-Kr -84 44-Ru-105 51-Sb-124 | 56-Ba-137 63-Eu-154

11-Na-23 | 26-Fe-57 36-Kr -85 44-Ru-106 51-Sb-125 | 56-Ba-138 63-Eu-155
12-Mg-24 | 26-Fe-58 36-Kr -86 45-Rh-103 51-Sb-126 | 56-Ba-140 63-Eu-156
12-Mg-25 | 27-Co-58 37-Rb-85 45-Rh-105 52-Te-120 | 57-La-138 63-Eu-157
12-Mg-26 | 27-Co-58m 37-Rb-86 46-Pd-102 52-Te-122 | 57-La-139 64-Gd-152
13-Al-27 | 27-Co-59 37-Rb-87 46-Pd-104 52-Te-123 | 57-La-140 64-Gd-153
14-Si-28 28-Ni-58 38-Sr-84 46-Pd-105 52-Te-124 | 58-Ce-136 64-Gd-154
14-Si-29 28-Ni-59 38-Sr-86 46-Pd-106 52-Te-125 | 58-Ce-138 64-Gd-155
14-Si-30 28-Ni-60 38-Sr-87 46-Pd-107 52-Te-126 | 58-Ce-139 64-Gd-156
15P-31 28-Ni-61 38-Sr-88 46-Pd-108 52-Te-127m | 58-Ce-140 64-Gd-157

16-S-32 28-Ni-62 38-Sr-89 46-Pd-110 52-Te-128 | 58-Ce-141 64-Gd-158
16-S-33 28-Ni-64 38-Sr-90 47-Ag-107 52-Te-129m | 58-Ce-142 64-Gd-160
16-S-34 | 29-Cu-63 39-Y -89 47-Ag-109 52-Te-130 | 58-Ce-143 65-Th-159
16-S-36 | 29-Cu-65 39-Y -90 47-Ag-110m | 52-Te-132 | 58-Ce-144 65-Th-160
17-CI-35 | 30-Zn-64 39Y -91 47-Ag-111 531 -127 59-Pr-141 66-Dy-156
17-CI-37 | 30-Zn-65 40-Zr-90 48-Cd-106 531-129 59-Pr-142 66-Dy-158

18-Ar-36 | 30-Zn-66 40-Zr-91 48-Cd-108 531 -130 59-Pr-143 66-Dy-160

18-Ar-38 | 30-Zn-67 40-Zr-92 48-Cd-110 531-131 60-Nd-142 66-Dy-161
18-Ar-40 | 30-Zn-68 40-Zr-93 48-Cd-111 531-135 60-Nd-143 66-Dy-162
19K -39 | 30-Zn-70 40-Zr-94 48-Cd-112 54-Xe-123 | 60-Nd-144 66-Dy-163
19K -40 | 31-Ga-69 40-Zr-95 48-Cd-113 54-Xe-124 | 60-Nd-145 66-Dy-164
19K -41 | 31-Ga-71 40-Zr-96 48-Cd-114 54-Xe-126 | 60-Nd-146 67-Ho-165
20-Ca-40 | 32-Ge-70 41-Nb-93 48-Cd-115m | 54-Xe-128 | 60-Nd-147 67-Ho-166m
20-Ca-42 | 32-Ge72 41-Nb-94 48-Cd-116 54-Xe-129 | 60-Nd-148 68-Er-162
20-Ca-43 | 32-Ge73 41-Nb-95 49-In-113 54-Xe-130 | 60-Nd-150 68-Er-164

POINT 2018 versus POINT 2015

POINT 2015 is based on ENDFMI.1 and POINT 2018 is based on ENDFBII evaluations.

The difference between themnatural due to changes in the evaluadath butis alsodue to

what we have learned over the last three years and how this experience has been incorporated into
the ENDF/B PreProcessing codes (PREPRO2018) that were used to create POINT2016S.

of the recent changes to PREPRO are summarized below.

PREPRO 2018 Codes

In addition to the changes in the ENDFYBI evaluations, it should be noted that between the
last version of this report, where the PREPRO J016o0des were used, and the current version,
where the PREPRO 20180] codes were used, therave been improvements in the ENDF/B
Preprocessing codes (PREPROe improvementsvere both in terms of improving the basic
methods used by the codes and in terms of incorporating the latest-&NIDFmats and
Procedure$8] used by the current evaluat& The result is more accurate cross section data
throughout the POINT 2018 library.



