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Abstract

Going through a new phase of Fast Reactors (FRs) design, several advanced Sodium Fast
Reactor (SFR) concepts are under development. The concept of SFR has been selected by the
Generation IV International Forum as a promising nuclear energy system able to fulfill the
following criteria: safety assurance, economic competitiveness, reduction of environmental
burden, efficient utilization of resources as well as proliferation resistance and enhanced
physical protection. With the perspective to put into operation the above type of reactors,
extensive research related to the behavior of the structural materials and the fuel under
irradiation conditions (nominal and transient) is required, comprising also relevant studies for
the fuel fabrication, the pin cladding and wrapper material. The Material Testing Reactors
(MTRs) have been key tools to address the above mentioned irradiation requirements.

The objective of this thesis regards the neutronic calculations of a device which, when
introduced in the reflector area of the thermal Jules Horowitz Reactor (JHR) will provide a
neutron energy spectrum similar to that characterizing SFR. JHR is a thermal MTR and one of
its main objectives is the investigation and study of materials for future generations of power
plants. Therefore the development of devices that will serve for representative tests of structural
materials and fuel is required.

The existing (used, under development or proposed) technology related to spectrum tailoring
has been studied and is comprehensively presented in the beginning of this thesis.

With respect to the existing technology an extended study on thermal neutron absorbers and
their effect on the reference spectrum (JHR reflector) has been carried out. Following the
methods reported in literature, the addition of a booster fuel inside the JHR has been
investigated. Moreover, the introduction of ?Na surrounding the fissile material has been
considered. The failure of the above mentioned methods to simulate the SFR spectrum led to
the utilization of scattering interactions.

The results obtained in this study suggest that elements with important inelastic scattering cross
sections around 1MeV can provide a similar to a SFR neutron spectrum, without even the
necessity to utilize fissile material. The factors which are important for an effective inelastic
scatterer comprise the density and inelastic microscopic cross section values of the scatterer
material as well as the energy ranges where inelastic scattering occurs. In prospect to suggest a
device capable of achieving the required spectrum modification all the above mentioned factors
are separately examined. Current neutron data indicate that potential introduction of this
device inside the JHR reflector will not raise safety issues.
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ITepiAnyn

H tétaptn yevid mopnvikdv otabumv mopaymyng 1oyvog mov Ppioketor otn @Acn TOL
oxeO10GHOV, TEPIAAUPAvVEL Kot eEEAMYUEVOVS AVTIOPACTNPES TAYXEMV VETPOVI®MV TOV YOYOVTOL LE
vyp6 Ndartpo (SFR, Sodium cooled Fast Reactor). To OSopikd LAKGA TOV VE®V 0LTOV
avTIOPacTNPOV Bo TPETEL VoL EMAEYOVV LE KPLTHPLO TV AWYOYN GUUTEPLPOPH TOVG GTIS CLVONKESG
Aertovpyiog Tov SFRS. Avetuymg, ot epeuvnTikol avTidpacTNpeS GTOVG OTOI0VG TIGTOTOIEITOL 1
CLUTEPLPOPE TV VEMV DMK®OV 6€ GuVONKeS Aettovpylag Vo aKTvoPoAin Elval 6T GUVTPITTIKN
TOVG TAEYN Qi avTOPACSTAPES BepUKDV VETpovimV. XN GLVEXEW, WO amd TIG GUYYPOVES
TPOKANGELS TNG TUPNVIKNG TEXVOAOYING ivar axpiPdg 1 dnuovpyio oe BepUikovg peLVNTIKOVG
AVTOPACTNPES TOV KATOAANA®V cuvOnkov Yoo ™ dakpifoon TV VAIKOV Tov TPOKELTOL Vol
ypnoonomBodv oe SFRS.

YKOTOG TNG TOPOoLGAS daTpPIPNg eivar 1 diepedvnorn VAKOV Kot peBdd®V Tov amoGKOTOLV TN
LETOTPOT] TOVL VETPOVIKOV (PAGUOTOG 7OV emikpotel o€ Oéceic aktvofoAnong Oeppikod
EPELVNTIKOD AVTIOPACTNPA, GE £VO TUMIKO (AGHO AVTIOPACTNPO TOYEWV VETPOVIMV VYPOD
vatpiov. [To cvykekpipéva, mpoyloTonomdnkay VETPOVIKOL VITOAOYIGUOL TTOV APOPOVGAV TNV
gloaymyn piag d1ataéng oy mePLoyr ToL avakiooth Tov avtidpacstipe Jules Horowitz (JHR,
Jules Horowitz Reactor). H oAAnienidpoon Tv veETpovimv He To, DAIKEA TG d1atoéng 0dnyel otnv
TPOCUPLOYY] TOV EMKPATOVVIOS VETpOVIKOD @douatog tov JHR omv evepysiokn vetpovik
katavoun mov yapoaktnpilel évav SFR. O JHR eivar évag Beppikdg epeuvntikdg avTidpactipag
Kol vag omd Tovg KHPLOLG GTOYOLS TOV €lval 1 EPELVA KOL 1] LEAETT VAIKAOV Y10l TOLG TUPTNVIKOVG
otabpovg mopaywync evépyetag 2™, 3" ko 4™ yevidg. o owtd 0 AOYo pio omd TIC KOpLeg
dpacTNPOTNTEG TOL €lval N avdmtuén dtaéemv mov Ba Tapéyovv cuvinKeg axtivoBoAnong TV
SOUIKMY VAIK®V Kol TOV KOVGIL®OV OVTITPOCSMOTEVTIKES TOV TEPPAAAOVTOG OTOL AVTA TPOKELTOL
TEMKA VO YPNGLULOTOMO0VV.

210 mhaicto g dtpiPng mpaypatomomonke LEAETN TG OXETIKNG VITAPYOLGAS (101 GE Xpnom,
VIO avATTTLEN 1) TPOTEWVOLEVNG) TEYVOAOYING, 1 oTtold omoTéAese VIOPaBpPo Yo TNV TPOGEYYIoN
EMIALONG TOV TPOPANUATOS Kol TOPOVGLALETOL TEPIEKTIKE otV apy1| TG datpPng. H pvubuon
TOV PAGLLOTOG EMTVYXAVETOL LE TNV EVIGYVGT TOV AOYOL TAXEMV TPOS OepLKd VETPOVIO, ONANOT,
€lTe PE TNV EYKATAGTACT] VAIKOV TOV ATOPPOPOVY ATOTEAECUATIKA T Oepikd veTpdvia 1/KoL e
NV TPOGONKTN GYAGILOV DAIKOV, EVICYDOVTAG £TGL TNV GLVIGTMOGA TOV ToYEMV veTpovimv. Kat ot
Vo péhodot oyetiCovtar e aAANAETIOPACELS VETPOVIKNG SVAMNYNG. Me d&ova Tig pebddovg mov
&yovv NON avantuyBel, TPAYLOTOTOMONKE EKTETANEVN UEAETT) TOV DAK®V OV TOPOLGLALovv
woyLPN KAvOTNTO OTOPPOPNONG BEPIKOV VETPOVIDV KABMG KAl TNG EMOPUCNS TOVG GTO PACLLOL
avagopds (JHR-avaxhaotng). X1 cvvéyetn, akoAovdmvtag Tic HeBOS0VE TOL aVAPEPOVTAL GTN



BipAoypaeia, diepevviOnke n emidpacn ™ TPOSHNKNG OYAGIHOV VAIKOD GTO £0MOTEPIKO TOV
JHR-avoxkioot). EmmAéov, Bemprinke kavi mocoOTNTO vaTpiov ¢ TEPIPANUA TOL GYAGULOV
VMKOV TPOKEWEVOL Vo pedetnBel €dv M Tapovcio TOv UTOPEL VO TPOKOAEGEL LETATOTIOY| TOL
eaopotoc. Ot TeyVIKEG aVTEG, OV KOl UTOPOVV VO, YPNCLULOTOMO0LY Y10 Tr UETOTPONN €VOG
Oeprkod EAGHOTOC GE PAGHO TOYEWV VETPOVI®OV, OTOTLYYAVOLV VO TPOGOHoumcovy 10 SFR
eaopo. Agdopévov avtod, M epyacio 0dNYHONKE GTNV TPOGUPUOYY TOV (QAGHOTOS KOVOVTOG
YPNON TOV OAANAETOPAGEWV GKEOAONC.

Ta omoteléopota g peAétne €oeiEav 01t pio dtdtaén LVAIKOV mov yopaktnpilovior omd
ONUOVTIKEC KPOCKOTIKES OUTOUEG OVEANOTIKNG okédaong mept to 1 MeV, umopel va
OMUOVPYNGEL VA VETPOVIKO PAGHO TOV TPOoeYYilel 6€ apKeTA KavoTomTiKO Badud avtd tov
SFR, yopig kov vo amatteitor 1 EViGuoTn TG CLVIGTOGOS TOYEDV VETPOVIOV HE OXAGILO VAIKO.
Ot Tapdyovteg mov TPocdlopilovy amOTEAEGUATIKOVG OVEAUCTIKOVS GKEDUOTES TEPIAAUPAVOLY
TNV TUKVOTNTO KOL TNV UIKPOGKOTIKY] €VEPYO SLOTOUN OVEAOCTIKNG OKESAONG KAOMDC KOl TIG
EVEPYELOKEG TTEPLOYES OOV avTh Aapfavel yopo. ['a v mpdtacn piag didragng mov pmopel vo
EMTOYEL TNV OTMOULTOVUEVT] TPOTOTOINGT) TOV PACUATOG OAOL Ol TOPATAVE® TAPAYOVTEG TPEMEL VO
e€etdlovran Egywpilotd. [Ipoxatapkticol verpovikol vroloyicpol €dei&av 0Tt M glcaymyn piog
tétolog Ordtaéng otov avokiaotn Tov JHR dev gyeipet Inmnota acedietog.
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Chapter 1.

Introduction

1.1 Background & Motivation

The presence of fast neutron spectra in new reactor concepts [OECD13, Loc13, Deb04] (such as
Gas Cooled Fast Reactor [Poel5], new generation Sodium Cooled Fast Reactor [Aotl4,
OECD09], Lead Fast Reactor [Alel6], Accelerator Driven System [IAEA15] and nuclear Fusion
Reactors [Rael6] is expected to induce a strong impact on the contained materials, including
structural materials (e.g. steels), nuclear fuels, neutron reflecting materials (e.g. beryllium) and
tritium breeding materials (for fusion reactors) [Laal2]. Therefore, introduction of these reactors
into operation will require prior extensive testing [TAEA12a] to well characterize and model
behaviors of the components, which must be performed under neutronic conditions
representative of those expected to prevail inside the reactor facilities when in operation
[OECD11]. Depending on the material, the requirements of a test irradiation can vary [Yvol4],
the main importance placed to the achievement either of sufficiently high fast neutron fluence
(e.g. for steels) and/or to the ratio of thermal neutron flux over fast neutron flux (e.g. for nuclear
fuel and Tritium breeder materials and a priori for steels) which must be typical of fast reactor
conditions [Kel14]. It should be underlined that irradiation duration and flux level should be
the result of a compromise in order to prevent the irradiated materials from being deteriorated.
According to experience an optimum irradiation duration is ~30 times lower than the time that
the material is about to remain in the facility. Due to limited availability of fast reactors [Kel14],
testing of future reactor materials will mostly take place in water cooled Material Test Reactors
(MTRs), which provide a neutron spectrum with two peaks, one at 1 eV and another at 1 MeV
(Figure 1-1)[Yan12,0kul4]. Seeing that the thermal neutron component in MTRs is one to two
tens larger compared to fast reactors, appropriate neutronic conditions can be achieved in MTRs
by tailoring the neutron spectrum in order to tune properly the reaction rates. For the spectrum
tailoring there are two options, i.e. either to remove the thermal component or to increase the
ratio fast/thermal neutrons inside an MTR, using the appropriate neutron shields [Chr14]. The
latter relies on the utilization of materials capable to absorb neutrons at specific energy or on the

introduction of fissile material, enhancing thus the fast neutron component.
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Figure 1-1: Neutron energy spectrum of a typical thermal reactor [Oku14]

1.2 Objective

Possible methods are investigated in this thesis in order to create a neutron energy spectrum
similar to that characterizing Sodium cooled Fast Reactor (SFR) in a thermal neutron reactor.
The concept of SFR has been selected by the Generation IV International Forum (GIF) as a
promising nuclear energy system able to fulfill the GIF IV criteria: safety assurance, economic
competitiveness, reduction in environmental burden, efficient utilization of resources as well as
proliferation resistance and enhanced physical protection [Dell3, Ichll]. Extensive research
related to the behavior and characteristics of material and fuel under irradiation conditions
(nominal and transient), the fuel fabrication as well as the pin cladding and wrapper material is
required [Dekl11, Dell3]. Such study can be carried out in MTRs. The reflector area of Jules
Horowitz material testing Reactor (JHR) [Par15,Bigl5] provides good neutronic conditions for
the realization of this kind of study. Furthermore, JHR targets to investigate and study materials
for future generations of power plants. Accordingly, the development of devices that will serve
for representative tests of structural materials and fuel is required. In this context, this thesis
focuses on the investigation of methods by which the neutron population distributed in the
reflector area (Figure 1-2) of JHR (thermal neutron spectrum) can be reversed from low to high

energies with the final neutron distribution to be similar to that of a SFR.
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1.3 Key Features

1.3.1 Jules Horowitz Reactor

JHR is a Material Testing Reactor (MTR) under construction at Cadarache in southern France
[Bigl6, Col15]. This pool-type MTR would have a maximum power of 100 MWth. The design
thermal flux is 5.2-10™* n/cm?/s and the fast flux (here E> 0.9MeV) is 5-10™* n/cm?/s. The reactor
will offer modern irradiation experimental capabilities for studying material and fuel behavior
under irradiation. JHR will be a flexible experimental infrastructure to meet industrial and
public needs related to Generation I III and IV Nuclear Power Plants (NPP) and to different
reactors technologies [Par15]. JHR is designed to provide high neutron flux (more than the
maximum available today in European MTRs), to perform highly instrumented experiments in
order to support advanced modeling giving prediction beyond experimental points, and to
operate experimental devices giving environment conditions (pressure, temperature, flux,
coolant chemistry, etc.) relevant for water reactors, gas cooled thermal or fast reactors, SFRs, etc.
[Con13]. For this work a simulation model of JHR provided through TRIPOLI-4.8 was utilized
and a series of calculations related with the introduction of materials in the reflector area of JHR

was carried out. The irradiation location and the model are illustrated in Figure 1-2.

Irradiation
positions in the
Be reflector

Al core
tank

Irradiation
facility of
interest

Zircaloy gamma
screen

Be reflector

Figure 1-2: Model of JHR, produced with TRIPOLI-4.8; white arrow points to the irradiation location of interest in
JHR reflector.


https://en.wikipedia.org/wiki/Cadarache
https://en.wikipedia.org/wiki/France
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1.3.2 Sodium cooled Fast Reactors (SFRs)

SFRs are classified within the domain of Liquid Metal cooled Fast Reactors (LMFRs). These
types of reactors use liquid metal coolants, such as sodium and lead [TAEA12b, Laf10]. The
nuclear properties of these materials in addition to their physical properties (i.e. high density,
high boiling point, high thermal conductivity, high heat capacity, etc.) justify their selection as
coolants [IAEA12c, Laz14]. In Table 1-1 the physical properties of liquid metals are reported:
sodium (Na), lead (Pb), bismuth (Bi) and Pb-Bi. The high boiling point of the liquid metals
enables operation at high temperatures without requiring high circuit pressure, while the high
heat of vaporization of these elements results to a low primary system pressure demand and
therefore, for example, a reduced reactor vessel thickness [Laf10]. After the testing of different
alternative coolants, Na has been chosen to be the primary coolant medium in the majority of
fast reactors constructed to date [OECD14, Sun12].

Table 1-1: Physical Properties of Na, Pb, Bi and Pb-Bi (44.5/55.5%) [IAEA12c]

Properties Units Na Pb Bi Pb-Bi
Atomic number — 11 82 83 —
Atomic mass — 22.99 207.2 208.98 —
°C 98 327.4 271.4 125
Melting temperature
K 371 600.85 544 398
. °C 883 1745 1552 1670
Boiling temperature
K 1156 2018 1825 1643
. kJ/kg 114.8 24.7 54.7 38.8
Heat of melting
kJ/mole 2.6 5.1 11.4 8.07
Lo KJ/kg 3871 856.8 852 852
Heat of vaporization
kJ/mole 89.04 178 178 178
sol. 20°C 966 11340 9780 10474
Density : kg/m3
lig. 450°C 845 10520 9854 10150
. sol. 20°C 1.23 0.127 0.129 0.128
Heat capacity - kJ/kgK
lig. 450°C 1.269 147.3 150 146
Thermal sol. 20°C 130 35 8.4 12.6
- . W/mK
conductivity lig. 450°C 68.8 17.1 14.2 14.2
Kinematic viscosity (450°C) m?/s 3x107 1.9x107 1.3x107 1.4x107
Prandtl number (450°C) — 0.0048 0.0174 0.0135 0.0147
Surface tension (450°C) mN/m 163 480 370 392
Volume change with melting % 2.65 3.6 -3.3 ~0.5
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The use of Na for cooling a FR provides a neutron energy spectrum shifted to lower energies in
relation to other fast reactors spectra. The softening of the spectrum is caused by both inelastic
and elastic scattering of sodium. As stated in Nim59, Sodium degrades the spectrum at high
end as a result of inelastic scattering and builds up the low end of the spectrum by elastic
scattering. In fact, this reduction of scattering interactions due to the reduction of sodium
density causes a spectrum hardening and constitutes the so-called sodium void effect [Yan12].
For the thesis purposes, a reference SFR spectrum has been utilized, provided by the neutronic
data of the prototype SFR reactor, Phenix [Gui05, IAEAO07]. Phenix was a pool-type design,
generating at 565 MWth power. Before its shutdown [Chel2], the plant had achieved all the
objectives of demonstration of fast reactor technology, which has been set at this time of

construction. A description of the main reactor characteristics can be found in [Che12].

1.3.3 Problem Outline

The spectra of JHR reflector and SFR are illustrated in Figure 1-3. JHR reflector spectrum' was
produced by TRIPOLI-4.8, while SFR spectrum was provided by neutronic data of the
prototype SFR reactor, Phenix. JHR reflector spectrum has a typical energy distribution of a
thermal reactor, exhibiting two peaks. That is, the first peak at low energies (below 0.1eV) due
to the water-induced neutron thermalization and the second at high energies (~1MeV),
corresponding to the neutron produced by fission; in the intermediate energy range (1 eV to
0.1 MeV) an approximately 1/E dependence exists. On the contrary, the thermal range of the
SFR spectrum includes an insignificant number of neutrons, the latter being concentrated in
energies of an order of magnitude between 10° and 10° eV. Prompt neutrons are born at energy
ranges from 0.1 to 10 MeV and the elastic and inelastic scattering interactions between sodium,
as well as structural and other materials existing in a SFR, with fission neutrons, shifts the peak
of fission spectrum to lower energies (~200keV). The contrast between the thermal and the SFR
spectra is better illustrated at the Chart-Table of Figure 1-4 where the neutron distribution is
partitioned in energy groups.

A reversion of the neutron population from one side (low energies) to the other (high energies)
is necessary to fulfill the objective of tailoring the neutron spectrum obtained in the irradiation
facility of JHR, into a spectrum similar to that of SFR. The subject of this thesis is the
investigation of methods, by which the spectrum can be tailored as desired. These methods
contain the utilization of thermal neutron absorbers, fissile nuclei and nuclei with high
scattering capability. The final task is a tentative design of a device that will provide a neutron
energy spectrum similar to that characterizing SFR, when introduced into the JHR reflector.

! For all simulations carried out in this thesis the neutron flux tallies were requested for 175 energy groups between
1E-11 -20 MeV.
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1.4 Structure of the Thesis

The overall structure of the thesis is divided into six chapters (Figure 1-5), including this
introductory chapter. Chapter 2 provides a comprehensive review of the existing (used and
under development or proposed) state of the art neutron screen technology. Its content
corresponds to a paper already published [Chr14]. In Chapter 3 the computational tools, used
for the simulations at this work, are described, along with the major factors that ensure the
accuracy and the precision of the final results, which are presented in Chapter 4. This chapter is
divided into four main sections, each of which presents the results relating to one of the neutron
interaction taking place for the spectrum tailoring (Figure 1-6). As a final point, the main

conclusions as well as the recommendation for future work are given in Chapter 5.

Chapter1 Chapter 2 Chapter 3 Chapter 4 J Chapter 5
Introduction = State of the Simulation == Applications Discussion
Art Procedure and Results and Outlook
Figure 1-5: Thesis flow chart
Chapter4
Applications and
Results
| |
Section 4.1 Section 4.2 Section 4.3
Absorbers Scattering
Utilization Booster Fuel Interactions
Subsection 4.3.1

Elastic Scattering

Subsection 4.3.2
- Inelastic
Scattering

Figure 1-6: Chapter 4 flow chart






Chapter 2.

State of the art

The use of neutron screens technology is imperative within the framework of the materials
qualification for the development of GEN-IV reactors [Kel14], since their performance can easily
and inexpensively simulate the characteristics of a fast neutron flux facility and accomplish
power transient experiments. The term neutron screen used in this thesis refers to the
configuration (device, model, system or technology) that can be implemented inside the reactor
and provide the capability of tailoring locally the neutron spectrum. Neutron screens contribute
to the creation of desirable special irradiation conditions that cannot be achieved during normal

reactor operation for technological or economic reasons.

Neutronic conditions similar to the ones prevailing in fast reactor cores can be achieved in
MTRs by tailoring the neutron spectrum. For the spectrum tailoring two options are offered, i.e.
either (a) to remove the thermal component using a neutron screen technique based e.g. on
cadmium, boron or hafnium shields, and/or (b) to increase the fast/thermal neutrons ratio inside
an MTR by using fissile material. Several complexities, mainly of technological nature, are
involved in the use of thermal neutron absorption shields, since all candidate shielding
materials have their specific problems induced by welding behaviour, swelling (e.g. boron
compounds) or melting (e.g. cadmium). Therefore, research and exchange of information on

neutron screens technology is of increasing interest.

The purpose of this chapter is to review the literature on the existing (and available in literature)
neutron screens technology; it is examining the neutron screens developed to address the lack
of fast research reactors in sufficient number. A neutron screen achieves the required fast
neutron environment by cutting off the thermal component of the neutron spectrum, using
thermal neutron absorbing material. The absorber is almost transparent to fast - and much less
to epithermal - neutrons. In order to reproduce the irradiation conditions prevailing in a

Sodium-cooled Fast Reactor (SFR) environment or in a Sodium-cooled Fast Breeder Reactor
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(SFBR), coolant loops and booster fuels are combined in the irradiation facility. This work
further investigates the power transition facilities that are also based on neutron screens
utilization, where also thermal neutron absorbers are used. By varying the absorber’s
concentration, power transient on the irradiation sample is achieved. The utilization of variable

screens is necessary in order to test the fuel behavior when exposed to sudden power transients.

The chapter is divided into two sections, depending on the form of the absorbing material used
i.e., solid and fluid neutron screens. Section §2.1 is dedicated to neutron screens which use solid
absorbing material and serve for simulation of fast neutron spectrum conditions. In §2.2 ,
neutron screens utilized for power transients are presented. Solid neutron screens can provide
larger power transients than fluid screens, since they have higher density, but their utilization is
complex. Fluid absorbing materials are often preferred for this purpose since their screening
capability can easily change by varying their pressure and/or concentration. Several successful
examples of neutron screens performance are reviewed while problems appearing in specific

cases are pointed out. Figure 2-1 depicts MTRs presented in this chapter.

HFR MITR ATR HFIR OBSIRIS BRR Halden CABRI
City Mol Petten Massachusetts ~ Idaho  Tennessee  Saclay Budapest Halden  Cadarache
State Belgium Netherlands USA UsA USA France Hungary Norway France
Criticality 1961 1961 1958 1967 1965 1966 1959 1960 19063
Power  100MW  45MW 6 MW 250MW  85MW  7OMW 10MW 20MW 25MwW
Reactor Type TWR LWR LWR LWR LWR LWR LWR BWR LWR
Reflector Beryllium Beryllium Graphite Beryllium Beryllium H.O Beryllium DO Graphite

Figure 2-1: MTRs presented in this chapter (present work)
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2.1 Solid Neutron Screens

In this section, neutron screens which use a solid material are presented; four solid, thermal
neutrons absorbing materials are reported, i.e., cadmium, hafnium, boron and europium. All of
them have adequate thermal neutron absorption cross sections (Figure 2-2) and are widely used
in nuclear reactors in several applications. In each case, the selection of the appropriate material
depends on the requirements of the experiment, the available room for screen loading, the
safety issues related to screen loading and the materials compatibility (Table 2-1). Additionally,
for the material selection the accumulated experience gained using the specific material for
other reactor operations is also exploited. The factors that should be taken into account in a
neutron screen design are the geometrical configuration of the screen, its depletion rate, the
reactivity effect caused by its insertion in the core, the screen cooling medium, the acting field
and the required conditions. The impact that a neutron screen has on reactor operation
(reactivity insertion) and on neighboring experiments, if any, should be thoroughly analyzed. In
this chapter the last issue has not been raised.

The solid screens are classified by material and are divided into subclasses depending on
whether they have already been used or they are under development or study. In cases for
which neutron screens are under development or study, the parameters that should be
considered for the safety and effective neutron screen design are still under investigation.

10000 l Europium dmi
@ ’E\ (4600 b) * Cadmium 5
EE 0 (24501) o o
o3 (767b)
§ 2 Hafnium (104 b)
S 2 100 - *
v o
Z 3
10 -
Elements

Figure 2-2: Thermal neutron capture values of thermal reported in literature to be used for spectrum

tailoring

Table 2-1: Physical properties, cost, toxicity and reaction type of thermal reported in literature to be used

for spectrum tailoring [Hyn15,CPP16]

Melting Boiling  Prices per

Name Sym c(lge/:j;?)’ Point Point 100 g Toxicity R?;::n
(°0) (°C) &)
Europium Eu 5.244 822 1527 1350 middly toxic ny
Cadmium Cd 8.56 321 767 46 highly toxic ny
Boron B 10.811 2075 4000 1114 non toxic n«a
Hafnium Hf 13.31 2233 4603 120 non toxic ny

11
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2.1.1 Cadmium neutron screens

Cadmium (Cd), is a material widely used for thermal neutron filtering, due to its excellent
thermal neutron capture capability. Its utilization in neutron screen technology is very common,
since the reactors Community is familiar with its mechanical properties and other technological
issues. However, Cd screen construction is complex from the engineering point of view, due to
its low melting point and its large thermal expansion. Because of its extremely high thermal
neutron cross section, a slightly thin neutron screen is sufficient to tailor the neutron flux
distribution in most cases. The more thermal neutron-absorbing Cd isotope is "*Cd, which
constitutes only the 12% of the natural Cd [Wiel3b]. In high neutron fluxes, *Cd is quickly
depletes, demanding thus frequent replacement of the screen (or additional material) in order to
avoid unexpected increase of neutron flux deposited on the irradiated samples.

Cd screens are being used for many years now. In BR2 for instance, most of the irradiations
from the 1960s until late 1980s were carried out in the framework of the fast reactor
development program and most of the irradiation rigs contained a Cd thermal neutron-
absorbing screen [Rae00].

2.1.1.1 Cadmium neutron screens already being used

Belgian Reactor 2, Center for Nuclear Energy Research (BR2, SCK-CEN)

In BR2? core at SCK-CEN a Cd screen of 0.25 cm thickness has been installed around a large
Sodium (Na) loop (hosting a single fast reactor fuel pin) which was already surrounded by a
gaseous *He screen at variable pressure Figure 2-3. The experiment named VIC (Variable
Irradiation Conditions) was installed in a standard 84.2 mm channel of BR2 (Figure 2-4)and its
utilization aimed at Liquid-Metal Fast Breeder Reactor (LMFBR) fuel pins testing under
transient operating conditions®. The *He gas screen serves for fuel power transient (pressure
variation), while the Cd screen provides a fast spectrum environment, by cutting off the thermal
neutrons. Figure 2-5 illustrates the neutron spectra in a BR2 experiment with (red line) and
without (dashed line) Cd screen located axially in a fuel element channel. The installation of the
screen cuts off the thermal component of the neutron spectrum, whereas it has practically no
impact on the high fast flux, leading thus the radial fission density distributions across fuel pin
bundles, and inside the fuel pins themselves, to become much flatter and therefore simulating
better the conditions of fast reactor. The optimization of the current neutronic design of the loop
was done by calculating an optimal thickness of the water annuli between the *He and Cd
screens, in order to allow for a certain re-thermalization (so that the *He screen would be able to
induce a transient), keeping at the same time the thermal component of the neutron flux low
enough, so as to be representative of a FR. The utilization of *He screen in VIC is also examined
in§22.1.

2 The main characteristics of BR2 can be found in Dyc13.
3 Power increase or decrease in a few seconds, on the volume of a fuel pin.

12
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Double wrapper tube (He inside)

Na containment tube

Enveloping tube (O.D. 44.5 mm)

Fuel pin (@6 or 7.6 mm)

Upward Na circulation

Downward Na circulation

*He screen (3.5mm) 1 to 38 bars

BR2 cooling water

BR2 channel @84.2 mm (Be)

Protecting tube

Cadmium screen (2.5 mm)

Cooling sleeve

Figure 2-3: Horizontal cross section of VIC loop [Eyn09a]

FUEL ELEMENT
- 8 standard channels (O =84.2 mm)

CONTROLROD
- 8 standard channels (O =84.2 mm)

REFLECTOR
Total 79 cylindrical channels
- 64 standard channels (O =84.2 mm)
-10 small peripheral channels (O =50 mm)
-5 large channels, H1-H5, (O =200 mm)

Figure 2-4: Horizontal cross-section of BR2 with a typical loading [Rae00]
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Figure 2-5: Effect of a 0.25 cm Cd neutron screen on the neutron spectrum within the fuel element. The neutron
spectrum of the reflector channel is included for comparison. [Rae00]

High Flux Reactor (HFR), Petten

TRIO modified for irradiation of MOX fuels (TRIOX) capsule

TRIO is an irradiation device consisted of three sampler holders of circular cross section
positioned radially per 120° (Figure 2-6). In HFR* (Figure 2-7) a TRIO concept, i.e. TRIOX, was
utilized for MOX fuels irradiation [Arl13,Shal6,Ren02], with a Cd screen adapted into the
sample holder carrier for spectrum hardening at the location of testing fuel [Eyn09b]. Starting
from the center and moving towards periphery (i.e. from inside to outside), a TRIOX channel is
configured in terms of its radially arranged materials as follows (Figure 2-6): sample (i.e. fuel
pin), Na, molybdenum (Mo) shroud, Na , Stainless Steel (SS) (1% containment), gas gap, SS (24
containment, reactor coolant water, aluminum (Al), Cd (3 mm, embedded into Al over part of
the device height), Al (the capsule material). The gas gap between primary and secondary
containments, consisting of Helium-Neon (He-Ne) or Neon-Nitrogen (Ne-N) mixtures, helps to

the control of the fuel pin clad temperature. The Mo shroud was immersed in the He

* A short description of HER can be found in Zem12, JRCO05.

14
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pressurized stagnant Na which fills the primary containment in order to prevent convection
currents from appearing in Na when the gap between fuel pin and primary containment is too
wide. Molybdenum presents high thermal conductivity and dimensional stability [Tan81], thus
its concentric arrangement around the fuel pin serves to create a barrier against convection

currents, flows of Na vapor and undesirable heating of the support structure.

The Cd incorporated into TRIOX capsule acts as a neutron screen for the reduction of the
thermal flux influence. It is a 0.5 x 1.9mm? wire which is embedded into Al structure in a spiral
groove made in the Al tube, giving a partial Cd cover in the TRIOX holder. Effective Cd cover
can be changed depending on the design requirements. In order to avoid design complications,
Cd screen is not directly incorporated to the sample holder. On the other hand, the Cd
placement in the coolant water channel allows for sufficient cooling required for Cd, but has the
drawback that some fast neutrons turn thermal once they have passed the neutron screen,
which constitutes a compromise in the design. Moreover, all three TRIOX channels can contain
Cd but this causes a significant reactivity effect. From the HFR operation safety point of view,
the TRIOX capsule should be placed in the lower flux positions, since in this way it limits the

impact of Cd wire on the neutronics of the reactor [Eyn(09a].

/
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/\ 7/ ,
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- ! !
K 1 |: : :
(] 1
He-Ne or Ne-N b
©6.55! NI
\ N 1
g Water gap Mo@Oo/4 111 1+ i
__Mo@on4 .
SS1%Cont @15/16 i 1
> 1
SS 2% Cont @ 1620172 1 1 !
L. TRIO support " .
L_thimble @i/ @o =31.5 / 33.5 mm Coolantchannel @ 17.2/24 .+ .
filler element 74.2 mm (@i =75 mm) Al. @ 24/30 Cd@ 27/30 !

all dimensions are inmm

Figure 2-6: Left: Horizontal cross section of the three legs incorporated in the TRIO irradiation rig. Right: Horizontal
cross section of a TRIOX containing a fuel sample holder. Only one leg is shown. [Eyn09b]
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Figure 2-7: Schematic horizontal cross section of HFR [JRC05]

High neutron fluence Irradiation of pebble staCks for fUsion (HICU) Project

The HICU irradiation project has been implemented in HFR (Figure 2-7) for Li-ceramics®
irradiation under conditions similar to those of a Pebble Bed Reactor (PBR) [Lil5, Man12,Ros14].
HICU combines two thermal neutron absorbers: hafnium (Hf) rings have been placed along
with Cd rings creating a neutron screen layer within the sample holder tube. Figure 2-8 presents
the power density versus time generated by (n,a) reactions on LisSiOs (Li ceramics material) in
the dominant spectrum inside the HICU at core position C7 (Figure 2-7), for five cases:
unshielded (A); 1 mm Cd at C7 (B) and 2 mm Cd at C7 (C); 2 mm Cd, 400 days at C7 and then at
H8 (D); 2 mm Cd and 0.5 mm Hf at C7 (E). The abrupt upturn in power generation (curves B, C,
D, E) is due to Cd depletion. The combination of Hf, which has low -in relation to Cd-
microscopic cross section (Figure 2-2), with Cd (curve E) introduces a significant delay to the
power upturn and allows longer irradiation duration -over 500 days- in the fast spectrum. As
expected, the behavior of the unshielded (not accounting for burnup) facility (curve A) is
constant. The power generated by both thermal and fast neutrons was calculated using the
MCNP code [Bri00].

5 Li-ceramics are candidate materials for the breeder blanket of fusion reactor.
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In order to study the screen’s behavior, the neutron flux inside the HICU was computed with
the MCNP code. The screen consisted of a 2 mm Cd shield and a Hf wire (0.6x0.6 mm?). The
computations were performed considering the HICU loaded at the third highest flux position
(C3 or C7) of HFR core (Figure 2-7). Additionally two types of fusion breeder materials,
containing lithium metatitanate, i.e. Li>TiOs with natural lithium (7.5% °Li) and lithium-enriched
material (30% °Li), were assumed [Eyn09b]. The implementation of the neutron screen resulted
to the cutoff of thermal neutrons (Figure 2-9). As referred in Eyn(09a, the installation of HICU in
C7 irradiation position (Figure 2-7) caused a negative reactivity effect of about 1200 pcm (per
cent mille), due to the reduction of the thermal component available for further fission

reactions. However the effect was considered acceptable by the HFR limiting conditions for

operation [Eyn09a].

Power production in Li SiO4 20%
1 1 L 1 1 1 1 1 1 1 1

150

100 ~ 1
I Ay

Power (W/cc)

0 T T T T T T
0 100 200 300 400 500 600 700 800
Irradiation time (days)
A - —. D
-——B E

Figure 2-8: Power density versus time generated by (n,a) reactions calculated for LisSiOs 20% enriched in °Li.
Notation for curves is as following: unshielded (A); 1 mm Cd at C7 (B) and 2 mm Cd at C7 (C); 2 mm Cd, 400 days at
C7 and then at H8 (D); 2 mm Cd and 0.5 mm Hf at C7 (E) [Eyn09a]
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Figure 2-9: Effect of HICU (2 mm Cd and 0.6x0.6 mm2 Hf wire ) neutron screen on the neutron spectrum with natural
Li (7.5% °Li) or with lithium-enriched material (30% °Li) [Eyn09b]

2.1.1.2 Cadmium neutron screens under investigation or development

Massachusetts Institute of Technology (MIT)

In the MIT reactor [Sunl5], a design to achieve significantly high neutron flux has been
proposed . The proposed facility would be hosted in the central fast flux trap of the MIT reactor
core [EIl08]. The design includes a fast flux trap loop surrounded by fissionable material (**°U,
25U, 2%Pu and **mAm), reflected and cooled by liquid eutectic Pb-Bi coolant [ElI09]. The fissile
material could be enriched in either U or 2*U. The area containing the fissile pins, called
amplifier ring, consists of 164 fuel oxide pins arranged in four rings of 32, 38, 44 and 50 pins
respectively in a hexagonal arrangement [New04, Sun15]. The Pb-Bi coolant acts as a “driver”
by reflecting fast neutrons and sending them back to the central irradiation facility. Between the
amplifier ring and the experimental irradiation facility area, a Cd filter was placed [ElI09]. The
optimum thickness of Cd was investigated and the impact of various Cd thicknesses on the
neutron flux is summarized in Table 2-2. An extremely thin layer of Cd (0.1lmm) was found able
to reduce the thermal flux well over 50% while the fast flux decrease was limited to 2% (Figure
2-10) [E1I09].
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Figure 2-10 Effect of a 0.1 mm Cd neutron screen on the neutron spectrum hosted in the central fast flux trap of the
MIT reactor core [E1109]

Table 2-2: Effect of different Cd neutron screen thicknesses on the neutron flux of the central fast flux trap
in MIT core [E1109]

Cd filter Neutron flux modification (%) for four neutron energy groups
thickness(em) — “g.94 ev 04eV-2keV  3keV-1MeV  1-10 MeV
0.00 0 0 0 0
0.01 -55 0 -2 -2
0.02 -65 -1 2 -3
0.05 69 2 2 4
0.07 -71 -2 -1 -4
0.08 -72 -5 -1 -4
0.13 -73 -5 -2 -5
0.21 -73 -6 -2 -8

Advanced Test Reactor (ATR) , Idaho National Laboratory (INL)

In the east flux trap (EFT) of the ATR (Figure 2-11) at INL, irradiation tests of high-actinides-
content fuels, AFC, have been performed, with the aim to examine the transmutation of long-
lived isotopes in spent nuclear fuel into shorter lived fission products in an irradiation

environment similar to that of a FR [Mar05].
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Figure 2-11: Horizontal cross section of ATR Core (77 irradiation positions: 4 flux traps, 5 in-pile tubes, 68
in reflector) [Mar05]

The fuels were loaded in an experiment Al-sheathed basket with a 0.114 cm thick Cd absorber
filter. The device was cooled by light water, which is the primary coolant of the reactor. From a
study performed with the combination of MCNP and ORIGEN-2 codes [ORIGEN2] it was
found that at the beginning of irradiation the peak of the linear heat rate generated by the metal
fuel, with and without absorber filter, was 237 and 2174 W/cm respectively [Cha05]. The
maximum basket lifetime (Cd depletion) was estimated to be about 48 effective full power days
(EFPDs). Figure 2-12 compares the neutron flux (per lethargy normalized to 1) spectrum in two
cases, i.e. the neutron spectrum produced with and without Cd filter and the neutron flux
spectrum type of a LMFBR [Chall]. The results indicate that omission of a Cd filter (Al-basket)
results in a softest neutron spectrum and that Cd-filter can provide a hardened neutron

spectrum in EFT position.
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Figure 2-12: Effect of an Al-basket with and without a Cd (0.114 cm ) filter on the neutron spectrum. The neutron flux
spectrum of a LMFBR is included for comparison. Plot produced by MCNP [Chall]

2.1.2 Hafnium neutron screens

Hafnium (Hf) is also a widely used material in nuclear reactors [TAEAOQS8]. It has excellent
mechanical properties, it is extremely corrosion-resistant and therefore can be used without
enrichment. Another advantage is its high melting point. Hf thermal neutron cross section is not
as high as that of the other absorbers (Figure 2-2) presented in this section. However, the
formation of Hf isotopes under irradiation, which are good thermal neutron absorbers too,
makes Hf a good candidate material for neutron screen technology. Since it decays to good
thermal absorbers, its depletion occurs slowly, thus usually delaying its replacement in a
neutron screen. Moreover, Hf is a well processed material, characterized by necessary
mechanical strength, good stability and ability to maintain high mechanical properties under
radiation and can be used without cladding (due its corrosion resistance in water) [TAEA08]. Hf

is usually combined with Al, which is a good heat conductor and transparent to fast neutrons.
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2.1.2.1 Hafnium neutron screens already in operation

HEFR, Petten

A TRIO-facility sample-holder (Figure 2-6) called CONFIRM (Collaboration On Nitride Fuel
IRradiation and Modeling) was prepared in 2006 [Fue09] for fast reactor fuel irradiation in HFR
(Figure 2-7). In CONFIRM (Figure 2-13) the fuel pin (typical diameter 6.55 mm) is surrounded
by a Na layer (1.325 mm thick) enclosed in a Mo-shroud (2.4 mm thick) for heat conductivity
purposes (reference TRIOX). The material is placed in a Stainless Steel (SS) containment (1.4 mm
thick) while a Na zone (2.5 mm thick) is interposed between the containment and the Mo-
shroud. A second SS containment (1 mm thick) with a 0.5mm Hf shield endues the first
containment; a 0.Imm gap exists between the two containments. The whole structure is placed
axially in the TRIO wet channel of 31.5 mm diameter confined by a 1 mm thick stainless steel
tube. The irradiation holder was fabricated with Hf and was loaded at the lower flux positions
of the core. The outer surface of Hf was cooled by flowing water (Figure 2-13). The height of the
shield was larger than that of the fuel, thus providing an effective shielding. In order to study
the impact of Hf on the power density, computations using MCNP were performed for various
Hf thicknesses (Imm , 2mm and two fuel pins of plutonium with 87% Pu-239. The variation in
the shield thickness (Figure 2-14) has a large impact on the power density (up to ~80% in the
cases of Hf of 3 and 4 mm thickness). The neutron spectrum in Mo shroud - surrounded the
fuel sample- was computed with the MCNP code. Figure 2-15 illustrates the impact of a 4mm
Hf shield on the spectrum, while Figure 2-16 the impact of five different Hf thicknesses on the
thermal energy region. As follows, the addition of even only 1mm of Hf is capable to reduce the
thermal neutron component to the half. Figure 2-17 shows the variation of the normalized
power as well as of the normalized flux per unit lethargy, as a function of the Hf thickness. The
variations are very similar, since the power is mainly produced by thermal neutrons and Hf is
transparent to fast neutrons (Figure 2-15).

