Bonnick 5

 Abstract


Research on the water based Fine Grained Detector, which will be a part of the 280m Near Detector in the T2K long baseline neutrino oscillation experiment, has progressed smoothly between May and September, 2005.  Some properties of the 70% water, 25% Quicksafe A, 5% Triton X-100 cocktail were measured.  The density of the cocktail was 1.001 ( 0.008g/mL, the index of refraction was measured to be 1.39 and the cloud point was about 31(C.  Furthermore, the addition of PPO/POPOP to the cocktail did not increase the light yield of the cocktail, nor did varying the temperature of the cocktail provide convincing evidence of a light yield temperature dependence.
 
Painting the interior walls of the detection cells was once again investigated; this time, the use of primers and more exotic methods of painting the interior were investigated with some success.  A thin, uniform layer was achieved, but gaps in the layer were unavoidable.  Due to the difficulty in painting satisfactory layers, and the immense cost of the paint, the final FGD design will likely not involve paint.  The attenuation length of 1.5mm and 1.0mm WSFs were also measured.  The results of 2.2m and 6.5m, respectively, did not agree well with each other, as they were expected to.  As a result, ongoing research is being conducted to discover why our results were askew.  Cross talk measurements conducted using some custom made prototypes revealed that about 7% of the light from one cell can leak over into adjacent cells.
 
It was also discovered that silicone oils are not capable of protecting polypropylene simply by coating them on, prior to exposing the polypropylene to cocktail.  Thankfully, it was concluded that polypropylene is water tight and will not lose water through evaporation.  RTV, Epoxy, Teflon and fluorinated silicone rubber were tested for their resistance to cocktail.  All four materials demonstrated resistance to the scintillator and could be used in the final FGD design.  Polypropylene, on the other hand, does slowly break down when exposed to the scintillator.  The resultant drop in light yield is being monitored by some Long Term light yield tests, and has had some initial results that are in line with our expectations.

1 Introduction

 
This report is intended to be a follow up report to my previous work term’s report.  As such, some concepts and facts regarding the T2K project will not be repeated in this paper.  Instead, the introductory sections of this paper will focus on the concepts not covered in the previous report, including some of the details regarding how the data acquired from T2K will be analyzed.  Additionally, some corrections to the previous report should be mentioned.  Diisopropylnaphthalene is the solvent in Quicksafe A, not the primary scintillator, which is in fact either PPO or bis-MSB.
 
In the four months between December 2004 and May 2005, 3 main aspects of this research were improved.  Primer paints for polypropylene were first investigated, the addition of Tergitol surfactants to the 70/25/5 cocktail was first attempted and the polypropylene panels intended for use in the finished Fine Grained Detector (FGD) switched from Coroplast to Matraplast, which is a nearly identical material that is more accurately extruded (the cell sizes are more uniform).  For the most part, this research continues on fairly seamlessly from where the previous report finished.
 
The FGD that will contain the water based scintillator is one of many parts in the 280m Near Detector.  The water based scintillator component of the Near Detector is being considered as an alternative to using a passive water detector.  Consequently, if the water based scintillator FGD is not in the final design stages in about one year’s time, it may be abandoned in favour of using a passive water detector.  The research presented here is primarily concerned with prototype production and testing related to the water based scintillator concept.  It also addresses our latest attempts to integrate the various aspects of the FGD into a working model.  Specifically, details such as: how to attach panels to each other, how to seal the ends of the polypropylene panels, how to mount the SiPMs, how to support the FGD and how to go about building it were all discussed in the four months from May to August, 2005.  With the exception of sealing the ends of the panels, these ‘how to’s were not experimentally tested.  The results of those conceptual discussions will be summarized in section 2.2.3.  
2 The T2K Experiment

2.1 The Beam from J-PARC to Super Kamiokande

 
The heart of the T2K experiment is a beam of ((‘s produced by the 50GeV synchrotron: J-PARC.  This synchrotron will produce a 0.75MW beam of H+ that will be directed into a graphite target; thereby, blowing apart some of the C nuclei1.  Many different particles are released in this interaction, including (+ mesons, which act as glue to hold the protons and neutrons together in a nucleus.  The (+’s are directed down a 130m long decay tunnel, in which many of them decay into ((’s that are emitted isotropically in the pion's rest frame, but forward-focused in the lab frame2.  This forward-focusing effect is due to the velocity of the source (+ (the details will be discussed later) and results in a beam of ((’s, with a thin energy spread and optimal flux, being emitted in a direction about 2.5( away from the beam axis3; hence, this configuration is termed “off-axis”.  Finally, an iron beam dump at the end of the decay tunnel stops all non-neutrino particles from exiting the tunnel.  280m further on, the off-axis beam passes through a detector, deemed the Near Detector.  The Near Detector’s purpose is to monitor what comes out of the beam in a very detailed manner.  Upon exiting the Near Detector, the beam travels 295km to the city of Kamioka; wherein lies the 50 kiloton light water Cerenkov detector, Super Kamiokande (Super K).

 
Super K will detect neutrinos in two manners4.  The first method involves the collision of the (( (or (e) with a neutron embedded in a nucleus, which will always be an Oxygen nucleus because Super K is filled with pure H2O.  The neutron and (( (or (e) will change into a (- (or e-) and a proton that are scattered in a particular manner.
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The manner in which these two particles are scattered from the nucleus is not well understood, but is nucleus specific.  This means that if the neutron that the (( struck was in another type of nucleus, like Carbon, then the (- and proton would be scattered with slightly different energies and/or directions than if that neutrino had hit an Oxygen nucleus.


The second method of (( detection is by a neutrino striking and accelerating an electron.
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This particular reaction is sensitive to all three types of neutrinos, although the probability of a (( or a (( participating in this reaction is only about 15% of the likelihood that an (e will interact.  It is by this method that Super K will measure the total neutrino flux.

Both of these types of reactions result in a charged particle moving close to the speed of light.  If a charged particle travels faster than the local speed of light (clocal = c/n, where n = index of refraction of the medium), then a cone of blue light is produced that opens in the direction of the particle’s trajectory.  This phenomenon is called Cerenkov radiation, and allows the velocity and direction of the particle to be determined by measuring the opening angle of the cone of light and the direction in which the cone is emitted.

2.2 The 280m, off-axis Near Detector

2.2.1 Theoretical reasoning for the off-axis configuration2

The primary source of ((’s in this experiment are pions ((+) that are traveling very fast down a decay pipe.  The (+ decays into a (( and a (+ that fly away from the point of decay in exactly opposite directions, in the (+’s frame of reference, with a momentum of 29.8MeV/c.  Thus, if one were to plot the momentum components: px vs py of neutrinos emitted from a (+ at rest (or simply in the (+’s frame of reference) one would get a circle centered on the origin since neutrinos are emitted in random directions.  This is shown in Figure 1a, along with what that same circle begins to look like as the pion is given a boost in the +x direction.
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Figure 1:  a)  The momentum components of neutrinos emitted from a pion at rest.  The block arrow represents neutrinos that are emitted at 90( in the pion’s rest frame.  b)  The momentum components of neutrinos emitted from a pion moving in the +X direction.  c)  As the pion increases in energy, the neutrinos become focused more and more in the +x direction.

Neutrinos emitted from pions flying down the decay pipe will all gain a boost in the direction of the decay pipe itself.  This acts to focus the neutrinos in the direction of the boost.  For neutrinos emitted parallel to the (+ beam direction, the neutrino’s energy is increased (i.e. 
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).  In contrast, those neutrinos emitted anti-parallel to the axis will be reduced in energy (i.e. 
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.  Thus, neutrinos emitted at that angle from pions with different energies will have roughly the same energy regardless of what energy the initial pion had.  This phenomenon is evidenced in Figure 2 by the narrowing peaks.  This phenomenon is important because the T2K experiment will be able to minimize the production rate of contaminating particles, such as (0s and (-rays, in the Near and Far Detectors by producing neutrinos that have energies lower than 3GeV.  Thus, the T2K experiment requires that the emitted neutrinos have a small energy spread that does not cross the 3GeV threshold.  If one measures the flux of neutrinos at various angles away from the decay pipe’s axis, the graph in Figure 2 is produced.
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Figure 2:  Neutrino flux at increasing acute angles away from the axis of the decay pipe.  Note that the 0( angle produces some neutrinos that have energies greater than 3GeV.  The off-axis angle of 2.5( was selected because of its small energy spread, relatively high flux and alignment with the maximum (​( ( (e oscillation probability.  This is represented by the smaller graph above the main graph and the two lines drawn from the former to the latter.

An angle of 2.5( was selected because of its small energy spread and relatively high flux and because the energy spread of the resultant (( spectrum is nearly perfect for producing the maximum number of (​( ( (e oscillations.
2.2.2 The Near Detector’s water based scintillator containing Fine Grained Detector (FGD)

The Near Detector’s purpose is to monitor the out going beam to provide a comparison for the Far Detector and to control systematic errors by monitoring the production rate of contaminating particles such as (-rays and (0's, which could in turn produce electrons that mimic an electron appearance signal.  As such, the Near Detector will contain many different parts, each with a different [image: image29.wmf]SiPM
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function1.  The general layout of the Near Detector is shown in Figure 3.
Figure 3:  The Near Detector.  The FGD + H2O (fine grained detector containing water based scintillator) is the subject of this paper, and will be referred to as simply “FGD” from now on.  The FGD in this diagram will be made of solid plastic scintillators and is not involved with the research presented here.

