
ORNL--661 8

DE91 000545

ANSL-V: ENDF/B-V BASED M _:JL]'IGROUP" CROSS-SECTION LIBRARIES

FOR ADVANCED NEUTRON SOURCE (ANS) REACTOR STUDIES

W.E. Ford, III* R.T. Primm, III**
J. W. Arwood* C.O. Slater**
N. M. Greene* R.M. Westfall*

D.L. Moses*** R.Q. Wright*
L. M. Petrie*

Computing and Telecommunications Division*

Engineering Physics and Mathematics Division**
Engineering Technology, Division***

Prepared for Office of Basic Energy, Sciences

DATE PUBLISHED - SEPTEMBER 1990

Prepared by tile
OAK RIDGE NATIONAL LABORATORY

Oak P,idge, Tennessee 37831
operated by

MARTIN MARIE]TA ENERGY SYSTEMS, INC.
for tile

U.S. DEPARTMVNT OF ENERGY

under Contract No. I)I_-AC()5-84OR21400 ,_ ,.,



TABLE OF CONTENTS

Page

LIST OF TABLES vii

LIST OF FIGURES ix

ACKNOWLEDGMENTS xi

ABSTRACT ..................................................... xiii

1.0 INTRODUCTION ............................................ 1

1.1 BACKGROUND 1
1.2 ANSL-V CROSS-SECTION LIBRARIES 1
1.3 PRIMARY SOURCES OF DATA FOR ANSL-V LIBRARIES ...... 2
1.4 USE OF ANSL-V LIBRARIES 2
1.5 ANSL-V BENCHMARK ANALYSES 3

1.6 FUTURE ANSL-V WORK ................................. 3
1.7 RESTRICTION ON USE OF ANSL-V DATA ................... 3

2.0 ANSL-V NEUTRON AND GAMMA-RAY GROUP STRUCTURES .... 9

2.1 ANSL-V 39-NEUTRON-GROUP STRUCTURE 9
2.2 ANSL-V 99-NEUTRON-GROUP STRUCTURE 9
2.3 ANSL-V 44.-GAMMA-RAY-GROUP STRUCTURE . .............. 9

3.0 ANSL-V GENERAL PURPOSE NEUTRON LIBRARIES 17

3.1 SOURCES OF EVALUATED DATA ......................... 17
3.2 CALCULATIONAL PROCEDURE 37

3.2.1 XLACS-77 Processing 37
3.2.2 RADE-VASELINE First-Order Data Check ................ 37

3.2.3 FRESH to Adjust Thermal Scattering Matrices ............... 39
3.2.4 UNRESR-TABU-UNITAB Processing to Add

Bondarcnko Data 40

3.2.5 COMAT Normalization ................. ............... 40
3.2.6 RADE Review ........................................ 42

3.2.7 MALOCS Collapsing .................................. 42
3.2.8 CHANGER Processing .................... ............. 42
3.2.9 AIM Conversion. .................................... 42

3.3 ORDER OF SCA3TERING .................................. 42
3.4 WEIGHTING FUNCTIONS ................................. 42
3.5 SPECIAL ANSL-V GPN DATA SETS ......................... 43
3.6 DATA SET IDENTIFICATION 48
3.7 NITAWL2 PROCESSING OF ANSL-V GPN DATA .............. 48

°,,

Iii



TABLE OF CONTENTS (cont'd)

Page

4.0 ANSL-V SECONDARY GAMMA-RAY PRODUC'TION LIBRARY ..... 51

4.1 SOURCES OF DATA FOR GENERATION OF SGRP

LIBRARY . ..................... ... ..................... 5l
4.2 SGRP LIBRARY CALCULATIONAI, SCHEME ................ 51
4.3 WEIGHTING FUNCTION .................................. 53
4.4 ORDER OF SCATTERING 53
4.5 DATA SET IDENTIFICATION .............................. 53
4.6 DELAYED FISSION PHOTON PRODUC'-i'ION DATA ........... 54
4.7 DATA SET CHECKS ..... : ....... ...;.. ......... ............ 54
4.8 USING ANSL-V SGRP DATA SETS TO GENERATE COUPLED

NEUTRON-GAMMA DATA SETS 54

5.0 ANSL-V GAMMA-RAY INTERACTION LIBRARY ................ 56

5.1 CALCULATIONAL PROCEDURE 56
5.2 GRI DA'I'A SET IDENTIFICATION 56
5.3 GRI LIBRARY DATA CHECKS 56

6.0 ANSL-V COUPLED NEUTRON-GAMMA LIBRARY ............... 59

6.1 CALCULATIONAL PROCEDURE 59• • , . • . • . , , . . • , , , • • . • , , , • , , °

62 CNG DATA SET IDENTIFICATION 59
6.3 CNG LIBRARY DATA CHECKS ........... .................. _9

7.0• BENCHMARK CALCULATIONS ....... . ...... : .... ............ 61

7,1 INTRODUCTION ........................................ 61

7.2 BARE ENRICHED U-METAL SPHERE (GODIVA) ............. 61
7.3 LIGHT- AND HEAVY-WATER REFLECTED ENRICHED

URANIUM SPttERES 62
7.4 ENRICHED URANYL NITRATE-LIGItT WATER SOLUTION

BARE SPHERES 63
75 ENRICHED URANYL FLUORIDEHEAVY WATER SOLUTION

CRITICALS 66• • , • • • , • • . , • • . • . • . . • • • • , . , . • • . , • , • , , , . • . • , • • .

76 ENRICHED URANYL FLUORIDE-LIGHT WATER SOLUTION r

SPHERES 75• • . • . , • • . • • , , . • , • , • . • . . • • . . • . . , , • , • . . . • • , • . . • • ,

77 ESTABLISH ING A BIAS FOR THE CALCUI,ATED

K-EFFECTIVE 75
78 BAPL1, TRX1, AND ZEEP-I ............................... 78

79 SUMMARY 78



TABLE OF CONTENTS (cont'd)

Page

8.0. COMMENTARY 83

' 8.1 N EPTUN IUIM-239 D ArIIAS ET ° .., ............................ 83

8.2 FIRST-ORDER DATA CHECKS 83
8.3 NITAWL-2 .......... ...................... ........ ...... 83
8.4 MYDOL MODIFICATIONS ................................. 86

8.5 LIQUID HE-4 . .... 86
8.6 NEW GRAPHITE THERMAL SCATTERING LAW DATA ....... 86
8.7 NEUTRON KERMA FACTORS. ................. ' ........... 86
8:8 UNRESOLVED RESONANCE DATA PROCESSING ............ 87
8.9 COST 87

APPENDIX A. AMPX MASTER LIBRARY FORMAT .................. 91

APPENDIX B. DEFINITIONS OF REACTION TYPES USED IN THE
ANSL-V LIBRARIES ............. ......... . ...................... 107

APPENDIX C. EVALUATORS OF ENDF/B-V EVALUATIONS USED
IN ANSL-V 115

. ,



LIST OF TABLES

Table Page

1,1 Materials in ANSL-V Libraries ................................... 4

2.1 ANSI-V 99-Group and 39-Group Neutron Energy Structures ........... 10

2.2 ANSL-V 44-Group Gamma-Ray Energy Structure .................... :13

3.1 ANSL-V General Purpose Neutron Library Materials . ................. 18

3.2 Potential Scattering Cross Sections for GPN Bondarenko Factors ........ 41

3.3 Source of Sigma T Data tbr ANSL-V Fission-1/(E*Sigma,r)-Maxwellian
Weighting Functions . ................................. ; ......... 43

3.4 Representative ANS Reactor Unit Cell ................ ....... i .... 44

4.1 ANSL-V Secondary Gamma-Ray Production Library Materials .......... 52

5.1 ANSL-V Gamma-Ray Interaction Library, Materials ................... 57

5.2 Reaction Data in ANSL-V GRI Data Sets ........ . ........... ....... 57

6.1 ANSL-V Coupled Neutron-Gamma Library Materials .................. 60

7.1 Results for GODIVA Calculations ................................ 63

7.2 K-eft Results for the Light- and Heavy-Water Reflected
U-Metal Spheres ............................... .............. 64

7.3 Atomic Densities for the ORNL Uranyl Nitrate/Water

Solution Critical Spheres ....................................... 65

7.4 K-elf Results t'_r ORNL Uranyl Nitrate/Watei"
Solution Unrcflccted Critical Spheres .......................... ... 65

7,5 Specifications tbr the Uranyl Fluoride/Heavy Water
Solution Critical Experiments .................................... 69

7.6 Atom Densities for the Uranyl Fluoride/Heavy Water
Solution Critical Configurations .... .............................. 70

7.7 K-eft Results for Uranyl Fluoride/Heavy Water
Solution Criticals .............. ............................... 71

7.8 Ratios o1'S?cctrum Averaged Microscopic Cross Sections
for the Uranyl Fluc_ride/Heavy Water Barc Cylindrical
Critical A_,;semblies ................... ......................... 72

vii



LIST OF TABLES (cont'd)

Table Page

7.9 Three-Group Flux Fractions and Fission Cross Sections
for the Uranyl Fluoride/Heavy Water Bare Cylindrical
Critical Assemblies ..................................... ....... . 73

7.10 Comparison of Unfolded and Calculated Three-Group
Flux Fractions for the Uranyl Fluoride/Heavy Water
Bare C'ylindrical Critical Assembly with a
D/°-_SUAtc_mic Ratio of 2110 ................. . ............... .... 74

7.11 Specifications for the ORNL Uranyl Fluoride-Light Water
Critical Spheres .............. ........................ . ........ 76

7.12 Calculated Results ibr the ORNL Uranyl Fluoride-Light
Water Critical Spheres .. ...... . i .... ........................ 2.. 77

7.13 TRX-1, BAPL-1, and ZEEP-1 Benchmark Results. ................... 79

,°,

viii



LIST OF FIGURES

Figure Page

3.1 Calculational Scheme for ANSL:V GPN Library ..................... 38

3.2 Fuel Region Weighting Function (Weighting Function "C") ... ...... . ... 45

7.1 Enriched Uranyl Fluoride Critical, Spherical Configuration .... ... ...... 67

7.2 Enriched Uranyl Fluoride Bare, Critical, Cylindrical
Configuration ..................... .................. ..... ,.. 68

ix



ACKNOWLEDG MENTS

The, authors wish to acknowledge the following individuals who have contributed to
this project:

F. C. Difilippo recommended an approach for generating ANS fission product data
and specified materials needed for future ANS activity studies.

W. C. Jordan assisted in the testing of NITAWL2, the new version of the NITAWI_,
module.

D. C. Larson, a recognized ENDF/B-V evaluator, provided guidance in the selection

of appropriate ENDF/B evaluations to be used for the ANSL-V library.

R. W. Roussin, a member of CSEWG, outlined the process to include dclayed fission
photon production data in the ANSL-V SGRP Library.

R. W. Roussin and oth'_r members of the RSIC staff provided ready access to
ENDF/B-V and JENDL-84 data.

Ji C. Ryman reviewed the proposed 44-group gamma-ray ener_,3, structure for ANSL-V
applicability.

M. W. Waddell developed the MYDOL code and generated the Ortho- and Para-
hydrogen and deuterium data included in the ANSL-V (.iPN data sets.

C. C. Webster executed the LAPHANGAS and SMUG cases required for the SGRP
and GRI Libraries. Mr. Webster has subsequently retired from Martin Marietta
Energy Systems, Inc.

C R. Householder typed the manuscript and assisted in its publication.

xi



i

ABSTRACT

Pseudo-problem-independent, multigroup cross-section libraries were generated to
support Advanced Neutron Source (ANS) Reactor design studies. "l"he ANS is a
proposed reactor which would be fueled with highly enriched uranium and cooled with
heavy water. The libraries, designated ANSL-V (Advanced Neutron Source Cross Section
Libraries based on ENDF/B-V), are data bases ill AMPX master format tbr subsequent
generation of problem-dependent cross-sections for use with codes Such as KENO,
ANISN, XSDRNPM, VENTURE, DOT, DORT, TORT, and MORSE. Included in
ANSI.,-V are 99-group and 39-group neutron, 39-fleutron-group 44-gamma-ray-group
secondary gamma-ray production (SGRP), 44-group gamma-ray interaction (GRI), and
coupled, 39-neutrrm group 44-gamma-ray group (CNG) cross-section libraries. The
neutron and SGR f_ libraries were generated primarily from ENDF/B-V data; the GRI
library was generated from DLC-99/HUGO data, which is recognized as the ENDF/B-V
photon interaction data. Modules from the AMPX and NJOY systems were used to
process the multigroup data. Validity of selected data from the fine-and broad-group
neutron libraries was satisfactorily tested in pert'ormance parameter calculations.

°°_
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1.0 INTRODUCTION

Research and development tk)r the Advanced Neutron Source (ANS) Reactor is being

funded by the U.S. Department of Energy Office of Basic Energy Sciences. The reactor is
to provide the world's most intense steady-state source or _eutrons lhr a national
experimental user facility.l'l

Pseudo-problem-indepcndcnt, comprehensive, multigroup cross-section libraries wcre
generated to support design work on the ANS Reactor. The purpose ot" tt_is rep_rt is to
document the libraries,

1.1 Background

The ANS Reactor is to produce a thermal neutron flux of 5 to 10 x 1019 neutrons
m'2s "1 for beam experiments. The reactor has been described as follows: 1'2

"The ANS Reactor is to be fi_eled with uranium silicide and is to be moderated and
cooled with heavy-water. The reactor core is to have a cylindrical geometry with two
annular fuel sections similar to the ORNL High Flux lsotol)e Reactor (ttFIR). Fuel
is to be clad with the same aluminum alloy cladding material used on the HFIR
fuel.

A cold source of liquid deuterium at a tempera;ure of 25 °K is proposed for the INS
reflector Heat load imposed on the liquid deuterium by radiation J)'om the nearby core
is to be minimized by apt2ropriate structural materials and, if necessary, by gamma
shielding. Plans are to locate the cold sources in a region where the thermal flux &
approximately 2 to 3 × I019 neutrons m'2s'l. '

A hot source is to provide neutrons of a higher energy than found in the reflector. 7'he
source is cun'cntly envMoned as being a block of graphite located hl the reflec,tor and
heated to 2000 °K."

Specifications for the cross-section libraries described herein were detined to support

ANS Reactor studies. For example, materMs in the libraries are those cxpected to bc

needed for ANS hot and cold source, core, and shielding design; energy group structures
, for the libraries were dcl'incd to cont'orm to anticipated ANS spectra; and criteria for

Bondarenko factor data were specified to meet ANS needs.

1.2 ANSL-V Cross-Section Libraries

The collection of cross-section libraries, designated ANSL-V (Advanced Neutron

Source Cross Section Libraries based on ENDF/B-V), are data bases in AMPX master
format. 1'3 This format is described in Appendix A.

ANSL-V includes the following fine- and broad-group libraries:



1. Fine-Group (99 energy groups) General Purpose Neutron (GPN) Library, dent)ted
hereinafter as the ANSL,-V FGGPN Library,

2. Broad-Group (39 energy groups) General Purpose Neutron Library, the ANSL-V
BGGPN Library,

3. Secondary Gamma-Ray Production (SGRP) Library containing data in 39-neutron
and 44-gamma-ray grou p structures,

4. Gamma-Ray Interaction (GRI) Library containing data in a 44-gamma-ray group
structure,

5. Coupled Neutron-Gamma (CNG) Library containing 39-group neutron data from
GPN; 39-neuton, 44-gamma-ray group secondary gamma-ray production data from
SGRP', and 44-group gamma data from GRI.

Materials included in the ANSL-V Libraries are listed in Table 1.l. Group structures
for the ANSL-V libraries are discussed in Sect. 2. Summaries of the ANSL-V GPN,

SGRP, GRI, and CNG Libraries are given in Sect. 3-6, respectively.

1.3 Primary Sources of Data for ANSI.,-V Libraries

Neutron and secondaly-gamma-ray-production data in the ANSI,-V Libraries were

generated primarily from evaluations in the ENDF/B-V General Purpose Library. TM

Where evaluations for specified materials were not available in the ENDF/B-V library,
ANSL-V GPN and SGRP data sets were get. :rated from evaluations from other ENDF-
formatted libraries. Gamma,ray interaction data sets were generated from evaluations in
the ENDF/B-V Photon Interaction Library as distributed in the Radiation Shielding
Information Center (RSIC) DLC-_)/HUGO Package of Photon Intcraction Data. 1'5

,=

1.4 Use of ANSL-V Libraries

ANSL,.V data are to be used for the subsequent generation of problem-dependent
fine- and/or broad-group cross sections for a wide range of applications. Included in the

applications are core and shield analyses, activation analyses after irradiation of certain ..
elements in the reactor environment, and safety analyses.

The ANSL-V SGRP Library includes data, where available, for the generation of
gamma-rays resulting from neutron-induced reactions inthe ANS core, structural, and

shielding regions, lt also includes data for use in calculating transport of photons
throughout the ANS.

Problem-dependent cross sections can be derived from ANSL-V data with the AMPX

Modular Code System.l3 The derived data can be used with the SCALE system 1"6and
,- ._ 1 1(} 1 1with codes such as KENO, I"/ANISN, I'8 XSDRNPM, I"9 VENTURE, " DOT, ' 1

DORT, 1'12 TORT, 1'13 MORSE, 1'14 or any computer code which uses data in the
traditional multigroup cross-section table format. =

Modules ot, the AMPX system offer a full spectrum of cross-section processing
capabilities for ANSL-V data..Examples of such capabilities are ener_zy group collapsing;
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interpolating on Bondarenko factors for self-shielding of unresolved resonance data and
temperature corrections; restqved resonance processing with the Nordheim integral
method; combining of neutron, secondary gamma-ray production, and gamma-ray
interaction cross sections into a coupled neutron-gamma library; retbrmatting; and editing.
The AMPX system is available from the Radiation Shielding Information Center (RSIC)
as PSR63/AMPX.,II.*

1.5 ANsL-V Benchmark Amalyses

As first order checks of selected data sets from the ANSL-V GPN Libraries and

project data processing procedures and codes, various benchmarks were calculated and the
results were compared against experiment. For further analyses, ANSL-V results were
compared with calculations made with other selected cross-section libraries. The
benchmark calculations and analyses are discussed in Sect. 7. The procedure tbr using
ANSL-V GPN data and the SCALE System to calculate a benchmark is described in
Sect. 7.

1.6 Future ANSL-V Work

A task to provide additional first-order data checks by plotting broad-group GPN data
which were expected to be "important" to ANS design work and comparing the data with
point-wise data was not done; and certain benchmark calculations were not completed.
The uncompleted tasks are identified in Sect, 8.

1,7 Restriction on Use of ANSL-V Data

The U.S. Department of Energy has determined that ENDF/B-V will, for the present,
be limited to users within the United States and AECL (Chalk River), except for the
Standards, Dosinmtry, Actinide (special purpose), and Fission Product Files, which are
available to everyone. This limitation also applies to information derived from the
ENDF/B-V library such as the ANSL-V libraries. Recipients of ANSL-V data are
responsible for ensuring that the DOE restrictions are met.

"Radiation Shielding Intk_rmation Center, Oak Ridge National Laboratory,
P.O. Box 2(X)8,Bldg. 6025, Oak Ridge, TN 37831-6362.



