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ABSTRACT

The need for accurate calculational tools for the determination of gamma heating in fast
reactors has increased considerably in recent years following the planned modification of
certain existing fast breeders into plutonium-burning configurations. The latter are
characterized by a steel/sodium reflector (replacing the fertile blanket) and a large number of
core diluting sodium/steel sub-assemblies, i.e. regions in which gammas account for about 90
% of total heating. In the current doctoral research, a new calculational scheme for the accurate
determination of gamma heating in fast reactors has been implemented and its validation for
Pu-burning configurations accomplished through comparisons with integral measurements in

representative critical assemblies.

The particularity of the new calculational methodology is that gamma production
multiplicities for fission, capture and inelastic scattering are folded with the corresponding
effective (self-shielded) neutron cross-sections and then summed up to yield the total gamma
production matrices. This allows one to take advantage of the latest improvements in
computing effective cross-sections at the cell level, in particular the consideration of spatially
varying cross-sections in non-fuel regions such as reflectors. The new methodology requires
gamma production multiplicities separately for fission, capture and inelastic scattering, and
accordingly a special library containing these nuclear data was generated from the latest and
most appropriate data evaluations, mainly JEF2.2 and ENDF/B-VI. Furthermore, the delayed
emission through disintegration of fission and activation products was explicitly considered. In
the course of creating the gamma production library, a careful check could be made on the
quality of the basic data available. It was found that a major shortcoming in this context is the
large uncertainty (~ 8 %) on the gamma production in fission, since total gamma fission

emission values given by various authors differ significantly.

The validation of the currently developed calculational tool was accomplished through
comparisons with new gamma-heating measurements conducted in the framework of the
CIRANO experimental programme at the MASURCA facility, as well as with reevaluated
earlier measurements by Calamand et al. in the BALZACI1-DE1 configuration of the same
facility. The latter had a steel/sodium (diluent) zone at the center of the core region. In the
current CIRANO measurements, absolute gamma-heating rates were determined in PuO,/UO,
fueled cores surrounded by a steel/sodium reflector using TLD-700 thermoluminescent
dosimeters. Thereby, a considerable effort was undertaken to minimize systematic errors in the
measurements and to reduce the statistical uncertainty, in order to ensure a total experimental
error smaller than the target accuracy for the gamma-heating calculations. To achieve this goal,
a highly reproducible measuring procedure was established (statistical error < 2 %), individual

TLD calibration was carried out in a consistent way with respect to the reactor measurements
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and the various correction factors (determined using the latest calculational methods and data)
were investigated in detail. The correction most in doubt, viz. the cavity relation, was derived
by applying both Burlin cavity theory and MCNP coupled photon-electron calculations, with
TLD irradiations in various surroundings providing a check on the latter. The total

experimental error (1 6) on the TLD measurements has been estimated to be less than 6 %.

The calculation/experiment (C/E) values determined from the analysis of the critical
experiments are 0.90 for the PuO,/UQO, core region, 0.84 for the steel/sodium reflector and
0.89 for the steel/sodium diluent zone. The most plausible causes for the observed differences
have been identified to be data related, viz. too low fission gamma energies and too low
capture cross-sections for the structural elements. Thereby, the data for Pu®*’ and Fe™ are the
most suspect, since the former nuclide is the dominant contributor to the gamma production in

the core while the latter is that for the reflector and diluent regions.

The transferability of the current validation findings to the SUPER-PHENIX power plant
(in its planned modified form as Pu-burner) and the 1500 MWe CAPRA 4/94 reference design
has been demonstrated by comparing the experimental configurations with the full-scale power
reactors in a quantitative manner with respect to gamma-heating characteristics. With the
transferability established, a set of correction factors (fpower=E/C) can be defined for application
to calculational results. This enables the prediction of gamma heating in the various regions of

the considered power reactors to within the current target accuracy of ~ 7.5 %.



VERSION ABREGEE

Les modifications envisagées pour transformer certains surgénérateurs existants en
"briileurs de plutonium" ont accru, dans les dernieres années, le besoin de nouveaux outils de
calcul permettant de déterminer avec précision l'échauffement gamma dans les réacteurs
rapides. Les configurations "briileurs de plutonium" sont caractérisées par un réflecteur en
acier/sodium (qui remplace la couverture fertile) et l'introduction d'un nombre considérable
d'assemblages diluant en sodium/acier dans le coeur. Dans ces régions, les gammas contribuent
environ a 90 % de 1'échauffement total. Lors de cette these, un nouveau schéma de calcul pour
la détermination précise de 1'échauffement gamma dans les réacteurs rapides a été développé et
validé pour des configurations "brilleurs de plutonium" par comparaison avec des mesures

intégrales dans des assemblages critiques représentatifs.

La particularit¢ de la méthodologie de calcul présenté dans ce travail est que les
multiplicités de production gamma ("gamma production multiplcities") pour la fission, capture
et diffusion inélastique sont multipliées par les sections efficaces auto-protégées
correspondantes, puis additionnées afin d'obtenir les matrices de production gamma totales.
Ceci permet de tirer profit des dernieres améliorations dans les calculs des sections efficaces
effectives, en particulier la considération de la variation spatiale des section efficaces dans des
régions comme le réflecteur. Dans le nouveau schéma, les multiplicités de production gamma
sont requises séparément pour la fission, la capture et la diffusion inélastique. Une
bibliotheque spéciale contenant ces données nucléaires a été générée a partir des évaluations
les plus récentes et appropriées, principalement JEF2.2. et ENDF/B-VI. La contribution
"retardée" due a la désintégration des produits de fission et d'activation a également été inclue.
Au cours de la génération de la bibliotheque, la qualité des données de base disponibles a pu
étre testée. Le probleme majeur décelé est l'incertitude importante (~ 8 %) sur la production
gamma par fission. En effet, les valeurs données par différents auteurs varient

significativement.

L'outil de calcul developpé actuellement a été validé par comparaison avec des nouvelles
mesures d'échauffement gamma effectuées lors du programme CIRANO au réacteur
expérimental MASURCA, et avec des mesures réévaluées, effectuées antérieurement par
Calamand et al. dans la configuration BALZACI-DEI de la méme installation. Cette derniere
configuration avait une zone diluant en acier/sodium au centre du coeur. Dans les mesures
CIRANO actuelles, la valeur absolue de 1'échauffement gamma a ét€é déterminée dans des
coeurs PuO,/UO, entourés par un réflecteur en acier/sodium, en utilisant des dosimetres
thermoluminescents TLD-700. Un effort considérable a été fait pour minimiser les erreurs
systématiques et réduire les erreurs statistiques, afin d'obtenir une erreur expérimentale totale

inférieure a l'incertitude maximale visée sur les calculs d'échauffement gamma. Dans ce but,
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une procédure de mesure hautement reproductible (erreur statistique < 2 %) a été établie, les
TLD calibrés individuellement d' une maniére consistante avec les mesures dans le réacteur, et
les divers facteurs correctifs (déterminés en utilisant les méthodes et données les plus récentes)
étudiés en détail. Le facteur correctif le plus mis en doute, c.a.d. le facteur de cavité, a été
déterminé en utilisant la théorie de cavité de Burlin et des calculs MCNP couplés photon-
€léctron, vérifiés par des irradiations de TLD entourés par différents matériaux. L' erreur

expérimentale totale (1 ©) sur les mesures TLD est estimée inférieure a 6 %.

Les valeurs calcul/expérience (C/E) dérivées de I' analyse des expériences critiques sont
0.90 pour la région coeur en PuO,/UQO,, 0.84 pour le réflecteur acier/sodium et 0.89 pour la
zone diluant acier/sodium. Les causes les plus plausibles pour les différences observées sont
des erreurs dans les données de base utilisées, c.a.d. des énergies gamma émises par fission et
des sections efficaces de capture des €léments de structure trop petites. Les données les plus

239 et Fe*®, le premier étant I' isotope le plus important pour

mises en question sont celles de Pu
la production gamma dans le coeur et le deuxieme jouant le role essentiel dans le réflecteur et

les diluants.

La possibilit¢ d' extrapoler les résultats de la validation aux réacteurs de puissance
SUPER-PHENIX (dans sa configuration envisagée comme briileur de plutonium) et au projet
CAPRA 4/94 a 1500 MWe a été démontrée en comparant les caractéristiques d' échauffement
gamma des configurations expérimentales avec celles des réacteurs de puissance. La
transférabilit€ €tant vérifiée, il est possible de définir un jeu de facteurs correctifs (fower=E/C)
pour application aux valeurs de I' échauffement gamma calculés. Ceci permet de prédire
I' échauffement gamma dans les diverses régions des réacteurs de puissance considérés avec

une incertitude plus petite que 1' incertitude maximale visée sur les calculs (~ 7.5 %).
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1. INTRODUCTION

The main goal of the current doctoral research has been to develop an accurate
methodology for gamma-heating calculations for fast reactors, and to validate it for plutonium-
burning configurations.

Gamma heating accounts for about 13 % of total heating in a conventional liquid metal
fast breeder reactor. However, locally, it can provide the major contribution to heating in
certain regions (diluent sub-assemblies and shielding: ~ 90 %, rod followers: ~ 80 %, fertile
blankets: 40 - 50 %). From the viewpoint of defining appropriate cooling requirements and
determining thermal stresses, the accurate assessment of the gamma-heating distribution is
thus an essential aspect of fast reactor design.

The need for accurate calculational tools for the determination of gamma heating in fast
reactors has increased considerably in recent years following the planned modification of the
existing French fast breeder reactors PHENIX and SUPER-PHENIX into plutonium-burning
configurations (CAPRA project, § 2.1). Such burner reactors are characterized by the
replacement of the fertile blankets by steel/sodium reflectors, and a higher Pu-enrichment
which implies the need for a relatively high dilution of the core by employing a large number
of sodium/steel sub-assemblies (diluent S/As). In both of the latter regions, viz. reflector and
diluent zones, gammas contribute about 90 % to total heating. Furthermore, the propagation of
neutrons into the shielding is enhanced by the replacement of the fertile blanket and leads to a
significant increase of gamma heating in this region.

The former European tool for gamma-heating calculations, VASCO-1 (§ 2.5.3), was
especially developed and validated for the design of the SUPER-PHENIX fast breeder power
plant. However, this code has important shortcomings in both its calculational algorithms and
the basic data used. In particular, these are the use of infinite dilution total gamma-production
matrices (which necessitates the determination of supplementary self-shielding correction
factors) and incorrect (underestimated) iron gamma production cross-sections. This makes use
of the code particularly difficult when aiming at the accurate determination of gamma heating
in specific zones such as the steel/sodium sub-assemblies and reflectors characteristic of
plutonium burners. This follows from the fact that, in these regions, a major contribution to
heating comes from capture and inelastic reactions in iron, the self-shielding for which varies
spatially in an important way. All this has justified the development, implementation and
validation of a new calculational tool for gamma heating as accomplished in this thesis.
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The accuracy of a given reactor analysis methodology needs to be established through
comparisons with integral measurements, usually carried out in critical configurations
representative of the power reactor of interest. In the past, there have been several series of
experiments in conventional (breeder) fast reactor criticals for the validation of various
gamma-heating calculational schemes and their associated data (§ 2.4). In general, calculations
were found to underestimate gamma heating (C/E < 1), although the gamma production data
used were believed to be too high. Furthermore, relatively large differences were reported
between measured values obtained with different techniques. This is probably related to the
fact that not all of the calculational correction factors needed in the measurements had been
determined in a satisfactory way. Significant doubt on the quality of absolute results reported
in some of the earlier gamma-heating experiments has thus to be expressed and justifies the
careful review which has been made of the principal experimental technique applied in this
work, viz. ThermoLuminescent Dosimeters (TLDs). Thus, in the course of the current
validatory experiments conducted in critical configurations representative of Pu-burning fast
reactors, various possible sources of systematic errors in the TLD measurements themselves,
in the calibration (and its analysis), and in the calculational determination of the various
correction factors, have been investigated in detail.

Although this thesis work was initially motivated by the planned modification of certain
fast breeder reactor into Pu-burners, the need for improved accuracies in the determination of
gamma heating is more general. Indeed, gammas make a major contribution to heating in non-
fissile regions of any nuclear system. Thus, for example, this is the case for the special minor-
actinide incineration sub-assemblies (containing americium pins surrounded by steel) planned
to be introduced into the PHENIX power plant in the near future.

1.1 Overview of the Present Work
The present thesis work consists of three major parts, viz.:

1) Development and implementation of a new calculational tool for detailed gamma- and

neutron-heating calculations (Chapter 3):

A new calculational tool has been implemented for separate calculation of gamma- and
neutron heating in fast reactors. The particularity of the new methodology is that gamma
production multiplicites for fission, capture and inelastic scattering are folded with the
corresponding effective (self-shielded) neutron cross-sections and then summed up to yield the
total gamma production matrices (used to generate the gamma source from the neutron flux).
Similar algorithms are applied to compute the total neutron KERMA (Kinetic Energy Released
to MAterials). This allows to take advantage of the latest improvements in computing effective
cross-sections at the cell level (ECCO cell code, § 2.5.2.1), in particular the consideration of
spatially varying cross-sections in non-fuel regions such as reflectors.
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The new methodology has required the generation of appropriate gamma production and
neutron KERMA libraries. These were produced using the most recent nuclear data
evaluations. Thereby, delayed gamma production due to disintegration of fission and activation
products was explicitly considered.

Besides making the new calculational tool operational, the creation of an appropriate
gamma-production library has allowed a careful check to be made on the quality of the basic
data available. This, in turn, has provided an estimate of the uncertainty on computing gamma
sources due purely to errors in the gamma-production data.

2) Planning and execution of gamma-heating measurements at the MASURCA facility
(Chapter 4):

With the main aim of establishing a sound experimental basis against which the

currently developed calculational methodology could be tested, a new series of gamma-heating
measurements have been carried out in the framework of the CIRANO programme at the
MASURCA critical facility at CEN Cadarache.

The CIRANO programme was launched in support of the planned modification of
PHENIX and SUPER-PHENIX into plutonium burners. The reference configuration in this
programme is a clean PuO,/UO, core surrounded by a steel/sodium reflector. Considerable
effort has been made to achieve accurate gamma-heating measurements not only in the
reflector, but also in the core region. The determination of gamma emission in the core is
important because a large fraction of the heating in non-fuel regions (diluent sub-assemblies,
reflectors) is due to gammas created in the core. Measurements have been made using TLDs
and ionization chambers, with emphasis placed on the TLDs since it is this technique which
has been applied for the absolute dose determination. lonization chambers have served to
obtain independent relative results (traverses).

As indicated earlier, a major aim has been to minimize systematic errors in the
measurements, and to reduce the statistical uncertainty, in order to ensure a total experimental
error smaller than the target accuracy for the calculational determination of gamma heating.
Clearly, with the integral measurements being used to validate the calculational tool, the total
experimental error gives a lower limit for the accuracy to be assigned to the calculations. To
achieve the goal of a sufficiently low experimental error, a highly reproducible measuring
procedure was established, the TLD calibration was carried out in a consistent way with
respect to the reactor measurements, and the various correction factors (determined using the
latest calculational methods and data) were investigated in detail. The correction most in
doubt, viz. the cavity relation, was derived by applying both Burlin cavity theory and MCNP
coupled photon-electron calculations, with TLD irradiations in various surroundings providing
a check on these calculations.
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3) Validation of the calculation tool and investigation of transferability to power reactors

(Chapter 5):

The new calculational tool has been validated through comparisons with the currently

performed gamma-heating measurements in the CIRANO programme, as well as with
measurements made by Calamand et al. in the BALZACI1-DE1 MASURCA configuration (§
2.4.4.2). The latter was characterized by a central zone representing a diluent sub-assembly,
the reported measurements having been reevaluated currently in the light of the experience
gained during the CIRANO experiments. The main goal of the various calculation/experiment
(C/E) comparisons has been to determine how well gamma heating is calculated in
steel/sodium reflectors and sodium/steel diluents characteristic of Pu-burner configurations.
With relatively large differences being found between calculations and measurements, a set of
correction factors (f. = E/C) has been defined for application to calculational results.
Furthermore, the most plausible causes for the observed differences have been identified.

Finally, the experimental MASURCA configurations have been compared to the SUPER-
PHENIX power plant (in its planned modified form as Pu-burner) and the 1500 MW CAPRA
4/94 reference design. This has been done in a quantitative manner with respect to gamma-
heating characteristics, in order to demonstrate the transferability of the current validation
findings from the critical experiments to full-scale power reactors.

The present research was conducted in the framework of the collaboration between CEN
Cadarache and PSI/EPFL in the domain of advanced fuel cycle physics. Effectively, the
development and validation of the new methodology for gamma-heating calculations has
formed part of the joint European effort to create a unified code system for fast reactor
calculations, the ERANOS (European Reactor ANalysis Optimized System) package. Before
presenting the three above-outlined major parts of the thesis work (Chapters 3 - 5), a review of
important background aspects is made in the following chapter.



2. GENERAL BACKGROUND

In this second chapter, several general aspects of importance to the present work are
discussed. The first section (§ 2.1) addresses the CAPRA project, aimed at demonstrating the
feasibility of Pu-burning fast reactors, because it provided the major motivation for the present
thesis. In the second section (§ 2.2), the CIRANO experimental programme at the MASURCA
facility is described since this was the main framework in which the current validation effort
was made. In the third section (§ 2.3), the basic gamma-ray physics phenomena important for
the determination of gamma heating in a fast reactor are discussed, while the fourth section (§
2.4) reviews earlier gamma-heating experiments and their analysis. In the fifth section (§ 2.5),
the French "formulaire" concept for fast reactor physics calculations is introduced, the present
work being a contribution towards the development of the latest formulaire, ERANOS. Also
addressed in this section is the former European formulaire for gamma-heating calculations,
VASCO-1, together with its main deficiencies which have largely been removed in the course
of developing the current methodology.

2.1 The CAPRA Project

The project CAPRA (Concept to Amplify Plutonium Reduction in Advanced fast
reactors) [1,2,3,4] is an international R & D program which aims at demonstrating the
feasibility of a fast reactor in which net burning of plutonium would be as high as possible and
which could, moreover, contribute to the transmutation of Minor Actinides (MAs)l.

2.1.1 Motivation and Research Topics

The development of fast reactor technology was initially motivated by the possibility of
breeding new fuel, i.e. of generating fissile Pu*’ and U** from the fertile isotopes U**® (99.27
% of natural uranium) and Th*? (100 % thorium), respectively, the latter being very much
more abundant than the only naturally occurring fissile nuclide U*. In most current-day
Nuclear Power Plants (NPPs), i.e. thermal reactors, basically only the latter isotope is burned
and the energy production potential of the fertile isotopes remains largely unused. Through
breeding, Fast Reactors (FRs) allow to use this potential fully and thus to extract 80 to 100
times more energy from the same resources. In the long term, therefore, FRs will have to
replace the thermal reactor park in order to render nuclear energy (fission) "sustainable" from
the resource viewpoint. However, the much slower than anticipated growth of nuclear power,
the current glut in the uranium market and the relatively high capital cost of the Liquid Metal

' MAs are heavy isotopes produced through neutron capture and contribute in an important way to the long-term

toxicity of nuclear waste.
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Fast Breeder Reactor (LMFBR) are factors which have postponed the era of large-scale
exploitation of FR technology by several decades.

Presently, the interest in FRs has been renewed due to their flexibility with respect to the
regulation of plutonium inventories. In fact, for the near-term future, it is not so much the
shortage of fissile materials but, ironically, their surplus (of plutonium, in particular) which
has become a major concern. The cumulative amount of plutonium generated by NPPs
worldwide is estimated to be over 1000 t currently, and this amount continues to increase by
about 60 t every year [5]. Most of the plutonium is in the form of irradiated fuel lying in
intermediate-storage pools at the NPP sites themselves. However, there are significant
amounts (~ 150 t) which have been separated by fuel reprocessing. If one considers, in
addition to this commercial source, the 100 t of military plutonium shortly to be released from
dismantled nuclear weapons [6], an effective regulation of plutonium stocks worldwide is seen
as an urgent need from the viewpoint of non-proliferation.

Several countries have decided to take effective steps for the management of the long
term growth of their plutonium stock piles. There are several options to tackle the problem,
one of them being to treat plutonium as waste and to search for a permanent or temporary
storage. A more attractive solution is to use the plutonium as fissile material, thus making the
maximum use of its energy content. With light water reactors (LWRs) currently dominating
the nuclear energy scene, the first step in this approach consists of recycling plutonium as
PuO,/UO; (mixed oxide, or MOX) in these NPPs. This step has been effectively demonstrated
for limiting the growth of stockpiles. Nevertheless, core design and safety constraints limit the
amount of plutonium present in the core, as well as the number of possible LWR recycles due
to the build-up of higher Pu-isotopes. This build-up degrades the plutonium "quality", i.e. its
fissile content in terms of Pu®’ and Pu®*' fractions.

Fast reactors, on the other hand, are more advantageous for regulating the stock of
plutonium. Due to the hard neutron spectrum, practically all the plutonium isotopes can be
fissioned, so that multiple recycling is no problem. FRs are very flexible. They can burn high
grade (weapons) plutonium and can also be used to burn the degraded Pu resulting from LWR
recycling. This makes them very useful when looking for a consistent strategy for the back-end
of the fuel cycle in conjunction with the recycling of processed fuel in LWRs. Furthermore,
they can be used to transmute the MAs (neptunium and americium).

Due to the considerable interest in the possibility of using FRs to burn plutonium, the
CAPRA project was launched by the CEA (Commissariat a I'Energie Atomique, France) in
February 1993 to demonstrate the feasibility of a fast plutonium-burner reactor. Although
initiated by the CEA, it has quickly become a large international R & D program through
various specific bi- and multilateral collaborations with its partners, including the Paul
Scherrer Institute (PSI), Switzerland.
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During the first phase of the project, completed by the end of 1994, basic design options
for a plutonium-burning FR were studied and led to the definition and thorough study of the
reference option characterized by cores employing a high plutonium-content oxide fuel and the
use of the so-called dilution concept (§2.1.2). Preference was given to the latter concept
because of its high potential for increasing the fuel enrichment and because it can be applied to
large core sizes while preserving acceptable safety features (Doppler and sodium void worth)
[7]. A reference design was defined, the so called 4/94 Oxide Reference Core [8] (§ 2.1.3), and
a detailed report prepared [9] related to the various studied aspects (neutronics, fuel design,
safety, integration into the European Fast Reactor (EFR) nuclear island). Effectively, the report
indicated the basic feasibility of a fast plutonium-burner reactor using a high plutonium-
content oxide fuel which could be operated within acceptable safety margins and economics
considerations.

The second phase, currently ongoing, represents the active part of a large international R
& D effort aimed at validating various new features considered in the CAPRA project. The
main components of the research are:

e Development and qualification of the European code system ERANOS (§ 2.5.2) with its
associated basic nuclear data for the calculation of plutonium-burning FR configurations
with their novel physics characteristics (§ 2.2.2).

¢ Provision of integral experimental data through the CIRANO experimental programme at
the MASURCA critical facility (§ 2.2).

e Use of the PHENIX and SUPER-PHENIX plants to demonstrate the CAPRA options on a
realistic scale: blanket removal and large-scale introduction of higher enriched
heterogeneous CAPRA subassemblies.

e Highly enriched plutonium-fuel fabrication (homogeneous MOX of 45 % plutonium
content and advanced fuels without uranium) and irradiation.

e Continued research on advanced burner cores based on the concept of plutonium fuel
without uranium.

e More general studies concerning strategies and scenarios for future nuclear parks with the
objective of defining precisely the expected role for the FR (performance and
complementarity of FRs and LWRs).

2.1.2 Basic Physics of Plutonium-Burning Fast Reactors and Impact on Core Design

The net plutonium production/consumption of a fast reactor core results from the balance
of the following two opposing effects:

1. The plutonium production by neutron capture in U,

2. The plutonium destruction mainly through fission, neutron capture and radioactive decay.
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Converting a conventional fast breeder reactor into a burner thus consists of taking two natural
steps. The first step is to significantly reduce the plutonium production, viz. by removing the
radial and axial fertile blankets. The core thus becomes, to a slight degree, a plutonium burner
(of the order of 20 kg/TWeh for an EFR design without blankets). In the second step, the
plutonium destruction has to be increased. To achieve significant plutonium consumption, the
fissile part of the core needs to be modified. Seeking high consumption rates again means in
fact minimizing the production term, which requires low uranium content, i.e. high plutonium
enrichment of the fuel. Figure 2-1 gives an overview of the CAPRA results [10] for the various
core design options investigated. It shows that the plutonium burning rate depends mainly on
the Pu-enrichment, E, of the fuel and increases as (1-E)/E. This means that even a moderate
increase in the enrichment leads to a relatively large increase in the burning rate. It is seen that
~ 80 kg of plutonium per TWeh can be burnt in a fast reactor core, if the fuel enrichment is
raised to between 40 and 45 %. This corresponds to an annual Pu-consumption of ~ 670 kg for
a SUPER-PHENIX-sized NPP. This highlights the interest of investigating MOX enrichments
above the well known 25 % to 32 % range. In the limiting case of a fuel without uranium, the
consumption rate would be ~ 960 kg annually.
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Figure 2-1: Plutonium consumption as a function of
fuel enrichment in a Pu-incinerating fast reactor.

Any increase in the Pu-content must of course be adapted to the need for achieving a
balance divided equally between neutron generation, on the one hand, and neutron absorption
and leakage on the other hand. Neutron generation is given by the mass of plutonium (or more
precisely, fissile plutonium), i.e. the product of the Pu-enrichment and the mass of oxide.
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Increasing the Pu-enrichment, while maintaining a constant mass of oxide, results in an
increase of the generation which has to be compensated by an increase of the absorption and/or
leakage. On the contrary, if an increase of absorption or leakage is not possible or not wanted,
an increase of the Pu-enrichment can be "simply" compensated by a decrease of the mass of
oxide. These considerations are to be found in the different design orientations that have been
studied: reduction of the oxide inventory with no change in core volume or shape (dilution
concept), introduction of a neutron absorber (poisoning concept), adaptation of the core shape
(pancake core concept) in order to increase the neutron leakage, etc. So far, the most
thoroughly studied concept is the dilution concept.

The major impacts of the modification of the conventional FBR (fast breeder reactor)
design to burner reactor concept are listed below [11,12]:

1. Effects due to the increase in Pu-enrichment. In fact, most of the listed effects
(Doppler, sodium void, B.g) are due to the reduction of the U** content:

¢ A higher core reactivity.

e A decrease of the Doppler effect which is directly related to the U*® content (U**®
contributes 95 % to the Doppler in SUPER-PHENIX). The introduction of absorber induces
an even larger decrease due to the spectrum hardening, but a heterogeneous mode of
introduction (absorber separated from the fuel) reduces the impact. Addition of some
moderator can counterbalance the absorbing materials effects.

e A tendency of the sodium void effect to decrease since U** makes a strong contribution to
the positive sodium void reactivity. Note however that the sodium void reactivity can vary
over a large range of values depending on the burner design. It depends on the amount of
absorbing materials in the core and is directly linked to the decrease of their effective cross-
section with the spectrum hardening due to the sodium voiding. As a consequence, the Na
void is less positive in the dilution approach (U**® decrease) but the introduction of an
absorber ("poison") increases the positive value. As for the Doppler coefficient, both the
introduction of moderators and a heterogeneous introduction of the absorber reduce the
penalty.

e An increase of the burn-up reactivity loss as this is strongly dependent on the U>*
conversion into Pu**’. The increase in burn-up reactivity loss will lead to a reduction in the
fuel cycle length. The addition of a burnable poison allows the burn-up loss to be reduced
or stabilized despite the increase in plutonium consumption.

e A decrease in ( U** contributes 75 % to the SUPER-PHENIX Befr)-
eff eff

2. Effects due to the replacement of the fertile breeding blanket with a steel/sodium
reflector. In a FBR, the presence of large quantities of U*® in the blanket leads to significant
captures in the resonance range and thereby a large decrease of the neutron flux beyond the
blankets. When steel/sodium subassemblies are substituted for the blankets, capture is
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significantly decreased, back scattering into the core increases and finally a larger fraction of
neutrons are transmitted beyond the blanket region to the outer shield. In other words, the
effects are:

¢ Increase of total flux and of neutron and gamma heating in the shielding region beyond the
steel/sodium assemblies which have replaced the fertile blanket region.

¢ Modification of the "reflector gain".

e A change of the overall power distribution which becomes flatter: the flux at the core
reflector interface is increased due to the increased back scattering of neutrons of lower
energy.

In the case of SUPER-PHENIX, the removal of the radial blanket will have consequences
as regards the burned fuel which is temporarily placed for cooling at the so-called internal
storage positions located beyond the blanket. In fact, fission in the stored fuel will increase,
leading to a higher fast neutron flux beyond the storage position and finally to increased
structural damage and secondary sodium activation.

Gamma heating becomes an important concern in fast burner concepts due to the many
non-fuel regions in which it makes the dominant contribution to heating. More details on this
issue are given in § 2.1.4.

2.1.3 The 4/94 Oxide Reference Core

Figure 2-2 illustrates the design of the 4/94 Reference Core. The utilization of 45 %-Pu
MOX in a 1500 MWe core implies a reduction by a factor of 2 of the fuel inventory as
compared to a fast breeder core of equivalent size and power. This was achieved by reducing
the fuel inventory at three combined levels: 1) At pin level with the choice of pins of small
diameter containing oxide pellets with a large central hole, 2) at sub-assembly (S/A) level with
the choice of a heterogeneous bundle containing a large number of pins (496) about one third
of which (149) contain no fuel and are filled with an inert material (MgAl,O,) instead, and 3)
at core level with the presence of 52 permanent diluent (i.e. unfuelled) S/As.

Figure 2-3 gives the RZ model of the 4/94 Reference Core used for heating studies in the
present work.

We note the following characteristics of the core:

1. By choosing oxide fuel one takes advantage of current fuel cycle technology
(manufacturing and reprocessing), although with 45 % enrichment one takes it to its limits.

2. The chosen power of 1500 MWe corresponds to a high power core which is compatible
with the EFR nuclear island.

3. Minor actinides can be easily taken into account and multiple plutonium recycling is quite
conceivable.
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4. The technology implemented is rather conventional and makes it possible to go back to
lower Pu-burning situations or even to breeder situations.

5. The chosen design is able to deal with a large range of Pu-qualities.

6. The weak points of the design are the high reactivity swing of the core (that requires
temporary poisoning of about half of the diluent subassemblies which are replaced at mid-
cycle) and the reduction in the in-pile residence time of the fuel. The short residence time,
as well as the more sophisticated S/A design, will furthermore have an impact on the fuel
cycle cost and the price of electricity produced will exceed that of an EFR by a few percent.

2.1.4 Gamma-Heating Calculational Needs for the CAPRA Project

Table 2-1 gives total gamma and neutron heating in different regions of the CAPRA 4/94
Reference Core. The values were obtained using the calculational scheme presented in Chapter
3 and the RZ model given in Figure 2-3.

Table 2-1: Neutron, gamma and total heating in different regions of the
CAPRA 4/94 Reference Core in units of [MWth]. The results are normalized
to a nominal power of 3600 MWth. The percentage contribution of gamma
heating to the total heating is also indicated.

Region Neutron | Gamma Total % gamma in total
Inner Core 1701.7 176.5 1878.2 9.4%
Outer Core 1497.2 154.8 1652.0 9.4%
Radial Reflector 2.1 20.8 22.9 91.0%
Axial Reflector 1 2.1 14.4 16.5 87.2%
Axial Reflector 2 0.6 4.7 53 89.5%
Central Diluent 0.0 0.2 0.3 87.5%
Diluent Ring 1 0.3 2.5 2.8 87.7%
Diluent Ring 2 1.1 7.7 8.8 87.7%
Rod Follower 1.4 54 6.8 79.5%
Absorber Rod 1 3.8 0.7 4.4 15.2%
Absorber Rod 2 1.7 0.3 2.0 13.7%
TOTAL 3212.0 388.0 3600.0 10.8%

It is seen that gamma heating is the dominant contribution to total heating in the diluent
sub-assemblies and the various reflector regions. Thus, in order to define the cooling
requirements and to determine thermal stresses, it is necessary to be able to compute the
gamma-heating component adequately in these regions, the major goal of the present thesis
being to provide an appropriate methodology for this purpose. However, it is estimation not
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only of the gamma heating which is thereby required, but also of the accuracy with which this
quantity is calculated.

The uncertainty in the prediction of reactor characteristics has an important impact on
design margins and reactor control, and finally on the cost of produced electricity. For
example, the uncertainty on the computed reactivity worth of shutdown control rods will
determine how many rods have to be constructed. As regards the heating of reactor assemblies,
the cooling has to ensure that the heating does not lead to an assembly temperature higher than
the maximum temperature at which there are important changes in the properties of the used
materials. On the other hand, too much cooling leads to an unnecessarily low temperature of
the coolant leaving the assembly”. This decreases the overall core performance which is the
best when the temperature of the coolant is approximately the same at the outlet of each
assembly. Moreover, too much cooling can lead to unnecessary thermal stresses. Summarizing,
a too high uncertainty on the heating will lead to overcooling so that, in principle, it is
desirable to compute the (gamma) heating as accurately as possible. Nevertheless, it should be
mentioned that there is no need to aim at calculational accuracies beyond a certain limiting
value, viz. that imposed by technological limitations such as the accuracy with which one can
control the coolant flow.

One thus has to address the question as to with which accuracy the quantity of interest, i.e.
gamma-heating, needs to be determined. This target accuracy, in turn, determines the accuracy
one should meet in measurements of gamma-heating: Since the quality of gamma-heating
calculations are tested by comparison to measurements, a lower limit for the uncertainty on the
calculated gamma heating is given by the experimental error. Thus, the experimental
uncertainty has to be lower than the target accuracy one wants to achieve.

The task of determining the target accuracy for gamma-heating calculations in non-fuel
regions such a diluent sub-assemblies and steel/sodium reflectors is not an easy one. No
indications are found in the literature, although target accuracies are given for quantities such
as kegr, breeding ratio, Doppler coefficient, power distributions and decay heat [13,14].
Personal judgment had therefore to be applied, the performance of the previous European
formulaire for gamma-heating calculations, VASCO-1 (§ 2.5.3), providing a useful basis in
this context. Considering that this formulaire was used for the design of SUPER-PHENIX, the
uncertainties indicated in Table 2-12 can indeed be expected to serve as reasonable guidelines.

1) Target accuracy for steel/sodium reflector: From a comparison of gamma-heating
traverses (obtained using ionization chambers) in the CIRANO ZONA2A assembly
(plutonium-oxide core surrounded by a fertile blanket) and ZONA2B (having the same core
but with a steel/sodium reflector), it has been seen that absolute gamma-heating values in the

% In SUPER-PHENIX, the ‘cold’ sodium coolant enters the sub-assemblies at the lower end and leaves them at the
upper end at a higher temperature, thus evacuating the produced heat.
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steel/sodium reflector and in the fertile blanket are almost the same. Based on this, it seems
justified to take the VASCO uncertainty on gamma heating in the first row of the fertile
blanket, i.e. 7.5 % (1 6) >, as target accuracy for the steel/sodium reflector.

2) Target accuracy for diluent sub-assemblies: For diluent sub-assemblies in SUPER-
PHENIX, the VASCO uncertainty is 12.5 %. However, in CAPRA cores, there are
significantly more diluents present than in the current SUPER-PHENIX core configuration,
and a better performance of the formulaire is desirable. As indicated in Table 2-11, gamma-
heating measurements were performed in the central steel/sodium diluent of the BALZACI-
DE1 configuration, and the corresponding VASCO uncertainty was 7.5 %. It thus seems
reasonable to take 7.5 % as the target precision for diluents in CAPRA configurations.

For the core, the performance of the VASCO formulaire is about 5 %. As gamma heating
contributes about the same amount to total heating in CAPRA cores as in the case of SUPER-
PHENIX cores, 5 % can be taken as the target accuracy in the core region of plutonium-
burning FRs.

To achieve the above target accuracies, an effort was made in this thesis work to achieve
an experimental uncertainty lower than 7.5 % in the non-fuel regions (reflectors) and less than
5 % in the core.

2.2 The MASURCA Facility and the CIRANO Experimental Programme

The critical facility MASURCA (MAquette de SURgénérateur a Cadarache) is dedicated
to neutronic studies of FR lattices. It is intended to provide experimental results for the
development and validation of nuclear data and calculational tools needed for the design of
fast reactors.

Since its first start-up in 1966, many experimental programmes have been conducted at
the MASURCA facility. The R-Z (1966 - 1973) and PLUTO (1973 - 1977) programmes
provided the basis for the CARNAVAL III and IV data libraries used for the design of the
PHENIX and SUPER-PHENIX reactors. RACINE (1976 - 1984) was devoted to the study of a
heterogeneous core concept for SUPER-PHENIX 2, and supported the start-up of SUPER-
PHENIX. The BALZAC (1984 - 1988) programme had among other objectives the study of
phenomena related to the heterogeneity of control rods and sub-critical diluent assemblies.
During the CONRAD programme (1989 - 1992), the axially heterogeneous core concept was
studied. BERENICE (1993) was related to investigations of the delayed neutron fraction. The
latest experimental programme, CIRANO, is detailed in § 2.2.2.

3 Throughout this thesis, all uncertainties are given as 1 standard deviation (1 ©).
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2.2.1 The MASURCA Facility

The overall concept of the MASURCA facility [15] is shown in Figure 2-4. The core is
built by assembling (wrapper) tubes having a square section (10.5 x 10.5 cm) and a length of
about 4 m. The tubes are filled with rectangular or cylindrical rodlets of various compositions
and lengths (between 4 and 24 inches®) as shown in Figure 2-5. The cylindrical shape is used
for fissile materials, the rectangular shape for sodium, fertile and structural materials. The
rodlets have a lateral dimension of 1/2 inch (1.27 cm), thus leading to a lattice of 8 x 8 rodlets
inside the tubes. The tubes can also be filled by rectangular plates of 2 x 2 inch lateral
dimensions or blocks of square section (4 x 4 inch). Once the tubes have been charged as
desired, they are suspended vertically from an upper horizontal steel plate, which is supported
by a structure made out of concrete. When setting up a new core, the tubes are loaded from the
bottom to prevent an increase in reactivity should one of the tubes fall during loading. Once
the whole core is assembled, it is closed at the bottom by another plate.

The core can be composed of up to 1116 tubes. This and the fact that each tube can be
charged individually leads to a high degree of adaptability for the MASURCA installation and
allows the study of a large variety of core designs.

The safety system consists of absorber rods in varying number depending on core type
and size. The safety rods are composed of fuel material in their lower part (charged in the same
way as for the fissile material containing tubes) and absorber material in their upper part, so
that the homogeneity of the core is kept when the rods are withdrawn. The safety rods fall into
the reactor by gravity. Once they are withdrawn from the core, the use of a pilot rod (having a
maximal worth of 0.5 $) allows the reactor to become critical.

The neutron flux is monitored using 10 - 12 fission chambers and BF; counters of various
diameters and lengths, and thus of different sensitivities. They are placed at various locations
covering the mid-plane of the core, blanket/reflector and shielding regions.

Various experimental channels can be installed to allow in-situ measurements. Two radial
channels can be accommodated traversing the core in the N-S and the E-W directions. They
are separated axially by about 10 cm and cross the core close to the mid-plane. The channels
have 11.6 mm x 11.6 mm square cross-sections. Axially, one or several measuring channels
can be installed in each MASURCA tube, replacing the tube rodlets at the channel position.
Such channels have 12.3 mm x 12.3 mm square cross-sections.

*1inch =2.54 cm
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Figure 2-5: Charging of a MASURCA tube using fissile (rectangular) and
non-fissile (square) rodlets of 1.27 cm x 1.27 cm lateral dimensions.
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2.2.2 The CIRANO Experimental Programme

The CIRANO experimental programme at the MASURCA facility was proposed in
support of the CAPRA project and dedicated to the study of characteristics relevant to
plutonium and minor actinide burning cores (removal of the fertile blankets, variation of the
plutonium isotopic vector and increased plutonium enrichment). The main aims have been 1)
to study the consequences related to the planned transformation of the existing PHENIX and
SUPER-PHENIX plants into CAPRA-type cores, in order to ensure meeting the necessary
safety and operational constraints, and 2) to provide relevant experimental results for code and
data validation. Three major phases of the programme have been completed so far.

Phase 1 was devoted to studying the effects of removing the blankets and replacing them
with reflectors, which is the first step to be taken when converting a breeder reactor into a
plutonium burner. Three successive cores were built with the same Pu-enrichment (27 %) and
isotopic vector (Pu240 fraction of 19 %). ZONA2A had radial and axial blankets, ZONA2A3
radial reflector and axial blankets, and ZONA2B radial and axial reflectors.

Phase 2 was devoted to the measurement of effects on the internal storage, as the
replacement of the fertile blankets leads to a significant increase of heating before, at and
beyond the internal storage position, as well as to an increase of the secondary sodium
activation. Three successive cores were built with Pu-enrichment and isotopic vectors identical
to Phase 1. ZONA2B-SIREF was similar to ZONA2B, but with the steel/sodium reflector
extended at one side of the core; ZONA2B-SI1 had moreover a row of fuel assemblies placed
at around 108 cm from the core center. These fissile tubes represent fuel assemblies removed
from the core and put into a temporary storage position for cooling down before taking out of
the reactor; ZONA2B-SI2 had an additional row of B4C between the core and this internal
storage location. These configurations were representative of an internal storage configuration
of PHENIX.

Phase 3 was devoted to studying fuel compositions of higher Pu-enrichment (with
corresponding higher dilution) and different isotopic vectors. As mentioned earlier, a high Pu-
enrichment (Ep, up to 45 %) is proposed in the CAPRA project in order to get high plutonium
burning rates. As it is planned to burn mainly low-grade plutonium originating from operating
LWRs, the Pu”® content will be higher in a CAPRA core (33 % Pu240) than in SUPER-
PHENIX (8 % Pu240). Substitution of various fuel types was undertaken in a small central
zone (@ =30 cm of the ZONA2B configuration. The substitution "zones" were ZONA2A
POA (Ep, 27 %, Pu** fraction 8 %) and ZONA2 P2K POA (Ep, 30 %, Pu** fraction 35 %) to
study the effect of the Pu*? fraction. In ZONA2 K (Epu 26 %, Pu*? fraction 8 %, use of
PuO,/UO; plates) and in ZONA2 W (Ep, 33 %, Pu** fraction 16 %, Pupear plates), the effects
of using plates instead of the usual rodlets, were investigated. The use of plates is necessary as
the available MASURCA rodlets do not allow to assemble cells with higher plutonium
enrichments than 27 %. Cells ZONASK (Ep, 44 %, Pu®* fraction 14 %) , ZONA4K (Ep, 53
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%, Pu** fraction 16 %), ZONA4 (Ep, 54 %, Pu** fraction 19 %) were used to study the effect

of increasing Pu-enrichment.

A fourth phase of experiments was initially planned to study a full-core simulation of a
CAPRA core. Due to changing priorities, this phase has not yet been accomplished.

Experiments performed during the CIRANO programme include the determination of the
critical radius, reaction rate traverses, spectral indices, reactivity worths of substitution zones,
and Na void coefficients. Extensive gamma heating measurements were done during Phases 1
and 2, as well as in the ZONASK substitution configuration, using ionization chambers (radial
and axial traverses) and thermoluminescent dosimeters (radial traverses in the N-S channel).

2.3 Gamma-Ray Physics in Fast Reactors

The basic physics of gamma heating in fast reactors is reviewed in this section. Firstly, the
different mechanisms of gamma-ray production and their spatial distributions are discussed.
Then, the different types of interactions of importance for gamma propagation and energy
deposition are listed. The results of certain numerical investigations on gamma transport in FR
configurations and materials are presented. Finally, the gamma-heat deposition, which is in
fact a two-step process involving the production of secondary electrons, is explained.

2.3.1 Gamma-Ray Sources

The gamma-ray sources of importance in a FR are the gammas emitted in fission, capture
and inelastic interactions of neutrons with the fuel or the structural materials. The intensity and
the emission spectrum depends on the target isotope, the interaction type and the energy of the
incident neutron. These various neutron-induced gamma sources are discussed individually
later in this section.

Other gamma-ray sources are annihilation radiation, fluorescence gammas and
bremsstrahlung. In a FR, these radiations result primarily from the interaction with matter of
electrons created through gamma interactions. Thus, they are part of the so-called secondary
gamma source. They can be taken into account in the transport calculations through inclusion
into the transfer matrices [16]. However, this is usually only done for the energetic (511 keV)
electron-positron annihilation gamma rays. In FR applications, the propagation of
bremsstrahlung and fluorescence gammas is usually neglected as these low-energy gamma rays
are easily absorbed and can be regarded as locally deposited. Moreover, bremsstrahlung is
important only for electron energies above 10 MeV. Most of the primary gammas in a FR have
energies below 10 MeV and cannot create such energetic electrons.

Annihilation and bremsstrahlung radiations can also be produced through the interaction
of charged particles emitted in the disintegration process of radioactive isotopes, but these

sources can be neglected. In fact, B+emitters leading to annihilation gammas are rare in a

reactor (fission and neutron capture reactions tend to lead to isotopes with a surplus of
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neutrons, i.e. to  emitters). On the other side, active isotopes with emitted electron energies

greater than 10 MeV are rare and therefore the bremsstrahlung is not important.

2.3.1.1 The fission reaction

One distinguishes between prompt and delayed fission gamma rays. The prompt gamma
rays from fission are emitted in apparent coincidence with the fission event (within 10® ).
Following fission, the fission fragments are unstable and may emit at least one gamma while
decaying (delayed gamma rays). The period over which the corresponding energy is released is
determined by the half-lives of the nuclei in the decay chains. A theoretical shape of the
prompt emission spectrum was proposed by Fort and Long [17]:

P(Ey) = energy distribution for single quantum emission
o Ey/<Ey>
for Ey > 0.7 MeV
=4 < EY >
P(0.7 MeV) for Ey <0.7 MeV
with
) <Ey¢>
<E, > = average energy of the emitted quantum = ——— (2-1)
<Ny >
<E, > = average emitted total prompt gamma energy
= Cl . Vp + C2
<Ny > = average number of emitted quanta

In this formalism, prompt neutron and gamma emissions in fission are treated in a
consistent way. The total prompt gamma fission energy (and the associated emission spectra)
depend on the energy of the incident neutron through the introduction of the energy
dependence on the number of prompt neutrons, Vp. For Pu®*, for example, we find an average
total prompt energy of 6.74 MeV at thermal incident neutron energy (C; = 0.815 MeV, C, =
4.4 MeV, Vp = 2.876, <Ny> = 6.497). The average energy of the emitted gammas is then 1.04

MeV, a rather low value compared to the usually more energetic gammas emitted in neutron
capture (§ 2.3.1.2). Note that although C; and C, are two isotope dependent constants, the
formalism can be applied to all fissile isotopes. In particular, the shape of the emission
spectrum is the same for all fissile nuclides, which is consistent with earlier findings [18].

The delayed spectrum is made up from a large number of gamma rays and can be taken as
continuous. The number of emitted gammas and their energies depend on the fission-product
yields and the decay data of the various isotopes involved in the decay chains. When a reactor
is operated for a sufficiently long period at constant flux level, the delayed emission spectrum
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will tend towards an asymptotic shape due to stabilization of the fission-product population (§
3.2.4.3). The delayed emission spectrum at saturation and the prompt fission spectrum were
reported to be similar in shape [19]. This was confirmed in the present work (§ 3.2.4).

Table 2-2 gives a compilation of the total prompt (EGP) and delayed (EGD) gamma
energies emitted in fission, as well as their sum (EGF = EGP + EGD), taken from various
sources. For comparison, the values adopted in the gamma production data files generated in
the present work (§ 3.2) are also given. There is quite a large spread between the values given
by different authors, indicating that EGP and EGD are not known very accurately.

Table 2-2: Delayed and prompt fission gamma energy emission [in MeV] for different
isotopes (data taken from various sources).

Isotope | Gamma | James |Sher [22] [VASCO-1 [ENDFE/B- | Fort and | Present
Fission [ [20.21] | (1981), [23] VI Storrer Work
Energy | (1969) | adopted | (1987) 241
(1997)
for B-IV
EGP 8.0 6.97 6.70 6.97 6.63 6.72
U EGD 7.2 6.33 8.52 6.33 6.33 6.35
EGF 15.2 13.30 15.22 13.30 12.96 13.07
EGP 7.5 6.54 6.33 6.53 6.71 7.62
U EGD 8.4 8.02 8.12 8.25 8.02 7.89
EGF 15.9 14.56 14.45 14.78 14.73 15.51
EGP 8.0 7.76 7.00° 7.76 6.74 7.45
pu*¥ EGD 6.3 5.17 8.02 5.17 5.17 5.11
EGF 14.3 12.93 15.02 12.93 11.91 12.56
EGP 8.0 6.96 6.18 6.76 7.01
Pu’® EGD 6.75 6.31 6.49 6.31 5.43
EGF 14.75 13.27 12.67 13.07 12.44
EGP 8.0 7.64 7.64 6.79 7.25
pu?! EGD 7.8 6.40 6.40 6.40 5.95
EGF 15.8 14.04 14.04 13.2 13.20
EGP 8.0 6.96 5.22 6.96 6.17
Pu** EGD 8.19 7.55 7.72 7.55 6.35
EGF 16.19 | 14.51 12.94 14.51 12.53
EGP 6.96 7.90 6.77 6.17
Am**! EGD 5.51 5.51 5.51 443
EGF 12.47 13.41 12.3 10.59

> These data correspond to values proposed for the JEF evaluation.