From this point on in this paper, the FGD + H2O will be referred to as simply the “FGD” (the plastic FGD mentioned in Figure 3 will not be mentioned again).  The FGD will be made of extruded polypropylene panels of ~1cm ( 1cm ( 2m long, hollow, rectangular “detection cells”.  Each of these cells will have a wavelength shifting fiber (WSF), 1.5mm in diameter, threaded down it and will be filled with a mixture of 70% H2O, 25% Quicksafe A and 5% Triton X-100 (70/25/5) by volume.  This mixture is referred to as a scintillation “cocktail” by the industry and this particular mixture is considered to be the “standard” cocktail to be used.  The cocktail will produce flashes of light in the form of photons when charged particles pass through the cocktail.  These photons will ricochet off the walls of the detection cell until they strike and enter the WSF.  Their wavelength is then shifted into the region of sensitivity of the SiPM (520nm) and is then transported down the WSF via total internal reflection until it reaches one of the SiPMs connected to either end of the WSF.  This process is shown in Figure 4.

[image: image7]
Figure 4:  The currently favoured FGD design uses polypropylene panels of detection cells to hold the scintillation cocktail.  WSFs will transport signals from their source to one of the SiPMs attached to the ends of the fibers.  The x-y orientation of the panels will allow a 3-D picture of the beam to be reconstructed from the events.  The detector will be 30 panels thick.
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Currently favoured method of sealing the detection cells
 
The current plan to seal the ends of the detection cells, in order to prevent leaking and allow the WSFs to exit the cell, focuses around a long, rectangular polypropylene flange.  A detailed sketch is shown in Figure 5.
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Figure 5:  Sketch of the design for sealing the ends of the detection cells.  Of note is the fact that the cut back inner walls allow the cocktail to flow between detection cells.  The WSF plug will provide a bit of tension on the fiber to help prevent the fiber from snaking back and forth down the detection cell.  The SiPMs will be attached directly to the SiPM support trays.
The interior walls of the polypropylene panel will be trimmed back and the flange will be machined so that it fits snugly into the end of the panel like a long plug.  The Flange will then be welded into place by melting the outer walls of the panel to the flange itself.  A hole lining up with each detection cell will serve as the exit point for the WSF, which will be threaded through the cell after the welding has taken place.  A short tube of fluorinated silicone rubber will then be threaded on to the WSF, followed by a bracket that screws down into the flange.  The bracket will apply some pressure to the silicone rubber that will squish it tight against the fiber and produce a leak proof and QSA resistant seal.  It will also hold some tension in the WSF so that it does not bow too much through the detection cell.  Trays, to which the SiPMs will be attached, are also screwed into the flange at regular intervals.  Finally, the panels will be glued together with Epoxy and with thin, strong sheets of carbon fiber mesh running between each pair of panels.  These mesh sheets will be anchored to the bottom flange, and will suspend each x-y panel pair separately in the air.
2.3 Neutrino Oscillations
2.3.1 A simplified description of neutrino oscillations1
 
The T2K experiment seeks to measure some of the quantities important to neutrino oscillations in order to improve our understanding of the fundamental particles that constitute all matter and the forces that govern the interaction of these particles.  To help understand neutrino oscillations, envision a square frame with two sets of elastics holding a mass between them as shown in Figure 6.  Ignore gravity and friction in this example.
Figure 6:  Analogy for explaining neutrino oscillations.  The left picture depicts a thick rubber band in the y direction and a thinner rubber band in the x direction that hold a mass in place.  If the mass is stretched at an angle ( away from the middle and released, the resulting oscillation will not remain at an angle ( forever.  The right picture illustrates that the orthogonal normal modes of vibration that characterize neutrino wave functions are like the rubber bands.  Additionally, it shows that neutrinos are created as a mass eigenstate at some angle relative to those normal modes.  Thus, as the neutrino’s wave function oscillates, its flavour will oscillate as well.

The rubber bands positioned along the y axis are thicker than the rubber bands along the x axis and, thus, have a higher vibration frequency than the x axis rubber bands.  If the mass were displaced in the y direction only, and released, it would oscillate indefinitely in the y direction at a high frequency.  Likewise, if the mass were displaced in the x direction and released, it would oscillate indefinitely in the x direction at a smaller frequency.  Now, if the mass is displaced at some angle ( relative to the x axis and released, what happens?  Since the frequencies of vibration in the y direction and x direction are different, the mass will not oscillate back and forth at the angle ( indefinitely.  Instead, the direction of oscillation will change over time.
 
All particles have a wave-like nature and have a wave function.  The wave function’s frequency is also related to the mass of the particle.  Particles with a large mass have a high frequency wave function, just like the mass did when vibrating in the y direction, and lighter particles have lower frequency wave functions, like the mass did when vibrating in the x direction.   Suppose that the neutrino’s wave function could vibrate in only two different normal modes called (1 and (2 (in reality, it has three normal modes).  These normal modes are called mass eigenstates.  For the sake of this analogy, we will also assume that only two neutrino flavours exist, (( and (e.  If a neutrino was created with a wave function identical to the (1 mass eigenstate, then it would oscillate indefinitely with the (1 frequency and never change, just like the mass vibrating in either the x or y direction.  However, neutrino flavours are a mixture of the mass eigenstates, which means that they are created in a direction slightly displaced from the (1 and (2 axes.  Since the mass of (2 is different from that of (1, the situation is exactly that of the oscillating mass.  A neutrino created as an electron type neutrino will gradually change its direction of vibration, so that the (( component in the wave function grows stronger and then weaker again.  This produces the observed effect of neutrinos oscillating from one flavour to another and back again.
2.3.2
Research goals of the T2K experiment1,3
 
The main goals of the T2K experiment include the measurement of the mass difference (m232, as well as the mixing angles (23 and (13, the determination of the existence of Charged Parity Violation (CPV) in neutrinos and to support or rebuke the possibility of the existence of sterile neutrinos ((s).  Towards this end, T2K hopes to record around 3000 ( events per year.
 
The rate of (( disappearance will yield both (m232 and (23.  By comparing the number of ((s detected at the Near Detector to the number detected at the Far Detector, the survival probability, P((, can be determined for a specific neutrino energy.  That is, P(( represents the probability that a neutrino is created as a (( and detected as a ((.  P(( is a function of travel distance, neutrino energy, and several mixing angles and mass differences.  By fitting a curve to the data using approximate values of other mixing angles and mass differences, both  (m232 and (23 can be determined from the experimentally measured values of P((.
 
To show this graphically, we will assume again that only two flavours of neutrinos exist, which results in a much simpler P(( function.  The function and its relation to a fitted curve is shown in Figure 7.

Figure 7:  Method of determining (23 and (m232 by fitting a curve to the P(( data.  The neutrinos passing through the Near and Far Detectors will have a small range of energy surrounding 0.7GeV that will allow several points to be plotted on a graph of P(( vs Energy.

The neutrinos passing through the Near and Far Detectors will have a small energy range around 0.7GeV that allow several points (as opposed to a single point for a mono-energetic neutrino beam) to be plotted on a graph of P(( vs Energy.  A curve of the form P(( = 1-Asin2(k/E) can then be fitted to the data points and analyzed.  By measuring the amplitude (A) of the oscillation, (23 can be directly determined to an accuracy of about ±0.01.  Similarly, the exact positions of the minima (determined by k) allow (m232 to be measured to an accuracy of about ±10-4. In the actual situation, other mixing angles and mass differences appear in the more complicated equation.  Approximate values of these other quantities, which have been determined by previous experiments, will allow the initial points to be plotted and a curve fitted to the data.

In much the same way, the oscillation of (( ( (e will allow the measurement of the previously unmeasured quantity sin2(2(13) to an accuracy of about ±0.01.  (13 is likely very small, which means that the rate of oscillation from (( to (e is very small.  Because of this, previous experiments did not have a neutrino flux large enough to witness enough events to adequately measure (13.  T2K has a neutrino flux about 50 times stronger than the K2K long baseline experiment and hopes to record about a dozen or so (( ( (e oscillations in 5 years of operation.  For the physics community, the measurement provided by T2K will provide an upper limit for the value of (13; providing the last unmeasured quantity in the MNSP matrix (Maki-Nakagawa-Sakata-Pontecorvo).

It has been hypothesized that a fourth, sterile flavour of neutrino exists ((s) that does not participate in the weak interaction.  Neutrinos do not participate in the strong or electromagnetic interactions, and are instead only affected by the weak force and possibly gravity.  This would make a neutrino that does not participate in the weak force very difficult to detect.  Luckily, the T2K project does not intend to detect them.  Instead, the T2K experiment will measure the total number of neutrinos passing through the Near and Far Detectors and compare them.  If there is a deficit of neutrinos at the Far Detector that cannot be explained by experimental error, then this will support the sterile neutrino theory.  In contrast, if no deficit is recorded, the sterile neutrino theory will garner no support from T2K.

Eventually, the T2K beam will be modified to probe the Charged Parity Violating (CPV) aspects of neutrino oscillations.  Specifically, the beam will be engineered to consist of anti-neutrinos (
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).  CPV will be assessed by comparing the oscillation rate of neutrinos to anti-neutrinos.
3 Progress on the Fine Grained Detector
3.1 Cocktail Properties
 
Please refer to Appendix A:  “Prototype construction methods” for a description of how the prototypes used in this research were produced.  All measurements made using the beam line were conducted using 120MeV/c muons ((+) and positrons (e+).  Signals created by one particle, as opposed to the other, were sorted; thereby, allowing us to determine how sensitive our detector is to ((’s as opposed to (e’s.


3.1.1 Densities
 
Given that the 70/25/5 cocktail will be used as the scintillator in the final version of the FGD, some of its attributes were analyzed.  In order to calculate an accurate figure for the oxygen content in the final detector, the density of QSA, Triton and the 70/25/5 cocktail were all measured by depositing 0.500mL droplets of the liquid onto an analytical balance and noting the mass increase.  The data is shown in Table 1.


