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Abstract

Going through a new phase of Fast Reactors (FRs) designseveral 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 re spect 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 2Na 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. h prospect to suggest a
device capable of achieving the required spectrum modific ation 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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Chapter 1.

Introduction

1.1 Background & Motivation

The presence of fast neutron spectra in new reactor concept§ OECD13, Loc13, Deb04 (such as
Gas Cooled Fast Reactor[Poelq, new generation Sodium Cooled Fast Reactor [Aotl4,
OECDO09], Lead Fast Reactor[Ale16], Accelerator Driven System [IAEA15] and nuclear Fusion
Reactors [Rael§ is expected to induce a strong impact on the contained materials, including
structural materials (e.g. steels), nuclear fuels, neuton reflecting materials (e.g. beryllium) and
tritium breeding materials (for fusion reactors) [LaalZ. Therefore, introduction of these reactors
into operation will require prior extensive testing [IAEAl2a] 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
[OECDL11]. 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 ste els) which must be typical of fast reactor
conditions [Kell4]. 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 [Kell4],
testing of future reactor materials will mostly take place in water cooled Material Test Reactors
(MTRSs), which provide a neutron spectrum with two peaks, one at 1 eV and another at 1 MeV
(Figure 1-1)[Yan120Okul4]. Seeingthat 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 [Okul4]
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 G IF IV criteria: safety assurance, economic
competitiveness, reduction in environmental burden, efficient ut ilization of resources as well as
proliferation resistance and enhanced physical protection [Dell3, Ichl]]. Extensive research
related to the behavior and characteristics of material and fuel under irradiation co nditions
(nominal and transient ), the fuel fabrication as well as the pin cladding and wrapper material is
required [Dek1l, Dell3]. Such study can be carried out in MTRs. The reflector area of Juls
Horowitz material testing Reactor (JHR)[Par15Bigl5] provides good neutro nic 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

1.31 Jules Horowitz Reactor

JHR is a Material Testing Reactor (MTR) wnder construction at Cadarachein southern France
[Bigl6, Coll15]. This pool-type MTR would have a maximum power of 100 MWth. The design
thermal flux is 5.2@ 0" n/cm#s and the fast flux (here E> 0.9MeV) is 540 n/cm?/s. The reactor
will offer modern irradiatio n 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 Il, lll and IV Nuclear Power Plants (NPP) and to different
reactors technologies[Parly. JHR is designed to provide high neutron flux (more than the
maximum available today in European MTRS), to perform highly instrumented exp eriments 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 calculationsrelated 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.
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1.3.2 Sodium cooled Fast Reactors (SFRs)

SFRs areclassified within the domain of Liquid Metal cooled Fast Reactors (LMFRs). These
types of reactors use liquid metal coolants, such as sodium and lead [IAEA12b, 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 coolantmedium in the majority of
fast reactors constructed todate [OECD14, Sun12.

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

Properties Units Na Pb Bi Pb-Bi
Atomic number | 11 82 83 l
Atomic mass | 22.99 207.2 208.98 l
. S~ 98 327.4 271.4 125
Melting temperature
K 371 600.85 544 398
. S” 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 5.1 114 8.07
o kJ/kg 3871 856.8 852 852
Heat of vaporization
kJ/mole 89.04 178 178 178
UOOB wl Y ¢ 966 11340 9780 10474
Density " - kg/m3
Obd06 wKk 845 10520 9854 10150
_ sol.| YS~ 1.23 0.127 0.129 0.128
Heat capacity - — kJ/kgK
lig. Kk YS 1.269 147.3 150 146
Thermal UOOB wl Y ¢ WImK 130 35 8.4 12.6
7 - m
conductivity Ob@d06 wKk 68.8 17.1 14.2 14.2
*PDOl OEUDEWYDPUEOUT mos 3x107 1.9x107 1.3x107 1.4x107
/| UECEUOWOUBET Uwpt | 0.0048 0.0174 0.0135 0.0147
2001 EET wO1 OUDB OO W mN/m 163 480 370 392
Volume change with melting % 2.65 3.6 $3.3 ~0.5
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The useof 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 spectum hardening and constitutes the so-called sodium void effect [Yanl12].
For the thesis purposes, areference SFR spectim has been utilized, provided by the neutronic
data of the prototype SFR reactor, Phenix [Gui0O5, IAEAO7]. Phenix was a pooltype design,
generating at 565 MWth power. Before its shutdown [ChelZ, 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[Chel2.

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 1¢ and 10 eV. Prompt neutrons are born at energy
ranges from 0.1 to 10 MeV and the elastic and inelastic scattering interactions betweensodium,
as well asstructural and other materials existing in a SFR with fission neutrons , shifts the peak
of fission spectrum to lower energies (~200keV) The contrast between thethermal and the SFR
spectra is better illustrated at the Chart-Table of Figure 1-4 where the neutron distribution is
partiti oned in energy groups.

A reversion of the neutron population from one side (low energies ) to the other (high energies)
is necessary tofulfill 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 introd uced into the JHR reflector.

1 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 m ajor 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 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
gualification for the development of GEN -IV reactors [Kell14], 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 o 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 exdange 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 neutr on 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 ina 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 neu UUOOw EEUOUEI UUw EUI w UUI EGw ! aw YE
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 powetransients.

The chapter is divided into two sections, depending on the form of the absorbing material used
i.e., solid and fluid neutron screens. Sectiong2.1 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.

LEEETE

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 1963
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 HO Beryllium DO Graphite

Figure 2-1: MTRs presented in this chapter (present work)

10
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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

Cadmium
4600 b
1000 - ( ) ¢ (2450 b) Boron
€ (767b)
Hafnium (104 b)
100 - *

Neutron Cross
Sections (barns)

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 tailori ng [Hyn15,CPP1q4

_ Melting Boiling Prices per .
density . . . Reaction
Name Sym (glem?) Point Point 100 g Toxicity Type
$) EHw €

Europium Eu 5.244 822 1527 1350 middly toxic n,w
Cadmium Cd 8.56 321 767 46 highly toxic n,w
Boron B 10.811 2075 4000 1114 non toxic nYy
Hafnium Hf 13.31 2233 4603 120 non toxic n,w

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 othe r technological
issues. However, Cd screen construction is complex from the engineering point of view, due to
its low melting point an d 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 113Cd, 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 ofnneutron 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 cont ained a Cd thermal neutron-
absorbing screen[Rae0qQ.

