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1. Proveďte stručnou rešerši zaměřenou na problematiku neutrony řízených podkritických systémů, zaměřte se na porovnání jejích výhod a nevýhod z hlediska nakládání s použitým jaderným palivem. 2. Podejte základní popis fyziky neutronů, která se vztahuje k měření a stanovení energetického spektra neutronů. 3. Na základě prahových aktivačních měření proveďte stanovení spektra neutronů ve vhodně vybraných místech podkritického experimentálního souboru Yalina Booster EC v Joint Institute for Power and Nuclear Research, Minsk, Bělorusko. Výsledky porovnejte s Monte Carlo simulacemi tohoto experimentu a přijměte patřičné závěry. 4. Proveďte orientační měření radiální distribuce tepelných a epitermálních neutronů v podkritickém souboru Yalina Booster. 5. Diplomovou práci přehledně a názorně zpracujte v českém nebo anglickém jazyce dle obecných zásad pro tvorbu odborného textu a s využitím možností programů MS Word a MS Excel. Práci odevzdejte ve 3 výtiscích a ve formě souboru na CD disku přiloženém ke každému výtisku.



Abstract The purpose of this thesis is to perform neutron spectrum analysis in a model of the Subcritical Accelerator Driven System, in particular to determine some physical properties of the subcritical reactor experiment Yalina Booster. The objective is both to simulate and to measure the neutron flux as a function of energy in two determined positions inside the Yalina Booster core and also provide basic characterization of radial distribution of the thermal and epithermal neutron flux. For this purpose two sets of activation foils are used, one for the booster zone and one for the thermal zone. The measured reaction rates are used for comparison with the Monte Carlo simulation and for neutron spectra unfolding by SAND-II. For the radial dependence of the neutron flux activation foils at different positions inside Yalina-Booster are utilized. The comparison of measured and calculated reaction rates for different activation reactions proved that MCNP is a reliable simulation tool. The agreement between calculated and simulated values is good, especially in the thermal zone. The spectrum unfolded by SAND-II and simulated by MCNP is in good agreement. The neutron spectrum theoretically calculated by MCNP is thus authenticated by a real experiment. SAND-II also turns out to be less reliable and less accurate than MCNP. The radial distribution of thermal and epithermal neutrons follows an expected pattern. The number of thermal and epithermal neutrons is the highest in the thermal zone and there are almost no thermal or epithermal neutrons in the booster zone. In the reflector the number of thermal and epithermal neutrons decreases with increasing distance from the center.
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Abstrakt Účelem této diplomové práce je provést analýzu neutronového spektra podkritického, urychlovačem řízeného systému, konkrétně pak určit vybrané fyzikální charakteristiky podkritického reaktorového experimentu Yalina Booster. Cílem je provést simulaci i měření hustoty neutronového toku jako funkci energie ve dvou bodech uvnitř aktivní zóny Yalina Booster a také poskytnout základní popis radiálního rozložení hustoty neutronového toku tepelných a středních neutronů. Za tímto účelem jsou použity dvě sady aktivačních fólií, jedna pro tepelnou a jedna pro rychlou zónu uvnitř Yalina Booster. Naměřené reakční rychlosti jsou použity jak pro porovnání s výsledky Monte Carlo simulací, tak pro dekonvoluci neutronového spektra programem SAND-II. Pro měření radiálního rozložení hustoty neutronového toku je rovněž použita metoda aktivačních fólií, které jsou umístěny v různých pozicích uvnitř Yalina Booster. Porovnání naměřených a spočtených reakčních rychlostí různých aktivačních reakcí prokázalo, že MCNP je mocným a spolehlivým simulačním nástrojem. Shoda mezi spočtenými a naměřenými hodnotami je dobrá, zvláště pak pro výsledky z tepelné zóny. Neutronové spektrum získané dekonvolucí programem SAND-II a nasimulované programem MCNP je v dobré shodě. Neutronové spektrum teoreticky spočtené pomocí MCNP je tak ověřeno reálným experimentem. SAND-II se rovněž ukázal být méně spolehlivým a méně přesným, než MCNP. Radiální rozložení hustoty neutronového toku tepelných a středních neutronů sleduje očekávaný průběh. Hustota neutronového toku tepelných a středních neutronů je nejvyšší v tepelné zóně a blíží se k nule v rychlé zóně. V reflektoru pak hustota neutronového toku tepelných a středních neutronů postupně klesá s rostoucí vzdáleností od aktivní zóny.
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1. Introduction The first self-sustaining nuclear chain reaction was produced on 2nd December 1942 in Chicago by Enrico Fermi [1]. This event started even more intensive research in the nuclear field. During the following war years, the main aim was to master a nuclear bomb manufacturing. But as soon as the war was over and industry started to develop rapidly, scientists were more and more interested in utilization of nuclear power for electricity production. Nuclear euphoria culminated in the 70’s and 80’s when there were plans for changing most of the energy sources into nuclear [1]. The incident at Harrisburg (1979) and the Chernobyl disaster (1986), however, changed dramatically the public opinion about “clean energy from nothing”. Nowadays, there are 443 reactors all over the word supplying 16% of the whole electricity consumption. (Table 1) [3] Table 1. Nuclear reactor survey according to type. Type PWR BWR WWER PHWR LWGR AGR GCR ABWR FBR Total



Number of Units Under Operational Construction 214 4 90 0 53 12 41 7 16 1 14 0 8 0 4 2 3 1 443



27



ABWR (Advanced Boiling Water Reactor), AGR (Advanced Gas-cooled Reactor), BWR (Boiling Water Reactor), FBR (Fast Breeder Reactor), GCR (Gas Cooled Reactor), LWGR (Light-Water-cooled Graphite-moderated Reactor), PHWR (Pressurized Heavy-Water Reactor), PWR (Pressurized Water Reactor), WWER (Water-cooled Water-moderated Energetic Reactor)
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Most of the reactors listed in Table 1 use light water as moderator and uranium as fuel. Consequently, several long-lived isotopes are produced and become part of the nuclear waste. Mainly, it is plutonium (239Pu, 240Pu and 242Pu), americium (243Am) and curium (245Cm). An example of 239Pu production from uranium follows β − (23.5 m )



U + n ⎯⎯ → 239U ⎯⎯ →



238



β − (2.355 d ) 239



Np ⎯⎯ →



239



Pu



Other transuranium isotopes are built up through subsequent neutron capture in 239 Pu. The radiotoxicity1 of such waste exceeding a natural uranium ore reference level persists for about 300 000 years [4] and thus it must be separated from the biosphere. Final decision about what to do with spent nuclear fuel has not been generally made. In many countries there is an intensive research devoted to a deep repository (e.g. Swedish Äspö Hard Rock Laboratory [5]). In such a case, nuclear waste would be encapsulated in low-corrosive materials and buried in a deep underground repository. Another idea about the final destiny of the spent fuel takes into account the possibility to decrease the concentration of long-lived transuranium isotopes, before the material is put underground. This can be achieved by so called nuclear transmutation. During this process, atoms of one isotope are bombarded by a stream of particles (usually neutrons) while another isotope is created. Transmutation can be performed in a light-water reactor (e.g. MOX fuel – mixing of uranium fuel with plutonium), fast reactor (high-energy neutrons are used for fission) and ADS (i.e. Accelerator Driven Systems)



1



The term referring to the potential of an isotope to cause damage to living tissue by absorption of energy from the disintegration of the radioactive material introduced into the body.[6]



13



2. Accelerator Driven Systems (ADS) The world faces today a problem with growing energy demands for the society. Nuclear energy seems to play an important role in many countries and after the inhibition in the 90’s, a nuclear power comeback is visible and appreciated. However, future nuclear power stations must be somewhat different from the power plants today, addressing increased safety consciousness and technological development. ADS may offer a different solution for a nuclear fuel cycle optimization that would be acceptable for public. The traditional concept of nuclear reactors, so called critical reactors relies on self-sustained chain reactions. In that case, the total number of neutrons produced in every moment is exactly equal to the number of absorbed and escaped neutrons. Keeping this balance is not trivial and is usually ensured by inserting or removing neutron-absorbing materials inside the reactor. On the other hand, ADS are based on a sub-critical core, where there are more neutrons absorbed than produced by fission. Lack of the neutrons is compensated by an external neutron source. Additionally, the subcritical core can be composed of spent nuclear fuel and longlived nuclei in the radioactive waste can be eliminated. The safety of ADS is given by the accelerator and does not have to rely on some important parameters such as delayed neutron fraction and temperature reactivity feedbacks like the Doppler feedback1, which plays a vital role in safety of traditional critical reactors. 238U is thus replaced by minor actinides (Pu, Am and Cm) and these elements are burned, while their production through neutron capture in 238U is stopped. In this way it is possible to significantly decrease the concentration of long-lived nuclei in spent fuel. In addition, the operation of ADS has a positive energetic balance and electricity can be produced - even taking into account the electricity consumption of the accelerator. Basic structure of ADS ADS consists of three major parts: accelerator, spallation target and sub-critical core. A schematic view can be found in Figure 1.