Table 1:  Calculation of the densities of Quicksafe A, Triton X-100 and a standard 70/25/5 cocktail.  The listed masses are the masses of 0.500mL drops of the subject liquid.

	QSA
	Triton X-100
	70/25/5 Cocktail

	Mass (g)
	Density (g/mL)
	Mass (g)
	Density (g/mL)
	Mass (g)
	Density (g/mL)

	0.487
	0.974
	0.528
	1.056
	0.511
	1.022

	0.488
	0.976
	0.525
	1.050
	0.497
	0.994

	0.485
	0.970
	0.515
	1.030
	0.492
	0.984

	0.483
	0.966
	0.523
	1.046
	0.501
	1.002

	Mean:
	0.972 ± 0.008
	
	1.046 ± 0.008
	
	1.001 ± 0.008


Thus, the density of QSA is 0.972 ± 0.008g/mL, the density of Triton is 1.046 ± 0.008g/mL and the density of a standard cocktail is 1.001 ± 0.008g/mL, which is almost that of water.

3.1.2 Index of Refraction
 
The efficiency of the WSF in transporting photons down its length depends on the index of refraction of the medium surrounding it, since the fiber operates on the basis of total internal reflection.  The fiber is designed to operate in air, which has an index of refraction of about 1.0 (slightly larger than vacuum, which is n = 1.00 by definition).  The fiber is made of three layers:  a polystyrene core, a PMMA inner cladding and a fluorinated polymer as the outer cladding.  These layers have indices of refraction of 1.59, 1.49 and 1.42 respectively.  In air, the presence of three layers makes the fiber very good at containing photons.  If one of the wavelength shifting molecules in the core, such as PPO, re-emits a photon at a random angle from 0( to 90(, where 0( points along the axis of the fiber, then the fiber contains about 57% of the photons, as any photon emitted at an angle of >51( to the axis will escape.
 
The index of refraction of the 70/25/5 cocktail was measured at the organic chemistry lab at UBC using a refractometer.  For a temperature between 21.8(C and 22.5(C, the index of refraction was measured to be 1.3903 with a standard deviation of 0.0003.  This index of refraction is very close to that of the outer cladding, 1.42, and reduces the containing efficiency of the WSF to 32% when the fiber is immersed in cocktail.  That is to say, a photon emitted in the fiber will escape if it is emitted with an angle >29( to the fiber’s axis.
 
In an attempt to increase the light yield by improving the containing efficiency of the fiber, two 52cm long prototypes were created.  These unpainted prototypes were created as normal, except that they had a translucent Teflon tube sheathing the 1.0mm fiber.  The tubing was buried in the RTV during construction so that cocktail never came into contact with the fiber.  Instead, a thin layer of air now separates the fiber from the tubing.  One prototype used 1.0mm inner diameter (ID) tubing, while the other used 2.0mm ID tubing, providing a larger air space in the second prototype.  Table 2 shows the data collected from these two prototypes.


Table 2:  Light yield of prototypes with a translucent Teflon tube sheathing the 1.0mm in diameter WSF.  All three prototypes were standard 52cm long, unpainted, Matraplast prototypes containing 70/25/5 cocktail.
	Run
	Description
	Muon Photoelectrons (±1.5)
	Electron Photoelectrons (±1.5)

	603
	Blank – No Teflon tubing
	8.9
	6.6

	605
	2.0mm ID Teflon tubing
	5.6
	4.4

	606
	1.0mm ID Teflon tubing
	6.6
	5.0


Thus, the use of translucent Teflon tubing around the fiber hindered the light yield of the prototypes, despite the supposed increase in the WSF’s containing efficiency.
 
Discovering that the Index of Refraction was so close to that of the outer cladding was a surprise.  Mainly, this is because the effect of the index of refraction on the light yield had never been considered before.  As such, the calculated containing efficiency in cocktail versus air provided an exciting opportunity to increase the light yield.  However, despite the fact that the light yield could have risen by as much as 25% when the WSF is surrounded by air as opposed to cocktail, the results showed that there is in fact no increase in light yield when translucent Teflon tubing is used to sheath the WSF.  This drop in light yield could be due to a decrease in the volume of cocktail present in the cell, the tube’s translucency or to the reflection of more photons than usual off of the fiber’s outer cladding due to the Teflon tube/air layer.  As such, it is possible that the results may be quite different if a UV transparent Teflon tube were used (if they exist).


3.1.3 PPO/POPOP
 
Several cocktails were produced that included doses of a mixture of PPO and POPOP that was mixed in the ratio 460g PPO : 13.6g POPOP.  PPO and POPOP are wavelength shifting molecules that may improve the light capture efficiency of the cocktail; thereby, increasing the light yield.  A single dose was 1g PPO/POPOP per 50mL of Triton X-100, which translates into 1mg per 1mL of standard cocktail.  These cocktails were tested both in painted prototypes and unpainted prototypes to discern their effect on the light yields.  These tests differed from previous tests in that the Triton, in which the PPO/POPOP mixture was originally deposited, was heated and stirred to improve the dissolution of the PPO/POPOP and we were more confident in the quality of our tests at this point.  The results are presented in Table 3.


Table 3:  Light yields of cocktails containing PPO/POPOP in various concentrations.  The cocktails were tested in 52cm long, Matraplast prototypes equipped with 1.0mm WSFs and using 120MeV/c muons.  The muon beam passed through a point 214mm above the photocathode.
	Dose of PPO/POPOP
	Number of Photoelectrons (±1.3)

	Painted Interior

	None
	12.0

	(1/3
	11.0

	(1
	10.6

	(2
	10.0

	Unpainted Interior

	None
	10.4

	(1
	10.6

	(2
	10.7



It is evident that the addition of PPO/POPOP does not significantly increase the light yield.
 
Despite the increased effort in dissolving as much PPO/POPOP in the Triton as possible, the results suggest, once again, that the addition of PPO/POPOP to the cocktail is detrimental or inconsequential to the light yield.  This is evident in the painted cell, where the light yield dropped from 12 to 10 photoelectrons as the amount of PPO/POPOP dose was increased.  Furthermore, the increase in PPO/POPOP dose in the unpainted cell did slightly increase the light yield from 10.4 to 10.7 photoelectrons; however, since the error in these measurements is about ±1.3 photoelectrons, the minor fluctuations observed here are insignificant.

3.1.4 Cloud Point
 
The cloud point of a cocktail is the temperature at which the cocktail spontaneously becomes cloudy.  All cocktails have a high temperature cloud point, while some have a low temperature cloud point as well, and remain clear in between these two temperatures.  The two cloud points of a standard 70/25/5 cocktail were tested.  Two vials of 70/25/5 cocktail were placed in a stirred water bath.  The temperature of the water bath was monitored as the water bath was heated or cooled down.  The experiment was repeated 3 times and the results shown in Table 4 are the mean values.  Ice was later added to the water bath, and due to the fact that the ice could only reduce the temperature to about 4.8(C, an upper limit on the low temperature cloud point was determined.

Table 4:  Cloud point of a standard 70/25/5 cocktail.  The temperature of the water bath was monitored and the temperature at which the cocktail turned cloudy was recorded when the bath was heating up.  The temperature at which the cocktail turned clear again when the bath was cooling down was also recorded, along with the duration of the change.
	Vial
	Heating (±0.5(C)
	Standard Deviation
	Cooling (±0.5(C)
	Standard Deviation
	Time for Change (±5s)
	Low Temp Cloud Point

	462
	34.0(C
	0.0
	30.0(C
	0.0
	12s
	<4.8(C

	463
	32.3(C
	0.6
	28.3(C
	0.6
	18s
	<4.8(C


The fact that it was the temperature of the bath that was measured during the cloud point tests is very important.  The only experiment that is an exception is the low temperature cloud point of the standard cocktail.  It became evident upon doing the experiment that the cloud point when heating the bath was different from the cloud point noted during the cooling of the bath.  One possible explanation for this unexpected result is the likelihood that the temperature of the bath at any given moment did not correspond perfectly to the temperature of the cocktail.  It is reasonable to suggest that the temperature of the bath was hotter than the actual temperature of the cocktail when the bath was heating, and that the bath was colder than the actual temperature of the cocktail when the bath was cooling.  In other words, the bath’s temperature probably led the cocktail’s temperature.  If the cloud point when heating is assumed to be equal to the cloud point when cooling, the actual cloud point of the cocktail in vial 462 (heating: 34(C, cooling:  30(C) would be 32(C; suggesting that the bath led the cocktail by 2(C when both heating and cooling.  Likewise, the cloud point of the cocktail in vial 463 (heating:  32.3(C, cooling:  28.3(C) would be 30.3(C under the same methodology.

It is also evident that the cloud points of these two, supposedly, identical cocktails are different by ~2(C.  This suggests an inherent variation in the cloud point that is perhaps sensitive to small inconsistencies in their production.  For this reason, the accepted cloud point for the standard cocktail can be reported as the mean of the two values (32(C and 30.3(C) with an error of ±1.5(C to account for the inherent, random variation; making the cloud point 31.2 ± 1.5(C.

As was mentioned earlier, the low temperature cloud point of the standard cocktail was measured with the thermometer inserted directly into the cocktail.  This would thereby eliminate the error associated with the bath’s temperature leading the cocktail’s temperature.  Unfortunately, the temperature could only be lowered as far as 4.8(C, which means that the low temperature cloud point could not be witnessed.  The absence of a low cloud point close to the expected operating conditions of the detector is excellent; as it eliminates the need to worry about cooling the detector too much.
 
