I. Significance and Background Information and Technical Approach

A. Identification and Significance of the Opportunity

For several decades photomultiplier tubes (PMT) have been the key technology for sensing light for most particle physics research operations [Kleinknecht].  High energy particle physics experiments regularly employ thousands of photomultipliers of many different sizes.  The most dramatic example is the Super Kamiokande detector in Japan [http://superk.physics.sunysb.edu, Kleinknecht].  This detector is a 50,000 ton tank of pure water viewed by over 11,000 photomultiplier tubes, each 50 cm in diameter.  This experiment has detected flashes of Cherenkov light from reactions of neutrinos from the sun as well as the atmosphere.  Dr. Masatoshi Koshiba shared the 2002 Nobel Prize in physics for this research.  PMTs are also used widely in calorimetry and scintillation tracking devices. The key advantage of PMTs in all these applications is their large amplification (~106) with low noise which enables them to achieve high sensitivity for single photoelectron detection.  Although extraordinarily successful, the PMT technology also has a number of limitations: large PMTs are expensive and cannot be mass produced, they cannot operate under pressures exceeding a few atmospheres, their sensitivity is limited over a small wavelength band, their optical quantum efficiency is low, they cannot operate under high magnetic fields, and they are bulky.  As a result, there is a need for alternative designs of large photosensors that can address some of the limitations of PMTs in many high energy and nuclear physics experiments and in other astrophysical applications.

One promising solid state replacement for a PMT is the silicon avalanche photodiode (APD) [Farrell 94, Shah 01, Huth, Knoll].  An APD (like PMT) exhibits gain created by impact ionization process in the device.  Also, silicon APDs exhibit high optical quantum efficiency (up to four times higher than PMTs) and much wider spectral response.  APDs are insensitive to magnetic fields [Marler].  RMD has been investigating a deep-diffused APD design that provides high gain (103-104) [Farrell 94].  Early designs of these APDs utilized beveled edges to prevent premature breakdown in order to achieve such high gain.  Such beveled edge APDs require manual fabrication and as a result, their cost is generally high (~$1000 for 1 cm2 device).  Furthermore, it is very difficult to produce very large devices with this approach, again due to the need for manual fabrication.  The largest APDs that are commercially available with this design are about 2 cm2.  Due to their high cost and relatively small size, such beveled edge APDs are not suitable for many high energy physics applications.

Recently, RMD has developed a planar process to fabricate deep diffused APDs that do not require the beveled edges [Shah 01].  The performance of such planar APDs is comparable to the beveled edge APDs.  Prior to the Phase I research, large area APDs (10 cm2 area) and monolithic multi-element arrays (28 x 28 elements, 1 mm pixels) had been fabricated using this process [Shah 01].  The planar process is well suited for fabrication of APDs in a variety of shapes.  Furthermore, this APD fabrication process can be automated, which would enable significant reduction in the cost of the APDs upon mass production.  In view of these advances and the need for very large, solid-state optical detectors in the high energy physics community, the goal of the proposed effort is to build very large APDs ((40 cm2 area) using the planar process with performance suitable for high energy physics applications.  While this goal is very ambitious, our recent progress has been very promising.  If such large APDs are successfully developed in the proposed effort, they should be able to challenge PMTs in many existing as well as future high energy physics experiments. Such large APDs (>40 cm2 in size) with high sensitivity over a wide wavelength region, low magnetic field susceptibility, high pressure tolerance, and low cost through mass production could eventually make detectors that are much larger than Super Kamiokande possible for high energy physics studies.

