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SUMMARY

The Kyoto University Critical Assembly (KUCA) experiments were launched in 2000 at the Kyoto
University Research Reactor Institute (KURRI) with the main objective to establish measurement
techniques of neutronic parameters in subcritical systems and to investigate the accuracy of the neutronic
design of an Accelerator Driven Subcritical Reactor (ADSR). Due to the continuing interest in non-
proliferation issues, new studies are being performed on these assemblies with the purpose to investigate
the feasibility of converting the KUCA cores to the use of low-enriched uranium (LEU) fuel.

The KUCA facility consists of the solid-moderated and -reflected type-A and -B cores, and the water-
moderated and -reflected type-C core. The present document describes the analysis carried out at Argonne
National Laboratory (Argonne) on the KUCA type-A cores. In particular, calculated results of the KUCA
ADSR benchmark assemblies and of the feasibility studies on the conversion of the KUCA dry cores
from highly-enriched uranium (HEU) to LEU are presented.



Analysis of the KUCA Type-A Experiments

% January 31, 2014
CONTENTS
SUMMIUARY .ttt b et a ettt e et b e s bt e bt e bt e st em e et e bt e bt e bt e heeh e es e et e bt e bt e bt e bt ea b et et e benhe bt e bt ent et enten v
ACRONYMS ettt bttt h et et et bt st eb e a e ea b et et e bt s bt e bt e bt e bt em e et e bt sb e ebeeat e st et e beabesbeebeenean Xi
1. INTRODUGCTION ...ttt ettt e b s bbbt at e s et et e b e sb e ebeeaees b et e b e besbeabesbeebeeneensensens 1
2. KUCA BENCHMARK ANALY SIS ..ottt sttt sttt sttt et e st ebensenene 1
2.1 Description of KUCA Benchmark COre...........ccvevuieiiiieiieiiieiicie ettt eesre v s ne e saeesaees 1
2.2 CalCUIALIONS ...ttt ettt sh et et b e e bt besae bttt enten 4
2.2.1  Excess Reactivity and SUDCIIHCALILY .......ccoueerieiiieiieiieieeeeee et 4
2.2.2  Indium Reaction Rate DiStribUtIONS .........coceeeuieriieriieiieieeieeeseee et 5
2.3 MONP MO ..ttt ettt s h e bbbt a et e e st e b s bt eb e b sbeebt et et entens 6
2.4  Approximations, Assumptions and Missing Model..........ccccciriririiriiiieiie e 14
2.5 Calculation RESUILS ........ccueiiiiriiiiiiiece ettt et 15
2.5.1  Excess Reactivity and SUDCIItICALIY ........cc.eeiiiriirieiieeeie e 15
2.5.2  Indium Reaction Rate DiStribUtioNs .........cceerieiiieierienieii et 16
2.53  Source Multiplication FactOr ..........cccoiiiiiiiieiieiieiesee et 20
3. CONVERSION OF THE KUCA CORES FROM HEU TO LEU.......ccciiiiiiiiieieeee e 20
3.1 Use Of LEU U-AlL AIOY FUEL......oooiiiiiiiecie ettt st sttt saee e snaenneas 21
3.1.1  Reactivity CalCulations.........ccevieriieriieieeieeiesierie ettt saesseesseesesnaesseesseenseenseens 24
3.1.2  Flux Spectra CalCulations . .......cccueeieriieiieiieeit ettt ettt eaeete st seeesee e e eeeeneeeneenaeens 25
3.2 USEOFLEU U-TOMO FUEL .....oiiiiiiiiiiiieieiee ettt st 29
3.2.1  ReactiVity CalCulations.........ccceeieriieriieiiieieieereerte ettt e te et ebeeaeseaesteesseessessaessaesseenseensenns 31
3.2.2  Flux Spectra CalCulations.........ccueeuerierierieeieeieseesie et eeeeteseesseeseesesaessaesseenseensesssesseenseens 31
3.3  Feasibility Studies on the Conversion of KUCA Type-A Cores with Different Moderator-to-
Fuel Volume Ratios in the Unit Cell.........cooiiiiiiiiiiieeeee et 34
3.3.1  Approaches Used for the Conversion from HEU to0 LEU .........cccociviinienieiieiecieeeeeeee 38
3.3.2  ReactiVity CalCulations.........cc.eeieriieriieiiieieiiereerie et etee et ebeeaeseaesseesseessessaessnesseesseensenns 39
3.3.3  FIux Spectra CalCUlations.........ccueeveriieiieriieiiiiesieesieeteeseesesseesteeseesessaessaesseesseessesssesseessenns 44
4. CONCLUSIONS ...ttt ettt ettt e b e bbbt bt et et et e st e bt e bt e bt e bt et et et e nae bt saeebesbeebt et eneenee 52
5. REFERENCES ... oottt sttt ettt b e st h e bt bt et et e et et et saeebeebeest et enne e 53

APPENDIX. MCNP INPUT FOR KUCA I-1 WITH SUBCRITICAL ROD CONFIGURATION...........cccocuenenn 54



Analysis of the KUCA Type-A Experiments

January 31, 2014 Vil
FIGURES

Figure 1. No Neutron Shield and No Beam Duct Core (Series-1: Case I-1). .....cccuevivriiiiiiienieiieieeieeeeieee e 2
Figure 2. Neutron Shield and Small Beam Duct (s') Core (Series-1: Case [-2).....ccccceevirviiiierieniieiieieeieieeve e 2
Figure 3. Neutron Shield and Large Beam Duct (s) Core (Series-1: Case -3). c..cccoovverirviiiiirienieiieieeieseee e 3
Figure 4. Neutron Shield and No Beam Duct Core (Series-1: Case [-4)......ccccvvieiieiiriieiieciee e 3
Figure 5. No Neutron Shield, No Beam Duct and No SV Core (Series-1I: Case II-1). ......cceovveviieciincienieieieeieeeeenn 3
Figure 6. No Neutron Shield, No Beam Duct and SV Core (Series-II: Case I1-2). ......ccccvreierienieiieieeieneeeeee e 3
Figure 7. No Neutron Shield, Large Beam Duct (s) and SV Core (Series-1I: Case I1-3)......ccccevieiieiinienieiieieeeeee. 4
Figure 8. No Neutron Shield, Small Beam Duct (s') and SV Core (Series-1I: Case II-4). ......cccovieiieiininiiiieeeeee. 4
Figure 9. Location of the Indium (In) WITe. ........coouiiiiiieiieiee ettt ettt e e eneenneas 6
Figure 10. Sideways View of Fuel ASSEmDBLY “F”.......coiiiiiiiie ettt 7
Figure 11. Sideways View of Fuel Assembly “SV” With VOid. .......ccccoriiiiiiiiiii e 7
Figure 12. Sideways View of Partial Fuel ASSemDBLY “267..........ccccoviiiiieiiiiieriieieeie sttt sreesbe s esseesne e nnees 7
Figure 13. Description of Fuel “F”, Partial Fuel “26” and Fuel “SV”” ASSemblies..........cccccverieriieciieienieiieieeeeeeeeeen 8
Figure 14. Description of Neutron Shield and Beam Duct “D”, “bs” and “DS"™. ......cceccveviirienieriiciecieeeieee e 9
Figure 15. Description of Neutron Shield and Beam Duct “f”, “f5” and “f8". ........cocooeriririininininneceeeeeene 9
Figure 16. Description of Neutron Shield “fp” and “Dp”......cceevieoiiiiieieieieeeee et 10
Figure 17. Description of Neutron Shield “s™ and “S™. ........cccoioeiiierierieteeeeeeetee ettt ee e s eneeeneeens 10
Figure 18. Description of Fuel Assembly at KUCA. ..ottt see e 11
Figure 19. Description of Polyethylene (Aluminum) Reflector at KUCAL. ........ccooiiiiiiiiiiiiet e 11
Figure 20. Description of the Fuel Assembly, Polyethylene Reflector and Control Rod at KUCA. ..........ccccceenenene 12
Figure 21. Description of Control (Safety) Rod at KUCA. ..ot 13
Figure 22. Actual Position of Control (Safety) Rod (Actual Position = Measured Position — 11.4 cm). .................... 13
Figure 23. Adopted Representation of ASSEMDBLY “127.......ocuiiiiiiiiieieeee ettt 14
Figure 24. Indium Wire Location (16-17, J-W)....ccoiiiiiiiieiieie ettt ettt et ete e s aesaaesseessessnessaessaeseensaens 17
Figure 25. Calculated Indium Absorption Rate Distributions (Case I-1 to Case I-4) in MCNP Units: Rate

per One Neutron and One Target Atom X 10726, .......ooovmiimiiiiieeeeeee e 18
Figure 26. Measured Indium Wire Reaction Rate Distributions along the Vertical Direction Shown in

Figures (Case [-1 10 CaSE I-4). ..cuiiiieiiiie ettt sttt et e te st e saeesseenseenseensesnsensaensean 18
Figure 27. Calculated Indium Absorption Rate Distributions (Case II-1 to Case 11-4) in MCNP Units: Rate

per One Neutron and One Target Atom X 1072/6m?>. .........ooiiiviioeeeeeeeeeee e 19
Figure 28. Measured Indium Wire Reaction Rate Distributions along the Vertical Direction Shown in

Figures (Case II-1 t0 Case I1-4). ...o.eiiiiiiiiieeee ettt sttt ettt s esbeenaeas 19
Figure 29. KUCA Configuration Series-I, Case I-1 with Additional Fuel Assemblies Using U-Al LEU Fuel........... 21
Figure 30. KUCA Configuration Series-I, Case I-1 after Adding 56 Fuel Assemblies (KUCA I-1+56). ........ccceeu.ee. 22
Figure 31. Configuration Series-I, Case I-2 after Adding 56 Fuel Assemblies (KUCA 1-2456).......ccccevevinieneennnnns 23
Figure 32. KUCA Configuration Series-I, Case I-3 after Adding 56 Fuel Assemblies (KUCA I-3+56). ......c..ceen.e. 23

Figure 33.

KUCA Configuration Series-1, Case 1-4 after Adding 56 Fuel Assemblies (KUCA I-1+56). ................... 24



Analysis of the KUCA Type-A Experiments

viii January 31, 2014
Figure 34. Flux Spectra at the Positions A and B of KUCA 1-1+56 with U-Al LEU Fuel..........cocoocniininnnnnne. 25
Figure 35. Flux Spectra at the Position B of KUCA I-1 HEU and KUCA 1-1+56 with U-Al LEU Fuel. ................... 26
Figure 36. Flux Spectra at the Positions A and B of KUCA 1-2+56 with U-Al LEU Fuel.........ccccocooninnininnnene. 26
Figure 37 Flux Spectra at the Position B of KUCA 1-2 HEU and KUCA 1-2+56 with U-Al LEU Fuel. .................... 27
Figure 38. Flux Spectra at the Positions A and B of KUCA 1-3+56 with U-Al LEU Fuel.........ccccocoovninininninnnene. 27
Figure 39. Flux Spectra at the Position B of KUCA I-3 HEU and KUCA 1-3+56 with U-Al LEU Fuel. ................... 28
Figure 40. Flux Spectra at the Positions A and B of KUCA 1-4+56 with U-Al LEU Fuel..........ccccooviiiiiiininiiene 28
Figure 41. Flux Spectra at the Position B of KUCA I-4 HEU and KUCA 1-4+56 with U-Al LEU Fuel. ................... 29
Figure 42. Sideways View of Fuel Assembly “F” Using LEU U-10Mo Plates without Al Clad. ..........cccccoenernnne. 31
Figure 43. Sideways View of Fuel Assembly “F” Using LEU U-10Mo Plates with Al Clad. .........cceceiieiinennnenne. 31
Figure 44. Flux Spectra at Positions A and B of KUCA I-1 with LEU U-10Mo and No Cladding. ...........ccccceeueneenee. 32
Figure 45. Flux Spectra at Positions A and B of KUCA I-1 with LEU U-10Mo and Al Cladding. ..........cccccenuennenee. 33
Figure 46. Flux Spectra at Position B of HEU and LEU KUCA I-1 Configurations. ..........c.ccecevvereneneneneeneeieneennen 33
Figure 47. Layouts of the Investigated KUCA COTES. ......cceriririririiieiiieiesesesesie ettt 34
Figure 48. Cross Sectional View of KUCA Fuel Assembly A3/8”P36EU - (Vi/Ve=591 ciooiiiiiiiieieeeee 35
Figure 49. Cross Sectional View of KUCA Fuel Assembly B2/8”P48EU - (Vi/Vi=3.89 oooriiieiieieeeeeeeeee 35
Figure 50. Cross Sectional View of KUCA Fuel Assembly B1/8”P80EU - (V/Vi=1.94 ... 35
Figure 51. Cross Sectional View of KUCA Fuel Assembly B1/8”P60EU-EU - (Vi/Vi=0.97 ..coiiiiiiiiiiieieee 36
Figure 52. Cross Sectional View of KUCA Fuel Assembly B1/8”P48EU-EU-EU - (V,/Vi=0.65 ....ccovvriiiiiiiaee 36
Figure 53. KUCA A3/8’P36EU: Detail of Reflector Layout Kept the Same for all Configurations.............cc.cc..e.... 38
Figure 54. HEU and U-10M0 LEU fU@l PIAte........eouiiuiiiiiiiiiie ittt 39
Figure 55. Alternative LEU Fuel Loading for KUCA B1/8”’P60EU-EU and B1/8’’P48EU-EU-EU......................... 41
Figure 56. Flux Spectra Comparison for the KUCA HEU Configurations. ............cecceoverienieneneneneneneeieienee e 45
Figure 57. Flux Spectra Comparison for the KUCA LEU Configurations with the Same H-to-U235 Atom

Ratios in the Fuel Unit Cell of the Corresponding HEU Configurations............coceeeevveerinreenenneenenenes 45
Figure 58. Flux Spectra Comparison for the KUCA A3/8’P36EU Configuration in the HEU and LEU

Cases with the Same H-to-U235 Atom Ratios (H/US = 316.45) in the Fuel Unit Cell. ...........ccccvnrnenn. 46
Figure 59. Flux Spectra Comparison for the KUCA B2/8°’P48EU Configuration in the HEU and LEU

Cases with the Same H-to-U235 Atom Ratios (H/US = 206.96) in the Fuel Unit Cell. ...........c.cccvvenneene. 46
Figure 60. Flux Spectra Comparison for the KUCA B1/8”’P80EU Configuration in the HEU and LEU

Cases with the Same H-to-U235 Atom Ratios (H/U5 = 103.48) in the Fuel Unit Cell. ...........c.cccvvennennn. 47
Figure 61. Flux Spectra Comparison for the KUCA B1/8”’P60EU-EU Configuration in the HEU and LEU

