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Chapter 1

Introduction

1.1 NUCLEAR DATA AND gTS IMPACT ON NEUTRONICS DESIGN OF NEXT

     GENERATION THERMAL REACTORS

    Nuclear energy is indispensable to secure the required energy fbr maintaining the

civilized life ofmankind. At the same time, there is also no doubt that further development

                                                         '
of nuclear energy is inevitable with respect to the limitation in available resources and its

impact to environment. The estimated uranium resource today is considered to be exhausted

in approximately 70 to 80 years if it were continued to be only utilized in a frame of the

current nuclear energy technology, namely in the light water reactors. The reduction and

elimination ofpotential risk due to the radiological hazard from the spent fuel and high level

wastes are with no doubt indispensable to achieve better public acceptance. Together with

the request for enhanced safety, these two major concerns - the effective utilization of nuclear

materials and the reduction ofradiological hazard from the high level wastes - have been the

strong motivation for promoting the investigation on the new concepts of nuclear

reactors[i]-[8].

    In accordance with the current delay in the realization of fast reactors, it is considered

to be realistic that the current thermal reactors, represented by light water reactors (LWRs),

would still be the dominating nuclear energy system in the near future. Under this

circumstance, the effective utilization of nuclear materials and the reduction of radiological

hazard from the high level wastes in the conventional thermal reactors have gathered great
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interest worldwide, not only from viewpoints of the energy resource and the environmentag

impact, but also from a viewpoint of the nuclear security. This situation leads to the

proposal ofvarious new concepts of thermag reactors, which hereafter will be called as "next

generation thermal reactors".

    Among the various concepts of the nuciear reactors, considerable efibrts have been

fbcused on the uranium-fueled LWRs. Having a rich operation experience, practicai and

effective design routes, inciuding both nuclear data and calculation codes, have been

                      '
developed for uranium-fueled LWRs worldwide. However, these design routes are not

always guaranteed to be successfu11y applied to the nuclear design of the next generation

thermag reactors, since the nucgear characteristics of the next generation thermag reactors are

often considerabgy different from those ofthe conventional LWRs. This is attributable to the

diffbrences in the operation targets ofthe next generation thermai reactors to the conventional

ones, which result in the differences in the materiag composition and then lead to the

differences in the neutronics behavior. Thus, the applicability and the perfbrmance of the

design routes need to be verified befbre the application to an actuai design of the next

generation thermal reactors.

    Kowever, the uncertainty (or reliabiiity) of the design route should be examined with

much care, since the uncertainty in the calcuiated nuclear parameter obtained through design

routes generaliy consists of two components, i.e. uncertainty from the nuclear data and that

from the calculation method employed in the code. These two components cannot always be

treated separately in the actual design ofnuclear reactor and are often treated together in gross.

The typical example of such feature is the so-called "bias factor", which is widely used as a

practicai measure of the accuracy of the design route. The bias factor is simply the

difft)rence between the calculated and the actual nuclear parameters of the system under

investigatiofi. This factor could be derived from the analysis of mock-up experiments,
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provided that the mock-up experiments were sufficiently simulating the nuclear

characteristics of the actual system. This, on the other hand, means that a bias factor for a

certain core system cannot be directiy applied to other systems, even its accuracy and

uncertainty have been proven to be satisfactory for the system under investigation.

Therefore, the uncertainty from the nuclear data and that from the calculation method should

be separately treated and verified in order to generalize and assure the overall prediction

accuracy for the nuclear system.

    The recent compilation of new evaluated nuclear data libraries, represented by

JENDL-3.2[9] of Japan, ENDFIB-VI[iO] of the Unites States and JEF2.2[ii] of European

countries has acted to improve the reliabiiity ofthe nuclear data used in reactor design. Also,

it should be noted that the recent emergence of sophisticated design methodology, together

with the notabie progress in computation enviromment has acted to improve the reliabiiity of

the cagcugation methods. The combinatien of these latest nuclear data libraries and

calculation methods seems to be promising to provide nuclear parameters with the improved

accuracy. However, recent anaiyses show that there still exist considerable discrepancies in

                                                               'the core parameters obtained by using different nuclear data libraries. Even fbr a close

 '

regative of the current LWRs, the uncertainty in the prediction accuracy of nuclear parameters

sometimes become rather remarkable, as will be shown in the fbllowing section. For the

nuclear design of any nuciear systems whose material composition and neutronic balance

diffk}r from those of the conventional LWRs, such situation may be occasionally observed.

    As mentioned above, the uncertainties in the calculation method can now be decreased to

a great extent if desired; for example, the use of continuous energy Monte Carlo codes[i2]'[i3]

tt

can eventually reduce the uncertainty in the caiculation method. This decrease in the

calculation uncertainty has act to unveil the uncertainty due to the nuclear data itsel£ which

was hidden in the total uncertainty in the past. Consequently, importance of the precise
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knowledge on the reliability of the nuclear data is even more emphasized, especially fbr the

                                                .t
design of nuclear systems based on the new concept, where experimental data are less

available.

    Therefore, for the accurate and reliable design of next generation thermal reactors, it is

inevitable as a first step to verify the accuracy and reliability of the nuclear data to be used in

                              'the nuclear design. The precise knowledge on the accuracy and reliability of the nuclear

data will serve to further clarify the need fbr sophisticated methodologies to be used in the

design calculations, and eventually will serve to improve the overall reliability of the nuclear

design ofnext generation thermal reactors. From this point ofview, studies on verification

of nuclear data relevant to the nuclear design of next generation thermal reactors have been

                                                                 '
performed in the present thesis. In the studies, the two major objectives of the next

          '
                                                                       'generation thermal reactors, namelM the effective utilization of nuclear energy resources and

                             '
reduction ofpotential radiological hazard in the nuclear wastes, will be focused. Study on

verification of nuclear data relevant to the use of plutonium and thorium in thermal reactors

will be treated from the viewpoint of effective utilization of nuclear energy resources, and

those relevant to the incineration of minor actinides in thermal reactors will be treated from

the viewpoint ofreducing the potential radiological hazard from the nuclear wastes.

-4-
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1.2 REACTOR DESIGN OF NEXT GENERATION THERMAL REACTORS AND

    NUCLEARDATA

    In this section, present status of reactor design as well as the nuclear data relevant to the

next generation thermal reactors are briefly reviewed for mixed-oxide (MOX) fueled thermal

reactors, thorium fueled thermal reactors and thermal systems for minor actinides incineration.

Detailed overview on each topic wili be given in the fo11owing chapters 2, 3 and 4,

respectively.

1.2.1 MOX FUELED THERMAL REACTORS

    The importance of the nuclear data for plutonium isotopes in LWR design was greatly

focused through the research and development activities on high conversion light water

reactors (HCLWR)[i4]'[i5] mainly in the 1980s, which were the first major attempt in the world

to actively utilize plutonium in LWRs. Verification ofthe nuclear data ofplutonium isotopes

was intensively performed through the analysis of critical experiments and international

benclmark problems[i6]. Although the interest on HCLWR programme gradually decreased

in the world by the end of 1980s, the activities on research and development ofHCLWR have

contributed to emphasize the need for better understanding on the behavior of plutonium

isotopes in thermal systems. The detailed description of the important contributions of

HCLWR activities will be given in Chapter 2.

    After HCLWR, the utilization ofplutonium in thermal systems has shifted to the use in

conventional light water reactors; the so-called Pu-thermal concept[i7]'[24], where plutonium is

used in the form of MOX fuel which is loaded either partially or fu11y into the conventional

light water reactor. In addition to the increased difficulties in calculation method, it has been

-5-
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pointed out that considerable fraction of the uncertainty in calculated nuclear parameters of

                                               .t
MOX fueled LWRs may be attributable to the uncertainty in the nuclear data itselF25]. This

is due to the fact that various heavy nuclides form a complicated situation from the viewpoint

of neutronics in the system, and the uncertainties of the isotopes with less importance in

conventional uranium-fueled LWRs become significant in MOX fueled systems. Such

difficulties have been also pointed out in the feasibility studies of reduced-moderation water

reactor (RMWR) coneept[26]=[28] recently initiated by Japan Atomic Energy Research Institute,

                     '
which represent the latest activities on the next-generation thermal reactors.

1.2.2 THORIUMFUELEDTHERMALREACTORS

    Use ofthorium as energy resource was intensively carried out from the very beginning of

the peacefu1 use of atomic energy. Although extensive studies have been performed during

the 60s and 70s worldwide[29], the interest has declined until recently; it was from the mid 90s

when the thorium fuel cycle has re-gained an increasing interest as a promising energy

                                                                          'resource[30]. This is due to the potential superiority of thorium･-based fuel cycle to the

                                                                         '
uranium-plutonium cycle from the viewpoint ofresource availability and the reduced amount

of actinides produced by the burnup of the fuel.

    In addition to these aspects, the increasing concems about the non-proliferation of

nuclear materials and the strong demand fbr eliminating long-lived radiotoxic isotopes in the

nuclear fuel cycle have also acted as strong motivations to pay attention and to reexamine the

use of thorium-based fuel cycles. The renewed international interest on the thorium-based

fuel cycies has led to various new activities, as will be described later in Chapter 3.

     These activities are mainly based on neutronics calculations, and the results of design

studies on the thorium-based fuel cycies could certainly be affected by the scheme of
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calculation, including both the nuclear data and the neutronics design code. However,

investigation on the sensitivity of the calculation scheme to the nuclear characteristics of

thorium-based fuel cycle has not been perfbrmed intensively. It should be noted that,

compared to the uranium-plutonium fuel cycle, less attention has been paid to the nuclear data

                                                                           '
related to the thorium-based fuel cycle. Therefore, to conduct further the feasibility studies

on neutronic performance in consideration ofthe various candidates in the thorium-based fuel

cycle, it is considered to be necessary to assess the current nuclear data and to clarify how the

uncertainty ofnuciear data affects the nuclear characteristics ofthorium-based fuel cycle.

1.2.3 INCINERATION OF MINOR ACTINIDES USING THERMAL SYSTEMS

    Studies on the methods to cope with the minor actinides (MAs) generated in the fuel

cycle have been intensively canied out in the recent years[3i]. These include studies on

incineration ofMAs using nuclear reactors or accelerator-driven subcritical systems by means

of nuclear transmutation. Among them, the concept of incineration of MAs in LWRs has

recently been intensively studied as a realistic option.

    Among the MAs produced in nuclear reactors, major interest has been paid to Np and

Am[32]. These two nuclides are the most burdensome ones from the viewpoint ofproduction

                                                 '
rate in the reactor, halflife and hazard index. ' They are also important from the viewpoint of

nuclear characteristics ofthe incineration system.

    In the research and development of the incineration system, reliability of the nuclear data

of MAs is important for the evaluation of the nuclear characteristics and the incineration

perfbrrnance. Although the experimental activities on MA nuclear data have been

                              '
extensively performed from the 60s to 80s, the disagreement among the measured data is

rather significant. Consequently, the differences among the evaluated data in the compiled
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libraries are considerably large in general. This situation is also the same fbr Np and Am

isotopes; compared to the major heavy nuclides (i.e. uranium and some plutonium isotopes),

the evaluated nuclear data fbr Np and Am available still show remarkable discrepancies, as

will be shown in Chapter 4.

    These discrepancies in the nuclear data of MAs directly influence the incineration

perfbrmance of the system. Therefore, in order to attain the reliability in the evaluation of

nuclear characteristics and incineration perfbrmance of the MA incineration system,

assessment of the nuclear data of MAs will be indispensable.

-8-
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1.3 PURPOSE AND OUTLINE OF THE PRESENT THESIS

    The goal of the present research work is to provide quantitative measures on the validity

of the current nuclear data relevant to the nuclear desigrt of next generation thermal reactors

described in the preceding section, and also to provide suggestions for the anticipated

reevaluation of nuclear data for the nuclides with major importance. In order to achieve this

goal, data analysis and experimental methods relevant to the validation of nuclear data should

also be developed.

    For this purpose, the fbllowing studies were perfbrmed and summarized in the present

thesis.

a) Analysis ofbenchmark problem devoted for void coeflicient predictions in MOX fueled

tight pitch light water reactor cells[33]:

   This study is aimed at the verification of nuclear data relevant to nuclear design of

next generation themial reactors based on plutonium fuel. Detailed analysis of the

calculated results obtained by Japanese SRACIJENDL-3.2 and French

APOLLO-21JEF2.2 code systems has been perfbrmed to investigate the possible causes

ofthe observed discrepancies in k.. and void coefficients ofMOX fueled light water

fuel lattices. Although several activities on benchmark analysis of MOX fueled light

water fuel lattice do exist, the intercomparison between the obtained results was mostly

restricted to integrated nuciear parameters such as k.. and reactivity coeflicients. On

the contrarM a detailed intercomparison of the results based on decomposition of

reactivity difference into contributing nuclide, reaction and energy group has been

performed in this study, which is the first attempt to be applied to major code systems.

This study will be summarized in Chapter 2.

-9-
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Criticality analysis ofthorium-loaded thermal reactor critical experimentsl34]:

    This study is aimed at the verification of nuclear data relevant to nuclear design of

next generation thermal reactors using thorium-based fuel. Criticality analysis of the

experiments on thorium--loaded themial reactors perfbrmed at the Kyoto University

Critical Assembly (KUCA) of the Research Reactor Institute, Kyoto University, Japan,

has been performed. Through the analysis of the KUCA experiments, assessment of

232Th cross section compiled in current evaluated nuclear data libraries has been

performed. Recent activities related to thorium-based fuel systems are concentrated on

the conceptual design studies of the reactor systems, and basic studies such as cross

                                                             '
section measurement are rather scarce. Under this situation, the present study could be

considered as the oniy major activity on verification of nuclear data based on int'egral

experiments directly aiming at the thorium-based fuel cycie. This study will be

summarized in Chapter 3.

Measurement and analysis of 237Np and 24iAm fission rate ratios relative to 235u in

                                    '                                                     '                      '
thermal neutron fields of KucA[35][36]:

   This study is aimed at the verification of nuclear data relevant to nuclear design of

MA incineration systems based on next generation thermal reactors. The

measurements of 237Np and 24iAm fission rate ratios relative to 235u have been

performed at five cores having different neutron spectrum by using the KUCA.

Assessment of 237Np and 24iAm fission cross sections compiled in current evaluated

nuclear data libraries has been perfbrmed through the analysis. The recent activities

related to MA incineration studies are mostly either basic studies on cross section

measurement, or application studies on the conceptual design ofthe incineration system.

-10-
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    Activities on the integral evaluation of MA nuclear data, such as measurement of MA

    reaction rate, are very scarce, and no activity has been reported in thermal neutron

    systems. The systematic measurement of MA reaction rates in thermal neutron

    systems performed in this study is the first activity ever reported on integral evaluation

    of MA nuclear data in thermal neutron systems. This study will be summarized in

    Chapter 4.

                                      '                                '

Finally, the conclusions drawn from the present thesis will be summarized in Chapter 5.
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Chapter 2

   Ana-ysis ofDifferences in Void Coefficient

             Predictions for Mixed-Oxide-Fuelled

         Tight-Pitch Light Water Reactor Cells

2.1 INTRODUCTION

    The introduction of plutonium isotopes to the conventional uranium fuel results in a

completely diffbrent behavior of the system in terms ofneutronics balance. This phenomena

has attracted interest in the reactor physics study.

    The first major activities on the analysis of plutonium fueled thermal reactors were

performed during the period of the research and development of high conversion light water

reactors (HCLWRs)[i]'[41, where the plutonium oxide is used as mixed-oxide (MOX) fuel in

tight-pitch fuel lattice with reduced moderator-to-fuel volume ratio.

    During the activities on HCLWR development, the accurate prediction ofvoid reactivity

coeflicient was one of the major concerns in the nuclear design with respect to safety aspects.

Through the studies, it became clear that a complex neutronics balance is governing the void

reactivity coeflicient of tight-pitch MOX fuel lattices[5]-[8]. This is due to the fact that the

void reactivity coefficient is a result of a complicated trade-off ofboth negative and positive

contributions of various isotopes to the reactivity[9]'[iO]. ConsequentlM the void reactivity

coefiicient could be sensitive and be largely influenced by the nuclear data and the methods

adopted in the cell calculation codes.

    The impact of different nuclear data and codes on core parameters ofplutonium fueled
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thermal reactors, especially on the void reactivity coeflicient, has been emphasized in the

analysis of void reactivity coeflicient of PROTEUS-HCLWR experiments[ii]-Ii7] and also

during the international benchmark program on HCLWR[i81 sponsored by the Reactor Physics

Committee of NEA (NEAfCRP). These activities have lead to improvements on both

nuclear data libraries and calculation schemes, which served to decrease thg discrepancies

among different analyses [i9]'[20] and to reduce the uncertainty in nuclear design of plutonium

fueled thermal reactors. Furthermore, the results of these studies are implemented in the

compilation activities of newly evaluated nuclear data libraries, including JENDL-3.2 of

                                                                        '
Japan, JEF-2.2 ofthe European countries and ENDFIB-VI ofthe USA. Tbgether with these

                                                        '
effbrts, development or refinement of reactor analysis codes with sophisticated caiculation

schemes has been proceeded.

    The combination of these iatest nuciear data libraries and codes seems to be promising to

provide the estimation of nuclear parameters with increased accuracy[2i]'[22]. However, fbr

MOX cells where various heavy nuclides form a complicated situation from the viewpoint of

neutronics, the uncertainty in the integrated core parameters caused by the uncertainty in

nuclear cross sections alone could be stM considerable. It has been recently reported that the

uncertainty in k6. of a standard pressurized light-water reactor MOX cell will reach up to 1 500

pcm (1 pcm = 1 × 1O-5Ak1k) due to the uncertainty in the cross sections.[23] The uncertainty

due to the calculation scheme employed in the cell codes will further increase the overall

uncertainty of the core parameters.

     Thus it is worthwhile to perform a detailed comparison among the resuits obtained by

latest code systems in order to check the discrepancy in the calculated nuclear characteristics

and to provide possible physical interpretations on them. Such efforts are anticipated to

provide invaluable information for the improvement of both the nuclear data and the

methodology adopted in the code systems. Because of the complexity arising from the
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isotopic composition and the emphasis on the resonance reactions, void reactivity coefficient

for MOX fueled tight-pitch light water lattice could be considered to be a suitable benchmark

problem fbr this purpose.

    From these points of view, analysis of the benchmark calculations fbr void coefficient

predictions for MOX fueled tight-pitch LWR cells has been perfbrmed in this studyi.