® The indicated value corresponds to the one used during the interpretation of the BALZAC program. The value
used in the RACINE program was lower, viz. 6.42 MeV.



General Background 21

2.3.1.2 Neutron capture

The initial result of a neutron capture event is the formation of an excited compound
nucleus. This nucleus can lose its excitation energy in various ways, i.e. through emission of
different types of radiation (a. .7y, etc.). If deexcitation occurs through the emission of
gammas only, one speaks of neutron radiative capture. The gamma emission is prompt
emission, i.e. takes place about 102 s after the capture event. Only a few elements emit a
single gamma ray, and deexcitation usually goes through intermediate excited states producing
up to four gammas. As the nuclear level scheme is characteristic of each nucleus, the emission
spectrum depends on the target isotope. It also depends on the incident neutron energy which
determines the level to which the compound nucleus is excited. The energy liberated is equal
to the neutron binding energy B, (in the compound nucleus) plus the kinetic energy of the
incident neutron’. The binding energy varies between 2.2 MeV (hydrogen) and 11 MeV
(silicon) and lies on average between 6 - 7 MeV. It can be determined precisely (by comparing
the rest masses of the target and the compound nuclei) and thus the total gamma energy
emitted in radiative neutron capture (EGC) 1s well know. Table 2-3 gives the EGC values for
the most important nuclides in FR studies for thermal incident neutron energy.

Table 2-3: Total gamma energy emitted in radiative capture of thermal neutrons.

Isotope EGC [MeV] Isotope EGC [MeV] Isotope EGC [MeV]
B’ 11.46 cr?! 6.246 Ni® 6.839
B'! 3.370 Mn 7.270 Ni® 6.098

C 4.947 Fe™* 9.299 (Vs 6.545
0'° 4.143 Fe™ 7.646 U>® 4.806
Na* 6.959 Fe’’ 10.04 Pu”¥ 6.534
Al 7.724 Fe™® 6.581 Pu’® 5.242
cr’ 9.261 Ni*® 9.000 pu’! 6.301
Cr* 7.940 Ni® 7.820 Pu’* 5.034
Cr° 9.719 Ni°! 10.60 Am**! 5.541

The capture emission spectrum is in general harder than the fission or inelastic emission
spectrum. Further, capture spectra of structural elements are harder than those of fissile and
fertile isotopes.

After deexcitation through gamma emission, the compound nucleus may be unstable (due
to the surplus of neutrons) and may decay further on through B~ emission. In most cases, such

” The recoil of the compound nucleus is neglected.
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decay is accompanied by the emission of the so-called radioactive decay or activation gammas.
In a FR, the most important activation gammas arise through the decay of U**/Np*’
(activation of Um), Na* (activation of Na23) and Mn>® (activation of Mn™ ). Other isotopes
can be activated, but these can usually be neglected due to one of the following reasons: a low
activation cross-section, a long half-life, a low gamma-emission probability, or emission of
low-energy gammas deposited locally.

Gamma rays can also be produced through capture reactions such as (@, o), (n,p), (n,t),
etc. However, thresholds for these reactions are high and cross-sections low, making their
contributions negligible in most situations. An exception is the B'%(n,0r) reaction. This reaction
1s possible even at thermal incident neutron energy and is important in control rods. In 93 % of
the reactions, the capture leads to an excited Li’ nucleus which deexcites through the emission
of a 0.478 MeV gamma.

2.3.1.3 Inelastic scattering

When a neutron undergoes inelastic scattering, it is first captured to form a compound
nucleus. A neutron of lower kinetic energy is then expelled, leaving the target nucleus in an
excited state. The target nucleus returns to its ground state by emitting one or more gamma
rays approximately 10" s after the scattering event. The gamma emission energy corresponds
to the excitation energy of the target nucleus, the emission spectrum depending on its nuclear
level and decay scheme. Depending on the incident neutron energy, the nucleus can be excited
to various states. Emission energy and spectrum are thus also dependent on the incident
neutron energy. Finally, excitation can only take place at an incident neutron energy which is
greater than the threshold energy E given by Ec=(1+1/A)E,;, where E; is the energy of the first
excited state and A corresponds to the number of nucleons in the target isotope. Therefore,
inelastic gamma production only takes place if the incident neutron spectrum is hard enough.

2.3.1.4 Gamma-source components and distributions in fast reactors

It has been seen in the preceding paragraphs that gammas in a (fast) reactor originate
mainly from fission, capture and inelastic neutron interactions with various target nuclides.
The total gamma source is the sum of all the different contributions.

Table 2-4 shows the relative contributions (separately for each isotope and reaction type)
to the total (integrated over the whole volume) gamma energy source (i.e. the energy emitted
in the form of gammas) in the plutonium oxide core, the radial steel/sodium reflector and the
radial shielding region of the ZONA?2B assembly of the MASURCA fast critical facility (see §
4.3.2.1 for a detailed description). The results were obtained through the application of the
calculational method implemented in this thesis (Chapter 3). In the core region, fission is the
dominant production process and contributes 66 % to the total source. 21 % of the source is
due to neutron captures and 13 % due to inelastic scattering. Delayed production is important
and amounts to 29 %. Fissile isotopes contribute 93 % of the total source. In the reflector and
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shielding regions, only neutron capture and inelastic scattering produce gammas. In both these
regions, the dominant production process is neutron capture. Inelastic scattering contributes 22
% in the reflector. Its contribution is almost negligible (1%) in the shielding region due to the
slowing down of the neutrons while traversing the reflector (a soft spectrum enhances
captures, and inelastic scattering is only possible above the reaction threshold). As regards the
overall gamma production in the various regions, the most important isotopes are Pu*’ (41 %
of the total), Fe® (18 %) and U™® (17 %).

Table 2-5 gives the different contributions to the total source for the inner core, the central
diluent and the reflector region of the CAPRA 4/94 Reference Core. In the core region, the
importance of the different reactions to the total gamma source is similar to those in ZONA2B
(fission 63.7 %, capture 24.2 %, inelastic scattering 11.7 % ). Compared to ZONA2B, the
importance of Pu®’ and U®® is less pronounced, with Pu®®, Pu**' and Pu®** being
significantly more important. The structurals (e.g. Fe*®) also contribute more. In the reflector
region, the situation is essentially the same as in the ZONA2B reflector. In the central diluent,
the inelastic scattering source (44.5 %) is almost as important as capture (55.5 %) due to the
relatively hard neutron spectrum. The most important isotopes determining the total gamma
source over the various regions are Pu*¥ (37 %), pu*!! (17 %), u>s (13 %), Fe>° (9 %) and
Pu”* (8 %).

The gamma production at a given position depends on the neutron flux and the medium
composition at this point. Both these quantities vary spatially and thus both the gamma source
intensity and the emission spectrum are space-dependent. Figure 2-6 shows the spatial
variation of the total gamma energy emission per unit volume resulting from fission, capture
and inelastic scattering reactions along the core mid-plane of the ZONA2B assembly. In the
core, the relative intensities due to the different reactions remain constant. All sources decrease
towards the reflector according to the decrease of the neutron flux. After the core, there is a
strong decrease of the total source as there are no fission reactions anymore. In the reflector,
the inelastic contribution decreases continuously due to the slowing down of the neutrons. This
slowing down has the opposite effect for the neutron capture contribution. The latter first rises
in the reflector and then decreases following the attenuation of the neutron flux.
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Figure 2-6: Spatial variation of gamma energy emission due to
fission, capture and inelastic scattering in the MASURCA
ZONAZ2B configuration.

Figure 2-7 shows the normalized volume-averaged gamma emission spectra for the core,
reflector and shielding regions of ZONA2B. The emission spectrum in the shielding region is
basically the same as the capture emission spectrum and has an average energy of 2.6 MeV.

The reflector spectrum is slightly softer (EY: 2.07 MeV) and can be decomposed (see Figure

2-8) into the harder capture component (EY= 3.18 MeV) and the inelastic part (EY= 0.90

MeV). The core spectrum is the softest with an average energy of 0.79 MeV, which is close to
the average energy of the dominant fission contribution (EY: 0.80 MeV). The capture

spectrum in the core, with EY = 1.08 MeV, is dominated by the emission spectrum of U™,

The inelastic spectrum component in this region is very soft with EY = 0.53 eV. Hence, it is

seen that not only the total emission spectra, but also the spectra of the capture, fission and
inelastic components vary from region to region. On the other hand, the spatial dependence of
the spectra of these components within a region is small. However, there may be a spatial
variation of the total gamma emission spectrum within a given region due to changes in the
neutron spectrum which can lead to a change in the relative importance of the different
components. This is not the case for the core (almost no change in the neutron spectrum here),
but is important in the reflector. In the latter region, the relative contributions of inelastic
scattering and capture change significantly from the inner to the outer edge (see Figure 2-6).
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Figure 2-7: Normalized volume-averaged gamma emission
spectra in the ZONA2B assembly.
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Figure 2-8: Normalized volume-averaged inelastic scattering and
neutron capture emission spectra in the radial reflector region of
ZONA2B.
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It is important to note that the emission spectrum differs from the gamma flux energy
distribution. In particular, the average gamma energy is not the same. For example, the average
emission energy in the ZONA2B core region is 0.79 MeV, whereas the average energy of the
gamma flux spectrum is about 1.3 MeV. This reflects the spectrum hardening which occurs
due to the considerable absorption of low-energy gammas by the high-Z fissile and fertile
isotopes.

2.3.2 Gamma-Ray Interaction Processes

There are various ways in which gammas can interact with matter. The three dominant
modes of interaction are 1) the photo-electric effect, 2) Compton (or incoherent) scattering and
3) pair production [25,26]. Each of these results in a transfer of energy to electrons, which then
impart this energy to matter by excitation and ionization and thus contribute to heating. There
are various other possible types of interactions (coherent or Rayleigh scattering, Thomson
scattering from the nucleus, Delbriick or potential scattering, coherent molecular or crystal
scattering, the nuclear photo-effect, nuclear scattering). In Rayleigh scattering, the gamma is
scattered by the atom as a whole. The event is elastic in the sense that the gamma essentially
loses none of its energy. The atom moves just enough to conserve momentum. The effect is of
minor importance because the gamma is usually deviated only through a small angle and there
is no contribution to heating. The other types of interactions mentioned occur to some extent
in the energy range of interest (below 10 MeV), but are usually so infrequent that they can be
neglected.
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Figure 2-9: Gamma interaction cross-sections for iron.
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In general, the total gamma cross-section, which is the sum of the cross-sections for
different interactions, is a smooth function of the incident gamma energy and decreases from
low to high gamma-energy values. As an example, Figure 2-9 shows the gamma interaction
cross-sections for iron. At low energy, the interaction is dominated by the photoelectric
process. The Compton process is the dominant interaction process over a wide energy range.
Beyond the threshold energy of 1.02 MeV, pair production becomes important. It is
worthwhile to note that the same cross-sections apply to all the isotopes of a given element
since gamma interactions take place with the electrons (or the atom as whole) and not with the
nucleus. In gamma-interaction tabulations, the cross-sections are thus given for the various
elements. Finally, the total cross-section for a mixture of elements will simply be the sum of
the different elemental contributions.

2.3.3 Propagation of Gamma Rays in Fast Reactor Media

The propagation of gammas through matter involves both diffusion (Compton scattering)
and absorption (photoelectric effect, pair production) processes and is completely analogous to
the propagation of neutrons. Like neutrons, gammas can be considered as neutral point-
particles traveling quite large distances (typically on the order of centimeters) between
successive interactions with the atoms (or electrons) of the medium. An exact formalism for
describing the propagation of neutrons is provided by the neutron transport equation [27].
Without modification, the same formalism can be applied to determine the distribution of
gammas in a reactor. Thereby, one usually takes the gamma production as a fixed external
source, and one has to solve the transport equation in its inhomogeneous form.

In order to provide some indication for how far gammas can travel from their place of
birth and the implication this has on the quantity of interest, viz. the gamma-heating, the
following simple numerical investigations were carried out: A point source was placed at the
center of a homogeneous sphere, and the total gamma heating was computed in concentric
spherical layers of 0.5 cm thickness around the point source. The Monte-Carlo neutral particle
transport code MCNP [28] was used for the simulation. Four different calculations were done.
The attenuation was computed for two different emission spectra and for two different
compositions of the sphere, viz. the homogeneous core and reflector compositions of
ZONAZ2B. The two different emission spectra tested were the average core emission spectrum
(with a mean energy of 0.79 MeV) and the harder source spectrum at the outer edge the

reflector (EY: 2.5 MeV). The results are shown in Figure 2-10 which gives the percentage of

the total emission energy deposited in the various spherical layers around the source. Four
main conclusions can be drawn: 1) The attenuation is approximately exponential. 2) The
reflector spectrum, with a higher average energy, is slightly more penetrating. 3) The
attenuation does not depend much on which of the two attenuating media is considered. 4) 98
% of the total core emission energy are deposited within a 18.5 cm thick layer around the
source (within 14.5 cm for 95 %). For the reflector source, one needs a 22 cm thick sphere to
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absorb 98 % of the total emitted energy (17.5 cm for 95 %). Thus, gammas can heat up the
surrounding material up to tens of centimeters from their place of birth. Taking adequate
account of gamma transport is hence necessary when aiming at an accurate determination of
the spatial distribution of (gamma) heating.
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Figure 2-10: The attenuation of gammas emitted from a point
source placed in homogeneous core and reflector media of the
ZONA2B assembly. In one case, the source emits gammas
corresponding to the volume-averaged core emission spectrum, in
the other according to the gamma source at the outer edge of the
reflector.

When discussing gamma transport effects, it is instructive to look at the ratio of gamma
heat deposition and gamma source emission at a given position. If this ratio is 1, then the
amount of energy carried away by gammas created at the point of interest (but traveling
through the medium and depositing this energy elsewhere), is being compensated by the
energy deposited at this position by gammas created elsewhere. If this happens, then one can
ignore the transport of gammas and heating is given directly by the total gamma energy source.
Figure 2-11 gives the ratio of gamma heating along the core mid-plane of the ZONA2B
assembly calculated using the calculational tool developed in Chapter 3.
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Figure 2-11: Ratio of gamma heating to total gamma source along
the core mid-plane in ZONA2B.

The following principal conclusions can be drawn:

1) Far from the core/reflector and reflector/shielding region interfaces, i.e. in major parts
of the core and shielding regions, the gamma heating equals the gamma source. To estimate
the gamma heating in these regions, therefore, one only needs to determine the latter. To find
the gamma source, one has to know a) the reaction rates of the different reactions producing
gammas and b) the total gamma energies emitted by the various reactions. In fact, in such
equilibrium regions, knowledge of the emission spectrum is of little importance. In fissile
regions, the reaction rates of the different reactions important for determining the gamma
source are in general well known. Major uncertainties in the determination of the gamma
source here are due to the uncertainties in the total energies emitted in fission (§ 3.3.2). In non-
fuel regions, the total gamma energies emitted are generally well known as they correspond to
the capture Q values. Major uncertainties in the determination of the gamma source here arise
from uncertainties in the neutron flux and the capture reaction rates. Thereby, the uncertainties
on capture cross-sections of structurals are typically about 10 %.

2) Close to the region interfaces, transport effects are important as most clearly seen at the
core/reflector interface. Gammas propagate from the fissile region with its high gamma source
intensity into the reflector. In fact, gammas from the core contribute significantly to gamma
heating in the reflector region close to the core. This penetration of fission gammas into sub-
critical regions is even more important for diluent sub-assemblies placed in the core. A major
part of the total heating in such diluents (as much as bout 83 % for a CAPRA diluent, about 64
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% in a SUPER-PHENIX diluent subassembly®) is due to the gammas created in the
surrounding core region. It follows that the accurate estimation of gamma heating here requires
accurate determination of the gamma sources in the adjacent fissile region and adequate
treatment of the gamma transport into the diluent. The latter computation requires the
knowledge of the emission spectra involved.

2.3.4 Heat Deposition by Gamma Rays and Its Contribution to Total Heating

As indicated earlier, gamma heating is a two-step process. Gammas create secondary
electrons (through the photoelectric effect, Compton scattering and pair production), which
then lose their energy to matter in many successive interactions. However, when the
dimensions of the problem of interest are much larger than the electron range, the transport of
the electrons can be neglected and their energy can be assumed to be deposited at the place of
their creation. This, in general, is the case for reactor studies, with the electron range being of
the order of a few mm. The gamma-heating, which is proportional to the gamma flux, can then
be obtained simply by multiplying the gamma flux with the gamma KERMA (Kinetic Energy
Released to MAterial) factors according to:

Hy(F) = [ ®(E,F)- (L N (DL K;  (E, F)dE (2-2)

where N;(T)is the number density of element i, K; ((E) the gamma KERMA factor for

element i and reaction x at incident energy E, and ®(E, 1) is the gamma scalar flux. Note that

in reactor studies, KERMA is used just like a microscopic reaction cross-section except that its
unit is energy-cross-section (usually [eV-barns]). The gamma KERMA (can be obtained from
the basic gamma interaction cross-sections according to:

K; x(E.,T)=(E—-E; 4 (E))-0; <« (E,T) (2-3)

where G; y(g) 1s the microscopic cross-section and Ei,x (E) the average energy of the gammas

produced as a consequence of reaction type x. For the different gamma interactions of interest,
one has:

% estimated using the RZ model of CAPRA 4/94 shown in Figure 2-3 and the RZ model of SUPER-PHENIX
shown in Figure 5-10, and the calculational tool developed in this work
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Ei,p.e. =0
Ei,(:.s. =E
_ (2-4)
Eiis jE o;,(E,E")dE’/ 6, (E)
0
E. =1.022007 MeV

L,p.p.

where p.e. stands for the photoelectric effect, c.s. for coherent scattering, i.s. for incoherent

(Compton) scattering, and p.p. for pair production.

In tabulations of gamma interaction data, one does not usually find the gamma KERMA
factors but rather quantities of dosimetric interest such as the mass energy-transfer coefficient
We/p)i(E) or the mass energy-absorption coefficient Uen/p)i(E). The KERMA factors are related

to the mass energy-transfer coefficients by:

Y ki x(E) (2-5)

X

M 1 A
Py (By= . A&
p)1() EM,

where M; is the atomic mass of element i and N the Avogadro constant.

Total heating in a reactor can be divided into neutron heating and gamma heating. In a FR
without fertile blankets (ZONAZ2B is taken as representative), heating due to gammas accounts
for about 13 % of total heating but can be much more important locally. In particular, gamma
heating is the dominant component to heating in non-fuel regions such as diluents or the
reflector. Figure 2-12 shows both neutron and gamma heating along the radial mid-plane in the
ZONAZ2B configuration. The relative contribution of gamma heating to the total heating is
indicated as well. Neutron heating is dominant in the core. In the reflector and the shielding,
the situation is reversed. In general, gamma heating is an important contribution to heating in
all non-fissile regions (see, for example, Table 2-1).

If the dimensions of the problem of interest are small compared to the electron range’,
then the transport of the secondary electrons has to be taken into account. The determination of
the spatial distribution of heating due to gammas becomes a coupled gamma-electron problem.
In the present studies, this was the case in the context of using thermoluminescent dosimeters
(of dimensions 1 mm x 1 mm x 6 mm). The transport of electrons (and other charged particles)
is fundamentally different from that of neutral particles because it is dominated by the long-
range Coulomb force, resulting in large numbers of small interactions. It is convenient to think
of the particle as losing its kinetic energy gradually in a friction-like process. Thereby, the
predominant mechanism for energy transfer to matter at reactor energies is provided by

° In iron, electron ranges are 0.5 cm at 6 MeV, 0.17 cm at 2 MeV, 0.08 cm at 1 MeV, 0.04 cm at 0.6 MeV and
0.008 cm at 0.2 MeV.
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inelastic collisions with atomic electrons, the incident electron both losing energy and
changing direction. If the energy transferred to an electron is only enough to raise it to a higher
energy level in the atom, the process is called excitation (or soft collision). However, if the
electron can separate completely from the atom, the process is called ionization (hard
collision). Energetic electrons that are ejected in the process are termed delta-rays.
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Figure 2-12: Neutron and gamma heating (total normalized to unity
at core center) along the mid-plane of the MASURCA ZONA2B
configuration. The relative contribution of gamma heating to the
total heating is also indicated.

2.4 A Review of Earlier Gamma-Heating Experiments and Calculations for Fast
Reactors

In the past, gamma-heating experiments have been carried out in various facilities in order
to validate the adequacy of calculational methods and data intended for the design of
conventional fast breeder reactors. Below, selected gamma-heating measurements and their
analysis in four different experimental facilities are described.

24.1 ZPPR

Gamma-heating measurements were done by Simons and Olson in Assembly 2 of the
Zero Power Plutonium Reactor (ZPPR, USA) in the early seventies [29]. Measurements were
done in three different loadings. Loading 90 was a clean PuO,/UO, fueled core (containing
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sodium as coolant), surrounded by radial and axial blankets and having a reflector (~ 12 cm
thick) on the outside. Gamma heating was determined radially and axially using Li’F TLDs
embedded in stainless steel sleeves. Loading 156 had a B4C-sodium control-rod-mockup at its
center. TLDs were irradiated inside the control rod mock-up embedded in a B4C holder, and
just outside the rod region in a Teflon holder. Loading 157 was a tantalum-sodium mock-up
and measurements were conducted in a manner similar to the B4C-sodium rod experiments,
with the TLDs irradiated in the rod region surrounded by tantalum.

For all measurements, the doses in the surrounding walls were obtained by applying
Burlin cavity theory as described by Simons and Yule [30] (see also § 4.4.1.2.). The effect of
correcting for the neutron contribution was estimated, but the correction was not explicitly
applied because the neutron sensitivity of the TLDs employed was not known precisely. The
correction for non-saturation of the delayed emission, assumed in the calculations, was
avoided by letting the TLDs remain in the reactor for 44 hours after the irradiation. The reactor
background emission'® was estimated by a supplementary measurement. Furthermore, it was
found that the delayed activity which would have been missed if the TLDs had been removed
soon (30 min.) after reactor shut-down would have been 6 % in the core, 10 % in the axial
blanket and 8 % in the axial reflector.

The neutronics and gamma-related calculations were done in RZ geometry using the
DOT Sy transport code [31] . For the neutron flux calculations, self-shielded multi-group
cross-sections generated from ENDF/B-I were used. From the neutron reaction rates, the
gamma sources were generated using the POPOP4 library provided by the Oak Ridge
Computer Technology center. This library contains gamma multiplicities for capture and
inelastic scattering for various structural elements, as well as for U and U%® for which also
fission production data are given. U* data was actually also used for Pu* and Pu®"', and
U>* data for Pu®®. From the gamma sources, the gamma flux was computed using the DOT
code and gamma heating obtained by folding the gamma energy fluence with the mass-energy
absorption coefficients of the corresponding (TLD surrounding) materials.

Measurements and calculations compared very well in all loadings both in a relative as
well as absolute sense (average C/E = 1.03 in the B4C/Na rod, C/E = 1.01 in the tantalum/Na
rod, C/E = 0.97 in Teflon near the B4C/Na rod), except in the reflector region adjacent to the
blanket. This discrepancy was expected by the authors because the calculational model did not
correctly model the scattering of gammas back into the reflector. Also, the cavity correction is
very important in the reflector and the authors state that the gamma spectrum has to be known
precisely to determine the correction correctly.

' due to the previous irradiation history
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24.2 ZEBRA

Gamma-ray energy deposition studies were done by Knipe and DeWouters in the
BZC/1 assembly of ZEBRA at Winfrith (UK) as part of the BIZET experimental programme
[32]. The BZC/1 was a heterogeneous fast assembly with a central fertile zone and 14 other
such zones distributed in a single-enrichment circular core of 1035 mm radius. Li’F TLDs
were irradiated in the mid-plane along a radial direction traversing two inner breeder islands
and a fissile zone, and also at the center of two special steel sub-assemblies. The TLDs were
irradiated in mild steel cylinders 23.6 mm in diameter and 12.5 mm high with access for up to
five TLDs. The cylinders were inserted into special sodium or steel ZEBRA plates containing
holes to accommodate the cylinders.

The experimental results were corrected for the missed delayed gamma emission
depending on the irradiation history and the unloading time, for the reactor background
emission, and for the neutron sensitivity of the TLDs using the work of Furuta and Tanaka
[33]. The cavity relation was calculated using the Monte-Carlo electron tracking program
PROCEED developed by Knipe in his former ZEBRA work [34]. The cavity correction
computed in this manner was found to be significantly different (by 13 %) as compared to
calculations using Burlin cavity theory.

The neutron flux was obtained using diffusion theory and a XY model representing the
core mid-plane (in half-core symmetry). Thereby, 37-group cross-sections generated using the
MURAL cell code were employed. Microscopic fission and capture rates, as well as the local
neutron flux, were extracted from the XY calculation to compute the gamma source. For the
computation of the fission sources from fission rates, total fission energies reported by James
[20] (Pu®’: 13.8 MeV, U*: 15.2 MeV, U**: 15.9 MeV) and the exponential fits of Goldstein
[18] to the spectra measured by Maienschein [35] were used. Capture multiplicities were taken
from the compilation of Sidebotham [36]. Inelastic gamma production cross-sections were
derived from the UK Nuclear Data Library. Investigations showed that the size of the
geometrical model set up for the gamma calculations could be limited and that a 1-dimensional
model would be accurate enough to represent the radial traverse of the TLD measurements.
The steel sub-assembly was represented in XY geometry surrounded by a row of fissile core
cells. The gamma transport calculations were performed with the Monte-Carlo code
MCBEND using photon cross-section data from the UK Nuclear Data Library. The gamma
heating in iron was finally obtained by folding the gamma energy fluence with the mass-energy
absorption coefficients of iron.

A supplementary calculation using a 2-dimensional XZ model was done to investigate
the effect of the axial heterogeneity of the cell structure (ZEBRA plates). Significant (up to 13
%) differences in the heat deposition relative to a homogenized model were found and the
calculations were accordingly corrected for this heterogeneity effect.



General Background 37

For the radial traverse, measurements and calculations agreed within their respective
statistical errors (1.9 % for the measurements, about 3 % for the MCBEND calculations). The
authors concluded that there were no serious systematic uncertainties in the source data. In the
steel sub-assembly, the calculations overpredicted gamma heating by 15 %, the inelastic
gamma production data of iron being found most suspect by the authors.

2.4.3 FBBF

Experimental and computational studies of the gamma-ray energy deposition rate in the
Fast Breeder Blanket Facility (FBBF) at the Purdue University (USA) were performed by
Wang at al. [37]. The FBBF was a sub-critical cylindrical facility driven by a central source

2% spontaneous fission neutron sources (~ 10" n/s total source

holder containing four C
strength). The central sources were surrounded by a 4.8 %-enriched UO; transformer region,
followed by the experimental blanket region which contained aluminum-clad natural UO; fuel
rods. Gamma dose measurements were made using TLD-200 (CaF,:Dy) and TLD-700 chips
with nominal dimensions of 3.2 x 3.2 x 0.89 mm. To estimate the gamma heating in stainless
steel (FBR cladding and structural material) and in the UO, fuel, measurements were made
using sets of four TLDs encased in either stainless steel or lead (simulating UQO,) sleeves. The
latter were designed to fit between the UO, fuel pellets in a FBBF fuel rod and were 12.7 mm
diameter x 4.37 mm high with 1.50 mm thick walls to provide electron equilibrium for
electrons generated in the sleeve material. The TLDs were irradiated at 17 radial position in

the core mid-plane.

The measurements were corrected for natural activity of the fuel, as well as for the
neutron contribution using calculated sensitivities of CaF, and Li’F as reported by Rinard and
Simons [38]. The measured doses were converted to gamma heating in the surrounding sleeve
material by applying Burlin cavity theory.

The neutronics calculation for the FBBF configuration investigated was done using a RZ
model and the diffusion code 2DB. 50-group self-shielded cross-sections generated from
ENDF/B-IV data were employed. From the computed reaction rates, the gamma sources were
obtained using the total gamma fission energies given by Sher [22], the capture energy given
by Sidebotham [36] and the emission spectra derived from the DLC-37 EPR coupled neutron-
gamma library [39]. The transport of the gamma source was done in 1-dimensional geometry
using the ANISN code [40] in an S4P; approximation. Finally, gamma-ray energy deposition
rates were obtained by folding the gamma flux with the gamma KERMA factors of the EPR
library.

The quality of the calculations was found to be significantly improved as compared to
the analysis of previous measurements [41] through 1) self-shielding the gamma production, in
particular the capture production by U*® in a consistent way with the neutronics calculations,
and 2) taking into account the delayed gamma emission through disintegration of fission
products.
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Both measurements in stainless steel and lead surroundings, and with both types of
TLD (CaF,, Li'F) were compared to calculations. The findings were consistent between the
two TLD types. However, there was a significant difference (10 - 15 %) between C/E values
found for TLDs surrounded by lead and those with stainless steel. The discrepancy was
removed by doing a series of supplementary measurements with TLDs again surrounded by
stainless steel, but with a doubled sleeve thickness compared to the preceding experiments.
The conclusion was drawn that the sleeve wall needs to be thick enough not only to establish
equilibrium for electrons generated in the sleeve, but also to eliminate, through sufficient
attenuation, electrons coming from the surrounding material. Unless the latter criterion is met,
a significant fraction of the TLD dose may be due to external electrons. This problem is not
present if the sleeve material is similar to the surrounding medium (e.g. lead/UQ5), but has to
be taken into account when there is a large difference in atomic numbers (e.g. stainless
steel/UO,).

C/E values were found to be close to unity in the inner part of the blanket and then
decreased continuously to about 0.7 in the outer part (after ~ 50 cm thickness). A very similar
behavior was observed for measured capture rates in U>®. As U>® capture is the major source
for gamma production in the blanket, this similarity in behavior clearly indicated that the
deterioration in C/E values resulted mainly from errors in the neutronics part of the
calculation. In fact, it was found that the use of Sy transport calculations (instead of the
diffusion calculation) could remove 40 to 50 % of the discrepancies.

2.44 MASURCA

At the MASURCA facility (§ 2.2.1) , extensive experimental and analytical studies on
gamma heating involving several European laboratories and organizations (CEA Cadarache,
CEA Fontenay-aux-Roses, BELGONUCLEAIRE Bruxelles, UKAEA Winfrith, CEN/SCK
Mol) were performed in the course of the RACINE and BALZAC experimental programmes
(§ 2.2). Here, the discussion is limited to two configurations of special interest, viz. the
RACINE-1Abis and the BALZAC1-DE1 configurations. The results obtained in RACINE-
1Abis [42] were used to validate the earlier European method for computing gamma-heating,
VASCO-1 (§ 2.5.3). The experimental results obtained in BALZAC1-DEI [43] have currently
been reevaluated to provide a part of the validation basis for the newly developed calculational
scheme.

2.4.4.1 RACINE-1Abis

RACINE-1Abis was a heterogeneous assembly of annular design. The fissile rings,
separated by a 10 cm thick fertile ring, surrounded a central fertile island. The basic cell was
loaded with PuO,/UO; mixed oxide of 20 % enrichment. The core was surrounded by radial
and axial fertile blankets and a shielding region. The gamma-heating measurement techniques
involved the use of a range of TLDs (TLD-700, LiF, CaSQ,4, Al,0O3;) and an iron-walled
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ionization chamber of 10 mm diameter, 30 mm active length and a circulating argon gas
filling. Both chamber and TLDs were calibrated in order to yield absolute results. The chamber
provided scans along the E-W radial access channel as well as an axial access channel located
at the center of the inner fissile ring. Taking advantage of their small size, axial and radial
scans were also carried out with TLDs located in mild-steel sample holders which were located

Al

between sodium rodlets in the actual fuel elements. For comparison with these "in-lattice"
measurements, TLDs were also irradiated in mild-steel holders inside the access channels.
Finally, for comparison with the chamber technique, TLDs were irradiated in chamber mock-

ups in the access channels.

The experimental results were corrected for the reactor background activity and the
non-saturation of fission-product emission, based on calculations with the FISPIN burn-up
code and taking into account the irradiation history. The heterogeneity correction, which
relates the homogenized calculational model and the true heterogeneous nature of the
experimental configuration, was computed using the MCBEND Monte-Carlo code and XYZ
models of the immediate surroundings of the TLDs for the "in-lattice" measurements. RZ
models and the DOT Sy code were used for modeling the chamber and mock-up
measurements in the access channels. TLD measurements were further corrected for their
neutron sensitivity using the two-temperature technique established by Knipe [44]. Finally, the
cavity correction was determined using the photon-electron module of the MCBEND code.

After correction, ionization chamber measurements and TLD measurements in the
mock-ups and the mild steel holders in the access channels were compared. Chamber values
and TLD-700 results agreed well (although the latter tended to be somewhat higher in the
fissile zones), thus broadly confirming the equivalence of the experimental techniques as long
as suitable calibration and correction procedures are applied. However, the TLD results from
holders irradiated within the fuel elements were found to lie systematically above the channel
results in the fissile zones indicating that some heterogeneity effect had not been taken into
account properly.

The calculational analysis was performed following several independent routes:

1) KFK and UK methods: 26 neutron group cross-sections were generated using KFK
standard methods (KFKINR/001 data set, processing code GRUCAL and lattice code KAPER)
for the analysis of the critical experiments. The neutron flux and reaction rate distributions
were computed with the diffusion theory program DIXY in RZ and XY geometries. Gamma
sources, gamma flux, and gamma heating were computed as in the previously described
analysis of the BIZET measurements. Before actually doing the gamma source calculations,
the main neutron reaction rates responsible for gamma energy release were corrected on the
basis of the experimental results for reaction rate scans and spectral indices.

2) KFK and INTERATOM methods: Starting from the neutron flux generated in the
first calculational route, gamma sources were also computed employing the gamma production
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matrices used at INTERATOM (based on ENDF/B-1IV, collapsed to 26 energy groups and self-
shielded). As compared to the UK results, the thus computed gamma sources were higher by
11 % in the inner breeder and plutonium-fueled zones, and by 2 % in the enriched uranium
zone. The differences could be explained by differences in the photon source libraries (50 %
less inelastic production in UK library, fission energies for Pu**’ and U**® lower by 8 % and 4
%, respectively) and in neutron cross-sections. The gamma transport calculation with the
INTERATOM sources was carried out in 1-dimensional cylindrical geometry using the
ANISN code in P5Sg approximation.

3) CEA methods: The neutron flux was computed using the transport code DOT 3.5 in
RZ geometry, with 25-group cross-sections provided by the HETAIRE cell code used in
conjunction with the CARNAVAL-IV data library [58]. The VASCO-1 formulaire, discussed
in detail in § 2.5.2.2, was then used to compute gamma sources, fluxes and heating rates.

Thereby, bias factors (Table 2-9) were applied to self-shield the gamma-production for Pu®”’,
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U and iron. Furthermore, experimental reaction rates for U , U*® and Pu*® were used to

correct computed values.

Table 2-6 gives a summary of the comparisons of measurements with calculations.
Results obtained at INTERATOM and at CEA were very similar. This was not surprising as
the gamma production libraries in both calculational routes had been created from the same
basic data (ENDF/B-1V). The UK results were systematically lower, an expected consequence
of the differences in source data. However, the significantly lower C/E values, as compared to
those obtained in the BIZET work discussed above, could not be explained satisfactorily.

Table 2-6: Summary of calculation/experiment (C/E) results for gamma heating
in the central fertile island and the first fissile annulus of RACINE-1Abis.

Techniqu KFK/UK | INTERATOM |CEA/VASCO
e
Center of TLD 0.79 0.92 0.92
fertile Island chamber 0.78 0.91 0.90
Center of TLD 0.79 0.90 0.88
PuO,/UQO, annulus |chamber 0.86 0.98 0.95

2.4.4.2 BALZACI1-DE1

The RZ model of the BALZAC1-DE]1 configuration is shown in Figure 2-13. The fissile
core was divided into three different zones. The ZONA1 POA and PIT regions were
PuO,/UO; fueled with plutonium enrichments of 22 % (Pu with 8 % Pu’*’) and 24 % (Pu with
18 % Pu*™), respectively. The R1 zone was fueled with uranium of 30 % average enrichment.
The core was surrounded by a fertile blanket and steel shielding. The particularity of the
configuration was the presence of a diluent region at the center of the core. The diluent was in
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fact composed of three zones, containing sodium (central and outer zones) and iron (in-
between zone), respectively. It simulated a diluent sub-assembly of SUPER-PHENIX.
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Figure 2-13: RZ model of the BALZAC1-DE]1 configuration.

Gamma-heating measurements were done using both TLDs and ionization chambers [45].
As regards the TLD measurements, TLD-700 were encapsulated in the same mild-steel holders
as used earlier in the RACINE programme. "In-lattice" measurements were done in one of the
four central MASURCA tubes constituting the diluent region. These measurements were
limited to six positions. At each position, two holders were used, axially separated from each
other by a 4' ' rodlet centered at the core mpdane. Furthermore, aluminum rods containing
two cavities for the TLD holders were inserted in the axial channels of 6 different MASURCA
tubes. The in-lattice and channel measurements were complemented by a single measurement
at the center of the E-W channel.
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Chamber measurements were carried out along both the N-S and E-W radial channels, as
well as in two axial channels, one in the core region and the other in the diluent. Apart from
the chamber used in RACINE , a sealed chamber made out of stainless steel and having an
active length of 100 mm was also used . The results obtained with the two chambers compared
well.

The experimental results were corrected in a manner similar to the RACINE analysis. The
major changes were the recomputation of region-dependent cavity factors by Cleri and
Calamand [46] using the modified photon-electron Monte-Carlo program ACCEPT [47], a
correction (- 4%) to the chamber measurements for the supplementary response due to gammas
generated in the chamber wall, and the correction of TLD measurements using an updated
response function [48].

The calculational analysis was carried out employing the three separate calculational
routes applied earlier in RACINE. The KFK/UK analysis [49,50] was done using the same
data files, but with both the neutron and gamma transport calculations done this time with
DOT-1V in XY geometry. The INTERATOM analysis started again from the KFK neutron
flux and used its independent ENDF/B-IV gamma production library. The CEA analysis [51]
was done employing the same data files as in RACINE, but using the BISTRO Sy code (§
2.5.2.1) instead of DOT for the transport calculations.

Table 2-7 summarizes the comparisons of measured and calculated gamma-heating
rates. It is seen that C/E values based on TLD measurements in the fissile region compare well
with the values obtained in the RACINE work (the observed increase being explained by a 6 %
lower cavity correction). On the other hand, there are unexplained changes in the C/E values
based on the ionization chamber measurements, indicating that the chamber characteristics
varied strongly between the two experiments. The CEA methods strongly underpredict heating
in the diluent. As the U** fission rates were well predicted, thus indicating a well computed
neutron flux, the conclusion was drawn that capture and inelastic gamma production in iron
(cross-sections and/or yields) was too low when derived from ENDF/B-1V.

Table 2-7: Summary of calculation/experiment (C/E) results for gamma heating
in different regions of BALZAC1-DEI].

C/E Techniqu | KFK/UK | INTERATOM |CEA/VASCO
e

Center of TLD 0.86 0.97 0.76

diluent chamber 0.85 0.96 0.75

PuO,/UO, TLD 0.87 0.95 0.92

(average) chamber 0.81 0.88 0.86
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2.4.5 General Observations

From the above review of earlier gamma-heating experiments and their analysis, some

general observations can be made, and these have served as useful guidelines for the present

work:

1.

The major problem in gamma-heating calculations is the accurate determination of the
gamma source. This necessitates a) the accurate determination of the neutron flux, b) the
accurate determination of fission, capture and inelastic reaction rates, which implies the use
of accurate and correctly self-shielded cross-sections, and c) the use of accurate gamma
multiplicities for fission, capture and inelastic scattering. In particular, the delayed
contribution has to be included into the fission and capture multiplicities.

There are large differences between different gamma production libraries and therefore
gamma production data should be carefully reviewed and/or revised. Thereby, special
attention should be paid to total fission gamma energies (in particular for Pu®).
Furthermore, attention should be paid to the basic neutron (capture and inelastic) cross-

sections for iron.

In general, calculations seem to underestimate gamma heating (C/E < 1), although the
gamma production data in the used libraries are believed to be too high, e.g. according to
the more recent evaluation work by Fort et al. [17,24,52]. Attention should therefore be
paid to the absolute calibration in the integral measurements, as well as to the normalization
made for comparisons with calculations.

There are differences between C/E values based on measurements employing TLDs
and those determined using ionization chambers. Furthermore, there are unexplained
differences between C/E values reported for ZEBRA and MASURCA experiments, in
which the same measuring technique and calculational methods were employed. Some
doubt has therefore to be expressed on the accuracy of the absolute gamma-heating
measurements carried out, i.e. there might have been unidentified systematic errors in the

experiments.

Relatively large calculational correction factors need to be applied to the measured
values and not all of these seem to have been determined in a satisfactory way. The
corrections most in question are those needed to account for heterogeneity effects and the
cavity relation. Thus, for example, corrected results from TLD measurements made inside
actual MASURCA loading tubes and in the experimental access channels were found to be
significantly different, hence indicating the inaccuracy of the computed heterogeneity
corrections. Table 2-8 shows the relatively large differences between cavity corrections
computed using different methods/codes in the case of Li’F irradiated in mild steel holders
in the PuO,/UQO; fueled core region.



44  Chapitre 2

Table 2-8: Cavity correction (dose in wall medium divided by dose in TLD) for Li’F
irradiated in mild steel holders located in the PuO,/UO, fueled MASURCA core.

Method Dose in wall / dose in TLD
MCBEND Monte-Carlo photon-electron tracking module 1.10
ACCEPT Monte-Carlo photon-electron code 1.04
Burlin cavity theory 0.96

6. When doing TLD measurements, it is essential to "surround" the TLD in an appropriate
manner. Attention has to be paid to the dimensions (sufficient thickness to shield the TLD
from external electrons and to generate an equilibrium spectrum) and the material of the
holder surrounding (preferably a material which matches the TLD well from the
consideration of cavity theory, or the material in which one would like to determine the
gamma heating).

7. Fast reactor gamma-heating experiments have, in the past, been devoted to support
conventional LMFBR design, i.e. have essentially been carried out in fissile and fertile
zones, as well as in diluent and control rod sub-assemblies. There was, however, practically
no work done for reflector regions.

8. C/E values reported for steel regions (especially diluent zones) have been particularly poor.

2.5 The French "Formulaire' Concept for Reactor Calculations

The "formulaire" concept was introduced by the French CEA in the context of fast reactor
studies [53]. A formulaire is defined as a calculational tool which allows to determine, with a
known uncertainty, the physics parameters necessary for safety evaluation and operation of a
certain type of reactor. In this section, the key elements which go into the realization of a
formulaire are first discussed. Then, the new ERANOS formulaire, to the development of
which this thesis contributes, is introduced. Finally, the former formulaire for gamma-heating
calculations, VASCO-1, is described and its major deficiencies listed.

2.5.1 Essential Elements

Three elements are essential for the realization and application of a formulaire: 1) A
calculational tool composed of well defined calculational schemes with their associated basic
data libraries; 2) The interpretation of integral experiments which allows to define the
accuracy with which the calculational tool determines the quantities of interest; 3) The
determination of these quantities (and their associated uncertainty) in the case of the power
reactor under study.
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2.5.1.1 Calculational tool

The calculational tool allows to determine the parameter of interest from basic data using
well defined methods and procedures. The most important example in reactor studies is the
determination of the neutron flux distribution in the reactor, i.e. the solution of the Boltzmann
transport equation. Here, the procedure consists in first computing the flux distribution for a
basic, usually repetitive cell of the reactor, and to use this result for the determination of multi-
group cross-sections. Using these constants, the neutron flux is then computed for the whole
reactor. The basic data needed for this procedure are the neutron interaction cross-sections.
These are available in the ENDF files which employ a well defined format [54], but cannot
generally be used directly by the computational tools. The data is therefore extracted from the
ENDF files and transformed into so-called "basic data libraries". It is important to point out
that the latter libraries are associated with (and hence specific to) the calculational methods
and procedures. Their contents may be adjusted (modified) in order to minimize differences
between calculated values and the results of integral experiments.

2.5.1.2 Integral experiments

The accuracy of the calculational tool is estimated through the interpretation of integral
experiments performed in various installations throughout the world. The interpretation
consists in using the calculational tool to determine the difference between calculated (C) and
experimental (E) values for a given integral parameter. This difference is usually expressed in
terms of a C/E value, its uncertainty being the uncertainty g associated with the
experimental result. In other words, the interpretation yields the so-called bias or experimental
correction factors f. used to correct calculated integral parameters such that they become
consistent with measured ones:

E
fe=c%oe (2-6)

These experimental correction factors are different from the so-called calculational correction
factors which correct the calculational results for known methods deficiencies (such as a
correction for simplifications made in representing the real geometry).

The analysis of integral experiments can also in principle be used to adjust basic data
libraries.

2.5.1.3 Transposition to power reactors

Transposition consists in the calculation of the quantity of interest in the case of a full-
scale power reactor, and the determination of the accuracy with which the value is obtained. In
fact, one has to determine the transposed bias factor:
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E
prWCI‘ = E * O power (2-7)
Thereby, the uncertainty Gy, takes into account:

® The experimental uncertainty O .

® Additional calculational uncertainties ¢ introduced if the calculational method used to

determine the quantity of interest in the case of the power reactor is not the same as in the
interpretation of the integral experiments. In fact, for the interpretation one often uses the
most sophisticated and appropriate methods and this might not be possible in the power
reactor calculations. As an example, the integral experiment might have been analyzed in 2
dimensions, using fine meshes and the S;¢Ps approximation, whereas the power reactor
calculation was done using a 1-dimensional model, a larger spatial meshing and a SgPs
angular discretization. Often, "calculational" correction factors are then used to correct for
the simplification in the power reactor calculation, which leads to additional uncertainties.

* An additional uncertainty Gy,g, due to the extrapolation of the E/C value (usually

determined as indicated through experiments in critical assemblies) to that applicable to the
full-scale power reactor, i.e. an uncertainty due to the method of transposition.

It is important to point out that the transposition is usually a delicate task since the analyzed
integral experiments are often only partially representative of the power reactor.

Ideally, one should have f,ower = 1, with an associated uncertainty Gpower S small as

possible. To accomplish this goal, the calculational tool has to be appropriate, with all
important phenomena correctly taken into account. The integral experiments should be as
representative of the power reactor situation as possible in order to reduce the uncertainty
Gyransp due to the method of transposition. Moreover, the experimental uncertainty has to be

as small as possible. Finally, the same calculational method should be used in the
interpretation of the experiments as for the transposition in order not to introduce any
additional calculational uncertainties G..

During the present work, all the above factors were addressed to get the best performance
possible. Firstly, a calculational tool was developed which takes all important phenomena into
account and employs the latest nuclear data. Integral measurements were carried out in
MASURCA configurations representative of a FR with its fertile blankets replaced by a
steel/sodium reflector, and considerable effort was undertaken to reduce the experimental
uncertainty. Finally, the same calculational tool was used for the interpretation of the
experiments and their transposition.
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2.5.2 The ERANOS Formulaire

The ERANOS formulaire [55,56,57] is the new European calculational tool for fast
reactor studies. It replaces the old set of formulaires, CARNAVAL-IV/CCRR [58,59]
(intended for core calculations), PROPANE [60] (intended for shielding calculations), and
VASCO (intended for gamma-heating calculations, § 2.5.3), which were used for the design of
the SUPER-PHENIX power plant.

It was developed with the aim, not only to accurately predict all important operational and
safety-related physics parameters for existing fast reactor concepts, but also to address the new
physics aspects of advanced concepts such as plutonium-burning fast reactors (CAPRA
project, § 2.1) and accelerator-driven hybrid systems. Analysis of the advanced concepts
requires the use of adequate cross-section sets and computer codes which allow refined
modeling [11].

2.5.2.1 Calculational tool

The reference calculational tool is an assembly of different calculational modules and data
libraries which permit the computation of all important reactor parameters in a consistent way.
It takes advantage of the most recent developments in calculational methods and nuclear data
evaluation. Essential elements of the tool are:

e Basic data libraries created from the JEF2.2 data evaluation [61]
e The ECCO cell code [62] which produces multi-group cross-sections

e The TGV/VARIANT nodal variation transport code [63,64] and the BISTRO Sy discrete
ordinate transport code [68,69] used to solve the Boltzmann transport equation in full
reactor geometry.