Cases with the Same H-to-U235 Atom Ratios (H/US = 51.74) in the Fuel Unit Cell. ............ccoevveerrennenn. 47
Figure 62. Flux Spectra Comparison for the KUCA B1/8”’P48EU-EU-EU Configuration in the HEU and

LEU Cases with the Same H-to-U235 Atom Ratios (H/U5 = 34.49) in the Fuel Unit Cell....................... 48
Figure 63. Flux Spectra Comparison for the KUCA A3/8’’P36EU Configuration in the HEU Case and the

LEU Cases with Different Thicknesses of the U-10Mo FoOil. .........ccocooeiiiiiiininniniceceeceen 49
Figure 64. Flux Spectra Comparison for the KUCA B1/8”’PS8OEU Configuration in the HEU Case and the

LEU Cases with Different Thicknesses of the U-10Mo0 FOil. .........ccoooviiiiiiiiiiiiiieeeeeeee e 49



Analysis of the KUCA Type-A Experiments
January 31, 2014 iX

Figure 65. Flux Spectra Comparison for the LEU KUCA A3/8’P36EU Configuration With and Without
Aluminum Edge Around the U-10MO FOIlS. .......ccieviiiiiiieiieiicieeie ettt seae s 50

Figure 66. Flux Spectra Comparison for the LEU KUCA B1/8”’P80EU Configuration With and Without
Aluminum Edge Around the U-10MO0 FOIlS. .......ccieiieiieieiieieieee ettt 50

Figure 67. Flux Spectra Comparison for the KUCA B1/8”’P60EU-EU Configuration with HEU and LEU
L0adings OF SAME Kefr « wouveeveeiieiiieiieetiest ettt ettt ettt et e e e ettt esae e s et e et enteenteeneeeneesneenean 51



Analysis of the KUCA Type-A Experiments

X January 31, 2014
TABLES

Table 1. Control Rod Position for the CritiCal States. ..........cecuerueririririiie et 5
Table 2. Calculated and Measured Reactivity Values [PCIM]. ....c.cccverieriiiriiiiieienieiieieeieseeseesieesesaessnesseesseesseenseens 15
Table 3. Impact of Nuclear Data on Calculated Reactivity Values [pcm] for the KUCA I-1 Excess

Reactivity ROA CONfIGUIALION. .....occviiiiiieieieriieit ettt st sttt be e seeesseesseesseenseensesssenseensees 16
Table 4. Calculated Source Multiplication Factors and Eigenvalues. ...........ccoccvevierienieniinieieceeecee e 20
Table 5. Calculated Reactivity [pcm] for the LEU U-Al Configurations. ............cceeveriereerieriiesieseeneeeeesveseeeseeeeeens 24
Table 6. Number Densities [at/(barn x cm)] of High Enriched (93%) U-Al, Low Enriched (19.75%) U-Al

and U-10Mo Fuel and ATuminum ClIad. ..........cooiiiiiiiiiiiieetee ettt 30
Table 7. Calculated and Measured Reactivity (pcm, using ENDF/B-VIL.0 Data). ........cccccooieiiiiiiiiinieieceeeeeee 31
Table 8. Calculated (Experimental) Multiplication Factor Values of HEU and U-10Mo LEU KUCA

CONTIZUIALIONS. ..ttt ettt ettt st e bt e bt et e at e st e e sb e et e em bt eateebeeebeenbe e beembeemeesaeesbeesueenseanteans 40
Table 9. Calculated Multiplication Factor Values of U-10Mo LEU KUCA Configurations. ..........ccccecceveveneeieneenne. 42
Table 10. Calculated Multiplication Factor Values of HEU and LEU KUCA Cores in Reactivity Excess and

Subcritical ROA CONfIGUIALION. ......cccviiiieiieiiieiieieeie ettt sttt et se e e esseessesssesseesseessesssenens 43
Table 11. Calculated Multiplication Factor Values of the Alternative Loadings of LEU KUCA Cores with

Low H/US in Excess Reactivity and Subcritical Rod Configuration. ............cocceeeeeeeienienenenencnicnenene 43
Table 12. Location of Assemblies for Flux Spectra Determination in the KUCA Cores. .......c.ccceverenenenencneennenne. 44

Table 13. Calculated Multiplication Factor Values for KUCA B1/8”P60EU-EU in the Subcritical Rod
L0701V Fo 1 110 4 PSSRSO 51



Analysis of the KUCA Type-A Experiments
January 31, 2014

ACRONYMS
ADSR Accelerator Driven Subcritical Reactor
DOE U. S. Department of Energy
GTRI Global Threat Reduction Initiative
HEU Highly-enriched Uranium

KUCA Kyoto University Critical Assembly
KURRI Kyoto University Research Reactor Institute
LEU Low-enriched Uranium

MCNP Monte Carlo N-Particle






Analysis of the KUCA Type-A Experiments
January 31, 2014 1

PRELIMINARY ANALYSIS OF THE KUCA DRY CORE
EXPERIMENTS

1. INTRODUCTION

The US Department of Energy (DOE) Global Threat Reduction Initiative (GTRI) research reactor
conversion program is part of the global non-proliferation effort to minimize and, to the extent possible,
eliminate the use of highly-enriched uranium (HEU) in civil nuclear applications by working to convert
research reactors to the use of low-enriched uranium (LEU) fuel throughout the world.

In this frame, the Kyoto University Research Reactor Institute (KURRI) and Argonne National
Laboratory (Argonne) established a collaboration to explore the feasibility of converting the Kyoto
University Critical Assembly (KUCA) from HEU to LEU.

A series of KUCA experiments was started in 2000 at KURRI with the main objective to establish
measurement techniques for neutronics parameters in subcritical systems and to investigate the accuracy
of the neutronics designs of an Accelerator Driven Subcritical Reactor (ADSR). The ADSR was primarily
conceived for producing energy by transmutation of minor actinides and long-lived fission products and
has attracted worldwide attention in recent years because of its safety characteristics and potential for
burning plutonium and nuclear waste.

To evaluate the techniques and the ADSR concept, a benchmark was developed and reported by
KURRI [1] describing the analysis of several KUCA configurations.

Due to the global interest in non-proliferation issues, new studies are being performed on these
configurations with the purpose to investigate the feasibility of converting the KUCA cores to the use of
LEU fuel.

The KUCA consists of the solid-moderated and -reflected type-A and -B cores, and of the water-
moderated and -reflected type-C core. The present document describes results of the analyses carried out
at Argonne on the KUCA type-A cores. In these assemblies, the core is reflected by polyethylene and the
fuel region is obtained by stacking highly enriched (93%) uranium-aluminum (U-Al) alloy and
polyethylene plates. With the use of an external pulsed neutron generator, 14 MeV neutrons produced by
D-T (deuterium — tritium) reactions are injected into the subcritical core through the polyethylene
reflector.

The Argonne analyses of the KUCA benchmark (benchmark specifications, requested calculations,
obtained results and comparison with the measurements) are presented in Section 2 along with a detailed
description of the MCNP5 model that was developed for the simulation. Section 3 presents the feasibility
studies on the conversion of the KUCA dry assemblies to the use of LEU, using both U-Al alloy and
U-10Mo fuel plates. Conclusions are summarized in Section 4.

2. KUCA BENCHMARK ANALYSIS

KUCA benchmark configurations were developed and reported for the analysis of the solid-
moderated and -reflected type-A KUCA cores [1]. After a brief overview of the benchmark specifications
and a detailed description of the adopted calculation model, results of the calculations are presented in
this section for reactivity’s, indium reaction rate distributions and source multiplication factors.

2.1 Description of KUCA Benchmark Core

The type-A benchmark configurations for which calculations have been performed are shown in
Figures 1 through 8.
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The KUCA cores under study are reflected by polyethylene and the fuel region is obtained by the
stacking plates made of 93% enriched U-Al alloy and polyethylene. The desired level of subcriticality is
obtained systematically by insertion of control or safety rods, or both.

A pulsed neutron generator is combined with the A-core for the purpose of injecting 14 MeV pulsed
neutrons into the subcritical system through the polyethylene reflector. In some configurations, a neutron
shield and a beam duct are installed in the reflector region for directing the high-energy neutrons
generated in the tritium target (located outside the polyethylene reflector) to the fuel region. The deuteron
beam is accelerated up to 160 keV in beam energy, 4.5 mA in beam current with a 10 ps in pulse width

and a 500 Hz pulse repetition rate. At a lower beam

peak intensity of about 0.5 mA and a pulse width of

up to 100 ps, and the repetition rate can be varied from a few Hz to 30 kHz, providing up to 1x10° n/s.

Activation foils are located in relevant matrix positions, including (15, K) and at the tritium target
(refer to Figures 1 through 8 for assembly locations) for neutron spectrum measurements. The activation

foils are 45 mm X 45 mm with a thickness varying
cover a range of activation energy values as wide as

between 3 and 5 mm. Foil materials are selected to
possible for the 14 MeV neutrons. The experimental

results of the reaction rates of all irradiated activation foils are obtained by measuring the total counts of
the peak energy of y-rays emitted from specific isotopes produced by neutron capture and normalized by

the counts of another irradiated foil at the location of

the tritium target.

In the present calculations, only the foils contained in the 5 cm x 5 c¢cm void region of the fuel
assembly “SV” (see Section 2.3 for details) have been modeled. In the absence of specific information, no

foils have been modeled at the location of the tritium

target.
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2.2 Calculations

The calculations performed for the KUCA benchmarks are essentially for reactivity values and
indium reaction rate distributions at selected positions. Details of these calculations are presented in this

section.

221

Excess Reactivity and Subcriticality

In the KUCA cores the critical state is maintained by adjusting the positions of the control rods, and
the subcritical state is obtained by insertion of the control or safety rods, or both. For eigenvalue
calculations, it is necessary to consider the effect of the activation foils set in the void region of the “SV”
assemblies shown in Figures 6, 7 and 8.

Reactivity calculations were performed with three different control rod configurations:

1. All control and safety rods are fully withdrawn (axial rod position at Z=120 cm; refer to Section
2.3 for details on control and safety rods). In this document, this case is referred as the “excess
reactivity” control rod configuration.

2. All safety rods are completely withdrawn and control rods C1, C2 and C3 are fully inserted (axial
rod position at Z=11.4 cm; refer to Section 2.3 for details on control and safety rods). In this
document, this case is referred as the “subcritical” control rod configuration.
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3. All safety rods are completely withdrawn and the control rods are at the measured critical
position as indicated in Table 1 for each configuration.

Table 1. Control Rod Position for the Critical States.

Configuration C1 (mm) C2 (mm) C3 (mm) S4-S6 (mm)
KUCA I-1 UL ® UL. 524.34 UL.
KUCA I-2 U.L. U.L. 548.21 U.L.
KUCA -3 U.L. U.L. 745.54 U.L.
KUCA 14 U.L. U.L. 525.52 U.L.
KUCA II-1 U.L. U.L. 635.94 U.L.
KUCA 1I-2 637.48 U.L. U.L. U.L.
KUCA 1I-3 U.L. U.L. 742.48 U.L.
KUCA 1I-4 U.L. U.L. 553.24 U.L.

&) U.L.: Upper Limit (1200 mm)

222 Indium Reaction Rate Distributions

Reaction rate distributions were calculated along the indium (In) wire (1.5-mm diameter and 60-cm
long) that is set at the axial (vertical) position (between 16,J-W and 17,J-W) shown in Figures 1 through 8
(see details in Figure 9). The experimental results of the In wire are obtained by measuring total counts of
the peak energy of y-rays emitted from '"In(n,n')'"*"In reactions and normalized by the counts of another
irradiated In foil (20 x 20 x 1 mm?®) set at the location of the tritium target.
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Figure 9. Location of the Indium (In) Wire.

2.3 MCNP Model

Calculations were performed using MCNP Version 5 with ENDF/B-VII.O cross sections, plus several
comparison calculations using other cross section sets. Models were developed to accurately represent
each component of the fuel, control rods, safety rods and reactor structures.

The materials used in the KUCA cores are in the form of rectangular parallelepipeds, nominally 2-in.
square. with thicknesses ranging between 1/16 in. and 2 in. The upper and lower parts of the fuel
assemblies are polyethylene reflector layers more than 50-cm long, as shown in Figures 10 through 13.
The reference fuel assemblies are formed of 2-in. x 2-in. square unit cells having one 93% enriched U-Al
plate, 1/16-in. thick, and two polyethylene plates of 1/8-in. thick and 1/4-in. thick (see Figures 10 through
12). Multiple unit cells are placed together to form the core region of each assembly. In the absence of
details on the axial locations, the Ni, Al, Fe and In foils used for spectrum measurements have been
placed exactly at the center of the void region of the “SV” assembly (see Figure 11). The functional
height of the core is approximately 40 cm. The MCNP model was developed by explicitly describing all
single U-Al and polyethylene plates.

The tritium target is not located at the center of the core. To compensate for this, a neutron shield and
beam duct is installed in the polyethylene radial reflector region. The main purpose of installing the
neutron shield and the beam duct is to direct the largest possible number of high-energy neutrons
generated in the target region to the center of the core. For shielding the high-energy and thermal
neutrons, the neutron shield consists of several materials inserted into the core, as shown in Figures 14
through 17: the iron (Fe) is for shielding the high-energy neutrons generated in the target region by
inelastic scattering reactions and the polyethylene containing 10 wt% boron is for shielding the thermal
neutrons, moderated by scattering reactions in the reflector region. The beam duct for directing the
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collimated high-energy neutrons to the core region by streaming effect is constructed as shown in Figures

13, 14, 15 and 17.
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All fuel and reflector/shield rods are inserted in aluminum tubes as shown in Figures 18 and 19.
These tubes are generally separated by 1-mm gap. However, referring to Figures 1 through 8, the gap
separating assemblies 7-8, 13-14, 16-17, and 22-23 along the vertical direction and the gap separating
assemblies F-G, I-J, and P-Q along the horizontal direction, is increased to 3 mm. These details are shown
in Figure 20.
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595 cm i ! sheath
| E Internal void
- o |
tri, 513em i)
Fuel (36 cells) 152 4 cm v < 543 » o
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Figure 18. Description of Fuel Assembly at KUCA.
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Figure 19. Description of Polyethylene (Aluminum) Reflector at KUCA.
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Figure 20. Description of the Fuel Assembly, Polyethylene Reflector and Control Rod at KUCA.

According to the benchmark specifications, the control and safety rods are modeled as shown in
Figure 21. Figure 22 gives a schematic representation for the specification of the control rod position. It is
noted that the zero point of the measured rod position is the upper surface of the Al on the shock absorber
that is 11.4 cm above the fuel assembly base.
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2.4 Approximations, Assumptions and Missing Model

The compositions for the In wire and for the Fe parts of the assemblies f, fs, fs' and fp are missing in
the benchmark report [1]. In the present calculations, these compositions are assumed to be the same as
the In and Fe foils, respectively.