WARNING 1 due to recent changes in ENIBFFormats and Procedurf®] only the latest
version of the ENDF/B Prprocessing codes, namely PREPRO2(01@8], can be used to
accurately process all current ENDFXBII evaluations. If you fail to heed this warning and you
use any earlier versions of these codes the re=asitse inaccuratenpredictable

The PREPRO 2018 codes run on virtually any computer, and are availabiedfiiEe from
the Nuclear Data Section, IAEA, Vienna, Austria, website at,

http://www-nds.iaea.or.at/ndspub/endf/prepro/

Data Processing

As distributed the original evaluated dffag includes cross sections represented in the form of

a combination of resonance parameters and/or tabulated energy dependent cross sections,
nominally at 0 Kelvin temperature. For use in applications, this data has been processed using the
2018 version of the ERWF/B Preprocessing codes (PREPRO2DP[10] to produce temperature
dependent, linearly interpolable in energy, tabulated cross sections, in the@idbRat.

For use in applications this library has been processed into the form of temperature dependent
cross sections aevemneutron reactor likeemperatures, between 0 al®D0 Kelvin, in steps of

300 Kelvin (the exception being 293.6 Kelvin, for exact room temperature at 20 Céidas).

also been processed to five astrophysics like temperatur@, 100 eV, 1 and 10 keV. For
reference purposes, 300 Kelvin is approximately 1/40 eV, so that 1 eV is approximately 12,000
Kelvin. At each temperature the cross sections are tabulated and linearly interpolable in energy.

The stepsequired,and codes uskto produce room temperature, linearly interpolable tabulated
cross sections, in the ENB-format[8], are described below; the name of each code is given in
parenthesis; for details of each code see referéndd][

Here are the steps, and PREPRQ@&€bdes, used to process the data, in the order in which the
codes were used.

1) Convertall data to a FORTRAN, C and C++ compatible forniXiDF2C)

2) Convert toLinearly interpolable, tabulatezhergy dependetoss sectionfLINEAR )
3) Add the resonace contributiorio cross sectionlRECENT)

4) Doppler broaden all cross sectiongszhtemperatureRIGMAL)

5) Check data, define redundant cross sections by summatidr )

6) Update evaluation dictionary in MF/MT=1/45DICTIN )

For the "cold" (0 K&vin) data steps 1), 2B) and5), 6) were used (no Doppler broadening). For
the data at other temperatures, after step2)18), the data wre Doppler broadened to each
temperature using ste}), and the results were then made consistent with the Elf@Fmats
and conventionE8] using step$) and6), to produce the final distributed data.

The result is linearly interpolable in energy, tabulated, temperature dependent cross sections, in
thesimple texttNDF6 format, ready to be used in applications


http://www-nds.iaea.or.at/ndspub/endf/prepro/

Note - this processing only involved the energy dependent neutron cross sectiatheAliata

in the evaluations, e.g., angular and energy distributions, was not affected by this processing, and
is identical in all versions of thesults i.e., it s the same iall the directoriesENDF2C as well

as KO through K800, and lev through 10kev.

Accuracy or Uncertainty of Results

WARNING: PLEASE do not confuse theOVERALL UNCERTAINTY of the ENDF/B data

with the additional uncertainty introduced by the PREPRO codesl judge that the ENDF/B

cross sections for any isotope, at any temperature and incident neutron energy is not known to
better than roughly 1%; we may know integrals more accurately, but not the detailed energy
dependent cross sections. As suchave defined theadditional uncertainty added by the
PREPRO codes to be so small that they add essentialjdittonaluncertainty to the OVERALL
uncertainty in the ENDF/B data.