Table 1.1. Materials in ANSL-V libraries

ANSL-V Data Sets IDs

Nuclide GPN a SGRP b GRI c Remarks a

Ag- 107 47107 7845 47 core structural

material spectra
Ag- ! 07 471071 7845 47 fuel region spectra
Z,,g-109 47109 7846 47 core structural

material spectra
Ag- 109 471091 7846 47 fuel region spectra
AI-27 13027 1313 13 core structural

material spcctxa

AI-27 130271 1313 13 fuel region spectra
Am-241 952411
Am -242 952420
Am-242m 952421

Am-243 952431

B-10 50i0 1305 5
B-11 5011 7811 5

Be-9 4(X)9 1304 4 MAT 10(_ bound

thermal @ 296, 400,
500, 600, 700, 800,
1000, and 1200K

Bk-249 972491

C-12 (free gas) 6012 1306 6
Cd 480(X) 784"7 48

Cd-113 481131 48
Ce-141 581411
Cf-249 982491

Cf-250 982501
Cf-251 982511
Cf-252 982521
Cf-253 982531
Cm-242 962421
Cm-243 962431
Cm-244 962441
Cm-245 962451
Cm-246 962461
Cm-247 962471
Cm-248 962481

Co-59 27059 1327 27
Cr 24(XX) 1324 24
Cs-133 551331

Cs-134 551341 I
Cs-135 551351

Cu 29000 1329 29
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Table 1.1. (Cont'd)

ANSL-V Data Sets IDs

Nuclide GPN a SGRP b GRI c Remarks d

Es-253 992531
Eu-151 631511 1357 63
Eu-152 631521 63
Eu-153 631531 1359 63
Eu-154 631541 63
Eu-155 631551
Eu-nat 63000 7852 63 Core structural

material spectra

Eu-nat 630001 7852 63 fuel region spectra
F-19 90190
Fe 2(:,000 1326 26

Graphite 6(_6 1306 6 MAT 1065 graphite
thermal scatt, kernel

@ 296, 500, 800,
1200, and 2000K

H-1 (free gas) 1001 1301 1

H-l.ortho 2222 1301 1 liquid H @ 14K
H-l-para 1111 1301 1 liquid H @ 14K
H-l-water bound 1801 1301 1 MAT l(X)2 H20

bound thermal @

296, 350, 400, 45('),
500, 600. 800, and
1000K

H-2-D20 bound 1802 1302 1 MAT l(X)4 D20

bound thermal @
296, 350, 4(X), 450,
500, 600,
800, and IO(X)K

H-2-Para 3333 1302 1 para-deuterium @20K
H-3 1003 1

He-3 2003 2
He-4 2004 2
Hf-nat 72(X)0 8305 72 core structural

material spectra
Hf-nat 72(XX)l 8305 72 fucl region spectra
lr 77
1-135 531351
K 19O00 1150 19



Table 1.1. (Cont'd)

ANSL-V Daia Sets IDs

Nuclide GPNa SGRP b GRI c Remarks

Kt-82 360821
Kt-83 360831

Mg 120(gO 1312 12
Mn-55 25055 1325 25
Mo 420(_) 1 1321 42
Mc_-97 420971 42

N-14 7014 1275 7
N-15 70150 1307 7
Na-23 11023 1311 11
Nd-143 601431
Nd-145 601451

Nd-147 601471
Ni 28(X)0 1328 28
Np-237 932371
Np-238 932381
Np-239 932391
O-16 8016 1276 8
Pb , 820001 1382 82
Pm-147 611471
Pm-148 611481
Pm- 148m 611482
Pm-149 611491
Pr-143 591431

Pu-238 942381 7875 94
Pu-239 942391 1399 94
Pu-240 942401 1380 94

Pu-241 942411 1381 94
Pu-242 942421 1342 94
Pu-243 942431
Rh-103 451031

Rh-105 451051
Ru-101 441011
Ru-103 441031

Si 140tX) 1314 14 core struct ural

material spectra
Si 14()001 ! 314 14 fuel region spectra
Sm-149 621491 62
Sm-150 621501
Srn-151 621511
Sm..152 621521

Sm- 153 621531 62



Table 1.1. (Cont'd)

ANSL-V Data Sets IDs

Nuclide GPN a SGRP b GRI c Remarks

Sn 5(X)O01
Ta-181 73181 1285 73
Ta-182 73182 73
Tc-99 430991

Tb-232 902321 1390 90
Ti 22000 1322 22

U -233 922331 7866 92
U-234 922341 7867 92
U-235 922351 1395 92

U-235 139507 92 includes delayed

fission gamma ray
data

U-236 922361 7869 92
U-237 922371
U-238 922381 1398 92

U-238 139807 92 includes delayed
fission gamma ray
data

V 23000 1323 23
Xe-131 541311
Xe-133 541331

Xe-135 541351 54
Zr 40(0)0 7841 40
Zr-90 400901 40
Zr-91 400911 40
Zr-92 4(X)921 40
Zr-93 400931 40
Zr-94 400941 40

Zr-96 4(X)961 40

Moderately absorbing 130112
fission product

Weakly absorbing 2301 '12
fission product

aMaterials and data set identifiers are the same in both the Fine-Group and Broad-
Group General Purpose Neuiron Libraries. See Table 3.1 for more GPN data set
information.

bSee Table 4.1 fc_rmore SGRP data set information.
CSee Table 5.1 for more GRI data set information.

dUnless specified, scattering kernels are supplied at 296, 5(XI, and 9(X)K.
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2.0 ANSL-V NEUTRON AND GAMMA-RAY GROUP STRUCTURES

ENDF/B limitations, experience with group structures used in other cross-section
libraries, and specific requirements for the ANS reactor were considered in the selection
of ANSL-V group structures.

2.1 ANSL-V 39-Neutron-Group Structure

The ANSL-V 39-.neutron-group structure is listed in Table 2.1. Top and bottom
energies, 20 MeV and 1.0 x 10.5 eV, respectively, are consistent with the top and bottom
energies of ENDF/B-V data.

Groups 1-17 and 28-30 are thesame as groups in the CSRL 2'1"2'3 broad-group library
structure, and are included in both the CSRL and CSRL-V 2'4"2'5 fine-group structures.*

Groups 19-27 reflect expected ANS hot source design needs and groups 31-39 are for
expected cold source design needs. 2"6

For other than special versions of hydrogen, deuterium, and helium-4, the upper

energy of the ANSI_,-V thermal range (energy below which upscatter matriccs are
included ) is 3.0 eV. For the para and ortho versions of the aforementioned materials, the
upper energy of the thermal range is 1.(71eV consistent with the upper cutol'f energy of the
para and ortho data.

2.2 ANSL-V 99..Neutron-Group Structure

The ANSL-V 99-neutron-group structure is the 39-group structure with ali grf_ups
down to 1.77 eV divided into five equal lethargy units. Included in Table 2.1 is a
comparison of the ANSL-V fine- and broad-neutron-group structures and group structures

of the 227-group CSRL-V, 218-group CSRL, 27-group SCALE 1'6, and Hansen-Roach 2'7
cross-section libraries currcntly used at ORNL.

2.3 ANSL-V 44-Gamma-Ray-Group Structure

The 44-group ANSL-V gamma-ray energy structure is listed in Table 2.2. Group
structures of the 18-group SCALE, 44-group CSRL-V, 36-group VITAMIN,C 2"8, and 38-
group VITAMIN-E _) gamma-ray interaction libraries in use at ORNL are comp_red with
the ANSL-V structure in the table.

*CSRL is a 218-ncutrcm-group ENDF/B-IV based cross-section library. The library

and a 27-grc_up subsct libr;lry have bccn used extensively in criticality safety, reactc_r, _nd
shielding studies. The libraries arc inCorp¢_rated in the SCALE System. CSRL-V is a 227-

group library analogc_us tc_ CSRL but based on ENDF/B-V.

9



10

Table 2.1. ANSL-V 99-Group and 39-Group Neutron Energy Structures

ANSL-V 227-Gp 218-Gp 27-Gr{}up 16-Group

99-Gp 39-Gp CSRL-V CSRL SCALE Hansen-Roach Upper Energy
Group Group Group Group Group Group (eV)

1 1 1 1 1 2.{XXX)+ 7
2 1.5941 +7
3 1.27(gi + 7

4 1.0127+7
5 8.0721 + 6
6 2 9 2 2 6.4340+6
7 5.5234+6
8 4.7417+6
9 4.07(}6 + 6
10 3.4946+6
11 3 12 5 2 3.{XXX}+ 6
12 2.7235 + 6
1,3 2.4725+6
14 2.2447+6
15 2.0378+6

16 4 15 8 4 1.85(}0+6
17 1.7497+6

18 1£6548+6
19 1.5651+6

20 1.48{}3+6
21 5 17 10 5 3 1,4(}(X}+ 6
22 1,2816+6
23 1.1732+6
24 1.074{}+6
25 9.8315+5
26 6 25 18 6 4 9.{}{}(}(}+ 5
27 7.6525+5
28 6,5{_'_+5
29 55326+5
30 4,7{}43+ 5

31 7 39 32 7 5 4.(}0(}(}+5
32 3.0314 + 5
33 2.2974+5
34 1.7411 +5
35 t.3195+5
36 8 45 38 8 6 1,(}(}(}(}+5
37 71016(}+ 4
38 4.9224+4



Table 2.1 (cont'd)

ANSL-V 227-Gp 218-Gp 27-Group 16-Group
99.Gp 39-Gp CSRL-V CSRL SCALE Hansen-Roach Upper Energy

Group Group Group Group Group Group (eV)

39 3.4536+4
40 2.4230+4

41 9 56 49 9 7 1.70(X)+4
42 1.2017+4
43 8.4941+3

44 6.1X142+ 3
45 4.2441 + 3
46 10 63 56 10 8 3.(XXX)+3

47 2.13(xq+3
48 1.5220+3
49 1.0841 +3
50 7.7217+2
51 11 74 67 11 9 5.50(X)+ 2
52 3.9110+2
53 2.7811 +2
54 1.9776+2
55 1.4(Xi3+2
56 12 86 79 12 10 1.0000+2
57 7.8600 + 1

58 6.1780 + 1
59 4.8559+ 1

60 3.8168+ 1
61 13 116 109 13 11 3.(XI(X).t-1

62 2.4082 + 1
63 1.9332 + 1
64 1.5518+1
65 1.2457+ 1
66 14 132 125 14 12 1.(X)(X)+1
67 7.8600
68 6.1780

" 69 4.8559

70 3.8168

71 15 149 141 15 13 3.(XXXI[a]
72 2.6996

73 2.4292
74 2.1859
75 1.9670
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Table 2.1, (cont'd)

ANSL-V 227.,Gp 218-Gp 27-Group 16-Group

99-Gp 39-Gp CSRL-V CSRL SCALE Hansen-Roach Upper Energy
Group Group Group Group Group Group (eV)

76 16 163 156 16 1.7700
77 17 170 163 17 1.301X)

78 18 190 183 19 14 1.00()0[di
79 19 7.6500-1
8(1 20 6.2500-1
81 21 4.79(X)-1
82 22 3.9700-1
83 23 3,3000-1
84 24 2.70t)0-1
85 25 2.1500-1
86 20 1.6200-1
87 27 1,0400-1

88 28 221 214 25 5,00(X)-2
89, 29 223 216 26 3.0000-2
90 30 225 218[b l 27[b] 1.00(11-2
91 31 4.45(11-3
92 32 3.25(tl-3
93 33 2.6(1(X1-3
94 34 2,15(11-3
95 35 1.80111-3
96 36 1.4500-3
97 37 1.15(11-3
98 38 8.5(110-4
99[c1 39[c] 5.5(X11-4

aFor other than special hydrogen, deuterium, and He-4 GPN data sets, this is

the top energy of the ANSL-V thermal energy range, This is also the top energy of
the CSRL-V thermal energy range.

bLast energy group of structure. Bottom energy of the structure is 1.000t)-5 eV.
CBottom energy of structure is 1.00(X)-5 eV.

dTop energy of the ANSL-V thermal energy range for ortho and para data sets
for hydrogen, deuterium, and tte-4.
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Table 2.2, ANSL-V 44-Group Gamma-Ray Energy Structure
__ _,

ANSL-V SCALE CSRL-V VITAMIN-C VITAMIN-E Energy[ai

Group Group tSroup Group Group (eV)

1 1 1 20.(X)+6
2 2 1 2 14,00+6
3 3 2 3 12.(X)+6
4 1 4 3 4 10.(X)+6
5 2 5 4 5 8,00+6
6 6 5 6 7.50+6
7 7 6 7 7,(X)+6
8 3 8 7 8 6.50+6
9 9 8 9 6,00+6
10 10 9 10 5,50+6
11 4 11 lt) 11 5.(Xi+ 6
12 12 11 12 4.50+6
13 5 13 12 13 4.00+6
14 14 13 14 3.50+6
15 6 15 14 15 3,(X)+6
16 7 16 15 16 2.50+6
17 17 2.35+6
18 18 2.15+6
19 8 19 16 17 2.00+6
20 20 1.80+6
21 9 21 17 18 1.(46+6
22 22 1.57+6

|

23 23 18 19 1.5(.1+6
24 24 1.44+6
25 10 25 19 20 1.33 + 6
26 26 1.20+6
27 11 27 20 21 1.(X)+ 6

28 12 28 21 22 8.00+5 :
29 29 22 23 7.(X.1+5
30 13 30 23 24 6.(XI+ 5
31 31 24 25 5.12+5
32 32 25 26 5.10+5

33 33 26 27 4.5(.1+5
34 14 34 27 28 4.(X)+5
35 15 35 28 29 3.(X)+5
36 16 36 29 30 2.(_.1+5
37 37 3(.1 31 1.50 -4-5
38 17 38 31 32 1.00+5
39 39 32 33 7.50+4
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Table 2.2. (¢ont'd)

ANSL-V SCAI,E CSRL-V VITAMIN-C VITAMIN-E Energy[ali
Group Group Group Group Group (eV)

40 40 34 7.00+4
41 1Bib,c] 41 33 35 6.00+4
42 42 34 36 4.50+4
43 43 35 37 3._+4
44[b1 44[b] 36[b] 38[b] 2.(X)+4

aUpper energy of the group.
bBottom energy of the last group is 1.00+4 eV.
CTop energy of Group 18 is 5.00+4 eV.
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3.0 ANSL-V GENERAL PURPOSE NEUTRON LIBRARIES

Data sets in the ANSL-V Fine-Group (_)-Group) and Broad-Group (39-Group)
General Purpose Neutron (GPN) Libraries are listed in Table 3.1, Materials and data set
identifiers are the same in both libraries, GPN multigroup data were generated with
AMPX and NJOY 3'1 modules,

3.1 Sources of Ewduated Data

ENDF.formatted evaluations used to generate ,_',ISL-V GPN data are listed in
Table 3.1. Where evaluations were available in the ENDF/B-V General Purpose Library
for specified ANS materials, those evaluations were used, except as noted below.

ENDF/B libraries are maintained and distributed bythe National Nuclear Data Cen_er
(NNDC), which is located at the Brookhaven National Laboratory. The libraries are
based on nuclear data ewduations provided by members of the Cross Section Evaluation
Working Group (CSEWG). NNDC's policy is that CSEWG can issue modificatkms for
ENDF/-V evaluations as needed. Thus, at the beginning of the ANSL,V project
(June 1986), ENDF/B-V ewduatkms/modifications listed in the table were verified with
NNDC to be the "latest" ENDF/B-V data.

Where ENDF/B-V General Purpose Library data were not available, multigroup data
were processed, when available, from the LENDL Library.3'2 Where neither ENDF/B-V
General Purpose Library nor LENDL evaluations were available, ewduations from tlm
ENDF/13-V Actinide (special purpose) and Fission Product Libraries were used. Finally,
whcre evaluations were not available from the aforementioned sources, cwduations from
the Japanese Evaluated Nuclear Data File (JENDL2) were used.3'3"3'4

Thermal bound data for H-I, H..2,Be-9, and graphite were processed from ENDF/B
thermal scattering law data and included with the appropriately processed epithermal
data. 3'5 ENDF/B evaluations used tbr the thermal bound calculations are identified in
Table 3.1. Thermal data for ortho-hydrogen, and para-hydrogen and para-deuterium were
created using the technique described in Sect. 3.5.

In order to address special ANS Reactor concerns, evaluated data for H-l, It-2, Ht-4,
Cd..ll3, AI-27, Cs-134, Nd 147, Eu-152, Eu-154, Eu-155, natural Eu, and Np-239 were
modified before proccssing. Additional one-dimensional array data wcrc added to ANSL-
V U-235 and U-238 GPN data sets to accommodate delayed fission gamma-ray data in
corresponding ANSI.,-V SGRP d:tta sets. These modifications are discussed in Sect. 3.5.

Users of ANSL-V data should be cognizant of the scope and limitations of ENDF-
formatted libraries and cwlluations in the libraries used to prepare the ANSL-V data. For
example, it should be noted that the ENDF/B-V Actinide and Fission Product Libraries do
not contain the full complement of cross-section data. Users arc reminded that File 1 of
an ENDF evaluation contuins the cvaluator's (or evaluators') summary of the scope and
limitations of the ewtluati_n.
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3.2 Calculational Procedure

Materials were processed into the ANSL-V 99-neutron-group structure and then
collapsed into the 39-group structure. The standardprocedure for generating data sets for
the GPN Libraries is depicted in Fig. 3.1.

The processing procedure was to: (1) process an ENDF-formatted ewduation with
XLACS-77,* (2) perform first-order data checks by running RADE on the resulting data
set, using VASELINE to plot selected cross sections, and evaluating the findings,
(3) execute FRESH to adjust thermal scattering matrices for the heavier materials,
(4) execute COMET to either force the averaged values to agree with the matrix sums or
to force the matrix sums to agree with the average wdues, (5) execute RIGEL 3'6-
UNRESR-TABU sequences to generate Bondarcnko factors for unresolved resonance
data where applicable, (6) execute UNITAB to combine the averaged XLACS-77 data
with the Bondarcnko factor data, (7) run RADE on the resulting data set, (8) use AJAX
to combine ali fine-group data sets into a single library, (9) execute MALOCS to collapse
the fine-group data sets intothe broad-group structure, and, finally, (10) use AIM to
convert the resulting ANSL-V GPN Libraries, which at this point in ttie procedure are in
binary AMPX master format, into BCD format. Steps in this procedure are summarized
in Sects. 3.2.1 through 3.2.7.

3.2.1 X LACS-77 Processing

Using the specified ENDF-formatted evaluations ns input, XLACS-77 cases were
executed to generate AMPX master data sets for GPN materials. For each material, the
code was used to process multigroup neutron data ff_r ali r_eutron-induced reactions except
unresolved resonance data. Although XLACS-77 was derived frorn XLACS-II, which has
been in production use ff)r many years, it is noted that the ANSL-V project involved the
first production use of XLACS-77.

3.2.2 RADE-VASELINE First-Order Data Check

Each XLACS-77 produced AMPX master data set was checked with the RADE
module. One of the more important checks made by the module is that of summing
elements ot' transfer matrices and comparing these sums against averaged wflues for a

. process. By definition,

' og = _ o° (g-.g') (3-1)
g'

This says that the averaged cross section in a group should equal the sum of ali the
transfers out of the group of the zeroth moment of a Legendre fit to the cross section. In

XLACS-77, the calculation of Og and oo(g-,g' ) are kept very independent by not force-
normalizing the scattering matrix elements to equal the averaged value fl_r the process.
This allows a code like RADE to be used to determine both processing inadequacies and

problems in the basic data which are to be averaged.

' *XLACS-77 has not been documented.
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Bear in mind that the basic equations used to generate the terms are quite different,
ViZ.,

_ fs de o(E)_(E) (3-2)
Og "

f dE ,(El

while,

I' d_t I dE o,,(E) dO(E) f SE" f (E-,E', _t)•-I , (3-3)

o .
dE d_(E)

' Obviously Eq. 3-3 is considerably more complicated than Eq. 3..2, such that if a check
indicates that Eq. 3-1 is satisfied to a specified (small) tolerance, then one _an piace a

high degrec of confidcncc in the processing procedures. When the discrepancies were
more than 1% for the ANSL-V processing, the processing procedures and/or the ENDF/B
data were examined.

The VASELINE module was used to make plots of selected multigroup data from

each XLACS-77 produccd data sct. Where point data were available for a nuclide, the
multigroup wdues for the total, clastic scattering, and (n,gamma) cross sections were
plotted with the point data for the reactions. Information from the RADE and
VASELINE checks resulted in the FREStt and COMET corrections dcscribcd bclow.

3.2.3 FRESH to Adjust Thermal Scattering Matrices

A problem arises due to the manner in which XI,ACS-77 generates thermal scattering
matrices for heavier nuclides. The free gas modcl is employed in the code in a treatment

which assumes a constant frcc atom value at the upper cnd of the thermal region and the
treatment itself generates a 1/v variation which is the consequence of Doppler broadening
a flat cross section. For many nuclides this is reasonable, and the only problem one faces
is that of picking the free atom scattering value,

In ENDF/B flies, the scattering radius for each nuclide is specified in its evaluation.
, XLACS-77 uses this radius lhr determining the free atorn scattering wdue. For nuclides

with thermal resonances, this is not correct asthe cross section is not a smooth function.

For heavy nuclides, the treatment of scattcring generally docs not make much difference
since the scattering serves only to shift the energy of a neutron slightly. (This fact is the
basis of the Narrow Resonance Moderators and Infinite Mass Absorbers, NRIM,

resonance treatment where heavy nuclide scattering is totally ignored.) For processing
ANSL-V data, a less severe approximation was desired.

Consequently, XLACS-77 was changed to always retain the point-averaged scattering
values in the thermal cnergy range, even when these data are overriddcn by values
generated by the smooth free gas treatment. This was done in ordcr to allow one to

examine plots of point vcrsus group averaged thermal wflucs and to readjust the thermal
matrices to make the variation follow the resonance behavior when it appeared to be=

more reasonable.

This led to the creation of the FRESH (_FixRESonance Hangups) AMPX module.
FRESH takes an XLACS-77 generated AMPX master data ,,,ct, sums the thermal matrices

!



4O

arid renormalizes them to make the sums agree with tile resonance values, Al)propriate
adjustments are als() made to the total cross section to account for the changes,

3,2,4 UNRESR-TABU-UNITAB Processing to Acid Bondarenko Data

XLACS-77 contains no pr()visions for gerierating Bondarcnko t'actors lk_rsell' shi_,.lding
in lhc unresolved resonance region, This processing is provided by a seOarate AMPX
m()ctule called TABU and requires data such as cim be produced by the UNRESR module
()t' the NJOY system. For the ENDF/B-V evaluations which contain unres(_lved res(mance,
data (see Table 3.1), UNRESR was used to process p()intwise cross sections t'rorn
unresolved resormnce data. UNRESR r_roduces Bondarenko factor data ti)r a user-

specified range of poteniial scattering cross sections and temperatures. Potenlial
scattering cross sections specil'ied for ANSL-V materials arc listed in Table 3.2.