The calculational method developed currently for the determination of gamma heating is
explained in detail elsewhere (§ 3.1). However, it is important to note that this forms an
integral part of the ERANOS package as a whole. For example, the gamma sources are
computed from the neutron scalar flux using the ECCO multi-group cross-sections and
reduced (see § 3.1) gamma production matrices. In this way, the calculations take full
advantage of the sophisticated cell modeling to correctly self-shield the production matrices.
Such embedding of the gamma-heating part within the whole package ensures that the gamma
heating is computed in a manner consistent with other calculations such as that of neutron
heating.

It is of interest to briefly discuss both the ECCO and the BISTRO codes here, with special
attention being paid to features of importance for gamma-heating calculations in plutonium-
burning FRs.
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The ECCO cell code

The ECCO cell code produces self-shielded multi-group cross-sections and transfer
matrices used in the subsequent full-reactor solution of the Boltzmann transport equation. The
algorithms used are described in detail in [65].

The code solves the integral form of the transport equation at the cell level using the
collision probability method. A very detailed description of the cell heterogeneity is possible.
Thereby, a refined treatment of the neutron slowing down is done using a fine discretization of
the energy variable. In the reference calculation, 1968 energy groups with an average lethargy
width of 1/120 = 0.0083 are used. The choice of such a fine group structure has two major
advantages: 1) The weighting flux used for the determination of the broad group cross-section
can be quite accurately determined. 2) The narrow resonance approximation can be applied
within a fine group, i.e. the flux shows variations which are exactly opposite to the variations
of the total cross-sections. This approximation is justified if the neutron source within a group
is constant as is the case if the width of the group is small compared to the average lethargy
gain through elastic scattering.

The slowing down treatment in many groups is combined with the sub-group method to
compute the self-shielding accurately for both wide and narrow resonances. Wide resonances
are treated explicitly using several fine groups with the resonances in that case having a width
larger than the groups. If the resonances are narrow (i.e. the cross-sections show important
variations within a fine group which is the case for heavy isotopes), they are represented by
probability tables and the sub-group method is used to compute self-shielding using the narrow
resonance approximation. This method allows to significantly reduce the data needed to
describe the fine fluctuations within a group.

Once the effective cross-sections have been determined for the fine group structure and
the given heterogeneous geometry, they are condensed and smeared to provide effective cross-
sections and matrices in the user-required broad group scheme.

For its computations, ECCO needs infinite dilution cross-sections, fission spectra and
transfer matrices, as well as probability tables in the 1968-fine group structure. These data
have been created from the recent JEF2.2 evaluation, and put into a form directly usable by
ECCO, to produce the basic library of the ERANOS formulaire, ECCOLIB2. This library
contains data for the 37 most important nuclides for FR studies. In addition, several other basic
data libraries have been created which contain many more nuclides, but use broad group
structures (33, 172 or 175 groups). These libraries do not contain any gamma production data,
and separate libraries for the gamma-heating calculations were created currently (§ 3.2).

The basic data libraries in ERANOS are being improved by applying nuclear data
adjustment procedures. The experimental basis for the adjustment is provided by a wide range
of integral measurements made in clean critical core configurations of the MASURCA,
ZEBRA and SNEAK facilities. The first version of the adjusted ECCOLIB2 library is called
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ERALIB1 [66]. Core characteristics obtained with this library have reduced bias factors and
uncertainties.

The ECCO cell code has several features which are important in the context of this thesis.
These are:

¢ The capability of accurately representing the very heterogeneous structure of the CAPRA
sub-assemblies [67].

e A special treatment of non-fuel sub-assemblies by means of an external source
representing the neutron current entering the assembly from the surrounding core region.
This option is of interest for the calculation of cross-sections for the numerous diluent
regions of the CAPRA core.

e A special "macrocell" option to treat the spatial variation of the cross-section across large
regions of the same homogeneous composition. Such a treatment is necessary for the
steel/sodium reflector regions which replace the fertile blankets in plutonium-burning FR
concepts.

The BISTRO Sy transport code

The BISTRO code [68,69] is a finite difference code with a highly efficient convergence
algorithm with both Sy transport and diffusion options. The standard Sy method (see for
example [27,70] for more information on this method) is used to discretize the Boltzmann
equation in two-dimensional (X-Y, R-Z) or one-dimensional (spherical, cylindrical, planar)
geometry. Anisotropic scattering is handled by expanding the transfer cross-sections in a finite
series of Legendre polynomials P, before doing the actual angular discretization. The code also
allows to find a correct solution of the inhomogeneous transport equation. These two latter
features are of great importance for gamma transport calculations as one needs to take into
account the considerable anisotropy of Compton scattering (which increases with increasing
gamma energy), and since the gamma source is a fixed external source given by the neutron
interactions in the various regions. Note that the anisotropy is especially important in steel
regions where the gamma source emission spectrum is hard.

2.5.2.2 Validation

Validation efforts in the context of the ERANOS formulaire are presently proceeding in
two main directions:

1. The validation of computed safety and operational parameters for the existing fast reactors
PHENIX and SUPER-PHENIX. Thereby, the validation takes advantage of the large
dossier existing on the previous CARNAVAL-IV/CCRR formulaire so that straightforward
comparisons can be performed for a wide range of parameters. However, for some
parameters with known difficulties, i.e. requiring many corrections with the old formulaire,
a direct analysis of the experiments is performed. This is the case for the critical mass of the
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SUPER-PHENIX start-up core, for the reactivity worth of the control rods, for the power
distribution map and for the burn-up reactivity swing. All results obtained up to now are
highly satisfactory and demonstrate a significant improvement as compared with the results
from the previous formulaire, in particular due to the fact that the start-up core experiments
can be calculated directly without the application of numerous calculational corrections.

2. The validation of the formulaire for plutonium-burning cores (i.e. configurations with
higher enrichment, degraded plutonium quality, high fuel dilution and steel/sodium
reflectors). The recent CIRANO (see § 2.2.2) experimental programme at the MASURCA
facility provides the necessary experimental data. The analysis of experiments performed so
far has allowed the establishment and development of a reference calculational scheme for
the accurate prediction of configurations with steel/sodium reflectors [71]. In parallel to the
comparison to experiments, a numerical validation of the ERANOS formulaire by
comparison with reference Monte-Carlo calculations has been undertaken in order to enable
the reduction of uncertainties due to any remaining methods approximations [72,73].

The future objectives of the validation programme are to provide experimental data on
mock-up configurations of incineration sub-assemblies and hybrid reactors, so that the
qualification of the data libraries and calculational modules can be extended further. The
COSMO and MUSE experimental programmes at the MASURCA facility will provide the
necessary information.

2.5.3 The Earlier Methodology for Gamma-Heating Calculations, VASCO-1

VASCO-1 is the earlier developed and validated CEA formulaire for gamma-heating
calculations in FRs. It is presented in detail in [74]. The essential elements of the formulaire
are discussed below, after which its major deficiencies are listed for justifying the current
development of the new formulaire.

2.5.3.1 Calculational scheme and associated data libraries

The organization of the VASCO-1 calculational tool, i.e. the calculational scheme and the
associated data libraries are shown in Figure 2-14.

Data libraries

As seen in Figure 2-14, the VASCO-1 basic data library is part of the BABEL [75]
library. The latter was created to accurately simulate the deep penetration of neutrons into
regions of various proportions of sodium and iron, as found in the shielding region of SUPER-
PHENIX. The library is composed of sub-libraries containing neutron interaction data,
neutron-gamma production matrices, gamma interaction data, neutron KERMA and other
response functions, as well as gamma KERMA factors. All these data have been produced
from the ENDF/B-1V evaluated nuclear data file. The neutron energy structure consists of 113
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groups chosen to correctly represent the iron and sodium resonances. Gamma data is given in
the Oak Ridge VITAMIN-C 36 group structure which allows in particular to correctly

represent 511 keV annihilation gamma rays.
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Figure 2-14: The organization of the VASCO-1 calculational tool
for gamma-heating calculations in fast reactors as presented in [74].
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The gamma production for various energies of the incident neutron is given as neutron-
gamma production matrices. Production through fission, radiative capture and inelastic
scattering is taken into account. Delayed production through disintegration of fission and
activation products is added as well. Data for 24 nuclides found in FRs are available.
However, the production matrices are given at infinite dilution (i.e. self-shielding of the
resonances is not taken into account) and therefore lead to an overestimation of the computed
gamma source if no correction is done. The basic 113 x 36 group library has been further
condensed to 45 x 36 and 25 x 36 group libraries. Condensation spectra characteristic of
various regions occurring in SUPER-PHENIX are used and thus the libraries contain specific
production matrices for its core, blanket, shielding and heat exchanger region.

The gamma-gamma interaction data are given as transfer matrices. In order to correctly
treat the high anisotropy of Compton scattering as needed for the high-energy gammas created
in steel regions, the transfer matrices consider up to order 5 of the Legendre polynomial
expansion of the scattering cross-section. Moreover, the gamma-gamma transfer matrices take
into account secondary gamma production through bremsstrahlung and annihilation.

The basic data library is complemented by a special library containing gamma KERMA
factors in units of [eV barn] for 46 elements and/or mixtures.

Calculational Scheme

The computation of gamma heating is done in three steps: 1) The calculation of the
gamma sources using the neutron-gamma production matrices: In the core and fertile blankets,
the calculation starts from a 25-group CARNAVAL-IV/CCRR neutron flux distribution,
whereas in the shielding region, the 45-group PROPANE neutron flux is used to compute the
sources. The code PRESGA-1 is used to determine the source in a 1-dimensional situation, the
PRESGADOT code being used for 2-dimensional problems. 2) The transport of the gammas
and their absorption: Starting from the created gamma sources, the gamma flux distribution is
computed using the 36 x 36 group gamma interaction library and the transport codes C.ANISN
(1-dimensional) or CA.DOT (2-dimensional). 3) The computation of the heat deposition: The
programs TRANIDO (1-dimensional) and PRESGADOT (2-dimensional) are used for
multiplying the gamma flux with the gamma KERMA values to get the gamma heating.

It is important to note that two corrections are usually applied during the creation of the
gamma sources. Firstly, the infinite dilution production matrices of the most important and/or
sensitive isotopes, Viz. Pu239, U and iron, are corrected for self-shielding. Such correction
factors have been computed for the core and blanket regions of MASURCA' s RACINE
configurations used to validate the formulaire (§ 2.5.3.2.). These factors are shown in Table 2-
9. They can also be applied to SUPER-PHENIX since the latter' s material zone compositions
are very similar to those of RACINE. For reactors with very different material compositions,

however, new sets of correction factors have to be computed.
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Table 2-9: Correction factors to correct for self-shielding for the gamma-production matrices
in SUPER-PHENIX.

Isotope Pu™’ u>* Iron
Core ZONA RACINE / Core SUPER-PHENIX 0.990 0.878 0.900
Blanket CRI RACINE / Blanket SUPER-PHENIX 0.842 0.685 -

A second correction can be applied if measured reaction rates are available, as is usually
the case for validation experiments in critical mock-ups. Using measured fission rates of Pu**,
U and U , as well as the capture rate in Um, to correct computed reaction rates allows to

adjust 75 % of the gamma sources in fissile and fertile regions.

2.5.3.2 Validation

The major part of the validation [76] of the VASCO-1 formulaire was done by
comparison to gamma chamber (and a limited number of TLD) measurements in the RACINE-
1Abis (described in § 2.4.4.1) and RACINE-1D configurations, the latter having an 70 % B"
enriched B4C absorber zone of 280 cm” at the core center (representing a SUPER-PHENIX-
type control-rod assembly).

Performance of the VASCO-1 formulaire is shown in Table 2-10. The overall
experimental uncertainty includes uncertainties due to the calibration of the gamma chamber,
the energy response of the chamber, the correction of the chamber current for pressure and
temperature effects, the non-saturation correction, as well as the comparison of chamber
results to TLD measurements at some points [76]. The calculational uncertainty includes
uncertainties due to the correction of the gamma source for self-shielding, the adjustment of
the source using measured reaction rates, the fact that a part of the source was not adjusted or
corrected at all, the absolute normalization using U> fission rates, and the approximations in
the calculational method (such as the size of meshes, Sy and P, approximations). The overall
uncertainty on the C/E values is then obtained through quadratic addition of the experimental
and the calculational uncertainties.

The validation base for the VASCO-1 formulaire was enlarged by carrying out gamma-
heating measurements in the BALZACI-DE1 and BALZACI1-DE2 configurations [77]. The
DEI experiments were described in § 2.4.4.2. BALZAC1-DE2 was like DE1 but with a B4C-
absorber zone of 274 cm® (with 90 % enrichment in B'%) at the core center, representing a
control-rod assembly of SUPER-PHENIX, instead of the steel/sodium diluent mock-up of
BALZACI-DEI. The performance of the formulaire is presented in Table 2-11. The overall
uncertainty indicated has been computed in a consistent manner with that for the RACINE
analysis.
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Table 2-10: Performance of the VASCO-1 formulaire for the gamma-heating measurements
during the RACINE programme at MASURCA. All uncertainties are given as 1 G.

Region E—;C maximum °c OF GEC
PuO,/UO, core +4.5 % 2.9 % 4.6 % 5.4 %
Inner fertile zones +8.1 % 4.3 % 4.7 % 6.4 %
Radial and axial fertile blanket +4 % 4.9 % 4.8 % 6.9 %
Shielding +5% 8.2 % 5.0 % 9.6 %
B4C rod -99 % 9.1 % 5.0 % 10.4 %

Table 2-11: Performance of the VASCO-1 formulaire for the gamma-heating measurements

during the BALZAC programme at MASURCA. All uncertainties are given as 1 G.

Region C O

E E
PuO,/UQO; core - 18.5 % Pu/(U+Pu) 0.89 5.4 %
PuO,/UQO; core - 20.5 % Pu/(U+Pu) 0.89 5.4 %
Steel/sodium diluent - 58 % / 42 % vol. 0.83 7.5 %
Absorber B4C/Na/Steel - 30 % / 44 % / 26 % 1.00 19 %

2.5.3.3 Transposition

Using the aforementioned results from the interpretation of the RACINE experiments, the
performance of the VASCO-1 formulaire for SUPER-PHENIX was determined [78]. The

results are shown in Table 2-12.

Table 2-12: Uncertainties (1 ©) associated with gamma-heating
calculations for SUPER-PHENIX assemblies using the VASCO-1

formulaire.
Assembly Uncertainty
Fissile assembly far from singularities 54 %
Fissile assembly close to singularities or 54 %
interfaces
Fertile assembly
Ist row 7.5 %
2nd row 8.5 %
3rd row 10 %
Shielding
First two rows 10 %
Beyond first two rows 20 %
Control rods 12.5 %
Steel diluent assembly 12.5 %
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2.5.3.4 Deficiencies
The following deficiencies of the formulaire may be listed:

e The use of basic data libraries created using condensation spectra and medium
compositions characteristic of SUPER-PHENIX, thus limiting the application of the
formulaire to similar configurations.

e The use of infinite dilution total gamma production cross-sections which need to be
corrected for self-shielding. Thereby, the correction factors depend on the configuration and
are available only for SUPER-PHENIX-type reactors.

e High uncertainty on gamma-heating determination in reflectors and steel/sodium sub-
assemblies.

e Weak algorithms for addressing the new features of plutonium-burning fast reactors.
Correctly taking into account self-shielding and the spatial variation of multi-group cross-
sections is important when addressing heating in steel/sodium reflectors and core diluents.

¢ Incorrect iron data. Gamma production in iron is strongly underestimated due to the low
capture and inelastic scattering cross-sections for iron in ENDF/B-IV.

Furthermore, the formulaire is only validated against experiments in critical configurations
representative of the SUPER-PHENIX breeder configuration (no validation for plutonium-
burning fast reactors).

It is effectively the above deficiencies which, coupled with the need of the CAPRA
project to correctly determine gamma heating in core diluents and steel/sodium reflector
regions, have justified the development of the new formulaire as described in the next chapter.
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3. DEVELOPMENT AND IMPLEMENTATION OF THE NEW
CALCULATIONAL SCHEME FOR DETAILED NEUTRON AND
GAMMA HEATING IN ERANOS

Nuclear heating can be conveniently divided into neutron heating and gamma heating.
Neutron heating at a given location arises from the kinetic energy loss of the charged particles
resulting from neutron induced reactions (including both charged secondary particles and the
recoil nucleus itself). Apart from the charged particles created, gammas are produced through
the neutron interactions. Contrary to the charged particles, which practically deposit their
energy at the location of the neutron interaction, the gammas travel several centimeters
through matter before being absorbed. Thus, the energy transferred to the generated gammas
cannot be considered as part of the neutron heating, and gamma heating has to be treated
separately if a correct calculation of the local heat deposition is desired. This separation is
particularly important for determining the heating in the core diluents and steel/sodium
reflectors characteristic of Pu-burner reactors, for which the explicit consideration of gamma
transport effects is essential (§ 2.3.3).

In the former European methodology for fast reactor analysis, the gamma part of nuclear
heating was computed with the VASCO-1 formulaire (§ 2.5.3). However, there have been
major deficiencies in both the calculational algorithms and basic data used (§ 2.5.3.4). In
particular, these are the use of infinite dilution total gamma-production matrices (which
necessitates the supplementary calculations of self-shielding correction factors), and incorrect
(underestimated) iron gamma production cross-sections.

In the current work, a new calculational tool for detailed gamma and neutron heating
calculations in fast reactors has been implemented to form an integral part of the unified
European code system ERANOS (§ 2.5.2) and, as such, to replace the VASCO-1 formulaire
with its deficiencies. The particularity of the new methodology is that gamma production
multiplicites for fission, capture and inelastic scattering are folded with the corresponding
effective (self-shielded) neutron cross-sections computed by the ECCO cell code (§ 2.5.2.1)
and then summed up to yield the total gamma production matrices. Similar algorithms are
applied to compute the total neutron KERMA (Kinetic Energy Released to Materials) factors.
Thus, both the gamma production matrices and the neutron KERMA are self-shielded in a
consistent way with respect to the self-shielding calculations done for the neutronics analysis.
Clearly, this allows to take advantage of the latest improvements in computing effective cross-
sections at the cell level, in particular the consideration of spatially varying cross-sections in
non-fuel regions such as reflectors characteristic of Pu-burners.
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The new methodology necessitates the knowledge of reduced (see § 3.1) neutron
KERMA and gamma production multiplicities for all reactions contributing to neutron heating
and gamma production. Libraries containing these required data were generated from the most
recent nuclear data evaluations. Thereby, delayed gamma production due to disintegration of
fission and activation products was explicitly considered as it forms an important contribution
(~ 30 %) to the total gamma emission. In the course of creating the data libraries, a careful
check could be made on the quality of the basic gamma production available, and this has
provided an estimate of the uncertainty on computing gamma sources due purely to errors in
the gamma-production data.

This chapter is divided into three sections. In the first section (§ 3.1), the calculational
methodology as implemented and used in the present work for the separate determination of
gamma and neutron heating is defined. In the second section (§ 3.2), the creation of the
neutron KERMA and gamma production data libraries necessary for the new scheme is
discussed. In the third section (§ 3.3), the uncertainty in computing the gamma energy
emission and gamma heating, due only to uncertainties in the gamma production data
generated, is estimated.

3.1 Definition of the Calculational Scheme Used for Detailed Neutron and Gamma-
Heating Calculations

The calculational scheme currently implemented for detailed neutron and gamma heating
in fast reactors is shown in Figure 3-1.

The starting point is a 33-group' neutron scalar flux ®; , computed using the BISTRO

Sy transport module (§ 2.5.2.1) of ERANOS in a (usually) 2-dimensional RZ representation of
the reactor geometry. Neutron heating is proportional to the neutron scalar flux and is obtained

through multiplication with the neutron KERMA K

n,i,e,g :
Hn,i = qu)i,g ) Ni,e ) Kn,i,e,g (3-D
g e

The indices used denote the neutron group (g), the isotope (e) and the spatial mesh (i). Nj. is
the isotope density. The neutron KERMA is obtained from the microscopic effective multi-
group cross-sections computed by the ECCO cell code (§ 2.5.2.1) as follows:

Kn,i,e,g = Zci,e,X,g 'kn,e,X,g (3-2)
X

' The multi-group structure is given in Appendix A.
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Reduced Neutron
KERMA Ky e,
33 group ] Neutron Heating
Neutron flux A > H,;
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Creation of Gamma
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Figure 3-1: Calculational scheme for detailed neutron- and gamma-heating calculations in the
core region, fertile blanket, steel/sodium reflectors, and core diluents and absorber rods of fast
reactors.
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kn,e,X,g corresponds to the total kinetic energy given to charged particles and is referred to as

reduced neutron KERMA. The reactions taken into account in the above sum (X denotes the
reaction type”) are fission, capture (which includes all capture reactions such as (n,y), (n,p),
(n,at), etc.), as well as elastic and inelastic scattering. It is worthwhile to underline that the
expression "KERMA" is used throughout this thesis to give an energy release cross-section (in
units of [eV -barn ]), whereas the "reduced KERMA" corresponds to the energy released
(given in units of [eV]).

The neutron scalar flux is then used to compute the gamma sources according to:

Sg,i =L L Pig Nic-Pio(e—gy) (3-3)
g €

The total gamma production matrix, Pi,e(g — gy ) , 1s obtained from the effective microscopic

multi-group cross-sections as follows:

Pi,e(g - gy) = Zci,e,X,g 'Xe,X(g I gy ) Qy,e,X,g (3‘4)
X

The sum is over fission, capture and inelastic scattering, which are the dominant reactions in
gamma production (§ 2.3.1). Qy ¢ x , corresponds to the average total gamma energy (in units

of [eV]) emitted by an interaction of type X of a neutron in group g with isotope i.
Xe,x (g = gy)1is the emission spectrum (in units of [eV'])’, which is normalized according to:

Y Xex(g—>gy) Eg =1 (3-5)
gy

Egv is the average gamma energy in group g, 4.

E = Ey,upper group boundary + Ey,lower group boundary (3-6)

gy 2

* Throughout this chapter, a small x is used to indicate a single reaction. A capital X stands for a sum over several
partials in a summing reaction, such as capture.

3 The product of Qyex. and X ex (9— 9y ) effectively corresponds to the "gamma production multiplicity”, and
the product of Gie x g, Qyexg and X gx (— Qy) corresponds to the "gamma production cross-section" or "gamma

production matrix".

* There is some ambiguity in defining the average energy. Having a priori no information about the shape of the
gamma flux within the groups, a flat flux was assumed to compute the average energy.
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It is important to note that the above described formalism considers the correct self-
shielding of all the different reactions producing gammas by using the self-shielded cross-
sections computed by the ECCO cell code.

Starting from the gamma source Si, gy the gamma flux distribution in the reactor, dDi’gy ,

1s computed using the BISTRO Sy transport module already used to compute the neutron flux.
As mentioned in § 2.3.3, the propagation of gammas through matter is analogous to that of
neutrons. This analogy allows use of the same numerical code, but with a fixed source (S; gy )
for the treatment of the gamma transport. The gamma flux is computed in the 36-group
VITAMIN-C structure (see Appendix A) using the gamma-gamma interaction data taken from
the existing VASCO-1 formulaire®. The total microscopic cross-section corresponds to the
sum of the photo-electric, incoherent (and coherent) scattering and pair production cross-
sections. The transfer matrix is given by the incoherent (Compton) scattering cross-section,
modified to take into account 511 keV annihilation gamma rays and secondary bremsstrahlung
production. To compute macroscopic gamma cross-sections for the various reactor regions, no
cell calculation has to be done. In fact, as gamma cross-sections do not show a resonance
structure®, the problem of self-shielding does not arise. Also, the influence of the
heterogeneous cell structure on computing homogenized gamma cross-sections, through the
use of a spatial flux weighting, has been found to be negligible for gamma-heating
determination in the core, blanket and reflector regions of fast reactors [1]. Hence, the gamma
microscopic multi-group cross-sections can be computed once and for all using an appropriate
weighting flux, and the macroscopic cross-section of the homogenized reactor regions can be
obtained as the sum of the microscopic cross-sections of the various elements weighted by
their homogenized cell densities. It is important to point out that the gamma scattering process
exhibits strong anisotropy. This is particularly important while considering the propagation of
energetic gammas such as those produced by neutron capture in iron. As compared to the
computation of the neutron propagation, usually done using a S4P; approximation, a finer
treatment of the scattering cross-section (i.e. a higher order Legendre expansion) and a
corresponding higher order of the Sy quadrature set is necessary. The angular approximation
used is SigPs.

The gamma heating is obtained by multiplying the gamma scalar flux with the gamma
KERMA according to:

> Gamma interaction data (and KERMA) are in general well known, and the data used in the VASCO-1
formulaire are not questioned in this context. Indeed, it was the need to improve the methodology used to create
the gamma source, and not the treatment of the gamma transport, which urged the current development.

® The photoelectric absorption cross-sections shows a sharp peak when the photon energy approaches the binding
energy of the K-shell electrons, thus possibly leading to a self-shielding effect. However, no influence was found

[1].
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Hy,i = Z:Z:q)i,gy 'Ni,e ) K“y,e,gy (3-7)
gy €
Here, Ky,e,gy corresponds to the multi-group form of the total gamma KERMA defined in

relations (2-2) and (2-3). These values are available in the VASCO-1 gamma-gamma library.

Finally, total heating is obtained by adding neutron and gamma heating:

Hioi =Hy; +Hy (3-8)

Comments

1) In the calculational scheme defined above, neutron and gamma heating are computed in
a consistent way. In fact, both neutron and gamma heating are determined starting from the
same neutron scalar flux. The self-shielding of the neutron KERMA and that of the gamma
production matrix are consistent through the use of the same effective microscopic reaction
cross-sections formerly determined by the ECCO cell code.

2) In the described calculational scheme, the gamma calculation is decoupled from the
neutronics calculation in the sense that neutron flux and gamma flux are calculated separately’.
Compared to coupled neutron-gamma calculations, this has the advantage of well separating
the different physical phenomena. Further, the decoupling avoids the use of voluminous
coupled neutron-gamma cross-section tables.

3) It is not always necessary (or desirable for simplicity) to compute nuclear heating in
such detail. If the transport of gammas can be neglected (as for example at locations far from
region interfaces, see § 2.3.3), the gamma energy generated can be considered as deposited at
the place the gammas are created, and the total heating can be obtained directly from the scalar
neutron flux:

Htot,i = qu)i,g ) Ni,e ) Ktot,i,e,g (3-9)
g e

The total KERMA, K

sections according to:

tot i g+ 18 Obtained from the microscopic effective multi-group cross-

Ktot,i,e,g = ZGi,e,X,g 'ktot,e,X,g (3-10)
X

ktot,e,X,g corresponds to the total energy liberated by neutron reaction X and available as

kinetic energy of charged particles or as emitted gammas. The reactions to be taken into

" Obviously, coupling is implicit in the fact that the neutron flux is used to compute the gamma sources, as well as
in the use of appropriate neutron cross-sections to correctly self-shield the gamma production matrices.
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account are fission, capture, as well as elastic and inelastic scattering. Energy conservation

implies the following relation between the reduced fotal KERMA, ktot,e,X,g’ the reduced

neutron KERMA, kn,e,X,g’ and the total energy emitted in the form of gammas, Q’y,e,X, g’

ktot,e,X,g = kn,e,X,g + Qy,X,e,g (3-11)

4) The calculational scheme defined above allows the accurate determination of neutron
and gamma heating in regions where the neutron flux can be determined accurately using an
energy discretization into 33 groups, i.e. in practically all regions (core, diluent sub-
assemblies, absorber rods, fertile blanket and reflectors) of current fast reactors and of the
advanced Pu-burner configurations, except in the shielding. For this zone, ERANOS foresees
the determination of the neutron flux in 175 groups [2]. Neutron and gamma heating can then
be computed using the same calculational scheme as shown in Figure 3-1, but starting from a
175 group neutron scalar flux. However, it has been mentioned that far from surfaces, as is the
case for large parts of the shielding regions, the transport of gammas can be neglected and the
total heating can thus be obtained directly from the neutron flux using relation (3-9). In fact,
the heating is principally due to radiative capture. As the capture Q-values are well known, the
major problem in the determination of heating in the shields is the determination of the
neutron flux and the capture reaction rates (in the structural materials).

3.2 Creation of the Basic Data Libraries Needed

Apart from the basic neutron-neutron and gamma-gamma cross-sections, the method of
separate calculation of neutron and gamma heating as defined in § 3.1 necessitates the
knowledge of:

1. The reduced neutron KERMA, k separately for fission, capture, elastic and inelastic

n,e X,g>

scattering, and for 33 neutron groups.

2. The average total gamma energy emitted, Qy e x o, separately for fission, capture and
inelastic scattering, and the associated normalized emission spectra, X x (g — gy), and for
33 neutron and 36 gamma groups (group structures given in Appendix A).

This section describes the creation of the required data. The creation was based on an
exact definition of the data to be created (§ 3.2.1) , a review of the data available in the basic
evaluated nuclear data files (§ 3.2.2) and a thorough study of the problems related to the data
creation (§ 3.2.3). Following this, a method for creating the data was developed and applied (§
3.24).
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3.2.1 Definition of Data To Be Created

Neutron KERMA and gamma production data are needed for the isotopes contributing in
an important way to heating in the existing power plants PHENIX and SUPER-PHENIX and
in the critical facilities used to validate the calculational tool. These are: B!, B!, C, O, Na, Al,
cr’®, Cr?, 3, Cr*, M, Fe™, Fe’®, Fe¥’, Fe’®, Ni®, Ni?®, Ni®!, Ni%2, Ni®, U, U, pu?®,
Pu240, Pu241, Pu®*? and Am**!. Thereby, it has to be remembered that fission and capture (in
Na®, Mn” and U*®) lead to the formation of radioactive fission and activation products,
respectively. The disintegration of these isotopes leads to delayed emission which has to be
added to the prompt gamma emission.

The importance of other isotopes such as H, N'*, N'°, Si, Ca, Ti, Cu, Mo, Nb was
investigated in the case of the ZONA2A MASURCA configuration [3] and found to be
negligible (< 0.15 % of total heating). Heating effects due to gamma production through
interaction with fission products were investigated in the case of the EBR-II critical mock-up
[4] and found to be negligible, although it was mentioned that this might not be true for
reactors in which higher burn-up levels (and fission product concentrations) are reached. In the
present studies, gamma production by fission products was neglected.

The data needed are transferred to the calculational modules of ERANOS using two
external files: 1. A KERMA file containing the neutron reduced KERMA. 2. A spectra file
containing the gamma production data. In order to enable the calculation of total heating
without the separate determination of neutron and gamma contributions, the total reduced

KERMA Kot 0 X g(in addition to the reduced neutron KERMA) has also to be present in the
KERMA file.

3.2.2 Gamma Production and Decay Data Available in Evaluated Nuclear Data Files

Evaluated Nuclear Data Files, such as JEF2, ENDF/B-VI and JENDL-3, are compilations
of basic nuclear data important for applications of nuclear technology (neutron and photon
interaction data, photon production data, decay data, etc.). The nuclear data are based on
various earlier measurements. Before being incorporated into the evaluated files, these
measured data are analyzed and completed using theoretical models and extrapolation
procedures. After this evaluation is done, the data is incorporated into the ENDF files using a
well defined format (the ENDF6 format being the actual one) and procedures [5].

An evaluation is divided into various sub-libraries containing data of a special type
(incident neutron data, fission product yields, radioactive decay data, photo-atomic interaction
data, etc.). The sub-libraries are then divided into material sections (identified by MAT),
containing data for a given isotope or element. The material sections are divided into files
(identified by MF), containing the data for a certain class of information. Finally, these files
are divided into sections (identified by MT), usually containing the data for a given interaction
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type. To be used in practical calculations, the data in the ENDF format have to be processed to
forms appropriate for actual applications using codes such as NJOY (§ 3.2.2).

3.2.2.1 Gamma production data

Usually, photon production data can be found in files MF 12 - 15 of the evaluation. In
these files, the formalism used to express the gamma production matrices is the following:

P(E = Ey) = 6(E)Y. Y\ (E)-f; (E— E,) (3-12)
k

Here, o(E) is the usual cross-section, k designates a particular discrete photon or a continuum,

Y(E) is the photon production multiplicity of the k" component, and fi refers to the energy
distribution of the k™ (continuous) component. fy is normalized to unity according to:

Ejfk(E — E)dE, =1 (3-13)

Y

For each interaction type, MF 12 gives the photon production multiplicity in the form of
tabulated pairs, (E, Y} (E)), for each discrete photon and continuum®. MF 13 gives the photon

production cross-sections, 6Y(E). As in MF 12, the data is tabulated as pairs for each

discrete photon and continuum. MF 14 gives the angular distributions, which are normally
isotropic. If MF 12 or 13 contains data for a continuum, then MF 15 gives the continuum
photon energy spectra f. It is important to note that the same gamma production data is not
given twice. For example if data is present for a given reaction on MF 12, then no data is given
on MF 13 for the same reaction. MF 12 is often used to represent photon production for
reactions showing an important resonance behavior such as fission and capture. In fact, using
MF 12 (instead of MF 13) avoids representing the energy dependence of the neutron cross-
section. When data is given using MF 12, the neutron cross-section is taken from the neutron
cross-section files MF 2 and 3 to compute the photon production matrix.

Common MT numbers with photon production available are MT 18 (fission), MT 102
(radiative capture), MT 4 (total inelastic scattering). MT 3 can be used to give the gamma
emission data for the total non-elastic cross-section, and is used when the gamma production
cannot be separated into its various components.

Starting with the ENDF6 format, there is a very general way to give particle production
using MF 6. This file allows to represent the distribution of reaction products, in particular

¥ MF 12 can also be used to represent level energies, de-excitation transition probabilities, and (where necessary)
conditional photon emission probabilities for the excited target nucleus, from which the emitted gamma energies
and their multiplicities can be computed.
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also gammas, in energy and angle. Some of the most recent evaluations use MF 6 to describe
gamma production (e.g. ENDF/B-VI for iron, nickel and chromium isotopes).

3.2.2.2 Decay data

Radioactive decay data for single nuclides in their ground state or an isometric state (i.e. a
"long lived" excited state of the nucleus) are given in section MT 457 of file MF 8. Important
data available are the half-lives, the decay modes, the average decay energies, E-g», Evyr, Evgr,
and the resulting radiation spectra. E-g» stands for the average energy of all "electron-related"
radiation such as B, B*, conversions-electrons, Auger, etc. E+ denotes the average energy of
all "electromagnetic" radiation such as gamma rays, X-rays, and annihilation radiation. E+ is
the average energy of all heavy charged particles and delayed neutrons, including the recoil
energy. The sum of these three quantities is the total average energy (neutrino energies
excluded) available per decay. The gamma emission spectrum is usually given in the form of
tabulated pairs of discrete rays of energy ER with their associated relative intensity RI. The
absolute intensity, IA, is obtained by multiplication with the discrete spectrum normalization
factor FD also given.

3.2.3 Problems Related to the Creation of the Data Libraries

KERMA and gamma production data files in the format requested by ERANOS have
been formerly created by Cavarec [6,7] from JEF1, for the CARNAVAL-IV/VASCO multi-
group structure, and by Peerani et al. [8] at ENEA, for both the VITAMIN-J (175 neutron
groups)/VASCO and the 33-group ECCO/VASCO structure, using JEF2.2. These existing
files were not useful for the present work because they are in a different multi-group structure
(in the case of the JEF1 files), or were found to be incomplete in particular with respect to
gamma production by Pu-isotopes [9] and showed energy balance problems (JEF2.2 files).

As indicated above, Cavarec and Peerani et al. both produced their KERMA and spectra
files from the JEF evaluation. A thorough study [9] of their work showed that major problems
in the data creation are due to incompleteness or inconsistency of this basic evaluation. Some
other problems such as the violation of the energy conservation relation (3-11) may arise if the
data processing of the ENDF files is inappropriately done. Below, the problems due to the
basic data files are listed and ways to overcome them are indicated.

Problems due to the basic data files (ENDF)

1. Incompleteness: JEF does not contain any gamma production data for plutonium
isotopes. Other evaluations have therefore to be used for these isotopes. Rowlands [10] has
proposed the use of the ENDF/B-VI evaluation and also suggested that the total fission energy
components, such as EGP and EGD given in MT 458 of MF 1, be adopted from this
evaluation.
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2) Prompt data only: JEF (and also the other evaluations) do not contain delayed emission
(such as the emission spectrum of the fission products at steady state). These data have to be
computed from the fission product yields and the decay data.

3) Lumped reaction (MF 3): Above a given energy limit (some hundreds of keV to some
MeV), gamma production data (e.g. for U*® in JEF2.2 from 933.94 keV onwards) are not
given separately anymore for the various reactions and occur only for the total non-elastic
reaction MT 3. However, this is not a big problem. For non-fissile isotopes, the radiative
capture contribution is usually negligible above the energy limit and other capture reactions
such as (n,p), (n,) become only important above several MeV. The lumped reaction is thus
approximately equal to the inelastic production and can be attributed to this reaction. For
fissile isotopes, this is not possible as fission and inelastic scattering at high energies show
cross-sections of similar magnitude. The lumped reaction can be separated into its components
using a theoretical spectrum for fission such as the one given in § 2.3.1.1. Cavarec tried to
separate MT 3 of U* into fission and inelastic contributions assuming a constant fission
spectrum, but failed (non-physical, i.e. negative inelastic emission). If a physically consistent
separation is not possible, one can omit the separation and attribute MT 3 to the inelastic
production. Total gamma production will then be correct in the calculations, although self-
shielding is not correctly done (this, however, is usually not important in the energy range
under consideration), and the non-elastic emission represents the total emission and not just
the inelastic.

4) Inconsistency: Peerani et al. showed that neutron cross-sections and gamma production
data for CrSO, FeS7, Fesg, Cr53, Cr’* and Mn in JEF2.2 are inconsistent. This can be done by
testing neutron KERMA generated by NJOY against kinematics limits (see § 3.2.4.1). For
isotopes with such problems, data from other evaluations can be used. MacFarlane [11]
checked the neutron KERMA of ENDF/B-VI and did not find any problems for nickel, iron
and chromium isotopes (nor for Li6, Li7, BIO, B“, C, O, Na and Mn).

5) Inconsistent inelastic thresholds between neutron cross-section and gamma production
data. In this case, the threshold in one of the two sub-libraries of the evaluation has to be

adjusted before doing the data processing.

3.2.4 Creation of the Data Libraries

The creation of the required data KERMA and spectra library files was done in three main
steps. Firstly, data available in ENDF files were processed using the NJOY code. Secondly,
the processed data was put into the form required by the calculational modules and checked for
quality. Finally, the delayed contribution was generated from fission yield and decay data, and
added to the prompt data.
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3.2.4.1 Data processing using NJOY

The two essential modules of NJOY [12] used for generating KERMA and gamma
production data from ENDF files are HEATR and GROUPR, and it is useful to briefly review
their functioning before describing the data processing scheme which was set up and
employed.

HEATR

HEATR allows one to compute both total and neutron KERMA. The fotal KERMA of
summation reaction X is calculated according to:

Kiot,e,x (E) = Z(E + Qe x(B)=Ye xn (E)Ee,x,n(E))Ge,x(E) (3-14)
xeX

where x runs over all neutron partials in X°. Q, 4 is the mass-difference Q-value for material e

and reaction x, E, ; ;, is the average energy of secondary neutrons and Y, y ,,(E) their yield
(or multiplicity).

To get the neutron KERMA, the energy carried away by gammas is subtracted from the
total KERMA:

Kn,e,X(E) = Ktot,e,X(E) - ( ZYe,x,y(E)Ee,x,Y(E)Ge,x(E)j (3-15)
xeX

where x runs over all photon partials in X. E, y o is the average energy of secondary gammas

with the associated multiplicityYe,x’Y(E). E and Ye’x,Y (E) are derived from the data

e, X,Y
available in MF 12,13 and 15. This method of computing neutron KERMA is known as the
"energy balance method": The energy allocated to neutrons and gammas is simply subtracted
from the total available energy (given by the reaction Q-value) to obtain the energy associated
with charged particles.10

HEATR allows a check of the neutron KERMA, computed using relation (3-15), versus
kinematics limits. Indeed, there exist upper and lower kinematics limits for the neutron
KERMA which can be computed using simply kinematics formulas (and without the use of
photon production data). For elastic and inelastic scattering, there exist even exact formulas for

° Clearly, the sum is only carried out for summation reactions such as the total inelastic reaction MT 4 which is
the sum of MT 51 - 91. For other reactions such as fission (MT 18), there is usually no summation.

' Starting with ENDF6, complete energy-angle distributions for all of the particles produced by a reaction can be
given in MF 6. Neutron KERMA can then be computed directly (without energy balance considerations) from this
data.
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the calculation of the neutron KERMA. Checking against these limits is thus a way to detect
inconsistencies between photon-production and neutron cross-section data (§ 3.3.1).

The computation of the total KERMA using relation (3-14) needs the knowledge of the
reaction Q-value. This value is zero for elastic and inelastic scattering. For other reactions it is
taken from MF 3. There are special problems with obtaining the Q-value for fission. First, the
pseudo Q-value of MF 3 corresponds to the total energy available after fission at "zero"
(thermal) incident energy minus the antineutrino energy, which is lost due to the inevitable
escape of neutrinos out of the reactor, but includes the delayed contribution. Second, the
fission Q-values are energy dependent''. Therefore, HEATR computes an effective energy
dependent fission Q'(E)-value according to:

Q'(E)=Q(0)—-8.07E6(V(E)—Vv(0))—0.043E - EB - EGD (3-16)

where EGD corresponds to the total delayed gamma-ray decay energy and EB to the beta-ray
decay energy per fission. EGD and EB are taken from MT 458 of MF 1, which gives the
components of energy release due to fission.

GROUPR

GROUPR allows to produce self-shielded multi-group cross-sections, anisotropic group-
to-group transfer matrices and anisotropic gamma production matrices for neutrons. Thereby,
neutron and gamma-production data are processed in a parallel manner using the same weight
function. This helps to assure consistent cross-section sets. Multi-group reaction cross-sections
are computed according to:

[6e.x(E)oo(E)IE
_ g _
Ocx,g = I%(E)dE (3-17)
g

where @ is the first moment of the Legendre expansion of the angular neutron flux. Multi-

group gamma production matrices are computed according to:

[ dEy [dEo, ( (E)Y, x y(E)fe x(E = Ey)00(E)
g

g
Cex(g—gy)=—" (3-18)

[dEdo(E)
g

"' The energy dependence can be seen when writing the mass balance equation for the fission reaction. In energy
units: Q = ma+mn-mfp- V mn. ma is the mass energy of the target, mn is the mass energy of the neutron, mfp is the
total mass energy of the fission products, and Vv is the fission neutron yield. Both mfp and V are energy

dependent.
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where the gamma production data are obtained from MF 12 (Yex,y(E)) , MF 13
(O¢,xYe x,y(E)) and MF 15 (f x (E — Ey)).

Processing using NJOY

From the multi-group KERMA and neutron-cross-sections computed by GROUPR, the
reduced KERMA values required by the new calculational scheme can be computed according
to:

K K
tot,e, X, g n,e, X,g
ktot,e,X,g = p and kn,e,X,g = p (3-19)
e, X,g e, X.g

The averaged total gamma energies emitted, Q’y,e,X,g’ and the associated emission
spectra, X x (g — gy), can be obtained from the gamma production matrices computed by

GROUPR using the gamma production multiplicity:

Cex(g8—8y)
M, x(g—gy)=—r—""1" (3-20)
Ge,X,g
Then one gets:
Qyex.g=LMex(g— gy)Ey (3-21)
&y
M, x (g — gy)
and e x (8= gy)=— ¥ (3-22)
Qy.ex.g

In Figure 3-2, the complete processing of the ENDF data files using NJOY is
schematized.
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- neutron KERMA MT 302, 304, (318), 401

- gamma production data on MF 16

GENDF file 1 containing
-MT 1,2,4, 18, etc.
- Total KERMA MT 302, 304, (318), 401

Figure 3-2: Creation of multi-group data files containing total and neutron KERMA, as well as
gamma production data from evaluated nuclear data files using the NJOY data processing
code.
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The creation started with the choice of the evaluation to be processed. Criteria for the
selection were a) completeness with respect to gamma production, b) presence of data
separately for all reactions of interest, i.e. absence of the lumped reaction MT 3, and c)
consistency of gamma production and neutron interaction data. If possible, JEF2.2 data were
chosen in order to be consistent with the standard ERANOS libraries such as ECCOLIB2
which were created from JEF2.2. This was not possible for plutonium isotopes for which
JEF2.2 does not contain gamma production. Except for Pu**, ENDF/B-VI data was chosen as
proposed by Rowlands [10]. For Pu®’, JENDL-3 data was taken because this evaluation,
contrary to ENDF/B-VI, does not contain MT 3. ENDF/B-VI data were chosen for chromium
isotopes, Mn and Al. In fact, JEF2.2 scored poorly for chromium isotopes in the kinematics
test by Peerani et al. [8]. As regards Mn, JEF2.2 has the lumped reaction MT 3 whereas
ENDEF/B-VI does not. Finally, JEF2.2 data for Al gave rise to numerical processing errors in
NJOY, indicating that the ENDF format was not correctly followed. Appendix B gives the
chosen evaluation for each of the processed isotopes. Also indicated is the type of gamma
production present and taken into account during the data processing. Gamma production
present in the evaluation, but not taken into account, is indicated in parenthesis. This concerns
gamma production through the threshold reactions MT 16 (n,2n), MT 17 (n,3n), MT 22 (n,nQt)
and MT 28 (n,np). Their contributions are only important at high energies and can be neglected
in fast reactor applications.

ERANOS foresees a simply way of computing energy release by taking into account the
energy release in fission and capture. In this method, the total KERMA are computed by the
ECCO cell code as follows:

Ktot,i,e,g = Gi,e,f,g 'Qe,fission + Gi,e,c,g 'Qe,capture - Corrleakage,g (3'23)

Here, Qefission 15 the fission Q-value, reduced by the energy lost in form of anti-neutrinos,
which escape from the reactor. Qe capure 18 the capture Q-value. Both values are taken to be
independent of the incident neutron energylz. COITjeakage,g COTTECts for the energy lost by
neutrons leaking out of the reactor. The use of these KERMA gives a correct value of total
heating (power) in the whole system, and is used in ERANOS in particular for burn-up
calculations.

For the computation of the total KERMA given by relation (3-23), fission energy values
proposed by Fort and Storrer [13] are used in ECCO. On the other hand, HEATR uses the
pseudo fission Q-value of MF 3 and the fission energy release components in MT 458 in MF 1
for fissile isotopes to compute KERMA according to relation (3-14). Therefore, in order to
stay consistent with the ERANOS calculations, MF 1 and MF 3 were modified before actually

"2 This is correct for the capture Q-values. As mentioned before, the fission Q-values shows a slight dependence
on the incident neutron energy through the energy dependence of the prompt-neutron and fission-product yields.
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running NJOY. The values proposed by Fort and Storrer and used for the modification are
given in Table 3-1. Apart from the pseudo Q-value, ER, as well as EGD and EB, this table
gives also EFR, the kinetic energy of the fission fragments, ENP and END, the kinetic energy
of the "prompt" and delayed fission neutrons, respectively, EGP, the total energy released by
the emission of "prompt" gamma rays, ENU, the energy carried away by the neutrinos, and ET,
which is the sum of all the partial energies and corresponds to the conventionally defined Q-
value of the fission reaction. ER is equal to ET - ENU. For the fertile isotopes, these data are
given at non-zero incident energies and relation (3-16) was used to compute the pseudo fission
Q-value at zero energy. For isotopes without MT 458 of MF 1, the delayed contributions EGD
and EB had to be subtracted from the pseudo fission Q-value in MF 3. In fact, in the absence
of MT 458 in MF 1, HEATR does not subtract these values from Q, and the correction for the
delayed components had to be made manually.

Table 3-1: Fission energy values [MeV] proposed by Fort and Storrer [13] at CEN Cadarache
and adopted in ERANOS for the computation of total KERMA in ECCO.

Energy s U=s PP P2 P! P2 Am2]
Einc* thermal 3 thermal 2.39 thermal 2.32 thermal
EB 6.5 8.25 5.31 6.44 6.58 7.70 5.62
EGD 6.33 8.02 5.17 6.31 6.40 7.55 5.51
ENU 8.75 11.08 7.14 8.64 8.85 8.64 7.54

END 0.0074 0.018 0.0028 0.004 0.005 0.004 -
EFR 172 172.5 178.6 177.9 178.8 178.8 182
EGP 6.63 6.71 6.74 6.76 6.79 6.96 6.77
ENP 4.8 5.51 5.8 6.77 5.99 6.98 6.53
ER 196.26 201.0 201.63 204.18 204.56 208.1 206.4
ET 205.01 212.08 208.77 212.81 213.14 216.74 213.94

* incident neutron energy (thermal, or in MeV)

Once the modification of the fission energies was done (for fissile/fertile isotopes), the
RECONR, BROADR, UNRESR modules were used to reconstruct point-wise neutron cross-
sections from ENDF files. The RECONR module reconstructs resonance cross-sections from
the resonance parameters and reconstructs cross-sections from ENDF nonlinear interpolation
schemes. The BROADR module generates Doppler-broadened cross-sections. The UNRESR
module produces effective self-shielded cross-sections for resonance reactions in the
unresolved energy range. Point-wise cross-section were generated at 300 °C and infinite
dilution, and stored in a PENDF (Point-wise Evaluated Nuclear Data File) file.

