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10 
Liquid Scintillator

10.1  Introduction

This chapter describes the details of the liquid scintillator, the active detector medium for the NOA experiment.  In this chapter we demonstrate that the composition and technical specifications for the scintillator have been determined, suppliers for the components have been identified, QC methods to test that the components and the blended scintillator meet technical specifications have been developed, a model for blending the scintillator components has been established, and a transportation model for delivery of the scintillator to the NOA detector in Ash River is understood.  

10.1.1   Liquid Scintillator Composition and Light Spectrum

Liquid scintillator is typically made up of four components: a primary scintillant that produces light in the UV when ionizing particles traverse it, waveshifters that downshift the UV photons to longer wavelength to facilitate absorption by the wavelength shifting (WLS) fibers, and a solvent to blend the components into a stable solution. The light production mechanism is shown below in Figure 10.1 with data from [1].  Pseudocumene [1,2,4-Trimethylbenzene], a benzene derivative with many uses in the plastics and paint industries, is the primary scintillant.  Pseudocumene is excited by traversing ionizing particles and the photons that are given off as it de-excites are in the UV, as shown in Figure 10.1(a).  Figures 10.1(b) and 10.1(c) show how PPO [2,5-diphenyloxazole] and bis-MSB [1,4-di(methylstyryl)benzene] shift the UV photons from the pseudocumene to the wavelength region where they can be absorbed by the dyes in the WLS fiber.  

The normalized output spectrum of two commercial scintillator families is shown in Figure 10.2.  The BC517 family is manufactured by Saint-Gobain (Bicron); the EJ-321 family is manufactured by Eljen Technologies. The NOA baseline scintillator was engineered to have properties similar to the commercial liquid scintillator BC517P.

BC-517P [2] is made up of approximately 5% pseudocumene by weight as the primary scintillant in a 95% mineral oil base with small amounts of UV waveshifters and small amounts of anti-oxidants.  Most of these components have been known since the 1950s [1].  These scintillators have a moderate light output, 28% of anthracene when fresh and 21% of anthracene when fully oxygenated [2,3].  The advantages of this mixture include stability, low cost, availability in large quantities, low toxicity, high flashpoint and low potential as an environmental hazard.  Previous work has shown that this scintillator attacks neither wavelength shifting fiber nor PVC over lifetimes exceeding this experiment (see Chapter 11, Section 11.4). 
To study the performance of liquid scintillator in the NOA detector, a Monte Carlo program was written that simulates a prototype NOA PVC extrusion cell with a loop of WLS fiber running through it.  In this simulation, the composition and concentration of the TiO2 in the PVC and the diameter of the fiber could be varied.  Figure 10.3 shows a Monte Carlo calculation of the output spectrum of the NOA baseline liquid scintillator in a prototype NOA PVC cell in which the plastic is loaded with 18% anatase TiO2 and the light is collected by a 0.7mm WLS fiber.  This figure shows the output spectrum of the photons that are captured by the fiber and transmitted to the photodetector.  For the baseline scintillator, the output spectrum peaks in the wavelength range 410 – 440 nm.
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Fig. 10.1: Light production by liquid scintillator.  The emission spectrum of the primary scintillant psueudocmene when traversed by an ionizing particle is shown in (a); the absorption and emission spectrum of the first waveshifter PPO is shown in (b); the absorption and emission spectrum of the second waveshifter bis-MSB is shown in (c).  
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Fig. 10.2:   The output spectrum of two commercial scintillators, Saint-Gobain (Bicron) BC-517 and Eljen Technologies EJ-321.
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Fig. 10.3:  A Monte Carlo calculation of the spectrum of photons absorbed by the fiber for the baseline NOA liquid scintillator in a prototype NOA PVC cell in which the plastic is loaded with anatase TiO2 and the light is collected by a 0.7mm WLS fiber.
Unlike previous experiments that require photons to travel long distances to the photodetector, the NOA design requires a scintillator with only a modest attenuation length for the relevant wavelengths of scintillator light.  This requirement can be demonstrated by Monte Carlo simulations that compute the mean distance traveled by a photon before its absorption by the WLS fiber.  Figure 10.4 shows the results of such a simulation for the prototype NOA PVC extrusion loaded with anatase TiO2, and 0.7mm WLS fiber running through it.  The figure shows that the mean distance traveled by a photon before absorption is only about 0.5 m, although there are tails extending out to much longer path lengths.  In other high energy physics experiments, photons more typically must travel tens of meters before detection.  
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Figure 10.4.  Distributions of the number of bounces seen by a photon before capture, the path length (p.l.)  traveled before capture, and the displacement relative to its starting position computed by Monte Carlo.  The Monte Carlo simulation uses the properties of baseline scintillator, a prototype NOA PVC extrusion cell, and 0.7 mm WLS fiber. 
10.2  Technical Design Requirements for the NOA Liquid Scintillator

As discussed in Chapter 6, based on our current understanding of the performance of the PVC, WLS fiber and APDs, the technical performance specification can be achieved using liquid scintillator with a light output equivalent to 80% of Saint-Goban (Bicron) BC-517P [2].  The Technical Design Requirement on the light yield for the NOA Liquid Scintillator is therefore 80% of the light yield of BC-517P.
The Technical Design Requirement on the attenuation length for the NOA Liquid Scintillator was determined by the following considerations.  R&D studies at Indiana University over several years have shown that liquid scintillator blended with 75% of the fluor concentration found in BC-517P is adequate to yield a light output equivalent 80% of BC-517P if the solvent for the fluors, mineral oil, has a long enough attenuation length.  We therefore set about testing the light output of scintillators loaded with 75% of the fluors in BC-517P and blended with mineral oils having a broad range of attenuation lengths.    Figure 10.5 shows the results of these studies.   The methods used to measure light output and attenuation length are described in later sections of this chapter.
From Figure 10.5, we determined that mineral oil with an attenuation length of ( 5m when blended with 75% of the fluors in BC-517P meets the Technical Design Requirement on NOA Liquid Scintillator light yield.  We therefore adopt 5 m as the Technical Design Requirement on NOA mineral oil.  
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Fig. 10.5:  Liquid scintillators blended with 75% of the fluors found in BC-517P and mineral oil solvents of varying attenuation lengths.  The dashed line indicates the 5m Technical Design Requirement on the attenuation length of mineral oil.  

Liquid scintillator is extremely non-conductive.  Non-conductive fluids develop a net charge through the triboelectric effect during flow, which can under certain circumstances lead to spark discharge between the liquid and container or between non-bonded plumbing components.  To mitigate potential sparking problems, the baseline scintillator has as an added component the anti-static agent Stadis-425 [4], which brings the scintillator conductivity up to safe levels. The technical requirement for conductivity has been taken from the recommendations given by the National Fire Protection Association (NFPA) [4].  NFPA safe practices dictate that the scintillator be made “semi-conducting”, which is defined as “possessing a conductivity at least 100 picosiemens/meter”.
The Technical Design Requirements for the NOA Liquid Scintillator (NLS) are given in Table 10.1. 

	Scintillator Property
	Technical Design Requirements

	Liquid Scintillator Light Yield
	NOA Light Yield / Light Yield (BC-517P) ( 0.80

	Attenuation Length of Mineral Oil Solvent
	AttenuationLength ( 5 m @ 420 nm

	Conductivity
	( 100 picosiemens/meter


Table 10.1.  Technical Design Requirements for the NOA Liquid Scintillator (NLS)
10.3    Scintillator Composition
The NOA detector liquid scintillator volume is 3,210,584 gallons.  The components of the scintillator are given in Table 10.2  The anti-oxidant agent tocopherol (Vitamin E) is added in order to minimize the degradation in light due to oxygenation.
	component

 
	purpose

 
	mass 
fraction
	volume

(gal)
	tot mass

(kg)

	mineral oil
	solvent
	95.8%
	3,082,145
	9,917,109

	pseudocumene
	scintillant
	4.1%
	128,439
	425,908

	PPO
	waveshifter #1
	0.091%
	 
	9,373

	bis-MSB
	waveshifter #2
	0.0013%
	 
	131

	Stadis-425
	antistatic agent
	0.0003%
	 
	46.6

	tocopherol (Vit.E)
	antioxidant
	0.0010%
	 
	104

	 Total 
	 
	100.0%
	3,210,584
	10,352,551


Table 10.2.  The composition of NOA Liquid Scintillator

The component masses given in Table 10.2 are based on the nominal component densities given in the MSDS sheets.  
During the R&D studies at Indiana University, many batches of liquid scintillator with the composition given in Table 10.2 were blended and tested.  Of particular concern in these studies was the effect of various mineral oils on the liquid scintillator performance, mainly because liquid scintillator is mostly mineral oil.  Below we describe the effects of several technical grade mineral oils purchased from multiple producers.  These oils have been labeled A through E.  Mineral oil from producer A has been adopted as the “Baseline Mineral Oil”.  Three different shipments of this baseline mineral oil were studied and these oils have been labeled A1, A2, and A3.  We also tested six different grades of mineral oil from producer E and these have been labeled E1-E6.  Finally, we tested several blends of mineral oils made up of Mineral Oil A and Mineral Oil C.  Our tests include both studies of the properties of the mineral oils themselves and the scintillators blended from them.

Pseudocumene for these studies was obtained from two suppliers and these have been  labeled Pseudocumene A and Pseudocumene B.  Both pseudocumenes have the same purity and chemical composition as measured at Indiana University using Gas Chromatography Mass spectroscopy (GCMS).  

There is a sole US supplier for the waveshifters, Curtiss Laboratories in Pennsylvania.  This company has worked successfully with other high energy physics experiments (MINOS, MINER.  

In this chapter scintillators blended with the fluor composition (pseudocumene + PPO + bis-MSB) given in Table 10.2 are called “Baseline Scintillator”; the fluor concentration is called “Baseline Fluors”.
10.3.1  Light Yield of NOA Liquid Scintillator
Light yield tests were made in the Indiana University “NOA cell”.  This is a 60 cm NOA PVC cell that has walls loaded with 15% anatase TiO2. The cell has two 0.8 mm diameter, 1.2 m long WLS fibers that are read out with a green extended phototube.  NOA cell measurements are made with cosmic ray muons.  
The light yield of Mineral Oil A2 + Baseline Fluors is shown in Figure 10.6.  As expected from Figure 10.5, these measurements demonstrate that the scintillator blended with Baseline Mineral Oil + Baseline Fluors meets the technical design requirement for light yield given in Table 10.1.
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Fig. 10.6:  Light yield of Mineral Oil A2 + Baseline Fluors compared with the light yield of commercial BC-517P in the NOA cell.  The measurements for BC-517P were made with scintillator received from Bicron in January 2007.
10.3.2  Conductivity

Conductivity measurements were made with a “Digital Conductivity Meter” (EMC Electronics Corp., Venice, FL).  See Section 10.4.3 for a discussion of how the conductivity is measured.  The conductivity of Mineral Oil A + Baseline Fluors is shown in Figure 10.7 as a function of Stadis-425 concentration.