2.1.1.1 Cadmium neutron screensalready being used

Belgian Reactor 2, Center for Nuclear Energy Researchep! 11 Qw2 " * ¢ " $ - A
INBRZEOQUI WEOwW2" * ¢" $of WA an thickrngdshhs beénuinstalled around a large
Sodium (Na) loop (hosting a single fast reactor fuel pin) which was already surrounded by a
gaseous 3He 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 3. The 3He 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
imp act 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 3He and Cd
screens, in order to allow for a certain re-thermalization (so that the 3He 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 ofa FR The utilization of 3He screen in VIC is also examined
ing2.21.

2The main characteristics of BR2 can be found inDyc13.
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 [Eyn094q]

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 [Rae0Q
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Figure 2-5: Effect of @ 0.25 cm Cd neutron screenon the neutron spectrum within the fuel element. The neutron
spectrum of the reflector channel is included for comparison. [Rae0Q

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
xOUDPUDOOI E wU E(Eiguie Q-6) alnuHFR*YRigtwé X7%a TRIO concept, i.e. TRIOX, was
utilized for MOX fuels irradiation [Arl13,ShalgRen03, 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, molybdenu m (Mo) shroud, Na , Stainless Steel (SS)(1st containment), gas gap, SS(2

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

4 A short description of HFR can be found in Zem12, JRC05
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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. Mo lybdenum 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?2 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 orderto 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 th ree 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 [Eyn094].

1

1

1

1

1

:

1 1

1 1

- ! !

N\ K vl
(] 1

He-Ne or Ne-N : P i

©6.55! NI

. Water gap Mo@Oo/4 111 1+ i

__Mo@ond .

SS1%Cont @15/16 i 1

L 1

SS2" Cont @16.217.2 .} ! !

L. TRIO support " .

L_thimble @i/ @o =31.5 / 33.5 mm Coolantchannel @ 17.2/24 .+ .

Lfiller element 74.2 mm (@i =75 mm) Al. @ 24/30 Cd @ 27/30 Ll

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 ofHFR [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)[Li15, 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 E & wpO O Y A w U 1.5 (Ui Rebainldsn@@rialy iD
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 irra diation 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 [Bri0Q].

5 Li-ceramics are candidate materials for the breeder blanket of fusion reactor.
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the MCNP code. The screenconsisted of a 2 mm Cd shield and a Hf wire (0.6x0.6 mn®). The

computations were performed considering the HICU loaded at the third highest flux position
two types of fusion breeder materials,

(C3 or C7) of HFR core Figure 2-7). Additionally
containing lithium metatitanate , i.e. Li2TiOswith natural lithium (7.5% ©Li) and lithium -enriched

material (30% 6Li), were assumed [Eyn09b]. The implementation of the neutron screen resulted
to the cutoff of thermal neutrons (Figure 2-9). As referred in Eyn09a, 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%

150

100 ~ 1
I Ay

Power (W/cc)

0 L T T ML | I I LI
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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)[Eyn094q]
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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%¢6Li) or with lithium -enriched material (30% 6Li) [Eyn09b]

2.1.1.2Cadmium neutron screens under investigation or development

Massachusetts Institute of Technology (MIT)

In the MIT reactor [Sunlg, 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 [EIIO8]. The design includes a fast flux trap loop surrounded by fissionable material ( 233U,
29, 239Py and 242mAm), reflected and cooled by liquid eutectic Pb -Bi coolant [EII09]. The fissile
material could be enriched in either 23 or 3. 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 co)bOE QU WEEUUWE UWE w?
by reflecting fast neutrons and sending them back to the central irradiation facility. Between the
amplifier ring and the experimental irradiation facilit y area, a Cd filter was placed [EII09]. 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 (0.1mm) was found able
to reduce the thermal flux well over 50% while the fast f lux decrease was limited to 2% (Figure
2-10) [ElNl09].

18



Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors

st 1.00E + 14

=

5 . fri

g B ’,ﬂﬂ \

~ ‘b-b ! . l'

S £ LOOE+12 WM/

E E \\"iﬁ

=] 8 M0

- [ I } 5

o 5 LOOE+11 . /_./__.P\f. R R R R RS _

2 & ’.f' ¢ = :

S 100E+10f & .- _

= P o~ \

é :..'..'.-"" ! |

2 1.00E + 09 L—<——="
D W I~ W N o N N o~ o o~ o
S ©o o © & o o & o S o <
[ e e
e S S O S O R o 2 S 2 R < S < W << W S S o=
S o © S o o o < o o o <
& & & &8 3 83 8 & 3 3 3 3

Energy (MeV)

—— No Cd filter

—— With Cd filter

Figure 2-10 Effect of a 0.1 mm Cd neutron screen on the neutron spectrumhosted in the central fast flux trap of the
MIT reactor core [EII09]

Table 2-2: Effect of different Cd neutron screenthicknesseson the neutron flux of the central fast flux trap

in MIT core [EII09]

Cd filter Neutron flux modification (%) for four neutron energy groups
thickness(cm)  “g.0.4 ev 0.4eV-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 [ORIGENZ2] it was
found that at the beginning of irradiation the peak of the linear heatrate 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 [Chal]]. 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 [Chal1]]

2.1.2 Hafnium neutron screens

Hafnium (Hf) is also a widely used material in nuclear reactors [IAEA08]. 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 asthat 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 usedwithout cladding (due its corrosion resistance in water) [IAEA08]. Hf
is usually combined with Al, which is a good heat conductor and transparent to fast neutrons.
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2.1.2.1Hafnium neut ron screens already in operation

HFR, 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 $eel (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 0.1mm gap existsbetween 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(1mm , 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 t he 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 [ Eyn094]
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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 conditio ns 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 [Geh0§.
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device holds three sample holders of circular cross section, with their centers located radially
x]T Uwh!l YSOwl OUOD DT wiE @cleRFyuré PFB)E ThE inté&rdedifid pade) around
irradiation holes is filled with Al and each capsule is surrounded by a coolantchannel. 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 locate d in the reflector region of
HFIR. Two LWR experiments have taken place using the above irradiation facility; the first

contained uranium nitride ( UN) [Johl16 Wat02], and the second uranium diox ide (UO2, fuel
pellets inside silicon carbide (SiC) cladding [Decl1y. 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 UO: 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 suggestedthat 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 2 safety
requirements with a rate of 28.41 kW/m.