Next, the HEATR module was used to generate point-wise total and neutron KERMA
cross-sections and to add them to the existing PENDF tape. HEATR was used to generate 1)
the elastic scattering KERMA MT 302, 2) the inelastic scattering KERMA MT 304 (sum of
MT 51-91), 3) the fission KERMA MT 18 (MT 18 or sum of MT 19, 29, 21, 38), and 4) the
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total disappearance KERMA MT 401 (sum of MT 102 - 120). In fact, for each isotope
processed, two different PENDF tapes were created, one containing the neutron KERMA (in
addition to the neutron interaction cross-sections already present), and one containing the total
KERMA.

In the next step, the GROUPR module was used to process the two earlier generated
PENDF tapes and to get multi-group cross-section files in the GENDF (group-wise ENDF)
format. Two GENDF files were produced. The first one contains, apart from the usual
neutronic cross-sections, the multi-group total KERMA for MT 302, 304, (318), 401. The
second one contains the corresponding multi-group neutron KERMA and the associated
gamma production matrices. Cross-sections were produced at 300 °C and only the first
moment of the Legendre expansion was treated. Further, the cross-sections were processed at
infinite dilution, i.e. no self-shielding treatment (e.g. the Bondarenko formalism) was applied.

To compute multi-group cross-sections, one needs to specify a weight function. However,
this is actually the neutron flux one determines by solving the transport equation. One
therefore has to choose an appropriate form of the still to be determined flux within the
groups. In order to remain consistent, the same weighting flux as used for the creation of the
standard ERANOS library was adopted in the present work. This is a [thermal Maxwellian +
1/E + fission spectrum] weighting flux. However, the choice of weight function is not a very
crucial issue. The influence of the weighting flux was investigated explicitly in the case of
Fe™®. The total and neutron reduced KERMA were calculated using a constant weighting flux,
as well as with the VITAMIN-E weighting flux option (which is the function generally chosen
at PSI to compute fast reactor cross-sections). The differences were generally found to be
small (of the order of 2 %), except for the inelastic KERMA (differences up to 20 %) as well
as in thermal and high energy groups for the elastic and capture KERMA.

A further problem is the choice of the multi-group neutron and gamma energy structure.
Clearly, it would be most convenient to choose directly the group structures (Appendix A) in
which the KERMA and gamma data are expected by ERANOS. This is possible for the
neutron energy structure, and the 33-group ECCO structure was used accordingly. On the other
hand, it is not possible to directly use the 36-group gamma energy structure if one wants to
guarantee the conservation of energy through the relation (3-11), which can be rewritten as:

Ktot,e,X,g _ Kn,e,X,g

o o ’Y € (3_ )
2 ’ ,:(,g
C,X,g C,X,g

Using relations (3-14) and (3-17), the left hand side of this equation can be written as:

J- (I)O(E)GG,X (E)Ye,X,y (E)Ee,X,'ydE

g -
[ 00(E)Ce.x (E)E (3-25)

g
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Using (3-18), (3-20) and (3-21), the right hand side becomes:

JdEQQ(E)oe x (E)Ye x y(E)L (Eg, [dEyfe x(E— Ey))

= L B (3-26)
[00(E)oe x (E)E
g
The energy conservation relation (3-24) is thus verified if one has:
Ee X,y = Y(Eg, [dEyfe x(E— Ey)) (3-27)

Because f is not really a continuous function but rather gives the photon spectrum as a
tabulation of points (the interpolation recommended being usually linear), the above relation
can be verified if the gamma multi-group structure is chosen to be consistent with the
discretization of the continuous spectra in MF 15, i.e. with the structure of the f-tabulation.

Another problem when choosing the gamma structure are discrete rays. When treating
discrete rays, GROUPR just modifies the multiplicity of the gamma group into which the

discrete ray is emitted. In such a way, a discrete ray of energy Ex, emitted into group gy, is

considered to be emitted with energy Egy . Therefore, one should work with a multi-group

gamma structure as fine as possible. This avoids getting large differences between Ey and Egy .

Based on the above discussion, a multi-group gamma structure containing 385 gamma
groups was defined. Using such a fine structure allows a reduction of eventual errors in
representing the energy of discrete rays to less than 1.5 % in most groups. Furthermore, the
group boundaries were chosen to well represent the tabulated spectra (in MF 15) for the most
important isotopes. Finally, the group boundaries of the 36 group VASCO structure were
included to enable correct condensation from 385 to 36 groups (§ 3.2.4.2).

Before actually running GROUPR, the content of the PENDF files with respect to the
threshold KERMAs (in particular the inelastic KERMA MT 304) had to be modified. The
KERMA value at threshold was put to zero in order to guarantee a correct computation of the
condensation relation (3-17) for the threshold group. This was necessary because, on the
PENDF tape, there was no zero KERMA at threshold, but rather a non-zero KERMA just
above it. GROUPR then does a linear interpolation between the zero value at the lower group
boundary. As a consequence, GROUPR "sees" non-zero KERMA below the threshold
resulting in an incorrect multi-group constant for the threshold group.
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3.2.4.2 Data conversion

In this step, the content of the GENDF tapes created using NJOY were processed to get
the KERMA and gamma spectra files in the format required by the calculational modules. The
processing, done separately for each isotope, is schematized in Figure 3-3.

First, the new auxiliary program PROGINMT3 read the two newly generated GENDF
tapes and computed reduced KERMA, ktot,e,X,g and ko x o, as well as the gamma

production data ,Qy . x o and Xe x (g — gy), using relations (3-19) through (3-22). Reduced

total and neutron KERMA are computed for elastic and inelastic scattering, total
disappearance and fission, and put into a single file. Gamma production data are created for
inelastic scattering, total disappearance and fission, and put into a second file. It is important to
remember that the index X in the relations used stands for a summation over all partials in the
considered reaction. This summation is done before the application of the reduction relations.
For example, to compute the reduced disappearance KERMA, the disappearance cross-section
is first computed by summing over the partials MT 102 - 120 (whenever present), and then the
disappearance KERMA MT 304 is divided by this sum to get the reduced value.

PROGINMT3 provides a special treatment of the lumped gamma production reaction MT
3 used in the ENDF files for Na23, U’ , Pu240, Pu241, Pu242, Am?**!. For non-fissile isotopes,
this contribution is simply attributed to the inelastic production. For the fissile/fertile isotopes,
it is divided into inelastic and fission parts assuming a constant fission component taken from
the fission production data below the MT 3 energy limit.

Next, the self-written multi-purpose program CHECKLIB [9] was used to check the
quality of the created reduced KERMA and spectra files. In particular, the checks were
intended to get insight into the quality of the gamma production data. The various checks done
and their outcome are discussed in § 3.3.1.

In the following step, the new auxiliary program CONDENSE was used to condense the
gamma spectra files from 385 gamma groups to the 36-group VASCO structure (Appendix A).
The condensation was done using the following relations:

Qyex.e)vasco = L Qyex.g Xex(g8— gy)ﬁgY (3-28)
gye(UGy,

1 Z Q’y,e,XgXe,X(g - gy )Egy

and Xex(g > Gy)= (3-29)

' E
Qy.eX.g)VASCO g, <G, G,
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GENDF file 2 containing
-MT 1, 2,4, 18, etc.

- neutron KERMA MT 302, 304, (318), 401

- gamma production data on MF 16

GENDF file 1 containing
-MT 1, 2, 4, 18, etc.
- Total KERMA MT 302, 304, (318), 401

PROGINMT3
ML
Reduced KERMA file Spectra file
containing containing
ktot,e,X,g 5 kn,e,X,g Qy,e,X,g ; Xe,X(g - gy)
for 33 neutron groups for 33 neutron groups
and 385 gamma groups

\/

CHECKLIB
checks quality of produced data

CONDENSE
Condensation from 385 to
36 gamma groups

'

Spectra file
containing

Qex.g/ Xex(@— Gy)
for 33 neutron groups
and 36 gamma groups

—

CHECKLIB
- energy balances files
- checks quality of produced data

-

Final reduced KERMA file Final spectra file
containing containing
ktot,e,X,g ; kn,e,X,g Qy,e,X,g s Aex(g— gy)
for 33 neutron groups for 33 neutron groups
and 36 gamma groups

Figure 3-3: Processing of GENDF files produced by NJOY to get reduced
KERMA and spectra files in the format required by ERANOS.
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where g, stands for a fine gamma group and Gy a group of the VASCO structure. These

relations ensure that the energy emitted is conserved. However, not all fine gamma groups lie
within the VASCO structure. There is a risk of losing gamma emission energy by doing the
condensation. This would then mean that the VASCO structure is not sufficiently broad to
treat the emission. However, no problems have been detected, except for Na® (capture
condensation of gr. 3 - 7), Fe’ (gr. 11-15 for inelastic scattering, 27 - 33 for capture), Pu*®
(gr. 5 -12 for inelastic scattering). Some other isotopes not mentioned here showed energy lost,
but only in capture at high incident neutron energy. On the whole, these problems have little

impact on the calculational determination of gamma heating.

Next, CHECKLIB was used to energy balance KERMA and spectra files, i.e. data were
modified to satisfy relation (3-24). This adjustment removes any remaining energy balance
problems and ensures that energy is conserved when computing the total heating by
determining both neutron and gamma components. The adjustment was mainly important for
isotopes with MT 3 as this lumped gamma production is not taken into account when
generating the KERMA values. (For other isotopes, there were generally only minor
modifications as the energy balance was found to be verified.) There is ambiguity in the
adjustment. Although, the total reduced KERMA should not be modified, there is still the
choice between modifying the neutron KERMA, k;, . x o, or the total gamma energy emitted,

Qy.e,x,g - In the present work, preference was given to modify neutron KERMA and leave the

gamma production data unchanged, as one aims at checking the quality of the gamma
production data, and giving indications for further data evaluations. In the case of Fe’,
adjustment was done by keeping the neutron KERMA. For this isotope, the gamma data was
found to be completely erroneous.

Finally, the thus created KERMA and spectra data were once again checked using
CHECKLIB, to make sure that no additional problems were introduced by condensation and
energy balancing. No problems were detected.

3.2.4.3 Inclusion of delayed contribution

In nuclear power reactors, the gamma emission through disintegration of fission and
activation products amounts to about 30 % of the total gamma emission. This delayed
emission cannot be neglected. However, the gamma production data found on MF 12,13 and
15 of the ENDF files describes only prompt emission. Thus, the KERMA and gamma
production libraries created so far contain no delayed contribution. This component had to be
generated from decay data libraries and added in a supplementary step.

The delayed emission is time-dependent because the production and disintegration of
radioactive isotopes varies in time. However, for long-time stable operation of a reactor, it
approaches an asymptotic value. For explanation, the simple case of an unstable activation
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product e, which decays to a stable daughter nucleus, is considered. Assuming a constant
neutron flux and a one-group treatment, the atomic density of the activation product, N, is
given by the following differential equation:

dN,
dt

= N;06, — AN, (1) (3-30)

Ao is the disintegration constant of isotope e, and N; the density of the target isotopes i. The

solution of this equation reads:

N, (1) = %(1 —e Mty £ N (0)e et (3-31)

€

Assuming N¢(0) = 0, the delayed gamma emission rate then becomes:

- At
E'y,e,delayed(t):Ni(l)cc(l_e ¢ )E'y,e,delayed (3-32)

where Ey,e,delayed is the total gamma energy emitted by the disintegration. Taking into

account the prompt contribution, E the total time-dependent gamma emission

Y,e, prompt *

through capture in isotope 1 becomes:

. — AT
E'y,e,total(t) = Ni(l)GcE'y,e,prompt + Niq)cc(l —¢ °° )Ey,e,delayed (3'33)

A

For long-time operation, e "¢ — 0. Production of the activation product becomes equal to its

disintegration, and the emission rate tends towards the asymptotic value given by:

1;:'“Y,e,total (t—>o0)= Ni(l)Gc(Ek,e,prompt + E7»,6,delayed ) (3-34)

Once the asymptotic value is reached, the delayed contribution is emitted in apparent
coincidence with the prompt emission.

Although only a very simple case was treated above, these results hold true for the more
complicated real situation, in which hundreds of radioactive fission products and activation
products are produced and may decay via complicated decay chains to become stable isotopes.
At steady state, production and disintegration, of all unstable isotopes are equal. The delayed
emission is equal to its asymptotic value. As this value is constant in time, it must be equal to
the sum of all decay energies emitted by the complete disintegration of all unstable isotopes
(fission and activation products) produced at a given moment.

Throughout the present work, steady state was assumed for treating the delayed gamma
emission. Obviously, this state cannot, strictly speaking, be fully reached in a reactor as there
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are fission products with very long half-lives. However, the contribution of these isotopes is
not important. In fact, it has been stated by James [14] that only about 0.032 MeV/fission is
emitted by the decay of long-lived fission products for times greater than 10° s after the fission
event. This number was verified by doing computations of the total decay energy, with and
without the accounting of the decay energies of isotopes (and their daughters) with half-lives
greater that 30 years. It was found that the latter contribution was smaller than 1 % of the total
decay energy obtained assuming complete disintegration.

The delayed emission due to the disintegration of fission products was calculated
separately for each fissile isotope from independent fission yields and decay data. The
independent fission yields were extracted from MT 454 of MF 8 of JEF2.2. This evaluation
has yields for thermal, fast (400 keV) and fusion neutrons. For fast reactor studies, the 400
keV yields are the appropriate ones. On the other hand, the decay data of interest (decay modes
and branching ratios, average decay energies Evgr, Evyn, Evgv, gamma emission spectra) were

extracted from the JEF2.2 decay data evaluation. The self-written program SPECTRE2 was
used to compute the total alpha, beta and gamma decay energies, EA, EB and EGD, emitted
through the complete disintegration of all fission products produced in one fission event of the
considered fissile isotope. Furthermore, the gamma emission spectrum was calculated. To be
more precise, the program does a summation over all fission products. For each fission
product, the program sums all E.gs, Evn, Evg energy values found by following the

disintegration chain until a stable isotope is reached. Branching ratios are taken into account.
When a gamma emission spectrum is present, it is added to form the total delayed emission
spectrum in the VASCO multi-group structure. Usually, decay spectra are given using discrete
emission lines with an intensity 4. If a ray with energy Ex lying in VASCO group g, is found,

the multiplicity of the total emission spectrum is increased by I, -Ej /Egy' For some

isotopes, especially for fission products with short half-lives, both discrete and continuous
spectra are present on the ENDF decay files. Thereby, most of the continuous spectra have
been measured by Rudstam et al. at Studsvik [15]. In the present work, an attempt was first
made to use the more recent continuous data of Rudstam et al.. However, this led to total
gamma emission energies significantly lower than the delayed gamma emission values
proposed by various authors. Only discrete spectra were finally adopted to compute the
delayed data.

As regards the delayed contribution due to the disintegration of the activation products
U239, Na?* and Mn56, a modification of SPECTRE2 was used to create these data assuming
complete disintegration as in the case of the fissile isotopes, with the exception of U™ for

which the decay chain was stopped at Pu®’.

The results of the calculations are shown in Table 3-2. The total decay energies EA, EB,
EGD are given. EGDy. s the total delayed gamma emission energy computed from the total
gamma emission spectrum. For the fissile isotopes, it is seen that this energy is not exactly
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equal to EGD, which indicates that the decay spectra given in the JEF2.2 evaluation are not

completely consistent with the average gamma decay energies E. ..

Table 3-2: Decay energies [MeV] of fission (and activation)
products obtained by one single fission (or capture), assuming
complete disintegration.

Type of data EA EB EGD | EGDgpec
Fast fission U>*° 0.385 | 6.59 | 6.39 6.35
Fast fission U>® 0.539 | 855 | 7.94 7.89
Fast fission Pu* 0269 | 529 | 5.20 5.11
Fast fission Pu®*’ 0.306 | 5.78 | 5.59 5.43
Fast fission Pu**! 0.357 | 6.65 | 6.19 5.95
Fast fission Pu’* 0401 | 722 | 6.59 6.35

Fast fission Am>*' | 0.239 | 4.73 | 4.54 4.43

Activation of U**® - 0.818 | 1.69 1.69
Activation of Na** - 0.552 | 4.12 4.12
Activation of Mn>> - 0.673 | 0.234 | 0.232

In Table 3-3, the delayed fission gamma emission energies are compared to values
proposed by Fort and Storrer at CEN Cadarache [13], and the values computed by Yoshida et
al. at JAERI [16,17]. In the latter work, the concentration of radioactive nuclide e at time t,
Nc(t) is computed first. Then, the aggregated delayed gamma-ray spectrum is calculated by
summing up over all the contributing nuclides as follows:

S(Ey,t) = Y AN (DEy X (Ey) (3-35)

where .(Ey) is the normalized delayed gamma-ray spectrum of the ¢™ nuclide. For short-

lived fission products with unknown gamma-ray spectra, theoretical spectra were used. To get
the equilibrium (or steady-state) spectrum, Yoshida et al. assumed a three-year irradiation
period. Table 3-3 shows that the data obtained in the present work are quite consistent for U>*”,
U>® and Pu®®’. This is a very satisfying result in the sense that U*® and Pu®* are the two most
important contributors to the delayed fission gamma emission in fast reactor cores. Differences
are more important for the other isotopes. In general, data created are lower than the values
proposed by the other authors. These differences might be due to the method of summation
over individual fission products, for which data is not always very well known [18]. In
particular, fission yields for Pu240, Pu241, Pu’** and Am**! have not yet been sufficiently
measured.
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Table 3-3: Total delayed gamma emission [MeV] in fission of U>”,
U»8 pu®?, Pu®®, Pu**!, Pu** and Am**! as given by various authors.

Isotope Present Work JAERI Fort/Storrer
(O 6.35 6.42 6.33
U 7.89 7.80 8.02
Pu>*’ 5.11 5.33 5.17
Pu*® 5.43 5.74 6.31
pu*t! 5.95 6.45 6.40
Pu’*? 6.35 - 7.55

Am’! 4.43 - 5.51

In Figure 3-4, the computed delayed emission spectrum of Pu*® is compared to the result

obtained by Yoshida et. al. The overall shape of the spectra compare well, thus validating the
current method of calculation. In Figure 3-5, the prompt and delayed gamma emission spectra

¥ We find that these two spectra are very similar. This implies that, as a

are shown for Pu
first approximation, one could assume the same shape for the prompt and delayed emission

spectra when computing total gamma emission sources.
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Figure 3-4: Delayed (steady state or equilibrium) gamma emission

spectrum for thermal fission of Pu®.
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Figure 3-5: Delayed (at steady state) and prompt fission gamma
emission spectrum for Pu™ at 400 keV incident neutron energy.

At steady state, the delayed contributions can be considered as emitted in apparent
coincidence with the prompt emission, and can thus be treated in exactly the same way as
prompt emission in the calculations. Accordingly, the computed delayed contributions were
simply added to the prompt KERMA and spectra data created earlier. The prompt values were
modified as follows using the multi-purpose self-written program CHECKLIB:

ktot,e,X,g = ktot,e,X,g )prompt +EA+EB+ EGDspectrum (3'36)
kn,e,X,g = kn,e,X,g )prompt +EA +EB (3-37)
QY,e,X,g = Qy,e,X,g )prompt + EGDspectrum (3-38)

Xe,x (8= 8y) Qy.e X, g )prompt T Xe,x (8 = &y ) EGDgpectrum

Qy,e,X,g )prompt +EGD spectrum

Xex(8—=>8y)= (3-39)

These modifications guarantee the energy balance between KERMA and spectra. An eventual
dependence of the delayed data on the incident neutron energy is neglected.

A comment needs to be made regarding the consistency of the created reduced total
fission KERMA with respect to the total KERMA calculated in ECCO, as the latter KERMA
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are used for the computation of the total heating in burn-up calculations. The ECCO KERMA
are computed from (3-23) using the pseudo fission Q-value proposed by Fort and Storrer [13]
and given in Table 3-1. As mentioned in § 3.2.4.1, care has been taken to be consistent, and
the total fission KERMA in the present work were accordingly computed using the same
pseudo Q-values. However, a slight inconsistency was introduced during the processing in that
the delayed contribution EB+EGD, derived from the proposal of Fort and Storrer, was first
subtracted to get a "prompt" fission KERMA, and later the delayed sum EA+EB+EGD;pectrum,
computed from the JEF2.2 decay data was added to get the total KERMA. Differences
between the subtracted delayed contribution (EB+EGD) and the added delayed sum
(EA+EB+EGDpectrum) are 0.5 MeV for U™, 0.7 MeV for U, 0.2 MeV for Pu*”, 1.2 MeV
for Pu*?’, and 0.02 MeV for Pu**!. These differences are small (less than 0.6 %) in comparison
to the total energy emitted in fission of about 200 MeV. Thus, the described inconsistency
should not lead to significant discrepancies when computing the total reactor power using the
ECCO total KERMA, as compared to results obtained with the currently created reduced
KERMA. This was verified for the ZONA2B CIRANO configuration, for which the use of the
reduced KERMA set led to a 0.8 % lower computed total heating, as well as for the case of a
simple RZ model of SUPER-PHENIX where the reduced KERMA heating was found to be
lower by 1.5 %. The interest in mentioning the difference, between the delayed sums
(EB+EGD) and the sum (EA+EB+EGDspectrum) computed from JEF2.2, is more to show that
there are certain, although small, inconsistencies between the values proposed by Fort and
Storrer (and possibly to be adopted for JEF2.2) and those derived from the decay data in the
JEF2.2 evaluation. Thus, by adopting the proposal of Fort and Storrer for JEF2.2, one risks to
create inconsistencies within the evaluation. In fact, such inconsistencies are found in the case
of the prompt fission energies in ENDF/B-VI: The total prompt fission energy value, EGP,
found in MAT 452 of MF 1 MT, is inconsistent with the prompt fission energy computed form
the gamma emission spectrum given on MF 12/15.

3.3 Identified Remaining Shortcomings and Uncertainties Associated with the Use of the
Data Libraries

In this section, the impact of remaining shortcomings in the produced gamma production
files on computation of the gamma source is discussed first. Then, the uncertainty in
computing gamma energy emission and gamma heating, due only to uncertainties in the
gamma production data , are estimated.

3.3.1 Testing of the Created Data Files, Identified Shortcomings and Estimation of
Impact

Despite the fact that major problems in creating reduced KERMA and gamma production
data for use in ERANOS, have been identified and removed, there remain -certain
shortcomings in the created files. These shortcomings were detected through an extensive
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testing of the created KERMA and SPECTRA files with the self-written CHECKLIB code. All
of the shortcomings found are due to problems in the basic gamma production data (ENDF
files) used. Below, we list the identified shortcomings and estimate their impact on the
computation of gamma sources in fast reactors. The estimation was done in the context of the
ZONA2B MASURCA configuration, which is characterized by a PuO,/UQO, core surrounded
by a steel/sodium reflector.

List of tests, identified shortcomings and estimation of impact

1) Test for the presence of negative reduced neutron KERMA values: As neutron KERMA are
computed according to the energy balance method, relation (3-15), the presence of negative
neutron KERMA implies that the gamma production in the basic data file is too high. Negative
neutron KERMA were found only for the inelastic reaction. More precisely, erroneous
inelastic scattering gamma production data were detected in the case of Fe**, Fe’’, Fe’®, U™,
U>*®, Pu” and Pu®*® over certain parts of the energy range of interest

Inelastic gamma production data have to satisfy the following energy balance relation:

Ktot,e,inel (E)- Kn,e,inel,kine(E) = Ge,inelYe,inel,“Y(]-:‘)Ee,inel,'y (E) (3-40)

where K, ¢ inel kine (E) 1s the inelastic scattering neutron KERMA computed by a kinematics

formula without the use of gamma production data. Hence, in order to estimate the impact of
these inconsistencies, the gamma production values Qy ¢ jnel,¢ Were modified to be consistent

with the kinematics neutron KERMA, and then the inelastic scattering source was computed
with modified and non-modified data for the core region of ZONA2B. The impact of
modifying inelastic data should be the most pronounced in this region as the spectrum is
harder than in other regions. The results are shown in Table 3-4. The modification leads to a
10 % decrease of the total inelastic source in the core region of ZONA2B.

Table 3-4: Impact of modifying inelastic gamma production data
of various isotopes on the computed inelastic gamma ray
emission in the core region of ZONA2B.

Isotope Change in inelastic scattering

source due to the modification
Na -1%
Fe* +2 %
Fe° +2 %
Fe’’ -9 %
U>* 20 %
Pu™’ -5 %
Pu** +0 %
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2) Check of the energy conservation relation (3-24): In the case of the capture reaction, this
allows to check the gamma production in MF 12,(13),15. In fact, these data are used in
GROUPR for the computation of the right hand side of (3-24), whereas the following,
physically correct relation, which is only slightly dependent on gamma production data, is
used for the computation of the KERMA values (left hand side) in HEATR:

_ E Eg,c’y
Yeoy (B)Eecy (E)Oe e (B)=| E+Qec ==~ ~Ye ey (E) [0 (E)
T 2(A+Dme (3-41)

E
= (E + QC,C — m)se,c(E)

where A is the number of nucleons in the target nucleus and mc” is the neutron rest mass.

Isotopes found to have problems in satisfying the energy conservation over certain parts
13 55 .57 A58 n:61 nj:64 71238 1,239 240 .

of the energy range ” are O, Na , Mn™, Fe”’, Fe’, Ni°", Ni°", U™, Pu™" and Pu™"". The impact
of the inconsistencies on the computed capture source is small. In fact, O, Na, Fe’®, Ni®! and
Ni® do not contribute in a significant way to the capture emission. U>® and Pu®* show
discrepancies only in the high energy groups 1 and 2 . Mn> and Pu®*" contribute in the order
of 10 % to the capture source in the reflector and core regions, respectively. Inconsistencies in
their data are generally smaller that 10 %, thus leading to a maximal error of 1 % in the capture
source.

As regards fission and inelastic scattering, no significant problems were found.
Obviously, the energy conservation relation is not guaranteed for isotopes with MT 3 (lumped
gamma production), because this contribution was simply added to the inelastic (and fission)
production without modifying the KERMA values. However, in this case final consistency was
achieved through energy balancing (second CHECKLIB block in Figure 3-3).

3) Check of the capture Q-values: At thermal energy, the capture gamma emission must
equal the capture Q-value. This was verified for all isotopes, except a few for which the
gamma production was lower than the Q-value. These are: Na* (10.3 %), Fe>* 2.0 %), Fe°
(1.3 %), Fe’’ (wrong gamma production data), U (1.3 %), pu*!! (2.4 %). When looking at
these differences, it has to be kept in mind that differences of 1 - 2 % can result from the multi-
group representation (with the associated mean energies) of gamma production data. The
slightly too low capture gamma emission intensities lead to a maximal underestimation of the
capture gamma emission of about 1 %.

4) Smooth behavior of fission data: These data should in general increase slowly with
increasing incident energy. This was the case for all isotopes.

" Discrepancies were generally found to increase with the incident neutron energy, reaching several % at a few
MeV.
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5) Elastic data: In elastic scattering, no gammas are produced. Total and neutron reduced
KERMA are equal. They should smoothly increase from a practically zero value at thermal
incident neutron energy to a few tens of keV (in the case of heavy isotopes) or almost 1 MeV
(for light isotopes) at 20 MeV incident neutron energy. This was verified for all isotopes.

Summarizing the above discussion, the overall impact of identified problems in the ENDF
gamma production data is small in the case of Pu-burner configurations. Nevertheless, an
effort should be undertaken by the evaluators to correct the (too low) inelastic data of U238,
because this is an important gamma source in the fertile blanket of breeder configurations

(about 10 % of the total gamma emission).

3.3.2 Estimation of the Uncertainty on Computing the Gamma Energy Emission

The uncertainty (I 6) on computing the gamma energy emitted in fission, capture and
inelastic scattering, using the currently created data library, is estimated below. Thereby, only
the uncertainties due to gamma production data are taken into account. Other sources of
uncertainty, such as the neutron flux and neutron cross-sections, are not considered.
Furthermore, uncertainties due to the shape of the emission spectrum do not intervene when
discussing the uncertainty on the gamma energy emission. Thus, effectively, only the
uncertainties on the Qy . x o values have been considered. Again, the ZONA2B configuration

is taken to be representative.

1) Uncertainty on computing the fission gamma energy emission: As shown in Table 2-2,
values proposed by different authors for the prompt and delayed total gamma energy emission
in fission, EGP and EGD, show quite a large spread. As Qy ¢ fission,g 18 basically the sum of

EGD and EGP (the energy dependence can in general be neglected), the uncertainty on the
computed fission energy emission can be estimated by comparing (EGP+EGD) values from
different sources. This is done, relative to values adopted in the present work, in Table 3-5.

Table 3-5: Differences of (EGP+EGD) values taken from various sources, with respect to the
values adopted in the present work.

Isotope James (1969) | Sher (1981) VASCO-1 ENDEF/B-VI Fort and
(1987) Storrer (1997)

U235 +163 % +1.8% +16.5 % +1.8% -0.8 %

U238 +25% -6.1 % -6.8 % -4.7 % -5.0%

Pu239 +13.9 % +3.0% +19.6 % +3.0 % -5.0%

Pu240 +18.6 % +6.7 % - +1.8 % +5.1%

Pu241 +19.7 % +6.4 % - +6.4 % + 0.0 %
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With respect to the most recent sources (ENDF/B-VI, and Fort and Storrer), the total
fission energies adopted in the present work differ by up to 6.4 %. For the dominant isotope in
the fission emission, Pu**’, the value from ENDF/B-VI and that of Fort and Storrer differ by 8
%. The latter may be taken as a reasonable estimate of the uncertainty on the fission source. In
fact, it corresponds to the uncertainty (7 %) given by Fort and Long [19] on the total prompt
gamma energy.

2) Uncertainty on computing the capture gamma energy emission: Capture Q-values are in
general well known. The capture gamma emission is then in principle given by the analytical
relation (3-41) and thus precisely know. The created values have been tested against this
relation. In general, the data were found to be correct. The impact of the few deficiencies
found was shown to be an underestimation of the gamma source by at most 1 %. The
estimated uncertainty on the capture gamma energy emission is accordingly taken to be 1 % - 2
%. This corresponds, qualitatively, in fact, to the maximum precision which can be obtained
by representing gamma emission using the multi-group formalism.

3) Uncertainty on computing the inelastic scattering gamma energy emission: Isotopes
contributing in an important way to the inelastic scattering source are Na, Fe>!, Fe*®, Fe’’, Cr™?,
Cr>?, Ni*® and Ni®, and (in fissile zones) U Pu®® and Pu*. The correctness of inelastic
gamma production data used for Ni isotopes was tested by Peerani et al. [8] and that of the
chromium data (taken from ENDF/B-VI) by MacFarlane [11]. Problems in computing the
inelastic emission may thus be expected mainly from iron and fissile isotopes. As indicated
earlier, the precision with which the inelastic source is computed was shown to be about 10 %
in the core region. In the reflector region, U>*® is not present. The impact of modifying Na and
iron data was found to increase the inelastic source by 1 % in the inner part of the reflector and
to decrease it by 2 % in the outer part. Accordingly, the uncertainty on the inelastic source is
taken to be 2 % in non-fuel regions and 10 % in fuel regions.

3.3.3 Estimation of the Uncertainty on Computed Gamma Heating

When estimating the uncertainty on computed gamma heating due to uncertainty on
gamma production data, the relative contributions of the different gamma production sources
have to be taken into account. In the case of the ZONA2B assembly, the relative contributions
of the different gamma production processes along the core mid-plane are shown in Figure 3-
6.
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Figure 3-6: Relative contributions to total gamma heating along the
core mid-plane of ZONA2B by gammas created in different reactions.

In the core region, fission gammas contribute about 66 % to the heating, capture gammas
19 % and inelastic gammas 15 %. Addition of the estimated uncertainties on the different
gamma source components (8 % for fission, 2 % for capture, 10 % for inelastic scattering)
leads to an uncertainty of 7.2 % on calculated heating in the core region. In the reflector
region, far from the core, the dominant contribution is capture and the uncertainty on the
gamma heating becomes 2 %. Close to the core, gamma rays coming from the core contribute
in an important way to heating and the uncertainty will be of the same order of magnitude as in
the core. The same estimation holds true for diluent sub-assemblies placed in the core where a
major part of the heating is due to the gammas created in the surrounding core region (§ 2.3.3).
It thus needs to be borne in mind that the relatively high uncertainty on the gamma source in
the core will not only have an impact on the computed heating in the core region, but also lead
to a relatively high uncertainty on the computed gamma heating in diluents and in the reflector

region adjacent to the core.

There is an additional uncertainty on computed gamma heating due to the uncertainty on
the emission spectra. This effect was not studied in detail. However, it has to be kept in mind
that the detailed shape of the emission spectrum will affect the propagation of gammas from
their place of birth. Therefore, imprecise knowledge of the emission spectrum will lead to an
additional uncertainty on computing total gamma heating at locations for which transport
effects are important, i.e. mainly close to region interfaces. Furthermore, the shape of the

emission spectra will determine to some extent the form of the gamma spectrum locally. This
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form is of importance when multiplying the gamma flux with a response function such as the
KERMA values of a given material (e.g. iron).

In Table 3-6, the currently estimated uncertainty values on the computed total gamma
heating for different regions of a Pu-burning fast reactor configuration are summarized. It
should be stressed that the given values only take into account errors in the gamma production
data and that too, effectively, only those on the total gamma emission energies, Qy e x -

Effects of uncertainties on the emission spectra, X x (g — g) are not included.

Table 3-6: Uncertainty (1 ¢) on computed total gamma heating due to
uncertainties in gamma production data in different regions of a Pu-
burning fast reactor configuration.

Region Estimated uncertainty
on computed total gamma heating
Core 7.2 %
Inner Reflector 7.2 %
Outer Reflector 2 %
Diluent Sub-assembly 7.2 %
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4. GAMMA-HEATING MEASUREMENTS AT THE MASURCA
FACILITY

This chapter covers the experimental part of the present thesis, which was orientated in
two main directions:

1) Establishment of an experimental validation basis for the calculational scheme
developed and described in Chapter 3: For this, a large number of absolute gamma-heating
measurements using ThermoLuminescent Dosimeters (TLD) were performed in various
configurations of the fast critical facility MASURCA at CEN Cadarache. The measurements
were part of the CIRANO experimental programme (§ 2.2.2), in support of the modification of
the existing fast reactors PHENIX and SUPER-PHENIX into plutonium-burning reactors. It is
important to point out that these measurements were designed to yield results for gamma
heating in iron, since the latter is the major constituent of the non-fuel regions (reflector,
diluent sub-assemblies) of Pu-burning fast reactors. Calculations and measurements have been
compared accordingly (Chapter 5).

2) Investigation of possible sources of systematic errors: As discussed in the review of
former gamma-heating measurements using TLDs and their analysis (§ 2.4), calculations have
usually been underestimating gamma heating (C/E < 1), although on the basis of recent
assessments of basic data (gamma energy released in fission) one would expect an
overestimation. Consequently, the question of systematic errors in the experiments had to be
addressed. After a detailed analysis [1], three possible sources of systematic errors were
identified. These were: (i) the TLD measurement itself which was found to be susceptible to
the risk of systematic drifts, (ii) the absolute calibration of the TLDs and (iii) the computation
of correction factors which are needed to derive the quantity of interest, i.e. gamma heating,
from the raw experimental readings. An effort has therefore currently been made to minimize
the effect of these possible systematic errors. This was accomplished by: a) establishing a fully
reproducible TLD measuring procedure, taking advantage of newly purchased equipment
(TLD reader and annealing oven), b) doing repeated TLD calibrations, c¢) carrying out
calibration and reactor irradiations and their analysis as consistently as possible, d) verifying
the numerical analysis of the calibration by analyzing a supplementary irradiation at the
calibration facility, carried out in a different geometry, e) computing the calculational
correction factors employing the most recent methods/data and f) doing supplementary
measurements to verify the most questioned calculated correction, viz. the cavity relation.

Apart from the effort made to increase the reliability of the absolute dose determination,
care was also taken to reduce the statistical, and hence overall, error in the experiments.

97
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Clearly, only accurate measurements are useful for the validation of the calculational methods
and data used and allow one to achieve the target accuracies (§ 2.1.4).

This chapter is divided into five sections. In the first section (§ 4.1), the experimental
tools used for gamma-heating measurements are discussed. Emphasis is put on the TLD
technique because it was used for the absolute dose determination. In the second and third
sections, the TLD calibration (§ 4.2) and the integral measurements at MASURCA (§ 4.3) are
covered. In order to use the experimental results for the validation of the calculational tools
developed, the raw experimental data need to be corrected. The manner in which this was done
is explained in the fourth section (§ 4.4). The chapter is concluded with a discussion of the
experimental uncertainties (§ 4.5).

4.1 Experimental Tools for Gamma-Heating Measurements

Gamma-heating measurements at the MASURCA facility have been carried out in the
past (§ 2.4.4) using TLDs and ionization chambers. TLDs have the advantage of allowing
simultaneous measurements at various positions. Furthermore, due to their small size, they can
be used to perform measurements at almost any desired location, in particular within the
MASURCA tube assemblies. However, the TLD technique has the disadvantage of being quite
delicate and time consuming (§ 4.1.1.4). Before irradiation, TLDs have to be prepared and,
after irradiation, they have to be read-out in order to determine the measured dose. lonization
chambers have the advantage that the measured results are immediately available. This allows
to detect eventual problems even during execution of the experiments. Furthermore, the effort
required for a reactor traverse is substantially less than with TLDs. The major disadvantage is
the relatively large size, limiting measurements to experimental access channels and which
leading to significant flux perturbations. Another difficulty comes from the fact that ionization
currents are small and care has to be taken to minimize the effect of leakage currents.

In the course of the current work, new measurements with TLDs have been performed in
MASURCA. These yielded absolute results for gamma heating in the N-S radial experimental
channel, and were complemented by gamma-chamber measurements executed by the facility's
experimental staff. Gamma chambers were used for relative measurements in both E-W and
N-S radial channels, as well as in numerous axial channels. The relative values were converted
to absolute dose results by inter-comparison with the TLD measurements in the N-S radial
channel. In the following paragraphs, both techniques are described in greater detail.
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4.1.1 Thermoluminescent Dosimeters (TLDs)

Thermoluminescence dosimeters are widely used, especially in personal dosimetry. There
exists an extensive literature and discussions of the technique can be found in many references,
e.g. [2,3].

The basic idea underlying gamma-heating determination by TLDs is the same as for an
ionization chamber. A solid dosimeter is introduced as a cavity into the material in which one
wants to determine gamma heating. Secondary electrons produced in the surrounding material
and the TLD itself (through primary gamma radiation) will then deposit a certain amount of
energy in the dosimeter material. Part of this energy is stored in the TLD through the creation
of electron/hole pairs trapped at various levels. Heating up the dosimeter (in the TLD reader
device) leads to recombination of the electron/hole pairs and the so-called
"thermoluminescent” light emission. This light emission, which is proportional to the gamma
dose deposited in the TLD, is measured via photo-multiplier optics. Problems arise because
the dosimeter's sensitivity strongly depends on experimental conditions such as handling,
heating and annealing procedures, and on the energy and type of the incident radiation.

In the following paragraphs, the dosimeter type currently used (TLD-700) is described
first, and special attention is paid to the response characteristics of this TLD to gamma and
neutron irradiation. These are clearly important in the context of the gamma-heating
measurements having been carried out in the mixed gamma/neutron field of the MASURCA
facility. Then the oven and reader equipment used is presented, followed by a detailed
description of the measuring procedure.

4.1.1.1 TLD-700

TLD-700 is an enriched (99.96-99.99% Li’, 0.01-0.04% Li% lithium fluoride
thermoluminescent dosimeter produced by the Bicron/Harshaw company, which contains
magnesium (Mg) and titanium (Ti) as activators. In the present work, TLD-700 rods, having a
square cross-section of 1 mm x 1 mm and a length of 6 mm were used. The choice of this TLD
was justified by the fact that TLD-700 is by far the most widely used material, and thus its
main characteristics are well known. Furthermore, TLD-700 has only a low sensitivity to
neutrons. Table 4-1 summarizes some of the physical and dosimetric properties of LiF:Mg,Ti
dosimeters. The glow curve of LiF:Mg,Ti is complex with a number of glow peaks in the
temperature range of 20°C to 400°C. Table 4-2 gives the location of the peaks obtained by
reading several TLD-700 from 100 °C to 400 °C at a linear heating rate of 10 °C/s. It should
be borne in mind that the precise location of the glow peaks depends on the reader and the
heating rate.
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Table 4-1: Physical and general dosimetric characteristics of LiF:Mg, Ti [4,5].

Density 2.64 g cm!
Melting point 846°C
Light transmission 110 to 7000 nm
Lattice cubic (NaCl), a = 4.0269 A
Effective Z 8.2
Energy gap 10 eV
Photon energy response without 1.25
added filter (30 keV/60Co)
Useful Range 0.01 rad - 100 rad (linear)
100 - 1000 rad (supra-linear)
Fading 20 % / 3 months : peaks 2 - 5
10 % / 3 months : peaks 3 - 5
<5 % / year : peaks 4 - 5
Residual TL less than 2 %
Reusability >500 uses: <0.02% TL loss/use
TL emission spectra 350 - 600 nm, max. at 400 nm
Dose rate independence up to 1011 rad s-!

Table 4-2: Measured locations of peak maxima of
TLD-700 at a linear heating rate of 10 °C/s, obtained
with the equipment used in the present work.

Peak Peak Location
2 140 °C - 161 °C
182 °C -203 °C
216 °C - 238 °C
231 °C -256 °C
298 °C - 324 °C
approx. 380 °C

N (N[N |k |W
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4.1.1.2 Response to gamma rays and neutrons

For measurements in a mixed gamma and fast neutron environment (such as the one
found within zero-power fast reactor assemblies), it is necessary to know the sensitivity of the
TLDs used to both types of radiation. The quantities of interest are m, and m,, which are

defined as the efficiency for converting gamma (KY) and neutron (K ) KERMA to light
photons and hence TLD output:

Qy

Ny = —

Y K’Y
[ny]: [Mn] =nCrad™! 4-1)

where QY and Qp denote the reader output in units of nC. As seen later on (§ 4.4.1.1), the

important quantity in mixed-field dosimetry is the relative efficiency n./ny. In general, one
expresses the efficiency for detecting neutrons relative to that for 60Co y-rays (as standard).
This latter quantity is denoted by np/Ms.

The problem is thus to find, or at least experimentally determine, the relation between the
energy deposited in the dosimeter (K) and its response (Q). In a fast reactor assembly,
practically the entire gamma dose is due to gammas with energies between 100 keV and 10
MeV. This holds true for LiF, as well as the surrounding media (iron, Teflon, core and

reflector homogenized compositions). Therefore, 1y has to be known in this range. As regards

Nn, the range of interest is from a few keV to about 6 MeV as the neutron KERMA in LiF is

mainly due to neutrons between these energies.

LiF: Mg.Ti Response to Gamma Radiation

The response of LiF-TLD to gamma radiation exhibits two very important properties,
which simplify the gamma dosimetry significantly. Firstly, for a given absorbed dose, the
response is essentially independent of the incident photon energy for photons above 10 keV.
This characteristic is shown in Figure 4-1 (the response per rad is of interest, i.e. curve C).
Secondly, below a certain threshold dose level, the TL light output per unit mass is
proportional to the absorbed dose. This is shown in Figure 4-2. Obviously, this linear region
suits dosimetric purposes best. The practical consequence of Figures 4-1 and 4-2 is that a ©0Co

Y-ray source calibration can be used, as first approximation, to determinen, in the linear

range for all photons above about 10 keV.
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ribbons) as a function of gamma exposure [6].

Li’F Response to Neutrons

In 1985, a detailed review of the relative sensitivity of commonly available TLD
materials to neutrons was carried out by Gibson [7,8] on behalf of CENDOS (Co-operative
European Research Program on the Collection and Evaluation of Neutron Dosimetry Data).
The compiled measured neutron responses of a given TLD show quite large spreads, and this
1S most probably due to variations in the following parameters/factors: composition and
geometry of the TLD (e.g. minor constituents, powder or solid, dimensions and shape), read-
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out method (e.g. reader type, heating cycle, glow curve analysis), general experimental
procedures (e.g. new or previously irradiated TLDs, annealing, contamination, fading), neutron
and photon calibration techniques (e.g. surrounding materials, absolute standards, analysis
methods and data).

The most widely investigated TL material with respect to its response to fast neutrons was
Li'F ! and, in the energy range from 0.15 MeV to 7.5 MeV, the compilation comprised 44
measurements. The compilation contained a preliminary evaluation of a study by A.Knipe
conducted in the framework of European zero-power fast reactor gamma-ray energy deposition
studies [9]. Having identified the neutron contribution as a possible reason for the
discrepancies between measured and calculated gamma heating, Knipe investigated the
neutron response to fast neutrons in detail. As it was recognized that the experimental
technique is an important factor in the determination of the response, a series of measurements
of the neutron response of TLD-700 was performed using procedures identical to those
employed in studies at both the ZEBRA and MASURCA zero-power fast reactor facilities.
The Dynamitron machine at the Birmingham Radiation Center was used, with neutrons

generated in the range 200 keV to 6 MeV from the t(p,n)He3 and t(d,n)He3 reactions. Later
on, Knipe updated his results [10,11] and compared them to the four other major independent
studies of Wingate et al. [12] (TLD-700), Furuta and Tanaka [13] (Mathushita TLD), Portal
[14] (PTL 717), and Scarpa [15] (TLD-700), which make up the CENDOS database for Li'F
TLDs. Figure 4-3 shows the measured efficiency np/ng to fast neutrons, in the range 0.154 to

7.5 MeV, as determined by the various authors. From this comparison, the following
conclusions can be drawn:

1. The data indicate a constant relative efficiency in the range 0.15 to 7.5 MeV.

2. As there is no clear evidence for energy dependence, it is reasonable to compute mean
efficiencies. The mean relative efficiencies for the three TLD-700 data sets are in very close
agreement (Wingate et al. 0.115 + 12 %*; Scarpa 0.114 + 39 %; Knipe 0.118 + 4 %). The
values for other TLDs are significantly different (Furuta and Tanaka 0.168 + 15 %; Portal
0.085 = 13 %). This highlights the importance of selecting relative efficiencies appropriate
to the particular detector and procedures being employed when measuring efficiencies.

3. The data by Knipe show the greatest internal consistency, with a relative error on the mean
relative efficiency of 4%. This is consistent with the uncertainty on the individual response
values measured which amount to typically £ 15 % [10].

"' The notation Li’F is used to design Li’ based LiF dosimeters from different manufactures. TLD-700 indicates
the Li’F dosimeter produced by Harshaw/Bicron.

* The uncertainty indicated corresponds to the statistical error on the mean value.
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Figure 4-3: The measured relative neutron efficiency of Li’F from 0.154 to
7.5 MeV as a function of incident neutron energy.

Although the TLDs have currently been used in a fast neutron environment, the question
of sensitivity to thermal neutrons has to be addressed briefly. TLD-700 contains Li®, although
only in traces (0.01 - 0.04% mass percent Li®). Nevertheless, the thermal neutron interaction

probability of Li® is so large (945 barn for Li° (n,o)) that its presence even in small traces is
sufficient to give a significant response to thermal neutrons. An average relative sensitivity to
thermal neutrons can be extracted from the CENDOS report and is about 1.5 x 10%. Although
this is several orders of magnitude higher than the sensitivity to fast neutrons, thermal neutrons
do not cause an important contribution to the neutron response in a fast neutron spectrum. In
the case of the ZONA2B MASURCA configuration, it was verified that the thermal neutron
KERMA is very small, so that the thermal neutron contribution is less than 0.4 % at any
position in the core or reflector. Hence, it was neglected.

4.1.1.3 Oven and reader equipment used

Throughout the present work, a PTWO annealing oven [16] manufactured by the PTW-
Freiburg company was used. This oven has an insulated annealing chamber of approximate
dimensions 11 cm x 8 cm x 10 cm. The oven contains a heating element producing a
temperature-controlled hot air stream. A built-in fan circulates the hot air and ensures a
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uniform temperature distribution throughout the oven volume. For annealing, the TLDs were
put on stainless steel trays which can be placed at three different levels.