Compositions for the Ni foil are also missing. In the present calculations, this foil is assumed to be of
pure Ni (atom density: 9.14401E-02 at/barn-cm).

Apparently, from the benchmark specifications, all fuel and reflector assemblies (including the
assemblies with the neutron shield and beam duct, such as assemblies SV, bs', fs' and s') are inserted into
the aluminum tubes. By doing so, the beam duct would be obstructed by the 5-mm thick aluminum sheets
that form the tube. It must be determined if any window is open in these aluminum sheets (sides of tubes)
so that the beam duct would have a 5 cm x 5 cm opening without any obstruction along the entire
sequence of assemblies (15,U) to (15,K), and the model would be refined accordingly.

More details are needed to clarify exactly how the foils are arranged in the axial direction of the void
region of assemblies “SV.” Information is needed particularly on those foils at the target location that
have not been modeled in the present calculations.

Since no information was provided on the assemblies containing fission chambers and UIC detectors
(see Figures 1 through 8) these assemblies are assumed to be completely voided. On the other hand,
assembly “N”, that is apparently associated with a “neutron source” (see legends of Figures 1 through 8),
has been simply replaced by polyethylene reflector. The assumptions made for the assemblies mentioned
above should have zero or negligible impact on the calculated results.

The representation of the partial fuel assemblies can be based on the example of Assembly “26” given
in the benchmark specifications as shown in Figure 12. However, for partial fuel assemblies with a
number of fuel cells other than 26, it is not clear if one has to preserve the number of Al cells or the length
of the polyethylene blocks above and below the fuel region. In the present calculations, the length of the
polyethylene blocks was preserved. See for instance Figure 23 for the assumed representation of
Assembly “12”.
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\ e
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" 12" PS4+ 18" Pes
1" Al plate Aleell * "
+12"px2 (A8 AR VR P+1/4""F)
Pphues
R flactor 669162 em Fuel 13,167 6em Reflector 71 3262em
{lovwoer) Junit cell 12 tdmes) {Lpperh

Figure 23. Adopted Representation of Assembly “12”.
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2.5 Calculation Results

This section presents the results of the present calculations for reactivity values and indium reaction
rate distributions. Additional calculations were carried out for the analysis of the source multiplication
factor, k,, of the KUCA cores.

2.5.1 Excess Reactivity and Subcriticality

The reactivity values obtained for each configuration and for the rod positions described in Section
2.2.1 are presented in Table 2 together with the experimental results.

Table 2. Calculated and Measured Reactivity Values [pcm].

Configuration Rod Configuration Experiment MCNP5*
Excess Reactivity +295 + 21 746 + 8
KUCA I-1 Subcriticality -904 + 63 -371+8
Critical 0+ 446+ 8
Excess Reactivity +293 +21 695+ 6
KUCAI-2 Subcriticality -925 £ 65 -415+6
Critical 0+ 422+6
Excess Reactivity +20+ 1 445+ 6
KUCA I3 Subcriticality -1171 + 82 -616+6
Critical 0+ 396+ 6
Excess Reactivity +296 + 21 746 £ 6
KUCA -4 Subcriticality -907 + 63 -368+6
Critical 0=+ 441+6
Excess Reactivity 143+ 10 776 £ 6
KUCA II-1 Subcriticality -793 £ 56 42+ 6
Critical 0+ 641+6
Excess Reactivity 246 + 17 856 £ 6
KUCA 1I-2 Subcriticality -677 £ 47 -18+6
Critical 0+ 595+6
Excess Reactivity 37+£3 564+ 6
KUCA 1I-3 Subcriticality -893 £ 63 -343+£6
Critical 0+ 507+6
Excess Reactivity 232+ 16 934+ 6
KUCA 11-4 Subcriticality =702 + 49 48+ 6
Critical 0=+ 714+ 6
*Calculated with ENDF/B-VII.0 data.

There is a consistent discrepancy of approximately 400 - 500 pcm between the calculated and
experimental results for all KUCA configurations from Series I and of approximately 500 - 700 pcm for
all KUCA configurations from Series II. It is however important to emphasize the fact that the foils
located in the void region of the fuel assemblies “SV” of the KUCA configurations II-2, II-3 and 1I-4
have a reactivity effect of about 800 pcm.
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In an attempt to investigate the observed discrepancies in the reactivity values, calculations were also
performed with different data libraries. As shown in Table 3, for the KUCA I-1 “excess reactivity”
configuration (all control and safety rods fully withdrawn) the use of JEF3.1 and ENDF/B-VI.6 data lead
to about the same results obtained with the ENDF/B-VII.O library. Only with ENDF/B-VI.0 data is the
obtained reactivity value about 200 pcm smaller than with the other libraries, reducing the discrepancy
with the measured value to about 300 pcm. From these results it is concluded that the use of different
nuclear data libraries would not have a significant impact on the discrepancies observed in Table 2
between the calculated and experimental results.

Note that ENDF/B-VIIL.0 data were used for all subsequent calculation results discussed in this report.

Table 3. Impact of Nuclear Data on Calculated Reactivity Values [pcm] for the KUCA
I-1 Excess Reactivity Rod Configuration.

Cross Section Set Experiment MCNPS
ENDF\B-VIIL.O 746 + 8
ENDF\B-VI.6 766 + 5

+295+21
ENDF\B-VI.0 589+6
JEF3.1 799 + 6

252 Indium Reaction Rate Distributions

According to the benchmark specifications, indium reaction rate distributions were calculated along
the indium wire located at the core midplane between columns 16-17 from rows J-W with a (d,t) source
at the tritium target location. Figure 24 shows the exact locations between columns 16 and 17 where the
reaction rates were obtained.

The reaction rate distributions were calculated for the “subcritical” control rod configuration (all
control rods Cl, C2 and C3 fully inserted and the safety rods completely withdrawn). For the
configuration KUCA 1I-4 the source calculation was not possible, since even full insertion of control rods
C1, C2 and C3 does not bring the calculated reactivity to a negative value (subcritical state).

For the calculation of the indium reaction rate distributions, the (d,t) neutron source was represented
in the MCNP model as a 14 MeV neutron source that was uniformly distributed inside a cylinder of 2.25
cm radius and 0.30 cm height, at the location of the tritium target shown in the layouts of the KUCA
configurations.

For both the Series I and II configurations, the calculated indium reaction rate distributions show a
similar trend with respect to the measured ones, particularly in the fuel zone (see Figures 25 through 28).
In the reflector/shield region the calculations show a depression in the distributions that in some cases is
not seen in the measurements and that requires further investigations.
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2.5.3  Source Multiplication Factor

The source multiplication factor, kg, is commonly introduced in source driven systems to quantify the
capability of the subcritical core to multiply the external source neutrons, dependent on the efficiency of
the source itself. The source multiplication factor is defined as:

‘- Fd, _ Fb,
* AD,-P,,, Fd +S

n

where F is the multiplication factor, A is the loss factor (absorption plus leakage), P, ,, is the neutron
production by (n,2n) reactions, S is the external source and @y is the “source driven” flux solution of the
inhomogeneous equation:

AD, =FD  +S+P,,,.

The source multiplication factor is not to be confused with ks (the multiplication factor) which is the
eigenvalue of the homogeneous (source-free) equation:

AD, =— Fo,

eff

Table 4 shows the source multiplication factors and eigenvalues obtained for all Series I and II
KUCA configurations. The amplitude of the calculated indium rate distributions is proportional to the k;
values of the different KUCA configurations; i.e., larger ks values lead to rate distributions with larger
amplitude.

Table 4. Calculated Source Multiplication Factors and Eigenvalues.

Configuration Kegr ks
KUCA I-1 0.99630 0.83314
KUCA 1-2 0.99587 0.84010
KUCA I-3 0.99388 0.86137
KUCA 14 0.99633 0.77988
KUCA 1I-1 0.99958 0.93974
KUCA 1I-2 0.99982 0.97684
KUCA 1I-3 0.99658 0.90560
KUCA 1I-4 - -

3. CONVERSION OF THE KUCA CORES FROM HEU TO LEU

This section describes the studies that were performed at Argonne to evaluate the feasibility of
converting the KUCA assemblies to the use of LEU, using either U-Al alloy or U-10Mo fuel. Results
presented in this section were partly included in Ref. 2.

The application of the U-Al alloy LEU fuel was modeled for the conversion of the KUCA I-1 to 1-4
configurations that are described in the benchmark report. Conversion studies with U-10Mo fuel were
initially performed for the KUCA I-1 configuration and then for other KUCA assemblies characterized by
a large range of moderator-to-fuel volume ratios or hydrogen-to-U235 atom ratios in the core.
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In addition to a comparison of the reactivity values, the conversion from HEU to LEU was
investigated through the analysis of flux spectra in relevant locations.

3.1 Use of LEU U-Al Alloy Fuel

Calculations were initially performed for the conversion of the KUCA I-1 configuration from HEU to
LEU. For this purpose, a few fuel assemblies were added to the core region as shown in Figure 29 and the
uranium enrichment of the U-Al alloy plates was reduced from 93% to 19.75%, which is typically used as
reference value for LEU in experimental facilities.
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Figure 29. KUCA Configuration Series-1, Case I-1 with Additional Fuel Assemblies Using U-Al LEU
Fuel.

The calculated multiplication factor for this LEU configuration is as low as 0.63097 with a typical
U-Al density (see Table 6). It was found that for the same configuration, the uranium enrichment would
need to be increased to 50% to obtain a multiplication factor of 0.92280. From the results it is obvious
that the conversion of the KUCA I-1 configuration from high- to low-enriched uranium using U-Al alloy
fuel would be possible only by increasing the thickness of the uranium fuel plates or by adding fuel
assemblies to the core boundary or both. A series of calculations was performed to evaluate these options.
No assumption was made on the constraints related to the availability of the needed materials.
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As first step, the thickness of the U-Al plates in the fuel assemblies was increased from 1/16 in. to
3/16 in. This increase in thickness was achieved by replacing the 1/8-in. thick polyethylene plate of the
fuel unit cell (see Figure 10) by a U-Al plate of the same thickness. The LEU U-Al fuel plates retain the
same material properties as the HEU U-Al alloy, only the enrichment is reduced from 93% to 19.75%.

Calculations were performed for all KUCA series I configurations and to obtain reasonable K
values, 56 LEU fuel assemblies were added as shown in Figures 30 through 33. To ensure adequate
reflection, a number of polyethylene assemblies were also added. These configurations will be referred as
KUCA I-1+56, KUCA 1-2+56, KUCA I-3+56 and KUCA [-4+56.
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Figure 30. KUCA Configuration Series-I, Case I-1 after Adding 56 Fuel Assemblies (KUCA I-1+56).
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Figure 31. Configuration Series-I, Case [-2 after Adding 56 Fuel Assemblies (KUCA [-2+56).

8§ 9 10 1L 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Fuel Fe + Polyethylens

Polyethylene reflector Void x 3 + Fe + Polyethylene

Control rod

|

H

®

® Safety rod
®

L ]

t

Folyethylene + Boron

Void % 3 + Polyethylene + Boron

B N e

G
1 Neution soutce
1 Void % 3 + Polyethylene
Tritinm target
I
K Deulcron beam line
L
M @ Fission chamber
o]
@ UIC detector
P
Q Alominum
R
T Void sheath
u
Z w D Alnminum sheath

—
0-
2765

-

-

e
P
g 48
2
R

8.295

8.395 - - =—

8495
30615
36.145
47405
52935
58465
63.995

Figure 32. KUCA Configuration Series-1, Case I-3 after Adding 56 Fuel Assemblies (KUCA 1-3+56).
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Figure 33. KUCA Configuration Series-1, Case [-4 after Adding 56 Fuel Assemblies (KUCA I-1+56).

3.1.1 Reactivity Calculations

For the KUCA cores presented in Figures 30 to 33, the calculated reactivity values for both the
“excess reactivity” (control rods and safety rods completely out) and “subcritical” (control rods fully

inserted, safety rods completely withdrawn) rod configurations are presented in Table 5.

Table 5. Calculated Reactivity [pcm] for the LEU U-Al Configurations.

Configuration Rod configuration MCNP5
Excess Reactivity 678+ 6
KUCA I-1+56 —
Subcriticality -2857+6
Excess Reactivity 636+5
KUCA I-2+56 —
Subcriticality -2891+6
Excess Reactivity 351+5
KUCA I-3+56 —
Subcriticality -3134+6
Excess Reactivity 663 £ 6
KUCA 1-4+56 —
Subcriticality -2870+ 6
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3.1.2  Flux Spectra Calculations

For the same configurations with U-Al LEU fuel described in Table 5, flux spectra were calculated at
selected positions. Specifically, flux spectra were determined in 53 energy groups at position A,
(X,Y)=(8.395 cm,-2.6 cm), along the indium wire (see Section 2.2.2 for details) and at position B, in the
fuel plate of assembly (14,K) that is closest to the core midplane.

Calculations were performed in the subcritical control rod configuration. As shown in Figures 34
through 41, the flux energy distributions in the core region show two peaks, one at high energy around 2
MeV and the other at lower energies around 0.1 eV.

Figures 35, 37, 39 and 41 show the comparison of the flux spectra calculated in the same position B
for the high- and low-enriched uranium configurations. It is observed that using low enriched uranium the
peak at high energy decreases. This spectrum change is caused by the change in H/U ratio in the core and
it is not due to the use of LEU fuel. Generally, the use of LEU results in hardening the neutron spectrum
due to increased absorption by U238.
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Figure 34. Flux Spectra at the Positions A and B of KUCA I-1+56 with U-Al LEU Fuel.
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Figure 35. Flux Spectra at the Position B of KUCA I-1 HEU and KUCA 1-1+56 with U-Al LEU Fuel.
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Figure 36. Flux Spectra at the Positions A and B of KUCA [-2+56 with U-Al LEU Fuel.
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Figure 37 Flux Spectra at the Position B of KUCA 1-2 HEU and KUCA [-2+56 with U-Al LEU Fuel.
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Figure 38. Flux Spectra at the Positions A and B of KUCA [-3+56 with U-Al LEU Fuel.
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Figure 39. Flux Spectra at the Position B of KUCA I-3 HEU and KUCA 1-3+56 with U-Al LEU Fuel.

0.1

0.09

0.08

Normalized Spectrum
© ©9 9 9 9o o ©
o o o o o o o
= N w N a1 [e2) ~

o

—KUCA I-4 + 56 Low Enriched Spectrum A
——KUCA I-4 + 56 Low Enriched Spectrum B ]:
| 1
r F
“ R .au:r —F
oW L]
m m m m m m m m m m m m m m
L - - - - - - - - T - T - - -
N = o © @ ~ o)) a1 N w N [l o g

Energy [MeV]

co+3'1T
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Figure 41. Flux Spectra at the Position B of KUCA [-4 HEU and KUCA 1-4+56 with U-Al LEU Fuel.

