Optimization of the NEDM Experiment









A Thesis Presented for the
Master of Science
Degree
The University of Tennessee, Knoxville











Patrick Rogers
December 2016














Copyright © 2016 by Patrick Rogers
All rights reserved.















ACKNOWLEDGEMENTS


Thank you to Vince Cianciolo and the other members of the JINS at ORNL for their help with this project.
ABSTRACT


[bookmark: _GoBack]The Neutron Electric Dipole Moment (NEDM) experiment is an upcoming experiment at ORNL to measure the size of an electric dipole moment inside of the neutron.  This is being done to probe CP asymmetries that could give rise to a matter dominated universe.  The experiment will utilize a nuclear reaction that outputs scintillation light in a manner that depends on the alignment of the spins of the reactant particles.  This light will be detected and used to measure the NEDM.  The amount of light collected for measurement will impact the accuracy of the results; the more photons collected the better the accuracy.  However, during the process of transporting light from the reaction site to the light detectors, much of the scintillation light will be lost.  Herein are the results of tests conducted on various parts of the NEDM apparatus in order to characterize and optimize light collection for the coming experiment.
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Theory and Motivation
[bookmark: _Toc471327183]Introduction

	The Neutron Electric Dipole Moment (nEDM) experiment at Oak Ridge National Laboratory’s Spallation Neutron Source aims to measure the size of an electric dipole moment within the neutron.  The Standard Model predicts an incredibly small nEDM (~10^-31 ecm) [1].  Alternative theories predict values of much higher orders of magnitude such that if any nEDM were detected it would be taken as a signal of physics beyond the Standard Model.  Previous attempts have been made to measure the size of the nEDM in various experiments [1].  Each experiment has lowered the upper bound for what the size of the nEDM could be, inching closer toward the Standard Model value.  The nEDM experiment at Oak Ridge will attempt to measure a neutron’s electric dipole moment of a larger size than the Standard Model prediction using a small amount of scintillation light from a nuclear reaction.  To make measurement possible, the light collection efficiency needed to be maximized.  This optimization was the goal of this thesis.
[bookmark: _Toc471327184]Matter Anti-Matter Asymmetry
		 
	According to the Standard Model of particle physics, the four fundamental forces would have created equal parts matter and anti-matter in the beginning of our universe.  From the abundance of light elements from Big Bang Nucleosynthesis, and from the Cosmic Microwave Background, it has been ascertained that there is a baryon to photon ratio of roughly 6*10^-10 [2].  This means that for every billion or so parts anti-matter generated right after the Big Bang, there was a billion and one parts matter.  The matter and anti-matter collided and annihilated releasing photons.  Because there was just a little bit more matter than anti-matter, the universe became matter dominated instead of being full of nothing but photons.  This matter/anti-matter asymmetry requires a larger Charge Parity (CP) violation than allowed by the Standard Model.   Alternative models exist which provide enough CP violation to allow for the matter observed today, and a consequence of many of these theories is a small, but measureable neutron electric dipole moment [1].  If the nEDM were measured to be a value higher than the Standard Model prediction, it would allow probing of physics beyond the Standard Model which would hopefully help answer some of the mysteries left unanswered by it.
[bookmark: _Toc471327185]Neutron Electric Dipoles and CP symmetry

	The connection between the neutron electric dipole moment and the matter/anti-matter asymmetry of the universe is due to the fact that a non-zero EDM (a positive and negative charge separated by some distance) would violate CP symmetry.  In basic terms, CP symmetry means that if one has a system of charges and reverses the charge sign (Charge conjugation) and spatial coordinates (Parity) of the particles in the system, the energy of that system should remained unchanged.  The energy of a dipole in an external electric field is given by:
	[3]
Under a CP transformation, the electric field is even while the EDM transformation is odd.  In other words, under such a transformation the sign of the field remains while the sign of the EDM reverses. Since the energy is the dot product of the two, energy is not conserved under the transformation.
[bookmark: _Toc471327186]Measurement Mechanics

EDMs are typically measured via precession frequency.  When a neutron is placed in an external magnetic (B) and electric (E) field, the spin will precess.  The energy of the neutron as it precesses is given by the equation:
   [1]

Where h is Planck’s constant,  is the precession frequency,  is the magnetic moment of the neutron, and  is the nEDM.  If B is held constant, then one can see that any change in the frequency implies  does not equal zero.  So, if the external E field were flipped to point in the opposite direction, the change in energy of the system would be:


Thus, one can measure the size of the nEDM by measuring the change in the precession frequency when an external B field is held constant while the E field is flipped:



[bookmark: _Toc471327187]The Nuclear Reaction & Measurement

	The preceding equation gives a way to measure the size of the nEDM using the precession frequency, but a way of ‘seeing’ this frequency is needed.  This is done by utilizing a nuclear reaction that produces light in a manner related to the spin of the neutron.  For this, the following reaction is utilized:
   +764 keV[1]
The proton and triton that are generated from the reaction share the kinetic energy output, and will eventually lose energy by ionizing surrounding helium-4 which will release photons.  These photons can be detected and are the way the nEDM will be measured.
	The above nuclear reaction is spin-dependent.  That is to say, that the probability of the above reaction occurring between a neutron and Helium-3 particle will depend on the orientation of the spins of the two reactant particles.  When they are anti- aligned, the reaction has a high chance of occurring.  When they are aligned the chance is very low [1].  Without the nEDM present, the spins would already precess at different rates due to the external magnetic field and the different gyromagnetic ratios of the particles.
 	If one were to graph the reaction rate over time in this scenario, one would see a pattern of the light output rate growing and shrinking periodically at the beat frequency (the difference between the two frequencies)
   [12]
However, if the nEDM is non-zero, then if the E field were changed, the neutron’s precession changes as well.  Rather than attempting to measure one cell with an alternating E-field, this effect will be seen by measuring 2 different measurement cells with oppositely oriented electric fields but the same magnetic field.  The difference in the precession frequencies between the two cases will yield different beat frequencies which can be used to quantify the nEDM.
[bookmark: _Toc471327188]Motivation for Optimization

As mentioned before, it was desirable to optimize the experiment to assure accurate measurements.  The experiment depends on the detection of scintillation light from a nuclear reaction, but the reaction site and detectors are not in the same location.  This is due to the fact that they needed to be kept under different environmental conditions, so they were isolated from each other in two different environments within the experimental apparatus.  This means light must be transported from the reaction site to light sensors across a boundary.  Furthermore, the scintillation light is in the UV spectrum, whereas the detectors for the apparatus are efficient in the visible spectrum.  This means light must be both wavelength shifted and transported away from the cell.   During every step of shifting and transporting, a large portion of the light is lost (less than 1% reaches the detector), and since each scintillation flash is only expected to yield around a few thousand photons [9], that means not many are expected to reach the detectors.  There will also be a fair amount of noise along with the signal, mostly from other reactions taking place in the cell including neutron -decays and activation which releases gamma rays.  Distinguishing between signal and noise events is crucial to improving the frequency measurement. The signal is mono-energetic due to the detector’s mechanism, so it can be distinguished from the other events (such as those produced by background/outside radiation).  The more scintillation light one gets to the detector, the narrower the reaction’s peak is, and the easier it will be to distinguish from the noise. Therefore, the aim of this thesis is to explore different avenues for optimizing the light collection efficiency.