Detailed intercomparison of the results based on decompositien of reactivity difference into

                 '                                     '       '
contributing nuclide, reaction type and energy group has been performed, which is the first

attempt to be applied to major code systems.

i This study has been performed within the framework of collaborative studies between the French Atomic Energy

COMMission (CEA) and University Association in Japan. The University Association in Japan comprises researchers

inVOIVed in the field ofnuclear science and engineering from Hokkaido Univ., 'Ibhoku Univ., [fokyo Institute of rl;echnology,

MUSashi Institute of Technology, rlbkai Univ., Nagoya Univ., Osaka Univ., Kyoto Univ., Kinki Univ. and Kyushu University.
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2.2 SPECIFICATION OF THE BENCHMARK PROBLEM

     The system investigated is an infinite array of light-water moderated hexagonal cells

                                                                         '
ioaded with MOX fuels. The configuration of the cell is illustrated in Fig. 2.1. The

diameter ofthe fuel peliet, outer diameter ofthe stainiess cladding, and the hexagonal pitch of

the cell are O.82 cm, O.95 cm and 1.22 cm, respectively. These values correspond to the

moderator-to-fuei volume ratio (J7in/Vf) of approximately 1.1. The temperature of the fuel,

clad and moderator were set to 873 K, 573 K and 573 K, respectively.

                             I i･                             e 1 22cm Illlllll.I!"."-･--liii -･･ ･-･"'--'-' "

    Cladding
      (ss)

    Moderato}

      (H20)

Figure 2.1

'MOX Fuel

f
O,82cm

   O.95cm

s

Configuration ofthe benchmark cell.

     In order to illustrate the impact of isotopic composition of Pu on the void reactivity

coefficient, two types ofMOX fuels (Cell 1 and 2) having different Pu isotopic compositions

have been studied. The isotopic compositions ofthe heavy nuclides oftwo cells2 are shown

in Table 2.1. Compared to Cell 1, Cell 2 has a more "clean" Pu isotopic composition free of

higher Pu isotopes; the most significant difference is the small fraction ofPu-241 in Cell 2.

     The void fraction of the light water moderator region of the fuel cell has been varied

between O% and 100%, nameiM O% to 90% with increment of 10%, and 95%, 97.5%, 99%

and 100%. The small void fraction increment steps in the highly voided state are to cope

 '
2 Pu composition ofCel] 1 corresponds to a "standard" Pu coming from reprocessed standard U02 fuel ofPWR at about

33GWdlt, whereas that ofCell 2 corresponds to Pu coming from a reprocessed gas-cooled reactor fuel.
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with the significant change in the neutron spectrum in this void region.

Table 2.1 Isotopic composition (wt%) of the MOX fuels

Isotope Cell 1 Cell 2

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

1.8%

57.9%

22.6%

10.8%

5.7%

1.1%

792%
17.2%

1.4%

O.5%

Am-241 1.2% O.6%

Total(Pu+Am) 1OO% 1OO%

U-235

U-238

O.2%

99.8%
02%
99.8%

Total(U) 1OO% 1 OO%
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2.3 CODESANDLIBRARIES

                                                             '
     The Japanese SRAC code system[24] developed at JAERI with 107-group cross section

library based on JENDL-3.2 (SRACIJENDL-3.2) and the French APOLLO-2 code[25]

developed at CEA with 172-group cross section library CEA93 based on JEF-2.2

(APOLLO-21JEF2.2) were used for the analysis of the benchmark. A continuous-energy

Monte Carlo code MVP[26] developed at JAERI together with cross section library based on

JENDL-3.2 was also used.

                                      '
     The calculations were performed based on a 1-D cylindrical model with white

(isotropic reflection) boundary condition. It should be noted that such cylindrical

                                                               t.
approximation together with the white boundary condition currently adopted may yield a

considerable error compared to the exact 2-D hexagonal calculations[27] ; however, the

essential feature of the two code systems are considered to be illustrated by the present

analysis.

2.3.1 SRACIJENDL-3.2ANDMVPIJENDL-3.2

     The SRAC calculations were perfbrmed using the 107-group library based on

JENDL-3.2. The thermal cutoff energy has been chosen to be 3.93 eV] which gives 59 fast

groups and 48 thermal groups. The resonance calculations fbr the major resonant nuclides in

the energy range of961 eV to 3.93 eV were carried out with a ultra-fine Pij routine PEACO[28]

incorporated in SRAC. This enables to treat the interaction between the resonance of

diffbrent nuclides with more accuracy. The spatial dependence of resonance selfshielding

                                                              '
effect was not taken into account; namelM the fuel region was treated as a single resonant

material,
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     The reaction rates were calculated using the heterogeneous flux obtained by the

                                                 '
eigenvalue calculation and the effective cross sections. The k.. values used in this study

were calculated based on the reaction rate balance by k.. = P / (F+C-N), where R E C and N

denote the production, fission, capture and (n,2n) rates integrated over the entire energy and

space, respectively. Note that the (n,2n) reactions were treated as negative absorption and

were subtracted from the actual absorption rate (F+Cl) fbr calculating kco values.

     The MVP calculations were executed in order to provide the complementary results so

as to validate the SRAC calculations. Because ofthe limitations in the nuclear data provided

fbr MVR the temperatures of the fuel, clad and moderator were set to 900 K, 600 K and 600

K, respectively. 500,OOO neutrons were tallied fbr each calculation, which gave the statistical

error ofless than O.1% (16) for k.. values.

2.3.2 APOLLO-21JEF2.2

     The APOLLO-2 calculations were performed by using the i72-group CEA93 library

(version O) which is based on JEF-2.2 library. Thermal cutoff energy for this library is 4 eV

which gives 92 fast groups and 80 thermal groups. The resonance calculations were

performed based on an improved selfshielding scheme (background matrix fbrrnalism

        '
method[29]). In order to take the spatial dependence of the resonance selfshielding into

                                                '                                           '
account, the fuel pellet was subdivided into six regions, each being treated as a separate

resonance region. The space-dependent effective cross section for each resonant region was

calculated based on background matrix fbrmalism together with the wide resonance

aPproximation. The interaction among the resonances was taken into account by iterating

the whole selfshielding calculation by using the calculated effective cross section as the

background cross section in the subsequent iteration. The number ofthis iteration was fixed

-21-



Cha ter 2

to two, which had been proven to give suflicient convergence in the effective cross section

                                              '
and the kbo values. The k.. values used in this study were caiculated based on the reaction

rate balance as described above.

     It should be mentioned that the first analysis of MISTIkeeLL experiments[30]'[3i] using

SRACIJENDL-3.2 and APOLLO-21JEF2.2 shows that the kofvalues are satisfactory predicted

by the two codes[32]'[33], assuring the overall quality and the performance of the two code

systems. However, it should be noted that the two code systems give different tendency on

                                '
the prediction of kof fbr MOX cores; kop is overpredicted by SRACIJENDL-3.2 and is

underpredicted by APOLLO-21JEF2.2.

-22-



Cha ter 2

2.4 RESUIJTSANDDISCUSSION

2.4.1 COMPARISON OF INFINITE MUIJIrlPLICATION FACTOR AND TOTAL VOID

      REACTIVITY

                                                          '
     Figure 2.2 shows the k6. values of Cell 1 and Cell 2 and their dependence on the void

fraction obtained by the two code systems. The k.. values decrease with increasing void

fraction up to approximately 60% to 70%, and then turn to increase with void fraction. The

void fraction values corresponding to the minimum k.. values are slightly different between

the two cells; approximately 609x6 for Cell 1 and 70% for Cell 2. SRACIJENDL-3.2 gives

larger k6. values for both cells fbr the entire void range. EspeciallM there is a clear difference

in the shape ofthe k.. curve fbr Cell 1 in void fraction above 90%; APOLLO-21JEF2.2 gives a

monotonous variation of kbo versus the void fraction, whereas the k6. values given by

SRAC/JENDL-3.2 present some perturbations between 50 and 100% void which will be

explained in the fo11owing paragraphs. It should be mentioned that the discrepancies

between the SRAC and MVP results, both based on the JENDL-3.2 librarM are sufficiently

                                                               '
small compared with the statistical error of the MVP calculations. EspeciallM the overall

shape of the k.. curve is in good agreement, including the diffla)rence of the curve shapes

                                '
between the two cells above 90% void.

     The k6. discrepancy between the two codes are shown in Fig. 2.3. The discrepancies

                             '          '
have a clear dependence on the fuel composition and aiso have a large dependence on the

                                        '
Void fraction. Cell 2, which is more free of higher Pu isotopes, shows large reactivity

discrepancy than Cell 1. The maximum discrepancy is observed at void fraction range nectr

80%, which reaches up to approximately 1%Akik and 1.35%Ak!7lr for Cell 1 and Cell 2,

           '
                                       'respectively.
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+Cell1
-<>-uCell2

     The k6. values fbr the O% and 100% voided cells, the total void reactivity values

(reactivity difference between O% and 100% void), and their differences are shown in Table

2.2, For Cell 1, the k6. discrepancy for the 100% voided cell is larger than that fbr the O%

void, whereas fbr Cell 2, an opposite trend is observed. The total void reactivity values are
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calculated to be negative fbr both cells. However, the discrepancy in the total void reactivity

between the APOLLO-21JEF2.2 and SRACIJENDL-3.2 results shows different trend fbr the

two cells; it is negative for Cell 1 and positive for Cell 2.

                                '

                            '      -.
       Table 2.2 Comparison ofkoo vaiues for O% and 100% void and void reactivity

Cell1 Cell2

APOLLO-21
JEF2.2

SRACI
jENDL-3.2

Difference*

(Ale(k,cm""

APOLLO--21
JEF2.2

SRAC!
JENDL-3.2

Difference

(Ala<k,cm)

koo,OO/ovoid 1.10541 1.10773' -189 1.13851 1.14572 -552

k..,1OOe/ovoid 1.09898 1.10387 -403 i.13499 1.14009 -394

VoidReactivity

(pcm)
-529 -316 -213 -272 -431 +159

-5

     To further investigate these discrepancies in k.. values and void reactivities, the

reactivity difference Ap between the two different states a and b is decomposed into

                                                                     'contributing nuclides i , energy groups G, and reactions using the fo11owing formula ;

  Ap=tZ. ;[ttG-tAiG]-2, 2. t[ttG (ACiG'thG-rwiG)]=z, ;Ap,G.

                                                                    (2-1)

The production, capture, fission and (n,2n) terms are defined as fbllows ;

             pro6uction t,rm..l. AIIG .-<V]£fi'¢>:EG;<VZfi'¢>:EG , (2.2)

                           koe P kco P

             capture term =. ii= Af = ii. <:E ci'¢>bgeG {il} <Zci, ip>:EG , (2-3)

                           eo oe
             '
             fi,,i.. t,rm.-.l. 41ZiG .-,.l. <£.fi,ip>bgEG--<]£.fv,¢>:EG , . (2-4)

                         kAk A                          oe ee
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         (n, 2n) term !+.,l. fl$liG .,, lt-L(Z(n,2n)i,¢>:EG;<IE (.,,.),,¢>:fG .

                     kA                               kA
                      oe oe

Here, the brackets (< >gEG) denote the integration over energy range corresponding

                                         'broad group G and over the entire cell volume, and R denotes the average value

physical quantity R between the two states, i.e.,

         )}- . kee,a +koe,b

          ee '2 '

         [p . <vE f. ,¢)iiEaU +<vc2 f. ,¢>:Ean

                      2'

         I2i . <(Zf +£c -Z(n,2n) ), ¢>iiE"ii +<(2Z f +Z. -z(.,2.) ), ip>iEaU

(2-5)

to the

of the

                                 2

The two states a and b could be any two different states ( such as void fractions

libraries ete.). This fbrmation is essentialiy based on that proposed by Okumura and Nishina

in Ref[10]; here, more detailed treatment of partial reaction terms has

separate treatment of fission and production terms and the inciusion of (n,2

                             '
2.4.2 BREAKDOWN OF REACTIVITY DIFFERENCE BETWEEN

      AND SRACIJENDL-3.2 INTO CONTRIBUTING COMPONENTS AT EACH VOID

      FRACTION

     In this subsection, the two states a and b described above correspond to caiculation

results ofAPOLLO-21JEF2.2 (A) and SIMCIJENDL-3.2 (S) , respectively. The differences

(A-S) are analyzed in detail.

                    '                                                     '
2.4.2.A i Breakdown ofReactivity Based on 0ne-group CollapsedReaction Rates

                                                                '     In order to investigate the global contribution of each individual isotopes to the

           (2-6)

           (2-7)

. (2-8)
    , code systems,

been made by the

n) term.

APOLLO-21JEF2.2
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reactivity diffbrence at each void fi:action shown in Fig. 2.3, an anaiysis based on one-group

collapsed cell averaged reaction rates has been perfbrmed.

     Figures 2.4 and 2.5 show the breakdown of the reactivity discrepancy between

ApOLLO-21JEF2.2 and SRAC/JENDL-3.2 for Cell 1 and Cell 2, respectively. Here, only

the one-group collapsed total components (summation of production, fission, capture and

(n,2n) components) for each isotope are shown.

          400 un ,e-- -U-235
                                                       "U-238           200
                                                       +Pu-238

        .di'-iooo ;III3,O.,
         -l200

       , -l4oo

              O 20 40 60 80 100
                            Void Fraction (%)

  Figure 2.4 One-group breakdown ofreactivity diffbrence between APOLLO-21JEF2.2
        and SRACIJENDL-3.2 for Cell 1. 0nly the total components are shown.
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Figure 2.5 One-group brea

      and SRACIJENDL-3.2 fbr Cell 2.
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     The reactivity discrepancy is a result of the cancellation of various negative and positive

components, with some ofthem having larger magnitude than the total reactivity discrepancy.

The large Pu-239 component, which shows a strong dependence on void fraction, is the most

 dominant cause ofthe reactivity discrepancy between the two codes.

    The discrepancies caused by the fertile heavy nuclides, i.e. U-238, Pu-240 and Pu-242

are positive, showing that the energy-integrated capture rates obtained by APOLLO-21JEF2.2

for these nuclides are smaller than those obtained by SRAC/JENDL-3.2. Among them, the

U-238 component shows an apparent dependence on the void fraction, having a minimum

value at approximately 80% void.

     A clear difference between the two cells is fbund in the contribution of Pu-241. For

Cell 1, the positive Pu-241 component, together with the U-238 component almost cancels

with the negative Pu-239 component at O% void and therefore acts to reduce the overall

reactivity discrepancy. For Cell 2 with smaller Pu-241 content, such cancellation does not

act as to reduce the overall reactivity discrepancM so that the resulting reactivity discrepancy

at O% void becomes larger than that of Cell 1. Turning to 100% void, the contribution of

Pu-241 turns to negative and therefbre does not cancel with Pud-239 anymore in Cell 1. Thus

the reactivity discrepancy at 100% void becomes larger than that at O% void in Cell 1. For

Cell 2, the reduction of the Pu-239 discrepancy dominates the overall reactivity discrepancM

and the reactivity discrepancy at 1OO% void becomes smaller than that at O% void.

     Figures 2.6 and 2.7 show the contribution to the APOLLO-SRAC discrepancy (A-S) of

the major heavy isotopes (U-238, Pu-239, 240 and 241) in their reaction types for Cell i and 2,

respectively. The contribution ofeach individual isotope shows a characteristic dependence

on void fraction, and the total component is a result of balance among the contributing

reaction types. The difference between the two cells could be clearly seen in the void

fraction dependence of each isotope; especially the total component of Pu-240 shows a
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completely different profile. This is due to the different

                                                     '
reaction types, mainly by the difference in the capture term.
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One-group breakdown of isotopic component of (A-S) discrepancy into

    reaction types for major heavy nuclides in Celi 1.
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               One-group breakdown of isotopic component of (A-S) discrepancy into

                  reaction types for major heavy nuclides in Cell 2.

     Turning to isotopes other than the heavy nuclides, the discrepancy due to the stainiess

steei cladding shows a considerabie negative contribution, which also shows strong

dependence on the void fraction. Figure 2.8 shows the detailed contribution ofthe isotopes

comprising stainless steel clad to the reactivity difference fbr Cell 1. The major contributors

              'to the reactivity difference are Mn-55 and natural Fe, which show different dependence on the

                                                 '
void firaction. The different shapes ofthe curves for the two isotopes indicate the different

energy domain which dominates the reactivity difference caused by the two isotoPes. The

negative contribution of O-l6 to the (A-S) discrepancy is also remarkable, especially in high
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void fractions. Its contribution is approximately -120 pcm fbr reference O% voided cells and

gradualiy increases with void fraction, and reaches up to approximately -180 pcm for 100%

voided cells. This effect is comparable to the contribution ofsome ofthe heavy isotopes.
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       '
 Contribution of stainless steel cladding to reactivity difference between

  APOLLO-21JEF2.2 and SRACIJENDL-3.2 fbr Cell 1.
         Only the total components are shown.

2.4.2.B Analysis in 7lerms ofEnergy andReaction Z)spes Basedon 15-group Collapsed

        Reaction Rates

     The cause of the various profile of the contribution of each isotopes and reaction types

shown above indicates that they are composed ofcontributions from different energy domains,

which change their importance according to the progression ofvoidage. As such phenomena

could not be fu11y understood without the further analysis in terms of energy, a more detailed

analysis based on 15-group collapsed reaction rates has been performed and will be discussed

                   '
in this subsection.

     Tabge 2.3 shows the energy group structure of the 15-group employed in the analysis.
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Due to the different energy group structure in the original fine-group iibrary of the 172-group

CEA93 library and the 107-group SRAC library) there are differences in some of the coarse

groups. The largest difference is in the most upper energy considered in the two libraries;

CEA93 treats up to 19.6 MeV whereas SRAC iibrary treats up to 10.0 MeV However, due

to the small fraction ofneutron flux and hence the reaction rates within 1O.O MeV < E < g9.6

                                                       '                    'MeV this difference in the uppermost energy which appears in the ISt group has proven to

have very little effect to the total reactivity difference.

Tal)le 2.3 Energy group structure ofthe 15-group

APOLLO--21JEF2.2 SRACIJENDL-3.2

Group
Upper
Ener

Lower
Ener

Lethargy

 Width
Upper
Ener

Lower
Ener

Lethargy

 Width

1

2

3

4

5

6

7

8

9

10

11

12

13

14
1 5'

1.964E+07 6.060E+06

6.060E+06 2.231E+06

2.231E+06 1.353E+06

1.353E+06 4.987E+05

4.987E+05 l.831E+05

1.831E+05 6.737E+04

6.737E+04 2.478E+04

2.478E+04 9.118E+03

9.118E+03 2.034E+03

2.034E+03 4.539E+02

4.539E+02 2.260E+Ol

2.26eE+ol 4.oooE+oo

4.000E+OO 5.300E-Ol

5.300E-Ol 1.000E-Ol

l.OOOE-Ol 1.000E-04

1.18

1.00

O.50

1.00

1.00

1.00

l.OO

1.00

1.50

1.50

3.00

1.73

2.02

1.67

6.91

1.000E+07 6.065E+06

6.065E+06 2.231E+06

2.231E+06 1.353E+06

1.353E+06 4.979E+05

4.979E+05 1.832E+05

1.832E+05 6.738E+04

6.738E+04 2.479E+04

2.479E+04 9.119E+03

9.119E+03 2.035E+03

2.Q35E+03 4.540E+02

4.540E+02 2.260E+Ol

2.260E+Ol 3.928E+OO

3.928E+OO 5.316E-Ol

5.316E--Ol 9.708E-02

9.708E-02 1.000E-04

O.50

1.00

O.50

1.00

1.00

a.oo

l.OO

1.00

1e50

1.50

3OO
1.75

2.00

1.70

6.88

     As the voidage progresses, the neutron spectrum shifts towards higher energy, and the

importance ofeach energy domain may change significantly. Figure 2.9 shows the reiative

change of some of the cell averaged 15-group fiuxes for Cell i caiculated by

SRACIJENDL-3.2. Here, the flux fbr each indicated coarse group has been normaiized to

             '
unity at O% void to illustrate the relative change due to the progression ofvoid. It should be

noted that the neutron flux between 4 eV < E < 9 keV shows a non-monotonous change with

                                          '
progressing void. Especially for 10th (454 eV < E S 2.03 keV), 1lth (22.3 eV < E S 454 eV)
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    Figure 2.9 Vic)id fraction dependence ofcell-averaged flux ofCelH calculated by

                              SRACIJENDL-3.2.