Each of the codes described above that was used to process dataridathtated, linearly
interpolable in energy cross sections, processed the data to within a user defined accuracy, or
allowable uncertainty. The ENDF/B Ppeocessing codes (PREPRO) are-sleifumenting, in the

sense that the ENDF/B formatted output datt each code produces includes comments at the
beginning of each evaluation defining the accuracy to which the cross sections were calculated.
The combination of comments added by all of the codes defines the sequence and accuracy used
by all of them. Theaccuracy is the same for all evaluations. Therefore, for exact details of the
accuracy of the data, see the comments at the beginning of any evakatiose in POINT208

all cross sections were reconstructed to within an accuracy of 0.01% in theltreerge, and 0.1

% at all othelincident neutrorenergies and temperatures; this is beyond the accuracy to which
this data in known, so | assuniat the PREPRO data processingused to produce POINT2018

does not add any significant additionalincertainty to the inherentoverall uncertainty of the

data. For data testing purposes thisnmgortantfor users to understand.

Contents of the Library

This librarycontainsall the evaluations in the ENDF®BIII general purpose library. Tladove
tables summarze the contents of the ENDFMAI | general purpose library. This library contains
evaluations fob57 materials all areisotopes belemens Z=1 through 10(but be aware that data
is not necessarily included for all elements, Z = 1 through 100; sebdhetable for asummary

ThisPOINT2018library does not containdata from special purpose ENDFBI | libraries, such

as fission products, thermal scattering, photon interaction data. To obtain any of these special
purpose libraries contact the Natibhauclear Data Center, Brookhaven National Laboratory,
ENDF@bnInd2.dne.bnl.gov

The POINT 208 library includeeachof the 557evaluationss stored as a separate file. Tdeta
arein the simple textENDF6 format, which allows the data to be easily transported between
computersThe entire library requires approximatélygigabytesof storagan compressed form;
once uncompressed the data for each temperature requires roughly 2 to 3 gigabytes.

This library ontains data for some metastable materials, which are indicated by antldéat

of theirname, e.qg., ZB52131.M =52-Te-131m


mailto:ENDF@bnlnd2.dne.bnl.gov

Most ofthese evaluations are complete, in the sense that they include all cross sections over the
energy range 10 eV to atleast 20 MeV

The POINT2018webpages compressed; when uncompressed you will find a single directory
named POINT204 containing burteen (¥) subdirectories,

DOCUMENT - A copy of this reporin MSWordand PDRormats.
ENDF2C - The original ENDF/B datéfter being processed by ENDF2C.

OK - 0 Kelvin cross sections
293.&K - 293.6 Kelvin cross sections
600K - 600 Kelvin cross sections
90K - 900 Kelvin cross sections
120K - 1200 Kelvin cross sections
150K - 1500 Kelvin cross sections
180K - 1800Kelvin cross sections
leV - 1 eV cross sections

10eV - 10 eV cross sections
100eV - 100 eV cross sections
1keV - 1 keV cross sections
10keV - 10 keV cross sections

Except forDOCUMENT, each of these directories contahbg files, one file for eachfahe 557
evaluaions Each evaluation issimple text file, 8&haracterper line, and is aomplete ENDF/B
"tape" [B], including a starting "tape" identification line, and ending with a "tape" end8inén[
thissimple text formeach file can be ed by a wide variety of available computer codes that treat
data in the ENDF/B format, e.@ll the PREPRO codes.

Requesting POINT20B Data

Please do not contact the author of this report to request this data; | do not have the resources
necessary to dctly respond to requests for this data. This data has been distributed and is
Internationally available from nuclear data/code centers throughout the World,

1) Within the United States: contact the National Nuclear Data Center, Brookhaven National
Laboratoy, Mike Herman atsevices@bnind2.dne.bnl.gov

2) Within Western Europe: contact the OECD Nuclear Energy Agency/ Data Bank (NEA/DB),
Paris, Francegrograms@nea.fr

3) Otherwise: contact the Nuclear Data Section, International Atomic Energycgéienna,
Austria atnds.contacpoint@iaea.org
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Installation and Use of POINT20B
| recommend that you,

1) Copy the singleompresse®OINT20B file to your computer,

2) Uncompress and dtar the file; tha delete the compressed and tar files.

3) You should then have one directory named POINB2@ihtainingall the data
4) To randonly access thdata,execute (double click) POINT28htm.

The main POINT208 directory will contain thedurteen (4) subdirectores, described above.
These POINT208 directories include HTML routines to allow interactive retrieval of the data.
Onceuncompressethe result will be a directory of about 15 gigabytes. To put that in perspective,
today it costs less than $0.10 U.S. togmase, install, and maintain-tine one gigabyte of disk
storage Thereforethe cost of maintaining thisslgigabyte library odine is trivial.

