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ABSTRACT

	Beam monitors are an important diagnostic tool in neutron science facilities.  At high flux neutron scattering facilities, neutron beam monitors with very low intrinsic efficiency (10-5) are presently selected to keep the counting rate within a feasible range, even when a higher efficiency would improve the counting statistics and yield a better measurement of the incident beam.  This report outlines a beam monitor with a parallel-plate avalanche chamber design that is capable of measuring a high count rate without saturation.  Several versions of the beam monitor using different electrode materials were constructed and tested.  Important beam monitor characteristics are given including intrinsic efficiency and count rate capability.
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[bookmark: _Toc339832610]CHAPTER I 
Introduction and General Information

	Neutron scattering facilities are used in many fundamental and applied research areas.  Neutrons have many properties including a lack of charge, large penetration depth, magnetic moment, and spin that make them ideal for use in many research applications.  Additionally neutrons are sensitive to light atoms, and cold and thermal neutrons have wavelengths and energies that match the scale of molecular structures and vibrations.  The combinations of these properties have already led to and are being used to make further advancements in physics, chemistry, material science, biology, clean and alternative energy, and nanomaterials.  

	Neutron scattering experiments require high neutron fluxes.  These high fluxes can be produced at either reactor facilities, such as the High Flux Isotope Reactor (HFIR), or accelerator facilities, such as the Spallation Neutron Source (SNS), both at Oak Ridge National Laboratory (ORNL).  Operating at 85 MW, HFIR produces the highest neutron flux of any research reactor in the United States [1].  The HFIR core is a cylindrical flux trap design, where regions of high enriched uranium fuel surround a moderating region in the center of the core.  This moderating region becomes a thermalizing trap for the fast neutrons from the fuel, and is used for isotope production.  Neutron scattering experiments are made possible by inserting horizontal beam tubes into the beryllium reflector surrounding the fuel, and transporting the neutrons to the experimental beam lines.  Three horizontal beam tubes lead to seven thermal neutron instrument beam lines and the fourth horizontal beam tube leads to five cold neutron instrument beam lines that utilize 4-25 Å neutrons [2].

	SNS produces the most intense pulsed neutron beams in the world through the spalling of a mercury target [3].  Hydrogen ions are fed into a linear accelerator, where they are accelerated to 1 GeV.  Leaving the linear accelerator, the ions pass through a foil that strips the electrons from the atoms, producing protons that are then collected in an accumulator ring.  Sixty times a second, proton pulses from the accelerator ring hit the mercury target, causing neutrons to be spalled from the mercury target.  Beam guides transport these neutrons to one of 16 operational beam lines [4].  The beam lines have a wide range of instruments including diffractometers, spectrometers, and reflectometers.  Special sample environments allow scientists to study liquids, powders, or crystals, operate at very high or low temperatures, operate experiments in vacuum or at high pressure, and utilize magnetic fields.

	Neutrons are transported to each of the individual beam lines through beam guides that are designed to minimize losses along the length of the guide.  At the HFIR cold source, neutrons are transported 24 m away from the center of the reactor along a guide with curved section with an m=3 supermirror coating and ends in a straight section with an m=2 coating [5].  The supermirrors are complex multilayer coatings that reflect cold neutrons along the length of the guide but prevent high energy gammas and neutrons from reaching the experiments.  HFIR is a continuous source of neutrons, but some beam lines require a pulsed beam for certain experiments involving time-of-flight measurements, so choppers are used to create a pulsed beam.  Choppers are made of a neutron absorbing material with holes spaced so that as the chopper spins at a set frequency, neutrons are only able to pass through at that frequency, creating the initial bursts of neutrons for time of flight.  Alternatively, at a pulsed source, choppers can be used to create a monochromatic beam by rotating from the source at a speed that only allows one frequency to pass through.  Monochromators, typically made of graphite, beryllium, germanium, or silicon, can also be used to select certain wavelengths from the incident neutron beam.  Monochomators select single wavelengths of neutrons through Bragg scattering,reflecting only the wavelength that matches the crystalline spacing of the monocromator.  A wide range of wavelengths is possible depending on the material, crystal orientation, and incidence angle.

	Beam monitors are another essential component of neutron scattering facilities.  Beam monitors measure the incident neutron flux, allowing scientists to calibrate detectors and other beam line instrumentation, track beam stability, and make adjustments in real time.  They need to have a low efficiency so that as little of the beam is blocked or scattered as possible, yet the count rate needs to be high enough to establish good counting statistics.  Present beam monitors use either ionization chambers in integration mode, which are slow and have no timing information, or pulse counters which can easily be saturated by high beam intensities [5] [6].  As a result these monitors saturate if the count rate becomes too high, limiting the range in which these monitors are useful.  At high flux neutron scattering facilities, neutron beam monitors with very low intrinsic efficiency (10-5) are presently selected to keep the counting rate within a feasible range, even when a higher efficiency would improve the counting statistics and yield a better measurement of the incident beam.

	Additionally some of the current beam monitors use Helium-3 as the neutron conversion material.  Helium-3 makes an excellent neutron conversion material for gaseous detectors due to its large thermal cross-section; however, due to the worldwide shortage of Helium-3, it is not practical to continue to build detectors based on this material.  It is very difficult to purchase He-3, and if the Helium-3 can be obtained, it is extremely expensive.  Therefore, beam monitors based on alternative neutron conversion materials need to be developed.