1



Doppler feedback provides a negative feedback for the chain reaction to positive changes in temperature and is especially strong in 238U. In case of temperature increase, resonance peaks of neutron absorption in 238U becomes broader and more neutrons are captured. Consequently, the nuclear chain reaction is retarded and the thermal energy production is decreased.
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Figure 1. Basic concept of ADS. The accelerator can be either linear or cyclotron. Both possibilities are still open and the final decision about which type of accelerator should be used will most probably depend on economic calculations. In any case, protons must be accelerated up to energy about 1-2 GeV, which produce 20-40 secondary neutrons per 1 incident proton (depending heavily on the target material and geometry). The neutron production per GeV is constant for proton energy above 1 GeV [7]. The main problem of both, linear accelerators and cyclotrons, is their maximal stopfree operation. This is an important issue for the payoff of the whole ADS project. The aim of the spallation target is to produce neutrons from incident protons. The target separates in fact the accelerator and the core. For this reason it has to withstand enormous physical and chemical conditions. Namely it has to resist high temperature changes and radiation damage from protons, backscattered neutrons and other high energy particles. At the moment there is an intensive research running all over the word devoted to finding the best material [8]. So far, LBE (lead-bismuth eutectic), mercury or tungsten seems to be suitable. LBE is especially suitable due to its rich (n,xn) reactions and relatively low melting point (398 K) [9].
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The core is supposed to be subcritical, but the level of sub-criticality must be well balanced. In case of a very sub-critical core, on one hand, safety is guaranteed with good margins, but on the other hand, the proton current from the accelerator must be high. In case of an “almost critical” core, it is difficult to ensure that the core remains sub-critical in all circumstances, including malfunctions and wrong handling by the operators. Also the coolant must be chosen carefully. If, as in most reactors today, water is used, the spectrum would become softer. However, for fission of minor actinides with an even number of neutrons a fast neutron energy spectrum is required, so that neutron capture is limited. Other important features are good thermal-hydraulic and chemical properties. For this reason, liquid metals (Pb-Bi, Na), molten salt and gases (He) are suggested. For low moderation, liquid metals or molten salt are excellent due to their high proton numbers. Chemical activity, on the other hand, is outstanding in case of He. If the coolant is made of e.g. liquid metals or molten salt and the neutron spectrum is thus fast, there might be a safety problem with a positive coolant void worth. If in traditional water-moderated reactors the coolant is lost, moderation is also lost and the chain reaction has a tendency to stop. This is the negative coolant void worth. In the fast spectrum, however, the coolant does not moderate and it is mainly neutron capture, which dominates. If the capture in the coolant is decreased (e.g. due to a loss of coolant accident), the chain reaction in a critical core has a tendency to develop. Also for this reason, a sub-critical core would be more suitable [9]. Replacing 238U by minor actinides also has some significant consequences. One of them is reduction of the Doppler Feedback. This is evoked by presence of americium. Americium 241Am has a high neutron cross-section for capture than 238 U in the region above the resonance area for 238U. The neutrons are thus captured in Am during slowing-down even before they reach the resonance area of 238 U. The reduced Doppler Feedback would be a serious safety problem for a critical core that contains a lot of americium in case of waste transmutation [10]. Another consequence is the very low effective delayed neutron1 fraction when using fuels with high minor actinide content. A subcritical core is not as dependent on this parameter as a critical core.



1



Delayed neutrons do not come directly from the fission process, but are released by the fission products. The delay between the fission reaction and the release of delayed neutrons is a vital feature necessary for the control of the chain reaction in critical reactors.
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3. Neutron Physics 3.1.



Introduction



The neutron is the only particle from the electron-proton-neutron trio that has no charge and is also the heaviest (See Table 2.). These properties mainly determine its specific behavior and influence its interaction with matter. Table 2. Basic characteristics of the neutron in comparison with the proton and the electron [11]. Rest mass Charge Spin location in atom Affected by electromagnetic force



Electron 0.511003 MeV / c2 -1 -1/2



Proton 938.270 MeV / c2 +1 -1/2



Neutron 939.573 MeV / c2 0 ½



electron shell



Nucleus



Nucleus



YES



YES



NO



The neutron is unstable (β-decay) with a half-life 10.6 min [11], if it is free. Bounded in a nucleus, the neutron can be both stable and unstable. In case of instability, the half life can be extremely short or very long, depending on the situation in the whole nucleus. Because of no charge and high range of energetic neutrons in matter, it was not earlier than 1930 when the neutron was noticed for the first time. In this experiment Bothe and Becker bombarded a beryllium target by α-particles, which were produced in a radioactive decay. As a result, there was a new radiation coming out. Next experiments proved that this radiation is highly penetrating and does not ionize atoms. From these results, Bothe and Becker presumed it was γ-radiation. Later on, Curie and Joliot experimented with paraffin and calculated the energy of such radiation. Assuming that incoming γ-radiation interacted by Compton scattering on protons and using the Compton Formula, they concluded that the γradiation energy must be at least 52 MeV. This seemed to be very unlikely and thus more experiments with the new radiation were made.
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In 1932 Chadwick continued with recoil experiments and described the new radiation as a transfer of neutral particles with a mass close to the mass of the proton. Due to neutrality of the particles, there is no ionization of atoms and the range of the radiation in matter is high. Although it is Chadwick who is denoted as a discoverer of the neutron, the word “neutron” comes from William Draper Harkins and appeared for the first time in his paper [12] in 1920 [11] [13] [14].



3.2.



Neutron sources



The neutron as a neutral particle can not be accelerated and consequently, from the place of origin, energy can only be changed by collisions with other particles. The process of slowing-down is called moderation and the material causing the moderation by collisions is called moderator. Generally, light atoms (such as hydrogen in water) are used as moderator, because the mass of the colliding particle is in that case similar to the neutron mass and thus loss of energy per one collision is high. By means of the same procedure (scattering), the neutron can also increase its kinetic energy. As a consequence, the average energy of neutrons in room temperature can not be arbitrary low, but is equal to a Gaussian distribution around 0.025 eV. This is the so called thermal energy and a thermal neutron is in dynamic balance with neighboring atoms and their thermal movement. Scattering, however, can not be used for acceleration of neutrons. According to the kinetic energy, neutrons are usually divided into several groups. For the purpose of this work the five following groups are defined: Table 3. Classification of neutrons according to the kinetic energy. Classification



Energy



Thermal Slow Resonance Fast High Energy



Around 0.025 eV < 1 keV 1 keV - 0.5 MeV 0.5 MeV - 10 MeV > 10 MeV



There are many reactions and processes that can be used as source of neutrons. The outgoing neutrons differ in intensity and kinetic energy. The most common neutron sources are mentioned in the following survey.
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Spontaneous fission A common source of neutrons is spontaneous fission of unstable isotopes, such as Cf (see the decay scheme in Figure 2). Neutrons are produced directly during the spontaneous fission process and escape with a continuous energy distribution typical for the fission process. On one hand, spontaneous fission is a reliable and well-predictable source, which makes it interesting for industry and nuclear scientists. On the other hand, the life-time of the source is limited (the half-life equals 2.65 years in case of 252Cf [11]) and also the intensity is limited by the amount of the isotope. 252



Figure 2. The decay scheme of 252Cf. Reactor sources Nuclear reactor represents a powerful source of neutrons with very high intensity. The intensity depends on the reactor type and usually reaches 1014-1015 n s-1cm-2 [11]. Accessing the neutrons is either possible directly in core of the reactor or outside the core at the end of an experimental channel that brings the neutrons out. The spectrum of outcoming neutrons heavily depends on the reactor type and varies from thermal to fast region. Photoneutron sources Irradiation of matter by gamma photons results in several cases in neutron production. This procedure can be used for production of neutrons with a given energy. An example of such reaction follows γ + 9Be → 8Be + n If the energy of the incident γ-radiation is sufficient to overcome the neutron binding energy, a neutron with well-defined energy is released.
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Spallation sources The spallation sources are up to a point similar to the fission sources. An accelerator provides a beam of charged particles (usually the protons with energy ~ 1 GeV). This beam hits a heavy-metal target and after an intranuclear cascade many kinds of radiation are released, including the neutrons. The basic difference concerning the neutrons between the fission and the spallation source is the number of released neutrons. In the fission reaction, usually two or three neutrons are produced, but in the spallation reaction usually about 40 or 50 neutrons are released. Nuclear reactions There are many nuclear reactions suitable for neutron production. The incident particle can either be released from a natural source or artificially accelerated. An example of an incident particle from the natural source is the AmericiumBeryllium neutron source. Americium is an unstable element and emits αparticles. Beryllium, 9Be, on the other hand, is a stable isotope, but reacts with the incoming α-particle and produces neutrons. α + 9Be →



12



C + n



The energy spectrum of such a neutron source is not monoenergetic. Not only are there different α-particles released from americium with different energies, but they are also slowed-down in the material of the source. As a consequence, there are several broad peaks in the neutron spectrum. In case of accelerated incident particles, it is possible to produce more or less monoenergetic neutrons. The spectrum of the produced neutrons is given by the energy of the accelerated particles and the angle at which the neutrons are observed. The main disadvantage of such a neutron source is the need to operate an accelerator. An example of an accelerator-driven neutron source is when a deuteron (d) is accelerated and hits a tritium (t) target t + d → 4He + n
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3.3.



Neutron interaction with matter



As the neutron has no charge and thus it is not influenced by electromagnetic fields of neither electrons nor protons, it can penetrate deep into matter. A typical track of a neutron in matter is schematically drawn in Figure 3.



Figure 3. Typical behavior of a neutron in matter. 1 origin of the neutron 2 scattering on a nucleus 3 absorption 4 escape from the system, leakage The neutron is born with some initial energy and penetrates the matter straight without any interaction up to a point of scattering. In the collision the neutron loses part of its energy and continues in another direction straightly to the point of another scattering. During the scattering collisions the neutron gradually loses its original energy and becomes thermal. The energy of the neutron is thus not a continuous function of time. Finally the neutron is either absorbed or escapes from the system.
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3.4.



