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Summary

The T2K (Tokai-to-Kamioka) project is the premiere project delving into the depths of neutrino physics, involving teams from all over the world. This report covers the problems faced by the T2K near-detector design and construction, such as liquid scintillator cloud point, heat tolerance and the possible absorption of water into silicone sealant and polypropylene structure. The purpose of this report is to verify theories made, as well as to propose an idealized liquid scintillator mixture that optimizes water content and cloud point.
Through experimentation and recommendations made by third parties, the ideal mixture is close to achieved, with a solid roadmap for future optimization of this mixture. Through a mixture of QuickSafe-A, Triton X-100, and Tergitol NP-13, an ideal solution is possible.

It is concluded also that the polypropylene structure of the scintillator does not cause water absorption, nor does the RTV sealant used in the existing detector design. In recommendation, it is suggested that these materials continue to be used in the construction of the scintillator, and that further investigation with the surfactant Tergitol NP-13 is necessary.
1.0 Introduction
Perhaps one of the most fascinating and advanced research being performed in the world is in the field of subatomic physics. As the physicists of ages past speculated that all objects were consisted of indivisible atoms, so do today’s physicists contend that there is more to the nature of all matter than simple electrons, protons, and neutrons. The understanding of the nature of matter and its behavior is a critical venture that can bear untold fruits.
Key among this research is the work being done in neutrinos. Italian for “the little one”, these particles are everywhere – trillions pass through your body every second – but yet are as difficult to measure as their namesake suggests. Neutrino oscillations, that is, the transmuting of neutrinos into different types is key to further research in this advanced field, and is the subject of this report.

Neutrino oscillations are poorly understood subjects that are at the current forefront of advanced particle physics. Physicists know it occurs, but its various properties and behaviors are still poorly understood and many of its crucial properties remain unmeasured. This report is associated with one such project to fill in this void of knowledge – the Tokai-to-Kamioka project, currently in its design stages. The report explores the various engineering problems that the apparatus currently experiences, and proposes ways to ameliorate the issues.
2.0 The T2K Experiment
2.1 Introduction to Neutrinos

Perhaps one of the least understood aspects of particle physics is the neutrino. These chargeless, nearly massless particles are the topic of research in Canada and around the world. 
History of the Neutrino

The first hints of the neutrino’s existence dates back to 1931, when scientist Wolfgang Pauli
 theorized that a third particle existed in radioactive beta decay (when a radioactive helium atom breaks into a lithium atom and an electron). By observing the directions of the two product particles after the decay, physicists discovered a curious discrepancy. The directions of the two resultant particles suggested that momentum was not being conserved – one of the fundamental laws of physics. The two particles traveled in directions as indicated in Figure 2.1.1.
[image: image1.emf]
Figure 2.1.1: Cloud-chamber observation of a beta decay. Used with permission from The Tokai-to-Kamiokande Experiment
Momentum conservation demands that the two particles travel apart in opposite directions, but it is clear from observations that this is not occurring. Physicists then theorized that a third, undetected particle existed, and that momentum is being conserved. It would be 25 more years, however, until technology permitted physicists to begin investigating the existence of this elusive particle.
Reactivity of Neutrinos
Neutrinos by nature are inert, that is to say, non-reactive. They do not interact heavily with the environment around themselves like other particles are apt to do. In fact, to stop a neutrino completely would require a lead wall that is billions of kilometers thick. It is this property that makes neutrinos hard to detect, and hard to measure – how do you observe something, when it is invisible, tiny, nearly without mass, and doesn’t interact much with anything it passes through? To put it in perspective, if a trillion neutrinos passed through a human body, only one will react with anything inside your body.
 This problem was first solved in 1953 by Drs. Frederick Reine and Clyde Cowan
 who, by positioning a mixed solution of cadmium chloride and water near a nuclear reactor, were able to “see” neutrinos. Neutrinos created by the nuclear reactor passed through the water, and some reacted with the protons in the water molecules, producing positrons. These positrons then annihilated themselves with nearby electrons, producing small amounts of light. By observing these lights scientists were able to prove the existence of these neutrinos. Modern neutrino detectors, such as the Super-Kamiokande detector in Japan, and the Sudbury Neutrino Observatory in Ontario (SNO), improve upon this original design to detect neutrinos. These detectors are built far underground to prevent the interference caused by background cosmic radiation.
Neutrino Flavors and Oscillations
Going back to the beta decay example as presented before, neutrinos come in multiple “flavors” – electron, muon, and tau. These neutrinos are associated with the particles that produce them. The beta decay example above creates an electron neutrino, while other reactions may produce other types. It has long been believed that neutrinos cannot transmute between types, and stay as their created type for the duration of their lifetime. This theory is now highly suspect, as physicists using electron-neutrino detectors capturing neutrinos from the sun noted a great deficiency – capturing only about a third of the expected number – in the number of electron neutrinos they were detecting. Scientists in 2002 also concluded that, when counting muon and tau neutrinos with the electron type, the fully expected number of solar neutrinos is reached. This suggests that many of the electron neutrinos coming from the sun turn into muon and tau neutrinos prior to reaching the Earth. This process is known as neutrino oscillation. The full scope of neutrino oscillations is beyond the scope of this report. Without delving too far into the details of neutrino oscillation, the probability of a neutrino transmuting into another type before it reaches the Earth relies on several factors – the mixing angle, difference in mass eigenstates, and of course the distance between the sun and Earth. Both the mixing angle and difference in mass eigenstates are not fully known, but are crucial to further research in particle physics. So far few mixing angles and mass eigenstates have been measured, and even the ones that have, are not very precise values. This leads to efforts to measure the unmeasured parameters, and also to improve the known precision of the others as well.
2.2 The Tokai-to-Kamioka Experiment