	Parallel plate avalanche counters have been used in detectors requiring a high count rate and good time resolution, but without good energy resolution [7], [8].  The counter design involves two parallel plate electrodes separated by as small of a gap as possible.  An electric field is applied between the two plates, so as a charged particle passes through the gap, a trail of electron-ion pairs are produced that are multiplied through the gas multiplication process.


[bookmark: _Toc339832611]CHAPTER II
Beam Monitor Construction and experimental Setup

[bookmark: _Toc339832612]Parallel Plate Design
	The beam monitor is built in a parallel plate avalanche chamber design, shown in Figure 1.  The two electrode plates are held 2 mm apart by a PEEK spacer.  The resistive plate is kept at a high voltage (3.5 – 5 kV), to establish the needed electric field, while the conductive plate is kept at ground and is used for the signal readout.  The small separation distance and large potential difference between the electrodes allows for neutron conversion and amplification to occur in the region between the two plates.  

	The beam monitor is enclosed in an airtight aluminum housing.  It is shaped to present a flat face to the neutron beam, and the windows through which the beam passes are machined to be as thin as feasible to minimize scattering losses.  Each of the plates is 5 cm x 11.5 cm, creating an active area of about 60cm2, while the entire beam monitor (shown in Figure 2) is 19.4 cm x 11.5 cm x 2.2 cm without the electronics box, and is 27 cm long with the electronics box attached.  Schematic drawings of all of the beam monitor components are in Appendix A .

[bookmark: _Toc339832613]Electrodes
	The beam monitor was built and tested with different electrode materials to compare their effectiveness.  The anode must be made of a resistive material to prevent electrical discharges, and the cathode must be conductive, so that the charge deposited can be transferred quickly to the electronics for better timing resolution. 

[bookmark: _Ref336375372][bookmark: _Ref336375349][bookmark: _Toc339912926][image: ]Figure 1. Beam Monitor Design
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[bookmark: _Ref338077680][bookmark: _Toc339912927]Figure 2. External view of beam monitor.
[bookmark: _Toc339832614]Anode
	Several different materials were used as the anode for the beam monitor.  These materials are alumina with a thin layer of cermet, undoped silicon, and quartz.  The cermet has a sheet resistance of 100 MΩ/sq.  Silicon has a resistivity of _____, and quartz has a resistivity of ____________.
[bookmark: _Toc339832615]Cathode
	Two different materials were used as the cathode, aluminum and silicon doped with _____/cm3 natural Boron. 

[bookmark: _Toc339832616]Neutron Reactions  
	As with any neutron detector, the beam monitor depends on the conversion of the incoming neutrons into charged particles that can be detected.  Neutron conversion can be achieved through any one of the neutron interactions listed in Table 1.

[bookmark: _Ref337130522][bookmark: _Toc339832651]Table 1. Neutron Conversion Reactions
	Isotope
	Nuclear Interaction
	Cross Section at 1.8 Å [9]

	Helium-3
	n + 3He  →  3H + 1p + 0.764 MeV
	5330 barns

	Lithium-6
	n + 6Li  → 4He + 3H + 4.79 MeV
	940 barns

	Boron-10
	n + 10B  → 4He + 2.3 MeV + 0.48 MeV γ
n + 10B  → 4He + 2.79 MeV
	3840 barns (93%)
(7%)

	Gadolinium-157
	γs + conversion electrons
	255,000 barns



[bookmark: _Toc339832617]Helium-3
	Helium-3 was used in several of the beam monitors as the neutron conversion material.  Due to its large cross-section at thermal energies, Helium-3 makes an ideal conversion material for neutron detectors.  It is especially advantageous in gaseous detectors because the charged particles that are created are not trapped in a solid converter layer.  However, due to the Helium-3 shortage discussed in the previous section, alternative neutron conversion materials are needed.
[bookmark: _Toc339832618]Solid Converters
	Two different solid converters were tested in the beam monitor.  Boron-10 was used in two of the tested beam monitors in the form of a boron doped silicon wafer.  Lithium-6 was used in one of the tested beam monitors in the form of Li-6 enriched Lithium Fluoride powder deposited onto carbon paper.
 
[bookmark: _Toc339832619]Gas Mixture
	In the beam monitor, the charged particles created by the neutron interactions create ion-pairs as they move through the gas volume.  Due to the large electric field, as the electrons drift towards the anode, they gain enough energy to form secondary ion-pairs.  The secondary electrons are also capable of creating additional ionizations resulting in an avalanche [10].  So regardless of the neutron conversion material (either gaseous Helium-3 or a solid material), a fill gas that can be ionized to produce the pulses is needed inside the beam monitor.

	For these beam monitors, a mixture of 95% Xenon, 5% Carbon Dioxide was used as the fill gas.  Xenon is used as the fill gas because it does not react chemically.  Some of the charged particle interactions in the gas create excited rather than ionized gas molecules.  A small percentage of carbon dioxide is needed as a quench gas to absorb any photons that are created by the deexcitation of those gas molecules.

	The beam monitors filled only with Xe/CO2 were filled at ORNL.  After assembling the beam monitor, it remained on a vacuum pump for several days until reaching a pressure of below 10-6 Torr, at which point it was filled to 800 Torr Xe/CO2.  The beam monitors filled with Helium-3 were taken to Ordela, Inc. to be filled with 29.1 Torr of Helium-3, and 771 Torr of Xe/CO2, for a total pressure of 800 Torr.