3.2 Use of LEU U-10Mo Fuel

From the previous section it is concluded that reducing the uranium enrichment of the U-Al alloy fuel
plates from 93% to 19.75% gives reasonable values for the multiplication factor only by increasing the
thickness of the fuel plates and the number of fuel assemblies. Obviously, use of high density fuel
materials such as U-10Mo LEU fuel can reduce the required fuel plate inventory and critical core volume,
but can also significantly change the core spectrum and other core characteristics.

Table 6 shows the number densities of U-Al and U-10Mo fuel with 19.75% uranium enrichment in
both cases. For comparison, the HEU (93% enrichment) U-Al fuel compositions are also presented in
Table 6. For the LEU fuel, it can be seen that the U-235 number density is ~20 times larger in the case of
the U-10Mo plates.

Use of U-10Mo fuel plates was investigated for the KUCA I-1 configuration. As a first attempt , a
calculation was performed by just replacing the 93% enriched U-Al plate by a 19.75% enriched U-10Mo
plate. The thickness of fuel and polyethylene plates remains as shown in Figure 10.
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Table 6. Number Densities [at/(barn x cm)] of High Enriched (93%) U-Al, Low Enriched (19.75%) U-Al
and U-10Mo Fuel and Aluminum Clad.

HEU U-Al LEU U-Al LEU U-10Mo Aluminum Clad
U235 1.50694E-03 U235 3.19061E-04 U234 1.02479E-04 Al27 6.02626E-2
U238 1.08560E-04 U238 1.29644E-03 U235 7.75124E-03 B10 5.98593E-7
Al27 5.56436E-02 Al27 5.56436E-02 U236 1.79769E-04 B11 2.40941E-6
SUM 5.72591E-02 SUM 5.72591E-02 U238 3.08187E-02

Mo92 1.58542E-03
Mo94 9.88218E-04
Mo95 1.70080E-03
Mo96 1.78200E-03
Mo97 1.02027E-03
Mo98 2.57791E-03
Mo100 1.02881E-03

SUM 4.95356E-02

As expected, the calculated reactivity value with the “subcritical” rod configuration (all safety rods
completely withdrawn and control rods C1, C2 and C3 fully inserted) increased from -371 £ 8 pcm (high-
enriched U-Al case) to 12341 + 7 pcm (low-enriched U-10Mo case) indicating that the use of nominal
density U-10Mo plates would keep the LEU core subcritical only by significantly reducing the thickness
of the fuel plates or the number of fuel assemblies. Given these options, the thickness of the U-10Mo
plates was reduced so that the U-235 mass in the fuel plate remains the same as the U-Al HEU plate.
Since the XY dimensions of the plate are the same in both HEU and LEU assemblies, the thickness is
changed according to the ratio of the U235 densities in the HEU and LEU configurations:

density _HEU _ickness HEU = L00%4E=03 4 1587 2 0.0309¢m

density LEU 7.75124E - 03

thickness LEU =

Two separate approaches were used for the arrangement of the U-10Mo foils.

For the first approach, no cladding is used for the U-10Mo foils. In order to preserve the total
extension (i.e. 1.0973 cm) of the fuel unit cell, the thickness of the first polyethylene plate in the unit cell
was increased from 0.3086 cm to 0.4364 cm as shown in Figure 42.

The option to add Al clad to the U-10Mo foils was then considered in a separate approach (see Table
6 for the compositions of the aluminum clad used for the present studies; this composition is
representative of the Al used for other U-10Mo LEU foils and contains a concentration of 20 ppm boron).
In this case, the thickness of the U-10Mo plates is always fixed so that the U-235 mass in the fuel plate
remains the same of the U-Al HEU core. However, with respect to the previous approach the thickness of
the cladding plates is determined so that the thickness of the polyethylene plates also remains the same as
in the U-Al HEU core (see Figure 43).
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3.2.1

For both LEU U-10Mo KUCA I-1 configurations discussed above, calculations were performed in
both “excess reactivity” and “subcritical” rod configurations. Calculated reactivity values are presented in
Table 7. For comparison, the reactivity of the HEU core is also given in Table 7. It is observed that by
preserving the U235 mass, the LEU U-10Mo configuration gives smaller reactivity values due to the
increased H/U volume ratio. Additionally, the use of Al clad has a negative reactivity effect of about 4000
pem.

Reactivity Calculations

Table 7. Calculated and Measured Reactivity (pcm, using ENDF/B-VII.0 Data).

. . LEU U-10Mo Plate — | LEU U-10Mo Plate —
Configuration | Rod Configuration No Clad With Clad HEU U-AlI Plate
Excess Reactivity 98+ 6 -3629+6 746 £ 8
KUCA I-1
Subcritical -792+6 -4782+6 3718
3.2.2  Flux Spectra Calculations

Flux spectra were determined in 53 energy groups for the KUCA I-1 configurations using LEU
U-10Mo fuel with and without Al clad. Calculations were performed with the “subcritical” control rod
configuration characterized by the safety rods completely withdrawn and the control rods C1, C2 and C3
fully inserted.



Analysis of the KUCA Type-A Experiments
32 January 31, 2014

Particularly, flux spectra were determined at position A, (X,Y)=(8.395 cm; -2.6 cm), along the indium
wire (see Section 2.2.2 for details) and in position B, in the fuel plate of the assembly (14,K) that is
closest to the core midplane. Results are presented in Figures 44 and 45 for the two cases without and
with Al cladding, respectively. Similar to the previous KUCA configurations that have already been
analyzed, flux energy distributions in the core region show two peaks, one at high energy around 2 MeV
and the other at lower energies around 0.1 eV. In both cases, with or without Al clad, the flux spectra in
position B show enhanced peaks at 2 MeV and 0.1 eV and a decreased distribution in the range 3 - 300
eV with respect to the neutron spectrum at position A.

Figure 46 shows the comparison of the flux spectra calculated in position B in the HEU and in the
three LEU configurations, using U-Al plates (with 56 additional fuel assemblies) and U-10Mo plates with
and without cladding. It is observed that the configuration using LEU U-Al fuel shows a smaller peak at 2
MeV but an enhanced distribution in the range 3 - 300 eV with respect to the other configurations. On the
other hand, the LEU configuration using U-10Mo plates and Al cladding shows a smaller peak at 0.1 eV.
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Figure 44. Flux Spectra at Positions A and B of KUCA I-1 with LEU U-10Mo and No Cladding.
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Figure 45. Flux Spectra at Positions A and B of KUCA I-1 with LEU U-10Mo and Al Cladding.
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Figure 46. Flux Spectra at Position B of HEU and LEU KUCA I-1 Configurations.
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3.3 Feasibility Studies on the Conversion of KUCA Type-A Cores
with Different Moderator-to-Fuel Volume Ratios in the Unit Cell

As requested by the KURRI experimentalist team, feasibility studies were performed for five “type-
A” KUCA cores designated A3/8’P36EU, B2/8’P48EU, B1/8’PSOEU, B1/8’P60EU-EU and
B1/8”’P48EU-EU-EU, which are characterized by different moderator-to-fuel volume ratios (V,,/Vs) and
different H-to-U235 atom ratios (H/US5) in the fuel unit cell. In these designators, the fractional value
(e.g., 1/8”) specifies the thickness of the polyethylene in the unit cell; the “P” value indicates the number
of times the unit cell is repeated in the core region of the assembly (e.g., P80); and the number of times
“EU” is repeated indicates the number of uranium plates in the unit cell. Results of this section were
partly included in Ref. 3.

Summary descriptions of the cores of the proposed configurations were provided by KURRI. The
received documentation contained pictures of the core layouts (core only, without surrounding
polyethylene reflector) and fuel assemblies.

Figure 47 shows the core layouts, while Figures 48 through 52 show the cross-sectional views of the
fuel assemblies and unit cells. From the first to the last configuration the V,/V; ratio (and consequently
the H/US atom ratio) decreases by a factor of about 10.
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Figure 47. Layouts of the Investigated KUCA cores.
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Figure 49. Cross Sectional View of KUCA Fuel Assembly B2/8”P48EU - (V,/V;=3.89
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Figure 50. Cross Sectional View of KUCA Fuel Assembly B1/8”P80EU - (V./Vi=1.94
H/US =103.48).
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Figure 51. Cross Sectional View of KUCA Fuel Assembly B1/8”P60EU-EU - (V,/V¢=0.97

H/US = 51.74).
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Figure 52. Cross Sectional View of KUCA Fuel Assembly B1/8”P48EU-EU-EU - (V,/V¢= 0.65

H/US = 34.49).

In the absence of additional details, a number of assumptions had to be made in order to perform
calculations of the proposed configurations. Specifically, the following assumptions were made:

1. As mentioned above, information on the external boundary of the polyethylene reflector
surrounding the core of all proposed configurations was not provided. Thus, the reflector
boundary was kept as in the KUCA I-1 configuration of the benchmark report (see Figure 53 for
the case of the KUCA A3/8’P36EU configuration). By doing so, some KUCA configurations
have more polyethylene reflector assemblies than others (i.e. the reflector dimension is not
consistent among the configurations analyzed).

2. The compositions of all materials employed (1/16’” EU plates, 1/2°°, 1/4’> and 1/8”’ polyethylene
plates, polyethylene blocks, control and safety rods, aluminum tubes) were also taken from the
KUCA benchmark specifications. It is noted that in the benchmark specifications, the
compositions of the 1/16”” EU plates have no impurities (see Table 6).
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3. The three control rods and the three safety rods were also modeled according to the benchmark
specifications. Additionally, in the absence of any indication of the control rod position,
calculations were performed for the two states that were considered in the benchmark report, i.e.
the “excess reactivity” rod configuration with all control and safety rods completely withdrawn
and the “subcritical” rod configuration with all safety rods completely withdrawn and control
rods C1, C2 and C3 fully inserted.

4. The documentation provided by KURRI for the KUCA A3/8°P36EU, B2/8’P48EU,
B1/8’’P8OEU, B1/8’P60EU-EU and B1/8’’P48EU-EU-EU configurations include a table with
the experimental reactivity values. Since no indication was found, it is assumed that those
reactivity values were obtained in the “excess reactivity” rod configuration.

5. The gaps between the assemblies for flux wire arrangements were also kept as described in the
KUCA benchmark report. Additionally, the indium wire located at the core midplane between the
assemblies (16,17-J,W) was kept in the present KUCA configurations as well.

Certainly, the changes that the actual configurations would imply for reflector boundary, material
compositions, assembly gaps, etc., can be considered of negligible interest for the scope of the present
studies on the feasibility of the conversion of the KUCA cores from high- to low-enriched uranium.
However, for a better comparison of experimental and calculated k. values, the following additional
information would be needed:

1. Exact position of control and safety rods for the determination of the measured k. values;
2. Detailed description of non uniform gaps for flux wires;
3. Impurities of the HEU plates.

Then, for the feasibility studies on the conversion of the proposed KUCA cores from HEU to LEU it
would be advisable to know if there are any constraints on the LEU fuel to be used (fuel type, dimension
of the plates, material inventory, etc.). For the present analysis, the LEU KUCA cores were loaded with
U-10Mo foils (see Section 3.3.1. for more details).

The feasibility studies on the conversion of the proposed KUCA cores from HEU to LEU included
analysis of the flux spectra. In this case it was not known if there are any specifications or preferences by
the KUCA team on the exact position where flux spectra should be tallied and which group structure is to
be used. For the present work, flux spectra were obtained in 53 energy groups and in the positions
described in Section 3.3.3.



Analysis of the KUCA Type-A Experiments

38 January 31, 2014
Y
A ooy 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26
G
H
1
b}
K
L
M
o]
P
Q
R
T
u
W
I i
e AEEE IO T
Nﬁﬁﬁ:ﬁ Z a4 g ﬁggg: HoR B
-+ =+ +
»
X

M ® Safety rod P Desteron beam line || Aluminum sheatn
. FPolyethylene teflecior ® Neulron soatce @ Fission chambet

@ Contiel rod @ Titiom target @ UIC detector

Figure 53. KUCA A3/8’P36EU: Detail of Reflector Layout Kept the Same for all Configurations.

3.3.1 Approaches Used for the Conversion from HEU to LEU

For the conversion of the proposed KUCA cores from HEU to LEU, each 1/16-in. HEU plate was
replaced with a single LEU foil of U-10Mo clad by aluminum on both sides (see Case A in Figure 54).
All polyethylene plates remain exactly the same as the HEU configuration. In a more sophisticated
approach, one may also consider having an aluminum edge all around the LEU foil in order to prevent
cracking (see Case B in Figure 54). Concerning the dimensions, it seems there are no constraints officially
imposed by the fabricators, however it was assumed that the thickness of both the U-10Mo foil and Al
clad cannot be less than 10 mils. Less well defined are the recommendations on the width of the
aluminum edge that was fixed to a minimum of 100 mils for the present study. The compositions that
were used for the U-10Mo foils and aluminum clad are the same as those given in Table 6.
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Figure 54. HEU and U-10Mo LEU fuel plate.

3.3.2 Reactivity Calculations

The arrangements of both cases A and B were considered. All control and safety rods were assumed
to be fully withdrawn (“excess reactivity” rod configuration).

The goal of the study was to determine the dimensions of the U-10Mo foils necessary to keep the
same reactivity as the corresponding HEU configuration. For this purpose, the reactivity of the LEU
configurations was first determined with conditions of maximum fuel loading, i.e., the thickness of the Al
clad is reduced to the minimum allowed (10 mils), and consequently the thickness of the U-10Mo foils is
fixed to the maximum value of 42.5 mils, so that the total extension of 1/16 in.” (i.e., 62.5 mils) of the
HEU fuel plate being replaced is preserved. Calculations were performed with no aluminum edge
(condition of maximum loading in Case A described above) and with an aluminum edge of 100 mils
(condition of maximum loading in the Case B described above). The results obtained using MCNP5 and
ENDF/B-VII.O data are presented in Table 8 for each configuration. For comparison, the reactivity values
(both calculated and measured) of the corresponding HEU configurations are also presented in Table 8.

It can be seen that for the KUCA A3/8°’P36EU and B2/8’’P48EU max-loading configurations with
and without the aluminum edge, the multiplication factor (k.r) values obtained in the LEU case are larger
than the ks values obtained in the HEU cases, as would be desirable. An excess reactivity, in fact, would
allow one to reduce the thickness of the U-10Mo foils in order to get the same k.r as the HEU
configuration and eventually would also leave the option to adjust the dimensions of the U-10Mo foil for
the purpose of improving other neutronic features, such as the neutron spectra, etc.
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Table 8. Calculated (Experimental) Multiplication Factor Values of HEU and U-10Mo LEU KUCA

Configurations.