larget bundle

in flux trap

Horizontal
beam tube

Peripheral target
position

Inner fuel element Large vertical
Outer fuel element experiment

- ; facility (VXF)
Control region
(Inches)

0246
[

Figure 2-18: Schematichorizontal cross section of HFIR and its irradiation sites [Ell11]
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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 f acility with a close -up of one of the nine capsule assemblies[EIll11]

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) conept (Figure 2-20) has been proposed
[LonQ7]. The desired fast to thermal neutron flux ratio was set to exceed15. 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 hav e been studied. The BFFL combines boosters as silicide uranium ( UsSk), 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% (UWSk) in 233U, U-
Si plates of the required fuel loading, meat thickness and curvature are prototypes INL, 2009.
The design depicted in Figure 2-20x UOYPET EwEwi EUOwi OUR &a@dmiasiEndaUOR D OE |
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fast (>0.1MeV) to thermal (here<0.625eV) neutron flux ratio of about 23, aveaged 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, s ingle 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 presenceof Hf in Al, the greater would be the remove d fraction of thermal
neutrons (Figure 2-21) [Lon07]. The heding 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 [McDO09].

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
SN U, i, fuel (1.228kgU
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Figure 2-20: Schematic horizontal cross section of the Gas Test Loop conceptual desigriPar05

60 1.055
g - 1.050 2
= g
= L 1.045 9
g [=}
= L 1.040 &
< Z
e L 1.035 %
2 =
= -t 1.030 E

0 T T T T T 1.025

0 2 4 6 8 10 12
Hafnium (%)

Figure 2-21: Sensitivity of fast-to-thermal ratio (blue line) and fast flux intensity (magenta line), to the Hf contenti n
the Al central filler piece . The cycles on the graph correspond tothe fast flux measurements [LonQ7].
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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 [IAEAQ8]. 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 1B (Figure 2-2) together with its low abundance cause
quick depletion of the B screen. However, the depletion can be delayed by 1B 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).

0"Q "OQw &P

e eq. 2.1
b Q "OQeab g

€ 00
High -energy neutrons can produce tritium ( 'O from lithium ( 0 JQuith a threshold energy
E=2.466MeV:
3 0@ 0Q O eq. 2.2
High -energy neutrons irradiating 2B will also occasionally produce tritium:

€ 60 ¢ 0Q O eq.2.3

All of these reactions include the production of He [Mon12].
An Al-! WEOOOawl EVWEI T OwWUUEET UUI 0.030pandladdtherusEubder O1 U 0 U O (
develOx O1 GOais
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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) neutronflux 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 th e
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 N 2 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 1B in Al)
and a case without are presented The presence of the AFB 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
4 4
(here < 0.1 MeV) L1310 17610
Fast (> 0. 1MeV) 4 .55M04 4.5M 04
FIT 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. 7 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% 1B enrichment) have been calculated with MCNP and ORIGEN-2 codes [Zhel4]. The
computer codes MCNP and ORIGEN-2 were coupled by MCWO [Cha0(. The results are
presented in Table 2-4. From the data it is apparent that the fast over thermal flux ratio (F/T)

decreasesalmost linearly (Figure 2-24) over operation time, due to the 1°B 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
[Cha0Z]

. Neutron flux
Irradiation days

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
EFPDS160 87.99
160
-
T 140 * . .
X 5120 . .
L 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 [Cha0Z]

7 The test assemblydesign goals are a) vanadium (V-Li bond) specimen displacement per atom (dpa) greater than 10
dpa per year and b) 51V 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 (1°B 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 raeet the desirable requirements
[Cha02.
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Figure 2-25: Effect of a 0.254 cm AIB 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 dimensio ns 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 19B.
In total, eight cases were studied and compared with the reference case, in which the BC 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.

8 Integrated Infrastructure Initiative for Material Testing Reactors Innovations
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Table 2-5: Dimensions of the BRRneutron screen [Hor09]

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
Ial 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 [Eyn09Db,

Hor09]

The following results were derived by this study:

The greatest spectrum tailoring is obtained with the denser 1B configuration (highest
amount of 19B content in the screen that can be provided with different filtering
configurations).

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

For groups 3 (0.1-:0.5MeV) and 4 (0.51MeV) the effect is very similar.

The presence of the filters resulted to a negative reactivity effect of 11061400 pcm. In
the cases where BC 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 [ Hor09].
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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
crosssection. The use of Eu is limited since it is rare and hence expensive(Table 2-1). In nuclear
reactors, Eu is usedin control rods [IAEAQ8]. 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 describedin 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)
@UOUUTT EVUUTI UOWEOUT wxEUUAwWPIT T Ul unigings wrid B thenndal UOU OO w
neutron flux maa wi B EIT | Enicm@KMcROB]. 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

Exxl EUUwWOT EQwUT T wxUOxOUI EwUI gUPUI Ols@/emi sedd fast EUU wOI
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 te 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 [Geh0§.
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Figure 2-28:Horizontal cross section of tri -pin fast flux shielded irradiation design at HFIR (ORNL) [ Geh0§

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

Parameters Value

WEUOwpsYdhe, 1 5AwOl UUUOO hd | wgwankgyU i

(@) Annual®*l EU0wmpe Y6 he, 1 5Awdl U0UOOwI OU hud t eesfambuy
(b) Burnuplyear 5.9%
(c) dpa 19.5

Fuell® burnup -to-clad dpa ratio at peak irradiation position 0.3 atoms % per dpa
EUOwpsYdho, I 5Awl00wli 1T UO 400

He-to-dpa ratio in iron at peak irradiation position Y6l aExx Ouw'

Linear heat rate (variable, depending upon design of Eu 203 shield) tYY®o6 YEC

9 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 EuOs neutron screen on the neutron spectrum in the FT region of HFIR
[McDO08]

2.15 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

35



State of the art

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. Irradiati ng 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. “n 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 throug h enrichment of the absorber (i.e., 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 H f
must be used, compared to the necessary volumes ofother 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 104
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 103-
1 barns).

Finally, Cd has the lowest epithermal cross sections (order of 16-10* 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 figsn power
variation is achieved through the fluctuation of the absorbent content in the screen (thickness of
Ul wUEUT I OWOUWEEUOUEI UzUwi OUPET O OUKG w3T 1 wi OUEUUE
%He case) or variation of the concentration of the absorber (i.e.,'®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., gaseous3He, liquid boric acid (H3sBOs) and gaseous boron trifluoride (BFs.
Gaseous BE and 3He screens performance has been abandoned in most of the reactors, since
replaced by liquid H sBOs ones.