The addition of 2 ppm of the anti-static agent Stadis-425 makes the scintillator semi-conducting.  We choose 3ppm (instead of 2 ppm) because in large scale production, we want to guarantee that small errors in measuring out small quantities of Stadis-425 do not compromise the anti-static technical requirement in Table 10.1 for a large batch of scintillator.  The addition of 3 ppM of Stadis-425 does not affect the light yield of the scintillator when measured in a NOA cell as shown in Figure 10.8.

[image: image8.wmf]Conductivity of Renoil + Baseline Fluors vs.

Anti-Static Concentration 

0

50

100

150

200

250

300

350

400

0

1

2

3

4

5

6

7

8

Stadis-425 concentration (ppM)

conductivity (ps/m)


Figure 10.7.  Conductivity of Mineral Oil A + Baseline Fluors as a function of the concentration of the anti-static agent Stadis-425 measured with the Digital Conductivity meter.  
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Figure 10.8.  The effect of anti-static agent Stadis-425 on the light yield of baseline liquid scintillator.  At the level recommended by the NFPA, 3ppM, there is no adverse effect on the light yield.

10.3.3  Anti-Oxidant
The anti-oxidant requirement for the scintillator was set by the Vitamin E concentration in the liquid scintillator used in the MACRO experiment [5].  
10.3.4   Technical Specifications for Mineral Oil

The NOA liquid scintillator constitutes 69% of the NOA detector mass and is itself 96% mineral oil by weight.  The mineral oil is inert and acts as a solvent for the scintillant and waveshifters.  The primary performance feature of the mineral oil for NOA is its attenuation length for light near 420 nm (see Figure 10.3).  Mineral oil is a cost driver and the attenuation length of different grades and qualities of mineral oil must be compared to the costs of those different grades.  

Experiments like MiniBooNE and MACRO used large quantities of mineral oil and mineral oil based liquid scintillator, respectively.  But these experiments required mineral oil with very long attenuation lengths because of their detector technologies and geometries employed.  The NOA geometry is very different from those detectors since the light is collected locally by the wave shifting fiber.  Since typical light path lengths in the NOA scintillator are approximately 1 meter (Figure 10.4), long attenuation lengths are not required.  This allows NOA to relax the mineral oil requirements.

The most highly refined mineral oils are classified as food grade and meet the FDA requirements for consumption by humans. US Pharmacopoeia (USP) mineral oil is considered a heavy food grade mineral oil and has a large viscosity. National Formulary(NF) mineral oil is considered light food grade mineral oil and has a smaller viscosity.  Higher viscosity means higher price.  The step from USP to NF is about a 5 - 15% reduction in price.  MiniBooNE used an NF mineral oil for their detector since an attenuation length of 20 meters was required.  

Technical grade mineral oils are the next grade down from food grade.  Technical grade mineral oils are not as highly refined as food grade mineral oils, but are approved by the FDA for indirect food contact and are typically used as lubricants for food processing machinery.  The cost of technical grade mineral oil is less than NF mineral oils by about another 10 - 40%, depending on the viscosity.

The petroleum industry is not familiar with attenuation length as a specification and instead uses the Saybolt scale to characterize the color range of petroleum products including aviation fuels, kerosene, white mineral oils, hydrocarbon solvents and petroleum waxes.  The Saybolt color index scale runs from -16 (darkest) to +30 (lightest) and, unfortunately, attenuation lengths above a few meters all lie at +30 on this scale.  NOA has blended scintillators using Saybolt +28 Technical Grade Mineral Oil and found these scintillator to be unacceptable for the experiment.  Consequently, NOA requires the development of a reliable and efficient method for determining the transmission properties of mineral oil in a way that does not demand a detailed understanding of attenuation length by the mineral oil producers.

  Mineral oils are derived from petroleum feedstocks called Paraffinic Group II Base Oils.  The American Petroleum Institute has defined the broad Base Oil group categories to create guidelines for licensing engine oils.  All the groups cover a wide range of viscosities, but solvent-refined base oils typically fall into Group I , while hydroprocessed base oils fall into Group II.  Hydroprocessing [6] is a way of adding hydrogen to the base oil at elevated temperatures in the presence of a catalyst to stabilize the most reactive components in the oil, improve the color, and increase the working life of the oil.  Several hydroprocessing steps have been introduced in recent years to advance this industry:  Hydrocracking was introduced in 1969 and adds hydrogen at high temperatures and pressures to crack feedstock molecules into smaller molecules.  Catalytic dewaxing was added in 1984 and catalytically removes     n-paraffins and other molecules with waxy side chains by cracking into smaller molecules.  In 1993 hydroisomerization was added to this string of processing steps to reshape the n-pariffins and other molecules with waxy side chains into desirable compounds instead of cracking them completely away.  This third step has resulted in distinctive Paraffinic Group II base oils which typically have no color.  

An increasing fraction of the base oil manufacturers use this full range of technology, but as recently as 2003 less than half used the full three step package.  This technology is proprietary and several competing ones now exist, each using different catalysts and different temperatures and pressures for the various steps.  NOA has obtained identically classified (and similarly priced) mineral oils with attenuation lengths for 420 nm light in the range 2m to 10m.  While our current state of knowledge is incomplete, we suspect that the range is due to the technologies being applied.  

From our R&D studies, it is clear that a Technical Grade (cheaper) oil can be found that will meet NOA’s needs.  
The technical design requirements for the NOA mineral oil are given in Table 10.3.  These requirements can be met by Technical Grade mineral oils.

	
	Technical Design Requirement

	attenuation length @420 nm
	(  5 m 

	specific gravity @ 60/60F
	0.850 < specific gravity < 0.865 

	viscosity @ 40 C
	< 15 cSt 

	anti-oxidants
	10 ppM

	Water
	< 30 ppM 


Table 10.3.  Technical Requirements on the NOA Mineral Oil

The attenuation length requirement for the NOA mineral oil @420 nm was discussed in Section 10.2 and shown on Figure 10..  The data for Figure 10.5 were obtained by blending the baseline fluor mix (c.f., Table 10.2) with mineral oils of differing attenuation lengths. The attenuation lengths of the mineral oils and blended scintillators were measured in the “Indiana University Spectrophotometer” (IU Spec) [5].  The narrow band measurements were made by passing the scintillator light through narrow band interference filters before reaching the PMT.
Figure 10.9 shows the attenuation lengths at 420 nm of the mineral oils used in the IU R&D studies.  Scintillators were blended with several of the mineral oils shown in Figure 10.9 and Baseline Fluors.  These scintillators were tested for light yield in the NOA cell and the results of these tests are shown in Figure 10.10.  These are the data used in Figure 10.5.

The attenuation lengths of these blended scintillators were measured in the IU Spec and the results are shown in Figure 10.11.
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Fig. 10.9:  Attenuation of mineral oils at 420 nm as measured in the IU Spec.  Since the IU Spec does not accurately measure attenuation lengths > 20m, all measured attenuation lengths > 20m are shown as 20m.
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Fig. 10.10:  Light yield of the scintillators blended with mineral oils shown in Figure 10.9 and Baseline Fluors.  The light yield measurements were made in the NOA cell.  
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Fig. 10.11:  Attenuation length of scintillators blended with mineral oils shown in Figure 10.9 and Baseline Fluors. 

Additional mineral oil Technical Requirements: 

· specific gravity – a narrow range of density distributes the scintillator uniformly throughout the detector, which in turn leads to a better understanding of fiducial mass.  Producers routinely manufacture mineral oil to this standard. 
· viscosity – higher viscosity mineral oil is more expensive and high viscosity mineral oil does not add value to this detector since it can be more difficult to pump. 

· anti-oxidant – the anti-oxidant requirement for the scintillator was set by the Vitamin E concentration in the liquid scintillator used in the MACRO experiment [5]. 

Antioxidants are common additives in mineral oil and mineral-oil based liquid scintillators.  They are used to stop the slow degradation occurring in long hydrocarbon chains and the radicals formed in this process react with oxygen dissolved in the liquid.  The resulting product becomes discolored (yellowing) and is therefore detrimental to the transmittance of the liquid scintillator at 420 nm.  The antioxidant essentially acts as a radical scavenger.
· water – technical specification taken from MiniBoone; industry standard; water settles out but takes up detector mass

10.3.5   Technical Specifications for Pseudocumene
Table 10.4 lists the technical specifications for the Pseudocumene.

	
	Technical Design Requirement

	Purity
	≥ 98% 

	specific gravity @ 60/60F
	0.875 < specific gravity < 0.882

	Clarity
	< +25 Color Units measured on Pt-Co scale

	Total Sulfur content
	< 2.0 ppM


Table 10.4.  Technical Requirements on the NOA Pseudocumene

Source of the requirements in Table 10.4: 

· purity – this requirement is the industry standard for pseudocumene production.  When delivered to the toll blender, samples of pseudocumene are drawn and then sent to Indiana University where their purity will be measured using GCMS by the Indiana University Chemistry Department.  
· specific gravity – this requirement is the industry standard for specific gravity.  
· clarity – this requirement is the industry standard for clarity, as measured on the 

       Pt-Co scale.  The Pt-Co scale is measured by the Lovibond Tintometer; 
· sulfur content – The Certificate of Analysis from the vendors lists the sulfur content in the pseudocumene. The presence of sulfur in the original distillate (fraction) is fairly common. NOA plans to monitor the sulfur level reported by the manufacturer since it may potentially lead to light yield quenching and acidity variations.
Pseudocumene has been obtained from two suppliers.  A GCMS analysis of the pseudocumene from the two suppliers shows that they both meet the Technical Design Requirements for purity.  Figure 10.12 shows that scintillators blended with pseudocumene from the two suppliers meet the Technical Requirement on light yield.  In this figure, the scintillators were blended with 100% of the fluor concentration found in BC-517P.
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Fig. 10.12:  Light yield of the scintillators blended with pseudocumene from two suppliers as measured in the NOA cell.  The scintillators blended with Mineral Oil A1 and 100% of the fluors found in BC-517P.  