Gas

Water
Fuel Pin

Cladding Hafnium

Na Molybdenum

Figure 2-13: Horizontal cross section of the Confirm experiment [Eyn09a]
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High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL)

In HFIR®, ORNL (Figure 2-18), an irradiation facility that allows testing of advanced nuclear
fuels under prototype LWR (Light Water Reactors) operating conditions in approximately half

the time it takes in other research reactors, has been developed. The cylindrical irradiation

® The main characteristics of HFIR can be found in [Geh08].

23



State of the art

device holds three sample holders of circular cross section, with their centers located radially
per 120°, forming an inscribed concentric circle (Figure 2-19). The intermediate space around
irradiation holes is filled with Al and each capsule is surrounded by a coolant channel. Three
flux monitor tubes, also surrounded by coolant, are placed radially, each one between two
successive irradiation holes. The goal of this design is to maintain a relatively constant linear
heat rate. A Hf screen surrounds the facility basket which is located in the reflector region of
HFIR. Two LWR experiments have taken place using the above irradiation facility; the first
contained uranium nitride (UN) [Johl6, Wat02], and the second uranium dioxide (UO), fuel
pellets inside silicon carbide (SiC) cladding [Dec15]. The facilities contain nine fuel pins - each
comprising 10 fuel pellets - arranged as three fuel rods (Figure 2-19) [Ell11]. Design calculations
indicated that a Hf shield of 1.61mm thickness degrades at a rate similar to the burnup of 3.8%-
enriched UQO: fuel, so that the linear heat generation rate of the fuel remains relatively constant,
at least over the first few cycles. With this configuration and shield thickness, linear power
ratings average at 22 kW/m for the upper and lower capsules and at 32 kW/m in the medium
capsule. Design calculations suggested that a thickness of 0.232 cm would lead to linear power
generation rates in the hottest pin in the middle axial position that will satisfy UO: safety

requirements with a rate of 28.41 kW/m.

larget bundle
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beam tube
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Small vertical
Xperiment
facility (VXF)

Inner fuel element Large vertical
Outer fuel element experiment
- ; facility (VXF)
Control region
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Figure 2-18: Schematic horizontal cross section of HFIR and its irradiation sites [E1111]
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Figure 2-19: Left: Horizontal cross section of the thermal neutron irradiation facility. Right: Vertical view
of the thermal neutron irradiation facility with a close-up of one of the nine capsule assemblies [Ell11]

2.1.2.2 Hafnium neutron screens under development or investigation

ATR, INL

Regarding the development of irradiation capabilities under fast neutron spectrum conditions
at ATR (Figure 2-11), a Boosted Fast Flux Loop (BFFL) concept (Figure 2-20) has been proposed
[Lon07]. The desired fast to thermal neutron flux ratio was set to exceed 15. The BFFL was
designed to be hosted in a Gas Test Loop (GTL) in one of ATR corner lobes i.e., NW or NE
(Figure 2-11), where large space is available. In the framework of the GTL Project Conceptual
Design, several configurations of an experiment facility that could replicate a fast flux test
environment have been studied. The BFFL combines boosters, as silicide uranium (UsSi2), for
neutron flux enhancing, as well as Hf filter for thermal neutron absorbing and for reinforcing
the increase of fast to thermal flux ratio. The composition of the absorbing material is a Hf-Al.
This material retains the high thermal conductivity of Al combined with the thermal neutron
absorption properties of Hf. With this approach, the produced heat can be removed by
conduction and can be transferred from the experiment to pressurized water cooling channels
(INL, 2009) [Gui10]. The fuel meat in the booster fuel is Si meat enriched to 93% (UsSi2) in 2°U. U-
Si plates of the required fuel loading, meat thickness and curvature are prototypes INL, 2009.
The design depicted in Figure 2-20 provided a fast flux of approximately 1.05x10" n/cm?s and a
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fast (>0.1MeV) to thermal (here<0.625eV) neutron flux ratio of about 23, averaged over 16 cm in
the three tubes (test spaces) [Par05]. The coolants of the configuration include ATR primary
light water coolant, He and Na. Helium being inert, single phase, without reactivity effects, it
was chosen as the gas coolant medium. In order to study the impact of Hf concentration on the
fast/thermal neutron flux ratio, MCNP calculations were performed (Figure 2-21, Figure 2-22).
The greater the presence of Hf in Al, the greater would be the removed fraction of thermal
neutrons (Figure 2-21) [Lon07]. The heating rates in the Hf-Al as a function of the Hf
concentration in the absorber are plotted in Figure 2-22. The heating rate appears to saturate at
about 6% to 7 % Hf concentration, which suggests that this percentage may correspond to an
optimum Hf loading [Lon07]. It was indicated that with a 6.5% or greater concentration in Hf, a
fast to thermal neutron flux ratio greater than 40 can be produced [McD09].

46 PCS water channels
6061 aluminum end plate

" "
1257 OD,1.257 ID 6061 aluminum clad

"
1.0" OD test space Aluminum baffle

Stainless steel pressure tube (IPT)

Stainless steel envelope tube

Al-6061 spacer

assembly Hf filter (0.040" or ~1 mm)

Al-6061 support tube
for the Hf filter

0.25" ID coolant hole

Water (0.078" or ~2mm)
0.188" 1D coolant hole
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Figure 2-20: Schematic horizontal cross section of the Gas Test Loop conceptual design [Par05]
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Figure 2-21: Sensitivity of fast-to-thermal ratio (blue line) and fast flux intensity (magenta line), to the Hf content in
the Al central filler piece. The cycles on the graph correspond to the fast flux measurements [Lon07].

26



Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors

Heat density (W/ cm3)
Heat rate (W/g)

Hafnium (%)

Figure 2-22: The heating rate (magenta line) and heat density (blue line) of the Hf-Al averaged over the central 40 cm
of the core height [Lon07]

2.1.3 Boron neutron screens

Boron and its compounds find extensive application in nuclear reactors [[AEA08]. In contrast
with other absorbers, i.e. Cd, B has a significant neutron absorption in the epithermal energy
range. Natural boron (B) consists of around 20% B and 80% "B [Wiel3b,Wiel3b]. The
extremely high thermal cross section of B (Figure 2-2) together with its low abundance cause
quick depletion of the B screen. However, the depletion can be delayed by '°B enrichment.
Boron is usually combined as carbide, oxide and nitride. A factor that should be taken into
account in a B neutron screen design is the swelling that can be caused [Zhal5], due to helium

(He) generation after boron irradiation with fast neutrons (eq 2.1-2.2).

7Li* + SHe (93.7%)

21
TLi + %He (6.3%) .

$n+1(5’B—>{

High-energy neutrons can produce trititum (3H) from lithium (}Li) with a threshold energy
E=2.466 MeV:

In+ JLi—%He + 3H eq. 2.2

High-energy neutrons irradiating '°B will also occasionally produce tritium:

n+19B->2%He +3H eq. 2.3

All of these reactions include the production of He [Mon12].
An Al-B alloy has been successfully used as neutron screen (§2.1.3.1) and another is under
development (§2.1.3.2).
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2.1.3.1 Boron neutron screens already in operation

ATR, INL

In order to achieve high fast (>0.1MeV) to thermal (here <0.1eV) neutron flux ratio [Ing98], a
0.25cm thick neutron screen of Al-B alloy filter has been inserted in the Irradiation Test Vehicle
(ITV, Figure 2-23) in ATR (Figure 2-11). The ITV is loaded in the central flux trap where the
highest neutron flux occurs. The inert inner region of the ITV is filled with Al (Figure 2-23), in
order to avoid water that would increase neutrons thermalization. He or N2 gases have been
selected for the specimens cooling. The screen should be replaced after a certain irradiation
time. In Table 2-3 the neutron flux values for a case with Al-B alloy filter (4.3% wt of B in Al)
and a case without are presented. The presence of the Al-B screen increases the fast over

thermal flux ratio about twice.

Table 2-3: Neutron fluxes for ATR-ITV mid-plane specimens [Ing98]

Neutron flux at 26 MW Center lobe power (n/cm?/s)

Filtered Unfiltered
Thermal
. 14 . 14
(here < 0.1 MeV) 11310 1.76-10
Fast (>0.1MeV) 4.55 1014 4.54-1014
F/T 4.03 2.58

All dimensions in cm

Thermocouples (0.16 OD)

Thermocouple sleeve
(2.51 0D 1.891D)

Water coolant gaps

Aluminum filler Pressure tube (3.11 OD)

(7.26 OD IPT holes ARE 3.33 ID)

Gas channel tube

(256 ID)

Temperature control gas gaps

4.11 B.C.

Lower specimen capsule (2.51 OD x 2.24 ID)
Center flux trap (8.15 inside DIA)

Neutron filter (7.98 OD x 7.47 ID)

Figure 2-23: Horizontal cross section of ITV without specimens [Ing98]
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2.1.3.2 Boron neutron screens under development or study

ATR, INL

An Al-B screen has been proposed to be loaded in a test facility in the ATR (Figure 2-11), in
order to harden the spectrum, providing an acceptable environment for V alloy testing.” The
ITV is installed in the central flux trap, where the highest value of the neutron flux occurs. The
fast (>0.1MeV) to thermal (here <0.415eV) [Lon07] neutron flux ratios for a 0.254 cm Al-B screen
(with 95% '°B enrichment) have been calculated with MCNP and ORIGEN-2 codes [Zhe14]. The
computer codes MCNP and ORIGEN-2 were coupled by MCWO [Cha00]. The results are
presented in Table 2-4. From the data it is apparent that the fast over thermal flux ratio (F/T)

decreases almost linearly (Figure 2-24) over operation time, due to the 1B depletion in the Al-B
alloy.

Table 2-4:Fast (>0.1MeV) to thermal (here<0.415eV) neutron flux ratios versus irradiation EFPDs at ITV
[Cha02]

Neutron f1
Irradiation days eutron flux

F/T ratio

BoL 142.51
EFPDs 20 130.48
EFPDs 40 127.21
EFPDs 60 120.25
EFPDS 80 113.84
EFPDS 100 108.54
EFPDS 120 99.24
EFPDS 140 91.78
EFPDS 160 87.99

160

E 140 ¢

é g 120 ¢ ¢ * . .

[s]
§ = 100 ¢ ° .
;, 80
60

0 20 40 60 80 100 120 140 160
Irradiation Days (EFPDs)

Figure 2-24: Fast (>0.1MeV) to thermal (here<0.415eV) neutron flux ratios versus irradiation EFPDs at ITV [Cha02]

7 The test assembly design goals are a) vanadium (V-Li bond) specimen displacement per atom (dpa) greater than 10
dpa per year and b) 5'V transmutation at 30 dpa less than 0.5 atom%.
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Figure 2-25 presents the impact of an Al-B filter installation on the neutron. As the enrichment
increases the hardening of the neutron spectrum is more intense. Three different cases are
depicted; a) without filter, b) with Al-B (°B 60% enrichment) filter and c) with Al-B (*°B 95%
enrichment) filter. The F/T ratios for the unfiltered case have been estimated 14.6, whereas with
the highly enriched Al-B filter (1B 95%) the F/T ratio in BOL (Beginning of Life) reaches 142.5

In order to hold the averaged ratio over 80, the filter needs to be replaced after 160 EFPDs (4
typical operation cycles). The Al-B (1B 95%) screen can meet the desirable requirements
[Cha02].

Normalized flux per lethargy
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s = = = = 3
Energy (MeV)

o Unfiltered
v With AI-B ("B 60% enriched)
& With AL-B ("B 95% enriched)
Figure 2-25: Effect of a 0.254 cm Al-B neutron screen with 1B 60% enrichment and 95% enrichment on the
neutron spectrum [Cha05]

Budapest Research Reactor (BRR)

In the frame of the MTR+I3 project® a parametric neutron screen study was made for the largest
irradiation channel of the BRR (Figure 2-26). The boron carbide (B«C) filter was inserted
between the walls of an Al irradiation tube. The area outside the irradiation tube was
surrounded by Al displacers. The dimensions of the irradiation tube are given in Table 2-5. Two
changing parameters were investigated, i.e. the thickness of the filter and the enrichment of °B.
In total, eight cases were studied and compared with the reference case, in which the B4C filter
was replaced by Al The energy spectrum was divided in five groups with their upper
boundaries given in Table 2-6. The influence of the thickness and enrichment variations on the
energy spectrum is presented in Figure 2-27.

& Integrated Infrastructure Initiative for Material Testing Reactors Innovations
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Table 2-5: Dimensions of the BRR neutron screen [Hor(09]

Component mm
Irradiation tube inner radius 28
Irradiation tube inner wall thickness 2
Neutron filter thickness, maximum 7
Irradiation tube outer wall thickness 3
Irradiation tube outer radius 40

Table 2-6: BRR energy spectrum boundaries [Hor09]

Group number  Upper boundary (MeV)

1 0.0
2 0.1
3 0.5
4 1.0
5 20.0

'ul REGULATING
lal SAFETY

] contrOL

Figure 2-26: Schematic horizontal cross section of BRR. Red arrow indicates the irradiation facility considered for a
parametric neutron screen study [Pon99]
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Figure 2-27: Comparing the effect of different neutron screen configurations on the BRR neutron spectrum [Eyn09b,
Hor09]

The following results were derived by this study:

i.  The greatest spectrum tailoring is obtained with the denser B configuration (highest
amount of '“B content in the screen that can be provided with different filtering
configurations).

ii.  All filtering configurations in the thermal energy group have as a result an effective
reduction of the thermal part of the spectrum.

iii. ~ For groups 3 (0.1-0.5MeV) and 4 (0.5-1MeV) the effect is very similar.
iv.  The presence of the filters resulted to a negative reactivity effect of 1100-1400 pcm. In
the cases where B4C screens were considered the reactivity effect of ranged from 1500 to

1800 pcm
Although the findings of the study highlighted the great thermal neutron absorption capability

of B4C, its utilization was not considered in practice, because of its reactivity effect and its low

heat conductivity [Hor(09].
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2.1.4 Europium neutron screens

Europium (Eu) is a material with extremely high thermal neutron cross section (Figure 2-2).
Moreover, Eu absorbs neutrons and transmutes to gadolinium (Gd) that has a higher neutron
cross section. The use of Eu is limited since it is rare and hence expensive (Table 2-1). In nuclear
reactors, Eu is used in control rods [TAEAQS]. In this section, only one neutron screen with Eu is
presented, in fact being under development in HFIR (§2.1.4.2 ). The F/T flux ratio that is

predicted to be achieved with Eu screen is remarkable (>400).

2.1.4.1 Europium neutron screens already in operation

Eu neutron screens "to the authors knowledge" already used in reactor facilities have not been

found in the open literature, possibly due to the reasons described in the previous paragraph.

2.1.4.2 Europium neutron screens under development or investigation
HFIR , ORNL

An analysis of a fast spectrum irradiation facility design has been performed in HFIR (Figure
2-18) at ORNL. The screen has been planned to be installed at the reactor flux trap (FT)
(southeastern core part) where the fast neutron flux exceeds 1-10"® n/cm?s and the thermal
neutron flux may exceed 2.5-10"® n/cm?*s [McDO08]. A tri-pin assembly design (Figure 2-28),
occupying seven existing sites in flux trap region of HFIR (Figure 2-18), was selected for the
application. Calculations of performance characteristics such as linear heat generation rate,
neutron flux magnitude, fast-to-thermal flux ratio, displacements per atom (dpa), etc., were

performed in HFIR using the MCNP code [Xou04]. From the obtained results (Table 2-7) it
appears that the proposed requirements of fast neutron flux greater than 1x10'> n/cm?s and fast-
to-thermal flux ratio greater than 300 are achieved. It was concluded that this design could
provide a fast (>0.1MeV) to thermal (here <0.625eV) neutron flux ratio over 400. Figure 2-29
presents a comparison between the existing neutron spectrum in the FT and the spectrum inside

a 3mm thick Eu shield. The insertion of the screen has an acceptable impact on the power

distribution (less than 9%, as required by the HFIR safety analysis [Geh08].
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Figure 2-28:Horizontal cross section of tri-pin fast flux shielded irradiation design at HFIR (ORNL) [Geh08]

Table 2-7: HFIR irradiation parameters for the proposed tri-pin concept [McDO08]

Parameters Value
Fast (>0.1 MeV) neutron flux in irradiation volume 1.2 - 10% n/cm?2-sec
(a) Annual® fast (>0.1 MeV) neutron fluence at peak irradiation position 1.6 - 102 n/cm?
(b) Burnup/year 5.9%
(c) dpa 19.5

Fuel' burnup-to-clad dpa ratio at peak irradiation position 0.3 atoms % per dpa
Fast (>0.1 MeV) to thermal (here <0.625 eV) flux ratio 400
He-to-dpa ratio in iron at peak irradiation position 0.2 appm He per dpa

Linear heat rate (variable, depending upon design of Eu20s shield) 300 W/cm

® Annual estimates are conservatively based on seven cycles per year
10 The composition of the HFIR fuel can be found in Geh08.
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Figure 2-29: Effect of a 2.84 cm Eu20s3 neutron screen on the neutron spectrum in the FT region of HFIR
[McDO08]

2.1.5 Concluding Remarks on Solid Neutron Screens

Neutron screen performances can easily and inexpensively meet demands for a fast neutron
flux facility, which arise due to the absence of adequate number of fast experimental reactors. In
§2.1 , neutron screens which use a solid shielding material were presented. The screens that
were reported are, either already successfully implemented and used, or are still under
development or study. The purpose of their use is the creation of an environment with a
neutron energy spectrum as much as possible free from thermal and epithermal neutrons in
order to reach fast reactor spectrum, which becomes negligible below ~10eV. Four solid
materials were presented i.e., boron (B), cadmium (Cd), hafnium (Hf) and europium (Eu). In
principle the material selection depends on the considerations of the reactor which will host the

screen and on the required conditions that should be achieved. Europium has not met great
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industrial development, due to its excessively high cost compared to B, Cd and Hf, which are
widespread in nuclear reactors. From the safety point of view, europium oxide reacts readily
with water and B gets highly corrosive at high temperatures. On the contrary, Hf and Cd are
both corrosion-resistant metals. Regarding their physical properties, Cd has the disadvantages
of low melting and low boiling point. Irradiating boron with fast neutrons induces generation of
helium, causing swelling. Hafnium exhibits the best mechanical properties. The thickness of the
screen depends on the materials depletion and on the safety requirements of the experiment.
The fact that Eu and Hf activation products have high cross sections, delays their depletion with
time, extending thus the neutron screen operational time. However, the gamma emission that
may arise by both (Eu and Hf) initial screens and products may result into an undesirable
power increase in the sample. On the contrary, B and Cd have only one isotope with high cross
section - and in low abundance - so that both deplete fast with time. Therefore B and Cd
neutron screens demand frequent replacement in order to prevent a sudden upturn on the
reactor's power deposited on the irradiated sample. In order to compensate the fast depletion,
increment of the absorber's content in the screen is sought. This is achieved either by increasing
the volume of the material or through enrichment of the absorber (i.e., 1°B enrichment), the cost
of the screen being increased accordingly. On the other hand, Hf has the lowest cross section
than all four materials. Therefore, in order to fulfill the same requirements, larger volume of Hf
must be used, compared to the necessary volumes of other screening materials. In general, few
mm of absorber thickness are sufficient. From all four materials, B has the highest cross section
in the epithermal energy range, while in addition its cross section presents smooth behavior.
Europium and its isotopes have also very important cross section in that region (order of 10*
barns), but in contrast with Boron, they present many resonances. Hafnium and its isotopes
present also high neutron capture in the epithermal region with many resonances (order of 10%-
10° barns).

Finally, Cd has the lowest epithermal cross sections (order of 10°-10* barns). The epithermal
neutron capture capability of the absorbers serves to a more representative simulation of a fast
neutron spectrum. A combination of absorbers can be utilized in order to create a more efficient

neutron screen.
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2.2 Fluid Neutron Screens

In this section, neutron screens which use a gaseous or a liquid thermal neutrons absorbing
material, are presented. The purpose of fluid screens is to generate power transients i.e., power
increase or decrease in a few seconds, on the volume of a fuel sample. Fuels fission power
variation is achieved through the fluctuation of the absorbent content in the screen (thickness of
the screen or absorber’s enrichment). The fluctuation is accomplished by pressure variation (i.e.,
SHe case) or variation of the concentration of the absorber (i.e., 1’B in boron compounds) in the
screen surrounding the fuel. The understanding and accurate prediction of fuel thermal
response is of prime importance for the evaluation of fuel rod performance under normal and
transient conditions [Hor99]. Three different types of variable neutron screens are reported in
this section i.e., gaseous °He, liquid boric acid (HsBOs) and gaseous boron trifluoride (BFs).
Gaseous BFs and *He screens performance has been abandoned in most of the reactors, since
both gases present characteristics that can jeopardize reactor’s safety. *He screens have been
replaced by liquid HsBOs ones.

Parameters that can enhance the power transient amplitude (ratio between the lowest and the
highest achievable power) comprise the core location where the screen is adapted, the distance
between the screen and the sample, the absorber type that is used in the screen, the absorber
content in the screen and the operational phase of the reactor. In addition, large amplitude
transients can be achieved by combining the screen modification and the reactor power
changes, e.g. scram. The fluid screens are classified by material and are divided into subclasses

depending on whether they have already been used or they are under development or study.

2.2.1 Helium-3 neutron screens

SHe is a gaseous synthetic isotope of natural Helium and is often used in nuclear reactors. *He
thermal neutron cross section is extremely high [Mug73, ENDF], making this material an
excellent absorber. Most of power transients with a *He neutron screen have nowadays been
abandoned, as raising safety issues due to Tritium production via the *He activation. The first

experiment with a variable *He neutron screen was made in 1977.
2.2.1.1 Helium-3 neutron screens already operational

BR2, SCK-CEN

Pressurized Water Capsule / Cycling and Calibration Device (PWC/CCD)

In BR2 at SCK-CEN a Pressurized Water Capsule/ Cycling and Calibration Device (PWC/CCD)
(Figure 2-30) device has been used for fast power transients on fuel pins, under conditions
similar to those of a Boiling Water Reactor (BWR) or a PWR. This is accomplished through 3He
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pressurization/depressurization (1 — 38 bars). With a 2 mm wide gas gap, a transient factor (i.e.
the ratio between maximum and minimum power level) of 1.75 has been achieved. The
PWC/CCD device has been applied in several fuel ramping tests during the last 30 years
[Mou07 , Eyn(9a].

Inlet temperature
measurement

o PWC module with fuel

% segment

He screen

Fuel segment

Centre grid PWC module

CCD module

Al plug

Stagnant water screen

Water flow direction

Flow measurement

Outlet temperature
measurement

Figure 2-30: Global view of PWC/CCD assembly [Mou07,Eyn09a]

VIC experiment

A variable pressure *He screen has been utilized in BR2 (Figure 2-4) for fuel power transient in
VIC experiment (Figure 2-31). The screen surrounded a Na loop, in which the sample was
inserted. The use of *He screen provided a transient amplitude of 80%. As it has been stated in
§2.1 , the VIC experiment consisted also of a Cd screen, which presence reduces the transient

amplitude to 25% [Eyn(9a].
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Figure 2-31: Horizontal cross section of VIC loop [Eyn(09a]

Halden, Norway

Although the helium screen performance has been abandoned in most reactors, ramp test
facilities with *He screen are still in operation in Halden reactor [Vol15,Vit01]. More precisely,
in-pile loops with gaseous *He are utilized for studying the fuel rods performance under power
transient conditions. The experiment is surrounded by zircaloy' in order to be isolated from the
reactor environment. The pressure variance of the gaseous *He can provide a ramping factor up
to 4 and a ramp rate between 100 and 200 W/(cm-'min). Several power test series have been
executed for the investigation of fuels’ behavior during normal/off normal operational
transients [TAEA13b]. Four typical power ramp tests are depicted in Figure 2-32.

1T A typical composition of nuclear-grade zirconium alloys is more than 95 weight percent zirconium and less than
2% of tin, niobium, iron, chromium, nickel and other metals, which are added to improve mechanical properties and
corrosion resistance.[ITAEA98]
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Figure 2-32: Four typical power ramp tests at Halden [TAEA13b]
CABRI, Cadarache

CABRI (Figure 2-33) is a pool-type reactor with a core made of 1487 stainless steel clad fuel rods
with 6% 2®U enrichment, operated by CEA at the Cadarache research center [Imh16]. Since
1978, one of the reactors aims has been the fuel behavior under Reactivity Initiated Accident
(RTA) conditions. With the utilization of an °He transient rods system power transient

experiments can be performed.

CABRI reactor is able to reach a 23.7 MW steady state power level. A key feature of CABRI
reactor is its reactivity injection system. Apart from the 6 control and safety rods, the reactor is
equipped with 4 transient rods filled with pressurized *He (Figure 2-34) device allows the very
fast depressurization into a discharge tank of the He previously introduced inside 96 tubes,
transient rods, located among the CABRI fuel rods (Figure 2-34). The rods used to increase the
reactor power before dropping back just as quickly due to the Doppler effect; the natural
regulation of neutron absorption results in reduced neutron power (Figure 2-35). The procedure
(power variation from ~100kW to ~20GW) takes place in few milliseconds (Figure 2-35). The
total energy deposit in the tested rod is adjusted by dropping the control and safety rods after
the power transient [Hud16, Hud14, Duc14].
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Figure 2-34: Global view of the CABRI transient
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Figure 2-35: Typical CABRI °He Pressure and core power shapes during a RIA transient [Hud16]
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2.2.2 Boron neutron screens

Boron (B) isotope B has an extremely high thermal cross section. For power transient
experiments B compounds are used. B enrichment can be utilized in order to increase the
power transient. As stated in §2.1.3, the use of B should seriously be considered, due to its high
reactivity effect. Two types of B fluid screens are described, gaseous BFs and liquid HsBOs. BFs
utilization has been abandoned due to its corrosive and poisonous nature and its relatively low

absorption cross section, which requires screen utilization at high pressure.

2.2.2.1 Boron neutron screens already operational

HEFR, Petten
MOKA-POTRA-BISAR experiments

A BFs gas screen has been used in the MOKA, POTRA, and BISAR boiling water fuel capsules in
HFR (Figure 2-7) for power control in fuel irradiation experiments. The capsule carrier is placed
in an Al filled space and its horizontal cross section is described by nine concentric rings
surrounding the 10.4 mm radius fuel rod. The rings’ compositions and widths in mm, from
center to periphery, are respectively: zirconium (Zr), 1.34; water coolant, 14.6; Al, 9; water
coolant, 2; Al, 11; SS, 6; BFs, 13.5; SS, 6; water coolant, 1.5. The high thermal neutron absorption
of B can cause a power reduction, although the BFs gas was not sufficient for large power
ramps in the in-pile experiments performed. Stainless steel was used as a construction material
and BFs gas was inserted into a special annular space surrounding the fuel. The typical pressure
of the gas screen was of 50 bar, causing 20% power reduction. The possibility of using enriched
BFs — instead of natural - was considered. With the same amount of enriched BFs less space
would be necessary and more neutron absorption could be achieved, without pressure changes.
Moreover, safety would also be increased. BFs is no longer in use at the HFR, due to its
corrosiveness, poisonous nature; BFs can potentially form F2which is a poisonous and corrosive
gas. In addition the relatively low absorption cross section of BFs leads to the requirement of the
screen utilization at high pressure.

TOP experiment

BFs gas screen has been used in a TOP-scenario experiment, in order to study the influence of
fast reactor fuel’s structure under overpower conditions. The facility was placed outside the
core in the Pool Side Facility (PSF). The region around the Na containment was filled with BFs
gas, acting as neutron shield. The variation of BFs concentration, the displacement of the facility
(to and from the core) or the combination of both, allowed a power transient factor of 2 to 4.
The maximum pressure of BFs into the irradiation device was 45bar. BFs pressure increase,
varied slightly the power reduction and neutron absorption.
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2.2.2.2 Boron neutron screens under development or study
BR2, SCK-GEN

A water screen with a variable concentration of HsBOs was developed at SCKeCEN for fuel
power transient experiments (Figure 2-36). The screen, called VANESSA, surrounds a “classic”
pressurized water capsule (PWC) in BR2 (Figure 2-5) and was developed in order to replace the
existing screen, based on °He pressurization / depressurization. The modification of B
concentration allows the tuning of the basic linear power. The HsBOs concentration can vary
between zero (i.e. pure water) and slightly below the saturation value of about 60g/l H:BOs per
liter at room temperature. The concentration evolution can be achieved during 20s and the
result is a non linear power transient, however it can be adapted to provide a linear power
evolution [Ver09]. VANESSA screen was loaded in a BR2 high flux channel for transient testing
on very high burn-up fuel. VANESSA not only provides the variable thermal neutron
absorption but -via the thermal balance method - serves also for fuel rod power determination.
Through the volume of HsBOs solution generated during the operation, limited number of

transients during a cycle takes place.

Various enrichments of 9B have been studied. The results indicated that with natural B, a fuel
power transient factor of about 2.0 could be achieved, while with 100% enriched B the power
transient factor was increased to 4.5. The ramp factor has been calculated for two different
screen thicknesses, i.e. (a) 2 mm: ramp factor 2 (almost linear dependence on B concentration)
and (b) 6.5 mm: ramp factor 4 (strongly non-linear). A study of the thermal behavior of the
VANESSA part showed that HsBOs should be continuously refreshed (at least every 3s) in order
to avoid its stagnancy, that could lead to unacceptably high temperatures. The cooling of the
screen is performed by the primary BR2 cooling system water. VANESSA can also be used in
combination with RODEO (ROtatable Device for the Execution of Operational transients) device

(Figure 2-37).

The RODEO concept is a rotating plug, inserted in the peripheral 200 mm diameter channel of
BR2. A 180° rotation allows a maximum displacement of 106 mm towards BR2 centre (Figure
2-38, leading to up to more than threefold increase of the linear power of a fuel rod in PWC.
Three solutions for the plug material were studied; RODEO filled with water gives the highest

transient ratio. The results are presented in Table 2-8.
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Table 2-8: The three solutions for the plug material under evaluation: beryllium (Be), light water (H20), and Al

[Ver09]
Min linear Max linear RODEO
power power transient
(kW/cm) (kW/cm) ratio
Be Without HsBO:s 1.23 2.45 2
63 g/L HantBOs 0.61 1.21 2
63 g/L Hs9BO:s 0.2 0.44 2.2
H:0 Without H3sBO:s 0.39 1.87 4.8
63 g/L HsBOs 0.165 0.67 4.1
63 g/L Hs9BO:s 0.055 0.24 4.4
Al Without HsBO:s 1.2 1.52 1.3
63 g/L HsnatBOs 0.69 0.92 1.3
63 g/L Hs'BOs 0.31 0.42 1.3

The power increase in the H3 and H4 channels (Figure 2-5) was calculated. With zero HsBO:s
concentration in VANESSA, the power in these channels increases by 0 to 4 % by RODEO
rotation (from the remote position to the near position). With saturated natural B in HsBOs, the
rotation has a result of 1 to 5 % decrease. For intermediate B concentrations, the influence of the
RODEO rotation on the neighboring fuel elements will therefore be extremely small. RODEO
rotation can be achieved on a time scale of the order of a few seconds. This leads to the
conclusion that very fast power transients with RODEO are possible. Figure 2-38 exhibits the
combined utilization of VANESSA and RODEO.
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Figure 2-36: Horizontal cross section of VANESSA [Mou07]
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2.2.3 Concluding Results on Fluid Neutron Screens

In §2.2 , neutron screens which use a gaseous or a liquid thermal absorbing material were
presented. The purpose of fluid screens is to generate power transients in order to examine
fuel’s behavior in case of exposure to sudden power transient conditions.

Two different elements are typically utilized, helium and boron, i.e. gaseous He, gaseous BFs
and liquid HsBOs. BFs and H3BOs screens were developed with the purpose to replace the
widely used °He screen for safety reasons, since *He generates (through neutron capture)
tritium. BFs performance also causes safety concerns, as BFs can potentially form F: which is a
poisonous and corrosive gas. Compared to the previous materials, Hs3BOs can be considered a
safe candidate for performing power transients, since it is not corrosive and does not produce
active by-products.

SHe has an extremely high neutron absorption cross section. For this reason its replacement with
boron compounds having much lower cross sections, cannot provide the same power
transients. This can be compensated either by pressure increment or by B enrichment.
Moreover, the screen can be combined with a displacement system (RODEO).

Fluid neutron screens can provide successful power transients. In cases requiring higher power
deviations, the screens can be combined with reactor’s power alterations or with displacement

systems.
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2.3 Concluding Remarks

Neutron screen technology has been developed in order to fulfill several application
requirements. The key idea of the neutron screens is the utilization of some elements capability
to absorb neutrons at specific energy range. In this chapter only screens which utilize thermal
(and epithermal) absorbers were presented.

First, the capability to simulate fast nuclear reactor conditions in a specific area by adapting a
neutron screen, is reviewed through the presentation of relevant studies and applications. As
arises from the available literature, several neutron spectra have been simulated in different
reactors. Four solid materials were presented i.e., boron, cadmium, hafnium and europium.
Their performance characteristics differ in terms of their mechanical properties, compatibility,
depletion, etc. However, in most cases presented in this chapter, the utilized material could be
replaced by one of the rest. The material selection is determined by factors such as the reactor
safety, the reactor type in which the screen will be inserted (and its operational conditions), the
reactor coolant, the available space for the screen, etc.

Second, the capability of the existing reactors to irradiate fuel under power transients by
exploiting the performance of neutron screens is examined, based on reported experience. More
specifically, the utilization of neutron screens with fluid materials is reviewed. The method is
based on the gas pressure or the liquid concentration variation so that power transients can be
initiated. Two different fluid fluids have been reported, i.e. helium and boron, namely gaseous
SHe, gaseous BFs and HsBOs. The last two neutron screens have been developed in order to
replace the unsafe utilization of *He, because of the tritium generation problem. BFs utilization
has been limited and eventually abandoned due to its corrosive and poisonous nature.
Moreover, its performance could not reach power transient ranges equivalent to those obtained
using *He. Likewise, by using HsBOs the achieved power transients appear much lower, so that
the screen is combined with a displacement system (RODEO), providing thus very fast power
transients.

The main conclusion is that neutron screens are worth studying and developing since they can
successfully contribute to the creation of desirable special irradiation conditions, which cannot

be achieved during normal reactor operation due to technological or economic reasons.
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Chapter 3.

Simulation Procedure

3.1 Neutron Transport

The aim of neutron transport theory is to describe the movement of neutrons in space and their
interaction with the other nuclei. Two methods exist for reactor physics to simulate and model
the neutron transport: deterministic and stochastic approaches. With the former the average
particle behavior is retrieved by solving analytically approximated formulations of the
transport equation, while in the latter by simulating individual particles and calculating some
aspects of their average behavior [Gra09, Wag97]. The benefit of using Monte Carlo (MC) in
simulations is related to equivalent deterministic calculations that complex problems can be
modeled with relatively simple calculations, where the deterministic ones cannot provide
explicit solution [Fis95, Klal0]. However, the computation time required by MC codes is
extremely longer than the small amount of time required by the deterministic calculations
[Rus12]. For the present thesis the MC method has been employed; the complexity of the
geometry of a nuclear reactor such as JHR is extremely hard to be modeled with the

deterministic method. In the following paragraphs the MC method is briefly outlined.

3.2 Monte Carlo method

In the MC calculations for a nuclear reactor, the life of a neutron is governed by random
processes. After its birth, the trajectory and lifetime of the neutron depend on many factors (i.e.
location, incident energy, type of isotope and reaction at the collision site, etc.). The MC method
is trying to simulate, as closely as possible, every neutron travelling story, which follows a
probability density function. In this stochastic method, each neutron is considered to be a
Markov process, meaning that at present state its future and past are independent. The various
events (i.e. collision, absorption, fission, escape, etc.) that occur during its “walk” are recorded
constituting its history. The necessary information is supplied by the actual transport data. The
average behavior of the particles in the system is estimated based on the average behavior of the
simulated particles [Gra09,Tut14, Kla10].
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Simulation Procedure

The interaction of a neutron with the different nuclei is based on physical laws and mechanisms
of each interaction. For instance, if a neutron interacts via elastic scattering then the neutron will
continue its trajectory with a new direction; its deviation angle will change according to its
distribution probability. After that, the outgoing energy is calculated with the help of the kinetic
energy and momentum conservation rules. In cases where the neutron’s interface is a vacuum
linked area (reactor boundaries) or in cases where neutron capture reaction takes place, the end
of lifetime of the neutron is occurred, with the relative simulated particle being killed. On the

contrary, in fission interaction types, neutrons are created [Kra87].

3.2.1 Basics of statistical sampling

The Monte Carlo method is based on two fundamental laws; the Law of Large Numbers and the
Central Limit Theorem [Grall]. According to the Law of Large Numbers, the average of the
results obtained from a large number of trials should converge to a specific value (expected/true
value) as the number of trials is increased. Thus, the average of N events, xy , should converge
to a unique expected value u, while N tends towards infinity. The different N events are
sampled according to a probability density function f(x), which describes the relative likelihood

of a random variable x to obtain a given value.

EX)=u= JX f(x) dx eq.3.1

N
Z eq.3.2

eq.3.3

Zlf—‘

I\}im xy=E(x)=u

According to the Central Limit Theorem for large N, Xy follows a Gaussian distribution,

G ( u, \/_) where the \/—_ value stands for the standard deviation of the distribution. The umque

value u corresponds to the deterministic solution with standard deviation equal to zero, = \/_ = 0.

In practice o is not known and for large N is approximated by the estimated sample variance:

_ 1 — 1 — eq. 3.4
~C¢2 — = _ 2 2 _ 2 q
Var[xy] =8 NN=1) E 1(xn Xy ) 7 (xN XN )
m=

The estimated standard deviation of the mean xy is given by:

— S eq.3.5

R
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Eq. 3.5 highlights a very important characteristic of the Monte Carlo method; the uncertainty in
the mean of a result is inversely proportional to the number of the sampled events. That
indicates that the reduction of the uncertainty by a factor of two demands the fourfold increase
of the original number of events N. Assuming that the computational time, Tg;,, of a given
Monte Carlo simulation is directly proportional to the number of events N, then the reduction

of uncertainty to the half demands a fourfold increase of computer time.

After the sampling of N different independent events, xy is obtained with the uncertainty

described above. If this sampling is repeated M times, a new set of results is provided, Xy,

m=12,..M. The new results follow a Gaussian distribution function noted as G (u, \/%) The

repetition causes the Gaussian variance to be reduced by the total number of the sampled
independent events N - M. The expected value u is estimated by performing algebraic average

over all M scores.

M
u _iz = eq. 3.6
M N

eq. 3.7

A large number of repetitions (batch number M) of the sampling of N independent neutrons are
used in Monte Carlo simulations for the obtaining of good estimates of the averaged results.
The number of batches and particles at every problem is crucial, since a minimum of this
combination is demanded to provide reliable results. All results provided in each batch are
accompanied with an error of the order O(1/VN) while the statistical errors of the final results
after M iterations are of the order O(1/vVMN). For criticality problems the fission source is
estimated iteratively during calculation and a large number of iterations are required for a
reliable estimate of its distribution.

It should be highlighted that the above statistics are related to the precision of the results and
not to their accuracy. Precision is the uncertainty in the mean estimated value due to statistical
fluctuations of the x,, values. A totally precise result may not be accurate. Accuracy is a measure
of how close the expected value, E(x), is to the true physical quantity being estimated and can
be affected by uncertainties in the data, inaccuracies by mathematical and physical models,
coding errors, etc. In addition a very important factor that influences the accuracy of the result
is inappropriate modeling of the respective problem.