[bookmark: _Toc420995896][bookmark: _Toc422997483][bookmark: _Toc471327189]
Experimental Set-Up
[bookmark: _Toc471327190]Apparatus Overview

	Figure 1 depicts the experimental apparatus.  The apparatus consists of a few key sub-systems:  the measurement cell, the optical transport system, and the readout electronics.  The measurement cell is located in the lowest chamber of the apparatus and is immersed in liquid helium-4.  This is where the scintillation reaction will occur.  The optical transport system consists of an array of green wavelength shifting fibers, acrylic windows, and clear optical fibers.  They will carry light from the reaction site through a boundary separating the lower, helium-filled chamber from the upper chamber (which is in a vacuum), and then to the electronics.   There are a series of pipes that feed the electronic cables and gas pumps near the top of the apparatus.  These pipes pass through or around a series of radiation baffles that are meant to keep radiation from reaching the lower chamber as it may excite the liquid helium enough to boil.  If the helium boils it will reduce the amount of time it an experiment can run.
[bookmark: _Toc471327191]Measurement Cell

	Figure 2 depicts the measurement cell.  The measurement cell consists of an acrylic cylinder with liquid helium inside that contains the alpha source.  This will act as a proxy for the way that neutrons and Helium-3 react as it will ionize 

[image: ]Figure 1:  Simplified overview of the experimental setup.  A nuclear reaction produces light in the measurement cell which is shifted in wavelength and carried up the optical fiber systems to a readout SiPM (Silicon Photomultiplier) detectors and electronic boards.

[image: ]Figure 2:  The measurement cell, consisting of a PMMA (acrylic) cylinder full of liquid helium with an alpha source inside.  The walls are lined with TPB to convert UV light to visible blue light.
the liquid helium in a similar fashion.  The ionized liquid helium will then emit UV photons (~280 nm).  Normally, acrylic is not very a very good transmitter for UV light (a 2mm thick piece of Acrylic will almost completely block UV while allowing visible light through) [4].  However, the walls of the cell are coated in a substance known as Tetraphenyl-butadiene or TPB.  This substance absorbs light over a wide range of wavelengths, mostly in the UV range.  When this happens the TPB molecules excite, and when they de-excite, they give off photons in the visible light range, mostly around 425nm [5].  TPB can be coated onto a surface via many means.  Commonly it is dissolved into toluene, which is then layered onto a surface.  The toluene will evaporate leaving behind a layer of TPB.  Other methods involve dissolving Polypropylene or Polystyrene into the toluene along with the TPB.  When the toluene dissolves it will leave behind a thin plastic film containing the TPB [6].
[bookmark: _Toc471327192]Optical Transport System

	The optical transport system consists of 3 major components:  Green wavelength shifting optical fibers, acrylic windows, and clear optical fibers.  The outer walls of the measurement cell are lined with one end of an array of green fibers.  These fibers, as their name suggests, shift the wavelength of light coming from the cell.  This is done to retain light in the fibers.  The green fibers will be attached to the measurement cell parallel to the long axis.  Light from the reaction will have to enter the fibers from the side.  Normally, with standard optical fibers this would not be possible.  Due to simple refraction, light entering a standard optical fiber from the side won’t be captured, it will pass through.  In order to capture light then, a standard fiber must allow light to enter through one of its ends, then it will retain it with total internal reflection.  Because of this, if standard fibers had been used instead of the wavelength shifting fibers, many times more fibers would’ve been needed to cover the same surface area of the measurement cell because of the need to point their ends towards the light source (the long axis of the fibers would’ve been perpendicular to the long axis of the cell, rather than parallel).  The wavelength shifting fibers, however, have molecules that absorb the incoming light and re-emit green light isotropically.  This means they can take in light from their sides, and much of the re-emitted light will reach the critical angle needed to reflect light inside the fiber, as seen in figure 3 & 4. In addition, they will transport light away from the cell toward the next piece in the system, the acrylic windows.
	The acrylic windows are located on flanges that hang below a main flange that separates 2 large compartments.  The windows serve as an interface between the green and clear fibers to allow light transfer between the two sets of fibers.  However, the windows are located at the dividing line between two compartments: a lower compartment which contains the measurement cell, and the upper one which contains electronics, including the detectors.  This lower compartment is filled with liquid helium to keep the reactants very cold (~4K).  The nEDM experiment requires a gas-tight seal at the boundary (main flange) between the two compartments, yet a way to feed light from the lower compartment to the upper one is also needed.  As such, the main flange has 4 stainless steel window openings that house the acrylic pieces.  Sandwiched in between the steel window holder and the acrylic window is a compressible, hand-cut gasket ring made of a Teflon based material.  In order to maintain a seal, a 

[image: ]Figure 3:  One of the four optical transport systems, consisting of an array of green optical fibers that shift the light coming from the cell from blue to green, a window that acts as an interface for 2 fiber systems, and an array of clear fibers that carry the now green light to the detectors.  The flange is at the boundary between separate environments.


[image: ]
Figure 4:  This shows the wavelength shifting fibers.  They hold onto more light by using molecules that absorb incoming light and re-emit light at a different wavelength in all directions inside the fiber.

steel ring is used to squeeze the acrylic piece and gasket down onto the inner surface of the flange by bolting it down, keeping it under tension.  However, different materials will expand and contract at different rates under a change in temperature, as seen in the following equation:
   [7]
Where L is the length along a given dimension, T is the temperature, and  is the linear coefficient of thermal expansion, which varies with material.  The linear coefficient of thermal expansion for acrylic is  while that of stainless steel is around  [8].  Essentially, for every degree Kelvin change in temperature, the acrylic shrinks 75 parts per million along a given spatial dimension while the steel shrinks at a fifth that rate.  This will cause tension to be lost on the gasket, and since the gas being sealed against is helium, it doesn’t take a lot of shrinkage to let it leak through.  This means a way to keep tension under cryogenic conditions needed to be devised to maintain a seal as much as possible.
	The final piece of the optical transport system is a set of four arrays of clear optical fibers, each array consisting of 16 evenly spaced fibers arranged in a 4x4 square pattern.  The reason for doing this is to mimic the geometry of the light detectors which are arranged as 4x4 grids.  There is a thin line of separation between each grid section on the SiPM which is a dead zone that doesn’t detect light, so it was necessary to keep the fibers from directing light into one of these dead regions.  The clear fibers are meant to simply transport green light from the window with the wavelength shifting fibers to the detectors attached to the electronics in the upper compartment.  However, care must be paid to their transmission length.  If the fibers become too long, they will begin to attenuate light.  The equation for this goes as:
   [9]
Where I is the amount of light that reaches the detector, x is the fiber length, and L is the transmission length.
[bookmark: _Toc471327193]SIPMs