[bookmark: _Toc339832620]Electronics
	As mentioned above, ion pairs are created in the gas volume.  The positive ions and the electrons drift towards the opposite electrodes due to the high electric field.  The electrons are able to traverse the 2 mm gap in tens of nanoseconds; however, due to the relatively large size of the positive ions, they take much longer to drift towards the cathode than the electrons take to reach the anode.  To achieve a high counting rate, the beam monitor employs an electronic readout circuit which is sensitive to the induced charge from the drift of the electrons only.  A custom, fast, low-noise pre-amplifier with a 30 ns shaping time is used to get good timing resolution. 

	The pre-amplifier is enclosed in an aluminum housing that is attached directly to beam monitor, to reduce electronic pick-up noise.  The electronics box has connections for high voltage input (SHV) and signal output (BNC).  It also uses an HRS 4-pin connector to supply +24.5 V and -7.5 V voltages to the pre-amplifier.

[bookmark: _Toc339912928][image: ]Figure 3. Electronics box on beam monitor.

[bookmark: _Toc339832621]Theoretical Intrinsic Efficiency
	The intrinsic efficiency of the beam monitor is dependent on the pressure of the converter gas used, the thickness of the conversion region, and the wavelength of the incident neutrons according to equation 1, [11]

						(1)
where
μ = gas absorption factor
λ = specified neutron wavelength
ρ = absolute counting pressure
x = depth of counting volume

	For the beam monitors filled with Helium-3, the gas absorption factor is 0.0725 (atm cm Å)-1. The beam monitor was built with a plate separation of 0.2 cm.  So for thermal neutrons, a gas pressure of 0.0383 atm (29.1 Torr) results in an intrinsic efficiency of 10-3.  

[bookmark: _Toc339832622]Experimental Setup
	The beam monitors were initially tested in the lab at SNS with a 1 mCi Amerecium-241 source.  Americium emits a 59.5 keV gamma, which can create ionization pairs leading to electron multiplication in the Xe/CO2 gas in the region between the plates. Once tested with Americium to ensure the beam monitors were working properly and did not have a gas leak or bad electrical connection, they could be filled with Helium-3 if necessary for that beam monitor.  A Californium-252 source, with strength 17.87 mCi in September 2011, was then used to test the beam monitors for neutron response.  Then for high flux conditions, the beam monitor was taken to the HFIR for efficiency and count rate capability tests.

[bookmark: _Toc339912929][image: ]Figure 4. Beam monitor testing at CG-1D.

[bookmark: _Toc339832623]High Flux Isotope Reactor
	The beam monitors were tested at HFIR at the Cold Guide 1 (CG-1) Beam Line.  CG-1 is used for neutron instrumentation development and is split into four separate beam lines.  CG-1D is able to be run in a white beam operation mode or in a pulsed mode when the chopper is operating.  It has a neutron spectrum from 1.8 to 6 Å (0.025 to 0.002 eV) [12].  The white beam was used in order to find the maximum count rate capability and efficiency of the beam monitors, and the pulsed mode was used to make time-of-flight measurements.  CG-1B is a monochromatic beam of 2.35 Å.  Tests were done on this beam line to determine the count rate capabilities and efficiencies of the beam monitors.

	The beam monitor output was measured with standard NIM electronics.  When testing at CG-1B (shown in Figure 5), a Phillips 771 amplifier was used to amplify the signal so that it could be read on an Ortec 661 ratemeter.  Alternatively, the signal was viewed directly using an Agilent MSO9104A oscilloscope.  

	When testing at CG-1D, the same setup involving the oscilloscope or amplifier and ratemeter was used, however, time-of-flight (TOF) measurements were also made.  TOF measurements taken on CG-1D (setup shown in Figure 6) involved a chopper rotating at 40 Hz that also sent a timing signal to the data acquisition computer.  The signal from the beam monitor was input into the discriminator in an ORTEC MCS-pci.  The computer with the Multi-Channel Scaler card has software to analyze the TOF spectrum.
Figure 5. CG-1B Setup 
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[bookmark: _Ref338009742][bookmark: _Toc339912931]Figure 6. CG-1D Setup


[bookmark: _Toc339832624]CHAPTER III 
Results and Discussion

[bookmark: _Toc339832625] Quartz – Aluminum – He3
	The first working prototype parallel plate beam monitor was built using a quartz plate as the anode and an aluminum plate as the cathode.  Ordela, Inc filled the beam monitor with 29.1 Torr Helium-3 and 771 Torr of a 95%/5% mixture of Xe/CO2.  As per Equation 1, it had a theoretical intrinsic efficiency of 10-3.  The beam monitor was tested at HFIR CG-1D on April 3, 2012.
[bookmark: _Toc339832626]Measurements from Analog Signals
	Initial measurements were made on the oscilloscope to analyze the height and full-width half-maximum (FWHM) of the analog signals from the beam monitor (see Figure 7).  The threshold was set to 60 mV, and the analog pulses had an average FWHM of 30 ns and pulse height of 70 mV when a voltage of 3560 V was applied.


[bookmark: _Ref338057133][bookmark: _Toc339912932]Figure 7. Shape of a typical analog signal from the beam monitor.

	The size and duration of the pulses from a detected neutron vary somewhat from pulse to pulse.  Some fraction of the pulses lie below the discriminator setting.  Decreasing the discriminator setting improves the effective efficiency but increases the risk of detecting false events due to gamma rays or electronic noise.  Increasing the bias voltage also improves the effective efficiency but increases the recovery time between events and the risk of recording false neutron events (due to gamma ray interactions).  The effect of increasing the bias voltage is shown in Figure 8.