Different types of reactions



There are several types of neutron – matter interactions and each of them occurs with a certain probability. This probability depends on many factors and this topic is discussed later (Chapter 3.5). All the reactions can be divided into three groups: 1



Nuclear fission



In this reaction the neutron hits a target nucleus and the mother nucleus splits into most often two daughter nuclei and also several neutrons are released. A



(n,f) reaction: Where



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



A Z 1 n



→ X + Y + ν 1n



Mass number of target nuclei Atomic number of target nuclei Neutron Number of neutrons released in the reaction Compound nucleus Fission products



ν



[A+1Z]* X, Y



2



*



Neutron absorption



During this reaction the incident neutron is absorbed in the target nucleus and another particle is released instead. There are three basic kinds of neutron absorptions (n,g) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→



A+1



(n,p) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→



A



(n,α) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→



A-3



(n,xn) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→



A-(x-1)
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Z+γ



(Z - 1) + 11 H (Z - 2) + 42 He Z + x⋅n



3



Neutron scattering



The incident neutron bounces from the target nucleus and continues its journey through the matter. The scattering can be either elastic (n,n) or inelastic (n,n’). In case of inelastic collision, part of the kinetic energy of the neutron is used for excitation of the nucleus. (n,n) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→



(n,n’) reaction:



A



Z + 1 n → ⎡⎣ A+1 Z ⎤⎦



*



→ ⎡⎣ A Z ⎤⎦ + 1 n
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A



Z + 1n *



3.5.



The neutron cross-section concept



Although a neutron beam has a relatively high range, there are always some neutrons absorbed in the matter. The rate of this absorption is (as in case of other radiations, such as gamma) called attenuation coefficient and is denoted μ. There is an exponential decrease in intensity during the passage of neutrons through matter. The passage for light-water is drafted out in Figure 4 [15]. 1 0,9
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distance [cm] Figure 4. Passage of a collimated neutron beam through light-water. The attenuation coefficient has the unit cm-1 and in case of neutron physics it is also called macroscopic cross-section ∑. The physical meaning of the macroscopic cross-section is the probability of neutron interaction per one centimeter. The attenuation coefficient divided by the density of the target material is called mass attenuation coefficient and is equal to
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μ NA = σ ρ AR Where



(1) NA AR



σ



Avogadro’s number Relative atomic mass Microscopic cross-section



The macroscopic cross-section can be used for defining a quantity called reaction rate RR. Its meaning is intuitive and gives the number of reactions per unit time.



RR = Σ ⋅ φ ⋅ V Where



φ V



(2) Neutron flux1 Target volume



The microscopic cross-section can be defined as the area for which the number of nuclei – neutron reaction taking place is equal to the product of the number of incident neutrons that would pass through the area and the number of target nuclei [16]. The unit of the microscopic cross-section is m-2, but usually barn is used instead (1 barn = 10-28 m2). The relationship between microscopic and macroscopic cross-section corresponds to the physical meaning:



Σ = σ ⋅Ν Where



(3) N



number of nuclei per unit volume



The dependence of neutron microscopic cross-section on energy of the neutron usually consists of three parts (Figure 5.) The first part (E ~ 1 eV) is called “1/v region”, because the dependency approximately proportional to 1/v, where v is velocity of the neutron. In this region



1



σ(Ε) = σ 0



E0 v = σ0 0 E v



Where



σ0 E0



(4)



microscopic cross-section at the velocity v0 = 2200 m/s energy of the neutron at the velocity v0 = 2200 m/s



The Neutron flux is defined as the number of neutrons crossing unit area in unit time. [17]
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The second region (E from ~ 1 eV to ~ 103 eV) is characterized by dramatic changes of the microscopic cross-section and is called “resonance region”. This region plays vital role for the Doppler feedback (chapter 2) In the region number three in Figure 5 neutrons have high energy more than ~ 103 eV. In this region the microscopic cross-section is approaching the physical crosssection of the target nucleus.



Figure 5. Typical dependence of the microscopic cross-section on neutron energy. In some cases the dependence of cross-section on neutron energy can also be very different. In case of so called threshold reactions the cross-section is equal to zero for lower energies and nonzero for higher energies. The energy point, where the cross-section starts to increase from a zero value is called threshold. In Figure 6 there is an example of a threshold reaction. It is 59Co(n,α)56Mn reaction and the threshold is 3.9 MeV.
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Figure 6. Microscopic cross-section of the 59Co(n,α)56Mn reaction as a function of neutron energy. Notice the threshold at 3.9 MeV. JEFF 3.0 [18]



3.6.



Neutron detection methods



Modern detectors of radioactivity are usually based on atom ionization and consequent processing of released electrons. Unfortunately, neutrons do not directly ionize atoms and thus can only be detected indirectly. It means that firstly the neutron has to produce a charged particle (e.g. a proton or α- or β- radiation) or a γ-quantum. Only then these secondary particles can cause ionization and be measured. In the following paragraphs six methods that are commonly used are mentioned.
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3.6.1. Utilization of (n, charged particle) reaction The main idea of this method is a neutron interaction with production of a charged particle and detection of this secondary particle. One example is the (n,α) reaction, for instance with boron [17] 10 5



B + 01 n →



7 3



Li + 42 α + 2.790 MeV



This reaction is used for thermal neutrons, because the cross-section is high in the thermal region. Boron is most often bounded in BF3 and the released α-particle is detected in a proportional gas detector. The detector is filled or covered by BF3. There are many other reactions that can be used in a similar way. The main difference is in the sensitivity to the neutron energy, which is given by the corresponding cross-section. Two often used reactions follow [17] 6 3



Li + 01 n →



3 2



He + 01 n →



3 1



H + 42 α + 4.786 MeV



3 1



H + 11 H + 0.764 MeV



3.6.2. Fission chambers Fission chamber is in fact a gas counter that detects fission products from nuclear fission. The fission chamber contains fissile (e.g. 235U) or fissionable (e.g. 238U) material which undergoes nuclear fission with neutrons. The cross-section for fission is much higher in the thermal region in case of 235U (see Figure 7), so the detector is sensitive to thermal neutrons. On the other hand, the cross-section for 238 U is higher in the fast region, so the detector is sensitive to fast neutrons.
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Figure 7. Fission cross-section for 235U is the highest for thermal neutrons. JEFF 3.0 [18]. An example of the fission reaction on 235U follows [17] 235 92



U + 01 n →



93 38



Sr



140 54



Xe + ν



1 0



n + 203 MeV



Fission products (in this case 93Sr and 140Xe) are released with very high kinetic energy, but the range is short due to their mass. The kinetic energy is used for ionization of atoms in the gas counter and ionized atoms are then detected. Fission chambers are often used for continuous measurement of neutron flux in nuclear reactors. It can withstand high neutron flux, but on the other hand, the disadvantage is burn-up of the fissile material in high neutron flux.



3.6.3. Thermoluminescent dosimeters Thermoluminescent detectors are manly used for personal dosimetry. Tablets of luminescent material are used in a personal dosimeter and kept by nuclear staff. After a certain irradiation period the detector is heated up and it luminesces 29



proportionally to the collected neutron dose. This method is relatively precise, but the results are only available afterwards, which is a significant disadvantage.



3.6.4. Time-of-Flight method The Time-of-Flight method was not developed to provide a proof of presence of neutrons, but to determine the energy of the neutrons. It is based on a simple relationship between velocity (which can be easily measured) and kinetic energy. In non-relativistic case, this is



E



n-rel kin



m v2 = 2



(5)



The neutron for example passes a pipe of known length L and the time t necessary to pass the distance L is measured. In relativistic case, the neutron energy is then calculated



E rel kin



⎛ ⎞ ⎜ ⎟ 1 2 ⎜ = Mc − 1⎟ 2 ⎜ ⎟ L ⎜ 1- 2 2 ⎟ ct ⎝ ⎠



(6)



3.6.5. Proton recoil The proton recoil method is also based on detection of charged particles, like in the case of the (n,α)-reaction. In this case, however, protons are bounced out directly from the nucleus by the neutron - proton collision. As both particles have almost the same mass, it is possible to deliver all the kinetic energy from the neutron to the proton in one collision. The measurement of the proton energy is then much simpler than the measurement of the neutron energy. The measurements become more difficult, because not always is all the energy passed to the proton. The neutron can also keep part of the energy and just be scattered into another direction on the proton. As a consequence, from monoenergetic neutron source, there is a continuous proton spectrum from zero up to the energy of neutrons.
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3.6.6. Neutron activation method The neutron activation method uses small thin foils, which are exposed to a neutron flux and then the subsequent γ-radiation is detected by a γ-detector. According to the activity of the foils measured by the γ-detector, it is possible to determine the number of activation reactions and with knowledge of the corresponding cross-section also the neutron flux. Due to the small size of the foils (a diameter usually about two centimeters), this method turns to be very useful for neutron flux determination at different nuclear facilities, such as reactors, ADS and natural neutron sources. There are two categories of foil reactions, threshold and non-threshold reactions. Non-threshold reactions occur with non-zero probability with the whole spectrum of neutrons, depending on the corresponding cross-section. These reactions typically have a cross-section similar to Figure 5 and are thus used mainly for determination of thermal neutron fluxes. Threshold reactions, on the other hand, can only happen with neutrons with kinetic energy above the threshold energy, since the cross-section is zero for lower energies. The threshold usually equals to several MeV and these reactions are thus used for fast spectrum analysis. Sometimes it appears to be useful to use cadmium coating for foil irradiation. Cadmium has extremely high cross-section for thermal neutrons and only low cross-section for resonance or fast neutrons. From Figure 8 it follows that almost all neutrons with energy bellow 0.55 eV interact with cadmium. Only neutrons with higher energy penetrate the cadmium coating and can interact with the foils. This procedure is often useful for avoiding undesirable reactions with thermal neutrons.
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Figure 8. Total microscopic cross-section for natural cadmium and its cut-off at 0.55 eV. ENDF/B-6.0 [19]



3.6.7. Methodology of neutron activation During the irradiation in a neutron field, atoms of the foil are activated, usually by several different nuclear reactions. Each of the reaction has a product, but only some of them are unstable with γ-decay and with relatively long half-life. If the half-life is at least several minutes long it is possible to remove the foil from the facility and place it into a γ-detector, where the γ-energy from the decay is measured. The detector counts the number of γ-quanta with specified energy and on its output it provides number of counts as a function of the γ-energy. This spectrum contains several peaks corresponding to the γ-energy of the decays. From the area of such peaks it is possible to determine the activity of the foils. The time behavior of the number of activated atoms in the foil for one reaction is displayed in Figure 9.
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Figure 9. Time run of activation, cooling and measurement for a typical foil. The number of activated atoms reaches the maximum N’ at the end of the irradiation time ta.