	The detectors are silicon photomultipliers (SIPMs).  This particular type of detector was chosen due to numerous advantages it had over traditional Photomultiplier tubes (PMTs) and similar Avalanche Photodiodes (APD’s).   SIPMs differ from traditional PMTs via a process called an avalanche, which is also used in APD’s.  Rather than using dynodes to multiply a signal, SIPMs and APD’s amplify a signal by applying a voltage to the core material which accelerates electron-hole pairs through it, which in turn causes collisions that form more electron-hole pairs which are also accelerated.  SIPMs typically achieve a higher Quantum efficiency (# initial charge carriers produced vs # incident photons) than PMTs, but lower efficiencies than APD’s.  SIPMs can achieve high gains such that even the signal from a single photoelectron can be amplified to large levels, on par with PMTs and better than APD’s [9].  This system is also virtually insensitive to external magnetic fields (and interference from Helium).  SIPMs also take up a much smaller volume of space than traditional PMTs and operate at much lower bias voltages (tens of volts as opposed to thousands).  They have a lower and linear temperature sensitivity making their behavior predictable.  The main drawback to the SIPMs is the noise introduced by thermal effects, but there are ways to reduce this using temperature control schemes [10].  This is very useful for the nEDM experiment for the aforementioned reasons; there will be B fields present to precess the reactants, there is limited space for the components, the amount of light measured will be relatively small so a high efficiency would make best use of it, and Helium interference won’t be a problem.
	The SiPM works through a process called Geiger-mode.  When the voltage applied to the detector is high enough, it will generate a strong electric field inside the silicon that can accelerate charges inside the SiPM.  When a photon of light is absorbed, it will generate an electron-hole pair in the silicon.  The field will accelerate the electron and hole in opposite directions.  Because of how strong the field is, the electron and hole will accelerate enough that when they collide with other particles they can generate more pairs via impact ionization, and this process can self-perpetuate in what’s called an avalanche.  The silicon will break down and allow a sizable current flow.  In order to stop the flow and reset the sensor for another measurement, quenching resistors are added that can lower the voltage back down to below breakdown [10].
	As described above, the SiPM would only function as a binary detector; it would any have two outputs, ‘on’ and ‘off’.  In order to overcome this, the SiPM actually uses an array of very small photodiodes (typically there are 100-1000 cells per mm^2) [10], each of which operates in the same way as described previously.  The outputs of each of these individual cells is summed to get a total output that is proportional to the number of cells that were triggered.  In this way, one can quantify the amount of incident light based on the number of cells activated and thus, the size of the signal.
	The main source of noise in the SIPMs will be what’s called Dark Rate.  This means that even when the device is completely dark (not exposed to any light) it will produce signals identical to those produced by photoelectrons.  This is due to thermal effects; essentially with enough thermal energy, electrons can boil off and form signals [9].  The higher the temperature, the more likely this is to happen.  Signals from dark rate usually take on the form of single photon events, so setting thresholds above this can reduce false triggers, but the dark rate will still contribute to measured signals as well [10].  In the case of the nEDM experiment, the measurements taken will be single photoelectron events, so using a high threshold won’t be possible.  Instead, keeping the temperature inside the apparatus low will be used to prevent electrons from boiling off, essentially killing the dark rate.
	The SiPM is typically run at a bias voltage a little over the breakdown voltage.  This is done to make sure fluctuations in the voltage don’t affect the Dark Count Rate too drastically.  If it were run at breakdown, then a slight drop in voltage could see a large drop in the dark rate, and a slight increase would lead to a drastic increase in dark rate.  At a voltage of about 2 volts over the breakdown, a slight increase or decrease in the voltage will have a smaller effect on the dark rate [10].  For the purposes of the experiment, the Overvoltage will actually be set even higher to 5-6 above breakdown to have good efficiency and high gain while still keeping the efficiency constant with respect to voltage.
Each cell in the SiPM generates a uniform and quantized amount of charge with each breakdown.  As such the gain on the SiPM is very easy to predict, it tends to just be the ratio of charge output to the charge on an individual electron.  The output charge just equals the overvoltage (difference in breakdown voltage and bias voltage) multiplied by the capacitance of a cell in the SiPM.  This allows for narrow peaks for each photoelectron [10].
Temperature will play an important role in the operation of the SIPMs.    Temperature makes two contributions:  changes in the breakdown voltage and the dark rate.  The breakdown voltage is roughly linear with temperature, causing a drop of roughly 1-1.5 volts for every 50C drop in temperature.  Since the gain depends on the overvoltage (and the size of the signals depends on gain), it is important to keep the difference between the bias and breakdown voltage constant.  One option to keep a constant overvoltage would be to monitor and adjust the bias voltage as the temperature changes.  The other, easier way would be to use a temperature control system to keep the SIPMs at a stable temperature and leave the bias voltage constant.  Also since the dark rate depends on temperature, keeping the temperature of the SIPMs constant would allow for an easily predictable dark rate that can then be accounted for in analysis, and keeping the temperature low will also keep the dark rate low if not eliminating it [10].
An important aspect of light detectors, including both PMTs and SIPMs, is knowing how to calculate the number of initial photoelectrons produced for a given signal.  For this the following equations are used:
   [9]
   [9]
J is what is called the excess noise factor and when the sizes of the avalanches produced by a detector are the same (and is this case they are since are signals produced by the SiPM cells are highly uniform and quantized) then this value is equal to one.  N is the average signal size; sigma is the standard deviation or rms of the signal.  n0 is the number of primordial charge carriers or photoelectrons produced by the detector.  Using these equations, the number of photoelectrons produced by light detectors in later discussed tests was calculated since this equation works for conventional PMTs like those used in the testing [9].
[bookmark: _Toc471327194]Boards

	There are four boards, one for each SIPM, that are shaped like a quarter of a ring.  They are arranged to form a full ring and suspended above the flange that separates the lower and upper compartments.  They take the signals from the SIPMs and process them into data.  They will only read signals over a certain size threshold, to try to cut down on the amount of noise recorded.  Setting the threshold to a high enough level to discriminate noise, while low enough to record light signals, was necessary.  Their performance can also be altered under cryogenic conditions; it is for this reason that the board covers they are attached to are lined with copper foil with a heating resistor attached.  These resistors are used to raise the board temperatures so that they don’t become so cold that their performance suffers.  A picture of the boards can be found in Figure 5.


[image: ]
Figure 5:  The electronic boards arranged above the main flange.  The SiPM detectors plug in on the other side.
[bookmark: _Toc420995900][bookmark: _Toc422997487]

[bookmark: _Toc471327195]
Optimization Experiments
[bookmark: _Toc471327196]Measurement Cell

	To optimize the measurement cell, a series of tests was run on the TPB coatings to measure their UV conversion efficiency and ascertain how durable they would be against exposure to the elements and to UV light.  The way this was tested was by setting up an apparatus in a large, black box (called the “Dark Box”), as illustrated in Figure 6.
The purpose of the box was to act as an enclosure to keep out as much outside light as possible.  The box was open on the top to allow access to the inside, but had a lid with a gasket that could be secured in place during experiment runs to prevent light from getting in through the top.  The box had openings on the side for wires to go in and out of the box such.  An LED in the UV and Violet wavelength range was connected to a pulser which controlled how fast and how bright the LED would flash.  A PMT connected to a high-voltage supply was used to collect the light and send signals to a computer for analysis.
 At first the space between the LED and PMT was left empty, and light from the LED was collected by the PMT and the signals collected were analyzed.  After that, various samples of acrylic disks, some containing a layer of TPB and other materials, were inserted between the LED and PMT.  When the UV light


[image: ]Figure 6:  The experimental set-up for testing the TPB coatings on some sample disks representing the walls of the measurement cell.  Pulsed light from the LED will strike the acrylic sample (or empty space) and will either be converted and allowed to reach the PMT, allowed to reach the PMT directly, or blocked from reaching the PMT.



from the LED struck the TPB coated disks, the light would be converted to blue light which would pass through the acrylic to the PMT.  
The first step toward testing the reliability of the TPB coatings was to check measurement repeatability by doing a few runs back-to-back with the same sample to see if multiple runs produced similar results.  The apparatus was set up, minus the acrylic disk, the box was closed, and the LED and PMT were turned on.  Some signals were recorded from the PMT to be analyzed, after which the devices were deactivated and the box re-opened.  This was repeated a few times.  After a few signals were recorded with no sample inserted, one of the sample disks was removed from its packaging and inserted between the LED and PMT.  This was an acrylic disk with a Polypropylene and TPB film coated onto one side of the disk.  This side was faced toward the LED.  The box was closed, and the LED and PMT were activated, and pulsed signals were recorded for a time.  Once again, the devices were deactivated, and the disk was removed, then replaced for another run, and the process was repeated a few times.  Afterwards, the sample was returned to part of its packaging.   After that the process was done for a disk with a Polystyrene TPB layer, as well as a blank disk with no coating.
	After a few repeated runs, it was decided to see if leaving the samples exposed to room temperature and humidity would adversely affect their performance.  This was to determine how much care would be needed with the TPB coated measurement cells to assure good performance during the nEDM experiment.  The cells were left out of their packaging in the dark box over night to expose them to room temperature and humidity, but not light.  After overnight exposure, the samples were once again measured in the same fashion as stated above to see if the same results were yielded.  This was done a few times to ensure repeatability.
	The final step was to expose the samples to light.  This was done in two stages.  For the first stage the samples were left out in the lab environment, exposed to the overhead lights for 4 hours at a time. This was done twice for a total exposure time of 8 hours.  After this was done, the samples were taken outside and exposed to sunlight for 10 minute increments and measured with each increment.
	All of the aforementioned methods of testing the TPB samples was run two different times with two different sets of samples.  The first set also contained a thin microscope slide with pure TPB layered on the surface.  The results all of the tests discussed herein will be shown and discussed in the next chapter.
[bookmark: _Toc471327197]Optical System