[bookmark: _Ref338057419][bookmark: _Toc339912933]Figure 8. Fraction of pulses occurring at specified amplitude above the threshold.  
The higher bias resulted in a larger distribution of pulses.

	The pulse height variation seen in Figure 8 is due to the single conversion and multiplication region.  A charged particle created near the cathode will travel the full distance of the gap, which allows for more multiplication than a particle created near the anode, resulting in a larger signal amplitude.  However, the variation in pulse heights is not problematic for this beam monitor.  As long as the threshold is optimized to just above the noise level, all signals from incident neutrons will be counted.

	The analog output from the beam monitor was also viewed on a wider time scale on the oscilloscope to measure the high counting rate capabilities of the beam monitor.  The size of the aperture in front of the incident neutron beam was varied, and at the maximum flux on beamline CG-1D, the beam monitor measured count rates up to over 1,000,000 counts per second without saturation.  With the beam shutter closed, the count rate was below one count per second.

[bookmark: _Toc339832627]Time-of-Flight
	The time-of-flight spectrum was also measured and compared to an Ordela 4511N wire proportional counter beam monitor.  This Ordela beam monitor is one of the beam monitors currently being used at HFIR.  It has a known intrinsic efficiency of 0.0045 at 1.8 Å.  The neutron flux was lowered to a level that the Ordela beam monitor could measure without saturating.  Both monitors were placed in the neutron beam and TOF spectrums were taken concurrently.  The count rates were normalized due to the different efficiencies, and the results are plotted in Figure 9.  Good agreement is seen between the two beam monitors.


[bookmark: _Ref338058771][bookmark: _Toc339912934]Figure 9. Comparison between the current and prototype beam monitor.  
The vertical lines indicate the position of the Aluminum Bragg Edges.

	Additionally, the Ordela beam monitor was used to determine the intrinsic efficiency of the parallel plate beam monitor.  Equal areas of the beam monitors were exposed to the beam, and the count rates were measured and compared.  The parallel plate beam monitor’s efficiency was measured to be 0.00054, which is lower than the calculated value of 0.001.

[bookmark: _Toc339832628]Alumina – Aluminum – He3
	The next design of the beam monitor kept the aluminum plate as the cathode, but used an alumina plate coated with cermet as the anode.  The beam monitor is shown in Figure 10 after assembly, just before the housing lid is put on.  It was again filled with 29.1 Torr Helium-3 and 771 Torr of a 95%/5% mixture of Xe/CO2.  

[bookmark: _Ref338618205][bookmark: _Toc339912935]Figure 10. Internal view of the beam monitor.
[image: E:\ORNL\ORAU Summer 12\Neutron detector\LiF Detector Pictures\pic2.jpg]
	The beam monitor was tested at HFIR CG-1D on May 21, 2012.  Running at a slightly higher voltage of 4075 V, it showed the same properties as the previous version with the quartz anode.  A typical pulse is shown in the oscilloscope screen capture in Figure 11, with the wide pulse-height distribution shown in the blue histogram.  The threshold was initially set at 30 mV, then increased incrementally to 100 mV.  As expected the count rate decreased non-linearly with the increased threshold.  A plateau is seen in the count rate plot in Figure 12, which indicates the optimal threshold setting region.  Additionally, the TOF spectrum was measured, and is given in Figure 13.  As with the previous design, this beam monitor matches the energy distribution from CG-1D including the aluminum Bragg peaks.


[image: ]
[bookmark: _Ref339270715][bookmark: _Toc339912936]Figure 11.  Typical pulse shape (yellow), and pulse height distribution (blue).

[bookmark: _Ref339270912][bookmark: _Toc339912937]Figure 12. Count Rate as a function of threshold setting.


[bookmark: _Ref339271257][bookmark: _Toc339912938]Figure 13. Time of fight spectrum of the alumina/aluminum beam monitor.

	On August 23, 2012, the beam monitor was taken back to HFIR and tested on CG-1B to test the stability of the design.  Operating at 3700 V, the beam monitor measured 250 cps with a 6.25 cm2 aperture.  The needed high voltage decreased by over 300 V in three months.  This is most likely caused by a change in the gas quality or pressure inside the beam monitor.  To address the possibility of a gas leak, the method of sealing the chamber was changed.  The initial seal design used an indium wire with a groove in the chamber lid, which was difficult to use and create a good seal.  The modified design utilizes an o-ring with a groove in the chamber body, making it much easier to form a vacuum seal.

[bookmark: _Toc339832629]Alumina – Boron Doped Silicon
	The next beam monitor design to be tested relies on Boron-10 instead of Helium-3 as the neutron converter.  Alumina coated with cermet is still used as an anode, but for the cathode a commercial p-type Silicon wafer doped with ______/cm3 natural Boron was used.  The beam monitor was filled with 800 torr of Xe/CO2 in a 95%/5% mixture.  

	The beam monitor was tested at HFIR CG-1D on May 25, 2012.  It was set up directly in the neutron beam with a 1 in2 aperture in front of it.  Running at 4625 V, it measured a background rate of 0.28 cps with the beam shutter closed.  With the shutter opened, the beam monitor measured 2.0 cps when the anode was facing the beam, and it measured 2.3 cps when the cathode was facing the beam.  