Parameters that can enhance thepower 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 sublasses
depending on whether they have already been used or they are under development or study.

2.21 Helium -3 neutron screens

%He is a gaseous synthetic isotope ofnatural Helium and is often used in nuclear reactors. 3He
thermal neutron cross section is extremely high [Mug73, ENDF], making this material an
excellent absorber. Most of power transients with a 3He neutron screen have nowadays been
abandoned, as raising safety issues due to Tritium production via the 3He activation. The first
experiment with a variable 3He neutron screen was made in 1977.

2.21.1 Helium -3 neutron screens already operational

1]l Qww2" *¢g" $ -

Pressurized Water &psule / Cycling and Calibratioevice (PWC/CCD)

(Ow! 11 wWEUw2" *¢" $- wEwW/ Ul UUUUDPAI E w6 Devica RWECCD)U Ol v w" 3

(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 through3He
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pressurization/depressurization (1 ¢+ 38 bars). With a 2 mm wide gas gap, a transiert factor (i.e.
the ratio between maximum and minimum power level)
PWC/CCD device has been applied in several fuel ramping tests during the last 30 years

[Mou0Q7 , Eyn09q].

VIC experiment

A variable pressure 3He screen has been utized 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 of3He 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 reduceghe transient

Inlet temperature
measurement

¢ PWC module with fuel
‘ segment

He screen

Fuel segment

Centre grid PWC module

CCD module

Al plug

Stagnant water screen

Water flow direction
3
N

W\

Flow measurement

Outlet temperature
measurement

Figure 2-30: Global view of PWC/CCD assembly [Mou07,Eyn094]

amplitude to 25% [Eyn094].
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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

Figure 2-31: Horizontal cross section of VIC loop [Eyn09q]

Halden, Norway

Although the helium screen performance has been abandonedin most reactors, ramp test

facilities with 3He screen are still in operation in Halden reactor [Vol15,Vit01]. More precisely,

in-pile loops with gaseous 3He are utilized for studying the fuel rods performance under power

transient conditions. The experiment is surrounded by zircaloy!tin order to be isolated from the

reactor environment. The pressure variance of the gaseousHe can provide a ramping factor up

to 4 and a ramp rate between 100 and 200 WE O ¢ Q.E56veral power test series have been

I BT EVUUI Ewi OUwUOTT wbOYI UUPT EUDPOO W Oronmal Oderéidralw ET1 T E Y E
transients [IAEA13b]. Four typical power ramp tests are depicted in Figure 2-32.

11 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 o ther metals, which are added to improve mechanical properties and
corrosion resistance.|AEA98]
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Figure 2-32: Four typical power ramp tests at Halden [IAEA13b]

CABRI, Cadarache

CABRI (Figure 2-33) is a pool-type reactor with a core made of 1487 stainless steel clad fuel rods
with 6% 233U enrichment, operated by CEA at the Cadarache research centeflmh16]. Since
1978, one of the reactors aims has been the fuel behavior under Reactivity Initiated Accident
(RIA) condition s. With the utilization of an 3He transient rods system power transient

experiments can be performed.

CABRI reactor is able to reach a 23. ™MW steady state power level. A key feature of CABRI
reactor is its reactivity injection system. Apart from the 6 co ntrol and safety rods, the reactor is
equipped with 4 transient rods filled with pressurized 3He (Figure 2-34) device allows the very
fast depressurization into a discharge tank of the 3He 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 reduce d 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, Ducl4].
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Figure 2-33: Overall view of the CABRI facility [Hud14] i

Figure 2-34: Global view of the CABRI tr ansient
rods system [Hud16]
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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 1B has an extremely high thermal cross section. For power transient
experiments B compounds are used. 9B enrichment can be utilized in order to increase the
power transient. As stated in 62.1.3, the use of Bshould seriously be considered, due to its high
reactivity effect. Two types of B fluid screens are described, gaseous Bfand liquid H sBOs. BRs
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.

2.22.1 Boron neutron screens already operational

HFR, Petten
MOKAPOTRABISAR gperiments

A BFz 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 experime nts. The capsule carrier is placed
in an Al filled space and its horizontal cross section is described by nine concentric rings
UOUUOUOEDPOT wUT T whYySKWOOWUEEPUUwWI Ul OwUOES w31 1T wubl
center to periphery, are respectively: zirconium (Zr), 1.34; water coolant, 14.6;Al, 9; water
coolant, 2;Al, 11;SS 6; BR, 13.5;SS 6; water coolant, 1.5. The high thermal neutron absorption
of 1B can cause a power reduction, although the BE 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 650 bar, causing 20% power reduction. The possibility of using enriched
BF: t 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. BE is no longer in use at the HFR, due to its
corrosiveness, poisonous nature BFs can potentially form F 2which 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 TOBcenario experiment, in order to study the influence of

core in the Pool Side Facility (PSF). The region around theNa containment was filled with BF s
gas, acting as neutron shield. The variation of BK 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. BF pressure increase,
varied slightly the p ower reduction and neutron absorption.
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2.22.2 Boron neutron screens under development or study
1l Qw2" *¢g&$ -

A water screen with a variable concentration of HsBOs PEUWE]T Y1 OOx]1 EwWEUwW2" * 3" $
power transient experiments (Figure 23646 w3 1T I wUEUI | OOWEEOOI Ew5 -$%$22 Ol
pressurized water capsule (PWC) in BR2(Figure 2-5) and was developed in order to replace the

existing screen, based on 3He 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 H3: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 forfuel rod power determinat ion.

Through the volume of H sBOs solution generated during the operation, limited number of

transients during a cycle takes place.