FORTRAN, C C++ Compatible ENDF results

| have added thENDF2C code to PREPRQg ensure thaALL PREPRO output in thesimple text
ENDF format are completely FORTRAN, C and C++ compatiGlerrently evaluated data even
from major code centers are still not completely FORTRAN, C and C++ compdiiigefore,

when | begin preprocessing any evaluation thest PREPRO code | run ENDF2C to ensure that

ALL ENDF formatted output in subsequent codes are completely compatible. This is a very
important step: it would be such a shame if atethe effort invested to produce accurate results it
cannot be accately read and used by application codes. If as recommended you ALWAYS use
ENDF2C first, you will be able to avoid this problem. PREPRO also uses the current ENDF
convention that sequence numbers start at 1 for each section (MAT/MF/MT), instead of the olde
convention starting at 1 for each material (MAT).

Before ENDF2C
1.002000+3 1.996800+0 0 0 0 01283 1 125
0.000000+0 0.000000+0 0 0 1 1491283 1 126
149 2 1283 1 127
1.000000 -5 3.420300+0 1.000000 - 4 3.403000+0 2.530000 -2 3.395510+0 128 3 1 128
1.000000+2 3.395010+0 1.000000+3 3.394900+0 2.000000+3 3.394800+0 128 3 1 129
3.000000+3 3.394400+0 4.000000+3 3.389 400+0 5.000000+3 3.385000+0 128 3 1 130
1.000000+4 3.367000+0 2.000000+4 3.342000+0 3.000000+4 3.321000+0 128 3 1 131
4.000000+4 3.302000+0 5.000002+4 3.285000+0 6.000002+4 3.270000+0 128 3 1 132

After ENDF2C

1002.00000 1.99680000 0 0 0 012831 1
0.0 0.0 0 0 1 1491283 1 2
149 2 1283 1 3

1.00000E - 5 3.42030000 1.00000E - 4 3.40300000 .0253 00000 3.395510001283 1 4
100.000000 3.39501000 1000.00000 3.39490000 2000.00000 3.39480000 1283 1 5

3000.00000 3.39440000 4000.00000 3.38940000 5000.00000 3.38500000 1283 1 6

10000.0000 3.36700000 20000.0000 3.34200000 30000.0000 3.32100 0001283 1 7
40000.0000 3.30200000 50000.0200 3.28500000 60000.0200 3.27000000 1283 1 8

Note that in the above example we can see that the numerical values are EXACTY the same in both

cases. However, the ENDF2C output include 9 digits of poggiand is completely FORTRAN, C

and C++ compatible. In comparisonthe ENDBY gi t , sloe scsadl ldeadt al,E s uc h
(as opposed to 1234.56789)not standard in any comput@nguage and¢an lead to errors in
interpretation when codes attentp read this data.
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PREPRO uses9 or 10 digit precision for all ENDF output

As anexample consider 9 digits: 12324.56789, versus 7 digits: 1.234567+3. Here we can see that
the 9 digit output is a hundred times more precise compared to the 7 digit. oths is very
important for narrow milkeV wide resonances in the keV or today even in te& Mnergy range.
Below | show the difference between PREPRO output data using 9 or 10 digits of accuracy
compared to STANEF using 7 digifBo see the real dasgofusing7di gi t out put

moder n

STANEF and truncate it to-digits.

Total showing differences up t014.3% differences,

evaluations | et 0s s agit REGENT outpat phpegh s

MAT 2631 Total 26—Fe—-56
Cross Section —10.93 To 14.30 %
Resolved
Min Max
Ratio | Ratio
— 12 B
2 Original
5 10 [ STANEF After RECENT
s o
- 8
g
o] 6 [
)
a 4
o
—
{25) "
1+ E -
= STANEF After RECENT/Original |
oy Lol B
e
T, 3 AR L W . [ B socn A A 4 4
et eSS N \d NNV |74 7
0.9 L, i =
122.599 122.800 122.601
1 Incident Energy (KeV) 26-Fe—56
Capture showing differences up t®1.3% difference,
MAT 2631 (n,7) 26-Fe-56