	An Ordela beam monitor was also used as a comparison measurement on the beam flux and recorded a count rate of 867 cps, and a background rate of 0.97 cps.  The Ordela beam monitor has a known intrinsic efficiency of 4.5 x10-3 at 1.8 Å, so the parallel plate beam monitor has an efficiency of 1.1 x10-5 at the same wavelength.  

[bookmark: _Toc339832630]Silicon – Boron Doped Silicon – He3
	This beam monitor was built with undoped silicon as the anode and boron doped silicon as the cathode.  It was filled with 29.1 Torr Helium-3 and 771 Torr of a 95%/5% mixture of Xe/CO2.  The beam monitor was tested at HFIR CG-1D on October 30, 2012.

	The effects of several parameter settings on the beam monitor efficiency were studied.  Initially, the threshold was set to 95 mV, and the count rate was measured as the high voltage was varied.  As seen in Figure 14, the count rate reaches a plateau value around 4500 – 4600 V.  At voltages above this plateau region, there is electric break down between the two parallel plates, so the voltage is limited to this point.  To obtain consistent measurements with the beam monitor over time, an applied voltage within the plateau region should be used.

[bookmark: _Ref339393489][bookmark: _Toc339912939]Figure 14. Count rate vs. voltage of beam monitor with silicon plates.

	Once the required voltage setting was determined to be 4500 V, the count rate was measured as a function of threshold.  It is clear from Figure 15 that as the threshold is increased above the noise level, the count rate drops sharply.  Once above the noise level, the count rate levels off for a short range before slowly decreasing.  The small plateau region between the electronic and gamma noise and the neutron peak is the desired operating range for the beam monitor.  The optimized voltage and threshold settings give the averaged pulse shape shown in Figure 16.

[bookmark: _Ref339393872][bookmark: _Toc339912940]Figure 15. Count rate vs. threshold for beam monitor with silicon plates.

[image: ]
[bookmark: _Ref339630061][bookmark: _Toc339912941]Figure 16. Averaged pulse shape from the beam monitor with silicon plates.

	Additionally the TOF spectrum was measured, and is shown in Figure 17.  As with the other beam monitor designs tested, the Bragg edges are visible in the spectrum, and the spectrum matches the expected output from the beam line.

[bookmark: _Ref339394680][bookmark: _Toc339912942]Figure 17. Time of Flight spectrum of the beam monitor with silicon plates.

	An Ordela beam monitor with efficiency ______ (10-3 nominally) was also measured for efficiency calculations.  The Ordela beam monitor measured 76.4 cps, versus the parallel plate beam monitor with 3572 cps, giving it an efficiency of ________(.047).

[bookmark: _Toc339832631]Alumina – Aluminum – Lithium-6 Fluoride
[bookmark: _Toc339832632]Sample Preparation and Composition
	This version of the beam monitor was constructed using alumina as the anode and aluminum as the cathode.  Neutron conversion occurred through samples made with Lithium-6 enriched Lithium-Fluoride nanoparticles.  The nanoparticles, manufactured by Eljen, are 100 nm in diameter and enriched to 95% Lithium-6.  With help from members of the Materials Science Technology Division at Oak Ridge National Laboratory, the particles were mixed into poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) from Sigma-Aldrich by thorough mixing using high-energy ball milling and mixing.  The slurry was coated onto two different carbon fiber papers, a thermal graphite sheet from Panasonic Thermal Interface Products from Mouser Electronics and Toray Carbon Paper.  After coating, any excess slurry was carefully removed from the surface and the sheet was dried at 90 oC for a few hours.  Sample 1 was made with 20% LiF on the Toray Carbon Paper.  Sample 2 was made with 30% LiF on the thermal graphite sheet.  The Lithium-Fluoride sheets were attached directly to the cathode in the amplification gap, so that the anode and the LiF sheets were separated by 2 mm.

	After the beam monitor was tested at HFIR, the LiF samples were removed from the beam monitor and studied using a Scanning Electron Microscope (SEM).  Although both types of carbon paper have fibers around 10 μm in diameter, the LiF particles did not have equal penetration into the carbon fiber matrix.  It was found that the LiF particles were fully incorporated into the carbon fiber matrix of the Toray paper (Sample 1) as shown in Figure 18, but were only deposited on the surface of the graphite sheet (Sample 2) as shown in Figure 19.
[image: C:\Users\sm3\Documents\ORNL\Neutron- Yakova\SEM-LiF-CF\SEM-LiF-Toray\ez-118827.tif]
[bookmark: _Ref337544395][bookmark: _Toc339912943]Figure 18. LiF Sample 1.  LiF particles are incorporated into the carbon fiber matrix.
[bookmark: _Ref337544408][bookmark: _Toc339912944][image: C:\Users\sm3\Documents\ORNL\Neutron- Yakova\SEM-LiF-CF\SEM-LiF-CNF-Shahzad\ez-118835.tif]Figure 19. LiF Sample 2. LiF particles deposited only on the carbon fiber surface.

[bookmark: _Toc339832633]Efficiency Tests
	This beam monitor was tested at HFIR at CG-1B on August 23, 2012.  The count rate was measured on the different regions of the beam monitor in order to determine the efficiency of the Lithium Fluorine samples.  In order to test only one sample at a time, an adjustable aperture was used to define the area of the beam monitor exposed to the neutron beam.  Regions in the center of each of the LiF samples were chosen, as illustrated in Figure 20.  An area of 625 mm2 was used for the LiF sheets, and an area of 525 mm2 was used for the area without the sheets. The beam monitor face was 62 cm from the aperture opening.
Sample 1
Sample 2
Regions Tested

[bookmark: _Ref338496349][bookmark: _Toc339912945]Figure 20. LiF Sample Arrangement within the beam monitor active area.