	There were concerns over a few aspects of the optical system.  The first dealt with the fibers, specifically, with the lengths of the clear fibers, as well as the interface between the two fibers.  To test these two things, the set up in figures 7 & 8 was used.  In summary, a blue LED was inserted into an acrylic block to hold it in place.  A green optical fiber was clad in un-shrunken shrink 

[image: ]Figure 7:  The experimental set-up for testing the transmission length and interface of two fibers.


[image: ]
Figure 8:  A picture of the same experimental set-up illustrated in Figure 7.

wrap to keep external light from entering the fiber anywhere but at the ends.  One end was dipped in optical grease and inserted into the same acrylic block as the LED, and butted against the LED.  The other end of the green fiber was greased and inserted into a black 3D printed cylinder that had 2 openings (one was 1mm in diameter and the other was 1.5mm in diameter, the same diameters as the green and clear fibers respectively).  One end of the clear fiber was greased and inserted into the black piece, butted against the green fiber.  The clear fiber was either left to coil up on its own, or wrapped around a plastic cylinder roughly 8-10 inches in diameter to hold it, depending on the fiber’s length.  The other end of the clear fiber was inserted into a black 3D printed block that was taped to the PMT.  The fibers were held in place with a series of clamps to keep them from coming loose from their holders.
	One final run to test the attenuation length was conducted at a later time that was identical to set up as the previous experiment, described above.  There was a key difference in that the 3d printed holder piece was replaced with two stainless steel holders that were screwed together tightly.  Each holder had a different size hole in the middle to accommodate the two different fiber diameters.  These metal holders were machined to tighter tolerances than the 3d printed piece, allowing them to hold the fibers straight and tight to keep them in line and butted together better than the plastic holder.  This was done in the hopes of improving results as the 3d printed piece was somewhat unreliable in holding onto the fibers.
	To test the transmission length, a 20-meter clear fiber was inserted, wrapped around the aforementioned cylinder to coil it.  The box was closed and the LED and PMT were activated, and signals were recorded.  After this, the 20-meter fiber was removed, cut down by 2 meters, the cut end was hand polished and then re-inserted for another run.  This was repeated until the meter was 2 meters long, at which point it was cut down to 1 meter.  In some cases, where 20 meters of fiber were unavailable, some runs were conducted with shorter lengths of fiber.  The average amount of light detected in a light pulse was recorded against the various fiber lengths.  This was to ascertain how the light intensity would drop off as the fiber length increased, as in the final apparatus the fibers will need to be long to reach the SIPMs.
	The other point of interest was the fiber interface.  Ideally the fibers would be lined up center to center.  The fibers are of different diameters, so that does provide some room for one to be slightly off axis without losing light, but it’s still very hard to line them up perfectly given their small size.  It was to be ascertained how well one must control the fiber to fiber contact to get repeatable results.  This was done using a slightly modified set up from the one above.  Rather than using a 3d printed fiber holder to hold the fibers perfectly in place, a short (1-2m) clear fiber was held still using clamps while the green fiber’s free end was inserted into a clamp that could be moved perpendicular to the axis of the fiber.  Two knobs on this clamp allowed one to move the green fiber’s end along the 2 axes.  For this part, the fiber ends were held centered along each other’s axis in the horizontal plane (called ‘x’ in this case) while the vertical (‘y’) knob was used to move the fiber ends in and out of alignment in that direction.  Each quarter turn of the knob is leads to the clamp translating 0.5mm distance in the given direction.  The amount of light detected was measured as a function of the amount the vertical knob was turned.  The green fiber was moved all the way to one side such that it was completely out of alignment in the y direction, and the knob was slowly turned while measurements of the light output were taken.  This was repeated for three different clear fibers to check repeatability.
	Another test for the optical system was a vacuum test of the fiber feed-through.  The way this was done was using the set up illustrated in Figure 9.  	  An acrylic window piece was placed in a stainless steel tube connected to a hose leading to a vacuum pump connected to a Helium leak detector (a mass spectrometer tuned to He).  A Teflon gasket was placed between the acrylic window and the window flange.  A backing ring was placed on the backside of the acrylic piece and bolted to the flange face to press down on the acrylic piece and the gasket under it.  This device was tested to see if Helium gas could leak through it.  This was done by taking a Helium tank with a nozzle and spraying a little helium around the window.  If any Helium made it into the tube, the vacuum pump would suck it out of the tube, and into a detector which recorded the rate of helium flow into the tube in units of mbar/(liters/second).  This unit is analogous to moles per second of helium flowing into the opening.  The tests were done at room and cryogenic temperatures.  To test this seal in cryogenic conditions, the 

[image: ]Figure 9:  Experimental set-up for testing the vacuum seal on the acrylic window pieces.  The window piece is sealed against a flange face by bolting it to the face with a gasket pressed in between them.  The backing ring is what is used to bolt the window in place and provides even pressure to the gasket.  The vacuum pump pulls any gases present in the tube into a detector which is tuned to look for helium.




window was initially submerged into liquid nitrogen in a bucket-like dewar.  After some difficulties, the set up was eventually changed to suspend the window just above the surface of some liquid nitrogen, rather than being dunked into it.  Some temperature sensors were placed both on the outside and inside of the tube to measure the temperature both on the outer-bottom surface of the tube, as well as inside the tube itself.  The helium leak rate was recorded as a function of temperature, during cool down and warm up periods, to ascertain how well the gaskets worked in cold conditions.  Initially, a cool-down run was performed before every warm up run, but this practice was stopped after the first five runs.  The results for these tests are discussed in the next chapter.
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	As previously mentioned, the electronics consist of four identical SIPMs connected to four identical readout boards.  The boards process the signals from the SIPMs and discriminate noise from signal via a threshold voltage setting which was adjusted using a variable resistor.  Ideally there is a ‘plateau’ region where a change in threshold voltage won’t change the count rate (which will be true if the smallest signal is well-separated from the noise).  The goal was to ascertain where these regions were and how wide they were to figure out where the voltage should be set and how much it could change without affecting results at different temperatures.  This was done by placing the boards in a box with a liquid nitrogen feed and temperature controls.   The temperature was set to various cold temperatures and the boards were powered on and run.  The count rate was measured versus threshold voltage for different temperatures and bias voltages.  The next chapter will discuss the results of this and other tests.
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Results and Discussion
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	 Figure 10 summarizes the light collection runs for the first few runs with a UV LED and the acrylic disk TPB samples in the dark box as well as the runs after overnight room humidity and lab light exposure.  Figure 11 shows the light collection as a function of UV exposure time.  On Figure 10, the y- axis is the average intensity of the light flashes as given by the average number of photoelectrons initially generated by the PMT, which is proportional to the number of photons incident to the surface of the PMT.  The x-axis is just the run number.  As one can see, while there are some fluctuations in the graph, the overall pattern is that the amount of light collected remains roughly the same, indicating that taking the samples in and out of the box, as well as leaving them out in the room had no real effect on them.  The results also show a large difference in the amount of light that ultimately reached the PMT between the Polypropylene and Polystyrene coatings, with almost double the amount of light reaching the detector through a sample coated in a polypropylene and TPB film (53% light transmission as compared to an empty run) as compared to polystyrene (32% as compared to an empty run).  The results also show that with no coating, very little light would reach the PMT due to it being blocked out by the PMMA as indicated by the results of the empty and blank runs.  However, it also shows that a significant amount of light is lost between at the TPB coating, as 

Figure 10:  Results of the light transmission runs not including those involving UV exposure.