Cross Section (barns)

Ratio

Cross Section

—-16.19 To 21.33 %

Resolved

Min
Ratio

Max
Ratio
T

Original
STANEF After RECENT

1.2 f ‘
| STANEF After RECENT/Original |
1.1 E
1.()|h\l.\].\l\]\l\| \$k$kk \NV A@AA¢A444AAA
o NNV \ . Vv E
121.018 121 .020 121 .022
3 Incident Energy (KeV) 26—-Fe—56
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Here we see that the -digit output is unable to accurately define the shape of these
resonancesi this is IMPORTANT to understand, so let me repeat: it is PHYSICALLY
IMPOSSIBLE with only 7 digits. Rather than the smooth profile pumeéd by the RECENT-9
digit output, the digit STANEF output produce&iggurats = stepped pyramids To understand
the problem we need merely compare thtigdt RECENT output near the peak of the resonance,

122600.007 8.18440080 122600.018 8.34734256 122 600.021 8.391426722631 3 1 6030
122600.028 8.49343634 122600.055 8.86885730 122600.077 9.139853322631 3 1 6031

122600.099 9.36221564 122600.120 9.51387393 122600.131 9.565109362631 3 1 6032

122600.142 9.59483076 122600.153 9.60178112 122600.164 9.585 085692631 3 1 6033
122600.176 9.53939892 122600.178 9.52899291 122600.180 9.517793222631 3 1 6034

122600.182 9.50580250 122600.184 9.49302393 122600.196 9.400050502631 3 1 6035

122600.207 9.29106975 122600.218 9.16076388 122600.229 9.010880802631 3 16036
122600.240 8.84348060 122600.251 8.66085453 122600.261 8.483667022631 3 1 6037
122600.283 8.06587838 122600.305 7.62540465 122600.319 7.341331292631 3 1 6038

122600.332 7.07896654 122600.354 6.64519685 122600.375 6.250366772631 3 1 6039

12260 0.397 5.86278292 122600.419 5.50514627 122600.441 5.178659552631 3 1 6040
122600.462 4.89577103 122600.484 4.62825344 122600.505 4.398676332631 3 1 6041

122600.527 4.18301692 122600.549 3.99047205 122600.571 3.818722112631 3 1 6042

122600.592 3.67214 930 122600.614 3.53482178 122600.625 3.471802962631 3 1 6043
122600.636 3.41225491 122600.658 3.30276311 122600.679 3.209061382631 3 1 6044

122600.701 3.12093801 122600.722 3.04533219 122600.744 2.974035832631 3 1 6045

122600.766 2.90992540 122600.78 8 2.85219006 122600.809 2.802371112631 3 1 6046
122600.831 2.75512041 122600.853 2.71238188 122600.875 2.673669622631 3 1 6047