     This void fraction dependence of the neutron flux causes the void fraction dependence

ofeach isotope, and due to the difference in the relative importance ofeach coarse group, the

total void fraction dependence of each contributing isotope becomes also different.

Furthermore, fbr fissionable isotopes, the fission term and the production term generally

appear in opposite sign (unless the difference in v-value is significant to change the sign ef

the production term), so that these two terms tend to cancel each other to a certain extent (the

magnitude of the production term is generally larger than that of the fission term). These

complicated balance among the energy-dependent, reaction type-dependent components lead

to the unique behavior of each isotope as regards its contribution to the (A-S) discrepancy.

    The contributions of the major isotopes to the reactivity difference are shown in Fig.

2･gO and wiil be discussed in more detail. As the main characteristics of each component are

Similar between the two cells, the fo11owing discussion is mostly based on the results for Cell1.

and a2'h (4 eV < E g 22.3 eV) groups, the neutron flux first increases with increasing void

fraction, but then decreases with increasing void in higher void fraction range. The turning

point from increase to decrease depends on the energy group. The void fraction value

corresponding to the turning point becomes higher with increasing energy.

             .'g,iO x//geXi'lii;'Mrmi!,

             SN
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e U-238

     The void fraction dependence of the contribution of each group reflects the behavior of

the cell-averaged flux described above. At low void fraction, the main discrepancy between

the two code systems is caused by the resolved resonance range below 454 eV The

contribution of this energy range becomes negligible at high void fraction. Instead of this,

the large positive contribution to the (A-S) discrepancy of the 7th group (24.8 keV < E < 67.4

eV) component becomes significant at high void fraction over 909i6 void. This component

cancels with the negative 5th group and 8th group components, which also increase their

magnitudes with void fraction. The differences are mostly due to the capture rate difference,

and as the capture cross sections in the unresolved through fast range are almost the same

                                             '
between the two code systems, it is suspected that these difl}:rences are mostly due to the

secondary effect caused by the difference in the neutron flux.

e Pu-239

     The most dominating components are the negative ones of the 1lth and 12th groups,

showing significant void fraction dependence which again reflects the fiux behavior described

above. At high void fraction, the 5th group (positive component) and the 7th, sth and gth

groups (negative component) show large contributions. Further analysis in te"ns ofreaction

types showed that the production term dominates the overall behavior for all groups. It has

also been found that the fission term and the capture term do not always appear in the same

sign. This means that fbr these groups, the reaction rate diffk)rence (and hence reactivity

difference) is not only caused by the flux difference, but also by the difference of the cross

section itself
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e pu-24o
                                             .t
     The large positive contribution of 13th group showing approximately +250 pcm at 0%

void is caused by the capture rate difference in the vicinity of resonance at 1 eV This

component fades away with increasing void fraction. The negative-contributions of 11'h and

12th groups also become small with increasing void fraction, so that the balance between these

positive and negative components resuits in the more or less constant contribution of

approximately +200 pcm throughout all the void fraction range.

e Pu-241

     The positive contributions of 11'h and 12th groups are significant at low void firaction.

At high void fraction, the contribution of these groups becomes negligible and that of the

negative 7th and 9th groups becomes the dominating component. This causes' the total

component to turn from positive to negative in accordance with the progression of void,

which is a characteristic feature ofPu-241 component.

e StainlessSteel

                                                                          '            '
     The reactivity discrepancy due to two elements, natural Fe and Mn-55, reaches up to

-460 pcm at around 90% void. The two elements show different contribution in terms of

energy. For natural Fe, most of the reactivity difference is due to the negative 10th group,

which contains the 1-keV resonance. This component reaches its maximum at 95% void.

For Mn-55, most of the reactivity difference is due to the negative 11`h group, containing the

large resonance near 300 eV Due to the voidage, the contribution of 1lth group increases its

importance to the reactivity difference up to approximately 80% void. Above 80% void, the

contribution of this energy group rapidly decreases ; this directly reflects the neutron flux

behavior shown in Fig. 2.9 previously. These contributions of these two elements show
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strong dependence on the void fraction, which again correspond to the flux variation as

described before.

     This considerable contribution ef the stainless steei materiags to the discrepancy is

fbund to be mainly due to the diffk)rent treatment of the resenance cross sections of the

cladding. In the APOLLO-21JEF2.2 calculations, the resonance selfLshielding of the

isotopes comprised in the cladding was not taken into account. This treatment come from

                                                                    '                                     '
the unavailability of selfshielded data for these isotepes in the 172-gtoup CEA93 library and

therefore the resonance cross sections for the isotopes in the cladding become iarge compared

to the SRACIJENDL-3.2 calculations. Thus fbr both natural Fe and Mn-55, the capture rate

difference between APOLLO-21JEF2.2 and SRACIJENDL-3.2 becomes positive, and this

;eads to negative contribution to the reactivity difference.

e o-16

     The total reactivity difference is eventually determined by the contributions from the 1St

and 2"d groups. These discrepancies could be attributed tQ the cross section difference in the

                                                                 '                           '
fast energy range; such as (n,p) and (n,ct) cross sections, which are currently included in the

"capture" or absorption cross section in the cross section libraries used in both codes. These

cross sections in JEF2.2 are larger than those in JENI)L-3.2 above approximately 3 MeV

There is a 1arge difference between the two libraries in the energy region of 100 eV< E < 1

MeM but because ofthe small cross section value, the contribution ofthis energy region to

the reactivity is relativeiy small.

2.4.3 BREAKDOWN OF TO'IAL VOID REACTIVITY AND COMPARISON OF

      CONTRIBUTING COMPONENTS BETWEEN APOLLO-21JEF2.2 AND

      SRACIJENDL-3.2
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      In this subsection, the total void reactivity, defined as the reactivity diffl:rence between

                                            '
O% void and 100% void, will be analyzed by decomposing into contributing components. IR

this case, the two states a and b in equations shown in Subsection 2.4.1 corresponds to O%

and 1009x6 void, respectiveiy. The results below are obtained in 15-groups.

     Tables 2.4 and 2.5 show the breakdown of totai void reactivity value obtained by the

two codes fbr Celi 1 and Cell 2, respectively. The difference between the results obtained by

the two codes is also shown in the tables. Here, oniy the total component for each isotope is

shown.

                                                                  '
     The void reactivity also is a result ofcancellation between various positive and negative

components, and the main contributors are U-238 (negative contribution), Pu-239 tpositive),

Pu-240 (positive), Pu-241 (negative) and Pu-242 (positive). The magnitude ofthe individua;

components is substantially large compared to the resulting total void reactivity. Especially

for U-238 and Pu-240 components, their relative magnitudes reach up to more than several

tens of the total v'oid reactivity. Due to such complexity, the difference of void reactivity

            '
between APOLLO-21JEF2.2 and SRACIJENDL-3.2 becomes also a result of cancellation

between the various components ofdiffbrent signs. Comparing the total (energy-integrated)

components, APOLLO-21JEF2.2 tends to give a larger contribution fbr each isotopes

compared to SRACIJENDL-3.2.
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Table 2.4 Comparison of total void reactivit y breakdown in 15-group for Cell g
(in pcm)

GToup EnergyRange U-
235

U-
238

Pu-

238

Pu-

239
Pu-

240

Pu-

241

Pu-

242
Am-
241

O-16 Nat.

 Fe

Nat.

 'Cr

Nat.

 Ni
Mn-
 55
H20 Total

1 Eup-6.06McV A*

s*

A-S

1

1

o

339

321

 18

2

2

o

56

56

-1

21

2e

o

10

10

o

5

5

e

1

1

o

-51

-31

-20

-9

-8

-1

-2

-2

o

-to

 -9

 Ll

o

o

o

57

33

25

421

400

 20

2 6.06MeV-2.23MeV A
s

A-S

l3

13

o

2275

2249

 27

29

29

1

764

752

 12

259

252

 7

117

121

 L3

52

se

2

19

lg

1

-117

-73

-45

-32

L29

 -3

-4

-5

1

-6l

-60

 -1

o

o

o

101

60,

41

3416

3378

 38

3 2.23MeV-1.35MeV A
s

A-S

12

13

-1

IS26

1574

 -49

28

27

1

769

760

 9

236

236

  1

l19

129

-10

50

50

o

18

17

l

o

-1

1

-5

-8

3

-2

-2

1

 -9

-10

 1

o

o

e

o

1

o

2742

278S

 -43

4 1.3SMeV-499keV A
s

A-S

S6

55

1

-1747

-1727

 -20

H6
115

 1

3326

3223

 103

691

6S5

 36

533

551

-18

125

122

 3

12

18

-6

o

-4

4

-45

-68

23

-12

-15

 3

-19

-23

 3

-2

-2

o

1

1

-1

3035

2903

 133

5 499keV-183keV A
s

A-S

85

7g

7

-3111

-285I

 -260

83

75

8

4194

3941

 253

26

4

23

g7g

858

 20

-4

-5

1

-38

-24

-14

o

-4

4

-ll8

-122

  4

-24

-27

 3

-48

-42

 -6

-5 .

-3

-1

1'

1

o

1919

1880

 39

6 l83keV-67.4keV A
s

A-S

110

104

 6

-SI84

-5225

  42

48

42

6

4742

4662

 se

-2oe

-200

  o

l245

1257

 -13

-47

-48

 I

L73

-55

-18

o

-3

3

-225

-218

 -7

-52

-50

 -1

-78

-67

-11

-13

-10

 H3

1

1

o

274

191

 83

7 67.4keV-24.8keV A
s

A-S

102

I02

 1

-g344

.9079

 735

29

24

5

3704

4021

-317

-332

-409

 77

1170

1257

 -87

 -90

-101

 11

-81

-75

 -6

o

-2

2

-247

-274

 27

-45

-63

18

-108

 -94

 -15

-23

L15

 f9

1

1

o

-4263

-4706

 443

8 24,8kcV-9.12keV A
s

A-S

86

82

5

-8460

-8311

 -149

1
1

7

4

2179

2328

-149

-366

-379

 13

949

955

 -6

 -99

-102

  4

-69

-66

 -3

o

-l

1

 -96

-121

 25

-38

.-
3S

 -3

-133

-137

  4

-31

-14

-17

2

2

o

-6063

-5791

 -272

9 9.12keV-2.03keV A
s

A-S

76

77

-l

-6469

-6598

 129

1

-3

4

1265

1455

-19e

-374

-391

 I7

847

896

-se

 -96

-100

  4

-61

-69

 8

o

o

o

-77

-91

 14

-120

-I24

  5

-24

-33

 9

-22

-27

 5

4

5

o

-5049

L5003

 -45

10 2.03keV-454eV A
s

A-S

16

16

1

-735

-556

-lgo

o

-4

5

282

195

 g6

-95

-se

-15

226

180

 46

-28

-18

 -9

-17

-16

 -1

o

o

o

-178

 -41

-l37

-80

-47

-33

-3

-4

1

-30

-16

-14

9

9

o

L633

-381

-252

1
1
454eV-22.6eV A

s

A-S

132

l29

 -3

6806

7035

-228

45

41

4

-3232

-3434

 202.

1810

1757

 53

-1899

-1811

 -89

210

223

-12

144

146

 -3

o

o

o

91

99

-8

35

35

o

24

25

-2

181

103

78

42

42

o

4125

4131

  -6

12 22.6eV-4cV A
s

A-S

-51

-S2

 1

6067

6187

-120

52

48

5

L3159

-3444

 2g5

243

212

 31

-2923

-274S

 -178

13

l3

o

132

135

 -3

o

o

o

109

107

 2

42

43

-1

29

30

-1

18

lg

o

47

48

-1

619

600

 lg

13 4eV-O.53eV A
s

A-S

-49

-49

 o

403

397

 5

51

43

8

-lggg

-1928

 -60

8725

g941

-216

p526

-489

 -37

1721

1737

 -16

484

419

 65

o

o

o

226

219

 7

87

86

1

61

61

o

36

36

o

98

99

-2

9330

9S73

-244

14 o.s3ev-o.lcv A
s

A-S

-61

-61

 o

138

140

 -2

27

28

-1

-7352

L7374

  21

747

741

 6

-1351

-1303

 -49

8

g

o

147

138

 9

o

o

o

174

172

 2

67

68

-1

47

48

-1

28

28-

-1

84

87

-3

-7298

-7281

 -17

15 O.leV- A
s

A-S

L65

-64

 p2

l23

121

 2

48

47

1

-3118

-3039

. -79

384

377

 7

-873

-829

 -44

6

6

o

41

4e

 1

o

o

o

152

149

 3

59

59

o

41

41

e

24

24

o

75

76

-1

-31e3

-2993

 -111

Tbtal A
s

A-S

200

185

 15

-16372

-l6323

  -49

570

519

 51

2433

2177

 256

11776

11737

  39

-1478

 -961

 -517

182g

1839

 -12

658

627

 31

-169

-117

-52

-280

-234

 -46

-87

-79

 -g

-290

-273

 -18

162

r24

38

'521

464

 S7

-529

-316

-214

*A! APOLLO-21JEF2.2
,
S: SRACIJENDL-3.2
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Table 2.5 Comparison of total void reactivity breakdown in 15-group for Cell 2
(in pcm)

Group Energy Range U-
235

U-
238

Pu-

23g
Pu-

239

Pu-

240

Pu-

241

Pu-

242
Am-
241

O-16 Nat.

 Fe
Nat.

 Cr
Nat.

 Ni
Mn-
 55
H20 Tbtal

1 Eup-6.06MeV A*

s*

A-S

1

1

o

318

297

 20

l

1

o

70

70

o

14

14

o

l

1

o

o

o

o

1

1

o

-50

L30

-20

-9

-8

-1

-1

-1

o

-10

 L9

 -1

o

o

o

55

31

24

392

369

 23

2 6,06MeV-2.23MeV A
s

A-S

'12

12

e

2I21

2078

 43

16

16

l

962

940

 22

181

l75

 6

15

15

o

4

4

o

8

8

1

-115

 -7I

 -44

-32

-28

 -4

-3

-5

1

-60

-59

 -1

o

o

o

99

59

40

3208

3143

 65
3 2.23MeV-l.35MeV A

s

A-S

l
l

12

e

1404

1443

 -39

15

l5

1

961

946

 15

164

163

 1

15

16

-1

4

4

o

8

7

o

o

-1

l

-5

s
-2

-2

1

 -9

-10

 1

o
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     Considering the absolute values of the void reactivity components, similar results were

obtained by the two codes for the total contribution of the major fertile isotopes, namely for

u.238, Pu-240 and Pu-242 components. Especially fbr U-238 and Pu-240 components with

a significant magnitude exceeding 10000 pcm, the relative difference for these components

between the two code systems is less than 1%. This refiects that the reactivity difference due

                      '
to those isotopes is almost the same fbr O% and 100% voided cells, as could be seen from the

analysis ofreactivity discrepancy given in Subsection 2.4.2. 0n the other hand, considerable

discrepancies exist in the fissile Pu-239 and Pu-241 components, the latter showing the most

significant difference of -517 pcm in Cell 1. This is approximately twice of the total

discrepancy in the void reactivity. It should be noted that the positive discrepancy ofPu-239

and the negative discrepancy of Pu-241 components tend to cancel with each other in Cell 1.

The total discrepancy for Cell 1 therefore becomes smaller than that fbr Cell 2, where the

                                                       'Pu-241 content is small and the cancellation does not occur. This clearly illustrates the

                                                                          '
impact ofthe isotopic composition ofPu to the void reactivity.

     Turning to other isotopes, the structure materials in the stainless steel cladding also

show relatively important contributions to the total void reactivity. Compared with the large

contribution of the major heavy nuclide components, the magnitude of the cladding materials

is small ; however, individual magnitude is still comparable to the total void reactivity.

Among the isotopes comprising' the stainless steel cladding, natural Fe, natural Cr and natural

Ni serve as negative contributor, whereas Mn-55 serves as a positive contributor to the void

reactivity, and APOLLO-21JEF2.2 gives larger results compared to SRACIJENDL-3.2 fbr all

of them. faking into account the absolute magnitude of each components, relatively large

discrepancies are found fbr natural Fe and Mn-55. Relatively large discrepancies with

respect to the total void reactivity are also observed for O-16 contained in the MOX pellet,

and also in the H20 moderator.
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      The breakdown into contributing energy domains shows that, fbr each isotope, the

                                             '
 energy-integrated reactivity effect is a result of competition between the positive and negative

 contributions from different energy domains. As was shown in Fig. 2.10, the neutron flux

 above the 10th group (E > 454 eV) is increased when the cell is totally voided. Provided that

the difference of the effective cross section in accordance with the progress of voidage is

 small, this behavior of flux means that compared to the unvoided cell, the reaction rate in the

totally voided cell becomes larger above the 10th group, whereas the reaction rate below the

 11th group becomes smaller. Thus fbr energy groups above the 10th group, fission and

capture terms become negative (note that these terms appear in the opposite sign as that of

          '
reaction rate difference), whereas production and (n,2n) terms become positive. For isotopes

                                             '
mainly acting as absorber (for example, the isotopes comprising stainless steel cladding), the

total components for these isotopes therefore show a clear trend to be negative above the 1Oth

group and positive below the 1lth group. For the heavy isotopes, however, such trend could

                                                               '                                            '
not seen in the total components (for example, see U-238) ; this is because the group-wise

total reactivity efliect is a result of the balance among the production, fission, capture and

(n,2n) terms, which may appear in different magnitude and in different signs. The

discrepancy between the individual isotopic components obtained by the two codes also is a

result of balance among the reaction type-wise discrepancies. This clearly shows the

importance and necessity of the detailed analysis in terms of energy and reaction types.

     The contribution of the individual isotopes and the comparison between

APOLLO-21JEF2.2 and SRAC/JENDL-3.2 results are summarized below.

e U-238

     The total component having a significant magnitude of approximately -16300 pcm

could be clearly separated into three energy domains ; the positive contribution in the MeV
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region, the large negative contribution in the keV region and the positive contribution in the

resonance and thermal regions below 454 eV The positive contribution in the MeV region

comes from the large increase in fast fission, which becomes significant above the 3rd group.