Figure 11:  Results of the light transmission runs after the samples were subjected to increasing times of sunlight exposure.

seen by the empty run, since and empty run produces about twice as much light as when a Polypropylene TPB coating is used. 
	UV exposure was a different matter.  After about 24 minutes of exposure, a noticeable decrease in the amount of light detected by the PMT was seen, as illustrated in Figure 11.  After about 24 minutes of exposure, the amount of light detected through a Polypropylene TPB coating dropped to around 75% its initial level.  The Polystyrene TPB coating saw its light transmission levels from to 50% its initial level until it was no better than a blank PMMA disk.  Acrylic (PMMA) is a poor transmitter of UV light, as seen by the PMMA baseline produced by the blank disks.  If the TPB samples are losing their ability to transmit UV light, it seems likely that what’s happening is that the TPB becomes less able to convert the UV light from the LED to visible light, and in turn the PMMA disks backing the TPB are then blocking the UV light from reaching the PMT. 
For the second set of TPB sample runs, the same general pattern is seen in that the amount of light detected does not fall with lab light exposure, but UV exposure will cause decay.  However, the numbers are somewhat different as seen in Figures 12 and 13.  For example, the amount of light let through with a Polypropylene sample in the second run was roughly 30% that of an empty run.  In the first set of runs it was roughly 50%.  Likewise, the other numbers are also low.  It’s hard to say why these percentages are different.  The coatings on the sample disks and TPB wafer were not uniform, being more transparent in some places than others.  The orientation of the sample disks may affect results as it 


Figure 12:  The results of the second set of TPB sample checks.



Figure 13:  The results of the second set of TPB sample runs with an hour of total UV exposure.

may make the LED face areas with thicker or thinner coatings.  It’s also possible that the coatings were not uniform between the 2 different sets.
Sun exposure is a bit of an extreme as the UV scintillation light isn’t nearly as intense or as long lived as 10 minutes of sun exposure, it does show that the TPB can ‘wear out’ so to speak.  If repeated measurements are taken for long periods of time with the same coating of TPB on the measurement cell, one may expect a small decrease in the amount of light being transmitted to the optical transport system, but not enough to emulate sun exposure.  For reference, roughly 1000W/m^2 of solar light is incident on Earth’s surface, of which less than 5% is UV light around 250-300nm [11].  The TPB disks are approximately 2.5cm in radius, so in 10 minutes’ time the disks saw approximately 60J of energy.  If one assumes the UV photons striking it were around 280nm in wavelength, then approximately 8.5x10^19 photons struck the each of the disks in 10 minutes.  For comparison, the measurement cells will see about 10^11 photons/cm^2.  A patch of the cell of the same size as the disks would see many orders of magnitude fewer photons than the disks saw from the sun.  This means one should not expect too drastic a decrease in the transmittance of the TPB coatings due to scintillation light exposure, especially if the TPB coating is applied with Polypropylene.
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	The results from the transmission length check were inconsistent, as seen in Figures 14 & 15.  The transmission length from the graphs is seen to be anywhere from 5 to 37 meters.  This was hypothesized to be due to the experimental set up.  Due to the nature of 3D printing, object sizes can vary, particularly when holes are involved.  In the 3D printing process, a plastic filament (In this case ABS) is heated to its glass transition temperature and is laid down in layers to form a solid object.  As the object cools during and after printing, some warping can occur.  This can cause the dimensions of the object to be slightly off.  When printing an object with holes, one generally must oversize them in the object file before printing as they will turn out smaller in real life.  This was attempted with the black holder piece, but was done with very limited precision, so the piece had a loose fit for the fibers.  It’s possible they were able to move out of alignment with each other or away from each other enough to cause some light losses between different runs, throwing off precision. 
Other possible contributions to the lack of precision in and between the runs may have to do with the fact that the ends of the clear fiber were polished by hand every time it was cut down.  There may have been inconsistencies in the way it was cut and polished.  For example, a cut may have been slightly angled, leading to the fibers not sitting flush.  Also, during polishing some of the outer cladding could’ve come off and got stuck to the end of the fiber, obstructing the light coming through.  To test this, multiple fibers that were all 2 meters long that 


Figure 14:  The first two attenuation length runs.  The first run is separated in two parts, short fiber lengths (blue points) and long fiber lengths (green points).


Figure 15:  The results of the three short fiber runs.

were hand-polished were individually tested to see the difference in the amount of light collected.  In the end there was about a 15-20% difference in measured light between multiple fibers of similar preparation, as seen in Figure 16.
	It was also to be ascertained how much measurements could vary between runs with the same fiber.  To quantify this, a 1-meter fiber was plugged into the apparatus.  A light measurement would be taken, then the power supply turned off, the fiber removed and re-inserted, and the whole process repeated.  This was meant to simulate swapping out fibers between each run of the attenuation length experiment. This was conducted at regular intervals over two hours to see what impact it would have on the amount of detected light.  While the PMT was left to run for 2 hours, a slight increase could be seen in the counts.  This can be seen in Figure 17.  There was only a small variation of about 5% between the runs, and the points are within statistical error for each other, so there is not much variation seen with the same fiber.
It’s worth noting that shorter wavelengths of light will attenuate faster than longer wavelengths in the fibers as they are more readily absorbed.  If one looks at a graph of the Intensity of light over different fiber lengths, they will find the attenuation coefficient changes between short and long fibers [9].  However, this effect should be minimized since the light was passed through a wavelength shifting fiber that should’ve narrowed the spectrum of light seen to visible wavelengths around green.  Even so, in Figure 14 one can still see a noticeable change in the behavior of the graph between short (<8m) and long (>8m) fibers.  


Figure 16:  The results of the 2m Fiber check.  Different 2 meter fibers were hand prepared, then measured for the amount of light transmitted.  There’s about 15-20% variation between fibers.



Figure 17:  The results of leaving the PMT running for the majority of 2 hours with the same fiber.  There’s only a 5% variation between the different runs.

Some of this may be due to different mechanics by which light can be trapped in the fiber which may produce different attenuation coefficients such as meridional and skew trapping or via trapping light in the cladding of the fiber [13].
	The results of the last attenuation length experiment can be seen in figure 18.  With this last run, an attenuation length of 27 meters was observed.  The results for this last run have a more precise fit to an exponential decay trend line than previous runs.  Since the major difference in this run was the machined fiber holder, it stands to reason that the tighter fit provided allowed for more consistent results.
	The graphs from the fiber alignment experiments are shown in Figure 19.   With the green fiber starting at the top-most position at 0 turns with the y-axis knob, and 8 being the maximum number of turns, the 2 fibers were aligned center to center at 4 turns.  To translate this into units of length, 8.5 turns on one of the knobs produces roughly 4.25mm of translation for a ratio of 0.5mm per turn.  As one might expect, each of the three graphs shows maximum light intensity at around 4 turns of the y-knob.  It was expected that the amount of light detected would plateau near the center for 2 or 3 quarter-turns due to the fact that the green fiber is 0.5mm smaller in diameter, meaning all of the light leaving it can still be captured by the other fiber over a small amount of misalignment.  Outside of that, the detected light levels drop off quickly, which would indicate that in the final experiment, taking care to align the fibers within a 0.5mm difference axis to axis will be important to avoid losses.  However, it is worth 



Figure 18:  The results of the final Attenuation length run with a machined fiber holder.