In an attempt to raise the cloud point of the standard cocktail, some additional surfactants, namely Tergitol NP-13 and NP-15, were added in varying amounts to a standard cocktail and the cloud points of these new cocktails were tested.  The NP-13 was an oil, so it could be introduced directly to a standard cocktail; whereas, the NP-15 was a wax that had to be melted and mixed with water in an arbitrary ratio before it could be introduced: 70% water, 30% NP-15.


Table 5:  Cloud points of standard cocktails with varying amounts of Tergitol NP-13 or NP-15 surfactants added to them.  The listed temperature ranges refer to: the temperature at which the cocktail at the base of the vial turned cloudy to the temperature at which the entire cocktail became cloudy.  The temperature of the water bath was monitored in these tests, and the cloud points were only measured while the bath was heating.

	Vial
	Surfactant Added
	Volume of Surfactant Added (mL)
	Cloud Point (±0.5(C)
	Low Temp. Cloud Point (±0.5(C)

	436
	NP-13
	2
	37 – 40
	N/A

	437
	NP-13
	3
	40 – 42
	N/A

	438
	NP-13
	4
	42 – 45
	N/A

	439
	30% NP-15 Mix
	0.2
	31 – 33
	N/A

	440
	30% NP-15 Mix
	0.6
	33 – 35
	N/A

	441
	30% NP-15 Mix
	1.5
	37 – 39
	N/A

	442
	30% NP-15 Mix
	2
	39 – 41
	35

	443
	30% NP-15 Mix
	3
	42 – 44
	37

	444
	30% NP-15 Mix
	4
	45 – 47
	39

	445
	Triton X-100
	2
	34 – 37
	N/A


The goal of these tests was to raise the cloud point to 35(C.  It appears that about 0.7mL of the 70% water, 30% NP-15 mixture would be just about right to satisfy this requirement.  Additionally, it was of note that the cocktails with NP-13 added to them were noticeably clearer than a standard cocktail.  To verify that the addition of these surfactants would not hinder the light yield of the cocktail, they were each tested in beam.  Each cocktail under investigation was added to an unpainted, standard 52cm prototype and placed with the beam passing through a point about 21cm above the PMT.  The data collected from such runs is presented in Table 6.  Tergitol NP-13 is required in the amount of 1mL/10mL cocktail to raise the cloud point of the cocktail to 35(C, while only (0.21mL NP-15)/(20mL cocktail) is required to raise the cloud point to about 35(C.  These concentrations are considered to be standard ‘doses’ of the surfactants.


Table 6:  Light yields and water compositions of tested cocktails containing various amounts of NP-13 and/or NP-15.  The cocktails were tested using a 52cm long, Matraplast, unpainted prototype equipped with a single 1.0mm wavelength shifting fiber.

	Description
	Number of Photoelectrons (muons) (±1.1 PEs)
	Water Composition

	Blank (70% H2O, 25% QSA, 5% Triton)
	10.1
	70.0%

	Blank + 1(dose NP-15
	9.1, 8.7
	69.3%

	Blank + ½(dose NP-15 + ½(dose NP-13
	9.1
	66.3%

	Blank + 1(dose NP-13
	10.1
	63.6%

	Blank + ¼(dose NP-13
	9.7
	68.3%


Of some note is the fact that NP-15 reduces the light yield by about 10% but does not reduce the water composition (oxygen content) by a considerable amount.  The NP-13 on the other hand does not reduce the light yield by does reduce the water composition significantly.

The addition of Tergitol NP-13 or NP-15 to the cocktail was completely successful in raising the cloud point to the target of 35(C.  Furthermore, NP-13 did not reduce the light yield of the cocktail, but did reduce the oxygen content.  Similarly, NP-15 did not reduce the water composition of the cocktail but did reduce the light yield.  Regrettably, the fact that both NP-13 and NP-15 hold some kind of disadvantage has pushed the idea of using NP-13 or NP-15 into disfavour; especially, when considering the fact that the detector is unlikely to ever reach temperatures above 30(C because the currently favoured plan is to keep the detector cooled to 25(C.


3.1.5 
Temperature Dependence of Light Yield
 
While testing the Long Term prototypes (discussed later) it was noted that the temperature of the detector during a run may affect the resultant light yield.  Empiracally, it appeared that the lower the temperature, the higher the light yield.  To test this, an air conditioner in the beam area was switched “on” or “off” before a run was recorded and the same prototype was used on the same day.  Doing the measurements back to back, while allowing time in between for the detector to reach thermal equilibrium, reduced the effects of aging on the test results.  When the air conditioner was “on”, the temperature was around 21(C and when it was “off”, the temperature was around 25(C.  The two prototypes used to test this were LT #9 and LT #10, which are unpainted Matraplast prototypes filled with 70/25/5 and equipped with a 1.0mm WSF.  The results for muon events are shown in Figure 8; electron events yielded almost identical results that were merely shifted down from the muon events, so they are not shown.
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Figure 8:  Temperature dependence of 70/25/5 cocktail as tested in unpainted Matraplast prototypes, LT #9 and LT #10.  The y-error bars stem mainly from the difficulty in pinpointing the 1st photoelectron peak in the spectra; whereas, the x-error bars actually represent the temperature range throughout the run as opposed to a true ‘error’ estimate.  Although the data looks very linear and convincing, the y-error bars are large enough to suggest doubt that a temperature dependence exists.

 
It is evident that both data sets form a convincing line; however, the error bars represent a very real possibility that this is merely coincidence.  For LT #10, all 5 data points can be considered equal within experimental error, regardless of the temperature.  But, LT #9’s data points can not be treated in the same way, even if the large variation in the temperature of the “22.5(C” point is considered.
 
The slopes of LT #10 and LT #9’s data sets suggest light yield decrease rates of –0.08PE/(C and –0.26PE/(C, or about -0.85%/(C and –3.4%/(C respectively.  These rates are not consistent with each other even within error, which is surprising considering that both LT #9 and LT #10 are built identically.  This further suggests that a predictable temperature dependence does not exist.  At least, if a temperature dependence does exist, the uncertainty associated with determining the location of the 1st photoelectron peak must be resolved before that dependence can be accurately determined.  It is also possible that any hints of temperature dependence witnessed here may be due to the temperature dependence of the PMT, electronics or WSF as well.


3.2 Construction Issues 

3.2.1 Priming and painting the detection cells
 
Unfortunately, the QSA slowly degrades polypropylene.  The extent to which polypropylene is degraded is unknown at the time of this report, but one idea that may protect the polypropylene is to paint the interior walls of the detection cells with a scintillator resistant paint.  The paint being tested is Eljen-520, which is designed to be highly reflective and resistant to liquid scintillators.  Unfortunately, it is intended for painting metal surfaces as opposed to plastic.  As such, the resulting layers of paint do not adhere very well to the polypropylene, which led to a few attempts to use a plastic paint as a primer.  A few different methods of painting the interior walls were attempted, each with the goal of achieving a thin, uniform and complete layer of paint.
 
The first method, was to simply pour paint in one end of the 52cm long cell with a cup at the other end to catch the paint as it passed through the cell and coated one of the four walls.  The cell was then rotated 90( and the paint was poured through again.  This method produced non-uniform and thick layers, which were unacceptable for our purposes.
 
The second method was to pour the paint in one end while the other end was plugged.  The initial end was then plugged and the paint was slowly ‘sloshed’ back and forth across the inner walls by tipping the cell one way for several seconds, and then rotating it 90( and tipping it the other way.  This method also produced thick, unacceptable layers.
 
The third method involved sponges.  Four 8mm cubes of sponges were cut from a larger sponge pad and were threaded on to the end of a relatively stiff wire.  The other end of the wire was threaded up through the 52cm cell until the sponges fit snugly just inside the cell’s bottom opening.  Paint was then poured into the top end of the cell, producing a pool of paint just above the sponges inside the cell.  Of course, some paint was also absorbed by the sponges and some unavoidably leaked past the sponges.  The end of the wire furthest from the sponges was then pulled; drawing the sponges, and the pool of paint riding on the sponges, up the cell.  This was very effective in keeping the layers of paint thin, but if the sponges were slightly out of alignment, or too big, they tended to scrape the paint off of some sections.  Also, since the paint does not stick well to the polypropylene, it tends to slide off the walls as well; leaving some sections bare.  Overall, sponges are the best method for cell painting, as they did produce some uniform, thin and complete layers.  However, complete layers (no gaps in the paint) are difficult to obtain even in a 52cm long cell.  Trying to obtain such good results in a 2m long cell may be quite a bit more challenging.  It also became evident that the toluene fumes of drying Eljen-520 ‘melt’ the WSF, so ample time must be provided for the paint to dry before any WSFs are threaded down the detection cell.
 
Paints designed to adhere to plastic were used as a primer for the Eljen-520.  A few initial tests of some readily available plastic paints tested how durable a layer of Eljen-520 on the plastic paint was to QSA.  The tested plastic paints were Krylon Fusion and Rust Oleum.  After 20 days at 50(C the Rust Oleum had peeled away from the polypropylene, but the Krylon Fusion had not.  As such, all primer tests were done with Krylon Fusion.  It was noted that any secondary layers of Krylon simply dissolved the previous layer of Krylon; making repeated layers pointless.  Detection cells were first painted with black Krylon Fusion using the same sponge method as is used to paint on the Eljen-520.  Then, the sponges must then be thrown out and new sponges cut.  After 3 layers of Eljen-520 had been painted on, the cell was cut open to examine the quality of the paint job.  Thankfully, using black Krylon Fusion helped to identify how well the Eljen-520 covered the primer.  The resulting coat of Krylon and Eljen was thin, uniform and complete.  Unfortunately, the coat was also fragile, brittle, flaky, and did not adhere to the polypropylene much better than Eljen-520 all by itself.  Figure 9 depicts the resultant paint jobs of some samples.
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Figure 9:  Resultant quality of coats of paint, applied using different methods and materials.