N' ( t a ) =



Σφ



Where



λ



(1-e ) -λ ta



∑



φ



λ ta



(7)



macroscopic cross-section of the reaction neutron flux decay constant of the activation product time of activation



For infinite time of activation the number of activated atoms is saturated at the value Nsat.



N sat =



Σφ



(8)



λ
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After removing the foil from the facility (i.e. from the neutron flux) the cooling time tc starts and the number of activated atoms N starts to decrease according to the decay law.



N = N' e- λ t c



(9)



The decay time is necessary due to the physical removal of the foil from the facility to the γ-detector. It can also be purposely prolonged, so that the activity of the foil decreases. This can help to lower total dose over the experiment for the facility staff. When the measurement starts, the decay still continues. During the time of measurement tm, Nd atoms decay.



(



N d = N' e- λ t c 1 − e − λtm



)



(10)



Taking into account the definition of activity



A=λ N



(11)



it is possible to derive the activity at the end of the irradiation A’



A' =



λ Nd



(



e − λtc 1-e- λ t m



)



(12)



The number of atoms Nd decaying during the measurement time tm is proportional to the net peak area S of the γ-spectrum from the detector. The constant of proportionality is a product of the detector efficiency ε and the branching ratio1 y of the γ-decay. The activity A at the end of irradiation normalized to unit mass is thus



A=



λS



(



m ε y e − λtc 1-e-λ t m Where



m



)



(13)



mass of the foil



1



Branching ratio is defined as the number of γ-quanta released per one disintegration of the unstable atom.
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It is useful to introduce the relationship between this activity A and reaction rate of the activation reaction. The reaction rate RR calculated from the activity and normalized per one target isotope, is equal to



RR =



A Ar



(



K N A 1 - e-λ t a



Where



A Ar K NA λ ta



)



(14)



activity calculated from the net peak area S relative atomic mass of the target isotope abundance of the isotope in the foil composition Avogadro’s number decay constant of the activation product time of activation



From the reaction rate RR it is easy to calculate neutron flux φ(E), however the calculation might become complicated, because both the neutron flux φ(E) and the corresponding cross-section σ(E) of the reaction depend on the neutron energy.



φ (E) =



RR σ (E)



(15)
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4. Calculation Methods Used in This Work A variety of software is used for different calculations, e.g. GENIE 2000, MCNP and SAND – II. The two last mentioned are described in details in the following chapters.



4.1.



Monte Carlo Calculation Methods



Monte Carlo calculation methods are often used for simulations of experiments and for nuclear reactor science it is MCNP that is mostly used. MCNP stands for Monte Carlo N-Particle Transport Code System and represents a stochastic approach to solution of the neutron transport equations. Real experiments are in mathematical descriptions often represented by very complex equations and there are two basic solution methods: deterministic and stochastic. In the deterministic approach the reality is simplified, so that the describing equations can be exactly solved. The result from deterministic calculation is thus exactly precise, but only for the simplified model of reality. Stochastic codes, on the other hand, provide solutions with a statistical error. The model, however, can exactly describe reality without any simplifications. [20] MCNP simulates every single particle and its track through the geometry of the problem. If there are more possibilities of the behavior (e.g. energy distribution in scattering), MCNP makes a decision in such a way that probability of each behavior corresponds to the real statistical probability distribution. By tracking all the particles it is possible to calculate so called tallies. The tally is output information a user can receive from MCNP. Table 4 presents a list of tallies available in MCNP. [20]
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Table 4 Different tallies available at MCNP and their description Tally name



Description



Unit



F1:n



Surface current



Neutrons



F2:n



Surface flux



Neutrons / cm2



F4:n



Cell flux



Neutrons / cm2



F5:n



Flux at point detector



Neutrons / cm2



F6:n



Energy deposition in cell



MeV / g



F7:n



Fission energy deposition in cell



MeV / g



In this way for example the flux in a volume V can be calculated by F4 tally. The exact definition of the result is



F4 =



∫ φ (E) dE



(16)



SRC Where



SRC number of source neutrons per second φ neutron flux



With MCNP it is also possible to calculate quantities of the form



FM4 =



∫ f(E) φ (E) dE



Where



(17)



SRC f



known function of energy



If for example a macroscopic cross-section is chosen as the function f(E), the FM4 tally multiplied by volume and number of neutrons produced by the source represents the reaction rate defined by equation (2).
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4.2.



Neutron spectra unfolding software – SAND-II



SAND-II is designed for neutron spectrum unfolding when using the neutron activation analysis for neutron spectrum determination. The principle is the following: if there is only one activation foil activated by a threshold reaction, it is possible to determine the neutron flux in the interval  with knowledge of the cross-section of the reaction. If there are more foils with overlapping crosssections and different thresholds, the problem becomes more difficult, but still solvable. SAND-II, which stands for Spectrum Analysis by Neutron Detectors, was developed especially for this purpose. An input file for SAND-II contains reaction rates for a variety of threshold reactions, corrected to infinitely thin target foil. It is also possible to introduce coating of the foils (e.g. Cd, 10B and 197Au coating), as it was used in the actual experiment. The input file also contains an initial guess of the spectra. The guess should be as close to the final spectrum as possible and should take into account as much information about the spectrum as it is available. Nowadays, Monte Carlo simulation methods (e.g. MCNP) are used for calculation of the initial approximation. For the unfolding of the spectra, it is necessary to know all cross-sections for the employed nuclear reactions. There is a standard library of usually used reactions and it is also possible to edit this library. This turns out to be very useful, because the standard library only contains limited number of reactions (usually about 30 reactions). The mathematical description of the problem consists of a set of integral equations of the following type ∞



RR



(i)



= N 0 ∫ φ ( E ) σ (i ) (Ε) dE



(18)



0



Where



(i) N0



φ σ



denotes different reactions employed Number of target nuclei Calculated neutron flux Microscopic cross-section of the reaction



The solution of this set of equations is provided in a dense discrete form in the range 10-10 – 18 MeV in 620 groups. As there are usually only about 20 different reactions and 620 equations, it is necessary to introduce the initial guess. Otherwise the code will not find the correct solution.



38



The solution is achieved through an iteration process, starting with the initial guess. After each iteration, the difference between the calculated and the measured activity is calculated and compared with a closing condition specified in the input file. The final result after n iterations is thus of the form [21]



φ



[k ] j



=φ



[0] j



Where



⎛ k [ p] ⎞ exp ⎜ ∑ c j ⎟ ⎝ p=1 ⎠ j k



φj[k] φj[0] c[p]



(19)



denotes energy interval j = 1, 2, 3, …, 620 number of iterations calculated neutron flux in energy interval j initial guess of the spectra in energy interval j correction factor for iteration p



The final spectrum is also used for calculation of activities for all the foils and the result is compared to the measured values. If there is a foil with a higher standard deviation than specified in the input file, the foil is discarded and the calculation starts again without this foil. The function is called DISCARD.
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5. Experimental Setup Scientific research in the ADS field develops and e.g. MUSE program (Multiplication with an External Source) in France was completed two years ago [22]. Similar experiments are also performed at the Joint Institute of Power and Nuclear Research in Sosny outside Minsk, Belarus [23] [24]. The experiment in Belarus consists of two facilities, Yalina Thermal and Yalina Booster (in the following text the latter will be denoted as Yalina).



5.1.



The Yalina Facility



The Yalina facility consists of two main parts: a neutron source and a subcritical core. Although both parts are essential for ADS, Yalina is not a prototype of a future reactor. Its main purpose is to study neutron physics of ADS. One of the main advantages of Yalina is its small size and relative simplicity. This kind of zero-power facility is necessary for validating different models that will be used in future large facilities. Without these validations, a license for building a full-scale ADS can not be approved.



5.1.1. The neutron source As described in chapter 3.3 neutrons are born with some starting energy and during their life-time energy is lost and it is not possible to accelerate neutrons to a desired velocity. For this reason and for impossibility to control the path of the neutron by magnetic field, the neutron source is located in the very center of Yalina. With this setup almost all neutrons can be utilized in the surrounding subcritical core with their native kinetic energy. The neutron source is based on a fusion reaction and consists of two parts: accelerator and target. In the accelerator deuterons are accelerated to an energy of 100 – 250 keV with beam current 1 – 12 mA [23]. The accelerator can operate in either continuous or pulse mode. Accelerated deuterons enter Yalina and hit a target in the center of Yalina. The target is made of deuterium or tritium and one of the following reactions occurs
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d + d → 3He + n



Q = 3.3 MeV



d + t → 4He + n



Q = 17.6 MeV



In the case of (d,t)-reaction the maximum neutron yield is about 2·1012 ns-1 and the Q-value1 of this reaction is 17.6 MeV [11]. The source neutrons have an energy around 14 MeV.



Figure 10. The author together with a part of the neutron source.