The goal in each simulation is a precise and accurate result as close as possible to the so called

true value.
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3.3 Monte Carlo Application in Reactor Physics
3.3.1 Source Convergence

As stated in §3.2.1, the fission source is estimated iteratively during calculation. This is related
to the power iteration algorithm on which the Monte Carlo criticality problems are based. M
iterations are required for the determination of the fission source distribution of the system as
well as for the observation of the value of the effective multiplication factor, ks 12 [Bro09]. In
each simulation the history of each neutron is recorded during its lifetime, which terminates
when it leads to fission neutrons production (or any other extinction process; absorption,
boundary escape, etc.). The new neutrons are stored and altogether constitute the fission source
of the next iteration. Thus each batch corresponds to a single fission source generation. At each
iteration, fission source and k.s; updates take place. After an adequate number of neutron
batches the fission source distribution is converged from the initial distribution to its stationary
state. Yet, the number of iterations is not the only factor of a reliable result; a sampling of a
small number of neutrons will introduce systematic errors in the fission source, which will be
propagated through the iterations. It is important to highlight that the convergence of the ks
does not guarantee the convergence of the source. It has been proven that the convergence of
the fission source occurs slower than that of ks for problems with a dominance ratio® close to
1 [Bro09,Urb95]. The fission source convergence is essential to obtain reliable and representative
results of the simulated problem. A common way to measure the convergence of the source is to
use the Shannon entropy of fission, Hg.. [Duf06, Bro09]. Hg,. is computed by overlaying a 3-
dimensional mesh with Ny grid regions over the fissionable regions of a geometry model,
tallying the fraction of fission sites in each mesh (P; ) for a given cycle, and then evaluating
[Bro09, Bri00] :

Ns
Hgpe = _Z P In (P) eq. 3.8
j=1

The convergence of Shannon entropy and k,.r can be checked via plots of individual cycle ks
or cumulative ks vs. cycle (with estimated errors) comparisons [Tut14,Mer11, Bro09].

It is worth underlining that the neutron flux is closely related to the distribution of fission
neutrons in the system [Tutl4] and thus the convergence of the fission source is essential for

reliable neutron flux estimates.

12 k,rr is defined as the ratio of the neutrons produced by fission in one generation to the number of neutrons lost
through absorption and leakage in the preceding generation.
13 the ratio of the n eigenvalue to the previous n-1
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3.3.2 TRIPOLI-4 Neutronics Code

The simulations performed within the scope of this thesis were for criticality assessment, but in
specific cases several shielding calculations have also been conducted. Both types of simulations
were carried out with TRIPOLI-4 code (Version 8). TRIPOLI-4 is dedicated to nuclear reactor
physics and nuclear processes simulation. The code is composed of six software libraries: a
geometry library, a cross-section reading library derived from NJOY I/O Fortran routines, a
memory management library, a simulation library and two special libraries enabling parallel
calculations [Brul5]. The code is used essentially for four major classes of applications:
shielding studies, criticality studies, core physics studies and instrumentation studies. The
neutron energy domain of TRIPOLI for neutrons ranges from 10° eV to 20MeV, while for
photons, electrons and positrons from 1 keV to 20 MeV. The basic physical quantities computed
here comprise neutron flux, reaction rate, photon reaction, energy deposition and ks

estimates.

3.3.2.1 Cross Sections Libraries

The cross-sections of the code can be either continuous (pointwise) in ENDF-format or
multigroup (by energy groups) calculated with the APOLLO2 [San10] code. Any pointwise
cross-section data in ENDEF-6 format may be used: JEF2, ENDF/B-VI, JEFF3, ENDF/B-VII,
JENDLA4.3 etc [TRIPOLI4]. For the present thesis, the pointwise cross sections from the JEFF-
3.1.1 [Jac08,KlIa10] have been used.

3.3.2.3 Parallel Implementation on TRIPOLI-4

TRIPOLI-4 running time is comparable to the other state of the art MC codes and is case
dependent TRIPOLI4, but, the simulative nature of a MC code implies large computational time
[Brel4]. A real system may have, to the order of magnitude, 10 or 10 neutrons per unit
volume in unit time. In order to obtain good estimates for the averaged values, a large number
of neutrons should be simulated per iteration [Tutl4], resulting in large computation time
demands. In addition the different physical phenomena and the geometry of each problem may
also cause further delay. The time spent on the calculation is proportional to the product of the
iterated cycles and the number of neutrons simulated per cycle.

TRIPOLI code supports execution in parallel mode and it was excessively used for the
calculations of this thesis. The optimum values of the sample size, the batch number and the

number of processors that would provide results equivalent to those obtained from a serial

53



Simulation Procedure

mode were extensively studied [Chr15]. For the calculations Thales cluster -a cluster available in
NCSR "Demokritos"- was utilized. Thales is a 22-node Beowulf cluster with dual-core
configuration. A Ethernet network connects the nodes at a rate of 1Gb/s. Cluster specifications'
are listed in Table 3-1.

Table 3-1: Specifications for computing nodes

CPU Dual-Core AMD Opteron(tm) Processor 2216
Data width 64 bit

Number of Threads 2

Main memory 1GB

Level one cache 2 x 64 KB 2-way associative instruction cache
Level two cache 2 x 1 MB exclusive 16-way associative cache
(O1] Redhat 5

Compiler gcc4.1.2

3.3.2.4 Convergence and Uncertainties

As stated in §3.3.1 , important variation of entropy can reveal source convergence problems
[Mer11]. For the study conducted in the framework of this thesis JHR reactor was simulated
with TRIPOLI-4.8. Several calculations have been performed aiming to conclude to the most
efficient (from the aspect of computation time and reliability) statistic combination of the
number of neutrons, N, and the iteration number, M. The calculations of the fission source
distribution have been requested inside a fuel bin cell of the core for high energies (0.1MeV < E
<20MeV).

Figure 3-1: and Figure 3-2 show the convergence behavior of Shannon entropy, Hg. , and ke
over the number of iteration cycles for two different simulations of N=10* and N=10°. From the
plots it is evident that roughly 10* cycles are required to converge both H,. and ks . However
using larger N makes it easier to diagnose if both values have been converged.

For the neutron flux calculations, a statistic of N=10* and M=10* is accompanied with intense
fluctuations in the unresolved resonance region, derived from intense variations in cross section
data [ENDEF]. However, in the high energy range (E>0.1keV) these fluctuations are limited and
this statistic (N=10* and M=10%*) provides results with uncertainties less than 5%.

On the contrary, the calculations that focus on the absorbing capability of materials in thermal
energy range were performed with a statistic of N=10°> and M=10°, providing results with an
estimated relative error mainly less than 10% (cases with relative error of 20% have also been
reported) in the unresolved resonance region.

14 All nodes have the same specifications.
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Figure 3-1: Plot of Hg,. over the iteration cycles for runs with 10* and 10°number of neutrons
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Figure 3-2: Plot of k.ss versus cycle iteration, as provided by KSTEP estimator of TRIPOLI-4.8 for runs with 10* and
105 number of neutrons
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3.4 Concluding Remarks

In this chapter the computational tools, used for the simulations at this work, are described,
along with the main factors that ensure the accuracy and the precision of the final result. All
calculations presented in the thesis refer to the JHR and have been carried out with the MC code
TRIPOLI 4.8. The JHR model is of a complex geometry and in addition with the simulative
nature of TRIPOLI code implied large computational time. For this reason most of the
calculations had to be executed in parallel mode. The triptych of getting accurate and reliable

results is consisted by the following factors:

e The fission source must be properly converged, thus a sufficient number of iteration
should be chosen.
e A sufficient number of neutrons must be chosen in every cycle for a reduced bias in k..

e Bias in the statistics on ks and reaction rate tallies must be recognized and dealt with.

In order to be ensured that the fission source is not undersampled, the quantity of Shannon
entropy of the fission source distribution, Hy.. , was used. Aiming to conclude to the most
efficient (from the aspect of computation time and reliability) statistic combination of the
number of neutrons, N, and the iteration number, M, several calculations have been carried out.
After processing the results it was concluded that a simulation of N=10* and M=10* is sufficient
to provide results after convergence of the power iteration. Although a sufficient number of
batches and neutron size has been considered, in many cases intense fluctuations was observed
at the final results, derived from intense variations in cross section data (i.e. unresolved
resonance region [ENDF]). A larger statistic (N=10° and M=10°), provides results with an
estimated relative error mainly less than 10% (cases with relative error of 20% have also been
reported) in the unresolved resonance region. For this reason the latter statistic was selected for

simulations focused on the absorbing capability of materials in the thermal energy ranges.
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Chapter 4.
Application & Results

The work of this thesis concerns the feasibility study of a preliminary device configuration
(noted as neutron screen) that will provide a neutron energy spectrum similar -or to the highest
possible degree- to that characterizing SFR, when introduced in a thermal neutron reactor. The
reflector area of JHR provides good neutronic conditions for the realization of this study.
Among the major objectives of JHR is the investigation and study of behaviors of materials or
fuel (irradiated or under irradiation) for current and future generations power plants.
Therefore, the development of devices that will serve for representative tests of structural
materials and fuel is required. In this context, the work of this thesis was focused on the
investigation of methods by which the neutron population distributed in the JHR reflector
(Figure 1-2) can be reversed from low to high energies with the final neutron distribution to be

equivalent to that of a SFR.

The following sections present the results obtained considering the introduction of various
neutron screens inside the JHR reflector aiming to alter its existing neutron spectrum. The
reactor's neutron energy boundaries range between 1E-11 and 20 MeV, with the part from 1E-9
to 10 MeV to be of greatest importance. The important neutron interactions within this energy
range are: neutron capture (radiative capture and fission) and scattering, elastic and inelastic
(8A.3 ).The methods of spectrum tailoring rely on the utilization of neutron interactions. As
reported in the state of the art neutron screen technology (§2.1 ), two methods of hardening the

neutron spectrum are reported:

¢ employment of thermal absorbers that limit or eliminate the thermal neutron component
and
¢ introduction of fission sources inside the device, enhancing thus the fast component of the

neutron spectrum.
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Both methods are related to neutron capture interactions. Taking these facts into account, the
introduction of thermal absorbers in the irradiation facility of JHR was firstly investigated in
§4.1 . The procedure included an extensive research throughout several candidate materials
aiming to determine the absorber serving more effectively for the spectrum hardening. In §4.2,

the effect of booster fuels on the neutron spectrum was examined. Following the above steps,

the study was focused on scattering interactions (§4.3 ) and the utilization of elements
characterized by intense elastic (§4.3.1 ) and inelastic (§4.3.2 ) cross sections at the desired
energy range (0.1-10MeV) were researched. At this point it is worth underlining that a similar
work (utilization of scattering interactions for spectrum tailoring) has not been found in the

open literature. The chart flow of Chapter 4 is illustrated in Figure 4-1.

Chapter 4
Applications and
Results
| |
Section 4.1 Section 4.2 Sectlon'él.?:
Absorbers Scattering
Utilization Booster Fuel Interactions
Subsection 4.3.1

Elastic Scattering

Subsection 4.3.2
- Inelastic
Scattering

Figure 4-1: Chapter 4 flow chart
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4.1 Absorbers Utilization

According to the literature (§2.1 ), the most common method, by which a thermal spectrum can
be tailored to a fast one, is the utilization of materials that present high neutron capture at
thermal energies, usually referred to as thermal absorbers. By installing absorbers, the thermal
component of the spectrum is limited and as a result the remaining neutron distribution is
mainly constituted by fast and epithermal neutrons. Absorbers characterized by huge neutron

capture capacity can be used for total elimination of the thermal component.

An extended study on thermal neutron absorbers and their impact on the reference thermal
spectrum (JHR reflector) has been carried out and is presented in this section. In Table 4-1 the
21% stronger absorbing elements, as found in the literature [Mug73] are listed. The neutron
capture cross section (g,) and the atomic number of each isotope are also reported. The last
column contains a brief comment about possible disadvantages of the material that may
indicate if it is unsuitable for use: a) Actinides such as Fm, Cf, Pu, Bk, Ac, Pa, Np and Es are all
fissionable nuclides and thus should not be considered as candidate absorbing materials. b) Pr
and Rh are rare elements and thus not taken into account. c) The physical properties of Hg do

not allow its usage inside the reactor.

The remaining 8 absorbing elements, Sm, Gd, Eu, Cd, Dy, B, Ir, Er and Hf, are suitable for use
inside a reactor’s environment and they tb

were further investigated. In most cases there is a specific isotope included in the natural
element that provides the element with an important absorbing capability. Within the scope of
determining the most appropriate and effective thermal absorbers, instead of natural elements,
their absorbing isotopes can be utilized. For this reason the isotopes of the remaining elements
(Sm, Gd, Eu, Cd, Dy, B, Ir, Er and Hf) along with their isotopic abundance are reported in Table
4-2. A characterization of the microscopic absorbing cross section of each isotope is given;
extreme (g, > 10°), high (10° > g, > 10°), medium (10° > g, > 10*) and low (10* > g, > 103).

The microscopic cross section data were taken from JEFF-3.1.1 cross section library [ENDEF].

At this point it should be pointed out that before proposing a final neutron screen configuration
that utilizes a thermal absorber, the inevitable nuclear heating arisen from neutron absorption
and gamma emission should be taken into account. The neutron capture of all isotopes in Table

4-2 is radiative capture (n,y), except of the case of '’B which is alpha emission (n,c).

* A table containing all elements is given in Table B-3
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Table 4-1: Elements with the highest absorption capability [Mug73]

A/A z:arns) Name Sym ::1(1):1131; Reasons to reject
1 49000 Gadolinium Gd 64 -

2 5922 Samarium Sm 62 -

3 5800 Fermium Fm 100 Large Z
4 4600 Europium Eu 63 -

5 2900 Californium Cf 98 Large Z
6 2450 Cadmium Cd 48 -

7 1017.3 Plutonium Pu 94 Large Z
8 920 Dysprosium Dy 66 -

9 767 Boron B 5 -

10 710 Berkelium Bk 97 Large Z
11 515 Actinium Ac 89 Large Z
12 425 Iridium Ir 77 -

13 374 Mercury Hg 80 Bad properties!®
14 200.6 Protactinium Pa 91 Large Z
15 194 Indium In 49 -

16 180 Neptunium Np 93 Large Z
17 168.4 Promethium Pm 61 Rare

18 160 Einsteinium Es 99 Large Z
19 160 Erbium Er 68 -

20 144.8 Rhodium Rh 45 Rare

21 104 Hafnium Hf 72 -

The isotopic analysis of the remaining absorbing elements produced the following results: 5Gd
and 'Gd present extreme absorbing capabilities while *Sm, ¥!Sm, *'Eu, 1°Cd, '*Dy and °B
follow with high absorbing capabilities. The rest isotopes provide a less intense absorbing
behaviour. An illustration of the absorption macroscopic neutron cross section, 2, of the most
absorbing isotopes of Table 4-2 is given in Figure 4-2. With the employment of X, both
parameters of o, and nuclide density of each isotope are taken into account. 7*Hf and '2Gd
present medium absorbing capability and due to their extremely low abundance (0.16% and
0.2% respectively) were excluded. The neutron distribution in the thermal region of a thermal
reactor spectrum (see Introduction) dictates the necessity of intense absorbing capability from
~0.01eV to ~0.4eV. Most of the elements (1°B, “!r, *'Dy, 77Hf and '“Er) present a linear
reduction with energy at the energy range of interest (till ~0.2eV). The X, (or g,) of "3Cd
presents a peak around 0.2eV. Finally, °Gd and *”Gd, although both present the highest X,
values, a drop before 0.01eV is obtained.

16 High toxicity, high vapor pressure even at room temperature, low boiling point, producing noxious fumes when
heated, relatively low thermal conductivity
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Table 4-2: Elements with high absorbing capability. [ENDF, Hyn15, Wiel3a, Wiel3b]

Isotope
S Temperature Fontent absorbing
z:) Name -T::"_o' g g i Eg_' i:ixture _capability*
g2 5 e & Tmen Thoil L o
2E 2 &% c o 2 EHM L
O »n
=G 02 . X
G 218 X
G 148 X
49000 Gadolinium Gd 64 7.9 1313 3250 G 2047
WG 1565 X
198G 2484 .
100G 21.86
4600 Europium Eu 63 524 822 1527 - 478 R
p ‘ 15 52.92 X
deC 125
JsC 089
e 1249
. mC 128
2450 Cadmium Cd 48 8.65 321 767 e Tpa1s T
mC 1222 X
mC 2873
1eC  7.49
D006 X
158D (.1 X
wp 234 X
920  Dysprosium Dy 66 855 1412 2567 D 1891 X
ep 2551 X
eD 249 X
14D 28.18 X
0B 19.9 X
767  Boron B 5 246 2075 4000 o
L vy 37.3 X
425 Iridium Ir 77  22.56 2466 4428 I en7 X
) 18[n  4.29
194 Indium In 49 7.31 157 2072 I 9571 X
2By 014
MedEr 161
) 166Er  33.61
160 Erbium Er 68 9.066 1497 2868 Y A S
M8Er 2678 .
170Er  14.93
mHo016 X
e 526 .
. 77H  18.6 X
104  Hafnium Hf 72 1331 2233 4603 L 3
H 1862 X
180H  35.08

Isotope absorbing capability* :E-—extreme, H-—high, M——medium, L--low
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Figure 4-2: Absorption macroscopic cross sections, Xa, of the absorbing isotopes. Plot produced using JEFF-3.1.1
Library and JANIS software.

4.1.1 Calculations

The investigation described in the previous paragraph aimed to conclude on the number of
potential elements that present strong absorbing capabilities, in order to be used for spectrum
tailoring in JHR reflector. After excluding inappropriate materials and classifying the absorbing
capability with respect to the absorption macroscopic cross section, the study concluded to a set
of effective absorbing isotopes. Although the majority of examined materials are quite known
and widely used as absorbing mediums in nuclear reactor technology [IAEAO08], the
classification of the materials in terms of their absorption capacity is not well reported in the
literature. This output is of vital importance for designing the final device; the dimensions of the
absorber should be kept quite small. Besides the space availability in the facility, the heat
generation in the absorber, due to neutron and gamma radiation, also poses limitations to the
absorber thickness.

Several sets of calculations with the aforementioned materials were carried out. The model of
JHR (Figure 1-2) was simulated with TRIPOLI-4.8. The neutron flux was calculated within the
central irradiation space (Figure 4-3) of JHR reflector. The absorbing screens were considered of

cylindrical shape and defined thickness with two different cases; 1cm and Imm.
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Figure 4-3: Schematic representation of the irradiation facility

4.1.1.1 Absorbers of 1cm thickness

The following isotopes and materials were tested: ¥°Sm, '5'Sm, '*Gd and ¥’Gd, Gd, "*'Eu, Eu,
13Cd, Dy, Dy, “!Ir, "In, '’Er, '7Hf, and Hf. As shown in Table 4-2, almost all of the isotopes
of Gd, Eu, Ir and Dy present absorbing capabilities. For this reason these elements were also
examined at their natural composition. Additionally, Hf, a widely used absorber [IAEA08],
which decays to good thermal absorbers under irradiation and thus its replacement can be
delayed, was also tested. In Figure 4-4 the thermal (<leV) neutron population as resulted after
the introduction of each absorbing element is presented. The thermal area is divided in three
energy ranges; 1-0.1eV, 0.1-0.01eV and <0.01eV. It is apparent that all elements absorb almost
completely neutrons with energy below 0.01eV (blue column). At the energy range between 0.01
eV and 0.1eV (red column) all elements except Hf hold almost the same percentage of neutrons.
At the energy range of 0.1 to 1eV (green column), Hf does not present such good absorption, as
the other elements do. In a very simplistic approach it can be concluded that all the above
elements, when used in that thickness (1cm), provide good thermal absorption capability. It is
obvious that Hf presents the worst absorbing capability, however the non-absorbed neutrons
number indicates that it could also be utilized as an absorber. The effectiveness of the above
presented absorbers on the neutron spectrum can be highlighted even more when compared

with the reference spectrum (Figure 1-2). In the energy range of 0.1eV to leV neutrons
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population fraction is at 7% in the absence of absorbers, and plunges to below 1%, when
absorbing elements are introduced. Most importantly, at the energies between 0.1 and 0.01eV,
where all materials present a neutron population percentage of 2%, in the reference case this
corresponding value is at 63%. Finally, below 0.01eV the reference component of 10% is totally

eliminated after the insertion of absorber in the facility (Figure 4-5).
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Figure 4-4: Neutron population distribution at three thermal energy groups for all tested materials of 1cm thickness;
1-0.1eV, 0.1-0.01eV and <0.01eV
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Figure 4-5: Neutron population distribution at three thermal energy groups for all tested materials compared to
reference spectrum (JHR-reflector); 1-0.1eV, 0.1-0.01eV and <0.01eV
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The results obtained by the set of absorbers investigated are presented in Figure 4-6 for thermal

and low epithermal energy groups (till 1keV). All thermal neutrons are merged in a single

energy group (<leV). It can be suggested that the element with the higher absorbing capacity at

the low epithermal energy range is 1°B. >'Eu and Eu follow with low neutron percentages at the

low epithermal energies. '’B does not present resonances (Figure 4-7) and thus the dependence

of the cross section (x 1/E) on energy is maintained, expanding thus intensively the absorbing

effect of 1B at epithermal energies. In contrast, ''Eu and Eu present resonant behaviour at

epithermal region (Figure 4-7), which influences the capture capability of both nuclides.
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Figure 4-6: Neutron population distribution at thermal and low epithermal energies for all tested

materials of 1cm thickness; <1eV, 1-10eV, 10-100eV and 100eV-1keV.
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The effects of 1cm B, ''Eu and Eu screens on the spectrum are compared in Figure 4-8. SFR
and the JHR reflector spectra are included for comparison. All spectra have been normalized to
unit and are illustrated in terms of flux per lethargy. All three absorbers provide a spectrum
with eliminated thermal and reduced epithermal neutron component. The data result to a
formation of a fast spectrum accompanied with a significantly limited thermal and epithermal
component. The results confirm the state of the art technology, according to which the capture

interaction can be utilized to produce a fast neutron spectrum (accompanied with an epithermal

component).
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Figure 4-8: Comparing the effects of 1em 1°B, 'Eu and Eu neutron screens on the neutron spectrum. SFR is included
for comparison.

4.1.1.2 Absorbers of Imm thickness

Following the previous study on the absorbing effectiveness of 1cm thick thermal absorbers,
additional detailed calculations for Imm thickness were carried out (Figure 4-3). Figure 4-9
presents the neutron population distribution at the thermal energy region after their
implementation within the JHR reflector. Hf, 7Hf and '*'Dy seem to have inferior performance,
since they present a neutron percentage of 36, 14 and 12 respectively at the energy area of 0.01
to 0.1 eV (red column). '“Er follows with 9% in this energy range. This was expected as these
elements present the lowest macroscopic cross section (Figure 4-2). The rest elements present
good absorbing capacity even at that small thickness. However, even in the less effective cases
an important reduction at the thermal component is observed. For instance, Imm Hf (worst

performance) can reduce the component at the energy range between 0.01 and 0.1eV to half.
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Figure 4-9: Neutron population distribution at three thermal energy groups for all tested materials of 1 mm

4.1.1.3 Comparison between 1cm and 1mm thicknesses

compared to reference spectrum (JHR-reflector); 1-0.1eV, 0.1-0.01eV and <0.01eV

In Figure 4-10 the results of both thicknesses for energies below leV (lcm and 1mm) are
illustrated. °B, 3Cd, "*'Eu, “Ir, ¥Gd, '*Dy, 1®Gd, Eu and Gd are capable of absorbing the

thermal component at a very large extend, even when they are used at a very small thickness.

Once again, '°B has the greatest impact at thermal energies. '*Cd, '*'Eu and *!Ir follow after 1°B.
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Figure 4-10: Neutron population distribution of thermal neutrons for neutron screens of 1cm and Imm in the thermal
energy range
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As stated before, the hardened spectrum of SFR creates the necessity of negligible neutron
component in thermal as well as in epithermal energies. The absorbing capability at thermal
and low epithermal energy range up to 1keV for the 9 first elements (B, *Cd, >'Eu, 'Ir, '¥Gd,
14Dy, 1%Gd, Eu and Gd) presented in Figure 4-10 is illustrated in Figure 4-11. The thermal
component is emerged in one group (<leV). The corresponding values of the SFR spectrum are
included for comparison. Again, B is the element of higher absorbing capacity (among the

studied ones) in the energy range below 10eV. ¥Ir and 'Eu follow with almost equivalent
performances.
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Figure 4-11: Neutron population distribution at thermal and low epithermal energies for all tested materials of 1 mm
thickness; <1eV, 1-10eV, 10-100eV and 100eV-1keV.

Both tested thicknesses (Imm and 1cm) results highlighted the °B superiority attributed to its
linear (in log-log scale) capture cross section in thermal and epithermal energies. The fact that
the B elastic scattering in epithermal region is flat (Figure 4-12) implies that it is the
macroscopic neutron capture that is responsible for the epithermal component reduction.
Comparing the spectra of the two different thickness cases (Figure 4-13), Imm and 1cm, it is
clear that the more the ’B quantity introduced in the facility the more pronounced the spectrum
shift to the right (higher Energies). In addition, it can be suggested that a very small amount of

10B is adequate to effectively harden a thermal spectrum.
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Figure 4-12: Microscopic neutron Cross Sections of 1°B. Plot produced using JEFF-3.1.1 Library and JANIS software
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Figure 4-13: Comparing the effects of 1 cm and 1 mm !B neutron screens on the neutron spectrum.

At this point, an important issue regarding the absorbing capability of the different elements
must be highlighted; there is a specific thickness threshold above which the efficient absorbing
capability of each element is saturated. This statement is based on a parametric study carried
out within the framework of investigating the optimum thickness for the different absorbers.
The study suggested that the saturation point of the absorber’s efficiency can be defined when
two thicknesses with significant difference are selected. This justifies the choice of two
thicknesses at 1cm and 1mm in this work, without denoting that the 1cm thickness cannot be

exceeded if it has to. Further details of the parametric study can be found in [Chr14b].
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4.1.2 Concluding Remarks

According to the existing neutron screen technology elements with high absorbing capability at
thermal neutrons can be used for spectrum tailoring. By installing absorbers, the thermal
component of the spectrum is limited; as a result the remaining spectrum is mainly constituted
of fast and epithermal neutrons. Within this framework an extensive study on thermal neutron
absorbers and their impact on the reference thermal spectrum (JHR reflector) has been carried
out. The procedure included a comprehensive investigation throughout potential candidate
materials in order to determine the most appropriate and effective thermal absorbers. After
excluding inappropriate materials and classifying their absorbing capability with respect to the
absorption macroscopic cross section, the study concluded to the following set of effective
absorbing isotopes: 1*Gd and '¥’Gd, Gd, **'Eu, Eu, *Cd, '*Dy, Dy, “Ir, °In, '*’Er, 7Hf, and Hf.
Several sets of calculations were performed with these materials. The absorbers were
considered of cylindrical shape while two different thicknesses were assumed, i.e. 1cm and
Imm. All examined materials, even when considered of Imm thickness, are capable to provide
a strong reduction of the reference thermal neutron component. In most cases, the neutron
spectrum was accompanied by a strong low epithermal neutron component. However, 1B and

51Eu provided a neutron distribution almost free from thermal and low epithermal neutrons.
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4.2 Booster Fuel

With respect to the methodologies reported in the State of the art Technology about neutron
screens (Introduction), the hardening of the neutron spectrum can be achieved by the
implementation of a booster fuel in the desired region in the reactor. The term “booster” is used
to describe the enhanced fast neutron flux that arises by the addition of fissile material. In this

section the impact of a booster fuel on the JHR-reflector spectrum is investigated.

4.2.1 Fissile material considerations

Nuclides capable to undergo fission after capturing neutrons are noted as fissionable.
Fissionable materials are the superset of fissile materials, such as 233 U, 233 U, 23] Pu and 24} Pu.
The atomic structure (odd number of neutrons) of these isotopes favors absorption of any
energy and results to fission reaction. On the contrary, elements with even number of neutrons
or protons are more stable and interact with neutrons of high kinetic energy (fissionable but not
fissile). Elements that can be converted to fissile, after neutron absorption and subsequent
nuclear decay, are noted as fertile and the conversion process is referred to as breeding. Most
common fertile materials are ??Pu and 2*U.

The ratio of the number of produced by fission neutrons to the neutrons absorbed is expressed

by eta, n(E), factor as follows:

v Xr(E) _ fission neutrons produced
- Y.(E)  neutrons absorbed

n(E) (5.1)

where v is the number of neutrons produced per fission [Lew08].

The breeding condition demands n > 2, since one neutron will be reserved for a further fission
and the excess of neutrons will be used to convert fertile nucleus to fissile. Fast reactors were
originally designed to breed nuclear fissile material by converting abundant fertile materials to
tissile. The two known breeding processes, shown below, include the conversion of 28Uto 2Pu
and Th2?2 into 23U.

232Th (n,y)233Th B__) 233p, B__) 233]) (5.2)

2381) (n, ) 239U A, 239\, A 239p,, (5.3)
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4.2 Booster Fuel

Both breeding processes are continued in reactor applications by subsequent neutron capture
reactions: 2*U(n, v) 24U, 2*U(n, v) 25U, 2U(n, v) #°U, etc. and *°Pu(n, y) 2Py, 2Pu(n, v) *'Pu,
241Pu(n, y) #?Pu, etc." [Yan12]. From the comparison of the eta factor, 1, for 2°Pu, U and 2*U,
follows that 2°Pu surpasses both 2*U and #*U, producing more neutrons per absorption (h(E))
in the energy range above ~100 keV. In addition, for higher energies (>100keV), 2°Pu superiority
increases rapidly with increasing energy (Figure 4-15). Thus, fission neutrons will breed »*Pu
more than the other two, 2°U and 2%U, resulting to higher population of fission neutrons. For
this reason in fast reactor technologies the use of 2°Pu is preferred and fissile blankets of 28U are

implemented.
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Figure 4-14: Nuclei of fissile, fissionable and fertile elements

Since, the neutron environment inside JHR reflector is thermal, the utilization of fissile material
is required to enhance the fast component. 2°U and ?*Pu are considered as the two potential
options; both nuclides (Figure 4-16) can provide fissions at the entire energy range. The
distribution of prompt neutrons (fission spectrum) is independent of the fissioning nucleus
[Kra87],indicating that the choice between those two, 2°U and ?Pu, should be based on other
criteria. After comparing the total behavior of »°Pu and ?*U (Figure 4-18, Figure 4-16, Figure
4-15) it can be concluded that their main difference relies to their eta factor, thus the better
breeder behavior of 2°Pu. On the other hand, the ultimate fissile material of JHR is expected to
be a metallic uranium-molybdenum (UMo) 19.75% enriched alloy and for this reason a

utilization of a single fissile material enrichment and type for all JHR usages is preferred.
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Under these circumstances the composition of the fissile material introduced in the facility was
based on the JHR fissile material choices, i.e. Uranium 20% enriched in 25U. With this
composition the main attributes of the SFR fissile material are taken into account; the breeding
capability of 2°Pu is compensated by enriched U (Figure 4-17), while the major presence of
28U in SFR is respected. The latter is quite important since the inelastic cross section of 25U

(Figure 4-18) is higher than that of ?°Pu (and ?*U) and this parameter should be taken into
account in the final result.
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Figure 4-15: Number of neutrons produced by fission per neutron absorption, 1)(E). Plot produced using JEFF-3.1.1
Library and JANIS software
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Figure 4-16: Fission microscopic cross sections of 25U, 28U and 2°Pu. Plot produced using JEFF-3.1.1
Library and JANIS software
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Figure 4-17: Eta factor of 2°U, 29Pu and 20% enriched 25U. Plot produced using JEFF-3.1.1 Library and
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4.2.2 Calculations

In this section the impact of booster fuel on the JHR-reflector spectrum is investigated. The

booster fuel (uranium 20% enriched in 2*U) was considered of cylindrical shape (Figure 4-3)
and of defined thickness. As in §4.1, the model of JHR was simulated with TRIPOLI-4.8 and the

neutron flux was calculated in the central irradiation space (Figure 4-3) of the JHR-reflector

area. Runs with successive increase of the quantity of the fuel (thickness) were performed. The

start value was set at 0.1cm and the final at 1cm. The results are presented in Figure 4-19 and

interpreted in Table 4-3. The reference case (JHR reflector) is also illustrated for comparison

(blue column).
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Figure 4-19: Neutron population distribution at the entire neutron spectrum for all booster thicknesses; 0.1cm, 0.2cm,
0.4cm, 0.8cm and 1 cm
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Table 4-3: Analysis of the Figure 4-19 chart

Energy Group
<0.01eV

0.1eV-0.01eV

1eV-0.1eV

10keV-1eV

100keV-10keV

1MeV-100keV

>1MeV

76

Comments

Only the reference case presents neutron component at this energy area.

The introduction of the fissile material eliminates the neutron population fraction at
these energies. Even in cases of 0.2 and 0.4 cm this fraction is negligible. In the case of
0.1cm a small amount of neutrons around 0.7% is observed.

At the reference spectrum the component of thermal neutrons is extremely large, i.e.
63%. Adding only 0.1 cm fissile material in the facility, this component is immediately
decreased by 72%, reaching 18%.

The addition of 0.2 cm of fissile material further reduces the neutron population
fraction at these energies, i.e. by 86% relatively to the reference case and 50%
relatively to the case of 0.1 cm.

For added fissile material thickness 0.4 cm the 0.1eV - 0.01eV neutron population
fraction is reduced to 3% (i.e. 95% with respect to the reference case). For thickness of
added fissile material higher than 0.4 cm the neutron population of energies 0.1eV -
0.01eV becomes less than 1% of the total.

In this energy range the neutrons population is low and is gradually decreased with
increasing thickness of added fissile material.

The values of this group are related to the values of the thermal range.

In all cases the fraction is increased in relation to the reference case. This is due to the
fact that after the elimination of the thermal component, its reference percentage is
spread at higher than thermal energies.

At this energy group an important increase is observed from the reference case to that
of 0.1 cm (almost 4 times higher). For fissile material thickness higher than 0.1 cm a
gradual and smooth increase is observed with increasing thickness. However,
saturation is observed in this increasing rate for fissile material thickness higher than
0.8cm.

This energy group is the one of greatest interest. In this energy region the main
impact of the fission neutrons on the spectrum can be obtained.

The lower fraction of neutrons population occurs in the case of added fissile material
0.1 cm thick, which is already more than five times higher than in the reference case.

The shifting of the spectrum can be observed in this energy range for fissile material
thickness greater or equal to 0.4 cm. Up to 0.4cm the relative values are increased
with thickness. However, slight fluctuations are observed during both increase and
decrease of the relative values.

In relation with the reference case, even with the introduction of the smallest
thickness of extra fissile material (0.1cm) the amount of neutrons has become almost 8
times higher.
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The introduction of fissile amount in the facility enhances the fast component with the fast
neutron flux distribution following the fission spectrum (Figure 4-20, Figure 4-21). Depending
on the thickness of the booster fuel the thermal neutrons fraction is diminished accordingly
(Figure 4-20). Moreover the peak of the fast neutrons flux is successively shifted to the left
following the successive increase in the thickness of the added fissile material ( Figure 4-21).
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Figure 4-20: Effect of boosters with different thicknesses (0.1cm , 0.2cm, 0.4cm, 0.8cm and 1cm) on the neutron
spectrum. Log-Log graph
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Figure 4-21: Effect of boosters with different thicknesses (0.1cm , 0.2cm, 0.4cm, 0.8cm and 1cm) on the neutron
spectrum with detail at high energies. Log x-Lin y graph
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In Table 4-4 the ratios of the neutrons with energies above 0.1MeV to the neutrons with energies
above 1MeV are reported. In Figure 4-22 the correlation between ratio (Flux>0.1MeV to
Flux>1MeV) and thickness is illustrated. It is clear that the ratio increases with increasing
thickness. In Table 4-5 the ratio of the maximum flux value, as provided after the insertion of
fissile material, to the maximum flux value obtained by the reference spectrum are reported
along with the respective percentage growth. As expected, the introduction of fissile material
provides a spectrum with higher flux values. Even when Imm of fissile material is added, the
maximum flux value is increased by ~5.5 times, while in case of lcm the flux maximum is
almost multiplied by 9. The relation between the @;,,/®; and the fissile material thickness is
illustrated in Figure 4-23. For the @; values it has been taken into account that the maximum
flux value (in all cases after the introduction of fissile material) is obtained at 0.7145MeV.

Table 4-4: Ratios of neutrons of E>0.1MeV over neutrons of E>1MeV for the different thicknesses of fissile material

Booster Fuel # of neutrons # of neutrons Total Flux g5 1 mev
Thickness (cm)  with E>0.1MeV  with E> 1MeV Total Flux g-1 mev
0.1 42.4 18.6 2.3
0.2 50.0 21.6 2.3
0.4 57.0 23.9 2.4
0.8 62.8 25.7 2.5
1 65.6 25.4 2.6
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Figure 4-22: Linear correlation (correlation coefficient of 0.998) between flux ratio (Flux >0.1MeV to Flux>1MeV) and
fissile material thickness.

Table 4-5: Increase of maximum flux in relation to reference flux value

; Booster Fuel D %
Thickness (cm) Dof Increase

ref 0 1.00 0

1 0.1 5.45 437

2 0.2 6.19 510

3 0.4 7.05 596

4 0.8 8.14 703

5 1 8.58 747
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Figure 4-23: Increase of maximum flux after fissile material insertion

4.2.3 Simulating SFR by introducing *Na

The introduction of fissile material in the facility provided a neutron spectrum with an
enhanced fast and an eliminated thermal component. However, even in the case of 1cm booster
fuel the resulted distribution did not approach the desired distribution of SFR. Even neglecting
the thermal and epithermal component -that is intensely present in contrast to the distribution
of SFR- the neutron population is gathered at higher than preferred energies. Inside the void
facility, surrounded by beryllium (Be), only the introduction of booster fuel has been
considered. Therefore the fission neutrons interactions are limited to those between °Be and
emitted particles, arriving in the facility from the adjacent regions. The elastic and inelastic cross
sections of ‘Be are weak at high energies (Figure 4-24), thus the interactions of fission neutrons

with its nuclei are insignificant.
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Figure 4-24: Microscopic neutron cross sections of °Be. Plot produced using JEFF-3.1.1 Library and JANIS software
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Simulating the composition of the SFR, the introduction of sodium (**Na) has been considered.
»Na will act as cooling medium (as in the SFR) to the screen. The required space left for the
specimen introduction (2cm diameter) in addition with the thickness of the booster fuel free a
total space of 3.4cm thickness for »Na, if the case of lcm of fissile material is considered.
Altering the inner space of the facility from void to #Na did not provide a shifted neutron
distribution. The only effect of 2Na on the neutron spectrum is a flux depression obtained
around 3keV (Figure 4-25), where the corresponding elastic scattering resonance of »?Na takes
place (Figure 4-26). The presence of »Na in SFR is a major contributing factor to the maximum
flux shifting to lower energies (200keV) in relation other FRs spectra. Apparently, the amount of
»Na -despite significant (3.4cm) in comparison to the 1cm thickness of the fissile material- is not
adequate to provide spectrum tailoring through the elastic and inelastic collisions of its nuclides

and fast neutrons.
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Figure 4-25: Effect of a 3.4 cm ?Na neutron screen on the neutron spectrum. The screen provided only a flux
depression around 3keV corresponding to 2Na elastic scattering resonance
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Figure 4-26: Total, elastic and inelastic microscopic cross sections of 2?Na. Plot produced using JEFF-3.1.1 Library and
JANIS software
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4.2.3 Concluding Remarks

In order to harden the neutron spectrum, the introduction of booster fuel (Uranium 20%
enriched in 25U) within the JHR reflector had been studied. The neutron distribution obtained
in the irradiation facility after the implementation of fissile nuclides of increasing thickness
(0.1cm to 1cm) was investigated. As expected the presence of fissile material enhanced the fast
spectrum component, which has the form of a fission spectrum with most probable neutron
energy around 0.7 MeV. Depending on the quantity (thickness) of the fissile material the
thermal neutrons fraction is diminished accordingly. At the same time the peak of the fast
neutrons flux is successively shifted to lower energies. However, even in the case of lcm
thickness of fissile screen (extreme case) the resulted distribution fails to reproduce the SFR
spectrum. Even neglecting the thermal and epithermal components - which here are intensely
present (unlike the case of SFR) - the neutron population at high energies is accumulated at the
higher energy-levels.

The presence of 2?Na in SFR is a major contributing factor to the shifting of the maximum flux to
lower energies (~200keV) in relation to other FRs spectra. Altering the inner space of the facility
from void to 2Na resulted to a flux depression obtained around 3keV, where the corresponding
elastic scattering resonance of »?Na is located. Apparently the amount of 2?Na, despite significant
(3.4cm vs. 1cm of the fissile material) is not adequate to simulate a SFR environment through its

elastic and inelastic collisions with fast neutrons.
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4.3 Scattering Interactions
4.3.1 Elastic Scattering

Elastic scattering occurs strongly all over the neutron energy range of a thermal reactor (1E-11
to 20 MeV) and is present at every neutron interaction (§A.3.2.2 ). In the present subsection the
capability of spectrum tailoring via the elastic scattering is investigated. The concept behind this
is that after elastic collisions with interfered materials a neutron energy loss in specific energy
ranges can be occurred. The resulted neutron distribution will present a reduced neutron
component at the energies where the elastic scattering interactions occur. In this context a study
was carried out, oriented to find elements that present a characteristic elastic cross section at the
energies around 1MeV.