Various enrichments of 1°B have been studied. The resuts indicated that with natural B, a fuel
power transient factor of about 2.0 could be achieved, while with 100% enriched 9B 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 H sBOsshould be continuously refreshed (at least every 3s) in order
to avoid its stagnancy, that could lead to unacceptably high temperatur es. 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. whWYSwUOUEUPOOWEOOOPUWEWOERDPOUOWEDUxFyaE&€l O1 OUw
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 fill ed with water gives the highest

transient ratio. The results are presentedin 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/icm) ratio
Be  Without H sBOs 1.23 2.45 2
It ol wmtBQu" 0.61 1.21 2
I + ®1 #BOw 0.2 0.44 2.2
H-O0  Without H sBOs 0.39 1.87 4.8
Pt ol #80:1 0.165 0.67 4.1
I+ ®1 4BOw 0.055 0.24 4.4
Al Without H 3BOs 1.2 1.52 1.3
 + o] matBOs 0.69 0.92 1.3
I+ ®1 #BOw 0.31 0.42 1.3

The power increase in the H3 and H4 channels (Figure 2-5) was calculated. With zero H3sBO: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 concentratins, the influence of the
RODEDO 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 ROD EO are possible. Figure 2-38 exhibits the
combined utilization of VANESSA and RODEO.

| Al filler tube

| BR2 84 mm channel l

. || Stagnant
=| pressurized
water

l Outer screen tube

Outer screen

Separation tube

| Inner screen tube

Gas gap

B v

Figure 2-36: Horizontal cross section of VANESSA [Mou07]
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2.2.3Concluding Results on Fluid Neu tron Screens

In 62.2, 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 ader to examine

i Ul Oz UwWET TEYDPOUwWDPOWEEUI wahéient cditbrisUUT wOOWUUEE]T OQwx Ob
Two different elements are typically utilized, helium and boron, i.e. gaseous®He, gaseous Bk

and liquid H sBOs. BFs and HsBOs screens were developed with the purpose to replace the

widely used 3He screen for safety reasons snce 3He generates (through neutron capture)

tritum . BRs performance also causes safety concerns, as Ban potentially form F 2 which is a

poisonous and corrosive gas. Compared to the previous materials, H3BOs can be considered a

safe candidate for performing power transients, since it is not corrosive and does not produce

active by-products.

3He 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 enrichnent.

Moreover, the screen can be combined with a displacement system (RODEO).

Fluid neutron screens can provide successful power transients. In cases requiring higher power

EIl YDPEUDPOOUOwWUT | wUEUI | OUWEEOWET wEOOE D OibplacetmadtU | wUI EE
systems.
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2.3Concluding 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 suchas 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 transie nts 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
%He, gaseous BE and H3:BOs. The last two neutron screens have been developed in order to
replace the unsafe utilization of 3He, because of thetritium generation problem. BF s 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 3He. Likewise, by using H sBOsthe achieved power transients appear much lower, so that
the screen is combined with a displacement system (RODEOQ), 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: deterministicand stochasticapproaches. 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 calculatio ns
[Rusld. 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 wih 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

probabil ity density function. In this stochastic method, each neutron is considered to be a

Markov process, meaning that at present state its future and past areindependent. The various

events (i.e. collision, absorption, fission, escape, etc)Ul EUWOEEUUVUWEUUDOT wbUOUwW?PE
constituting it s 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 ofthe

simulated particles [Gra09,Tutl4, Kla10].
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Simulation Procedure

The interaction of a neutron with the different nuclei is based on physical laws and mechanisms

of eachinteraction . 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. ( OWEEUT UwpkT 1 Ul wOT T wdl U0UOGOz Uw
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 patrticle being killed. On the

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

3.2.1Basics of statistical sampling

The Monte Carlo method is based on two fundamental laws; the Law of Large Numbers and the
Central Limit Theorem [ Gra11]. According to the Law of Large Numbers, the averageof the
results obtained from a large number of trials should converge to a specific value (expecteditrue
value) asthe number of trials is increased. Thus, theaverageof 4 events, o5 , should converge
to a unique expected value u, while 4 tends towards infinity. The different 4 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.

%g O QFIAD eq. 31

o 2 @ eq. 32
U

ILEG 06 o ed. 33

According to the Central Limit Theorem for large N, @ follows a Gaussian distribution,
O ()ﬁm—_ , Where the = value stands for the standard deviation of the distribution. The unique
value u corresponds to the deterministic solution with standard deviation equal to zero, = T

In practice his not known and for large N is approximated by the estimated sample var iance:

P — eq. 34
W w

Y eg. 35
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Eq. 35 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 th e fourfold increase
of the original number of events N. Assuming that the computational time, Y , 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 i ncrease of computer time.

After the sampling of 0 different independent events, ey is obtained with the uncertainty
described above. If this sampling is repeated 0 times, a new set of results is provided, @
[ p A § AT8e new results follow a Gaussian distribution function noted as "O éﬁm: . The

repetition causes the Gaussian variance to be reduced by the total number of the sampled
independent events © ) . The expected value u is estimated by performing algebraic average
over all Mscores.

o L & °d. 36
0
The standard variation, Y , is estimated as shown ineq. 37:
SV “p 5 5 eq. 37
00 p

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 provi ded in each batch are
accompanied with an error of the order O pf0 while the statistical errors of the final results
after M iterations are of the order O pWD U . 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 w 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
3.3.1Source 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, Q 2[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 altogdter constitute the fission source
of the next iteration. Thus each batch corresponds to a single fission source generation. At each
iteration, fission source and Q updates take place. After an adequate number of neutron
batches the fission source dstribution 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 Q
does not guarantee the convergence of the source. It has been proven that the convergence of
the fission source occurs slower than that of 'Q  for problems with a dominance ratio 2 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, 'O [Duf06, Bro09]. 'O is computed by overlaying a 3-
dimensional mesh with 0 grid regions over the fissionable regions of a geometry model,
tallying the fraction of fission sites in each mesh (0 ) for a given cycle, and then evaluating
[Bro09, BrioQ] :

iO) L i Tf) eq. 38

The convergence of Shannon entropyand 'Q can be checked via plots of individual cycle Q

or cumulative Q 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°Q) s 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.
3the ratio of the n eigenvalue to the previous n-1
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3.3.2TRIPOL |-4 Neutronics Code

The simulations performed within the scope of this thesis were for criticality assessmentbut in
specific cases severathielding 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 105 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 Q

estimates.