The small U-238 capture cross section and thus less negative capture term in this energy

domain also act to enhance the positive contribution ofthe production term. ln the ISt group,

                           '
the (n,2n) term also shows a contribution of approximately 60 to 70 pcm. The capture rate

increase above the 10th group (E > 454 eV) overrides the positive contribution from the fast

and resonance regions, and results to the total capture term of approximately -21OOO pcm.

     Comparing the two codes, the fast fission effect is consistently obtained between the

two codes. On the other hand, large discrepancy has been found at the s`h , 7th , loth and "`h

groups. It should be noted that, despite the small magnitude, the relative discrepancy at the

1o`h group is significant.

     No clear difference between the two cells could be found. The smaller contribution of

U-238 in Cell 2 clearly refiects the fact that the relative importance ofU--238 as absorber in

Cell 2 is smaller than that in Cell 1.

e Pu-239

     The magnitude ofthe fission term is larger than that ofthe capture term for each energy

group. On the other hand, the energy-integrated fission term becomes smaller than the

capture term ; this comes from the balance between the negative terms above the 10th group

and the positive terms below the 11'h group. Comparing the two codes, large discrepancies

with magnitude over 400 pcm are observed in the sth, 7th, 9th and 12th groups.

e pu-24o

     Good agreement of the energy-integrated components is achieved between the two
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codes. However, the analysis in terms of energy revealed that this agreement is merely a

result ofcancellation between both the positive and negative discrepancies.

     Contribution of the 13th group capture term, which contains the 1 eV resonance, is the

most dominating component to the void reactivity. The difference of this component

                                                                    '
between the two codes is approximately -220 pcm, showing that the capture rate decrease due

to voidage is estimated larger in SRACIJENDL-3.2. As the neutron fiux difference in this

group is relatively small between the two codes, it could be concluded that the capture cross

section of Pu--240 in the 13`h group is larger in SRACIJENDL-3.2 compared to

APOLLO-21JEF2.2.

e Pu-241
             '
     The largest discrepancy for the Cell 1 void coeflicient components has been fbund

  '
between the two codes fbr Pu-241. The combination of fission and production terms below

the 11'h group (E < 454 eV) obtained by SRACIJENDL-3.2 is larger in magnitude than that

                                   '
obtained by APOLLO-21JEF2.2, which results to large discrepancy in this energy domain.

The discrepancies in the 5th, 7th and 9th groups also have considerable magnitude. Although

the absolute magnitude is small, it should be noted that the capture terms for the 4th, 5th and 6th

groups show significant relative difference. This could be attributed to the large difference

in the Pu-241 capture cross section in this energy domain between the nuclear data employed

in JEF2.2 and JENDL-3.2.

e Pu-242
            '
     Contribution of the most dominating 13th group is in excellent agreement between the

    '
two codes fbr Cell 1. Above the 4th group, increase of the fast fission results in a positive

reactivity effect. This is also in good agreement between the two code systems. ''
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e StainlessSteel

                                       '
     The discrepancies fbr natural Fe and Mn--55 are mainly caused by the treatment of the

main capture resonance as described previously, and appear in the 10'h and 11`h groups for the

                                                    '
two isotopes respectively. The different resonance energy as well as the capture cross

section in the keV range fbr these two isotopes lead to an opposite contribution to the void

reactivity. As described befbre, the spectrum shift caused by the voidage decreases the

capture rates fbr these isotopes below the 1lth group and increases the capture rates above the

lo`h group. For natural Fe, the spectrum shift due to voidage results to the increase in the

1-keV resonance capture as well as the keV-region capture, which overrides the decrease in

the thermal capture. This leads to the increase of the total capture rate and therefore serves

as a negative contribution. On the contrary, the spectrum shift results to the large decrease in

                                              '
the 300-eV resonance capture for Mn-55, which leads to the decrease of the total capture rate

and therefbre serves as a positive contribution.

e O-16, H20

     O-16 shows an important contribution at the IS` and 2"d groups; the increase of

absorption rate due to the spectrum hardening serves as a negative component of more than

-lOO pcm. The effect of fast absorption is also notable in H20 moderator, where it acts as a

                'positive effect until the absorption effect of the moderator no longer exists in the voided cell.

Eventually all the difference between the two codes for O-16 and H20 components is caused

at these two energy groups. This could be attributed to the cross section difference above 3

MeV; the absorption or "capture" cross sections which containing (n,p) and (n,ct) cross

sections are larger in JEF2,2 than JENDL-3.2, so that for APOLLO-21JEF2.2, the spectrum

hardening due to the voidage leads to larger increase in the total absorption rate of oxygen
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   compared to SRACIJENDL-3.2.

   2.4.4 POSSIBLE CAUSES OF DISCREPANCIES FOUND BETWEEN THE TWO

          CODE SYSTEMS

        From the discussions in the preceding section, several apparent causes of the

   discrepancies between the two code systems have been pointed out. These include the

   treatment of the major capture resonance of stainless steel materials, and the apparent

                                       '
   difference between the cross section data used in the two code Systems. However, some of

   the discrepancies still need further investigations, so the 15-group cell averaged flux and

･ reaction rates are compared and the possible impact of its difference will be discussed below

   to identify the possible causes ofthe discrepancies, .

   2.4.4A Comparison of Cell Averaged Aleutron Flux and its impact to the Observed

           Discrupancies

        The analysis of the breakdown results shows that, besides the energy groups containing

   the major resonance of individual isotopes, the relative discrepancy at a certain energy groups

   in the keV region shows a notable trend. For example, it has been found that fbr most of the

           '
  isotopes, APOLLO-21JEF2.2 tends to give larger reactivity efliect in the 5th group and smaller

  reactivity effect in the 7th group, regardless of the reaction types. The .similarity in the void

  fraction dependence of these groups to the reactivity difference has also been fbund. A

  notable trend could also be seen on the contribution of the 10'h energy group to the total void

  reactivity. Although the contribution of this energy group to the total void reactivity is

  relatively small, its relative error between the two code systems is significant. Compared to

  SRACIJENDL-3.2, APOLLO-21JEF2.2 tends to give larger magnitude for the 10'h group
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component fbr all the heavy isotopes. These trends in the discrepancy between the two code

systems indicate that, for these energy groups, the discrepancies are caused by the secondary

                                                                       '
effect arising from the discrepancy in the neutron flux.

     Figure 2.11 shows the comparison of cell-averaged 15-group neutron flux obtained by

the two codes for Cell 1 at 09x6 and 100% void. The cell averaged spectrum shows good

agreement at O% void. On the other hand, sigpificant discrepancies in the 5th and 7th groups

could be observed at 100% void. For the 5th group, APOLLO-21JEF2.2 gives larger neutron

flux than SRACIJENDL-3.2 by 5%, so that the reaction rate increase due to the voidage

                                       '
becomes more apparent in the APOLLO-2/JEF2.2 results. On the contrary,

APOLLO-21JEF2.2 gives smaller 7th group flux than SRACIJENDL-3.2 by -7.2%, so that the

reaction rate increase due to the voidage becomes less apparent. This corresponds to the

behavior ofthe discrepancy ofvoid reactivity components shown in Tables 2.4 and 2.5. The

relative discrepancies fbund at the 9th and 10`h group flux for the 1OO% voided cell are -3.0%

                       '
and +6.7%, respectively. These discrepancies also serve to cause considerable discrepancM

especially large relative discrepancy to void reactivity components.
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      The comparison of the 15-group cell averaged fiux showed that, at least for the 5th, 7`h,

                                               '                                                            '
 g`h and 10th groups, the discrepancy in the reactivity obtained by the two codes comes frOM

 the flux discrepancy and is less attributable to the cross section discrepancy. The cause of

 these discrepancies will be investigated through direct comparison of the fine-group (107

 groups in SRACIJENDL-3.2 and 172 groups in APOLLO-21JEF2.2) cell averaged flux.

 Figure 2.12 shows the normalized neutron spectra in the energy range above 1 keV fbr Cell 1

                                                                      '
 at 100% void obtained by SRACIJENDL-3.2 and APOLLO-21JEF2.2. Here, the neutron

                                               '
 spectrum is shown by normalizing to the total absorption rate to be unity for each code system.

  Several differences can be found in the detailed structure of the spectrum, which are mainly

    '
 attributable to the difference in the energy structure in the vicinity of the resonance of

                                                                '
' structure materials. Most significant difference can be observed in the vicinity ofthe oxygen

 resonance near 400 keV and the Fe resonance near 27 keY which correspond to the 5th group

  (183 keV < E < 499 keV) and 7'h group (24.8 keV < E < 67.4 keV) in the current 15-group

                                                  '
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structure, respectively. In the vicinity of these resonances, the 172-group CEA93 library

employs a more detailed energy group structure compared to the I07-group SRAC library in

order to reproduce the cross section peaks ofthe resonances. For the 5`h group (183 keV < E

< 499 keV), the O-16 resonance around 400 keV is treated in a single energy group in the

107-group SRAC librarM and the flux depression is larger compared to the

APOLLO-21JEF2.2 result. This leads to the smaller flux in the 5`h group for

                                                                       'SRACIJENDL-3.2. For the 7th group (24.8 keV < E < 67.4 keV), the Fe scattering

                     '
resonance at approximately 28 keV is treated in finer energy groups in the 172-group CEA93

library. This enables to reproduce the flux dip at the peak energy and the sharp fiux peak in

the next group due to the accumulation of scattered neutrons. The maximum lethargy loss

due to the elastic scattering with Fe is approximately O.0714 (calculated for Fe-56), and in the

107-group structure of SRAC with the lethargy width of Au=O.25 in this energy range,

neutrons scattered by this Fe resonance will stay in the same energy group. This is shown by

the very small flux change around 300 keV calculated by SRACIJENDL-3.2. Because of

this difference in the energy structure and hence the representation of the cross section,

APOLLO-21JEF2.2 gives stronger flux depression in the vicinity ofFe resonance which could

be clearly observed in the energy range just above the resonance.

     As the secondary effect caused by these differences in the flux, the reaction rate of the

heavy nuclides calculated by SRACIJENDL-3.2 becomes smaller than that by

APOLLO-21JEF2.2 in the 5th group and larger in the 7`h group. As the voidage progresses,

the importance of these two groups increases, which leads to a considerable contribution to

the total reactivity difference.

     Figure 2.13 shows the fine-group neutron spectrum in the energy range corresponding

to the 10th group. The higher neutron flux fbr APOLLO-21JEF2.2 is caused by a small fiux

"peak" at about 2 keV (52"d group of the 172-group CEA93 library), which provides larger
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slowing-down source fbr the energy groups below 2 keV Through examination of crOSS

section curves, it has been found that this shape of the spectrum comes from the Mn-55

scattering resonance. Just between the 2.4 keV and 1.1 keV resonances of Mn-ss, the 52"d

group of CEA93 library has a small cross section value, so that the neutron flux in this energy

group becomes larger than the neighboring groups. Neutrons scattered at the 2.4 keV

resonance also accumulate in the 52"d group, which results to a small peak in the neutron flux.
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                                                     '
2.4.4.B Analysis qfReaction Rate DtOZirence ofMcu'or lsotopes

     As shown in the preceding subsections, discrepancies fbr several energy groups could

be attributed to the difference in the flux itself The reaction rate difii:rence zVR ofmajor

isotopes are decomposed into two components, namely the flux term 2A¢ and the cross
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sectionterm ipAZ asfbllows;

                      AR=£A¢+ipAZ, (2-9)
where

                  E=ZApoLLo-2+ZsRAc, lil.ipApoLLO-2+{t)SiiAC , (2-10)

                           22
and

                                   '
                  AZ=ZApoLLo-2-ZsRAc, A¢=¢ApoLLo-2-(PsRAc ･ (2-11)
                                                                  '

                                 '                                    '
     The cross section difference and the fiux difference are correlated and this cross term

should be also taken into account fbr the precise discussion, but in this analysis we assume

that the two terms could be treated to be separable.

     Through the examination of the results, the fbllowing comments on cross section and

neutron fiux difference are derived.

e For the O% voided cell, APOLLO-21JEF2.2 generaliy gives smaller effective cross

   section for the giant resonance of heavy nuclides in the resolved resonance region

   compared to SRACIJENDL-3.2. This was found in the 10, 11 and 12`h groups for the

   U-238 capture, the 12th group for the Pu･-239 fission, the 13th group fbr the Pu-240

   capture and the 11th group fbr the Pu-242 capture.

e The different treatment of resonance selfshielding is thought to be the cause of different

   sign appearing in cross section terms for the O% and 100% voided cells. This could be

   best seen in the 11`h group fbr the U-238, the 13th group for the Pu--239, the 1lth and 12th

   groups fbr the Pu-240 and the 11th group fbr the Pu-242.
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/

e The major differences in the natural Fe and Mn-55 capture rates are arising from the

   significant diffbrences of resonance capture cross sections, which could be seen at the

   loth group for natural Fe, the 11th group fbr Mn-55. This comes from the different

   treatment ofthose resonance cross sections in the two code systems.

            '

e Differences in the U-238 capture above the 3'd group, the Pu-239 fission above the 4`h

   group, the Pu-241 capture above the 7`h group and the natural Fe and Mn-55 capture

    above the keV region are attributable to the difference in the cross section data itself

                                                 '                            tt
                                                                     --     The analysis of the reaction rate discrepancy presented here, however, is m a

preliminary stage, and more precise treatment of the correlation between the cross section

difference and the flux diffk)rence is required for further understanding. Thus, sensitivity

studies of the MOX lattices are desired to be performed as the future topic of the study.
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2.5 CONCLUSION

     In this chapter, studies related to the analysis of void coeflicient in MOX fueled

tight-pitch lattice light water reactor cells have been summarized. The discrepancy ofthe k6.

                                            '
and void reactivity values obtained by the French APOLLO-21JEF2.2 and the Japanese

SRACIJENDL-3.2 have been analyzed based on detailed decomposition of reactivity

difference into contributing nuclide, reaction type and energy group.

               '
    The discrepancy of k.. values is mainly caused by the Pu-239 component, which shows a

strong dependence on the void fraction. The void fraction dependence of Pu-241 strongly

                                                                           '
affects the overall reactivity discrepancy. The reactivity discrepancy therefbre is sensitive to

                 '
the Pu isotopic composition. Considerable discrepancy due to stainless steel clad and

oxygen has been observed.

     The discrepancy ofvoid reactivity is also caused by the Pu-239 and Pu-241 components.

The differences between APOLLO-21JEF2.2 and SRACIJENDL-3.2 fbr the Pu-239 and

Pu-241 components have opposite signs and act as to cancel each other; the overall

discrepancy in the void reactivity therefore is sensitive to the isotopic composition of the Pu.

Apart from the heavy nuclides, the different treatments of resonance selfshielding fbr the

structure materials in the stainless steel cladding also act as a cause ofthe discrepancies.

     The discrepancies related to the structure materials and oxygen are significant,

sometimes having the magnitude comparable to those of the heavy isotopes. The cross

section difference for oxygen is considerable and has a certain impact on cell parameters at

high void fraction. For structure materials, it has been found that, not only the resonance

selfshielding but also the energy group structure in the keV region is important, since the

structural material resonances play an important role in forming the neutron spectrum.

                                                    '
    The present method fbr the reaction rate-based decomposition of reactivity components
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has shown to be successfully applied fbr detailed analysis of reactivity difference, where the

reactivity difference is caused by a baiance of both negative and positive componentS･

However, as the present study is mostly based on intercomparison between reaction rates

obtained by the two code systems, the discrepancies arising from the cross section libraries

and discrepancies arising from the calculation method employed in both code systems are not

completely separated. Results of sensitivity analysis are expected to provide important

information, and remain as a subject to be performed in the future in cobjunction with the

extension ofthis study.
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Chapter 3

                                                   '  verification of 232Th Nuclear Data through

              Analysis of Critical Experiments in

            Thermalm-Neutron Systems Using the

             Kyoto University Critical Assembly

3.1 INTRODUCTION

   From the early days ofnuclear energy development, there has been a continuous interest

in utilization of 232Th as a fertile material to produce 233U, which is a fissile material with

excellent nuclear properties to be used as an energy source. The reason is mainly due to the

attractive aspects ofthe thorium-based fuel cycle, which include the fo11owing ;

e thorium is far more abundant than uranium; it is estimated to be around triple of the

   uranlum resource,

e thermal breeding is feasible due to the large n-value of233u,

e the production of transuranium elements is essentially lower than that in the

   uranium-plutonium cycle,

e the high energy gamma-ray emission from the thorium-uranium fuel, mainly from

   daughter nuclides of 232U, is considered to be beneficial from the viewpoint of the

   non-proliferation of nuclear materials.

   Among these distinguishing aspects of the thorium-based fuel cycle, the increasing

concerns about the non-proliferation of nuclear materials and the strong demand for

eliminating long-lived radiotoxic isotopes in the nuclear fuel cycle have recently acted as
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strong motivations to pay attention and to reexamine the use of thorium-based fuel cycles.

                                                   '                                                                '
The renewed international interest on thorium-based fuel cycles has led to various new

                                                                 '
activities, including the proposal of Radkowsky Thorium Reactor[i]-[3], effective burning of

                                                    'weapons-grade plutonium[4]-[6], enhancement of proliferation resistance of the fuel cycle[7]T[9],

incineration of transuranium elements by combining thorium-based fuel cycles with

accelerator driven systems[iO]-[i2] and application of the thorium-based fuel to various reactor

concepts[i3]-[i9]. An excellent comprehensive review ofthe activities and the perspectives of

                         '
thorium fuel cycle is given in Ref [20]. It should be noted that the increasing attention has

                                         '                                        '
been focused on thermal-neutron systems as a feasible system for thorium utilization in the

recent actlvltles.

     These activities are mainly performed through neutronics calculations, and the results

of design studies on the thorium-based fuel cycles could certainly be affected by the scheMe

of calculation, including both the nuclear data and neutronics design code. However,

investigation on the sensitivity of the calculation scheme to the nuclear characteristics of

thorium-based fuel cycle has not been performed intensively. The possible ambiguities in

the calculation scheme today is considered to be coming from the evaluated cross section

itsel£ This is mainly attributable to the recent development in computing resources, which

have enabled to perform detailed Monte Carlo calculations with easily available computing

resources and have acted to eliminate ambiguities caused by approximations in modeling,

which are inevitable in deterministic methods. It should be noted that, compared to the

uranium-plutonium fuel cycle, less attention has been paid to the nuclear data related to the

thorium-based fuel cycle, and their ambiguities are rather large to be utilized for detailed

design calculations[2i]. Even the most essential 232Th cross sections in major evaluated

libraries still have rather large discrepancies, as will be shown later in this chapter.

     '
Therefore, to conduct further the feasibility studies on neutronic performance in consideration
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 of the various candidates of the reactor concepts using thorium-based fuel cycle, it is

 considered to be necessary to assess the current 232Th cross sections and to clarify how the

 difference in 232Th cross section data may affk)ct the nuclear characteristics of thorium-based

 fuel cycle. An example of such assessment has been performed fbr the fast spectrum

 thorium-uranium systems[22], but there are no apparent activities fbr the thermal

 thorium-uranium systems.