10.3.6   Technical Specifications for Scintillator Waveshifters

The technical specifications for the wavelength shifters have been presented to the vendors and are listed in Table 10.5.  The Certificate of Analysis prepared by the manufacturer, Curtiss Laboratories, will include the results of these tests with the exception of the transmittance in toluene (1 g wavelength shifter in 100 mL toluene, measured in optical cells with 1-cm and 10-cm path lengths) which will be performed at Fermilab.  The manufacturer will carry out a parallel test as a check.  The NOA experiment will repeat the check for melting point, appearance and odor at Fermilab.  We will also perform new tests using ultraviolet (UV), Infrared (IR) and nuclear magnetic resonance (NMR) to better define potential impurities.  Most of the impurities in the wavelength shifters are related to unreacted materials and solvents.  The wavshifters are susceptible to the presence of impurities so that testing must ensure that the wavelength shifters used are over 99.6% pure.  PPO was used as the primary wavelength shifter in the MINOS experiment and the manufacturer met the same technical specifications over a two year delivery schedule.     

	
	Technical Design Requirement

	 
	PPO
	bis-MSB

	Melting point
	71-73 °C
	179-181 °C

	Appearance
	white powder
	light yellow powder

	Odor
	Odorless
	Odorless

	Loss in drying
	≤ 0.2%
	≤ 0.2%

	Residue
	none
	none

	Purity
	≥ 99.6%
	≥ 99.6%

	Tansmittance in Toluene
	≥ 85% @ 370 nm
	≥ 90% @ 420 nm


Table 10.5.  Technical Requirements on the NOA Waveshifters
10.4   Quality Assurance and Quality Control
The liquid scintillator is the heart of the NOA experiment.  In combination with the wavelength shifting fiber and PVC cells, the scintillator is crucial to the performance of the detector.  We must be sure that the scintillator is free of impurities and properly blended.  Quality Control (QC) and Quality Assurance (QA) are fundamental to the successful construction of this detector.

The problem with petroleum based products like mineral oil and pseudocumene is that they come out of oil fields from a variety of wells, so the base material is variable.  In addition, mineral oil and pseudocumene are often distilled by many successive vendors via proprietary processes in a long supply chain.  These products are blended by the vendors to meet specifications having little to do with our applications in high energy physics.

10.4.1   QA/QC Measurements of Attenuation Length using a Tintometer

NOA needs a reliable and efficient method of measuring the attenuation length of mineral oil and blended scintillator.  Currently, production plans call for monitoring the mineral oil attenuation length before shipping at the producer, on arrival at the toll blender, and before it is blended into scintillator.  Once blended, the scintillator attenuation length will be monitored to assure that the blended scintillator meets the Technical Design Requirements.   

Given the large volume of mineral oil required by NOA and the necessity for a reliable and efficient method of measurement, our work has focused on the Lovibond PFX880 Tintometer shown in Figure 10.14 as the attenuation QC/QA device.  The Lovibond tintometer makes transmission measurements from 400-700nm through a 6” glass cell.  As will be shown below, the transmission measurements at 420 nm correlate well with the attenuation length at 420 nm in the range of interest to NOA.  Equally important, tintometer measurements on an individual sample take less than a minute to make.
[image: image14.jpg]



Fig. 10.14:  The Lovibond PFX880 Tintometer in the Indiana University lab.  In the foreground are 6” optical glass cells.
10.4.2  QA Attenuation Length of Incoming Mineral Oil
In the production plan for the NOA Liquid Scintillator, there are three stages at which the attenuation length of the mineral oil is tested: (1) at the production facility before shipping to guard against shipping the mineral oil from the producer that will be rejected at the blender, (2) at the blender to guard against accepting mineral oil that does not meet the technical requirements, and (3) at the blending tank, before adding the pseudocumene and waveshifters. These attenuation length measurements will be made with the tintometer and the results will be kept in the NOA database.
Figure 10.5 shows that scintillators blended with the mineral oil having an attenuation length ≥ 5 m meet the Technical Design Requirements. In Figure 10.15 we plot the attenuation lengths of several of the mineral oils shown in Figure 10.9 vs. their transmission at 420 nm as measured in the tintometer.  There is a clear separation (dashed line) between oils that have an acceptable attenuation length and those with an unacceptable attenuation length when measured in the tintometer.  Figure 10.15 demonstrates that the tintometer is capable of making the QC mineral oil measurements required by the NOA Liquid Scintillator production plan.  In addition, QC procedures based on the tintometer are quick and cost effective.  
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Fig. 10.15:  The attenuation length (meters) of several of the mineral oils in Figure 10.9 as measured in the IU Spec vs. transmission measurements in the tintometer at 420 nm.  The dashed line represents the approximate acceptance criterion for the attenuation length of mineral oil.  
10.4.3   Alternative Method to QA/QC Mineral Oil Attenuation Length
In parallel with the proposed QA/QC methods that use the tintometer, NOA is developing a fully automated instrument that makes an absolute measurement of attenuation length, without the use of reference standards, for both mineral oil and liquid scintillator.  A prototype of this device, incorporating some features of the existing IU Spec is being evaluated to optimize measurement time, readout electronics performance, fluid column length and attenuation length resolution.

10.4.4   QC Attenuation Length of Outgoing Blended Scintillator
In the production plan for the NOA Liquid Scintillator, there are two stages at which the attenuation length of the scintillator is tested: (1) at the blending facility before being shipped to Ash River and (2) at Ash River before being unloaded into the detector.  The results of these tests will be kept in the NOA database.  For these QC measurements we again plan to use tintometer transmission measurements at 420 nm. In Figure 10.16 we plot the attenuation lengths of several of the blended scintillators shown in Figure 10.11 vs. their transmission at 420 nm as measured in the tintometer.  Again there is a clear separation (dashed line) between oils that have an acceptable attenuation length and those with an unacceptable attenuation length when measured in the tintometer.  As for mineral oil, we adopt the tintometer as the efficient and cost effective QC measurement apparatus to qualify the attenuation length of NOA Liquid Scintillator.  
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Figure 10.16. The attenuation length L (meters) of several of the scintillators in Figure 10.11 as measured in the IU Spec vs. transmission measurements in the tintometer at 420 nm.  The  dashed line represents the approximate acceptance criterion. 
10.4.5  QA Incoming Pseudocumene
Samples of all incoming batches of pseudocumene will be drawn and shipped to Indiana University where they will be analyzed by gas chromatography-mass spectroscopy (GCMS) to determine for compliance with the Technical Requirements on composition, purity and sulfur content in Table 10.4.  

In addition, the pseudocumene will be tested with the tintometer for compliance with the Technical Requirement on clarity in Table 10.4.  In the production plan for the NOA Liquid Scintillator, there are two stages at which the clarity of the pseudocumene is tested: (1) at the blender to guard against accepting pseudocumene that does not meet the technical requirements and (2) at the blending tank before being blended with the waveshifters. The results of these tests will be kept in the NOA database.
10.4.6  QA Incoming Waveshifters
The vendor will send a sample of each wavelength shifter (PPO and bis-MSB) from each batch manufactured to Fermilab.  The vendor will provide a Certificate of Analysis for each lot.  A series of tests will be performed at Fermilab.  These tests will aim to verify some of the parameters measured by the manufacturer such as melting point, appearance and odor; and to check the spectral characteristics of each component such as UV transmittance under specific conditions, infrared (IR) and nuclear magnetic resonance (NMR) data.  These tests can be completed in 1-2 days.  The vendor will then be notified to proceed with the shipment to the location where the blending of the wavelength shifters and pseudocumene will take place.  A similar procedure was used for the wavelength shifters used in the MINOS experiment.  The results of these tests will be kept in the NOA database.  
10.4.7  QC Outgoing Scintillator Composition with an Alpha Source Test
A 1 (Ci Am-241 (-source will be used to measure the light yield of liquid scintillator.  Light yield in the “(-test” is correlated with scintillator composition. In the production plan for the NLS, there are two stages at which the light yield of the scintillator is tested: (1) at the blending facility before being shipped to Ash River and (2) at Ash River before being unloaded into the detector.  The results of these tests will be kept in the NOA database.
The test is performed as follows:  A 7.5 cm diameter photomultiplier (PMT) is mounted vertically (window up) in a darkbox.  Two commerical filters are placed on the PMT to block all but the useful spectrum wavelengths.  Uniform size/shape bottles (inner volume ~3 cm diameter X ~8 cm high) are filled approximately half full with scintillator.  One bottle contains a standard scintillator (BC-517P) and a second  bottle contains the sample whose relative light output is to be determined.  A special bottle lid has been manufactured that was fitted with a 1 (Ci Am-241 (-source attached and this is placed on the bottle (standard or sample) to be measured.  The bottle is placed on the PMT and the light detected by the PMT is recorded.  The procedure requires that for each sample measurement, a standard measurement is made before and after to track drift.  

The PMT output is then fed through an electronics chain: charge sensing preamplifier, linear (voltage) shaping amplifier, and MultiChannel Analyzer (MCA).  The MCA spectrum shows a clear peak for the ( energy deposited in the scintillator.  Determining the peak (with peak-fitting software) gives a measurement of the light output.  A direct comparison (ratio) of peak locations of standard and sample indicates the relative light yield of the sample.  

Because the range of alphas in liquid scintillator is very short (order of 50-60 um), the (-source must be cleaned in soap and water, rinsed, and dried between measurements.  The high voltage driving the PMT must also be kept within a very tight range (+- 0.5 V for a ~1000 V divider voltage) in order to minimize drift.  For the above setup, the event rate is sufficient to collect a spectrum in 90 sec.
We have studied the results of the (-test during the R&D period and find that the light output measured is primarily correlated with the composition of liquid scintillator.  To test this hypothesis further, we tested two samples of BC517P purchased from Bicron, one purchased in 2005 and another purchased in 2007, in which the composition is advertised to be equivalent.  The chemical analysis of these two commercial scintillators in Table 10.6 shows that the two scintillators have virtually the same composition.  