3.3.2.1Cross Sections Libraries

The crosssections of the code can be either continuous (pointwise) in ENDF-format or

multigroup (by energy groups) calculated with the APOLLO 2 [Sanl(Q code. Any pointwise

crosssection data in ENDF-6 format may be used: JEF2, ENDF/BVI, JEFF3, ENDF/BVII,

JENDLA4.3 etc [TRIPOLI4]. For the present thesis, the pointwise cross sections from the JEFF
3.1.1 Pac08Klal0] 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
[Breld. A real system may have, to the order of magnitude, 10%5 or 10! neutrons per unit
volume in unit time . In order to obtain good estimates for the averaged values a large nhumber
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
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mode were extensively studied [Chrl5]. For the calculations Thales cluster -a cluster available in
NCSR "Demokritos"- was utilized. Thales is a 22node Beowulf cluster with dual -core
configuration. A Ethernet network connects the nodes at a rate of 1Gb/s. Cluster specifications4

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 2way associative instruction cache
Level two cache 2 x 1 MB exclusive 16way associative cache

oS Redhat 5

Compiler gcc4.1.2

3.3.2.4Convergence and Uncertainties

As stated in 3.3.1, important variation of entropy can reveal source convergence problems
[Merll]. 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, © , and Q
over the number of iteration cycles for two different simulations of N=p 1tand N=p 1. From the
plots it is evident that roughly p Ttcycles are requiredto converge both™O  and 'Q . However
using larger N makes it easier to diagnose if both values have been converged

For the neutron flux calculations, a statistic of N=p mand M=p Tt is accompanied with intense
fluctuations in the unresolved resonance region, derived from intense variations in cross section
data [ENDF]. However, in the high energy range (E>0.1keV) these fluctuations are limited and
this statistic (N=p mand M=p 1t 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=p 1mand M=p T, 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 'O  over the iteration cycles for runs with 1 0* and 10°number of neutrons
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Figure 3-2: Plot of Q versus cycle iteration, as provided by KSTEP estimator of TRIPOLI-4.8 for runs with 10* and
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3.4 Concluding Remarks

In this chapter the computational tool s, 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 andhave been carried out with the MC code
TRIPOLI 4.8. The JHR model is d 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:

9 The fission source must be properly converged, thus a sufficient number of iteration
should be chosen.

f A sufficient number of neutrons must be chosen in every cycle for a reduced bias in 'Q

f Bias in the statistics on'Q 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, 'O , 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=p 1mand M=p Ttis 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 fluctuationsvas observed
at the final results, derived from in tense variations in cross section data (i.e. unresolved
resonance region [ENDF]). A larger statistic (N=p 1™ and M=p 1), 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 concernsthe feasibility study of a preliminary device configuration
(noted as neutron screenthat 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
(sA.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 th e
neutron spectrum are reported:

1 employment of thermal absorbers that limit or eliminate the thermal neutron component
and
9 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 (e4.3 ) and the utilization of elements
characterized by intense elastic @4.3.1 ) and inelastic (e4.32 ) 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 beenfound 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 %ectlon'4.3
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 beencarried out and is presented in this section. In Table 4-1 the
2115 stronger absorbing elements, as found in the literature [Mug73] are listed. The neutron
capture cross section ( ) 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 asFm, 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 nottaken 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
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 theremaining 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 (, p M, high(pmt , p 1), medium (p T pmandlow(p ™ p 1.
The microscopic cross section data weretaken from JEFFR3.1.1 cross section library[ENDF].

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
4-2is radiative capture (n, o), except of the caseof 1B which i s alpha emission (n,Y).

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

AIA garns) Name Sym :L?:E; Reasonsto 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: 155Gd
and 57Gd present extreme absorbing capabilities while 149Sm, 151Sm, 15Eu, 113Cd, 18Dy and 1B
follow with high absorbing capabilities. The rest isotopes provide a less intense absorbing
behaviour. An illustration of the absorption macroscopic neutron cross section, , of the most
absorbing isotopes of Table 4-2 is given in Figure 4-2. With the employment of both
parameters of , and nuclid e density of each isotope are taken into account.”Hf and 52Gd
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 (B, °4r, 1Dy, 17Hf and 167Er) present a linear
reduction with energy at the energy range of interest (till ~0.2eV). The (or ,, ) of 113Cd
presents a peak around 0.2eV. Finally,155Gd and 5°Gd, although both present the highest
values, a drop before 0.01eV & obtained.

18 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 Content  apsorbing
ba 2 in o
© capability *
(b) Name g 5 & = § mixture _Capabily ©
IS E a mel oi ©]
5E g § ;,” ;b,,' s % EHM L
5 (?)x < [ R > A2
G 0.2 X
G248 X
155G 14.8 X

49000 Gadolinium Gd 64 7.9 1313 3250 sG 2047

B8G 2484 .
160G 21.86
. 15 47.8 X
4600 Europium Eu 63 5.24 822 1527 e 5097 X
JweC 125
Jwec 089
ueC 1249
. mwmc 128
2450 Cadmium Cd 48 8.65 321 767 i Toans T
MsC 1222 . X
B4C 2873 .
ueC  7.49
5D 006 ... X
158) 0.1 X
D 234 . X
920 Dysprosium Dy 66 8.55 1412 2%7 w®p 1891 x
WD 2551 T
D 249 .. X
64D  28.18
108 19.9 X
767 Boron B 5 2.46 2075 4000 B 801
- 99y  37.3 X
425 Iridiu m Ir 77 2256 2466 4428 w627 X
. 13n 4,29
194 Indium In 49 7.31 157 2072 an 9571 X
Jwxr 024
e 161l
. 6y  33.61
160  Erbium Er 68 9066 1497 2868 e oaes TR
JWEr 2678 .
170Er  14.93
™4 016 X
e 5260
. "H  18.6 X
104 Hafniu m Hf 72 13.31 2233 4603 178HZ728 """""""""" e
H13.62 .. X
18H  35.08
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Figure 4-2: Absorption macroscopic cross sections, v, of the absorbing isotopes. Plot produced using JEFF3.1.1
Library and JANIS software.

4.11 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 consideredof
cylindrical shape and defined thickness with two different cases;lcm and 1mm.
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Figure 4-3: Schematicrepresentation of the irradiation facility

4.1.1.1Absorbers of 1cm thickness

The following isotopes and materials were tested: 4%Sm, 15:Sm, 55Gd and %'Gd, Gd, 5'Eu, Eu,
113Cd, 164Dy, Dy, 9qr, 119n, 167y, 177Hf, 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 werealso
examined at their natural composition. Additionally, Hf, a widely used absorber [IAEAQ8],
which decays to good thermal absorbers under irradiation and thus its replacement can be
delayed, was also tested.In Figure 4-4 the thermal (<1eV)neutron population as resulted after

the introduction of each absorbing element is presented. The thermal area is divided in three

energy ranges; 10.1eV, 0.10.01eV and <0.01eVIt 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 Hfhold almost the same percentage ofneutrons.