4.3.1.1 Helium

The possibility of tailoring, as desired, the neutron spectrum with the help of elastic interaction
had first to be examined. For this reason a computational study of a simple scattering
experiment was performed; a helium (*He) sample/target was irradiated by an isotropic point
source of neutrons with linear energy distribution between 1E-11 and 20 MeV. This energy
range corresponds to the energy boundaries obtained in a thermal reactor. The thickness of ‘He
was set at 4cm. The configuration was simulated with TRIPOLI-4.8. A void volume was
considered at the right of the target, where the averaged neutron flux distribution was
calculated. “He is one of the very few elements that present only elastic interaction (Figure 4-27)
with neutrons, due to the fact that the alpha particle is very tightly bonded and has no excited
states below 20MeV [Mor69]. Moreover, its elastic cross section exhibits a peak at around 1MeV
(Figure 4-27). Given these facts, the effect of the interference of ‘He on the initial neutron
distribution is investigated. Unfortunately, the density of ‘He is extremely low (0.1786 g/1). For
this reason the density of liquid *He (3 orders of magnitude denser) was considered instead of
the gaseous ‘He. In Figure 4-28 the neutron flux profile after the irradiation of liquid ‘He over
the entire energy range is illustrated. The results from gaseous ‘He are also included. The
neutron spectrum is normalized for a more comprehensive illustration. In the energy area
corresponding to the peak of the elastic cross section (Figure 4-27) a flux depression is
occurring. Moreover, at very low energies (< 1E-7 MeV), where the o. of ‘He is high, a
corresponding decrease is observed. The fluctuations on the spectrum are due to
statistical uncertainties. The output of this study suggests that the use of elements with elastic
cross sections of “particular” shape in the energy area of interest (intense peak around 1MeV),

such as “He, could be utilized in order to provide a neutron spectrum tailoring.
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Figure 4-27: Total and elastic microscopic cross sections of “He; total cross section is identical to the elastic. Plot
produced using JEFF-3.1.1 Library and JANIS software
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Figure 4-28: Effect of the elastic scattering interaction of ‘He on the initial irradiation spectrum

Introducing ‘He inside JHR reflector

The impact of ‘He on the JHR-reflector spectrum was further examined. A calculation with a
neutron screen of liquid (for more apparent effect) ‘He introduced in the irradiation facility has
been carried out.

Figure 4-29 depicts the neutron flux per lethargy after the introduction of liquid *He inside the
irradiation facility of JHR. The reference spectrum (JHR reflector) is illustrated for comparison.
The provided spectrum is almost identical to the reference one, except at the energy area

around 1MeV, where a weak tailoring can be observed. At 1IMeV, where the cross section of ‘He

83



4.3.1 Elastic Scattering

exhibits a peak, a flux depression occurs; the neutron population with energies around 1MeV
has slightly lost its energy. In addition, a slight peak occurs at the left of the flux depression due
to neutron moderations. A representation of the effect at the energy range of interest is given in
Figure 4-29. Although the introduction of liquid *He resulted in a weak tailoring in the desired

energy range, the neutron distribution in the whole energy spectrum remained unchanged.
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Figure 4-29: Effect of 3 cm liquid *He on the reference spectrum (JHR reflector). Log-Log graph
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Figure 4-30: The effect of liquid “He on the reference spectrum (JHR reflector) around 1MeV.
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4.3.1.2 Other Elastic Scatterers

An extensive research among the elements of the periodic table was carried out, aimed to
specify other elements (like “‘He) with elastic cross section curves around 1MeV. Unfortunately,
few elements found exhibiting the intense peak of *He at the desired energy range. Figure 4-31
illustrates the elastic cross sections of **Ba and *La along with that of ‘He. Both cross section
curves (0. of ¥Ba and 'La) are wider with a smoother fluctuation of that of “He. Other
materials found with their o. characterized by the desired variation, were: %S, ¥7Cl, ¥Ar, ¥K, K,
#Ca and 7Au. In Figure 4-32 their o. is illustrated. ¥Ar is presented alone in Figure 4-33, due to
the fact that the intense fluctuations of its o would complicate the representation of the rest
isotopes. In all cases the peak of the o of these isotopes is observed above 2MeV and mainly
around 3MeV. At this point it should be emphasized that -unlike ‘He - the examined elements
present also inelastic cross section [ENDF]. In addition, all except ”Au have low densities
(Table 4-6).

Table 4-6: Density and Phase of the studied isotopes [Wiel3a]

Element Density Phase
(g/cm?)

%S 1.96 Solid
Cl 0.003 Gas
WA 0.002 Gas
PK 0.86 Solid
40K 0.86 Solid
8Ca 1.55 Solid
1%5Ba 3.51 Solid
¥La 6.15 Solid
17Au 19.3 Solid

Cross-section (b)

L
T
o1 0,25 03 0,75 1 23

Incident energy (MeV)

Figure 4-31: Elastic microscopic cross section of ®Ba and '*La. Plot produced using JEFF-3.1.1 Library and JANIS
software
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Figure 4-32: Elastic microscopic cross section of 3¢S, ¥7Cl, ¥K, ¥K, 4Ca and ”Au. Plot produced using JEFF-3.1.1
Library and JANIS software
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Figure 4-33: Elastic microscopic cross section of #°Ar. Plot produced using JEFF-3.1.1 Library and JANIS software

Introducing elastic scatterers inside JHR reflector

The introduction of the above elements at 100% isotopic abundance in the irradiation facility of
JHR has been considered. ¥Cl and “Ar were excluded since both are gases and their extremely
low density would render them transparent to neutrons. In all cases a thickness of 3 cm was
considered”. The macroscopic elastic cross sections of the tested elements are presented in
Figure 4-36. The number densities of most isotopes are quite small, thus only ”Au, *La, %S and
138Ba seem to be of importance. However, %S and *Ba provided negligible shifting (Figure C-1),

indicating that the levels of their oe were inadequate to affect the spectrum at high energies.

171.4 cm was intentionally left available for absorber or fissile material loading.
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The effects of Au, ¥La and “K neutron screens on the neutron spectrum are illustrated in
Figure 4-34. The neutron spectra are normalized to unit and are expressed in terms of flux per

lethargy.

#K and '¥La both provide a partial thermal elimination (Figure 4-34) and thus theirs normalized
neutron spectrum is enhanced in epithermal and fast neutrons in relation to the reference case.
However, ¥K provides no shifting, while *La reduces the fast component (Figure 4-35). With
the introduction of ”Au the neutron spectrum presents a significant change (Figure 4-34). The
thermal component is absorbed while at the same time the maximum neutron flux at 1MeV is
shifted to the left. Above 0.1MeV the neutron distribution is almost identical with the case of
SFR. However, it should be underlined that the increase in high energies in Figure 4-34 appears

due to the normalization of the spectra.

As stated before the studied elements (except “‘He) present also inelastic cross sections. Thus, the
intense effect of ”Au on the spectrum is additionally influenced by its inelastic cross section
that starts at 0.1IMeV and increases among the fast energies (Figure 4-37). Although the inelastic
cross sections of 7Au and *La are comparable (Figure 4-37) it is the density of '”Au (Table 4-6)
and subsequently its neutron number density - 0.059 in case of ”Au vs. 0.0266 in the case of

13La-that justifies the intense effect of '7Au in relation to that provided by the *La neutron

screen.
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Figure 4-34: Comparing the effects of 3 cm K, , '¥La and 'Au neutron screens on the neutron spectrum. SFR is
included for comparison
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Figure 4-35: Comparing the effects of 3 cm %K, , ¥La and *”Au neutron screens on the neutron spectrum with detail
in high energies. SFR is included for comparison
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Figure 4-36: Macroscopic elastic cross sections of the tested elements as computed with JANIS software using the
JEFE-3.1.1 Library.
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Figure 4-37: Elastic and inelastic microscopic cross section of '”Au and *La. Plot produced using JEFF-3.1.1 Library
and JANIS software.
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4.3.2 Inelastic Scattering

In the current section the inelastic interactions are investigated with respect to their
contribution for achieving the desired spectrum tailoring. Inelastic scattering is almost present
at every interaction between neutrons and nuclei, but it mainly occurs at high energies
(8§A.3.2.1). The reaction channel opens at a threshold energy recorded around 10-100keV for
heavy nuclei and a few MeV for light nuclei [Kra87, Lit12]. The maximum value of the
inelastic cross section is around 5b, while for the most nuclei is around 1b. The advantages of
inelastic scattering - with regard to elastic (§4.3.1 ) - comprise the substantial energy loss
during collisions and the energy range of occurrence (high energies). However, the low
possibility of inelastic reactions is a disadvantage that can be surpassed with the utilization of
materials in great quantities.

4.3.2.1 Calculations

As done in §4.3.1 , the possibility of tailoring the neutron spectrum with the help of inelastic
interaction had first to be examined. For this reason, an isotope presenting an inelastic
scattering at the desired energy had to be founds. ®Ho is the only isotope of the solid
Holmium. Its neutron inelastic scattering channel opens at 0.1MeV with an inelastic o about
1b, which increases with energy, reaching finally a value of 3b at 1MeV (Figure 4-38). The
introduction of '%*Ho neutron screen of different thicknesses (1cm, 2cm, 3cm and 3.4cm) inside
JHR reflector (Figure 1-1) has been considered (Figure 4-39). The small cross section of
inelastic reaction (Figure 4-38) imposed the necessity of a large thickness of the screen, since
the more thick the screen the more the provided shifting of the spectrum. Moreover, the
sufficient thickness of *Ho causes a deeper flux depression around 0.2keV, acting as a natural
separator between high and low intermediate neutrons (creating a clear distribution
constituted of high energy neutrons). The depression of the flux corresponds to the
resonances of the capture and elastic cross sections (Figure 4-38).

The 3.4cm thick screen of Ho performed quite effectively at high epithermal and fast
energies; 3.4cm of 'Ho were capable to spread the fast neutron peak of the reference
spectrum to lower energies (Figure 4-40). It should be pointed out that it is both scattering
interactions, elastic and inelastic of ®*Ho, contributing to the final result. In addition, the
resonance region of '®Ho occurring around 100eV (Figure 4-38), results in a corresponding
flux depression at the neutron spectrum, “forming” thus a neutron distribution curve that
approaches the desired curve of SFR at an acceptable degree. However, below 100eV, an
intense (undesired) epithermal neutron component is obtained. The results (Figure 4-40) are
normalized to unit and are presented in terms of flux per unit lethargy for a more
comprehensive illustration.

18 Along with '®*Ho four other isotopes have been found in Literature described as "materials with strong inelastic
cross section at energies around 1 MeV (Figure C-2-Figure C-9)
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Figure 4-38: Microscopic neutron cross sections of ®Ho. Plot produced using JEFF-3.1.1 Library and JANIS
software
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Figure 4-40: Effect of a 3.4 cm '®Ho neutron screen on the neutron spectrum. The screen provided a neutron flux

shifting at 0.355MeV.
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Investigating further the case of '®Ho, the introduction of 1cm of fissile material has been
considered. Loading fissile material in the facility is expected to enhance the fast component
and the neutron flux within the irradiation space. The comparison of the spectra of the two
cases, ®Ho alone and ®*Ho with lcm booster fuel, is illustrated in Figure 4-41 and Figure
4-42. The addition of the booster enhances the fast component in such extend that the
scattering interactions of the fission neutrons with ®Ho nuclei are inadequate to moderate
them as in the case without fissile material. However, the combination of ®*Ho with fissile

material provides higher neutron fluxes (~6 times) with a neutron distribution of reduced

epithermal component.
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Figure 4-41: Comparing the effects of 3.4 cm ®*Ho with and without booster fuel (of 1cm) on the
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4.3.2.2 Other Elements

After the successful output of the ®Ho study, an investigation of other potential inelastic
scatterers followed. A large set of numerical experiments with 57 different elements at their
natural composition inserted at the irradiation facility was carried out . As in the case of ®Ho
a 3.4cm thick screen was considered. Only the scatterer material was introduced in the facility.
It is worth stressing that a study with isotopes instead of natural elements might have been
more appropriate, since the different isotopes of an element interact differently with neutrons.
Such a study would require an huge amount of calculations and thus was not adopted.
Moreover, the findings will indicate the existence of one or more isotopes with inelastic
scattering property; after a successful result an isotopic study can be carried out in order to
investigate which isotopes of the elements cause the tailoring. However, an isotope with a
desirable characteristic may exist with very low abundance in the element and thus its effect
will not be revealed. The number of tested elements was limited to 57, since in many cases the
neutron cross section data were unavailable in JEFF-3-1 library. In addition, some elements
were excluded due to reactor’s safety issues (i.e. minor actinides). Finally, elements with low

densities (gases) were excluded.

4.3.2.3 Results

This study intends to investigate whether the introduction of specific nuclides inside the
irradiation facility would alter the existing thermal spectrum to one equivalent to that of a
SFR; that is, the tailored spectrum should provide a neutron distribution similar to the SFR’s
while the energy where the maximum flux is obtained should occur at around 0.1-0.2MeV. At
this point it should be recalled that in the existing thermal spectrum (JHR-reflector) the
second peak (due to fissions) is occurred between 0.608MeV and 0.821MeV (Figure 1-1). In the
text, the average value of the above energy group, i.e. 0.7145MeV, is referred to group.

In Table 4-7 the neutron distribution in different energy groups is tabulated for each element.
The energy, where the maximum flux was calculated, is also reported. Many elements did not
present absorbing capacity, and thus the maximum flux occurred at the thermal energy range,
as happens in the reference spectrum. However, these elements might shift the maximum
neutron flux as required. For this reason, in these cases the flux peak for energies above 0.01
MeV is reported. The results are presented in ascending order, starting from the lowest
energy with maximum flux occurrence (flux peak) and ending to the highest one (last
column). Shades of red have been used to highlight the elements achieving the best shifting.

The energy of the maximum flux occurrence (flux peak) is denoted as E(®payx)-
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Table 4-7: Neutron distribution with respect to the flux peak corresponding energy (for E>0.01 MeV)

E <0.01 0.1eV- 1eV- 10eV- 100eV- 1keV- 10keV- 100keV- 1MeV- >1 E(®,.)
g eV 0.01eV 0.1eV  1eV 10eV 100eV  1keV  10keV  100keV  MeV (Me"“,;"
& (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Ag 0 0.2 0.1 0.2 6 15.5 6.1 18.1 39.8 24.8 0.355
Cd 0 0.2 0 44 9.3 15.2 11.6 17.4 31.6 10.8 0.355
Ho 0 0.4 0.8 1.2 4 2 7 23.3 44.5 16.7 0.355
Pd 0.1 11.2 6.2 4 49 11.2 8.1 15.1 304 8.8 0.355
Ta 02 1.9 23 1.1 4.6 7.6 6.1 20.2 43.7 12.3 0.355
Tb 0 7.4 5.8 3 5.3 2.6 5 18.3 38.6 14.1 0.355
Al 8 59.5 7.6 14 2.7 4.7 3.3 3.8 6 3 0.7145
B 0 0.3 0.1 0.1 0.1 0.5 6 23.3 46.6 229  0.7145
Bi 99 63.1 6.8 1 22 3.9 2.6 3.1 4.8 25 0.7145
C 101 64.4 6.9 1 2 3.5 2.6 3.2 4.2 21 0.7145
Ce 73 58.3 77 1.4 29 5 34 42 6.6 3.1 0.7145
Co 0 0.2 0.1 1.1 2.8 12.1 14.9 19.7 37 121 0.7145
Cr 06 22.8 8 3.3 7.5 14.1 7.5 10.8 17.8 7.6 0.7145
Cs 07 26.3 8.1 1.5 6.6 11.8 8.7 10.7 16.8 8.7 0.7145
Cu 03 14.1 6.5 3.5 8.5 13.9 9.4 12.9 23.1 7.9 0.7145
Dy 0 0.2 0 0.1 1.7 7 10.5 22.1 41.8 16.7  0.7145
Er 0 0.1 0.1 0.5 52 9 10 21.5 39.2 143  0.7145
Eu 0 0.1 0.1 0.1 0.6 0.3 5 22.3 484 232  0.7145
Fe 0.7 18.9 7 34 7.7 13.7 9.4 11.5 20 7.8 0.7145
Ga 18 33.5 8.8 2.9 5.7 7.7 7.2 9.6 16.1 6.7 0.7145
Gd 01 0.1 0 2 4.1 44 9.1 21.7 414 171 0.7145
Ge 26 40.7 8.8 24 5.1 7.8 6.2 79 134 5.2 0.7145
Hf 0 0.2 0 0.1 2.3 45 8.5 24.3 452 15 0.7145
Hg 0 0.1 0 2.2 7.4 13.9 11.8 19.4 33.6 114 0.7145
I 19 38 9.1 2.6 4.1 8.1 6.4 8.6 14.3 6.7 0.7145
In 0 0.1 0 1.7 8.3 16 10.2 17.2 32.2 143  0.7145
Mg 96 62.6 7.1 1.1 2.3 4 2.7 3.2 5.1 25 0.7145
Mn 0 2.2 29 3.5 10.5 12.8 7 16.8 31.6 12.7  0.7145
Mo 13 324 8.7 29 5.2 9.2 6.5 10.1 18 5.6 0.7145
Nb 39 46.8 8.8 2 43 6.7 44 6.7 12.7 3.8 0.7145
Nd 0 0.6 1.2 3.4 10 13.5 124 17.5 29 122 0.7145
Ni 01 4.3 3.3 3.6 9.7 17.6 12.1 114 26.7 111 0.7145
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P 92 61.4 7.2 1.2 24 4.2 2.9 3.5 53 2.7 0.7145
Pr 05 19 7.6 3.5 7.8 12 9.4 12.5 19.3 8.5 0.7145
Sb 15 33.5 8.9 1.5 4.1 9 6.7 10.3 17.4 7.2 0.7145
Sc 0 0.7 1.2 2.5 8.5 18.9 12 15.6 28.1 125  0.7145
Se 0.2 13.8 6.9 3.6 7.7 14.1 9.2 13.3 21.5 9.8 0.7145
Sn 69 57.7 7.8 1.4 2.9 4.9 3.5 4.5 7.2 3.2 0.7145
Sr 69 56.9 7.7 1.4 3.1 5.4 3.8 4.5 6.8 3.6 0.7145
Te 2 36.5 8.2 2.3 5.7 9.2 7 8.9 13.8 6.3 0.7145
Ti 03 16 6.8 3.5 8.7 15.7 11.8 7.7 20.7 8.8 0.7145

vV 02 13.9 6.6 3.6 9.2 16.9 7.9 9.6 22.1 9.8 0.7145

Y 54 52.6 8.3 1.8 3.6 6.5 4.4 5.3 8.3 3.9 0.7145
Zn 3.6 46.4 8.9 2.2 4.6 7.1 4.9 6.4 11.3 4.5 0.7145
Zr 8.6 61.1 7.2 1.2 2.6 4.2 2.9 3.6 6 2.6 0.7145

4.3.2.4 Interpretation of the Results

In Figure 4-42 the energy of the maximum flux occurrence (flux peak) is reported. The results
can be classified into three categories:

1. E(®pax)=0.153 MeV, which refers to the maximum obtained shifting (78% shifting of
the maximum flux occurrence to the left)

2. E(®pax)=0.355 MeV, which is the second best obtained shifting (50% shifting
maximum flux occurrence to the left)

3. E(Ppnax)=0.7145 MeV, which refers to no shifting (0% shifting)

Flux peak shifting
shifted 78%
E(®max)=0.153 MeV
shifted 50%
E(®max)=0.355 MeV
No shifting: E(®max)=0.7145 MeV
0 0.2 0.4 0.6 0.8
Energy (MeV)

Figure 4-43: Results classification according to the shifting of the maximum flux
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E(®p,y) = 0.153 MeV

In Table 4-8 the cases where a shifting of the flux maximum from 0.7145MeV (void JHR
reflector) to 0.153MeV is obtained, are reported along with their neutron distribution at the
entire energy range. The results can be classified according to the effect on the spectrum
tailoring i.e. elements with and without intense effect. The reference case is included at the
tirst row of Table 4-8. It should be highlighted that the flux peak for energies above 0.01 MeV
is reported for the reference case (its maximum flux peak is obtained at thermal energy
0.04eV). The results are presented in ascending order, starting from the minimum flux
occurrence (flux peak) at the energy range from 1MeV-100keV.

Table 4-8: Elements providing the more pronounced neutron spectrum shifting for E(®,,4)=0.153 MeV

<0.01 0.1eV- leV- 10eV-  100eV- 1keV- 10keV- 100keV- 1MeV- >1 E(®Pmax)
Material eV 0.01eV 0.1eV  100eV 10eV 100eV 1keV 10keV 100keV MeV (MeV)

Reference 10 63 7 1 2 3 2 3 4 2 0.755
Si 8.8 61 7.3 1.2 2.5 44 3.1 3.5 5.5 2.8 0.153

Rb 49 51.7 8.7 1.9 3.8 5.4 3.7 5.9 11 2.9 0.153

T1 0 234 7.9 3.4 7.3 10.9 8.8 12 18.4 7.9 0.153

As 0.7 25.9 8.7 3.2 6.1 10.9 5.9 10.7 20.1 7.8 0.153

Ru 0.9 27.7 9 2.4 3.8 7.1 5.7 12.3 23.6 7.5 0.153

W 0 1.7 2.1 1 4.3 10.9 12.3 21.3 37.1 9.3 0.153

Rh 0.1 0.2 0 3.4 11.8 13.3 8.3 15.4 37.2 10.4 0.153

Lu 0 0.3 1.2 1.5 3.6 6.1 6.4 23.9 39.8 17.3 0.153

Pt 0.1 6.3 47 3.3 34 1.2 5.6 19.7 43.9 12 0.153

Re 0 0.2 0.1 0.6 2.2 2.7 2.9 27.6 51.4 12.4 0.153

Os 0 0.1 15 1 1.2 0.2 4.5 25.6 53.3 12 0.153

Ir 0 0.3 0 0 1.5 0.3 1.7 24.8 57.1 0.7 0.153

Elements without intense spectrum tailoring

The scattering effect at the desired energy range of 3.4 cm Ru, As, Tl and Rb neutron screens is
illustrated in Figure 4-44. Although all these elements managed to shift the spectrum at high
energies, they provided negligible absorbing capability. JHR reflector (black line) and SFR
spectra are included for comparison. The case of Si is not included, since its introduction in
the facility provided negligible tailoring (almost identical to JHR-reflector).
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Figure 4-44: Effect of 3.4 cm T1, As, Rb and Ru neutron screens on the neutron spectrum. All screens provided a
neutron spectrum shifting at 0.153 MeV, but negligible thermal absorption capability.

Intense spectrum tailoring

From the results of the flux maximum shifting at 0.153MeV the following elements are
standing out; Re, Rh, W, Pt, Lu, Ir and Os. The spectra that were produced after the
introduction of 3.4cm of the above elements are presented in the following graphs. In Figure
4-45 the neutron flux spectra over the entire energy spectrum are depicted, while in Figure
4-46 the low energies have been excluded from the graph for a more comprehensive
illustration. From all the above materials, the greatest shifting and shape is achieved with Ir,
Os and Re neutron screens (Figure 4-47).
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Figure 4-45: Effect of 3.4 cm Re, Rh, W, Pt, Lu, Ir, Os neutron screens on the neutron spectrum. All screens provide
a neutron spectrum shifting at 0.153 MeV.
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Figure 4-46: Effect of 3.4 cm Re, Rh, W, Pt, Lu, Ir, Os neutron screens on the neutron spectrum with detail at high
energies. All screens provide a neutron spectrum shifting at 0.153 MeV.
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Figure 4-47: Effect of 3.4 cm Ir, Os and Re neutron screens on the neutron spectrum. The screens
provided the most optimum neutron spectrum shifting at 0.153MeV

E(®pa,) = 0.355 MeV

The employment of 3.4 cm Ag, Cd, Ho, Pd, Ta and Tb neutron screens resulted in a shifting of
the maximum flux at 0.355MeV. The provided neutron distribution after the implementation
of these screens is reported in Table 4-9. From the results it can be derived that:

e The neutron spectrum provided by the screens of Ag, Cd and Ta cannot be considered
ideal for a SFR spectrum simulation (Figure C-10).

e The effect of Ho screen on the spectrum is similar to that produced by the screens of Os,
Ir and Re (Figure 4-48).

e With the Tb screen a neat spectrum, almost like that of Ho, was provided.

e The case of Pd should be highlighted, even though it did not give a broad shaped
spectrum, due to the important reduction that its introduction caused in the fast area
(8.8%).

The effects of Ho, Pd and Ta neutron screens on the spectrum are illustrated in Figure 4-49
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Table 4-9: Elements providing the more pronounced neutron spectrum shifting for E(®,,4)=0.355 MeV

<0.01 0.1eV- 1eV- 10eV- 100eV- 1keV- 10keV  100keV 1MeV- >1 E(®max)
Material eV 0.01eV  0.1eV 100eV  10eV 100eV  -1keV  -10keV 100keV  MeV  (MeV)
Ag 0.0 0.2 0.1 0.2 6.0 15.5 6.1 18.1 39.8 24.8 0.355
Cd 0.0 0.2 0.0 4.4 9.3 152 11.6 17.4 31.6 10.8 0.355
Ho 0.0 0.4 0.8 1.2 4.0 2.0 7.0 23.3 44.5 16.7 0.355
Pd 0.1 11.2 6.2 4.0 4.9 11.2 8.1 15.1 304 8.8 0.355
Ta 0.2 1.9 2.3 1.1 4.6 7.6 6.1 20.2 43.7 12.3 0.355
Tb 0.0 7.4 5.8 3.0 53 2.6 5.0 18.3 38.6 14.1 0.355
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Figure 4-48: Comparing the effects of 3.4 cm Os and Ho neutron screens on the neutron spectrum with
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Figure 4-49: Effect of 3.4 cm Ho, Tb and Pd neutron screens on the neutron spectrum. The neutron
spectrum shifting is obtained at 0.355 MeV. JHR-reflector and SFR spectra are included for comparison
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4.3.2.5 General Conclusions

Trying to understand the relationship between the results and the physical properties of the
used elements their representation on the periodic table was considered. In Figure 4-50 all
examined materials are presented. Their effectiveness on the neutron spectrum is highlighted
with shades of red:

e Dark red for the maximum shifting of the flux peak, that was noted at E=0.153MeV

¢ Red for the shifting of the flux maximum at E=0.355MeV

e Light red for the elements that although shifted the flux peak at E=0.153MeV, their
absorbing capability at thermal energies was negligible (thus the provided spectrum
was almost similar to that of JHR reflector).

A first conclusion emerging from the obtained results regards the location of these elements
on the periodic table (Figure B-1). W, Re, Os, Ir and Pt are successive transition metals of the
6th period, while Rh (also transition metal) belongs to the immediately preceding period. On
the contrary, Lu is lanthanide, but belongs also to the 6th period. In addition, all elements
belong to the d-block. Observing the density trend of the periodic table (Table B-2) it can be
seen that Os and Ir are the more dense elements with Pt, Re and W following (with less dense
values). The fact that these elements are in a sequence on the periodic table with close density
values, implies that their neutron number density will be similar as well. As for their inelastic
cross sections, Os, Re, W and Ir have a similar inelastic scattering cross section with a
maximum value (3b) occurring between 1MeV and 5 MeV. Pt, Lu and Rh present lower o
(~2MeV).

o
3 1 18
5 1A Vil A
o
1 B atomic # — |29 +2.1f « jons commonly formed 2
1 1 2 atomic symbol — | CU 13 14 15 16 17
A Engish element name — | copper A VA VA VIA VA
63.55 | « atomic mass (rounded)
3 4 2| 5 4|6 -4(7 -3|8 -2|9 -110
2 2] 2p B c L
E(®max)=0.355 E(®max)=0.153 boron carbon o
not intense intense spectrum tailorin: 1081 12.01
11 12 2| 13 +3(14 -4|115 -3|16 -2|17 -118 w
3 3 Na Mg 3 4 5 6 7 8 9 10 1 12 3| Al Si P S Cl
sodum | magnesium ns VB VB VviB VIIB VIIB  VIIB  VIIB 18 [} auminum | siicon | prosphorus | sufur | ehiorne d
22.99 24.31 26.98 28.09 30.97 32.07 35.45 e
19 +120 2 21 (22 432|123 +5234(24 +326|25 23467(26 32|27 23|28 23|29 2130 2| 31 43|32 +42(33 -3(34 2| 36
4 4] K Ca 1| Sc Ti \ Cr Mn Fe Co Ni Cu Zn | Ga Ge As Se n
potassium | calcium scandium | thanium | vanagium | chromium | manganese | ion cobalt rickel copper ne galium | germanium | arsenic | selenium s
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.41 69.72 72.64 74.92 78.96 |
37 +138 2| 39 43[40 +4(41 45342 +635(43 +746(44 4368|145 4346|46 24|47 +1[48 2| 49 +3(50 +42(51 35|52 -2|53 -154 t
5 s RD Sr Y zr Nb Mo Tc Ru Pd Ag Cd 5| N Sn Sh Te |
rubidium strontium yitrium zirconium niobium molybdenum | technetium ruthenium palladium silver cadmium indium tin antimony tellurium iodine y
85.47 87.62 88.91 9122 92.91 95.94 98 101.1 . 107.9 1124 1148 118.7 1218 127.6 1269
55 41156 2 71 3[72 +(73 (74 64|75 +7A 3 2|79 43180 24 81 +13(82 +24(83 43584 +42(85 86
6 6 CS Ba | {54 Hf Ta Au Hg o TI Pb Bi
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7 Ts|
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Figure 4-50: The tested elements: shades of red indicate enhance shifting effect with enhancing
darkness.
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As indicated by the results the best shifting and shape of the neutron distribution is achieved
by the introduction of Ir, Os and Re. In Figure 4-51 the effects of Ir, Os and Re screens on the
neutron spectrum are plotted. Their similarity is easily justified by their common inelastic o

and neutron number densities (Figure 4-52).
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Figure 4-51: Effect of 3.4 cm Ir, Os and Re neutron screens on the neutron spectrum. The screens

provided the optimum neutron spectrum shifting at 0.153MeV

05T

inelastic cross section (b)

0,05

Incident energy (MeV)

Figure 4-52: Inelastic microscopic cross sections of materials providing greatest shifting of the neutron

spectrum

Comparing the inelastic cross sections of Os and Ho (Figure 4-48) and the resulted spectra
after their introduction in the facility (Figure 4-53) it can be concluded that it is the density of
Os (and subsequently its neutron number density) that provides a better shifting than that of
Ho, since the inelastic o of Ho is higher than that of Os.
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Figure 4-53: Inelastic microscopic cross sections of Os and Ho.

Seeing that the introduction of Ho and Tb produced similar spectra, and taking also into
account the similarity of the spectra exhibited by the successive elements described before, it
can be concluded that there is a necessity to investigate why Dy, which is between Ho and Tb,
did not produce flux shifting. Since successive elements on the periodic table (Ho, Dy and Tb)
present almost same neutron number densities, their difference should be due to their
inelastic cross section. Actually it is the smaller value of the inelastic o of Dy (Figure 4-54) that
justifies the exclusion of Dy from the elements providing a flux shifting.
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Figure 4-54: Inelastic microscopic cross sections of Tb, Dy and Ho.

In the framework of the same investigation the inelastic o of Ta was compared with W and Re
(Figure 4-55). The succession of these elements in the periodic table (almost same number
densities) suggests that the introduction of Ta does not provide a spectrum shifting due to its
inelastic 0. The lower o of Ta in relation to that of W and Re in the desired energy range
(IMeV to 5MeV) explains the Ta exclusion from the best scattering elements.
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Figure 4-55: Inelastic microscopic cross sections of Ta, W and Re.

Taking into account the above remarks it can be concluded that the most critical parameters
for effective inelastic scatterers comprise the density, inelastic o and the energy ranges where

inelastic scattering occurs.

4.3.2.6 Additional shifting

From the above results it can be concluded that elements with important inelastic scattering
can be used for effective spectrum shifting. The cases of Os, Re and Ir stood out providing a
spectrum with a neutron distribution that simulates that of SFR, i.e. presenting a symmetrical
distribution with a maximum at 0.153MeV. However its left side (E < 0.1MeV) was not found
to exactly simulate the SFR spectrum. An extra shifting to the left would give a more
representative distribution. For this reason, materials with their inelastic cross section
occurring more to the left were examined. The jeff-3-1 library was further examined for
elements with an inelastic cross section at lower Energies (<~1MeV). '“Tb was found
presenting a characteristic inelastic cross section (Figure 4-56) with a peak at 1MeV. Tb does
not occur naturally but can be produced by v irradiation of '**Tb, which is the only isotope of
Tb. Although the use of Tb may not be a feasible solution it was used at this study for
academic reasons. The effect of a 3.4cm ““Tb neutron screen on the spectrum is illustrated in
Figure 4-57. The spectrum of Os is also included for comparison. In the case of “Tb the
neutron distribution is more dense to the left in relation to Os. The combination of Os and
10Tb in one screen was examined in order to investigate if their combined characteristics
could give a more representative of a SFR spectrum. A set of calculations regarding different
ratios of 'Tb to Os were performed. For more representative results all the available space of
4.4 cm (Figure 4-3) was utilized.
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Figure 4-56: Total, elastic and inelastic microscopic neutron cross section of ®Tb. Plot produced using JEFF-3.1.1
Library and JANIS software
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Figure 4-57: Comparing the effects of 3.4 cm 160Tb and Os neutron screens on the neutron spectrum. SFR is
included for comparison

In Figure 4-58 the results of two different combinations are presented. The cases of single Os
(0 %Tb : 1 Os) and SFR are included for comparison. From the results it can be suggested that
in fact the insertion of '“Tb shifts the spectrum to the left. In both cases of the combined
neutron screens the neutron population of energies between 1keV and 100keV is increased in
comparison to the case of the single Os. In the fast energy range a small increase can also be
observed. Of course this is not desirable. However the increase at these energy groups caused
the decrease between 100keV and 1MeV which was desirable. The ratio of 4:1 gives a more
representative spectrum at the high epithermal energies, but presents a higher amount of fast
neutrons. In general however it can be suggested that the ratio 4:1 is better than 2:1, since its
total behavior is closer to the SFR’s. Finally in both cases it can be observed that the
distribution became more broadened to the left in relation to Os. A graphical representation of
the results is given in Figure 4-59 .
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4.3.3 Concluding Remarks

The failure to simulate the SFR spectrum with neutron capture interactions (absorbers and
booster fuels) led to the utilization of additional neutron interactions. The neutron energy
boundaries of the reactor range between 1E-11 and 20 MeV, with the part from 1E-9 to 10
MeV to be of greatest importance. The worth noting neutron interactions within this energy
range are: neutron capture (radiative capture and fission) and scattering, elastic and inelastic.
Hence the study was focused on the scattering interactions and elements that present intense
elastic and inelastic cross sections at the desired energy range (0.1-10MeV) were examined.

The performance of a simple computational scattering experiment with a ‘He sample/target
suggested that the use of elements with elastic cross sections of “particular” shape in the
energy area of interest (intense peak around 1MeV), could be utilized for the desired neutron
spectrum tailoring. “He is one of the rare elements that present only elastic interaction with
neutrons and additionally its elastic cross section exhibits a peak at around 1MeV. From the
obtained neutron flux profile after the irradiation of liquid “He a flux depression was found at

the energy area corresponding to the peak of the elastic cross section.

From the few elements found in the literature to exhibit the intense peak of ‘He at the desired
energy range (i.e. 35, ¥Cl, ©Ar, ¥K, ¥K, 4Ca, *Ba, La and 7Au) only ®La and Au
provided a tailored shifted spectrum, with the effect of '*La being rather weak. The intense
effect of ”Au on the spectrum was the result of its elastic in addition to its inelastic cross

section that starts at 0.1MeV and increases at the high energies.

At a next step, the inelastic interactions were investigated as a method for spectrum tailoring.
The low probability of inelastic reactions is a disadvantage that can be avoided with the
utilization of proper materials in important quantities. Considering the introduction of an
isotope presenting inelastic scattering at the desired energy like ®Ho (its neutron inelastic
scattering channel opens at 0.1MeV and its inelastic o is around 3b at 1MeV), the fast flux
peak of the reference spectrum was shifted to lower energies. The thickness of the '®>Ho screen
was vital for the provided shifting of the spectrum. The small cross section of inelastic
interaction imposed the necessity of a great thickness of the screen, since the thicker the screen
the more evident the shifting provided. Moreover, sufficient thickness of '®Ho causes a
deeper flux depression around 0.2keV, acting as a natural divider of high and low
intermediate neutrons (creating a clear neutron distribution constituted by high energy
neutrons). The combination of 'Ho with lcm of fissile material had as a result a slight
altering of the shape of the neutron distribution at higher energies, but higher (~6 times)
neutron fluxes. Moreover, the neutron component was reduced at intermediate energies. A

chart flow for the carried out ®Ho calculations is presented in Figure 4-60.
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Figure 4-60: Flow chart of carried out '®*Ho calculations

After the successful output of the '®Ho study, an investigation of more potential inelastic
scatterers followed. A large set of calculations with 57 different elements at their natural
composition inserted at the irradiation facility was carried out. As in the case of ®Ho a 3.4cm
thick screen was considered in all cases. Figure 4-61 presents the elements of the periodic table
that have been tested. Shades of red have been used to highlight the elements achieving the
best shifting. Dark red was used for the maximum shifting of the flux peak, that was noted at
E=0.153MeV, while red was used for the second best maximum shifting at E=0.355MeV. Light
red was used for the elements that although shifted the flux peak at E=0.153MeV, however
their absorbing capability at thermal energies was negligible (thus the provided spectrum was
almost similar to the reference case of JHR reflector). The results indicate that those with
important inelastic scattering introduced in the device can effectively provide a spectrum
shifting. The factors which are important for an effective inelastic scatterer comprise the
density and inelastic o values of the scatterer material as well as the energy ranges where

inelastic scattering occurs.
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Figure 4-61: The tested elements: shades of red indicate enhance shifting effect with enhancing darkness.

In prospect to suggest a device capable of achieving the required spectrum modification all
the above mentioned factors should be separately examined. The impact of osmium on the
reference spectrum of JHR reflector is presented in Figure 4-62. Osmium (Os) was chosen
indicatively as one of the seven elements the introduction of which maximized the shifting of
the flux peak (E(®max)=0.153MeV). Complementary to the aforementioned results, an extra
shifting to lower energies can be obtained when a material with inelastic cross section at low

energies, like “Tb, is combined with the inelastic scatterers (Figure 4-62).
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Figure 4-62: Comparing the effects of different neutron screen combinations of Os and '*“Tb on the
neutron spectrum with detail at high energies. SFR is included for comparison
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Chapter 5.

Discussion & Outlook

5.1 Tentative design of the device

The findings of this work led to the following conclusions:

Thermal neutron absorbers, even in very thick layers, can provide an important cutoff of
the thermal neutron component. However, inserting absorbers in the device can serve to
the achievement of a FR neutron spectrum, but not of a SFR.

The introduction of fissile material in the device provides higher fast flux values, but does
not help to reproduce an SFR spectrum.

The utilization of dense materials characterized by strong inelastic scattering at the energy
range around 1 MeV can alter a thermal neutron spectrum into a spectrum that provides a
distribution similar to that prevailing in an SFR.

The final configuration of a device will consider the present results as well as the experiment

specifications. Although only one of the metal materials presented in §4.3.2 can provide good

approximation of the SFR spectrum, different combinations can be utilized to tune the

neutron spectrum and address -to the optimum approach- the irradiation requirements of the

experiment:

1.

inelastic scatterer(s): As stated in §4.3.2.6 the utilization of more than one inelastic scatterer may
provide an additional tuning of the final neutron distribution (i.e. shifting the maximum neutron

flux to lower energies, increasing high epithermal neutron component).

thermal absorber - inelastic scatterer(s): A thermal absorber can be used at the final device for
strong (stronger than that achieved by the utilization of the inelastic scatterer) reduction or total
elimination of the thermal neutron component. Depending on the inelastic scatterer that will be
used, the appropriate thermal absorber (material and thickness) can be determined. For example,
the use of B and Eu does provide minimization of the intermediate neutrons. An absorber as thin as

1mm can provide significant reduction of the thermal neutron component.
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3. fissile material - inelastic scatterer(s): The introduction of fissile material is serving when higher
fast flux values (increased fluence) might be required by experiment specifications. However, the
introduction of fissile material in the facility brings additional safety concerns which should be
carefully examined prior to its utilization. It should be mentioned that the irradiation duration and
flux level should be the result of a compromise in order to prevent the irradiated materials from

being deteriorated.

The nuclear designs of a device -such as a neutron screen- rely on the results of neutron
calculations. Neutron and photon flux spectra form the basis for the calculation of nuclear
responses of interest (such as energy deposition, shielding, radiation damage) when
combined with related nuclear data. The introduction of a neutron screen device in a reactor's
irradiation facility demands the prior examination of the impact that it might have on the
general reactor operation and safety.