	
	“2005”

BC517P
	“2007”

BC517P

	component
	mass fraction
	mass fraction

	  mineral oil
	94.4%
	94.7%

	  pseudocumene
	5.5%
	5.2%

	  PPO
	0.12%
	0.12%

	  bis-MSB
	0.0016%
	0.0014%


Table 10.6. Composition of Two Batches of Commercial BC517P

On the other hand, as shown in Figure 10.17, the attenuation length of these two scintillators differ significantly.
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Fig. 10.17:  Attenuation length of the two BC517P as measured in the IU Spec.  
The (-test, if it is primarily a measure of composition, should give similar results for both scintillators.  Figure 10.18 shows this expectation is met. These results are consistent with the (-test being primarily a measure of composition.
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Fig. 10.18:  (-test of the two BC517P scintillators produced at different times.  
Finally, in Figure 10.19, we show the light yield of the two BC517P scintillators in the NOA cell.  Not surprisingly, scintillators with similar compositions but differing attenuation lengths will have different light yields in the detector. 
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Fig. 10.19:  Light yield of the two BC517P scintillators as measured in the NOA cell.  
As a second test of the (-test, we blended 4 scintillators with 100% of the fluors found in BC-517P and mineral oils with different attenuation lengths, and then compared these scintillators in the (-test.  The attenuation lengths of these scintillators are shown in Figure 10.20.  The differences in the attenuation length are clear.  
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Fig. 10.20: Attenuation length of scintillators as measured in the IU Spec blended with the fluor concentration found in BC-517P and mineral oils with different attenuation lengths.

The results of the (-test for these scintillators are shown in Figure 10.21.  This figure clearly shows that scintillators blended with mineral oils of very different attenuation lengths but with similar fluor concentrations give very similar results in the (-test.  This test too demonstrates that the (-test is primarily a measure of composition.
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Fig. 10.21: (-test of the scintillators shown in Figure 10.19. 

10.4.7.1. Precision of (-Test determination of composition

We next tested the precision to which we could measure the fluor concentration with the (-test.   We blended scintillators with differing concentrations of fluors and Mineral Oil A1, and compared these scintillators with BC517P in the (-test.  The results of these tests are shown in Figure 10.22.  This figure shows that we can reliably detect a 3% difference in the concentration of Baseline Fluors.
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Fig. 10.22:  The (-test results of the three scintillators blended with Mineral Oil A1 and differing concentrations of fluors.  The error bars are statistical and reflect repeated measurements..
10.4.7.2. Radiation Safety

The (-test described above uses a 1 (Ci Am-241source.  These sources will be used both at the toll blender site and the Ash River site.  NOA must therefore comply with the radiation safety regulations at both locations.  

Illinois is an “Agreement State”, which means that Illinois has entered into an agreement with the US Nuclear Regulatory Commission, whereby the NRC has relinquished to Illinois the regulatory authority over the small quantities of nuclear materials used in the (-test.  NOconsequently is required to apply to Illinois for a license to procure, possess and use the radioactive source.  After discussing this issue with officials at the Illinois Emergency Management Agency, Division of Nuclear Safety, NOneeds only an R&D license because of the small quantity of radioactive material for the project and its research use.  
The Ash River laboratory is part of the University of Minnesota and is obligated to follow the University radiation safety rules.  The application and rules for “Possession and Use of Radioactive Materials” can be found at http://www.dehs.umn.edu/rpd/.
10.4.8   QC Conductivity

NOA needs a reliable and efficient method of measuring the conductivity of blended scintillator to be confident that the scintillator conductivity is at safe levels.  Currently production plans call for measurement of the conductivity before shipping at the producer.  The results of these tests will be kept in the NOA database.

Given the large volume of mineral oil required by NOA and the necessity for a reliable and efficient method of measurement, our work has focused on the Emcee Electronics Model 1152 Digital Conductivity Meter shown in Figure 10.23.  This device is a reliable and inexpensive instrument for measuring conductivity.  It reads conductivity in picosiemens/meter.  The meter uses a probe consisting of two concentric steel electrodes.  The probe is shown in Figure 10.24. When the probe is immersed in oil, a fixed voltage is applied to the electrodes.  The unit generates a current which is amplified and displayed on the meter.  

The conductivity measurements shown in Figure 10.7 were made with an Emcee Conductivity Meter using the following procedure:  A volumetric flask was filled with 1 liter of Mineral Oil A1 + Baseline Fluors without Stadis-425 and the contents transferred to an open mouth stainless steel container.  The meter was calibrated using the standard test procedure. The conductivity meter ground lead was clipped to the edge of the stainless steel can and the meter probe inserted to the specified depth of 2.75˝.   Measured amounts of Stadis-425 were added and the mixture was stirred for 1 minute with a teflon paddle.  The mixture was then allowed to stand for 5 minutes before the mixture was tested. 
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Fig. 10.23: The Emcee Electronics Model 1152 Digital Conductivity Meter
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Fig. 10.24:  Probe for the Emcee Electronics Model 1152 Digital Conductivity Meter

10.5  Scintillator Production
10.5.1   Production Model
The NOA liquid scintillator will be blended at a commercial toll blending facility in the greater Chicagoland area.  The production model is shown in Figure 10.25.  Components are purchased by Fermilab and delivered to the blending facility by the most cost-efficient method: the mineral oil by rail or barge, the pseudocumene by rail or tanker truck, and premeasured waveshifter packages by common carrier. Blended liquid scintillator is delivered to Ash River by tanker trailers dedicated to the NOvA experiment.  

Fig. 10.25:  Scintillator Production Model as described in the text.  

10.5.2   Toll Blender Operations
The NOA liquid scintillator will be blended at a commercial toll blending facility in the greater Chicago area.  The blending model is shown schematically in Figure 10.26. In this model the components are purchased by Fermilab and delivered to the blending facility by the most cost-efficient method.  At this facility, all the tanks used in the NOA liquid scintillator blending will be stainless steel or epoxy-lined. It should be noted that MiniBooNE stores 250,000 gallons of very high quality mineral oil in an epoxy-lined tank “and has noticed no degradation after many years”.  These tanks can be heated.  In addition, all transfer lines, hoses, and pumps used in the blending will be dedicated to NOA liquid scintillator blending and locked off between deliveries for all the process steps.  The lines and pumps will be insulated and fitted with filters.   

The toll blender will offload the mineral oil into a storage tank with capacity in the range of 650,000 gallons.  The specific gravity, kinematic viscosity, and anti-oxidant content as certified by an independent testing laboratory, with documentation supplied by the producer, will be checked against the Technical Requirements in Table 10.3 for compliance and the data added to a database.  An on-site Fermilab technician will test the mineral oil for compliance with the attenuation length Technical Requirement on the NOA Mineral Oil in Table 10.3 with the Lovibond tintometer.  The attenuation length data will be added to the database.  

Fig. 10.26: Toll Blender Operations for the production of liquid scintillator.

Pseudocumene will be delivered to the blending facility by rail car. The kinematic viscosity as certified by an independent testing laboratory with documentation supplied by the producer will be checked against the Technical Requirement in Table 10.4 for compliance, and the data added to a database.  A sample of pseudocumene will also be tested for compliance with the Technical Requirement on clarity in Table 10.4 with the Lovibond Tintometer and the data added to the database.  As a final QA step before it is offloaded, a sample of the pseudocumene will be drawn and shipped to Indiana University where it will be analyzed by gas chromatography-mass spectroscopy (GCMS) to determine its composition and its compliance with the Technical Requirements on purity and sulfur content in Table 10.4.  These data will also be added into the database.  The pseudocumene will then be offloaded into a tank that holds of order 30,000 gallons.  
Waveshifters will be delivered by commercial carrier in pre-measured packages to the Toll Blender.  Before being shipped, samples of the wave shifters from each batch will be sent to Fermilab where the QA analysis will be done, as described in §10.3.1.2.  Once the QA analysis establishes compliance with Technical Requirements, these packages will be transported to the blending facility where they will be combined with the pseudocumene in the Fluor Blending tank of order 30,000 gallons. The anti-static agent Stadis-425 will also be added at this step. 
The blending will be done by mixing nozzles in the tank which draw from a bottom sump.  After blending, a sample of the fluor mix will be drawn, mixed with mineral oil, and tested for compliance with the light yield, attenuation length, and conductivity Technical Requirements.  These tests qualify the Fluor Mix.  Blending in smaller batches will minimize the losses from any blending error.  
The Fluor Mix is then combined with mineral oil in the Scintillator Blending tank of order 50,000 gallons. The fluids will be metered into the Scintillator Blending tank with PLCs.  The blending will be done with mixing nozzles that can draw from the top or bottom of the tank.  Once blended, the scintillator will be tested for compliance with the Technical on attenuation length, light yield, and conductivity.  Once certified, the blended scintillator will await shipping to Ash River by tanker trrailer.  The Storage tank will allow time to diagnose and correct any off-specification blends.  

The baseline plan is to transport liquid scintillator by tanker trailer.  The tolerances on the composition of the liquid scintillator blended from qualified components per standard 6,341 gallon tanker trailer are given in Table 10.7.

	component
	weight/mass
	tolerance
	weight/mass tolerance 

	 
	per 6,341 gal
	 
	per 6,341 gal

	  mineral oil
	8,884 lbs
	1%
	88.8 lbs

	  pseudocumene
	382 lbs
	1%
	3.8 lbs

	  PPO
	18.5 kg
	1%
	185 gm

	  bis-MSB
	260 gm
	1%
	2.6 gm

	  Stadis-425
	61 gm
	10%
	6 gm


Table 10.7.  Blending Tolerances for 7,000 gal Tanker Trailers
10.5.3  Liquid Scintillator Delivery

The details of the NOA liquid scintillator logistics plan are driven by the requirements on the scintillator delivery rate and the time it takes a driver to make the round trip Chicago (toll blender) – Ash River – Chicago.  

The NOA detector is made up of a large volume of liquid scintillator and this scintillator needs to be delivered at approximately the same rate as the detector is being filled in order to minimize infrastructure costs.  Since this requirement closely links the delivery schedule to the detector construction schedule, the detector mass, and the funding profile, and these are not yet definite, the delivery schedule needs to remain flexible. 

There are several additional constraints on the logistics of delivering scintillator.  The Ash River site will only be able to take deliveries during a normal Monday through Friday work week, and there can be no assurance that the toll blender selected would not have similar restrictions.  Consequently, tanker trailer deliveries and returns must be scheduled so that drivers do not make drop-offs or pick-ups on weekends (which translates into no weekend driving).  In addition, to minimize driver down time, deliveries at Ash River need to be scheduled so that there is an empty tanker trailer available for the return trip immediately upon the delivery of a full tanker. 