, Temperatures [i)r Bondarenko t'actc)r data are 30(}, 6()), (XX), 12(R),and 21(X) K. The fact
that these tenmperaturcs are dilTcrcnt than th',)se selected for Scattering kernels poses n()

pr{_blem since Bor_darenko factors are chosen by interpolati(m between supplied data
values whereas scattering kernel data are selected from tile ternperture closest to that o1'
the problen] conditions,

UNRESR-produced cr()ss sections were placed into the ANSL-V 99-grc)up l'ormrit
with the TABU module. XLACS-77 and TABU-produced data for materials were

c()mbined into a consistent dala set in AMPX master (binary) formal with the UNITAB
module. _-MAX was used tc) c()llect data sets into ii single library.

3.2.5. COMET Normalization =

With an AMPX master data set as input, COMET can bc triggered either tc) force
averaged cross secti(m wllues to agree with matrix sums or to force the matrix surns to
agree with the averaged values. This norrnlllization can be quite iirlportarlt because when
an imbalanced cross section set is used in a tran:;p()rt code, the difl'erence between lhc
averaged wilue and the sum ot' the transfer elements is treated like an absorption cr()ss
section, lt is easy to envision that nuclides such as graphite, which have very small
absorption values, ciin have balancing "crr()rs" on the same order as the absorption value.

I3ecause ()t"the abc)re c()nsiderati()ns, nuclides in the ANSL-V GPN Library were
processed with COMET and the matrix sums for each (ft' the 99 energy groups for the
following processes were forced tc) agree with the group averaged value:

MT=2 (elastic scattering)
MT=4 (inelastic scattering)
M'I'=6 through 9 (special n,2n l'(_r Be-9)
MT= 16 (n,2ri)
MT= 17 (n,3n)
M'I'= 22 (n,n')
MT=28 (n,n'p)

MT=46 through 49 (special n,2n t'()r Be..9)

In nt)rmalizirlg M'F=2, (_()MI;;'I' als(_ normalizes thermal matrices designated by MT= 1()()7

and the MT:-4 n()l'm;llizati()n li)rces the sum ()t' mali'ices ideniil'ied by M'I'=51 thr()ugh
MT=91 (up t()41 matrices) t() agrce with the averaged M'I'=4values. There was()ne
cxccplit)n, Cd-.113, described in Sect. ;{,5 bcl()w.
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Table 3,2, Potential so,altering cross sections
ff_r GPN Bondare, nko fl_ctors,

Potential

Scattering

Nuclide Cross Sections (Barns)

Mo 50,102,1 (Y_,104,10 t°
Tc.99 102,10J,10 '1,1()t0
Eu 50,102,10 a,104,1()to
Eu- 151 50,102,103,104,10 ,o
Eu-152 5(},I02,103,104,101°
Eu. 153 5(), 102,103,104,10lo
Eu- 154 50,102,10 "a,104,101°
Itr 1,10,50,102,1 (P, 11)4,10t°
Ta. 181 102,1(9,104,1010
Ta. 182 1,10,50,10 z, 103,10'I,l ()H_
Th.232 1 10,50,10 z,103,104,10to
U -233 1 10,50,102 , 103,10'1,10 to
U-234 1 10,50,102,1(?,10'1,10 t°
U-235 1 10,50,102,1 {?,104,101o

U -236 1 10,50,102 , 1()"a,104,10 to
U-237 1 10,50,10 z, 1(1"4,1()4.,1(It0
U-238 1 10,5(1,102,1()"_,10'l,10l°
N p-237 1 10,50,102,103,10 '_,10I°
Pu-238 1 10,50,102,103,10't,10 t°

i

P u-239 1 10,50,102,103 ,104,10t*|
Pu -240 1 10,50,102,103 ,10'*,10 to
Pu-241 1 10,50,102,103,104,1() I°
P u-242 1 10,50,102 , 103,104,1()t_J
Pu-243 1()2, 103, I(P, I01°
Am-241 50,102,103,104,10 I°
Am-242 102, 103, 104, 10I°
Am-242m 10z, 103, 104, 1(11°

, Am-243 50,102,1 ()3,104,10t°

Cm-242 1,10,50,102,10 4,10'_,1()to
Cm-243 10", 103, 104, 10t°
Cm.244 1,10,50,102,103,1 (P,10lo

Cm-246 1,10,50,102,1 ()_,104,10to
Cm.247 1,10,50,102,103,10 '_,10 lo
Cm-2,18 1,10,50,1 {)2,10'_,10'l,1()to
Bk.249 50,102,103,10 '1,10t°
C'.f-249 51),1(}2,103,1()4,1()to
Cf-250 1,10,50,10 z, 103,1(),t,1()to
Cf-251 1,10,50,102,10 _,1(P,10lo
Cf-252 1,10,50,102, l (.)3,104,1()lo
Cf-253 50,11)z,1(9, l0 't,10I°
Es-253 1()2, 10_, 10't, 10III
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3,2,6 RADE Review

After lill XI.,ACS-77, FRESH, UNRESR-TABU-UNITAB, COMET, _lrid AJAX runs

were mnde, diitn sets in iile GPN Llbvliry were ttgltlla cheeked with RAI)E _lnd the results
were r¢:vlt:wed.

-' "_S3,2.7 MAI,O6,. Collnl2S_'_

MALOCS was usc,d tu ¢ollnpse the 99-group d_ta sets into the 39-gr_up structure,
Weighting functions for the collapse were the multigroup relm.',sentntit_ns of the wcjghtlng
speetI'_ used to gcnernte the respective XLACS-77 prt_duced data sets, (The weighting
t'unctttm for erich mntcriul is included in tlm respective AMPX mnster dntu set _ts the
MT= l()C_)tme-dimensi_mnl _lrr_ty.)

3.2,8, CHANGER Prt_ccssing

At'tt:r data hud been gcneruted for 71 nuclides, ANS Project mulaugemelat requested
that the 0,5_ eV energy b_undury be moved to 0,625 uV in order th_tt c_tlculntions with

the ANSI.,-V libr_|ries bc easily c_mptlrible to those tbr other reactt_t's, Since only one
group boundary w_ls to he ch_mged and since the t:ross-seeticm generntion project hnd
limited I'innncinl resources, N, M, Grt;;enc wrote tl computer pmgrum nnmed CItANGITA_.
to accomplish the group boundary revision, Only dates related to the two groups sepnrnted
by the (I,588 eV bc_undnry were nt'l'ected.

3.2,9 AIM Conversit_n

Finally, AIM wns used tc_convert the binary libraries to BCD I'c_rtn_t,

3,3 Order oi'Scattering

The order of scnttering for epithermal and fast elastic sc_lttcring _nd discrete level

inel,_stic sc_tttering is P5 fur ali mnterinls. For therm_ll sc_tttering, it is P3,

3,4 Weighting Functic_ns

Weighting t'unctic_ns used in the XLACS-77 gcner_ltion c_l'GPN multigroup tl_lta l'r(m_

ENDt;'/B-l'_rmattcd dat_ arc identified in T_d-_le3,1, The l'ission-l/(E*Sigmn, l,)-Muxwelli,t_
weighting l'unctitm is not one of the "built-in" XLACS-77 weighting functions.

C(_r_scquently, al3pr_priate ANS represcntt_tive fuel rcghm _nd rn_ttcrinl-depcndet:tt
weighting I'uncti_ns, Weighting Functi(_ns C _ind B, respectively, we,rc gener_lted t'_r use
with XLAC.S-77 and "I'AI?,U.

Steps to gene|'a_te weighting functions involved using: (1) CRI;_'ST to _lcccss
-._S _ •micr(+scopic tt,_tal t:ross-sccti()n sets t'i'¢m_the til+pr()l+rialJClibrnry, (2) Zt ..... 1' tr) collect the

cr{_ss-sccti_n sets int_ _t single libr_try, Itnd (3) JERClt!iNS to l_t'{_duucthe Vaillinus fissitm-

I/(E*Sigm_,l,)-Maxwellian wci_.hting I'uncti_ns, S{}urt:cs {_1'"Signm, l," tl_ttu which wel'e used
,s input t_ the..IER, C;I_NS int_dulc _trc identil'ied in Table 3.3, I;'(_rn{_n..lest}li_lnt:e

m_ttcriatls, the st_Ult:es wt.',l'e the npl_rt_pri_ttc I!_NDF/B-V, I.,ENI)I ....und .I[:_NDI.,2
evalutlti(ins, l:_r rc:sl)hittite, i-natcri;,ils, the sour'ce was tllc 1)revil)usly prepilrcd :-
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Table 3,3, Sources t_t'slgma-T data for JERGENS input

Nuclide iD MAT Source Nuclide ID MAT Source

H-I l(X,II 13()1 ENDF/B-V Si I4(/_X) 1314 ENDF/B-V
H-1 1801 1301 ENDF/B.V K 1NXIO 1150 ENI)IVB-V
H-1 2222 1301 ENDF/B-V TI 220(X) 1322 ENDF/B..V
H-1 1111 1301 ENDF/B-V V 230(R1 1323 ENDF/B-V
H-2 1802 1302 ENDF/B-V Cr 24(XX) 1324 CSRI.,-V
tt-2 3333 1302 ENDF/B.V Mn-55 25055 1325 CSRL.V

H-3 1(X13 1169 ENDF/B-V Fe 26tXX) 1326 CSRL.V
He-3 2(X13 1146 ENDF/B-V Co-59 27(159 1327 CSRL-V
He-4 2(X)4 127(I ENDF/B-V Ni 28(100 1328 CSRL-V
Be-9 4(X)9 13(14 ENDF/B-V Cu 29(X_) 1329 CSRL-V

B-10 5010 1305 ENDF/B-V Zr 4(XXX) 1340 CSRL-V
B-11 5(111 116(1 ENDF/B-V Mo 42(XX)l 1321 CSRL.V

Graphite (Xi66 13(Xi ENDF/B-V Ag-107 47107 1407 CSRL-V
C.12 6012 1306 EN DF/B-V Ag.109 47109 1409 CSRL-V
N-14 7014 1275 ENDF/B.V Cd 48(X)0 1281 ENDF/B-V
N-15 70150 1307 ENDF/B-V
O-16 8016 1276 ENDF/B.V Eu 630(X) 9463 CSRL-V
F-19 N)IN) 1309 ENDF/B-V Hf 720(X) 1372 CSRL-V
Na-23 11023 1311 CSRL-V Ta-181 73181 1285 CSRL-V

Mg 12(XI0 1312 ENDF/B-V Ta-182 73182 1127 CSRL-V
AI-27 13027 1313 CSRL-V Pb 82(XX)I 1382 ENDF/B-V

CSRL-V Pointwise C,ross Section Library. 3'73'8 lt should be noted that data in the CSRL-
V Library arc based on the int'it,!te dilute approximation.

Materials which were included in the representative ANS unit cell are listed in

Table 3.4. The fuel region weighting function, Weighting F'unction "C," was generated for
a homogenized representation of the cell. A plot of tlm spectrum is given in Fig. 3.2.

XLACS-77 also gcneratcs I/E weighted data tbr each nuclide with fission and/or
Maxwellian spectra at the appropriate extremities of the 1/E spectra. These 1/E weighted
vailms arc carried with the cross sections weighted over the spectrum selected ti_r the set
and are used by NITAWL-2 in its resolved resonance calculations.

3.5 Special ANSL-V GPN Data Sets

Certain data sets in the ANSL-V GPN Library were processed with ntmstandard
procedures. These data sets arc described below:

' ' '" II1 .... qll
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'I'ablc 3,4, Rcl')rcsent_ltivc ANS re,rotor unit cell

'Fhlckne:;l_ Atom Density
Region (cre) Constituents (atoms/bn * cre)

Ht;avy water 0,1270 D 6,555(_)E-2
3.27754E-2

Cltttl w_tll 0,0254 Al 6,()2419E-2

Fuci matrix 0,0463 U.234 L,()4(_3E-4
U-235 9,78342E-3
U.236 4,197(F)E-5
U-238 5,(_'_46()E-4
Si 6,99769E-3
AI 3,44059E-2

Filler 0.()2c_) AI 4.369()2E.2

Clad wall 0,()254 Al 6,02419E-2

Ortho-and Para-Hydrogen and Deuterium

A special procedure was developed for generating data to represent the kinematics ot'
very low temperature scattering for the ortho- and para-lk_rmsof hydrogen and
deuterium. The first step in the procedure was the gener_tion c_fa thermal sctlttering
kernel for a material using the MYDOL code. Since MYDOL has nc_tbeen
documented, a brief dcscripti_m of the theory included in the code is given here.

MYDOL is primarily based on the scattering m_._delof Young and Koppcl. 3'9 'Thi,_;
model take,,; into account the spin corrections, rotations, and vibrations of the
molecules. The vibrations are assumed to be harmonic and vibration-rotation
coupling is ignored, The model assumes free translations for the molecules which is
expected to be valid for neutron energies abcwe 7 meV, the I)ebye temperature tk_r
hydrc_gen.

For neutron energ(es below the Debye temperature, the free translatit_n part t_l'the
Young and Koppel scattering kernel was replaccd in MYDOL by a diffusive modcl
suggested by Egelstaff and Schol'icld,3'1° Also, since coherent scattering contributes
significantly tc) the deuterium scattering kernel, the convolutic_n apprc_ximatic_nfor the
dynamics of liquids has been implemented in the code, 311

Output data from MYD()I, were written in the special tabular tk_rmat for ENDF/B-V
File 6 data and merged into the appropriate ENDF/B-V ewlluatic_n. The last step ira
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the process was to use tile mc_dll'ied ENDF/B evaluation as input to Xt,ACS.-77 and
to generate multigroup constants for tlm matcrhd of interest.

"File upper energy for data generated wtth MYDOI, is 1.(X)eV. Consequently, thts
energy was the upper thermal energy boundary for the processed ortho- and para-

forms of hydrogen and deuterium, giving 22 thernud groups in tile ANSL-V _)-group
structure lk_rthese nucluides,

He-4 Scattering Data

The ENDF/B-V evaluation R'_r I-le-4, MA'F 1270, does not include scattering data.
To compensate l'or the lack of data, Cohen and Feynman's equation for the He-4
scattering kernel was developed into a computerized model. 3A2 The model was used
to calculate scattering data, which were normalized to measured He-4 scattering cross
sections, put into ENDF/B-V File 6 format, and included in the MAT 1271)
evaluation. Finally, the mc_dii'ied evaluation was used in XLACS-77 to generate He-4
processed cross sections.

Cd-113

As is always tile case, there was one exception to the renornmlization procedure tk_r
the group and transfer matrices described in Sect. 3.2.5 above. That was li._rCd-113.
In this case, it was decided to force the average inelastic (MT=4) cross section to be
tile sum ¢,l' the MT=51 through MT=91 matrix terms. This decision was made in
order to accommodate certain data representations in the Cd-113 ENDF/B-V

evaluation (MAT 1318) which present lt problem to a processing code. To explain
this action, one rnust first review a t_hilosophy of ENDF.

ENDF evaluations require a "summed" process to contain the union of ali energy
meshes for tile individual contp(_nent parts in its energy mesh. At each of these
energy points, ttlc "summed" wdue is forced to bc the sum of tile indMdual values.

ttowever, it is n_t true that the "summed" process necessarily maintains this integrity
internal to the energy mesh because of the ENDF interpt_lation schemes, e.g., cross
section linear in log of energy _r log oi'cross section linear in Mg of energy. Sums of
processes which have cross sections linear in energy or log of energy arc still linear

functions in lhc selected independent variable, but the sum of the other types ot'
t'unctions are functions dit'l'c,rent from the component functions, i.e., the sum of log-
log functions is not necessarily a log-log function,

An examination of the data for the ENDF/B-V cwduation for Cd-113 revealed that

the MT=4 data specified linear-linear interpolation, whereas tile MT=51, 52, 53, and
91 data ali used log-log specifications. Since the summation of four log-log functions

is clearly not linear and since one would suspect more attentk_n would be given
tmv_rd specifying the shape ot" the conlponent functions of M'l'=4 data, it was
decided to giw precedence to tile component functicms.

Nt)ne of the other ANSI.,-V nuclides showing any significant imbal:tnce for inelastic
processes was t'c_und to have used such obviously improper interpolati_m schemes, and
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it was decided to normalize the sum of ali the transfer matrices for the individual

levels to the average of the total inelastic cross section for ali other materials.

A1-27

As a result of general concerns about the quality of the ENDF/B-V evaluaSon for Al
(MAT 1313) and a comparison of the JENDL-2 Al evaluation with MAT 1313 data,
"minor" revisions were made to the in-house MAT 1313. The revised evaluation is
identified herein as MAT 4313.

Specifically, the revisions were as follows:

Resolved resonance parameters from Mughaghab 3'13were used to define the total,
elastic scattering, and capture cross sections for the energy range 3-192 kev. For five
small levels in the range _)-104 kev and a small level at 203.4 kev, no resonance
[zarameters were given by Mughaghab. For these levels, "reasonable choices" were
made which result in values of the capture area which are in agreement with values
from Mughadghab. The negative level and the scattering radius were taken from the
JENDL-2 evaluation for AI-27. The capture and total cross sections were revised in
the range 1-3 kev and the elastic scattering and total cross sections were revised from
192 to 198 kev.

In order to minimize project costs, the previously generated Weight Function B for
MAT 1313 was used in the XLACS-77 processing of MAT 4313. The revised
evaluation was not used for any other aspect of the ANSL-V project; i.e., it was not
used to generate Weight Function C.

Cs-134, Nd-l.47, Eu-152, Eu-154, and Eu-15_55

Since the fission product evaluations for Cs-134 (MAT 9663), Nd-147 (MAT 97(_),
Eu.152 (MAT 1292), Eu-154 (MAT 1293), and Eu-155 (MAT 9832) have been

issued, more acceptable values for thermal cross sections and/or resonance integrals
for the materials have been identified and documented. The evaluations were

modified in-house with the documenled data prior to processing for ANSL-V. The

modified evaluations were assigned the following MAT numbers for in-house use: Cs-
134 (MAT 4(x53), Nd-147 (MAT 4708), Eu-152 (MAT 4292), Eu-154 (MAT 4293),
and Eu-155 (MAT 4832).

Natural Eu

The ENDF/B-V natural Eu evaluation, MAT I463, was generated at BNL by

combining data for Eu-151 and Eu-153. In the ew_luation, the lower energy limits
for the Eu-151 and Eu-153 unresolved resonance ranges are 98.8i and 97.22 eV,

respectively.

- The algorithm that UNRESR uses to generate an energy mesh does not allow lhr
multi-isotope resonance nuclides with variable unresolved energy ranges. This
p;)tential problem was circumvented by setting the MAT 1463 resolved resonance
upper limits and unresolved resonance lower limits of both Eu-151 and Eu-153 to
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98.0 eV. For the purposes of this project, the modified evaluation was designated
MAT 9463.

_Lumped Fission Products

The methodology used to generate the two lumped fission product nuclides is
described in Ref. 3.14. The ORIGEN 3'is code was used to calculate fission product
concentrations fc}r a 2-week, 209,000 Mwd/tonne U fuel cycle. Those nuclides with

absorption rates from 1(1015) to 1(1016) absorptions/m s were lumped into a
moderately absorbing fission product. Those with absorption rates less than 1(1015)
were lumped into a weakly absorbing fission product. The ICE 3"16code was used to
mix the fission product nuclides with concentrations weighted according to fission
yield. The WORM program was used to convert the AMPX working library output
from ICE to an AMPX master format. The CHANGER program was used to
modify the energy boundaries to the 99 group structure. The MAD program was
used to define the nuclide identification number and title.

3.6 Data Set Identification

ANSL-V GPN data sets are identified with a ZA notatic_n, e.g., the data set tbr U 235

is identified as "92235". Where additional data sets are generated for a material, the
secondary data sets are identified with a suffix, e.g., 922351 for the second U 235 data set.

The title card for each data set includes the following information: ANSL-V GPN
LIBRARY, Material (Evaluation, Modification), comments. For instance, the title card
for u 235 as processed from ENDF/B-V MAT 1395 MOD 3 reads "ANSL-V GPN
LIBRARY U235 (1395,{-3")."

3.7 NITAWL2 Processing of ANSL-V GPN D_ta

In earlier versions of NITAWL, several special sets of cross sections were carried with
resonance nuclides. These were identified as follows:

MT Value

1021 The 1/E averaged value of the (neutron,gamma) cross sections ove: the
cncrgy regions t'or which the Nordheim calculations would be made.

1022 The 1/E averaged value of the (neutron,fission) cross sections
calculated as described above.

1023 The 1/E averaged value of the elastic scattering cross sections over the
full resonance range.

In this case, the "total values" in MT=l, MT=18, MT=27, MT=101, and MT=I02,

corresn,_nding to total, fis,_ion, absorption, capture, and (ncutron_gamma), respectively,
contained the weighted values for the cross sections for the energy range outside of the
ranges over which the Nordheim calculation is made.
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This was used with a procedure which added the "shielded" value to the "total" values
to define a final cross-section value. The special cross sections, MT=1021 and MT= 1022,

were only used when no resonance calculation was requesed, thereby making a set of cross
sections with infinite dilution values.

Elastic scattering was treated slightly differently in that MT=1023 contained the total
infinite dilution value, while MT=2 contained everything except the "bodies" oi' the
resonances to be calculated by the Nordheim treatment.

The primary disadvantage of the treatment just described is that it requires the
preprocessing code to know enough about the Nordheim treatment to be able to know
how to split the averages into the pieces described.