1



The amount of energy released in a nuclear reaction.
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5.1.2. The subcritical core The source is inside a booster zone, the booster zone is surrounded by a thermal zone and a reflector is attached to the thermal zone (see Figure 11). The booster zone is composed of a lead lattice and consists of two parts with two different enrichments of fuel pins. The inner part, which is close to the target, contains 132 fuel pins made of metallic uranium with 90% enrichment in 235U. The outer booster zone contains 576 fuel pins made of uranium dioxide. The enrichment of the uranium is here lower, 36%. The two most outer rings of fuel pins form a thermal neutron filter. The aim of this filter is to let fast neutrons go through, but stop thermal neutrons coming to the booster zone from the thermal zone. The filter consists of one layer of fuel pins made of natural uranium (0.7 % 235 U) and one layer with pins made of borated polyethylene B4C (Figure 11). The thermal zone has a polyethylene lattice and there are 1180 fuel pins with uranium enrichment 10%. The pins form a circle around the booster zone (Figure 11). There are also absorption rods in the thermal zone, which are made of B4C. Both the thermal zone and the booster zone contain experimental channels. There are four experimental channels in the booster zone, three channels in the thermal zone and three channels in the reflector (Figure 11). The placement of the channels follows two basic rules. Firstly, the experimental channels should influence each other as little as possible. Secondly, the distance of the channels from the center should be different, so that it is possible to make radial-distribution experiments.
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Figure 11. Cross-section of Yalina with depicted structure, composition and marked experimental channels.
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5.2.



Detection system



For gamma spectrometry of activated foils a detector with high energetic resolution is necessary. For this reason, two coaxial HPG (High Purity Germanium) detectors made by CANBERRA are used, GC2018 and GC8021. Two detectors are necessary in case more foils are irradiated at once and there is a need to measure short-lived isotopes soon after irradiation. As only one detector (GC8021) has a shielding of background radiation (see Figure 12), it is preferably used.



Figure 12. HPG detector GC8021 inside a shielding container. The irradiated sample is placed on a plastic adapter to keep a precise position. The detector has been calibrated by standard spectrometry sources for two basic geometries of the measurements: detector-sample distance three and ten centimeters. The advantage of a higher distance is a lower dead-time for highintensive sources. On the other hand, the shielding container is relatively small and for the detector-sample distance ten centimeters, the lid of the container must be open. This configuration is thus used only occasionally for high-radioactive samples. Each configuration has also its own background radiation measurement with a closed and open lid.
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The software GENIE 2000 by CANBERRA is used for acquisition of the data during the measurement. GENIE 2000 is a complex spectrometry program and enables also analysis of the data. An output from the program in this case can be net peak area and activity for each reaction. Preparation and running the activations, together with the γ-measurements are performed by the experimentalists at the Yalina facility, mainly by an experienced experimenter Boris Martsynkevich.



45



6. Methodology of the Experiments There are two kinds of experiments analyzed in this study: multiple-foil activation (and additional nickel foil activation) and radial distribution of thermal neutrons. Both experiments are performed at Yalina and details are given below.



6.1.



Multiple foil activation



This is the main experiment in which two sets of foils are irradiated, one in the booster zone (experimental channel EC-3B) and one in the thermal zone (experimental channel EC-2, see Figure 11). Each set consists of 12 foils divided into two groups, so that one group fits into one cadmium container and the other group fits into the second cadmium container (Figure 13). The location of the foils in the cadmium containers is the same for the booster and the thermal zone. The containers are always in the middle of the experimental channel, so a plane perpendicular to the experimental channel placed in between the containers divides the channel into two halves. The container is of a cylindrical shape with an outer diameter 18 mm, inner diameter 14 mm and height 24 mm. The thickness of the lid is 2 mm on both sides.
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Figure 13. MCNP plot of the foil layout in the experimental channel. 1 experimental channel of the booster zone 2 Lead inside the experimental channel 3 Cadmium container 4 Air inside the cadmium container 5 In foil 6 Au foil 7 Zn foil 8 Al foil 9 Mg foil 10 Pb foil 12 Cu foil 13 Fe foil 11 CF2 foil 14 Ti foil 15 Co foil 16 Cd foil The foils are irradiated for 100 min and the (d,t) reaction is used as a neutron source (Chapter 5.1.1). The estimated source rate for this experiment is 4.4·1010 neutrons/s with an error of 10 % (measured by activation methods based on 63Cu foils). After the irradiation, foils are removed from Yalina and put in the detector one by one. The cooling time and the time of measurement are thus different for different foils. Some foils are put on the detector more than once, so that a variety of reactions can be measured for a foil. The shape of all the foils is cylindrical, excluding the golden foil, which has a square cross-section. Most of the cylindrical foils have a diameter D = 12 mm and height approximately L = 2 mm. There are two exceptions, titanium and indium, 47



which have different dimensions. All the foils have a natural composition of the isotopes. Basic characteristics of the foils are provided in Table 5. Although the samples are called foils, they have rather a cylindrical shape with a relatively high thickness. In such a case, on one hand self-shielding of the foils during the irradiation is more significant. But on the other hand, these foils can be used even in relatively low neutron fields, which is the case of Yalina. The self-shielding during the irradiation is supposed to be negligible, because only the fast part of the neutron spectrum is measured and the dimensions of the foils are relatively small. The slowing-down of the neutrons in the foils is thus insignificant [25]. Table 5. Basic characteristics of the activation foils. set number 1, set number 2, booster zone thermal zone sample ρ [g/cm3] D [mm] Cd 8,65 12 Co 8,90 12 Ti 4,54 12 Fe 7,87 12 Cu 8,96 12 CF2 2,20 12 F in CF2 1,70 Pb 11,35 12 Mg 1,74 12 Al 2,70 12 Zn 7,13 12 Au 19,32 8x8 In 7,31 10



6.2.



m [g] L [mm] 1,933 1,98 2,043 2,03 2,419 4,71 1,873 2,11 1,747 1,72 0,437 1,76 0,332 2,566 2,00 0,339 1,72 0,552 1,81 1,576 1,96 0,133 0,12 0,404 0,70



m [g] L [mm] 2,080 2,13 2,057 1,34 2,404 4,68 1,789 2,11 1,948 1,92 0,500 2,01 0,380 2,755 2,15 0,394 2,00 0,490 1,61 1,534 1,90 0,143 0,12 0,404 0,70



Nickel foil activation



This is a supplementary experiment to the main experiment mentioned in the chapter 6.1. The conditions of the experiment are the same, but merely a nickel foil is irradiated. The aim of this experiment is to add experimental results for nickel. Basic characteristics of additional activation foils covering dimensions, masses and densities are provided in Table 6.
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Table 6. Basic characteristics of additional activation foils. set number 1, set number 2, booster zone thermal zone sample ρ [g/cm3] D [mm] m [g] Ni 8,90 12 2,151



6.3.



L [cm] m [g] L [cm] 0,214 2,164 0,215



Radial distribution of thermal end epithermal neutrons



During this experiment a set of indium foils is irradiated at different positions inside Yalina. Namely, there are two foils in the booster zone (experimental channels EC-1B filled by air and EC-3B filled by lead), three foils in the thermal zone (experimental channels EC-1, EC-2 and EC-3 all filled by polyethylene) and nine foils in the reflector (positions R1 to R9). The foils are irradiated for 10 min with the (d,t) neutron source and estimated neutron production 4.4·1010 neutrons/s with an error of 10 %. All the foils are placed in the middle of the experimental channels in the booster and the thermal zone. The mass of the samples is 0.202 g each.
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7. Neutron activation results Results from the experiments described in the chapters 6.1 and 6.2 and as well as related MCNP simulations and further calculations are presented below.



7.1.



Calculation of reaction rates from neutron activation experiment



In this chapter, results from activation experiments mentioned in the chapters 6.1 and 6.2 are analyzed and reaction rates for a variety of reactions are calculated. After the irradiation the detection system is used for net peak area measurements (See chapter 5.2). According to Eq. (13), activities, and according to Eq. (14), reaction rates for chosen activation reactions are calculated by the GENIE 2000 software (Table 7 and Table 8). Due to the problems discussed in the Appendix A2 some foils are discarded. Namely it is Au, Cd, In, Pb and Zn in the booster zone and Au, Cd, In, Pb and F in the thermal zone. A correction factor ε is also applied. This correction factor is called detector efficiency and is based on an MCNP simulation of the detection conditions for each single foil. In this simulation the whole detection system in 3D geometry is described. The detector efficiency ε represents the number of photons detected in the germanium crystal to the total number of photons with corresponding energy emitted by the activated foil. The error of the calculated reaction rates is provided as a standard deviation σ(RR) in percents. Error of the net peak area is calculated by the GENIE 2000 software (chapters 3.6.7 and 5.2). The error of the mass is supposed to be one percent and the error of the detector efficiency ε is a statistical error from MCNP, which is one percent. The following formula for propagation of error is employed



⎛ ∂X ⎞ σ ( X ) = ∑⎜ σ ( xi ) ⎟ i ⎝ ∂xi ⎠



2



(20)



In this case, the formula for the standard deviation σ(RR) of the reaction rate is
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2



2



2



⎛ σ (S) ⎞ ⎛ Sσ (ε ) ⎞ ⎛ Sσ (m) ⎞ ln2 Ar ⎜ ⎟ +⎜ ⎟ +⎜ ⎟ 2 2 ⎝ εm ⎠ ⎝ ε ⎠ ⎝ m ⎠ σ ( RR ) = ln 2⋅tm tc ln 2⋅ta − − ⎛ ⎞ - ln2 ⎛ ⎞ T1/2 T1 / 2 T1 / 2 y T1/2 ⎜1 − e N A K ⎜1 − e ⎟e ⎟ ⎜ ⎟ ⎜ ⎟ ⎝ ⎠ ⎝ ⎠ Where



Ar S, σ(S) ε, σ(ε)



(21)



Relative atomic mass Net peak area and its standard deviation Efficiency of the detector and its standard deviation Mass of the foil and its standard deviation Branching ratio Half-life of the activation product Time of measurement Time of cooling Time of activation Avogadro’s constant Abundance of the isotope in natural mixture



m, σ(m) y T1/2 tm tc ta NA K



Table 7. Reaction rates and the errors for foils in the booster zone (EC-3B). Booster zone Reaction 27