Figure 19:  The results of the 3 fiber interface checks.
noting that the absolute number of photoelectrons varied from fiber to fiber.  The green fiber was never replaced with another, and the 3 clear fibers were of the same length and were prepared the same way with regards to how they were cut and polished, so it seems that they should yield the same results.  It would seem most likely that the differences can be contributed to sample preparation, as the fibers were both polished and butted together by hand.  
	The compiled vacuum seal results can be seen in Figures 20 & 21.  The first graph shows the leak rate against the temperature as the setup was warming up after having already been chilled.  The second shows the leak rate during the cool-down itself.  Multiple setups were tried.  Originally, steel bolts were utilized to tighten the backing ring with no bolt standoffs and a metal backing ring.  Eventually the 8 steel bolts were switched out for twice as many bolts made of PEEK polymer.  The polymer bolts contract at a higher rate than steel, allowing them to keep more tension on the gasket.  However, it still wasn’t enough, so metal standoffs were later slipped on over the PEEK bolts.  When the PEEK bolts and acrylic shrank, the standoffs did so at a slower rate, offsetting the difference enough to lower the leak rate.  Different gasket ring sizes were utilized as well, with an average sized ring being used for the first few runs, then a small, tight gasket was utilized, and finally a large, loose fitting ring was used.  It was found that larger rings provide a slightly better seal whilst tight ones run the risk of introducing stress to the acrylic and causing it to crack.  The very last warm-up run was the best in terms of having a low, stable leak rate at low 


Figure 20:  A compiled view of the various leak checks as the temperature rose as the tube was warmed up.

Figure 21:  A compiled view of the leak checks done on the tube as it was being chilled.




temperatures.  This run was achieved with a polymer backing ring, PEEK bolts, and metal standoffs.  This combination seems to maintain tension on the gasket at low temperatures better than the others.
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	Figure 22 shows the results of the threshold runs.  At lower temperatures, the rise in count rate at low thresholds is very similar.  In that regard, setting the threshold low will yield very similar results at lower temperatures.  At higher thresholds, the point at which the count rate begins to drop off varies more between temperatures.  If this should be problematic, it would seem that setting the boards to a low threshold should help.  In general, the colder the boards get, the narrower the plateaus become.  The final experiment will be able to control Threshold voltages down to 1mv increments, temperature at 10K increments, and Bias voltage at 0.1V increments.  The plateau values between different low temperature runs show that the Threshold voltage window is around 5 or 6 mV, which is bigger than the control increments.  One can see that between -150 and -100 Celsius, the threshold window still stays plenty wide.  With changes of up to 1.5 volts it also stays wide.  Given how fine the controls on the experiment are, this gives plenty of room to work with, so small fluctuations shouldn’t be catastrophic for the final experimental results.



Figure 22:  The Compiled Results of the threshold checks at different temperatures.  Vbias increases approximately 1 volt for every 50 degrees Celsius the temperature drops to maintain overvoltage.
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Conclusion

In conclusion, the keys to securing accurate measurements in the coming nEDM experiment will revolve around a few things:  maintaining the seal (to prevent helium from reaching the upper compartment, ruining the vacuum, and acting as an exchange gas that will let the upper compartment heat up), ensuring good optical interfaces (by properly aligning optical fibers nearly center to center), knowing how to minimize light losses (knowing how light attenuates with different fiber lengths, choosing optimal TPB coatings, and knowing how the TPB coating may decrease in efficiency with exposure to UV light), and choosing voltage settings that ensure stable readings (e.g., setting bias and threshold voltages such that changes in temperature won’t cause large increases or decreases in the amount of signals).   Maintaining temperatures and setting robust thresholds should prevent drastic changes in the count rates of the boards or drops in efficiency, which is important because they are being used to try to accurately measure light from the cell to ascertain an event rate over time.  Maintaining good fiber alignment will minimize the amount of light lose between two fibers at their interface, allowing more to be eventually detected, improving the statistics of the measurements.  Knowing how light will attenuate in long fibers and how much TPB’s light transmission changes over time will allow one to properly design and set up the experiment.
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Sample/Empty Light Ratio Over Time
Empty Runs	1	2	3	4	5	6	7	8	9	1	1	1	1	1	1	1	1	1	Polyproylene Runs	
1	2	3	4	5	6	7	8	9	0.53008582236467361	0.52776502357979416	0.5364592543435992	0.53532108642527276	0.5489236747799684	0.55329759040013293	0.54083421560505263	0.54968480248457974	0.52867959665138831	Polystyrene Runs	
1	2	3	4	5	6	7	8	9	0.31197731957703456	0.3173311434026011	0.31999204361955019	0.32763311078875518	0.32621773953128519	0.34270274539384754	0.32324027978625641	0.33052794976014399	0.31761366057915458	PMMA Runs	
1	2	3	4	5	6	7	8	9	0.11640747647294974	0.12625809529039342	0.12246324276654562	0.12699599839790274	0.12262174202395483	0.13028516772940885	0.12656888467786562	0.12647160564568016	0.12486530047031658	Blinded Runs	
1	2	3	1.467085678169868E-6	2.6248471774772584E-6	5.3573559923219134E-6	Trial #

Ratio of Avg PE Against Empty



Transmittance Ratio vs UV Exposure
Empty Runs	
0	10	20	24	1	1	1	1	Polypropylene	0	10	20	24	0.55645374183798568	0.43638658066760444	0.41513632477459356	0.41513632477459356	Polystyrene	0	10	20	24	0.3261553095905701	0.17123470684492084	0.15312445542822653	0.15312445542822653	PMMA	
0	10	20	24	0.12745758796000695	0.12518364924789635	0.12499955073158336	0.12499955073158336	Exposure Time (Min)

Transmittance Ratio vs Empty



TPB Transmission Ratio

Empty	1	2	3	4	5	6	7	8	9	1	1	1	1	1	1	1	1	1	Polyprop	1	2	3	4	5	6	7	8	9	0.22985140855757977	0.27580026226042353	0.21700564087896684	0.27400521858323157	0.24241437560617995	0.23650808381958463	0.33395207100523155	0.26814689856657403	0.22285186172005714	Polystyr	1	2	3	4	5	6	7	8	9	0.11824769312210158	0.11359429673707851	0.11063987609448976	0.11980251996458879	0.11053450065337554	0.11215985051934195	0.15337698205931896	0.10380431301975972	0.11047301368886797	TPB Wafer	1	2	3	4	5	6	7	8	9	0.30629198029774807	0.2966285263392337	0.31451024920250498	0.33424211666543086	0.30033345791574179	0.31414834151598725	0.40848401127122397	0.3466347038632524	0.3233071073894867	PMMA	1	2	3	4	5	6	7	8	9	7.3848600276017664E-3	7.5906745216457547E-3	7.5330105330268984E-3	7.2651747828742647E-3	7.0781544931089084E-3	7.6441889730973897E-3	1.0177264512167102E-2	7.460422115806665E-3	7.1103071206497529E-3	Run #


Transmission ratio
 (vs PE with Empty run)