 
The use of Krylon Fusion as a primer for the Eljen-520 was an effective idea, but since the long term durability of the detection cell depends on the prevention of the QSA coming into contact with the polypropylene, the flakiness of the resulting layer is not satisfactory.  In contrast, if the cell is painted with Eljen-520 only, the resulting layer is rubbery and strong, but it is difficult to produce a layer without any holes in it because of polypropylene’s slippery surface.  Thus, a satisfying painting method has not yet been identified.
 
Another problem with the Eljen-520 is the cost of painting enough cells for the FGD, which is around $100 000.  For this price, it would be more reasonable to pay for the custom extrusion of scintillator resistant plastic panels of detection cells.  Namely, HDPE, Nylon 6 or Nylon 3,4 could be used instead of polypropylene, since the main reason these projectedly scintillator resistant materials are not being used is the cost of a minimum order of about $50 000 to $60 000.  The left over panels could then either be sold to industry or kept in storage for anyone else trying to make a fine grained detector using liquid scintillator.
 
Due to the difficulty of using the paint and the high cost of the paint, it is unlikely that the paint will actually be used in the final FGD design.  Instead, the polypropylene will likely be exposed to scintillator for some time before the FGD is filled with cocktail and installed at J-PARC.  This will likely allow the plastic to leak whatever chemicals it tends to give off to the scintillator.  Then, the polypropylene will be filled with fresh cocktail that will hopefully not extract any more chemicals from the polypropylene.  The possibility of simply replacing the entire detector after 2 or so years is also an option.


3.2.2 Fiber size and configuration
 
Three types of fiber configurations could be used in the FGD:  A single 1.0mm in diameter WSF, 2 1.0mm WSFs or a single 1.5mm WSF.  To test which configuration would yield the most light, three prototypes were produced with the three possible configurations.  The results are shown in Table 7.

Table 7:  Light yields of 52cm long, Matraplast prototypes utilizing different wavelength shifting fiber configurations.  The cocktail was 70/25/5 and the prototypes were tested using 120MeV/c muons and positrons.

	Description
	Number of Photoelectrons

	
	Muons (±2.1)
	Positrons (±1.5)

	Single 1.0mm fiber
	10.1
	7.4

	Single 1.5mm fiber
	16.4
	11.4

	Two 1.0mm fibers
	17.7
	13.4


It is evident that two 1.0mm WSFs produces the most light (17.7 photoelectrons).  The reason that two fibers are better than one (16.4 photoelectrons), even if the one fiber is 1.5mm in diameter and the two fibers are 1.0mm in diameter, is the fact that two 1.0mm WSFs have more surface area exposed to the cocktail than does a single 1.5mm WSF.  The cross section of two 1.0mm fibers has a total circumference (C) of C = 2(, while C = 1.5( for a 1.5mm fiber.  However, trying to thread two WSFs down each detection cell is much more difficult than threading a single fiber.  It is much easier to build a SiPM coupling piece for a single fiber than for two WSFs and the cost of 2m of 1.0mm WSF is significantly more than 1m of 1.5mm WSF.  Consequently, a single 1.5mm WSF will be used in each detection cell in the FGD.

3.2.3 Attenuation length
  
As they are traveling down the WSF to the SiPM, some photons escape the fiber or are dispersed as heat before they reach the end of the fiber.  The attenuation length is the distance over which the number of photons diminishes to 1/e of the original number.  In WSFs, there exists two attenuation lengths: a short attenuation length and a long attenuation length.  The short attenuation length is very drastic and is usually only relevant within the first ~50cm from the photon source, while the long attenuation length is much more gentle and of more importance to this research.  Two 6-foot prototypes, one with a 1.0mm WSF and the other with a 1.5mm WSF, were tested.  Both prototypes were tested with a PMT on one end of the fiber while the other end of the fiber was non-reflective.  The 1.5mm WSF prototype had the other end of the fiber cut at a ~45( angle and blackened with a marker, while the 1.0mm WSF prototype had a SiPM mounted on the end opposite the PMT.  Figure 10 shows the data gathered with the 1.0mm WSF and 1.5mm prototypes.
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Figure 10:  Attenuation length determination of the 1.0mm and 1.5mm WSFs in a 70/25/5 cocktail.  Both the long and short attenuation lengths are shown in this plot for signals created by 120MeV/c (+s only.  The data based on positron events is nearly identical and simply shifted down, so it is not shown.  If a fit to the data is of the form y = Ae-kx, then the attenuation length is 1/k.  The attenuation lengths are shown on the graph.
 
The attenuation length of both the 1.0mm and 1.5mm WSF were projected to be very similar.  The short attenuation lengths of 84cm for 1.5mm WSFs and 100cm for 1.0mm WSFs are indeed fairly close to each other; but it is obvious that the long attenuation lengths are very different (200cm for 1.5mm as compared to 560cm for 1.0mm).  It is also a real surprise to see that the magnitudes of the light yields of the 1.0mm fiber and 1.5mm fiber overlap.  This is likely due to a difference in the way the data sets were analyzed.  The 1.0mm data set was analyzed using Poisson statistics, which gives higher light yields than the simple peak location method used on the 1.5mm data sets.  Frusteratingly, the presence of an unexplained bump in both spectra, occurring around 50 to 60cm for the 1.5mm WSF and around 70cm to 100cm for the 1.0mm WSF, raises further skepticism regarding the accuracy of our attenuation length measurements.
 
Some explanations can be given for the unexpected results.  The bump in the data can likely be attributed to the fiber’s position within the detection cell.  Since we could not provide strong tension along the fiber in these prototypes, the fiber must snake back and forth along the detection cell.  Since the amount of light collected by the fiber can vary by up to 20% when one compares a fiber that is exactly in the middle of a detection cell to a fiber that is stuck in a corner, a snaking fiber would produce repeating areas of high and low light yields.  Currently, it is a mystery as to why the two long attenuation lengths (1.0mm and 1.5mm) are so different.  Perhaps the shorter attenuation length can be attributed to a longer path of travel in the 1.5mm WSF than the 1.0mm WSF.  However, a brief thought experiment reveals that a photon emitted at some angle to the fiber’s axis in a 1.0mm WSF will travel just as far before it hits the PMT as it would in a 1.5mm WSF; thus, eliminating a longer travel path as a viable explanation.
 
In the previous report, the attenuation length of 1.0mm in diameter WSF was reported to be 1.6m.  The experiment conducted to measure that quantity had a reflector at the end furthest away from the PMT that produced a varying systematic error, and it did not utilize poisson statistics as the results presented in this paper did.  As such, the long attenuation length of 560cm shown in this paper is accepted to be much more reliable.  This attenuation length means that a muon passing through a point in the detector as far away from the SiPM as possible (2m) has to create a signal of about 4.3 photoelectrons in order for a usable signal (3PEs) to reach the SiPM.  
 
In an attempt to discover a reason for the mutually inconsistent long attenuation lengths, some data was re-analyzed and graphed with Physica, which is capable of fitting a sum of exponentials function to the data.  It was believed that this may improve the results because the short and long attenuation lengths work simultaneously in the fibers and, hence, the resulting light yield should be a sum of the two effects, or the sum of two exponentials.  These graphs are presented in Figure 11, but it is evident that the results are not different enough to explain the seemingly erroneous results extracted from Figure 10, above.  Thus, if the long attenuation length of a 1.5mm WSF is 2.18m, then for a muon to create a usable signal (again, 3PEs) with a 1.5mm WSF, the muon has to create a light pulse about 7.5 photoelectrons strong.
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Figure 11:  Attenuation length graphs with sum-of-exponential fits.  The attenuation length is ‘k’ in the expression y = Ae-x/k in meters.  ‘Electron’ events were created by positrons, while ‘muon’ events were created by muons.  These new attenuation lengths are not much different from the results extracted from Figure 10.

3.2.4 Cross talk tests
 
It has been theorized and noted in other projects that the light signals from one cell can leak through the thin walls between cells into adjacent cells.  This phenomenon is referred to as “cross talk” and can be a major source of systematic error.  It was noted that the two types of polypropylene available to us, Coroplast and Matraplast, transmit some light when a flashlight is placed behind a sheet of the plastic.  White light can be seen to permeate Coroplast, while primarily blue light permeates Matraplast.  Since white light is a mixture of all wavelengths, it was hypothesized that Matraplast communicates slightly less light than Coroplast since Matraplast allows only smaller wavelength light to permeate it.  It was also hypothesized that a layer of reflective paint would help to eliminate cross talk.  Three cross talk prototypes were created (please see Appendix A for general assembly instructions) and tested.  One prototype was made of unpainted Matraplast, another was unpainted Coroplast, and the final prototype was made of painted Coroplast.  The prototypes were placed such that the muon/positron beam would pass through the outer cell, which contained the cocktail, but not a WSF.  The PMT was coupled to an adjacent cell that was filled with water, and had a 1.5mm WSF running its length.
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Figure 12:  The crosstalk prototype consists of two detection cells side-by-side.  The upper cell has no WSF and is filled with 70/25/5 cocktail.  The lower cell has a 1.5mm WSF and is filled with pure water, which creates only a small signal due to Cerenkov radiation from traversing (+/e+.

Since the front scintillator, S1, is slightly larger than our detection cells, some of the muons and positrons passing through S1 and S2 also passed through the water filled cell and created non-cross talk Cerenkov radiation, which is a significant source of systematic error in this experiment.  Some other background signal arose from scintillation light from the WSF itself and from electrons boiling off of the photocathode of the PMT.  Consequently, a ‘blank’ run was recorded and subtracted from the true cross talk measurements.  The blank was the Matraplast cross talk prototype set up as normal, except that the upper cell had no 70/25/5 cocktail in it.  The cross talk test results are summarized in Table 8.

