Amy Allen
I. Analysis of the Effect of Thermal Neutrons on Plastic Scintillating Material

II. Focusing Question: What effect do thermal neutrons have on plastic scintillating material? 
III. Background Information 

Mu2e is a search for neutrino-less muon (µ) to electron (e) conversion in the coulomb field of a nucleus (μ- N → e- N). μ- N → e- N is a rare type of decay known as a charged lepton flavor violation (CLFV) decay, as the quantum numbers Lμ and Le are not conserved. CLFC decays are highly suppressed in the Standard Model and remain virtually unobserved. The current muon to electron conversion branching ratio is in the magnitude of 10-11- 10-13. Mu2e proposes a new detector with superior sensitivity to interact with a beam of slow muons and actively look for μ- N → e- N. The Mu2e experiment will have a sensitivity 10,000 times better than the current limit. CLFC decays are predicted in many Beyond the Standard Model theories. Many of these theories predict that that the branching ratio of μ- N → e- N is within the range of the Mu2e experiment (Cary, Lynch, Marciano, & Kolomensky, 2008). Any observation of μ- N → e- N would indicate that there is something missing from the Standard Model and serve as explicit evidence for New Physics (Mu2e Collaboration, 2007). 
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Figure 1 shows a diagram of the proposed detector. Detection starts with a beam of protons traveling at 

approximately 8 GeV/c. 

This proton beam is then 

directed to the Production 

Solenoid where the beam 

collides with the Production 

Target. Pions are produced as 

a result of collision with this 

target and the pions traveling with a PT of less than 180 MeV/c will travel in helical paths before decaying into muons. The Transport Solenoid then traps a small amount of the muons produced and transports them to the aluminum stopping target. After the muons collide with the stopping target they are slowed and the Tracker tracks the helical trajectory of the electrons that result (Mu2e Collaboration, 2007). 

Our project focuses on the Cosmic Ray Veto Shield. Cosmic rays are showers of elementary particles that hit the earth from space. Cosmic Ray interactions in the Mu2e target and detector regions can be mistaken for signal events. The majority of cosmic rays never hit the earth. The majority of the particles that do hit the earth are muons, as muons have the capability to travel very long distances without any interactions. These muons are liable to decay into pions which can be mistaken for the pions produced in the Production Solenoid (Cary, Lynch, Marciano, & Kolomensky, 2008).                 Figure 2                                                                                                    
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If left unchecked, the cosmic ray background would be overwhelming. The CRV is an active shield designed to detect incoming cosmic rays so that background events can be identified and eliminated (Dukes 2008). The CRV is an active shield that surrounds the Mu2e detector solenoid and is shown in Figure 2 (blue). It is located beneath 1 meter of concrete and in front of 0.5 meters of steel. This passive shielding, the concrete and the steel, is designed to block incoming particles whereas the active shielding is designed to identify any particles that make it though the passive shielding. When a cosmic ray is identified by the active shield, all data during the time period of this event is vetoed and disregarded (Cary, Lynch, Marciano, & Kolomensky, 2008). 
This year I will be working with a CRV prototype. The CRV test stand is located on the lowest level of the B0 building at CDF. By analyzing the prototype, we are able to see how the CRV will function in the Mu2e detector. The Mu2e CRV is expected to have an efficiency of over 99.9%. The prototype will allow us to test and perfect the shield well before it is implemented in the detector (“Cosmic Ray” 2009). 

Along with testing the efficiency of the CRV prototype, we must also test the effects of the CRV on conditions likely to be experienced in the Mu2e detector. One of the most prominent of these conditions is exposure to low energy neutron radiation. We must ensure that the CRV is only sensitive to incoming cosmic rays and that neutron radiation will have no effect on the functionality of the CRV. The CRV may be exposed thermal neutrons in the Mu2e experiment. These neutrons have the potential to be captured by a hydrogen atom. This creates a deuteron which then decays into a 2MeV photon and then that photon converts to an electron, positron pair, and one goes into one scintillator and the other into another leaving a signal in both. This pair is charged and, therefore, can be mistaken for cosmic rays by the plastic scintillators in the CRV detector.  If the detector mistakes other particles for the cosmic rays, the detector could be vetoing events that may actually be important to the Mu2e experiment. 
Our investigation will focus on understanding the effect of thermal neutrons on the CRV prototype as well as analyzing data from the CRV prototype to try to test and improve the efficiency of the CRV prototype.  