The formulation of the Nordheim treatment in NITAWL-2 references its shielded

values to infinite dilution values, i.e.,

of,,,_ a/,,_,,,.,.,ai_,_ + A a (3-4)

The new procedure, thereby, relieves the basic processing code ot" having to know
anything at ali about the Nordheim treatment. It also means that one can introduce
additional resonance data to the calculation, if it is necessary. An example of when this
might be required is the case of including Q=1 resonance parameters in the Nordheim
calculation,' something that has not been done previously with AMPX-produced libraries.
The new scheme does put an additional burden on the Nordheim treatment; viz., it now
must determine infinite dilution averages, but this is a simple and straightforward process,
compared with that of determining self-shielded values.

In the ANSL-V GPN Libraries, cross sections with MT numbers given by "3000 +
MT' are used to store the reference infinite dilution values. For example, 3102 contains
the infinite dilution values for MT=102. The values in MT=I02 are those determined by

weighting the cross sections over the flux used in the basic processing of the data and will
"3 "not be used by the Nordheim treatment unless the MT in the . (X)0 range is not present.
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4.0 ANSL-V SECONDARY GAMMA-RAYPRODUCTION LIBRARY

The ANSL-V SGRP Library includes secondary gamma-ray production cross sections
and/or multiplicities for the generation of gamma-rays resulting from neutron-induced _
reactions. The content of the library is given in Table 4.1. Data in the SGRP Library are
in the ANSL-V 39-neutron 44-gamma-ray group structures listed in Tables 2.1 and 2.2,
respectively.

4.1 Sources of Data for Generation of SGRP Library

The following guidelines were used in processing data tbr the SGRP Library:

1. Where appropriate data were available, multigroup cross sections and/or
multiplicities were processed from the ENDF/B-V evaluations/modifications used to
process the ANSL-V GPN data sets.

2. Of the ENDF/B-V materials which did not contain photon production data, the
LENDL-844'1 library contains photon production data for nine of the materials,
vtz., B-II, Zr, Cd, Ag-107, Ag-109, Hf, U-233, U-234, U-236, and Pu-238. Thus,
the LENDL-84 data were used to process appropriate SGRP Library data sets for
the nine materials.

Since the ENDF/B-V evaluators chose not to include the LENDL-84 photon production
data for the nine materials listed above in their evaluations, ANSL-V users should

recognize a possible undefinable risk associated with these hybrid sets.

4.2 SGRP Library Calculational Scheme

With ENDF/B-V and LENDL evaluations as input, the AMPX module LAPttNGAS

was used to process secondary gamma-ray multiplicities and/or cross sections in the
ANSL-V 39-neutron and 44-gamma-ray group structures. LAPHNGAS was derived from
D. J. Dudziak, et al., LAPH and LAPNANO codes and placed in the AMPX system in
1976. 4.2-4.4 The module has been used extensively at ORNL for the generation of
secondary gamma-ray data.

LAPHNGAS retrieves photon production data from Files 12-15 of ENDF/B-IV and/or
-V formatted evaluations and, depending on the photon production data available in

evaluations and selections made by the LAPHNGAS user, calculates either multigroup

secondary gamma-ray production cross sections (SGRPXS) and/or multigroup secondary
gamma-ray yields (multiplicities). For resonance materials, LAPHNGAS was triggered to
generate multigroup fission (ENDF MT=IS) and capture (MT=102) multiplicities where
the evaluations include such data.

51
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Table 4.1. ANSL-V secondary gamma-rayproductton library materials.

SGRP

Lib. ENDF/B-V LENDL Processed MT's
Nuclide ID MAT MOD MAT Yields SGRPXS Remarks

H- 1 1301 1301 1 102

H-2 1302 13(.)2 2 , 102
Be-9 1304 1304 2 102,741

B-10 . 1305 ' 131)5 1 4,102,103,781
B-II 7811 7811 16,51-53,91,

102,103,107
C-12 1306 13()6 2 51,102
N-14 1275 1275 2 4,102-105,107
N-15 1307 1307 1 4,16,103-105,

107

O-16 1276 1276 2 4,22,102,103,
107

Na-23 1311 1311 3 102 3,51

Mg 1312 1312 1 102 3
AI-27 1313 1313 1 4,28,102,103
Si 1314 1314 3 4,22,28,102,

103,107
K 1150 1150 1 102 51-67,91,102,

103,107
Ti 11322 1322 1 3,102
V 1323 1323 1 3,102

Cr 1324 1324 2 102 3,4 __
Mn-55 1325 1325 2 102 3

Fe 1326 1326 3 1[.)2 3,51-61
Co-59 1327 1327 3 102 3
Ni 1'328 1328 2 102 3
Cu 1329 1329 1 102 3

Zr 7841 7841 3,102
Mt) 1321 1321 1 102 3

Cd 7847 7847 3,102
Ag-107 7845 7845 3,102
Ag-I(X) 7846 7846 3,102
Eu-151 1357 1357 1 102 3,51-59
Eu-153 1359 1359 1 102 3,51-61
Hf-nat 83O5 8305

Ta- 181 1285 1285 2 3,102

Pb 1382 1382 2 3,102
Th-232 13_) 1390 2 18,102 3

U-233 78,"_ 7866 3,18,102
U-234 7867 7867 3,18,102
U-235 1395 1395 3 18,102 3,4

LJ-235 139507 1395 3 lg, l(}2, 3,4 Includes delayed fissit}n

181 gamma-ray data
LI..236 7869 7869 3,18,1()2
U-238 13!)8 1398 3 18,102 3
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Table 4,'1, (Carat'd)

SGRP

Lib. ENDF/B-y LENDL Processed MT's
Nuclide ID MAT MOD MAT Yields SGRPXS Remarks

U-238 139807 1398 3 18,102, 3 Include,; delayed
181 ftsston gamma-ray data

Pu-238 7875 7875 3,18,102
Pu-239 1399 1399 2 18,102 3,4
Pu-240 1380 1380 3 _ 18,102 3,4
Pu-241 1381 ,1381, 2 18,102 3
Pu-242 1342 1342 2 18,102 3

4.3 Weighting Function

The default LAPHNGAS fission-l/E-Maxweilian wcighting function was used tct

weight the neutron reaction cross sections (ENDF MF=3), photon prc_duction
multiplicities (ENDF MF=I2), and photon production cross sections (ENDF MF=13). In
the weighting function, the fission and 1/E spectra were joined at 6.74 x 104 eV; I/E and
Maxwellian spectra were joined at 0.1265 eV. The mean neutron tempeL'ature of the
Maxweilian distribution was 3(X)K. The temperature of the fission spectrum was 1.273
MeV.

4.4 Order of Scattering
i

Of the materials included in the library, only C-12 and O-16 ENDF/B-V evaluations
contain anisotropic photon production data. Consequently, LAPHNGAS was triggered tc_
produce P6 scattering matrices for these materials and Po scattering data for ali other
materials.

4.5 Data Set Identification

Data sets produced by LAPHNGAS are identified with the MAT number of the
ENDF/B formatted data which are processe d. For the special cases where more than one

SGRP data set is produced for a material, the AJAX module was used to assign unique
identifiers to duplicate data sets.

The title for each data sct includes the following infc)rmation:

ANSL-V SGRP LIBRARY, Material (Evaluation, Mc_dification), commcnts

For example, the title tbr U-235 as processed from the ENDFrB-V MAT 1395 MOD 3
reads "ANSL-V SGRP LIBRARY U235 (1395,3)."



54

4.6 Delayed Fission Photon Production Data

In earlier work, Hermann and Morrison used data from the ENDF/13-IV Fission
Production Library with the ORIGEN code to determine delayed gamma-ray multtpllcitics,
i.e., the integral of gamma-ray decay, for the sum of fission products of fissile isotopes
over ii 1013second duration after a fission.4'5 Included in their computed multiplicities
were results tbr the thermal and fast neutron fission of U-235 and the fast fission of U.
238, each set of multiplicities being given in the VITAMIN-C 36-group gamma.ray
structure. 4'6

A two-step procedure was used to include the Hermann-Morrison data in appropriate
ANSL-V SGRP data sets, First, for ANSL-V groups which arc contained within the.
VITAMIN-C groups, a linear ratio of group energ3, widths was used to apportion
Hermann's and Morrison's multiplicities among the ANSL-V groups. Second, an AMPX
AIM-UNITAB sequence introduced by R. W. Roussin in earlier work was used to piace

the delayed fission data into a copy of the previously-generated ANS SGRP U-235 and
U-238 data sets.4'7. Specifically, the d_lta were placed in a scparate one-dimensional array,
the MT 181 array.

For U-235, the MT 181 array contains the adjusted Hermann-Morrison U-235 fast
fission multiplicities in ali neutron groups above 3.00 eV and the thermal fission
multiplicities in allgroups with an upper boundary less than or equal to 3.(X)eV. For
U-238, the MT 181 array contains the adjusted Hcrmann-Morris_m U-238 fast fission
multiplicities tk_rali neutron groups. Note from Table 4.1 that the U-235 and U-238
SGRP data sets without the delayed fission data hi_ve identification numbers of 1395 and
17,98,respectively. The U-235 and U-238 data sets with the delayed fission data have ID
numbers of 139507 and 139807, respectively.

Special ANSL-V GPN U-235 and U.238 data sets, identified as Data Sets 9223507
and 9223807, respectivcly, are required for use with the SGRP data sets. (See Sect. 7.1.)
In essence, the special data sets are the respective GPN data sets with infinite dilute
fission cross sections placed in a separate one-dimensional lvlT 181 array, However, when
the ANSL-V GPN, SGRP, and GRI libraries are used in a subsequent AMPX procedure
to generate problem-dependent coupled cross sections, shielded fission cross sections are
combined with the delayed fission multiplicities to give delayed fission secondary gamnla-
ray productkm cross sections.

4.7 Data Set Checks

As a first order check, each SGRP data set was checked with RADE, the AMPX
module which checks cross-section data for ccmsistency. No discrepancies were noted in
the checking process.

4.8 Using ANSL-V SGRP Data Sets to Generale Coupled Neutron-Gamma Data Sets

To t'_rm problem-dependent coupled neutron-gamma cross sections, normally the
t'c_llowingsteps sh(_uld be performed:
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a. Given the ANSL-V GPN library, AJAX should bc used to select the data sets of
interest which contain unresolved Bondarenko factor data iliad the BONAMI m()dulc

should he used to generate appropriate unresolved resonance data,

b, Either the CI.IOX or the UNITAB module is then used to combine processed
ANSL-V GPN, SGRP, and GRI data sets of interest into a single AMPX master
library.

J

c. NITAWL-2 should be used to pcrlbrm the resolved resonance cross-section
processing, combine the appropr!ate neutron reaction cross sc,ctions with secondary
gamma-ray multiplicities to generate secondary gamma-ray production ores,/sections,
and to produce the coupled dat_ in a format which can be read by certain transport
codes,
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5,0 ANSL-V GAMMA-RAY INTERACTION LIBRARY

The ANSL-V G_lmma-Ray lnter_mtlcm(GRI) Library includes cross sectlcms t'c_ruse tn
calcuhiting the transport of photons. The t,lble of contents for the library is given in
Table 5,1, Gamma-ray group structure for the library is listed in 'Fable 2,2,

5.1 Calcuhlticmul Procedure

The SMUG module 5'1 of the AMPX cross-section processing system was used to
produce data sets in the GRI Librllry. SMUG calculates multigroup phcmm cross sections
with transfer coel'ficients represented by a Legendre approximation of specified order - P6
for the GRI Library. Scatterlng moments were cx_mputed from the Klein-Nishina
equation, Using DLC-C_J/HUGO photon interaction data 5'2 as input, SMUG used flat
weighting to generate multigroup photo-electric and pair production cross sections,

SMUG was triggered to piace gamma-ray energy absorption coefficients (i,e., kerma
factor data, Eg_mama*oa__,with units of barns*eV) in the MT 527 _trrayof each GR.I data
set, Thus, when problem-dependent cross sections are subsequently prepared t'mm the
ANSL-V data, the kerma factor dnta are aw_iltd_leto be inserted in the oat_ table position
of ANISN.formatted cross sections.

5.2 GRI Data Set Identil'ieaticm

GRI data sets are identified with the atomic number of the element; e,g,, the data set
for uranium has an ID number of "92." Each data set contains one- and two-dimensic_m_l
cross sectlon dat_l for the processes listed irl Table 5,2. Noto that the processes are
identified with the "MT" specil'icaticms of ENDF/B-V. 5'3

The GRI Library is in AMPX master format. Service modules of the AMPX system
can be u,;ed to prepare prc_blena-dependent cross ,aections from master-formatted data and
to perform a spectrum of data management operations, including data set listing, merging,
ph_tting, conversion to formats required for transport codes, and other l_rocedurc.s.

5.3 GR.I Library Data Chccks

As n first order check, each ANSL-V GR.I data set was checked with the RADE
mt)dule. No discrepancies were nc_ted in the checking process.
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Table, 5,1, ANSI.,.V Gamma-Ray Interaction Library Materials

Data Set Data Set
Material Identification Material htentiticalion

H 1 Co 27
He 2 Nt 28
Be 4 Cu 29
B 5 Zr 40
C 6 Mo 42
N 7 Ag 47
O 8 Cd 48
Na 11 Xe 54
Mg 12 Sm 62
AI 13 Eu 63
Si 14 Itr 72
K 19 Ta 73
Ti 22 lr 77
V 23 Pb 82
Cr 24 Th _)
Mn 25 U 92
Fe 26 Pu 94

Table 5,2, Reaction Data in ANSL..V GRI Data Scts

One- or Two-
Dimensional

MT Number Data Reaction

501 1 Total photon interaction cross section
502 l Photon coherent scattering
504 2 Photon incoherent scattering
516 1 Pair production, nuclear and electron field

(i.e., pair plus triplet production)
516 2 Pair production, nuclear and electron field
527 1 Gamma-ray energy absorption mclTicicnts,

i.e., kerma factors (same _lsMT t527)
602 1 Photoclctric

1527 1 Gamma-ray energy absorption cocfl'icicnts,
i.e., kerma factors (same as MT 527)
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6,0 ANSL:V COUPI,,ED NEUTRON-GAMMA LII311ARY

The ANSL-V Ctmpled Neutron-Gamn_a (CNG) Library includes cross sections li_r ust'
in calculating the transport o1'both neutrons and photons, A table o1'contents tk_rthis
library is given in Table 6,1,

6,1 Calculatlonal Procedure

The UNITAB mc_ttuleof the AMPX cross-section processing system was used to

produce the data sets in the CNG Libraray, UNITAB was used to combine cross-sections
from the 39-Group General Purpc_se Neutron (GPN) Library, the 39/44-Group Secondary
Gamma Ray Productir.m (SGRP) Library, and the 44-Group Gamma Ray lnteracti_m
(G RI) Library,

6,2 CNG Data Set IdentifiCation

CNG data sets use the same idcntit'ication numbers as those used fi_r the GPN
Libraries, The identification numbers for the CNG are given in Table 6,1, The user
should note that the same material may appear more than once, since dil'l'erent weighting
functions may be used lk_rthe General Purpose Neutron (GPN) i.,ibrary.

6.3 CNG Library Data Checks

The RADE and DIAL modules can be used to check and selectively edit the ccmtcnts
of the CNG Library,

.I

- 59
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Table 6,1 ANSL-V Coupled Neutron-Ganuna Library Materials

' Material CNG/GPN SGR.P GRI Material CNG/GPN SGRP GRI

tt..1 I(X)I 13111 1 Mo 421X)1 1321 42

H-1 2222 131';I 1 Ag-l()7 471117 7845 47
t-I-1 111l 1301 l Ag-107 471071 7845 47
H- 1 18111 13111 1 Ag-109 47109 7846 47
tt-2 3333 13112 1 Ag-1 (N 471 (191 7846 47

H-2 18112 13(12 1 _ Cd 481XXI 7847 48
Bc.9 41X19 13114 4 Eu 63111X) 7852 63
B-l{) 5(11() 131)5 5 Eu 63(1t1)1 7852 63
B-11 5011 7811 5 Eu-151 631511 1357 63
C'..I2 6012 131)6 6 Eu-153 631531 1359 63

C- 12 61_';_ 1306 6 I-If 720110 8305 72
N-14 71114 1275 7 t-If 721X.XII 83115 72
N- 15 70150 1307 7 Ta- 181 73181 1285 73
O- 16 8016 1276 8 Pb 8201101 1382 82
Na-23 11023 1311 11 Th-232 9t)2321 1390 NI

Mg 12(XX) 1312 12 U-233 922331 7864_ 92
AI-27 131127 1313 13 tJ-234 922341 7867 92
AI-27 130271 1313 13 tJ-235 922351 139507 92

Si 14000 1314 14 U-235(a) 922352 1395 92
Si 141111tll 1314 14 U-236 922361 7869 92

' K 19111)0 1150 19 U-238 922381 13981)7 92

"l'i 221)011 1322 22 U-238(b) 922382 1398 92
V 231)1)0 1323 23 Pu-238 942381 7875 94

Cr 24()(_() 1324 24 Pu-239 942391 1399 94
Mn-55 251_55 1325 25 Pu-2411 942401 1380 94

I:;c 2(i(_(X) 1326 26 Pu-241 94241 1381 94
C,c>59 27059 1327 27 I:'u-242 942,121 1342 94
Ni 281}011 1328 28
C u 29(X1(I 1329 29
Zr 4(1()11(1 7841 4(I

(a) GPN identification is 922351.
(b} CIPN identification is wr"'*_l.!/,. g., O t "_ ,



7.0 BENCHMARK CALCULATIONS

7.1 Introduction

Crit..;ality calculationshave been performed for a variety of critical experiments in
order to qualify the ANSL-V cross-section libraries 7'1 for use in analyzing the reactivity of
the possible ANS Reactor core configurations following a severe accident. Most of the
experiments used highly-enriched uranium (93.65 to 93.9 weight-percent 235U) either as a
metal or in light- or heavy-water solution. The reflected criticals had light or heavy water
surrounding uranium metal spheres; heavy water surrounding uranium solutions moderated
by heavy water;or light water surrounding uranium solutions moderated by light water.
Validity of selected data from the ANSL-V Fine-Group General Purpose Neutron Library
was satisfactorily tested in pertbrmance parameter calculations for the BAPL1, "r2
TRX-1, v.2and ZEEP-1 v'3 thermal reactor benchmarks. BAPL-1 is a I-I20 moderated,

uranium oxide lattice; TRX-1 is a H20 moderated, 1.31 weight percent enriched uranium
metal lattice; ZEEP-1 is a D20 moderated, natural uranium lattice.

Problem-dependent cross sections were processed using a combination of code
modules from the AMPX 7'4 and SCALE 7'5 systems. The automated cross-section
generator portion of the Criticality Safety Analysis Sequence of SCALE was used in ali
cases to generate the cross sections. In a few cases the automated sequence also included
the eigenvalue calculation, such as a few 1-D spherical transport calculations with the
XSDRNPM code or the Monte Carlo calculations with the KENO code. Two-

dimensional transport calculations with the DORT 7'6 code required the production of an
ANISN-formatted cross-section library from the SCALE working library using the
CONTAC module of AMPX.

7.2 Bare Enriched U-metal Sphere (Godiva)

The Godiva sphere was calculated with both the 39-and 99-group ANSL-V cross-
: section libraries using the parameters recommended in the CSEWG benchmark

compilation 7"7 (i.e., S16, P3, and 40 mesh intervals) and the following uranium composition
(also from the benchmark compilation):

Isotope Atom density
(m "3x 103°)

Z_4U 4.920:4
............

:'_SU 4.5(X)-2
,, ,

2_U 2.4984
, ........

These numbers are consistent with values obtained using uranium with a density of 18.74
kg/I and respective isotopic weight percents of 1.02, 93.71, and 5.27 as tk)und in Ret'. 7.8.
The 234U percent was reported to remain around 1.0 with a few percent variation in the

235U composition. Thu._,, about 1% 234U was assumed for ali other configurations (exactly
1.0 for the reflected metal spi:eres), since the 235U percent composition varied only about
0.25% among ali the axperimentv

6i
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The critical radius of the Godiva sphere is 87,41 mm, giving an enriched uranium
critical mass of 52.4 kg of which 49.1 kg is 235U. The reevaluation of the Godiva
experiment 7'8 led to upward adjustments in the critical mass (1%) and the effective
uranium density t0.2 _). Uncertainties in those parameters certainly affect the accuracy of
the multiplication factor (kerr) calculation, lt is noted thai the mass of 235U in the Godiva

experiment is aear!y twice the inventory of the ANS Reactor core. Nevertheless, it is an
important benchmark for the cross.section libraries used in the analysis of ANS Reactor
accident analyses.

Calculated results for Godiva are compared with measured results in Table 7.1. The

table shows the calculated kerf along with ratios of spectrum averaged capture gamma
production (n,'/) or fission (n,t) cross sections to the spectrum averaged 235U fission cross
section. Tile kerr values calculated with XSDRNPM fall within one standard deviation of
the measurement and are consistent wilh values calculated by others. 7"9 The mean value
calculated by KENO is very slightly more than one standard deviation from the
measurement, but the two error bands do overlap, The ratios of fission cross sections
agree well with the measured values. However, the calculated ratios of the capture
gamma cross sections to the 235U fission cross section show greater deviation from the
measured values, particularly in the case of 59Co for which the results are 84% below the

measured value. Tile reason for the discrepancy is not understood. Possible reasons
include low capture gamma cross sections at high energy or a mistake in the published
measured value. The deviation is judged not to be.relevant to tile current study. The
values ibr 55Mn are wit!ain two standard deviations of the measurement and can hK

considered in good agreement.