Al(n,p)27Mg



27 59 59



24



24



844



2,45E-02



6,70E+05



12,05 1,37



5



1099



1,97E-02



3,36E+05



5,48



56



8



847



2,33E-02



1,40E+05



1,34



65



4



1480



1,65E-02



1,18E+05



3,17



18



F(n,2n) F



12,8



511



3,54E-02



1,64E+05



1,13



56



5



847



2,34E-02



7,10E+05



1,06



24



Mg(n,p) Na



62



3



5,31E+05



Fe(n,p) Mn



48



σ(RR) [%]



1,78E-02



Cu(n,p) Ni



46



RR [10-24/s]



1369



Co(n,α) Mn



56



ε



7



Co(n,p) Fe



19



Eγ [keV]



59



Al(n,α) Na



65



Threshold [MeV]



6



1369



1,79E-02



8,50E+05



2,45



46



2,5



1121



1,86E-02



1,86E+06



1,62



48



8



1311



1,68E-02



2,47E+05



1,14



59



5



1099



6,66E-03



6,14E+06



2,92



Ti(n,p) Sc Ti(n,p) Sc



Ni(n,α) Fe
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Table 8. Reaction rates and the errors for foils in the thermal zone (EC-2). Thermal zone Reaction 27



Al(n,p)27Mg



27 59



54 24



2,34



7



1369



1,79E-02



1,03E+05



4,91



56



5



847



2,33E-02



2,55E+04



2,75



59



8



1099



1,97E-02



1,94E+05



2,96



65



4



1480



1,64E-02



6,00E+04



5,05



54



1,5



835



2,37E-02



1,09E+07



1,79



24



Mg(n,p) Na



64



6



1369



1,78E-02



2,10E+05



3,67



47



12



159



6,66E-02



2,39E+06



0,54



46



2,5



1121



1,86E-02



1,39E+06



4,57



48



8



1311



1,69E-02



4,39E+04



1,83



64



1



1347



1,76E-02



5,13E+06



5,04



58



1



811



2,38E-02



9,93E+06



0,24



Ti(n,p) Sc Ti(n,p) Sc Ti(n,p) Sc



Zn(n,p) Cu
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7.2.



5,94E+05



Fe(n,p) Mn



48



σ(RR) [%]



2,46E-02



Cu(n,p) Ni



46



RR [10-24/s]



844



Co(n,p) Fe



47



ε



3



Al(n,α) Na



65



Eγ [keV]



24



Co(n,α) Mn



59



Threshold [MeV]



Ni(n,p) Co



MCNP simulation of the foils activation experiment



In this chapter, results from the MCNP simulation of the experiment described in the chapter 6.1 are presented. The input file for Yalina (a version from June 2006) is created at the institute in Sosny and for purpose of this calculation only changes concerning the corresponding experimental channels and materials are made. Using the JEF3.0 library and the FM4 tally, the reaction rates are calculated, Eqs. (2) and (17). Results are presented in Table 9 and Table 10. The result from MCNP is normalized per one incident neutron and to get the reaction rate defined in Eq. (14) the following formula is used (see also chapter 4.1)
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RR =



SRC ⋅ FM4 ⋅ Ar NA ⋅ ρ Where



(22)



SRC FM4 Ar NA ρ



Number of source neutrons per one second The FM4 tally (chapter 4.1) Relative atomic mass Avogadro’s constant Density of the foil



The error of the reaction rate is calculated by the formula for propagation of error, Eq. (20), which in this case is ⎛ SRC ⋅ FM 4 ⎞ Ar ⋅ ( FM 4 ⋅ σ ( SRC ) ) + ( SRC ⋅ σ ( FM 4) ) + ⎜ σ (ρ )⎟ ρ ⎝ ⎠ σ ( RR ) = ρ ⋅ ΝΑ 2



2



2



(23)



The error of the FM4 tally is the statistical error calculated by MCNP and errors of the density and the number of source neutrons is 10 %. Table 9. Reaction rates calculated by MCNP for the booster zone (EC-3B) JEF3.0. Booster zone Reaction 27



Al(n,p)27Mg



27 59 59



24



13,2



3,8E+05



11,0



56



1,1E+05



13,3



65



1,6E+05



11,3



18



Co(n,α) Mn



56 24



Cu(n,p) Ni F(n,2n) F



1,4E+05



16,2



56



5,1E+05



12,4



24



Fe(n,p) Mn



Mg(n,p) Na



46 48



10,6



4,8E+05



Co(n,p) Fe



19



9,3E+05



59



Al(n,α) Na



65



RR [10-24/s] σ(RR) [%]



9,3E+05



12,4



46



3,0E+06



10,4



48



2,3E+05



11,8



Ti(n,p) Sc Ti(n,p) Sc
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Table 10. Reaction rates calculated by MCNP for the thermal zone (EC2) JEF3.0. Thermal zone Reaction RR [10-24/s] σ(RR) [%] 27



Al(n,p)27Mg



27 59



10,2



9,9E+04



10,7



56



2,3E+04



10,6



59



1,9E+05



10,2



65



Al(n,α) Na



Co(n,α) Mn



59



Co(n,p) Fe



65 54 24



Cu(n,p) Ni



6,8E+04



10,2



54



1,0E+07



10,1



24



Fe(n,p) Mn



Mg(n,p) Na



47 46 48 64



7.3.



5,2E+05



24



2,3E+05



10,5



47



2,3E+06



10,1



46



1,7E+06



10,1



48



4,3E+04



10,4



64



4,9E+06



10,1



Ti(n,p) Sc Ti(n,p) Sc Ti(n,p) Sc



Zn(n,p) Cu



Neutron spectra unfolding by SAND - II



The experimental results from the experiments described in the chapters 6.1 and 6.2 are used for neutron spectrum unfolding by SAND – II. The unfolding calculations are made for both the booster zone and the thermal zone.



7.3.1. Neutron spectrum unfolding in the booster zone As mentioned in the chapter 4.2, SAND –II requires an initial guess of the neutron spectrum. This guess is calculated in MCNP (Figure 14) by simulation of the whole Yalina and asking for tally F4 in the positions corresponding to the positions of the foils during the experiments. The energy scale of the initial guess is divided into 199 bins starting at 0.01 MeV and ending at 18.5 MeV. This interval is chosen with respect to the foils used in the experiment, because there is no activation reaction with a threshold below this limit and the end of the spectrum is given by SAND – II capability. The limit for the DISCARD function (chapter 4.2) is 1.96% and the 62Ni(n,α)59Fe reaction is discarded. After five iterations, the result is achieved (Figure 15).
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Figure 14. Neutron spectrum in the experimental channel EC-3B calculated by MCNP relying on the nuclear data library JEFF3.0.
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Figure 15. Unfolded neutron spectrum in the booster zone (EC-3B).
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In Figure 16 there is the unfolded spectrum together with cross-sections for the used activation reactions. This figure thus provides an idea about which reactions contribute to which part of the unfolding. Detail plots of all cross-sections used in the activation reactions are summarized in the Appendix A1. 1E+5
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1E+8 1E+7



1E+3
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cross-section [barn]
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Figure 16. The unfolded spectrum and the used activation reactions in a common plot for the booster zone (EC-3B).



7.3.2. Neutron spectrum unfolding in the thermal zone The initial guess calculated by MCNP can be seen in Figure 17. The energy scale of the initial guess is divided into 200 bins starting at 10-10 MeV and ending at 20 MeV. From this interval only the last part starting at 0.1 MeV is used. Limit for the DISCARD function (See chapter 4.2) is 1.96% and the 59Co(n,p)59Fe reaction is discarded. After seven iterations, the result is achieved (Figure 18).
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Figure 17. Neutron spectrum in the experimental channel EC-2 calculated by MCNP relying on the nuclear data library JEFF3.0.
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Figure 18. Unfolded neutron spectrum in the thermal zone (EC-2). 57



1E+02



In Figure 19 there is the unfolded spectrum together with cross-sections for the used activation reactions. This figure thus provides an idea about which reactions contribute to which part of the unfolding. Detail plots of all cross-sections used in the activation reactions are summarized in the Appendix A1. 1E+5
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Figure 19. The unfolded spectrum and the used activation reactions in a common plot for the thermal zone (EC-2).
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8. Radial distribution of thermal and epithermal neutrons results The aim of this experiment described in the chapter 6.3 is to analyze radial distribution of thermal and epithermal neutrons. For this purpose indium foils and activation reaction 115In(n,γ)116In are used. This reaction is chosen because of the relatively high cross-section for thermal neutrons and with several significant resonance peaks in the resonance area (Figure 20). This method supposes rotation symmetry of neutron flux distribution in Yalina, because the experimental channels are located in different positions (Figure 11). 1E+05
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cross-section [barn]
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Figure 20. Microscopic cross-section for 115In(n,γ)116In reaction (JEFF 3.0) [18]. Reaction rates are calculated from the experimental values according to Eq. (14) and are presented in Table 11. The error is based on the net peak area error calculated by the GENIE 2000 software and error of the detector efficiency.
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Table 11. Reaction rates at different distances R from the center of Yalina. Experimental R [cm] RR [10-24/s] σ(RR) [%] channel EC-1B EC-3B EC-1 EC-2 EC-3 R1 R2 R3 R4 R5 R6 R7 R8 R9



13,5 18,4 28,1 37,2 43,9 49,0 51,5 54,0 56,5 59,0 61,5 64,0 66,5 69,0



5,17E+08 4,74E+08 3,45E+10 3,66E+10 3,02E+10 1,25E+10 1,32E+10 1,23E+10 1,10E+10 9,70E+09 8,41E+09 5,82E+09 5,39E+09 4,31E+09
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4,2 4,3 4,4 4,1 5,0 5,2 4,9 5,3 4,7 4,4 5,1 4,8 4,8 4,5



9. Discussion of results



9.1.