NOA requires 3,210,584 gallons of liquid scintillator to be delivered over a period of 21 months.  With the constraints described above, this schedule leads to an average delivery of 8,170 gallons per M-F work day.  (At this early stage, no account need be taken yet for holidays.)  Assuming standard 7,000 gallon tanker trailers, this schedule requires approximately 6 deliveries of liquid scintillator per M-F work week.   

FThe distance from Fermilab to Ash River is about 600 miles.  Driving at the speed limit, the driving time is about 10 hours.  Since truckers must enter all driving times in their log books by law, show 1/2 hour of truck inspection per day, and take a 1/2 hr lunch break, the round trip takes 22 hours.  Assuming an hour for the pick-up or drop-off time, the round trip takes 26 hours.  After adding in time for traffic and weather delays, a round trip driving time of 3 days is reasonable and conservative.  

Tables 10.8 and 10.9 show a logistics plan that meets the requirements for liquid scintillator delivery.  There is a natural two week cadence for deliveries.   Table 10.8 shows the two week cadence for a given tanker trailer..  A tanker trailer leaves the toll blender in Chicagoland in the morning and arrives at midday of the following day.  The driver then picks up an empty tanker trailer in the afternoon and drives back to the toll blender, arriving at the end of the third day.  This schedule enables a driver to stay clear of weekend pick-ups and deliveries. 
	day
	 
	activity
	duration 

	 
	 
	 
	(days)

	1
 
 
	prep/Chicago
 
 
	inspect truck,
QC scintillator,
load truck 
	1
 

	2
	out
	travel 
	1

	3 (AM)
	out
	travel 
	0.5

	3 (PM),4,5,6,
	idle/Ash River
	unload truck,
	5

	7,8 (AM)
	 idle/Ash River
	QC scintillator
	 

	8 (PM)
	return
	travel 
	0.5

	9
	return
	travel 
	1

	10
	idle/Chicago
	 
	1


Table 10.8.  Two Week Tanker Truck Schedule for Delivery of NOA Liquid Scintillator.
Table 10.9 shows the logistics plan that delivers 6 tanker trailers to Ash River/M-F work week.  It operates on a two week cadence and requires 12 tanker trailers.  The schedule runs from Friday-Thursday  because drivers are on the road Monday-Wednesday or Wednesday-Friday, thus requiring no weekend pick ups or drop offs.  Drivers end up where they began, as required. 
The schedule shown in Table 10.9 is flexible and can be simply modified to adjust to needed increases or decreases in the quantities of scintillator delivered.  There are two ways that we can vary the quantity of scintillator transported.  First, we can vary the size of the tankers with the same schedule.  The delivery schedule in Table 10.9 is based on 6,341-gallon tanker trailers.  Other standard size tanker trailers have 7,000-gallon capacity and 7,500 gallon capacity.   Second, the schedule in Table 10.9 can be modified to accommodate required increases or decreases in delivered scintillator.  This schedule should be considered as an example.  It is quite simple to alter the schedule by multiples of two tanker trailers.  

	
	Friday
	Monday
	Tuesday
	Wednesday
	Thursday

	 
	 
	 
	week 1
	 
	 

	prep
	1,2,3
	 
	4,5,6
	 
	 

	out
	 
	1,2,3
	 
	4,5,6
	 

	out
	 
	 
	1,2,3
	 
	4,5,6

	Ash River
	7,8,9,
	7,8,9,
	1(PM),2(PM),3(PM)
	1,2,3,
	1,2,3,

	 
	10,11,12
	10,11,12
	7(AM),8(AM),9(AM)
	10,11,12
	4(PM),5(PM),6(PM)

	 
	 
	 
	10,11,12
	 
	10(AM),11(AM),12(AM)

	return
	 
	 
	7,8,9
	 
	10,11,12

	return
	4,5,6
	 
	 
	7,8,9
	 

	idle
	 
	4,5,6
	
	 
	7,8,9

	 
	 
	 
	week 2
	 
	 

	prep
	7,8,9
	 
	10,11,12
	 
	 

	out
	 
	7,8,9
	 
	10,11,12
	 

	out
	 
	 
	7,8,9
	 
	10,11,12

	Ash River
	1,2,3,
	1,2,3,
	1(AM),2(AM),3(AM),
	4,5,6,
	4(AM),5(AM),6(AM)

	 
	4,5,6
	4,5,6
	4,5,6,
	7,8,9
	7,8,9,

	 
	 
	 
	7(PM),8(PM),9(PM)
	 
	10(PM),11(PM),12(PM)

	return
	 
	 
	1,2,3
	 
	4,5,6

	return
	10,11,12
	 
	 
	1,2,3
	 

	idle
	 
	10,11,12
	 
	 
	1,2,3


Table 10.9. Delivery Schedule for 12 Tanker Trailers every 2 weeks 
10.6  Design Changes since the Conceptual Design Report

There have been several changes since the Conceptual Design Report.

The fluor concentration has been reduced from 100% to 75% of Bicron BC-517P.  this produces a scintillator with 75% of the light output of BC-517P as required in Chapter 6.

Blending liquid scintillator is planned to take place at a commercial toll blending facility.  In the Conceptual Design Report, scintillator blending was to be done at Fermilab.
The importance of making liquid scintillator semiconducting has been recognized since the Conceptual Design Report and the baseline composition of the liquid scintillator now includes the addition of Stadis-425.
We have shown that the Lovibond tintometer is a commercial device that can make rapid and consistent measurements of the transmission of mineral oil, pseudocumene, and blended liquid scintillator.  The Lovibond tintometer has been adopted as the baseline measurement device for monitoring transmission of mineral oil at the producer and the toll blender, and the blended liquid scintillator at the toll blender and Ash River.

10.7  Work Remaining to Complete the Scintillator Design 
There are two issues that need to be addressed with the Integration Prototype Near Detector (IPND).  These issues concern production in quantity and so are not easily studied in the lab.  

The first issue has to do with scintillator composition in large quantities.  So far we have been blending scintillator in small batches of approximately 1-10 gallons each.  For the IPND, we will be blending four batches of approximately 5,000 gallons.  Two of these batches will be produced in the fall of 2007 and the second two will be produced in spring 2008.  Among the issues that will be studied during these production runs will be the mixing time required to fully blend liquid scintillator in quantity and procedures for QC/QA testing during production.  Since the four batches of scintillator will be blended with combinations of Mineral Oils A3 and C and Pseudocumene from producers A and B, we will be able to quantify the light yield of scintillators blended from components from multiple vendors delivered at multiple times over the next year.  

The second issue concerns the blending tanks and transportation tanks.  In the IPND we are using ISO tankers cleaned to chemical grade cleanliness and then cleaned once again to food grade cleanliness.  The current plan calls for the tanker trailers used in transporting liquid scintillator to Ash River to be cleaned this way.  The IPND will therefore provide valuable information in evaluating this cleanliness standard.  Since we will be blending four batches of scintillator, we will also be able to examine the cleanliness of the blending tank after it has been used several times.

One last issue concerns the Toll Blenders in the Chicago area.  We plan visits to these facilities in order to understand their capabilities.  These visits will form the basis of a full RFP to select a vendor.
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410 rutile

				1000000		36723		908963		14754		5

						(cm)		(cm)		(cm)

				bounces		displ		pathlength		abs(displ)