7.3 l_,ight- and Heavy,water Reflected Enriched Uranium Spheres

Calculations were pertbrmed with XSDRNPM for three H20 reflected spheres and
five D20 reflected spheres. A KENO Monte Carlo calculation was run for one of the
D20 reflected spheres because of concerns in the XSDRNPM calculations about the

adequacy of mesh spacing at the interface between tile metal sphere and the reflector. .i

Calculations for one of the configurations showed virtually no difference in the calculated
kelf for a somewhat coarse and a very fine mesh at the interface. The heavy water
experimental configuration spccil_cations were empirically adjusted for the small holes in
the centers of the spheres, while tile light water configuration specifications were not.
Therefore, the H20 reflected configurations were modeled with small void spheres at the
center.

The results are shown in Table 7.2 along with the Godiva result (0.0 mm rellector
thickness) for comparison. The calculated values are very close to 1.0 (ali within 0.7%).
Note that the t-I20 reflected critical masses are about the same for the thick and thin

reflectors. The reason for this is that the t-120 retlector is effectively infinite in all cases.
The thickness for the infinite reflector should be about 1.5 times the migration length. 7'1°

For light water, this thickness is about 89 mm (1.5_ + ,_)where L = 27.6 mm and

-_ = 2770 mm2). Albedo data for slab geometry for several H20 reflector thicknesses
shows that the thermal-neutron albedo is the same for thicknesses greater than 200
mm, 7'tl lt is not possible to extrapolate the data to the thinner 83-mm retlector thickness
to determine it' that reflector thickness is also nearly infinite as the measured and

calculated results indicate, lt is noted that the D20 reflector thickness approximately
equal tc_ the thickness of the thin H20 reflcctor results in about the same critical mass as
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Table 7.1. Results for GODIVA Calculations

1-D Transport_.(XSDRNPM)

Monte Carlo

Parameter Measured 39-group 99-group (KENO)

kelf 1.00±0.003 0.9990(-0.1) a 0.9979(-0.21) 0.9965 ±.(X)2
koo 2.3459 2.3552

59C0(n,¥ )
235U(n,t ) 0.038_0.003 0.00604(-84.1) 0.00589(-84.5)

55Mn(n,y,)
235U(n,t ) 0.0027±0.0002 0.(X)314(16.4) 0.003(10.9)

233U(n'f) 1.59±0.003 1.5535(-23) 1.5544(-2.2)
235U(n,f)

238U(n,f)
T.45U(n,f) 0.1647±().0018 0.1711(3.9) 0.1706(3.6)

apercent deviation from measurement.

NOTE: The critical mass is 52.4 kg (22SUmass is 49.1 kg).

does the H20 reflector. Fitting the D20 thermal-neutron albedo data of Ref. 7.11 to a
polynomial allows one to cxtrapolate to a value of about 0.78 for an 83-mm-thick

rcflector. This compares to an albedo of 0.811 for the infinite H20 reflector. Thus, the
almost infinite 83-mm-thick H20 reflector should have about the same albedo as the same
thickness D20 reflcclor and consequently about the same critical mass as shown. Since
the D20 albedo is 0.981 for an infinite reflector, the critical mass can be much smaller
than that for an H20 reflector.

7.4 Enriched Uranyl Nitrate-Light Water Solution Bare Spheres

Five ORNL critical spheres consisting of enriched uranyl nitrate in water in one of
either of two spheres of radius 345.98 or 610.1()8 mm were analyzed. "l'he l'ir,;t and fifth
spheres contain the critical concentrations for unpoiscmed solutions within the two
spheres. In the other three, criticality is maintained by counter-balancing increases in the
uranium concentration with increases in the natural boron concentration
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Table 7.2. kelf results for the light- and heavy-water
reflected U-metal spheres

Light-Water Reflected Spheres

Inner Outer Critical Reflector

radius Radius Mass Thickness XSDRNPM

(mm) (mm) (kg Z_Su) (mm) k,,ff

10.54 68.59 23.4 305 1.0t129(1.0699) a

5.8 68.33 23.2 305 1.0031(1.0698)

5.8 68.63 23.5 82.6 0.9972(1.(_1501

Heavy-Water Reflected Spheres

Outer Critical Reflector

Radius Mass Thickness k_rr '

(mm) . (kg Z_SW) .., (mm), XSDRNPM KENO

87.41 ()t, 49.1 0.0 0._190(2.3459) a (I.9965 ±0.(XI20

68.414 23.3 83.3 1.(X164(2.2186) 1.0069±0.(X)23

65.556 20.5 116.6 1.0(155(2.1991)

63.916 19.0 139.7 1.0056(2.1755) ,

61.710 17.1 173.7 1.0()02(2.1538)

(£ "_56.8 9._ i3.4 388.6 1.(X166(1.75521

"k. shown in parentheses.
bGODIVA barc sphere.

=

in the solution. The atomic densities of nuclides in the solutions are shown in Table 7.3.
These data were obtained from Ref. 7.12 which in turn obtained or derived these data

from data in Ref. 7.13. Reference 7.12 also reported that the measured eigenvalues have
an uncertainty less than 0.25%. The spheres were calculated using the SCALE automated

Criticality Safety Analysis Sequences CSAS1X (BONAMI-NITAWL2-XSDRNPM) with
the 39- and 99-group libraries and CSAS25 (BONAMI-NITAWL2-KENO) with the 39-
group library. The results are shown in Table 7.4. The KENO result for ORNL-10 was

obtained using spatially-dependent average weights based on the XSDRNPM fluxes.
Based on 47,500 histories, the tabulated result is an improvement over the 0.9917:dl.(Xl18
obtained with 50,0(X) histories and without biasing. The XSDRNPM results are consistent
with the I.x_s Alamos National Laboratory ENDF/B-V calculated results and are better for

spheres 3 and 10. They arc also within the 0.25% uncertainty of the experiments. The
KENO results are in good agreement with the measurements as their lo error bands

overlap and the average calculated values lie within the ,2o bands of the measurements.
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Table 7.3 Atomic densities for the ORNL uranyl nitrate/water
solution critical spheres.

Atomic Densities (m "3x 10"_)

Sphere ORNL-1 ORNL-2 ORNL-3 ORNL-4 ORNL-10

radius (mm) 345.948 345.948 345.948 345.958 610.108

nuclide

Z_U 5.3800-7 _ 6.3100-7 7.1600-7 7.6200-7 4.090t)-7

235U 4.8066-5 5.6206.5 6.3944-5 6.7959-5 3.6185-5

_'36U 1.3800,7 1.6300-7 1.8400-7 1.9700-7 2.2000:7

Z_SU 2.8070-6 3.2810-6 3.7340-6 3.9670-6 1.9850-6

N 1.8690-4 2.1290-4 2.3920-.4 2.5480-4 1.1160-4

H 6.6228-2 6.6148-2 6.6t7)70-2 6.6028-2 6.6394-2

O 3.3736-2 3.3800-2 3.3865-2 3.3902-2 3.3592-2

1°B 0.0 1.0286-6 2.0571-6 2.5318-6 0.0

liB 0.0 4.17i4-6 8.3429-6 1.0268-5 0.0

aRead as 5.3800 x 107.

Table 7.4 kelf Results for ORNL Uranyl Nitrate/Water Solution
Unreflected Critical Spheres.

Hf"3SU XSDRNPM
Atomic Radius

Sphere Ratio (mm) 39-Group 99-Group KENO 39-
Group

• ORNL-1 1378 345.98 1.0025(1.2153) '_ 1.0012(1.2152)" 1.0046:t0.(X)26

ORNL-2 1177 345.98 1.0023(1.2107)

ORN L-3 1033 345.98 0.9,_)3 (1.2039)

ORNL-4 971.6 345.98 1.0007(1.2043)

ORNL-10 1835 610.108 1.(X)13(1.0745) 1.0(X)31i().(_)l 3

"k. shown in parentheses.



7.5 Enriched Uranyl Fluoride-Heavy Water Solution Criticals

Six D20-retlected spheres and five bare cylinders filled with uranyl tluoride in heavy
water solution were calculated using XSDRNPM and/or DORT mainly with the 39-group

library, but selectively with the 99-group library. (In addition to the actual geometry
specifications for the bare cylindrical assemblies, the experimenter also presented idealized
barc spherical geometries' for those assemblies.)7'14 Sketches of the spherical and
cylindrical geometries are shown in Figs. 7.1 and 7.2, and the experimental specifications
are shown in 'Table 7.5. The atomic densities within the solutions are shown in Table 7.6.

Most of the data were derived directly or indirectly from Ref. 7.14. Data on the glory
hole dimensions and the fractions of H20 in DzO in the solutions and in the reflector
were obtained from Ref. 7.15.

The reflected sphere calculations used a 3.18-mm-thick SS outer container wall rather
than the 1.27-mm-thick wall shown in Fig. 7.1. The thickness was assumed to be the same
as that for the cylinders, since it was not explicitly given. The wall thickness in Fig. 7.1

was later derived from data given in Ref. 7.14. The thicker wall (and slightly thinner
reflectors) used in the calculations are not thought to have a significant impact on ket.f.

The calculated values of keff are shown in Table 7.7. The results, in general, deviate

more from unity than did those for the other experiments. Some values would lie several
standard deviations away from unity if the same uncertainty quoled for the ORNL spheres
were used here. The author quotes less than 1% uncertainty in the critical masses and
2% in the D/235U ratios. These uncertainties were not translated into uncertainties in kel.I.

lt is seen from the table that the 99-group results seem to be lower than the 39-group
results by 0.(104 to 0.005. lt is also seen that DORT using the 2-D cylindrical mockups
gave higher values than did XSDRNPM using the idealized bare sphere mockups.
Therefore, one can conclude that the idealized bare spheres and the bare cylinders are not
equivalent.

DORT-calculated ratios ot' spectrum-averaged microscopic cross sections are shown in

"Fable 7.8. The measurements included results obtained from fission chambers and gamma
product counting with significant differences between the two results in some cases.
Comparisons in the table are made with the fission chamber results. The agreement is
excellent for the ratio of the t'ission cross sections of 233U and 235U. The agreement is
fair li_r the cadmium ratios for 233U and 235U cxcep{ that for 233U at D/235U=2081. Part

of the discrepancy may be due to the incomplete shielding of the foils by the cadmium.
Uncertainty in the measured valucs may be responsible t'_r other disagreement. The worst

•, • 233
disagreement lor U may be due to a bad experimental wdue aincc the ratios of the
233U and 235U fission cross sections are in excellent agreement and the 235U cadmium
ratio is in line with those at other fuel concentrations.

Table 7.9 shows three-group flux fractions and microscopic fission cross sections. The

energy ranges for the author's thrce groups arc: (1) E > 1.4 MeV, (2) 0.6 eV < E < 1.4
"1 'MeV, and (3) E < 0.6 eV. The auth¢ r s spectral fractions for D/235U=2110 are 0.130,

0.754, and 0.116 based on 235U fission cross sections of 1.3, 20, and 50() b, respectively,
23SU fission cross sections of 0.5, 0, and 0 b, respectively, and the measured values of the
23SU to 235U fission cross-section ratio and the 235U cadmium ratio. Notice that

D/2?SU=211() rather than 2081 originally specified t'_r the assembly. Whether this is an
crr_r or not, tlm slight difference in the ratio should not significantly alter the spectrum.
The author's spectrum could not bc reproduced using three sets of values for the

r=
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ORNL-DWG 89M-7536

, Fig. 7.1 Enriched Uranyl Fluoride Critical, Spherical C(_nl'i_urati_)n.
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Table 7,5, Speclfltalttons for the Uranyl Fluoride/Heavy
Water Solution Critical Experiments

Spheres

Critttatl D/ZasU zaSLI Critical DzO rellectur

Sphere radius atomic density mass Thickness
No, (mm) ratio (kg/l) (kg Z3SU) (mm)

1 171,45 34,2 (I,679 14,2 271,78

2 184,75 53,7 0,443 11,6 259,08

3 1t_.85 8i,2 0,302 9,6 246,38

4 2(_),55 135,3 0,185 7,0 233,68

5 222,25 243,(I (I,1(14 4,8 22(I,98

6 234,95 '431.0 0,0595 3,2 2()8,28

Cylinders

Critical Bare

Solution Solution radius sphere Cylinder
Inner outer Crltttatl D/"asU z3sU of ideal critical critical

Cylinder radius radius height ,Atomic Density barc sphere mass (kg mass (Rg
No, (mm) (mm) (mm) ratio (kg/l) (mm) z_:U) '-_sU)

1 12,7 316.0 714,5 230 0,1(D4 361,387 21,6 24,5

2 12,7 316,(.I 787,4 419 0,061() 369,724 12,9 15,0

3 12,7 381,0 610,9 856 0,03(11 389,227 7,4 8,4

4 14.2875 381,0 608,3 856 0,03(11 389,227 7,4 8,3

5 14.2875 381,0 847,5 2081 0,0124 433,018 4_2 4,8

[]
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Tablv 7.6, Atom Densities for the Uranyl Fluoride/lteavy Water Solution Critical
Configurations

D/Z_sU Atom densities (m 's x 10 ":u_)

Atomic H" D 0 F z_4U zssU 'zu%),
ratio

L_ . IIIII liPS.... II -- -- i Ii --2__ ' ..... . I ___ I]

Spheres

34.2 1,7852-4 t' 5,9328-2 3,3467-2 3.7i35-3 1,9032-5 1,74(X1-3 9.7776-6

53,7 1.8288-4 6,(1778-2 3.2_13-2 2.4228-3 1.2417-5 1,1352-3 6,3792-.':;

81.2 1.8852.4 6.2651-2 3.3,071-2 1.6517-3 8.4649-6 7,7389-4 4,3488-5

135,3 1,9243-4 6.3949-2 3.3(183-2 1,(1118-3 5.1854-6 4,74(17-4 2,664()-5

243.() 1.9428-4 6,4566-2 3,2949.,2 5, (_79-4 2,9151-6 2.6650-4 1,4976-5

431,() 1,9715-4 6,5518-2 3,3183-2 3,2541-4 1,(_'i78-6 1,5247-4 8,5(_q0-6
__ " -- -- _ -- ,. II iii ii ii I ] Illlll .... --- --. 1_ id " ' ........... I

Cylinders

23(1 6.4479-4 3.2838-2 5,9832-4 3,(Xi64-6 2,8034-4 2.8034-4 1.5754-5

419 6,5496-4 3.3082-2 3,3362-4 1.7098-6 1.5632-4 1,5632-4 8.784(1-6

856 6.6025-4 3.3177-2 1.6462-4 8.4369-7 7.7133-5 7.7'133-5 4,3344-6

2081 6.5464-2 3.3130-2 6.6817-5 3.4756-7 3.4756-7 3.1776-5 1.7856-6
i - _.- ii ii i iiii .... illl I mt- I - ..... i

"II_O is "0.3 mole % ¢_t'D20 in spheres and "0 1,0 mole % in cylinders.
bread as 1,7852 x 10.4•
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Table 7,7, k,,tr Results for Uranyl Fluoride/Heavy Water Solutlcm Criticals

XSDRNPM

DF'_SU 39-Group _)-Group
Atomic ratio

34.2 1,0083(1,6212) _ 1.(X)44(1,6210)"

53,7 1,0t)l 7(1,6244)

81,2 1,(X)89(1,6382)

135,3 1,01(15(1,("_)8)

243,0 1,(X)44(1,(kq(_)

431,0 0,_63(1,7049)
- : ii Hl i H i i ii _ ,- _ -- lull - - i

Barc Cylinders

XSDRNPM b

D/:_35tj 39-G rou p 99-G ro up DORT
Atonaic ratio 39-Group

23(,) 0,_-,_)4(1,8203) _ 0, _)45 (1,8169)" 1,()050( 1,7995y

419 1,(X._)7(1,8932) 1.(X)75(1,86. 6)

856 1.0089(1,9604) 1,01()5(1,9223)

856 1.(X)89(1,9604) 1,01()()(1.92(g_)

2081 1.(188(2,()02,.) 1,0234(1.9421)
i i i iii i ulll -- li i illu -- i ii i iron i

'k.,shown in parentheses,
has idealizcd barc spheres,
_E,;timated k. for 2-D cases.



72

Table 7,8. Rutios ut' Spectrum Aver/Iged Microscol-_ic
. Cross Sections tbr the Uranyl Fluorlde/Heavy

Water Bure Cylindrical Critlcal Assemblies.

Df"_Su Atomic Ratios

Cross.settlen ratio 230 856 856 2081

ar¢,-':'tO/g¢u)
Measured (M) 1.78 1.29 1.29 1,11
Culculated (C) 1.74 1.27 1,24 1.08
C/M (},9g (}.98 0.96 0.97

-cj.(z_sU)/_r(z,_U)

Measured 384 1123 1123 318{}
Cnlculated 523 1827 1928 4619
(2lM 1,36 1.63 1,72 1,45

- .-,_,...-,'a(z_:_U),,of[ ....C,)lof

Meas ured 2.01 4.79 4.79 12.4
Calculuted 2,37 6,15 6.64 14.1
C/M 1,1S 1.2,8 1,39 1.14

"6rz_U_1"6TM( '__:_tj)''ft J 1'

Measured 1,43 2,51 2.51 11,5
Calculaled 1.52 2.84 3,01 5.54
C/M 1,07 1,13 1,20 0.48

"C'.admiurnratio (i,e., ratio of the spectrum-averaged fission cross section
without a cadrn!um cover over the foil to that with a cadmium cover. Tlm
cadmium is assumed to essentially reduce to zero the fraction _)t"fissions in
the foil clue to neutrons with energies less than 0.6 eV).
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Table 7,9, T'hree-Group Flux Fractltms and Fission Cross Sections lhr tile Uranyl
Fluoride/Heavy Wuter Barc Cylindrical Critical Assenablies

or(bares)

D/Z_sU Flux

Case Atomic ratio Group' fraction zuU z_sti _s)_l.,i

1 230 1 0,0936 1,83 1,24 0,521
2 0,8421 34,3 12.7 1,92-3 j'

"V'), 3 0,(Xi43 237 ..,.8 2.3().,6

2 419 1 0,0847 1,83 1,24 (),521
2 0,8067 38.4 14,0 1,81-3
3 O,1()Ni 272 270 2,66-6

3 856 1 0,()739 1,83 1,24 (),521
2 0,7447 41,9 15,3 1,71-3
3 O,1814 318 325 3,13-6

4 856 1 0,0745 1,83 1,24 (),52 I
2 0,7347 41.9 15,2 1.72-3
3 (},1908 325 333 3,21-6

5 2()81 1 0,0588 1.83 1,24 (),522
2 0,6117 45,0 l(i.3 1.62.3

3 0,3295 381 399 3.77-(,
......... lJl, lit -- L - J -- i illJ .....

_Groups: (1) E > 1,4 MeV; (2) (),6 cV < E s: 1,4 MeV; and
(3) E __0,6eV,

t'Rcad as 1.92 x 1()";_,



Table 7,1(1, Ctm_lmrison of Unfolded and Calculated Three-Group Flux Fr_tctions
for the Uranyl l+71ut_rtdt.'./Hetwy_Water B_tre C_ltndrkml Critical Ast+treblywith a

Dfl'-_SUAtomic Ratio of 2110

tJnlk_ldud lqux frtLctiorm

Calcul_ltcd

flux rI = 3128" r t = 318(I rt = 3128 Author's
C;roup fractions r_ = 11,95' r2 = 12,4 r_ = 10,6 values

I 0,(1588 (1+(_)67 0,0974 0J)897 0,130

2 0,6117 0.6263 0,6180 0,6561 0,754

3 0.3295 0,2771 0,2847 0,2542 0,116

"I3cl'initiuns:

- " (:-"_U)¢+ o (z'"u)4,:_+ o (z"_U)¢3of (:"_SU) of1 I p /j
/'t =

_f (_"_U) % (z_U)4_t

, (z_.,U) (23., (z_._U)
r., = CR(::__U)= °fl ¢1 + o_ U)4_2+ of._ ¢3
+ °rl (_3'u)¢1+ °j': (2_"u)'l':,

Where the group t'luxcs, <_+,satisly

¢_ + 4'2 + q_._= 1.0,

Where the oi+arc the group fission cross sections mad OR is the cadmium ratio, The
three equations +_rcused to unl'uld the flux fractions,
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measured results. As shown in Table 7.10, the unfolded spcctra Using those data and the

author's cross sections more nearly resemble the calculated r:pectra than the author's
unfolded spectra even though the calculated average fission cross sections t'or groups 2
and 3 are morethan 20% higher (seeTable 7.8).

7.6 Enriched Uranyl Fluoride-Light Water S:.;lution Spheres

Five supplemental ORNL reflected and bare critical spheres consisting of enriched
uranyl fluoride in water were analyzed. Thet;e experinaents, labeled L7 to I_,11,
supplemented the ORNL uranyl nitrate spheres in that a wider range of 1-[/235U ratios was
introduced and reflected sph¢.._:,s were included. The specifications R_r the experiments 7"16
are shown in Table 7.11. Ali cases were calculated with both the ANSL-V 39- and 9¢)-

group libraries using the SCALE System Criticality Safety Analysis Sequc ,acc CSASN to
process the cross sectk_ns and XSDRNPM to perform the k.,calculation. The calculated

:_ results are shown in Table 7.12. The ker r values compare faw_rably with calculated
ENDF/B-V values reported in Ref. 7.16 (i.e., 1.0056, 1.(X)58, 1.0100, 1.(X)56, and 1.(X)53,
respectively). In addition, some of the calculated reaction-rate ratios also compare
favorably with those presented in Ref. 7.16.