On the forefront of solving these unknown parameters in neutrino physics is the Tokai-to-Kamioka experiment, otherwise known as “T2K”. This ambitious project, to take place at the Tokai synchrotron – still under construction – and also the Super-Kamiokande neutrino detector in Japan, will test and measure these unknown parameters.
[image: image2.emf]
Figure 2.2.1: The concept behind the T2K experiment – firing a beam of neutrinos between the Tokai synchrotron and Super-Kamiokande neutrino detector, 295km away. Image used with permission from The Tokai-to-Kamioka Experiment
The basic concept behind T2K is to create neutrinos using the synchrotron particle accelerator located in Tokai, and measure their properties as they leave the accelerator. The neutrinos will then be allowed to travel, giving them time to oscillate into another type of neutrino. 295km away rests the Super-Kamiokande detector, which will take another measurement of the neutrino properties as they pass through the detector, since have had a chance to oscillate. By comparing these two different observations physicists will be able to derive the unknown mixing angles and mass eigenstates that are necessary to further our understanding in particle physics.
The Canadian portion of the team involved with T2K is responsible for design and construction of the near detector – the one that will be situated at the exit of the particle accelerator and take the first measurements. With physicists and engineers participating from TRIUMF, as well as the Universities of BC, Victoria, Toronto, Montreal, and Carleton, and some institutions in the United States, the near detector is currently in its design stages.

[image: image3.emf]
Figure 2.2.2: The planned near detector and its components.

The analyses in this report concern themselves with the fine-grain detectors (FGD in Figure 2.2.2) and the engineering problems that currently affect the usability of the detector design.
2.3 Problems with Existing Design
2.3.1 Introduction to the Design

To detect neutrinos as they pass through the near detector in Tokai, a scintillator must be constructed. Scintillators are substances that emit light when particles pass through them – thus allowing the observer to “see” particles. Traditional scintillators are carbon-based and are solid objects. With the T2K scintillator however, this traditional design route cannot be taken; there is concern that, since the far detector (the Super-Kamiokande detector) is water-based, the near detector must also be water based as well. A deviation in the material used will skew the results, as there are unknowns about the exact nature of the interaction between neutrinos and the atoms of the scintillator, and it is feared that using a carbon-based solid scintillator will affects results, and data gathered from two different types of scintillators will not be comparable. As of this point in the design process, a water-based liquid scintillator mixture has been developed for this task. In addition, the detector that will be built is a complex array of polypropylene “cells” which will contain the liquid scintillator substance, as well as wires to transmit the light to electronics that will interpret and record the data. The casing of these cells will be constructed from polypropylene, a common industrial material that is already widely manufactured for use in temporary signs. It is waterproof and comes in corrugated boards that are already molded into the size and shape that would be desirable for the detector. Refer to Figure 2.3.1 and 2.3.2 for details on the construction of these cells. Each cell is sealed by a hard plastic stopper, with gaps filled in with RTV silicone – commonly and cheaply available in industry as an industrial-strength caulking. The WLS fiber has been designed to thread through the cell, as its outer sheath is impervious to corrosion from the liquid scintillating solution, but its uncovered ends are not. To prevent the decay of these fibers their ends must not be inside the scintillating solution. The cells will be constructed in large planes as shown in Figure 2.3.1, with alternating horizontal and vertical layers. This will create a grid shape that will allow the observation of not only how many particles pass through, but also the rough location at which they struck the detector.
[image: image4.emf]
Figure 2.3.1: Cells in the T2K near detector, note the WLS fibers (wires) that lead out of each cell.