Plate Dimensions (mils);

K.s: Calculation

Configuration Loading Type V.V, HIUS hxporiment,
HEU T=62.5 Va/Vi=591; 1.00402 = 0.00006

H/US=316.45 (1.0008)
e oing oA s o0
KUCA e 9173 s 20 \T/?{/zszolj e e
T ek D NN33.10 i 2405
o 13;311121 e \T,jl{:jlz (',‘57;3T;A' " /lljos; s .17%0 1.07876 + 0.00007
HEU T=62.5; V,u/Vi=3.89; H/US=206.96 0'997(61?02 10(')())0006
o losding A= 73 HiUS 25017 105199 + 0.00007
KUCA  bamefUSas HEU V.o 2000 HUS 20696 | 094585+ 0.00006
BUSTPASEU  LEUno AlEdger - [fiey = 19 Ty = 2175 Ew =0
ﬁﬁfﬁ,ﬁiﬁ; Bee: 3;?&?286%;}502%‘; 100 1.02899 + 0.00007
e a0k WUS - rross | 099958 000007
HEU T=62.5; V,/V,=1.94; H/US=103.48 0-998(8502 {);))0007
KUCA ;EngZﬁ; dec: \T/an/L{/jj §§6T’§/:U150:§§'5:80 0.99611 £ 0.00007
DU (e S s HEU NoNe to0; BuUs 10348 | 093177000007
o 13;311;21 Bee $j‘{f§§f§;;fs°: Ea =100 0.97932 + 0.00007
HEU T=62.5; V/Vi=0.97; H/US=51.74 ! '000(21902 10(')()’0007
KUCA iﬁfﬁiﬁiﬁ e e f:i;?ﬁ%&?ﬁ{;o 0.99348 + 0.00006
BUSTROOEEED stn?e rllqoa?é Ef HEU \T,En%:sz '0105 ; 11%25 2215}77 4EA‘ -0 0.92730 + 0.00007
;Eg&ﬁg Bee E;f}{;ji%?’}ﬂfsofg'_;mo 0.97635 + 0.00006
HEU T=62.5; V,o/V=0.65; H/U5=34.49 1-001(11‘_‘;5 10;))0007
KUCA ﬁﬁfﬁiﬁi; dec: 3?&?3(";35%;;}150:5@; 0 1.00863 + 0.00005
P Y e US ae EU V=333 s 30" | 092533000006
- U M e 0.98812 + 0.00006

max loading

Vu/Ve=1.18; H/US=12.17
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In Table 8, it can be also noted that the multiplication factor values of the LEU configurations relative
to the values of the corresponding HEU cores decrease sharply with decreasing V,,/V¢ or H/US.

In particular, in the case of no aluminum edge, calculations have been performed for a specific
thickness of the U-10Mo foils that preserves the same H/U5 as the corresponding HEU configuration. It
can be seen that for KUCA A3/8°P36EU (high H/US5) the k.¢ obtained in the LEU case is 4000 pcm less
than the calculated value in the HEU case due to a combination of effects, including harder spectrum,
shielding effects in the U-10Mo foil and absorption in the aluminum clad. Reducing the H/U5 ratio makes
these effects become more and more relevant. For the configuration of lowest H/US, i.e., KUCA
B1/8”’P48EU-EU-EU, the k. obtained in the LEU case is ~8000 pcm less than the calculated value in the
HEU case. For this reason, as it can be seen in Table 8, for the LEU configurations with low H/US (i.e.,
KUCA B1/8’P80EU, B1/8’P60EU-EU and B1/8’P48EU-EU-EU), only the conditions of maximum
loading without the aluminum edge would assure a reactivity value more or less comparable to that of the
corresponding HEU cores.

However, for these configurations different solutions could be envisaged so that the desired kg in the
LEU cases can be achieved with U-10Mo foil dimensions that are smaller than the maximum allowed. As
an example, one may consider adding some fuel assemblies at the core boundary. Or, as in the case of
KUCA B1/8’P60EU-EU and B1/8’’P48EU-EU-EU, adjacent LEU plates could be merged into a single
plate, eliminating the need for some of the Al cladding. As an example, Table 9 shows the k¢ results for
KUCA B1/8°P80EU after the addition of two fuel assemblies and for KUCA B1/8’P60EU-EU and
B1/8°’P48EU-EU-EU after merging the adjacent 1/16-in. LEU plates according to the scheme illustrated
in Figure 55.

LEU - CASE A.2 for
KUCA B1/8*P6OEU-EU

S L)
lLELI [LEU

Tu Ty T T

LEU - CASE A.2 for
KUCA B1/8”’P4SEU-EU-EU

a > - »
o Ty
1LEU ]LEU

Figure 55. Alternative LEU Fuel Loading for KUCA B1/8’P60EU-EU and B1/8”’P4SEU-EU-EU.

In the studies discussed so far on the conversion feasibility of the five selected KUCA configurations
from HEU to LEU, all control and safety rods were assumed to be fully withdrawn (“excess reactivity”
rod configuration). Calculations have been also performed for the “subcritical” control rod configuration
(control rods fully inserted and safety rods completely withdrawn), in order to investigate any change of
the control rod worth between the HEU and LEU cases.
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Table 9. Calculated Multiplication Factor Values of U-10Mo LEU KUCA Configurations.

Configuration Loading Type K.s: Calculation
KUCA LEU no Al Edge, 2 assemblies added: max loading 1.01129 £+ 0.00007
B1/8”’P80EU LEU with 100 mils Al Edge, 2 assemblies added: max loading 0.99579 + 0.00007
KUCA LEU no Al Edge, merging 2 LEU plates in 1: max loading 1.01020 + 0.00006
B1/8”’P60EU-EU LEU with 100 mils Al Edge, merging 2 LEU plates in 1: max 0.99159 + 0.00006

loading

KUCA LEU no Al Edge, merging 3 LEU plates in 2: max loading 1.02424 + 0.00006
B1/8°’P4SEU-EU-EU {;Egin‘glth 100 mils Al Edge merging 3 LEU plates in 2: max 1.00221 + 0.00006

The fourth column of Table 10 shows the results that were obtained for the “excess reactivity” rod
configuration for the HEU cores and the LEU cores where the thickness of the U-10Mo foils was
optimized to give a ki comparable to that of the corresponding HEU cases.

For both HEU and LEU configurations, the fifth column of Table 10 shows the multiplication factor
values obtained in the “subcritical” control rod configuration. Finally, the sixth column of Table 10,
obtained from the difference of the multiplication factor values in the “excess reactivity”” and “subcritical”
rod configurations, gives for each KUCA core an indication of the reactivity change resulting from the
insertion of the three control rods used in KUCA.

It can be seen that the control rod worth in the LEU cores is smaller than that obtained in the
corresponding HEU cores. This result was expected due to the harder spectrum of the LEU configurations
with respect to the HEU configurations. However, in Table 10 it can be also noted that this difference in
the reactivity worths between the HEU and LEU cases increases remarkably when going to configurations
with low moderator-to-fuel volume ratios. For instance, for the A3/8’’P36EU configuration the difference
in the reactivity worth between the HEU and LEU cores is ~100 and ~200 pcm without and with the use
of the aluminum edge in the LEU case, respectively. On the contrary, for the P1/8’P48EU-EU-EU
configuration the difference in the reactivity worth between the HEU and LEU cores is ~600 and ~500
pcm without and with the use of the aluminum edge in the LEU case, respectively.

Similarly, Table 11 compares the ke values of “excess reactivity” and “subcritical” control rod
configurations obtained for the alternative loadings of the LEU configurations with low H/US (i.e.,
KUCA B1/8”’P80OEU, B1/8’’P60EU-EU and B1/8’’P48EU-EU-EU) that were presented in Table 9.
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Table 10. Calculated Multiplication Factor Values of HEU and LEU KUCA Cores in Reactivity Excess
and Subcritical Rod Configuration.

Plate Di . i1s): R Fi?cc‘essR d Subcritical Rod
Configuration Loading Type ate V:/n\f:l’sﬁl;é gml S Ce(:;lcﬁlgvlll?; ti(())n Conﬁguratiqn AKegr
. K.sr: Calculation
K.s: Calculation
T=62.5: 1.00402 0.98522
HEU V. /Vi=5.91: HUS=31645 £ 0.00006 +0.00006 | 201880
KUCA  [LEUno AlEdge:  [Mipy=16; Ta=2325; En=0 1.00585 0.98821 001764
A3/8”P36EU |~same kras HEU  |[Vo/Ve=23.10 H/US =240.32 + 0.00006 + 0.00006 :
LEU with Al Edge:  [Topy = 22; Tay = 20.25; Ep = 100 1.00640 0.98951 00168
same k.pas HEU  [Vo/V;=20.74: H/US =215.78 + 0.00006 + 0.00006 :
T=62.5: 0.99769 0.98254
HEU V,/V=3.89; H/U5=206.96 + 0.00006 +0.00006 | 201313
KUCA  [LEUno AlEdge:  [Tipy=19; Tar= 21.75; Eq = 0 0.99706 0.98256 001450
B2/8°P4SEU |-same kogas HEU  [V,o/Ve=12.79; H/US = 13235 + 0.00006 + 0.00006 :
LEU with Al Edge:  [Ty1py = 28; Toy = 17.25; E = 100 0.99958 0.98621 001337
same kypas HEU  Vo/Ve=10.71; H/US =110.88 +0.00007 + 0.00006 :
T=62.5; 0.99882 0.97758
HEU V,./V=1.94: H/US=103 48 £ 0.00007 +0.00007 | 002124
KUCA ILEU no Al Edge: Tiey=42.5; Tai=10; Eo =0 0.99611 0.97833 001778
B1/8”’P8OEU fmax loading V. /V;=2.86: H/US =29.58 £ 0.00007 £ 0.00007 :
LEU with Al Edge:  [Typy = 42.5; Ta = 10; Ex = 100 097932 0.96214 01718
max loading V./Ve=3.53; H/US5=36.52 +0.00007 +0.00007 )
T=62.5: 1.00020 0.98268
KUCA HEU V. /V=0.97: H/US=51.74 £ 0.00007 +0.00007 | 201767
1 beopy. LEUn0 AlEdge:  [Tipy =42.5; Ty = 10, En =0 0.99343 0.98052 001296
EU max loading V./Ve=1.43; HU5=14.79 +0.00006 +0.00006
LEU with Al Edge:  [Tipy = 42.5; Ta = 10; Ex = 100 0.97635 0.96323 01312
max loading V/Ve=1.76; H/US=18.26 £ 0.00006 £ 0.00006 :
T=62.5: 1.00114 0.98543
CUCA HEU V,/V=0.65; H/U5=34.49 + 0.00007 +0.00007 | 201571
1 paapy. LEUn0 AlEdge:  [Tipy =42.5; Ty = 10, Ey =0 1.00863 0.99878 0.00085
ros Imax loading Vo /Ve=0.95: H/U5=9.86 + 0.00005 +0.00005
LEU with Al Edge:  [Tupy = 42.5; Ty = 10; Ex = 100 0.98812 0.97768 001044
max loading Vo/Ve=1.18;: H/U5 =12.17 + 0.00006 + 0.00006 :

Table 11. Calculated Multiplication Factor Values of the Alternative Loadings of LEU KUCA Cores with
Low H/US in Excess Reactivity and Subcritical Rod Configuration.

Excess Reactivity Subcritical
Configuration Loading Type Rod Configuration | Rod Configuration AKeg
K.ir: Calculation K.s: Calculation
LEU no Al Edge,
KUCA ) assemblies added: max loading 1.01129 £ 0.00007 | 0.99212 +0.00007 | 0.01917
BIB”PSOEU  LEU with 100 mils Al Edge, 0.99579 +0.00007 | 0.97686+0.00007 | 0.01893
2 assemblies added: max loading
ILEU no Al Edge,
KUCA merging 2 LEU plates in 1: max loading 1.01020 + 0.00006 | 0.99843 +0.00006 | 0.01177
BIBZPEOEU-EU - LEU with 100 mils Al Edge, | 0.99159+0.00006 | 0.97924+0.00006 | 0.01235
merging 2 LEU plates in 1: max loading
ILEU no Al Edge,
KUCA merging 3 LEU plates in 2: max loading 1.02424 +0.00006 | 1.01512 +0.00006 | 0.00912
BI/87PASEU-EU-EUILEU with 100 mils Al Edge, : 1.00221 +0.00006 | 0.99233 +0.00006 | 0.00988
merging 3 LEU plates in 2: max loading
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3.3.3  Flux Spectra Calculations

Flux spectra were obtained in a central assembly (see Table 12 for the exact location of the
assemblies) of the proposed KUCA cores and were determined as average values in a specific region of
the LEU foil (or HEU plate) closest to the core midplane. This region has a square section of 1 cm side
and an axial extension that corresponds to the thickness of the LEU foil (or HEU plate). All flux spectra
were obtained for the “subcritical” control rod configuration (controls rods in / safety rods out) using a 53
energy group structure.

Table 12. Location of Assemblies for Flux Spectra Determination in the KUCA Cores.

Configuration Assembly Location ®
KUCA A3/8’P36EU (K,15)
KUCA B2/8’’P48EU (K,15)
KUCA B1/8”’PS8OEU J,15)
KUCA B1/8’P60EU-EU J,15)
KUCA B1/8’P4SEU-EU-EU J,15)
@ Refer to Figure 53 for a graphical view of the assembly locations.

Figure 56 shows the flux spectra of the five KUCA cores under study with HEU loadings, while
Figure 57 shows the flux spectra of the corresponding LEU cores characterized by the same H/US atom
ratio in the fuel unit cells. Then, for a better comparison the flux spectra obtained in the HEU and LEU
cases with the same H/US5 are presented separately for each configuration in Figures 58 through 62.

It is observed that, as expected, the LEU configurations show a harder flux spectrum than that
obtained in the corresponding HEU configurations. However, reducing the H/US atom ratio in the LEU
fuel unit cell results in a less hard spectrum with respect to the HEU configurations.
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Figure 56. Flux Spectra Comparison for the KUCA HEU Configurations.
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Figure 58. Flux Spectra Comparison for the KUCA A3/8’P36EU Configuration in the HEU and LEU
Cases with the Same H-to-U235 Atom Ratios (H/U5 = 316.45) in the Fuel Unit Cell.
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Figure 59. Flux Spectra Comparison for the KUCA B2/8’’P48EU Configuration in the HEU and LEU
Cases with the Same H-to-U235 Atom Ratios (H/U5 = 206.96) in the Fuel Unit Cell.
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Figure 60. Flux Spectra Comparison for the KUCA B1/8”’P80EU Configuration in the HEU and LEU
Cases with the Same H-to-U235 Atom Ratios (H/U5 = 103.48) in the Fuel Unit Cell.
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Figure 61. Flux Spectra Comparison for the KUCA B1/8’’P60EU-EU Configuration in the HEU and LEU
Cases with the Same H-to-U235 Atom Ratios (H/U5 = 51.74) in the Fuel Unit Cell.
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Figure 62. Flux Spectra Comparison for the KUCA B1/8’’P48EU-EU-EU Configuration in the HEU and
LEU Cases with the Same H-to-U235 Atom Ratios (H/U5 = 34.49) in the Fuel Unit Cell.