At the energy range of 0.1 to 1eV (green column), Hf do esnot 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 absorberson 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 1leV neutrons
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population fraction is at 7% in the absence of absorbers, and plunges tobelow 1%, when
absorbing elements are introduced. Most importantly, a t 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 thereference 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 th ermal energy groups for all tested materials of 1cm thickness;
1-0.1eV, 0.10.01eV and <0.01eV
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The results obtained by the set of absorbersinvestigated are presentedin Figure 4-6 for thermal
and low epithermal energy groups (till 1keV) . All thermal neutrons are merged in a single
energy group (<l1eV). It can be suggestel that the element with the higher absorbing capacity at
the low epithermal energy range is 1°B. *51Eu and Eu follow with low neutron percentages at the

low epithermal energies. 19B does not present resonancegFigure 4-7) and thus the dependence
of the cross section ¢ pfO) on energy is maintained, expanding thus intensively the absorbing
effect of 1B at epithermal energies. In contrast, 38Eu 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, 110eV, 16100eV and 100eV1lkeV.
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4.1 Absorbers Utilization

The effects of 1cm19B, 153Eu and Eu screenson 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 1cm 9B, 13Eu and Eu neutron screens on the neutron spectrum. SFR is included
for comparison.

4.1.1.2 Absorbers of 1Imm thickness

Following the previous study on the absorbing effectiveness of 1cm thick thermal absorbers,
additional detailed calculations for 1mm 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, 17Hf and 16Dy seem to haveinferior performance,
since they present a neutron percentage of 36, 14 and 12 respectively at the energy areaf 0.01
to 0.1 eV (red column). 67Er follows with 9% in this energy range. This was expected as these
elements present the lowest macroscopiccross section Figure 4-2). The rest elements present
good absorbing capacity even at that small thickness. However, even in theless effective cases
an important reduction at the thermal component is observed. For instance, 1mm Hf (worst
performance) can reduce the component at the energy range between 0.01 and O&lV to half.
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Figure 4-9: Neutron population distribution at three thermal energy groups for all tested materials of 1 mm
compared to reference spectrum (JHR-reflector); 1-0.1eV, 0.20.01eV and <0.01eV

4.1.13 Comparison between 1cm and 1mm thicknesses

In Figure 4-10 the results of both thicknesses for energies below 1eV (1cm and 1mm) are
illustrated. 19B, 113Cd, 5%Eu, °9r, 157Gd, %Dy, 15Gd, 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 gredest impact at thermal energies. 113Cd, 3%Eu and *1r follow after 1B.
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Figure 4-10: Neutron population distribution of thermal neutrons for neutron screens of 1cm and 1mm in the thermal
energy range
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4.1 Absorbers Utilization

As stated before, the hardened spectrum of SFR creates the necessity of negligible neutron
component in thermal as well asin epithermal energies. The absorbing capability at thermal
and low epithermal energy range up to 1keV for the 9 first elements (1°B, 113Cd, 151Eu, 19Yr, 157Gd,
164Dy, 155Gd, Eu and Gd) presented in Figure 4-10 is illustrated in Figure 4-11. The thermal
component is emerged in one group (<1eV). 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. *¥Ur and 5*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, 110eV, 16100eV and 100eV1keV.

Both tested thicknesses (Lmm and 1cm) results highlighted the 1°B superiority attributed to its
linear (in log-log scale) capture cross section inthermal and epithermal energies. The fact that
the 1B 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), 1mm and 1cm, it is
clear that the more the 1B quantity introduced in the facility the more pronounced the spectrum
shift to the right (higher Energies) . In addition, it can be suggestedthat a very small amount of
19B 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 JEFF3.1.1 Library and JANIS software
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Figure 4-13: Comparing the effects of 1 cm and 1 mm1°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 poin0 w Ol wUT | wEEUOUEI Uz Uwli i 1 PED

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 Absorbers Utilization

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, thestudy concluded to the following set of effective
absorbing isotopes: 155Gd and 5'Gd, Gd, 3'Eu, Eu, 113Cd, 49Dy, Dy, 1r, 119n, 167y, 1777Hf, 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
1mm. All examined materials, even when considered of 1mm thickness, are capableto provide
a strong reduction of the reference thermal neutron component. In most cases, theneutron
spectrum was accompanied by a strong low epithermal neutron component. However, 1B and
151y 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. Theterm? EOOUUI U2 wbUwU
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 Y, Y, 0 dand 06
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 convertedto 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 22Pu and 2®U.

The ratio of the number of produced by fission neutrons to the neutrons absorbed is expressed
by eta,— ¢ hfactor as follows:

'B O 'QQi i£@06:0 Ind £iQ6 ®'QQ

- Q AT T e 1
® B O EQOOINEE I£E1 wQQ (6.3)
where Jis the number of neutrons produced per fission [Lew08].
The breeding condition demands — ¢, since one neutron will be reserved for a further fission

and the excessof 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
fissile. The two known breeding processes, shown below, include the conversion of 23Uto 2%Pu
and Th22into 23U.

"WER Y 0O Y (5.2)
YefR Y 0 R 06 (5.3
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4.2 Booster Fuel

Both breeding processes are continued in reactor applications by subsequent neutron capture
reactions: 2% o O Guw#ug O G FEium O Gumetcuand 29 U op O PrRumsA Wl gp OBRum A
221/ U op O @rRwpesc [ Yan12. From the comparison of the eta facor, —, for 2Pu, 22U and 23U,
follows that 2®Pu surpasses both?®U and 2®U, producing more neutrons per absorption (h(E))

in the energy range above ~100 keV. In addition, for higher energies (>100keV)?*Pu superiority
increasesrapidly with increasing energy (Figure 4-15). Thus, fission neutrons will breed 2*Pu
more than the other two, 23U and 22U, resulting to higher population of fis sion neutrons. For
this reason in fast reactor technologies the use o#®Pu is preferred and fissile blankets of 2®U are
implemented.
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Figure 4-14: Nuclei of fissile, fissionable and fertile elements

Since, theneutron environment inside JHR reflector is thermal, the utilization of fissile material

is required to enhance the fast component. 233U and 23%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, 233U and 23%Pu, should be based on other
criteria. After comparing the total behavior of 2%Pu and 233U (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 238J. With this
composition the main attributes of the SFR fissile material are taken into account; the breeding
capability of 2%u is compensated by enriched 23U (Figure 4-17), while the major presence of
28 in SFR is respected. The latter is quite important since the inelasic cross section of 238U

(Figure 4-18) is higher than that of 23%Pu (and %) and this parameter should be taken into
account in the final result.
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Figure 4-16: Fission microscopic cross sections of 235U, 238J and 23%Pu. Plot produced using JEFF3.1.1
Library and JANIS software
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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 233U) was considered of cylindrical shape (Figure 4-3)
and of defined thicknessd w U4 btii@unedel of JHR was simulated with TRIPOLI -4.8 and the
neutron flux w as calculated in the central irradiation space (Figure 4-3) of the JHR-reflector
area. Runs with successive increase of thequantity of the fuel (thickness) were performed. The
start value was set at 0.1cm and the final atlcm. The results are preseried 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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4.2 Booster Fuel

Table 4-3: Analysis of the Figure 4-19 chart

Energy Group
<0.0leV

0.1eVv-0.01eV

1leV-0.1eV

10keV-1eV

100keV-10keV

1MeV -100keV

>1MeV
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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 cas®
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%, reachingl8%.