        In order to perform this assessment, the integral experiment data of thorium-based

 thermal systems performed at the Kyoto University Critical Assembly (KUCA) in Kyoto

                                                        '
 University Research Reactor Institute have been chosen to be analyzed in the present study.

 In the KUCA, an experimental study on the thorium-uranium fuel cycle was initiated in 1977

 [23]. In this study, critical experiments using a solid moderator core of the KUCA containing

thorium metal plates have been performed [24]-[28] as well as the basic study on fusion-fission

hybrid reactors containing thorium by using a Cockcroft-Walton type accelerator in the

KuCA and thorium piles [29]L[32]. As these experiments were dedicated fbr the integral test of

nuclear data and the numerical calculation scheme of thorium-loaded thermal systems, their

analyses are considered to be usefu1 fbr the assessment of 232Th cross sections intended in the

present study. The experiments are still under progress in order to extend our database on

thorium-based fuel systems. It should be noted that only a limited activity[33] could be found

for recent experimental studies on nuclear characteristics ofthorium-based fuel systems.

       Analyses of the thorium-loaded experiments at the KUCA have been perfbrmed in

the past [24]'[26]; they employed older evaluated cross section libraries such as ENDFIB-IV and

                           '
calculation scheme which included geometrical approximations for core modeling as well as

the multigroup treatment of the cross sections. As stated befbre, recent development of

continuous energy Monte Carlo codes and the expansion ofcomputational resources enabled

                              '
us to perfbrm the criticality analysis ofthe experiments with a minimal approximation on the
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core geometry, so that the nuclear data itself can be more directly assessed. In the present

studM detailed Monte Carlo analysis ofthe critical experiments has been executed to assess

the 232Th cross section more directly among the recently evaluated cross section iibraries,

namely JENDL-3.2 [34], ENDFIB-VI [35] and JEF2.2 [36] and to point out the impact of

discrepancy among the evaluated 232Th cross sections to nuclear characteristics in the

thorium-based fuel cycle.
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3.2 DIFFERENCE BETWEEN THORIUM CROSS SECTIONS IN EVALUATED

LIBRARIES AND ITS IMPACT TO NUCLEAR CHARACTERISTICS OF

THERMAL THORIUM-URANIUM SYSTEM

    The 232Th cross sections in the evaluated libraries JENDL-3.2, ENDFIB-VI and JEF2.2

are compared, and the major difference among the cross sections and its impact to nuclear

characteristics of thorium-uranium system will be described in this section. As our current

interest is focused on thermal systems, discussion on fission cross section will be omitted.

       Figure 3.1 shows the comparison of232Th capture cross sections taken from the three

libraries described above. The major difference exists in the unresolved resonance range ;

compared to the other libraries, JENDL-3.2 gives smaller capture cross sections in the range

ofapproximately 100 eV to 5 keV There also exist notable differences at the valleys ofthe

resonances. EspeciallM the diffbrence observed below the first resonance at about 25 eV to

11v thermal cross section range is considered to have'a large impact in therrnal neutron

systems.
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Figure 3.1 232Th capture cross sections taken from JENDL-3.2, ENDFIB-VI and JEF2.2.
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    At higher energy region, difference of total cross section becomes apparent as shown in

                                                 .t
Fig. 3.2. A notable discrepancy exists between JEF2.2 and the other two libraries. This is

                                                               '
attributable to the difference in elastic and inelastic scattering cross sections as shown in Fig.

                                                                      '                                                                        '3.3.
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      Figure 3.2 232Th total cross sections taken from JENDL-3.2, ENDFIB-VI and

                             JEF2.2 (E >103 eV).

Figure 3.3

?.
B
.

:
.9
i
j2
-M

.
o
.-o-

-co

.
tu

Dn

v5
'
8%2
.
o
,-e-

e
.
-e
.

20

 
Fls l

iO I
5[

2 '[.

3

21

l

i
l
o i`

o4

     2a'1'h Elastic Cross Section

inMteEtn-l-EFem - EI E/

      - Hl/
          u"           /t/            ff)             /!//E/              A/Ell               HIF{-ltTI

  i :+ ',t,.7.,i i, t ;-l ,, :ILIT

   23'rh lnelastic Cross Seetion

  JENDL-3.2
  ENDFtB-Vl
H, JEF2.2

/ /1 .:1/tl
      1os

1/

      /t/t
     ti e fiPil

   ET !a/ Eie

1 / //t/111
      1o6
 Energy (eV)

  -

  fi/tuu/.Epat

  ff;
 /ptSH
rv

'' Ni- 1 i

 JENDL-3.2
 ENDFIB-Vl
 JEF2.2

/+/gF/HIH/

  ･･[te.fii

///,tl/1 ./,,,1// 1, /

Fr/FH -/,l XE

   FT,
   "11

    kt,
    ,1    fihta,

     "Lrli/"'
/ ' t//'ti
    lo7

l
t

1
l
･

1

1
1

i

  i

  1

  l
fli 1

232Th elastic and inelastic scattering cross sections taken from JENDL-3.2,

              ENDFIB-VI and JEF2.2.

-62-



Cha ter 3

    These discrepancies in the evaluated 232Th cross sections can lead to difference in the

                    '
nuclear characteristics of the thorium-uranium fueled system. To demonstrate this, infinite

pin cell calculations for a Th02-U02 cell have been performed. Table 3.1 shows the

specification ofthe Th02-U02 pin cell, which was taken from the cell model used in Ref [18],

except that the cladding material was changed to natural zirconium for simplicity in this study.

                                                           '

                                      '
                 Table 3.1 Specifications ofthe Th02-U02 pin cell

Material Isotope NumberDensity(1024atomslcm3)

Fuelpellet:Th02-U02

Outerdiameter:O.823cm
Temperature:1611K

232Th
235 u
2
3
8
u
1
6
0

1.61665E-2*

1.1401OE-3

4.64713E-3
4.39075E-=2

Clad:NaturalZirconium

CladOuterDiameter:O.9424cm'
Fuel-Cladgap:none

Temperature:750K

naturalZr 4.16248E-2

Moderator:H20
Pinpitch:1.27cm
Temperature:605K

HinH20160 4.30769E--2

2.15384E-2

                                                        " Read as 1.61665×1O-2

       Cell calculations were performed using the SRAC code system [37] in 107 energy

groups. Calculations have been perfbrmed using 232Th cross sections taken from JENDL-3.2

or ENDFIB-VI, together with all other cross sections taken from JENDL-3.2. Table 3.2

shows the comparison of k.. values obtained by using the two 232Th data libraries, The

difference in the 232Th nuclear data alone leads to significant difference in reactivity of

                                                                 '
-1.099x6Aklk. This reactivity difference can be further decomposed into contributing

components using the fo11owing fbrmula [38];

               A,.iiiZ. :l],(･f21i?L'-･41CiSg-･4iF7Ilg.･!¥Nii]Zg).z. :i],,,,,f, (,-,)

                                            '
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where p is the reactivitM indices i and g correspond to the nuclide and the energy group,

respectively, and nyg, CF･, Eg and Aif' are the space-integrated production, capture, fission

and (n,2n) reaction rates, respectiveiy. A denotes the diffbrence between each term

obtained using 232Th cross section from ENDFIB-VI and JENDL･-3.2. k- -P and A-
                                                                oe )
          '
denotes the averaged k.. value, production and absorption rates obtained using 232Th cross

section from ENDFIB-VI and JENDL-3.2, respectively.

              Table 3.2 Comparison of k.. fbr the Th02-U02 pin cell

Case koe

 All nuclides from JENDL-3.2

   232Th from ENDFIB-VI･5

+ other nuclides from JENDL-3.2

1.2271O

1.21084

Reactivity Difference (%Akl k) -1.09

        The result of the decomposition is shown in Fig. 3.4, where oniy the total

contribution of the nuciide i fbr the group g, Apf = :;I:(Ait?Sg -A}C:L-"' +.41.¥£g), is

shown fbr simplicity. A significant contribution of 232Th could be seen in the resonance

region, which is directly attributable to the capture cross section diffk:rence shown in Fig. 3.1.

The negative contribution of 235U in the thermal region is a secondary effect due to the

spectrum difference caused by the 232Th contribution in the resonance region ;. the increase in

232Th capture rate in the resonance region leads to the decrease in resonance escape

                   '
probability and thus the decrease of,thermal neutrons, which then leads to the decrease of235u

themial fission rate.
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 Breakdown of reactivity difference due to the use of different

        cross sections in Th02-U02 Cell.

232Th

    This simple example demonstrates that the difference in the current 232Th evaluations is

                                                                       'rather significant and that the use of different 232Th cross section data can lead to significant

     '
difference in nuclear characteristics of thorium-loaded systems. Therefbre, it is desirable to

                                                        'perform an assessment of the evaluated 232Th cross sections in order to qualify the reliability

                                          'and the prediction accuracy of nuclear characteristics in thorium-based thermal systems.

This assessment will be perfbrmed through analysis of criticai experiments in thorium-loaded

thermal systems perfbrmed at the KUCA as will be described in the preceding section.

                        '

                                .
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3.3 CRITICAL EXPERIMENTS ON THORIUM-URANIUM FUEL CYCLE AT

     THE KUCA

    The KUCA is a multi-core type critical assembly constructed in 1974 for the reactor

physics study and the education. The critical experiments on the thorium-uranium fuel

cycle have been performed by using one of the solid moderated core, B-core [39]. A

schematic view of the critical assembly is shown in Fig. 3.5. The materials used in the solid

moderated cores are in the form ofplates with nominal cross section of 5.08cm (2 inches)

square. The main fuel material is 93%-enriched uranium-aluminum alloy (EU) plate with

O.15875cm (1116 inch) in thickness, which can be combined with moderator plates such as

polyethylene and graphite ofvarious thickness. Thorium and naturai uranium metal plates

are also usable as experimental material plates, which have been used in the criticai

experiments treated in this study. The material plates are piled up in aluminum square

           5.08cm           ,quZ

                                          /--K
                    Po[yethylene
    Upper Reflector : Blo¢k for    approx.50cm UpperRefiector
                                                                       Rods

                     Fuel Plate (U-Al)
                     {t=O.15875cm)
                    Polyethylene
     ,c,o6g.:}e,g,io,n. rw,-Oode3orast8E:li7toe63,m) a,p,p6o,x.

                    Unjt Cell

                   Polyethylene
    LowerReflector: BIockfor
    approx. 50cm LowerReflector

            Materiai piates R".efli.E,lgPr18i".t ,g,t,. core

           Figure 3.5 Schematic view of KUCA solid moderated core.
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sheaths of 1.5 m in length, and these sheaths are then arranged onto the grid plate to construct

the critical assembly.

    In this studM the results of the zone-type thorium-uranium core experiments were used

fbr the assessment of 232Th cross sections. The configurations of the zone-type cores are

shown in Fig. 3.6. The critical cores consist ofthe central test zone containing thorium and

graphite with various volume ratios and the driver fuel surrounding the test region. The test

zone eiements, shown in Fig. 3.7, comprise of thorium-graphite regions with various

combination of thorium metal plates of O.3175 cm (118") in thickness and graphite plates of

O.635 cm (114"), 1.27 cm (112") or 5.08 cm (2"), sandwiched by the upper and lower graphite

reflectors. The axial heights of the thorium-graphite region, upper and lower graphite

refiectors are approximately 55 cm, 33 cm and 58 cm, respectively. In addition to the

experiments using thorium, experiments have been perfbrmed by substituting the thorium

plates in the thorium-graphite regions with three natural uranium (NU) plates ofO.315 cm (i.e.

                                   '
O.105 cm eachx 3) in total thickness. These experiments were performed by systematically

varying the ratio of thorium to graphite (CfTh) or uranium to graphite (C/NU) in the test zone

as shown in Table 3.3. Six cores with thorium test zones (Th-zone cores), four cores with

natural-uranium test zones (NU-zone cores) and one reference graphite test zone core were

constructed. The test zone elements are loaded in the central 3 by 3 test zone, and are

             Table 3.3 Configurations ofthe test zone elements

ThTestZoneElements NUTestZoneElements
ID CITh* Structure ID CptU* Structure

ThI 96 [1/8"Th+4"C]×5cells NUI 65 [3.15mmNU+4"C]×5cells
ThIIt 48 [118"Th+2"C]×10cells NUIII 16 [3.15mmNU+1"C]×20cells
ThIII 24 [118"Th+1"C]×20cells NUIV 8 [3.15mrnNU+112"C]×36cells

ThIvt 12 [1!8"Th+1!2"C]×35celis NUV 4 [3.15mmNU+114"C]×58cells

ThV 6 [118"Th+1!4"C]×58cells

Th
Lum

o ThLump(118"Th×175)
"Atom number ratio
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surrounded by driver fuels containing EU and polyethylene plates. The same driver fuels

with H1235u ratio of approximately 316 were used throughout the series of the experiments.

The driver fuel was then surrounded by polyethylene reflector elements. The calculated

neutron spectra at the center of the test zones show remarkable variance depending on the

C!Th ratio as shown in Fig. 3.8.

Graphite ThI(CrTh=96) Th II' (CITh=48) Th III (CtTh=24) Th IV' {CITh=l2)

Th Lurnp (C/Th=O)

 Figure 3.6

 ThV.(CfTh=6)
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O P.oay,eLllly.lenc

1 Testzone

@ ControltSafety

  Rod:

NUI(CfNU=65) NUIII(CtNU;16) NUIV(CINU=8) NUV(C/NU=:4)

 Core configurations ofTh- and NU-zone type critical experiments.
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 Calculated spectrum at the center of Th-zone critical core.
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3.4 ANALYSIS,RESUIJTSANDDISCUSSION

3.4.1 CRITICALITYANAI-]YSESUSINGMVP

    The criticality analyses have been performed by using the continuous energy Monte

Carlo code MVP[40] together with the JENDL-3.2 nuclear data library. The detailed

configuration of the core was treated explicitly to avoid any possible ambiguities caused by

              '
approximations in the core modeling. In the MVP calculations, 3,OOO,OOO neutron histories

were traced to suppress the statistical error in kofvalues to less than O.1% (2o), while the

                                                                     '
typical experimental error for the kof values was estimated to be approximately 3×10-4

(O.03%).

    Figure 3.9 shows the C/E value of kleff fbr the Th-zone and NU-zone cores. The C!E

values suffer from a certain pedestai of around O.7% ; this overestimation is consistent with

the reported feature ofJENDL-3.2 results for 235U thermal systems [39]' [4i]. This is caused by

the 235u cross sections in the driver region and is mainly attributable to the inadequate

evaluation of 235u capture cross sections in the resonance region, and the use of the

g

1.015

1.01O

1.005

      1,OOO

Figure 3.9

          Error bars include experirnental error and statistieal eTror (a) of MVP

e Th-ZoneCores
O NU-ZoneCores

                                      i
:.fglt;, Nu)

                  CITh or CINU
                                               '
CIE value of k,ff fbr the ThL and NU-zone cores using JENDL-3.2.
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forthcoming JENDL-3.3 is expected to solve this problem. Through comparison between

the CIE trends for the Th-zone and NU-zone cores, it is apparent that the C/E values fbr

cores containing thorium are systematically larger than those for cores containing natural

uranium. Furthermore, the CIE values fbr cores containing thorium increase with decreasing

CITh ratio, in other words, with increasing fraction of thorium in the test zone, whereas the

CIE values for cores containing natural uranium remain almost constant regardless of the

change in CINU ratio.

                         '       In order to examine the impact of different 232Th cross section evaluations to the

criticalitM the Monte Carlo calculations were perfbrmed fbr Th-zone cores by using MVP

using 232Th cross sections from JENDL-3.2, ENDFIB-VI or JEF2.2. Note that in the

                                                                     'calculations, only the 232Th cross sections were taken from JENDL-3.2, ENDFIB-VI or

JEF2.2, whereas the cross sections fbr all other nuclides were taken from JENDL-3.2.

                                         '
Figure 3.10 shows the thus obtained C/E values of k,ff fbr the six Th-zone cores. The use

of 232Th cross sections from ENDFIB-VI and JEF2.2 leads to lower C/E compared with

JENDL-3.2, especially fbr cores with the smaller C/Th ratio. Unlike the case fbr JENDL-3.2
                                                                           '

the CIE values decrease with CITh ratio for C/Th < 50 when 232Th cross sections from

                 1,O15

E
{o

1.01O

l.O05

l,OOO

O AIINuclidesfromJENDL-3,2

O 232    Th from ENDFIB-VI
M 232    Th from JEF2.2

                                                     lf" infinite

                 O 50 loo (no Th, NU)
                                    C!Th
                                  '
Figure 3.1O            Comparison among C/E values of kdi, fbr the Th-zone cores obtained

      using 232Th cross sections from JENDL-3.2, ENDFIB-VI and JEF2･2.
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ENDFIB-VI and JEF2.2 are used. This leads to the increasing discrepancy among the CIE

                                                                     '
values obtained using 232Th cross sections from JENDL-3.2 and other libraries as shown in

Fig. 3.11, where the differences are shown in the measure of reactivity difference. It could

be seen that ENDFIB-VI and JEF2.2 show very similar trends, and the reactivity difEbrence

from JENDL-3.2 becomes approximately up to -O.59i6Ak1k for the Th-Lump core.

g
Mg
eNE'
8
e
s
t6
.b-

･b-

x

E

O.3

02

O.1

o.o

-O.1

-O.2

-O.3

-O.4

-O.5

-O.6

-O,7

Error bars inc lude experimental error and statistical errer (k) of MVP

e (232Th from ENDFIB-vl) -ei2Th from JENDL-3.2)

O (2]2Th frem JEF2.2) -e32Th from JENDL-3.2)

                     O 50 100                                       C/Th

     Figure 3. 1 1 Reactivity diffk)rence of Th-zone cores obtained by using 232Th cross

                     sections from JENDL-3.2 and other libraries.

    From these results, it could be concluded that none of the current 232Th evaluations can

satisfactorily predict the criticality of the zone-type core constructed in the KUCA.

Furthermore, the different 232Th evaluated data may lead to considerable difference in the

criticality predictions of thorium-based thermal systems, especially under hard-spectrt}m

                                                          '
conditions.