		0		8198		3		1285		16219

		1		9306		0		1671		4796

		2		5353		0		2375		3640

		3		3714		1		2487		2498

		4		2791		0		2096		1966

		5		1998		0		1862		1474

		6		1434		0		1639		1140

		7		1056		0		1483		866

		8		779		0		1486		660

		9		575		0		1310		528

		10		389		0		1168		454

		11		297		0		1106		422

		12		245		0		1064		296

		13		125		0		1036		252

		14		127		0		912		212

		15		96		0		832		144

		16		65		0		743		152

		17		61		0		762		156

		18		32		0		686		86

		19		21		0		685		66

		20		19		0		602		76

		21		11		0		615		52

		22		7		0		538		54

		23		5		0		482		28

		24		5		0		465		36

		25		6		0		477		34

		26		0		0		420		34

		27		2		0		372		22

		28		2		0		374		28

		29		0		0		322		22

		30		1		0		311		12

		31		0		0		322		12

		32		1		0		281		14

		33		0		0		265		20

		34		1		0		245		8

		35		0		0		247		10

		36		1		0		224		10

		37		0		0		240		10

		38		0		0		190		4

		39		0		0		200		4

		40		0		0		165		8

		41		0		0		154		10

		42		0		0		173		10

		43		0		0		126		6

		44		0		0		126		0

		45		0		0		123		0

		46		0		0		121		2

		47		0		2		106		2

		48		0		0		88		2

		49		0		0		108		2

		50		0		0		93		4

		51		0		0		80		4

		52		0		0		67		0

		53		0		0		69		0

		54		0		0		54		0

		55		0		0		66		0

		56		0		0		63		0

		57		0		1		67		0

		58		0		0		58		0

		59		0		0		50		0

		60		0		0		44		0

		61		0		0		43		0

		62		0		0		41		2

		63		0		0		41		2

		64		0		0		51		2

		65		0		0		24		4

		66		0		0		33		0

		67		0		0		31		0

		68		0		2		38		0

		69		0		1		24		0

		70		0		1		26		2

		71		0		1		24		2

		72		0		0		21		0

		73		0		1		25		0

		74		0		1		15		0

		75		0		0		19		2

		76		0		1		21		0

		77		0		1		22		0

		78		0		0		18		0

		79		0		2		11		0

		80		0		2		17		0

		81		0		2		15		0

		82		0		3		13		0

		83		0		4		16		2

		84		0		2		8		0

		85		0		3		19		0

		86		0		1		14		0

		87		0		3		11		0

		88		0		1		9		0

		89		0		7		9		0

		90		0		5		9		0

		91		0		4		6		2

		92		0		4		4		0

		93		0		5		7		0

		94		0		5		5		0

		95		0		10		4		2

		96		0		7		3		0

		97		0		10		5		0

		98		0		2		7		0

		99		0		13		11		0

		100		0		13		3		0

		101		0		21		3		0

		102		0		16		3		2

		103		0		9		2		0

		104		0		20		4		0

		105		0		24		3		0

		106		0		30		2		0

		107		0		26		3		0

		108		0		43		4		0

		109		0		30		3		0

		110		0		50		1		0

		111		0		52		3		0

		112		0		78		0		0

		113		0		85		6		0

		114		0		104		5		0

		115		0		141		4		0

		116		0		165		3		0

		117		0		173		1		0

		118		0		207		3		0

		119		0		276		1		0

		120		0		353		2		0

		121		0		442		3		0

		122		0		570		0		0

		123		0		756		1		0

		124		0		991		1		0

		125		0		1286		2		0

		126		0		1757		1		0

		127		0		2488		2		0

		128		0		16219		1		2

		129		0		2398		2

		130		0		1820		1

		131		0		1249		1

		132		0		983		1

		133		0		737		0

		134		0		570		2

		135		0		433		1

		136		0		330		1

		137		0		264		1

		138		0		227		0

		139		0		211		1

		140		0		148		0

		141		0		126		0

		142		0		106		0

		143		0		72		0

		144		0		76		0

		145		0		78		0

		146		0		43		0

		147		0		33		2

		148		0		38		2

		149		0		26		1

		150		0		27		0

		151		0		14		1

		152		0		18		1

		153		0		17		1

		154		0		17		3

		155		0		11		0

		156		0		14		0

		157		0		11		0

		158		0		6		1

		159		0		6		0

		160		0		7		0

		161		0		10		0

		162		0		4		0

		163		0		5		2

		164		0		5		1

		165		0		5		0

		166		0		2		1

		167		0		2		0

		168		0		4		0

		169		0		5		0

		170		0		5		2

		171		0		3		0

		172		0		0		0

		173		0		0		0

		174		0		1		0

		175		0		1		0

		176		0		1		0

		177		0		1		0

		178		0		2		0

		179		0		2		0

		180		0		0		1

		181		0		0		1

		182		0		0		1

		183		0		0		0

		184		0		0		1

		185		0		0		1

		186		0		0		0

		187		0		0		0

		188		0		0		0

		189		0		0		0

		190		0		1		1

		191		0		1		1

		192		0		1		0

		193		0		2		1

		194		0		0		0

		195		0		0		0

		196		0		0		0

		197		0		0		0

		198		0		1		2

		199		0		1		1

		200		0		0		0

		201		0		0		0

		202		0		0		0

		203		0		1		1

		204		0		0		0

		205		0		0		0

		206		0		0		0

		207		0		0		0

		208		0		0		0

		209		0		0		0

		210		0		0		0

		211		0		1		0

		212		0		0		0

		213		0		0		0

		214		0		0		0

		215		0		0		0

		216		0		0		0

		217		0		0		0

		218		0		0		0

		219		0		1		0

		220		0		0		0

		221		0		0		0

		222		0		0		0

		223		0		1		0

		224		0		0		0

		225		0		0		1

		226		0		0		0

		227		0		0		1

		228		0		0		0

		229		0		0		0

		230		0		1		0

		231		0		0		0

		232		0		0		0

		233		0		0		0

		234		0		0		0

		235		0		0		0

		236		0		0		0

		237		0		0		1

		238		0		0		1

		239		0		0		0

		240		0		0		0

		241		0		0		0

		242		0		0		0

		243		0		0		0

		244		0		0		0

		245		0		0		0

		246		0		0		0

		247		0		0		0

		248		0		0		0

		249		0		0		0

		250		0		0		0

		251		0		0		0

		252		0		0		0

		253		0		0		0

		254		0		0		1

		255		0		0		0

		256		0		1		6

		totals		36723		36723		36723		36591

		mean		2.70				15.36		2.83
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				1000000		79406		801115		33648		3

						(cm)		(cm)		(cm)

				bounces		displ		pathlength		abs(displ)

		0		8426		3		1358		21625

		1		11236		0		1896		9470

		2		7609		0		2562		7492

		3		6524		0		2716		6064

		4		5728		0		2325		4862

		5		5072		0		2187		4034

		6		4461		0		2046		3432

		7		3751		0		1853		2836

		8		3369		0		1843		2564

		9		2894		0		1754		2156

		10		2557		1		1760		1802

		11		2280		0		1671		1560

		12		1902		0		1700		1466

		13		1642		0		1579		1272

		14		1425		0		1495		1006

		15		1306		0		1443		950

		16		1172		0		1393		684

		17		997		0		1442		652

		18		903		0		1336		602

		19		780		0		1312		492

		20		664		1		1256		480

		21		604		0		1253		430

		22		491		0		1185		380

		23		431		0		1121		298

		24		382		0		1133		248

		25		373		0		1069		252

		26		286		1		1033		202

		27		277		0		1051		164

		28		220		1		1029		174

		29		198		1		947		150

		30		201		0		981		100

		31		163		0		880		128

		32		142		0		843		106

		33		111		0		887		114

		34		114		0		799		114

		35		107		0		803		94

		36		71		0		758		62

		37		68		0		756		72

		38		56		1		812		52

		39		49		1		761		38

		40		38		0		723		42

		41		42		0		677		28

		42		47		1		680		32

		43		22		1		635		34

		44		19		0		623		26

		45		29		0		638		30

		46		24		0		606		22

		47		23		1		514		22

		48		21		0		490		28

		49		12		2		498		18

		50		8		1		542		22

		51		16		1		517		20

		52		9		1		496		16

		53		5		2		513		10

		54		2		0		464		6

		55		3		0		470		2

		56		7		2		497		12

		57		6		0		458		10

		58		2		2		379		4

		59		3		3		398		14

		60		3		2		369		8

		61		5		4		377		2

		62		1		0		378		8

		63		0		0		353		4

		64		4		0		334		10

		65		3		4		322		2

		66		2		2		301		4

		67		0		1		324		8

		68		0		5		283		8

		69		0		3		280		4

		70		1		5		275		8

		71		1		5		285		12

		72		0		3		270		2

		73		0		3		251		2

		74		1		2		262		0

		75		1		3		238		2

		76		1		8		268		0

		77		0		9		238		6

		78		0		9		221		0

		79		0		14		237		2

		80		0		10		233		2

		81		1		11		216		0

		82		0		16		210		2

		83		1		14		231		0

		84		0		24		202		6

		85		0		16		200		0

		86		0		23		180		0

		87		1		18		164		0

		88		0		29		163		0

		89		0		28		181		2

		90		0		24		171		4

		91		0		29		155		0

		92		0		37		169		0

		93		0		38		139		0

		94		0		47		163		2

		95		0		52		127		0

		96		0		58		128		0

		97		0		49		139		0

		98		0		71		138		0

		99		0		82		133		0

		100		0		86		118		0

		101		0		116		126		0

		102		0		129		104		6

		103		0		146		98		2

		104		0		159		121		2

		105		0		183		91		2

		106		0		181		77		0

		107		0		205		84		0

		108		0		230		93		0

		109		0		257		96		0

		110		0		275		81		0

		111		0		366		84		0

		112		0		386		81		2

		113		0		466		90		2

		114		0		500		94		0

		115		0		574		78		0

		116		0		701		97		0

		117		0		821		71		0

		118		0		973		75		0

		119		0		1044		74		0

		120		0		1230		73		0

		121		0		1458		68		0

		122		0		1725		81		0

		123		0		2094		60		0

		124		0		2505		54		0

		125		0		3139		60		0

		126		0		3679		62		0

		127		0		4577		50		0

		128		0		21625		54		4

		129		0		4735		45

		130		0		3746		67

		131		0		3032		51

		132		0		2431		47

		133		0		2017		43

		134		0		1716		57

		135		0		1418		41

		136		0		1282		42

		137		0		1078		39

		138		0		901		39

		139		0		780		37

		140		0		733		37

		141		0		636		32

		142		0		503		32

		143		0		475		25

		144		0		342		36

		145		0		326		31

		146		0		301		41

		147		0		246		24

		148		0		240		28

		149		0		215		40

		150		0		190		26

		151		0		149		25

		152		0		124		22

		153		0		126		30

		154		0		101		20

		155		0		82		33

		156		0		87		16

		157		0		75		30

		158		0		50		25

		159		0		64		20

		160		0		53		18

		161		0		57		26

		162		0		57		22

		163		0		47		20

		164		0		31		19

		165		0		36		19

		166		0		26		12

		167		0		19		24

		168		0		21		21

		169		0		14		25

		170		0		16		17

		171		0		17		15

		172		0		13		22

		173		0		15		14

		174		0		11		13

		175		0		11		15

		176		0		14		15

		177		0		9		10

		178		0		11		8

		179		0		10		6

		180		0		8		11

		181		0		5		9

		182		0		3		13

		183		0		1		6

		184		0		6		7

		185		0		5		9

		186		0		2		11

		187		0		7		9

		188		0		4		5

		189		0		1		8

		190		0		4		11

		191		0		2		12

		192		0		5		8

		193		0		1		9

		194		0		2		11

		195		0		4		12

		196		0		4		9

		197		0		2		7

		198		0		4		7

		199		0		6		7

		200		0		1		4

		201		0		1		6

		202		0		0		11

		203		0		1		14

		204		0		0		4

		205		0		3		6

		206		0		0		3

		207		0		1		4

		208		0		1		7

		209		0		0		3

		210		0		1		11

		211		0		0		1

		212		0		3		7

		213		0		0		1

		214		0		0		4

		215		0		0		3

		216		0		0		8

		217		0		1		8

		218		0		2		3

		219		0		0		7

		220		0		0		5

		221		0		0		3

		222		0		1		2

		223		0		0		1

		224		0		0		2

		225		0		0		5

		226		0		0		1

		227		0		0		3

		228		0		0		3

		229		0		0		2

		230		0		3		4

		231		0		1		5

		232		0		1		2

		233		0		1		0

		234		0		0		5

		235		0		0		2

		236		0		0		2

		237		0		0		2

		238		0		0		3

		239		0		0		2

		240		0		1		3

		241		0		1		3

		242		0		0		2

		243		0		0		1

		244		0		0		2

		245		0		0		1

		246		0		0		2

		247		0		0		1

		248		0		0		1

		249		0		0		2

		250		0		0		0

		251		0		0		3

		252		0		0		3

		253		0		0		2

		254		0		0		2

		255		0		0		2

		256		0		2		55

		totals		79406		79406		79406		79203

		mean		6.88				33.54		5.37





430 nm

				1000000		188294		773281		38424		1

						(cm)		(cm)		(cm)

				bounces		displ		pathlength		abs(displ)