Comparison between experimental and simulation values for the reaction rates



Experimental data from chapter 7.1 and data from MCNP simulations presented in chapter 7.2 are compared here. In both cases the result is the reaction rate normalized per one target isotope. This makes it is possible to compare the relevant results. Calculated values are divided by experimental values and plotted for the booster and for the thermal zone. (Figure 21 and Figure 22) In the ideal case, this quotient is equal to unity. From Figure 21 and Figure 22 it follows that the inaccuracy between the experiment and the simulation is low in case of the thermal zone and relatively high for the booster zone. The distribution of the results, however, does not indicate a systematic error, because the C/E value is both, higher and lower than one. In case of the thermal zone, the agreement between calculation and experiment is high. This indicates that there might be some difference in the real experiment and in the simulation of the booster zone. For example the original position of the foils could be changed during manipulation with the foils or the whole cadmium container might be displaced. The error might also be a consequence of the simplifications made in the MCNP simulation. There are simplifications mainly in the geometry of Yalina and also in the chemical and isotopic composition of the materials.
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Figure 21. Calculated over experimental values (C/E) of the reaction rates for the booster zone (EC-3B). Reactions corresponding to the numbers are given in Table 12. Table 12. Reactions corresponding to the numbers given in Figure 21. booster zone 1
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Figure 22. Calculated over experimental values (C/E) of the reaction rates for the thermal zone (EC-2). Reactions corresponding to the numbers are given in Table 13. Table 13. Reactions corresponding to the numbers given in Figure 22. thermal zone 1
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Zn(n,p)64Cu
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9.2.



Neutron spectra unfolding by SAND -II



The results from chapter 7.3 are discussed here. In Figure 23 and Figure 24 there is a comparison between the calculated spectrum (MCNP simulation) and the unfolded spectrum (SAND-II). From this comparison it follows that the agreement between the calculated spectrum and the unfolded spectrum is good. In case of the fast zone, the unfolded spectrum follows an almost straight line for energies below 2 MeV. This is due to the lack of suitable activation reactions with low threshold, as depicted in Figure 16. There is a significant peak at 14.5 MeV. This peak comes from the neutron generator and is well described by both the SAND-II unfolded spectrum and the MCNP simulation. 1E+10
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Figure 23. Comparison of the unfolded (SAND-II) and calculated (MCNP) neutron spectra in the booster zone (EC-3B). The disagreement between simulated and unfolded spectrum is higher for the thermal zone, but generally it is still low. In the unfolded spectrum there is a small drop around 1.1 MeV. This drop probably comes from the iteration process in SAND-II and is not real.
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Figure 24. Comparison of the unfolded (SAND-II) and calculated (MCNP) neutron spectra in the thermal zone (EC-2). Although SAND-II should theoretically be able to calculate a good-enough result even from a poor initial guess, in this case it is not. According to the common sense, SAND-II should be able to iterate any input spectrum as long as it is in disagreement with the experimental values. Several tests are performed to investigate the importance of the initial guess, for example the initial neutron flux is set to a constant value. In that case the output spectrum is obviously wrong. The reason for this is that SAND-II needs well distributed thresholds to unfold the spectrum correctly from a poor initial guess. Since usually only limited number of reactions is available and the distribution of thresholds is not ideal, the role of the initial guess turns out to be crucial.



9.3.



Radial distribution of thermal and epithermal neutrons



The results of this experiment are plotted in Figure 25. In the booster zone, the number of thermal and epithermal neutrons is very low, compared to the number in the thermal zone. This is a consequence of the structure of Yalina. The thermal zone is filled by polyethylene, which is an efficient moderator. In the booster zone, there are mainly fast neutrons, due to the heavy material (lead) and thermal 65



neutrons from the thermal zone can not penetrate the thermal neutron filter. The number of thermal and epithermal neutrons in the reflector is lower than the number in the thermal zone and it is decreasing with the distance. This is due to the lack of fuel in the reflector, absorption in the graphite and leakage.
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Figure 25. Radial distribution of thermal and epithermal neutrons.
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10. Conclusions MCNP simulations and real activation experiments have been done to describe the neutron spectrum at different positions inside the Yalina facility. Results from the real experiment follow the results from the theoretical calculations and MCNP is thus considered as a reliable simulation tool in this case. Reaction rates based on MCNP simulations and on activity measurements are compared for one channel in the booster zone (EC-3B) and one experimental channel in the thermal zone (EC-2). Results of the comparison in both experimental channels are satisfactory. Additionally the results for the thermal zone are very precise. This also points out a good agreement between the real geometry and the description given in the MCNP input file. The unfolding of the spectrum by SAND-II is performed. In both experimental channels the neutron spectrum calculated by MCNP is in good agreement with the spectrum unfolded by SAND-II. The theoretical result is thus verified by a real experiment. It is also necessary to mention that on one hand, spectrum unfolded by SAND-II is able to follow even sharp peaks in the real spectrum (see Figure 23). But on the other hand, SAND-II can also produce non-physical changes of the smooth spectrum (see Figure 24). For this reason it is suggested to use SAND-II only as an additional source of information for neutron spectrum description. The radial distribution of thermal and epithermal neutrons inside Yalina is also measured by activation methods. The result corresponds to a hypothesis that a majority of the thermal and epithermal neutrons is in the thermal zone, while only limited number is present in the booster zone. This proportion is determined by the structure of the Yalina facility. The reflector also contains a lot of thermal and epithermal neutrons, but the number is decreasing with the distance from the center.
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Appendix A1 The purpose of this appendix is to provide a list of the cross-sections for threshold reactions used in this work. The cross-section data are taken from the JEFF3.0 nuclear date library [18]. The cross-sections plotted in this appendix are listed in Table 14. Table 14. The list of the cross-sections plotted in the Appendix A1. Page 27
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Reaction Al(n,p)27Mg



27



69



59



70



59



70



Al(n,α)24Na
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Appendix A2 The purpose of this appendix is to explain in details why several foils from the activation experiment mentioned in the Chapter 7.1 are discarded. The discarded foils are Au, Cd, In, Pb and Zn in the booster zone and Au, Cd, In, Pb and F in the thermal zone. There are three different reasons why the foils are discarded: overlapping peaks in the γ-spectrum, complicated decay scheme and high deviation from the other results. The case of the cadmium, indium and lead foils These foils are discarded both in the thermal zone and in the booster zone and the reason comes from the complicated decay scheme. For each of the foils, the intended activation reaction is (n,n’). The activation products of such reactions are excited states of the corresponding mother nuclei. Each of the nuclei can be excited to many different levels (see Figure 26, Figure 27 and Figure 28) and excitement to each level has its own cross-section. Since many high-energetic levels decay with a branching ratio to the low-energetic levels, it is very difficult to determine the exact cross-section. Without the knowledge of the cross-section, it is impossible to compare the results with simulations and also it is impossible to use them for the neutron spectrum unfolding by SAND-II.
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From Figure 26 it follows that there are many excited states for 111Cd. Part of them decay to 396.2 keV level, which has a relatively long half-life (48.5 min). However, in the actual γ-measurement 245.4 keV is used. For a correct determination of the cross-section it would be necessary to evaluate all the excited states and also to take into account the corresponding branching ratios. Such calculations are over the scope of this work.



Figure 26. Part of the decay scheme of 111Cd.
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The situation for indium (Figure 27) is less complicated, compared to the case of cadmium, because the measured γ-energy directly corresponds to the relatively long-lived state. However, the decay scheme is still too complicated and different levels decay to differently and sometimes skip the measured γ-energy 336.2 keV.



Figure 27. Part of the decay scheme of 115In.
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The case in the lead decay scheme (Figure 28) is very similar to the situation in cadmium. Also in this case the decay path from 2185 keV to 899.2keV is not unique and part of the energy is lost in other decay levels.



Figure 28. Part of the decay scheme of 204Pb. The case of golden foils The golden foils are also discarded from the booster zone and from the thermal zone. The reason comes from overlapping peaks in the γ-spectrum (see Figure 29 and Figure 30). In both cases the measured γ-peak (355 keV) is located on a strong background. This makes it very difficult to determine the net peak area correctly.



80



Figure 29. Part of the γ-spectrum for the golden foil in the booster zone. The red line indicates 355 keV.
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Figure 30. Part of the γ-spectrum for the golden foil in the thermal zone. The red line indicates 355 keV. The case of zinc and fluorine foils These foils are discarded because of an excessive deviation from the other results (see Figure 31 and Figure 32). This might be due to an experimental error.
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Figure 31. Comparison of calculated / experimental values including the discarded zinc foil (see also Figure 21). 2
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Figure 32. Comparison of calculated / experimental values including the fluorine foil (see also Figure 22).



83



References 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21.