Calculations were also performed to analyze the impact on neutron flux spectra due to variations in
the thickness of the U-10Mo foils of the LEU KUCA configurations. For this purpose, flux spectra were
calculated for the A3/8’P36EU and B1/8’P80EU KUCA configurations using U-10Mo foils of three
different thicknesses, specifically 10-, 16- and 22-mils thick for A3/8’’P36EU and 30-, 36- and 42-mils
thick for B1/8’’P8OEU.

Additionally, for the A3/8’’P36EU and B1/8’PSOEU KUCA configurations using U-10Mo foils of
22 mils and 42 mils thickness, the impact on flux spectra due to the use of the 100 mils aluminum edge all
around the LEU foil was also investigated.

As shown in Figures 63 through 66, harder neutron spectra are obtained with thicker U-10Mo foils or
by adding the 100 mils aluminum edge.

Finally, for the KUCA configuration B1/8”P60EU-EU flux spectra were compared between the case
of maximum loading and the case where the two adjacent LEU plates in the fuel unit cell are merged into
a single plate, according to the scheme illustrated in Figure 55. Iterative calculations were first performed
in order to determine the thickness of the resulting LEU foil after merging the adjacent plates that would
preserve more or less the same reactivity as the initial LEU configuration with the condition of maximum
loading. All calculations were performed with the subcritical control rod configuration. As shown in
Table 13, for the B1/8”P60EU-EU configuration more or less the same reactivity value that was obtained
in the condition of maximum loading would be achieved if the two LEU foils are merged into a single foil
with a thickness of 83 mils.

Figure 67 shows that the flux spectra calculated for the LEU B1/8”P60EU-EU configuration with
conditions of maximum loading and in the LEU configuration obtained by merging the two LEU foils
into a single foil with a thickness that preserves the same reactivity are practically the same. In fact, as
shown in Table 13 the change in the LEU loading between the two LEU configurations leaves the
moderator-to-fuel volume ratio and the H-to-U235 atom ratio in the cores practically unchanged.
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Figure 63. Flux Spectra Comparison for the KUCA A3/8’P36EU Configuration in the HEU Case and the
LEU Cases with Different Thicknesses of the U-10Mo Foil.
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Figure 65. Flux Spectra Comparison for the LEU KUCA A3/8”’P36EU Configuration With and Without
Aluminum Edge Around the U-10Mo Foils.
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Figure 66. Flux Spectra Comparison for the LEU KUCA B1/8’P8OEU Configuration With and Without
Aluminum Edge Around the U-10Mo Foils.
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Table 13. Calculated Multiplication Factor Values for KUCA B1/8”P60EU-EU in the Subcritical Rod

Configuration.
Configuration Loading Type Plate Dlmensﬁ‘;& gmlls); Vil Vi3 kg2 Calculation
HEU T=62.5; V/V=0.97; H/U5=51.74 | 0.98268 + 0.00007
LEU no Al Edge: Ty =42.5; Tai=10; Eo =0
KUCA  |max loading Vo/Ve=143; H/IUS = 14.79 0.98052 +0.00006

BI1/8”"P6OEU-EU |1 EU no Al Edge Merging 2 foils into T =83 Ta=21: Eai=0
1: ~same k¢ of LEU, no Al Edge, VLER/ -1 ,46A1H/U5’ :f;. I
max loading m e ’

0.97951 + 0.00006
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4. CONCLUSIONS

The KUCA experiments were designed to establish measurement techniques for neutronic parameters
in subcritical systems and to investigate the accuracy of the neutronic design of an ADSR. Due to the
continuing interest in non-proliferation issues, new studies are being performed at KURRI to investigate
the feasibility of converting the KUCA cores to the use of LEU fuel.

The KUCA cores consist of the solid-moderated and -reflected type-A and -B cores, and of the water-
moderated and -reflected type-C core. The present document describes the results of the analysis carried
out at Argonne on the KUCA type-A cores. In particular, calculated results of the KUCA benchmark
assembly and of the feasibility studies on the conversion of the KUCA dry cores from HEU to LEU are
discussed.

Calculations were performed with MCNPS5 using ENDF/B-VIL.0 nuclear data. The MCNP model was
developed by explicitly describing all single plates, both for the polyethylene and the uranium.

Based on the benchmark specifications, reactivity calculations were performed with three different
control rod configurations. The calculations show a consistent discrepancy between the calculated and
experimental results of about 400 - 500 pcm for all KUCA configurations from Series I and of about 500 -
700 pcm for all KUCA configurations from Series II. It is however important to emphasize the fact that
the foils located in the void region of the fuel assemblies “SV” of the KUCA configurations II-2, II-3 and
1I-4 have a reactivity effect of about 800 pcm. The use of different nuclear data libraries was shown to not
have a significant impact on the discrepancies observed between the calculated and experimental results.

Indium rate distributions were calculated along the indium wire located at the core midplane with a
(d,t) source in place. For the Series I and II configurations, the calculated indium rate distributions show
reasonable agreement with the measurements in the shape of the distribution, particularly in the fuel zone.
In the reflector/shield region the calculations show a depression in the distributions that in some cases is
not seen in the measurements.

Calculations were performed to evaluate the conversion of the KUCA “type A” cores from HEU to
LEU using both U-Al and U-10Mo LEU fuel. In the case of U-10Mo fuel, five “type-A” cores were
considered with different moderator-to-fuel volume ratios (V,/Vy) and different H-to-U235 atom ratios
(H/US) in the fuel unit cell as requested by the KUCA team. The option to add an aluminum clad and an
aluminum edge to the U-10Mo foils was also considered.

With the same H/US in the fuel unit cell, the LEU configurations give a reactivity value lower than
what is obtained for the corresponding HEU configurations, and this discrepancy increases with
decreasing moderator to fuel volume ratio (V./Vy) and H/US5. As a consequence, for the LEU
configurations with low H/US a reactivity value more or less comparable to that of the corresponding
HEU cores can be only achieved in the conditions of maximum loading (i.e., the thickness of the
aluminum clad is reduced to the minimum allowed of 10 mils) and without the aluminum edge. However,
for these configurations different solutions, like adding fuel assemblies at the core boundary or merging
adjacent LEU plates into a single plate, could be envisaged so that the desired k. in the LEU cases can be
achieved with U-10Mo foil dimensions that are smaller than the maximum allowed.

The feasibility studies on the conversion of the KUCA cores from HEU to LEU was also carried out
with an extensive analysis of flux spectra distributions in relevant position of the assemblies. Small shifts
in the spectra, typical of other HEU-to-LEU conversion studies, are seen in the comparisons presented in
this report. While further study of the KUCA cores is necessary to compare power levels, reactivity
coefficients and other performance parameters, none of the results presented here indicate any reason that
the conversion of the KUCA dry cores to LEU cannot be performed successfully.
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APPENDIX. MCNP INPUT FOR KUCA |-1 WITH SUBCRITICAL ROD
CONFIGURATION
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1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02

41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41 -4051-50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41 -4051-50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

-62
-63
-64
-65
-66
-67
-68
-69
-70
-71
=72
-73
-74
-75
-76
=77
-78
-79
-80
-81
-82
-83
-84
-85
-86
-87
-88
-89
-90
91
-92
-93
-94
-95
-96
-97
-98
-99

u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1

99 -100 u=I1 imp:n=1

100 -101
101 -102
102 -103
103 -104
104 -105
105 -106
106 -107
107 -108
108 -109
109 -110
110-111
111 -112
112 -113
113 -114
114 -115
115-116
116 -117
117 -118
118 -119
119 -120
120 -121
121 -122
122 -123
123 -124

u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
u=1 imp:n=1
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264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
41.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
51.20013E-01
2 1.20984E-01
4 1.20325E-01
9 5.40155E-05
7 6.00385E-02
9 5.40155E-05

41-40 51 -50 124 -125 u=I imp:n=1
41-40 51 -50 125 -126 u=I imp:n=1
41-40 51-50 126 -127 u=I imp:n=1
41-40 51 -50 127 -128 u=I imp:n=1
41-40 51 -50 128 -129 u=1 imp:n=1
41-40 51 -50 129 -130 u=1 imp:n=1
41-4051-50 130-131 u=1 imp:n=1
41-4051-50 131 -132 u=1 imp:n=1
41-40 51 -50 132 -133 u=I imp:n=1
41-40 51 -50 133 -134 u=I imp:n=1
41-40 51 -50 134 -135 u=I imp:n=1
41-40 51 -50 135-136 u=I imp:n=1
41 -40 51 -50 136 -137 u=1 imp:n=1
41-40 51 -50 137 -138 u=1 imp:n=1
41-4051-50 138 -139 u=1 imp:n=1
41-40 51 -50 139 -140 u=1 imp:n=1
41-40 51 -50 140 -141 uv=1 imp:n=1
41 -40 51 -50 141 -142 uv=I1 imp:n=1
41-40 51 -50 142 -143 u=I imp:n=1
41-40 51 -50 143 -144 v=I1 imp:n=1
41 -40 51 -50 144 -145 u=1 imp:n=1
41 -40 51 -50 145 -146 u=1 imp:n=1
41-40 51 -50 146 -147 u=1 imp:n=1
41 -40 51 -50 147 -148 u=1 imp:n=1
41 -40 51 -50 148 -149 u=1 imp:n=1
41 -40 51 -50 149 -150 u=I imp:n=1
41-40 51 -50 150 -151 uv=I imp:n=1
41-40 51 -50 151 -152 uw=I imp:n=1
41-40 51 -50 152 -153 u=1 imp:n=1
41-40 51 -50 153 -154 u=1 imp:n=1
41-40 51 -50 154 -155 u=1 imp:n=1
41-40 51 -50 155-156 u=1 imp:n=1
41-40 51 -50 156 -157 u=1 imp:n=1
41 -40 51 -50 157 -158 u=I imp:n=1
41-40 51 -50 158 -159 u=I imp:n=1
41-40 51 -50 159 -160 u=1 imp:n=1
41-40 51-50 160 -161 u=I imp:n=1
41-40 51-50 161 -162 u=1 imp:n=1
41-40 51 -50 162 -163 u=1 imp:n=1
41-40 51 -50 163 -164 u=1 imp:n=1
41-4051-50 164 -165 u=1 imp:n=1
41 -40 51 -50 165 -166 u=1 imp:n=1
41-40 51 -50 166 -167 u=1 imp:n=1
41-40 51 -50 167 -168 u=I imp:n=1
41-40 51-50 168 -169 u=1 imp:n=1
41-40 51 -50 169 -170 u=1 imp:n=1
41-4051-50 170-171 u=1 imp:n=1
41-4051-50 171 -172 u=1 imp:n=1
41-4051-50 172 -173 u=1 imp:n=1

41-40 51-50 173
(-41:40:-51:50) 45 -44 55 -54 u=1 imp:n=1
(-45:44:-55:54) 47 -46 57 -56 u=1 imp:n=1

(-47:46:-57:56)

u=1 imp:n=1

u=1 imp:n=1

¢ DEFINITION OF UNIVERSES: ASSEMBLY SV

350
351
352
353
354
355
356
357
358
359
360

7 6.00385E-02
2 1.20984E-01
51.20013E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01

41-40 51 -50
41 -40 51 -50

-61 u=2 imp:n=1
61-200 u=2 imp:n=1

41 -40 51 -50 200 -201 u=2 imp:n=1
41-40 51 -50 201 -202 u=2 imp:n=1
41-40 51 -50 202 -203 u=2 imp:n=1
41-40 51 -50 203 -204 u=2 imp:n=1
41-40 51 -50 204 -205 uv=2 imp:n=1
41 -40 51 -50 205 -206 u=2 imp:n=1
41 -40 51 -50 206 -207 u=2 imp:n=1
41 -40 51 -50 207 -208 u=2 imp:n=1
41 -40 51 -50 208 -209 u=2 imp:n=1
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361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
41.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
9 5.40155E-05

1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01

41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50

209 -210
210-211
211 -212
212213
213 -214
214 -215
215 -216
216 -217
217 -218
218 -219
219 -220
220 -221
221-222
222 -223
223 -224
224 -225
225 -226
226 -227
227 -228
228 -229
229 -230
230 -231
231-232
232 -233
233 -234
234 -235
235-236
236 -237
237 -238
238 -239
239 -240
240 -241
241 -242
242 -243
243 -244
244 -245
245 -246
246 -247
247 -248
248 -249

(-302:301:-306:305)
313 41 -40 51 -50 249 -250 u=2 imp:n=1

41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50

250 -251
251 -252
252 -253
253 -254
254 -255
255 -256
256 -257
257 -258
258 -259
259 -260
260 -261
261 -262
262 -263
263 -264
264 -265
265 -266
266 -267
267 -268
268 -269
269 -270
270 -271
271-272
272 -273

u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1

u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
u=2 imp:n=1
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425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

460

490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
41.20325E-01
3 1.21307E-01
51.20013E-01
2 1.20984E-01
4 1.20325E-01
9 5.40155E-05
7 6.00385E-02
9 5.40155E-05
7 6.00385E-02
9 5.40155E-05

41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50

273 -274 uv=2 imp:n=1
274 -275 uv=2 imp:n=1
275 -276 u=2 imp:n=1
276 -277 v=2 imp:n=1
277 -278 u=2 imp:n=1
278 -279 u=2 imp:n=1
279 -280 u=2 imp:n=1
280 -281 u=2 imp:n=1
281 -282 u=2 imp:n=1
282 -283 u=2 imp:n=1
283 -284 u=2 imp:n=1
284 -285 u=2 imp:n=1
285 -286 u=2 imp:n=1
286 -287 u=2 imp:n=1
287 -288 u=2 imp:n=1
288 -289 u=2 imp:n=1
289 -290 u=2 imp:n=1
290 -291 u=2 imp:n=1
291 -292 u=2 imp:n=1
292 -293 u=2 imp:n=1
293 -294 u=2 imp:n=1
294 -295 u=2 imp:n=1
295 -296 u=2 imp:n=1
296 -297 u=2 imp:n=1
297 -298 u=2 imp:n=1
298 -299 u=2 imp:n=1
299 -300 u=2 imp:n=1

300

u=2 imp:n=1

(-41:40:-51:50) 313 45 -44 55 -54 u=2 imp:n=1
(-45:44:-55:54) 313 47 -46 57 -56 u=2 imp:n=1
u=2 imp:n=1