Before the actual insertion of the device in the reactor, an extensive work emphasizing on
safety and performance aspects must be carried out. The determination of the final device
configuration is a multi-task project comprising various analyses. By focusing on the
neutronic properties of different screening materials, the study included in this thesis

constitutes the basis for all the subsequent analyses, which may regard the following subjects:

e reactivity effect

e impact of the device on neighboring experiments
e energy deposition on the screen

e thermo-physical properties

e coolant medium

e fabrication of the device

e post-irradiation services

Reactivity effect: The introduction of new devices in a thermal reactor environment might
cause reactivity effect(s). For example, the utilization of a material with thermal neutron
absorbing capability will provide a negative reactivity effect, since an amount of thermal
neutrons is absorbed and thus the fission rate could be reduced. Additionally, the extraction
of that material will again alter the reactivity of the reactor, since the thermal component will
be enhanced. On the other hand introducing extra fissile material will result to positive
reactivity effect, since more fast neutrons will be generated by fissions. However, the great
importance of the location where the screen will be implemented should be underlined; inside
the core the effect on reactivity is expected to be quite significant, while outside the active

core a lighter impact might be expected.
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In this work, all materials were considered introduced in a location within the reflector area of
JHR. For this reason none among the used configurations produces a considerable reactivity
effect. In Table 5-1 prime examples of Ak/k computations are reported. The reactivity effect
after the utilization of different materials (indicative cases) has been calculated. For the
reference neutron multiplication factor ks two different configurations of the core have been
considered: case a: only water is considered in the reflector (no irradiation volume) and case
b: a void irradiation volume is considered in the reflector area (Figure 1-2). The introduction
of a 3.4cm-thick layer of a scatterer such as ®Ho or Ir results to negative reactivity worth,
which does not exceed -0,04%Ak/k. On the contrary, the introduction of fissile material results
in a positive reactivity worth of 0.18%Ak/k. In case that the fissile material is combined with
3.4cm thick '“Ho the positive effect is reduced since the '®Ho absorbs thermal and low

epithermal neutrons (Table 5-1).

Table 5-1: Reactivity worth values after the introduction of different materials

void irradiation
volume inside the

only water water channel of
channel .
the facility

case a case b

Neutron screens %Ak/k %Ak/k
1lcm of 1B -0.03 -0.02
lcm of 113Cd -0.01 -0.01

3.4cm of 16Ho -0.04 -0.04
3.4cm of Ir -0.04 -0.04
lcm of booster fuel 0.18 0.18
lcm of booster fuel with 3.4cm 16Ho 0.10 0.11

Water Channel

4.4cm

[ Water Channel [ Irradiation Space
k 4.4cm ®=2cm

Figure 5-1: Two reference core configurations. Left: case a. Right: case b.
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Impact of the device on the neighboring experiments: The introduction of the device in the
reactor environment might interfere with the operation of neighboring experiments. For this
reason extensive investigation of the impact on the neighboring experiments should be

carried out prior to the neutron screen implementation.

Energy deposition on the screen: The heat generation by neutron and gamma rays due to
their interactions with the materials of the screen should be carefully studied. Computational
tools like TRIPOLI-4.8 can provide gamma flux and energy deposition estimators, however
computations with tools developed to address explicitly parameters such as gamma heating
should be preferred. Additionally to the calculations local measurements should be

performed.

Thermo-physical properties: The final design of the device should take into account factors
such as specific heat, thermal conductivity and thermal expansion of the components of the
device. The results will indicate the tolerance (melting/boiling/mechanical stress within
materials) after their exposure to irradiation. Moreover, the corrosion behavior of the
materials after their exposure to a coolant medium should be examined. Preliminary thermal
hydraulics calculations performed in the framework of this study indicate that the
introduction of the suggested irradiation device inside the JHR facility does not raise safety

issues.

Cooling of the device: The temperature distributions prevailing in the components of the
device must be consistent with the JHR safety requirements. In general, in such type of
implementations it is preferred that the temperature of the specimens is kept constant. For
this reason structural materials that conduct heat can be utilized (i.e, aluminum, stainless
steel). In addition, temperature control methods might be developed. The device studied in
this work is surrounded by the primary coolant water of JHR. Calculations should be carried
out in order to determine if the primary water channel is sufficient to provide the appropriate
cooling of the final device. For additional cooling different methods exist.

Manufacturing of the device: After the selection of the candidate materials for the device, the
fabrication method should be examined. The addition of structural materials is probably
required. Aluminum and stainless steel are the most common materials used for structural
reasons in reactor devices. This type of materials facilitate the temperature control of the
device, due to their high thermal conductivity. Due to their almost-transparency to neutrons
(very low neutron absorption cross section values) their implementation is consistent with the

purpose of the device.

Post-irradiation services: A post-irradiation management should be planned to serve to the

safe handling and storage of the device.
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Appendix A.
Theory

The projectile induced reactions involve three reaction mechanisms; direct reaction,
compound-nucleus formation and pre-equilibrium effects. A short description of the first two

mechanisms is given below (the latter is beyond the scope of this overview).

A.1 Compound-nucleus Reactions

After a collision of a particle with a target nucleus, they can become indistinguishable
constituting a compound nucleus. Compound nucleus reaction can be treated as a two step
process; the formation of the compound can be distinguished from its decomposition process,
as the processes can be considered independent. In the first step, the energy of the projectile is
shared among many nucleons of the target, creating a single excited nucleus called a
compound nucleus. A number of collisions are taking place inside the nucleus until the
incident energy is finally shared. In the second step the decomposition of the compound-
nucleus takes place by numerous paths, called exit channels (Figure A-1). The decay is
constrained by the conservation of mass-energy, charge, angular momentum, spin and total

momentum.

1%t Step: Formation

Excited Nucleus

Target Nucleus
Projectile

o— — i

2nd Step: Decay

Excited Nucleus

----------- N\ﬁ y-ray, X-ray
0‘ .0‘

P > @pep-a

>

o

@
Q
Q

J

Exit
Channels

Figure A-1: Process of compound nucleus reaction (present work)
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The Compound-nucleus mechanism works better for low incident energies (about few MeV),
where the de Broglie wavelength (A=hc/E, where h = Planck's constant = 6.57 x 10-34 J's, c is
the speed of light and E is the energy of the particle) is considerably larger than the typical
nuclear scale and hence interacts with the whole nucleus [Kra87]. The projectile has a small
probability of escaping from the nucleus. In addition this type of reaction works best for
medium and heavy weight nuclei, where the nuclei is large enough to absorb the incident
energy. The time of the decay is large (10-® -10'° s) in relation to the time required for a direct
reaction (~10%2s) or to the time required for a particle to traverse the nucleus. An important
characteristic of the compound-nucleus reactions is the angular distribution of the products,
which is nearly isotropic (symmetric about 90 degrees) [Kra87].

In many cases, after an addition of a neutron to the nucleus, the excitation energy of the
compound-nucleus corresponds with one of the level energies (quantum states) and thus the
probability of the realization of the interaction is large. These rapid variations of the
possibility of an interaction are called resonances and are obtained at intermediate energies
(leV-1MeV). As mentioned earlier, a more detailed description of the formation of resonance
reactions is beyond the scope of this thesis, a more detailed description is given in [Kra87].
However, what is important to be mentioned, is that as lighter the nuclei so to the higher
energies will the resonances occur; in the case of the light nuclei ‘He the only one resonance

occurs around 1MeV, while in the case of 28U the lower resonance occurs at 6.67 eV (Figure
A-2).

10000+
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— U238
—— Hed

1000+
500+

. \
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_ |1

Cross-section (b)

0.5 : : i : : : : i I : : : —
10 peVv 100 peV 1 meV 10meV 100 meV 1eV 10eV 100 eV 1keV 10 keV 100 keV 1 MeV 10 MeV
Incident energy

Figure A-2: Total microscopic neutron cross sections of 26U and “He. In the case of the light nuclei ‘He
the only one resonance occurs around 1MeV, while in the case of 238U the lower resonance occurs at
6.6eV. Plot produced using JEFF-3.1.1 Library and JANIS software [Sop14]
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A.2 Direct Reactions

Direct reactions, often called peripheral processes, have opposite properties from compound-
nucleus reactions. These reactions occur rapidly (10?2 s) and are related to higher energies
(larger than 5 MeV per atomic mass number of the projectile). The reason so is that as the
energy of the incident particle is increased, its de Broglie wavelength is decreased, until it
becomes more likely to interact with a nucleon-sized object, rather than with a nucleus-sized
object. In other words, the incident particle will interact on the surface of the target nucleus
rather than in the volume of the target nucleus. The ejectile particle takes a substantial part of
the projectile momentum, having thus a high energy. The residual nucleus is left at relatively
low excitation, where the nuclear states are discrete. The direct mechanism does not
distinguish between low and high spin nuclide. In direct reactions, the angular distribution of
the products is not isotropic, but rather strongly forward-peaked [Kra87].

A.3 Neutron Interactions

Interactions of neutrons with atom are limited to interactions with the nucleus (interactions
with the atomic electrons are negligible) [Kra87] and are of the following two types (Figure
A-3): neutron capture (absorption process) and scattering (non-absorption process). The
absorption type can be divided extensively to the fission, radiative capture, charged particle
interactions and neutron producing interactions. In the scattering type, the elastic and
inelastic scattering are distinguished.

J
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inelastic (n,n’)
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Reaction

Particle
Production

|
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capture
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capture (n,y)
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Neutron
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Figure A-3: Flow chart Neutron-Nucleus reactions chart flow (present work)
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A.3.1 Neutron Capture

The neutron capture reaction is completely described in the frame of the compound nucleus
mechanism [Mih06]. The exit channels (the decay modes of the excitation state) of the
compound-nucleus are radiative capture, nucleons emission (neutron and charged particles)
and fission. Among these channels, radiative capture (n,Yy) is preferred, since y-radiation is the
most “inexpensive” way of the excited nuclei to return to its ground state. Radiative capture
has no threshold for any target nucleus and is a significant reaction for reactor analysis, since
is an important source of neutron leakage. The next most preferable decay mode is neutron
emission. The emission of neutron is preferred from that of charged particles, which have to
overcome the Coulomb barrier, that neutral neutrons do not [Mih06]. When the excited state
of the compound nucleus is extremely high, fission reactions occur. The reaction is
accompanied with emission of few neutrons (2-3 neutrons). A large amount of energy is
released in the form of gamma radiation and fragment kinetic energy [DOE93]. It should be
underlined that the fission reaction may have threshold energy, meaning that the cross section
of this reaction is zero below this energy. Materials with fission reaction thresholds are called
fertile, while the ones that can undergo fission at any energy level, fissile. For the last, even
the energy of a thermal neutron is adequate to cause fission. Fissile materials can sustain a
chain reaction with neutrons of any energy.

In general, the capture cross section follows 1/E law, meaning that as the energy E of neutron
is decreased the possibility for the interaction increases [DOE93].

A.3.2 Scattering

Both elastic and inelastic scattering reactions are governed by both direct and compound
nucleus mechanisms. Elastic has a major direct component (shape elastic scattering) and a
small component described by the compound nucleus mechanism (compound elastic
scattering). In inelastic scattering until 4MeV both reaction mechanisms take place although
compound nucleus seems to play the dominant role for incident energies below high energies
(~20MeV) [Mih06]. Depending on the mechanism through which the reaction takes place the
angular distribution of the products varies significantly.

A.3.2.1 Inelastic Scattering

Inelastic scattering channel opens above a threshold energy related to the incident kinetic
energy of the projectile, which should be adequate to excite the nucleus, overcome the binding
energy and be reemitted [Lew08]. This threshold energy has been recorded around 10-100keV
for heavy nuclei and few MeV for light nuclei [Lit12]. The energy difference from the excited
to the ground state is released as y-radiation. Inelastic scattering may be accompanied with
more than one neutron. The reaction is written as X(n, n')Y. When more than one neutron are
produced the reaction falls to neutron absorption category. The quantity of emitted neutrons
depends on the incident neutron energy; higher neutron energies are required for double
(n,2n”), triple (n,3n’), and so on, neutron emissions. At high (~MeV region) neutron energies,
inelastic scatterings are dominant.
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A.3.2.2 Elastic Scattering

In general, in absence of fission and of charged particles emission, below the inelastic
threshold the only other opened reaction channels are the elastic scattering and the neutron
capture. Flastic scattering and neutron capture are possible at all energy values of the incident
projectile. The realization of other reactions is associated with threshold incident energies. The
elastic scattering has a major direct component (shape elastic scattering) and a small
component described by the compound nucleus mechanism (compound elastic scattering).
Elastic scattering is dominant over a large energy range and decreases as the incident energy

increases. Below the MeV region its dominance disappears [Lew08].

A.4 Kinematics

Let the neutron approaching a stationary target nucleus, with mass number A, with
laboratory speed v; and the laboratory recoil speed of the neutron be v;. In the Center of Mass
System (CMS), the neutron and the target approach each other with speeds v, and V. and after
their interaction leave with speeds v; and V' respectively. The previous mentioned parameters

can be related with the following equations:

v = A o eq. Al
cTA+1 !
o 1
=—— 7 eq. A2
¢ A+1 !
S 1 eq. A3
Vg = v
T 441 "

where 7 is the center of the mass velocity.

The relation of the above velocity vectors is illustrated in Figure A-4:
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Figure A-4: Velocity Vectors [Dud76]

The scattering angle in the CMS is 6. , while in the Laboratory ;. Applying the law of

cosines:
eq. A4
W% = W2 + (v)? + 2 v Vi e 1

where u, = cos 6..
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Assuming that the excitation energy of the nucleus is Q, measured in the center of the mass

system, conservation of energy in the CMS yields:

1 1 1 1
wD? Emvg + EMVCZ = Em(v(':)2 + Em(VC’)2 +Q eq. A5

Momentum conservation in the CMS implies:

mv, = MV, eq. A6
mVT = MVT’ eq. A7

Substitution of the above yields to:

A2 2 A
[vel =J— 2——Q— eq. A8

A+1D2 " T mA+1

Multiplication of eq. A4 by ?, followed by recognition of yields to:

eq. A9

o A? AQ E, e j 4A2 . 4EQA
1

" TAaritarr T Ari A2 T A+

where E;, E| the initial and final laboratory kinetic energies.

If the scattering is elastic, Q=0, eq. 9 is simplified to [Lin72]:

A? E, Ue 442 eq. A10

= E, + + E
A+D27 T A+D2 T A+1 A+

E! _A2 + 1+ 24 p eq. All
LT+

E

From the above equation it is clear that in a head-on collision (6, = 0) the outgoing energy of
the neutron is conserved after the collision. On the contrary, when 8, = 180°, the maximum
energy loss occurs. In addition, for light nuclei the energy loss is maximized. For instance, if
A=1, which matches Hydrogen case, the neutron gives all its energy to the target. The

direction of scattering may range from 0 to 180°.
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A.5 Neutron Moderations

The energy and the direction of a neutron travelling in a reactor environment can be changed
during scattering with a nucleus. As stated above, inelastic scattering channel opens at high
energies, thus the basic responsible for the scattering in a reactor environment is the elastic
scattering reaction, which is major in the whole spectrum above ~1MeV. The neutron looses a
part of its kinetic energy and slows down until it reaches a thermal equilibrium after the
sequent collisions. Materials (nucleus) used as a medium for slowing down neutrons, are
called moderators and are of specific interest at reactor physics, extensively used for many
reactor applications, but most important to thermal reactors.

The quantity of £ has been used in order to express the logarithmic decrease of a material’s
energy after a scattering. It is defined as follows:

o)
gElr wverage eq. Al12
For atoms with A> 5 the right term had been found to be equivalent to A.A. Harms, (1975):

2

E,
log— =——7 Al13
El ag % €q.

The ideal moderators should have the large scattering cross section, small absorption cross
section and large energy loss per collision. The most common used moderators are: water,

heavy water, helium, beryllium, carbon, sodium, iron [DOE93].
A.6 The neutron Cross Sections
A.6.1 Microscopic Cross Section

The probability of a particular neutron reaction with a single nucleus is expressed with the
term of neutron cross section [Rin91]. This probability varies with the different nuclei, with
which the neutron will react, and also with the energy of the neutron and the energy of the
target-nuclei. Thus, a thermal neutron (E<leV) will be more favorably absorbed than a fast
neutron (E>1MeV), which is more possible to react with scattering with the nuclei [DOE93]. In
general, the neutron cross section expresses the effective area (Figure A-5) that a nuclei
presents to the neutron. Due to the magnitude of the effective area of the interactions between
the neutron and the nuclei, it has been established that the measurement of the microscopic
neutron cross sections be in barns (b) units, where 1 barn= 102 cm? (surface units) [DOE93].
Noting, that the physical cross-sectional area of a heavy nucleus is about 2:10* ¢cm? [Rin91].
The microscopic neutron cross section is usually represented with the letter o. For every
neutron interaction with matter a corresponding symbol for the microscopic cross section is
given (Figure A-6).
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Figure A-5: The effective area for two different reactions with the same nucleus (present work)

A.6.2 Differential scattering cross section

The effective area surrounding the scattering center which the incident particle must hit in

order to be scattered through a small solid angle, d(), is called differential scattering cross

d

section and is notated as d—g. The symbol j—g is used for notation reasons and does not imply

literally the derivative of o with respect to “Q)”.
For scattering collisions one should take into account the angle (elastic & inelastic) and the
energy dependence (inelastic) of the scattered neutrons. In Monte Carlo codes the scattering

angle is sampled from angular distribution table with respect to the energy collision nuclide.

A.6.3 Macroscopic Neutron Cross Section

The microscopic cross section is limited to the microscopic interaction of a nucleus with the
neutron. In a macroscopic level the interactions are carried out between the neutrons and a
material. For this reason the macroscopic cross section is defined as follows (eq. A14), in order
to represent the effective area (Figure A-6) of the amount of the nuclei (N) contained per unit

volume in the material [DOE93].

eq. Al4

The units of * are: m™1.

In cases where a material is consisted by a set of different elements, its macroscopic cross
section is defined as the sum of the macroscopic cross sections of its parts.

i
eq. Al5
$=>'C)
i=1
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Figure A-6: Possible neutron interactions with nuclei with their relative cross sections (present work)
A.3 Energy Dependence of neutron cross sections

The behavior of neutron cross sections in general is as illustrated in Figure A-7. As described
in A.3, depending on the neutron energy, different reactions take place. In a nuclear reactor
the neutron energy boundaries range between 1E-11 — 20 MeV. At these energy ranges an
average behavior of the neutron cross sections can be obtained. Their behavior is illustrated in
Figure A-7. The elastic cross section is maintained constant in all the energies except for the
MeV region, where it is gradually reduced. On the contrary, inelastic scattering is significant
only at high energies. This is due to the fact that the incident neutron should have sufficient
kinetic energy to place the target nucleus in its excited state. Most absorption cross sections
including the fission cross section are inversely proportional to the neutron speed. Neutron
emission occurs at high energies as shown in Figure A-7.
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Figure A-7: Energy dependence of neutron cross sections at the energy range 1E-11 - 20 MeV [Okul4]
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A.7 Neutron Flux

Inside a uniform material, free neutrons travel randomly to any direction. A convenient
measure of their amount is the neutron flux, which is defined as the number of neutrons per
unit volume multiplied by their velocity, v :

d=n-v eq.Al7

. . . . neutrons
Neutron flux units are neutrons per unit area per unit time ( P )

A.7.1 Lethargy

Lethargy (u) is a measure of neutron energy. It is defined as the logarithmic ratio of the
maximum Energy (Eo) to the Energy (E) of the neutron as follows:

E
Lethargy = u =1In (%) eq. Al8

Differentiating the above the change in energy can be related to the change in lethargy:

—dE
du = N eq. A19

Small changes in lethargy can be written as:

E;
Au=us —u, =In(== . A20
u=u; —u, =In (E1> eq
It is common to represent the neutron spectrum with the utilization of the lethargy unit. The
axis of neutron flux is replaced by the flux per unit lethargy. The neutron spectrum in terms of
the lethargy variable is expressed as [Lew08] :

®(u) = E ®(E) eq. A21

A.8 Thermal Reactor Spectrum

Each type of a reactor (fast, thermal, etc.) has a neutron energy spectrum, which is a unique
characteristic of its design and its composition. The fission chain reaction in a thermal reactor
is sustained by moderated fission neutrons, thermal neutrons, which trigger further fissions
after their interaction with the reactor’s fissile (2*¥U, #5U, 2Py, 2'Pu) materials (characterized
by a high neutron fission cross section at low energies). Thus the spectrum in a thermal
neutron reactor is composed by a thermal component which corresponds to the neutrons
(thermal) that have reached thermal equilibrium energy with the moderator medium, an
epithermal region that is the intermediate state between fission energy produced and thermal
neutrons, and finally a neutron energy group related to the fission-produced (fast) neutrons.
The energy distribution of the spectrum is ranged between 1E-11 and 20 MeV, with the range
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from 1E-9 to 10 MeV to correspond to the greatest fraction. In Figure A-8 a neutron spectrum
representative to that of a thermal neutron spectrum is illustrated. It should be underlined,
however, that this neutron distribution is not obtained at regions of fissile material; in these
areas the spectrum is a fission (fast) spectrum.
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Figure A-8: Neutron energy spectrum of a typical thermal reactor [Oku14]
A.8.1 Thermal Region

The thermal region (E<0.625eV) is composed by neutrons, which, after elastic and inelastic
collisions, are in thermal equilibrium with the moderator medium. The thermal equilibrium
spectrum can be described by the Maxwellian distribution and the thermal neutron flux can

be expressed as:

d)M (E) — —E/kT eq. A22

(kT)Z ©

where E is the energy in eV, k is Boltzmann constant and T is the temperature in K.

The center of the distribution is at 0.025 eV (E=kT, T=300 K). At the left is the up-scattering
region (neutrons tend to gain energy after collisions with the thermally vibrating moderator)
and the down-scattering region (neutrons lose energy after collisions until reaching thermal
equilibrium with the moderator) [Okul4].
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A.8.2 Epithermal Region

The epithermal region, or slowing-down region, is related to the energy states of neutrons
between the two “extreme” cases of thermal and fast. In particular, it is the region where
neutrons after interactions of scattering, have lost a part of their initial high energy (the fast
neutrons are slowed down). In the intermediate range, the neutron flux is characterized by a

dual behavior. The flux is inversely proportional to the energy value, @(E) o« % , since in this

region neutrons lose a constant fraction of energy per collision, but it also presents intense
fluctuations resulting from the resonance reactions occurred in these energies. These energies
corresponding to resonances cause many sharp flux depressions (Figure A-9).

AE,

Figure A-9: Schematic representation of localized spatial flux depression caused by resonance
[Okul4]

A.8.3 Fast Region

This region is consisted by neutrons with high energies (E> ~ 0.1MeV) and corresponds to the
neutrons emitted from fissions. Prompt neutrons are born at energy ranges from 0.1MeV to
10MeV, with an average about 2 MeV, and although their energy values differ, they present a
definite energy distribution. The energy distribution of neutrons produced in the fission
process is known as the fission spectrumy(E). The fast neutron flux dependence of energy can

be expressed as:
4 \1/2
o) = (=05) BT

where T is typically 1.35 MeV. The most probable energy is about 0.725MeV.

eq. A23

An illustration of a prompt fission neutron energy spectrum for thermal fission of 25U is given
in Figure A-10.
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Figure A-10: Prompt Fission Neutron Energy Spectrum for Thermal Fission of 23U [DOE93]
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Physical Properties of materials

Table B-1: Melting Point, Boiling Point, Thermal Conductivity, Thermal Expansion, Block and Period of studied
materials [Hyn15]

Melting  Boiling Thermal Thermal
Material Symbol  Point Point Conductivity Expansion Block Period
°C °C W/(m-K) K1

Aluminum Al 660.32 2519 235 2.31E-05 P 3
Antimony Sb 630.63 1587 24 0.000011 P 5
Argon Ar -189.3 -185.8 0.01772 N/A P 3
Arsenic As 817 614 50 N/A P 4
Barium Ba 727 1870 18 2.06E-05 s 6
Beryllium Be 1287 2470 190 1.13E-05 s 2
Bismuth Bi 271.3 1564 8 1.34E-05 P 6
Boron B 2075 4000 27 6.E-06 P 2
Bromine Br -7.3 59 0.12 N/A P 4
Cadmium Cd 321.07 767 97 3.08E-05 d 5
Calcium Ca 842 1484 200 2.23E-05 s 4
Carbon C 3550. 4027 140 7.1E-06 P 2
Cerium Ce 798 3360 11 6.3E-06 f 6
Cesium Cs 28.44 671 36 N/A s 6
Chlorine Cl -101.5 -34.04 0.0089 N/A P 3
Chromium Cr 1907 2671 94 4.9E-06 d 4
Cobalt Co 1495 2927 100 0.000013 d 4
Copper Cu 1084.62 2927 400 1.65E-05 d 4
Dysprosium Dy 1412 2567 11 9.9E-06 f 6
Erbium Er 1497 2868 15 1.22E-05 f 6
Europium Eu 822 1527 14 0.000035 f 6
Gadolinium Gd 1313 3250 11 9.4E-06 f 6
Gallium Ga 29.76 2204 29 0.00012 P 4
Germanium Ge 938.3 2820 60 6.E-06 P 4
Gold Au 1064.18 2856 320 1.42E-05 d 6
Hafnium Hf 2233 4603 23 5.9E-06 d 6
Helium He N/A -268.93 0.1513 N/A P 1
Holmium Ho 1474 2700 16 1.12E-05 f 6
Indium In 156.6 2072 82 3.21E-05 P 5
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Iridium Ir 2466 4428 150 6.4E-06 d 6
Iron Fe 1538 2861 80 1.18E-05 d 4
Krypton Kr -157.36 -153.22 0.00943 N/A P 4
Lanthanum La 920 3464 13 1.21E-05 f 6
Lithium Li 180.54 1342 85 0.000046 s 2
Lutetium Lu 1663 3402 16 9.9E-06 d 6
Magnesium Mg 650 1090 160 8.2E-06 s 3
Manganese Mn 1246 2061 7.8 2.17E-05 d 4
Molybdenum Mo 2623 4639 139 4.8E-06 d 5
Neodymium Nd 1021 3.1E+03 17 9.6E-06 f 6
Nickel Ni 1455 2913 91 1.34E-05 d 4
Niobium Nb 2477 4744 54 7.3E-06 d 5
Osmium Os 3033 5012 88 5.1E-06 d 6
Phosphorus P 442 280.5 0.236 N/A P 3
Platinum Pt 1768.3 3825 72 8.8E-06 d 6
Plutonium Pu 640 3230 6 N/A f 7
Potassium K 63.38 759 100 N/A s 4
Praseodymium Pr 931 3290 13 6.7E-06 f 6
Rhenium Re 3186 5596 48 6.2E-06 d 6
Rhodium Rh 1964 3695 150 8.2E-06 d 5
Rubidium Rb 39.31 688 58 N/A s 5
Ruthenium Ru 2334 4150 120 6.4E-06 d 5
Scandium Sc 1541 2830 16 1.02E-05 d 4
Selenium Se 221. 685 0.52 N/A P 4
Silicon Si 1414 2.9E+03 150 2.6E-06 p 3
Silver Ag 961.78 2162 430 1.89E-05 d 5
Sodium Na 97.72 883 140 0.000071 s 3
Strontium Sr 777 1382 35 2.25E-05 s 5
Sulfur S 115.21 44472 0.205 N/A P 3
Tantalum Ta 3017 5458 57 6.3E-06 d 6
Tellurium Te 449.51 988 3 N/A P 5
Terbium Tb 1356 3230 11 1.03E-05 f 6
Thallium T1 304 1473 46 2.99E-05 p 6
Tin Sn 231.93 2602 67 0.000022 P 5
Titanium Ti 1668 3287 22 8.6E-06 d 4
Tungsten W 3422 5555 170 4.5E-06 d 6
Uranium U 1135 3927 27 1.39E-05 f 7
Vanadium \% 1910 3407 31 8.4E-06 d 4
Yttrium Y 1526 3345 17 1.06E-05 d 5
Zinc Zn 419.53 907 120 3.02E-05 d 4
Zirconium Zr 1855 4409 23 5.7E-06 d 5
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Table B-2: Density and Atomic Weight of studied material [Wiel3a,Wiel3b]

Density Atomic Density  Atomic

Material Symbol (g/cm?) Weight Material ~ Symbol (gem’)  Weight

Aluminum Al 2.7 26.98154 Lutetium Lu 9.841 174.967
Antimony Sb 6.697 121.76 Magnesiu Mg 1.738 24.305
Argon Ar 1.784 g/1 39.948 Manganes Mn 7.47 54.9380
Arsenic As 5.727 74.9216 Molybden Mo 10.28 95.94
Barium Ba 3.51 137.327 Neodymiu Nd 7.01 144.24
Beryllium Be 1.848 9.01218 Nickel Ni 8.908 58.6934
Bismuth Bi 9.78 208.980 Niobium Nb 8.57 92.9063
Boron B 2.46 10.811 Osmium Os 22.61 190.23
Bromine Br 3.12 79.904 Phosphoru P 1.823 30.9737
Cadmium Cd 8.65 112.411 Platinum Pt 21.09 195.078
Calcium Ca 1.55 40.078 Plutonium Pu 19.816 244
Carbon C 2.26 12.0107 Potassium K 0.856 39.0983
Cerium Ce 6.689 140.116 Praseodym Pr 6.64 140.907
Cesium Cs 1.879 132.905 Rhenium Re 21.02 186.207
Chlorine Cl 3.214 g/l 35.453 Rhodium Rh 12.45 102.905
Chromium Cr 7.14 51.9961 Rubidium Rb 1.532 85.4678
Cobalt Co 8.9 58.9332 Rutheniu Ru 12.37 101.07
Copper Cu 8.92 63.546 Scandium Sc 2.985 44.9559
Dysprosium Dy 8.551 162.5 Selenium Se 4.819 78.96
Erbium Er 9.066 167.259 Silicon Si 2.33 28.0855
Europium Eu 5.244 151.964 Silver Ag 10.49 107.868
Gadolinium Gd 7.901 157.25 Sodium Na 0.968 22.9897
Gallium Ga 5.904 69.723 Strontium Sr 2.63 87.62
Germanium Ge 5.323 72.64 Sulfur S 1.96 32.065
Gold Au 19.3 196.966 Tantalum Ta 16.65 180.947
Hafnium Hf 13.31 178.49 Tellurium Te 6.24 127.6
Helium He 0.1785 g/l 4.00260 Terbium Tb 8.219 158.925
Holmium Ho 8.795 164.930 Thallium Tl 11.85 204.383
Indium In 7.31 114.818 Tin Sn 7.31 118.71
Iodine I 4.94 126.904 Titanium Ti 4.507 47.867
Iridium Ir 22.65 192.217 Tungsten W 19.25 183.84
Iron Fe 7.874 55.845 Uranium U 19.05 238.028
Krypton Kr 3.75 g/l 83.798 Vanadium \% 6.11 50.9415
Lanthanum La 6.146 138.905 Yttrium Y 4.472 88.9058
Lead Pb 11.34 207.2 Zinc Zn 7.14 65.409
Lithium Li 0.535 6.941 Zirconium Zr 6.511 91.224
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Table B-3: Elements sorted by cross section (thermal neutron capture) [Mug73]

Symbol g)a) Symbol g)u) Symbol g)“)
Gd 49000 Yb 34.8 Ge 2.2
Sm 5922 Cs 29 K 2.1
Fm 5800 Sc 27.2 N 1.91
Eu 4600 Kr 25 Ba 1.3
Cf 2900 Xe 239 Y 1.28
Cd 2450 Tb 23.4 Sr 1.28
Pu 1017.3 Ta 20.6 Nb 1.15
Dy 920 Tc 20 Zn 1.11

B 767 W 18.3 Pt 0.96
Bk 710 Os 15 Rn 0.72
Ac 515 Mn 13.3 Ar 0.675

Ir 425 Ra 12.8 Sn 0.626
Hg 374 Se 11.7 Ce 0.6
Pa 200.6 Pr 115 S 0.53
In 194 La 8.98 Na 0.53
Np 180 U 7.57 Ca 0.43
Pm 168.4 Th 7.37 Rb 0.38
Es 160 Pd 6.9 H 0.3326
Er 160 Br 6.8 Al 0.232
Rh 144.8 I 6.2 Zr 0.184
Hf 104 Ti 6.09 P 0.172
Tm 100 \Y 5.08 Pb 0.171
Au 98.7 Sb 491 Si 0.171
Re 89.7 Te 47 Mg 0.063
Lu 84 Ni 4.49 Ne 0.04
Cm 79 As 4.3 Bi 0.034

Am 75.3 Cu 3.78 Po 0.03

Li 70.5 Tl 3.43 F 0.0096
Ho 65 Cr 3.1 Be 0.0092
Ag 63.6 Ga 2.9 He 0.007
Nd 49 Mo 2.6 C 0.0035
Co 37.2 Ru 2.56 @) 0.00019
Cl 35.5 Fe 2.56

4 | Appendix B



Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors

18

He
hetium
11007, 1008) 2 Key: 12 14 15 16 17 ey
3 4 alomic number 5 6 7 8 L ] 10
Li Be Symbol B C N (o] F Ne
rwm becytium R ‘boron carbon rutrogen oxygen fuorre neon
(.50, 6297 2013 Shancard atoeri; woght (1080, 3048 | 200, 120 | pam vaoy | psse o) 1900 201
1" 12 12 1“4 15 16 17 18
Na | Mg Al Si P S Cl Ar
sodum magnesum alumum whcon phosphonus. sulr chiorne angon
2% e, 431 3 4 S 6 7 8 9 10 " 12 "xu 2908, 20.00) 00 pase sz | pes s 30
19 20 21 22 23 24 25 % 27 28 2 30 31 32 33 34 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassum caloum scavium Slanim vansdum chromium M. o ‘cobeit okl copper e galtum germarsum arvenc mbenum bromene kryplon
8w ans s s wnu 2o am mm e me wa e @ ne nm ne | mane | sw
37 38 39 40 “ 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sbh Te I Xe
nbdum srontum yrm Zrconum roblm technetium modum palladum siver ‘cadmum Indum un Sellurium wane xanon
54 o - "2 “n 9596 1011 W2 1084 1079 124 Rl 1a7 1218 e 1269 M3
55 56 57-71 2 73 4 7% 76 n” % 9 80 81 82 83 84 85 86
Cs Ba | oo | HF Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesum barkum hatnium tantalum rhenum oumium Inchum platrum Qo meroury sallum load bamuth polcakm astatre raden
126 1373 178 Mo e s 192 1902 "wea 1951 190 2008 (2043, 204.8) 272 2000
87 88 104 105 106 107 108 109 10 m 12 13 n4 15 16 1" 18
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup | Lv Uus | Uuo
francum radum rutherfordum | dubnium seabargrm bobrum hassum metnenum | dermstadtium | roenigenium | copemicum | ununinum forovum | ununpentium | Ivermonum | ununseptium | ununoctium
57 58 60 61 62 <] 64 65 66 67 68 69 70 n
La Ce Pr Nd | Pm | Sm Eu Gd Th Dy Ho Er Tm | Yb Lu
‘wnthanum corum europum | gadalinlm sortiam | oympromum | homium Fuum yhorbiam Asosum
139 . 1409 . 1509 1649 L) 1730
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Appendix C.

Complementary Figures

S36, C137, Ar40, K39, Ca48 and Ba138
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Figure C-1: Effect of 3 cm 3¢S, ¥7Cl, ¥Ar, ¥K, “Ca and '**Ba neutron screens on the neutron spectrum. JHR-reflector
and SFR spectra are included for comparison.

3.4cm Ti48 with and without 1cm fuel 3.4cm Ni59 with and without 1em fuel
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Figure C-2: Comparing the effect of a 3.4 cm *Ti neutron Figure C-3: Comparing the effect of a 3.4 cm ®Ni
screen with and without booster fuel neutron screen with and without booster fuel
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Figure C-4: Comparing the effect of a 3.4 cm '2*Te neutron

screen with and without booster fuel

Figure C-5: Comparing the effect of a 3.4 cm %Dy
neutron screen with and without booster fuel

Ti48 difterent thicknesses

1E+0

2/s)

1E-1

,_
.
5

—
=
w

Normalized Flux per Lethargy (n/cm

] 2em Tid8 lem Tid8
1E-4 —— 3em Tid8 34em Tids
— —SFR
1E-5
1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2

Energy (MeV)

Ni59 different thicknesses

1E+0

_
e

—
&
s

_
e
N

lem Ni59

3em Nis9

2em Ni59

3.4em Nis9

Normalized Flux per Lethargy (n/cm?/s)

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2
Energy (MeV)

Figure C-6:Effect of Ti neutron screens of different
thicknesses on the neutron spectrum.

Figure C-7: Effect of ®Ni neutron screens of different
thicknesses on the neutron spectrum.
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Figure C-8: Effect of '2Te neutron screens of different
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thicknesses on the neutron spectrum. thicknesses on the neutron spectrum.

Ag,Cd, Ta
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Figure C-10: Effect of 3.4 cm Ag, Cd and Ta neutron screens on the neutron spectrum. The neutron
spectrum shifting is obtained at 0.355 MeV. JHR-reflector and SFR spectra are included for comparison.
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Appendix D
Extevnc IepiAnym

H ovyypaen g moapodoag S0akTopikng oatping €xel yivel oty ayyMkn YAMGGO Kot
oVVodEVETAL ad ekTEVN TTEPIANYM otV eEAAVIKN YA®ooa. H exktevig mepidnym mepiapPdvet
T0 KupLoTepa onpeia kabe keporaiov Kot dev Tpémet va Bewpnbel 6Tt avTiKaOoTd TO oYy Ao
keipevo. Ot BpAoypaikég mapamounéc Exovv datnpndel otnv ayyMxn yAwcooa. ‘Evvoleg mov
amodidovtor HOVO GTNV aYYAIKH YADGGO LETOPPACTNKOY KATA TNV KPIGN NG GLYYPOPEMS Ko
YL vt T0 AOYO JIVETOL O OVTIGTOLYOG ayYAKOS Opog o€ TapévOeo.

Kedpaiawo 1

Eltocaywyn

1.1 Kivntoa xat gtoxot

H eicaymyn oe Aettovpyia véwv tomov AVTIOPACTNPOV OMALTEL TNV TPOKATAPKTIKNY e&€Taon
MG OLUTEPIPOPAS TOV OOMK®OV TOVG VAIKAOV GE OVIIGTOUEG VETPOVIKEG GLVONKEG
(OVTITPOGMOTEVTIKEG EKEIVOV OV OVOUEVETAL VO EMKPOTNCOLV KOTA TN AEITOLPYiD TOLG)
[OECD11, IAEA12a]. AvdAloya pe T0 DAKO, Ol GmOLTHOELS TNG OOKILOOTIKNG OKTIVOBOANONG
pumopovv va mowkidovv [YVol4]. Koatd wOpro Adyo emikevipovovior otnyv emitevén eite
EMOPKAOC VYNANG pOoNG ToyE®V VETpOVIOV (T.y. Yo xAALPeC) €ite vYNAOL AOYOL pong TaYE®V
Pog Bepuikd vetpovia (.. Yo T TUPMVIKG KOG, VAIKA (ava)mopoymyns Tpitiov kot
YGAvPeg), o omoiog mpémetl vo givor TVTIKOC evog Toéog avtdpaothipa [Kelld]. Adyo g
TEPLOPICUEVTG  OLNOEGILOTNTOG TOYEWV  EPELVNTIKOV OVTWOPACTNPOV, O EAEYXOS TMOV
HEALOVTIKAOV TOVS VAMK®OV TPOyHortomoteiton kupimg oe Oepikodc epeuvnTikons avTidpacTPES
(Material Testing Reactors, MTR), 6toug omoiovg emkpatel Evepyelakd QACLO VETPOVIOV LE
dvo kopveéc, pio oto 0.1eV kot dAAn pio oto 1MeV (Zynquo 1) [Yanl2,0kuld]. Kabobg 1
ocuviotdco Beppkov vetpoviov oe évav MTR eivon 1-2 ta&erg peyébovg peyohdtepn oe
OUYKPION HE OLTN 7OV EMIKPOTEL GTOLG TOXEIS OVTIOPAGTNPES, Ol KOATAAANAES VETPOVIKEG
ouvOnkeg pmopovv va gmtevyfodv otoug MTR pe mpocappoyr Tov enkpatohvtog PAGHATOg
VETPOVI®V, HE KATAAANAN dniadh, Ttpomomoinon twv puvlumv avtidpdcewny [Chrld]. T v
TPOCUPLOYT] TOV QACUATOG UTOpel Vo Yivel ypfon KATAAANA®V VETpOVIKOV dtatdEewv mov
EMTPEMOLY TNV apaipeon G Oepuiknig ovviotdcag M v adénon ¢  oavoroyiog
tayéwv/Bepuikdv vetpoviov péca otov MTR. Avtd emitvuyydveton gite pe v aglomoinon
VMK®V HE HEYAAN 1KovOTTO OomoppoOPnone Oepluk®dv vetpoviov €lTe pHe TNV €160YOYN
o4G1LOV VAKOD OV EVIGYDEL T CLVICTAGO, TV TAXEMV VETPOVIOV.