122600.896 2.64007944 122600.918 2.60804847 122600.939 2.580185982631 3 1 6048

122600.961 2.55355301 122600.983 2.52927697 122601.005 2.507124522631 3 1 6049

To the STANEF 7digit output over the same energy range,

1.226000+5 8.184401+0 1.226000+5 8.347343+0 1.226000+5 8.391427+02631 3 1 4518
1.226000+5 8.493436+0 1.226001+5 8.868857+0 1.226001+5 9.139853+02631 3 1 4519
1.226001+5 9.362216+0 1.226001+5 9.513874+0 1.226001+5 9.565109+02631 3 1 4520
1.226001+5 9.594831+0 1.226002+5 9.601781+ 0 1.226002+5 9.585086+02631 3 1 4521
1.226002+5 9.539399+0 1.226002+5 9.528993+0 1.226002+5 9.517793+02631 3 1 4522
1.226002+5 9.505802+0 1.226002+5 9.493024+0 1.226002+5 9.400051+02631 3 1 4523
1.226002+5 9.291070+0 1.226002+5 9.160764+0 1.226002+5 9.010881+02631 3 1 4524
1.226002+5 8.843481+0 1.226003+5 8.660855+0 1.226003+5 8.483667+02631 3 1 4525
1.226003+5 8.065878+0 1. 226003+5 7.625405+0 1.226003+5 7.341331+02631 3 1 4526
1.226003+5 7.078967+0 1.226004+5 6.645197+0 1.226004+5 6.250367+02631 3 1 4527
1.226004+5 5.862783+0 1.226004+5 5.505146+0 1.226004+5 5.178660+02631 3 1 4528
1.226005+5 4.895771+0 1.226005+5 4.62 8253+0 1.226005+5 4.398676+02631 3 1 4529
1.226005+5 4.183017+0 1.226005+5 3.990472+0 1.226006+5 3.818722+02631 3 1 4530
1.226006+5 3.672149+0 1.226006+5 3.534822+0 1.226006+5 3.471803+02631 3 1 4531
1.226006+5 3.412255+0 1.226007+5 3.302763+0 1.2260 07+5 3.209061+02631 3 1 4532
1.226007+5 3.120938+0 1.226007+5 3.045332+0 1.226007+5 2.974036+02631 3 1 4533
1.226008+5 2.909925+0 1.226008+5 2.852190+0 1.226008+5 2.802371+02631 3 1 4534
1.226008+5 2.755120+0 1.226009+5 2.712382+0 1.226009+5 2.673670 +02631 3 14535
1.226009+5 2.640079+0 1.226009+5 2.608048+0 1.226009+5 2.580186+02631 3 1 4536
1.226010+5 2.553553+0 1.226010+5 2.529277+0 1.226010+5 2.507125+02631 3 1 4537

Herethe entire shape of the resonance is between 122.599 keV and 122/6@hdkeve can see
thatall the above tabulated points in both tables start with EXACTLY the same six digit energy
122600. This means that withdigit RECENT output we only have three digits with which to
define the entire shape of the resonance, whiellésjuate, but with-digit STANEF output we

only have one digit!"!!, which is far from adequate. Compare what should be EXACTLY the same
energy points that | have highlighted, and you will see smooth variation ofdiggt RECENT
energies, buALL OF THE HIGHLIGHTED 7 -DIGIT STANEF ENERGIS ARE EXACTLY

THE SAME VALUE, 1226600.2 eV, which is what is causing the Ziggurats (stepped pyramids)
that we see in the above figures = a constant X value (energy) and a range of Y values (cross
sections), creating a veral STEP in the above figure = nonsense, completely due to nothing but
truncating to 7digit energies.



The bottom line here is to understand that due to the details included in modern evailuistions
physically impossible for Z#digit output to accurately represent the energy dependent cross

sections to anywhere near our target allowable uncertainty (0.1%)In this case we find
differences in the total of over 14% and in capture over 21%; see the above pifide=210

times our target uncertainty of 01%. Be aware that these are not isolated differences in a few
resonances; we see these differences over the
even the worse case, e.g., the latest Fe56 evaluation includes resonances well up iet the M
range, an order of magnitude higher in energy than the resonances shown in the above figures.
Below is but one example of a capture resonance in the MeV vamge truncating from 9-

MAT 2631 (n,7) 26-Fe-56
Cross Section —-70.28 To 226.2 %
Max Min
Ratio Ratio
w 4 —
o _1 Original
H 90" || = STANEF After RECENT A
Q
=
2 1
2
Q
[0)
m -
. 3
0
(o]
1 -
&) i E
5 S STANEF After RECENT/Original I ]
o 0L ]
e L ]
® 1.0 .\.\.\r\l\l\l\l\ /]/1/1/1,‘,.%
2.36637 2.36638 2.36639
4 Incident Energy (MeV) 26—-Fe—-56
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Improved BEST Input Parameters

Basdonextensive use of the earlier versions of the PREPRO cadesnany yearae have been

able to define thBEST Input Parametersto use with these codedf particular note ighatsimply
decreasing the minimum cross section fromt3ao 10%°barns to be linearized (tabulated data
below the minimum are copied, ignoring the ENDF interpolation code). This has a rather dramatic
effect, particularly on (neutron, charged particle) reastiowhich often have long, slowly
decreasing tails toward the reaction threshisldhe below example the evaluator tabulated values

of the cross sections down to below?0barns using logog interpolation (INT=5)Earlier
versions of PREPR@nored he interpolation code below0'® and copied the original
tabulated values and indicated-lin interpolation (INT=2). In contrasioday using the
BEST input PREPRO linearized the cross sections over the entire tabulatedHargthe

cross section cdoe quite small, but extend over a large energy range, so there might be an integral
effect in the below plot interpolated values differ by up to a factor of 1 million Since this
extension has only a minor effect on the overall size of theqeessed EDF data(i.e., the
number ottabulated energgoints),there is virtually no penalty iaccurately inclushg these data