[image: image5.emf]
Figure 2.3.2: Construction of an individual cell.

2.3.2 Temperature Variance of Liquid Scintillator

The experiment as carried out in the Tokai synchrotron will place the detector array – a sizable piece of equipment, weighing nearly 1.7 tonnes and measure 8ft. by 8ft. by 30cm, within a relatively small chamber. This brings upon high operating temperatures, as there is little room to dissipate the heat generated by the magnets surrounding the area, the electronics to capture the data, and various other heat sources. Indeed, the liquid scintillating mixture is composed of QuickSafe-A, a well known scintillating cocktail that is used for scintillators everywhere, and water. Since QSA tends not to mix well with water, a certain amount of Triton X-100, a surfactant, has been added to improve solubility. This, unfortunately, has resulted in a very low cloud point for the solution. If temperatures are elevated, the entire solution will cloud over, which makes the sensor useless. The light-transmission concept that the scintillator is based upon relies on the scintillator being clear and transparent at all times. Therefore, a way must be found to elevate this cloud point temperature. It is possible to use external cooling methods to keep temperatures within limits while the detector is operating, but these are costs associated with that level of cooling.

2.3.3 Absorption of Liquids in Polypropylene Structure

An initial test of the feasibility of the polypropylene cell idea revealed an interesting problem. A test cell was constructed using the same polypropylene material that would go into the final construction, with ends sealed by the requisite plastic plugs and silicone sealant. The tube is then filled with distilled water and sealed. One interesting phenomenon that went unexplained is that, over the course of about 6 months, the water level inside the scintillator consistently dropped. If occurring in the final product, this will wreak havoc with the detector, as air bubbles cannot be allowed to interfere with the experiment. The most likely culprit for this is a possible absorbency problem with the PVC – it may be absorbing the water into itself, and thus lowering the water level. With the lack of any other ideas as to why this is occurring, an investigation into this water absorbency idea must be conducted.
2.3.4 Absorption of Liquids in RTV Silicone Sealant
Another possibility for the disappearing water is that it may be absorbed into the RTV silicone that is used to seal the ends of the cells. This possibility seems remote, as absorbing that much water into the silicone would result in the sealant expanding in size within the cell – something that did not occur. However, in the interests of the solving the problem, an investigation must be performed with regards to this possibility.

3.0 Analysis of Problems
3.3.1 Temperature Variance of Liquid Scintillator

To investigate and find a liquid scintillator mixture that is superior in cloud point, a series of heat-based tests were designed. Robert Huggett at Zinsser Analytic, the makers of the QuickSafe-A scintillating cocktail, suggested that a variety of other surfactants be added to the mixture to improve its cloud point. The three surfactants tried – as suggested by Zinsser – were Triton X-100, Triton H-55, Tergitol NP-30 and Tergitol NP-13. The addition of Triton X-100 to the mixture has been found in the past to improve the amount of water that may be added to the scintillating cocktail whilst still maintaining clarity; this is necessary in view of the goals of the project – creating a water-based scintillator that can mimic the reaction of the larger already-existent Super-Kamiokande detector. However, the cloud point of this mixture remains quite low.

The theory behind this supposition is that the ethoxy groups contained within the surfactants are polar, and thus help the solution stay consistent; the polar end binds to the slightly-polar water molecules in the mixture, while the non-polar end attaches to the DIPN (di-isopropylnaphthalene) that is the primary component of QuickSafe-A. The solution is not so simple as to add excess surfactants, as an overly high concentration would cause the ethoxy groups to begin to bind to each other, creating striations in the mixture, or at worst, translucent gelatinous blobs. Since this is the first documented construction of a water-based scintillator, there is little documentation on these exact chemical processes and mixtures.
For the tests, chemical mixtures were created by either adding the surfactant in question to the original Triton X-100 mixture formula or substituting the surfactant for Triton X-100. The vials of mixtures were then placed in a warm water bath and heated slowly, their cloudiness gauged in 1-degree Celsius intervals. The observed cloud point of 29 degrees Celsius for the original QSA/X-100 mixture, as referenced in Appendix B, is quite low. Though it is not expected that any mixture will reach the “ideal” tolerance temperature of 40 degrees, every degree gained could mean less cooling requirements in the actual experiment. The results of these tests can be found in Appendix B.
In these tests it was found that, as heat increased, slight hazy elements started appearing towards the bottom of the vials, which soon became obvious gelatinous strands in the mixture. These elements were opaque, and their appearance in the final product will be a hindrance to performance. Some samples clouded over early on, while some lasted much longer. Sample #424, referenced in Appendix A, is found to be the most heat-tolerant, lasting up to 34 degrees Celsius before starting to cloud over. This is an approximately 5 degree gain over the initial Triton X-100 mixture.
It is worth noting also that many samples were not treated to the heat test, as they had already been cloudy at room temperature and proven unsuitable already. These samples are marked in Appendix B; the samples tested in the water bath were all clear at room temperature.
3.3.2 Absorption of Liquids in Polypropylene Structure