	The electric field between the plates was varied, and the count rate was measured for both of the LiF samples and the region with no sample at each voltage setting.  The results are shown in Figure 21.


[bookmark: _Ref339914717]Figure 21. Count Rates from Lithium Fluoride Samples

	The count rates from an Ordela beam monitor with a known efficiency of 10-4 was also measured in order to determine the actual neutron flux and the efficiency of the LiF beam monitor.  The Ordela monitor was placed 18 cm from the opening, also with a 625 mm2 aperture in front of it.  The beam monitor measured 41,000 cps.  This gives a maximum efficiency of the LiF monitor of 2.2 x10-6.  

	Sample 1 had a larger counting efficiency than Sample 2, even though it had a smaller percentage of LiF particles.  This is due to the particle distribution in the carbon papers.  The Toray carbon paper has much smaller fibers than the thermal graphite sheet, which allowed the LiF particles to be distributed throughout the thickness of the paper instead of forming a layer on the surface.  The larger range of interaction caused a higher conversion efficiency from the neutrons, resulting in a larger count rate.
[bookmark: _Toc339832634]
CHAPTER IV 
Summary and Conclusions

	A new neutron beam monitor design was built and tested using five sets of different electrode and neutron conversion materials.  With the parallel-plate design, the beam monitor is capable of measuring count rates in excess of 1,000,000 counts per second.  Lithium-6 and Boron-10 were both successfully used as neutron converters, which eliminates the need for Helium-3.  The efficiencies of the alternative converter materials used are on the order of 10-5 – 10-6.  However, for a beam monitor application, a low efficiency is suitable, and further work to increase the efficiency of these converters could make them usable in a high-efficiency neutron detector.  

[bookmark: _GoBack]	From a production perspective, the parallel-plate design also has advantages over some of the current designs.  Two electrodes are much easier to assemble than a proportional-wire beam monitor, decreasing the time needed to build a beam monitor.  Additionally, the parallel-plate beam monitors are less expensive to produce, especially if using the silicon wafers.

Table 2. Summary of Beam Monitor Efficiencies
	Beam Monitor Design
	Intrinsic Efficiency

	Quartz-Aluminum-He3
	5.4 x 10-4

	Alumina-Aluminum-He3
	--------

	Aluminum-Boron Doped Silicon
	1.1 x 10-5

	Silicon-Boron Doped Silicon-He3
	

	Alumina-Aluminum-LiF
	2.2 x 10-6
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Normalized Counts