For reading out the TLDs, the Harshaw-3500 Manual TL reader [5] was used. This is a
PC-driven, manually operated system. The technical architecture of the system includes both
the reader and a DOS-based IBM-compatible computer connected through a standard RS-232
serial communication port. The dosimetry functions are divided between the reader and the
software that runs on the PC. Dosimetric data storage, instrument control and operator inputs
are handled by the PC, while signal acquisition and conditioning are tasks performed by the
reader. The software provides real-time monitoring of the instrument's operating conditions
and display of the glow curves and response values. The reader functions basically according
to the scheme given in Figure 4-4. One TLD is read per loading. Thereby, the TLDs are put on
an interchangeable heater pan. The reader uses contact heating with a closed loop feedback
system that produces linearly ramped temperatures accurate to within £ 1 °C up to 400 °C. The
time temperature profile has three segments (preheat, acquire, anneal), for each of which the
user can choose time and temperature. During acquisition (second segment), the emitted TL
light is measured by a photo-multiplier tube (PMT), thereby collecting 200 data points and
generating the glow curve. The performance of the PMT can be monitored by a built-in test
light. The reader provides for nitrogen to flow around the heater pan. By eliminating oxygen in
the pan area, the nitrogen flow eliminates unwanted oxygen-induced TL signals.
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Figure 4-4: Schematic diagram showing the
typical arrangement for a TLD reader.

4.1.1.4 Measuring Procedure Using TLD-700

Measuring gamma heating using TLDs is a delicate task. Nevertheless, it is claimed that
TLD measurements can be done with a statistical accuracy lower than a few percent [17].
Usually, it is said that the key to successful use of TLDs are consistent, well-controlled and
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repeatable procedures. In addition, one must use a clean optical system and a stable, sensitive
photo-multiplier tube. However, usually no detailed indications are given as to how to obtain
high accuracy. Accordingly, an important part of the current experimental work was dedicated
to the definition of a reproducible and accurate experimental procedure for TLD measurements
in a fast critical reactor environment.

The definition of the final TLD measuring procedure was based on the experience gained
during the application of a preliminary procedure [18] to a large number of TLD irradiations in
different regions of the ZONA2B-SIREF and -SI1 configurations of the MASURCA facility
[19,20]. After these measurements, the preliminary procedure was optimized and tested by a
series of 7 repeated irradiations of a set of 8 TLD-700 employing a low-activity Eu'>* gamma
source. Below, the final procedure used for TLD calibration (§ 4.2), as well as for the integral
measurements in the ZONASK (§ 4.3.1) and ZONA2B (§ 4.3.2) CIRANO configurations, is

described.
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Figure 4-5: TLD measuring procedure.

Figure 4-5 gives the overall sequence of events for TLDs employed in this work. First, the
TLDs to be used were selected and prepared. This was actually a very time-consuming step but
was essential when aiming at high accuracy. No new TLDs were available and dosimeters
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already used in former MASURCA work (BALZAC) were used. The TLDs were first selected
according to their appearance. Only clean TLDs of excellent shape (no scratches) and no
change in color were chosen. For initialization, the TLDs were annealed several times to
stabilize their sensitivity. After this preparation, the TLDs were examined again and those
showing obvious defects (cracks or coloration) were rejected. The finally selected TLDs were
annealed once again before irradiation.

For the initialization anneals, as well as the anneal before irradiation, one of the standard
oven anneals prescribed for TLD-700 [21,22], i.e. 1 h at 400 °C followed by 2 h at 100 °C,
was employed. The high temperature part of the anneal removes any residual
thermoluminescence due to former irradiations and restores the TLDs to their initial properties,
whereas the low temperature part leads to a well-resolved main dosimetric peak 5. As there is
evidence that cooling rates during annealing influence the TLD sensitivity [21], the
temperature profile for the anneal (measured using a thermocouple) was controlled via a PC,
and a typical profile is shown in Figure 4-6. No significant differences between different
anneals were found. However, the temperature profile varies slightly between different
positions in the oven and this affects the TLD sensitivity [23]. Therefore, the TLDs were
always annealed at the same position in the oven.
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Figure 4-6: Temperature profile acquired during the 1 h 400 °C /2 h
100 °C anneal proposed for TLD-700.

The question was raised as to whether the TLDs should be reader-annealed to reduce
statistical dispersion. In fact, reader anneal was shown to lead to very reproducible results for
repeated TLD irradiations at EPFL [32]. Nevertheless, it was decided to prescribe the standard
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1 h at 400 °C /2 h at 100 °C oven anneal because: 1) oven-annealed TLDs show the least (i.e.
not detectable) dependence on time intervals between anneal and irradiation, and between
irradiation and read-out [24,29], 2) reader-annealed TLDs show an increase in sensitivity when
irradiated several times with doses slightly in the supra-linear region (200 rad, see Figure 1,
[27] and Figure 5 [22]), whereas the proposed oven anneal is believed to restore the sensitivity
[21] and to remove the influence of previous irradiations [22,25,26]. Oven anneal thus renders
it unnecessary to keep track of the exact irradiation history. In fact, oven annealing seems to be
particularly advisable for dosimetry in the mixed gamma/neutron field of a reactor where the
high temperature traps of the TLDs get populated mainly due to the neutrons.

After the anneal, the TLDs were stored in general for two days, which allowed the
crystalline structure to well stabilize. Then, they were irradiated in the reactor (§ 4.3) or for
calibration (§ 4.2). In parallel to the irradiation, a few of the TLDs were kept aside for
"background" determination.

Although the risk of changes in the apparent’ TLD sensitivity was limited by always
following the same procedure, and by regularly checking the reader sensitivity, it was felt that
the TLD measurements remain susceptible to sporadic effects (e.g. a bad TLD/heater contact).
Thereby, drifts in the apparent TLD sensitivity between the TLD calibration and the reactor
measurements can lead to systematic errors. However, such changes can be detected [27,28]
(and subsequently corrected) by irradiating a few TLDs in the calibration facility, in parallel to
the main irradiation in the reactor, thereby using exactly the same conditions as in the
reference calibration irradiations. Such a control irradiation was performed in case of the
ZONA2B MASURCA measurements (§ 4.3). No significant differences in the TLD response
with respect to the reference calibration irradiations (§ 4.2) were observed, hence confirming
the overall stability of the TLD procedure.

After the irradiation had taken place, the TLDs were in general stored for 5 days before
read-out, in order to minimize fluctuations in response due to fading effects. The latter are
most significant shortly after irradiation and therefore TLDs should not be read immediately
after irradiation. It should be mentioned that an effort was made to always keep the same time
interval between anneal, irradiation and read-out, although [29] shows that under usual
ambient conditions no significant fading effect or dependence on storage intervals is found for
oven-annealed TLDs.

The read-out consisted of a 20 s preheat at 160 °C, followed by linear heating at a rate of
10 °C/s up to a maximal temperature of 260 °C during 30 s. No reader anneal was done. The
pre-heating served to empty the low temperature (and thus fast fading) peaks 1 & 2, thereby

3 The sensitivity of a TLD is generally defined as its light output per unit dose deposited in the dosimeter. The
word "apparent" is used to indicate that the detected change in sensitivity might not really be due to changes in the
dosimeter sensitivity, but due to some other reason such as the change in the sensitivity of the TLD reader device.
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further reducing any risk of fading. Peak 3, which might cause some fading problems, was
basically removed by the annealing. The thermoluminescence emitted was integrated during
the heating up. During this read-out, the main dosimetric peak 5 (and also 4 which lies close to
5) was emptied. The maximal temperature was chosen not to lie much above the temperature
of peak 5 in order to reduce any eventual read-out of the low lying tail of peak 6. It is
important to note that the read-out profile was defined in accordance with the locations of the
TL peaks formerly determined (Table 4-2). For illustration, Figure 4-7 gives the PC display
after having read-out a TLD-700 using the described temperature profile. The main dosimetric
peak 5 is well resolved.
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Figure 4-7: Glow curve of a TLD-700 read-out (acquisition of
thermoluminescence emission from 160 °C to 260 °C during 30 s at a
constant heating rate of 10 °C/s).

For the read-out, great care was taken to keep the reader electronics as stable as possible
and to check its sensitivity (in particular the PMT sensitivity) not only at the beginning of the
read-out, but also regularly throughout it. These results were then used to correct the TLD
readings and to normalize all of them to the same PMT sensitivity. Furthermore, the TLDs
were handled with great care in order not to damage them mechanically and to keep them
clean. Finally, the identity of each TLD was kept track of, in order to allow the individual
calibrations to be taken into account.

The reproducibility of the TLD measurement procedure (oven anneal and read-out) can be
estimated from the repeated irradiations carried out at the standard Co® irradiation facility at
PSI (§ 4.2). The irradiation conditions here were extremely reproducible, and hence the spread
of the responses of a single TLD around its average response is essentially due to the TLD
technique itself. On average, this dispersion was found to be 1.6 % (1 &). This showed that the
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TLD technique is indeed well reproducible if a) a strict procedure is followed in all
measurements (in order to keep all parameters influencing the measurement constant), b) care
is taken to keep the reader electronics as stable as possible, ¢) the TLD readings are corrected
for the measured drifts in the reader sensitivity and d) the TLDs used are carefully selected and
appropriately prepared.

The remaining dispersion (< 2 %) is due to factors difficult to control, e.g. the placement
of the TLD on the heater tray, variations in the heating profile and slight variations of the TLD
efficiency due to annealing. In fact, there is a lower limit for the maximal accuracy (dispersion
of results) possible due to factors such as the light detection geometry of the reader which
cannot be influenced.

4.1.2 Ionization Chambers

An ionization chamber basically consists of a gas cavity surrounded by a chamber wall.
Gammas incident on the chamber will create secondary electrons. Electrons reaching the
cavity will ionize the gas. This ionization can easily be measured by applying a voltage to
collect the created pairs of ion/electrons. The number of ionizations is directly proportional to
the energy lost by the electrons crossing the gas because the energy needed for the creation of
an ion/electron pair, W, is a constant of the gas and independent of the type and energy of the
ionizing radiation. Therefore, the measured current, I, is proportional to the dose rate in the
gas, D / At, neglecting recombination of ion/electron pairs. The following relation holds:

(4-2)

where e is the charge of an electron, p the density of the gas and V the sensitive volume of the

cavity.

The gamma chamber used for gamma-heating measurements at the MASURCA facility is
shown in Figure 4-8. It has a cylindrical shape with a 11.5 mm diameter, a total length of 194.5
mm and an active length of 77 mm. The chamber has a cylindrical annular cavity filled with
argon gas at 6 bars and sandwiched between inner and outer electrodes made of stainless steel
304L. The outer electrode is isolated from the chamber body by a tube of aluminum-oxide, the
chamber body being made out of stainless steel. The electrodes have a double function. They
are used to collect the ionization charge and serve at the same time as the principal source of
secondary electrons (i.e. they form the above mentioned chamber wall). For the measurements,
the chamber was connected to a preamplifier PI-148 manufactured by the Novelec SA
company, France. This preamplifier was connected to the "MINC" (Mesureur - Intégrateur
Numérique de Courant continu) device, also furnished by Novelec. The MINC supplies the
necessary high voltage for the charge collection and measures the ionization current. The
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linearity in dose rate of the integral system was tested in the MASURCA reactor by carrying
out irradiations at different gamma-flux levels.
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Figure 4-8: Drawing of the ionization chamber used for gamma-heating
measurements during the CIRANO programme at the MASURCA facility.

4.2 Calibration Using the Co® Source at PSI

For all TLDs intended for absolute dose measurements, the efficiency for converting
gamma KERMA to TL light output, 1 ;, had to be determined. As discussed in § 4.1.1.2., this

can be achieved experimentally by using a standard gamma source.

4.2.1 Description of the Irradiation and Its Numerical Analysis

Each TLD was calibrated twice using the standard Co® irradiation facility at PSI. The
irradiation conditions were exactly the same for both irradiations. The irradiation geometry is
shown in Figure 4-9. A parallel beam of gamma rays was incident perpendicular to a
rectangular holder containing the TLDs. The distance between holder and source was about
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205 cm, thus reducing positioning errors to a minimum. The holder had lateral dimensions of
4.7 cm x 11.3 cm x 0.8 cm and was made out of mild steel. It consisted of two plates which
could be screwed together. One of them had channels of square section 1.2 mm x 1.2 mm to
accommodate over 100 TLDs. As over 300 TLDs had to be calibrated, three successive

irradiations were necessary during each calibration.
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Figure 4-9: Geometric arrangement for the TLD calibration at PSI.

Great care was taken to carry out the calibration in a consistent way with respect to the
reactor irradiation, in order to minimize sources of systematic error in the determination of the
absolute dose. The thermal treatment and TLD handling were exactly the same in both the
calibration and reactor irradiations. The irradiation dose was chosen to be 49.95 rads (Co60 air
equiv.), which lies approximately in the middle of the range of doses acquired during the
reactor irradiations. In this manner, the risk of errors due to eventual non-linearity of the dose
response was reduced to a minimum. Finally, the irradiation time was also chosen to be the

same (13.5 min.).

The reason for putting the TLDs in an iron container needs some explanation: As the aim
of this thesis work was to determine gamma heating in core diluents and reflector regions
which are essentially made out of iron, TLDs were irradiated inside iron holders in most of the
reactor irradiations. Neglecting for the moment the neutron contribution, the gamma heating in
iron for the reactor irradiation is obtained from the raw TLD reading, Qj reactor, aS:

1 1
Dy,iron = [ Qi,reactorj (4-3)

<f > reactor S,1
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where <f>p,ir relates the dose in the TLD to the dose in the surrounding iron in the reactor
and corresponds to the cavity correction discussed in detail in § 4.4.1.2. The reason for
embedding the TLD in iron in the calibration irradiation is that (4-3) can then be rewritten as:

<f > calib

D’Y,iron = [< f> )'fcal,i 'Qi,reactor (4-4)

reactor

where <f>.,, relates the dose in the TLD to the dose in the surrounding iron in the calibration

irradiation and the calibration factor f ; is defined as:

v 1 1
cal,i = . 4-5)
<t >caiib MNs.i
feal,i can be derived experimentally from the calibration irradiation as:
' Dy iron,calib
fear,i = — LD (4-6)

Qi calib

where Dy iron calip denotes the dose in iron at the TLD location in the iron holder used for the

calibration and Q; c,iib 1S the TLD reading from the calibration irradiation.

The advantage of being able to determining f., ; experimentally is that, in order to
obtain the gamma heating in iron for the reactor irradiation, the uncorrected experimental
result féal,i 'Qi, reactor €an be multiplied by the ratio of <>, t0 <I>reqcior as per relation (4-4),

instead of having to be divided by <f>,ctor as in relation (4-3). Eventual errors in determining
the cavity factor <f> may thus be expected to partly cancel, and it stands to reason that a lower

overall uncertainty is introduced.

The experimental determination of f., ; necessitates a numerical analysis of the
calibration irradiation. In fact, the experimental staff at the calibration facility provides the
gamma KERMA 1in air at the position of the TLD holder: To determine f;:al,ia however, one

needs to know the gamma heating in iron at the TLD position in the TLD holder. The Monte-
Carlo code MCNP [30] has been used for the analysis of the calibration situation. Two
different calculations were done in photon-electron coupled mode. In the first, the holder was
not present at all and the dose in air was determined at the 7 TLD locations (channels). In the
second calculation, the holder was present, but the TLD channels were modeled as filled up
with iron. From the two calculations, the average ratio of the gamma heating in iron to the
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dose in air calculated for the 7 TLD channels could be determined and was found to be 0.953 +
0.9 % (1 o).

Verification of MCNP analysis

The adequacy of the MCNP interpretation of the calibration irradiation was tested by
analyzing a supplementary experiment at the Co® irradiation facility. In this experiment, TLDs
were placed inside the holder device used for the ZONA2B integral measurements (Figure 4-
13) and irradiated surrounded by iron (mild steel), aluminum and Teflon. Table 4-3 gives the
comparison of the measured doses in the TLDs and values computed by MCNP. In
determining the experimental values, the raw TLD readings were converted to dose values in
LiF by using the individual TLD efficiencies ns,i4. The calculated values of Table 4-3 were

obtained by doing a MCNP analysis analogous to the one performed for the calibration
irradiation. The experimental uncertainties indicated correspond to the statistical dispersion on
the responses of 6 TLDs irradiated with the same surrounding. The calculational uncertainties
correspond to the dispersion of the corresponding 6 computed TLD doses. Measurements and
calculations are consistent within the indicated uncertainties, which demonstrates the
capability of MCNP to correctly simulate the irradiation geometry.

Table 4-3: Comparison of measured and computed (MCNP) dose in TLD-700 when
irradiated inside the holder device used for the ZONA2B integral measurements with
the Co® source at PSL.

Medium surrounding Measured dose Calculated dose C/E

the TLD [rad(LiF)] [rad(LiF)]

Teflon 4482+ 1.4 % 4581 1.2 % 1.023 £ 1.8 %
Aluminum 4547 +4.0 % 47.86 2.3 % 1.053 £4.6 %
Iron (mild steel) 47.34 2.7 % 4775+ 1.1 % 1.009 £2.9 %

4.2.2 Results

Table 4-4 summarizes certain global results from the two series of TLD calibrations. For

computing the indicated values, the readings of 282 TLDs have been taken into account.

The two irradiations were found to be extremely reproducible. The difference between the
average response of all the TLDs was found to be only 0.7 %.

The overall dispersion on the TLD responses obtained during an irradiation was found to

be rather high, being about 11 % (1 &) in both series of calibrations. This is because the

* These were derived from the calibration irradiations and a supplementary MCNP simulation modeling the TLDs
in the calibration holder (Figure 4-9) to determine the relation between the dose in LiF and the KERMA in air.
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dispersion is due to both the variation in sensitivity between different TLDs’ , and the statistical
uncertainty on the TLD technique.

The statistical uncertainty of the TLD technique alone can be estimated by computing the
dispersion of the responses of a single TLD around its average response obtained in the two
irradiations. On average, a dispersion of 1.6 % (1 ¢) was found.

It is seen that only a small fraction of the overall dispersion of 11 % is due to the TLD
technique. This justifies the individual calibration of each TLD, which leads to an important
reduction of the experimental error. In fact, the uncertainty to be expected for individual
calibration factors will be of the order of the uncertainty of the TLD technique, whereas the
uncertainty on a global batch calibration factor would be due to the statistical uncertainty of
the TLD technique, and moreover due to the spread in sensitivity of the different TLDs within
the batch, and thus would be of the order of 11 %.

Table 4-4: Summary of results obtained in the two (repeated) calibration irradiations of the
TLDs used for the integral experiments.

Calibration 1 | Calibration 2

Results obtained by not | Average response of all TLDs [nC] 2772 nC 2792 nC
looking at the responses | Dispersion (1 &) on all responses 11.1 % 11.2 %
of individual TLD Absolute difference between average

. o 0.7 %

responses in the 2 irradiations

Results obtained by Average dispersion (1 ) on the
looking at TLDs responses of a single TLD in the 2 1.6 %
individually irradiations

A further conclusion which can be drawn from the two repeated calibrations is that the
reactor irradiation by neutrons and gammas did not change the TLD sensitivity. This follows
from the fact that the two calibrations were done before and after the ZONA2B irradiation (§
4.3.2), respectively, with no major differences between individual TLD responses being

observed.

Finally, individual average calibration factors were derived from the two repeated

calibrations as:

1 i} L}
fcalib,i = 5 (fcalib,i,l.calibration + fcalib,i,2.calibrati0n ) 4-7)

> This is rather high because TLDs from different batches were used.
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Applying these factors to the raw TLD readings yields the dose in iron in units of
[rad(iron) Co® equivalent]. This means that one gets the dose in iron while supposing that the
TLD was surrounded by iron and irradiated with Co® gamma rays:

. = Fealib,i - Qi (4-8)

Y.iron, Co® eq.,

4.3 Integral Measurements

In this section, the most important integral gamma-heating measurements carried out
during this thesis work are discussed. These are TLD measurements which took place in two
different configurations of the CIRANO experimental programme (§ 2.2.2), viz. the ZONASK
(§ 4.3.1) and the ZONA2B configurations (§ 4.3.2).

4.3.1 ZONASK Experiments

The ZONASK experiments were designed to yield a large number of gamma dose
measurements in both the core and the reflector region characteristic of the CIRANO cores, as
well as in the central substitution zone having a Pu-enrichment typical of plutonium-burning
cores. In total, the gamma dose was determined at 33 different positions along the N-S radial
access channel. Special attention was paid to achieve accurate determination of the absolute
dose values. Thus, for example, thermal treatment and handling of the TLDs were exactly the
same as for the calibration irradiation. The detailed study of the core/reflector interface was of
particular interest. At this interface, there is a strong gradient in the gamma dose which cannot
be determined accurately using the gamma chamber because its active length is too long. Also,
as compared to other regions in the reflector and shielding, the reflector zone directly adjacent
to the core sees the highest gamma flux and is thus the most heated.

4.3.1.1 Description of the experimental configuration and the TLD measurements

A horizontal cut across the core mid-plane of the ZONASK CIRANO configuration is
shown in Figure 4-10. The ZONASK configuration consists essentially of a PuO,/UQO, fueled
core (enrichment: 24.5 % Pu) region, reflected by a steel/sodium reflector. In the center of the
core, the ZONASK substitution zone is located. With its high Pu-enrichment of 44 %, this
zone is representative of the plutonium-burning core composition foreseen in the CAPRA
project. The equivalent cylindrical radii of the different regions are 14.65 cm for the
substitution zone, 44.73 cm for the core region and 72.5 cm for the reflector. The height of the
core is 60.96 cm and the axial reflector has a thickness of 30.48 cm. The whole configuration
is surrounded by a steel shielding. Also shown in Figure 4-10 are the positions of the neutron
monitors, and the control and pilot rods. The cell structures for the core and reflector are also
indicated. The core cell consists of a chess-like pattern of sodium and fuel rodlets. The
reflector cell is composed of stainless steel and sodium rodlets in the ratio 3:1.
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Figure 4-10: Horizontal sectional view of the ZONASK CIRANO configuration.
The structures of the core and reflector cells are indicated as well.

The measurements took place in the N-S radial access channel. For this, the TLD holder
device shown in Figure 4-11 was used. This basically consists of a cylindrical rod which could
slide into an outer, hollow cylindrical tube. The inner rod has triplets of holes of 1.6 mm
diameter spaced 2.5 mm apart to accommodate the TLDs. The holder device is made out of
mild steel, with an outer diameter of 11.3 mm. This is small enough to slide into the radial
access channel, but thick enough to guarantee the build-up of the characteristic electron

spectrum for iron.
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Figure 4-11: Cylindrical mild steel holder device used for the TLD irradiation in ZONASK.

Two consecutive irradiations were carried out. The reactor was first stabilized at constant
power for a sufficiently long duration to achieve a steady (small drift) gamma flux. The TLD
holder device was then inserted rapidly into the radial channel and withdrawn as fast as
possible immediately after the irradiation. This was repeated for the second irradiation, which
was done with the holder device reintroduced exactly into the same position.

The irradiation time (13.5 minutes) and the reactor power (about 20 W) were adjusted so
as not to get doses higher than 100 rads(LiF) to avoid large corrections for supra-linearity in
the response. Some authors [31] claim that the supra-linearity starts at doses higher than 1000
rad. However, there is evidence [6,32] that supra-linearity starts well below this level, namely
at about 100 rads (or even lower). The ZONA2B-SI irradiations [19] gave clear evidence that
there is a significant supra-linearity effect for doses higher than 100 rads.

The irradiation time was chosen as long as possible in order to reduce uncertainties due to
errors on the irradiation time. In principle, the irradiation time could have been increased by
lowering the neutron flux level. However, at the same time, care had to be taken to choose the
reactor power in such a way that the background activity (due to the disintegration of fission
and activation products produced during earlier periods of reactor operation) remained small

compared to the gamma level during the irradiation.

During the irradiation, both neutron and gamma flux levels were monitored. The neutron
flux was measured using the standard neutron monitors of MASURCA. The acquisition of the
neutron flux level from reactor start-up onwards is important for the accurate calculation of the
non-saturation corrections described in detail in § 4.4.1.4. The gamma flux was measured with
an ionization chamber placed in the E-W channel. The evolution is shown in Figure 4-20. The
figure shows two power steps. The first step corresponds to a stabilization of the reactor at 50
W during which the U™ fission rate at the center of the N-S channel was measured using a
well calibrated fission chamber. Both TLD irradiations took place during the second step. It
can be seen that during the irradiations, the gamma flux was very stable. From the comparison
of the average neutron monitor readings during the two power steps, the fission rate at the core
center during the TLD irradiation was deduced. The determination of this value is essential for
the absolute comparison of the measured doses to calculations (Chapter 5).
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The gamma monitor also allowed determination of the level of the background activity
before reactor start-up, relative to the gamma emission intensity during irradiation. This effect
was about 1 % and was taken into account in the subsequent analysis (§ 4.4.1.5).

4.3.1.2 Results

In Figure 4-12, the results obtained in the two repeated irradiations are shown®. The
indicated (uncorrected) results correspond to the average response of the 3 TLDs irradiated at
the same position. The individual TLD readings were converted to the dose in iron (equiv.
Co0®) using relation (4-8) and applying the individual average calibration factors determined as
described in § 4.2. The indicated error bars correspond to the statistical dispersion on the three
TLDs irradiated at a given position. On average, a dispersion of 2.5 % is found. Practically all
results from the two separate irradiations are consistent within 1 &, underlying the good
agreement obtained. Furthermore, the importance of employing individual calibration factors
is clearly put in evidence: although the TLDs used have strongly varying sensitivities, only a
small dispersion is found for the dose results.
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Figure 4-12: Uncorrected measured gamma heating along N-S channel of ZONASK.

® The ZONASK irradiations were initially set up to study the central substitution zone in detail. Unfortunately,
due to a manipulation error, all measurement points were displaced by 22.8 cm and only two measuring points
were finally obtained in the substitution zone. Nevertheless, these two points have been analyzed and compared to
calculations (Appendix E) in order to provide some useful CAPRA-core-specific information.
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4.3.2 ZONA2B Experiments

In the ZONA2B configuration, the TLD measurements performed were intended to yield
an experimental validation basis for the calculational tools and methods used for the
determination of the cavity correction factor (Appendix D), as well as to serve as a cross-check
of the absolute dose measurements in ZONAS5SK.

Quantitatively, one expects the responses of TLDs irradiated in different materials to be
different, since the cavity factor <f>, which relates the dose in the surrounding to the dose in
the TLD, is material dependent. Thus, a method to check the determination of the cavity
relation (and the calculation of the dose in the surrounding medium) is to irradiate TLDs in
different surroundings. Accordingly, in ZONA2B, TLDs were not only irradiated in iron, but
also in Teflon and aluminum.

Apart from the gamma heating measurements by TLDs, a series of ionization chamber
measurements was executed by the experimental staff at the MASURCA facility. The
measurements were intended to yield a relative mapping of gamma heating across the whole
configuration. Thus, traverses were done in both the N-S and the E-W radial channel, as well
as in three axial access channels. The detailed description of these measurements, which are
documented fully in [33], is omitted here.

4.3.2.1 Description of the experimental configuration and the measurements

The ZONA2B configuration is very similar to the ZONASK configuration described in §
4.3.1.1, with the difference that there is no substitution zone at the core center. Thus, it is a
clean PuO,/UQO,-fueled core, reflected by a steel/sodium reflector. Compared to ZONAS5SK,
there are a few supplementary core cells at the core periphery, and the core has a critical radius

of 45.0 cm instead of 44.73 cm. Otherwise, the various dimensions are the same as for
ZONASK.

For the TLD measurements, the special holder device shown in Figure 4-13 was designed.
Basically, it consists of a tube which can be loaded with holder pieces to accommodate TLDs
and with filling pieces to separate them. This modular construction has the advantage of
maximal flexibility: the tube can be loaded with pieces of various geometrical shapes and
made out of different materials.

The outer diameter of the holder-carrying tube was chosen to be 10 mm. This allowed one
to slide the holder device smoothly into the experimental channel (having a square opening
11.6 mm x 11.6 mm), and thus reduced handling errors (as regards irradiation time and
positioning).
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Figure 4-13: TLD holder device used for the TLD irradiations in ZONA2B.
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For the ZONA2B measurements, two different holder types (shown in Figure 4-13) were
used. Holder type A allows to accommodate three | mm x 1 mm x 6 mm TLDs orientated
perpendicular to the axis of the holder-carrying tube. Holder type B has locations for 4 TLDs
orientated parallel to the axis. The irradiation of 4 TLDs at the same position decreases the
statistical uncertainty on the mean dose response.

The outer tube, the filling pieces and the holders of type B were made out of mild steel, in
accordance with the principal goal of determining gamma heating in steel/sodium reflectors
and sodium/steel diluent sub-assemblies. In these regions, the use of an iron device leads to the
least perturbation. Holders of type A were fabricated not only out of iron, but also out of
Teflon and aluminum.

The irradiations were done as in ZONASK by placing the holder device in the N-S
channel. Four consecutive irradiations of different holder loadings were performed at constant
neutron flux. In the first three irradiations, TLDs were irradiated in different surroundings,
namely iron (1. irradiation), Teflon (2. irradiation), and aluminium (3. irradiation). In each
case, the TLD tube was loaded with holders of type A at 4 positions in the core and 6 positions
in the reflector. Moreover, at 4 other positions, TLDs were irradiated in holders of type B, in
order to have internormalisation points in all 3 irradiations. All 13 irradiation positions were
exactly the same in the three irradiations to allow comparison between irradiations in different
surroundings. In the 4th irradiation, the holder tube was filled with TLD holders of type B at
17 positions, 12 of them being the same as in the first three irradiations, in order to allow
comparison between irradiations in holders A and B.

During the irradiation, the neutron flux stability was excellent (£ 0.2 %). The increase in
gamma level was about 1 % from the beginning of the first irradiation to the end of the last
irradiation. This slow drift was confirmed by comparing the results at the inter-normalization
position. No correction for the drift was applied for the results as presented in § 4.3.2.2..
However, for the comparison with calculations, the drift in the gamma emission was taken into
account through the separate determination of the non-saturation correction (§ 4.4.1.4) for each
irradiation.

4.3.2.2 Results

Figure 4-14 gives the results for TLDs irradiated when surrounded by iron. The indicated
(uncorrected) results correspond to the average response of the three (holder type A) and four
(holder type B) TLDs irradiated at each location. (The individual TLD results were obtained
employing (4-8)). The indicated error bars correspond to 1 6, which was on average 2.6 % for
TLDs in holder type A and 2.2 % for TLDs in holder type B. The average responses of TLDs
irradiated in holder type A and in holder type B are in agreement within these experimental
uncertainties at all but one position. This means that the orientation of the TLDs within the
holder is of no consequence, which in turn reflects a homogeneous distribution of the gamma
dose within the holder.
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Figure 4-14: Average readings of TLDs irradiated in the N-S channel of ZONA2B
when surrounded by iron. For comparison, the average readings from the ZONAS5SK
irradiation are indicated as well (after normalization to the same neutron flux).

As cross check, the average responses obtained in ZONASK are also given in Figure 4-14.
In fact, comparison of the loading pattern of ZONA2B and ZONASK shows that, apart form
the central substitution zone, the two configurations are basically the same. Furthermore, when
filled with iron pieces, the TLD holder device used in the ZONA2B measurements
corresponds closely to that used in the ZONASK irradiation. Finally, the execution procedure
and irradiation time were the same in both integral experiments. Thus, results from the
ZONAZ2B and ZONAS5K measurements should be directly comparable when normalized to the
same neutron flux.

Figure 4-14 shows that, in general, agreement between experimental values from
ZONA2B and ZONASK is good, which confirms the reproducibility of the TLD technique.
Agreement is even excellent in the reflector zone not directly adjacent to the core. In the core,
ZONAZ2B values are somewhat more spread out than those for ZONASK but lie on both sides
of the fictive, smooth curve one could fit through the ZONASK points. The measurements are
consistent within 1 6. Systematic differences (of the order of 6 %) are found within the first 5-
7 cm of the reflector. Here, the ZONA2B values are higher than the ZONAS5SK measurements.
Possible reasons for the discrepancies are the supplementary fissile core cell in ZONA2B at
the core periphery and close to the N-S channel. However, it seems more plausible that the
differences reflect the fact that accurate measurements at the core/reflector interface are
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difficult to achieve. In fact, in this zone, the gradient in gamma heating is very strong. Even a
small displacement (positioning error) will lead to significant errors in the measured dose (see
§ 4.5.1.2).

The results of the 3 irradiation runs with TLDs irradiated in different surroundings are
discussed in Appendix D.

4.4 Calculational Correction Factors

The gamma-heating measurements performed were principally intended to validate the
determination of gamma heating employing the calculational scheme developed in Chapter 3.
However, the measurements do not directly yield the quantity of interest, viz. the gamma
heating in iron as determined by the calculations, i.e. obtained by folding the whole-reactor
gamma flux (computed using a usually 2-dimensional RZ model with the different reactor
regions homogenized) with the gamma iron KERMA (see also § 5.1.1). This section deals
with the question as to how to derive this quantity from the measured values. The derivation is
similar for both TLD and ionization chamber measurements because the basic measuring
principle in both techniques is the same (see § 4.1.1 and 4.1.2). Thus, in each case, the
measured quantity is approximately proportional to the gamma dose (rate) in a solid state
(TLD) or gas (chamber) cavity introduced into the medium’ in which one wants to determine
the gamma heating (here iron). In order to get the gamma heating from the measured values,
the following conversion factors or corrections have to be determined for both techniques:

1. The neutron correction: Both TLDs and gamma chambers are sensitive to neutrons and this
contribution has to be subtracted from the measured dose (rate).

2. The cavity correction: This factor relates measured gamma dose (rate) in the cavity to that
in the surrounding wall medium. More precisely, it gives the relation between the dose
(rate) in the cavity and the value one would have if the cavity were filled with the
surrounding wall medium.

3. The heterogeneity correction: This factor relates the gamma dose (rate) in the fully
heterogeneous experimental situation (i.e. the gamma dose (rate) in the surrounding wall
medium as determined via the cavity correction from the measured gamma dose (rate) in
the cavity) to the gamma heating (rate) computed in the whole-reactor model, in which the
different reactor regions are homogenized.

4. The non-saturation correction: This corrects for the fact that saturation of the delayed
emission is assumed in the calculation, whereas in the experiment this is not the case.

7 "Medium" throughout the present write-up denotes the material in which one wants to determine gamma heating.
"Wall" denotes the immediate surrounding of the cavity, and "wall medium" refers to the material of the wall. In
the current measurements, the wall medium was the medium of interest, since TLDs were surrounded by iron and
the chamber (electrodes, body) made out of iron.
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Saturation is indeed reached for long-operation times such as found in power reactors at
steady state. However, for short irradiation times, as encountered in the MASURCA
experiments, saturation is not achieved and the evolution of the gamma emission has to be
taken into account.

4.4.1 Corrections for TLD Measurements

In this section, the determination of the various corrections for the TLD measurements is
first discussed. The deduced corrections are then used to derive the corrected gamma-heating
values from the various TLD measurements carried out in ZONASK and ZONA2B.

4.4.1.1 Correction for neutron sensitivity

For an irradiation in the reactor environment, the response of a TLD i is due to both the
dose deposited in the TLD by gammas, Dy,TLD’ and the dose deposited by neutrons, D, 11 p.

Using the definitions given in (4-1), the TLD response can be expressed as:
Qi reactor = ] Myi (By)Dy, 1D (Ey MEy + [y ;(Ey)Dy 1p (Ep ME, (4-9)

Thereby, it is assumed that the two contributions are additive, a fact which seems to be well
established [10]. In the energy range of interest, the efficiency for converting gamma KERMA
to TLD response, 7y, is energy independent. Hence, (4-9) can be converted to yield the

gamma dose in the TLD as:

1
DY,TLD = . Qi,reactor — COITpeyr (4-10)
s,i

with the neutron correction term given by:

COITheytr = J?]_H(En )Dn,TLD (E, WE, (4-11)

S

As regards the relative efficiency for neutrons, mn, /ng, the discussion in § 4.1.1.2 has

shown that there is no experimental evidence for an energy dependence in the range of interest.
The efficiency can be taken as constant. Thereby, it seems most advisable to use the mean
value computed from the measurements by Knipe, 0.118, because 1) he investigated the same
type of TLD (TLD-700) as used in the present study, 2) similar experimental procedures were
applied and 3) his data shows the best internal consistency. As regards the neutron dose in the
TLD, D, 1ip, this can be assumed to be equal to the neutron KERMA because secondary
charged particles produced through neutron interactions have short ranges. Thus, the neutron
correction (4-11) was computed according to:
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COMMpeyy = 0118 (LW o - K (4-12)
g

n,Li7F,g)

Here, ¥, corresponds to the integrated neutron flux during the TLD irradiation at the

detector location. It was computed in 33 neutron groups using the RZ model representing the

whole reactor. K corresponds to the Li’F multi-group neutron KERMA. These values

n,Li7F,g
have been generated from a tabulation by Knipe (Table 1, reference [9]), which gives neutron
KERMA of Li’ and F, as well as the KERMA for Li'F (obtained by combining the KERMA of
Li’ and F in atomic weight proportions of 0.2697 and 0.7303) in 116 groups. The condensation
to 33 groups was done using weighting fluxes obtained from ECCO cell calculations for the
core and reflector regions of the ZONA2B configuration. The final KERMA factors did not
basically depend on whether they were condensed using a core spectrum or a reflector
spectrum.

Two points are noteworthy concerning the KERMA values for Li’F: 1) The use of the
data set tabulated by Knipe guarantees consistency with his reported value for the relative
sensitivity, which was deduced using the listed KERMA values. 2) TLD-700 contains not only
Li’ and F, but also Li¢ (0.01 to 0.04 weight percent) and minor constituents such as Na, Mg, Al
and Si. Of these traces, Li® is the most important and leads to highly enhanced sensitivity of
TLD-700 at low neutron energies. This effect, however (as already discussed in § 4.1.1.2), was
found to be negligible in the current fast reactor experiments.

4.4.1.2 Cavity (spectral) correction

To obtain the gamma dose in the medium surrounding the TLD cavity, the dose in the
TLD has to be divided by the cavity correction, <f>, defined as:

< f> Gamma dose in the TLD

= 4-13
Gamma dose in the cavity filled with the wall medium ( )

As discussed in § 4.2.1, the use of the TLD calibration factor f;al,i (instead of mg;, see

relation (4-5)), implies that the uncorrected experimental reading, instead of having to be
divided by <f>pc,ctor to get the gamma dose in the TLD surrounding, can be multiplied by a
"spectral” correction defined by:

<f>_
corry, = ——calb (4-14)
<f >react0r

This factor corrects for the fact that the cavity correction depends on the gamma spectrum (see
below), which is not the same in the reactor and calibration irradiations. Clearly, in order to
minimize the systematic error, <f>reactor and <f>calib have to be determined in a consistent
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way [34], and this was achieved through application of the below discussed Burlin cavity
theory in both cases.

Burlin cavity theory as presented in the paper by Simons and Yule [35]

Burlin developed a theory which gives the relationship between the dose in the wall

medium and that in the dosimeter (for a given gamma energy E, ) via the expression:
f(Ey) =d(Ey,cavity)-f(Ey) +(1-d(Ey,cavity)) - f; (Ey) (4-15)

This is effectively a combination of the so-called small cavity (f;) and large cavity (f))
relations. It is important to point out that the weighting factor d depends both on the incident
gamma energy, as well as the cavity size and composition. If the size of the cavity is small
compared to the range of the secondary electrons, f approaches the small cavity relation, which
is given by the Bragg-Gray equation (4-27) (the appropriate cavity relation for ionization
chambers, § 4.4.2.1). On the other hand, if the range of the most energetic electrons is small
compared to the cavity dimensions, f is basically given by the large cavity relation, viz. the
ratio of the mass-energy absorption coefficients:

(Hen )
P Dosimeter,Ey

)=
! [um)
P /walg,

fij(E (4-16)

To derive expression (4-15), Burlin assumed that the electron spectrum within the cavity
is separable into two components, one characteristic of the surrounding wall medium and the
other characteristic of the cavity material. The shape of the surrounding-medium spectral
component is assumed constant throughout the cavity. However, the intensity is assumed to
decrease exponentially with distance into the cavity, a result that is observed to be
approximately true for beta-ray spectra. From this, the weighting factor d can be derived.
Effectively, the average intensity of the surrounding-medium spectral component is reduced to
a fraction d of its unperturbed value with:

g
Iexp(—Bx)dx
d= 0 — 1- eXp(—Bg) (4_17)

de Be

0
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where B is the electron attenuation coefficient and the problem has been reduced to a one-
dimensional one by choosing as the equivalent linear dimension of the cavity the mean chord
length, g, across the cavity, given by:

_4V

S (4-18)

g

Here, V is the volume and S is the surface area. By using the same arguments, it can be shown
that the electron spectral component characteristic of the cavity material attains only a fraction
(1-d) of the large cavity value.

The attenuation coefficient can be derived from the electron range R. In fact, since the
attenuation of electrons is approximately an exponential function, R and 3 can be related by
having the range correspond to a fixed attenuation. Ninety-nine percent were chosen by Burlin,
which leads to the relation:

exp(—B-R) =001 (4-19)
Given R, B is determined. From 0.01 to 3 MeV, the electron range can be approximated by:
R(g/cmz) =0.0412E" ; n=1.265 - 0.0954 In(E) (4-20)

where E 1s the electron energy in MeV. From ~ 1 MeV to 20 MeV, the following
approximation holds:

R(g/cm?) = 0530E — 0106 4-21)
The maximum energy in a spectrum of electrons is the dominant parameter in determining
the range R. Therefore, when determining d for a given incident gamma energy E,, the range R

has to be determined at E; because the maximum electron energy is approximately equal to the
incident gamma energy.

Application of the Burlin cavity theory

Burlin cavity theory can be applied if the wall surrounding the cavity is thick enough not
only to establish the secondary electron spectrum characteristic of the wall medium, but also
thick enough to eliminate, through sufficient attenuation, the electrons generated outside the
surrounding wall (and in media different from the wall medium). For the current integral
measurements in MASURCA, the TLDs were surrounded by enough iron to satisfy these two
conditions (see Appendix D). The same holds true for the calibration irradiation.

Using Burlin cavity theory, cavity factors <f>,ctor and <f>c4i, have been computed for 1
mm x 1 mm x 6 mm Li’F TLDs surrounded by iron, and then combined to yield the spectral
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correction given by relation (4-14). For this, group-wise cavity factors fgy were first obtained

employing expression (4-15). The small cavity factor f; was taken from Figure 2 of the paper
by Simons and Yule, which gives the small cavity factor as a function of the incident gamma
energy for the desired situation (1 mm x 1 mm x 6 mm Li’F in iron). For the determination of
the large cavity factor, mass-energy absorption coefficients were computed from the gamma
KERMA values of the VASCO formulaire using relation (2-5). The weighting factor d was
evaluated using relations (4-17) to (4-21). Thereby, the electron range was computed for the
mid-energy of each gamma group. The computed group-wise cavity factors are shown in
Figure 4-15. The general behavior of the cavity factor is well represented: At high gamma-ray
energies (long electron ranges), the general cavity theory and small cavity theory approach
each other. At low energies, the general cavity result reduces to the large cavity prediction. It is
thus approximately given by the ratio of the mass-energy absorption coefficients. In this range,
the dominant interaction is the photoelectric effect, the cross-section for which is
approximately proportional to Z*. Since the effective atomic numbers of LiF and iron differ
significantly (8.2 vs. 26), the mass-energy absorption coefficients will differ considerably and
there is a large deviation of f from unity.

100 = T T T T T T T T T T T T T T T LI B B i | 3
- Small Cavity Theory ]
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Burlin Cavity Theory
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Figure 4-15: Variation of small, large and general cavity factors as a function of
gamma energy for a | mm x 1 mm x 6 mm Li’F dosimeter surrounded by iron.
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Using the group-wise cavity factors f, . the dose-weighted® average cavity factor

<f>reactor and <f>¢qii, Were then computed according to:

Zq)gy 'Ky,iron,gy 'fgy

gy
<f>= (4-22)
Z‘bgy ) Ky,iron,gy
8y

where Ky,iron,gY is the gamma KERMA for iron and d>gy is the gamma scalar flux at the TLD
location. For the computation of <f>,cor for each TLD location, the weighting flux CIDQY was

determined using the whole-reactor RZ model. To determine <f>calib, the gamma spectrum
was deduced from the MCNP analysis of the calibration irradiation. The result thus obtained
was <f>calib =1.016.

Verification of the current application of Burlin cavity theory to core and reflector regions
was achieved through a combination of Monte Carlo analysis and the supplementary
MASURCA measurements mentioned earlier with TLDs irradiated in different surroundings
(§ 4.3.2). These aspects are documented in Appendix D. In addition, the Burlin value for the
calibration irradiation was verified through comparison with a MCNP coupled photon-electron
calculation which yielded <>, as 1.002 + 0.6 %.

4.4.1.3 Heterogeneity correction

All TLD irradiations were done in the N-S radial access channel. The heterogeneity
correction relates the gamma heating in the cylindrical TLD holder device to that computed
employing the homogeneous RZ model of the reactor.

The heterogeneity correction was studied by decoupling the effect of the heterogeneity of
the MASURCA tube loadings from the perturbation due to the presence of the TLD holder
device in the experimental channel. The MASURCA tubes are filled with 8 x 8 rodlets of
varying compositions (fissile material, sodium, iron, etc.) and are therefore basically
heterogeneous in character. The heterogeneity is particularly important in the core region.
Here, the experimental radial channel alternatively crosses fissile and sodium rodlets. The
gamma sources are several orders of magnitude stronger in the former than in the latter rodlet
type. One might thus expect a significant variation in gamma dose depending on the rodlet
being crossed. To study this effect, a 2-dimensional, cartesian XY model, representing the
core-mid-plane of the ZONA2B configuration, was employed. First, the neutron flux was
computed for a homogenized representation of the different material zones. The axial buckling
was adjusted to obtain radial fission rate traverses consistent with those computed for a RZ

¥ In their paper, Simons and Yule propose weighting by flux instead, but this seems to be wrong.
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representation of the configuration. This neutron flux solution was then used to compute the
gamma source inside a sub-region equivalent to a 2 x 2 arrangement of MASURCA tubes,
using the scheme developed in Chapter 3. The gamma source was created twice, once for a
homogenous description of the sub-region, and then for a fully heterogeneous description
(representing the different rodlets and the MASURCA tube sheaths). Then, the gamma flux
distribution was computed for both sources created. By considering together the results for
various sub-regions, the gamma heating in iron along the N-S radial channel was determined.
A comparison of the homogeneous and heterogeneous models indicated that the tube
heterogeneity leads to variations of the gamma heating of the order of + 2% with respect to the
smooth value obtained in the homogenous case. The "heterogeneous" heating was greater at
fuel rodlet positions (+2 %), and lower at those for sodium (-2 %). The fluctuations were
found to be less pronounced in the reflector region where an increase (+ 2 %) was seen at
positions of the iron rodlets. Generally speaking, the rather low gamma-heating fluctuations
can be explained by the fact that gammas travel quite far from their place of origin (§ 2.1.3).
Furthermore, the significantly stronger gamma source in the fissile rodlets (leading, a priori, to
a higher gamma flux in the rodlet) is compensated by the much stronger absorption in the
high-Z material, leading to a strong flux depression. These factors, as well as the fact that the
core tubes are loaded in a chess-like pattern of different rodlets, results in a relatively flat
gamma flux across the tubes. Therefore, it was concluded that no special correction is needed
for the cell heterogeneity. In fact, an attempt was made to correct the different TLD
measurements performed in the core region of the ZONA2B internal stockage configurations
for cell heterogeneity. No clear "smoothing" of the measured values could be observed, which
may be taken as experimental evidence that the cell heterogeneity is negligible for
measurements in the radial channel.

The effect of the TLD holder device inside the access channel was investigated using the
MCNP code. The 3-dimensional model used for the investigation is shown in Figure 4-16.
This corresponds practically to the homogeneous RZ model used in the deterministic
ERANOS whole-reactor calculation, with the exception that the channel with the TLD holder
device is present. In particular, the MCNP "cells"’ correspond to the spatial meshes of the
deterministic model. This correspondence was chosen in order to use the ERANOS calculation
for the definition of the gamma-source distribution, the source distribution for the "starting"
gamma "particles" being obtained by simply transferring the ERANOS source computed for
the different meshes to the MCNP cells. With the gamma source thus defined, the MCNP
calculations were run in photon transport mode. Two calculations were done, one with the
TLD holder device and channel present, the other without them, the heterogeneity correction
factor being obtained by comparing the two simulations.

° In a MCNP Monte-Carlo simulation, the integral 3-dimensional space is divided into sub-regions, which are
referred to as "cells" in the MCNP terminology.
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Figure 4-16: 3-dimensional model used in MCNP for the investigation of the
effect of the TLD holder device inside the radial access channel in ZONA2B.