7.7 Establi:;}_ir,g A Bias for the Calculated kcfr

Since R_r a critical system, kerr= 1.0, deviations of the calculated values from unity
indicate some bias in the calculational methods and/or data. This assumes, of course, that

.the experimental geometry is critii:al. The calculated kerr values tk)r the lumped _nct
solution critic,al experiments have been separated and a mean and standard deviation have
been computed for each. For the lumped criticals, the average of nine values is 1.0039
with a standard deviation of 0.0027, while t'or the solution criticals the average of twenty
(20) values is 1.0052 with a standard deviation of 0.0055. Now for the solution criticals,
one value is around 1.02, a significant deviation from 1,0. For twenty measurements,
Price 7"17data on Chauvenet's criterion tk_rrejecting data indicates that a value may be

rejected if its deviation is more than 2.23 standard deviations from the mean. The above
value is 2.47 standard deviations from the mean and is therefore rejected. The remaining
nineteen values then give an average ker r of 1.0045 with a standard deviation of 0.0046.
Since the awrage calcula:ed values are above 1.0, the more conservative deviations would
be those, about 1.0. The standard deviations about unity are 0.0050 tk)r the lumped
criticals and 0.00(_4 tk}r the solution critical:;.

To assure subcriticality of the ANSR core configurations, the calculated kerr values
should be below established limits. Since in a normal distribution 99% of the values fall

within ±3o about the mean, the established limits are set at kay, - 30 - 0 02 (where ()()2
a has been subtracted lk)r extra shutdown margin). Thus, using the more conservative

deviations about unity, one arrives at a bias keff of 0.965 for the lumped criticals and
0.9653 for the solution criticals. A single v due of (.).965 can be used tk_r _ll cont'iguvations,

since these two values are so close. Any configuration with kerr greate r l!han 0.965 would
require some mechanism to introduce negative reactMty or tc, prevem the core material
f,'om reconfiguring in that fashion.



........ III _ _J

76

Table 7.11. Specifications for the ORNL Uranyl Fluoride-Light Water Critical Spheres.

Sphere Designation

L7 L8 L9 L10 L11

Radius (mm)

Al shell 115.176 279.132 346.327 1,18.442 279.132

Thickness (mm) 1.6 2.0 3,2 1.6 2,0

H20-reflected ? yes no no yes yes '

kg _s U 2.08 2.13 3.25 1,39 1,86

I-I/e3sU 76.1 1112 1393 126.5 1270

k_ff (exp) 1.(REX) 1.(XIX)4 1.0000 1,(RR)0 0.9999

Atom Densities (m3x 1()_)

Solution

H 6.33(,,8-2" 6.6614-2 6.4729-2 6.4729;2 6.6436-2

O 3.3471-2 3.3436-2 3.3434-2 3.3463-2 3.3330-2

F 1.7873-3 1.2855-4 1.0270-4 1.0983-3 1.2338-4

>aU 8.7577-6 7.3270-7 5.8540-7 5.3816-6 5.5020-7

2_5U 8,326%4 5,9905-5 4.7856-5 5,1169-4 5.2312-5

2V'U 4.2895-6 0.0 0.0 2.6359-6 2.6950-7

2_U 4.7899-5 3.6380-6 2.9063-6 2.9434-5 3.(RD1-6 :

Al Shell

AI 6.0250-2 6.0250-2 6.(125(I-2 6.(125(1-2 6.0250-2

! t tO Reflector =

H 6.(_88- 2 6.(Z-,_ -2 6.6688- 2 6.(_&g- 2 6. (-Zxg8-2

C' 3.3344-2 3.3344-2 3.3344-2 3.3344-2 3.3344-2

'_Rcad as 6.33(__, x 102.

"c_

_

r_-

_

_

_
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Table 7.12. Calculated Results for' the ORNL Uranyl Fluoride-Light
Water Critical Spheres

Sphere Designations

L7 L8 L9 L10 Lll

99 Groups

kel f 1.(X)76 1.0090 1.0056 1.0057 1.(X)54

K. 1.0550 1.3256 1.2177 1.0512 1.0194

Core leakage 0.4695 0.2390 0.1744 0.4661 0.2038

9 zs 015184 7.051-2 _ 6.025-2 0.3354 6.107-2

P28 33.86 4.983 4.267 22.56 4.325

/5_ 0.1980 2.499-2 2.085-2 0.1251 2.161-2

5 as 3.180-3 3.53 9-4 2.965-4 1.998-3 2.988-4

C* 0.1448 2.795-2 2.466-2 0.1029 2.493-2

_cpi/_tot b 0.8951 0.5438 0.5029 0.8489 0.5(gil

39 Groups

k_fr 1.00_X) 1.0103 1.0068 1.0069 1.0(R59

k. 1.0547 1.3257 1.2178 1.0508 1.0201

Core leakage 0.4691 0.2381 0. i 735 0.4657 0.2028

p_ 0.5104 6.976-2 5.962-2 0.3307 6.1)43-2

P 33.89 4.980 4.265 22.55 4.323

5zs 0.1951 2.476-2 2.111-2 0.1235 2.141-2

_,_ ," .t_ ,',,5 _ .,. 1_:_.'_-:, 3.5(X)-4 2.928-4 1.988-3 2.494-2

: C* 0.1453 2.794-2 2.4(->6-2 0.1 (13(i 2.494-2

_zpi/dptot b 0.8944 0.5428 0.5018 0.8482 ().5052- i i i i i i ,, ,t_mm '

_Rcad as 7.051 x 10_.

* bRatio of the epithermal to total neutron flux. 'Fhermal cutoff is 0.588 eV.

Note:

pas is the ratio of epithermal to thermal capture in z_stl.
paS is the ratio of epithermal to thermal capture in ZaSU.

: 5zs is the ratio of epithermal to thermal fission in 23SU.
5as is the ratio of the z:_SUfission rate to the _SU fission rate (microscopic cross
sections).

C* is the ratio of the 238U capture rate to the z'_SUcapture rate (microscopic cross
sections).
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7.8 BAPL-1, TRX-l, and ZEEP,1

UsinT_the 99-group data as input, benchmark calculations were done using the
SCALE sequence: AJAX-CSASN-XSDRNPM-XSDRNP/vl. The first XSDRNPM case
was a discrete ordinates calculation ($8,P3) to cell weight cross sections. In the second
XSDRNPM case, the cell-weighted cross sections and the "B-3" option with a "height"
which corresponded to the total buckling of each lattice were used to calculate benchmark
pcrlimnance parameters.

Results of the benchmark calculations are given in Table 7.13. Results for the low-
enriched uranium benchmarks, TRX-1 and BAPL-1, are in good agreement with those of
{_ther data testers as reported in Ref. 7.18. Results for the natural-uranium, heavy-water
benchmark, ZEEP-1, are in reasonable agreement with that of Craig as reported in
Ref. 7.3. Calculated k-eft for BAPL-1 is 0.12% low; DELTA28 (U-238 fissions/U-235
fissions) is 3.33% low but is within one standard deviation, Calculated k-eft for TRX-1 is
{t.64% low. CR (U-238 capture/U-238 fissions) is 1.25% high. DELTA28 is slightly less
than one standard deviation relative to the measured parameter. RHO28
(epithermal/thermal U-238 capture) significantly exceeds the benchmark value. Calculated
k-eft for ZEEP-I is ().09% low; DELTA28 is 0.89% high. In Ref. 7.19, it is shown that
t'¢u selected changes in U-238 resolved resonance parameters (e.g., 2% increase in the S-

wave capture width) a ditTercnce of 1.00% in CR will correspond to a difference of about
().33% in k.el't" lk)r BAPL-I and TRX-1 (hereinafter called the one-third rule), lt was
shown that the one-third rule holds for ZEEP-1 by increasing U-238 capture cross sections
by a constant 2.0% between 1.86 and 275 eV and then comparing CR and k-ciT with the
unmodified case.

7.t) Summary

Calculations have r_een perfc_rmed for a series of critical experimental configurations
tt_ qualify the ANSL-V cross-section libraries for use in the analysis of the ANS Reactor.

The expcriments lay at the extremes of possible core configurations following a core,
di:_ruptive accident. In general, the libraries performed well in the calculations, giving kcff
values near 1.0 and in some cases reproducing well the measured spectral parameters.
Thus, the libraries are judged to be suitable for performing the criticality calculations at
rm_dcrately low temperatures. High-temperature applications would require benchmarking
against a high-temperature experiment. For those cases calculated, the 99-group library
gave lower kel f values than did the 39.group libral), (about 0.(R)I t'or GODIVA and the
uranyl nitrate-, and t'luoride-light water solutions and 0.(X)4 to 0.005 ti_r the uranyl tluoridc-
heavy water soluti(ms).

_l,lh, ii, ' ,
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Table 7.13. TRX-1, BAPL-1, and ZEEP-1 Benchmark Results

Calculated % Difference _
or Parameter Value

Parameter Measured' Craig c ANSL-V

BAPL- 1 k-eft 1.0900 .0.02 -0.12 d

DELTA25 e 0.084 j:0.002 0.71 0.36 d

(:t2.4%)

DELTA28 e 0.078:L0.004 -1.67 -3.33 d

(:ts.a%)
RHO28 e 1.39:t0.0i 2.95 3.67 d

(:t0.72%)

CR e f 0.815 ().817g

LCF h 0.873 0.874 g

NFU 0.127 ().126g

TRX- 1 k-eft 1,0()(X) -0.42d -().64 d

DELTA25 e 0.0987 :t0.0() 10 2.03 d 1.11 d

(:t1.o%)
D ELTA28 e 0.0946 +0.(X)41 4.55 a 4.12 d

(,4.3%)

: RHO28 e 1.32():t0.()21 3.41 d 5.61 d

(,1.6%)

CR e 0.797 ±0.(X)8 0.25 d 1.25 't

( ±1.0%)

LCF h ().842g ().843_

N FL i 0.158g 0.157 _

ZEEP- 1 k-eft 1.(XXX)+:().(X)2 0.36 d _().(_)d

' (,0.2%)

DELTA28 e 0.0675 ±().t)014 1.04 d =().892

(,2.71%)

R H O28 f 0.282 d 0.29(}d

: CR e j 0.838_ ().842 _

RCR e 1.260 ±0.005 1.67d 2.12 d

(,0.4%)

LCF h 0.81 ()_ 0.8()9 _

NFL t 0.1(_ 0.1915
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' Table 7.13. (Coat'd)

Calculated % DilTcrence h
or Parameter Value

Parameter Me!.I,,'¢;urt_;da j , Craig <' ANSL-V

"BAPL-1 and TRX-I values are giverl_7::..7Rt,7]L7.i..; ZEEP-1 values are given
in Rot'. 7.2. , '/ ,.

t'Pcrcent difference- ((calcuhited-measured)/measured) x I(X).
"D. S, Craig reported benchmark testing for 14 criticals including the three
benchmarks ot" interest in this study.72

dValuc expressed in percent difference.
"Reaction rate ratio definitions:

DELTA25 - ratio of epithermal-to-thermal U-235 fissions
DELTA28 .. ratio of U-238 fissicms to U-235 fissions

RItO28 ratio of cpithermal-to-thermiil U-238 captures
CR U-238 captureslU-235 fissions

R('R 1U-238 captures/U-235 fissions (in the cell)i/(same ratio in a
/Vlaxwcllian at the temperature of the moderator. (The
caicuhited CR in ii Maxwcllian spectrum iii 20°C is 11,6541.)

'Nc_t rcpc_rtcd.

_"Caiculatcd p;iramctcr.

hl.,('i: is the "leakage cc_ricctic_n factor" which is defined as k-ciT/k-inf.

'NlVl.. is the "net lractic_nal h.:akagc" and is dct'incd ;is (k-inl" - k-elT)/k-int'.
NI:l, is alsii nulllcrically ctjual l{} (i- IA'F}.

'N_}I ,_c,l}_}rtcd(soc R('R irl l{){_tnc}tcc).
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8.0 COMMENTARY

8.1 _Neptunium-239 Dataset

The only available, reasonably complete Np-239 ewdaation was tbund tO bc in the
Japanese Evaluated Nuclear Data Library (JENDL2) --MAT 2932, 3.3 The library is
available in ENDF/B-IV format from RSIC as DLC-122 and is documented in Ref. 3,4.

In reviewing MAT 2932, it was noted that the thermal capture cross section was 37 barns
and was based on very old data given in Ref. 3,14. The more recent evaluation of
Mughabghab (Rcf. 3.13) expresses the cross section as follows:

o,.(E) = 77.0, _ /

where E is the energy in eV and Eo = 0.0253. For the ANSL-V project, the Mat 2932
capture cross section was revised below 4.0 eV per Mughabghab's expression. '1'he u_tal
cross section was modified to he in agreement with the sum c_l'the elastic and the revised
capture cross secti¢m and, finally, the format of the evaluation was cc_nverted tc_ENI)I:/I_-

V. For the purposes of the ANS project, the modified evaluation was designated MAT
2932, Mod. 1.

8.2 First-Order Data ('hecks

Specified reactic_n crc_ss sccticms ti_r selected high-pri¢_rity ANSI.-V 39-gr¢_up materials

were to be ph_tted and, where pc_ssible, ccmlpared with pk)ts _1' appr_priate EN DF/B-V
and/or CSRI.-V pC)intwist data. Specified ph_ts are lisled in Table 8.1.

In identifying GPN data tc_be ph_tted, probable use of materials, h_cation in the reactc_r,

probable neutr_,n energy Sl_cctrum incident <m it, and resulting rcactic_ns with the largest
cross sectk_ns for that material were considered. Energy regions tc_ bc plotted were
selected to overlap at least two ANS broad groups and contain some res_nance structure
_r threshold behavior. An energy region bracketing the thermal value at ().()253 eV was
selected l'c_reach non-thresht_ld reacti¢)n. Future versions c_t'the library sh_uld include
these pie)ts.

8.3 N ITAWL-2

A plan for validating NITAWL--2 should be developed, tests of the module conducted, and
the tests documented, The module only exists in SCALE-4. The module sh_uld be

includc.d in the AMPX package which is distributed by RSIC.

m

8?,

II Iiirw,
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Table 8.1 ANSL-V GPN Data to be Plotted

ANSL-V

GPN ENDF[B Range to be plotted

Nuclide ID No. MF MT Energy Groups Remarks

H-1 I(X)I 3 2 0.003 eV -0.11eV 32-27 Free Gas
I(X) keV - 1.5 MeV

H-1 1801 3 2 0.(X)3 eV - 0,1 eV 32-27 H20 bound 6t_
1(X)keV - 1.5 MeV 7-4 2% K kernel

H-I 2222 3 2 0,(X)3 eV - 0.1 eV 32-27 Ortho
I(X) keV- 1.5 McV

H-1 I I 1i 3 2 0.(X)3 eV -0.1 eV 32-27 Para
I(X) keV - 1.5 MeV 7-4

H,.2 18()2 3 2 0,(X)3 eV - 0.1 eV 32-27 D20 bound (_l)
I(X) keV - 1.5 MeV 7-4 296 K kernel

1-t-2 3333 3 2 ().(X)3cV - 0.1 eV 32-27 Para
I(X) keV- 1.5 MeV 7-4

Ht-3 2(X)3 3 2 ().(X)3eV - (),1 eV 32-27
3 1()3 2 keV - I(X) keV 1()-8

1Ic-4 2(_)4 3 2 0.(X)3 eV - 0, 1 eV 32-27 w/special scat.
90 keV - 4 MeV 8-2 data

B-l() 5()11_ 3 2 ().(X)3cV - ().1 eV 32-27
3 1()7 2 keV - I(X) keV 1()-8

B-11 5011 3 2 0.(X)3 eV - ().1 eV 32-27
1(_) keV - tX)O keV 8-6

Gr_tphitc _'-,g'_ 3 2 ().(X)3eV - ().1 eV 32-27 296 K kc,rr_cl
1() keV - I(X) keV 9-8

c,_.)()keV - 3 MeV 6.3

O-16 8016 3 2 ().(X)3eV - ().1 eV 32-27
9(X} kev - 3 MeV 6-3

Mg 12(_X) 3 2 0.(X)3 eV - 0.1 eV 32-27
17 keV - 4(X)kev 8-7

A1-27 13027 3 2 0.(X)3 eV - 0.1 eV 32-27

550 eV - 1(X) keV 10-8
3 4 900 kev - 6.434 MeV 5-2

3 107 3 MeV - 20 MeV 2-1

Si 14(XX) 3 2 0.(X)3 eV - 0.1 eV 32-27
17 keV - 400 keV 8-7

3 103 3 MeV - 20 MeV 2-1
3 107 3 MeV - 20 MeV 2-2



/L .... kilL,, u, ,_Jha

8,5

Tublc 8.1 (Cont'd)

ANSI,-V

GPN _B Range to be plotted

Nuclide ID Nc_. MF MT Energy Groups l_,cmarks

Cr 24(XX) 3 2 (),(X)3eV - 0.1 eV 32-27 Plot vs CSRL-V
550 eV - 17 k_'V 10-9 I)at_a set 1324

3 4 4(X)kev., 1.4 MeV 6-5

Fc 26(XXt 3 2 0.(X)3 eV - (1,1 eV 32-27 Plot vs CSR.L-V
1(X1eV - I(R)keV 11-8 Data set 1326

. "q '"q /3 102 I(X) eV I(X) keV 11-8 Plot vs CSRL-_,
Data set 1326

3 4 _X) keV - 6.434 MeV 5-2

Zr 4()IX_) 3 2 0,()()3 eV- 0,1 c,V 32-27 Picot vs CSRI/V
I(R) eV - 1()()keV 11-8 Data set 134()

0.1 eV- 1 eV 27-18 Plot vs CSRI,,-V
Data set 134()

U-233 922331 3 18 ().(X)3cV - ().1 cV 32-27 Picot vs CSI_,L-V

().1 eV - 1() eV 27-14 Data set 1393
3 102 ().(_()3 eV - ().1 cV 32-27 Ph_t vs CSI_,I,..V

0,1 eV - 1() eV 27-14 D_ta set 13!)3

U-234 922341 3 102 (),()()3cV - (),1 cV 32-27 Picot vs CSRI.,-V
1 eV - 3() eV 17-13 Data :',el 13c_4

3 2 ().(X)3cV -(), 1 cV 32-27 Ph_l vs CSRI,-V
1 eV - 3() eV 17-13 Data scl 13_J,1

U-235 922351 3 18 0,003 eV -().1 cV 32-27 PIcotvs ('SI_.I,-V
1 eV. 3(1eV 17-13 D_ta set 13%

3 102 1 eV - 3() eV 17, 13 Ph'_tvs ('SI_,I.-V
Data set 13!)5

U-236 922361 3 2 ().()()3eV -(1. I eV 32-27 Ph)t vs (I:SI,',[,-V
Data set 13%

3 1()2 0.()()3 eV - ().l cV 32-27 Ph_t vs CSRI,-V
Darn set 13%

U-238 922381 3 3 ().(X)3eV - ().1 cV 32-27 Ph_t vs CSI_,I.,-.V
10(}keV - 55() cV 11-11 Data sc.t 1398
3 keV -17 kev 9-9

3 102 ().0()3 eV - (1.1cV 32-27
100 keV - 550 eV 11-11
3 keV .. 17 keV 9-9

_-- -_ _ ,,aiu H - i ni iii i --- ,.,,. ,,.| ill l ii _ .mH _,_.Jm,: ...... __ i,inn 1_

,iq_, r, e_,,,,
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8,4 MYDOL Modit'icaticms

A cc_hcrent scattering model should be added to MYDOL t'c_rhydrogen, Although
_:ohercnt scattering is not as inlportant for hydrogen as it is t'_r deuterium, it would
increase the accuracy of the calculated cross sections at lower neutron energies, lt is
assumed that the coherent scattering model for deuterium cc_uld be used ti_r hydrogen,
The task would essentially be to find the static structure factor for hydrogen in the
literature and rnc_dil'ythe code,

The ditTusive scattering model bl,, Egelstaff should be replaced by the more sophisticated
model by Utsuro. 8.1

With the current version of MYDOL, cross sections for deuterium have been improved
slightly but calculated and measured data still disagree at energies around 1 meV, This is
duc tc_the large coherent scattering contribution, This discrepancy sh_uld be addressed
by implementing the conv(_luticm apprc_ximatic_n in MYDOL for the dynamics c_t'liquids
which acc(rants for interm_lccular interferences.

_.5 l_.iquid t tc-4

eNcode tc_generate the scattering kernel l'c_rliquid tlclium based on the mc_del by Dietrich
was initiated by M. W. Waddcll but never cc_rnplcted.