         In the remaining part of this chapter, detailed comparison between the criticality

calculation results using 232Th cross sections from difi}:rent evaluated libraries will be

                                                                       '
perfbrmed in order to draw some infbrmation on the aforementioned ambiguities in the 232Th

cross sectlons.
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3.4.2 INVESTIGATION ON IMPACT OF 232Th CROSS SECTION DIFFERENCE TO

      CRITICALITY USING SRACICI'IltdtTION

                       232    The impact of diffk)rent                         Th cross section evaluations to the criticality has been further

investigated through the aid ofperturbation calculations using the CITItdLTION module in the

 SRAC code system (hereafter denoted as SRACfCITA[lilON) based on simplified

two-dimensional cylindrical core models of the Th-zone cores shown in Fig.3.6. In the

SRACICITIATION calculations, only the 232Th cross sections were taken from JENDL-3.2,

    '
ENDFIB-VI or JEF2.2, whereas the cross sections fbr all other nuclides were taken from

JENDL-3.2. The core calculation using JENDL-3.2 fbr all the nuclides was taken as the

reference case and the change in the 232Th cross section in the test zone from JENDL-3.2 to

other libraries was treated as perturbation. Hereafter, the perturbation cases are denoted as

fo11ows '
       '
                                     '    e Case A: 232Th cross section in the test zone was changed from JENDL-3.2 to

       ENDFIB-VI,

    e Case B: 232Th cross section in the test zone was changed from JENDL-3.2 to

                                                    '
       JEF2.2.

                                                                   '    These perturbation calculations were perfbrmed using the built-in first-order perturbation

capability of SRACICIrlATION. Although the SRACICITItAtTION scheme is based on

diffusion theory and thus is considered to be less accurate than the MVP caiculation, the

deterministic scheme employed could yield more detailed infomiation on the reactivity

difference caused by the diffk)rence in the 232Th cross sections, Figure 3.12 shows the

                   '
reactivity caused by the perturbation of Cases A and B , The reactivity change shows a

similar trend to that obtained by MVP ; it depends on the CITh ratio of the test zone and the

curve is almost identical between the both Cases A and B. It should be noted that the
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validity of the SRACICITATION perturbation scheme was confirmed by the satisfactory

agreement with the directly calculated reactivity difference by MVP.

               O.1
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       Figure3.12 Reactivitydiffk)renceo

    Figures 3.13 and 3.14 show the energy breakdown of the

ENDFIB-VI and JEF2.2, respectively. Even though the overa

quite similar as shown in Fig. 3.11 or 3.12,

reactivity difference is completely different between the two cases.
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                                     btained by perturbation calculations.

                                                       reactivity difference for

                                                     11 reactivity difference was

                                     it was fbund that the energy dependence of the

                                                            For the Case A, a

large portion of the reactivity diflierence arises from the resonance region and the epitherrnal

region ofE > 1 eV On the other hand, large contribution could be fbund at the fast region

and also at the thermal region fbr the Case B. This energy dependence was analyzed through

the comparison of reactivity components. Figures 3.15 and 3.16 show the energy

dependence of the reactivity components in the Th-V core (CITh=6) fbr the two cases,

respectively.
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                                                    .t
     For Case A, the dominant difference appears in the absorption component in the

                                                                  '
 resonance range. The smaller capture cross sections in JENDL-3.2, especially in the

unresolved resonance range of approximately 100 eV to 5 keV] leads to the negative

absorption components. The discrepancy observed in thermal cross sections ofJENDL-3.2

and ENDFIB-VI also has a significant impact. On the contrarM the dominant difference

appears for the absorption component above l keV and the moderation component above 1

MeV fbr Case B. These components are directly attributable to the difference in resonance

capture cross sections and to that in scattering cross sections between JENDL-3.2 and JEF2.2.

In the themial range, a small negative contribution of the leakage component appears in the

both cases. This leakage component at the thermal region is due to the spectrum change,

which is a secondary effect caused by the cross section differences in the resonance and faSt

reglons.

       The results of the perturbation calculations clearly reflect the diffbrence between the

232Th cross section evaluations. The current disagreement among the evaluations can lead to

rather large discrepancy in the nuclear characteristics ofthorium-loaded themial systems. In

order to improve further the reliability and the prediction accuracy of the neutronics design

for the thorium-based fuel cycle, it is desirable to reduce the uncertainty in the capture and

scattering cross sections mentioned above. From this point of view, experimentai studies

including sample reactivity worth measurement in thorium-loaded cores at the KUCA are

currently being performed in order to extend the experimental database for thermal systems

containing thorium. It is expected that the analyses of those experiments would provide

invaluable information on the uncertainty ofthe cross sections mentioned in the present study.
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3.5 CONCLUSION

    In this chapter, an assessment of 232Th nuclear data has been perfbrmed through the

analysis of thorium-loaded critical experiments in thermal neutron systems by using the

Kyoto University Critical Assembly (KUCA). The impact of the difference among the

                  'nuclear data libraries of232Th was examined through neutronics calculations.

    Through the analysis, it was found that JENDL-3.2 overestimates the kojr values of

thorium-loaded KUCA cores by about O.99x6 to 1.2%. Although approximately O.7% ofthe

overestimation is due to the 235u cross section used in the driver region, the overestimation

                                                                           '
for thorium-loaded cores is apparently larger than those for cores free from thorium by about

                                                             '
O.2% to O.5%. This overestimation ･depends on neutron spectrum and becomes larger with

                                                                 'hardening spectrum in the core. The use of 232Th cross sections from ENDFIB-VI and

JEF2.2 also leads to the overestimation of the kof values. Compared to JENDL-3.2, 232Th

cross sections from ENDFIB-VI and JEF2.2 give smaller kqff vaiues fbr hard spectrum cores,

leading to the reactivity difference up to -O.5%. It became clear that none of the current

               '
232Th evaluated cross sections can accurately simulate the criticality of the zone-type cores

constructed in the series ofKUCA experiments.

    It was shown that the different 232Th evaluations may lead to considerable difference in

criticality predictions fbr thorium･-loaded thermal reactors. The difference is mainly

attributable to the difference in the capture cross sections at the thermal region, the lower

resonance and unresolved resonance regions, where JENDL-3.2 gives smaller cross section

compared to ENDFIB-VI. The contribution ofscattering cross section difference in the fast

region could be also considerable in systems with hard spectrum, and further improvement in

the aforementioned cross section evaluations is necessary to improve the reliability and the

prediction accuracy ofnuclear characteristics ofthermal systems containing thorium.
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Chapter 4

                     Verification of 237Np and 24iAm

                   Fission Cross Sections Based on

       Fission Rate Ratio Measurements at the

             Kyoto University Critical Assemblly

4.1 INTRODUCTION

       The elimination of the minor actinides (MAs) is one of the dominating aspects for

the utilization ofnuclear power as the energy resource extending into the future. Studies on

the methods to cope with the MAs generated in the fuel cycle have been intensively carried

out in the recent years[i]. These include studies on incineration of MAs by using nuclear

reactors or accelerator-driven subcritical systems by means of nuclear transmutation,

Among them, the concept of incineration of MAs in light water reactors has recently being

intensively studied[2]-[5] as a realistic option to confine MAs in the nuclear fuel cycle and to

avoid the accumulation of long-lived MAs in high level wastes. Among the MAs produced

in power reactors, neptunium-237 (237Np) and americium-241 (24iAm) are the most

burdensome isotopes because of their significant production rates, long halflifes and hazard

indeces. Therefbre, the main objective of MA incineration system by using light water

reactors is currently being set to the effective incineration of237Np and 24iAm.

      The incineration properties of MAs are directly goverened by the reaction rate of

MAs in the trans.mutation system. Therefbre, in the research and development of the

transmutation system, it is indispensable to assess the nuclear data of MAs for attaining the
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 reliability in the estimation ofthe nuclear characteristics ofthe core containing MA.

                                                                  '
     The incineration of MAs could be performed either through capture or direct fission

                                                                   '
 process. In the capture process, the target MA nuclide is transmutated into other nuclide

 through neutron capture fo11owed by the a or 6 decay, until the transmutated nuclide

 undergoes fission. On the other hand, the target MA nuclide is directly incinerated in the

 direct fission process. The transmutation and incineration process of MAs in the actual

 system is based on the complex combination of these two processes, so that the knowledge of

                           '
 both the capture and fission cross sections of MA nuclide is indispensable for the accurate

 evaluation of the transmutation properties.

     However, the lack of integrai experiment data of MA reaction rates makes it difficult to

                                                                      '
 evaluate the reliability of the nuclear data of MA, which directly affects the calculated

 incineration properties of the MA incineration systems. Most of the recent activities related'

to MA incineration studies are either cross section measurements or application studies on the

conceptual design of the incineration system. Activities on integral measurements of MA

reaction rate are restricted to fast neutron systems, and no activity has been reported in

thermal neutron systems, especially in nuclear reactors. Therefore, in order to assess and

verify the nuclear data of MA for incineration system using thermal reactors, it is strongly

desired to accumulate the integral experimental data which could be used for the verification

of MA nuclear data and to improve the reliability of the designed characteristics of the MA

mcmeratlon systems.

    From these points of view, a series of integral experiments fbr the measurement of MA

reaction rates in thermal neutron system has been perfbrmed at Kyoto University Critical

Assembly (KUCA) in order to obtain experimental data to be used for the assessment of the

nuclear data of MAs. Experiments fbr both capture and fission reaction rate measurement

have been perfbrmed in the series; the experiments have been hitherto perfbrmed for 237Np
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capture[6], 237Np fission[7] and 24iAm fission rate measurements[8]. It should be noted that

                                             '
                                                  '
this series of KUCA experiments is the first activity ever reported on integral evaluation of

MA nuclear data in thermal neutron systems. The results of the two fission rate

measurements and validation ofthe fission cross sections will be described in this chapter.
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4.2 cuRRENT sTArTus oF 23'Np AND 2`'Am mssloN cRoss sEcTIoNs

    In this section, the current status of the fission cross sections of 237Np and 24iAm is

                                              '

4.2. 1 CURRENT STArl"US OF 237Np FISSION CROSS SECTION

    The fission cross sections of 237Np have been measured and reported by several

authors[9]-[i4]. These reports, however, show marked discrepancy among the measured cross

sections, especially in the resonance region. ConsequentlM the fission cross sections of

237Np contained in representative evaluated nuclear data libraries show large discrepancy.

The fission cross sections of237Np(n.D taken from JENDL-3.2[i5], ENDFIB-VI[i6] (rev.s) and

JEF2.2 [i7] are shown in Fig. 4.1. The cross sections are shown in the 107 group structure

utilized in the neutronics code system SRAC[i8]. The most notable difference could be

                                                '
found at the resonance region, where JENDL-3.2 is larger than ENDFIB-VI.5 and JEF2.2 by a

       i･10
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 Figure 4.1 Fission cross sections of237Np.
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factor of3 to 5. For the threshold fission in the fast energy range, the differences in the

evaiuated cross sections are not as significant as those in the resonance region, but there stiil

exists the discrepancy of 3 to 5%. Furthermore, recent measurement at the keV range[i9]

revealed that the fission cross sections of 237Np at this range might not be adequately

described in the afbrementioned nuclear libraries.

4.2.2 CURRENTSTATUSOF24iAmFISSIONCROSSSECTION

    The most recent measurement of the fission cross sections of 24iAm has been perfbrmed

between O.1 eV and 1O keV by using the Kyoto University Lead Slowing-down Spectrometer

                                      '
(KULS) installed at the 46 MeV electron linac facility at Kyoto University Research Reactor

Institute[20]. The results show a general agreement with the evaluated cross section data

contained in JENDL-3.2 and ENDFIB-VI. However, some discrepancies are fbund between

the measurements and evaluated cross sections in the resonance and thermal energy ranges.

       The 24iAm fission cross sections in the evaluated libraries show notable

                   2
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discrepancies as shown in Fig. 4.2, where the 24iAm fission cross sections taken from

                                                    .tJENDL-3.2, ENDFIB-VI and JEF2.2 libraries are shown in the 107 group structure utilized in

the SRAC code system. Considerable differences could be found in various energy regions;

especially for thermal systems, the ditiference at the low-energy resonance and thermal energy

regions may have significant impact on nuclear characteristics.

    The observed discrepancies among the measured and evaluated data, and also those

         '
among the different evaluated data, may directly influence the transmutation performance in

the transmutation system and Iead to uncertainty in the incineration properties of MAs.

Therefore, it is desirable to examine the evaluated data through systematjc comparison with

the results of integral experiments. Although extensive research on transmutation and

incineration of americium and neptunium has been performed [2i]-[26], integral experiments

directly aimed for the assessment of the cross section data itself were rather scarce[27]-[30] and

were perfbrmed in fast neutron systems. The present series of integral experiments for the

fission rate measurement at the KUCA and their analysis would be of great importance for

providing experimental database in themial neutron systems.

-86-



ena ter 4

4.3 EXPERIMENTAL

4.3.1 EXPERIMENTAL NEUTRON FIELDS A]VAILABLE IN THE KUCA

    Experiments were performed using polyethylene moderated and reflected,

  '
highly-enriched uranium cores constructed at a solid moderated core (B-core) in the KUCA[3i].

In order to systematically vary the neutron spectrum of the experimental neutron field, the

H1235u ratio of the core has been systematicaily varied by changing the combination of the

polyethylene moderator plates (5.08 cm square, O.63 cm or O.3086 cm in thickness) and 93%

enriched uranium-aluminum fuel plates (5.08 cm square, O.15875 cm in thickness) in a unit

cell. Five cores were employed in this series of experiments; those cores were designated as

              '
EEEI, EEI, El, E2 and E3 cores, respectively. Table 4.1 shows the specification of the

experimental cores. Figure 4.3 shows the neutron spectra calculated by TWOTRAN at the

core center (i.e. the position of the fission chamber in the void element) of the five cores.

The detail of the fission chamber location and the calculation procedure will be described

afterwards. In order to qualitatively describe the neutron fields, spectrum indices defined as

the fraction of the neutron flux in the energy region below 1 eV relative to the total neutron

flux have been caiculated from the spectrum shown in Fig.4.3 and are also shown in Table 4.1.

The core configurations ofthe experimental cores are shown in Fig. 4.4. The fuel elements

consist of active core region of about 40 cm in height and the upper and lower polyethylene

reflector regions of about 50 cm thick. The fuel elements are assembled on the grid plate

and surrounded by the polyethylene refiector and controllsafety rods. A special void

                                                                         '
element was located at the core center, where the fission chamber was loaded as will be

described afterwards. Note that only the polyethylene reflector elements in the neighbor of

                                                '
the core are shown in Fig.4.4, whereas in the actual core configuration the thickness of the
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polyethylene refiector regions is more than 30 cm in the horizontal direction.

Table 4. 1 Specifications of the experimental cores

Core Unit Cell Structure" Hf235u Spectrum Index""

EEE1 EU+EU+EU+1!8P 34 O.065

EE1 EU+EU+118P 52 O.088

El EU+118P 103 O.141

E2 118P+EU+1/8P 207 O.220

E3 114P+EU+1f8P 316 O.287

" EU: 93% Enriched Uranium-Aluminum (O.15875 cm), 118P: Polyethylene (P.3086

cm), 1/4P: Polyethylene (O.63 cm)

** Calculated fraction of the neutron flux in the energy region below 1 eV relative to

the total neutron flux at the fission chamber position
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4．3．2　237Np，241Am　AND　235U　SAMPLES

In　the　measurement，　the　fission　rates　of　237Np　and　241Am　were　measured　as　the　fission

rate　ratio　re！ative　to　235U　by　using　a　special　fission　chamber（back－to－back　type　double　fission

chamber）［32】；this　fission　chamber　will　be　called　hereafter　as”BTB　chamber”，　and　its　detailed

description　will　be　given　in　Subsection　4．3．3．　The　samples　are　electrodeposited　on　a

stainless　steel　backing　plate　of28　mm　in　diameter　and　O．2㎜in　thic㎞ess．　The　radioactive

di。m・t…fth・d・p・・it　i・20　mm　Th・・peci負・ati・n・・fthe　237Np，241Am・nd　235U・amp1・・

are　as貴）110ws；

φ237物5α即1・

Th・Np・ampl・u・ed　i・this　st・dy　i・id・nti・al　t・th翫d・・c・ib・d　bジ血m・n・k・・’・乙［14】i・

their　study　on　the　fission　cross　section　measurement，　where　the　detailed　description　of　the
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sample preparation is given. The number of 237Np atoms, together with the observed

                                                                  '
impurities in the deposit is shown in Table 4.2.

bj 24iAm sample

    The 24iAm sample used in this study is identical to that used in the fission cross section

measurement by Yamamoto et al.[20], where the detailed description of the sample preparation

is given. The number of 24iAm atoms in the deposit is shown in Table 4.2. No trace of

                           '
significant impurities has been observed.

oj 235usample

    The U sample (99.91% enriched) is essentially the same to that described in Re£[4] and

[20] except for the number of235U atoms in the deposit.

    The number of 235U atoms in the U sample was determined by 1) the alpha-ray

spectrometry with a Si surface barrier detector conducted in a vacuum chamber and 2) the

relative fission rate measurement using the BTB chamber with another U sample as reference,

whose number of atoms was previously determined[33]. The errors fbr the number of atoms

were determined by 1) taking account ofcounting statistics in the activity measurement and

the uncertainty in the geometrical detection efficiency for the alpha-ray spectrometry

         Table 4.2 Number oftarget nuclides and impurities in the samples

Sample Np Am U
Target

Nuclide
237Np (199±OD2)×loi7 241Am (l.73±O.02)xloi6 235u (1.49±O.02)×1oi6

238pu approx.O.3ppm 234u approx.470ppm

Impurities
239Pu approx.1.1ppm notdetected

236u approx.160ppm*
'

238u approx.400ppm"

" taken from mill sheet data
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measurement and by 2) taking account of counting statistics of the fission counts, the

difference in the efliciency of the two chambers and the uncertainty in the reference U sample

 fbr the relative fission rate measurement. The final number of 235u atoms has been

                                                                  '
determined as the weighted average of the two measured results since the two results have

agreed within the experimental error. The impurities in the deposit were also determined

through the alpha-ray spectroscopy.

4.3.3 BTBCHAMBER

    The fission rate ratio measurements have been perfbrmed using the BTB chamber.

The BTB chamber has been hitherto widely used fbr the measurement of fission cross

sections ofvarious heavy nuclides at KuLS.[i4][20][32][34] The structure ofthe BTB chamber

is shown in Fig. 4.5. The BTB chamber consists oftwo identical parallel plate-type fission

chambers. The fissionable materials, electrodeposited onto backing plates as described

previously, are loaded in the two chambers, so that the backing plates of the samples face each

other and thus is called the back-to-back type. The BTB chamber is mostly made of

aluminum and is filled with gas of (97% argon + 3% nitrogen) at a pressure of 1 atm.

Fission events in two chambers of the BTB chamber were independently accumulated as

electric pulses which were generated through the ionization process of fi11ing gas induced by

fission fragments.

    The BTB chamber was inserted into a void core element and was settled at the height of

core mid plane by using aluminum tubes set in the void element. The void element

containing the BTB chamber was loaded in the core center as already shown in Fig. 4.4.
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4.3.4 ELECTRONICSFORDATACOLLECTING

    Two identical electronic circuits were used fbr the MA and U chambers as shown in Fig.