As an independent check, the effect of the TLD holder device in the access channel was
also investigated using 2-dimensional BISTRO Sy transport calculations. The RZ model
shown in Figure 4-17 was used to represent the holder device inside the access channel
crossing the various reactor regions. This situation was compared to a second calculation done
using basically the same model, but without the channel present. The calculational scheme
described in Chapter 3 was applied to compute neutron flux, gamma source and gamma flux,
and finally gamma heating. In fact, the neutron flux was computed only for the RZ model
without the channel, and this flux was used to generate the gamma source for both cases.
Neutron flux perturbation was thus completely neglected'®, and there was no need for
internormalisation. (For the neutron flux calculation, the buckling value was adjusted to get
fission rates along the Z axis corresponding to those computed in the whole-reactor RZ
model.)

The heterogeneity correction factors derived from both the MCNP and BISTRO
calculations are shown in Figure 4-18. There is a relatively large effect due to the presence of
the holder device in the core region, where the gamma flux is significantly perturbed. On the

' The perturbation of the neutron flux was investigated by comparing U* fission and U>®

capture rates
computed along the Z-axis in the homogenous and heterogeneous models (Figure 4-17), and found to be of the
order of 1 %. Neglecting such a small perturbation will lead to a small error in the determination of the gamma

source, which, however, is hardly detectable in the gamma heating.



Gamma-Heating Measurements 133

other hand, the effect is not significant in the reflector. This is due to the fact that the holder
device, made up of iron mainly, is place in an iron surrounding. The deterministic and MCNP
calculations agree well in the reflector region. In the core, the MCNP calculation predicts (on
average) a 3% stronger perturbation.
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Figure 4-17: RZ deterministic model used to investigate the effect of the TLD
holder device inside the radial access channel crossing ZONA2B.
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Figure 4-18: Heterogeneity correction factor for TLD measurements in the radial
access channel of ZONA2B.
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A further outcome of the above investigations was the Monte-Carlo verification of the Sy
BISTRO gamma transport calculations. As the MCNP model without the access channel was
the same as the RZ model for the whole-reactor deterministic calculations, and because the
gamma sources were exactly the same in both cases, the comparison of the computed gamma-
heating values was a valuable check of the gamma transport calculations and the used gamma
interaction (and KERMA) data. Gamma heating was compared along the core mid-plane, and
good agreement was obtained (agreement within the statistical error of the MCNP calculations
of 1 -2 %, except at one position in the reflector were the difference was 5 %).

4.4.1.4 Correction for non-saturation of the delayed gamma emission

In the calculation, it is assumed that delayed gammas are emitted in apparent coincidence
with the prompt emission (as is the case at steady state). On the other hand, the TLD
irradiations are carried out over a period during which the delayed gamma emission has not
reached its asymptotic value, and hence it is necessary to correct the measurements for the
delayed emission missed, i.e. the gammas emitted after the TLDs have been withdrawn from
the reactor'".

The first step taken in deriving the correction factor needed is to multiply the total gamma
emission for each isotope having a delayed contribution with an isotope-dependent correction
factor given by:

f(prompt emission rate) dt + I(delayed emission rate at time t) dt

COIT, = (4-23)

f( prompt emission rate + delayed emission rate at steady state) dt

The integrals are over the duration of the TLD irradiation. The correction thus takes into
account (in the calculation) the evolution of the gamma emission during the in-core residence
time of the TLD, which is appropriate since TLDs are integrating dosimeters'?. Next, with the
gamma emission of the different isotopes corrected, the gamma flux distribution is computed
(by applying the calculational scheme developed in Chapter 3) and the gamma heating in iron
at the measuring positions determined. These results are then compared to those of a similar
calculation, but without any correction factors applied. The non-saturation correction factor,
corry s, for each measuring position is obtained as the ratio of the non-corrected to corrected
results.

""" The non-saturation correction can be avoided by letting the TLDs remain in the reactor sufficiently long after

shut-down. However, this is usually not practical (one has to let the TLDs remain in the assembly for several
days), and moreover can lead to significantly erroneous results if the reactor background activity due to former
reactor operation is important.

2" Clearly, this approach of correcting the total emission is not rigorously correct. A more exact way would be to
correct only the delayed part of the emission. Furthermore, any evolutionary effect of the emission spectrum is
neglected. Nevertheless, the approach should be adequate since the total source intensity is correctly modified.
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To compute the isotope-dependent correction factors corre, the evolution of the delayed
gamma emission after reactor start-up has to be computed. This was done using the
MECCYCO code [36], which was written for the computation of parameters of relevance to
the fast reactor fuel cycle. Basic input data are initial fuel concentration, neutron cross-
sections, fission yields, decay data, affiliation chains, and the irradiation history (neutron flux,
duration). Starting from these data, the code basically determines the concentration of the
various heavy isotopes, as well as of fission and activation products. From the computed
concentrations, various quantities of interest can then be derived. In particular, the delayed

gamma emission source due to isotope e, at time t, is given by:

Se delayed (1) = ij “N;(0)- E'Y,e,delayed (4-24)
J

where the sum is over all radioactive isotopes produced through fission or capture in isotope e.

Nj(t) is the density of isotope j, A jits disintegration constant, and Ey,e,delayed is the energy

emitted in the form of gammas through the disintegration. This formulation in MECCYCO
yields correct results for the computation of the delayed emission through activation of U>*®,
Mn’® and Na*. However, the approach is not followed for the total delayed emission by the
disintegration of fission products. In fact, the code does not compute the concentration of
short-lived fission products because the basic nuclear data of these isotopes are not well
known. For the computation of the fotal emission by fission products, the concept of
elementary fission curves is used. These curves give, for a single fission event of a given
fissile isotope, the total (by all fission products and their daughters) gamma emission in
function of the time t after the fission event. Elementary fission curves have been computed by
Gillet [37] from JEF1 decay data. Using these curves, and corresponding to the number of
fission events at any given instant during the irradiation history, the total delayed emission
resulting from the disintegration of fission products can be computed.

For illustration, the evolution of the delayed gamma emission has been computed
separately for the isotopes for which elementary fission curves are available, assuming a
constant rate of 1 fission per second. The results are presented in Figure 4-19. The figure
shows the evolution, in each case, of the delayed emission towards its asymptotic value, viz.
6.23 MeV/fission for U™, 7.99 MeV for U**, 5.16 MeV for Pu*”, 5.57 MeV for Pu**’ and
6.22 MeV for Pu**'. One notes that these asymptotic values are somewhat (although only
slightly) different from those computed from JEF2 in the present work (Table 3-3).
Accordingly, for the computation of the non-saturation factors, the elementary fission curves
employed by MECCYCO were adjusted using constant factors in order to be completely
consistent with the currently created gamma production libraries.
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Figure 4-19: Evolution of the total delayed gamma emission of all fission products,
computed assuming a constant rate of 1 fission per second.

It is important to point out that the computation of the isotope-dependent correction
factors corre depends on the irradiation history, i.e. the knowledge of the neutron flux level as a
function of time. Accordingly, the correction factors were computed separately for each
irradiation, taking into account the exact irradiation history as recorded by the neutron
monitors. Furthermore, the factors were calculated assuming that there was no variation in the
concentration of the parent isotopes, this assumption being amply justified by the low flux
level. The formalism of relation (4-24) was applied for delayed emission by activation
products (U™, Mn™, Na®), and the fission-curve methodology was used for the delayed
fission emission (U235, U238, Pu239, Pu240, Pu241). It should also be noted that for the evaluation
of (4-23), the contribution of the delayed emission in the total emission has to be known, and
this depends on the region (spectrum) in which the measurements are done.

As an example, Table 4-5 gives the computed isotope-dependent correction factors for
different isotopes in the core region of ZONAZ2B for the first of the four TLD irradiation runs.

The accuracy of the methodology used for the computation of the correction factors corre
can be tested experimentally by computing the evolution of the total gamma emission and
comparing the result to the measured evolution. This was done for the TLD irradiations in
ZONASK (§ 4.3.1). Figure 4-20 compares the measured and computed evolutions in the
Z2PIT core region of ZONASK and confirms that the measured evolution is well represented
by the calculations.
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Table 4-5: Isotope-dependent correction factors corr. for
isotopes (with a significant delayed emission) present in
the core region of ZONAZ2B, for the irradiation history of
the first TLD irradiation run.

Isotope COIT,
[V 0.891
U>s 0.952
pPu*’ 0.896
Pu’* 0.926
pPu’*! 0.903
Na*? 0.956
Mn™> 0.894
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Figure 4-20: Computed and measured evolution of the total gamma emission in the
Z2PIT core region of ZONASK during the TLD irradiations.

4.4.1.5 Application of the correction factors to the ZONASK and ZONA2B
measurements

The quantity of interest for validation purposes is the gamma heating in iron in the core
and reflector regions of the MASURCA configurations. This was derived from the TLD
measurements carried out in iron surroundings as follows: First, the dose in iron (in units of
[rad(iron) Co® equivalent]) was obtained from the individual TLD readings, Q;, using relation

(4-8) and the individual calibration factors f;:alib,i determined as described in § 4.2.1. Several
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TLDs were irradiated at the same position, and the average dose was then computed according
to:
1 N

1 Y.
Y, iron, Co60 eq. — E ZD'Y, iron, Co60 eq., i zﬁ chalib,i 'Qi (4-25)
i=1 i=1

D

where N is the number of TLDs irradiated at the same location. From this average dose, the
corrected measured gamma heating, Dy jon, Was derived applying the various correction

factors discussed above, viz. as:

D’Y,iron = COerp~ COIThet  COITy g [D'y,iron Co60 eq. ~ COITneutr] ( 4-26)

<f>.4

Here, it is worthwhile to recall, that the use of the calibration factors fcaﬁb,i implies that

Dy iron, Co60 eq. 18 not multiplied by the cavity correction as defined by relation (4-13), but

with the spectral correction given by relation (4-14) instead. This further implies that the
neutron correction (§ 4.4.1.2) has to be divided by the cavity factor for the calibration
irradiation, <f>.4;p, to arrive at an overall consistent formulation.

The numerical values and results for the application of relation (4-26) to the ZONASK
and ZONA2B measurements are summarized in Tables 4-6 and 4-7, respectively. In the latter
case, the interpretation has been done separately for the first irradiation with 3 TLDs in iron
holder type A and the irradiation with 4 TLDs in holder type B. In both tables, column 2 gives
the distance from the core center along the N-S radial channel. Column 3 gives the average
iron dose in rad Co® equiv. computed from the TLD readings using relation (4-25). The
indicated statistical uncertainty is the dispersion (1 ©) for the TLDs irradiated at the same
position (ZONASK: 6, ZONA2B holder type A: 3, ZONA2B holder type B: 4). Column 4
gives the neutron correction divided by the cavity term <f>.yp . In column 5, the spectral
(cavity) correction is given. Column 6 gives the heterogeneity correction, based upon the
smooth, BISTRO-derived correction curve in Figure 4-18. Thereby, to be consistent with the
MCNP calculations, the curve was scaled up by 3.2 % in the core region. In column 7, the non-
saturation correction determined as described in § 4.4.1.4 is given. Finally, column 8 gives the
experimental value for gamma heating in iron, obtained by applying all the various correction
factors as per relation (4-26)13.

Tables 4-6 and 4-7 show that, in the core region, the importance of the different
corrections is almost totally spatially independent. In the reflector, mainly at the beginning,

"> A supplementary correction of 1 % was applied to results in the core region and the inner part (~ 45 - 55 cm) of
the reflector, in order to correct for the residual gamma activity due to the disintegration of fission and activation
products generated in reactor operation preceding the TLD irradiations (§ 4.3.1.1).



Gamma-Heating Measurements 139

there is spatial dependence due to changing gamma and neutron spectra. Although the TLD
sensitivity to neutrons is about 10 times lower than that to gammas, the neutron contribution
accounts for 8 - 17 % of the thermoluminescent output. The spectral correction is important at
the core/reflector interface. The heterogeneity effect is mainly important in the core where it
amounts to about 10 %. The non-saturation correction mainly affects the core and the region
adjacent to it, leading here to a decrease of the total gamma emission source by 6 - 8 %. Due to
the largely compensating individual effects, the total correction is relatively small at each of
the measurement points. An overall picture of the various TLD measurement corrections is

presented in Table 4-8.

Table 4-6: Corrected measured gamma heating in the core and reflector of the CIRANO
ZONAS5K configuration.

Regio | Distance | Uncorrected Neutron Spectral | Hetero- Non- | Corrected
n from measured [contribution | correction | geneity | saturation | measured
core [gamma heating correction | correction | gamma
center heating
[cm] |[/[rad(iron) Co® [rad(iron) [rad(iron)]
eq.] Co® eq.]
18.13 [ 69.84 £1.7% 9.210 0.986 1.101 1.082 70.41
20.67 || 66.90£1.7% 8.874 0.986 1.101 1.081 67.36
2493 | 63.37£3.8% 8.245 0.986 1.101 1.081 64.02
C 2747 | 59.50£1.6% 7.828 0.986 1.102 1.081 60.02
0] 30.01 | 56.20+£2.3% 7.382 0.986 1.102 1.081 56.73
R 32.55 || 5221 £2.1% 6.907 0.986 1.103 1.082 52.68
E 35.53 [ 49.22+£1.5% 6.308 0.986 1.105 1.082 49.99
38.07 || 4497 £1.6% 5.758 0.986 1.109 1.082 45.84
40.61 | 39.58 £3.0% 5.152 0.987 1.117 1.081 40.56
4486 | 26.19 £3.6% 3.763 1.031 1.113 1.065 27.10
46.13 || 2090 £4.5% 3.313 1.051 1.034 1.060 20.03
4740 || 16.87£3.5% 2.762 1.090 1.018 1.049 16.22
48.67 || 14.77 £3.2% 2.475 1.081 1.010 1.045 13.85
R 4994 [ 12.80 +2.8% 2.142 1.068 1.017 1.037 11.86
E 51.21 11.30+2.1% 1.936 1.065 1.017 1.035 10.38
F 5248 | 10.22 +3.8% 1.729 1.062 1.015 1.033 9.336
L 53.75 [ 9.398 £2.1% 1.524 1.058 1.019 1.030 8.641
E 56.73 || 7.846 +4.1% 1.174 1.047 1.022 1.027 7.326
C 61.81 || 6.077£5.0% 0.7545 1.036 1.026 1.025 5.795
T 66.06 | 5.052+1.8% 0.5237 1.031 1.027 1.024 4911
0] 67.33 || 4634 £2.4% 0.4719 1.030 1.028 1.024 4.511
R 68.60 | 4.469 £3.2% 0.4213 1.029 1.028 1.024 4.387
69.87 | 4.149+£3.4% 0.3790 1.028 1.029 1.024 4.083
71.14 || 3959 +£1.3% 0.3375 1.028 1.029 1.023 3.917
7241 | 3.578 £4.6% 0.2898 1.030 1.029 1.020 3.555
73.68 | 3.314 £3.6% 0.2691 1.029 1.023 1.020 3.270
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Table 4-7 : Corrected measured gamma heating in the core and reflector regions of the
ZONAZ2B configuration.

Regio | Distance | Uncorrected | Neutron | Spectral | Hetero- Non- | Corrected
n from measured  |contribution | correction | geneity | saturation | measured
core |gamma heating correction | correction | gamma
center heating
[cm] |[rad(iron) Co®| [rad(iron) [rad(iron)]
eq.] Co® eq.]
1. Irradiation: 3 TLDs in iron holder type A
2841 | 5242+1.7% 7.058 0.986 1.100 1.086 52.83
C 30.95% | 52.61 £2.6% 6.646 0.986 1.101 1.086 53.58
O 33.93 || 45.70 £ 1.6% 6.126 0.986 1.102 1.086 46.18
R 36.47* | 41.80 £2.0% 5.650 0.986 1.104 1.086 42.27
E 39.01 || 41.62+1.1% 5.135 0.986 1.108 1.086 42.82
44.53 | 26.62 +8.1% 3.715 1.001 1.122 1.077 27.38
R 48.34 || 15.78 £5.4% 2.398 1.085 1.015 1.049 15.28
E 52.15 || 10.58 £3.7% 1.674 1.064 1.021 1.035 9.892
F 56.40 | 7.496 £2.4% 1.130 1.048 1.025 1.030 7.042
L 58.94* | 6.696 £2.3% 0.9010 1.043 1.027 1.029 6.388
E 61.48 | 5930+2.1% 0.7254 1.036 1.028 1.029 5.708
C 64.46* || 5.053 £2.4% 0.5640 1.033 1.029 1.029 4913
T 67.00 || 5.015+5.1% 0.4542 1.030 1.029 1.029 4.976
R 72.08 | 3.619 +1.4% 0.2831 1.029 1.031 1.025 3.626
2. Irradiation: 4 TLDs in iron holder type B
28.41 | 53.18+1.4% 7.058 0.986 1.100 1.060 52.43
C 30.95 | 53.64 £2.6% 6.646 0.986 1.101 1.060 53.46
O 3393 || 4543 +£3.5% 6.126 0.986 1.102 1.060 44.717
R 36.47 || 43.74 £2.8% 5.650 0.986 1.104 1.060 43.46
E 39.01 || 42.22+1.8% 5.135 0.986 1.108 1.060 42.47
41.55 | 36.04 £5.0% 4.562 0.987 1.115 1.060 36.30
44.53 | 27.96 + 1.5% 3.715 1.001 1.122 1.054 28.36
45.80 | 24.22+0.7% 3.240 1.040 1.046 1.046 23.62
R 47.07 | 19.66 +2.0% 2.751 1.076 1.026 1.039 19.17
E 48.34 || 16.05 £ 1.0% 2.398 1.086 1.015 1.034 15.38
F 49.61 | 13.68+0.7% 2.096 1.073 1.022 1.030 12.93
L 50.88 || 11.93 £2.8% 1.864 1.067 1.024 1.027 11.16
E 52.15 || 10.73+£2.2% 1.674 1.064 1.021 1.026 9.971
C 56.40 | 7.663 £1.4% 1.130 1.048 1.025 1.022 7.174
T 61.48 || 5.575+3.3% 0.7254 1.036 1.028 1.022 5.282
O 67.00 | 4.552+3.2% 0.4542 1.030 1.029 1.022 4.440
R 72.08 | 3.567 + 1.8% 0.2831 1.029 1.031 1.018 3.547

* holder type B was employed
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Table 4-8: Global overview of the different corrections in the TLD measurements.

Neutron Spectral Hetero- Non- Total
geneity Saturation
Core -13 % -2 % +10% +8% -2 %
Reflector -17% t0 -8% | +9 % to +3% +2% +6% t0+2% | -9% to 0%

4.4.2 Corrections for Ionization Chamber Measurements

This section discusses the corrections needed in the case of gamma-heating measurements
using the CIRANO ionization chamber. The latter was used in the present work to provide an
independent set of relative experimental results, i.e. gamma-heating traverses. Nevertheless,
the correction factors were determined with a view to possibly provide a later absolute
comparison to calculations (based on a subsequent absolute calibration of the chamber).

4.4.2.1 Cavity correction

For an ionization chamber functioning according to the Bragg-Gray principle [2], as is the
case for the CIRANO chamber, the dose deposited in the gas, D, is related to the dose
deposited in the wall medium surrounding the cavity, Dy, by the following cavity relation:

E_
max dE
| (] Q.(E)dE
_ 0 pdx )y g

v Emm[dE

— «(E)dE
[ ot )ep2®

‘D, (4-27)

where (dE/pdx)x g is the mass stopping power of electrons of energy E in medium X, and

Qc(E) is the spectrum of secondary electrons produced in the wall and crossing the cavity.
Here, it is assumed that 1) the thickness of the cavity is so small in comparison with the range
of the charged particles striking it that its presence does not disturb the charged particle field,
and that 2) the absorbed dose in the cavity is deposited entirely by the charged particles
crossing it. It is seen that, in principle, the Bragg-Gray cavity factor depends on Q.(E) and thus
on the gamma spectrum generating the secondary electron field. However, the dependence on
the incident gamma energy is only weak, and the changes in the gamma spectrum from the
core center to the outer zone of the reflector as encountered in the CIRANO configurations
have only a small effect (shown to be lower than 1.5 %). Thus, the cavity correction could be
adequately taken into account in the context of an eventual absolute calibration of the
chamber, and this aspect was not further investigated currently.
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4.4.2.2 Correction for neutron sensitivity

Part of the ionization current is induced by 1) charged particles created through neutron
interactions in the chamber wall, 2) charged particles created by neutron interactions with
atoms of the gas and 3) supplementary gammas produced through capture and inelastic neutron
interactions with the chamber itself. These three spurious contributions are discussed below.

The supplementary current due to charged particles produced by neutron interactions in
the wall can be neglected because a) charged-particle neutron reactions are usually threshold
reactions, not important in the neutron energy range of interest, b) charged particles produced
in threshold reactions have low energy, and c) neutron-induced charged particles have a much
smaller range as compared to secondary electrons produced in gamma interactions, and thus
the probability of their reaching the cavity from the wall material is rather low.

By interaction with atoms of the gas, neutrons mainly produce recoils through elastic
scattering. Knipe, in his thesis work [38], investigated this contribution in detail for the case of
a zirconium-walled ionization chamber filled with argon. For his experiments in the MCZ
ZEBRA assembly, he determined a maximal contribution of 3.1 % in the core region. In the
blanket region, the contribution was lower (maximal 1.8%) because elastic neutron KERMA
factors decrease with energy. Taking these findings as representative for the CIRANO
measurements, one might expect a correction of the order of 3 % in the core region, and about
1 % in the reflector region (due to the relatively soft neutron spectrum).

The supplementary ionization current due to gammas produced by (n,Y) and (n,n'y)
interactions with the chamber was investigated using simple, 1-dimensional cylindrical models
representing the various constituent regions of the chamber placed in different environments of
interest. A typical model is shown in Figure 4-21, the calculational scheme presented in
Chapter 3 being used for the study. For each of the models, the neutron flux was computed
first and then used to create the gamma source. Gammas produced by Al were neglected. The
gamma propagation was considered for two different cases, one with no modification, and
once with the gamma source set to zero except in the chamber regions. This latter calculation
clearly yields the transport of gammas created by the neutron interactions with the chamber. It
is reasonable to assume that the ionization of the gas is proportional to the heat deposited by
gammas within a thickness of 1 mm of the electrodes surrounding the cavity, since the major
contribution to the gas ionization comes from electrons produced close to the cavity. Thus, the
neutron contribution to the chamber current can be obtained by comparing the gamma heating
(deposited within 1 mm layers of the electrodes surrounding the cavity) with and without the
gamma source in the chamber body taken into account. The results are shown in Table 4-9. For
the chamber embedded in the shielding and reflector, the calculations were done for various
thicknesses of the surrounding zones but the sensitivity to this parameter was found to be
unimportant.
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Table 4-9: Percentage of gamma heating in a 1 mm thickness of the electrodes

surrounding the chamber cavity by gammas created in the chamber itself.

Region Chamber environment Neutron
contribution

Core 9 cm core 32 %
Reflector 13 cm reflector, 10 cm core 7.8 %
20 cm reflector, 10 cm core 8.6 %

Shielding || 10.6 cm shielding, 26.5 cm reflector, 10 cm core 10.6 %
10,6 cm shielding, 26.5 cm reflector, 20 cm core 10.6 %

21.2 cm shielding, 26.5 cm reflector, 10 cm core 10.7 %

31.8 cm shielding, 26.5 cm reflector, 10 cm core 10.7 %
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Figure 4-21: Typical 1-dimensional (cylindrical) model used to investigate the neutron
contribution to the chamber current. (The case modeled is the first one in Table 4-9).

It should be mentioned that the models used for the computation of the neutron correction

were also used to investigate the perturbation of the neutron flux. No significant effect (< 1-2

%) on computed reaction rates was found when comparing results with and without the

chamber regions. Thus, neutron flux perturbation effects were neglected in the computation of

the heterogeneity correction factors discussed below.

4.4.2.3 Heterogeneity correction

The heterogeneity correction relates the gamma heating in the chamber wall to the

computed gamma heating. It has to correct for 1) the heterogeneous structure of the
MASURCA tubes, 2) the presence of the chamber itself and 3) the presence of the

experimental access channel.
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As regards the cell structure, it has to be kept in mind that the ionization chamber
integrates the dose rate over an active length of 7.7 cm. Thus, the fine structure of the gamma
flux due to the different rodlets present in the MASURCA tubes is not seen, and no correction

for cell heterogeneity is needed.

No correction for the gamma flux perturbation due to the presence of the ionization
chamber needs to be applied if one assumes equal perturbation of the gamma flux in both the
calibration and reactor irradiations, and moreover does not correct for the flux perturbation in
the analysis of the calibration irradiation. Effectively then, the calibration itself takes into
account the flux depression. For the current use of the chamber for relative measurements
only, it was verified (using simple 1-dimensional models similar to those used for the
determination of the neutron correction) that the flux perturbation in the core and reflector
zone is of the same magnitude (flux depression of about 8 %).
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Figure 4-22: Ratio of calculated gamma heating in stainless steel 304 L in
ZONA2B with explicit representation of the radial access channel, relative to that
with the channel absent.

Neglecting cell heterogeneity, as well as neutron and gamma flux perturbation due to
presence of the chamber, the only heterogeneity effect needing to be considered is the impact
of the experimental access channel. This effect was investigated by carrying out BISTRO Sy
neutron and gamma transport calculations following the same methodology as the one used to
study the effect of the TLD holder device in the radial access channel (§ 4.4.1.3). The
heterogeneous model used was basically the same as that shown in Figure 4-17, with the
exception that the access channel was just filled with air. The results are presented in Figure 4-
22. In the core, presence of the channel leads to a reduction of the gamma dose by about 1 %.
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In the shielding, the effect is an increase in the gamma heating by about 1 %. In the reflector,
the ratio of gamma heating with representation of the channel to that without it is far from
being constant (as approximately the case for the core and shielding). This suggests significant
gamma streaming effects from the core into the reflector region which lead to a smoothening
of the gamma-heating gradient at the interface.

4.4.2.4 Correction for non-saturation of the delayed gamma emission

The methodology for taking into account the non-saturation of the delayed gamma
emission was very similar to that for the TLDs. There were two differences, viz.:

1) For simplification, the same irradiation history was assumed for the computation of the
isotope-dependent correction factors corr, in all ionization chamber traverses. This should not
lead to significant error because, in general, each traverse was carried out in the same manner:
After start-up, the reactor was stabilized for about 0.5 h. The execution of the traverse then
lasted about 1.5 h during which the evolution of the gamma flux was measured with a second
irradiation chamber. At the end of the traverse, all values were normalized to the last gamma
monitor reading. In accordance with the above procedure, which was followed each time, the
correction factors (for the different isotopes) were computed corresponding to 2 hours after
start-up.

2) As gamma chambers are not integrating dosimeters, relation (4-23) was modified to:

prompt emission + delayed emission at time t

corre(t) = (4-28)

prompt emission + delayed emission at steady state

4.5 Experimental Uncertainties

In this section, the experimental uncertainty in the absolute determination of gamma
heating is estimated. The discussion is limited to the absolute measurements made using
TLDs. As mentioned earlier, gamma chambers were currently only used for relative
measurements, i.e. obtaining dose distributions. In principle, the uncertainty on the latter
measurements should be lower as calibration aspects do not intervene.

For the sake of the present discussion, it is useful to recall the main steps in deriving the
absolute gamma-heating values form the TLD readings. The uncorrected dose in iron is
obtained from the TLD reading Q; using relation (4-8), i.e. employing the individual average

calibration factor F(':alib’i. Usually, several TLDs are irradiated at the same position, and the

average dose, D is computed according to relation (4-25). The corrected dose

Y, iron, Co60 eq. °
in iron, Dy 0, 18 then obtained using relation (4-26), i.e. by applying the neutron, spectral,

heterogeneity and non-saturation corrections. Thus, the uncertainty on the final result, Dy jron,
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may be associated with two broad types of errors: 1) errors in determining the average dose,

D which are purely measurement uncertainties in the sense that no numerical

Y, iron, Co60 eq. >
calculations are involved'* and 2) uncertainties in the calculational determination of the
correction factors. Below, the various sources of uncertainty are discussed and their magnitude

is estimated.

4.5.1 Measurement Uncertainties

The sources of uncertainty in determining 5% iron, Co60 eq. €an again be divided into two

categories, viz. those associated with: 1) the "out of reactor" treatment, i.e. the absolute
calibration of the TLDs and the experimental technique itself, and 2) the execution of the
measurements in the reactor.

4.5.1.1 Absolute calibration and TLD technique

The individual calibration factors are determined according to:

f' Dy,iron,calib

cal,i = Dy,air,calib ) D 'Qi,calib = D'y,air,calib ‘R- Qi,calib (4-29)

v, air,calib

The different sources of uncertainty in determining f,; ; are thus:

1) Dy air,calib » the irradiation KERMA in air at the holder location, as specified by the
experimental staff at the calibration facility. The uncertainty on Dy ai; carip 18 quoted to be 2

%. Thereby the main source of uncertainty is the standard used to measure out the calibration
field. Effects of positioning errors could be neglected since the TLDs were irradiated far from
the source (> 2 m) and positioning of the TLD holder was sufficiently accurate.

2) Qi.caiib, the TLD response for the calibration irradiation. The statistical uncertainty on
Qi carib 1S given by the dispersion on repeated TLD measurements under the same conditions.
This was estimated in § 4.2.2 and found to be of the order of 2 %.

3) The ratio R was computed by MCNP, and relates the KERMA in air and the dose in the
iron holder. The ratio was calculated with a statistical accuracy of 1 %, which was taken as the
uncertainty on R. (In general, gamma-ray interaction cross-sections and KERMA factors are
known to an accuracy of better than 2 % [39]).

'* except the MCNP determination of the relation between the dose in air and the dose in iron during the

calibration.
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The usual propagation-of-error relations' for statistical errors lead to an uncertainty on
the individual calibration factor of 3 %. As indicated earlier (§ 4.2.2), average calibration
factors were determined from two separate irradiations. The uncertainty on the average
calibration factors thus become 2.1%

From each TLD reading, the dose is computed using relation (4-8). With the statistical
error on the reading itself being 2 %, quadratic addition with the uncertainty on the individual
calibration factors yields an uncertainty of 2.9 % on the individual uncorrected dose values'®.

Finally, from the uncertainty on the individual doses, the uncertainty on the average dose
computed according to (4-25) can be derived. With the number of TLDs usually irradiated at
the same position being 3, the latter becomes 1.7 %.

4.5.1.2 Measurements in the reactor

The different sources of uncertainty (and their estimated magnitude) in the execution of

the reactor measurements are:

1) Positioning error: The precision, with which the TLD holder device was placed in the
experimental access channel is about 3 mm. The impact of placement errors of this magnitude
was investigated by computing the gamma heating not only at the various measuring positions
but also at + 3 mm. For this distance variation, the effect on dose was found to be less than 1
% in most of the core region, and about 1.5 % in the outer half of the reflector. In the first 10
cm of the reflector, variations between 2.5 % and 7.5 % were found.

2) Errors in irradiation time: The fact that the TLD holder device is slid into the
experimental access channel and withdrawn from it when the reactor is critical is a source of

" If a and b are two independent, stochastic quantities with associated standard deviations 6,and Gy, then the

following relations hold true:

2 2 2 2
2 2, .2 Cab Ca/b o Op
Carb =Ca ™0 (a{lb] :(a?b) :(Ta] +(T]

From these relations, the standard deviation on the mean value is easily derived. If the variable a was determined

in N measurements, then one has:

'® It is interesting to note that neglecting the uncertainties on Dy air,calib and R (which are to be viewed more as

systematic errors) would lead to an uncertainty on the individual dose values of 2.4 %. Dispersions of this
magnitude were found in all the currently performed integral measurements for individual doses of TLDs
irradiated at the same position and in the same run. This provides experimental confirmation of the above
estimation of the statistical error on a given TLD reading.
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uncertainty. The error in timing is at most 5 seconds. With an irradiation duration of 13.5
minutes, this corresponds to an error of 0.6 %.

3) Normalization of the neutron power. The parameter used for power normalization is

239 at the center of the N-S radial access

the fission rate of 1 micro-gram U®’ and/or Pu
channel. The value to be used is specified by the experimental staff at the MASURCA facility.
It is derived from the readings of the permanently installed neutron monitors and an earlier
determination of the relation between these readings and the fission rates at core center. For
the latter determination, well calibrated fission chambers are employed. The experimental
uncertainty on the fission rates to be used is typically 2 % [33] and results mainly from the

uncertainty in the calibration of the fission chambers.

4.5.2 Uncertainties Associated with Calculational Corrections

The application of calculational correction factors increases the uncertainty on the
measured gamma heating. Below, the supplementary uncertainties introduced by the
application of the different correction factors are estimated.

1) Neutron correction: The uncertainty in computing the neutron correction is due to both
the uncertainty in the relative KERMA sensitivity of the TLD and that in computing the
neutron dose (which, in turn, is due to errors in the Li’F KERMA values and the neutron flux).
The uncertainty on the mean relative sensitivity derived from the experimental data by Knipe
is 4 %. As regards the neutron dose determination, it is assumed that the major source of
uncertainty are the KERMA values used. The uncertainty on these is about 10 % [40].
Quadratic addition thus leads to an uncertainty on the neutron contribution of about 11 %,
which corresponds to the estimate made by Knipe in his work [10]. The neutron contribution
amounts at most to 17 % of the total TLD response. Viewing the neutron correction as a
subtraction of this supplementary contribution, the application of the usual propagation-of-
error relations leads to an estimated uncertainty of maximal 1.5 % for the neutron correction.

2) Non-saturation correction: If the neutron flux diagram is well known (as is the case at
the MASURCA facility through the continuous monitoring of the neutron flux), the
uncertainty on the non-saturation correction is mainly due to that on the elementary fission
curves used for its computation. The latter uncertainty has been estimated by Gillet [37] to be
about 10 %. One can view the non-saturation correction as the addition of the amount of
delayed emission missed by the TLDs. In the core region and in the inner reflector, this
amounts to about 6-8 % of the total dose, so that the estimated uncertainty on the non-
saturation correction becomes ~ 0.8 %. In the outer reflector, the delayed gamma contribution
is much lower and the uncertainty on the non-saturation factor can be neglected.

3) Cavity correction: The cavity relation was determined from Burlin cavity theory and
verified by MCNP coupled photon-electron calculations (Appendix D). As the Monte-Carlo
calculations can be regarded as reference, the statistical accuracy in the MCNP calculations
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can be taken as an estimation of the uncertainty on the cavity relation. The statistical accuracy
was about 3 %, which is also the order of magnitude of the maximal differences between
Burlin cavity theory and MCNP results.

4) Heterogeneity correction: This correction was computed using the BISTRO Sy and
MCNP codes. As for the cavity correction, the Monte-Carlo calculational accuracy (~ 2.5 %) is
taken as an estimation of the uncertainty on the heterogeneity correction. Again, this is also the
order of magnitude of the differences found between the BISTRO and the MCNP results.

4.5.3 Total Estimated Experimental Uncertainties

In Table 4-10, a compilation of the different sources of uncertainty and their estimated
magnitude is given. Also listed is the resulting estimation of the total uncertainty on the
experimental determination of gamma heating in iron using TLDs. This is simply the quadratic
sum of the various individual errors. The uncertainties are tabulated separately for the core, the
reflector region adjacent to the core and the outer reflector zone.

Table 4-10: Compilation of different sources of uncertainty in gamma-heating measurements
using TLDs and their estimated magnitude.

Source of uncertainty Core Reflector Outer
close to the reflector
core
TLD calibration and technique 1.7 % 1.7 % 1.7 %
Measurement | Positioning errors 1 % 2.5-7.5% 1.5 %
Errors Errors on irradiation time 0.6 % 0.6 % 0.6 %
Power normalization 2 % 2 % 2 %
Neutron contribution 1.5 % 1.5 % 1.5 %
Calculational | Non-saturation correction 0.8 % 0.8 % -
Corrections | Cavity relation 3 % 3 % 3 %
Heterogeneity correction 2.5 % 2.5 % 2.5 %
Total Uncertainty 5.1 % 5.6-9.0% 5.2 %

In the core and in the outer reflector, the total uncertainty on the experimental
determination of gamma heating is about 5 %. This is of the same order of magnitude as
reported by Calamand for earlier MASURCA experiments (Table 2-10) and by Knipe and
DeWouters for their ZEBRA measurements [41]. The experimental uncertainty in the reflector
zone close to the core is larger because the gamma-heating gradient is very strong in this
region. Here, even slight positioning errors lead to a relatively large variation in the measured
gamma dose.
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A reduction of the total experimental uncertainty seems difficult except for measurements
in the reflector zone close to the core where a better determination of the position of the TLDs
could be achieved, for example by doing measurements inside the MASURCA loading tubes
themselves. The possible error on the irradiation position would be very small in such
measurements.
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5. VALIDATION OF THE CALCULATIONAL SCHEME THROUGH
COMPARISONS WITH EXPERIMENTS

In this chapter, the newly developed calculational scheme for the determination of gamma
heating is validated through comparisons with integral measurements. Emphasis is placed on
testing the performance of the calculational tool in the context of steel/sodium reflectors and
core diluents. These non-fuel regions are characteristic of plutonium-burning fast reactor
configurations, and most of the heat deposition in them is due to gammas. Attention was also
paid to the core, mainly to test the gamma production data in this region. This is of relevance
because a relatively large contribution to gamma heating in the non-fuel zones adjacent to the
fissile region (reflector) or inserted in it (diluents) is made by gammas created in the core.

In the first section of the chapter (§ 5.1), comparison is made with the currently performed
measurements in the ZONASK (§ 4.3.1) and ZONA2B (§ 4.3.2) configurations of the
CIRANO programme at the MASURCA facility. In these experiments, gamma heating was
determined in a core surrounded by a steel/sodium reflector region. In the second section (§
5.2), comparison is made with reevaluated experimental results from earlier measurements
conducted by Calamand et al. in the BALZAC1-DE1 configuration of MASURCA. In these
experiments, gamma heating was determined (in particular) in a zone representing a diluent
sub-assembly. From analysis of both the CIRANO and BALZAC experiments, it is found that
the currently developed calculational scheme underestimates gamma heating by 10 to 15 %,
and the possible reasons for the differences are discussed in the third section (§ 5.3). In the
fourth section (§ 5.4), a set of correction or adjustment factors (and their associated
uncertainty) are defined. These factors need to be applied when computing gamma heating in
the different reactor regions studied and, as such, form an integral part of the calculation tool.
In the fifth section (§ 5.5), the transferability of the correction factors to the computation of
gamma heating in the case of SUPER-PHENIX and the 1500 MW CAPRA 4/94 reference
design is investigated.

5.1 Comparison of Calculations with ZONASK and ZONA2B Measurements

The ZONASK and ZONA2B CIRANO configurations, as well as the gamma-heating
measurements performed in these assemblies, have been described earlier (§ 4.3.1.1 and §
4.3.2.1, respectively). The configurations were essentially the same, except for the central
high-enrichment substitution zone in ZONASK, and so were therefore the principal
measurements, which consisted in the determination of gamma heating along the N-S
experimental channel traversing both the core and reflector regions.
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5.1.1 Calculations

Figure 5-1 gives the RZ model used for the neutronic and photonic calculations in the
case of ZONASK. The model used for ZONA2B was basically the same but without the
central substitution zone and with a slightly larger critical radius (45.0 instead of 44.73 cm).

/ Vacuum boundary

Core (ZONAS5K)
Core (ZONA2 PIT)

Reflector zones

P

Boron (B4C)

Radial Shielding

Reflective Axial Shielding

boundary

oon

69.52
66.98

Vacuum boundary

>R [cm]

4473

47.25

131.0

0.0 14.65

5483 1|
59.88

Vacuum boundary

49.78

Figure 5-1: RZ model of the ZONASK configuration for the gamma-heating calculations.

The neutron flux was computed using the methodology developed in a parallel thesis [1]
for the accurate neutronics treatment of the SUPER-PHENIX core surrounded by steel/sodium
reflector zones. First, 33-group cross-sections were computed for the homogenized regions of
interest using the ECCO cell code (§ 2.5.2.1) and JEF2.2 data. For the core region, a simple 1-
dimensional, two-region cylindrical cell model was used. A special treatment was applied to
the steel/sodium reflector because there is a large variation of the neutron spectrum from the
beginning to the end of this zone. The 1-dimensional, planar cell model used in the ECCO
calculation is shown in Figure 5-2. It is seen that the reflector was sub-divided into various
zones, cross-sections being computed for each to take into account the spatial variation of self-



Validation of the Calculational Schemel55

shielding and of the neutron spectrum. The latter was computed using a very fine group
structure (1968 groups) to well represent the slowing down of the neutrons penetrating from
the core region into the reflector.

Reflective boundary Reflective boundary

12.5 17.5 30.0

00 25 50 175

[ () e

Core Reflector zones

Figure 5-2: 1-dimensional, planar model used in ECCO to compute 33-group
cross-sections for the radial steel/sodium reflector.

Once the multi-group cross-sections had been created, the neutron flux was computed
using the BISTRO Sy code (§ 2.5.2.1) in S4P; approximation. From the neutron flux, the
gamma flux was computed using the calculational methodology developed in Chapter 3, the
flow-diagram of which is given in Figure 3-1. The quantity comparable to the corrected
experimental results, viz. the gamma heating in iron, was finally obtained by folding the local

gamma flux at the measuring positions, P with the iron gamma KERMA, Ky,irongy ,

i,gy >

according to:

Hy iron,i =conv - (Zq)i,gy : Ky,iron,gy ) (5-1
&y

Here, conv is a conversion factor to obtain the heating in units of [rad(iron)/h] as the iron
KERMA used is given in units of [eV - barn |:

3
conv=6.219-10_13@- cm -$

barn-cm-eV

The absolute normalization of the calculations was done with respect to the fission rate of

3 at the center' of the N-S experimental channel. As mentioned earlier, this

1 micro-gram U
parameter is determined using a calibrated fission chamber and is specified to an accuracy of 2

% (1 ©). In the calculations, the fission rate was determined according to:

' The fact that normalization was done with respect to the fission rate at core center is effectively equivalent to

normalizing to total core fissions. This follows from the fact that the ratio of calculated and measured fission rates
through the core region (Figure 5-6) is almost constant.



156 Chapter 5

Fission rate (1 micro-gram U*?) = (¥ ®;,-0 )-2562-101°  (5-2)

g

core,U235,fission,g

where ®; is the neutron flux at the center of the N-S channel, Gcore,u235 fission,e the microscopic

fission cross-section of U*, and 2.562- 10" the number of U atoms in 1 micro-gram. For
Ocore,U235 fission,g» the fission cross-sections computed in the ECCO cell calculation for the
homogenized core region were used. These cross-sections are adequately self-shielded from
the viewpoint of representing the fission chamber response”.

It should be mentioned that the presence of the chamber does lead to a neutron flux
perturbation. However, this perturbation is found to be small (less than 1 % compared to the
unperturbed case, estimated with respect to U> fission rates). In any case, the effect is
expected to be of the same order of magnitude as in the absolute calibration of the chamber
and can hence be neglected.

The experimental staff at MASURCA also specifies the fission rate of Pu™’ at the center
of the N-S experimental channel during the irradiation. The normalization factor determined
from this reaction rate was found to be consistent, within experimental uncertainties, with
respect to that determined via U**” fission.

5.1.2 Comparison with Measurements

For the ZONASK configuration, results for the ratio of the calculated gamma heating in
iron to that measured using TLDs are shown in Figure 5-3. The indicated uncertainty on the
C/E values corresponds to the total experimental uncertainty which is about 5 % (§ 4.5.3).
Clearly, it is the corrected experimental results which have been used for the comparison, i.e.
the TLD measurements have been corrected for the neutron contribution to the response, the
spectral (cavity) effect, the non-saturation of the delayed emission and for the geometrical
heterogeneity. The corrected experimental values are given in Table 4-6. The corresponding
comparison of calculational and TLD measurement results along the N-S channel in ZONA2B
is shown in Figure 5-4. The corrected experimental results used in this comparison are given in
Table 4-7.

Also shown in Figure 5-4 is the comparison of the calculations to the gamma chamber
measurements done in both radial access channels. For the comparison, the locally calculated
gamma heating had to be integrated over a distance of 77 mm, which corresponds to the active
length of the chamber used. Furthermore, the chamber measurements had to be corrected for
neutron sensitivity, non-saturation of the delayed emission, and for the heterogeneity effect as

. . . .. 2
? Using U™ cross-sections corresponding to trace quantities of U™

in a steel diluent zone (i.e. more
representative of the thin U* deposit in the chamber) yielded fission rates less than 0.4 % higher than those

obtained using the homogenized cell cross-sections.
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Figure 5-3: Ratio of calculational to experimental (C/E) results for
gamma heating along the N-S radial channel in ZONASK.
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Figure 5-4: Ratio of calculation to experimental (C/E) results for
gamma heating along the N-S and E-W radial channels in ZONA2B.
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discussed in § 4.4.2. However, as the chamber has a considerable active length, and because
the different corrections are spatially dependent, it is more practical to apply the corrections on
the calculational side. Thus, to obtain the 'corrected' calculational values, the gamma source
was corrected for non-saturation before carrying out the gamma transport. Then, the locally
calculated gamma-heating rates were corrected for the neutron contribution and for the
heterogeneity effect. Clearly, the latter two corrections were in the opposite sense to those one
would have applied to the chamber readings. For example, the neutron contribution was added
to the calculated dose instead of being subtracted. Finally, the locally corrected values were
integrated over the active chamber length.

Also shown in Figure 5-4 is the comparison of the calculations to the gamma chamber
measurements done in both radial access channels. For the comparison, the locally calculated
gamma heating had to be integrated over a distance of 77 mm, which corresponds to the active
length of the chamber used. Furthermore, the chamber measurements had to be corrected for
neutron sensitivity, non-saturation of the delayed emission, and for the heterogeneity effect as
discussed in § 4.4.2. However, as the chamber has a considerable active length, and because
the different corrections are spatially dependent, it is more practical to apply the corrections on
the calculational side. Thus, to obtain the 'corrected' calculational values, the gamma source
was corrected for non-saturation before carrying out the gamma transport. Then, the locally
calculated gamma-heating rates were corrected for the neutron contribution and for the
heterogeneity effect. Clearly, the latter two corrections were in the opposite sense to those one
would have applied to the chamber readings. For example, the neutron contribution was added
to the calculated dose instead of being subtracted. Finally, the locally corrected values were
integrated over the active chamber length.

Chamber measurements were usually done at symmetric locations with respect to the core
center. For the comparison, the average current for each radial position was deduced from the
measurements at the corresponding symmetric points. The individual values at these points
were usually in good agreement (differences < 2 %).

As the chamber measurements were only intended for yielding relative gamma-heating
values, both calculations and measured results were first normalized to unity at the core center.
From these relative values, a preliminary (relative) C/E traverse was derived. The absolute C/E
values shown in Figure 5-4 were then obtained by multiplying the relative C/E traverse with
the average C/E deduced from the TLD measurements in the core region.

Table 5-1 summarizes the average C/E values obtained in ZONASK and ZONA2B.
Average values are given separately for the core region, and for the inner and outer parts of the
reflector. The consideration of such average values is meaningful since the C/E values are
almost constant in the different zones. The results obtained in the two configurations, and with
both the TLD and the ionization chamber techniques, are consistent, except for the inner
reflector where the TLD results in ZONASK are significantly higher than those in ZONA2B.
The ZONA2B chamber results lie in-between the two values and can therefore be taken as a
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representative mean. The differences reflect the difficulties in accurately determining the dose
in this zone with its strong spatial variation of gamma heating.

Table 5-1: Summary of average C/E values in the core and reflector
regions of ZONASK and ZONAZ2B, deduced from both TLD and
ionization chamber measurements.

Configuration | Technique Core Inner Outer
Reflector Reflector
(45-55cm) | (55-74 cm)

ZONAS5K TLD 0.89 0.89 0.85
ZONA2B TLD 0.90 0.80 0.82
Chamber 0.90 0.84 0.84

5.2 Comparison of Calculations with BALZAC1-DE1 Measurements

In this section, gamma-heating calculations are compared to reevaluated experimental
results deduced from the measurements done in the BALZACI1-DE1 configuration of the
MASURCA facility by Calamand et al. [2]. These measurements, as well as the reactor
configuration, were described in § 2.4.4.2. The particularity of the assembly is a steel/sodium
diluent zone in the center of the PuO,/UQ; fissile core.

5.2.1 Calculations

The RZ description of the BALZAC1-DEI configuration shown in Figure 2-13 was used
for the calculations, which were done in a completely analogous manner to the analysis of the
CIRANO cores. First, 33-group cell cross-sections were computed for the various regions of
the reactor using the ECCO cell code and JEF2.2 data. For the core cells, 1-dimensional, two-
region cylindrical models were used and the ECCO options chosen according to the
prescription given in [3]. The cross-sections for the diluent singularity were computed using
the ' macreell' option of the cell code, i.e. spatially dependent crossection sets were created
for a sub-division of the diluent region into various zones (see Figure 2-13). Using the neutron
multi-group cross-sections created in this way, the neutron flux was computed with BISTRO,
and the gamma flux was obtained by applying the calculational methodology described in
Chapter 3. Finally, the local gamma heating was computed by applying relation (5-1).