The loss of liquids in the simulated scintillator is troubling, as its cause is not known. A simple test was proposed to determine if the polypropylene structure is absorbing the liquid, and if so, whether it is a phenomenon unique to water, or if the QuickSafe-A cocktail will be affected as well. Small strips of polypropylene were cut, weighed, and immersed in vials of either water or a sample QuickSafe solution. These strips were then weighed dry weekly to see if their mass has changed. An increasing mass could indicate that the polypropylene is absorbing water. The results of this test can be found in Appendix C. Neither strips of polypropylene – immersed in water nor scintillating cocktail lost any mass, despite some deviations in measurement that can be attributed to systematic error. It is clear that water is not being absorbed into the polypropylene.
3.3.3 Absorption of Liquids in RTV Silicone Sealant

To test for the absorption ability of the RTV silicone sealant used in the test construction scintillator, a glob of RTV silicone was placed in a vial, allowed to dry, and then immersed in water. If the water level dropped, the RTV can be said to be absorbing water, which may account for the disappearing water from the simulated scintillator. To account for possible evaporation problems also, glass test tubes of water were sealed at the top with RTV silicone and allowed to sit. If their water level dropped, it indicates that the water is escaping the tube through evaporation. The results of the test may be found in Appendix D. All results for loss of water were negative. There was no water loss associated with of the RTV absorption and evaporation tests. It is evident that the water loss is not being caused by the silicone sealant.
4.0 Conclusions

From the analysis of the problem that the scintillator design faces, the following conclusions can be drawn:

· Terigitol NP-13 appears to be the best surfactant to use, as all samples with added NP-13 solution resisted heating to the highest degree. In addition, a 1.5mL addition proved to improve the cloud points the most out of all tested solutions. The test appears to have not yet captured the optimal mixture, as the constantly-increasing cloud point of NP-13 solutions implies that even higher concentrations will yield even better results.
· Addition of too much surfactant will eventually run contrary to the goals of the project. The concentration of DIPN inside the final mixture controls the amount of light output the scintillator will generate. An overly low light output would jeopardize the usability of the detector. A balance must be struck between heat tolerance and light output capability.
· The polypropylene material is not absorbing any water, as test results will indicate. No recorded weight increase was noted through the entire test process.

· The RTV silicone sealant is not absorbing any water, as test results do not indicate any drop in water levels with an RTV globule added.
· The RTV silicone sealant is not allowing the evaporation of water, as test tubes sealed with RTV silicone do not demonstrate any water loss at all, as compared to tubes sealed with a standard rubber stopper, which is known to be a perfect seal.
5.0 Recommendations
Given the results of this investigation, the following action is proposed:

· Continue testing using increasing concentrations of Tergitol NP-13. Though a significant cloud point gain was recorded, the tests also implied that the solution is not yet optimized. Further gains may yet be achieved by using higher concentrations of Tergitol NP-13. The benefits of an even higher cloud point will allow less costly cooling solutions to be implemented and spare room inside the already-cramped test chamber for other technical concerns. In addition, a higher cloud point allows for a higher margin of error, making potential bursts of heat inconsequential to the experiment’s operation. The cost for additional testing should be minimal, and should require maximally 10 more samples created, and one or two cloud point tests to measure their cloud points. At this point it is certain that an optimal solution can be found.
· Investigate other means of water loss through the simulated scintillator. It is clear from both polypropylene and silicone tests that neither are culprits for the missing water, and thus there must be further factors in water loss that must be investigated. Given the gravity of the issue if allowed into the final product, further investigation into this matter must be pursued, as the final product cannot work without a solution to this problem.
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Appendices
Appendix A – Formulas for Tested Chemical Mixtures
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Appendix B – Results of Cloud Point Tests
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Appendix C – Results of Weight Test for Polypropylene
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Appendix D – Results of RTV Silicone Absorption Test
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