		0		17269		7		2841		46873

		1		23578		1		3887		21312

		2		16436		0		5306		17258

		3		14271		1		5560		13956

		4		12874		0		5029		11624

		5		11389		0		4583		9918

		6		10206		0		4251		8566

		7		9027		0		3906		7176

		8		8101		0		3896		6226

		9		7270		0		3706		5554

		10		6379		1		3623		4630

		11		5682		0		3632		4066

		12		5105		0		3567		3604

		13		4500		0		3535		3184

		14		3959		1		3393		2728

		15		3571		0		3231		2342

		16		3207		1		3057		2040

		17		2829		0		3078		1838

		18		2576		2		3005		1714

		19		2240		2		2896		1530

		20		1957		1		2823		1390

		21		1734		1		2798		1200

		22		1556		0		2660		1026

		23		1361		1		2568		904

		24		1246		0		2562		812

		25		1113		0		2461		718

		26		976		1		2424		616

		27		887		0		2419		490

		28		742		0		2277		482

		29		676		2		2257		444

		30		646		3		2224		376

		31		538		0		2091		358

		32		518		1		2130		334

		33		419		0		2032		298

		34		401		1		1925		300

		35		363		0		1938		256

		36		288		2		1921		206

		37		224		0		1797		180

		38		231		1		1813		184

		39		212		1		1744		128

		40		160		1		1742		150

		41		173		0		1711		90

		42		166		2		1664		106

		43		128		2		1556		100

		44		122		3		1565		86

		45		113		1		1556		88

		46		100		1		1535		80

		47		85		4		1365		72

		48		84		1		1346		80

		49		63		1		1318		62

		50		51		2		1339		64

		51		82		5		1362		34

		52		51		2		1192		26

		53		40		5		1231		50

		54		38		2		1177		32

		55		24		4		1198		28

		56		21		3		1169		28

		57		32		3		1147		22

		58		19		6		1098		22

		59		25		6		1061		20

		60		18		7		985		14

		61		10		8		989		10

		62		13		7		954		14

		63		11		12		947		24

		64		13		5		927		22

		65		13		9		880		10

		66		10		14		892		8

		67		10		3		853		22

		68		4		7		762		14

		69		5		11		805		14

		70		7		13		816		14

		71		5		6		800		8

		72		3		10		761		6

		73		6		20		720		12

		74		4		13		685		2

		75		5		21		667		4

		76		0		14		657		0

		77		1		25		624		14

		78		3		23		639		4

		79		3		27		663		2

		80		1		34		600		2

		81		0		25		613		2

		82		0		39		588		6

		83		4		42		596		6

		84		1		37		574		6

		85		0		57		556		2

		86		3		49		500		0

		87		3		58		487		2

		88		1		61		511		4

		89		0		92		509		6

		90		1		77		476		6

		91		0		102		443		2

		92		0		108		474		0

		93		0		94		433		4

		94		0		130		398		0

		95		0		133		388		2

		96		0		161		372		2

		97		0		155		418		2

		98		1		170		411		4

		99		0		222		372		2

		100		0		232		352		0

		101		0		320		354		2

		102		0		346		339		6

		103		0		361		340		0

		104		0		398		366		2

		105		0		494		308		2

		106		0		524		253		0

		107		1		558		276		2

		108		0		622		298		0

		109		0		711		312		0

		110		0		869		278		0

		111		0		968		301		2

		112		0		1124		239		0

		113		0		1174		291		0

		114		0		1409		236		2

		115		0		1540		253		0

		116		0		1762		247		2

		117		0		2008		213		2

		118		0		2317		223		2

		119		0		2652		237		0

		120		0		3136		213		0

		121		0		3741		215		0

		122		0		4107		223		0

		123		0		4981		202		0

		124		0		5831		180		0

		125		0		7115		192		0

		126		0		8536		203		0

		127		0		10637		198		0

		128		0		46873		186		14

		129		0		10656		166

		130		0		8629		158

		131		0		6978		173

		132		0		5812		150

		133		0		4959		172

		134		0		4283		161

		135		0		3588		141

		136		0		3113		138

		137		0		2777		137

		138		0		2315		137

		139		0		2033		121

		140		0		1802		156

		141		0		1592		117

		142		0		1364		112

		143		0		1171		103

		144		0		1020		116

		145		0		919		129

		146		0		857		105

		147		0		765		102

		148		0		695		120

		149		0		600		103

		150		0		513		92

		151		0		452		85

		152		0		406		88

		153		0		359		101

		154		0		308		88

		155		0		245		100

		156		0		241		84

		157		0		222		101

		158		0		188		74

		159		0		179		87

		160		0		167		72

		161		0		149		87

		162		0		150		79

		163		0		128		74

		164		0		103		71

		165		0		90		80

		166		0		92		72

		167		0		64		57

		168		0		75		53

		169		0		45		85

		170		0		53		61

		171		0		50		67

		172		0		43		54

		173		0		44		53

		174		0		40		52

		175		0		36		55

		176		0		40		46

		177		0		31		42

		178		0		32		49

		179		0		17		46

		180		0		13		47

		181		0		25		44

		182		0		16		47

		183		0		14		31

		184		0		14		33

		185		0		11		30

		186		0		11		36

		187		0		10		37

		188		0		7		33

		189		0		5		32

		190		0		7		41

		191		0		12		34

		192		0		11		34

		193		0		5		37

		194		0		4		37

		195		0		11		38

		196		0		7		47

		197		0		7		30

		198		0		7		27

		199		0		4		25

		200		0		3		25

		201		0		6		38

		202		0		1		30

		203		0		2		33

		204		0		0		24

		205		0		7		20

		206		0		2		21

		207		0		1		26

		208		0		1		26

		209		0		1		19

		210		0		3		24

		211		0		3		14

		212		0		3		21

		213		0		1		16

		214		0		0		23

		215		0		1		16

		216		0		2		22

		217		0		3		22

		218		0		3		20

		219		0		1		30

		220		0		0		18

		221		0		2		19

		222		0		0		17

		223		0		1		19

		224		0		1		19

		225		0		1		15

		226		0		2		13

		227		0		1		15

		228		0		0		13

		229		0		1		10

		230		0		3		14

		231		0		0		14

		232		0		1		11

		233		0		1		4

		234		0		0		16

		235		0		1		15

		236		0		0		12

		237		0		0		14

		238		0		0		6

		239		0		1		11

		240		0		0		9

		241		0		0		6

		242		0		1		10

		243		0		0		7

		244		0		1		12

		245		0		1		8

		246		0		1		8

		247		0		0		8

		248		0		0		13

		249		0		0		8

		250		0		0		8

		251		0		0		11

		252		0		0		7

		253		0		0		4

		254		0		0		12

		255		0		0		8

		256		0		7		267

		totals		188294		188294		188294		188383

		mean		8.00				38.37		5.99





470 nm

				1000000		54865		746374		43427		3

						(cm)		(cm)		(cm)

				bounces		displ		pathlength		abs(displ)