The absolute normalization of the calculations was done with respect to measured U**
fission rates. Calculated rates were obtained in the same way as in the CIRANO analysis (§
5.1.1). As regards the measured rates, foil activation and fission chamber techniques were
applied, both yielding results for spatial distributions in the core consistent with calculations
(see also Figure 5-7). As in the CIRANO configurations, a calibrated fission chamber allowed
the conversion to absolute fission rate values.
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5.2.2 Comparison with Measurements

Figure 5-5 shows the ratio of calculated to measured gamma heating in iron in the diluent
and core regions of BALZACI-DEI. The experimental values used are based on a re-
evaluation of the measurements by Calamand et al. employing TLDs and a gas-circulating
ionization chamber along both radial channels [4,5]. The uncertainties indicated correspond to
the total error in the experiments with TLDs as given in Table 5 of reference [5]. This
uncertainty is in general of the order of 5 to 6 %.
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Figure 5-5: Ratio of calculated and measured gamma heating in the
diluent on plutonium fueled core regions of BALZACI1-DEI.

The reinterpretation of the raw experimental TLD data obtained by Calamand et al. (Table
13 of ref. [6]), i.e. subtraction of the neutron contribution, application of the cavity, non-
saturation and heterogeneity corrections, was done in a manner ensuring that the BALZAC and
the current CIRANO measurements have been corrected in a consistent way. The cavity
correction was recomputed using Burlin cavity theory as described in § 4.4.1.2. This led to
results significantly different from those obtained by Calamand et al. using simple models
(which just simulated the TLD-carrying iron piece, the gamma flux being generated by a point
source at its center) and the modified photon-electron transport code ACCEPT. The
differences were particularly large for the diluent region (current correction factor typically 25
% smaller). The fact that the adequacy of Burlin theory was tested in the present work through
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comparison with detailed MCNP photon-electron coupled calculations, which in turn were
validated through supplementary experiments (Appendix D), justifies the new cavity
corrections which have been applied.

The neutron correction was recomputed using the method described in § 4.4.1.1. This led
to an about 10 % lower neutron contribution compared to the values computed by Calamand et
al. This, however, only changes the final results marginally because the neutron contribution
was typically less than 16 % of the total response.

Non-saturation and heterogeneity corrections were taken without modification from the
interpretation of Calamand et al. They generally compared well with the corresponding results
found during the interpretation of the CIRANO experiments. The non-saturation correction
was slightly lower than that obtained for the CIRANO measurements, the difference to be
explained by the fact that the TLDs were left for some time in the reactor after it had been
shut-down so that a part of the delayed emission was "experimentally integrated".

In summary, the reevaluation of the corrections done by Calamand et al. showed that the
main difference in their interpretation of TLD measurements as compared to the present work
was the determination of the cavity correction.

As regards the chamber measurements, the corrected experimental values were taken
without modification from the final analysis by Calamand et al. (Table 8, ref. [6]). In this
analysis, the raw experimental results given in ref. [4] were corrected for the neutron
contribution, non-saturation of the delayed contribution and heterogeneity effects. The neutron
contribution and the non-saturation correction were of similar magnitude as the corrections
calculated in § 4.4.2 for the CIRANO chamber measurements. However, the heterogeneity
correction was taken as unity in the steel/sodium diluent region and did not, as such, account
for the important streaming effect along the radial channel (see Figure 4-22) of gammas
leaking out of the core into the diluent region. This might explain the drop in the chamber C/E
values at the beginning of the diluent, as indicated in Figure 5-5.

As in the case of the ZONA2B chamber measurements, the BALZAC1-DE1 chamber
results were only used in a relative sense. Thus, both calculations and measured values were
first inter-normalized in the core region, and then a preliminary (relative) C/E traverse was
derived. The absolute C/E values shown in Figure 5-5 were finally obtained by multiplying the
relative C/E traverse with the average C/E value deduced from the comparison of calculated
and TLD-measured results in the core region.

In general, the ratio of calculated to experimental gamma-heating results for the
BALZACI-DEI configuration is almost flat, as in the case of the CIRANO experiments.
Average C/E values may therefore be considered, and the results are summarized in Table 5-2.
The calculations underestimate the gamma heating by about 11 % in both the core region and
the central diluent. These findings are consistent with those found for the CIRANO
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configurations: A general underestimation of gamma heating by the calculations in both the
PuO,/UO, fueled core and the non-fuel regions (steel/sodium diluent, steel/sodium reflector).

Table 5-2: Average C/E in the PuO,/UQ,; fueled core region and the
central steel/sodium diluent zone of BALZACI1-DEI1, deduced from
both TLD and ionization chamber measurements.

Technique Core Steel/Sodium Diluent
TLD 0.89 0.89
Chamber 0.89 0.88

It should be noted that the BALZAC chamber measurements could have been analyzed
without an inter-normalization to the TLD results. In fact, the BALZAC chambers were
calibrated using a Co® source. This would have led to C/E values lower by about 13 % (C/E of
about 0.77 in the core region). This tendency is also found when using the CIRANO chamber
results in an absolute way, based on a preliminary calibration of the chamber using the Co™
source of SPR Cadarache. The large difference with respect to the TLD results most probably
reflects the fact that the analysis of the chamber calibration has not been done in a consistent
way with that of the reactor irradiation. In particular, an appropriate analysis needs to take into
account the fact that the gamma field is usually strongly anisotropic during the calibration,
whereas in the reactor irradiation the gamma field is incident from all sides. Clearly, such
problems associated with the calibration do not influence the quality of relative chamber

measurements as affected currently.

5.3 Analysis of Differences Between Experiments and Calculations

The possible sources of the differences between the measured and calculated gamma-

heating values are:

1) On the experimental side, systematic errors in:

. The absolute power normalization.

. The absolute calibration of the TLDs.

. The calculation of the different corrections.
. The TLD technique itself.

2) On the calculational side:

e The incorrect determination of the reaction rates of the neutron interactions producing
gammas, viz. fission, capture, and inelastic scattering. Thereby, errors in determining the
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reaction rates can be due to a) an incorrect calculation of the neutron flux (spectrum,
magnitude) and/or b) incorrect reaction cross-sections.

¢ Incorrect gamma production data, i.e. errors in the total gamma emission energies,
Qy.ex,g- Or in the associated normalized emission spectra, X x (g = gy)-

° Errors in the computation of the gamma propagation.

° Errors in the gamma KERMA values.

The possibility of large systematic errors on the experimental side can be discarded. The
absolute calibration was done with respect to U™ fission rates measured with fission
chambers. The absolute calibration of these chambers has been verified through comparison
with fission chambers of other laboratories [7]. As regards the absolute calibration of the
TLDs, care was taken to carry this out in a very consistent way with respect to the in-reactor
irradiations. In particular, the irradiation dose in both calibration and reactor measurements
was about the same, thus reducing the risk of any supra-linearity effect. Co® was used as
calibration source because the average emitted energy lies close to the mean spectrum energy
in the reactor. TLDs were encapsulated in iron for the calibration as in the reactor.
Furthermore, the numerical interpretation of the calibration was verified by supplementary
measurements. Finally, repeated calibrations were found to be in excellent agreement. All
necessary calculational corrections to the TLD measurements were computed employing the
most recent calculational tools and data. The correction most in doubt, viz. the cavity relation,
was verified through supplementary measurements and sophisticated photon-electron coupled
Monte-Carlo simulations. Great care was taken to establish a highly reproducible measuring
procedure, thereby taking advantage of the latest reader and oven instrumentation available.
The good agreement between the ZONASK and the ZONA2B measurements, as well as the
excellent consistency with respect to the reevaluated earlier measurements of Calamand et al.
in a PuO,/UO, fueled core region, can be considered as an adequate check of the TLD

technique3 .

On the calculational side, the possibility of errors in the gamma transport and/or in the
gamma KERMA used can be discarded. Gamma interaction data, including KERMA, are in
general well known, with an uncertainty of less than 2 % [8]. As a check, the iron multi-group
gamma KERMA extracted from the VASCO formulaire, and currently used to compute the
local gamma heating in iron according to relation (5-1), were verified through comparison with
values created from ENDF/B-VI data using the GAMINR module of NJOY. The values were

consistent within about 1 %.

> The ZONA1 BALZAC core cell was very similar to the core cell (ZONA2) of the CIRANO ZONASK and
ZONAZ2B configurations shown in Figure 4-10, with the difference that 2 out of the 8 fuel rodlets were not
PuO,/UO, but natural UO, pins instead. Gamma-heating measurements in the BALZAC and CIRANO cores
should thus indeed lead to similar results.
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As regards the calculation of the gamma propagation, the BISTRO Sy code was used in
the present work. The code' s performance was checked versus Mont€arlo (MCNP)
calculations (§ 4.4.1.3) and close agreement was found. In addition, effects of the numerical
approximations in the Sy method (angular discretization, truncation of Legendre expansion)
were investigated by comparing, for both the ZONA2B and the BALZACI-DEI1
configurations, calculations using SgP3; and Si¢Ps approximations. Differences in results were
found to be negligibly small (< 0.3 %).

It follows from the above discussion that the differences between calculated and measured
gamma heating are most probably due to errors in computing the gamma source, i.e. due to
errors in the computation of reaction rates and/or errors in the gamma production data. Below,
an attempt is made to identify more precisely the possible causes for the discrepancies in the
different regions of interest.

Core

In the core, transport effects are not important (Figure 2-11) and the main gamma source
is due to fission reactions (Figure 2-6). Thus, it stands to reason that the observed
discrepancies are due to an incorrect, i.e. a too low, calculation of the gamma emission through
fission. The principal fission reaction rates are in general found to be well computed in fueled
regions. This is shown to be the case from C/E comparisons for both reaction rate ratios and
distributions [9,10]. Thus for example, calculated and measured U*® and U fission rates
along the N-S channel in the core regions of ZONA2B and BALZACI-DE1 compare well as
shown in Figures 5-6 and 5-7. For these comparisons, measurements and calculations were
normalized to unity at core center in the case of ZONA2B, while for BALZACI1-DEI an
arbitrary inter-normalization over the core region was carried out.

As fission rates seem to be computed correctly in the core, a major part of the differences
found between calculated and measured gamma heating in this region is most probably due to
incorrect fission gamma production data, in particular too low total fission gamma emission
energies, Qu e fission,g - I fact, increasing fission gamma energy emission by 8 % (a value

acceptable with respect to the estimated uncertainty on the total fission gamma energy
emission, § 3.2.5.3) would lead to a 5 % higher gamma heating in the core. Measurements and
calculations would then be consistent within the experimental uncertainties.

This finding is in contradiction to the latest evaluation of fission gamma emission by Fort
et al. (Table 2-2), which suggests total fission gamma emission energies leading to an even
lower fission source, and thus to even lower C/E values.

Another source of the discrepancies could be incorrect fission emission spectra. In fact, it

was shown that changing the prompt fission spectrum of pu*’

(from the one computed from
the currently used JENDL-3 evaluation) to the analytical form given by relation (2-1), leads to

a change in computed gamma heating in iron by 3.5 %.
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Figure 5-6: Inter-normalized measured and calculated U* and U fission rates along the N-S
channel in the ZONA2B configuration.

1.6

1.8

F5 calculated
——@—— F5 measured

,_
~

1.6

1.4

in the core region
in the core region
=
[\

F8 calculated
——@—— F8 measured

—_

1.2 .
Diluent

U235 fission rates inter-normalized
LI ' LI ' LI ' LI ' Tal |
PN N T NN Y T WO N TN WA W N TN WO W O T AN |
U238 fission rates inter-normalized

1IIII'IIII'IIII'IIII'IIII'IIII'IIII'IIII
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

. Distance [cm] from core center
Distance [cm] from core center

Figure 5-7: Inter-normalized (over the core region) measured and calculated U™ and U**
fission rates along the N-S channel in the BALZAC1-DE]1 configuration.

Outer Reflector (55 cm to 72.5 cm)

Figure 5-8 gives the contribution to total gamma heating along the N-S channel in
ZONAZ2B separately for the gammas produced in the core and in the reflector. It is seen that
gamma heating in the outer part of the reflector (55 cm - 72.5 cm) is mainly due to gammas
produced by capture in the structurals present. Gammas created in the core region and
penetrating into the reflector are of little importance in this part of the reflector. It follows that
the capture gamma production in the reflector is being computed too low. As the total gamma
energy emitted in capture is well known and closely equals the neutron binding energy of the
incident neutron in the target nucleus (plus the incident neutron energy), the differences
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between measurements and calculations can be assumed to be due to a too low computation of

the capture reaction rates in the structurals.
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Figure 5-8: Relative contributions to total gamma heating along the N-S channel in
ZONAZ2B of all gammas created in the fissile core region, and of capture and inelastic
gammas produced in reflector.

Figure 5-6 shows that, in the reflector region, U fission rates are underestimated in
the calculations, whereas the U>® fission rates are overestimated. This indicates that the
calculations yield a too high intermediate-energy neutron flux, and a too low fast flux. These
problems in computing the neutron flux in the reflector are being investigated in detail by
Bosq in his parallel thesis work [1]. His comparisons with the Monte-Carlo code TRIPOLI-IV
have shown that the differences are not due to the used calculational methodology, but rather

due to basic data, i.e. neutron interaction cross-sections.

Bosq has carried out data adjustment studies to investigate the type of cross-section
data which lead to the observed discrepancies. He first determined the sensitivities of
calculated integral parameters (the ratios of U /Pu™°/U* fission rates at various distances in
the reflector, relative to values at the core center, were considered) to changes in various cross-
sections. These results were then used to identify the cross-sections for which modifications
would be most effective in bringing the integral measurements and calculations into
agreement. Thereby, the proposed adjustments had to be smaller than the errors to which the
cross-sections are known, i.e. have been measured. In brief, Bosq' s studies have shown that
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possible reasons for the too high intermediate-energy neutron flux are 1) generally too low
capture cross-sections (Fe’®: too low by 15 - 20 % below 10 keV; Ni’®: too high by 15 %
above 10 keV; Cr'”: too low by 5 % at all energies), 2) generally too high elastic scattering
cross-sections (Fe>®: 4 % too high below 200 keV; Ni’®: 2 % too high at all energies; Cr*: too
high with discrepancies increasing with energy and reaching up to 30 % at 500 keV) and 3)
too low inelastic scattering cross-sections (Fe’®: too low by 6 % between 2 to 20 MeV, Ni*®
and Cr’* too low by 2 - 3 %).

These findings are consistent with the deduction which can be made from the present
work. Indeed, the generally too low capture and inelastic cross-sections (in particular those for
Fe®) would explain the differences in measured and computed gamma heating. Thus, for
example, the effect of increasing the iron capture gamma production by 20 % below 10 keV
has been shown to lead to an increase of 6 - 12 % in the gamma heating in the outer reflector.

Inner reflector (45 cm to 55 cm)

This region can be considered as transient zone between the two regions discussed above.
Both the gammas produced in the core, and the gammas created through capture (and inelastic)
reactions in the structurals of the reflector, contribute in a significant way to heating in this
zone, as shown graphically in Figure 5-8. The core contribution, underestimated in the
calculations by about 10 %, amounts to 82 % of total gamma heating at the beginning of the
zone (45 cm) and then decreases to 13 % at its end (55 cm). Correspondingly, the contribution
by gammas produced in the reflector increases from 18 % to 87 %. Thereby, the capture
contribution (probably underestimated in the calculations by about 15 % as argued above)
increases from 9 % to 67 %. The overall effect in this intermediate zone is thus an
underestimation of the gamma heating by about the same order of magnitude (10 to 15 %) as
in the core and outer reflector.

Core diluent

Figure 5-9 shows the relative contributions to the total gamma heating of gammas
produced in the core and inner diluent regions in the BALZAC1-DE]1 configuration.

It is seen that, for the diluent, the contribution of gammas produced in the core is very
high, i.e. 86 % at the outer boundary of the diluent and as much as 48 % at the center. On the
whole, the core source accounts for 61 % of the total gamma heating in the diluent. A
significant part of the calculational underestimation in this zone can thus be explained by the
too low gamma production in the core. As regards the contribution of gammas produced in the
diluent itself, the situation is analogous to that found in the CIRANO reflector zone. Figure 5-7
shows that measured U>* fission rates are underestimated by the calculations, and U*® rates
overestimated. As the same data sets have been used for these calculations as in the CIRANO
analysis, it is reasonable to assume that the differences have the same probable cause, viz. too
low capture cross-sections for the structurals. Assuming an underestimation of the capture
source by about 15 %, and that of the core source by about 10 %, the relative contributions
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shown in Figure 5-9 lead to a spatially near-to-constant underestimation of the gamma heating
in the diluent by 9 to 10 %. This value is very close to the actually observed discrepancy of
about 11 %.
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Figure 5-9: Relative contributions to total gamma heating along the radial access
channels in BALZACI1-DE1 of all gammas created in the surrounding of the diluent
(core), and of capture and inelastic gammas produced in the diluent itself.

In summary, with neither the calculational methods nor the experimental values being in
serious doubt, the observed discrepancies between calculated and measured gamma heating in
the different regions of the CIRANO and BALZACI1-DEI configurations are most probably
due to basic data. The differences can be explained by:

1) too low fission gamma energies, Qy ¢ fission,g » and

2) too low capture cross-sections of the structural elements.

This clearly indicates the type of data which needs to be scrutinized more closely and
239, U*® and Fe’® would have the most effect,

because the first two nuclides are the dominant contributors to the gamma production in the

improved. Thereby, adjustment of the data for Pu

core while the third is that for the reflector. These considerations are, of course, only
indicative. More detailed studies, including sensitivity calculations (sensitivity of the gamma
heating to changes in the emission by individual isotopes and reactions for different ranges of
incident neutron energy), combined with the adjustment studies of Bosq [1], could lead to
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more specific conclusions, in particular with respect to capture and inelastic cross-sections for
structurals present in the reflector.

5.4 Correction Factors for Computed Gamma Heating in Core, Reflector and Diluent
Regions

The performance of the currently developed calculational tool for gamma heating in the
core, reflector and diluent regions of plutonium-burning fast reactor configurations is
summarized in Table 5-3. Average C/E values are given for the different zones. For the inner
reflector region, for which results based on TLD measurements in ZONASK and ZONA2B
differ significantly, the average value is tabulated. The indicated error corresponds to the total
experimental uncertainty in each case (Table 4-10).

Table 5-3: Performance of the currently developed calculational tool for gamma heating in
core (Pu-enrichment ~ 24 %), reflector and diluent regions.

Zone PuO,/UO, Inner (first 10 cm) Outer steel/sodium Steel/sodium
core steel/sodium reflector reflector diluent
Average 0.89+5.1% 0.84 +£6.5 % 0.84+5.2 % 0.89+5.7 %
C/E
f.=E/C 1.12£5.1% 1.19+£6.5 % 1.19£52 % 1.12£5.7 %

Also given in Table 5-3 are the experimental correction factors f. = E/C (§ 2.5.1.2),
defined as the reciprocal of the average C/E values. It is important to recall the role of these
correction factors: When employing the currently developed calculational tool for computing
gamma heating in configurations similar to those used for its validation, these factors have to
be applied to correct the calculated values in order to achieve an accurate determination of the
gamma heating. As such, the correction factors have to be considered as part of the
formulaire (see § 2.5.1). The accuracy with which the gamma heating is predicted is given by
the uncertainty on the experimentally derived correction factor, i.e. the total uncertainty on the
measurements used to validate the tool. This is about 5 % in the core and outer reflector, and

about 6 % in the inner reflector and in core diluents.

5.5 Transferability to power reactors

In this section, the transferability of the validational findings summarized in Table 5-3 to
full-scale power reactors is investigated. This is done by comparing the gamma-heating
calculations for the critical configurations used for the validation with those for the power

reactor in the light to two principal considerations, viz.:
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1. Breakdown of the gamma source into the contributions of individual isotopes, and this in
both the core and the non-fuel regions adjacent to the core (reflector) or surrounded by the
core (diluent),

2. The relative contributions to total gamma heating of the gammas created in the core and the
non-fuel regions, respectively.

These characteristics have been chosen because they represent, on the one hand, the gamma
production process (which depends on the isotopic composition of the region studied and the
neutron spectrum in it) and, on the other hand, the gamma propagation (in particular the
important penetration of gammas out of the core into the non-fuel regions).
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Figure 5-10: RZ model of SUPER-PHENIX. Compared to the start-up
configuration, the radial blanket is replaced by a steel/sodium reflector and a
diluent sub-assembly is placed in the center of the core.
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Transferability is investigated with respect to two full-scale power-reactor cases, viz. 1)
SUPER-PHENIX, with its radial fertile blanket replaced by a steel/sodium reflector, and (2)
the reference CAPRA 4/94 Pu-burning fast reactor configuration (§ 2.1.3). The above-
mentioned characteristics were computed for these cases in a consistent way with respect to
the calculation of the critical experiments used for the validation (§ 5.1.1 and § 5.2.1). The RZ
model for the SUPER-PHENIX calculations is shown in Figure 5-10. This was derived from a
SUPER-PHENIX start-up configuration, but with the radial fertile blanket replaced by a
steel/sodium reflector and with a diluent sub-assembly at the center of the core. The RZ model
used in the case of the CAPRA core is shown in Figure 2-3.

5.5.1 Gamma Heating in Steel/Sodium Reflectors

Table 5-4 gives the isotopic breakdown of the total gamma source in a) the steel/sodium
reflector designed to replace the radial blanket of SUPER-PHENIX, b) the reflector of the
CAPRA 4/94 Reference Core and c) the reflector of the MASURCA ZONAZ2B configuration.
Only the first 27.5 cm of the reflector are taken into consideration in each case, the ZONA2B
reflector being just of this thickness. It is seen that the breakdown for both the SUPER-
PHENIX and the CAPRA reflectors is very similar to that found in ZONA2B, although the
inelastic contributions are slightly larger (indicating a harder neutron spectrum in the latter
case).

Table 5-4: Breakdown of total gamma emission into contributions of different
isotopes in the first 27.5 cm of the radial steel/sodium reflector adjacent to the core in
SUPER-PHENIX, CAPRA 4/94 and MASURCA. The relative contribution of
inelastic scattering is indicated in brackets.

SUPER-PHENIX CAPRA 4/94 MASURCA (ZONA2B)
Na 2.9% (39.0%) 3.1% (31.9%) 2.4% (43.8%)
Fe54 4.5% (8.4%) 5.2% (6.8%) 5.0% (11.2%)
Fe56 39.3% (23.2%) 47.1% (18.8%) 46.3% (30.3%)
Fe57 4.4% (10.8%) 4.3% (11.3%) 4.1% (16.7%)
Fe58 0.2% (13.8%) 0.3% (12.7%) 0.2% (21.2%)

Cr50 2.1% (5.1%) 2.1% (3.4%) 2.8% (6.0%)
Cr52 6.9% (23.8%) 5.4% (21.1%) 8.2% (33.4%)
Cr33 5.5% (4.8%) 5.8% (3.3%) 7.6% (5.9%)

Cr54 0.1% (61.8%) 0.1% (53.9%) 0.2% (65.4%)
Ni58 12.4% (9.0%) 9.5% (6.5%) 8.1% (10.4%)
Ni60 3.5% (15.9%) 2.6% (12.1%) 2.3% (18.9%)
Ni61 0.5% (7.7%) 0.3% (7.0%) 0.3% (10.5%)
Ni62 0.8% (9.6%) 0.7% (6.2%) 0.6% (10.5%)
Ni64 0.1% (26.4%) 0.0% (22.2%) 0.0% (32.0%)
Mn 16.8% (2.1%) 13.5% (1.7%) 11.9% (3.0%)
TOTAL | 100.0%  (15.4%) | 100.0%  (13.4%) 100.0% (21.6%)
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Table 5-5 gives the corresponding isotopic breakdown of the total gamma emission for
the core region. In the case of the power reactor configurations, the breakdown is given for
both the outer core (adjacent to the reflector region) and the inner core (surrounding the diluent
sub-assemblies discussed in the next section). The differences between these two regions are
not very significant. In the case of the critical experiments, the breakdown is given for both the
BALZAC (ZONAT1 cell) and ZONA2B (ZONAZ2 cell) cores.

Table 5-5: Breakdown of total gamma emission into contributions of
different isotopes in the core regions of SUPER-PHENIX and CAPRA
4/94, and of the MASURCA configurations BALZACI-DEI and
ZONA2B.

SUPER-PHENIX| CAPRA 4/94 MASURCA
Inner Outer Inner Outer |BALZAC|ZONA2B
Core Core Core Core | ZONA1 | ZONA2
U235 2.0% 1.7% 0.4% 0.4% 1.4% 0.7%
U238 35.0% | 30.7% 152% | 145% | 30.9% 24.7%
Pu239 | 43.6% | 47.4% | 41.3% | 41.5% | 58.8% 59.5%
Pu240 4.6% 5.0% 9.0% 9.3% 1.7% 5.3%
Pu241 4.2% 5.1% 19.0% | 19.0% | 0.3% 1.8%
Pu242 0.2% 0.3% 3.7% 3.8% 0.0% 0.2%
Am241 0.4% 0.2% 0.7% 0.7% 0.1% 1.1%
O 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Na 1.3% 1.3% 1.5% 1.5% 1.8% 1.7%
Fe54 0.4% 0.4% 0.5% 0.5% 0.2% 0.2%
Fe56 4.4% 4.2% 5.3% 5.3% 2.9% 2.9%
Fe57 0.3% 0.3% 0.4% 0.4% 0.2% 0.2%
Fe58 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Cr50 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Cr52 1.0% 1.0% 0.8% 0.8% 0.6% 0.7%
Cr53 0.3% 0.3% 0.2% 0.2% 0.2% 0.1%
Cr54 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Ni58 1.1% 1.0% 0.8% 0.8% 0.4% 0.4%
Ni60 0.4% 0.4% 0.3% 0.3% 0.2% 0.2%
Ni61 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Ni62 0.1% 0.1% 0.0% 0.0% 0.0% 0.0%
Ni64 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Mn 0.5% 0.4% 0.0% 0.0% 0.2% 0.2%
Al - - 0.6% 0.6% - -
TOTAL | 100.0% | 100.0% | 100.0%| 100.0%| 100.0% | 100.0%
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It can be seen from Table 5-5 that there are relatively large differences in some of the
contributions for the critical experiments and the power reactors. These are mainly related to
the different fuel enrichments (Pu/Pu+U) and Pu-vectors. Nevertheless, it is reasonable to
assume that these differences have no major impact on the transferability of the results
represented in Table 5-3. As discussed earlier, the underestimation of the core source in the
critical experiments is most probably due to too low fission gamma energies, and a systematic
underestimation of these values for all fissile isotopes is to be expected. The relative
contribution of the fission process to the gamma source in the core is about the same for the
power reactors as for the MASURCA configurations (about 65 %), so that the underestimation
of the gamma source is probably of the same order of magnitude in each case.

Figure 5-11 shows the relative contributions to the total gamma heating at the
core/reflector interface of SUPER-PHENIX separately for gammas created in the core and in
the reflector. This figure may be compared to Figure 5-8 showing the situation in the case of
the ZONA2B MASURCA configuration. It is seen that the patterns are very similar in the two
cases. For the CAPRA 4/94 Reference Core, the corresponding results are shown in Figure 5-
12. Again, the pattern is almost the same as for ZONA2B.
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Figure 5-11: Relative contributions to total gamma heating along the core mid-plane of
SUPER-PHENIX of all gammas created in the fissile core region, and of capture and
inelastic gammas produced in the reflector.
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Figure 5-12: Relative contributions to total gamma heating along the core mid-plane
of the CAPRA 4/94 Reference Core of all gammas created in the fissile core region,
and of capture and inelastic gammas produced in the reflector.

The above results provide strong evidence for the fact that the ZONA2B experimental
configuration is largely representative of the gamma-heating situation encountered in both the
reflector meant to replace the radial fertile blanket in SUPER-PHENIX and the reflector of the
CAPRA 4/94 plutonium-burner design. The only significant differences occur for the isotopic
breakdown of the core gamma source.

It can thus be concluded that the performance of the currently developed calculational tool
(C/E values), as regards the determination of gamma heating in steel/sodium reflector zones,
should be almost the same in the power reactors considered as in the critical experiments
(Table 5-3). The indicated uncertainty on the correction factor may be assumed to apply
without modification to the outer reflector. In this region, gamma heating is basically due to
gammas created in the reflector itself, and the role of gammas penetrating from the core is not
important. The indicated uncertainty for the inner reflector, on the other hand, should be
increased since here gammas from the core (for which the experimental configurations have
not been fully representative) contribute in an important way to gamma heating. The
supplementary uncertainty may be estimated by summing up the differences in the isotopic
breakdown of the gamma source, and then assuming an uncertainty of 10 %" on this

410 % corresponds to the estimated uncertainty on the total gamma energy emission in a fission event.
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difference. This leads to an uncertainty on the contribution of gammas created in the core of
2.4 % in the case of SUPER-PHENIX, and of 5.4 % in the CAPRA 4/94 reference design’.
Taking into account the relative contribution of gammas coming from the core to total gamma
heating in the inner reflector (about 41 % in the case of SUPER-PHENIX, 47 % in the
CAPRA 4/94 configuration and 44 % in ZONA2B), the effective supplementary uncertainty
becomes 1 % in the case of SUPER-PHENIX and 2.5 % in the case of CAPRA 4/94.

Table 5-6 summarizes the performance of the calculational tool for the determination of
gamma heating in the steel/sodium reflectors of the full-scale power reactors. The
supplementary uncertainty in the inner reflector has been added quadratically to the
experimental error on the C/E values. It is seen that the target precision (7.5 %, § 2.5.4) for
computing gamma heating in steel/sodium reflectors has been achieved in each case.

Table 5-6: Correction factors (fyower) indicating performance of the currently developed
calculational tool for gamma heating in the radial steel/sodium reflectors of full-scale
power reactors.

Reactor Inner reflector (first 10 cm) Outer reflector (10 - 27.5
cm)

SUPER-PHENIX 1.19+£6.6 % 1.19+£52 %

CAPRA 4/94 1.19+£7.0 % 1.19£52 %

5.5.2 Gamma Heating in Diluent Sub-Assemblies

Table 5-7 gives the isotopic breakdown of the total gamma source for a) a SUPER-
PHENIX type diluent assembly placed at the center of the core, b) the central diluent in the
CAPRA 4/94 design and c) the diluent region in the center of the MASURCA BALZACI-
DE1 configuration. It is seen that the results are similar for all three cases, although the
contribution of sodium differs significantly between the three diluents considered. The latter
differences reflect the considerably different volume fractions occupied by steel and sodium,
respectively. These are 73.5 % (steel) / 26.5 % (sodium) in the case of the SUPER-PHENIX
diluent, 17.4 % / 26.8 % in the CAPRA case (the rest being occupied by void through the use
of empty stainless steel pins), and 55 % / 45 % for the diluent region in BALZACI-DEI.

> The ZONA2B core composition is more representative of SUPER-PHENIX than of the CAPRA 4/94 Reference
Core.
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Table 5-7: Breakdown of total gamma emission into contributions of different
isotopes in the central diluent sub-assemblies of SUPER-PHENIX, CAPRA 4/94 and
the BALZAC-DEI configuration. The relative contribution of inelastic scattering is
indicated in brackets.

SUPER-PHENIX CAPRA 4/94 MASURCA (BALZAC)
Na 3.2% (60.3%) 13.0% (69.5%) 6.6% (78.1%)
Fe54 5.0% (16.2%) 4.9% (21.9%) 4.9% (26.2%)
Fe56 41.2% (45.8%) 46.7% (54.3%) 47.3% (65.4%)
Fe57 4.9% (16.6%) 4.4% (21.2%) 4.2% (28.4%)
Fe58 0.2% (31.8%) 0.2% (47.2%) 0.2% (52.0%)
Cr50 1.9% (13.1%) 1.1% (18.0%) 1.5% (23.5%)
Cr52 9.8% (42.2%) 7.0% (51.0%) 10.6% (60.4%)
Cr33 5.1% (12.6%) 3.0% (17.7%) 4.1% (24.0%)
Cr54 0.2% (76.2%) 0.1% (82.4%) 0.3% (83.8%)
Ni58 11.9% (18.8%) 7.8% (24.0%) 8.8% (27.7%)
Ni60 3.9% (29.0%) 2.6% (37.1%) 3.1% (41.6%)
Ni61 0.6% (12.4%) 0.3% (17.3%) 0.4% (20.0%)
Ni62 0.7% (21.5%) 0.5% (29.3%) 0.6% (33.4%)
Ni64 0.1% (43.0%) 0.1% (53.9%) 0.1% (57.5%)
Mn 11.4% (5.9%) 8.3% (6.6%) 7.3% (12.1%)
TOTAL 100.0%  (31.9%) | 100.0%  (44.5%) 100.0% (51.6%)

The isotopic breakdown of the gamma source in the core region surrounding the diluent in
each case is given in Table 5-5 (inner SUPER-PHENIX core, inner CAPRA core, BALZAC
ZONALI core region), and the possible impact of the differences has already been discussed.

Figure 5-13 shows the various contributions to total gamma heating in the vicinity of the
diluent sub-assembly placed in the center of SUPER-PHENIX. This figure may be compared
to Figure 5-9 which gives the corresponding breakdown for the BALZAC1-DEI configuration.
It is seen that, relative to the experimental situation, the contribution of gammas created in the
core is less important (55 % versus 61 % of the volume-integrated total gamma heating in the
diluent), the capture production in the diluent itself significantly more important (27 % versus
18 %), and the inelastic production correspondingly less important (18 % versus 21 %). The
differences can be explained by the higher volumetric proportion of steel in the SUPER-
PHENIX diluent as compared to that in BALZAC. On the one hand, more gammas are created
in the diluent through interaction with steel than with sodium, with, at the same time, the
gammas penetrating from the core being more strongly attenuated. On the other hand, there is
a stronger slowing down of the neutrons penetrating from the core into the diluent, which leads
to a softer neutron spectrum and thus enhanced capture.
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Figure 5-13: Relative contributions to total gamma heating along the core mid-plane of
SUPER-PHENIX of all gammas created in the fissile core region surrounding the
central diluent, and of capture and inelastic gammas produced in the diluent itself.
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the CAPRA 4/94 Reference Core of all the gammas created in the fissile core region
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diluent itself.
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For the CAPRA 4/94 reference design, the situation corresponding to Figures 5-9 and 5-
13 is shown in Figure 5-14. As compared to the BALZAC case, the contribution of gammas
penetrating from the core into the diluent is significantly larger (85 % versus 61 %). Again,
this is a consequence of the considerably smaller volume proportions of both steel and sodium
in the CAPRA diluent design: The gamma production in the diluent is significantly lower, and
furthermore there is less attenuation of the gammas coming from the core.

The results discussed above show that the gamma-heating situation in the diluent region
of the BALZACI1-DEI configuration is quite different from that encountered in the central
diluent sub-assembly of the CAPRA 4/94 reference design, and only partially representative of
a diluent sub-assembly in SUPER-PHENIX. This is largely a consequence of the different
volumetric proportions of steel and sodium in the experimental diluent region®, as well as of
the different fuel enrichment and isotopic composition of the surrounding core region.
Nevertheless, as reasoned below, the performance of the currently developed calculational tool
for gamma heating may be expected to be similar for the diluent regions of SUPER-PHENIX,
CAPRA 4/94 and BALZACI1-DEI], i.e. that the calculations underestimate gamma heating by
around 11 %.

Considering the heating in the SUPER-PHENIX type diluent, the performance of the
calculational tool may be assessed by assuming an underestimation of the contribution of
gammas created in the core by 11 %, and an underestimation of the contribution by capture
gammas in the steel/sodium region by 15 %, as deduced from the analysis of the CIRANO
measurements (§ 5.3). Taking into account the respective contributions of gammas of different
origin, one obtains an effective underestimation of the total gamma heating in the diluent
region of the same order of magnitude as for the BALZAC diluent, viz. about 11 %.

As regards gamma heating in the CAPRA diluent, 85 % of the heating is due to gammas
penetrating from the core. Thus, the accuracy of the calculational tool for computing this
quantity is approximately that for determining the total gamma emission in the core region, i.e.
once again about 11 %.

To verify the above estimations, it would be desirable to investigate experimental
configurations having diluent zones with steel/sodium volume proportions and surrounding
fuel compositions representative of the power reactors of interest. In fact, even a range of
measurements of gamma heating in fissile regions having fuel compositions (enrichment, Pu-
vector) characteristic of such power reactors would be of great value’. Such measurements
would not only be useful for confirming the above indicated findings with respect to gamma

® Tt should be borne in mind that the dimensions of the BALZAC1-DE1 diluent zone are quite representative of
the diluent sub-assemblies of the full-scale power reactors.

7 Appendix E presents an evaluation of the somewhat limited measurements which were currently made in the
central ZONAS5K core region, having a fuel enrichment characteristic of the CAPRA core.
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heating in diluents, but also further strengthen the results presented in Table 5-6 for reflector
regions.

Also of great interest would be more exhaustive investigations to identify the sources of
discrepancies between measured and computed gamma heating in fissile regions, in particular
the study of the effect of individual isotopes. This would allow a more precise assessment of
the impact of differences in fuel enrichment and isotopic composition, and facilitate the
extrapolation of experimental findings to any given power reactor situation. In this context, the
accurate determination (through measurements) of the total gamma energy released in fission
by different isotopes is of considerable interest, because, as discussed earlier, the above-
mentioned discrepancies are most probably due to incorrect fission energies.
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6. CONCLUSIONS AND RECOMMENDATIONS

The present research has involved the development and implementation of a new
calculational scheme for the determination of gamma heating in fast reactors, as well as its
validation for gamma heating calculations for Pu-burning configurations. These configurations
are characterized by a large number of core diluting sodium/steel sub-assemblies and
steel/sodium reflector regions surrounding the core. Gammas account for about 90 % of total
heating in these non-fuel regions.

The work carried out has essentially consisted of (i) a series of improvements in the
calculational methodology for gamma heating, (ii) experimental validation based on more
accurate and representative measurements than those available earlier, and (iii) the
demonstration of transferability of the various findings to full-scale power reactor designs.

Calculational Developments

In comparison to the former European scheme used for gamma-heating calculations, the
major improvements in the new methodology are with respect to the most demanding part of
the computation, viz. that of the gamma source distribution. These improvements are:

. The separate treatment of all reactions producing gammas by folding gamma
production multiplicities for fission, capture and inelastic scattering with the corresponding
effective (self-shielded) neutron cross-sections and summing them up to yield the total
gamma production matrices. This has enabled the consideration of the latest improvements
in computing effective cross-sections at the cell level (ECCO cell code, § 2.5.2.1), in
particular the use of spatially varying cross-sections in non-fuel regions such as reflectors.

o The use of gamma production multiplicities derived from the latest nuclear data
evaluations.
. The use of neutron flux distributions (to generated the gamma source from the gamma

production matrices) obtained employing improved neutronics methods and data by
embedding the scheme in the ERANOS (European Reactor ANalysis Optimized System)
code package.

An important feature of the current development work has been the creation of new
gamma production data files. This was crucial since, assuming that the neutron reactions
producing gammas are well computed, the major difficulty in gamma-heating calculations is
the availability of an appropriate set of gamma production multiplicities.

The creation of such gamma production multiplicities separately for fission, capture and
inelastic scattering from the nuclear data available in the ENDF (Evaluated Nuclear Data
Files) files has shown that the major problem in defining an accurate set is the relatively large
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uncertainty on the gamma production in fission. In fact, total gamma fission emission values
given by various authors differ significantly. The large uncertainty (~ 8 %) on the fission
sources is not only of importance when computing gamma heating in the fissile core region
(where fission gammas contribute about 65 % of total gamma heating), but also in the non-fuel
regions typical of Pu-burners. This follows from the fact that an important contribution to
gamma heating in the latter regions is from fission gammas created in the core (e.g. around 55
% for a core diluent) and penetrating into these zones.

There is less uncertainty on the total gamma energy released in capture and inelastic
scattering. In fact, these energy values can be reliably deduced from analytical relations (e.g.
the energy released in capture is approximately equal to the binding energy of the incident
neutron in the target nucleus plus its kinetic energy). The ENDF data used for the creation of
the capture and inelastic multiplicities could therefore be tested against such relations. Some
discrepancies were found (e.g. too high inelastic production for U**, about 10 % too low
capture production in Na”’, completely erroneous capture data for Fe’’), but the impact of
these incorrect data was found to be small.

Experimental Validation

The validation of the currently developed calculational scheme for gamma heating in the
steel/sodium reflector and in sodium/steel diluent regions of Pu-burning fast reactors was
accomplished through comparisons with new gamma-heating measurements conducted in the
framework of the CIRANO experimental programme at the MASURCA facility, as well as
with reevaluated earlier measurements by Calamand et al. in the BALZACI-DEI1
configuration of the same facility. The CIRANO experiments yielded measured gamma-
heating rates in a PuO,/UQ; fueled core and in the steel/sodium reflector surrounding it. In the
BALZACI1-DEI experiments, gamma-heating was measured in a central steel/sodium (diluent)
zone and in the surrounding core region (of similar composition as in the CIRANO
configurations).

In the CIRANO measurements, absolute gamma-heating rates were determined using
ThermoLuminescent Dosimeters (TLDs). Thereby, a considerable effort was undertaken to
improve the reliability of the absolute dose determination (i.e. to minimize the risk of
systematic errors) and to reduce statistical uncertainties. This was achieved by 1) an absolute
TLD calibration carried out in a completely consistent manner with respect to the reactor
measurements, 2) the determination of individual calibration factors with an experimental
uncertainty of about 1.7 %, 3) the establishment of a TLD measuring procedure yielding
results with a statistical error lower than 2 %', taking advantage of the latest reader and oven
equipment available, 4) the computation of the necessary correction factors using the most

! dispersion (1 6) on the response of a single TLD irradiated several times under exactly the same conditions
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recent methods and data, and 5) a detailed investigation of the cavity correction. The total error
on the corrected measurements is estimated to be in general less than 6 %.

It has been found that, if the TLD measurements in CIRANO and the earlier BALZAC
programme are corrected in a consistent way, absolute gamma dose values in the core compare
well. As the measurements in the two programmes were carried out by different people using
different TLD equipment, it may be concluded that there are no large systematic errors in the
TLD measurements themselves.

As regards the calculational correction factors which need to be applied to the
measurements, these were in general found to be consistent between the current and earlier
analysis. An important exception, however, was the cavity correction for which there were
discrepancies of 10 to 30 %. Calamand et al. determined the latter correction using the
ACCEPT code (see page 177). In the present work, the correction has been determined by
applying Burlin cavity theory and verified using photon-electron coupled MCNP Monte-Carlo
calculations. The latter were, in turn, validated through comparisons with experimental results
from TLDs irradiated in various (TLD) cavity surroundings.

The comparison of calculated and measured gamma-heating values has shown that,
despite the significant improvements made in the calculational scheme, the latter
underestimates gamma heating by 10 % in the PuO,/UQO, core region, by 16 % in the reflector
and by 11 % in the diluent zone. Since the experimental error on the current measurements is
less than 6 %, and with all major deficiencies in the calculational algorithms having been
removed, one may conclude that the discrepancies are due to errors in the basic nuclear data
used.

As regards the situation in the core, the basic data most in question are the total fission
gamma energies since fission gammas make the most important contribution to gamma
heating in this region. The values currently adopted seem to be too low. This conclusion is
consistent with the relatively large uncertainty on fission gamma energies in general. As Pu™”
is the most important isotope for gamma energy production in the core (contributing about 60
% of the total gamma emission), changes in data for this isotope would affect the results most.
In fact, efforts should be undertaken to determine the total gamma energy emitted due to the
fission of U*, U*® Pu*’, Pu*® and Pu**! more precisely. This would allow clearer
identification of the causes of the observed discrepancies and facilitate extrapolation of the

current findings to cores of different plutonium enrichments and isotopic compositions.

For the reflector (as least the outer part of it), the major contribution to heating is the
gamma emission through capture in the structurals. With the total gamma energy released in
capture being well known, it is the capture reaction rates in the structurals which seem to be
underestimated in the calculations. As Fe®® is the most important isotope for gamma
production in the reflector (contributing about 45 % of the total gamma emission), changes in
data for this isotope would affect the results most. This conclusion is consistent with the
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analysis of Bosq who, in his parallel thesis work, investigated possible reasons for the
overprediction of fission rates in the CIRANO reflector region. He found these to be too low
capture cross-sections (in particular of Fe*® below 10 keV), slightly too low inelastic scattering
and too high elastic scattering cross-sections for structurals.

In diluent zones (and also in the inner reflector), gammas created both in the core and in
the non-fuel region itself contribute in an important way to heating. The current
underestimation for these regions can be interpreted as a combined effect of the too low fission
gamma energies and the too low capture cross-sections for the structurals.

Transferability to Power Reactors

The transferability of the above validation findings to SUPER-PHENIX with its fertile
blanket replaced by a steel/sodium reflector, as well as to the CAPRA 4/94 reference Pu-
burner design, was investigated by comparing the gamma-heating calculations for the critical
configurations used for the validation with those for the power reactor. This was done with
respect to two principal considerations, viz. breakdown of the gamma source (in different
regions) into the contributions of individual isotopes and the relative contributions to total
gamma heating of the gammas created in the core and the non-fuel region.

These comparisons have shown that the situation in the radial reflector of the CIRANO
configuration is indeed representative of the situation found in the SUPER-PHENIX and
CAPRA reflectors, with the restriction that the isotopic breakdown of the core gamma
emission is somewhat different between the critical experiments and the power reactors due to
the different Pu-enrichments (SUPER-PHENIX: ~ 16 % Pu, CAPRA: ~ 45 %; CIRANO: 24.5
%) and Pu-vectors. This might influence conclusions regarding the inner part of the reflector
where gammas created in the core contribute to the heating in an important way, but the effect
is difficult to quantify without explicit information on the error contributions of the individual
fissioning isotopes. However, if one assumes a systematic underestimation of fission gamma
emission by all the nuclides, differences in individual contributions do not really matter since
the fissioning isotopes, as a whole, contribute about the same (~ 65 %) to the total gamma
emission in the core regions of both the critical configurations and the power reactors.

Since the CIRANO and BALZAC experiments can be considered as representative, the
C/E value obtained for the reflector region (0.84 £+ 6.5 %, on average) can be used to "correct"
computed gamma-heating values. As a consequence, the currently developed calculational tool
effectively enables the determination of gamma heating in the steel/sodium reflector which
was planned to replace the fertile blanket of SUPER-PHENIX, as well as in the reflector of the
CAPRA 4/49 design, with an uncertainty lower than 7.5 %, i.e. meets the target accuracy for
such calculations.

The situation encountered for the diluent region of the BALZAC configuration is quite
different from that for a diluent sub-assembly of the CAPRA 4/94 reference design and is only
partially representative of a diluent subassembly in SUPER-PHENIX. This is because of the
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different volumetric proportions of steel and sodium in the different diluent zones, as well as
the different fuel compositions in the surrounding core regions. It has been shown (§ 5.5.2),
however, that despite these differences a similar underestimation of gamma heating (~ 11 %)
may be expected in the power reactor diluents as in the critical experiment. Nevertheless,
experiments with more representative diluent mock-ups (in terms of steel/sodium volume
proportions, as well as surrounding core compositions) would be desirable. In fact, even a
range of measurements in fissile regions having fuel compositions (enrichment, Pu-vector)
characteristic of Pu-burners, would be of great value (see also Appendix E). This follows from
the fact that the major contribution to gamma heating in diluent regions comes from gammas
emitted in the core (85 % for a CAPRA diluent, 55 % in a SUPER-PHENIX diluent).

Recommendations

Recapitulating the work currently carried out, a new calculational tool for gamma-heating
calculations has been implemented and tested for Pu-burning fast reactors. The calculational
methodology developed to determine the distribution of the gamma source represents a
significant improvement to that applied in earlier existing tools. As the calculational
algorithms have been formulated in a near-to-exact manner, the main deficiencies of the new
calculational scheme appear to be data related, viz. incorrect fission gamma production
multiplicites and too low neutron capture cross-sections for structurals. These data should be
investigated in greater detail and changed as and when more specific evidence (e.g. more
accurate measurements) becomes available.

Apart from the recommendations for future work already made (experiments with more
representative mock-ups of the diluent sub-assemblies of Pu-burners, detailed measurements
in cores with more characteristic fuel compositions, determination of gamma energy released
in the fission of individual uranium and plutonium isotopes), certain other aspects which could
not be addressed during this work seem worth pursuing. These are:

- The implementation of a 3-dimensional gamma transport module in ERANOS. Indeed,
till now, only 2-dimensional Sy transport calculations have been possible, as an approximation
to the real-life 3-dimensional situation. Such an extended modeling possibility could be
important, for example, in determining gamma heating in off-center diluents. Recently, the 3-
dimensional nodal transport code TGV [1] was implemented in ERANOS for neutronic
calculations. As the transport of neutrons and gammas can be treated with the same basic
methodology, it should in principle be possible to implement the TGV code for gamma
transport calculations without major difficulties.