4.6. The fission pulse spectra were stored in a personal computer (PC)-driven multichannel

analyzer (MCA) system, while the scaler data from single channel analyzers (SCAs) were

used fbr monitoring purpose. Figure 4.7 shows a typical pulse height spectrum from the

BTB chamber. The fission pulse could be clearly distinguished fiom the noise and the a

pulses by a simple discrimination using SCA. The discrimination level was set at the

minimum count region between the (a+noise) and the fission components. This

discrimination level was artificially shifted within the minimum count region so as to check
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the influence to the deduced fission count ratio.

caused by shifting the discrimination level was

                       '
experimental uncertainties.
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4.3.5 FISSIONRATERATIOMEASUREMENT

                                                                   '
    During the fission rate ratio measurements, the reactor power was set to be about 2 to 5

W to obtain the suflicient count rates of the fission events. The maximum fission event

count rates for Np, Am and U chambers were about 40, 10 and 600 cps, respectively. These

count rates were low enough so that the count loss effect due to the detector deadtime could

be ignored. The irradiation time were adjusted so that the accumulated fission events fbr

the MA samples, which are much smaller than that for 235U, exceeded 10000 counts. The

measurements of 500 to 2000 seconds have been repeated for five times for each core

configuration.

    The fission count data from both chambers are then used to obtain the fission rate ratio,

normalized to the number ofatoms, by the fo11owing equation ;

                    MA1235U fissionrateratio= (Cbulq,)×(AJb/N.), (4-1)

where

            '
      CiLM : integrated fission counts ofthe Np or Am chamber,

      Cb : integrated fission counts of the U chamber,

      Nb : number of235u atoms in the u deposit,

      N. : number of 237Np or 24iAm atoms in the Np or Am deposit.

4.3.6 EVALUMIONOFEXPERIMEN'IIALUNCERTAINTIES

    The fbllowing experimental uncertainties have been considered in the present

measurement.
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q) statistical errorfor77ssion event measurements

    The statistical error fbr the fission event measurement was obtained as a standard

  deviation of the accumulated fission event counts. This statistical error was evaluated to

  be about 1.0 to 1.7% fbr MA samples and about O.2 to O.5% for 235u sample.

h) uncertainties in number ofatoms in the sample deposit

    As shown in Table 4.2, the uncertainties in number of atoms in the sample deposit were

                                       '        '
                                                          '  evaluated to be about 1.0 to 1.3%.

oj uncertainties ofthe determination ofdiscrimination level

    As described in Subsection 4.3.4, the discrimination level between the (a+noise) and

  the fission components as shown in Fig. 4,7 was artificially shifted within the minimum

  count region so as to check the influence to the deduced fission count ratio. The change in

  the fission count ratio caused by shifting the discrimination level was found to be O.2 to

  1.6%.

qP sampleposition in B71B chamber

    The systematic differences between the MA and U sample positions in the BTB chamber

  were examined by interchanging the two samples in the BTB chamber in the Np fission

  rate measurements. Five measurement runs were performed fbr each sample position.

  The difference in the fission count ratio before and after interchanging the sample was

  ranged from O.1 to O.7%, which ensures the good symmetry ofthe two chambers in BTB

  and of the irradiation field. As for the final experimental value, the average value of

 the fission count ratio obtained by interchanging the positions of the two samples was

                                        '
 adopted. For the Am fission rate measurements, the above- method has not been

            '
 perfbrmed in order to avoid the contamination of the BTB chamber by 24iAm. Therefbre,

 the difference in fission rate ratio reported by Yl)mamoto et al.[20] have been taken into

 account as experimental uncertainty. This value is reported to be 1.1%, which is slightly
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  iarger but is considered to be sufficiently comparable to the value directly obtained for

  237Np1235u fission rate ratio.

oj ofect ofimpurities

    It has been certified through neutronics calculation that the impurities contained in the

  samples have negligible effect of less than O.Ol% to the measured fission rate ratio and

  therefore could be neglected in the present measurement.

D selfshielding ofect oLfl77ssionfragments

    The range of the fission fragment is reported to be about 8.3 mglcm2 in U02 (i9), 8 to l1

  mglcm2 in 235u metallic foil and 3 to 4 mglcm2 in Al[35]. Assuming that the fission

  fragment range does not differ significantly fbr U and MA deposit and considering the

  thickness ofthe deposits (approximately 2 × 10-3 mgtcm2), the selfshielding of the fission

  fragments in the deposit could be neglected in the present measurement.

gi ofect oflphoto-:fission

    The effbct ofthe background counts caused by photo fission reactions was reported to be

  very small [20] and therefbre could be neglected in the present measurement.

    Based on the quantitative evaluations described above, the experimentai uncertainties

due to a) statistical error, b) number of atoms, c) discrimination level and d) sample position

in BTB charnber, were considered to be significant and have been taken into account as

summarized in Tab}e 4.3. The obtained 237Np1235u and 24iAm1235u fission rate ratios are

summarized in Tables 4.4 and 4.5, respectively.
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Tab1e 4.3 Experimental uncertainties

Uncertainty (%)

237Np1235U 241Am1235U

 Statistical Error for 237Np or 24iAm

     Statistical Error for 235u

Number of Atoms fbr 237Np or 24iAm

    Number ofAtoms for 235u

 Discrimination fbr 237Np or 24iAm

     Discrimination for 235u

 Sample Position in BTB Chamber

O.7 to O.8

O.2 to O.5

  1.0

  1.3

O.5 to 1.0

O.2 to O.9

O.1 to O.7

O.6 to 1.4

O.1 to O.2

  1.0

  1.3

O.5 to O.9

O.2 to 1.6

  1.1

Total Uncertainty 2.0 to 2.3 2.1 to 2.3 '

Table 4.4 Experimental results fbr the 237Np1235 U fission rate ratio

Core Spectrum Index 241Am1235U Fission Rate Ratio

EEE1

EE1

 El

 E2

 E3

O.065

O.088

O.141

O.220

O.287

O.0298 (2.2 %)*

 O.0212(2.3 %)

O.Ol19 (2.3 %)

O.O0646 (2.1 %)

O,O0439 (2.0 %)

" Relative error in % (1 6)

Table 4,5 Experimental results fbr the 24iAm1235 U fission rate ratio

Core Spectrum Index 241 Am1235U Fission Rate Ratio

EEE1

EE1

 El

 E2

 E3

O.065

O.088

O.141

O.220

O.287

O.0522 (2.2 %)*

O.0411 (2.3 %)

O.0268' (2.1 %)

O.O183 (2.1 %)

O.O144 (2.2 %)

" Relative error in % (1 o)
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4.4 ANALYSIS

4.4.1 FISSION RATE CALCULiffIONS BY MVP CODE

        The fission rate ratio calculations were performed by using the continuous energy

Monte Carlo code MVP[36] (ver.2.0). Neutron spectra were obtained through eigenvalue

calculations performed based on JENDL-3.2, whereas the fission rate ratios were obtained

based on the 235U cross sections from JENDL-3.2 and MA cross sections from JENDL-3.2,

ENDFIB-VI or JEF2.2. In the analysis, the as-built configurations ofthe experimental cores,

including the plate arrangement in the fuel region, structure of the control rod elements and

                                                                       t.                                'the heterogeneity of the gap between the fuel elements (due to the aluminum support blade

structure), were treated explicitly in order to avoid any possible ambiguities due to the

geometrical approximations. However, due to their very small volumes, it was practically

impossible to treat the as-build electrodeposited samples in the BTB fission chamber as tally

regions in the whole core calculations by MVP. Therefore, the fission rate ratios were

                             '
obtained as an averaged value over the inner part of the BTB chamber without taking the

samples into account. In this calculation model, the detailed structure of the BTB fission

                          '                                                                          '
chamber excluding the sample plates was considered, so the perturbation of neutron spectra

caused by the aluminum structure of the BTB fission chamber itself was taken into account.

A typical MVP run with 9,OOO,OOO neutrons (30,OOO particles × 300 batches, with 3 reject

batches) gave fission rates with statistical error of approximately 1%.

       The MVP calculation was used fbr the evaluation of integrated fission rate, which

                                                              'could be directly compared to the experimental results. Together with this, energy

                         '
dependent fission rates were calculated by using the deterministic transport theory code

                                                    '
TWOTRAN implemented in the SRAC code system. The energy-dependent fission rates
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 were used fbr the anaiysis of the fission rate ratio differences between the libraries used.

 The correction factors fbr the neutron spectrum perturbation caused by the presence of the

 sample plates, especially due to the presence of the stainless backing plate of the

 electrodeposited samples, were obtained using an supplementary calculation using the SRAC

code system. The detail ofthis procedure will be given below.

4.4.2 DETERMINISTICANALYSISUSINGSRACCODESYSTEM

    The SRAC code system was used for the calculation of energy-dependent neutron

spectrum and fission rate, as well as the correction factors fbr neutron spectrum perturbation

caused by the presence of the sample plates. After the cell homogenization using the PIJ

routine together with the PEACO routine for calculating eflfbctive cross section, the

energy-dependent neutron flux was obtained by the transport core calculation module

TWOTRAN using a two-dimensional RZ model with 107 energy groups and the SJ6Pi

approximation. The representative models of calculation for cell homogenization (PIJ

routine) and the core calculation (TWOTRAN) are shown in Figs. 4.8 and 4.9, respectively.

In the TWOTRAN calculations, the BTB chamber was treated to be located at the center of

the two-dimensional cylindrical core, whereas in the actual experiment the BTB chamber was

not always loaded at the core center. However, the difference in the neutron spectrum

due to this difference in the loading position was found to be small from the results of the

TWOTRAN calculation and thus was ignored in the present analysis. Energy-dependent

fission rates were obtained by multiplying the calculated neutron spectra at the BTB chamber

position and the infinitely diluted fission cross sections of237Np, 24iAm and 235u.
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4.4.3 CALCULA:I'ION OF THE CORRECTION FACTORS

    The selfshielding and flux depression of the samples and other equipments were

 investigated as the possible correction factors. Among them, it was found that the correction

for the fiux depression caused by the stainless steel backing plate of electrodeposited samples

was most significant. All other effects were fbund to be very small and therefore were

                                      '                                                                        'ignored in the present analysis.

(1) Se41C shielding ofects ofthe ?vat and Usamples

    The selflshielding correction for the MA and U samples has been estimated using the

analytical expression[37]. It has been confirmed that the overall selfshielding correction for

the MA and U samples was less than O.2% and therefore has been ignored in the current

analysis.

(2) Elux clepression caused by the B71B chamber structure

    Calculation of the correction factors for the neutron spectrum perturbation as descibed

above has been perfbrrned using a simplified 1-dimensional slab model treatjng the Np or Am

deposit, stainless steel backing plate and U deposit regions by using the ANISN code

implemented in the SRAC code system. The neutron spectrum at the BTB position

obtained by the TWOTRAN calculation was fed as an external source. The correction

factors for the neutron spectrum perturbation was obtained as the ratio of fission rate ratio

with the stainless steel backing plate to that without the stainless steel backing plate. Thus

obtained correction factors are shown in Table 4.6. The correction factors ranging from

1.o22 to 1.o32 fbr 237Np1235u and 1.o13 to 1.ol7 fbr 24iAm1235U were fbund to be necessary.

                            '
The procedure for obtaining the correction factors was validated by a complementary MVP

calculation. In this MVP calculation, the neutron spectmm obtained by TWOTRAN

was fed as an external source to the stand-alone BTB chamber, where the detailed structure of
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the chamber was treated explicitly. The obtained 237Np/23SU fission rate ratio was compared

                                                     'to that obtained by the similar MVP calcuiation with Np and U regions alone (i.e. without the

                                                                   '
stainless steel backing plate). The calculation was performed only for the E3 core which

gives the largest correction factor. The obtained correction factor was 1.039±O.026.

Although the statistical error is large, this correction factor agreed well with the correction

factor of 1.032 obtained by the deterministic calculation, which supports the validity of

the correction factors shown in Table 4.6.

Table 4.6   Correction factors fbr flux depression caused by

the stainless backing plate of the samples

Core Spectrum Index
Correction Factor,

   237Np/235U
Correction Factor,

  241Am1235U

EEE1

EE1

 El

 E2

 E3

O.065

O.088

O.141

O.220

0287

1.022

1.024

1.028

1.031

1.032

1.016

1.017

1.016

1.015

1.013

4.4.4 CALCULATION OF FISSION RATE RATIOS

    Using the obtained correction factors,

using the fo11owing formula;

the calculated fission rate ratios were derived by

RBM7ilB3r.sp=RBMtVi'rmN.sp
×-itllillill.acipcp .VT'..RBMti'ZPfiN.sp

 RBzB-Nosp
            '

 axtMSAt
×  RBA7MziopNosp

: RBM7itB;!L Nosp
×rsP , (4-2)

where
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     R,".V".,, :derived value ofthe calculated fission rate ratio, corresponding to the MVP

               results taking the sample plates into account,

      'Mmp
     RB7B-N.sp : fission rate ratio obtained by the MVP calculation without taking the

               sample plates into account,

     RBA7£BZ2Nsp : fission rate ratio obtained by the one-dimensional ANISN calculation

              taking the sample plates into account,

     R,A,M.EN..,. : fission rate ratio obtained by the one--dimensional ANISN calculation

                                                                      '
              withouttakingthesampleplatesintoaccount, and

         ' RAIVLSN
    Ji2ip !ZiSh3!lilllilif;,M ;BsN..,. : Correction factor for the spectrum perturbation caused by the sampie

                  plates, obtained by the one-dimensional ANISN calculation.

                                               '
       Several complementary calculations were performed to check the sensitivity of

calculation models and nuclear data used for the spectrum calculation to the calculated fission

rate ratios. Through the calculations, it was verified that the incorrectness of calculated

neutron spectra, due to any systematic error in the core calculation model itselg is unlikely to

be occurring in the present analysis. It was also verified that the difference in the heavy

                                                                         'nuclide data used fbr the neutron spectrum calculation does not have significant impact on the

calculated fission rate ratios.
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4.5 RESUIJTSANDDISCUSSION

4.5.1 237Np1235u FIssloN R.ATE RATIOS

    The calculated-to-experimental ratio (CIE) fbr the 237Np1235u fission rate ratios was

obtained as summarized.in Table 4.7 and shown in Fig. 4.10. Among the three libraries

used for 237Np, JENDL-3.2 gives the best estimate with CIE ranging from O.93 to O.98 and

                                                            '                                                            '
an average value of O.95±O.03. ENDFIB-VI and JEF2.2 are almost identical and give

smaller CIE values of about 4 to 5% compared to JENDL-3.2 fbr all cores. There was no

apparent dependence ofthe CIE value to the spectrum index fbr all cases. The averaged CIE

                                                                    t.
value fbr ENDFIB-VI is about O.90, which is comparable to the recently reported values fbr

                                     '
dosimetry set irradiation results[38][39]. It should be noted that the prediction accuracy of

CIE=O.95 is somewhat inferior when compared to that of the 237Np capture rate ratio relative

                                                                     '
to i97Au measured at the KUCA and the heavy water facility of the Kyoto University

Research Reactor (KUR), where the average CIE was fbund to be al)out O.99[2].

Table 4.7 CIE values of237Np1235               *U fission rate ratios

Core Spectrum Index
237Np taken from

  JENDL-3.2

237Np taken from

  ENDFIB-VI

237Np taken from

    JEF2.2

EEEI

EE1

 El

 E2

 E3

O.065

O.088

O.141

O.220'

O.287

          **
O.973±2.6%

O.975±2.6%

O.935±2.5%

O.925±2.3%

O.941±2.2%

O.931±2.6%

O.934± 2.6%

O.893± 2.5% ,

O.880± 2.3%

O.899±2.2%

O.920± 2.6%

O.924±2.6%

O.882±25%

O.869±2.3%

O.889±2.2%

' 235u from JENDL-3.2 used fbr all cases

                 **                   Relative error
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               Figure 4.10 CIE values of237Np1235u fission rate ratios.

    Examination of the calculated individual fission rates showed that the difference in 235u

fission rate is very small between the libraries used. ConsequentlM the diffk)rence

                                '                                                   'between the CIE values of the 237Np1235U fission rate ratio is considered to be directly

attributable to the difference between the fission cross sections of 237Np. Thus the

differences between the CIE values using various libraries were further investigated through

comparison of the energy-wise fission rates of 237Np. This comparison was perfbrmed by

using the neutron spectra obtained by TWOTRAN implemented in the SRAC code system on

the basis ofa two-dimensional RZ model with 107 energy groups. Here, the cross sections

for 235U and other structure or moderator materials were adopted from JENDL-3.2 in the

spectrum calculation. The validity of this TWOTRAN calculation was verified by the

                                        '
agreement ofthe CIE values obtained by TWOTRAN and MVP; the average values ofCIE

are O.93±O.Ol for the TWOTRAN results and O.95±O.03 fbr the MVP results, and they

                                                                '
agree within the statistical error ofthe MVP results., '

    Figure 4.11 shows the differences between the energy-dependent 237Np fission rates
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obtained based on the 237Np fission cross sections from ENDFIB-VI and JENDL-3.2 in 107

energy groups. The main difference is arising from the cross section difference around

IMeV and at the vicinity of main resonance at 39.9 eV In order to examine those

differences of the fission rate in detail, the whole energy domain is subdivided into four

representative energy domains as shown in Table 4.8, and the contribution of each energy

domain is shown as the fraction of fission rate difference in each energy domain to the total

fission rate difference. It could be seen that the main contribution comes from the energy

domain ofunresolved resonance to resolved resonance, which includes the major resonance at

39.9 eV It should also be noted that the difference in the energy domain of fast fission is

also significant.
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237Np fission rate diffbrence between ENDFIB-VI and JENDL-3.2.
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Table 4.8 Contribution ofrepresentative energy domains to difference between
     total 237Np fission rates obtained by using JENDL-3.2 and ENDFIB-VI

Energydomain EnergyRange(eV)
ContributiontoTotal237Np

FissionRateDifference

FastFission s×lo5<E<1×lo7 200/oto240/o

Unresolvedresonanceto
resolvedresonance 60<E<s×1o5 330/oto360/o

Vicinityofmainresonanceat
39.9eV 11<E<60･ 360/oto380/o

Restofresolvedresonanceto
thermalregion E<11 40/oto90/o

     These results indicate that the accuracy of237Np fission cross section in both the fast and

 resonance regions affk)cts the 237Np transmutation rate, and in order to further improve its

 prediction accuracy, further evaluation and validation of cross sections for both the fast

 fission and resonance cross sections would be inevitable. Taking into account the

 afbrementioned C/E values, it can be concluded that the fission cross sections in JENDL-3.2

are superior to those in other libraries and can be used fbr the prediction of the Np

transmutation rate in the thermal system with a prediction precision of 237Np fission rate

within 10%.

4.s.2 24iAm1235u FIsSION RATE RATIOS

       The clE values of 24iAm1235u fission rate ratios were obtained as summarized in

Table 4.9 and shown in Fig. 4.12. The CIE values are generally smaller than unity by -13%

to -1%. The CIE values obtained by JENDL-3.2 ranged from O.86 to O.90, with an average

value of O.88 and were the smallest among the three libraries examined. The CIE values

based on 24iAm fission cross sections from ENDFIB-VI were generally larger than
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JENDL･･3.2 results by ahout 2%, independent ofthe spectrum index. On the contrary, CIE

                                               'values based on 24iAm fission croSs sections from JEF2.2 were 1arger than those based on the

                                                            tt
fbrmer two libraries, and ranged from O.94 to O.99, giving the CIE results most close to unity.