(-47:46:-57:56) 313

-313 312
-312 311

113.83231E-02 -311

7 6.00385E-02

7 6.00385E-02
2 1.20984E-01
7 6.00385E-02
4 1.20325E-01
3 1.21307E-01
7 6.00385E-02
4 1.20325E-01
3 1.21307E-01
7 6.00385E-02
4 1.20325E-01
3 1.21307E-01
7 6.00385E-02
4 1.20325E-01
3 1.21307E-01
7 6.00385E-02
4 1.20325E-01
3 1.21307E-01
51.20013E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
41.20325E-01
3 1.21307E-01

u=2 imp:n=1
u=2 imp:n=1

u=2 imp:n=1

302 -301 306 -305 249 -250
(-304:303:-306:305:-309:310) u=2 imp:n=1
95.40155E-05 313 304 -303 306 -305 309 -310
¢ DEFINITION OF UNIVERSES: ASSEMBLY 26

-61 u=3 imp:n=1
61 -62 u=3 imp:n=1
62 -340 u=3 imp:n=1
340 -341 uv=3 imp:n=1
341 -342 uv=3 imp:n=1
342 -343 u=3 imp:n=1
343 -344 uv=3 imp:n=1
344 -345 uv=3 imp:n=1
345 -346 uv=3 imp:n=1
346 -347 v=3 imp:n=1
347 -348 u=3 imp:n=1
348 -349 u=3 imp:n=1
349 -350 u=3 imp:n=1
350 -351 u=3 imp:n=1
351 -352 u=3 imp:n=1
352 -353 u=3 imp:n=1
353 -354 u=3 imp:n=1
354 -355 u=3 imp:n=1
355 -356 u=3 imp:n=1
356 -357 u=3 imp:n=1
357 -358 u=3 imp:n=1
358 -359 u=3 imp:n=1
359 -360 u=3 imp:n=1
360 -361 u=3 imp:n=1
361 -362 u=3 imp:n=1
362 -363 u=3 imp:n=1
363 -364 u=3 imp:n=1

41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50

u=2 imp:n=1
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517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01
3 1.21307E-01
1 5.72591E-02
4 1.20325E-01

41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -4051-50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41 -40 51 -50
41-40 51 -50
41-40 51 -50
41-40 51 -50
41 -40 51 -50
41 -40 51 -50

364 -365
365 -366
366 -367
367 -368
368 -369
369 -370
370 -371
371-372
372 -373
373 -374
374 -375
375 -376
376 -377
377 -378
378 -379
379 -380
380 -381
381-382
382 -383
383 -384
384 -385
385 -386
386 -387
387 -388
388 -389
389 -390
390 -391
391 -392
392 -393
393 -394
394 -395
395 -396
396 -397
397 -398
398 -399
399 -400
400 -401
401 -402
402 -403
403 -404
404 -405
405 -406
406 -407
407 -408
408 -409
409 -410
410 -411
411 -412
412 -413
413 -414
414 -415
415 -416
416 -417
417 -418
418 -419
419 -420
420 -421
421 -422
422 -423
423 -424
424 -425
425 -426
426 -427
427 -428
428 -429

u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
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582 3 1.21307E-01
583 15.72591E-02
584 41.20325E-01
585 3 1.21307E-01
586 51.20013E-01
587 7 6.00385E-02
588 4 1.20325E-01
589 3 1.21307E-01
590 7 6.00385E-02
591 41.20325E-01
592 3 1.21307E-01
593 7 6.00385E-02
594 41.20325E-01
595 3 1.21307E-01
596 7 6.00385E-02
597 41.20325E-01
598 3 1.21307E-01
599 76.00385E-02
600 4 1.20325E-01
601 3 1.21307E-01
602 2 1.20984E-01
603 4 1.20325E-01
604 9 5.40155E-05
605 7 6.00385E-02
606 9 5.40155E-05

41 -40 51 -50 429 -430
41 -40 51 -50 430 -431
41 -40 51 -50 431 -432
41-40 51 -50 432 -433
41-40 51 -50 433 -434
41-40 51 -50 434 -435
41 -40 51 -50 435 -436
41-40 51 -50 436 -437
41 -40 51 -50 437 -438
41 -40 51 -50 438 -439
41-40 51 -50 439 -440
41 -40 51 -50 440 -441
41-40 51 -50 441 -442
41-40 51 -50 442 -443
41 -40 51 -50 443 -444
41 -40 51 -50 444 -445
41 -40 51 -50 445 -446
41 -40 51 -50 446 -447
41 -40 51 -50 447 -448
41 -40 51 -50 448 -172
41-4051-50 172 -173

u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1
u=3 imp:n=1

41-4051-50 173  u=3 imp:n=1
(-41:40:-51:50) 45 -44 55 -54 u=3 imp:n=1
(-45:44:-55:54) 47 -46 57 -56 u=3 imp:n=1

(-47:46:-57:56)

u=3 imp:n=1

¢ DEFINITION OF UNIVERSES: ALUMINUM SHEATH

630 9 5.40155E-05

45-44 55 -54

u=4 imp:n=1

631 76.00385E-02 (-45:44:-55:54) 47 -46 57 -56 u=4 imp:n=1

632 9 5.40155E-05

(-47:46:-57:56)

u=4 imp:n=1

¢ DEFINITION OF UNIVERSES: POLYETHYLENE REFLECTOR

640 51.20013E-01

41 -40 51 -50

u=5 imp:n=1

641 95.40155E-05 (-41:40:-51:50) 45 -44 55 -54 u=5 imp:n=1
642 7 6.00385E-02 (-45:44:-55:54) 47 -46 57 -56 u=5 imp:n=1

643 9 5.40155E-05 (-47:46:-57:56) u=5 imp:n=1

¢ DEFINITION OF UNIVERSES: CONTROL/SAFETY ROD C1,C2,C3,54-S6 FULLY WITHDRAWN
660 65.17979E-02 -470 477 u=6 imp:n=1

661 7 6.00385E-02 470 -471 477 u=6 imp:n=1

662 95.40155E-05 471-472 477 u=6 imp:n=1

663 7 6.00385E-02 472 -473 477 u=6 imp:n=1

664 7 6.00385E-02 -473 476 -477 u=6 imp:n=1

665 95.40155E-05 473 476 u=6 imp:n=1

666 9 5.40155E-05 -476 u=6 imp:n=1

¢ DEFINITION OF UNIVERSES: CONTROL ROD C3

680 65.17979E-02 -470 475 u=7 imp:n=1
681 76.00385E-02 470 -471 475 u=7 imp:n=1
682 95.40155E-05 471-472 475 u=7 imp:n=1
683 7 6.00385E-02 472 -473 475 u=7 imp:n=1
684 7 6.00385E-02 -473 474 -475 u=7 imp:n=1
685 95.40155E-05 473 474 u=7 imp:n=1
686 9 5.40155E-05 -474 u=7 imp:n=1

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT b

700 7 6.00385E-02
701 51.20013E-01
702 8 1.18233E-01
703 8 1.18233E-01
704 8 1.18233E-01
705 51.20013E-01
706 9 5.40155E-05
707 7 6.00385E-02
708 9 5.40155E-05

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT bs

720 7 6.00385E-02
721 51.20013E-01
722 8 1.18233E-01
723 9 5.40155E-05

41-40 51 -50 -490
41-40 51 -50 490 -491
41-40 51 -50 491 -492
41-40 51 -50 492 -493
41 -40 51 -50 493 -494
41 -40 51 -50 494

u=8 imp:n=1
u=8 imp:n=1
u=8 imp:n=1
u=8 imp:n=1
u=8 imp:n=1

u=8 imp:n=1

(-41:40:-51:50) 45 -44 55 -54 u=8 imp:n=1
(-45:44:-55:54) 47 -46 57 -56 u=8 imp:n=1

(-47:46:-57:56)

41-40 51 -50 -490
41-40 51 -50 490 -510
41-40 51 -50 510-511

(-302:301:-306:305) 41 -40 51 -50 511 -249 u=9 imp:n=1

u=8 imp:n=1

u=9 imp:n=1
u=9 imp:n=1
u=9 imp:n=1
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724 9 5.40155E-05 (-302:301:-306:305)

725
726
727
728
729
730
732

733
734

735
736

737

41 -40 51 -50 249 -250

9 5.40155E-05
8 1.18233E-01
5 1.20013E-01
9 5.40155E-05
7 6.00385E-02
9 5.40155E-05
7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05

u=9 imp:n=1
(-302:301:-306:305) 41 -40 51 -50 250 -512 u=9 imp:n=1
41-4051-50 512 -513 u=9 imp:n=1
41-4051-50 513 u=9 imp:n=1
(-41:40:-51:50) 45 -44 55 -54 u=9 imp:n=1
(-45:44:-55:54) 47 -46 57 -56 u=9 imp:n=1
(-47:46:-57:56) u=9 imp:n=1

302 -301 306 -305 511 -249
(-304:303:-306:305:-514:515) u=9 imp:n=1

304 -303 306 -305 514 -515 u=9 imp:n=1
302 -301 306 -305 249 -250
(-304:303:-306:305:-309:310) u=9 imp:n=1

304 -303 306 -305 309 -310 u=9 imp:n=1
302 -301 306 -305 250 -512
(-304:303:-306:305:-516:517) u=9 imp:n=1

304 -303 306 -305 516 -517 u=9 imp:n=1

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT f

740 7 6.00385E-02 41 -40 51 -50 -490 u=10 imp:n=1
741 51.20013E-01 41 -40 51 -50 490 -530 u=10 imp:n=1
742 8 1.18233E-01 41-4051-50 530-531 u=10 imp:n=1
743 10 8.44131E-02 41 -40 51 -50 531 -532 u=10 imp:n=1
744 10 8.44131E-02 41 -40 51 -50 532 -511 u=10 imp:n=1
745 10 8.44131E-02 41 -4051-50 511 -249 u=10 imp:n=1
746 10 8.44131E-02 41 -4051 -50 249 -250 u=10 imp:n=1
747 10 8.44131E-02 41 -4051-50 250 -512 u=10 imp:n=1
748 10 8.44131E-02 41 -4051-50 512-533 u=10 imp:n=1
749 10 8.44131E-02 41 -40 51 -50 533 -534 u=10 imp:n=1
750 8 1.18233E-01 41 -4051-50 534 -535 u=10 imp:n=1
751 51.20013E-01 41 -4051-50 535 u=10 imp:n=1
752 9 5.40155E-05 (-41:40:-51:50) 45 -44 55 -54 u=10 imp:n=1
753 7 6.00385E-02 (-45:44:-55:54) 47 -46 57 -56 u=10 imp:n=1
754 9 5.40155E-05 (-47:46:-57:56) u=10 imp:n=1

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT fs

765
766
767
768
769
770
771

772
773
774
775
776
777
778
779
781

782
783

784
785

786

7 6.00385E-02
51.20013E-01
8 1.18233E-01
10 8.44131E-02
10 8.44131E-02
9 5.40155E-05
9 5.40155E-05

41 -40 51 -50 249 -250

9 5.40155E-05
10 8.44131E-02
10 8.44131E-02
8 1.18233E-01
5 1.20013E-01
9 5.40155E-05
7 6.00385E-02
9 5.40155E-05
7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05

41 -40 51 -50 -490
41-40 51 -50 490 -530
41-40 51 -50 530-531
41-40 51 -50 531 -532 u=11 imp:n=1

41-40 51 -50 532 -511 u=11 imp:n=1
(-302:301:-306:305) 41 -40 51 -50 511 -249 u=11 imp:n=1
(-302:301:-306:305)

u=11 imp:n=1
u=11 imp:n=1
u=11 imp:n=1

u=11 imp:n=1
(-302:301:-306:305) 41 -40 51 -50 250 -512 u=11 imp:n=1
41-4051-50 512 -533 u=11 imp:n=1
41-40 51 -50 533 -534 u=11 imp:n=1
41 -40 51 -50 534 -535 u=11 imp:n=1
41-40 51 -50 535 u=11imp:n=1
(-41:40:-51:50) 45 -44 55 -54 u=11imp:n=1
(-45:44:-55:54) 47 -46 57 -56 u=11imp:n=1
(-47:46:-57:56) u=11 imp:n=1

302 -301 306 -305 511 -249
(-304:303:-306:305:-514:515) u=11 imp:n=1

304 -303 306 -305 514 -515 u=11 imp:n=1
302 -301 306 -305 249 -250
(-304:303:-306:305:-309:310) u=11 imp:n=1

304 -303 306 -305 309 -310 u=11 imp:n=1
302 -301 306 -305 250 -512
(-304:303:-306:305:-516:517) u=11 imp:n=1

304 -303 306 -305 516 -517 u=11 imp:n=1

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT s

790 7 6.00385E-02 41 -40 51 -50 -490

791

5 1.20013E-01

u=12 imp:n=1

41-40 51 -50 490 -511 u=12 imp:n=1

792 95.40155E-05 (-302:301:-306:305) 41 -40 51 -50 511 -249 u=12 imp:n=1
793 95.40155E-05 (-302:301:-306:305)

41 -40 51 -50 249 -250 u=12 imp:n=1
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794 9 5.40155E-05 (-302:301:-306:305) 41 -40 51 -50 250 -512 v=12 imp:n=1

795 51.20013E-01 41-4051-50 512 u=12 imp:n=1

796 9 5.40155E-05 (-41:40:-51:50) 45 -44 55 -54 u=12 imp:n=1

797 7 6.00385E-02 (-45:44:-55:54) 47 -46 57 -56 u=12 imp:n=1

798 9 5.40155E-05 (-47:46:-57:56) u=12 imp:n=1

800

801
802

803
804

805

7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05
7 6.00385E-02

9 5.40155E-05

302 -301 306 -305 511 -249
(-304:303:-306:305:-514:515) u=12 imp:n=1
304 -303 306 -305 514 -515
302 -301 306 -305 249 -250
(-304:303:-306:305:-309:310) u=12 imp:n=1
304 -303 306 -305 309 -310
302 -301 306 -305 250 -512
(-304:303:-306:305:-516:517) u=12 imp:n=1
304 -303 306 -305 516 -517

u=12 imp:n=1

u=12 imp:n=1

u=12 imp:n=1

¢ DEFINITION OF UNIVERSES: NEUTRON SHIELD AND BEAM DUCT s'

810 7 6.00385E-02 41 -40 51 -50 -490 u=13 imp:n=1
811 51.20013E-01 41 -4051-50 490 -249 u=13 imp:n=1
812 95.40155E-05 (-302:301:-306:305)

41-40 51 -50 249 -250 u=13 imp:n=1
813 51.20013E-01 41-4051-50 250 u=13 imp:n=1
814 95.40155E-05 (-41:40:-51:50) 45 -44 55 -54 u=13 imp:n=1
815 7 6.00385E-02 (-45:44:-55:54) 47 -46 57 -56 u=13 imp:n=1
816 95.40155E-05 (-47:46:-57:56) u=13 imp:n=1