IV. Investigation Description 
This SIR will present a study of plastic scintillator response to low energy neutrons as a part of the Mu2e cosmic ray veto shield experiment. Currently, the cosmic ray veto shield (CRV) test stand is located in the B0 pit. This test stand allows us to calculate the total efficiency of the cosmic ray veto shield. As the rate of muon to electron conversion in the coulomb field of the nucleus in the order of 10-17, an efficiency of over 99.9% in the CRV is needed to make sure that the cosmic ray background in the Mu2e experiment is accounted for. 


As the purpose of the CRV detector is to be sensitive to cosmic rays, we must make sure that the CRV detector is exclusively sensitive to incoming cosmic rays. If the detector mistakes other particles for the cosmic rays, the detector could be vetoing events that may actually be important to the Mu2e experiment. In this analysis, we specifically aim to test the sensitivity of the scintillators in the CRV to neutrons. When the Mu2e experiment is running, it radiates many low energy neutros. These neutrinos are liable to interact with the CRV. If the CRV is capable of mistaking neutrinos for cosmic ray events, then the CRV could mistakenly veto events that do not involve cosmic rays. As many neutrons are radiated, this could cause CRV to veto all, or a high percentage of, events, making CRV obsolete and detrimental to the Mu2e. 


In order to test the sensitivity of the CRV to neutrons, our first step will be to test whether or not low energy neutrons have an effect on the data from the CRV prototype. In order to answer this question we will begin by simply placing the neutron source on the CRV and analyzing the data produced. The neutron source that we have acquired is californium 252 and has a flux of approximately 105 neutrons. This neutron source will be placed inside a plastic cylinder to slow down the neutrons to mimic the ones in the Mu2e experiment. 

If we find that the neutron source does in fact have an impact on the CRV data we can then design and build a detector to study these effects more closely. See figure 3 for a diagram of the proposed detector. This detector will use a neutron source as a way to produce neutrons. This source will sit on top of three scintillators that are used by the CRV. The goal of the neuron detector is to see if the scintillators will respond to the neutrons produced by the neutron source. Surrounding the detector will be more layers of scintillators. These scintillators will detect incoming cosmic rays and veto events in the three internal scintillators. 
This small detector will tell us if the neutron radiation from Mu2e will have any effect on the functionality of the CRV detectors. 
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VII. Likely Outcomes of Learning

SIR is an opportunity for me to advance as a student and the gain real work experience that will be critical for me to advance in the future. Through my investigation at Fermilab, I know that my knowledge will progress in the following areas:

1. Expand my knowledge of particle physics, especially dealing with next generation detectors and the Mu2e experiment.  

2. This SIR will also allow me to work with the hardware side of particle physics. Last year I had the opportunity to work with C++ and the software side of particle physics analysis. Working with the CRV test stand allows me to see up-close how the electronics work.  
3. Engineering Experience: During this SIR I may have the opportunity to build a detector. This would give me experience in not only designing an experiment but putting it into action and analyzing the results. 
5. Work experience: The work that I did this summer at Fermilab was enlightening as it was my first opportunity to spend extended amounts of time in a workplace setting. I have leaned more than I thought possible within three months. I know that my time I will spend continuing my project at Fermilab will give me the work experience and skills I need and that I will be able to apply these skills to positions that I hold later in life. 

VIII. Likely Outcomes

There are many ways in which the extent of our progress can be judged. 

1. The completion of the neutron source initial experiments. These experiments will tell us if further testing and investigation into scintillator response to neutrons is necessary. This will be a huge stepping stone for this SIR, as it will determine our next move. 

2. Another outcome of this investigation may be a small particle detector. This detector would work specifically on testing the effects of low energy neutrons on plastic scintillators. If needed, this would be a concrete product of our progess

3. The overall outcome that I would like to see from this investigation is a better understanding of how neutrons affect the plastic scintillators that are often used by particle detectors. Specifically, we would like to calculate a limit for the process. 