30	60	90	100	1000	300	150	120	Threshold (mV)
Count Rate (cps)
Counts	0	25	50	75	100	125	150	175	200	225	250	275	300	325	350	375	400	425	450	475	500	525	550	575	600	625	650	675	700	725	750	775	800	825	850	875	900	925	950	975	1000	1025	1050	1075	1100	1125	1150	1175	1200	1225	1250	1275	1300	1325	1350	1375	1400	1425	1450	1475	1500	1525	1550	1575	1600	1625	1650	1675	1700	1725	1750	1775	1800	1825	1850	1875	1900	1925	1950	1975	2000	2025	2050	2075	2100	2125	2150	2175	2200	2225	2250	2275	2300	2325	2350	2375	2400	2425	2450	2475	2500	2525	2550	2575	2600	2625	2650	2675	2700	2725	2750	2775	2800	2825	2850	2875	2900	2925	2950	2975	3000	3025	3050	3075	3100	3125	3150	3175	3200	3225	3250	3275	3300	3325	3350	3375	3400	3425	3450	3475	3500	3525	3550	3575	3600	3625	3650	3675	3700	3725	3750	3775	3800	3825	3850	3875	3900	3925	3950	3975	4000	4025.0000000000005	4050	4075	4100	4125	4150	4175	4200	4225	4250	4275	4300	4325	4350	4375	4400	4425	4450	4475	4500	4525	4550	4575	4600	4625	4650	4675	4700	4725	4750	4775	4800	4825	4850	4875	4900	4925	4950	4975	5000	5025	5050	5075	5100	5125	5150	5175	5200	5225	5250	5275	5300	5325	5350	5375	5400	5425	5450	5475	5500	5525	5550	5575	5600	5625	5650	5675	5700	5725	5750	5775	5800	5825	5850	5875	5900	5925	5950	5975	6000	6025	6050	6075	6100	6125	6150	6175	6200	6225	6250	6275	6300	6325	6350	6375	6400	6425	6450	6475	6500	6525	6550	6575	6600	6625	6650	6675	6700	6725	6750	6775	6800	6825	6850	6875	6900	6925	6950	6975	7000	7025	7050	7075	7100	7125	7150	7175	7200	7225	7250	7275	7300	7325	7350	7375	7400	7425	7450	7475	7500	7525	7550	7575	7600	7625	7650	7675	7700	7725	7750	7775	7800	7825	7850	7875	7900	7925	7950	7975	8000	8025	8050.0000000000009	8074.9999999999991	8100	8125	8150	8175.0000000000009	8200	8225	8250	8275	8300	8325	8350	8375	8400	8425	8450	8475	8500	8525	8550	8575	8600	8625	8650	8675	8700	8725	8750	8775	8800	8825	8850	8875	8900	8925	8950	8975	9000	9025	9050	9075	9100	9125	9150	9175	9200	9225	9250	9275	9300	9325	9350	9375	9400	9425	9450	9475	9500	9525	9550	9575	9600	9625	9650	9675	9700	9725	9750	9775	9800	9825	9850	9875	9900	9925	9950	9975	10000	10025	10050	10075	10100	10125	10150	10175	10200	10225	10250	10275	10300	10325	10350	10375	10400	10425	10450	10475	10500	10525	10550	10575	10600	10625	10650	10675	10700	10725	10750	10775	10800	10825	10850	10875	10900	10925	10950	10975	11000	11025	11050	11075	11100	11125	11150	11175	11200	11225	11250	11275	11300	11325	11350	11375	11400	11425	11450	11475	11500	11525	11550	11575	11600	11625	11650	11675	11700	11725	11750	11775	11800	11825	11850	11875	11900	11925	11950	11975	12000	12025	12050	12075	12100	12125	12150	12175	12200	12225	12250	12275	12300	12325	12350	12375	12400	12425	12450	12475	12500	12525	12550	12575	12600	12625	12650	12675	12700	12725	12750	12775	12800	12825	12850	12875	12900	12925	12950	12975	13000	13025	13050	13075	13100	13125	13150	13175	13200	13225	13250	13275	13300	13325	13350	13375	13400	13425	13450	13475	13500	13525	13550	13575	13600	13625	13650	13675	13700	13725	13750	13775	13800	13825	13850	13875	13900	13925	13950	13975	14000	14025	14050	14075	14100	14125	14150	14175	14200	14225	14250	14275	14300	14325	14350	14375	14400	14425	14450	14475	14500	14525	14550	14575	14600	14625	14650	14675	14700	14725	14750	14775	14800	14825	14850	14875	14900	14925	14950	14975	15000	15025	15050	15075	15100	15125	15150	15175	15200	15225	15250	15275	15300	15325	15350	15375	15400	15425	15450	15475	15500	15525	15550	15575	15600	15625	15650	15675	15700	15725	15750	15775	15800	15825	15850	15875	15900	15925	15950	15975	16000	16024.999999999998	16050	16075	16100.000000000002	16125	16149.999999999998	16175	16200	16225.000000000002	16250	16274.999999999998	16300	16325	16350.000000000002	16375	16400	16425	16450	16475	16500	16525	16550	16575	16600	16625	16650	16675	16700	16725	16750	16775	16800	16825	16850	16875	16900	16925	16950	16975	17000	17025	17050	17075	17100	17125	17150	17175	17200	17225	17250	17275	17300	17325	17350	17375	17400	17425	17450	17475	17500	17525	17550	17575	17600	17625	17650	17675	17700	17725	17750	17775	17800	17825	17850	17875	17900	17925	17950	17975	18000	18025	18050	18075	18100	18125	18150	18175	18200	18225	18250	18275	18300	18325	18350	18375	18400	18425	18450	18475	18500	18525	18550	18575	18600	18625	18650	18675	18700	18725	18750	18775	18800	18825	18850	18875	18900	18925	18950	18975	19000	19025	19050	19075	19100	19125	19150	19175	19200	19225	19250	19275	19300	19325	19350	19375	19400	19425	19450	19475	19500	19525	19550	19575	19600	19625	19650	19675	19700	19725	19750	19775	19800	19825	19850	19875	19900	19925	19950	19975	20000	20025	20050	20075	20100	20125	20150	20175	20200	20225	20250	20275	20300	20325	20350	20375	20400	20425	20450	20475	20500	20525	20550	20575	20600	20625	20650	20675	20700	20725	20750	20775	20800	20825	20850	20875	20900	20925	20950	20975	21000	21025	21050	21075	21100	21125	21150	21175	21200	21225	21250	21275	21300	21325	21350	21375	21400	21425	21450	21475	21500	21525	21550	21575	21600	21625	21650	21675	21700	21725	21750	21775	21800	21825	21850	21875	21900	