Table 8:  Cross talk test results.  The Blank run’s PE count was subtracted from the Muon and Electron PE counts, resulting in the quantities listed below.  A typical unpainted Matraplast prototype filled with 70/25/5 and equipped with a 1.5mm WSF has a light yield of about 17.1PE for muons and 12.4PE for electrons.  The crosstalk PE counts were compared to these two values to produce the “Percentage of Signal that is Cross talk”.  The muon and electron’s percentage were then averaged to get the “Mean Percentage…”.

	Prototype Description
	Muon PE (after correction for Blank)
	Positron PE (after correction for Blank)
	Mean Percentage of Signal that is Crosstalk

	Unpainted Matraplast
	1.21 ( 0.05
	0.95 ( 0.05
	7.4%

	Unpainted Coroplast
	1.53 ( 0.03
	1.24 ( 0.04
	9.5%

	Painted Coroplast
	0.67 ( 0.05
	0.46 ( 0.04
	3.8%

	Blank
	0.417 ( 0.010
	0.36 ( 0.03
	-



 
Using the light yield of the blank run is an approximation of the true background.  It would be more accurate to run a background run for each prototype separately, since each prototype has a slightly different reflectivity.  Additionally, a more accurate way to subtract the background would be to run all three prototypes, and their blanks, for a set amount of time and then to simply subtract the background’s histogram from the prototype’s histogram before calculating the light yield.  However, running a blank for each prototype is time consuming, and it is not known how to subtract one histogram from another in ROOT (if it is even possible), which is the data acquisition program being used.
 
Our results suggest that more light gets through the Coroplast than the Matraplast, but not by much.  This makes sense because Coroplast lets all wavelengths of light through, whereas Matraplast primarily let blue light through.  The small difference between Coroplast and Matraplast can be explained by the fact that the signal photons bouncing around in the detection cell have a wavelength of about 420nm, which is in the blue/violet region of the visible spectrum.  Thus, any crosstalk signal passes through Matraplast almost as easily as Coroplast, since only longer wavelengths of light are well blocked by Matraplast.
 
Furthermore, the reflective paint clearly reduced the crosstalk by about a factor of two, from 7.4% to 3.8%, as expected.  Unfortunately, this result is probably inconsequential to the project, as the paint is unlikely to be used in the final detector.  Thus, at this point the detector will be constructed from unpainted Matraplast.


3.3 Material Durability Tests 
3.3.1 Silicone oils
 
As was discovered and mentioned in the previous report, polypropylene is slowly degraded by QSA.  Although the extent of this damage is currently being studied using a spectrometer at UBC, some attempts to protect the polypropylene from the scintillator have continued.  Painting the polypropylene (discussed earlier) was one idea, while another idea was to coat the walls of the detection cells in a silicone oil, which is resistant to QSA and transparent to UV light as well.  It is known that QSA dissolves the core of WSFs and that this effect is very easily observed.  Thus, to test whether or not silicone oils would protect the exposed core, the ends of some WSFs were cut, sanded flat and dipped in one of 4 different silicone oils.  Following this, they were left to dry for 2 days to ensure that the solvent had completely evaporated and were then placed in 100% QSA.  Additionally, some samples of Matraplast were coated in a thick silicone grease and placed in 100% QSA.  Table 9 summarizes these experiments.


Table 9:  Summary of the silicone oil survival tests.  The GLX and SLIX-IT come commercially in a spray can, while the Silicone Grease was provided by Peter Vincent.  The duration refers to the number of days from when the sample was incubated to when the final observation was noted. 

	Vial
	Temp ((C)
	Contents
	Duration (days)
	Observations

	449
	35
	Matraplast coated in Silicone Grease
	5
	Grease has flowed off of surface

	452
	22
	Fibers dipped in Silicone Grease
	27
	~1mm of fiber has dissolved, balls of silicone oil at bottom of vial 

	453
	22
	Matraplast coated in Silicone Grease
	5
	Grease has formed a ribbon on surface, revealing Polypropylene

	455
	35
	Blank – Fibers undipped
	24
	~2mm of fiber has dissolved

	456
	35
	Fibers dipped in GLX
	24
	~2mm of fiber has dissolved

	457
	35
	Fibers dipped in SLIX-IT
	24
	~2mm of fiber has dissolved

	458
	35
	Fibers dipped in DOW 200-50cs
	24
	~2mm of fiber has dissolved

	459
	35
	Fibers dipped in Silicone Grease
	24
	~2mm of fiber has dissolved, balls of silicone oil at bottom of vial


 
It is evident that none of the silicone oils were effective in protecting either the WSFs or the Matraplast, although the oil itself did appear to be resistant to the scintillator.  As such, silicone oil will not be used in the final design of the FGD.


3.3.2 Leakage tests
 
In section 3.6.3 of the previous report, an experiment is explained involving a very long piece of Coroplast with 8 cells that were filled with blue water and had their ends plugged with RTV silicone rubber.  The water level in the cells slowly dropped over several months, and this receding water level was recorded.  Some of the cells were wrapped up such that if water was leaking through the polypropylene, the water in the wrapped cells should have dropped more slowly than the water levels in the other cells.  To be precise, cells 1 to 4 were side by side and wrapped with black electrical tape, two layers of aluminum foil and a strip of double sided tape.  Cell 5 was all alone with empty cells on both sides and cells 6 to 8 were side by side with no wrapping.  Table 10 shows the progress of the water levels over about 7 months.

Table 10:  Declining water level in Coroplast detection cells sealed with RTV Sealant.  The rate of water loss per day was calculated from the slope of the line of best fit through the data, excluding the 30-Nov data point.  The * signifies that extra sealant was applied to the end of Cell 7 immediately after discovering that its water level had dropped significantly more than any of its neighbors.  The extra sealant seemed to solve the issue. 

	Date
	# of Days since last check
	Total # of days sitting
	Cell Number

	
	
	
	1
	2
	3
	4
	5
	6
	7
	8

	
	
	
	Distance the water level has dropped (mm)

	25-Nov
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	30-Nov
	5
	5
	1.8
	2
	2.9
	1.2
	1.9
	2.4
	6.8*
	2.2

	13-Dec
	13
	18
	5.1
	5.8
	6.3
	4.8
	6.1
	6.9
	10
	7

	25-Feb
	74
	92
	9.7
	11.5
	7.6
	10.2
	11
	12.6
	14
	13.1

	2-May
	66
	158
	15.6
	17.5
	16.5
	15.9
	17.8
	17.6
	18.5
	18.3

	16-Jun
	45
	203
	18.2
	19.9
	18.3
	17.2
	20.3
	20.4
	21.6
	21.2

	Rate of water loss (mm/day):
	0.073
	0.078
	0.072
	0.070
	0.080
	0.074
	0.068
	0.077


 
It is evident that all of the cells lost a lot of water in the first 18 or so days, but after that initial saturation time, the rate at which water was lost became constant for all 8 cells.  This is shown more clearly in Figure 13.
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Figure 13:  Distance the water level in the sealed Coroplast cells dropped over time.  The initially fast rate of water loss is evidenced by the hollow points at the 5 day mark.  After that initial period of ~15days, the rate of water loss in all 8 cells became constant.  The spatially and physically similar cells were grouped together for simplicity, and mean values were used for the data points.


 
The fact that all 8 detection cells began to lose water at the same rate after the first 18 days is of great importance.  If water had been evaporating through the polypropylene, the 4 insulated cells would drop the slowest, followed by the 3 cells that were side by side, because at least one side of each of those cells was not exposed to air, and finally the single cell would lose water the fastest.  Instead, all the cells dropped at the same rate.  The fact that they dropped at all means that water was being lost, albeit slowly, through some other means.  The only other route of exit for the water was the translucent RTV silicone rubber.  The RTV did not have obvious holes in it because the water did not leak out the bottom of the cells.  Also, cell 7 dropped faster than the other cells until extra RTV was applied, suggesting that cell 7 probably had a hole allowing water to evaporate directly to the atmosphere.  All of this suggests that water diffuses through RTV, and evaporates into the atmosphere on the other side.  The combined rate of water loss from the top and bottom of the detection cells result in a mean rate of water loss for 0.85mm ( 0.85mm cells of about 0.0740 ± 0.0014mm/day.
 
Of more importance to the FGD is the fact that polypropylene does not appear to leak water at all.  This is excellent news, as the currently favoured design for sealing the ends of the detection cells (shown in section 2.2.3) uses only polypropylene, with some fluorinated silicone rubber.  Therefore, we can expect to retain the vast majority of the liquid in the FGD.
3.3.3 Sealant durability tests
 
Four different materials were considered for sealing the ends of the detection cells so that liquid would not leak out and so that the scintilltor would not have access to anything it is capable of dissolving.  The materials were Epoxy, RTV Silicone Rubber, moldable fluorinated silicone rubber and Teflon coated O-rings.  All four materials were monitored as they were exposed to QSA in some way.
 
The Teflon O-rings were simply submerged in 100% QSA and left at room temperature for 3 months without any visible change.
 
Blobs of 5-minute Epoxy, 24-hour Epoxy, translucent RTV and white RTV were left to cure on some aluminum foil and were then submerged in 100% QSA.  These samples were then incubated at 50(C for ~2.5 months and their mass was monitored.  The Epoxy samples slowly yellowed as time went on, but appeared to maintain their structural integrity.  The RTV samples did not visibly change in that time.  Figure 14 shows the mass of the samples over the 2.5 month incubation period.
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Figure 14:  The mass of RTV and Epoxy samples after prolonged exposure to 100% QSA at 50(C.  The error bars are smaller than the data points.  It is evident that neither of the Epoxy samples increased in mass over the 2.5 month period.  Whereas, the RTV samples both took on mass in the first 20 days, and then ceased absorbing QSA.