IX. Resources and Materials

Possible materials needed for investigation: 


Analysis: 

· Transportation to Fermilab

· Computer to work on

· Computer password and access to Fermilab’s network

· SIR journal

-     Work Space

Detector: 

· radiation source
· CRV prototype 

· Scintillators 

· New detector box
· PMT boxes

· WRS fibers 

· Other Electronics

X. Status

Over the summer I had the opportunity to work with on the CRV prototype. The majority of this work was simply focused on figuring out how the CRV prototype functioned and how to troubleshoot the issues that arouse. In setup we were able to set the discriminator to block out noise and maintain high rate of cosmic rays, set coincidence between triggers to cut down on random signals, and we also worked on plateauing the PMT boxes. 
One of the most interesting aspects of the work we did over the summer was once we started taking data from the CRV prototype we realized that a lot of the data was simply illogical. Event files showed that the paths of the cosmic rays were not at all linear. In fact, they were scattered all over the place. Figure 4 shows an example of the [image: image3.png]


event displays when the CRV was first set up. The prototype itself is set up in three [image: image4.png]


layers. Each of these layers has 10 scintillator bars that readout signal when a charged particle, such as a muon, passes through them. When the CRV is setup correctly, the green areas indicate scintillators bars that have come in contact with charged particles. This will tell us where the cosmic ray passed through. Naturally, linear paths would be expected and, as you can see from figure 4, the readout makes absolutely no sense. Over the summer we were able to correct this problem by taking the CRV apart and rearranging the wiring. In the end, we were able to obtain events that looked more like figure 5. The linear track of signal indicates that a cosmic ray may very well have passed through. The outcomes of my summer work were that I was well versed in the Mu2e experiment and that we were able to get the detector functioning nicely. 
XI. Collaborators 
This is an individual investigation 
XII. Animal Use

This does not apply to my investigation  
XIII) Hazardous Materials
The only hazardous material that will be involved in this investigation is Californium 252. Californium 252 emits neutrons which could potentially be harmful to people. This will not be a hazard to me, as I will not be allowed to handle it. 
XIV. Ethics of Scholarly Investigation 

Working in a laboratory environment, such as Fermilab, is a great opportunity. Oftentimes, I have the opportunity to see things and use data that is not publically accessible. As an SIR student I have a responsibility IMSA and Fermilab to use my special privileges wisely. Some possible issues of academic integrity that I could find myself having to deal with while at Fermilab, revolve around research. For example, I may have the opportunity to see, and read, papers that are not yet published. I know that I must be conscious of the author and be discreet with the information involved. Also, I have to keep in mind the issue of plagiarism. I realize that there may be things that I will not necessarily understand and there may be things that I could be temped to write down despite my ignorance. However, I am determined to not only write a good paper, but also to have through understanding of what I write. As an SIR student, I will not only uphold the values and standards of the program but also the values and standards of IMSA. 
XV. Ethical Implications 

Not applicable to this application 

XVI. Social Implications 

As of today, the Standard Model is the most successful theory describing particle interactions. According to the Standard Model, as discussed in previous sections, muon to electron conversion is an extremely rare event. However, there are many Beyond the Standard Model Theories that predict that the branching ratio for muon to electron conversion is much larger than the Standard Model suggests. Therefore, the measurable presence muon to electron conversion would indicate that there is something not understood about the Standard Model and, consequently, new physics. (“Search” 1998)

Such a find would have a great impact on the scientific community as it would force us to rethink our understanding of the universe. As the Standard Model has, up to this point, been very successful in predicting the interactions between particles, scientists would have to reevaluate the Standard Model. There are many pros and cons associated with this. On one hand, scientists would know the truth about the Standard Model and, with time, they would be able to achieve an even higher understanding of the universe in which we live. On the other hand, it would be difficult to find another model that would be more successful than the Standard Model. 
In terms of the Mu2e experiment, our studies on the effect of neutrons on scintillators may not have a huge social impact outside of the scientific community, yet it will certainly help perfect the Mu2e experiment and help others in designing projects that use scintillators. 
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