_'.¢_ New (ir,_phitc Thermal Scattering Law Data

lt is m_tcd that RSIC has rec,. ,ly received a pre-release copy c_t"an ENDF/t3 cvaluatic_n _-
l'c_rthermal scaltcring law data I'c)rgraphite, i.e,, a modil'icati_n to MAT 1(_;5, At this

time, there is nc_known use of the data within the Oak R.idgc cc_mmunity, lt is
reccm_mcnded thai an ANSL-V graphite data set be generated with the new cvaluation
and cc_mparcd with ANSL-V data set _'R_66. c

N.7 Ncutrc_n Kerma Factors

Ncutrc_n heating rates in various parts c_t"the ANS facility will, in general, be less than
gamma heating rates, l lc_wcvcr, two components, the cold sc_urcc and the pressure w.'ssel,

',','iii have such high heat lt_ads that small increments in the healing rate may bc important.
Mc_rcovcr, since the heating rate is largely controlled by the fast flux which has a strcmg
spatial variatic_n in the re[lectc_r, int'c_rmaticm regarding the neutron heat l]ux may y
inllucncc the positi_m of the cc_ld source with respect to the reactc_r core, Likewise, heat

clcpc_sitic;n l{_caticm in the ret]cct(_r due t(_ the mt_dcration may influence coc'_ling t'lc_w
patterns,

=

Project m magemcnt has expressed an interest in including neutron kerma factors in the
ANSI..-V _,ibrarics for the t'c_llc_wingnuclides to enable the cft'ects noted above to be
studied: B
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Para..hydmgen (20K)
Ortho-hydrogen (2()K)
Cold (20K) deuterium

Aluminum (20, 150, 3(XI, 6(R), 900, 12(XJK)
Magnesium (20, 150, 3(_)K)
Normal (3(_)K) deuterium
Oxygen (3(XIK)

8.8 Unresolved Resonance Data Processing

Upon ca_mplction of the ANS libraries, a review of the ENDF data files showed that
ENDF/B-V has unresolved resonance data f't_rnatural zirconium, Zr-91, Rh-103, Cd-113,
Sm-149, Np-238, and Cm-245. However, no Bondarenko factors for these nuclides are
included in the ANS libraries. Future w_rk should include the processing of unresolved
resonance parameters for these nuclides,

8.9 Cost

The ANS cr_)ss section libraries pro leer was instigated in June 1986, temporarily halted
from Oct_._ber 1987 to October 198_', restarted in Oct¢_ber 1989, and completed in March
of l_R). Costs pcr fiscal year were $2(),6(_,P,$173,453, and $44,317 for fiscal years 1986,
1987, and 1{_){)respectively.

REFERENCES
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1, t l_uder inl'ormliticm - wiittc:n cm Itle I'mnt of tilt librnry t¢_spccii'y the I_umber of
neutron lind/i,_r gliliilllil 71cii.ii'is, the nuiliber of nuclides, etc,, COrltliiiled in iilt librilry,
(Itccord Type i)

2, Energy strut:lure ii-ll'orrrlution - c¢lntnins the group b¢luildlirles, (Rtc¢_rd 'l'ypt 2,)

3, Nuclide directory trlt'_._l'llliiltoll - 5(1words whicl-i give ii titll_ ['()i' the nuclide Ilh)ng with
other piu'_.illlttel's which specify the killds of inl'ormlition inclt,,,ded l'(ir the riuclide, such
aS ilumbtr t)l' rtcords ill the librury t'()r iilt .nuc',lidc:lirld how much neutrc)n lilld <t,Ilnlrllll

dntu tire given, (Rccclrd Type 3)

4. l_,esonnnce lmramcter dllta, provisions t'_r resolved rcsonnnce pli_'linleic'rs iri lhc single

level Breit-Wigner (SLBW) or multi-level Breit Wigner ('MLBW)'l'cmnilts. Averugc
pnrameters for tin unrcsc_lved cIllculitti_m tony also be included. (Record Type 4)

5. B_ndnrerlko data- four I'tc{_i'd types lire tlscd for this inl'ormltiion:

a. A record which gives the values of oo lind T iii which the t'lict(_rs tire tlibulatcd,
tlhmg with cutoff energies l'¢_rthe Bolldlirenkcl clllculathm, (Root)i'd T)'l_e 5)

b, A direct_i'y I'¢c{_l'dc¢_ntllining int'cirmlition ablaut ttle specific prcicesses l'c)r which
the Bondarenk{_ factor data npplies, such Ils the process, lhc energy groups l'c_r
which dl.ltli art; given, etc. (Record Type 6)

c, A icc()rd Ct)lliaitlirlg inl'inite dilution values t'()r ii prt)ccss (Rtci_id "l'yl_e 7)

d. A record cl>ntninirlg, tile Bondarenk() factors t'(ir ii process (Rech>i'd 'l'ype g)

li. iX rect)rd c_i_lainir._g aver;tge cross secti_ms by process (Rec_id Type, _7)

7. "l'hree rec(_rd tyl)cS tire used to present transt'tr matrices:

ii. A dircctt_ry rcc(ild w't_ich ,'q)ecil'ics the processes, l;)idt:rs i.)[ i.lnis_)trophy, h:ne,tl_s,
i.inits, etc. (Rccl_rd Type 1())

b. A icc_nd t_>spct:il'y tempcrlitures when the matrices fire temperature depcndcrlt.
( 14.ec:l)i'd'l'ypc 1I )

c. A "inagic-w_i'd" rcJcOrd t(_st(_i'e a transl'cr m_ltrix, (Rec_)rd 'l'ypc: 121)

'l'lle structure (_t'the v_iri(it.is i'ec(_rcl types is now discussccl.

l,tev_rd 'l's_I_.'_l__(_tteadcr t;tA_]_I__r_c0

"l'he IleiidtJr rc',c(_idis the first rcc(}rd (iii ii master arid ii w(lrkli]g library iiiTtl always
t:c_riliiills l IE)w()rds:

I, IIYI'APt".., An idl..,_tific:atii_riilt.lllibt.,,i'l'¢_rlhc lit>rllry.
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1. Header information - written on the front of the library to specify the number of
neutron and/or gamma groups, the number of nuclides, etc., contained in the library.
(Record Type 1)

2. Energy structure information - contains the group boundaries. (Record Type 2)

3. Nuclide directory information - 50 words which give a title for the nuclide along with
other parameters which specify the kinds of information included for the nuclide, such
as number of records in the library for the nuclide and how much neutron and gamma
data are given. (Record Type 3)

4. Resonance parameter data - provisions for resolved resonance parameters in the single
levelBreit-Wigner (SLBW) or multi-level Breit Wigner (MLBW) formats. Average
parameters for an unresolved calculation may also be included. (Record Type 4)

5. Bondarenko data - four record types are used for this information:

a. A record which gives the values of oo and T at which the factors are tabulated,
along with cutoff energies for the Bondarenko calculation. (Record Type 5)

b. A directory record containing information about the specific processes for which
the Bondarenko factor data applies, such as the process, the energy groups for
which data are given, etc. (Record Type 6)

c. A record containing infinite dilution values for a process (Record Type 7)

d. A record containing the Bondarenko factors for a process (Record Type 8)

6. A record containing average cross sections by process (Record Type 9)

7. Three record types are used to present transfer matrices:

a. A directory record which specifies the processes, orders of anisotrophy, lengths,
units, etc. (Record Type 10)

b. A record to specify temperatures when the matrices are temperature dependent.
(Record Type 11)

c. A "magic-word" record to store a transfer matrix. (Record Type 12)

The structure of the various record types is now discussed.

Record Type 1 (Header Record)

The header record is the first record on a master and a working library and always
ccmtains 110 words:

1. IDTAPE - An identification number fl_r the library.
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2. NNUC - The number of sets of data on the library.

3. IGM - The number of neutron energy groups on the library.

4. IFTG - The first thermal neutron group on the library, i.e., the first groul_ which
receives an upscatter source.

5. MSN- Zero.

6. IPM - The number of gamma-ray energy groups on the library.

7. I1- Zero.
.,

8, I2 - (0/1 = no/yes) A trigger which specities that this library was produced by
weighting a working library in the XSDRNPM module.

9. I3- Zero.

10. I4- Zero.

11-110. (TITLE(I),I 1,100) - 100 words of text describing the cross-section library.

Record Type 2 (Energy Boundaries)

This record is on both a master and a working library and specifies the energy boundaries
in eV of the neutron groups and/or gamma groups followed by the corresponding lethargy
boundaries. The energy boundaries are arranged in ascending order followed by the

lethargy boundaries in descending order. The "lethargy zero" is taken at 10 MeV. The
structure is:

(EB(I),I = 1,IGP),(UB(I),I = 1,IGP)

where IGP is the number of groups plus one.

Record Type 3 (Cross-Section Set Directory Record)

Each set of data on a master or working library has a 50-word directory record which
specifies certain parameters needed to determine dimensions required to process the data
and to describe the make-up of the set of data. The following table describes this dat_,':
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Word(s) Master library Working library

1-18 18 words of text describing 18 words of text describing the set
the set

19 Identifier of the set Identifier of the set

20 Number of 6-parameter sets Identifier of the set from which this
of resolved resonance data set derived ,

21 Number of energies at which to Zone number in which the nuclide
evaluate unresolved values occurred,

22 Number of 1-D neutron processes Number of zones in problem which
(temperature independent) produced this set

23 Number of 2-D neutron processes Length of Po total scattering matrix
24 Zero ' Order of expansion of total scattering

matrix

25 Number of 1-D,gamma processes Sequence of this set in ali zone-

weighted sets ,,
26 Number of 2-D gamma processes Number of zone-weighted sets for this

nuclide

27 Number of 2-D neutron-to-gamma Maximum length of any Po array in
processes the total transfer matrix

28 (Maximum order of scattering) Number of 1-D neutron processes
*32768 +(total number of
separate 2-D arrays for
this set)

29 A - neutron equivalent mass A - neutron equivalent mass number
number

30 ZA- 1000*Z + A ZA- 1000*Z + A
31 Zero Zero
32 Zero Zero
33 Zero Zero

34 Power per fission in watt- Power per fission in watt-see/fission
see/fission

35 Energy release per capture Energy release per capture in watt-
in watt-see/capture see/capture

36 Maximum length of any 2-D Zero
record in the set

37 Number of sets of Bondarenko Zero
data

38 Number of Oo'Sin Bondarenko Zero
data

39 Number of T's in Bondarenko Zero
data

4(1 Maximum number of groups in Zero
Bond,_renko data

41 Zero Number of 1-D gamma processes
42 Zero Zero
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Word(s) Master library Working library

43 op - potential scattering Zero
cross section

44 Zero ' Zero
45 ENDF MAT for fast neutron data ENDF MAT ibr fast neutron data
46 ENDF MAT for thermal neutron ENDF MAT for thermal neutron data

data

47 ENDF MAT for gamma data ENDF MA"[' t'orgamnaa data
48 ENDF MAT for gamma production ENDF MAT for gamma production data

data

49 Nuclide symbol (Text) Nuclide symbol (Text)
50 Number of records in this set Number of records in this set

Note that the 50-word records are made up of integer, character, and tloating point words.
Words 1 to 18 and 49 are character data. Words 29, 30, 34, 35, and 43 are tqoating point.
Ali other words are integers. For both types of libraries, many parameters may have no
meaningful interpretation for a particular set of data. This is especially true of the
working library; for example, words 20, 21, 22 25, and 26 only have meaning if the working
library has been produced by weighting a previous working library. Zero values will be
used when a parameter is not applicable.

Record Type 4 (Resonance Parameters)

This record is present only when either the number of six-word resonance sets, NRES, or

the number of unresolved energy points, NUNR, is nonzero. Its length is

9 + 6*NRES + NUNR .

Ali values are in floating point.

The first nine words contain parameters used in both the resolved and unresolved
0 resonance calculations:

1. A, the mass ratio tbr the isotope or mixture of isotopes,
2. oi,o, the potential scattering cross section,

3. g, the average statistical factor in the unresolved region:
4. NRES, the number of six-parameter resonance sets,
5. S, a factor used in the Nordheim calculation to determine the range over wlaich

the calculation will be made,

6. <D>, the average level energy spacing for the 0=0 unresolved sequence which
will be calculated,

7. <l_n>, the average unresolved neutron width,

8. <1-'¥>, the average unresolved gamma width,
9. <Pf>, the _average unresolved fission width.
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The next 6*NRES words consist of six-word sets of data used in the Nordtaeim calculation.

1. Zero
2. NBLK, the number of blocks of resolved data
3. Zero
4. Zero ,
5. TREF, the reference temperature at which the infinite dilution arrays on this

library were calculated.
6. Zero

Folllowing these six words are NBLK six-word groups which are used to specify
information concerning blocks of resonance data that apply to, for example, different
isotopes, different energy regions, different kinds of data (s-wave or p-wave resonances),
etc. These are stacked as follows:

1. AWRI, thcmass ratio associated with the block _f data,
2. ABUN, the abundance (atom fraction of isotope in natural element) for the

block of data,
3. NRE, the number of resonances in the block,
4. Q,the value of spin for the resonances in the block,
5. EL, the low-energy cut-off for resonances in the block,
6. EH, the upper energy cut-off for resonances in the block,

After these NBLK groups of six words comes the six-word sets of resonance parameters
arranged as follows:

1. Eo, the resonance energy,
2. 1"n, the neutron width of the resonance,
3. Fv, the gamma width of the resonance,
4. rf, the fission width of the resonance,
5. r, a factor used in the Nordheim treatment for dcterming the range of

calculation,
6. g, the statistical factor for the resonance.

The following chart illustrates the structure just describcd schematically:
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1 2 3 4 5 6

0 NBLK 0 0 T_ t 0

AWRI 1 ABUN 1 NRE 1 Oj ELI EI-.t1

AWRI 2 ABUN 2 NRE2 02 EL,2 Et-t2

AWRINBLK ABUNNBLK NRENBLK ONBLK EL'NBI.K EIINIsI,K

Eo I' n r'y r'f r g

• • • .,

After the resolved resonance parameters, the points at which the unresolved cross section
should be evaluated are specified. There are NUNR of these points arranged low-to-high
in energy:

(EUNR(I), I= 1, NUNR)

Record Type 5 {First Record of Bondarenko Block)

This record is used to specify the oo and temperature values at which all Bondarenko
factors for the nuclide will be presented, lt also specifies the upper and lower energies
for which factors can apply in the case where they do not span ali energy groups. The
number of oo values, NSIGO, is specified in the 38th word in the set directory, and the
39th word specifies the number of temperatures, NT. The record structure is:

(%(I), I=l, NSIGO), (T(I), I=1, NT), ELO, EHI

The oo values can either ascend or descend, while the temperatures are in Kelvin in
ascending order.

Record Typ_g__6(Directory for Bondarenko Data)

This record type is used to specify the proceses which have Bondarenko data in the set.
Its length is six times NBOND, the number of Bondarcnk_ processes, specit'ed in the 37th
word in the set directory. The structure is-

(MT(I), I=1, NBOND),
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(NF(I), I= 1, NBOND),

(NL(I), I= 1, NBOND),
,(ORDER(I), I= 1, NBOND)
(IOFF(I), I=1, NBOND),
(NZ(I), I= 1, NBOND)

The parameters have the following interpretation: MT is the identifier of the process;
e.g., MT=2 is for elastic scattering as in ENDF/B. NF is the number of the first energy
group for which paxameters are given. NL is the last group for which parameters are
given. ORDER is used to specify the order of the scattering matrix in the event it is to

be self-shielded. IOFF is the offset from the "magic-word" in the transfer matrices; e.g.,
tbr elastic scattering, the first word after the magic-word is generally the within-group term
such that IOFF=I would specify the shielding for the within-group terms. (This '
parameter will be clearer in the discussion of AMPX transfer matrices given below.) NZ
is presently unused and has a zero value.

g

Record Type 7 (Infinite Dilution Values for Bondarenko Data)

,:ach process which has Bondarenko data has one of these records which contains the
infinite dilution values tk_rthe process. Its structure is

(o°°(I), I = NF, NL) -

where NF and NL are the first and last groups with data for the process.

Record Type 8 (Bondarenko Factors)

This record is a three-dimensicmal array and contains the Bondarenko tactors for a
process. Its structure is

(((BF(I,J,K),I=I, NSIOO), J=l, NT), K=NF, NL)

Record Type 9 (Temperature-Independent Average Cross Sections)

This record type is used to present average cross sections (sornetimes called one,
dimensional cross sections) on the library.

Its structure is

MT 1, (o1(I), I=l, IGM)
MT 2, (oz(I), I=l, IGM)

MTLAST, (OLAS,I,(I),I=I, IGM)

where the MT's are the process identifiers, and the cross sections, o, are given for ali
groups. (Note that the MT's are given as floating point number.,;.)
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Record Type 10 (Scattering Matrix Directory)

An AMPX master library always provides a directory which identifies the scattering
matrices that are given for a nuclide. The structure is

(MT(I), I=1, N2D),
(L(I), I= 1, N2D),

(NL(I), I=1, N2D),
(NT(I), I=1, N2D),

where N2D is the number of scattering (two-dimensional) processes, MT is the process
identifier, L is the maximum length of any of the scattering matrices for the process, NL is
the order of Legendre fit to the scattering matrix, and NT is a parameter whose definition
depends on the type of data (whether neutron, gamma production, or gamma) given as
follows:

a. For neutron-neutron data, NT is the number of temperatures at which scattering
matrices are given.

b. For gamma production data, NT is zero if the data are in yield units and is unity
if they are in cross-section units.

c. For gamma-gamma data, NT is zero.

Record Type 11 .(Scattering Matrix Tem ep_g_E4Lure£.9._

This record type is only used on a master library and specifies the temperatures (in
eV) of the scattering matrices. It is only used for neutron-neutron data and is given when
NT>0 (see Record Type 10). The temperatures are in ascending order as follows:

(T(I), I=1, NT)

Record Type _2 (Scattering Matrix_)

This record type is used to store scattering matrix data (sometimes called 2-D data).
As will be illustrated, it has provisions for truncating zero and/or impossible elements from
the array. It exists in two forms: (1) a self-de:fining form used for gamma production data
on a master library and for ali scattering matrices on a working library, and (2) a tbrm that
is not self-defining. The only difference is that the self-defining form specifics the length
as the first word, while the other does not; i.e.,

L,(X(I), I-- 1,L)

or

(X(I), I=I,L) .

The structure of the X-array is as follows:
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Magic word for a group,
Terms for scattering to the group,
Magic word tbr the next group,
Terms for scattering to this group,
Etc., etc.

In some cases, a negative or zero magic-word is used to specify the end ot7data in the
record. " '

A "magic-word" is used to define:

a. the sink group number, III,
b. the first group number, J J J, which scatters to this group,
c. the last group number, KKK, which scatters to this group.

The magic-word is then defined as

MW = 100(RRR)*JJJ+ 10(X)*KKK+ III

such that it is composed of three 3-digit integers:

MW ' JJJKKKIII

The scattering terms below a "magic-word" are in reverse ordering (following typical
practice for transport theory programs); i.e., the scattering term for scattering from the last
group is first, etc,:

MW for group III
o(KKK-,III)
o(KKK-I-,III)

o(JJJ-.III)

The scattering matrix record will contain one POmatrix for a process. _=
Consider an elvstic scattering matrix for hydrogen which will be a full triangular matrix

and assume three energy grc)ups. The scattering matrix will look as foll¢;'.vs"

I(X)1001 _-
o(1-.1) [
1()02(X)2

0(2-,2)
o(1-.2)
1(R)30()3

0(3-.3)
0(2--.3)
o(1-.3)

,

Noto that the record is a mixture of integer and floating point terms.
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AMPX Master Library Format

The c}verallstructure of an AMPX master library is given below:

......

R' .{.}rd

Type
i iiii _ ii i iiiii ii i .....

Header Record 1
I II J ......

Nuclide Directory 3
(one record per nuclide)

j m ..........

Neutron Energy Boundaries 2
....... ,, ,,

Gamma Energy Boundaries 2
,,

Records for Nuclide 1

Records for Nuclide 2

Etc.
.

The structure of the records of a nuclide is:

Record

Type
I II III

Nuclide Directory Record 3
_,{-- ,.... , , , ,,d

Bondarenko Data
,, ,,

Resonance Parameter Data 4
T- ......

Temperature-Independent, Group- 9
Averaged Neutron Cross Sections

Scattering Matrix Data for Neutrons

Scattering Matrix Data for Gamma
Production

........ •

Group-Averaged Gamma Cross Sections 9
......

Scattering Matrix Data for Gammas
......

The internal structure for Bondarenko data is:
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Record

, , Type
.... iii ' _ ....

(%(!..)..:I=I,NSIGO),(T(J),J = 1,NT),EL, EH 5.,, .......

Bondarcnko Data Directory 6

(MT(I),I= 1,NB),
(NF(I),I= 1,NB),

(NL(I),I= 1,NB),
(ORDER(I),I= 1,NB),
(IOFF(I),I = 1,NB),
(NZ(1),I= 1,NB)

....

The following records are given in pairs
for ali NB Bondarenko processes.

. ..... . , . , ...... _

Infinite Dilution Values (o°°(I),I=NF, NL) 7

Bondarenko Factors 8

(((BF(I,J,K),I = 1,NSIG0),J = 1,NT),K = NF, NL)

The internal structure of tb z scattering matrix data for neutrons is:

.......

Record

Typei i i i n

Scattering Matrix Directory 10
(MT(I),I= 1,N2D),
(L(I),I= I.,N2D),
(NL(I),I = 1,N2D),
(NT(I),I= 1,N2D)

,..,.,

The following structure is repeated N2D times.
i ....... . .........