The translucent RTV and white RTV increased in mass by about 17% and 21% respectively in the first 20 days.  After this initial saturation time, the samples ceased to absorb QSA and did not deteriorate over the rest of the incubation period.
 
To measure the increase in volume brought about by this absorption of scintillator, a small piece of detection cell, with dimensions 14.85mm ( 0.85mm ( 0.85mm, was filled with translucent RTV, such that the RTV was flush with the edges of cell’s two openings.  After being submerged in 100% QSA for ~14 days, the height of the ‘bulge’ was measured.  The RTV bulged out about 0.35mm on both sides.
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The final material that was tested was the moldable fluorinated silicone rubber.  This material actually comes in a powder, and can be mixed up and put into a mold to produce a specific shape.  A flat sheet of this material was cut into four 1cm ( 3cm strips, two of which were placed in 100% QSA, one was incubated at 21(C and one at 29(C.  The other two were placed in 70/25/5, with one incubated at 21(C and the other at 29(C.  The mass and length of these samples were monitored for about 1 month.  The length of the strips did not change significantly during this time; however, the mass increased slightly during the first 2 weeks of incubation as shown in Figure 15.
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Figure 15:  Mass of fluorinated silicone rubber samples during their incubation at either 21(C or 29(C.  Two of the four samples were submerged in 100% QSA, while the other two were submerged in standard 70/25/5 cocktail.  The error bars are smaller than the data points.


The mass is noted to increase by 2.4%, 3.8%, 2.2% and 3.6% over the first two weeks in the samples “21(C, 100% QSA”, “21(C, 70/25/5”, “29(C, 100% QSA” and “29(C, 70/25/5” respectively.  No deterioration of the material was noted throughout its incubation period.
 
The currently favoured method for sealing the ends of the detection cells that is shown in section 2.2.3 uses only one of the four tested sealant materials: moldable, fluorinated silicone rubber.  Based on the tests presented here, the silicone rubber should perform admirably considering that it does not break down at all when exposed to QSA, and only gains a small amount of mass when exposed to cocktail.  The small increase in mass was higher when the silicone rubber was exposed to cocktail than when it was exposed to pure QSA.  This suggests that the silicone rubber absorbs Triton or water in addition to any QSA it may pick up.  In either case, the increasing mass did not significantly increase the size of the rubber, which means that there should be no issues with expanding joints.  In fact, any small increases to size will probably just act to tighten the seal around the fiber, which is a desirable effect.
 
The other sealant materials provide alternatives if the fluorinated silicone rubber is not used for some reason.  The epoxy would provide a lasting, strong seal, but whether or not it leaks something because of its slight colour change is still unconfirmed.  Although, any leaked chemicals would probably be too dilute to have any measurable effect on the detector.  The RTV is also a resistant, rubbery sealant that would work well.  It does increase in mass by about 17% and in volume by about 4.7% when exposed to cocktail; however, if RTV is used, it will most likely be used in very small amounts where these changes are inconsequential.  Finally, the Teflon O-rings are scintillator resistant, which makes them a feasible option if the decision to use Teflon valves to seal the cells is made.


3.3.4 Long Term (LT) tests
 
Ten 52cm long, standard prototypes were produced so that they could be filled with scintillator and left for a long period of time.  During this time, the light yield of the prototypes could be tested and recorded; allowing the degradation of the detector cells to be tracked.  Six of the prototypes are unpainted Matraplast cells, two of which contain 100% QSA while the other four contain 70/25/5.  Four other LT prototypes are painted Matraplast cells, two of which contain 100% QSA while the other two contain 70/25/5.  At the time this report was written, only two measurements had been conducted on the LT prototypes.  The results are listed in Table 11.

Table 11:  Light yields of the LT prototypes over the period of about four weeks.  For comparison sake, the difference between the two readings is given.
	LT #
	Description
	July 15 to 21, 2005
	August 11 to 15, 2005
	Muon Difference
	Electron Difference

	
	
	Muon PEs
	Electron PEs
	Muon PEs
	Electron PEs
	
	

	1
	Unpainted, 70/25/5
	8.1 ± 0.4
	6.6 ± 0.3
	7.0 ± 0.5
	5.6 ± 0.4
	1.1 ± 0.6
	0.9 ± 0.5

	2
	Unpainted, 70/25/5
	8.2 ± 0.3
	6.6 ± 0.2
	6.3 ± 0.5
	5.1 ± 0.4
	1.9 ± 0.5
	1.5 ± 0.4

	3
	Unpaint, 100% QSA
	43 ± 6
	29 ± 4
	33 ± 3
	22.0 ± 1.7
	10 ± 6
	7 ± 4

	4
	Unpaint, 100% QSA
	24.6 ± 1.4
	16.7 ± 0.9
	16.7 ± 1.3
	11.1 ± 0.8
	7.9 ± 1.9
	5.5 ± 1.3

	5
	Painted, 70/25/5
	10.5 ± 0.7
	8.1 ± 0.5
	9.8 ± 1.2
	7.9 ± 0.9
	0.7 ± 1.4
	0.3 ± 1.1

	6
	Painted, 70/25/5
	11.2 ± 0.7
	8.9 ± 0.6
	11.5 ± 1.3
	9.2 ± 1.1
	-0.3 ± 1.5
	-0.3 ± 1.2

	7
	Painted, 100% QSA
	54 ± 5
	36 ± 4
	54 ± 4
	36 ± 3
	0 ± 7
	0 ± 5

	8
	Painted, 100% QSA
	35 ± 8
	24 ± 5
	29 ± 2
	19.9 ± 1.5
	6 ± 8
	4 ± 5

	9
	Unpainted, 70/25/5
	7.7 ± 0.5
	6.1 ± 0.4
	6.0 ± 0.7
	4.8 ± 0.5
	1.7 ± 0.8
	1.3 ± 0.7

	10
	Unpainted, 70/25/5
	9.3 ± 0.7
	7.4 ± 0.5
	9.3 ± 1.0
	7.4 ± 0.8
	0.0 ± 1.2
	0.0 ± 1.0


 
According to these initial results, the paint has effectively stopped the degradation of the polypropylene in the span of four weeks.  LT prototypes 5 through 8 all show a drop in light yield of 0PEs, within experimental error, over this time frame.  The same cannot be said of the unpainted prototypes, with the odd exception of LT #10.  The unpainted, LT prototypes 1, 2 and 9 that contained 70/25/5 cocktail all showed similar results; their light yields all dropped by about 1.4 ± 0.6 PEs.  Parallel to this, LT 3 and 4 also show a loss of light, but it is evident that their loss of light is much more severe.  This could be due to a greater amount of damage being done to the polypropylene by the pure QSA.  As an alternative, it may be possible that whatever dulls the light output, such as yellowing reflective surfaces, simply dulls the light by ~25% no matter if there is 70/25/5 cocktail or pure QSA contained therein.  It should be noted that the drops in light yield for LT prototypes 1 to 5 and 9 are similar in relative magnitude (they are between 13% and 33%), which may support the idea that the drop in light yield is independent of the cocktail.  The LT prototypes must be monitored for a longer period to ascertain whether or not this is simply coincidence.


4 Conclusions
4.1 Regarding Cocktail Properties
 
The densities of QSA, Triton X-100 and 70/25/5 cocktail were measured to be 0.972 ± 0.008g/mL, 1.046 ± 0.008g/mL and 1.001 ± 0.008g/mL respectively.  These numbers will allow a more accurate calculation of the exact oxygen content of the FGD to be carried out.
 
The index of refraction of a standard 70/25/5 cocktail was measured to be about 1.39, which is very close to that of the WSF’s outer cladding: 1.42.  This reduces the containing efficiency of the WSF when it is immersed in cocktail, and a solution to improve the containing efficiency has not yet been identified.
 
Upon our second study of the addition of PPO/POPOP to the cocktail, it became evident once again that PPO/POPOP did not increase the light yield; as such, no additional PPO or POPOP will be added to the cocktail.
 
The cloud point of our 70/25/5 cocktail was also well observed.  The results suggest that the cloud point is around 31(C, but due to minor inconsistencies in the mixing of individual cocktails, this temperature could range by at least ±1(C.
 
Furthermore, observations provided some slight indications that the light yield of the cocktail may depend on temperature.  Unfortunately, our observations were not accurate enough to rule out coincidence due to experimental error.  Thus, the existence of a true temperature dependence in the cocktail, as opposed to the PMT or electronics, is still unconfirmed.


4.2 Regarding Construction Issues
 
This research has begun the difficult process of forming a complete picture of the FGD.  Various painting techniques were attempted and then discarded as the difficulty in using them in the final design became apparent.  Although painting did not appear to increase the light yield collected from a detection cell (see previous work term report), it did appear to protect the polypropylene walls of the detection cells as it did in the LT prototypes.  This result was surprising because the difficulty in painting a complete layer, without gaps, onto the entire inside of the detection cells suggests that there are patches where the scintillator can, in fact, get at the polypropylene in those LT prototypes.  Yet, these small exposed polypropylene patches may not be enough surface area to allow enough plasticizer to leak into the scintillator to wreck the scintillator’s light yield.  A lengthier study of the LT prototypes may provide a clue as to just how effective the paint is at protecting the polypropylene; however, the high cost of the paint may prevent its use in the final FGD regardless of its usefulness.
 
A few different fiber sizes and configurations were tested.  As a result, a single 1.5mm in diameter WSF will be used in each detection cell to increase light yield without increasing costs significantly.
 