TPB transmission vs UV Exposure

Polyprop	0	10	20	30	40	50	60	0.22285186172005714	0.20341071081460801	0.15785849365035334	0.17846286771472972	0.15078391146887982	0.16665270865511855	0.1427492842317194	Polystyr	0	10	20	30	40	50	60	0.11047301368886797	4.7934630804910359E-2	3.4820878481172386E-2	2.6498593603754294E-2	2.2573842879475507E-2	2.0323721679615308E-2	1.8795057285602216E-2	TPB Wafer	0	10	20	30	40	50	60	0.3233071073894867	0.26780143453820054	0.27226842670490525	0.25052554170893343	0.27558802998137899	0.24289865487301104	0.23626128775760366	PMMA	0	10	20	30	40	50	60	7.9529145917520642E-3	7.9529145917520642E-3	7.9529145917520642E-3	7.9529145917520642E-3	7.9529145917520642E-3	7.9529145917520642E-3	7.9529145917520642E-3	UV Exposure (minutes)


Transmission Ratio
(vs PE with Empty run)




Normalized Attenuation Length Runs (Long Fibers)
First Run, Long Lengths (	>	8m), Io=3228.3	20	18	16	14	12	8	0.52591709173655632	0.50864663570951829	0.53455791403363795	0.58276034031792434	0.56768992011183339	0.72423287299831562	Second Run (Io=2273.84)	18.7	16	14	12	10	8	0.2652795083351645	0.3904235197872421	0.29682994806165036	0.44839297271260115	0.54849273233342488	0.55229040154488207	First Run, Short Lengths (	<	8m)	6	4	2	1	0.68401241455469108	0.8326639835956231	1.0542067848434842	1.1551646368513868	Fiber Length (m)
Normalized Counts (Counts /Io)
Short Fiber Normalized Attenuation Length

First Run	
4	2	1	0.63700854768229487	0.8786440861229704	1	Second Run	
4	2	1	0.84792661280941484	0.90642945846370115	1	Third Run	
1	2	4	1	0.75442754067238715	0.53452550137000032	Fiber Length (m)


Normalized PE Counts (1m)




Fiber Check	35.753749013417519	37.305435059964275	33.981876332622605	38.814710705083158	34.884979702300406	36.136422806560795	36.361276927069817	40.742503569728697	40.906987505784357	35.753749013417519	37.305435059964275	33.981876332622605	38.814710705083158	34.884979702300406	36.136422806560795	36.361276927069817	40.742503569728697	40.906987505784357	2	3	4	5	6	7	8	9	10	1278.3305685144542	1391.6954850132117	1154.7679190856563	1506.5817671192972	1216.9618088299112	1305.8410532545272	1322.1424597670598	1659.9515971293556	1673.3816267983975	2m Fiber #
PE counts
Fiber Check 2
Fiber Check 2 (same fiber)	30.094488188976378	30.786516853932586	30.284584980237153	30.583067092651756	30.712	30.094488188976378	30.786516853932586	30.284584980237153	30.583067092651756	30.712	0.54166666666666663	0.5625	0.58333333333333337	0.60416666666666663	0.625	905.67821935643872	947.80961999747512	917.15608742520578	935.32399279363869	943.226944	Time
PE Count
Attenuation Length Test, Steel Fiber Holder
18	16	14	12	10	8	4	2	1	850.2245939272276	1020.5248829044452	1179.9628230087731	1171.4736662593662	1310.1539683663591	1342.6516813442754	1620.1247971553194	1703.1752540706711	1650.9656574459598	Fiber Length (m)
Initial PE (counts)
Normalized PE Count vs Y-position

Fiber 1	0	0.5	1	1.5	2	2.5	3	3.5	4	4.5	5	5.5	6	6.5	7	7.5	8	8.5	9	9.5	10	10.5	11	11.5	12	12.5	13	13.5	14	14.5	15	15.5	16	16.5	1.0658779640697021E-3	1.0965066821833562E-3	1.1929609112389893E-3	1.2700953789948064E-3	1.4269960081876843E-3	1.7107956168458879E-3	2.2364369594623811E-3	8.6613442496107692E-3	3.4516738780915678E-2	0.10200074786739499	0.19688480433266614	0.32755422522326738	0.44896322439995184	0.18370367489717213	0.70279501188474092	0.58761589153677374	0.94719364238811832	1	0.98629250893005016	0.7915185666152762	0.7152066059886697	0.53031488577225505	0.37654845701766521	0.22236213260822069	0.10514731849786771	2.5039328631800722E-2	3.4993730203045524E-3	1.7358534013314968E-3	1.5747335328105104E-3	1.3921533256360614E-3	1.4694720543566317E-3	2.5960692501301678E-3	3.5702322774538121E-3	2.6558486639696754E-3	Fiber 2	0	2	4	6	6.5	7	7.5	8	8.5	9	10	12	14	16	7.2743161370443412E-4	1.6719392990658679E-3	3.0771788002931975E-3	0.67583407132739148	0.86099879582124894	0.94706218110553453	1	0.98309967599288128	0.92669758962655691	0.83126680135490438	0.48972360759658601	3.2497723100381362E-2	7.6748067681292442E-2	4.1339111448057589E-2	Fiber 3	0	2	4	6	6.5	7	7.5	8	8.5	9	10	12	14	16	7.1062995749161307E-4	7.8929649908171507E-4	7.5178835220579818E-2	0.74619961674561341	0.92234972782106839	0.97314826856444425	0.99227138285707583	1	0.99415275019767435	0.87565396868599332	0.61876130756662817	5.5407653756256628E-2	2.3890778342542172E-3	1.5961835158975165E-3	Y-Position (mm)


Normalized PE count (max = 1)