USA Congress, Economic Joint Committee, “The Energy Outlook for the 1980’s”, Washington, 1973. A. Calaprice, “The Einstein Almanac”, Johns Hopkins University Press, October 2004. www.iaea.org, last update 19th April 2006. D. Westlén, “Transmutation of nuclear waste in gas-cooled sub-critical reactors”, Licentiate Thesis in Physics, Stockholm, Sweden, 2005. www.skb.se Smoley, “Dictionary and Thesaurus of Environment, Health and Safety”, CRC Press, USA, 1992. P. Seltborg, “Source efficiency and high-energy neutronics in acceleratordriven systems”, Doctoral Thesis in Physics, Stockholm, Sweden, 2005. K. Chandra et al., “Corrosion behavior in Different Stainless Steels in Pb-Bi Eutectic at High Temperatures”, Proceedings of 16th Annual Conference of Indian Nuclear Society, 2005. K. Tuček, “Neutron and Burnup Studies of Accelerator-driven Systems Dedicated to Nuclear Waste Transmutation”, Doctoral Thesis in Physics, Stockholm, Sweden, 2004. NEA, “Advanced Reactors with Innovative Fuels”, OECD, 1999 K.S. Krane, “Introductory Nuclear Physics”, Wiley, 1988. W.D. Harkins, “The Nuclei of Atoms and the New Periodic System”, American Physical Society, 1920. National Academy of Sciences, “Biographical Memoirs”, National Academies Press, 1975. I. Asimov, “Worlds Within Worlds”, Minerva, 2000. R.E. Bolz, “CRC Handbook of Tables for Applied Engineering Science”, CRC, 1973. F.L’Annunziata, “Handbook of Radioactivity Analysis”, Elesevier, second edition, 2003. W.M. Stacey, “Nuclear reactor physics”, John Wiley and Sons, New York, 2001. Janis 2.1. OECD / NEA Data Bank, September 2004. J. Chang, ENDFPLOT 0.2 - Cross Section Plotter, KAERI, available at: http://atom.kaeri.re.kr/endfplot.shtml J.F. Briesmeister, editor, “MCNP – A general Monte Carlo N-Particle transport code, version 4c, LA-13709-M”, Los Alamos National Laboratory, USA, 2000. Managed by Lockheed Martin Energy Research Corporation, “RSICC Computer Code Collection – SAND - II”, Oak Ridge National Laboratory, 1994. 84



22. R. Soule et al., “Neutronic Studies in Support of Accelerator-Driven Systems: The MUSE Experiments in the MASURCA Facility”, Nucl. Sci. Eng., 148, 124 (2004). 23. C.-M. Persson, “Reactivity Determination and Monte Carlo Simulation of the Subcritical reactor Experiment – Yalina”, MSc Thesis, Royal Institute of Technology, Stockholm, 2005. 24. S.E. Chigrinov, A. Kievitskaia, A. Khilmanovich, I. Rakhno, V. Petlytski, C. Rutkovskaya, “Experimental Research of the Transmutation of Long-lived Fission Products and Minor Actinides in the Subcritical Assembly Driven by Neutron Generator”, In International Conference on Accelerator-Driven Transmutation Technologies and Applications, Sweden, 1996. 25. M. Plaschy, C. Destouches, G. Rimpault, R. Chawla, “Investigation of ADSType Heterogeneities in the MUSE4 Critical Configuration”, Journal of Nuclear Science and Technology, vol. 42, pp 1-9, September 2005.



85



























[image: memory booster gold.pdf]
memory booster gold.pdf












[image: Booster Club Membership.pdf]
Booster Club Membership.pdf












[image: Booster Membership Form.pdf]
Booster Membership Form.pdf












[image: Game booster 3]
Game booster 3












[image: 2018 rattler booster meet program.pdf]
2018 rattler booster meet program.pdf












[image: cca booster club sponsors]
cca booster club sponsors












[image: Falcons Nest Booster Club (FNBC) -]
Falcons Nest Booster Club (FNBC) -












[image: Application for PTO/Booster Club Insurance - cloudfront.net]
Application for PTO/Booster Club Insurance - cloudfront.net












[image: booster-club-2014-signs.pdf]
booster-club-2014-signs.pdf












[image: Booster Club Membership Form.pdf]
Booster Club Membership Form.pdf












[image: Good Luck Booster Ad.pdf]
Good Luck Booster Ad.pdf












[image: COMPUTER BOOSTER@AAA BRIGHT ACADEMY.pdf]
COMPUTER BOOSTER@AAA BRIGHT ACADEMY.pdf












[image: AMS Booster Club Membership.pdf]
AMS Booster Club Membership.pdf












[image: Provestra FAQ_ Women's libido-booster supplements.pdf  ...]
Provestra FAQ_ Women's libido-booster supplements.pdf ...












[image: Booster Club Shirt Sales.pdf]
Booster Club Shirt Sales.pdf












[image: PISD Booster Club Guidelines.pdf]
PISD Booster Club Guidelines.pdf












[image: Nevada FFA Booster Club Scholarship.pdf]
Nevada FFA Booster Club Scholarship.pdf












[image: Application for PTO/Booster Club Insurance - cloudfront.net]
Application for PTO/Booster Club Insurance - cloudfront.net












[image: Booster Club Membership 2017-18 soldOut.pdf]
Booster Club Membership 2017-18 soldOut.pdf












[image: Booster Club Membership 2017-18 soldOut.pdf]
Booster Club Membership 2017-18 soldOut.pdf












[image: GK Booster Top 200 Banking & Financial Awareness Questions of ...]
GK Booster Top 200 Banking & Financial Awareness Questions of ...












[image: Flyer - 2016 Suffern Boys Basketball Booster Club Summer Camp .pdf ...]
Flyer - 2016 Suffern Boys Basketball Booster Club Summer Camp .pdf ...















Yalina Booster






Apr 19, 2006 - The neutron is the only particle from the electron-proton-neutron trio that ... atom electron shell. Nucleus. Nucleus. Affected by electromagnetic. 






 Download PDF 



















 6MB Sizes
 4 Downloads
 301 Views








 Report























Recommend Documents







[image: alt]





memory booster gold.pdf 

Page 1. Whoops! There was a problem loading more pages. memory booster gold.pdf. memory booster gold.pdf. Open. Extract. Open with. Sign In. Main menu.














[image: alt]





Booster Club Membership.pdf 

Loadingâ€¦ Page 1. Whoops! There was a problem loading more pages. Retrying... Booster Club Membership.pdf. Booster Club Membership.pdf. Open. Extract.














[image: alt]





Booster Membership Form.pdf 

Booster Membership Form.pdf. Booster Membership Form.pdf. Open. Extract. Open with. Sign In. Main menu. Displaying Booster Membership Form.pdf. Page 1 ...














[image: alt]





Game booster 3 

Page 1 of 24. Tweakbit driver updater 1.6.8.4 dc 17.03.2015 crack.Dragon ballz battle ofthethe gods.07301070148 - Download Game booster 3.Marvel. jessicajones 1080.Newinformation game booster 3 and high technology isappeared which lead theeconomics t














[image: alt]





2018 rattler booster meet program.pdf 

1) Spagnuolo, Anna Marston, Sydney. Walker, Grace Plank, Sayti. 8 MILL A 11:00.00. 1) Green, Zion Bockmiller, Savannah. Oliver, Sariya Grant, Kylie. 9 CSHS A 11:21.00. 1) Fremel, Signe Lockett, Lauren. Cristante, Olivia Tipton, Grace. 10 PAYS A 11:22














[image: alt]





cca booster club sponsors 

grandparents are Don and Nan Kennedy and Ted and Maria. Toner. ... While others have endured the thorns ... Christ, our Savior, wore the thorn crown,.














[image: alt]





Falcons Nest Booster Club (FNBC) - 

o Each of these three (3) student organizations will provide. â–« Four (4) Volunteers each for Friday, April 27th from 3 PM â€“ 6 PM. â–« Forty Five (15) Volunteers each ...














[image: alt]





Application for PTO/Booster Club Insurance - cloudfront.net 

Application for PTO/Booster Club Insurance. Log on to the website below: www.aim-companies.com. This is the home page: ...














[image: alt]





booster-club-2014-signs.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item.














[image: alt]





Booster Club Membership Form.pdf 

MEGA BOOSTER - $750 (Football Seats OR Three Punch Cards). Six Free ... Booster Club Membership Form.pdf. Booster Club Membership Form.pdf. Open.














[image: alt]





Good Luck Booster Ad.pdf 

Thank you for supporting PBL Booster Club ~. Page 1 of 1. Good Luck Booster Ad.pdf. Good Luck Booster Ad.pdf. Open. Extract. Open with. Sign In. Main menu.














[image: alt]





COMPUTER BOOSTER@AAA BRIGHT ACADEMY.pdf 

41) In Excel, charts are created using chart wizard option. 42) Protecting data by copying it from the original source is backup. 43) Spam is the term for ...














[image: alt]





AMS Booster Club Membership.pdf 

Page 1 of 1. AMS Booster Club Membership.pdf. AMS Booster Club Membership.pdf. Open. Extract. Open with. Sign In. Main menu. Displaying AMS Booster ...














[image: alt]





Provestra FAQ_ Women's libido-booster supplements.pdf ... 

Provestra FA ... plements.pdf. Provestra FA ... plements.pdf. Open. Extract. Open with. Sign In. Main menu. Displaying Provestra FAQ_ Women's libido-booster ...














[image: alt]





Booster Club Shirt Sales.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. Booster Club ...














[image: alt]





PISD Booster Club Guidelines.pdf 

other events, and hosting auctions, bake sales, or car washes. Under the State Charitable Raffle Enabling Act,. only a â€œqualified nonprofit organizationâ€� may ...














[image: alt]





Nevada FFA Booster Club Scholarship.pdf 

FOR HIGH SCHOOL SENIORS: Must have applied for or received the State Farmer Degree. Must have earned 80% of the total of the high point holder's ...














[image: alt]





Application for PTO/Booster Club Insurance - cloudfront.net 

Once you select Booster Clubs, it will bring you to another screen that has three additional drop-down menus. Please select No for the first box, California ...














[image: alt]





Booster Club Membership 2017-18 soldOut.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. Booster Club ...














[image: alt]





Booster Club Membership 2017-18 soldOut.pdf 

Be a part of the new War Eagle Athletics season at the new Davie County High School by becoming a member of the DHS Booster Club! Football Cheer Boots/ ...














[image: alt]





GK Booster Top 200 Banking & Financial Awareness Questions of ... 

Page 2 of 30. www.gradeup.co. 2 | P a g e. GK BOOSTER. Top 30 Banking & Financial Awareness Questions. March Month 2018. Dear readers,. GK Booster docket is a collection of top 30 Banking & Financial Awareness questions which is based on. important n














[image: alt]





Flyer - 2016 Suffern Boys Basketball Booster Club Summer Camp .pdf ... 

Whoops! There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. Flyer - 2016 Suffern Boys Basketball Booster Club Summer Camp .pdf. Flyer - 2016 Suffern Boys Basket


























×
Report Yalina Booster





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