MAT 3431 (n,n') p 34-Se-76
Cross Section -99.99 To 0.018 %
Nin
‘—rvvhtiolv—r‘rvr‘v'—vv e p—————— | BN 2 o 2 o s o o ey phan s e ey
| ——— 2012 Threshold 10.000 MeV
S5 | —— 2015 Threshold 10.000 MeV
- L
g
»
@
i
g
o
-
0
0
n
2
X
10*
AAAAAAAA | TP WP WPU TR TN AR THNUAT W PR JRPAINT WP TR TP TR TR SR ROl U WO [P TN YRR SO T TR T T WO e |
10.2 10.4 10.6 10.8
6 Incident Energy (MeV) 34-3e-76
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Doppler Broadening High Energy Cutoff

Today many modern evaluations extend to very higident neutrorenergieswell above the
traditional ENDF 20 Me\Wpper energy limifor evaluations. In thessasesthe theoretical models

used for the evaluatiortgtenchange at or near 20 MeV, which can cause an abrupt change (a non
physical discontinuity) in cross sections. To compensatefé he fAi ntent o of t he
Doppler broadening now only extends up to 10 MeV. This has the effeotaking the
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the results worse and more difficult to intetfsee As aresult,| have chosento not Doppler
broaden, and keep the cross sections, including any discontinuity exactly as defined by the .evaluator

Thi s
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calculations; and if it isve areable to request thagvaluatorgieal with any discontinuities.

Cross Section (barns)
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.00
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MAT 2425 Elastic 24-Cr-50
Cross Section =7.045 To 7.021 %
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The Effects of Temperature and Doppler Broadening

For those readers who are not familiar with the effects of temperature and Doppler broadening on
neutron cross sections and transpiant,details | suggest that you read referendds, [12] and

[13]. Here | will give a brief description of these effects. Users of neutron cross sections should be
aware that there are several important effects of temperature and Doppler broadening,

First an important point to understand is thateutron cross sectionsARE NOT
TEMPRATURE DEPENDENT, that | to say in the relative frantd-reference athe same

relative speed the cross sections are temperature INDEPENDENT. Unfortunately, normally we do

not perform ou calculations in the relative frarad-reference; we perform our calculations in the
Laboratoryframeof-referenceand it is our transformation to the LAB frame that make neutron
cross sections A a mependantdhistpmbleimad relatieenmmotéon ia quiter e
similar to the fAapparento rotation of the Sur
Earth was the centaf the Universe for thousands of years. In the LAB fraofieeference we

have a similar problem in that thestimal motion of atoms within any material can change the
RELATIVE speed between a neutron and a target atom, and this effect will depend on how fast
the atoms withirthe material are moving, and this SPEBDthe atomss directly related to the
TEMPERATURE of the mediumlf you read references such as [11] and [12], you will see that

they are using exactly the same basic cross sections #nafileratureqthe temperature
independent, relative frame dathit in order to define the LABame of-referencecrosssections

we need, they average over the thermal motion of the atoms in the material in order to define the
average cross section fAiseeno (encountered) by

As far as the effect alemperaturesfirst | will menton the well known effect in the neutron
resonance region, where as the temperature increases resonances become broader, hence the name

Doppler broadening. Figure 1 below illustrates the effect of temperature o83¥8e&pture cross

sectionfor neutron eactor like temperatures, and figure 2 illustrates this effect for astrophysical

like temperatures. These figures each contain fowfigubes, with each subgure comparing

cross sections at two progressively higher temperatures. In both figure leawctt 8ukfigure

shows exactly the sanecident neutrol AB energy and cross section rangeom these figures

we can see that as temperature increases the peaks of the resonances become lower, and the minima
between resonances become higher. At extrelmglytemperature the entire resonance structure
disappearsand the cross section approaches a simple 1/v shape (where v is the neutron speed)
(see, ref. 11 for aexplanatio). This temperature effect will have a very important effect on
resonance seBhelding in any neutron transport calculatidfou should notérom these figures

that due to the large resonance spacingzi%Slthe resonance structure can still be seen up to very
high temperatures.