		0		4470		4		744		12603

		1		6277		1		1037		6092

		2		4410		0		1371		4880

		3		3807		0		1415		4186

		4		3421		0		1316		3242

		5		3203		0		1228		2978

		6		2877		0		1113		2580

		7		2516		0		1067		2068

		8		2321		0		1036		1860

		9		2165		0		996		1626

		10		1928		1		1005		1384

		11		1719		0		980		1296

		12		1534		0		972		1068

		13		1448		0		947		1006

		14		1269		1		847		850

		15		1143		0		845		752

		16		1047		0		812		626

		17		884		0		796		578

		18		854		0		772		528

		19		802		0		749		504

		20		646		0		812		392

		21		607		0		746		388

		22		539		1		763		280

		23		483		0		752		256

		24		453		0		721		252

		25		382		0		726		234

		26		356		0		633		234

		27		300		0		681		168

		28		274		0		668		180

		29		266		0		595		146

		30		265		0		631		166

		31		208		0		577		86

		32		211		1		609		116

		33		152		0		580		96

		34		193		1		575		116

		35		140		0		558		100

		36		128		0		545		62

		37		113		1		511		64

		38		91		0		532		54

		39		87		1		496		52

		40		96		0		492		60

		41		82		0		502		30

		42		77		0		502		50

		43		73		1		448		42

		44		53		1		469		46

		45		47		0		486		42

		46		53		0		441		24

		47		41		1		414		18

		48		34		1		375		14

		49		27		3		395		20

		50		24		1		392		24

		51		34		0		392		18

		52		19		1		386		14

		53		10		1		388		16

		54		20		0		364		14

		55		19		0		381		6

		56		9		0		342		16

		57		21		2		369		6

		58		11		1		358		6

		59		9		4		315		8

		60		9		2		274		6

		61		10		5		299		8

		62		7		5		317		8

		63		7		0		303		2

		64		11		2		299		2

		65		8		4		289		4

		66		10		3		304		8

		67		3		2		266		4

		68		5		3		230		8

		69		5		4		261		2

		70		4		4		226		6

		71		1		4		233		8

		72		5		2		248		0

		73		4		5		223		2

		74		1		6		245		2

		75		4		11		215		0

		76		1		8		221		2

		77		4		7		213		4

		78		1		3		190		0

		79		3		11		221		0

		80		2		7		226		2

		81		0		12		206		2

		82		2		19		214		4

		83		1		21		199		0

		84		0		18		180		0

		85		0		15		169		2

		86		2		21		168		2

		87		1		22		166		0

		88		0		23		156		0

		89		0		33		143		2

		90		1		25		157		2

		91		0		42		154		0

		92		0		35		146		0

		93		1		32		143		4

		94		0		47		130		2

		95		1		48		125		0

		96		0		48		120		0

		97		0		56		147		2

		98		0		57		128		2

		99		0		89		138		0

		100		0		89		134		0

		101		0		105		127		0

		102		0		119		123		2

		103		1		136		107		0

		104		1		147		123		2

		105		1		163		100		2

		106		0		174		101		2

		107		0		187		99		0

		108		0		210		108		0

		109		0		234		108		0

		110		0		292		102		0

		111		0		308		101		2

		112		0		342		95		0

		113		0		365		107		0

		114		0		468		95		0

		115		0		462		106		0

		116		0		553		94		0

		117		0		616		86		0

		118		0		740		72		0

		119		0		791		96		0

		120		0		917		73		0

		121		0		1109		77		0

		122		0		1228		70		0

		123		0		1479		72		0

		124		0		1702		73		0

		125		0		2052		66		0

		126		0		2381		61		0

		127		0		3033		68		0

		128		0		12603		78		8

		129		0		3046		58

		130		0		2440		55

		131		0		2093		67

		132		0		1621		59

		133		0		1489		58

		134		0		1290		70

		135		0		1034		44

		136		0		930		49

		137		0		813		55

		138		0		692		60

		139		0		648		56

		140		0		534		56

		141		0		503		42

		142		0		425		39

		143		0		376		37

		144		0		313		43

		145		0		289		43

		146		0		264		49

		147		0		252		52

		148		0		196		52

		149		0		194		50

		150		0		140		33

		151		0		128		44

		152		0		126		41

		153		0		117		41

		154		0		117		35

		155		0		84		42

		156		0		90		41

		157		0		73		46

		158		0		83		28

		159		0		43		45

		160		0		58		26

		161		0		48		37

		162		0		58		31

		163		0		50		35

		164		0		31		35

		165		0		32		30

		166		0		27		26

		167		0		26		28

		168		0		30		23

		169		0		15		34

		170		0		25		28

		171		0		21		22

		172		0		23		13

		173		0		21		16

		174		0		12		28

		175		0		9		29

		176		0		7		25

		177		0		10		21

		178		0		12		17

		179		0		9		9

		180		0		7		17

		181		0		8		11

		182		0		7		16

		183		0		3		9

		184		0		8		19

		185		0		3		12

		186		0		3		24

		187		0		4		10

		188		0		3		16

		189		0		4		20

		190		0		4		18

		191		0		1		17

		192		0		1		19

		193		0		2		15

		194		0		4		16

		195		0		2		12

		196		0		4		21

		197		0		1		11

		198		0		3		13

		199		0		4		10

		200		0		0		9

		201		0		1		14

		202		0		1		11

		203		0		0		13

		204		0		1		9

		205		0		2		12

		206		0		0		9

		207		0		0		14

		208		0		1		11

		209		0		1		13

		210		0		2		11

		211		0		0		6

		212		0		0		18

		213		0		1		8

		214		0		1		12

		215		0		0		9

		216		0		0		11

		217		0		1		9

		218		0		1		3

		219		0		0		11

		220		0		0		8

		221		0		2		7

		222		0		1		8

		223		0		0		11

		224		0		0		7

		225		0		1		6

		226		0		1		5

		227		0		0		6

		228		0		0		7

		229		0		0		5

		230		0		1		6

		231		0		0		8

		232		0		1		8

		233		0		1		3

		234		0		1		9

		235		0		0		4

		236		0		0		3

		237		0		0		4

		238		0		0		3

		239		0		1		5

		240		0		0		6

		241		0		0		2

		242		0		0		6

		243		0		0		5

		244		0		0		2

		245		0		0		2

		246		0		0		6

		247		0		0		6

		248		0		0		3

		249		0		0		5

		250		0		0		3

		251		0		0		5

		252		0		0		3

		253		0		0		3

		254		0		0		3

		255		0		0		4

		256		0		4		172

		totals		54865		54865		54865		54735

		mean		9.11				43.19		6.46





random wl

				1000000		99214		808358		33914		4

						(cm)		(cm)		(cm)

				bounces		displ		pathlength		abs(displ)

		0		7915		7		998		22831

		1		11741		0		1665		11242

		2		8663		0		2482		9256

		3		7783		0		2622		7480

		4		6961		0		2385		6306

		5		6344		0		2278		5376

		6		5696		0		2111		4360

		7		4948		0		2126		3984

		8		4303		0		2018		3322

		9		3891		1		2022		2796

		10		3425		1		1929		2640

		11		3008		0		1839		2232

		12		2781		0		1825		1924

		13		2406		0		1805		1720

		14		2138		1		1757		1458

		15		1934		0		1722		1266

		16		1693		0		1686		1124

		17		1485		0		1692		1002

		18		1392		2		1671		826

		19		1209		0		1606		822

		20		1043		0		1508		724

		21		903		0		1569		618

		22		829		0		1461		508

		23		783		0		1433		482

		24		653		1		1391		398

		25		581		0		1319		384

		26		518		0		1394		326

		27		474		1		1356		336

		28		416		2		1249		262

		29		349		0		1242		268

		30		297		1		1157		216

		31		295		0		1123		162								for 0.7 mm fiber, chuck finds 8.5, 41, 6.4 using 6/7 cross section factor

		32		234		1		1149		196								originally for 0.8mm fiber 8.1, 37.3, 6.2

		33		226		1		1118		132

		34		203		0		1073		110

		35		182		0		1067		124

		36		181		1		1075		126

		37		143		3		1043		78

		38		136		1		1023		72

		39		116		0		1000		62

		40		118		0		946		90

		41		98		1		924		76

		42		82		1		840		46

		43		70		3		835		48

		44		60		1		835		58

		45		51		1		761		32

		46		46		1		757		48

		47		41		1		763		52

		48		44		3		763		32

		49		28		0		720		38

		50		37		3		709		24

		51		22		1		674		30

		52		29		1		673		28

		53		23		2		654		36

		54		17		0		642		22

		55		22		2		614		26

		56		18		4		632		14

		57		15		5		589		24

		58		7		2		613		12

		59		9		1		553		14

		60		10		4		593		22

		61		10		2		537		6

		62		4		1		530		12

		63		9		3		495		12

		64		5		3		481		8

		65		11		6		475		6

		66		10		11		510		6

		67		4		4		467		10

		68		2		3		423		2

		69		5		5		450		6

		70		2		12		425		6

		71		4		7		430		6

		72		2		10		413		2

		73		2		6		361		6

		74		0		12		363		2

		75		2		8		436		8

		76		3		9		366		8

		77		1		11		363		10

		78		1		15		380		0

		79		2		12		338		2

		80		3		10		326		2

		81		1		24		308		0

		82		0		16		293		6

		83		2		35		317		0

		84		0		25		294		4

		85		0		24		293		0

		86		1		31		291		2

		87		1		29		259		0

		88		0		35		273		2

		89		1		39		239		2

		90		0		38		225		0

		91		1		52		241		0

		92		0		53		259		2

		93		0		76		247		2

		94		0		63		233		0

		95		0		75		203		2

		96		0		72		244		4

		97		0		95		206		0

		98		0		110		192		0

		99		0		124		214		0

		100		0		132		202		0

		101		0		168		211		0

		102		0		151		197		2

		103		0		192		186		4

		104		0		218		143		4

		105		0		242		173		2

		106		0		260		165		2

		107		0		320		160		0

		108		0		345		162		2

		109		0		421		143		0

		110		0		448		144		0

		111		0		510		161		0

		112		0		553		135		0

		113		0		705		142		0

		114		0		725		128		2

		115		0		860		145		0

		116		0		954		126		0

		117		0		1170		129		2

		118		0		1308		150		0

		119		0		1534		122		0

		120		0		1655		125		2

		121		0		1960		91		0

		122		0		2290		117		2

		123		0		2717		99		2

		124		0		3214		111		0

		125		0		3849		105		0

		126		0		4620		105		0

		127		0		5799		82		0

		128		0		22831		77		8

		129		0		5621		79

		130		0		4628		91

		131		0		3740		92

		132		0		3153		86

		133		0		2688		81

		134		0		2180		94

		135		0		1992		66

		136		0		1661		79

		137		0		1398		74

		138		0		1320		63

		139		0		1116		56

		140		0		962		70

		141		0		860		69

		142		0		729		87

		143		0		633		59

		144		0		562		76

		145		0		501		60

		146		0		413		70

		147		0		411		60

		148		0		362		65

		149		0		309		49

		150		0		254		60

		151		0		241		38

		152		0		199		44

		153		0		192		46

		154		0		163		47

		155		0		168		56

		156		0		131		47

		157		0		134		43

		158		0		108		39

		159		0		81		47

		160		0		98		44

		161		0		66		29

		162		0		55		54

		163		0		62		47

		164		0		63		45

		165		0		39		47

		166		0		36		49

		167		0		31		33

		168		0		45		32

		169		0		38		37

		170		0		23		34

		171		0		24		28

		172		0		29		38

		173		0		16		22

		174		0		24		29

		175		0		26		30

		176		0		16		29

		177		0		19		22

		178		0		12		20

		179		0		15		30

		180		0		14		19

		181		0		18		19

		182		0		11		26

		183		0		13		19

		184		0		7		22

		185		0		12		27

		186		0		6		17

		187		0		7		23

		188		0		11		22

		189		0		3		9

		190		0		6		19

		191		0		6		18

		192		0		4		16

		193		0		3		17

		194		0		3		17

		195		0		5		20

		196		0		1		26

		197		0		3		22

		198		0		3		7

		199		0		3		19

		200		0		1		18

		201		0		3		15

		202		0		1		15

		203		0		4		16

		204		0		4		16

		205		0		5		11

		206		0		0		16

		207		0		1		19

		208		0		1		9

		209		0		0		12

		210		0		3		8

		211		0		0		15

		212		0		2		10

		213		0		0		7

		214		0		1		10

		215		0		0		9

		216		0		1		11

		217		0		1		10

		218		0		0		7

		219		0		0		9

		220		0		1		3

		221		0		1		9

		222		0		0		8

		223		0		1		13

		224		0		2		6

		225		0		0		10

		226		0		0		5

		227		0		0		10

		228		0		0		6

		229		0		0		4

		230		0		1		9

		231		0		2		11

		232		0		2		2

		233		0		1		5

		234		0		1		10

		235		0		0		3

		236		0		1		10

		237		0		0		7

		238		0		0		6

		239		0		0		5

		240		0		0		3

		241		0		0		5

		242		0		1		4

		243		0		0		5

		244		0		0		6

		245		0		1		6

		246		0		0		4

		247		0		0		5

		248		0		1		2

		249		0		0		3

		250		0		1		4

		251		0		1		5

		252		0		0		5

		253		0		0		6

		254		0		0		7

		255		0		0		4

		256		0		4		164

		totals		99214		99214		99214		98495

		mean		8.15				39.29		6.16





random wl
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bounces

pathlength

displacement

number of bounces or distance (cm)

counts per bin

Properties of captured photons for 0.7mm fiber
means: bounces = 8.5, p.l. = 41 cm, displ. = 6.5 cm
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spectrum out

		0		340		0

		1		350		0

		2		360		7

		3		370		5

		4		380		113

		5		390		388

		6		400		1910

		7		410		16039

		8		420		26251

		9		430		23092

		10		440		17088

		11		450		8487

		12		460		4040

		13		470		1794

				480		0

		total				99214
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wavelength (nm)

Spectrum in Baseline Scintillator and NOvA Extrusion
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