1 avtidpaotipeg Tayémv veTpoviav vypov-petdiiov (LMFBR, Liquid Metal Cooled Fast Breeder Reactor), agpioyvktot
avudpaotipes (GCFR, Gas Cooled Fast Reactor ), avuidpactipeg ehagppov vdatog (LWBR, Light Water Breeder Reactors),
ovotiuata ADS (Accelerator Driven Systems) [OECD13, Loc13, Deb04, Poel5, Aotl4, OECDO09, Alel6, IAEA15, Rael6]
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Zymua 1: Tumikd evepyelakd vetpovikd eacpo. evoc Bepuikot avtidpacthipa [Okuld]

H moapovoa owtpi mpaypatevetar t ompovpyio piag odtaéng mov Ba emrpémer )
LETOTPOT] TOL VETPOVIKOD (AGUATOS OV EMIKPOTEL 6TO OEPUIKO EPELVNTIKO AVTIOPAUGTIPA
JHR [Par15,Bigl5] o€ @pdopo tomikd evog SFR. Meta&d tov onpoviikdtepov otdéywv tov JHR
elvail n épeuva Kot 1 HEAETT TNG CLUTEPIPOPAS TV DAMK®OV 1] KALGIH®V vTd aKkTivoOAncn yio
TIG TPEYOVOES KO TIG WEALOVTIKEG EYKATOOTAGELS TOPOY®YNG TUPNVIKNG evEPYELNS. Q¢ €K
TOUTOV, amotteiton 1 avantuén Swtdéewv mov Ba TAPEYOVY AVTITPOCMOTEVTIKEG GLVONKES
aKTIVOBOANONG TOV KOVGIH®OV Kol TOV SOUIKMOY DAIK®V TOVE. XTO TANIGLO0 0vTd, TO £pY0 NG
napovcag daTpPng emkevipmOnke ot depedvion TV HeBOOV e TIG OTOleg M KATAVOUN
0V TANOLGHOV veTpovimv Tov dravépetor otov avakiaot tov JHR pmopet va avtiotpagel
amd TIG YOUUNAEG OTIC VYNAEC EVEPYELEC WE TNV TEMKN KOTAVOU TOV VETPOVIoV va glval
eodvvoun pe ekeivn evog SFR.

1.2 O avtidgaotneagc Jules Horowitz (JHR, Jules Horowitz Reactor)

O JHR eivan évag tomov mioivag epeuvntikog avtiopacmpac MTR, Oeppukng woydvog 100MW
kot Bpioketor vod katackevn oto Cadarache g votwog I'aAliag [Biglé, Coll5]. O JHR £xet
OYEOIOOTEL Y10 VO TTOPEYEL APKETA LYNAEG TIUEG PONG VETPOVIOV (TOVD omd TO UEYIOTO OV
dwtiBevton onpepa oty Evponn). H Bepuikn| pon avapéveror va ¢Tavel tnv Tipn tov 5.2 10*
n/cm2/s evéd 1 pony Toyémv vetpoviov (80 E> 0.9MeV) ta 5.2:10™ n/cm2/s. O avudpaotipag
0o TPOGPEPEL GVYYPOVESG TEPAUOTIKEG SVVATOTNTES AKTIVOPOANOTG Y10 TN HEAETN DAIK®V Kot
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TN CLUTEPLPOPA VEMV TOTOV TLPNVIKOL Kowoipov. TIpdkettar yio piot e0EMKTN TEPAUATIKN
VIOdOUN YL TNV KAALYT TOV BLOUNYOVIKOV 0ALYL KOl EPELVNTIKOV OVAYK®V oL oyeTilovTat
pe tovg [Tupnvikotg Xtabpove Hapaywyng Evépyeag (Nuclear Power Plants - NPPSs) 2ng, 3ng
Kot 4ng yevidg, oAAG Kol pe O0QOPETIKES TeEYVOLOYies aviwpactipov [ParlS]. T'a v
napovca epyacio, o JHR mpocopoiwbnke pe to otoyaostkd verpovikd kmdwo TRIPOLI-4.8
[Brul5, TRIPOLI4] pe TOvV OO0 TPAYHOTOTOONKAY KOl OAOL Ol OTOPOTTNTOL VITOAOYIGHOL.
Y10 mAaiclo TG UEAETNG TPOAYHOTOTOMONKE GEPE VTOAOYICUDV 7OV oxeTilovion pHe TNV
EIo0ymY TOV LMKOV oty mepoy] tov avakioot] tov JHR. H emieyeica 6éom
axtivofoAnong kot 1o povtédo tov JHR aneikoviovtor 6t0 Zynqua 2.

Irradiation
positions in the
Be reflector

Pool
water

Irradiation
facility of
interest

Zircaloy gamma
screen

Yyquo 2: Avaroapdotacn tov povtéhov tov JHR (gykdpoia toun). To Aevkd BéLog delyvel T Béom
axtivoPoAnong oty meployn tov avoakiacty tov JHR mov enedéyn yuo v mpaypoatonoinon tov
vrohoyiopav. To povtéro mapnydn ne tov TRIPOLI-4.8.

1.3 Avtidpaotroag Taxéwv VETQoViwv - vYyEoL vatgiov (Sodium cooled Fast Reactor -
SFR)

Ot SFRS gvtdocovtal 6TouG avTidpacTipeg ToYEWV VETpovimVy - vypol petdiiov (Liquid Metal
Fast Reactors - LMFR). Avtoi ot tomol avtidpactipov yopoaktmpilovior and avomapio
emPpadvviy (apov emddKeETAL 1 amoPLY] TG emPpddvvonc TV verpoviov) Kol
YPNOOTOOVV MG WYUKTIKO HEGO LYPE péTaAla, Onwg vatplo (Na), porvpdo (Pb), Piopovbio
(Bi) kot kpapa Pb-Bi [DOE93]. Ta mapandve vAMKE emléyovial o¢ WYoKTikd pe pdon t6c0o Tig
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QLOIKEG TOVG 1010TNTEC (OMwg VYA mokvotTa, LYNAS onueio (oewg, vynAn Oepukn
ay@yotTTo, LYMAN OeppoympnTikdtTTo, K.0.) OG0 Kol TIG VETPOVIKEG TOVLG 101OTNTES
[IAEA12c, Lazl4]. H un dmopén emPpodvver emttpénel tn OOUNGCN HIOG TUKVAG Kol UKP®V
dwotdoewv kapddg tov avtdpactiypo [Lafl0], oAhd ocvvemdyetor TV avoyKouOTnTO
YUKTIKOD HEGOL pe avtioToyyn wavotnto omaymyng g Oepuodtnroc. To vynid onueio
Bpacpov TV VYPOV UETAAA®V EMITPENEL TN XPNOTN TOVG G LYNAES Bepuokpacies ywpig va
amouteitor LYMAN Tieon TOL KVKA®POTOG. Metd TG OSOKIUEG SPOPMOV  EVOAAOKTIKMV
YUKTIKOV, T0 Na emeAéyn o¢ T0 KUPLO YULKTIKO HEGO GOTNV MAEOVOTNTO TOV TOYED®V
AVTIOPOOTHP®V TOV £Y0VV KATACKEVAOTEL uEXPL onuepa kabbg [Aotl4,Dell3,Sunl2]:

(o) oG PETAANOD Exel KaAEC 1010TNTEG pETaPOpPdS BepuoTnTOag,
(B) eivan vypd o€ oyeTiKd YaunAég Beprokpacieg Kot
(v) emrpémel T Aettovpyio TOV KUKAGOUOTOG YOENG € YOUNAEG TEGELS.

H mopovoia tov Na emnpedler 10 @AcpO TOV TOXE®V VETPOVIOV HE TNV KOTOVOUY VO
petatomiletar oe  younAdtepec evépyetec (~200 keV) oe oyxéon pe dAlo  dopota
avTpacTNpoV taxémv vetpoviov. H petatdomion tov péyiotov g pong mpog YouUnAotepes
evépyeleg TPOKOAEiTAL TOGO amd TNV AVEAAGTIKY OGO Kol amd TNV EANCTIKN €vEPYO dloTOUN
okédaonc tov vatpiov. Onwg avagépetal ot Biproypaeio [Nim59] to Natpio vropfaduilet
TNV TOYEID. CLVIOTOGCO, TOV VETPOVIKOD EVEPYELNKOD PAGUOTOS AOY® OVEAUGTIKNG GKEDUONG
evad avoPadpuilel mv Bepuikn) cuVIGTOGH AOY® EAOGTIKOV CKEOAGEWMY

1.4 LVykolon Ogguikov (JHR) - taxéog (SFR) daopatog

IMa tovg oKomovg TG Tapovcag datpiPng, ypnooromonke wg edopo avapopds evog SFR 1o
VETPOVIKO pacpo Tov avtidpactipa Phenix [Gui05, IAEAO7]. O Phenix ftav évag SFR thmov
moivag, mov Asttovpyovoe oe Oeppukn woxd 565 MW [Chel2]. H meprypagn tov kOpiov
YOPOKTNPIOTIKGOV TOV avtidpactipa pmopei vo Ppebel oto Chel2. Ta 600 StapopeTikd
oaopato (JHR-ovaxioomg kot SFR) amewoviCovior oto Zynua 3. To ¢edopa tov JHR
katackevaotnke pe tov TRIPOLI-4,8, evd 1o pdopa SFR kotackevdomke and to vetpovikd
otoyeio tov Phenix. H evepysiokn verpovikn| katavour tov JHR-avaklaot) mapovcidlel 6vo
Kopueég (Zynuo 3) kol elvar Tomkn €vog Bepuikov avidpacmpa. H mpmtn xopuen
napovotdletal otTig younAég evépyeteg (<0.1eV) Aoyw ¢ Beppomoinong tv veTpoviov mov
wpokaiel M mopovsion Tov vepolL (emPBpaduving VeTpovimv) kot M 0e0TEPN OTIG LYMNALG
evépyeleg (~ 1 MeV), mov oavtiotoyel otnv €vepyelokn KOTOVOUN Tov yopaktnpiler ta
veTpovia g oydong. Xtig evolapecsg evépyeteg (1eV émg 0.1MeV) 1o pdoua twv veTtpovimv
umopel vo tpoceyylotel pe pia cuvaptnon g popeng 1/E, o6mov E n evépysia tov vetpoviov
[DOE93].
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Avtibétwg, o SFR mepihappdavel évav aonuavto apBpd verpoviov oto Oepuikd evepyeloko
ebpog tov @dopatoc. To peyohdTEPO TOGOGTO T®V VETPOVIOV EIVOl CUUTVKVOUEVO GCE
EVEPYELEG UETOED 10% ko 10° eV. Axoua, 10 uéyloto tov @dopatoc oyxacng (~0.7 MeV)
petotomiletol o younAotepeg evépyeleg (~ 200 keV), Moym Tov EAACTIKOV Kol OVEAACTIKMV
OAANAETIOPACE®V TV VETPOVI®V LE TA ATOUN TOL VATPIOL AL Kol Pe GAA dopukd vVAKE. H
dtpopd petald tov pacpotoc tov JHR-ovaxAact) kot tov pdopatog SFR aneicoviletot 6to
Zyquo 3 Kot OTmg eaivetal yuo va emtevydel 0 oTdY0G TNG TPOGAPLOYNS TOV PAGHATOG givot
ATOPOLTNTN 1] AVTIGTPOPN TOV TANOVGLOVD VETPOVIOV OO TNV TEPLOYN TV YOUNADY EVEPYELDV
oTNV TEPLOYN TOV VYNA®V evepyeldv. To avtikeipevo g moapovoog owTpipng eivor m
dlepedvnon  tov  ueboddwv, pe TG omoleg umopel va  emtevyfel M ev Adyo
npocappoy/avtiotpopr). Ot pébodor meptlopfdvouv 1t ypnon amoppoentdv Oepuikdv
vetpoviov, oxdoluov TUPVEOV Kol VAIKOV mov yopaktnpilovior amd vynin Kovotnta
okédaone. O teMkdg o10)0g eivar M mpoéTOon oS SOKIMAOSTIKNG ddTaENG Tov HE TV
gykatdotaon g otov avakiaot] tov JHR Oo petatpémer 10 1oyvov ekel emkpatovv
VETPOVIKO PAcHa 6€ Ao Tumkd evog SFR.

1E+0
1E-1

1E-2

) N— P

1E-3
1E-4 e JHR-reflector
= SFR

1E-5

1E-6

Neutron flux per Lethargy (n/cm?/s)

1E-7

1E-8
1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2
Energy (MeV)

Zymua 3: Xoykpion Bepuicot (JHR) kot tayéog (SFR) pdopoatoc. To vetpovikd gdcpa mov emkpatel
ot 0éon aktvopfoinong tov JHR-avaxklaom katackevdotnke pue tov TRIPOLI-4.8. To vetpoviko
@doua SFR kotaokevdotnke amd to vetpovika dedouéva tov tpwtdétumov SFR, Phenix.

5 | Appendix D



Extevr|g ITepiAnym

1.5 AtagBowomn tnes AtatoLfne

H Swtpn yopiletor oe mévie kepdrowo (Zynuo 4). 10 Tp®OTO KEPAAAIO TOPEYETOL M
EI0OYMYN OTO OVTIKEILEVO Kol O oOKOTMOG NG epyocioc. Xto 0e0TEPO KEPAAOMO Yivetal
aVOGKOTNON TG VIApYovoag (MO o€ xpnom, VIO avamnTvEn N TPOTEVOUEVNC) TEXVOAOYING
VETPOVIK®V TETACUATOV. To mEPIEYOUEVO TOVL OVTIOTOYEL GE VTAPYOLGH ONUOGIELOT
[CHR14]. Zto 1pito Ke@dAaO TEPIYPAPOVTOL TO VLTOAOYIOTIKG  €PYOAEin, OV
YPNOUOTOOVVTOL Y10 TIG TPOCOUOINCELS, MOll HE TOLG CNUAVIIKOTEPOVLS TOPAYOVTEG TOL
dto@oiilovv Vv opbBotnTo Kot TNV OokpifEl TOV TEAIKOV OTOTEAEGUATOV, TO OTOld
napovctdlovtal oto kepdioro 4. To tétapto Kepdrato ywpiletal o T€ooePIg PaCIKES EVOTNTESG
(ZxMua 5), kabepio amd TIG 0MOiEg MAPOVOIALEL TO. OTOTEAEGOTO TTOV OPOPOVV [io 0o TIg
oAMNAEmOpdoelg veTpoviov mov aflomolovvTal Yoo TV TPOCHPHOYN TOL QACUOTOC. €2
tehevtaio onpeio, o KHPLO CLUTEPAGHOTA, KAODS Kot | TPOPAEYT 100 LEALOVTIKEG EPYOTIEG
avVaQEPOVTOL GTO KEPAAOLO 5.

KeddAao 1 Kedaroro 2 Kedpaiaro 3 KedpaAonod KeddAato 5
= Biproyoapu) T INpooopowwoeg T Edappoyn &

TV OV ; . )
Ewc aywyn avaokomnon Monte Carlo AmoteAsopata

EntiAoyoc

Zynua 4: Adypappa pong g SatpiPng

KedbaAawo 4
Edaouoyn &
AmoteAéonata
| |

E:?T']T,‘l — Evotnra4.2 EvotnTa 4.3

Actomonan ‘ AAANAeTUdpATELS
QATIOQQOPTTWV ‘Elm‘fw‘m ‘ NAETUOR e

BEQUUKWV VETQOVLWY TXATHOL DAIKOU OKEDAOTIS

Ymosvornta 4.3.1
—  EAaotikn)
OKEdAO)

Ynoevotnta 4.3.2
—  AveAaoTikn
OKEDAOT)

Tynuo 5: Atdypappo pong tov 4% kepoiaiov
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Kepaiaio 2
BiBAloygadikr) avaokonnon

10 mhaiclo NG motomoinong VAK®V 4ng I'evidg avidpactipov eivar amapaitntn n xpnon
vetpovikov metacpudtov [Kelld], kabng coppdiiovv ot dnuovpyio emBuountdv 01KOV
oLVONK®OV aKTVOPOANGNG oL dev pmopolV va emttevyBodv KaTd T SdpKELD TG KOVOVIKNG
Aertovpyiog TOV OVTIOPAGTIPA Y10 TEYVOAOYIKOVS 1 OKOVOUIKOVG Adyovs. O Opog VETPOVIKO
TETOGUO -TTOV  YPNOLOTOLEITAL EVPEMC OTNV TOPOVCH EKTEVI] TEPIANYY OVOPEPETAL OTN
OLOKEVT, TO HOVTEAO, TO GUGTNUO 1 TNV TEYVOAOYiOL TOL €PUPUOLETOL GTO ECMTEPIKO TOV
AVTOPACTNPO YL TNV TOMIKY TPOCHPUOY] TOVL VETPOVIKOD @Acpatos. Me 1t ypnon
TETAGUATOV TOPEYETOL 1) OLVOTOTNTO TPOCOUOIWMONG TV YOPOKTNPIOTIKOV PONG TUYEDV
vetpoviov kabmg akouo Kot cuvOnkdv okTvoBoAnong petafintnig oyvog o€ Beppikong
gpevvnTikove avtidpaotpeg (Material Testing Reactors, MTR). ' tv mpocappoyr tov
eaopatog o évov MTR dvo pébodor epappoloviot Emc onuepa

1) peiwon g Beplkig CLVIGTAOGOS YPNCLULOTOUDVTASG VAKA-0moppoenTéS Bepikadv
veTpovimv i/Kot

2) avEnom tov AOYoL TayE®V/BEpUIKDY VETPOVIDV E16AYOVTOS GYAGILO DAKO.

O okomdc avtod Tov kePoiaiov elvar M avackomnon ¢ PiPrloypaeiog oyeTkd pe TNV
VILAPYOVOA TEYVOAOYIO VETPOVIKMDV TETAGUATOV, TOV AVOTTOYXOMNKOV Y10l TNV OVIYLETOTION TG
EMeyNg emapkovg apBpon TaxEmv ePELYNTIKOV avTdpactipwv. Eva vetpovikd métaoua /
AmoOpPPOPNTNG OEPLIK®OY VETPOVIOV EMTLYYAVEL VO TPOCGOUOIDGEL TO TEPPAAAOV TOYEWV
vetpoviov, omokoOmToviag TN Oeppikny oLVICTMOGA TOV  GAGHOTOS T®V  veTpoviov. O
amopPOPNTNG fvar oYeddV d1aPavIG oTa TAYEN - Kol TOAD MYydTEPO OTO EMBEPUIKE - VETPOVLAL.
[Tpokeévov va evioyvbel mepoutép® T0 VETPOVIKO QAGHO OTIS LYNAEG evépyeleg (Vo
avamopayfovv OMAadn ot cuvOnkeg axTvoPOANONG TOL EMKPATOVV GTO TEPPAAAOV €VOG
SFR), ovvdvalovtar otig datdéelg oydoio vAkod kot Bpoyyor (loops) wuoktikod. Xt
Biproypapio  avoa@Eépovtal oKOUO TEPUTTOOELS OMOL VETPOVIKES OlaTAEELS Oepuk®dv
ATOPPOPNTMOV  YPNOCILOTOOVVTAL  YloL TNV OVOTOPAY®Y  TEPAUOTIKOV — GUVONKOV
petofarlopevne oyvos. MetafdArlovtag T CLYKEVIPMOTN TOL ATOPPOPNTY, EMTLYYAVETOL
Tapodikn LETaPOAN TG evamoTiBEUEVNC 10Y0OC mtl TOV aKTivoBoAovuevou detypatog. H ypion
TETOCUATOV UETOUPANTNAG CLYKEVTIPMONG EVAL OTOPOLTNTY TPOKEUEVOL — Y10 TAPASELY O - VO
eleyyBei n coumep1popd Tov Kavacipov dtav exktifeTon 6e EAPVIKES O10KVUAVOELS 1GYVOG.
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To 2° kepdroio yopiletar € 300 TUNUOTO, OVAAOYO UE TN LOPPT TOV OTOPPOPNTIKOD VAIKOD
OV YPYCLLOTOIEITOL VETPOVIKA TETAGHOTO oTEPE®V (evotnTar §2.1) Kot pevotd LVAIKA Yo
nepdpata petafariopevng woyvog (evomta §2.2). [apdrio mov o 6TEPER LAIKA UITOPOLV VO
TPOKAAEGOVV  UEYOADTEPEG OLOKVUAVOELS TNG 1oYVOC €vidg ¢ Odrtalng -kabmg Exovv
HEYOADTEPN TLKVOTNTO- OEV TPOTILOVVTOL OTO TEPAUATO UETAPAAAOUEVNC 10Y00G, KaODS N
XPNOT TOVG €lval TOAOTAOKTY|, EVAD GTNV TEPIMTOON PELOTMOV VAKOV apkel LOVO 1 UETAPOAN
G Tieong 1 / Kot TNG CLYKEVIPMGTG TOVG.

270 KEPAAOLO OVTO TOPOVSIALOVTOL OPKETH EMTUYNUEVO TAPODETYUATO VETPOVIKADV SLOTAEEWV.
To Zynua 2-1 anewoviCer tovg MTRS 6oL £QapUOGTNKE TEYVOLOYIO VETPOVIKMOV TETAGUATOV
Kol 7oL  Topovolalovtal 6E  aVTO TO  KEPAAMo. XtV  moapovoo  eKTEVH TEPIANyM
npoypatonoleital pio chvoyn TV VAIKOV mov £yovv ypnotpomombet otovg diapopovg MTRsS
Yy T dpovpyia TV emBountdv KOV cuvOnkK®OV axtvoBoAnone. Axkoua, mtopatiBeviot
KOO0 AVTUTPOCOTEVTIKA TOPAELYLATO TV TEYVOLOYLOV OV £YovV LIBeNOel 1| oyedaoTEl
Yol TNV TPOTOTOINGT TOV PAGHATOG (GTO KUPImG KEIPEVO TG SATPIPNG TNV ayYAIKN YADGGO
nopatifetor €0pog mapaderypdtov). o ) dtevkdAvven TG avayvoong dwtnpeital 1
avtieTotyio TG apifunong mov viobeteiton 6To KVPIMS KEIUEVO.

BR2 HFR MITR ATR HFIR OSIRIS BRR Halden CABRI
City Mol Petten Massachusetts ~ Idaho  Tennessee  Saclay Budapest Halden  Cadarache
State Belgium Netherlands UsA UsA USA France Hungary Norway France
Criticality 1961 1961 1958 1967 1965 1966 1959 1960 1963
Power  100MW  45MW 6 MW 250MW  85MW  70MW 10MW 20MW 25MwW
Reactor Type PWR LWR LWR LWR LWR LWR LWR BWR LWR
Reflector  Beryllium Beryllium Graphite Beryllium Beryllium HO Beryllium D0 Graphite

yfuo 6: Ot MTRS 6mov g@oprdotnKe TEYVOLOYIO TV VETPOVIKMDY TETUCUATOV KOl TOL
TOPOLGIALOVTOL 68 QVTO TO KEPAAOLO
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2.1 Netgovikég dratalelg oteQewV VAIKWV

Ymv evomra §2.1, mopovotdlovial VETPOVIKA TETAGUOTO GTEPEMY VAIKOV Owpdiiong
Oepuikdv vetpoviov. Ot TEPITTMOGELS TOL AVAPEPOVTAL EITE EYOVLV NON EPAPUOCTEL LE EMTUYIL
OTOVG OVTIGTOL(OVG EPEVVNTIKOVG OVTIOPACTNPES €T €ivarl akouo Lo avamtuén 1 ueAL.
Avapépoviarl técoepa oTEPEd VAIKE amoppopnons Bepuikav vetpoviov: Bopro (B), Kaduo
(Cd), Apvio (Hf) xou Evpodmio (Eu). Avtd to vAkd €yovv peydln evepydc dSwotoun
amoppoPNoNg Beprik®dV veTpoviov (Zyfua 7) Kot YpnoHOTOI0VVTOL EVPEMS GTOVS TUPNVIKOVG
AVTIOPACTNPES GE SLAPOPES EPAPLOYES. Xe KAOE TEPIMTOOT, N ETAOYN TOV KATAAANAOL VAIKOV
e€opTaTol Omd TIS OMOLTNOELS TOL TEPANATOS, TO OOEGILO YDPO YL TNV EIGAYMYN TOV
TETAGLOTOC, TOL OELOTA AGPAAELNG TTOV UTOPEL VO GLVOOEVOVY T YPNOT TOVG OAAG Kou TN
ocvppatdémmra vikov (TTivakag 1).

10000 -
a Europium )
.:OJ (4600 b) Cadmium
c%‘j 1000 4 (2450 b) Boron
2 B & (767b)
e & Hafnium (104 b)
e
g 100 - *
B
=
13
“ 10

Elements

Yynuo 7: Tyég Oeppukng evepyol SloTopng omoppoOeNoNs veTpovioy yia técoepa VA [Mug73]

[Mivakag 1: dvowkég 16t teg, Kdotog, To&ikotnta ko THmog Avtidpaong tev Oeppikodv
ATOPPOPNTAOV TOL YPNCUOTOWONKAV Y10, LETATPOTT TOL VETPOVIKOV @dcpatog [Hynl15,CPP16]

densit Melting Boiling Prices per
Name Sym @ /cm3))/ Point Point 100 g Toxicity Reaction Type
(W) cC) (©)
Europium Eu 5.244 822 1527 1350 middly toxic ny
Cadmium Cd 8.56 321 767 46 highly toxic ny
Boron B 10.811 2075 4000 1114 non toxic n,a
Hafnium Hf 13.31 2233 4603 120 non toxic ny

Kabag oty avtictoym evoétta 1ov Kupiwg KEWEVOL 6TV ayYAKTN YA®Goa mopatifetol ebpog
TEPIMTMOGEWV, CTNV TOPOVCH £VOTNTA (Yo AOYOVS OKOVOUING) TopoVLCIAlovTol EVOEIKTIKA
YOPOKTNPOTIKE mopadeiypoto Otdéemv mov oyedldotTnKay Yo Vo TOPEXOLV  TUMIKES
oLVONKeEG aKTIVOBOANONG TOYE0S AVTIOPAGTIPO.
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2.1.1 Netgovika Ietdopata Kaduiov

To Kéduo (Cd), givor £évo vAKO OV YPNCIUOTOIEITOL EVPEMS Yo TO PIATPAPIGHO OEPLUK®DY
veTpoviov, AOYm TG HEYEANG TOVL kavOTNTOG CVAANYNS Beprik®dV veTpovioy. Xpnolomoteitan
OPKETH 0 VETPOVIKES SLOTAEEIS KOOMG 1) KOWOTNTA TV aVTIOPASTHP®V €lvar eE0IKEIOUEVT e
TIG UNYOVIKES TOV 1O10TNTEG Kol AAAL TeXVOLOYIKA Bépata. Q6TdG0, 1 KATUCKEVT TETACUATOG
Cd eivor moAdmlokn amd Unyovikng amoyems, AOy® Tov YounAov onueiov T™ENG Kot TG
peyaing Oepuiknig owactodg tov. Koabog yopakmmpiletor omd vynAn evepyd dwotoun
amoppoeNoNg Bepuikdv vetpoviov, okOpo Kot Eva TOAD AENTO METACUO €lval OPKETO Vo
TPOGAPUOGEL TNV KATOVOUN TOV VETPOVIOV GTIC TEPIGCOTEPEC TEPUTTMOELS. T0o 160TOTO 3¢,
amoterel poévo 10 12% tov Quokov Cd, aAAd eival avTd TOL TPOGIidEL GTO PLGIKO GTOLYEID
™V KavoTtnTo amoppdenong Oepukdv verpoviov [Wieldb]. Otav 1o 13Cd extebel o VYNAEG
TIHEG pong verpoviov e&ovtieitan oyeTikd cOvtopa, pe enakoiovfo va amouteiton 1 Guyvy
AVTIKATAOTOGT TOL N 1 XPNOT EMTAEOV VAIKOV, TPOKEWEVOD VO omoPevyDel ampocdOKNTN
avénon ™G pong vetpovimv ota  mpo¢ aktwvoPoAnon delypota. Iletdopoto  Cd
YPNOUOTOLOVVTOL €6M Kot TOAAG ypovia. [ Topadetypa, otov avidpactipo BR2 (Belgian
Reactor 2) ot mepiocotepeg and Tig aktivofoinoelg amd ) dekaetio Tov 1960 péypt to TéAN
tov 1980 -mov owénybnoov o©t10 TAAICO TOL TPOYPAUMOTOS OVATTUENG  TOXE®V
avTdpacTnpoVv- ypnoiponoovcay tétacpo Cd [Rae00].

Netpoviko métaoua Kaduiov atov avtidpaotipa BR2

[Na ™ onmwovpyio eWdwdv ocvvOnkdv axtivofoAnong piag papdov Kovoipov Tay€og
avtdpactipa ypnoipomomdnke atov Topiva tov BR2 oto SCK-CEN (Belgium) éva métacpo
Cd méyovg 0.25cm. 1o Zynua 8 eaivetor 1 didtaén, n omoion ovopdotnke VIC (Variable
Irradiation Conditions) kot eykatactddnke o Eva TpdTLTO KOvAAL evpovg 84.2mm, tov BR2
(Exquo 9), mpokeévov vo peketndel M ocvumepipopd TOL SelYHOTOG VIO PETOPOTIKEG
ouvOnkeg Asrtovpyiog Tomkég evoc LMFBR. H papdog mepifaiietar and €va peydro Bpdyyo
vatpiov (Na), mov dpa ®¢ YukTikd HEGo, evad To PBpoyyo vatpiov mepiPdiiet aépro 'HAlo (3He)
oe petafintm mieon. To *He yopaxtnpiletor omd peydAn evepyd OSoToun omoppoOPNoNs
Oeprkdv vetpoviov Kot pHEc® NG UETAPOANG TG mieomg tov, emurpémetor 1 dnuovpyio
petofAntodv  ocvovOnkdv 1oyvog, evd to mETocpo Cd ypnowedel yo T dnpovpyia
TePPAAALOVTOC TaXEMV VETPOVIWV, KABMG GIATPApPEL Ta BEPLUKA VETPOVI.

To Zyuoa 10 amewovilel 1o vetpovikd @dopa agovikd tng papdov kavcipov pe (KOKKIVN
KOUTTOAN) Kat yopig (Sraxekoppévn kapmoin) nétaopa Cd. H gpappoyn tov netdopatog Cd
EXEL OC AMOTEAECUA TNV OTOKOT TNG BEPLIKNG CLVIGTAOGOS TOV VETPOVIKOD (AGHOTOC, EVM
EXeL oYEOOV UNOOLUVY] ETTTOGN OTN POT} VYNADV EVEPYELDV, ETITPENOVTAG ETGL TN ONLIOVPYia
evog mePPAAAOVTOG TAXEOC OAVTIOPOCTIPO OTO ECMTEPIKO OTNV TEPLOYN TOV OEIYUATOV.
[Mpokewévov vo  xotaotel Ovvory pwe ek véov  Bgppomoinom  (étor dote 1)
cvpmieon/amoovpmieon tov aépov “He va dmuovpyel petoPAntéc cuvbfikeg 1oy0oc),
dakTOAMOL vepo¥ TapepPfdrirovtor petalh tov agplov 3He Kot Tov netaopatog Cd. Enpetdvetot
OtL ywu to meipapa, 1 Oeppikny cvviotOco TG Ppong vetpoviov Ba mpeme va elval opkeETA
YOUNAR, ®oTe va glvarl Tumiky evog taxéog avtwpactipa. To melpapo avtd egetdletorl Kot
otV evotnta 2.2.
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Double wrapper tube (He inside)

Na containment tube

Enveloping tube (O.D. 44.5mm)

Fuel pin (@6 or 7.6 mm)

Upward Na circulation

Downward Na circulation

*He screen (3.5mm) 1 to 38 bars

BR2 cooling water

BR2 channel @84.2 mm (Be)

Protecting tube

Cadmium screen (2.5 mm)

Cooling sleeve

Iyfua 8: Avarapdotacn g VIC ddtaéng (eyképoia topn) [Eyn09a]

FUEL ELEMENT
- 8 standard channels (O =84.2 mm)

CONTROLROD
- 8 standard channels (O =84.2 mm)

REFLECTOR
Total 79 cylindrical channels
- 64 standard channels (O =84.2 mm)
-10 small peripheral channels (O =50 mm)
-5 large channels, H1-H5, (O =200 mm)

Yynuo 9: Avanapdotacn e Kapdidg tov BR2 ue pio tomikn eoption (eykdpoia topn) [Rae00]
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Yynuo 10: Enidpaon tov verpovikov metdopotog Cd ndyovg 0.25 €M, 610 VETPOVIKO PAGHO. aEOVIKEL
g paPoov kavacipov. To eaca Tov entkpotel oTov avakAiaoth tov BR2 arnewoviletal emiong yuo
Moyovg cuykplomng [Rae00]

2.1.2 Netgovika Iletdopata Adviov

To Aevio (Hf) ypnowomoicitoan gvpémg oe mvpnvikovg ovidpaotipes [IAEAO08]. 'Eyxet
eEOPETIKEG UNYOVIKES 1010TNTEG, elvar eEapeTikd avBekTiKO TN SUPP®OT Kol OC €K TOVTOV
pmopet va ypnotiponomBet yopic nepifAnua/enévovon. Eva dAho mheovéktnuo givat 1o vynio
onueio ™Méng tov. H evepydc dratopn amoppoenong Oepuikmdv vetpoviov tov HF dev givar td6c0
vynAnq 660 gkeiv twv GAAOV amoppoentdv (Zyqua 7) mov mapovcstdlovial GE oVt TNV
evomnto, Opmg to Hf kotd v axtivofoinon tov petactoyeimveral o€ wotoma Hf mov eivan
emiong amoppdentég, emrpémovioc - kabog efavtieitor  opyd- TNV mOPATACN  TNG
axtivofoOAnoNg.

Netpoviko métaoua Apviov otov avtidpaotipa ATR, INL

Yto mhoiclo avamTLENG TOV SLVATOTHTOV OKTIVOROANONG o8 TeEPPAALOV TaE®MV VETpOVIDV
otov ATR (Advanced Test Reactor, Idaho National Laboratory, USA) (Zynua 11), tpotabnke
pio dtraén (Zynpa 12) evieyvpuévng pong vyniov evepyeuwv (BFFL, Boosted Fast Flux Loop)
[Lon07]. To emBountod amotéheouo NTAV U0 KATAVOUT VETPOVI®V UE TO AOYO TNG PONG TOXEMV
(E>0.1MeV) / Bepuikov (E<0.625eV) vetpoviov va vaepPaiver to 15. H didraén BFFL
oyxedidotnke yo va erho&evnOel o éva mepapatikd Bpoyyo aepiov (GTL, Gas Test Loop) ce
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pio and tig 0éoeic-AoPovg (Zynua 12) tov ATR. T'a v evioyvon g pong TaxEmv veTpovimv
n ddtaén BFFL cuvdvdaletl oydoyto vikd, énmg mopitiovyo ovpavio (UsSiy), pe gidtpo Hf yia
mv anoppoenon tev Bepuikodv vetpoviov. To Hf «ouvdvdotnke» pe alovpivio (Al), dote 1
mapoyouevn Beppomnta vo pmopel va amopokpuvlel pe ayoypdmra (vynAn Oepuikn
ayoyoémra tov Al) kot va petaeepbel and to meipapa oe éva kavlAl YOENG TEMEGUEVOL
voatog [Guill]. Ta péoa yoéng g ddtaéng meptlapPfdvouy 10 TPOTELOV KAVOIAL EAAPPOD
vdatog Tov ATR, aépro HAo (He) xatr Natpro (Na). To He emidéyOnke g yoktikd péco Kabmg
etvar adpavéc, HOVOQOotKd, Kot 0ev UETOPAAAEL TNV OVIOPACTIKOTNTO TNG KOPOLIS TOL
avVTIOPAGTHPA.

H enidpaon ¢ ovykévipwong tov Hf oto Adyo pong toyéwv / Oeppukodv verpoviov,
vroAoyiomnke pe to o1oYaoTikd KMok MCNP (Zymua 13, Zynua 14). Oco peyardtepn eivor
n mapovcsia tov Hf oto métacpo, 1000 peyoddtepn peimon tov Oeppukdv vetpovimv
nmapotpeitor (Zynmua 13). 1o Zynua 14 oamewovifovtor ov pécotr pvBuol BEpuavong tov
netdopotog Hf-Al og ovvaptmon upe t ovykévipoon Hf otov amoppoenti. O pubuodg
Bépuavone eppaviCer kopeopd mepimov oto 6% g 7%, mov avtictoyel ot PérTio
ovykévipoon tov Hf 610 métaocua [Lon07]. Onwg avapépetar otov McD09, cuykévipwon g
TaEng tov 6.5% N peyolvtepng Hf oto nétaopa eivar koavn ya va dnpovpynbodv cuvonkeg
axtivofoAnong pe Adyo pong tayémv / Bepuikmv vetpoviov peyoarvtepo amd 40.

Small B position

(2.22¢m)

Fuel element
Neck shim rod

Large loo|
irra%iatiop Small I position
facility (3.81¢m)

Northeast flux

H position 2 3 trap irradiation
(1.59¢m) facility
3 = (127¢cmor 5
Small B 7 diameter)

shuttle

position
Large B
positio
(3.81cm)

reflector

Neck
shim rod
housing

(12.7cm)

Outboard
A position
(1.59¢cm)

Inboard A
position
(1.59¢m)

Outer shim
control cylinder

Standard loop
irradiation facility

Medium I position (8.89 cm)

East flux trap irradiation facilities
(7.6cm or 3" diameter,
7 positions each, 158 cm)

M ud 11: Zynpotiky avarapdotoot tov wopnva tov ATR (eykdpoia topn) [M‘ar05]
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46 PCS water channels

6061 aluminum end plate
125" 0D, 1.25" ID 6061 aluminum clad
10" OD test space -Aluminum baffle

Stainless steel pressure tube (IPT)

Stainless steel envelope tube

Al-6061 spacer

assembly Hf filter (0.040” or ~1 mm)

Al-6061 support tube
for the Hf filter

0.25" 1D coolant hole
‘Water (0.078" or ~2mm)

0.188" ID coolant hole
UsSi, fuel (1.228kgU

per quarter assembly)
Gas gap, 0.04" thick

(He ~30 psig)

North

Dimensions in inches

Zynua 12 Tymuotikn avorapdotoaon e GTL didtaéng (eyxdpota toun) [Par05]

60 1.055
o - 1.050 2
g 1.045 5
= ) ]
g 0
5 L 1.040 S
< =
e L 1.035 B
Z =
25 L 1.030 LL‘G

0 ; . : . . 1.025

0 2 4 6 8 10 12

Hafnium (%)

Syfuo 13: Adyog tayémv/Oepuikmv vetpoviov (umhe KapmdAn) kot Pon vetpoviov vynidv evepysimv
(poP kapmoAn) cvvaptnoet g neplektikottoc HE oto nétacpa. O khkAol avtiototyovv o
TEPAUOTIKEG UETPNOELG TNG PONG oTIC VYNAEG evépyeteg [LonO7].

60 16
“”‘;50- - 14
S 12 %
Z 407 10 2
= 304/ i 2
330 8 <
o L 6 -
< 20 1 8
b 4
£ 104 - - L,

0 T 0

0 2 4 6 8 10 12

Hafnium (%)

Syfua 14: Mécog puOudg 0éppavonc (LoP kapmdAn) Kot péen TukvoTnTa 10Y(00G (ULTAE KOUTOAN) TOV
netdopotog Hf-Al ota 40 ekatootd kb’ Yyog yopw amd to kévrpo muprva [Lon07].
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2.1.3 Netgovika Iletaopata Bogiov

To Bopo (B) ko ot evdoelg tov Ppiokovv EKTETOUEVN EPOPLOYT] GTOVS TLPTNVIKOVS
avtdpactipeg [IAEA08]. To puowd Bopro amotereiton and mepinov 20% B ko1 80% B
[Wiel3b,Wiel3b]. H eEatpetikd vymAn evepyd Statopr] amoppéenong tov B (Tyfua 7) paki
LE YOUNAN TEPLEKTIKOTNTA TOV GTO PULGIKO LAKO, £XEL OC ATOTEAECUA TN VPN YopN €EAVIANGT
0V Bopiov. Qotoc0, 1 e&£dviAnon prnopel va KaBvotepnoet Pe EUTAOVTICUO TOV TETACUATOG
ue 198, 'Evag mapdyovtag mov mpémel va Anebel vmoéym otav ypnowomoteitan B givar n
enpavion owvykwong (swelling) [Zhal5], oto vAkd Ady®m NG mopaywyng nAiov uetd v
akTvooAnon tov pe tayéa vetpovia (eq 2.1 - 2.2) [Mon12].

2.1.4 Netgovika Iletaopata Evgwniov

To Evpomo (Eu) etvor éva vikd pe eEapetikd vynin evepyd dwatopn amoppoO@nomg
Beprikdv vetpoviov (Zynua 7). To Eu dev yaiper peyding Popnyavikng xpnong Adyo tov
vrepPoiikd vyniot kdéctovg Tov (Ilivakag 1) oe ovykpion pe ta B, Cd ko Hf, ta onoia
YPNOWOTOOVVTOL  KOTE KOPOV  GTOLG TUPNVIKOVS  OVTWOPACTNPES. L€  TUPNVIKOVG
avtwpactpes o Eu ypnoonoteiton kuping og amoppopntikd vAkd o11g papdovg eréyyov.
Xmv evomrta §2.1.4 tov kuplwg KEWEVOL 6TV OyyAMKN YA®GGO Tapovcstdletor povo pio
TePITTOON VETPOVIKOV TETAGHOTOC Eu kot o ouykekpuéva o&gtdion tov evpomiov, Eu,Os.