818

819

7 6.00385E-02

9 5.40155E-05

302 -301 306 -305 249 -250
(-304:303:-306:305:-309:310) u=13 imp:n=1
304 -303 306 -305 309 -310

¢ DEFINITION OF UNIVERSES: ALUMINUM

960 7 6.00385E-02 41 -4051-50

961 95.40155E-05 (-41:40:-51:50) 45 -44 55 -54
962 7 6.00385E-02 (-45:44:-55:54) 47 -46 57 -56
963 9 5.40155E-05 (-47:46:-57:56)

u=18 imp:n=1

u=18 imp:n=1

¢ DEFINITION OF UNIVERSES: VOID

968 9 5.40155E-05 41 -4051-50
969 95.40155E-05 (-41:40:-51:50)

u=19 imp:n=1
u=19 imp:n=1

¢ DEFINITION OF UNIVERSES: VOID POLYETHYLENE

974
975

9 5.40155E-05
5 1.20013E-01

u=13 imp:n=1

u=18 imp:n=1
u=18 imp:n=1

¢ DEFINITION OF UNIVERSES: CONTROL/SAFETY ROD C1,C2,C3,S4-S6 FULL INSERTED

990

6 5.17979E-02

991 7 6.00385E-02
992 9 5.40155E-05
993 7 6.00385E-02
994 7 6.00385E-02
995 9 5.40155E-05
996 9 5.40155E-05

¢ Surface cards

px -8.395
px 8.395

px -64.095
px -41.775

px 41.775
px 64.095

-550 u=20 imp:n=1
550 u=20 imp:n=1
-470 479 u=21 imp:n=1
470 -471 479 u=21 imp:n=1
471 -472 479 u=21 imp:n=1
472 -473 479 u=21 imp:n=1
-473 478 -479 u=21 imp:n=1
473 478 u=21 imp:n=1
-478 u=21 imp:n=1

SV AW~

11
12
13
14
20
21
22
23
24
25
26

py 50.17
py 16.79
py 0.0

py -33.38
py -66.76
px -63.995
px -41.875
px -41.675
px -8.495
px -8.295
px 8.295
px 8.495
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27 px 41.675
28 px 41.875
29 px 63.995
30 py 50.07
31 py 16.89
32 py 16.69
33 py 0.1

34 py -0.1

35 py -33.28
36 py -33.48
37 py -66.66
40 px 2.54
41 px -2.54
42 px 2.765
43 px -2.765
44 px 2.565
45 px -2.565
46 px 2.715
47 px -2.715
50 py 2.54
51 py -2.54
52 py 2.765
53 py -2.765
54 py 2.565
55 py -2.565
56 py 2715
57 py -2.715
¢ cceeceeceececceccecceccecee Assembly F cececcecceceececceccecceccee
60 pz -76.2
61 pz -73.66
c62 pz -72.39 !Notneeded
62 pz -71.12
63 pz -22.4521
64 pz -22.2934
65 pz -21.9848
66 pz -21.3548
67 pz -21.1961
68 pz -20.8875
69 pz -20.2575
70 pz -20.0988
71 pz -19.7902
72 pz -19.1602
73 pz -19.0015
74 pz -18.6929
75 pz -18.0629
76 pz -17.9042
77 pz -17.5956
78 pz -16.9656
79 pz -16.8069
80 pz -16.4983
81 pz -15.8683
82 pz -15.7096
83 pz -15.4010
84 pz -14.7710
85 pz -14.6123
86 pz -14.3037
87 pz -13.6737
88 pz -13.5150
89 pz -13.2064
90 pz -12.5764
91 pz -12.4177
92 pz -12.1091
93 pz -11.4791
94 pz -11.3204
95 pz -11.0118
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96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
Pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
Pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
Pz
pz

-10.3818
-10.2231
-9.9145
-9.2845
-9.1258
-8.8172
-8.1872
-8.0285
-7.7199
-7.0899
-6.9312
-6.6226
-5.9926
-5.8339
-5.5253
-4.8953
-4.7366
-4.4280
-3.7980
-3.6393
-3.3307
-2.7007
-2.5420
-2.2334
-1.6034
-1.4447
-1.1361
-0.5061
-0.3474
-0.0388
0.5912
0.7499
1.0585
1.6885
1.8472
2.1558
2.7858
2.9445
3.2531
3.8831
4.0418
4.3504
4.9804
5.1391
5.4477
6.0777
6.2364
6.5450
7.1750
7.3337
7.6423
8.2723
8.4310
8.7396
9.3696
9.5283
9.8369
10.4669
10.6256
10.9342
11.5642
11.7229
12.0315
12.6615
12.8202
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161 pz 13.1288
162 pz 13.7588
163 pz 139175
164 pz 14.2261
165 pz 14.8561
166 pz 15.0148
167 pz 15.3234
168 pz 15.9534
169 pz 16.1121
170 pz 16.4207
¢ 171 pz 17.0507 !this was the exact point, but I use the bench specification
171 pz 17.0521
172 pz 68.2625
173 pz 74.6125
174 pz 762

¢ cceeceececceccecceceeccecee Assembly SV cececceccececcecceccecceceece
c200 pz -73.66 !see surface 61
c200 pz -72.39 !notneeded
¢200 pz -71.12 !this was the exact point, but I use the bench specification
200 pz -71.1199
201 pz -22.7574
202 pz -22.5987
203 pz -22.2901
204 pz -21.6601
205 pz -21.5014
206 pz -21.1928
207 pz -20.5628
208 pz -20.4041
209 pz -20.0955
210 pz -19.4655
211 pz -19.3068
212 pz -18.9982
213 pz -18.3682
214 pz -18.2095
215 pz -17.9009
216 pz -17.2709
217 pz -17.1122
218 pz -16.8036
219 pz -16.1736
220 pz -16.0149
221 pz -15.7063
222 pz -15.0763
223 pz -14.9176
224 pz -14.6090
225 pz -13.9790
226 pz -13.8203
227 pz -13.5117
228 pz -12.8817
229 pz -12.7230
230 pz -12.4144
231 pz -11.7844
232 pz -11.6257
233 pz -11.3171
234 pz -10.6871
235 pz -10.5284
236 pz -10.2198
237 pz -9.5898
238 pz -9.4311
239 pz -9.1225
240 pz -8.4925
241 pz -8.3338
242 pz -8.0252
243 pz -7.3952
244 pz -7.2365
245 pz -6.9279
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246 pz -6.2979
247 pz -6.1392
248 pz -5.8306
c249 pz -5.2006 !this was the exact point, but I use the bench specification
249 pz -5.2
250 pz -0.2
251 pz -0.0413
252 pz 0.2673
253 pz 0.8973
254 pz 1.0560
255 pz 1.3646
256 pz 1.9946
257 pz 2.1533
258 pz 2.4619
259 pz 3.0919
260 pz 3.2506
261 pz 3.5592
262 pz 4.1892
263 pz 4.3479
264 pz 4.6565
265 pz 5.2865
266 pz 5.4452
267 pz 5.7538
268 pz 6.3838
269 pz 6.5425
270 pz 6.8511
271 pz 7.4811
272 pz 7.6398
273 pz 7.9484
274 pz 8.5784
275 pz 8.7371
276 pz 9.0457
277 pz 9.6757
278 pz 9.8344
279 pz 10.1430
280 pz 10.7730
281 pz 10.9317
282 pz 11.2403
283 pz 11.8703
284 pz 12.0290
285 pz 123376
286 pz 12.9676
287 pz 13.1263
288 pz 13.4349
289 pz 14.0649
290 pz 14.2236
291 pz 14.5322
292 pz 15.1622
293 pz 15.3209
294 pz 15.6295
295 pz 16.2595
296 pz 16.4182
297 pz 16.7268
c298 pz 17.3568 !this was the exact point, but I use the bench specification
298 pz 17.3574
299 pz 68.8975
300 pz 75.2475
301 px 25
302 px -2.5
303 px 23
304 px -2.3
305 py 25
306 py -2.5
c307 py 23
c308 py -2.3
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309
310
311
312
313

c340 pz
c340 pz
¢ 340 pz

340
341
342
343
344
345
346
347
348
349
350
351
352
353

¢354 pz

354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394

pz
pz

-5.
-0.4

c/y 8.395-2.70.075

c/y 8.395-2.70.1

c/ly 8.395-2.70.11

¢ ceeceeecceecceecceecceeccee Assembly 26 ceeccececceeccececceceecceeccee

pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz

pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
Pz
pz

-73.66 !see surface 61
-72.39 Inot needed
-71.12 lIsee surface 62
-70.9613
-70.6438
-70.0088
-69.8501
-69.5326
-68.8976
-68.7389
-68.4214
-67.7864
-67.6277
-67.3102
-66.6752
-66.5165
-66.1990
-65.5640 !this was the exact point, but I use the bench specification
-65.6333
-16.9654
-16.8067
-16.4981
-15.8681
-15.7094
-15.4008
-14.7708
-14.6121
-14.3035
-13.6735
-13.5148
-13.2062
-12.5762
-12.4175
-12.1089
-11.4789
-11.3202
-11.0116
-10.3816
-10.2229
-9.9143
-9.2843
-9.1256
-8.8170
-8.1870
-8.0283
-7.7197
-7.0897
-6.9310
-6.6224
-5.9924
-5.8337
-5.5251
-4.8951
-4.7364
-4.4278
-3.7978
-3.6391
-3.3305
-2.7005
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395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432

c433 pz

433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448

c 449 pz
c 449 pz
c 449 pz

pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
Pz
pz
pz
pz
pz
pz
pz
pz
pz
pz

Pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz
pz

-2.5418
-2.2332
-1.6032
-1.4445
-1.1359
-0.5059
-0.3472
-0.0386
0.5914
0.7501
1.0587
1.6887
1.8474
2.1560
2.7860
2.9447
3.2533
3.8833
4.0420
4.3506
4.9806
5.1393
5.4479
6.0779
6.2366
6.5452
7.1752
7.3339
7.6425
8.2725
8.4312
8.7398
9.3698
9.5285
9.8371
10.4671
10.6258
10.9344
11.5644 !this was the exact point, but I use the bench specification
11.5654
62.7758
62.9346
63.2520
63.8870
64.0458
64.3632
64.9982
65.1570
65.4744
66.1094
66.2682
66.5856
67.2206
67.3794
67.6968
68.3318 !this was the exact point, but I use the bench specification
68.2625 !see surface 172
74.6125 !see surface 173

¢ cccceecceecceee Control rods and Safety Rods cccecceecceece

470
471
472
473
474
475

cz
cz
cz
cz
pz
pz

1.69

2.

2.25

2.5

-12.866  $Aluminum (position C3 52.434 cm)
-12.366  $B203
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476 pz 54.7 $Aluminum (position upper limit 120 cm for C1,C2,C3,S4-S6)
477 pz 552 $B203

478 pz -65.3 $Aluminum (full inserted 11.4 cm for C1,C2,C3,54-S6)

479 pz -64.8 $B203

¢ cceeecceceecece Neutron shield and beam duct b cccceccecceccece

490 pz -74.2

491 pz -40.8

492 pz -154

493 pz 10

494 pz 354

¢ ccceeececceceee Neutron shield and beam duct bs cceeccccccecce
510 pz -35.6

511 pz -10.2

¢ 512 pz -5.2 !see surface 249

c¢512 pz -0.2 !see surface 250

512 pz 4.8

513 pz 302

514 pz -10.

515 pz -54

c¢516 pz -5. !see surface 309

c¢516 pz -0.4 !see surface 310

516 pz O.

517 pz 4.6

¢ cceceecccecceee Neutron shield and beam duct f cceececeecceece
530 pz -45.6

531 pz -20.2

532 pz -15.2

¢ 533 pz -10.2 !see surface 511

¢ 533 pz -5.2 !see surface 249

¢ 533 pz -0.2 !see surface 250

¢ 533 pz 4.8 !see surface 512

533 pz 9.8

534 pz 14.8

535 pz 402

¢ cecccecccecceee Neutron shield and beam duct s cecccecceeccee
¢ 550 pz -10.2 !see surface 511

¢ 550 pz -5.2 !see surface 249

¢ 550 pz -0.2 !see surface 250

¢ 550 pz 4.8 !seesurface 512

¢ ccecceecceeceee Neutron shield and beam duct s' ceccceecceeccee
¢ 550 pz -5.2 !see surface 249

¢ 550 pz -0.2 !see surface 250

¢ cceceecceecceee 1/2 Phi" Void Polyethylene ccccecccecceee
550 cz 0.635

mode n

c 1/16" t highly enriched Uranium fuel plate (U-Al alloy)

ml  92235.70c 1.50694E-03
92238.70c 1.08560E-04
13027.70c 5.56436E-02

C SUM  5.72591E-02

C 1/2" t polyethylene reflector plate

m2 1001.70c 8.06560E-02
6000.70c 4.03280E-02

mt2  poly.10t

C SUM  1.20984E-01

C 1/4" t polyethylene reflector plate

m3 1001.70c 8.08711E-02
6000.70c 4.04356E-02

mt3  poly.10t

C SUM  1.21307E-01

C 1/8" t polyethylene reflector plate

m4  1001.70c 8.02167E-02
6000.70c 4.01084E-02

mt4  poly.10t
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C SUM  1.20325E-01
C  polyethylene square rod
mS5 1001.70c 8.00083E-02
6000.70c 4.00042E-02
mt5  poly.10t
C SUM  1.20013E-01
C control and safety rods
m6  5010.70c 3.87448E-03
5011.70c 1.68447E-02
8016.70c 3.10787E-02
C SUM  5.17979E-02
C  aluminum sheath for the core and 1/16" t Al plate
m7  13027.70c 6.00385E-02
C SUM  6.00385E-02
C  BI10 (10 wt%)
m8 1001.70c 7.02275E-02
6000.70c 3.60038E-02
5010.70c 8.97693E-04
5011.70c 3.90281E-03
8016.70c 7.20074E-03
C SUM  1.18233E-01
C Air
m9  7014.70c 4.37433E-05
8016.70c 1.02722E-05
C SUM  5.40155E-05
C Iron
ml0  26054.70c 4.93395E-03
26056.70c 7.74524E-02
26057.70c 1.78871E-03
26058.70c 2.38045E-04
C SUM  8.44131E-02
C Indium Wire: density 7.31 g/cm3
mll  49113.70c 1.64406E-03
49115.70c 3.66790E-02
C SUM  3.83231E-02
kcode 1000000 1.0 20 200
sdef pos=0.-11.16-2.7
axs=001
x =d1
y =d2
z=d3
erg d4
sil  h-14.02 14.02
spl dO1
si2 h-11.06 11.06
sp2 d 01
si3 h-19.7519.75
sp3 d 01
sp4 -3
PRDMP 0 1 0 10
totnu
print
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