The attenuation length of the WSFs was once again studied with some deviant results.  It appears that the attenuation length of the 1.5mm WSF is around 2.2m, whereas the attenuation length of the 1.0mm WSF is around 6.5m (from Figure 11).  This is very surprising because it was expected that the attenuation length would not change that much between a 1.0mm WSF and a 1.5mm WSF.  Consequently, muon events will have to produce 7.5PEs of light to provide a usable signal to the SiPM if the long attenuation length of a 1.5mm WSF is about 2.2m.  These results are still being analyzed for errors.
 
The cross talk tests demonstrated that about 7% of the signal in one cell may leak over into the adjacent cells; however, this will likely be a non-issue, because the small amount of light that does get detected in adjacent cells will not be strong enough to confuse signal with cross talk.  In effect, the signal will be strong, and the surrounding cells will light up very slightly, which is easy to translate.


4.3 Regarding Material Durability Tests
 
Some silicone oils were applied to WSFs and strips of polypropylene in the hope of protecting those coated materials from the QSA, but in the end, none of the silicone oils were effective and they will not be used in the final design.
 
Several detection cells that were filled with water, sealed and monitored for several months revealed that polypropylene is not permeable to water, which makes it perfectly acceptable to use in the final FGD design.
 
Also, testing of the four materials considered for use in sealing the detection cells revealed that RTV, Epoxy and Teflon are all acceptable if they are required.  Especially, the fluorinated silicone rubber will work well as a washer in the design presented in section 2.2.3.
 
The long term tests have shown good initial results, in that the painted prototypes did not degrade and the other prototypes degraded by a uniform amount.  Further tests must be done to complete LT research.
 
5 Recommendations

The most pressing concerns for FGD research at the moment are the attenuation length of 1.5mm WSF and the durability of the polypropylene, Matraplast panels.  The attenuation lengths of the 1.5mm WSF and 1.0mm WSF of 2.2m and 6m respectively are unexpected and need further examination.  The preferred course of action would be to produce a coupling piece that allows 1.5mm WSF to be connected to the SiPM.  Then, a measurement of the attenuation length using an LED could be done.  This method would provide a lot of light so that poisson statistics would not have to be taken into account when analysing the data and more control over the exact position of the LED along the fiber’s length could be exercised; thereby, reducing the error in the measurement.  The SiPM would also provide a more realistic measurement, because a SiPM will be used in the FGD’s final design, as opposed to a PMT.
 
The durability of the Matraplast panels is also a source of great interest.  We still need to figure out whether or not Matraplast continues to degrade indefinitely when exposed to QSA.  The LT tests should provide us with an answer to this question by either continuing to lose light yield indefinitely, or by having their light yields stabilize after an initial period.  If it turns out that the light yields stabilize, then using Matraplast as it is will be acceptable if the light yield remains high enough to produce usable signals.  If the light yield is not high enough to produce usable signals, then the collaboration will have to consider using scintillator resistant paint, co-extrusion of a resistant polymer layer or simply using a different material such as HDPE, Nylon 6 or Nylon 3,4.  Also, if the light yields stabilize, someone should try removing the cocktail from the LT prototype, replacing it with fresh cocktail and re-testing the light yield.  The light yield may increase in comparison to the old contaminated cocktail and that new light yield may not decrease from that point over time because any chemicals that were going to leak out of the Matraplast have already done so.

As a minor recommendation, the cloud point measurement of the 70/25/5 cocktail could be improved by inserting the thermostat directly into the cocktail.  Also, a more precise temperature dependence measurement could be carried out by connecting a vial of cocktail to a SiPM and placing them into an oven capable of maintaining the temperature at temperatures between 20(C and 30(C.  An LED or a source could be placed inside the oven to produce a signal.  If this is carried out, it will likely be discovered that the temperature dependence of the SiPM will dwarf any temperature dependence of the cocktail, but knowing the overall temperature dependence will be useful for the final design.
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Appendix A:  Prototype construction instructions
Standard 52cm long prototype

Instead of using vials to test various aspects of the cocktail, scaled down prototypes of the final version of the FGD were used.  These prototypes were made from Matraplast (generally), which is an extruded sheet of polypropylene with nearly the exact dimensions required for the FGD (4feet of 1cm ( 1cm ( >2m cells, side by side).  Matraplast looks nearly identical to Coroplast, which was the plastic used previously and is shown in the previous work term report.  A single detection cell, 52cm long, was cut from the Matraplast sheet.  The cell was then rinsed with isopropyl alcohol to remove any dirt or grease from the cell and left to dry.  Some cells were painted at this point and left to dry for at least 4 days.  A hole was then drilled in the center of a vial cap with a #60 drill bit if one intended to install a 1.0mm diameter WSF, or a 1/16” drill bit if a 1.5mm diameter WSF were to be used.  The vial cap was then filled with RTV Silicone Rubber and the fiber was plunged into the RTV and threaded through the hole.  The other end of the fiber was threaded up the 52cm long cell, until the cap squished onto the end of the cell.  The RTV overflowing the sides of the cap could then be squished down to provide a good seal against the cell.
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Figure 16:  Standard 52cm long Matraplast prototype before the fiber ends were cut and polished.
After waiting at least one day for the RTV to cure, both ends of the WSF were cut with electrical pliers, sanded with increasingly fine sandpapers and finally polished with a polishing wheel and polish so that the fiber was 60.0 ± 0.5cm long.  A black, Plexiglas end plug could be threaded onto the fiber at this point.  Then, a small 4mm ( 4mm square of aluminized mylar was optically cemented to the upper end of the fiber to reflect photons traveling away from the PMT.  Once this optical cement had dried, the prototype was ready to be filled.  After filling, the ~51cm length of Matraplast, stuck in the vial cap, was inserted up into an acrylic tube that had been spray painted black and covered in electrical tape so that it acted as a light shield.  More black electrical tape was then wound around the seal between the vial cap lip and the edge of the acrylic tube to hold the detection cell to the acrylic tube.  This prototype was then carefully kept upright to avoid spilling cocktail over the sides of the Matraplast cell inside the acrylic tube and placed in a beam of (+/e+’s.


Attenuation Length Prototypes

The attenuation length prototypes were essentially really long versions of the standard 52cm long prototype.  A 6 foot, solitary detection cell was cut from the Matraplast panel, rinsed with isopropyl alcohol and left to dry.  After drying, a slightly longer than 6 foot section of either 1.0mm or 1.5mm WSF was cut from the role, dusted with a Kim-wipe and threaded down the cell.  A hole was drilled in a vial cap with either a #60 or a 1/16” drill bit, depending on what fiber was being used.  The vial cap was then filled with RTV and the fiber was threaded into the RTV and through the hole.  The cap was then squished against the bottom of the 6 foot detection cell, and a seal was formed.  After allowing the RTV to cure overnight, an acrylic tube, ~3cm shorter than the cell, was sheathed onto the detection cell.  The cell was then secured in an upright position (sealed end down) and filled with 70/25/5 cocktail.  The upper end of the detection cell could then be sealed with a second, identical vial cap and RTV.  After the cap was squished on, some tension was applied to the WSF and held by some plastic clamps during this second curing period.  Following curing, the acrylic tube was wrapped in aluminum foil and electrical tape to insulate the detection cell from light.  Additionally, the ends of the WSFs were cut and polished so that they were flush with the caps.  How the ends of the prototypes were mounted changed in each experiment; however, there was always at least one end that was coupled to PMT using the standard method of having the WSF butt up against an acrylic window that is adjacent to the photocathode of the PMT.


Cross Talk Prototypes

The cross talk prototypes were only slightly different from a standard 52cm long prototype.  Instead of cutting out a single cell from the Matraplast panel, a three-cell wide length of Matraplast was cut from the panel.  The insides of all three cells were rinsed with isopropyl alcohol and left to dry.  After the length had dried, the outer two cells were cut back by about 8cm, so that only the center cell extended the full 52cm.  RTV was injected into both side cells and left to dry overnight.  The next day, water was poured into the two outer cells to test the seals.  One of the outer cells was chosen to be the working cell, which will contain the cocktail.  The other outer cell had its upper end cut back by about 6cm, and the edges of the two remaining, untrimmed, cells were whittled down so that a short length of acrylic tube would fit snugly over the ends of those two cells.  If so desired, the interiors of the 2 cells to be used could then be painted.  Another short length of acrylic tube was sheathed onto the solitary cell extending from the bottom side of the prototype.  A 70cm length of 1.5mm WSF was then cut, dusted with a Kim-wipe, and threaded up the center cell of the triplet.  A hole was drilled in a vial cap with a 1/16” drill bit, as before, and was filled with RTV.  The bottom end of the fiber was plunged into the RTV and threaded through the drilled hole in the cap.  The cap was then squished on to the end of the solitary cell, just below the short length of acrylic tube.  The RTV was then left to cure overnight.  Then, both ends of the fiber were cut and polished to a length of 60cm, as before, and some aluminized mylar was optically cemented to the top end of the fiber.  The prototype was then ready to be light insulated.  Two long pieces of thick, wide electrical tape were used to cover the Matraplast and lower section of acrylic tube.  The upper section of acrylic tube was covered with electrical tape as well, and fitted onto the upper cell ends.  Thin electrical tape was used to seal this section of tube to the rest of the prototype after the prototype was filled.
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Figure 17:  Cross talk prototype after production and light insulation.  The WSF is sticking out of the center cell.
The central cell (the one with the WSF in it) was filled with water.  The outer cell that was not cut back was filled with 70/25/5 cocktail. The entire prototype was stood in a custom built vial holder that coupled the end of the WSF to the photocathode of the PMT and was placed in the beam such that the beam’s axis passed through the outer cell.
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