2.1.5 ZuumeQACUATA TG EVOTNTAG

O okomdg g yxpnons twv eEetacfivov VAIKOV elval 1 dnpovpyio VOGS VETPOVIKOD
ePPAAALOVTOC OGO TO OLVATOV TEPIGGOTEPO OmaAAayHEVOL omd Oepuikd Kou embeppukd
VETPOVIL, TPOKEWEVOL Vo avamopoyfel to @doua Toxéog avTdpacTnpo, TO Omoio €xel
apeAntéa mopovcio vetpoviov pe evépyeteg kot and ~10eV. Xy §2.1, téocepa oteped
VA Tapovetdotkav: Bopio (B), Kaduo (Cd), Aevio (HF) ko Evpdmio (Eu).

H emioyn tov vAkod dSwopopomoteitor avaAoyo TOV OvVTIOPACTNPO KOl TIG OTOLTOVUEVES
ovvOnkeg axtivofoinong. Ilpw n ypnon kdmoov and to avaEepBEVTO VETPOVIKA TETAGLOTO
wpénel va. ANeOovV VoYV T TEYVIKE TPOPANUOTO TOL UTOPEL VO GLVOOEVOLV TNV EIGAYMYN
TOV GTO VETPOVIKO TEePIPAALOV avTidpactipa. And dmoyn aceareiog, T0 AQvio Tapovclalel
TIG KOADTEPES UNYOAVIKES 1010TNTEG 0md To, VEOAoWTe, VAIKA. To o&eidto tov Evpomiov (Eu,03)
avtopd aueca pe 1o vepd kot to B yivetar wwaitepa dafpotikd oe vymiég Beppokpacies.
AvtiBétwg, To Hf ko 10 Cd sivor apedtepa avBektikd otn StdPpwon. Avaeopikd HE Tig
QLOIKES TOVG 1W10TNTES, To Cd €Yel Ta HEOVEKTAHOTA TNG YOUNANG THENG KOl TOVL YOUNAOD
onueiov {éoemg. Akopa, 1 aktvofoAnon tov Bopiov pe verpdvia vynlodv evepyeldv £xel g
enakoAovbo v Tapaywyn HAlov, tpokaidvtog 010ykmor 6To DMKO.
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To yeyovog 6t ta mpoidovia evepyomoinone Eu xor Hf €yovv vymAég evepyég oratoués,
kabvotepel v €EAVTANON TOV OVTICTOY®V TETACUATOV, EMEKTEIVOVTOG £TGL TOV YPOVO
Aertovpyiog TOV TETACUATOG VETPOVImY. Q6TOGO, 1 EKTOUTY YaUpo akTivofoliog Tov pmopel
va Tpokvyel Toco and ta Eu koaw Hf 660 ko omd ta mpoidvta tovg umopei vo, odnynoel o€
avemBopmTn avénon g evoamoTBEéUeEVNC oyvog oto delypa. AviiBétwg, to Boplo kot 10
Kadpo €yovv povo éva 1odtono pe peyain evepyd SaTopn] - Kot o€ YopnAn Tocotnto. Q¢ ek
TOVTOV, VETpoVIKA metdopata B kot Cd amottodv cuyvi ovTiKOTAGTAGY, TPOKELUEVOL VO
amopevyfel pa amdtopn avénomn 1oxbog Tov avTpacTNpa, 1 omoia Bo emnpedcel TV
aKtvoBoAnom tov detypatog. I'ia v avtiotdOuion g cvvroung eEAVIANONG, EMOIOKETOL M
avénon g Halag Tov amoppoPNTH 6TO TETOGHN. AVTO EMTLYYAVETAL EITE e TNV adENOM TOL
OYKOVL TOV VAIKOL 1] HEC® EUTAOLTICUOD TOL HE TO OMOPPOPNTIKO 1GOTOTO TOV, OMWS Yo
napadetypa pe epmhovtiopd B (capdc 10 KOGTOS TG SiTaEne avEdvetar avaloywc). And
™V GAAN TAELPE, M KPOGKOMIKY €VEPYOS dlatopr| amoppdenong tov Hf eivor n pikpotepn
o0 TOL TECOEPO VAIK(, EMOUEVMG ATOLTEITOL LEYOADTEPO YOG GTNV TEPIMTMOOT XPTONG TOV, GE
OUYKPION HE TIG OVOYKOIEC TOGOTNTEG TMOV LTOAOIT®V. Xe YEVIKEG YPOUUES, Alya YIAMOGTA
Thxovg ival ETOPKN Y10 VO TOPEYOVY ATTOPPOPNTIKOTNTO.

H wavémrta cOAMNyng embeppuikdv vetpoviov amd TOLG AmoppoPNTEG EMITUYYOVEL TLO
OVIWTPOCMOTEVTIKY] TPOGOUOIMON €VOG (QAGUOTOG ToyE®mV vetpovimv. Amd to T€60€Epal
eEetacBévta vAKd, 1o B £xet Tnv vynlotepn LKPOGKOTIKTY £vEPYO SLOTOUT - KO TOPOLGLALEL
EMIONG OUOAT] GLUTEPLPOPA - GTNV TTEPLOYN TOV EMBepUIKOV veTpovimv. To EU kon Ta icdtomd
TOV £YOLV EMIGNG TOAD GNUAVTIKY] MKPOGKOTLKN EVEPYO OlOTOUN GTNV TTEPLOYN VT (TNG TAENG
twv 10% barns), A& oe avtifeon pe to Bopro, napovctalel ToAAEG dtokvpdvoels. To Agvio
Kol T0 160TOTA TOL TOPOVGLALOVYV EMIONG LVYNAN CUAANYN VETPOVIOV GTNV TEPLOYN TAOV
eMOEPK®OV VETPOVIOV HE TOAAEG atypéG EKAEKTIKNG amoppdenong (g taéng tov 103-10°
barns). Téloc, To Cd éyxetl ™ xaunAdTEPN KPOGKOTIKY EVEPYO dtaTopn (TG TAENG TV 10%-10*
barns).

2.2 NeTteovikég DLaTALELG QEVOTWV VAIKQWV VI MEQAUATA HETABAAAOUEVTG LOXVOG

Ymv evotnra §2.2, mapovctdloviol VETPOVIKA TETAGLOTO TOV YPNCIUOTOIOVV AITOpPOPNTN
Beprkdv vetpoviov petafAntig cvykévipoong (aépia 1 vypn edon). H ypnion tov pevston
VAKOU KOAVTTEL TNV aVAYKT HETAPANTAG OTOPPOPNTIKOTNTOG 1) OTTOL0L e TN GEPE TNG EMOPA
otV owEopeimon g 1oYVOg GTOV OYKO TOV OKTIVOPOAOVUEVOL OEIYLOTOG KOWGIHOV GE XPOVO
Myov poig devteporéntav. H petafoln oyvog emrvyydvetol péoca amd t O0KVUAVOT] TOV
OTTOPPOPNTIKOV TTEPLEXOUEVOD GTO TETOCLLA, OT®S LETOPOAN TOV TAYOVS, UETAPOAN TG TiEoNC
(.. *He) N UeTABOAN TNG CLYKEVTPMONG TOV OTOPPOPNTY (). EUTAOVTIGHOG B ¢ EVOGELG
Bopiov) ¢ dudtagng mov mepiaiietl to kavopo. H katavonon kot n akping mpdpieym g
avtiopaong/ondkpiong tov paRowv Toupnvikod Kovcipov otnv avénon g Bepuikng 1oyvog
elval TpoTapyIkng onpaciog yo v aloAdynon Tov emO0CEMV TOVS VIO KOVOVIKEG KOt VIO
petafotikég cuvinkeg [Hor99]. Tpeig S10popetikol TOTOL LETAPANTMOV VETPOVIKMV TETUCUATMOV
avaQépinkay Ge LTV TNV &vOTNTA: OéPLa *He, vyYpo PBopwd o0&y (HzBO3) xor aépro
tprpBoplovyo Bopro (BF3). H yprion aepiov BF3 kan *He TETOCUATOV EYEL EYKATAAELPOEL oTNV
TAELOVOTNTO TOV OVTIOPOACSTHP®Y, 0EO00UEVOL OTL T dVO AEPLO TAPOLGLALOVV YOPAKTNPIOTIKA
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mov pmopovv va Bécovy oe kivbuvo v acedielr e Sdtoéne. To aépo “He éyet
avtikotaotadel and vypd H3BOs.

Ot mopdpetpot mov UTOPOHV VO, EVIGYVOOLV TO €VPOS TNG OLUKLUOVONG TNG 1oYVog (AOYog
HeTall g YoUNAOTEPNS KOl TNG LYNAGTEPTG EMTEVEIUNG 16YVOG) mephappdvouy T Béon
otV omoia Tomobeteitan N ddTan oTOV AVTIOPACTNPA, I omdoTacn HETAEL TG d1dtadng Kot
TOV O&lyHOTOC, TO LAIKO KOl O TOTOC TOV OMOPPOPNTH 7OV YPNCUOTOlEITaL, Kot 1 QAo
Aertovpyiog Tov avTdpacTipa. AKOUA LEYOADTEPEG EVIOYVOEIS GTO TAATOG SLOUKVUIOVONG TG
16Y00G UTOPOVV Vo EMTELYOOVV e cLVOLAGUO NG ddTaENg HE SLUKOUOVOT TNG 16YXVOS TOV
aVTIOPOOTNPO, Y. OKOTN AglTovpyiog. ZTnv mopodeo €vOTNTO, Ol VETPOVIKES OlTAEELS
PEVOTAOV VAKOV TOEIVOUOUVTAL 0vE DAMKO Kot yopiloviol 6 VTOEVOTNTES, AvAAOYO LE TO OV
&yovv o vAomomei 1 elvar VO AVATTLEN N LEAETN.

2.2.1 'HAw0-3 o€ metgapata petafAntng toxvog

To MAo-3 (3He) etvar teYvnTod 100TOMO TOL PULGIKOV He Kot ypnoomoteitor cvyvad oe
TUPNVIKOVS OVTIOPOUCTHPES, KOOMG yapaktnpiletal and PeYAAn evepyd S1ATOUN OTOPPOPNONG
Oepukav verpoviov [ENDEF]. Ta mepiocodtepa mepdpata petafintig oybog e aéplo *He
&xovv onuepa gykotorelpfel, AOyw tv (NTMUATOV ACEAAEING TTOV TPOEKLTTAV OO TNV
TopaymYn Tptiov péow g evepyomoinong tov. To mpdto meipapa pe peTafAntd aéplo *He
&yve to 1977 [Mou07].

‘HA1o-3 yla melpauata uetafAntrc toxvog atov avtidpaotipa BR2

Yy §2.1.1 g mapovoag mepiinyne mapatédnke évo mapdderypo didtaéng (Zyfiue 8) mov
YPNOUOTOIEITAL Yo TEPAUATA LETABANTNG 16Y00¢ oTov avTidpactipa BR2 (Zyqua 9). Méow
Mg ovumieong/amocvunicong tov aépov 3He onuovpyodvtor cvvOnkes axtivoBoinomg
uetaPAntig woyvoc. Otav otn ddraén eéapeitor to nétacpo Cd, emrvyydvetor Adyog peta&d
YOLUNAOTEPNS Kot TNG LYNAOTEPNG EMTELEUNG 16YVOG €VTOG TOV TEWPAUOTOS {G0G LE 5, EVD
Otav ypNoILoTOLEiTOL TO TETAGHO 0 AdYOoC petmvetal oto 1.25 [Eyn09a].

‘HA1o0-3 yla melpauata UetafAnTr¢ toxvog atov avtidpactipa Halden

Evo, onwg aveépOnke mponyovpévag, to TEPIGGOTEPO TEWPAUATO HLETAPANTAG 1o)vOg (power
transient) pe aépro He &xovv onuepa gykatarelpOel, otov avtdpactpa Halden [Voll5,Vit01]
TPOYUOTOTOLOVVTOL OKOWO TEPAROTO UETAPANTNG 16005 e aéPlo *He Yoo T UEAETN NG
ooumepLpopds tv pafdwv kavcipov. Ilpokelévov n extéleon Tov TEPAUATOS VO UNV
empedletor amd Kot vo pnv emnpedlel to 10 mEPPAAAOV TOL OVTIOPACTNPA, T OATOEN
nepPédietar amd kpdpa (iproviov. Me v petaodn g micong tov “He emtuyydveton Adyog
HETOED YOUNAOTEPNG KO TNG LYNMAOTEPNS 16YVOG €VTOG TOV TEPANOTOS 160¢ pe 4, evd O
pvOuds g petafoing kvpaivetor petad 100 kor 200 W/(cmr'min). Xto Xynqua 15
TOPOVCIALOVTaL TEGOEPELS EVOEIKTIKEG TMEPIMTMGELS UETAROAAG TNG 10(VOG €VIOG TOV
TEPALOTOC,

17 | Appendix D



Extevr|g ITepiAnym

Normal transient Power cycling
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A 4h
10 min 150 —
125
Z 100 £ 100 -
b -
2 2
£ / 2 f
"‘. 2
Time Time

Zynua 15: Téooepa evOelkTIKA TTEpauata LeTaPANTNAG 1o300¢ oTov avtidpaotipe Halden [TAEA13b]

2.2.2 Boglo e melpapata petaBAntrg toxvog

m  PProypaeioc  avaeépovior emiong o000 mepurtmdoelg ypnong Boplov o v
TPOYUATOTOINOT TEPAUATOV HeTaPANTg woyvoc: BF; kow H3BOs3. Qotdco, n ypnon aepiov
BF; éxet eykatoiewpbei, kabog 1o BF3 umopei dvvmtikd vo oynuoticer Fp, mov elvan
MINIPDHSec Kot SaPpOTIKO 0€Plo CALE KOl TNG OYETIKO YOUNANG €VEPYOLS OLTOUNG
amopPOPN NG € BEPLIKA VETPOVIA TTOL OTTOLTOVCE LEYAAT GUUTIEST) TOV.

2.2.3. ZxoAwa/Zvpnegaopatika LxoAia/Zvunegaopuata/Zovon vAtkwv

Ymv §2.2 tov KUPlOC KEWEVOL OTNV OyYAIKN] YAMOOO TOPOLCIALOVTOL TO LMK 7OV
ypnooroovvtol  yioo TN Onuovpyin  cuovOnkov aktivofoAnong  petafAntg  oy0og.
Yvuykekpluéva, avoaeeépovtar 600 Olapopetikd otowyeio, to 'HiMo kot to Bopro, kot mo
ovykekpipéva aépto ‘Hio-3 (He), p1pBoplovyo Boplo (BF3) kar Popikod o&O (H3BOs3). H
xpion viAkaov omwg BF; xor H3BOj3; omockomodce omnv ovIIKOTAGTOGN TOVL €LPEMG
YPNOLLLOTOLOVLEVOL *He v AOyovg aceareiog, apov To He TopAyeL TPITIO HEC® VETPOVIKTG
ocuAMnyng. H ypnon BF;3 mpokadel emiong avnovyieg yio v acedieia, kabmng 1o BF; pmopet
dvvntikd va oynuoatiost F2 mov elvar onAntmpumdeg kou dofpwtikd aépro. e cOykpion Ue To
nponyovpevo vVAKA, To H3BO3 umopel va Osopnbel ac@aing vroynelog yioo v eKTéAEON
TEPOLATOV HETARANTNG 10YVOG, OEGOUEVOD OTL OeV givar dPP®TIKO Kot OV TOPAYEL OPACTIKAL
vronpoiovta. To *He Exet eEapeTikd LYNAN evepyod dlatoun amoppoenons vetpoviov. o o
AOY0 a0TO M OVTIKOTAGTOON TOL HE evdoelg Bopilov, moAd youniotepng evepyovg dtatoun
amoppoéenoNg, o0ev pumopel vao mapéxel TV 101 SKVLUOVON 1oYVOC. AVTO pmopel va
avTioTafpoTel gite pe avénon g mieong N He EUTAOLTIoUO TV evicewv Bopilov og 1B, 211G
TEPIMTMOGELS TOV OTOLTOVVTOL VYNAOTEPEG OLOPOPES TOV OKPUI®MV TILMV 1GYVOC, Ol JTAEELG
UTOPOVV VO GLVOLOGTOVV HE SLOKVUAVGELS TNG oYXV0G TOL OVTIOPOCTNPO N HUE CLGTNUOTO
uetatomong (RODEO).
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Kepaiaro 3

IToooopowwoerg Monte Carlo

To tpito kepdlaio emikevipdvetal otig Tpocopotdoelg Monte Carlo kot cvykekpiuévo oto
YPNOUOTONBEY VIOAOYIOTIKO gpyareio, To otoyaoTikd kddka TRIPOLI-4.8 [Brul5], ue tov
o1o{0 TPAYILATOTOMONKOV 01 VETPOVIKOL VITOAOYIGHOL TG Tapovcag daTpipng. Tlpdketton yio
VETPOVIKO KOOKO 7OV €xel avamtuybel Yoo TPOGOUOIDGES TUPNVIKAOV OladIKACIOV Kot
JEPYATIDV TUPTVIKDV OVTIOPUGTIPWV.

H otatiotik] @Oomn tov KOO 6€ GLVOLAGUO UE TNV 1O0ATEPO TOAVTAOKT YEOUETPIOL TOV
povtédov tov JHR (Eynua 2) xab1otodv Tov amaitodpevo VITOAOYIGTIKO YPOVO OPKETH HEYGAO
Kol 6€ TOAAEG mepuTOGES omayopevtikd. Ilpokepévou vo  ekteAecToblV TOYDTEPO Ol
VIOAOYIOUO1L, EKTEAEGTNKAY TOPAAANAQ og cluster vroloyiotdv mov dwatibeton oto EKEDE
«Anuokprrocy (Thales cluster). Axopa, énpene vo yivel o anapaitntog cvopPifoocudc peta&d
emaeyeicag otaTioTikng (aptBpdg vetpoviov kot aptBpdg ETAVIANYEDY TOV VTOAOYIGLOV) Kot
axpiferoc. Ot kvprot mapdyovieg mov e&aceaiilovv v axpifelo kot v a&lomotio Tov
TEMKOD OMOTEAEGLOTOC TEPTYPAPOVTAL GTO aKOAOLBO TpimTLYO:

e Ot myég verpovimv TOL CLOTNUATOS (OYACES) TPEMEL VO GLYKAIVOLV ETOPKMG,
emopéveg, Ba Tpénetl va emAeyel Evag emapkng aplBudg emavolyemy, M.

o Y& k@Oe emavdAnym mpémer vo emdeyel évag emapkng apludg verpoviov, N,
TPOKEUEVOD VO LELWBEL TO GTATIGTIKO GOAALO GTOV GUVTEAEGTT TOAALUTAAGIGHOU K.

o Ilpémer va yivetar £€ykoipn  ovOyvodPon TOV  GEOAUATOV  TOV  GUVTEAECTY|
TOAAOTAAGLOG OV, Kefr, KOL TOV VTOAOYIGUOV TV pLOUGV avTidpdcemv (1] pong), Tov
UTOpEL VO TPOKLYOLV.

H emthoyn ™ mo anotedespotikng (amd v dmoyn a&lomotiog Kot Ypdvov Tov VTOAOYIGHOD)
OTOTIOTIKNG - GLVOLAGUOS apBod vetpoviov, N, kot apBuod enavoiyemv, M - tpoékoye
amod TNV mpaypaTonoinon gvapfpmv vroloyisumv. Ilpokepévov va dwucpaiictel 0Tt 0
aplOpog TV TNYDV VETpOVIOV (GYACGELS) 0T OTATIOTIKN OV £yl vtoPfabotel, vToAoyioTnkKe
N T ToL ad1deTOTOV HEYEDOVE TG KATOVOUNG TNG GYAGIUNG TNYNGS, TOL TOPEYETAL OO TOV
KOOKOL KOl avopEPeTol og evrpomnio. Shannon, Hg,. [Duf06, Bro09]. Metd v eneepyacio tov
amoteleopdTov mpoékvye Ott M otatiotiky N=10%* war M=10* eivonr emopkig mdote vo
drac@ariletor 1 o0YKMON TOV Hg.. Kot Kege (Zymua 16, Zynqua 17) Kot 10 6ToTITIKO 6QAAUL
ToV Kegr VO €lvan €vtog emtpentdv opiov. Ouwmg, mapd 10 yeyovodg OTL 1M GTATICTIKY| OLTH
TPOKLNTEL amd emopkn aplOud emavoANyewv Kol enapkég mAN00G VETpovimv, Ge TOAAEG
TEPWTAOCELS TopaTNPNONKE €viovn OKOUOVOT OTO TEMKG OTOTEAECUOTA, TOV TPOEPYETOL
oo TIC £VIOVEG OLOKLUAVOELS GTO O£OOUEVO KPOCKOTIKMY OlOTOU®MY GTNV TEPLOYN TOV
Ay UoV eKAEKTIKNG amoppdenong [ENDF].
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[Ma 10 Adyo awtd, GTOVG VITOAOYIGHOVG OV EMIKEVIPOVOVIOV GTNV OTOPPOPNTIKY| IKOVOTNTO
TOV VMKOV OTNV TEPLOYN TOV Oeplik®dv evepyeldv, eMAEYONKE HEYOAVTEPY] GTOTIOTIKY
(N=10°> xo1 M=10°). Mg auT T OTATIOTIKY, T0 GEAAMATA TOV PLOPOV OVTISPAGE®DV
Kopaivovtal kotd koplo Adyo kdtm tov 10% (Tapatnpovvtal OLmG Kot TEPINTMOGELS LLE CYETIKO
oQAApa TG TaENG Tov 20%) GTNV TTEPLOYN TOV ALYLMV GUVTOVIGLOV.

5E-08
4.5E-08
4E-08
3.5E-08
3E-08 A
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1.5E-08
1E-08

# neutrons 1E4
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0 5000 10000 15000 20000 25000 30000 35000

iteration cycle

Zyua 16: Metapoin tg Eviponiag Shannon, H,.. ,cuvapTioeL TOL aptfpod enovorinyemy yuo
OEOOLEVEG OTUTIOTIKEG
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C,Q = # neutrons 1E4
9.9940E-1 = # neutrons 1E5
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Zyua 17: MetafoAr tov cuvtedeot) TOAAUTANGLOGHOD, Kefr , CUVAPTAGEL TOV aplBLOD ETAVOATYEDY
Y10l SESOUEVES OTATIOTIKES
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Kepaiaro 4

Edappoyn & AnoteAéopata

210 KePOAoo avTd apovotalovtal ot HEBodol mov depevviONKaV Yo THV TPOGAPLOYT TOV
VETPOVIKOD PAGLOTOG TOV EMKPOTEL 6TNV mEPLoyn Tov avakiaoth Tov JHR (JHR-oavaxlootg)
(ExMua 2). To kepdloo ywpileton oe 1é00eplg Pacikéc evotnteg mov mapovotdlovv To
OOTEAECUOTO TTOV TPOEKLYOV KATOH TNV €EETOOT NG EGO0YWYNS OPOP®V VETPOVIKMDV
TETAGUATOV PEGA 6TOV avakiaot tov JHR.

Ta 0pla g evépyelng TV vetpoviov oe évav Beppikd avtidpaotipo kvpaivovionr petasy 1
10" kar 20MeV, LE TO gvePYELOKO €DPOG 1-107 - 10MeV va €xel m peyoaAvtepn onpacio. Ot
ONUOVTIKEG OAANAETIOPACELS VETPOVIOV TTOL AAUPAVOUY Y®OPO GE AVTO TO EVEPYELNKO EVPOG
etvat: cVAYM vetpoviov (padievepydg GOAANYT Kol GYAoT) Kol OKESAOT), EANCTIKN Kol
averaotiky (§A.3). Ot pébodot mpocapproyng Tov eacpatog Pacilovtal oty aélomoinon Tov
aAniemdpdoewv vetpoviov. Onwg avaeépbnke oty PiAoypagiky] avackOTnon g
VILAPYOVOAG GYETIKNG TEXVoAoYiag (§2.1), dVo nébodot ypnoyomotovvTot yio T LETUTPOTN TOL
BepLco EAGLOTOC GE PAGLLO TAYEDV VETPOVI®V:

1. ypnon anoppoenTdV TOL TEPLOPILovV | EEQAEIPOVY TN CLVIGTOGO BEPLIKDOV VETPOVIDV
Ko

2. €160ywyn GYAGUYLOL VAIKOD GTO £6MTEPIKO TNG GUOKELNG, EVICYDOVTOS £TGL TNV Ta)Ein
GLVIGTAOGO TOV PAGULOTOS VETPOVIMV.

Kot ot o000 péBooor BaciCoviar otTig OAANAETOPACELS VETPOVIKNG GUAANYMG. X’ avTd TO
mlaiclo, oty evotnta §4.1 depguvninke apykd N ewoaywyn OEpUKOV amoppoENTOV GTNV
eykatdotaon axtivoBoinong tov avakiaoti tov JHR. H dwadikacio tepihdpPave extetopévn
épeuva BepUIKAOV amoppoPNTAOV Yol TOV KOOOPIGUO T®V MO Omod0TIKAOV. XNV evotnta §4.2,
efetdotnke M EmOpAcN NG E0AYOYNG OYOGUYLOL VAIKOD GTO QACHO TOV VETPOVIMV.
Axolovfdvtag Ta Topamdve Prnota, n HEAETN EMKEVIPOOINKE 6€ AAANAETIOPACEIS CKEOAOTG
(§4.3) Kot o GLYKEKPIUEVA, GTNV EVPEGT VAIKAOV TOV YopoKkTnpilovtal amd £VTovr EANCTIKY|
(§4.3.1) xon avehaotikn (§4.3.2) evepyd datopr| okédaonsg 6to emBouuntd Hpog evEPYELNG,
onradn petald 0.1 kor 10 MeV. A&iler va vroypoppiotel 6t TapoOUOlo TPOGEYYIOT] TOV
npoPAnuatog (a&lomoinon TV OAANAETOPACE®Y OKEOAONG YlOL TNV TPOGOPUOYH TOV
Qacpotoc) dev €xet eviomiotel oto PifAtoypapio. H pon tov keporaiov 4 ameikoviletar oto
Yympa 18.

Y10 TAoiclo TNG TOPOVGOG EKTEVOVS TEPIANYNG, OTIG EMOUEVEG EVOTNTES (TTOL AVTIGTOLYOVV GTIG
EVOTNTEG TOV KLPIOG KEWEVOL GTNV ayYAKT YA®Gooa) cuvoyilovtol ta Pacikd onpeio poall pe
T KOPLOL OTOTEAEGLOLTAL.
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KedbaAawo 4
Edapuoyn &
AnoteAéopata
| |

EX?T']T,“ 41 Evotnra 4.2 Evotntad.3

Actomoman : AANAeTUdQATELG
QTOQQOPT TV ‘E'.lCT(XycL)y‘r] ‘ " . THoe - =

BEQLUKWV VETQOVLWV OXAGTLHOL LAKOL (Queton (s

Ymosvornta4.3.1
—  EAaotik
OKE£DAO)

Ymrosvornto 4.3.2
—  AveAaoTikn
oKD

Syqua 18: Adypoppa pong tov 4°° kepoaiov

22 | Appendix D



Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors

4.1 ASlomoinon anogodnTwv OeQUIKWV VETQOVIWVY

Xoppova pe ) Pproypaeio (§2.1), n mo kown pébodog, pe v omoia Eva Bepuikd edoua
UTOPEL VO TPOCAPUOGTEL GE £VO QAGHO TOYEOS OVTIOPACTNPA, Eval 1 ¥PNON LAIKOV TOL
Tapovcldlovy VYNAN KavOTHTo CUAANYNG VeTpovimy oTic Oeplukéc evépyeleg (<1eV). Tty
TOPOVCH TEPIANYN, TA VAKE avtd avaeépovior G «Bepuikol amoppopnTés» 1 ATAMG
«OmopPOENTESH. Me TNV €YKATAGTOOT AmOppoenT®V, 1 BEpUIK) GUVICTMOGO TOV PAGLOTOG
neplopiletar Kot ¢ Kk TOVTOV To LIOAOUTA VETPOVIO KOTAVEULOVTOL KLUPIWG OTIG VYNAEG Kot
emBeppicég evépyetes. [a v nAnpn e€dietyn Tov Bepuikod VETpoviKoD GTotXElOL, HTOPOVV
va a&lomomBovv amoppoPNTéG TOL YopakTNPifovial amd TOAD LVYNAN KOVOTNTO GUAANYNG
VETPOVI®V.

2e auTO TO TAAICL0, TPAYUOTOTOWONKE Mol EKTETOUEVT] LEAETT] TOV ATOPPOPNTOV BepKDV
VETPOVIOV KOl TOV EMTTOCEDV TOVG 610 Oeppkd edopa avapopds (JHR avaxkioot). H
dwdkacio mepleAapufave o oOAOKANPOUEVT €pevval e OAOL TO OLVNTIKG LIOYNPLLL VAIKGL,
TPOKEWWEVOL v KOOOPIGTOOV TO TAEOV OAMOTEAECUATIKG Kot KATAAANAa. Ztov Ilivaxoa
2MTivakag 2 mopatiBevior ta otoyeion pe Tn HeYOAVTEPN WUIKPOCKOTIKY €VEPYO SloTOUN
amoppPOPNONG, Gy, OTMG avagipovtor otn Piproypagpioc. H tedevtaio omAn tov I[livaka
2MTivakag 2 mepléyel v GOVIOUO GYOAO CYETIKA pe To TOOVA HELOVEKTHUOTO TOV VAIKOV,
vrodetkvoovtag €av 10 kabéva amd avtd eivor katdAinio 1 Oyt ywo ypnor. Onwg eaiveton
avapesa oto VALK tov [Mivaka 2ITivakag 2 Ppickovtar o1 €ng axtvideg: Fm, Cf, Pu, BK, Ac,
Pa, Np kar Es. KaBmhg mpoxetron yia oydoipo VA (] VAIKA Tov puropohv vo bItostovv oydon)
TPEMEL VO AMOKAEIGTOOV amd TN AMoTo TV VITOYNeimv aroppoent®dv Kabdg BéTovv Bépata
ac@areiog. Akoua, ov omdvieg yaieg Pm kot Rh dgv emhéyBnkov vo cvumepiinebovv oe
TEPUTEP® HEAETN, KOODG To PM 0g cuvavtdtor ot @Oon (Umopel va TpokOYEL O TPOiOV
oyaong tov U), evd to Rh givar daitepa axpipo. Télog, ot puoikéc 1610tnteg Tov HY (vynin
tofwotnTa, VYNAN wieon atuov akoun kot oe Oeppokpacio dwpotiov, yopnAd onueio
Bpacpov, moapaymyr emProfov aepiov koatd T OEppavon, oyxetikd younAr Oepuikn
ayOYLOTNTA) OEV EMTPETOVV T1) YPNOT| TOV GTO ECOTEPIKO TOL OVTLOPOCTNPCL.

Mg Bdon to mapandve, 1 Epevva emkevipodnke ota akdélovba otoyeio: Gd, Eu, Cd, Dy, B,
Ir, Er xoau Hf. Agdopévov 0Tt 1 amoppo@NTIKY KOVOTNTO TOV GTOEIOV TPOKVTTEL OO TN
KAVOTNTO ATOPPOPNONG TOV 1GOTOHT®V TOL, avalnTinKav To 16oToma Tov givor vrevbuva Yo
™ HEYAAN evepyd drotoun amoppoenong tovg (Ilivakag 3). Xtov [Mivaka 3 ypnoiponolgitol o
€ENG YOPOKTNPIGLOC TG EVEPYOV OATOUNG OTOPPOPNONG, Ty , TOV IGOTOTMV:

«  eEapeticd vyni (o, > 10°b),
«  vyniq (10%b > o, > 10°b),

« pétpa (10°b > g, > 10*b) kan
e yopnif (10%*b > o, > 103b).
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Ot tipéc tov g, eMednoay omd ) Pipiodnkn JEFF-3.1.1 [Jac08, ENDF].
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ITivaxag 2 Ztoygeio ue ) peyokdtepn evepyo diozoun amoppdenong depuikdv vetpoviov [Mug73]

A/A ?garns) Name Sym ﬁj?nrgfr Reasons to reject
1 49000 Gadolinium Gd 64 -

2 5922 Samarium Sm 62 Poison
3 5800 Fermium Fm 100 Large Z
4 4600 Europium Eu 63 -

5 2900 Californium Cf 98 Large Z
6 2450 Cadmium Cd 48 -

7 1017.3 Plutonium Pu 94 Large Z
8 920 Dysprosium Dy 66 -

9 767 Boron B 5 -

10 710 Berkelium Bk 97 Large Z
11 515 Actinium Ac 89 Large Z
12 425 Iridium Ir 77 -

13 374 Mercury Hg 80 Bad properties
14 200.6 Protactinium Pa 91 Large Z
15 194 Indium In 49 -

16 180 Neptunium Np 93 Large Z
17 168.4 Promethium Pm 61 Rare

18 160 Einsteinium Es 99 Large Z
19 160 Erbium Er 68 -

20 144.8 Rhodium Rh 45 Rare

21 104 Hafnium Hf 72 -

25 | Appendix D



Extevr|g ITepiAnym

[Mivakog 3: Zroygeio pe peydin evepyo dwatopr| amoppdenong epuikdv vetpoviov [ENDF, Hynl5,

Wiel3a, Wiel3b]
- o > 0 Isotope
% Name 8 Eg mg Temperawre 2 [PUEC . absorbing
(b) £ EZ g3 S o capability*
» Tmett  Thoil - EHM L
157 0.2 "
45 "1 T X
5G 148 x T
49000 Gadolinum ~ Gd 64 79 1313 3250 G 2047
G 15.65 x
G 2484
®c 2186 0
. BIE 478 x
4600 Europlum Eu 63 5.24 822 1527 "153‘E""5'2'.§2' """""""" T
c  1.25
%c 08
C 1249
2450  Cadmium Cd 48 865 321 767 __E;Q___}_Z_@ —————————————————————————
C 24.13
B R TN x T
e 2873
e 7490
D 0.06 X
8y "1 T X
Y R XY X
920 Dysprosium Dy 66 8.55 1412 2567 D 1891 x
B SN T x
Y - N X
®p 2818 x
B 199 x
767 Boron B 5 2.46 2075 4000 "HB """ éb_.:]. """""""""""""
i P 373 x
425 Iridium Ir 77 22.56 2466 4428 "Igg'l'r""é'z'.'? """"""""""" X
) BIn 4.29
194 Indium In 49 7.31 157 2072 "Hgl'n'"'éé'.'?']: """""""" M
Er  0.14
= S
) °Er 3361
160 Erbium Er 68 9.066 1497 2868 "157‘E}"'2'2'.§3; """""""" T
gy 2078
g 1493
H 0.6 x
™y 526
104 Hafni Hf 72 1331 2233 4603 H 186 <
arnium . I Ty g T T X
TISH 1362 T X
B0y 3508

Isotope absorbing capability* :E—extreme, H-—high, M—medium, L—low
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H perétn kotéhnée o1o mapokdtm cHvoro 160ToneV-Oeppikdy amoppoentdv: *°Gd kat *°'Gd,
Gd, PEu, Eu, cqd, 164Dy, Dy, WLy 89 O7Er TTHE wan HE. Av kau oTN TAELOYN Qi TOVG Ta,
eCetaldpeva LMKA gival yvootd og tKavomonTikd Pabud kabmd¢ mpoKeltal Yoo LAKA TOv
YPNOUOTOOVVTOL EVPEWMS CTNV TEYVOAOYID TOV TUPNVIKOV OVTIOPACGTIP®V, 1 KATATAEN TOLG
amd TV Aoy NG IKAVOTNTOS VETPOVIKNG amoppOPnong oev eivar koAd opiopévn. I'a avtd to
Adyo, 10 amotélecua TG ToPAmAvVe £pgvvag eivor (oTikhg onuoaciog oto mAaicld Tov
oXEO0GLOV HOG TEAMKNG CLOKEVNG, KAOMOG TO TAY0C TOV amoppoPnTh amorteiton vo dtotnpnoel
0660 10 dLVATOV LIKPATEPO Y10, otKovopia ydpov. Ektog amd tn dwubeoipuotnta ydpov otnv
EYKOTAGTOON, MEPLOPIGLOVG GYETIKG HE TO TAYXOC TOL OmoppoPnTy BETEL KO M TOPAY®YN
Oepuodmtog (mpoepyopevn Kupiog oamd  YOUUO-0KTIVOPBOAID OAAG KOl OO VETPOVIKES
OAANAETIOPAGELS) GTOV ATOPPOPNTH.

[Tpokeévov va peremnBel n emidpacn TtV amoppoentdv o10 @dcupo avoeopdas (JHR
VOKAQGTNG), OLAPOPES GEPES VIOAOYIGU®V TTpaypatorodnkav. Ot amoppopnTég opicTnKoy
KOAWVOPIKOD GYAIOTog, VA BempnOnkay 600 dapopetikd mhyn, 1cm kot Imm (Zyxnua 19).

Horizontal Cross Section

Free space
available for Constant

absorber Void Area Irradiation Space
installation 4.4cm w
Thickness= 4.4cm

h=70cm

Irradiation space
R=44cm
h=70cm

. p Constant . ) Constant :
Void Area /" |rradiation Space \ Void Area /" |rradiation Space \
3.4cm ®=2cm imm 4.3cm ®=2cm

Syfquo 19: Tynuotikn avoarapdotact g odtaéng Tov amoppoentady méyovs 1em kot 1mm.
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Y10 emduevo oynuota aneikoviletor o mAnBvoudg Bepuikdv vetpoviov petd T ypnon
VETPOVIKOV TETOGUATOV Thyovg 1ecm (Zyfua 20) kot Imm (Zynua 21). Aarctdveton 6Tt OAQ
TO. VAIKA OV €EETAGTNKOV NTOV 1KOVO VO TOPEXOVY OYVPN UEIMON TNG GLVICTMOGOS TV
Oep KDV VETPOVIMV, KON Kot OTaV TO TAy0g Tovg opiotnke oto Imm (Zynua 22).

2TIC TEPIOCOTEPEG TEPUTTAGCELG, TO PAGLO VETPOVI®MY GUVOOEVETAL OO 10 IGYVPN CLVIGTAOGO
YOLNAGV emBeppiK®V veTpoviov. QoT060, YPNGULOTOIDOVINS VETPOVIKO TETAGHLATO 105 Blgy
Kot EUu (bAd pe peydin evepyd dtotopn amoppOPnomng oTig EMOEPUIKES EVEPYELEG), TPOKVTTEL
pia kotavour vetpoviov oyedov amoiiaypevn oyt povo amd Bepuikd oAl kot amd embepuikd
VETPOVIO YOUNADV evepyeldv (Zynua 23).
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Neutron Distibution (%)

1cm

ER167| DY IR |IR191 |CD113|HF177|GD157|DY164| EU |EU151| B10 |GD155[DY161| GD | HF | JHR
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Zymua 20: ITAnBuopog Bepikdv vetpoviov HETA TN (PToT VETPOVIKAV TETAGUATOV Téyovg 1ecm
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yfquo 21: TIAnBuopog Bepikdv veTpovimv LETA TN (PTOT) VETPOVIKOV TETACUATOV Tayxovg 1mm
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1 mm vs. 1 cm thermal absorbers
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= B10 |Cd113|Eul51| Ir191 |Gd157|Dy164|Gd155| Eu Gd Ir Dy |Erle7 |Hf177|Dyl6l| Hf
Blcm 1.0 0.9 0.9 0.8 0.8 0.8 0.9 0.8 1.0 0.9 1.1 0.9 0.9 1.1 2.8
Blmm| 1.1 15 1.8 2.0 2.1 24 3.4 3.8 42 8.5 9.8 115 | 189 | 19.1 | 46.2

Yympa 22: TThn
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= = = JHR-reflector
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Tynna 23: Enidpoon tov verpovikdv netacpdrtav °B, S Eu kat Eu, méyoug 1em, 6T0 QAcH avapopds

(JHR-reflector).
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4.2 Eloaywyr] eVIOXUTIKOU OXACLHOV VALKOU

AxorovBmvtag Tic pebddovg mov avagépovtiar otn PiAoypagia, depevvinke n TpocHnkn
kavoipov (ovpdvio 20% eumAovticpévo og 23 U) evioc tov avaxkioaot| tov JHR.
YuyKekpluéva, HeAeTNONKE 1 UETOPOA TNG VETPOVIKNAG KOTOVOUNG HETE TNV E100YWYY
OYACILOV VAIKOV ow&avopévou mtdyovg (0.1mm émg 1em). Onwg NTav avapevopevo, n avénon
NG TLUKVOTNTOG TOV GYACIU®V TUPTVAOV EVIGYVGE TNV GLVIGTMOGH TOL TOXE0S (PAGUATOC, ]3
omoia £YEL TN LOPET| TOL PAGLATOG TNG GYAONGC, Le ThavOTEPT evépyela veTpovioy ~0.7 MeV
(ZymMpa 24. Axopo, Kabog kataval®vovior Oepuikd VETpOVIa Yo TIG OAANAETIOPAGELS TNG
oYAoNC, TO TOCOGTO TOV BEPUIKDOV VETPOVIMV LEIDOVETOL OVAAOYO LE TNV TUKVOTNTA (LETAPOAN
ndyovg) tov oydoipwov vikov. Tavtdypova, To HEYIGTO NG PONG TOV TAXEMV VETPOVIOV
petotomiletal dadoykd o€ younAoTeEpEG evépyetes (Zynua 25). Qotdco, aKOun Kol oTnv
TEPITTOON €60YWYNG OXAcIov VAIKOV Thyovg 1cm (axpaio mepimtwon), 1 TPOKHTTOLGO
VETPOVIKN KOTAVOUN ATETVYE Vo avamopacel To edoua evog SFR.