Leak vs Temp, Warm-up
Medium O-ring, Air Exchange Gas, 8 SS Bolts	139	145.5	152	158	165	172	182	192	203	214	224	232	3.8000000000000002E-5	2.9E-5	1.9000000000000001E-5	1.5999999999999999E-5	1.0000000000000001E-5	3.4000000000000001E-6	1.7E-6	7.1999999999999999E-7	3.2000000000000001E-7	1.1000000000000001E-7	3.5000000000000002E-8	1.4999999999999999E-8	Medium, Air, 8 SS Bolts	175	175.5	176	177.8	181.5	188	197.2	205.5	214	8.4999999999999999E-6	1.0000000000000001E-5	3.1E-6	1.2999999999999999E-5	7.3000000000000004E-6	2.7E-6	8.4E-7	3.4999999999999998E-7	1.3E-7	Medium, Vacuum, 8 SS Bolts	136.5	139	144.69999999999999	154.30000000000001	163	176	189.6	203.7	216.3	228.5	1.2E-4	9.8999999999999994E-5	4.1999999999999998E-5	1.4E-5	4.7999999999999998E-6	1.3E-6	6.0999999999999998E-7	2.9999999999999999E-7	8.6999999999999998E-8	2.3000000000000001E-8	Tight O-ring, No Gas, 8 SS Bolts	161.4	162.19999999999999	163	164.5	166.1	167.9	170.3	179.7	197.1	208.2	219	230.7	241.2	249.6	257	262.60000000000002	266.8	270.5	273.39999999999998	275.89999999999998	278	280	3.8000000000000002E-5	3.1000000000000001E-5	2.5999999999999998E-5	2.0999999999999999E-5	1.7E-5	7.7999999999999999E-6	6.1999999999999999E-6	1.7E-6	3.5999999999999999E-7	1.8E-7	5.5000000000000003E-8	2E-8	8.0000000000000005E-9	9.5000000000000007E-9	1E-8	1.4999999999999999E-8	1.4E-8	1.3000000000000001E-8	1E-8	1.7E-8	1.7E-8	1.0999999999999999E-8	Tight, vacuum, 8 SS Bolts	161.1	161.80000000000001	162.9	164.7	166.6	168.6	170.9	173	175.3	177.9	180.1	183	188	193.6	199.3	2.3E-5	1.9000000000000001E-5	1.5999999999999999E-5	1.4E-5	1.2E-5	1.1E-5	9.7000000000000003E-6	7.9999999999999996E-6	6.4999999999999996E-6	5.4999999999999999E-6	3.8999999999999999E-6	2.5000000000000002E-6	9.9999999999999995E-7	4.8999999999999997E-7	2.4999999999999999E-7	Loose O-ring, vacuum, 8 SS bolts	162.6	163.5	165	166.5	168.4	170.8	172.8	175.4	177.7	179.7	182.1	184.3	186.7	189.2	193	197.9	3.5999999999999998E-6	3.0000000000000001E-6	2.6000000000000001E-6	2.2000000000000001E-6	1.7999999999999999E-6	1.5E-6	1.1999999999999999E-6	9.2999999999999999E-7	6.7000000000000004E-7	4.8999999999999997E-7	1.4999999999999999E-7	1.4000000000000001E-7	7.1E-8	6.2000000000000001E-9	1.2E-9	6.8000000000000003E-10	Loose, Nitrogen Exchange gas, 8 SS Bolts	138.19999999999999	141.30000000000001	145.5	149.19999999999999	157.6	161.1	164.7	168.5	172.1	175.4	180.2	184.6	188.4	192.4	198	205	214.2	9.5999999999999996E-6	2.6000000000000001E-6	2.7E-6	2.0999999999999998E-6	2.3E-6	1.7E-6	1.3999999999999999E-6	1.7999999999999999E-6	1.3999999999999999E-6	1.3999999999999999E-6	1.1000000000000001E-6	6.7999999999999995E-7	2.2999999999999999E-7	1.4999999999999999E-7	2.1E-7	7.1E-8	1.3000000000000001E-8	Loose, Nitrogen 16 PEEK Bolts	136.19999999999999	143.19999999999999	149.6	155.19999999999999	160	164	167.8	171.8	9.7999999999999993E-6	1.1E-5	1.1E-5	1.0000000000000001E-5	9.7999999999999993E-6	9.0000000000000002E-6	7.6000000000000001E-6	7.1999999999999997E-6	Loose Gorlon O-Ring, Nitrogen, 16 PEEK Bolts	132.80000000000001	143.80000000000001	150.19999999999999	155.5	159.6	163.30000000000001	166.7	170	173.2	176.5	180.9	190.8	199.9	210.2	219.8	229.7	237.8	1.7E-5	1.2E-5	2.0999999999999999E-5	2.0000000000000002E-5	2.0000000000000002E-5	1.8E-5	1.7E-5	1.8E-5	1.7E-5	1.2E-5	7.5000000000000002E-6	3.4000000000000001E-6	1.7E-6	5.3000000000000001E-7	1.1000000000000001E-7	2.9999999999999997E-8	7.3E-9	Loose Teflon O-ring, Nitrogen, Plastic Backing Ring, 16 PEEK Bolts	131.30000000000001	134.19999999999999	136.69999999999999	139.30000000000001	142.69999999999999	146.1	149.80000000000001	153.69999999999999	157.19999999999999	160.6	164.5	169.6	175.3	182.8	194.6	204.1	2.8000000000000002E-7	3.2000000000000001E-7	3.2000000000000001E-7	4.5999999999999999E-7	4.3000000000000001E-7	5.3000000000000001E-7	4.2E-7	4.7E-7	1.6E-7	3.9999999999999998E-7	1.7E-6	6.7000000000000004E-7	3.2000000000000001E-7	2.3000000000000001E-8	1.2E-8	8.2999999999999999E-9	Temp (K)
Leak Rate (mbar l/s)
Leak vs Temp, Cool-down
Medium O-Ring, vacuum, 8 SS Bolts	198	188.5	181.4	178.2	3.8999999999999999E-5	2.6999999999999999E-5	2.3E-5	2.5000000000000001E-5	Tight O-Ring, vacuum, 8 SS Bolts	290.5	280	262.5	245.7	228.9	207.7	192.5	177.9	170.2	165.2	162.6	161.6	161.4	5.0000000000000002E-11	1.4000000000000001E-10	2.6E-7	9.9999999999999995E-7	8.1000000000000004E-5	6.9999999999999994E-5	1.4999999999999999E-4	1.7000000000000001E-4	1.3999999999999999E-4	9.8999999999999994E-5	6.8999999999999997E-5	4.8000000000000001E-5	3.8000000000000002E-5	Tight, vacuum, 8 SS Bolts	280	265.89999999999998	251	236	221.9	209.6	200	189	180.6	173	168	164.3	162.1	161.1	4.8999999999999996E-10	9.9999999999999995E-8	5.0999999999999999E-7	4.0999999999999999E-7	6.4999999999999996E-6	1.1E-5	3.3000000000000003E-5	6.0000000000000002E-5	4.6999999999999997E-5	4.3000000000000002E-5	4.5000000000000003E-5	3.4E-5	3.0000000000000001E-5	2.5999999999999998E-5	Loose O-Ring, vacuum, 8 SS Bolts	282.2	267.10000000000002	248.2	206.7	190	187.3	183.6	180	176.6	172.8	169	166.1	163.80000000000001	162.6	162.30000000000001	2.1E-10	1.5E-10	1.6999999999999999E-7	2.0999999999999998E-6	2.0999999999999998E-6	1.9E-6	2.0999999999999998E-6	2.7E-6	3.4999999999999999E-6	1.2E-5	4.6999999999999999E-6	4.8999999999999997E-6	4.7999999999999998E-6	4.6E-6	3.8999999999999999E-6	Loose, Nitrogen Exchange Gas, 8 SS Bolts	293.39999999999998	287	273.3	262	247.3	236.4	225.8	216	207	199.4	192.9	9.9999999999999995E-8	1.4999999999999999E-8	1E-8	7.0000000000000005E-8	4.4999999999999998E-7	9.9999999999999995E-7	2.3999999999999999E-6	3.8E-6	4.6999999999999999E-6	5.0000000000000004E-6	2.3999999999999999E-6	Temp (K)
Leak Rate (mbar l/s)
Normalized Response vs Threshold
Response vs Threshold (-150C, 29.5V, Plateau 1700)	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	2.3494117647058825	1.3876470588235295	1.0472549019607842	1.1703921568627451	0.98470588235294121	1.0073529411764706	1.006764705882353	0.99382352941176466	0.97352941176470587	0.98029411764705887	0.9779411764705882	0.96352941176470586	0.87705882352941178	0.8276470588235294	Response vs Threshold (-150C, 28.0V, Plateau 485)	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	191.75257731958763	0.865979381443299	2.6371134020618556	0.94089347079037799	0.98213058419243982	1.0261168384879726	1.0082474226804123	0.98969072164948457	0.99175257731958766	0.98075601374570454	0.91855670103092779	0.84020618556701032	Response vs Threshold (-100C, 30.5V, Plateau 14000)	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	2.1423809523809525	1.3659761904761905	1.1562142857142856	1.0887857142857142	1.0605952380952381	1.0421666666666667	1.0261428571428572	1.0136190476190476	1.003452380952381	0.99888095238095242	0.9910714285714286	0.99	0.98609523809523814	0.98595238095238102	0.98578571428571427	0.98597619047619045	0.9802142857142857	0.91952380952380952	0.8537380952380953	Response vs Threshold (-50C, 31.5V, Plateau 330000)	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	1.8035858585858586	1.6278101010101012	1.4837424242424242	1.3598141414141414	1.2713575757575757	1.2017646464646463	1.1558868686868689	1.1347717171717173	1.0751858585858585	1.0450565656565658	1.0253262626262627	1.0117969696969698	1.0059545454545455	1.0001363636363636	0.99761616161616151	1.0025141414141414	1.0087686868686869	1.0167777777777778	1.0264262626262626	0.9994202020202021	0.91035959595959604	0.76883434343434343	Threshold (mV)
Counts (Hz)
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