Temperature Values (NT>0) (T(I),I= 1,NT) 11..... .

The following rccord is repeated MAX(1,NT)*(NT+ 1) times....

Scattering Matrix (X(I),I= 1,L) 12

The internal structure for gamma production scattering is:
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Record

....... Type

Scattering Matrix Directory 10
(MT(I),I 1,N2D),
(L(I),I = 1,N2D),

' (NL(I),I = 1,N2D),
(NT(I),I= I_N2D)

For eac.h process, I=I,N2D, the l'ollowing record type is
given NL+I times corresponding to the Po, Pl ....PNL
matrices.

Self-Defining Scattering Matrix Length 12
LENGTH < (X(I),I = 1,LENGTH)

The internal structure for gamma-gamma scattering is: .

Record

, Type

Scattering Matrix Directory 10
(MT(I),I = 1,N2D),
(L(I),I= 1,N2D),
(NL(I),I = 1,NZD),
(NT(I),I= 1,NZD)

For each process, I=1,N2D, the following record type is
given NL+1 times corresponding to the Po, P_....PNl,
matrices.

IScattering Matrix (X(I),I=I,L) 12

AMPX Working Lib.rary Format

The overall structure of a working library is given below:
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Record

Type
i i ii ,,,

Header Record 1

Neutron Energy Boundaries 2

(one record per nuclide)

Gamma Energy Boundaries 2....
,, ,,,

Nuclide Directory 3
(one record per nuclide.....

Records for Nuclide 1

Records ibr Nuclide 2

Et,;.

The structure of the records for a nuclide is:

Record

_ Type

Nuclide Directory Record 3
u.

Group-Averaged Neutron Cross Sections 9

Group-Averaged Gamma Cross Sections 9

The Po, P1 .-., PNl.. total scattering matrices are
presented in self-defining records.

L,(X(I),I- 1,L) 12
' :±
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Reaction types in ENDF data are identit'ied by integers -- MT numbers. Within the
AMPX system, the ENDF NIT numbers are used, where possible, to identify the
appropriate cross-section data. Where AMPX processed data are available that arc not

defined by an ENDF MT number, the data are identified by integers outside the range c_t"
the ENDF MT numbers. The following definition of reaction typcs is takcn from
Appendix B of the ENDF manual -- being augmented where necessary to describe
identifiers assigned to AMPX processed data, i.e., the ANSL-V master library data.

The MT number generally refers to a specific neutron-nucleus intrcaction mechanism,
but occasionally it indicates that a particular type of information is given. The general
rules for assignment of MT numbers are as follows:

MT (range) Description of Class of Reactions

1..10t3 Reaction types in which secondary particles of the same type as
the incident particles are emitted

101-.150 Reaction types in which nosecondary partMes of the same type
as the incident particles are cmittcd

151-200 Resonance region information

201-450 Quantities derived from the basic data

451-699 Miscellaneous quantities

700-799 Excitation cross sections for reactions that emit charged ,particles

800-_)9 (not assigned)

I(X.X)-4(X)0 AMPX special identifiers

Within AMPX, different modules can assign the same MT number to a more or less

inclusive set of data pertaining to the implied reaction. Specific MT assignments arc given
in the following table. Situations where different AMPX modules use the same MT
number to identify the more or less inclusive data arc idcntificd below.

107
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MT Description

1 Total cross section (redundant, equal to the sum of ali partial cross
sections)

2 Elastic scattering cross section
3 Nonelastic cross section (redundant, equal to the sum of ali partial

cross sections except elastic scattering)
4 Total inelastic cross section (redundant, equal to the sum of MT =

51, 52, 53,..., 90, 91)
5 (to be assigned)
6 (n, 2n) cross section for first excited state (describes first neutron)
7 (n, 2n) cross section for second excited state (dcscribes first

neutron)
8 (n, 2n) cross section for third excited state (describes first neutron)
9 (n, 2n) cross section for fourth cxcited state (describes first

neutron)
0-15 (to be assigned)

16 direct (n, 2n) cross section [total (n, 2n) cross section is sum of MT
= 6, 7, 8, 9, and 161

17 (n, 3n) cross section
18 Total fission cross section (sum of MT = 19, 20, 21, 38).
19 (n,t') cross section (first chance fission)
20 (n,n'f) cross section (second chance fission)
21 (n,n'f) cross sections (third chance fission)
22 (n, n' _) cross section
23 (n, n'3n) cross section
24 (n, 2n_) cross section
25 (n, 3a=) cross section
26 (n, 2n) isomeric state cross section
27 Absorption cross section (sum of MT = 18 and 101) includes

particle reactions
28 (n, n'p) cross section =

29 (n, n'2e) cross section
30 (n, 2n2_) cross section,
31 Used only in ENDF/B data as an LR flag to indiate that, ,/-emission

is the mode of decay of the residual nucleus formed in the primary
reaction a

32 (n,n'd) crc)ss section
?,3 (n, n't) cross section
34 (n, n'3He)
35 (n, n'd2t_) cross secticm
36 (n, n't2_) cross section
37 (n, 4n) cross section
38 (n, 3nf) cross section (fourth chance fission)

---gThe "primary" reaction could be, for example, an (n,n'), (n,p), (n,_), (n,n'p), etc,
reaction.
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M'_...__ Description

39 Used only in ENDF/B data to indicate that internal conversion is
the mode of decay of the residual nuclcus formed in the primary
reaction a

40 Used only in ENDF/B to indicate that clectron-position pair
formation is the mode of decay of the residual nuclcus formed in
the primary reaction a

41-45 (to be assigned)
46 cross section lhr describing the second neutron from (n, 2n)

reaction for first excited state

47 cross section for describing the second neutron from (n, 2n)
reaction for second excited state

48 cross section for describing the second neutron from (n, 2n)
reaction for third excited state

49 cross section for describing the second neutron from (n, 2n)
reaction for fourth excited State

(Note: MT = 46, 47, 48, and 49 should not be included in the sun1
for the total (n, 2n) cross section.)

50 (to be assigned)
51 (n,n') to the first excited state
52 (n,n,) to the second excited state

00 (n,n') to the 40th excited state
91 (n,n') to the continuum

92-100 (to be assigned)
101 neutron disappearance (sum of ali cross sections in which a neutron

is not in the exit channel), i.e.,

14

MT = 101 is _ (MT = 100 + i)
i,,2

102 (n,_,) radiative capture cross section
103 (n,p) cross section
104 (n,d) cross section

105 (n,t t cross section
1(_ (n," He) cross section
107 (n,a) cross section
108 (n,2a) cross section
109 (n,3a) cross section
110 (to be assigned)

aThe "primary" reaction could be, for example, an (n,n'), (n,p), (n,a), (n,n'p), etc.,
reaction.



110

MI___" Description

111 (n,2p) cross section

112 Cn,pa) cross section
113 (n,t2a) cross section

114 (n,d2a) cross section
115-119 (to be assigned)

120 Target destruction. = nonelastic less total Cn, n'y)
121-150 (to be assigned)

15l General designation for resonance information
152-200 (to be assigned for specific resonance information)
201-202 (to be assigned)

203 Total hydrogen production
204 Total deuterium production

205 Tota_ tritium production
206 ,Total 3He production
207 Total 4He production

208-25() (to be assigned)

251 _L; the average cosine of the scattering angle (laboratory SYStem)
for elastic scattering

252 {, the average logarithmic energy decrement for elastic scattering
253 y, the average of the square of the logarithmic energy decremenl

for elastic scattering, divided by twice the average logarithmic
decrement for elastic scattering

254400 (to be assigned)
301-450 Energy release rate parameters, E * a, tbr total and partial cross

section. Subtract 3CN)fr:ma this number tc) obtain the specific
reaction type identification. For example, MT = 302 = (300 + 2)
denotes elastic scattering

451 Heading or title information (given only in File 1)
452 u--,average total (prompt plus delayed) number of neutrons released

per fission event)
453 Radioactive nuclide production
454 Fission product yield data

455 Delayed neutrons from fission
456 Prompt neutrons from fission
457 Radioactive decay data
458 Energy release in fisskm

459-5(X} (to be assigned)
501 Total photon interaction cross section

502 Photon incoherent scattering
5(13 (tc) be assigned)

5(14 Photon incoherent scattering
5(15-514 (to be assigned)

515 Pair production, electron field
516 Pair production, nuclear and electron field (i.e., pair plus triplet

production)
517 Pair production, nuclear t'icld
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M_._T.T Description

518 Photofission (y, 13
519-526 (to be assigned)

527 Sum of ali gamma-ray absorption processes
528-531 (to be assigned)

532 Photoneutron (_,, n)
533 Total photonuclear

534-601 (to be assigned)
602 Photoelectric

603-699 (to be assigned)
700 (n, Po) cross section (cross section for leaving the residual nucleus

in the ground state)
701 (n, Pl) cross section for 1st excited state
702 (n, P2) cross section for 2nd excited state
703 (n, P3) cross section for 3td excited slate
704 (n, P4) cross section for 4th excited state

,

718 (n, Pc) cross section for continuum excited state
719 (n, pc') cross section for continuum specifically not included ii!

total (redundant, used for describing outgoing proton)
720 (n, do) cross section for ground state
721 (n, di) cross section for 1st excited state
722 (n, d2) cross section for 2nal excited state

738 (n, dc) cross section for continuum excited state
739 (n, dc') cross section for continuum specificaly not included in o

total (redundant, used for describing outgoing deuteron)
740 (n, to) cross section for ground state
741 (n, tl) cross section for 1st excited state
742 (n, t2) cross section for 2nd excited state

750 (n, tc) cross section for ccmtinuum excited state
759 (n, tc) cross section for co,atiriuum specifically not ii_cluded in o

total (redundant, used t'or_:describing outgoing tritcm)
760 (n, 3He0) cross section t'_r ground state
761 (n, 3Hel) cross section for 1st excited state

778 (n, 3Hec) cross section for continuum
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M1____ Description

779 (n, 3Hec) cross scction for continuum specifically not included in o
total (redundant, used tbr describing outgoing 3He)

780 (n, ao) cross section for ground state

781 (n, al) cross section for 1st excited state

t

798 (n, ac) cross section for continuum

799 (n, ac) cross section for continuum specifically not included in o'1"
(r'edundant, used to describe outgoing a)

8(X)-099 (to be assigned)
I(_(X)a XSDRNPM-produced transport cross section based on the

outscattcr approximation, i.e.,
Orr= o a +(1-_)os
(Note: oa is MT27; osisNT2.)

I(X}Ia XSDRNPM-produced transpc)rt cross section based cm the inscatter
approximation, i,e.,

f" o (E" -. E)J(E>tE"o 1

, % = o,- .V(E)

1007 Thermal scattering matrix where upscatter is present- can be
coherent and incoherent data

1()18 Chi (X) distribution of neutrons from the t'ission reactit)n. Chi is

represented in ENDF File 5 data as a function ()f neutron energy.
XLACS-2 calculates energy dependent X's by group and weights the
X's over the fission rate (v_ l'_) t() produce a single vect()r.

1099 Group integral of the weight function used to generate this set ()1'
cross sections.

1452 Product of nu times the fission cross section.

15(X)-1501 Same as 10(X)-]()01 except l'()r gamma-ray cr()ss secti()ns.
1527 Gamma-ray energy absorption coefficients. These data are als()

called kerma factors.

3(R_(I+MT These arrays contain the averaged cross section tbr the pr()ccss M'I"
weighted over a "smo()th" weighting I'uncti()n taken tr) be I/E at)(we

5kT and Maxweillian below that; e.g., 3002 is the average elastic
scattering value. Values l'()r "300()" arrays are generally int'initc
diluti(m values. For MT > 1()()(),ids are 3()()() + (MT-l()()())

'-arl'ransp(_rt cr()ss settle)ns are current weighted in XSDI(NPM. Ali other crc)ss
settle)ns arc Ilux weighted.
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Evaluators of ENDF/B-V General Purpose Evaluations

MAT

No Laboratory Author

l-H-1 1301 LANL L. Stewart, R. J. LaBauve, P. O. Young
l-H-2 1302 LANL L. Stewart (LANL), A. Horsely (AWRE)
l-H-3 1169 LANL Ix_0na Stewart

2-He-3 1146 LANL Leona Stewart (LANL)
2-He-4 1270 LANL Nisley, Hale, Young (LANL)
3-Li-6 1303 LANL G. Hale, L. Stewart, P. G. Young
3-Li-7 1272 LANL R.J. LaBauve, L. Stewart, M. Battat

3e-9 1304 LLL ttowerton, Perkins

5-B-10 1305 LANL G. Hale, L. Stewart, P. Young
5-B-1 i 1160 GE-BNL C. Cowan

6-C 13(/6 ORNL C.Y. Fu and F.G. Perey

7-N-14 1275 LANL P. Young, D. Foster, Jr., G. Hale
7-N-15 1307 LANL E. Authur, P. Young, G. H._le
8-O-16 1276 LANL P. Young, D. Foster, Jr., G. Hale
8-O-17 1317 BNL B.A. Magurno
9-F-19 1309 ORNL C.Y. Fu, D. C. Larson, F. G. Percy
11-Na-23 13tl ORNL D.C. Larson

12-Mg 1312 ORNL P.G. Young, D. G. Foster, Jr.
13-AI-27 1313 LANL P.G. Young, D. G. Foster, Jr.
14-Si 1314 ORNL Larson, Perey, Drake, Young
15-P 31 1315 LLL Howcrton
16-S 1347 BNI, Divadeenam
16-S-32 1316 LLI_. Howerton

" 17-C1 1149 GGA M.S. Allen and M. K. Drake

19-K 1150 GGA M.K. Drake

20-Ca 132(/ ORNL C.Y. Fu and F. G. Perey
22-Ti 1322 BUR, ANL, LLL C. Philis, A. Smith, R. Howerton
23-V 1323 ANL, LLL, HEDL S. Smith, H. Howerton, F. Mann
24-Cr 1324 BNL A. Prince and T. W. Burrows

; 25-Mn-55 1325 BNL S.F. Mughabghab
26-Fe 1326 ORNL C.Y. Fu and F. G. Perey
27-Co-59 1327 BNL S. Mughabghab
28-Ni 1328 BNL M. Divadeenam

29-Cu 1329 ORNL, SAI Fu, Drake, Fricke
36-Kr-78 1330 BNL A. Prince
36-Kr-80 1331 BNL A. Prince
36-Kr-82 1332 BNL A. Prince
36-Kr-83 1333 BNL A. Prince

115
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Evaluators of ENDF/B-V General Purpose Evaluations

MAT

No. Laboratory Author

36-Kr-84 1334 BNL A. Prince
36-Kr-86 1336 BNL A. Prince

40-Zr 1340 SAI M. Drake D. Sargis, T. Maung
40-Zr-90 1385 SAI M. Drake D. Sargis, T. Maung
40-Zr-91 1386 SAI M. Drake D. Sargis, T. Maung

40-Zr-92 1387 SAI M. Drake D. Sargis, T. Maung
40-Zr-94 1388 SAI M. Drake D. Sargis, T. Maung
40-Zr-96 1389 SAI M. Drake D. Sargis, T. Maung
41-Nb-93 1189 ANL, I.,LL R. Howerton (I.,LI_,) and A. Smith
42-Mo 1321 LLL, HEDL Howerton, Schmittroth, Schentcr

43-Tc-99 1308 HEDL, BAW Schenter, Livolsi, Schmittroth, Kt al.
45-Rh-103 1310 HEDL, BAW Schenter, Livolsi, Schmittroth, Kt al.

47-Ag-107 1371 HEDL, BNL Schenter, Bhat, Prince, Johnson, Kt al.
47-Ag-109 1373 HEDL, BNL Schentm, Bhat, Prince, Johnson, et al.

48-Cd 1281 BNL S. Pearlstein (Translated tbr U. K.)
48-Cd-113 1318 BNL, HEDL PKarlstKin, Mann, SchcntKr

54-Xe-124 1335 BNL M.R. Bhat and S. F. Mughabghab
54-Xe-126 1339 BNL M.R. Bhat and S. F. Mughabghab
54-Xe-128 1348 BNL M.R. Bhat and S, F. Mughabghab
54-Xe-129 1349 BNL M.R. Bhat and S, F, Mughabghab
54-Xe-130 1350 BNL M.R. Bhat and S. F, Mughabghab
54-Xe-131 1351 BNL M.R. Bhat and S. F. Mughabghab

54-Xe-132 1352 BNL M.R. Bhat and S. F. Mughabghab
54-Xe-134 1354 BNl., M.R. Bhat and S. F. Mughabghab
54-Xe-135 1294 BNW B.R. Leonard, Jr. and tCB. Stewart

54-Xe-136 1356 BNL M.R. Bhat and S. F. Mughabghab
55-Cs-133 1355 HEDL, BNL Schenter, Bhat, Prince, Johnson, ct al.
56.Ba- 138 1353 LLL ttowerton

62-Sm-149 1319 HEDL, BNW Schenter, Leonard, Stewart, ct al.

63-Eu-151 1357 BNL S.F. Mughabghab
63-Eu-152 1292 BNL It. Takahashi

63-Eu-153 1359 BNL S. Mughabghab
63-Eu-154 1293 BNL H. Takahashi

64-Gd-152 1362 BNL B.A. Magurno
(_4-Gd-154 13(N BNL B.A. Magurno

64-Gd-155 1365 BNL B.A. Magurno
64-Gd-156 13(_ BNL B.A. Magurno
(_-Gd-157 1367 BNL B.A. Magurno
64-Gd-158 13(£ BNL B.A. Magurno
(u-l-Gd- 160 1370 BNL B.A. Magurno
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Evaluators of ENDF/B-V General Purpose Evalua{ic, ns

MAT

No. Laboratory Author

66-Dy-164 1031 BNW B.R. Leonard, Jr. and K. B. Stewart
71-Lu-175 1032 BNW B.R. Leonard, Jr. and K. B. Stewart
71-Lu-176 1033 BNW B.R. Leonard, Jr. and K. B. Stewart

72-Hf 1372 SAI M. Drake, D. Sargis, T. Maung
72-Hf174 1374 SAI M. Drake, D. Sargis, T. Maung
72-Hf-176 1376 SAI M. Drake, D. Sargis, T. Maung
72-Hf-177 1377 SAI M, Drake, D, StJrgis, T. Maung
72-Hf-178 1378 SAI M. Drake, D. Sargi_;, T. Maung
72-Hf-179 1383 SAI M. Drake, D. Sargis, T. Maung
72-Hf-180 1384 SM M. Drake, D. Sargis, T, Maung
73-Ta-181 1285 LLL Howerton, Perkins, MacGregor
73-Ta-182 1127 AI J. Otter, C. Dunford, and E. Ottcwiwtte

74-W-182 1128 AI, LANL Otter, Ottewitte, Rose, Young
74-W-183 1129 AI, LANL Otter, Ottewitte, Rose, Young
74-W-184 1130 AI, LANL Otter, Ottewitte, Rose, Young
74-W-186 1131 AI, LANL Ottet, Ottcwittc, Rose, Young
75-Re-185 1083 GE(NMPO) W.B. Henderson and J. W. Zwick
75-Re-187 1(184 GE(NMPO) W.B. Henderson and J. W. Zwick
79-Au-197 1379 BNL S.F. Mughabghab
82-Ph 1382 ORNL C.Y. Fu and F. G. Perey
90-Th-232 1390 BNL Bhat, Smith, Leonard, DcSaussurc, ct al.
91-Pa-233 1391 HEDL, INEl, Mann, Schcntcr, Reich
92-U-233 1393 LANL, ORNL Stewart ct al., Wcston, Mann
92-U-234 1394 BNL, HEDl_, Divadecnam, Mann, Drake, Reich, ct al.

92-U.235 1395 BNL, M.R. Bhat
92..U-236 1396 BNL, ItEDL DNadccnam, Mann, McCmsson, R.cich

92-U-238 1398 ANL E. Pcnningt(m, A. Smith, W. Poenitz
93-Np-237 1337 HEDL, SRL Mann, Benjamin, Smith, Stein, Reich
94-Pu-238 1338 HEDL, Al Mann, Schcnter, Alter, Dunford

94-Pu-239 1399 GE-FBRD E. Kujawski, L. Stewart (I.,ANL)
94-Pu-240 1380 ORNL L.W. Wcston

94-Pu-241 1381 ORNL L, W. Wcston, R. Q. Wright, l I¢_wcrt¢)n

94-Pu-242 1342 ttEDL, SRI.. Mann, Benjamin, Madland, l towcrton
95-Am-241 1361 HEDL, ORNL Mann, Schenter, and Wcston

95-Am-242m 1369 HEDL, SRL, I.,LL Mann, Benjamin, Howcrton, ct al.
95-Am-243 1363 HEDL, SRL, LLI., Mann, Benjamin, l lowcrton, ct al.
96-Cm..243 1343 HEDL, SRL, LLL Mann, Benjamin, Howcrton, ct al.
95'Cm-244 1344 HEDL, SRL, LI_,L Mann, Bcnjamin, l lowcrton, ct al.
96-Cm-245 1345 SRI., Benjamin and McCrosson
96-Cm-246 1346 BNl,,, SRL, I.,LL Kinsey, Benjamin, ttowcrtcm