To understand the importance of considering temperate should consider reaction rates, such
as captures/second, in various systems. In optically thin systems (few mean free paths dimensions)
the flux will be unshielded, and our reaction rates will be defined by a simple cross section average,

E2

UnshieldedCapture = fjSc(E)f (E)]dE = capture cross section times neutron flux
E1l
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In optically thick systems (many mean free paths dimensions) the flux will be shielded (the flux is
suppressed by the total cross section) and our reaction rates must inelefiedt of setshielding
on the cross section average,

E2

Shielded Capture F{Sc(E)7 (E)/St(E)]dE = including one over total cross section

El

Consider for example the U238 capture cross settitreincidentneutronenergybetween 1 and

10 keV as showm fig. 1 and 2. If we calculate the unshielded and shielded average capture cross
section for the energy interval over the range of temperatures shown in figs. 1 and 2, we obtain the
results shown below ithe below table

What we see from these resulisthat the unshielded average capture cross section is virtually
independent of temperature, being about 1 barn over the entire temperature range. In contrast the
shielded average cross section varying by over a factor of three between the 0 K av2g&ge (O.
barns) and the 10 keV average (0.939 barfisg point to learn from this is that without

including the effect of selfshielding in multi-group calculations, temperature has very little

effect on the average cross sections, which is quite simply wrofay optically thick systems.

Effect of Temperature on Average Cross Sections

Temp. Unshielded Shielded
(barns) (barns)

0K 0.996 0.293
2936 K 0.966 0.526
600 K 0.996 0.576
1,200 K 0.996 0.630
12,000 K (1 eV) 0.996 0.799
10 eV 0.998 0.905
100 eV 1.000 0.933
1 keV 1.004 0.935
10 keV 1.007 0.939

Another, less well known, effect of Doppler broadening is at lower energies where as temperature
increases the low energy constant scattering cross secti@asesrand at very low energies
approaches a simple 1/v shape (where v is the neutron speed); this effect is explained in detail in
ref [11]. Figure 3illustrates the effect of temperature on the hydrogen total cross section. From
this figurewe canseetha st arting from a Acoldo (0 Kelvin)
20 barns, as temperature increases the cross
cross section, at thermal energy the Doppler broadened cross section is abous,3Ghda %

higher. Note also from this figure that this effect extends well above&henergy. For example,

at 293.6Kelvin the thermal energy is 0.0253 eV, but we can see this effect up to about 1 eV; a
factor of 400 higher in energy. From the lovkaif of figure 2 we can see that at very low energy

the cross section approaches a simple 1/v shape (where v is the neutron speed) and the cross
sections at various temperatures become proportional to one another. This effect on the cross
sections at lovenergy is very important for thermal and low energy neutron systems.
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Yet another important effect of temperature is that at lower energies neutrons do not slow down in
energy as quickly and neutron scatter can even result in the upscatter of negrondien
neutrons scatter they can gain, rather than lose, energy. This is a well known effect at low energies,
where thermal scattering law data or a free gas model is used to model the interaction of neutrons
with target atoms that are moving abouthwtiermal motiorj12]. Figure 4 illustrates the effect of
temperature on the neutron spectrum over a wide range of temperafjr@his effect can also

be important at higher energies, particularly near narrow resonances, where thermal motion of the
target atoms can cause neutrons to slightly upscatter, but even slight upscatter can cause a neutron
to scatter from below to above the energy of a very narrow resonance. See rdfiZgrioe a

routine designed to be used in conjunction with the SIGMAhateof Doppler broadenind 1],

to handle neutron thermal scattering. This routit® is completely compatible for use with the

cross sections included here, since these cross sections were Doppler broadened using the
SIGMAL method 11]. The combinatiorof SIGMAL [11] Doppler broadened cross sections and
THERMAL [12] to handle thermal scattering, is currently used in the TART Monte Carlo transport

code [L3].
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FIG.3. Effect of Doppler Broadening on Low Energy Cross Sections.
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