- The validation of the new calculational tool for the determination of the axial
distribution of gamma heating. So far, it is only for radial profiles that calculation/experiment
comparisons have been made.

- The continued search for hidden systematic errors in the TLD technique. In particular, it
would be worthwhile to investigate the sensitivity of TLD efficiency to the incident gamma
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energy. In the literature, it is generally assumed that the efficiency is constant, but this is based
mainly on measurements by Tochilin et al. [2] in the range from 6 keV to 2.8 MeV. A review
of these measurements seems to be necessary if experimental accuracies of better than 5 % are
to be achieved.

- The development of an alternative gamma-heating measuring technique. Although the
TLD technique proved to be invaluable in the current research, it is very time consuming,
sensitive to various parameters, and moreover several significant calculational corrections
have to be applied. The development of an easier-to-use absolute technique would be desirable
and would also allow a cross-check of TLD measurements. Thereby, more intensive
application of the gamma chamber technique appears promising. As compared to TLDs (TLD-
700), gamma chambers are less sensitive to neutrons, their response is more stable, the cavity
correction can be avoided by the application of an appropriate calibration, and they are more
easy to handle. Their relatively large size, however, remains a disadvantage.

[1] C.B.Carrico, E.E.Lewis, G.Palmiotti, "Three-Dimensional Variational Nodal Transport Methods for
Cartesian, Triangular, and Hexagonal Criticality Calculations", Nuclear Science and Engineering 111, 168 (1992)

[2] E.Tochilin, N.Goldstain, T.J.Layman, In: 2nd Int. Conf. on Luminescence Dosimetry, CONF-680820 (US
Atomic Energy Commission, Washington, DC), p. 424 (1969)



APPENDIX A: Neutron (ECCO) and Gamma (VASCO) Multi-Group

Structures’

Group

Upper group boundary [eV]

Neutron Structure

Gamma Structure

1.964033E+07
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1.000000E+07
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6.065307E+06 1.000000E+07
3.678794E+06 8.000000E+06
2.231302E+06 7.500000E+06
1.353353E+06 7.000000E+06
8.208500E+05 6.500000E+06
4.978707E+05 6.000000E+06

3.019738E+405

5.500000E+06

1.831564E+05

5.000000E+06

1.110900E+05 4.500000E+06
6.737947E+04 4.000000E+06
4.086771E+04 3.500000E+06
2.478752E+04 3.000000E+06
1.503439E+04 2.500000E+06
9.118820E+03 2.000000E+06

5.530844E+03

1.660000E+06

3.354626E+03

1.500000E+06
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2.034684E+03 1.330000E+06
20 1.234098E+03 1.000000E+06
21 7.485183E+02 8.000000E+05
22 4.539993E+02 7.000000E+05
23 3.043248E+02 6.000000E+05
24 1.486254E+02 5.120000E+05
25 9.166088E+01 5.100000E+05
26 6.790405E+01 4.500000E+05
27 4.016900E+01 4.000000E+05
28 2.260329E+01 3.000000E+05
29 1.370959E+01 2.000000E+05
30 8.315287E+00 1.500000E+05
31 4.000000E+00 1.000000E+05
32 5.400000E-01 7.500000E+04
33 1.000000E-01 6.000000E+04
34 1.100000E-04 4.500000E+04
35 3.000000E+04
36 2.000000E+04

1.000000E+04

' 33 groups for ECCO, 36 for VASCO.
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APPENDIX B: Evaluations Used for the Creation of KERMA and Spectra
Files.

The table below gives for each isotope/element the ENDF evaluation from which
KERMA and gamma production data were generated. Also indicated are the reaction numbers
for which gamma production is present in the evaluation. Reactions in parenthesis were not
taken into account for the generation of the data files.

Isotope/Element Evaluation Reactions with Photon Production Data
Li° JEF2.2 MT 57 MF 12/14
MT 102 MF 12/14
Li’ JEF2.2 MT 51 MF 12/14
MT 102 MF 12/14
B" JEF2.2 MT 4 MF 13/14

MT 102 MF 12/14
MT 103 MF 13/14
MT 801 MF 12/14
B JEF2.2 MT 4 MF 13/14

MT 91 MF 6

MT 102 MF 12/14
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)
C JEF2.2 MT 51 MF 13/14

MT 102 MF 12/14

0 JEF2.2 MT 4 MF 13/14

MT 102 MF 12/14
MT 103 MF 13/14
MT 107 MF 13/14
(MT 22 MF 13/14)
Na JEF2.2 MT 3 MF 13/14/15
MT 51-61 MF 12/14
MT 102 MF 12/14 /15
Al ENDF/B-VI MT 4 MF 13/14/15
MT 102 MF 12/14
MT 103 MF 13/14
(MT 28 MF 13/14/15)
cr’ ENDF/B-VI MT 51-56 MF 12/14
MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)
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Isotope/Element

Evaluation

Reactions with Photon Production Data

5
Cr

ENDF/B-VI

MT 51-60 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

53
Cr

ENDF/B-VI

MT 51-63 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

53
Cr

ENDF/B-VI

MT 51-54 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

ENDF/B-VI

MT 51-79 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

53
Fe

JEF2.2

MT 4 MF 13/14/15

MT 102 MF 12/14/15
MT 103 MF 13/14/15
MT 107 MF 13/14/15
(MT 16 MF 13/14/15)

3
Fe

JEF2.2

MT 4 MF 13/14/15

MT 102 MF 12/14/15
MT 103 MF 13/14/15
MT 107 MF 13/14/15
(MT 16 MF 13/14/15)

57
Fe

JEF2.2

MT 4 MF 13/14/15

MT 102 MF 12/14/15
MT 103 MF 13/14/15
MT 107 MF 13/14/15
(MT 16 MF 13/14/15)

3
Fe

JEF2.2

MT 4 MF 13/14/15

MT 102 MF 12/14/15
MT 103 MF 13/14/15
MT 107 MF 13/14/15
(MT 16 MF 13/14/15)

53
N1

JEF2.2

MT 51-58 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)
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Isotope/Element

Evaluation

Reactions with Photon Production Data

60
N1

JEF2.2

MT 51-61 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

1
N1

JEF2.2

MT 51-58 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

)
N1

JEF2.2

MT 51-54 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

o4
N1

JEF2.2

MT 51-52 MF 12/14

MT 91 MF 6

MT 102 MF 12/14/15
MT 103 MF 6

MT 107 MF 6

(MT 16/22/28 MF 6)

735
U

JEF2.2

MT 3 MF 13/14/15
MT 4 MF 12/14

MT 18 MF 12/14/15
MT 102 MF 12/14/15

738
U

JEF2.2

MT 4 MF 13/14/15

MT 51-59 MF 12/14

MT 18 MF 12/14/15

MT 102 MF 12/14/15
(MT 16/17 MF 12/14/15)

739
Pu

JENDL-3

MT 18 MF 12/14/15
MT 51-68 MF 12/14
MT 91 MF 12/14/15
MT 102 MF 12/14/15

240
Pu

ENDF/B-VI

MT 3 MF 13/14/15
MT 4 MF 12/14

MT 18 MF 12/14/15
MT 102 MF 12/14/15

241
Pu

ENDF/B-VI

MT 3 MF 13/14/15
MT 18 MF 12/14/15
MT 102 MF 12/14/15

pEY)
Pu

ENDF/B-VI

MT 3 MF 13/14/15
MT 18 MF 12/14/15
MT 102 MF 12/14/15

pZY
Am

ENDF/B-VI

MT 3 MF 13/14/15
MT 18 MF 12/14/15
MT 102 MF 12/14/15







APPENDIX C: Comparison with VASCO Calculations

In this appendix, gamma-heating calculations using the new ERANOS formulaire
(incorporating the currently developed methodology for the detailed determination of gamma
and neutron heating) are compared to calculations with the former formulaires CARNAVAL-
IV/PROPANE-D2/VASCO-1. Comparison is done in the context of the ZONA2A
configuration. The main objectives of this appendix are 1) to put into evidence the differences
between the two gamma-heating calculational tools; these are directly related to what has been
described in Chapter 3, viz. basic data and calculational algorithms, and 2) to document the
first step taken in validating the new ERANOS formulaire (i.e. independent of the
experimental validation reported in Chapters 4 and 5) by comparing results for gamma-heating
calculations of plutonium breeder configurations for which the VASCO-1 formulaire was
validated earlier. In fact, ZONA2A, with its PuO,/UO, core surrounded by a fertile blanket,
can be taken as representative of the existing breeder configuration of SUPER-PHENIX.

C.1 Description of the ZONA2A Configuration

ZONA2A was the first configuration of the CIRANO experimental programme (§ 2.2.2)
at the MASURCA facility. Its core, of height ~ 60 cm and diameter ~ 100 cm, was fueled with
PuO,/UQO, (Pu-enrichment: ~ 27.0 %, of which 19% Pu240) and also contains sodium. The
radial blanket, consisting of UO,/Na (50/50), has a thickness of ~ 30 cm (3 assembly tubes).
The axial blanket, of the same composition, has a height of ~ 20 cm. The radial and axial
shielding regions consist of stainless steel blocks. The upper and lower shields are ~ 50 cm
thick. Figure C-1 shows the two-dimensional, cylindrical (RZ) geometry of the ZONA2A
configuration as used for the calculational comparison.

C.2 The ERANOS Calculations

In the ERANOS gamma-heating calculations, 33-group neutron cross-sections were first
obtained using the ECCO cell code with JEF2.2 based data libraries. One-dimensional
cylindrical, two-region cell models were used to generate cross-sections for the core and the
fertile zones. A simple homogenous representation, with fissile isotopes present in trace
amounts, was used for the radial and axial shielding regions. Next, a 33-group S4P; BISTRO
calculation was performed to get the 33-group neutron flux distribution. Finally, gamma
heating was computed using the calculational scheme presented in § 3.1.
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A Z [cm]

200.0
Inner core, PuO,UO,/Na, "ZONA2 PIT"

Outer core, PuO,UO,/Na, "ZONA2 POA"
Axial breeder blanket, UO7/Na, "CAX"
Radial breeder blanket, UO»/Na, "CRAD"
Radial shielding, PNS steel 100 %, "ECRAD"
Axial shielding, PNL steel 100 %, "ECRAX"

150.80

130.48

69.52

49.20

R [cm]

0.00

0.0 47.47 80.33 120.8
49.984

Figure C-1: RZ model of the MASURCA ZONAZ2A configuration.

C.3 The CARNAVAL-IV/ PROPANE-D2/VASCO-1 Calculations

In the CARNAVAL-IV/ PROPANE-D2/VASCO-1 gamma-heating calculations, 25-
group neutron cross-sections were first computed from the CARNAVAL-IV data base using
the HETAIRE cell code. The geometric cell descriptions were the same as in the ERANOS
calculations. A 25-group S4P; BISTRO neutron transport calculation was then performed. For
the computation of the neutron propagation out of the blanket, the PROPANE-D2 formulaire
was used.

From the 25-group neutron flux, the source of fission neutrons was computed for the 113
neutron groups of the BABEL library. Using this source, an inhomogeneous S;sP3; BISTRO
calculation was done to get the neutron flux in 113 groups. Next, this flux was used to
compute the gamma source in 36 groups using the gamma production matrices of the VASCO
formulaire (§ 2.5.3.1).

Bias factors k; were applied to correct for self-shielding effects, since the latter matrices

239

are given for infinite dilution. This was done for fission in Pu™", and for radiative capture in

U*® and iron. For Pu™, the correction factor computed by Calamand for the RACINE
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programme (Table 2-9) was used. Taking this factor is justified since the composition of the
core region in RACINE is basically the same as in CIRANO. For U*® and Fe, k; factors were
computed separately for each homogenized region according to:

k= APe,C,GO Te o +(I-Ie ) (C-1)

.. gives the fractional contribution of the gamma production by capture with respect to the
total gamma production of isotope e. It was obtained by computing the gamma energy emitted
in capture and dividing this value by the total gamma energy production of element e.
AP,

e.c,o, Ccorrects for the self-shielding of the capture reaction. An average value for the

considered region was computed using:

qu)i,g 'Ge,c,g,co 'Vi
1 g

AP, =
0 qu)i,g 'Ge,c,g,cm 'Vi
1 g

(C-2)

where ¢ ¢ o ¢, 18 the self-shielded multi-group cross-section at dilution 6 and cecgs,, 1

the value at infinite dilution. The index i stands for a mesh of the region and V; for its volume.

In fact, AP, was first computed at various dilutions. The value to be adopted in (C-2), i.e.

,¢,00
the value at the average dilution G . for the considered region, was then obtained by linear

interpolation between these values, G . being computed according to:

Z Zq)i,g 'GO,e,g 'Vi
i

= g
0,e = (C-3)
© YYdig Vi
g
with 6( g g obtained according to the Bondarenko formalism:
1
O0,e,g = N_ Zsj,tot,g : Nj (C-4)
e j#e

Correction factors were computed for the core and fertile regions, and the results are
summarized in Table C-1.
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Table C-1: Self-shielding factors (k;) for the VASCO total-gamma production matrices for the
different regions of ZONA2A.

Pu239 U238 Fe

Region ky GO,e APC,C Ie,c ky GO,C APB,C Ie,C ki

[barns] [barns]

Z2PIT | 0.990 | 214 | 0.806 | 0.399 | 0.923 17.2 0.769 10.576 | 0.867

Z2POA | 0.990 | 21.2 | 0.692 | 0.521 | 0.839 18.2 0.722 10.673 | 0.813

CRAD - 12.5 | 0.358 | 0.847 | 0.456 | 24.2 0.677 10.876 | 0.717

CAX - 11.9 | 0.399 | 0.796 | 0.522 | 234 0.691 | 0.835| 0.742
ECRAD - - - - - 0.524 | 0.692 | 0981 | 0.698
ECRAX - - - - - 3.46 0.680 | 0.972 | 0.689

Once the 36-group gamma source was calculated, the gamma flux and gamma heating
were obtained exactly in the same way as in the ERANOS calculations.

C.4 Comparison and Discussion of the Differences

Figure C-2 shows the results for gamma heating in stainless steel as computed by the
ERANOS and CARNAVAL-IV/PROPANE-D2/VASCO-1 formulaires along the E-W radial
channel of ZONA2A, which crosses the reactor in the vicinity of the core mid-plane. Both

235
at the core

calculations were normalized to a fission rate of 11.68 s™ per microgram of U
center, which corresponds to a MASURCA power of about 94 W. The computed gamma-
heating results are shown only for the core and the fertile regions because no special neutron
propagation calculation was done in ERANOS to get the neutron flux correctly in the shielding
region. For comparison, the measured values obtained with the MASURCA ionization
chamber (§ 4.1.2.) are indicated as well. Thereby, the relative chamber measurements were
corrected according to the prescriptions given in § 4.4.2, and inter-normalized with respect to
the ERANOS calculations using the ratio of measured to calculated gamma heating derived

from TLD measurements in the CIRANO core region (Chapter 5).

The ratio of gamma heating computed by the two formulaires is almost constant in the
core region, the ERANOS calculations being lower by about 6 %. In the blanket, the ERANOS
values are at first significantly higher (by up to 28 %) and then lower (by up to 29 %). This
comparison thus indicates two major differences between the ERANOS and VASCO
formulaires. These are in terms of: 1) the absolute magnitude of gamma heating in the core
region and 2) the relative shape of the gamma-heating traverses.
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Figure C-2: Results for computed gamma heating in stainless steel along the E-W
radial channel in ZONA2A obtained with the ERANOS and CARNAVAL-
IV/PROPANE-D2/VASCO-1 formulaires. Calculations are normalized to a fission
rate of 11.68 s per microgram of U235 at the core center. Measured gamma-
heating values (ionization chamber) are indicated as well.

The almost constant difference in gamma heating in the core region must be due to
differences in the computed gamma source, because gamma transport effects are not important
in the major part of the core region. Furthermore, it has been verified that the computed
gamma flux spectra in the core compare well, which means that total (summed over all
isotopes) emission spectra are similar. Hence, the difference in computed gamma heating from
the two formulaires is mainly due to differences in the total gamma energy emitted. In Table
C-2, the computed values for gamma energy emission by U, U8, pu®, Pu®®, Pu?**!, Am**!,
Fe, Cr, Ni and Na in the ZONA2A core region are compared. These isotopes contribute more
than 99.5 % of the total gamma energy emission. It is seen that the total gamma energy emitted
is 8.1 % higher in the VASCO calculations than in ERANOS. A detailed analysis of the
difference is not possible as VASCO does not compute the gamma emission separately for
each type of reaction. However, fission is the dominant gamma production process and, with
computed fission rates from CARNAVAL-IV and ERANOS being in relatively good
agreement, it stands to reason that the difference in total gamma emission is mainly due to
differences in the gamma energy emitted in fission. Indeed, Table 3-5 shows that there are
significant differences in the EGF values adopted in the present work and those of the VASCO
formulaire. In general, the former are lower, thus leading to a lower gamma emission in fissile
regions with ERANOS. If the gamma energy emitted in the fission of U**, Pu* and Pu**
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(which are the most important nuclides for the gamma production) are adjusted to be
consistent in both calculations (based on the EGF values given in Table 2-2), the total energy
emitted becomes almost equal.

Table C-2: Comparison of the gamma source in the core region of ZONA2A computed using
the ERANOS and VASCO formulaires. Results are normalized to a fission rate of 11.68 s per
microgram of U235 at the core center and are given in units of W.

Isotope ERANOS VASCO ERANOS/
Capture | Fission | Inelastic | Total % in Total % in VASCO
TOTAL TOTAL
U235 |5.90E-03 | 4.64E-02 | 1.75E-03 | 5.40E-02 | 0.728% | 6.15E-02 | 0.761% 0.879
U238 |7.19E-01 | 6.32E-01 | 5.24E-01 | 1.88E+00| 25.27% | 1.73E+00 | 21.48% 1.081
Pu239 | 4.68E-01 [3.83E+00| 5.89E-02 |4.36E+00| 58.75% | 5.20E+00 | 64.42% 0.838
Pu240 | 1.04E-01 | 2.56E-01 | 2.86E-02 | 3.88E-01 | 5.229% | 4.31E-01 | 5.339% 0.900
Pu241 |6.75E-03 | 1.21E-01 | 3.02E-03 | 1.31E-O1 | 1.764% | 1.17E-01 | 1.453% 1.116
Pu242 | 2.79E-03 | 6.76E-03 | 1.68E-03 | 1.12E-02 | 0.151% - - -
Am241 | 5.73E-02 | 2.39E-02 | 1.86E-03 | 8.30E-02 | 1.119% | 1.82E-01 | 2.256% 0.456
Fe 5.88E-02 |0.00E+00 | 1.92E-01 | 2.50E-01 | 3.375% | 1.08E-01 | 1.339% 2317
Cr 1.83E-02 | 0.00E+00 | 4.86E-02 | 6.70E-02 | 0.903% | 9.03E-02 | 1.118% 0.742
Ni 2.32E-02 | 0.00E+00 | 2.36E-02 | 4.68E-02 | 0.631% | 4.63E-02 | 0.574% 1.011
Na 1.27E-02 | 0.00E+00| 1.21E-01 | 1.34E-O1 | 1.806% | 8.29E-02 | 1.027% 1.616
TOTAL| 1.485 4917 1.017 7.419 | 100.00% 8.074 100.00% 0.919

Table C-2 shows moreover that the computed gamma production by neutron interactions
in the structural elements Fe and Cr, as well as in Na, differs significantly (by up to a factor of
2.3 for iron). The total emission due to neutron interaction in these isotopes is 52 % higher in
ERANOS. It stands to reason that differences are mainly due to differences in computing the
inelastic gamma source. In fact, inelastic scattering is the dominant contribution to the gamma
production by Fe, Cr and Na in the core region. The impact of the indicated differences is not
as important as it seems when looking at the total gamma emission in the ZONA2A core
region. Replacing the VASCO gamma production in Fe, Ni, Cr and Na by that computed by
ERANOS would increase the total gamma emission by only 2.1 % as the gamma production in
these isotopes does not constitute a significant contribution. However, it has to be expected
that the gamma emission computed in non-fissile assemblies, especially in cases where there is
an important inelastic production' such as in CAPRA diluents, will differ significantly
between ERANOS and VASCO calculations. Clearly, ERANOS calculations are much more

" In fact, significant differences are also to be expected when the neutron spectrum has become softer and the
capture reaction is the dominant process in gamma production. This is because there are known problems in
CARNAVAL-IV for computing capture rates in structurals. For example, iron capture cross-sections are
underestimated by about a factor of 2.
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adapted for such analysis (explicit consideration of self-shielding, use of latest neutron cross-
sections and gamma production data, finer treatment of the inelastic gamma production due to
a finer neutron multi-group structure at higher energies than in CARNAVAL-IV, etc.).

Comparison with the measured heating traverse in Figure C-2 shows that the ERANOS
formulaire predicts the relative shape of gamma-heating quite well. This is not the case with
the VASCO formulaire. The application of constant factors throughout the whole blanket
region, to correct for self-shielding of the capture gamma production in U**® and iron, leads to
a significant distortion of the computed gamma heating in VASCO. The gamma heating is too
low in the inner part of the blanket and too high in the outer part. Such a distortion is not seen
in the ERANOS calculation. This clearly shows the impact of the improvement achieved in the
new calculational scheme through the use of multi-group cross-sections calculated by ECCO
to generate correctly self-shielded gamma production matrices.

Summarizing the above discussion, it can be concluded that 1) differences in computed
gamma heating between the ERANOS and VASCO formulaires in fissile regions are mainly
due to differences in the total gamma fission energies and 2) differences in other regions (e.g.
fertile blankets) are due to the ERANOS improvements in the calculational methods (self-
shielding, finer treatment of higher energy neutrons, etc.) as well as the use of up-to-date
neutron cross-sections and gamma production data.






APPENDIX D: Verification of Burlin Cavity Theory for Core and Reflector

The validity of the Burlin theory was established following a 4-step procedure: Firstly,
TLDs were irradiated in MASURCA in various surroundings. Secondly, these measurements
were simulated using the Monte-Carlo code MCNP in the photon-electron coupled mode.
Thirdly, the capability of the Monte-Carlo simulation to predict the dose in the TLDs for
different surroundings was verified through comparison with the measured results. Lastly, the
validity of the Burlin theory for calculating the cavity correction factors was established
through comparison with the MCNP calculations.

D.1 Measurements

Details regarding the measurements carried out can be found in § 4.3.2.1. Table D-1 lists
the results from the 3 irradiation runs with TLDs irradiated in different surroundings. For each
position, the average response (computed according to relation (4-25)) of the three TLDs
irradiated in the same holder piece is given, the uncertainty indicated corresponding to 1 G. It
is seen that, as compared to irradiations in iron surroundings, TLDs surrounded by Teflon and
aluminum show approximately the same response in the core and in the reflector region close
to the core. In the outer reflector, their response is lower.

Table D-1: Average responses [rad(iron) Co® eq.] of TLDs irradiated in different
surroundings and comparison of Teflon and aluminium results to the iron case.

Distance Iron Teflon Aluminum Teflon / Iron [Aluminum / Iron
2841 |[55.00+1.7% | 53.42+1.3% | 56.79+1.8% | 0971 £2.1% | 1.032+2.5%
3393 || 47.95+1.6% | 47.33+£3.7% | 50.00x1.5% | 0.987 +4.1% | 1.043+2.2%
3901 || 43.67+1.1% | 44.04+12% | 43.63+1.0% | 1.008 £1.6% | 0999 +1.5%
4453 [ 2793 £8.1% | 27.86£3.8% | 29.03 £1.9% | 0.998 £9.0% | 1.039+8.3%
48.34 [ 16.56 £5.4% | 1647 £23% | 16.53 £7.6% | 0.995+59% | 0.998 £9.4%
52.15 11.10+3.7% | 10.73 +£3.0% | 1095 +4.0% | 0.967 +4.8% | 0.986 +5.4%
5640 |[7.866 £2.4% | 7.690+1.9% | 7.831 £2.1% | 0.978 £3.0% | 0.996 +3.2%
6148 |[6222+2.1% | 5813 +2.8% | 6.044 +3.0% | 0.934 +3.5% | 0.971 +3.6%
67.00 |[5263+5.1% | 4.671 £2.7% | 4.820+2.3% | 0.887 £5.8% | 0.916 +5.6%
72.08 | 3.798+1.4% | 3.392+2.5% | 3.474+2.6% | 0.893+29% | 0.915+3.0%
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D.2 MCNP Modeling

The quantities to be determined in the calculations are the energy deposition by electrons
in the TLD material and the gamma heating' in the TLD region when the cavity is assumed
filled with the surrounding material. Thus, the first quantity is directly proportional to the
measured TLD response, and the second quantity, in combination with the first, yields the
cavity correction factor. With the comparison to measurements being done in a relative sense,
only relative results for the different TLD surroundings were in fact needed.

A typical geometrical model set up for the simulation of the measurements is presented in
Figure D-1. It shows the TLD holder device inside the experimental access channel crossing a
homogeneous surrounding (core or reflector region). The geometry of holder type A, with its
three locations to accommodate TLDs is accurately represented.

Apart from the geometry, the distributions in space, angle and energy of the "starting"
(emitted) gammas have to be specified. The intensity and the emission spectrum were

computed separately for the different MCNP "cells"

shown in Figure D-1. Gamma emission
by neutron interactions in specific isotopes can be determined from the whole-reactor analysis
with the calculational scheme developed in Chapter 3. From such results for the different
isotopes at the TLD location studied, the total gamma emission spectrum and intensity in each
of the MCNP cells were determined by adding the contributions of the different isotopes,
correctly weighted by their density in the cell and multiplied by the cell volume. For all cells,

isotropic, homogeneous emission was specified.

It has to be kept in mind that coupled photon-electron calculations are very time
consuming. To arrive at results with an acceptably low statistical uncertainty (especially when
looking at small regions of interest such as the volume occupied by a TLD), simplifications
had to be made in the modeling. In particular, the simulations had to be limited to a simplified
sub-region (shown in Figure D-1) of the reactor. This is not a problem for electrons due to
their small range. However, gammas propagate several tenths of cm from their place of birth
(§ 2.3.3). Another simplification made was that the gamma emission does not vary spatially in
the different cells (and in particular in the homogeneous region around the channel with the
holder device). Errors in computing the initially mentioned quantities of interest arise if the

' It should be noted that a difference is made between gamma heating and the energy deposited by the secondary
electrons. In fact, gamma heating is given through relation (2-2), i.e. obtained by folding the gamma flux with the
corresponding gamma KERMA values. It is equal to the energy transferred to secondary electrons. Under
charged particle equilibrium conditions (such as usually found in reactor applications, i.e. when considering
"large" volumes), the energy transferred to the secondary electrons and the energy deposited by electrons is
equal. However, in the present context, where the region of interest (i.e. the TLD volume) is of similar size to the
electron range, a difference needs to be made between energy deposition by secondary electrons (i.e. the gamma
dose) and gamma heating (i.e. the gamma KERMA).

2 In MCNP, the entire 3-dimensional volume considered is divided into sub-volumes, the so-called "cells".
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simplifications do not lead to a well computed gamma flux in the TLD volume and in the
surrounding region from which secondary electrons can penetrate to the TLDs.

16.0 16.0

X
>
0.0 100 0.0 16.0

Channel sheath (stainless steel) [ Homogeneous surrounding (core or reflector region)
Air gap I 1D surrounding (iron, Teflon, aluminium)

Outer tube and filling pieces of B TLD
TLD holder device (mild steel)

1l

Figure D-1: Typical MCNP model used for the calculational of cavity correction factors.

The simplifications made should not cause errors in the core region. Here, the emission
spectrum is spatially constant. As regards the spatial variation of the emission intensity, this
does not effect the quality of the relative results sought in the investigation, so that assuming a
constant gamma flux should be adequate. The effect of the simulated sub-region size was
checked separately and found not to change the relative results presented below.

The situation is more complicated in the reflector. An important contribution to heating
here is made by the fission gammas leaking out of the core (see Figure 3-6). These gamma are
not simulated in the model. Also, due to variation of the neutron spectrum from the beginning
to the end of the reflector, the gamma emission spectrum varies as discussed in § 2.3.1.4. As a
consequence, the model described above is not correct in the inner part of the reflector.
However, it should be applicable in the outer part where the gamma flux at the TLD locations
is dominated by the gamma source in the reflector. Furthermore, as assumed, the gamma
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source intensity is quite flat here (see Figure 4-14), and the spatial variation of the emission
spectrum (determined mainly by capture events) is not significant.

Calculations were accordingly carried out for one location in the core and for another one
towards the end of the reflector i.e. situations for which the model should be quite
representative. Clearly, the locations correspond to places were TLD irradiations actually took
place. Calculations were performed for TLDs surrounded by iron and Teflon. For each
surrounding, two principal simulations were done. In the first calculation, the TLDs were
present in the model, and in the second calculation, they were removed and replaced by the
surrounding material. All calculations were done in photon-electron coupled mode. Thereby,
the electron transport (and generation) was limited to a2 cm x 2 cm x 2.27 cm region around
the TLDs to save computing time. The range of the electrons created outside this region is not
sufficient to reach the TLDs.

D.3 Results and Comparison to Measurements

The results of the above described MCNP modeling are shown in Table D-2. Both the
gamma heating values (MCNP's F6 Tally which corresponds to the track length estimate of
the photon fluence times the photon KERMA, i.e. the energy transferred to secondary
electrons), and the energy deposited by electrons (MCNP's *F8 Tally) are given. The indicated
values correspond to the average over the three values obtained in the MCNP cells containing
(or not) TLDs. The indicated uncertainties correspond to the dispersion (1 ¢) on the same
three values. All numbers were normalized with respect to the average energy deposition in
TLDs when surrounded by iron.

Table D-2: Average gamma heating and electron energy deposition in the TLD cavity
surrounded by different materials. Results (relative to average energy deposition in the TLDs
surrounded by iron)” are given in each case for the cavity a) filled with surrounding (wall)
material and b) with the dosimeter present.

Without TLDs With TLDs
Region TLD Gamma heating | Electron energy | Gamma heating | Electron energy
surroundin [MeV/g] deposition [MeV/g(TLD)] deposition

g [MeV/g] [MeV/g(TLD)]
Core Iron 1.01 +0.5 % 1.00+2.2 % 091 +0.3 % 1.00+2.3 %
(33.93cm)| Teflon 0.99+0.4 % 1.01 £5.0 % 0.95+04 % 0.98+6.4 %
Reflector Iron 1.01 £0.9 % 1.01 +1.6% 0.76 + 0.8 % 1.00 +3.5 %
(61.48 cm)| Teflon 0.81 0.9 % 0.90 +1.0 % 0.77+2.4 % 0.87+3.5%

? The error on the normalizing point has not been summed into the errors on the other values, but rather retained

separately.
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In Table D-3, the measured average responses of TLDs surrounded by iron and Teflon
are compared to the electron energy deposition in the TLD material as computed in the MCNP
simulation (column 6 of Table D-2). Both the measurements and the simulations are
normalized to the iron results (in both core and reflector). It is seen that the calculations are
consistent with the experimental findings: In the core, the dose in the TLDs is practically the
same for the iron and Teflon surroundings. Towards the end of the reflector, TLDs surrounded
by Teflon have received a lower dose.

Table D-3: Comparison of average measured dose and the
computed total electron energy deposited in TLD-700 surrounded
by different wall materials (value for iron surrounding normalized
to unity in each case).

Region TLD Average TLD Total electron
surroundin response energy deposition
g (meas.) in the TLD (calc.)
Core Iron 1.00+ 1.7 % 1.00 +2.3 %
(33.93 cm) Teflon 099+3.7 % 098+6.4 %
Reflector Iron 1.00 +2.1 % 1.00 +3.5 %
(61.48 cm) | Teflon 0.93+2.7 % 0.87+3.5 %

To understand the different situations in the core and the reflector, it is worthwhile to
discuss the MCNP results (Table D-2) in detail.

The gamma heating results are easily understood when noting that gamma heating can be
considered to be obtained by folding the gamma energy fluence, ¥, with the mass-energy

absorption coefficient,uen/p, i.€.:

D, = ij(EY)”Sn (E,)dE, (D-1)

The mass-energy absorption coefficient for the different materials of interest are shown in
Figure D-2. For the calculation of the gamma heating in the TLD material (column 5 of Table
D-2), the same (LiF) mass-energy absorption coefficient is used independent of the
surrounding, and differences in results are then due to differences in the energy fluence. It is
found that the respective results for core and reflector are almost independent of the TLD
surrounding, with the iron values slightly lower than those for Teflon. This is easily
understood when one considers that the fluence at the TLD location is mainly due to the
gammas originating in the surrounding of the experimental channel, and this source is the
same for different TLD surroundings. The slightly lower value for iron is due to its stronger
attenuation properties compared to Teflon. As regards the gamma heating in the TLD cavity
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when filled with the wall medium (column 3 of Table D-2), it is seen that the iron value is
higher than the Teflon value. This result is a direct consequence of Figure D-2. The stronger
flux depression in iron does not compensate for the effect of its higher mass-energy
absorption coefficient. The difference between the iron and Teflon results is small in the core
region and considerable in the reflector. This is a consequence of the very different gamma
spectra in the two regions as shown in Figure D-3. In the core region, most gammas have
energies in the range where the mass-energy absorption coefficients for all materials are nearly
the same. In the reflector, there are much more low and high energy gammas for which the
mass-energy absorption coefficient of the higher-Z material iron is larger than that of Teflon.
Finally, Table D-2 (columns 3 and 5) shows that gamma heating in Teflon is about 5 % higher
than that in LiF, which is explained by the fact that the mass-energy absorption coefficients of
LiF and Teflon are very similar in shape over a wide energy range and differ in magnitude just
by about this amount.

100

—_
o
T

—

o
=

2 -
Mass energy absorption coefficient [cm gl]

0.01 1 1 R R A | 1 1 R A A | 1 1 R A A |

0.01 0.1 1 10
Energy [MeV]

Figure D-2: Mass-energy absorption coefficients for iron, Teflon and LiF.
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Figure D-3: Normalized, calculated gamma fluence at the TLD locations in
the case of the iron surrounding.

As regards the energy deposition by electrons in the TLDs, it is instructive to separate it
into the contributions of 1) electrons created in the TLD itself, 2) electrons created in the TLD
surrounding which reach the TLD cavity, and 3) electrons created in the outside of the TLD
surrounding which traverse it and reach the TLD cavity. The results are shown in Table D-4.
Again, all results are normalized with respect to the total electron energy deposition in iron.
To obtain the results, two supplementary calculations for each surrounding and position were
performed. In the first calculation, electron transport was set to zero except in the TLD region.
This then gives an estimation of contribution by electrons produced in the TLDs. In the
second calculation, electron transport was omitted in the region outside the TLD surrounding.
In combination with the unmodified calculation, this then yields the contribution of electrons
from the outside.

Table D-4 shows that there are important differences between an iron and a Teflon
surrounding: The contribution by electrons created in the TLD surrounding is higher for iron.
This is due to the greater electron production in this heavier medium. Contribution from the
outside is higher for Teflon. In fact, Teflon is much less attenuating than iron so that the
electrons from the outside can penetrate through it more easily to reach the TLDs. The
contribution by electrons generated in the TLDs themselves is almost the same, with the iron
results somewhat lower, which is consistent with the somewhat reduced gamma fluence.
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Table D-4: Energy deposition in the TLDs by electrons generated in different regions.

Region TLD Energy deposition [MeV/g(TLD)] by electrons produced in:
surrounding
TLDs TLD Outside Everywhere
surrounding

Core Iron 0.37 0.63 0.00 1.00
(33.93 cm) Teflon 0.40 0.45 0.14 0.99
Reflector Iron 0.18 0.74 0.08 1.00
(61.48 cm) Teflon 0.21 0.28 0.38 0.87

Table D-4 further shows that the situation is very different in the core and the reflector.
Again, the differences can be explained by the different gamma spectra in the two regions.
The harder gamma spectrum in the reflector (Figure D-3) results in a secondary electron
distribution with a larger high-energy component, i.e. the electrons are more penetrating. For
illustration, the calculated secondary electron spectrum produced at the TLD locations for the
iron surrounding is shown for both the core and the reflector in Figure D-4. The effects of the
more penetrating electrons are clearly seen in Table D-4. As regards the energy deposition by
electrons produced in the TLDs, this contribution is less in the reflector for both iron and
Teflon because there is enhanced leakage of electrons out of the TLDs. With iron as TLD
surrounding, the contribution of the electrons generated in the TLD surrounding becomes
larger in the reflector case because the higher energy electrons can penetrate into the TLDs
more easily. With Teflon, the contribution of the electrons from the outside becomes

significantly greater since these can cross the (Teflon) surrounding more easily in this case.

As regards the total energy deposition in the TLDs, the different situations in the core and
the reflector, as indicated in Table D-4, can be summarized as follows: Clearly, electron
production in the immediate TLD surrounding is higher with iron than with Teflon. On the
other hand, the contribution of electrons from the outside which can penetrate the surrounding
and reach the TLDs is larger for Teflon. The two effects act compensatingly in the core, and
the TLD dose is almost the same for the two surroundings. In the reflector region,
compensation by the electrons from the outside is not as high, and the total energy deposition
is lower for a TLD surrounded by Teflon. Other differences between the two regions arise due
to the different gamma spectra. Compared to the case of an iron surrounding, the electron
energy deposition in a TLD surrounded by Teflon gets relatively less with increasing energy
of the incident gamma. With increasing depth into the reflector, the gamma spectrum gets
harder. Thus, when doing experiments at various positions in the reflector, one expects an
increasing difference between TLD responses surrounded in iron and Teflon. This trend is
clearly seen in the ZONA2B measurements (Table D-1).
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Figure D-4: Normalized, calculated fluence spectrum of secondary electrons at the
TLD locations in the iron surrounding.

The above spectral effect was also verified numerically by recomputing the situation in
the reflector, with two separate fictitious assumptions, i.e. while assuming homogenous
sources emitting gammas of 0.8 and 8 MeV, respectively. 0.8 MeV corresponds to the mean
gamma energy emitted in fission, and thus to the mean source energy in the core, while 8
MeV is representative of the high energy gammas produced through capture in the structurals
in the reflector. The energy deposition patterns found were very similar to the those discussed
above for core and reflector respectively (Table D-2).

D.4 Verification of Burlin Cavity Theory with MCNP

Summarizing the above discussion, the MCNP photon-electron simulations give
reasonable results which are in good agreement with the experimental findings. Hence, the
MCNP code can be regarded as a valuable tool for accurately calculating effects such as the
cavity correction (assuming the modelisation is done in an appropriate manner) and can thus
be used as a valuable check of the Burlin cavity theory. The cavity factor can be derived from
the MCNP runs by dividing the energy deposited by electrons in the TLD by the gamma
heating in the TLD region when the cavity is assumed filled with the surrounding wall
medium. In Table D-5, the cavity factors so derived are compared to the Burlin theory values
used to correct the current integral measurements (TLDs surrounded by iron). The indicated
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uncertainties were obtained by quadratic addition of the statistical errors indicated in Table D-
2. No major differences between the two methods are found.

Table D-5: Cavity factor for Li’F TLDs surrounded by iron computed by both
Burlin theory and Monte-Carlo coupled photon-electron calculations.

Distance from the MCNP coupled Burlin cavity theory
core center photon-electron
33.8 cm (core) 099+24 % 1.03
61.6 cm (reflector) 0.99 +3.6 % 0.98

It is worth mentioning the fact that the MCNP simulations also served to check the
applicability of Burlin cavity theory in a generic sense. As mentioned earlier (§ 4.4.1.2),
Burlin theory can be applied only if the wall surrounding the cavity is thick enough not only to
establish the secondary electron spectrum characteristic of the wall medium, but also to
eliminate, through sufficient attenuation, the electrons generate outside the surrounding wall
(for media different from the wall medium). From Table D-2, it is seen that, for the iron case
without TLDs, gamma heating is almost equal to the electron energy deposition. This means
that the gamma KERMA (electron production) is equal to the gamma dose (electron energy
deposition): The TLD region is surrounded by enough iron to have a dose characteristic of the
wall medium at the TLD location. Table D-4 shows that, in the core region, the iron
surrounding of the TLDs is enough to shield them from electrons produced in the core
medium. This is not completely the case in the reflector where some electrons created in the
reflector medium contribute to the electron energy in the TLD. However, this does not matter
as the reflector medium is essentially made out of iron anyway.

As regards the TLD irradiations in the Teflon surroundings, the MCNP simulations show
that Burlin cavity theory is not applicable. An important contribution to the dose in the TLD
region is due to electrons from the outside. This is clearly seen in Table D-2, and also in
columns 3 and 4 of Table D-4: The electron energy deposition is higher than the gamma
KERMA. The consequence of this is that, in order to make Burlin theory applicable for
Teflon, much thicker (cm) build-up zones would have to be used. In fact, this would be of
considerable interest because Teflon surrounding LiF is ideal in the sense that the cavity
correction is almost constant (spectral independent). Simons and Yule [34] indicate a value of
about 0.95 for the constant correction factor needed. Thus, irradiating LiF in Teflon, would
provide a method of determining gamma heating without a sensitive (spectral) computation of
the cavity correction, thus significantly reducing the experimental uncertainty. Clearly, from
the dose in the TLD, it is the gamma heating in Teflon which would be obtained (by
multiplication with the constant cavity factor). Heating in any other material of interest (e.g.
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iron), could then be deduced by computing the flux-weighted ratio of the mass-energy
absorption coefficients, i.e.:

JQDY(EY)-E.(“en) dE,
D Iron,EY

’ Dy,Teflon (D—2)

Y.iron —

ICIDY(EY)-E-(“‘:“) dE,
Teflon,EY

This method corresponds to using Teflon as a large cavity. The drawback in a fast reactor
situation is obviously that a thick Teflon surrounding is needed, which would not only be
difficult to introduce into the reactor, but which would also significantly perturb the gamma
and neutron spectra at the measurement location.






APPENDIX E: Analysis of ZONASK Central Substitution Zone
Measurements

As pointed out in Chapters 5 and 6, there is great interest in experimental studies of
gamma heating in cores of various fuel compositions. In the context of the present work, the
determination of gamma heating in a zone having a Pu-enrichment characteristic of Pu-burning
cores was of considerable importance. Indeed, this would not only improve the testing of the
newly developed calculational tool with respect to gamma heating in the core region, but do so
also for the numerous diluent zones for which about 80 % of heating is due to gammas
generated in the core. The ZONASK measurements (§ 4.3.1) were intended to yield such
results, with the central substitution zone (Figure 4-10) having a Pu-enrichment of 44 % and
hence being characteristic of the CAPRA reference core composition. Due to a manipulation
error, however, all except two measurement points in this higher enriched zone were lost.
Nevertheless, in the present appendix, an attempt is made to draw some conclusions from an
analysis of these two measurement points.

For the main part, correction of the raw experimental results can be done as described in
detail in § 4.4. An exception is the heterogeneity correction. For the measurements in the radial
channel crossing the Z2PIT CIRANO core region, the heterogeneity of the tube loading could
be neglected (§ 4.4.1.3). This is not possible for measurements in the ZONASK substitution
zone. Here, the tube is loaded with plates (instead of rodlets) of various compositions and
hence shows a strong heterogeneity.

The principle for determining the heterogeneity correction for the ZONASK region was
the same as the one used in § 4.4.1.3. Gamma heating in iron is determined in a model
representing the real, heterogeneous situation. This value is then compared to gamma heating
in iron as determined in a similar model, but with all regions filled with the homogenous
compositions used in the whole-reactor calculations. The two-dimensional XZ model used to
represent the strongly heterogeneous ZONASK environment is shown in Figure E-1. It models
a vertical cut through two MASURCA tubes, perpendicular to the radial channel with the TLD
holder device (explicitly modeled) crossing one of them. Along the Z direction, the different
plates (1 Puy,, 2 PuO,/UO,, 1 Fe,Os, 4 Na and 2 empty plates) making up one basic reactor
cell are represented. The actual calculations were done using deterministic methods, i.e. the
neutron flux was computed with the BISTRO Sy transport code, and then the gamma heating
in iron was computed using the calculational scheme currently developed. In fact, the neutron
flux determined for the homogeneous geometry was used to create the gamma source for both
the heterogeneous and homogeneous representations, thus avoiding any inter-normalization
problems. It was verified separately that the cell heterogeneity only leads to very small (< 1%)
fluctuations in the neutron flux.
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Figure E-1: 2-dimensional XZ model used to investigate the heterogeneity
effect due to the ZONASK plate cell structure.

Figure E-2 shows the heterogeneity factor computed along the Z-direction at X = 8.5 cm
as indicated in Figure E-1. The factor varies significantly, a consequence of the strong plate
heterogeneity. Clearly seen is the impact of the different plates, in particular of the central
Pun plate. The heterogeneity factor determined at the center of the iron holder device is 0.93.
Also indicated in Figure E-2 is the heterogeneity factor derived for the same XZ model as
shown in Figure E-1, but with all regions except the zone occupied by the TLD holder device
and the surrounding air gap filled with homogenized (smeared) ZONASK central substitution
zone material. In other words, the heterogeneity effect is considered simply in terms of the
channel (with the holder device) crossing the homogenized ZONASK central region. Thus, this
calculation effectively corresponds to the determination of the heterogeneity factor as done in
the case of the experimental channel crossing the homogenized Z2PIT core region (§ 4.4.1.3).
Indeed, it is found that the heterogeneity factor at the center of the holder device determined
for this model (viz. 1.11) is in excellent agreement with that found earlier for the Z2PIT core
region (viz. 1.10).
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Figure E-2: Heterogeneity correction factor across the TLD holder device and the
various plates constituting the ZONASK substitution zone. For comparison, the
figure also gives the heterogeneity factor calculated with only the effects of the
channel and holder device taken into account.

For the correction of the two measured points in the ZONASK substitution zone, it stands
to reason that the heterogeneity factor of 0.93 is too low. Indeed, the geometrical model used
to compute the heterogeneity factor does not take into account the fact that the two points were
close to the interface between the ZONASK substitution zone and the Z2PIT core region (for
which the significantly higher heterogeneity factor of 1.10 was computed). It appears
reasonable to assume that the appropriate correction factor for the measurement points would
be close to the average of the two values computed for the two separate zones, 1.e. 1.02". In
Table E-1, the complete analysis of the ZONASK measurements is summarized. The structure
of the table is basically the same as that of Tables 4-6 and 4-7, the neutron contribution,
spectral and non-saturation correction factors having been computed as described in § 4.4.

' The heterogeneity correction for measurement points within the Z2PIT core region of ZONASK located near

the interface of the two zones should not be significantly effected by the inner region. This follows from the
relative zone sizes (Figure 4-10). The near-to-constant C/E values in the Z2PIT core region of ZONASK (Figure
5-3), based on unmodified heterogeneity correction factors, seem to further confirm this fact.
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Table E-1: Correction of gamma-heating measurements in the ZONASK substitution zone and
comparison to calculations.

Distance |Uncorrected |Neutron| Spectral | Hetero- Non- |Corrected | Calculate
from core| measured | contri- | correction| geneity | saturation | measured | d gamma | C/E
center gamma | bution correction | correction | gamma | heating
heating heating
[cm] [rad(iron) [rad [rad(iron)]f[rad(iron)]
Co® eq.] | (iron)
Co%eq.
]
13.05 |[83.74£2.5%| 9.799 0.991 1.02 1.086 80.21 7132 [0.89
15.59 |[75.85+£2.7%| 9.527 0.987 1.02 1.083 71.47 65.16 |0.91

Also indicated in Table E-1 is the comparison to calculated values, which yields a C/E of
0.90 for the ZONASK substitution zone. This value is consistent with the findings in the
Z2PIT CIRANO core zone. Hence, the suggestion made in Chapter 5 that the underestimation
of gamma-heating in the core region by about 10 % should not depend in a significant manner
on the Pu-enrichment seems to be supported. The correction factors given in Table 5-3, which
are to be applied to the calculational results for gamma-heating in SUPER-PHENIX (with its
fertile blanket replaced by a reflector) and the CAPRA 4/94 reference design, can thus be used

without major reservations.

A 3-dimensional calculational approach to assess more precisely the heterogeneity factor
near the interface of the ZONASK substitution zone and the reference CIRANO core region
would be worthwhile, in order to strengthen the current analysis of the two measurement
points. Indeed, the above calculations show that the heterogeneity correction changes
dramatically between these two regions due to the drastically different arrangements of fuel,
structurals and coolant. (Clearly, a general conclusion to be drawn in this context is that the
heterogeneity correction needs to be given due consideration and can depend strongly on the

experimental geometry).

In any case, as recommended in Chapters 5 and 6, a range of measurements in core
regions with different fuel compositions would be desirable in order to confirm the above

findings regarding Pu-enrichment effects.
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