1E+0

5 1E-1

o @ “IN P il

E g 1E-2

Ly

g E 1E-3

N B

S 8 1E4

g S - e = SFR = Imm

=T g 2mm 4mm

(=]

Z = 1E-5 / 8mm e | C
1E-6 / == == JHR-reflector

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1
Energy (MeV)

Zynua 24: Enidpacn tov oydoipuov vikod petapintov mdyovg (0.1, 0.2, 0.4, 0.8 kot 1 ¢cm) oto pdopo
avagopag (JHR-reflector). AoyapiBpukn khipoko

Imm 2mm

0.06 — —=SFR

4mm 8mm = lcm -

0.04

0.02

0.00

Normalized Flux per
Lethargy (n/cm?/s)

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1
Energy (MeV)

Symua 25: Eridpacn Tov oydoipov vikov petafinton mayovg (0.1, 0.2, 0.4, 0.8 kot 1 cm) oto pdcpo
avapopdg (JHR-reflector).

2y mOavOTEPN EVEPYELN TMV VETPOVI®VY NG o)Ydong eivar 0.75 MeV mepimov kat 1) Héom TR TG EVEPYELNG TOV
veTpovimv g oydong ivar 2 MeV nepinov [Lew08]
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H nopovsio tov “Na otovg SFR elvar kvprog mapdyovtag mov TPOoKaAel TN HETATONION TOV
LEYIOTOV NG PpoN¢ o€ younAdtepec evépyeteg (~ 200keV) o oyéon pe to eaouata GAlov FRS
(~0.75MeV).

H avtikatdotoon tov KEVoL y®PoOv pE *Na 1o E0MTEPIKO NG eyKOTACTAONG ElYE OC LOVO
AMOTEAEGLO, TNV TTTOOT TNG VETPOVIKNG pong otnv evépyela tov ~3keV (Zynqua 26), omov
Bpioketar 1 avtiotoyn eaoTiky okédacn ovvroviopobd tov 2 Na (Zynua 27). Hpoeavég, 1
TOoGATNTO TOV %Na, TAPOTL GNUAVTIKT GE GYECT UE TO oYXAo1o VAKO (3.4 cm %Na évavtt lem
o4G1LOV VAKOD) OV NTAV EXOPKNG Yo TNV TPOocopoiman evog mepifdriovtog SFR, péow tov
EMICTIKMOV KO OVEAAGTIKMOV OAANAETIOPAGEDY TOV “Na LE Ta, VETPOVLAL.

1E+0
& 1cm booster fuel + 3.4cm Na23
g 1E-1 = ]cm booster fuel i =
(7]
= 1E2 — ~SIR
&2
5 E 1E3
=2
0 =
N 1E-4
o]
g
=) 1E-5
Z

1E-6

1E-9 1E-7 1E-5 1E-3 1E-1 1E+1

Energy (MeV)
ynua 26: Enidpoon g swoayoyng 2Na (kokkvn kopmdin) oto eaopa avapopac (JHR-reflector).

10001
100

101 e

— (nn)
011 — total

Cross-section (b)

0,011

0,001}

1E-4+ : | : | | | : : | | ] :
B4l 1E10  1B9  IES  IE7  1E6  IES  1E4 0001 001 01 i 10

Incident energy (MeV)
Tynua 27: OMKY, EAACTIKY KOL OVEARGTIKY HLIKPOGKOTIKY evepyds Stotoph| okédaong ov 2Na.
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4.3 AAAnAemdoaocels okédaong

H mpocoppoyn tov @dopotog pmopel vo  emtevyfel pe tnv  evioyvon Ttov  Adyov
TaxEOV/OepUikdV  vetpovimv. AvtO TPOYUOTOTOLEITALEITE UE TNV EG0Y®OY] VMK®OV 7OV
OTOPPOPOVV OMOTEAECUATIKG To Oepuikd veTpdvia | He TNV TPOGHNKN GYAGILOV VAIKOV,
EVIOYVOVTOG £TCL TNV CLVICTMOCN TV ToYE®mV verpoviov. Ot texvikés avtég peietnOnkav
Eexyoprotd otig evotnteg §4.1 kon §4.2. Ta amoteléopata £3€iEav OTL TAPOAO TOL OVTEG Ol
TEYVIKEG UTOPOLV VO ¥PNGLOTONO0VV Yia TN HETATPOTY| £VOG BepLKoD PAGLOTOC GE PAGHLOL
TOYEWV VETPOVI®V, amOTVYYXAVOLV oTtnv mpocouoioon &voég SFR @dopatog. Me avtd to
dedopévo, M epyacio odnyndnke oMV TPOGOPUOYN TOL QACUOTOS KAVOVTOS YPNoN TOV
otoyeiov mov yopaktnpiCovior and évrovn elaotikn (§4.3.1) wor ovelootikn (§4.3.2)
LKPOGKOTIKY| EvEPYO Olatopun okédaons 6to emtBuuntd evpog evépyetag: 0.1-10 MeV.

4.3.1 EAaoTikr) okédaon

[Ipokeévov va eEetaotel 1 dSvvATOTNTA TPOCAPUOYNS TOV QAouatog pe T Pondewa tng
EAMOTIKNG aAANAETIOpaoNC, SeENXON VIOAOYIGTIKY HEAETY] EVOG ATAOD TEPAUOTOS CKEOUONG
KOTO TO 07010 €vag 6TOY0G *He axtvoPoAgitan omd pio 1GOTPOTIKY GNUELNKT TNYY| VETPOVI®V
HE YPOUUIKT KOTOVOUY| EVEPYEWOG UETOED 1-10™ kon 20 MeV?. H TPOGOUOI®oT Kot 0
VTOAOYIOUOG TNG KATAVOUNG TNG PONG VETPOVIMV OV SATEPVOLY TO GTOYO TPOYUATOTOONKE
pe to otoyaotikd kmdwo TRIPOLI-4.8. To *He eivar évo omd o TOAD Mya otoryeia mov
aAANAETIOPOVV pE TO VETPOVIOL LOVO pEe elaoTik okédaon (Zynmua 28), kabdg to couatido
GApa £xel TOAD 1GYVPOVG OEGLOVG EEMTEPIKNG OTIPASOC, LE OTOTEAEGO VO UMV TOPOVGLALEL
dleyeppéveg kotaotdoelg kot amd to 20 MeV [Mor69]. EmmAéov, 1 ehaotikn gvepyog
dwatoun tov gpeaviel po kopven oto 1 MeV mepinov (Zynua 28). Me avtd ta dedopéva,
SiepevviOnke 1 emidpaocn g mapepPorng tov ‘He oto pdopa avopopds. Aedopévov Ot 1
mokvotnro. tov ‘He eivan efonpeticd yapunAn (0.1786 g/l), emhéydnke yw 1o meipapo 1
TLUKVOTNTO, TOV VYPOV *He (3 16&e1c peyébovg mukvotepo). Xto Zynua 29 amewkovileton to
TPOPIA TNG PONG VETPOVIOV HETE TNV AKTIVOBOANGT) TOL VYPOL *He o€ 6)0 10 €0POG EVEPYELDV
(ovumeptioppdvovtor Kol To OTOTEAEGHOTO OO TO AEPLO 4He). To @dopa verpoviov eivon
KOVOVIKOTOMNUEVO. XTO EVEPYEWKO TUNUO TTOL OVTIGTOWEL OTNV KOPLEYT NG EANGTIKNG
oKESUONG TOL *He naponpeitanl avtictoyn mrtdon g pons. EmumAéov, oe moAv youniég
evépyetiec (<1 E-7 MeV), 6mov 1 evepydc Swatopn okédoone tov “He eivar vymhn,
napatnpeiton avtictoyn peioon (Zymua 29). Yroypoppiletor 6Tt ot S10KLUAVGELS GTO PAGHLOL
opeilovtal o€ oTATIOTIKES afefotdTnTEC.

Q¢ enduevo Prua, mpayuatomombnke 1 elcaywyn vypov *He, nhyovg 3C¢M, otV TEPLOYN
aktvoPoAnong tov JHR avaxiaoty. H emidpacn tov vypod *He ot0 eacpa tov JHR-
OVOKAQOTY] TEPLOPIGTNKE GTO EVEPYELNKO TUNUO TOV OVTIIGTOLXEL GTNV KOPLOY| TNG EANCTIKNG
okédaong Tov ‘*He (Zyfua 30).

21 r /. ’. , ror ’. ,
AVTO T0 €0POG EVEPYELDV OVTIGTOLYEL OTOL EVEPYELOKA 0Pl TOV BEPUIKDV avTIOPAGTAPOV

32 | Appendix D



Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors

— total
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Cross-section (b)
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Ty 28: OMKY Kot EAACTIKY [KPOGKOTIKY evepydg dtatopn Tov “He
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Tynuo 29: Enidpaon tov aéplov *He 610 paopa avapopds (STUEWKT TNYH VETPOVIOV LE YPOppK
Kotavour] evépystag petalh 1-10™ kar 20 MeV)
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NV

0.001
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Tyfua 30: Enidpaon tov vypod *He oto pdopo avagopdc (JHR reflector).
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Ta omoteAéoHOTO TOV TPONYOLUEVAOV VTOAOYIGUMV VIEJEEAV OTL VAIKA OV Topovctdlovy
EVIOVEC EMUOTIKEG €VEPYEC OLOTOUEG OTO EVEPYEWNKO €0POG EVOLOPEPOVTOC, OMANON EvTovn
Kopuen Yopw amd to IMeV, Ba pmopodoav va ypnoyomonbodv yio v emBounty
TPOGOpUOY | TOv @douatoc verpoviov. Ta otoyegio mwov Bpé@nliow ot Piproypapio va
opoktnpilovtol amd Aotk okédaon; mopouole pue ovth tov He, oto emBountd £dOpo
)s(vgpyalgz Cs:ivou: 368, 37CI, 40/01}, 39K, 4S]K, 48%&% 1388121, 1S’QLEI xan 7Au. Ano owil(;l u()vopr(i
wotomo, °La kon Y Au TPOKAAEGOV TTPOGAPLOYN TOV PAGUOTOC, LE TO OTOTELEGILO TOV 139 3
va givoar pdAdov apeintéo (Zymua 31). A&ilet va onuewwBel 6t 1 €viovn emidpaocr TG
napepfonc tov wotémov AU 610 pdopa ftav omotéheopo oyl LOVo TG ELACTIKAG OALG
KOL TNG AVEAUGTIKNG 0KEDAONG HE KOTOPAL evEpyetlag e TaEng tov 0.1MeV (Eyniua 32). Xto
OmOTEREG O GUVEPOAE OO Kot 1] TOKVOTITR Tov AU (3 @opéc peyokhtepn omd ovTh Tov
139La), KaBmg Ko ta Vo 166TOTA, 139 a kon Y'Au, £€YOVV OPKETE TOPUTANGLEG TIUEG EAOGTIKNG
KOl AVEAIGTIKTG LKPOGKOTIKNG EVEPYOV dloToUng okédaong (Zynua 32).

1E-1

—_

E-2

{n/cm?/s)
tH
&

Normalized Flux per Lethargy

1E-4

1E-3 1E-2 1E+0 1E+1

Englif_;%' (MeV)

Tynua 31: Enidpaon tov vetpovikdv metacpdrov ¥ Au, **La ka “K, méyovg 3cm, 6to @dopa
avapopag (JHR-reflector).
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Tynua 32: EAAoTIKH Kot 0vEAOTIKY [LkpOGKOTIKY evepydc Stotoph| okédaong v ¥ Au kot *La.
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4.3.2 AveAaoTikr] ok£daom

2V mopovco EVOTNTA - Kol 6€ cuvéExewn e evotnrog §4.3.1 - diepevvnOnke 1 duvatodotnTa
TPOGOPUOYAS TOL (QACUATOC OEOTOMVTING VMKA 7ov  yopoktnpilovtolr oamd €vtoveg
aveEAIOTIKES aAANAETIOpAcELS 6To emBuuntd evpog evépyetag (0.1-10 MeV). To yeyovdg 6t ot
aVEAOOTIKEG oKedAoES eivar Aydtepo mBavEG OAANAEmMOPAcElS (UEYIOTN TN EVEPYOL
datoung avelaoTikng okédaong ~ Sb, evd ywo ta meprocdtepa voukridio ~1b) elvar éva
LELOVEKTNLOL TOL UTTOPEL VO aVTIGTAOUIOTEL LE TNV E10AYOYT VAKOV GE GNUOVTIKEG TOGOTNTEC.

H sioaynyn evdg 100tOTOL OV TOPOLGLALEL aVEANOSTIKY GKkEdAoT otV emBountn evépyela,
OT®G aVTO TOV 1%Ho, otV mepLoyn aktvofoinong tov JHR-avaxkiaot, elye og anotéAecua
Vv onuovpyioe VoG QAGHOTOS TOXEOS OVTIOPOCTNPO UE TO HEYIGTO TNG KOTOVOUNG TOV
vetpoviov va elval HETOTOMGUEVO TPOg yaunmAdtepeg evépyeleg. To kavdAl ovelooTIKNG
oKEOUONG VETPOVIOV TOV %Ho avoiyel ota 0.1 MeV kot n T ¢ aveAUSTIKNG £vePYOD
dtatopung tov oto 1 MeV givar ~3b (Zynua 33).

Aoxpalovtog dtopopeTikd Taym %40 (1cm, 2cm, 3cm and 3.4cm) 670 VETPOVIKO TETOGHL,
Bpédnke 0TL N elcaywyN 185Ho, ndyovg 3.4 cm, Ntov ce BEom Vo LETATOTIGEL TNV KOPLOT] TOV
(QACLOTOC aVOPOPAs oTIS VYNAES evépyeleg amd to 1MeV o1o 0.355 (Zyua 34). Oa mpénet va
TOVIGTEL OTL OTO TEAIKO OMOTEAEGHO GUUPBAAALOVY KOl Ol dV0 OAANAETIOPACEIS OKESUGNG TOV
165Ho, elaoTikn) kol avehootikny. EmmAéov, m mepoyn ocvviovicpod Tov %Ho mov
napatnpeitan yopo ota 100 eV (Exmua 33), tpokadel avtictoyn TTdOGN ™S PONG 61O PAGUA
TOV VETPOVIOV, JOUOPOOVOVTAG £TCL Mo KAUTOAT KOTOVOUNG VETPOVIMV ov mtpoceyyilel o€
apKeTA amodektd Pabud v embounm koatavopr] tov SFR. Qotdco, katw amd ta 100 eV,
napatnpeitonr por éviovn (avemBdunT) mopovcio emMBEPUIKOV VETPOVIOV. L& GUVEKELL TOV
TOPATAV® HEAETHONKE N TPOSHNKN GYAGILOoV LAKOV 611 dtdtaln. O cuvdvacudg Tov %Ho ue
1lcm oydoyov vAMKoL gixe ®¢ amoTéAEGHa (o EAOPPE aALOi®moN TG HOPPNS TNG KATOVOUNG
veTpoviov oTlg vynAotepeg evépyeleg (Zynuo 35). Emutiéov, mopatnpeiton peimon g
OLVIGTAOGOGS TOV EMBEPLUKDV VETPOVIMV.

Cross-section (b)

+ + + + + + + + + + + +
1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0,001 0,01 0,1 1 10

Incident energy (MeV)

Tynuo 33: EAAGTIKY Kot 0VEAAGTIKT [LkpOGKOTIKY evepyd Stotopt| okédaong **°"Ho
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Tynua 34: Enidpaon tov vetpovikédv metaoudrav *°Ho diapopetikod méyovg (1, 2, 3, 3.4cm) oto
eaopa avaeopdg (JHR-reflector).
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Tynua 35: Toykpion TG enidpacng Tov verpovikod metdopatog *°Ho, méyovg 3.4cm, 6T0 Qoo
avapopdg (JHR-reflector) e (Lo xoumdAin) kot yopic oxdoio vVAKS 1cm (KOKKIvN KOUmTOAN).

Metd 10 emtuxég OmMOTEAESHO  TNG  OEOTOINONG  VETPOVIKOD  METACLOTOG 1%5Ho,
mpaypotoromOnke  depedivnon  TEPAUTEP®  SUVNTIKOV — OVEAOCTIKOV  GKEOOCTAV.
[Ipaypatomomnke peydiog aptBpdg VTOAOYIGU®OV pHe 57 d10popeTIKA oTotKEin (0T QUVGIKT
Tovg ovvheon). Onwg kot otV TEPiMTOON TOVL 1%Ho, ora ta netaopota OewpnOnkav mayovg
3.4cm. To Zynmua 36 mopovctalel Ta GTol Eior TOL TEPLOJIKOV TIVOKO TOV SOKIUAGTNKAY GTO
mAoiclo NG dgpedvnone. Ot amoyp®CE TOL KOKKIVOL £youv ypnoywomombel yu va
avadei&ovv Ta otoryeio pe to omoia enETELYOM TO KOAVTEPO amoTéAecpa. Me 6KOVPO KOKKIVO
OTUEUOVOVTOL TO, DVAIKA TOV TOPELYOV TN UEYOADTEPT] UETATOMIOT TOL UEYIGTOV TNG PONG OTO
0.153 MeV (amd ta 0.755 MeV 6mov mapatnpeitol 1o HEYIGTO TG PONG GTO PAGLO OVAPOPAG),
EVAD KOKKIVO YPNOLOTOLEiTAL Yot TO DAIKG HE TO OMOio. TO WHEYIOTO WETATOMIGTNKE OTO
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0.355MeV (apéomg emdpevn kalvtepn mepintmon). To avorytd KOKKIVO apopd 6T VALK TOV
eV peTaTOmoaV T0 péEYLoto g pong ota 0.153MeV, 1 cuvolikn Tovg enidopacn 6To PAcUO
Nrav apeAntéa. Xto Zynua 37 onewoviletor 1 enidpacn v verpovik®v metacudtov Ir, Os
kot Re mayovg 3.4cm, oto ¢@dopa avapopdc (JHR-avoxiaotig) pe 1o omoio
TPAYLOTOTOMONKE 1N UEYIOTN HETATOMION TOL HEYIGTOV NG PONG TPOG TIG YOUNAOTEPES
evépyeteg (E(DPmax) = 0.153 MeV) kar n BEATIOT TPOGOPOYT TOV PACLOTOG.

o
3 1 18
T 1A VLA
a
1 “ atomic # — (29 21 « ions commonly formed 2
11 2 atomic symbol — | Cul 13 14 15 16 17
ImA English element name — copper nA VA VA VIA VILA
63.55 | « atomic mass (rounded)
3 af4 2| 5 3|6 -a|7 3|8 2|9 110
2 2 2p B c L
E(®max)=0.355 E(®max)=0.153 boron carbon 0
I:l not intense intense spectrum tailoring 10.81 12.01
11 112 2| 13 (14 -4[15 316 2(17 118 w
3 3 Na Mg 3 4 5 6 7 8 9 10 1 12 3| Al Si P S
sodum | magnesium ne VB VB VIB  VIB  VIIB VB VIIB I} e auminum | siicon | phospn sutr d
22.99 24.31 26.98 28.09 30.97 32.07 e
19 20 2| 21 322 432|123  +5234|24 4326|125 +23467(26 32|27 23|28 23|29 2130 2 31 3|32 +42|33 -3134 -2[35 -136
4 4 K Ca 2| Sc Ti \ Cr Mn Fe Co Ni Cu Zn p| Ga Ge As Se Br n
potassium | calcium scandum | ttanium | vanadium | chromium manganese iron cobalt nickel copper ane galium | germanium [ arsenic | se Jenium brom, S
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.41 69.72 72.64 74.92 78.96 79.90 i
37 +f38 2] 39 3[40 +al41 53[42 4635(43 4746|144 44368 +346|46 24|47 +[48 2 49 3(50 +42(51 35(52 -2|53 -154 t
5 5 RD Sr 4d zr Nb Mo Tc Ru Pd Ag Cd 5| N Sn Sb Te |
wbidum | suontiom ium | zrconium nobium | mobybdenum | technetum | rutherium patidum [ siver | cadmium indium i antimony | tellurium iodine y
85.47 87.62 98 106.4 . 1148 1187 1218 127.6 126.9
55 4156 2| + 4| 75 +746] 3 +3 2. 81 +13(82 24|83 35|84 +42|85 86
6 6| CS Ba | tsq 6p Tl
cccccc barom thalium
1329 1373 204.4
87 188 2| 113 114 115 116 117 118
775 $6d P
57 3|58 34159 34160 3161 3|62 32(63 32|64 3|65 34166 3|67 3|68 3|69 32|70 32|
lanthanides 44 La Ce Pr Nd Eu Gd Th Dy Ho Er
(rare earth metals) lanthanum | cerium neodymium europium | gadolinium terbium dysprosium | holmium. erbium
138.9 140.1 140.9 1442 164.9 167.3
89 3|90 +[91 54[92  +6345|93 +5346[94 4356 +3|99 +3|100 +3(101 +32(102 23|
1 5f -
Actinides

Zyfua 36: Ta VAIKE TOL PEAETHONKOV: ATOYPDGCELS TOL KOKKIVOD YPTGLILOTOIOVVTOL Y10 VO, VITOdEIEoVY
T VAKE e To, omoia, emetevyOn To KaADTEPO ATOTELEGIO. XKOVPO KOKKIVO YPTCLUOTOLEITOL Y10l TOL
VAKd pe ta omoia to péytoto petatonionke ota 0.153MeV, evd kOKKIVO XPTOLLOTOIEITOL Y10l TO VAIKA
ue Ta omoia To péytoto petatoniomnke oto 0.355MeV (apéowg enduevn KoAvtepn mepintoon). To
VoL TO KOKKIVO 0(pOPd GTO VAIKE TOV EVD PETOTOTIGOV TO HEY1GTO TN pong ota 0.153MeV, n
GUVOAIKY] TOVG EMIOPAGT) GTO PAGHLO TAV OUEANTEC.

Ao ta AmOTEAECUATO GUUTEPUIVETOL OTL 1 EQUPUOYN VAIKOV HE CNUOVTIKY] OVEAAGTIKN
oK&duon Umopel Vo TOPEXEL OMOTEAEGUOTIKY HETOTOMION TOV VETPOVIKOV @Aacpatos. Ot
TAPAYOVTEG TOV GUUPAAAOVY GTO OOTELEGHO TEPIAAUPAVOVY TNV TUKVOTNTO KO TIG TYHES TNG
EVEPYOL OOTOUNG OVEANCTIKNG OKEDNONG, Gj, TOV LAIKOV KaOMG Kol TIG EVEPYEINKES TEPLOYES
oTIG omoieg AaUPAveL YdPa 1 AVEAACTIKT OKEOAOT). X EVOEYOUEVT] TPOTAGT) CLOKEVNG TKOVTG
VO EMTVYEL TNV ATOLTOVUEVT] TPOTOTOINGCT TOV PACUOTOS, OAOL Ol TAPUTAVE® TOPAYOVTES B
npénel va eEeTalovTal YoPlLoTd.

SOUTANPOUATIKA TPOG TO TPOOVOPEPHEVTO OmoTEAEGHOTA, dlepeuvnnke 1M duvatdTnTo

EMMAEOV UETOTOMIONG TOV UEYIGTOV TNG PONG G YOUNAOTEPES evépyeles. [ v gdpeon
OTOWELMV LE YOPOKTPLOTIKN OVEANGTIKY EvEPYO dlatoun oe youniotepes evépyeteg (<1MeV
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nepimov), e€etdotnke meportépm M Pipiodnkn JEFF-3.1. X10 Zynua 39 mapovcialovtorl Tpelg
TEPUTOCEL GLVOLOGLOD VMKDV 180Th kou Os. Awmictdvetar 6L 0 GLVOVAGUOG VAIKDOV TTOL
xopokTNPifovTol amd S1POPETIKEG AVEANOTIKES OKEOAGELS LLE DLOPOPETIKA KOTOPALL EVEPYELNG
Umopel va TPOKOAEGEL TEPAUTEP® UETATOMION TOV PEYIGTOV TNG PONG TPOG TIS YOUNAOTEPECS
evépyetec. To kavaAl aveAAOTIKNG OKESAONG TOV 1GOTOTOV 1%0Th avoiyet ota 0.1MeV ko
TOPOVGLALEL YOPOAKTNPIOTIKY OVEANCTIKY €vePYd dtatoun okédacng peyoivtepn tov 1b ota
~0.5 MeV (Zyfuo 38). To wotomo *Th dev anavidron guows® odhé pmopel vo mapaydel pe
YOO 0KTVOPBOAN O TOV 13°Th, 10 omofo sivar o povadiko 16otomo tov Th.

Re, Ir, Os

1E+0
5B 1E-1
z
< 1E-2
]
g = 1E3
8
>< o
5 E
= S 1E4
< E Re Ir
N 1E-5 Os
<
E  1E6
[=]
Z

1E-7

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2
Energy (MeV)

Yyquo 37: Exidpacn tov vetpovikav metacudtov Ir, Os kot Re méyovg 3.4cm, 6to pacpo avapopag
(JHR-reflector). To vAkd avtd métvyay T BEATIOTN TPOGAPUOYT TOL UEYIGTOV TNG POTG GTA.
0.153MeV

5001

Cross-section (b)

0,05

+ + + + + + + + + + + +
5E-5 1E-4 5E-4 1E-3 5E-3 1E-2 5E-2 1E-1 5E-1  1E0 5E0  1EL

Incident energy (MeV)

Ty 38: OMKY, EAACTIKY KOl OVEAAGTIKY [LIKpOGKOTIKT evepyds Stotopr| Tov **°Th

2 Av kat n xpNon Tev 160Th Umopel va. punv givat EQIKTY, XPNOULOTOMONKE 08 QLT TN HEAETN Y10 OKASOTKODG
AdyoLG.
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1E+0

1E-1

1E-2

1E-3

Normalized Flux per Lethargy (n/cm?/s)

1E-4 ——0Tb160: 1 Os
—2Tb160 to 1 Os
=4 Tb160: 1 Os
1E-5 — _SFR
1E-6
1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1

Energy (MeV)

Zyuo 39: Tepartép® PETATOMION TOV PEYIGTOL TNG PONG TPOG YOUUNAOTEPEC EVEPYELEC UE TN YPNOM
GUVEVAGHOD aveLaoTIKGY okedaotdv (*°Tb kot Os)
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Kepararo 5

Enidoyog

5.1 Evdelktikdg oXedlaonoOg TG CUOKEVT)G
Ta gupiuata avTg g €pyaciog 0dynoav oto akoAovo GUUTEPAGLOTOL:

* Ot omoppoPNTéEG DEPUIK®Y VETPOVI®V, 0KOUN Kol HE TOAD HKkpo Tayog (.. 1mm),
UTOPOVV Vo TETHYOVV GNUOVTIKY] GTOKOTMN TNG CLVICTMOOCOS TMV BEPUIKDOV VETPOVIMV.
Evtovtolg, pmopovv va ypnoyevcovy yoo v enitevén evog edopatog vetpoviov FR,
aALG Oyt evog SFR.

* H mpocOnkn oydcitov vAkoh evicylel T0 QAU OTIG VYNAES EVEPYELES Kot AEAVEL
TIG TWEG TNG PONG, AAAG dev Ponba va avamapoydei Eva edopo SFR.

* Mg 1t ypNoN TUKVAV DAMK®OV OV Yopaktnpiloviol amd 1oyvpn aveANGTIKN GKEOAOT
oe evépyeleg ~1 MeV, pmopei vo tpomomomnfel éva Bepuikd edopa vetpoviov Kot va
TPoceyyicel 6 TOAD tKavomomTikd Pabuod to tumikd edoua evog SFR.

2V TEMKN SIoHOPP®ON TG GVoKELNG oL Oa aomotel Ta Tapdvta aroteAéouata, Oo Tpémet
va ANeBodv vrdyn ot Tpodiaypapég Tov mEpdpatoc. [lapd to yeyovog 6tt pdvo n glcaywyn
evog amd To UETOAAO, TOL TOPOVCIICTNKOV otV mopdypapo 4.3.2, apkel yw TV
npocopoinon evoc SFR edacpotoc, dtapopetikoi cuvivacHol HropodV Vo, IKOVOTOGOVY - GTO
BérTioTo Pabuod - TIG AmoTHoES OKTIVOBOANONG TOV TEWPAUATOG:

1. ovelootikdg okedaotg/és: Ommg  avaeépeton oty §4.3.2.6, n  alomoinon
TEPLGGOTEP®V TOV EVOG OVEANCSTIKOV GKEOACTAOV UITOPEL Vo TapExeL pa emmAov pHouion
NG TEMKNG VETPOVIKNG KOTOVOUNG KOl O CLYKEKPIUEVO, TN UETOTOMION TNG UEYIOTNG
pong vetpoviov oe yapnAOTEPEG EVEPYELEG, QVEAVOVTOG £TGL TN GLVIGTAOGCH VETPOVIOV
VYNADOV ETOEPUIKDV EVEPYELDV.

2. Bepukdg amoppoPNTg - oveEAOoTIKOG okedaotng/éc: 'Evag Oepuikdc amoppopntig
umopet va ypnoponombel oty TEMKY cLoKEVT OoTe va pelmbel 1 va eEakerpBel TANPwg
N CLVIGTAOCH TOV OepUIKOV VETpoViDY. AVAroya LE TOV oKeOOTH, Oa TPoodloplotel o
KatdAAnAog Beppikdg amoppoens (VAKO kot mdyoc). o mapdaderypa, n xpnon tov B
kol Ev emutpénel v ehayiotonoinon tov emOepk®V VETPOVIOV YOUNADV evepyeldv. To
TAYOG TOV ATOPPOPNTH UITOPEl Vo, moikilel (dedopévon OtL axoun Kor 1mm givar apketd
YL VO ETQEPEL CNUOVTIKY] HEIMON TNG CLVICTOGOS TOV OEPIK®OV VETPOVI®DV) Kot Vo
Tpocolopiletal Kuplo o€ cLVAPTNON UE TOV EMBLUNTO YPOVO EEAVTANONG TOV VAKOD TOV
TETAGLOTOG
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3. oYAo1o LAKO- aveAaoTikOg okedaotg/ég: H mposbnkn oydoipov vikod e&umnpetei
otov amoutodvtal (omd TG TPOJSYPAPES TOV TEPAUATOC) VYNAEG TIUEG PONG TOYEWV
veTpoviov. Q6TOC0, N XPNON TOV GLVOSELETAL IE TPOSHETA BENAT OGPALEinG TOV TPETEL
va e£€T06TOOV npocssmmd23.
4. Oep KOG OmOPPOPNTNG - GYAGILO VAIKO - OVELUOTIKOG OKESUGTNC/EG: ZVUVOLUGUOC OA®V
TOV TOPOTAVE.

O oyxedoouog g odraéne Paciletor o amoteléouoTo VETPOVIKOV vLIOAoyloumv. Ta
(QAGLLOTO TOV VETPOVIMV KOl POTOVIOV aoTEAOVV TN PACT Y10 TOV VTOAOYIGUO TWV TUPNVIK®OV
avTpacemy  evolapépovtog (O0mm¢ evamdbeorn evépyewog, Owpakion, PAdPec Adyw
axtivoPoiiag). H siocaywyn pog didtaéng o B€oeig axtivoBOAnong evog avidpacTnpa amattel
TNV TPOKATOPKTIKY] EEETACT] TOV EMMTMOCENMV TOL UTOPEL VO EMLPEPEL BTNV €V YEVEL AgtTovpyin
TOV AL KO GTNV AGQAAELD TOV.

[Iptv amd v 7wpaypatikn swooymyn e Oldtaéng otov  avtidpaoTtipo, TPETEL Vol
npoyuatoromOel pio extetapévn evOeAeyne €psuva LE EUQOCT OTNV OCQPOAEWD KOl TNV
amodoon. O kaboplopog g TeEMKNG Slopdpe®ons TG Odtaéng amottel Tn GuvvEPYELL
SAPOPOV YVOOTIK®OV OVTIKEWEVOV Kot e101K0TNTOV. Eotidloviag otn Bempntikn peAétn yio
TOV TPOGIOPIGUO TMV BEATIOTOV DAMKAOV Y10 TN KOTOCKELT] EVOG VETPOVIKOD TETAGILATOS, TO.
OOTEAEGULATO. OVTNG TNG OaTPPNG amoTeAoVV TN PAon Yoo OAEG TIG HETEMELTA AVOADGELS, Ol
omoieg apopovv ota akdAovBa {ntnpata:

* EIG0YMYN AVTIOPACTIKOTNTOGC

* EMNTMOGELG TNG GLOKELTG GE YELTOVIKA TELPALLOTOL
* gvamoBeon evépyelag otn dtdTaén

* BepLO-QLGIKES 1010TNTEG

* YUKTIKO HEGO Kol KOKAMLOL

* KOTOOKELT] TNG O1ATOENC

* VINPEGiEC HETE TNV aKTIVOPOAN O

Ewoayoyn avrwpootikotnrog: H swooayoyn owrtdéewv oe éva mepipdiiov  Bepuikon
OVTIOPOCTI PO UTOPEL VO EXEL CNUOVTIKT ETIOPOACT GTNV OVTIOPOUCTIKOTNTO TOV OVTIOPACTNHPO.
Mo mapaderypa, n adénon ™ mTLKVOTNTAS TOL GYAGIUOL LMKOV emPEPEl mAeovalovoa
avTOPAoTIKOTNTA. AVTiOeTa, 1 €160YWOYT ATOPPOPNTOV £YEL OC OMOTEAEGUO TN Helmon TG
avTOPACTIKOTNTOG, KAODS 0 puOUOg Tapaymyng Taxéwmv veTpoviov permvetot (cuvakdiovda, M
e€aymyn Toug Ba avENCEL TNV OVTIOPACTIKOTNTA, POV Ba eMLTPEWEL TNV EVioYLON TNG BEPUIKNG
GLVIGTAOGOC).

2 Oa npénet va avadepOel Tt N SLEpKeLa TS aKTWVOBOALC Kat oL TUEC TNE poriC Ba TPETEL va pUOPLETOUV
KOTAAANAQ TIPOKELUEVOU va NV uTtooToUV BAABEG ta ipog aktvoBoAnon delypata.
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Qot1600, peydin onuacia £xel n akpiPrg 0éon eykatdotaong e otiTaéng: HEGO GTOV TLPT VAL
N emidpaon NS AVTIOPACTIKOTNTAS OVOUEVETOL VO €IVOL OPKETO CTMUAVTIKY], VO EKTOG TOV
evePYOL upnva, apeAntéo. v mopovoa epyacio, Bempndnke n €l0ay®YN TOV VAMKOV O
0éon oaktwvofoAnong omv mepoyn Ttov ovokiaoty tov JHR kot ot petaforég g
avTOPACTIKOTNTOG NTaV WKPEG (Kot €vTOg TV oplov aceaieiog). Xtnv evotnta §5.1 tov
KUplmG KEWEVOL TNV AYYAIKN YADGGO Topopovctdlovtol Ot avTiGTOL Ol LTOAOYICUOL TOV
OUVTEAEGTI] TOAOTAOGLOLOD VETPOVI®MV Y10 EVOEIKTIKESG TEPITTMOGEL,.

Emnt®doels TS 6VOKEVNG 6T YELTOVIKA TTEWPapaTo: Mio amd TIC TopaUETPOVS TOV TPEMEL
va ANeBoHV vTdYY TPV amd TV 100 y®YN piog ddtaing oe mePBAAAOV avTIOpaGTHPO Eivor 1
EMIOPACT TOL FVVATAL VO, TPOKOAEGEL GTO YELTOVIKEA TTEPALOTA, KOOMG EVOEYETAL VO ETOPACEL
OVOOTOATIKO GTN AELTOLPYiO TOVG.

Ymnohloyiopog evamo0eong evépyerac: H napaymyn Beppudmrog ota vakd g ddtang, Adym
TOV VETPOVIKOV OAANAETMOPAcE®V KOl NG Yappe oktvoBoiiog (n onuoviikdtepn mnyn
evépyelng) Ba mpémel va peketnOel mpocektikd. Ymoroyiotikd epyoleio onwg o TRIPOLI-4.8
UTTOPOLV VO TAPEYOVY VITOAOYIGHLOVG TNG PONG POTOVIMV Oyl OL®G pe T néyom akpifewa. [a
avtd 10 AOYO TWPOTEIVETOL VO YPNOCLUOTOOVVTOL TO VTOAOYIOTIKA epyaieion mov €xouv
avartuyBel pntd Yoo TNV AVIWETOTION TOPOUETp®V, OTC 1M Oépuavon amd  ydauupo
OaKTIVOPOAlD. ZOUTANPOUOTIKO HE TOLG VLTOAOYICUOVS OMOLTEITOL 1) OEVEPYELD TOTIK®V
LETPNCEMV TNG POTG.

Oeppo-@uoikég 1W010TNTES: [0 TOV TEAMKO OYEdIcUd ™G ddtaéng Ba mpémer va AneOHovv
VROYN Tapdyovieg OmmG M €01KN BeppoTTO, BepLKn ay@yldTNTO Kot OEPUIKT SOGTOAN TV
VMKV TG cvokevns. Ta anotedéopata Bo VTOSEIEOVY TN GLUTEPIPOPA TOV VAIKAOV KT TNV
ékBeon tovg o aktvoPoria. EmmAéov, Ba mpénel va egetaotel n mBavotta Sdfpmong tomv
VMK®V petd v €kBeon tovg o ovykekpluévo  Yuktikd péco. Ilpoxoartaprrucol
Bepuotidopaviikol vroroyiopol mov mpaypatoromOnKay o©T0 MAOUGIO ALTAG TG UEAETNG
£0e1&av OTL M €100 Y®YN TNG TPOTEWVOUEVNG dtdTaENG 6T0 £6MTEPIKO TOL avakAaotr Tov JHR
dev eyeipel Bépata acQarelng.

YoEn ™6 ovokevg: Ot koTavoués Beprokpaciog Tov EMKPATOVV GTO VAIKE TNG GLUGKEVNG
npémel lval GLVENEIS He TIg amotoelg acpaieiog Tov JHR. Ze yevikég ypappés, oe t€toton
eldovg epappoyég, mpotipdton n Beppokpacio Twv derypdtov vo dratnpeitan otabepn. Ta to
AOyo avtd pmopovv va ypnoionomBodv dopkd VAKE mov omdyovv Beppdtmra, OT®S TO
alovpivio kot 0 avo&eidmtog yaAvpoac. Ommg £xet avapepbel vopitepa, n BEon mov emA&yOnke
Yy TV gloaywyn g odrtaéng Ppioketan otov avakiaot) tov JHR, dmov ko dtappéeton omd
10 TPOTEHOV KUKAWUA vEPOD ToL avtidpactipa. [Ipokeyévou va kabopiotel edv to TpwTeEHOV
KavaAl Tov vepol eivar emapkéc yio vo TapEYEL TNV KATOAANAN YOEN TG TEMKNG GLGKELNG,
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TPEMEL VO, TPAYLLOTOTOMOOVV avTIGTOLY01 VTOAOYICHOL. Xg TEPITT®OT TOL amatteitol TpOGHeT
Yo&N voeiotavtol emmAiéov pEBodot (1., YokTikoc Bpoyyog vatpiov, niiov ktA.).

Kotaokev) g owatalng: Metd v €Tloyn TOV VTOYNQLOV VAIKOV, TPETEL Vo EEETOCTEL M)
nébodog kataokevns. H mpooHnkn dopikdv vikov pdarov avaykaio. To ailovuivio kot o
avoieidmtog ybAvBoc eivor ta Mo ovvndicpéve VAIKE OV XPNCLUOTOOLVTOL Yol
KOTOGKEVOOTIKOVG AOYOLG GE TEPAUATIKES dtoTaEels avidpaotipov. Eniong avtd 1o &idog
VAMKAOV S1ELKOAVVEL TOV EAEYYX0 TNG BeproKpaciog TG CLOKELNS, AOY® TNG LYMANG BepKNG
ayoyuoémrog Toug. Adym g oxedov Japavelds Toug oe veTpdvio, (ToAD YoUNAEG TIUES
EVEPYOL OlATOUNG OVTIOPACEDV VETPOVI®V) M €QapUoyn Tovg dev mapafralel To oKomd TG
duataéng.

Ynnpeoieg petd v axtwvofoinon: o v ac@oA €YKATAGTAOCT), TOV OCQOAN YXEPIGUO
KaOdG Kot yro T TEMKY| amodounon/anodnkevon e ddtalng petd v axtvofoincn, Ba
npénel va eEacaMoToVV avtiotoles doeteg and ) PuvBuotiky Apyn tov Avtidpactnpo
(Regulatory Body).
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