                              'This led to considerable differences of 7 to 9% between JENDL-3.2 and JEF2.2 results.

There was no apparent dependence ofthe CIE value on the spectrum index for all cases.

Tlab1e 4.9 CIE values for the 2`iAm/235              *U fission rate ratios -

Core Spectrum Index
24iAm taken from

  JENDL-3.2

24iAm taken from

  ENDFIB-VI

24iAm taken from

    JEF2.2

EEE1

EE1

 El

 E2

 E3

O.065

O.088

O.141

O.220

O.287

         **O.866± 2.7%

O.899±2.6%

O.898±2.4%

O.859± 2.4%

O.864±2.3%

O.891±2.7%

O.923±2.6%

O.923±2.4%

O.884±2.4%

O.890±2.3%

0935±2.7%

0.981±2.7%

O.993±2.4%

O.956±2.4%

O.960±2.3%
" 235u from JENDL-3.2 used for all cases

                 " Relative error
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    Similarily to the analysis of 237Np fission rate, the differences among the CIE values

based on various libraries were further investigated through comparison of the energy-wise

fission rates of24iAm obtained by TWOTRAN implemented in the SRAC code system using

a two-dimensional RZ model with 107 energy groups. Figure 4.13 shows the 24iAm fission

                                    '                                               '
rate difference between JEF2.2 and JENDL-3.2. The large diffbrence between JENDL-3.2

and JEF2.2 arises mainly from the significant cross section difference at the low-energy

resonances, especially at the vicinity of resonance at O.576 eV. Contribution of thermal

cross section difference became also apparent fbr well-thermalized cores, which led to the

increasing discrepancy of CIE values with spectrum index.
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Figure 4.13 24iAm fission rate difference between JEF2.2 and JENDL-3.2.

    In order to have a more clear sight on this issue, the difference of the integrated 24iAm

                                                                 '
fission rate between JEF2.2 and JENDL-3.2 in representative energy domains is shown in Fig.

4.14 . A large portion ofthe reaction rate difference comes from the first two resonances,

which are contained in the energy domains of O.88 eV to O.41 eV and O.41 eV to O.12 eV,
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respectively. The contribution of thermal component below O.12 eV increases significantly

                                                     '
with spectrum index, i.e. the softening of the spectrum. These trends are in clear contrast

                                                                   '
when compared with the results for ENDFIB-VI shown in Fig. 4.15, where the magnitudes of

each components are much more lower than those for JEF2.2.
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                   JENDL-3.2 in representative energy domains.
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     One possible cause of the reaction rate discrepancies at the thermal region is the

difference in thermal fission cross section. The fission cross section at O.0253 eV is 3.018 b

in JENDL-3.2, which is lower than those in ENDFIB-VI (3.15 b) and JEF2.2 (3.16 b). This

value of JENDL-3.2 has been commented to be underestimating by Yamamoto et al.[20J,

who gave an experimental value of 3.15±O.097 b, and the increase of this thermal fission

cross section will slightly improve the overall CIE value based on JENDL-3.2, especially fbr

                                       '
well-thermalized systems. However, despite the similar thermal fission cross section values, '

                                          '                                                   '
there exist a significant difference between ENDFIB-VI and JEF2.2.

    According to the headers of24iAm cross section data in each library, it is noteworthy that

resonance parameters given by Derrien and Lucas[40] are used in all libraries for the resolved

resonances[4i]. However, several differences could be found for the treatment ofresolved

resonance as summarized in Table 4.10. The major difference is the treatment of the

negative energy resonances, which are used in order to obtain a good representation in the

thermal energy range ; five negative energy resonances are used in JENDL-3.2 and

ENDFIB-VI, whereas one negative energy resonance is used in JEF2.2. This difference

resulted in the cross section difference at the vicinity of the cross section dip between the

         Table 4.10 Description ofresoived resonance parameters fbr 24iAm in

                      JENDL-3.2 ENDFIB-VI and JEF2.2
                                ,

Library JENDL-3.2 ENDFIB-VI JEF2.2

Resonance Parameter

     Based on

    Formalism

Number ofNegative
   Resonance(s)

Energy of Negative

 Resonance(s) (eV)

 Denien & Lucas

   Multi-level

  Breit-Wigner

       5

-0.50, -O.45, -O.40,

   -O.32, -O.20

 Denien & Lucas

   Single-level

  Breit-Wigner

       5

-O.50, -O.45, -O.40,

   -O.32 -O.20
       '

Derrien & Lucas

  Multi-level

 Breit-Wigner

      1

   -O.4209
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lowermost resonance at 0.308 eV and the thermal 1/v cross section, as was shown in Fig.

                                                     .t
4.2. Aithough the cross section values are relatively small in this energy range, the fission

rate in this energy range increases with spectrum index, which results in a significant

difference for well-thermalized cores. The reason fbr the significant discrepancy at the

second resonance at O.576 eV is under investigatin at present, and a re-examination of the

resonance parameters at this resonance might be necessary.

'
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4.6 CONCLUSION

     In this Chapter, results of the verification of237Np and 24iAm fission cross sections based

 on the integral measurements of237Np and24iAm fission rate ratios relative to the 235u fission

                           '
 rate perfbrmed in thermal systems constructed at the KUCA have been surrmiarized. The

 fission rates were measured using the back-to-back type double fission chamber at five

 thermal cores with different H1235U ratios so that the neutron spectra of the cores were

 systematically varied. The fission rate ratios were successfully measured with a typical

uncertainty of 2%.

    Through the analysis of237Np/235U fission rate ratio measurements, it was fbund that the

                   'use of JENDL-3.2 gives the CIE values of O.95 in average, which was the best estimate

                                                        '
among the three libraries used. The use ofthe 237Np fission cross sections in ENDFIB-VI.5

and JEF2.2 gives approximately 4% smaller 237Np fission rate compared to the results

obtained by using JENDL-3.2. Through the detailed analysis, it is recommended that further

improvement be done for the evaluation ofboth the fast fission and resonance regions in all

libraries. Nevertheless, the 237Np fission cross sections in JENDL-3.2 are considered to be

superior to those in the other libraries and can be sufficiently adopted fbr the use in design

calculations fbr the minor actinide transmutation system of thermal reactors with a prediction

precision of237Np fission rate within 1O%.

       Through the analysis of24iAm1235u fission rate ratio measurements, it was fbund that

the use of 24iAm fission cross sections in JENDL-3.2 underestimates the experiment by about

12% and gives the CIE values ofO.88 in average. The CIE values obtained by using 24iAm

cross sections of ENDFIB-VI and JEF2.2 were larger than those obtained by using

JENDL-3.2 by about 2% and 7 to 9%, respectively. Through the examination of the

difference of24iAm cross sections contained in the evaluated libraries, it was found that cross
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section differences at the vicinity of resonance at O.576 eV were the dominant cause of the

                                                     .tCIE difference between JENDL-3.2 and JEF2.2. Contribution of thermal cross section

                                                                    '
difference, especially in the range of O.Ol eV to O.2 eV becomes also apparent for

                                          '                                   '
well-thermalized cores. It is recommended that both the resonance and thermal energy

fission cross sections of24iAm should be reevaluated in JENDL-3.2.

F
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Chapter 5

Concllusions･

    The present thesis summarized the results conceming the verification of nuclear data

relevant to the neutronics design ofnext generation thermal reactors. The goal ofthe present

research work is to provide quantitative measures on the validity of the current nuclear data

relevant to the nuclear design of next generation thermal reactors, and also to provide

suggestions for the anticipated reevaluation ofthe nuclides ofmajor importance.

    The present thesis is composed ofthe following three topics:

    1) Study on the verification ofnuclear data for MOX fueled thermal reactors,

    2) Study on the verification ofnuclear data fbr thorium-fueled thermal reactors, and

    3) Study on the verification ofnuclear data for MA incineration system using thermal

         reactors.

                                                         '
    For the first topic, an analysis of benchmark problem devoted for void coefficient

                        '
predictions in MOX fueled tight-pitch light-water reactor cells has been perfbrmed. Detailed

analysis of the calculated results obtained by Japanese and French code systems has been

perfbrmed to investigate the possible causes of the observed discrepancy in k. and void

reactivity ofMOX fueled light water lattices. Through the study, the fo11owing conclusions

were obtained:

                                                          '
a) The discrepancy of the k6. and void reactivity values obtained by the Japanese

    SRACIJENDL-3.2 and French APOLLO-21JEF2.2 is shown to be caused by a

    complicated balance ofboth the negative and positive components. The discrepancy of
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b
)

c)

k6. values is mainly caused by the Pu-239 component, which shows a strong dependence

                                                 .t
on the void fraction, whereas the void fraction dependence of Pu-241 component

                                                               '                        '
strongly affects the overall reactivity discrepancy. The reactivity discrepancy therefore

                                      '                                                       '
is sensitive to the Pu isotopic composition. Considerable discrepancy due to stainless

steel clad and oxygen components is also observed.

                               '
   The discrepancy of void reactivity is also caused by the Pu-239 and Pu-241

components. The difference between SRAC/JENDL-3.2 and APOLLO-21JEF2.2 for

                       '
the Pu-239 and Pu-241 components has opposite signs which act as to cancei each other;

the overall discrepancy in the void reactivity therefore is sensitive to the isotopic

composition of the Pu. Apart from the heavy nuclides, the different treatment of

                                                                  '
resonance selfshielding of the structure materials in the stainless steel cladding also acts

as a cause of the discrepancies.

   The discrepancies related to the structure materials and oxygen are significant,

sometimes having the magnitude comparable to those ofthe heavy isotopes. The cross

section difference for oxygen at high energy region has a considerable impact on cell

parameters at the high void fraction. For structure materials, it was found that, not

only the treatment of resonance selfshielding is important, but also the energy group

structure in the keV region, where the structural material resonance plays an important

role in forming the neutron spectrum.

    For the second topic, an analysis of thorium loaded thermal reactor critical experiments

at the KUCA has been performed. Criticality analysis using 232Th cross section data from

different nuclear libraries has been perfbrmed to investigate the reproducibility of k,ff values

   /

and also to clarify the possible causes ofthe observed CIE discrepancies. Through the study,

the fo11owing conclusions were obtained:

-118-



ena ter 5

 a) It was fbund that JENDL-3.2 overestimates the kof values of thorium-loaded KUCA

                                                  '
    cores by about O.9% to 1.2%. Although approximately O.7% of the overestimation

    comes from the 235u cross section used in the driver region, the overestimation for

    thorium-loaded cores is apparently larger than those for cores free from thorium by about

    O.29x6 to O.5%. This overestimation depends on neutron spectrum and becomes larger fbr

    the cores with harder neutron spectrum. The use of 232Th cross sections from

    ENDFIB-VI and JEF2.2 also leads to the overestimation ofthe kof values. Compared to

    JENDL-3.2, 232Th cross sections from ENDFIB-VI and JEF2.2 give smaller kof for the

    cores with a harder neutron spectrum, leading to reactivity difference up to -O.5% . It

   became clear that none of the current 232Th evaluated cross sections can accurately

    simulate the criticality ofthe KUCA experiments.

b) It was demonstrated that the different 232Th cross section evaluations may lead to

   'si'gnificant difference in criticality predictions of thorium-loaded thermal systems. This

   difference is mainly attributable to the difference in capture cross section at the thermal

   region, lower resonance and unresolved resonance regions, where JENDL-3.2 gives

   significantly smaller cross sections compared to ENDFIB-VI. The contribution of

   scattering cross section diilk:rence in the fast region could be also significant in systems

   with a harder neutron spectrum.

    For the third topic, measurement and analysis of the 237Np and 24iAm fission rate ratios

                                                                  'relative to 235U in thermal neutron fields of the KUCA have been perfbrmed. Analysis using

fission cross section data of 237Np and 24iAm from different nuclear libraries has been

                                                                    '                            '
performed to investigate the reproducibility of fission rate ratios and the possible causes of the

observed CIE discrepancies. Through the studM the fbllowing conclusions were obtained:

a) By using the back--to-back type double fission chamber at five thermal cores with
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b
)

c)

different H1235u values, the 237Np and 24iAm fission rate ratios relative to 235u fission rate

                                                                '
were successfu11y measured within a typical uncertainty of2%.

                                                                 '
   For the 237Np1235u fission rate ratio, it was fbund that the use of JENDL-3.2 gives the

C!E values ofO.95 in average, which was the best estimate among the three libraries used.

The use ofthe 237Np fission cross sections in ENDFIB-VI and JEF2.2 gives approximately

4% smaller 237Np fission rate compared to the results obtained by using JENDL-3.2. It is

recommended that fUrther improvement should be pursued for the evaluation ofboth the

fast fission and resonance regions in all libraries. Nevertheless, the 237Np fission cross

sections in JENDL-3.2 are considered to be superior to those in the other libraries and can

be sufliciently adopted in design calculations for the minor actinide transmutation system

using thermal reactors with prediction precision of237Np fission rate within 1O%.

   For the 24iAm1235u fission rate ratio it was fbund that the use of 24iAm fission cross
                                ,

section in JENDL-3.2 underestimates the experiment by about 12% and gives the CIE

values of O.88 in average. The CIE values obtained by using 24iAm cross sections of

                                                      tt
ENDFIB-VI and JEF2.2 are larger than those obtained by using JENDL-3.2 by about 2%

                                             '
artd 7 to 9%, respectively. Through the examination of the difference of 24iAm cross

                                                                     '
sections contained in the evaluated libraries, it was fbund that cross section differences at

                                                                 'the vicinity of resonance at O.576 eV are the dominant cause of the CIE difference

                   '
between JENDL-3.2 and JEF2.2. Contribution of therrnal cross section difference,

especially in the range ofO.Ol eV to O.2 eVl becomes also apparent fbr weil-themialized

cores. It is recommended that both the resonance and thermal energy fission cross

sections of24iAm should be reevaluated in JENDL-3.2.

    Through the

recommendations

 conclusions of the present studies described above, the fbllowing

could be made for the improvement of cross section data relevant to the
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 nuclear design ofthe next generation thermal reactors;

                     ' Pu isotopes :

     e Cross sections of 239pu and 24ipu.

              Ambiguity of cross section of these two major Pu isotopes should be further

          reduced for the accurate prediction of nuclear parameters in MOX fueled thermal

          reactors, especially in cases having hard spectrum.

                                                                      '
     In order to further enhance our knowledge on the behaviour of plutonium isotopes in

MOX fuel cells with hard neutron spectrum, sensitivity studies should be performed as an

 extension of the studies presented in this thesis. Furthermore, re-analysis of the critical

experiments related to void reactivity (fbr example, the PROTHEUS-HCLWR experiments)

would be very usefu1 to directly validate the accuracy of plutonium cross section data,

especially performed in coojunction with the sensitivity studies.

232Th :

    e Capture cross sections at the thermal, lower resonance and unresolved resonance

        reglons.

             None of the current 232Th evaluated cross sections can accurately simulate the

         criticality of the zone-type experiments perfbrmed at the KUCA. Furthermore,

         the differences among the libraries are significant, and therefore the neutronics

         characteristics of any thorium-fueled thermal reactor may be considerably different

         among the libraries used.

    e Elastic and inelastic scattering cross sections in the fast region.

             The contribution of these cross section differences could be considerable in

         systems with a hard spectrum.

    As the experimental data directly applicable fbr the verification of 232Th cross sections

are still limited, sample reactivity and reaction rate measurements of 232Th in cores with
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various neutron spectra will be of great importance. Concerriing this studM a series of

                                                      .texperiments recently initiated at the KUCA fbr the sample worth measurement of 232Th is

                                           '                                                                  '                                                                    '
anticipated to provide valuable experimental data in the near future.

                                          '
237Np:

    e Fission cross sections in both the fast fission and resonance regions in all libraries.

             The cross section difference is significant and should be reduced to improve

         the prediction accuracy of237Np fission rate in incineration systems.

                                                  '
                           '241Am:

    e Fission cross sections at the giant resonance at O.576 eV and the thermal region.

             The significant difference among JEF2.2 and other two libraries lead to large

                                                                       '
         difference in CIE of the KUCA experiments. These cross section differences

         should be reduced to improve the prediction accuracy of 24iAm fission rate in

         mcmeratlon systems.

    Experimental data for the MA cross section, especially for 237Np, are still limited, and

accumulation of experimental data is desired to improve the accuracy of MA nuclear data in

the evaluated libraries. Together with this, accumulation of integral data, such as reaction

rate measurements, is also desired. From this point of view, the systematic experiments

perfbrmed at the KUCA in this study are considered to be an excellent benchmark data fbr

MA incineration study in thermal neutron reactors. In order to enhance this benchmark data

and to merge the results with those from the fast neutron systems, fission rate ratio

                               '
measurements in intermediate spectrum cores are desired.

       It is expected that the improvement of the aforementioned cross section evaluations

and related studies will lead to the improvement of the reliability and prediction accuracy of

  /t
nuclear parameters ofnext generation thermal reactors.
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Append eIX

NomencRature

ABBREVIATIONS

MA minoractinide

MOX mixed-oxide

TRU transuraniumelements

LWR lightwaterreactor

HCLWR high-conversionlightwaterreactor

RMWR reducedmoderationwaterreactor

JENDL-3.2 JapaneseEvaluatedNuclearDataLibrary,ver.3.2

ENDF/B-VI EvaluatedNuclearDataFile,B,ver.VI

JEF2.2 JointEvaluatedFile,ver.2.2'
KUCA KyotoUniversityCriticalAssembly

BTB back-to-backtypefissionchamber

C/E calculated-to-experimentalratio

DEFINITIONS, UNITS

voidfraction
volumetricfraction(O/o)ofvoidinmoderatorregion.InChapter2,only

thevoidfractionofinfinitearrayoffuellatticesaretreated.

voidreactivity reactivitychangecausedbyvoidinmoderatorregion

pcm 1pcm=1×10'5Aklk

M/vrHEMATICAL EXPRESSIONS
k
o
o

infinitemultiplicationfactor

keff effectivemultiplicationfactor

g suffrlxforenergygroup(finegroupstructure)

G suffixforenergygroup(coarsegroupstructure)

i suffixfornuclide
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¢ neutronflux

p reactivity

Ap reactivitydifference

Z
f

macroscopicfissioncrosssection

£
c

macroscopiccapturecrosssection

Z(n,2n) macroscopic(n,2n)crosssection

v averagenumberofneutronsproducedperfission

P,A,C,N production,absorption,captureand(n,2n)rateinaninfinitecell

APZNAACzVV))'

differenceofproduction,absorption,captureand(n,2n)rateinaninfinite

cell

p,z
averagedvalueoftheintegratedproductionandabsorptionrateina

infinitecell

x
l
l

averagedvalueoftheinfinitemultiplicationfactor
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