21925	21950	21975	22000	22025	22050	22075	22100	22125	22150	22175	22200	22225	22250	22275	22300	22325	22350	22375	22400	22425	22450	22475	22500	22525	22550	22575	22600	22625	22650	22675	22700	22725	22750	22775	22800	22825	22850	22875	22900	22925	22950	22975	23000	23025	23050	23075	23100	23125	23150	23175	23200	23225	23250	23275	23300	23325	23350	23375	23400	23425	23450	23475	23500	23525	23550	23575	23600	23625	23650	23675	23700	23725	23750	23775	23800	23825	23850	23875	23900	23925	23950	23975	24000	24025	24050	24075	24100	24125	24150	24175	24200	24225	24250	24275	24300	24325	24350	24375	24400	24425	24450	24475	24500	24525	24550	24575	24600	24625	24650	24675	24700	24725	24750	24775	24800	24825	24850	24875	24900	24925	24950	24975	98	95	112	102	113	94	108	95	104	113	92	101	110	80	101	103	96	97	91	96	90	98	100	111	115	114	102	106	84	111	108	87	100	106	92	95	102	99	100	109	81	123	87	102	98	100	92	102	101	78	98	94	87	99	77	101	99	102	80	94	106	113	89	116	115	90	90	84	94	73	81	98	96	124	114	107	104	74	98	102	99	114	107	109	122	104	108	88	112	110	106	128	127	155	159	137	172	196	196	202	220	275	254	305	321	314	398	406	479	530	577	714	749	822	975	1089	1227	1305	1335	1432	1584	1705	1719	1950	2004	2196	2215	2363	2548	2688	2770	3002	3195	3317	3457	3605	3741	3847	3902	4090	4258	4463	4433	4616	4742	4739	4840	4861	4951	4880	4963	5142	5288	5441	5500	5578	5708	6042	6101	6325	6387	6372	6507	6423	6667	6567	6650	6717	6770	6739	6906	6899	6695	6730	6843	6740	6833	6791	6608	6458	6702	6543	6567	6525	6417	6356	6450	6319	6296	6291	6303	6208	6277	6294	6332	6490	6254	6320	6350	6308	6292	6108	6265	6255	6117	5954	6082	6030	5985	5968	6012	5938	5734	5572	5625	5521	5522	5391	5152	5060	5101	4935	5048	4949	5095	5044	5156	5042	5215	5265	5154	5103	5067	5171	5104	4999	5028	4979	4890	4865	4726	4771	4712	4610	4528	4416	4178	4139	3976	3822	3769	3904	3965	4122	4143	4323	4329	4278	4212	4171	4191	4153	4083	4000	4044	3879	3904	3875	3798	3788	3716	3710	3684	3638	3509	3467	3540	3494	3590	3328	3440	3390	3308	3303	3204	3214	3045	3034	3076	3148	3203	2948	3005	2919	2803	2841	2818	2870	2739	2818	2680	2655	2767	2643	2608	2573	2504	2418	2478	2458	2452	2465	2248	2286	2327	2246	2294	2277	2290	2192	2154	2200	2127	2081	2124	2021	2037	1932	2011	1960	2047	1917	1881	1944	1856	1884	1843	1731	1829	1777	1752	1679	1757	1730	1694	1611	1660	1594	1670	1562	1570	1500	1464	1556	1484	1417	1450	1475	1360	1371	1423	1356	1372	1350	1340	1294	1318	1291	1315	1260	1307	1238	1235	1210	1174	1142	1147	1119	1202	1076	1153	1119	1087	1076	1052	1114	1059	1046	1070	988	1039	1036	954	974	1029	939	963	925	895	897	885	858	940	873	863	846	893	895	870	847	846	819	892	823	836	833	784	751	768	752	796	780	716	735	728	694	699	718	735	721	686	646	623	695	699	674	613	664	606	566	621	594	600	562	592	596	574	589	589	585	545	557	573	566	527	530	516	500	520	514	541	506	506	514	506	492	492	465	462	490	461	461	472	492	418	442	422	402	419	457	400	391	432	445	454	423	419	410	423	403	394	391	390	406	413	377	387	357	345	373	410	354	367	374	351	386	311	383	361	310	339	315	344	327	318	310	319	300	327	288	308	355	332	323	332	309	324	289	307	340	275	318	277	284	288	283	290	267	274	270	287	289	265	265	258	262	263	273	251	272	260	240	292	251	242	254	270	248	257	231	248	219	229	257	244	254	221	225	224	213	205	232	238	229	202	200	237	222	224	194	219	223	189	200	209	223	187	203	222	215	209	204	198	209	208	215	193	201	192	189	198	191	172	177	197	177	178	148	188	200	185	190	191	184	180	178	182	166	167	177	181	201	177	179	184	173	164	182	155	147	173	151	146	177	165	177	184	163	142	147	164	150	142	143	163	169	164	181	158	147	140	147	146	155	166	149	151	153	155	152	153	143	159	144	190	163	140	153	165	142	158	149	164	152	164	141	163	139	143	164	165	151	146	118	159	125	119	150	153	124	129	109	126	144	149	131	142	131	142	133	143	138	135	117	133	131	124	142	147	151	150	117	136	113	136	121	110	136	142	117	138	130	131	118	117	126	108	138	155	100	108	125	105	111	116	110	121	112	114	116	134	119	130	121	115	119	95	107	132	141	118	156	113	122	149	123	116	122	115	115	152	127	118	119	142	118	116	114	108	107	126	119	101	119	106	111	109	136	126	117	128	107	122	158	118	129	132	140	101	116	99	128	120	125	135	120	115	107	111	114	114	114	122	120	107	102	121	109	110	112	102	103	112	127	102	134	119	117	102	117	89	82	137	130	127	113	95	104	116	105	89	113	102	102	111	120	108	97	84	137	108	97	106	111	121	111	113	110	99	113	105	83	109	125	109	135	136	140	111	119	109	127	112	116	119	142	102	131	118	125	120	94	121	109	128	129	122	129	101	141	98	125	119	130	136	111	156	146	115	107	111	131	137	117	122	109	129	103	130	148	114	129	125	113	131	110	104	122	119	131	119	125	102	91	107	123	105	138	98	106	113	104	109	127	112	110	106	141	101	123	135	106	112	130	103	134	109	119	130	120	128	103	118	115	132	114	118	127	107	131	122	133	110	106	119	107	95	138	99	97	105	115	125	111	109	98	111	121	106	104	97	103	119	111	113	116	113	113	106	131	101	117	142	118	97	120	104	126	138	132	119	100	118	159	110	128	138	112	105	126	Time of Flight (μs)
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