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 509
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 o
added fissile material higher than 0.4 cm the neutron population of energies 0.1eV -
0.01eV becomes less thari% 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 caseThis 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 neut rons 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 anddm) 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 anddm) 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 1mm of fissile material is added, the
maximum flux value is increased by ~5.5 times, while in case of 1lcm the flux maximum is
almost multiplied by 9. The relation between the 7 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>0.1MeVover neutrons of E>1MeV for the different thicknesses of fissile material

Booster Fuel  # of neutrons # of neutrons AT IEHT " Og &
Thickness (cm)  with E> 0.1MeV  with E> 1MeV AT TEHT O s
0.1 42.4 18.6 2.3
0.2 50.0 21.6 2.3
0.4 57.0 239 2.4
0.8 62.8 25.7 2.5
1 65.6 254 2.6
% 2.7
E 2.6 /’
% 25 ﬂo_w‘\ﬁ'ﬂ?ﬁy‘/
2 y
= 24
% ”3 / # Simulated Results
B ~
T 22

0O 01 02 03 04 05 06 07 08 09 1
Thickness (cm)

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 ofmaximum flux in relation to reference flux value

| Booster Fuel 4 %
Thickness (cm) L | 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 23Na

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 oflcm booster
fuel the resulted distribution d id 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. Plotproduced using JEFF3.1.1 Library and JANIS software
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4.2 Booster Fuel

Simulating the composition of the SFR, the introduction of sodium ( 22Na) has been considered.
2Na 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 for2Na, if the case of 1lcm of fissile material is considered.
Altering the inner space of the facility from void to 2Na did not provide a shifted neutron
distribution. The only effect of 23Na 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
2Na -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.

1E+0
< 1cm booster fuel + 3.4cm Na23
5O 1E1 1cm booster fuel
8 & i1
= > — =SFR
3(0 1E-2
= W
8. 1E3
X
50
L 8 14
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N
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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 of2Na. Plot produced using JEFF3.1.1 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 233U) 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 expectedthe presence offissile 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 of2Na in SFR is a majorcontributing 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 of3Na is located. Apparently the amount of 2Na, despite significant
(3.4cmvs. 1cm of the fissile material) is not adequate to simulate a SFR environmentthrough 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 (6A.3.2.2). In the presentsubsection 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 netron distribution will present a reduced neutron
component at the energies where the elastic scattering interactions occur. In this context astudy
was carried out, oriented to find elements that present a characteristic elastic cross section athe
energies around 1MeV.

4.31.1Helium

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 1E11 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 bond ed 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 ofthe interference of “He on the initial neutron
distribution is investigated. Unfortunately, the density of “He is extremely low (0.1786g/l). 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 th e 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 aoss section Figure 4-27) a flux depression is
occurring. Moreover, at very low energies (< 1E7 MeV), b1 1 Ul weWi Heui$) 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

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 JEFR3.1.1 Library and JANIS software
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Figure 4-28. Effect of the elastic scattering interaction of 4He on the initial irradiation spectrum

Introducing “He inside JHR reflector

The impact of “He on the HR-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

4He 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 1MeV, where the cross section of‘He
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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 energyrange 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 u nchanged.

1E+0
e | iquid He4
> —— JHR-reflector
T 1E-1
=
(8]
S
>
o
g 1E-2
(]
-
o)
o
3 1E3
[
1E-4

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

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 referencespectrum (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 ofi38a and 39 a along with that of “He. Both cross section
curves (be of 138Ba and 139.a) are wider with a smoother fluctuation of that of “He. Other
materials found with their hecharacterized by the desired variation, were: 3¢S, 37C|, 40Ar, 3K, 4K,
46Ca and 197Au. In Figure 4-32their be is illustrated. 4°Ar is presented alone in Figure 4-33, due to
the fact that the intense fluctuations of its he would complicate the representation of the rest
isotopes. In all casesthe peak of the he of these isotopes is observed above 2MeV ad mainly

around 3MeV. At this point it should be emphasized that -unlike “He - the examined elements
present also inelastic crosssection [ENDF]. In addition, all except *Au have low densities
(Table 4-6).

Table 4-6: Density and Phase of the studied isotopes[Wie13a]

Element Density Phase
(g/cm?)

36S 1.96 Solid
37Cl 0.003 Gas
40Ar 0.002 Gas
39K 0.86 Solid
40K 0.86 Solid
48Ca 1.55 Solid
138Ba 3.51 Solid
39 a 6.15 Solid
197Au 19.3 Solid

Cross-section (b)

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

Incident energy (MeV)

Figure 4-31: Elastic microscopic aoss section of138a and 139L.a. Plot produced using JEFF-3.1.1Library and JANIS
software
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Figure 4-32: Elastic microscopic cross section of3S,37Cl, 39K, 4K, 48Ca and 19/Au . Plot produced using JEFF3.1.1
Library and JANIS software

Figure 4-33: Elastic microscopic cross section of“°Ar . Plot produced using JEFF3.1.1 Library and JANIS software

Introducing elastic scatterers inside JHR reflector

The introduction of the above elements at 100% isotopic abundancein the irradiation facility of
JHR has been considered3°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 coss sections of the tested elementsare presented in
Figure 4-36. The number densities of most isotopes are quite small, thus only 197Au, 139_a, 3¢S and
138Ba seem to be of importance. However,3S and 138Ba provided negligible shifting (Figure C-1),
indicating that the levels of their bewere inadequateto affect the spectrum at high energies.

171.4 cm was intentionally left available for absorber or fissile material loading.
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