The Phase I research was aimed at detailed investigation of the design, fabrication aspects as well as signal, noise and optical sensitivity of very large APDs.  During the Phase I program, we successfully fabricated very large APDs (~45 cm2 area) using the planar process, which are the largest functioning APD in the world.   Packaging design for such large APDs was optimized to allow cooling of these devices to liquid nitrogen temperature without any damage to the large APDs due to thermal stress.  Gain and noise of these large devices were initially measured at –40 (C, and the optimal gain was measured to be ~5000 with the corresponding noise of ~70 electrons (rms).  Scintillation spectroscopy was performed by coupling a 45 cm2 APD to a CsI(Tl) scintillator and irradiating it with 662 keV gamma rays (137Cs source).  Energy resolution of ~10% (FWHM) was recorded for the 662 keV photopeak in this study at –40 (C.  Optical quantum efficiency was evaluated for the large APDs and the quantum efficiency ~60% or higher was recorded in 400-800 nm wavelength region.  Even in the deep ultra violet (DUV) region reasonably high quantum efficiency (~40% at 200 nm) was recorded for the planar APDs.  Risetime of ~2 ns was recorded for the 45 cm2 APDs upon direct interaction of 5.5 MeV alpha particles, confirming that fast response is achieved with these very large devices.  Finally, when these 45 cm2 APDs cooled to liquid nitogren temperature, gain of up to 104 was achieved.  By performing careful studies at liquid nitrogen temperature with the 45 cm2 APD, noise of 0.8 electrons (rms) was measured.  This indicates that detection of low intensity optical signal can be achieved with these large APDs at LN2 temperature, which was also demonstrated in our study.  Overall, based on the results of the Phase I program, the feasibility of the proposed approach was adequately demonstrated.  The Phase I research was a collaboration between RMD and the Brookhaven National Laboratory (BNL) team of Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan.

During the Phase II project, we will continue the advancement of this promisimg large APD technology.  Larger APDs (up to 60 cm2) will be designed and built in the Phase II project. Extensive evaluation of these large APDs will be conducted at RMD as well as at BNL.   Gain, noise, and quantum efficiency will be evaluated as a function of temperature.  Spatial variation of gain for the very large APDs will also be studied. Surface treatment and design aspects of the APDs will be examined to optimize their response in blue-UV region as well as their timing characteristics.  We will also evaluate radiation hardness of the large APDs; this characteristic could be important in some applications. Electronic readout issues will be examined to achieve minimal noise and fast response with the large APDs.  The BNL team will evaluate the potential of the large APDs in water Cherenkov studies and in high energy physics experiments such as KOPIO (where the goal is to use an intense beam of kaons to study special very rare decays such as a kaon decaying into a neutral pion, a neutrino, and an antineutrino [www.bnl.gov/rsvp/KOPIO.htm]) and MECO (Muon to Electron Conversion [www.bnl.gov/rsvp/MECO.htm]).

The Phase II research will be a collaboration between RMD and the Brookhaven National Laboratory (BNL) team of Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan. The BNL group has significant experience in the area of detectors for high energy physics applications and will provide input regarding the detector requirements and will perform testing of the large APDs.  Dr. Stephen Reucroft at the Northeastern University and Dr. Priscilla Cushman at the University of Minnesota have also shown strong interest in this area of research and will participate in the Phase II project, particularly in evaluation of radiation hardness of the large APDs.

It is our expectation that upon sufficient investigation, initially by the RMD team and our BNL, University of Minnesota, and Northeastern University collaborators, and later by a wider spectrum of the high energy physics community, such large APDs will eventually be considered for large high energy physics detector applications such as water Cherenkov detectors and calorimetry in the Phase III stage.

B.  Background and Technical Approach

1. Detector Requirements in High Energy Physics Experiments

a. Water Cherenkov Detectors

One of the most demanding potential application for large diameter APDs will be a new very large underground water Cherenkov detector [Diwan].  At present, Super Kamiokande (SK) detector in Japan (see Figure 1) is the largest water Cherenkov detector in the world and it has been used to detect neutrinos from the sun as well as the atmosphere [Fukuda]. The SK detector has a total mass of 50 kT of pure water that is viewed by approximately 11000 PMTs, each with a diameter of 50 cm.  In such water Cherenkov detectors, high energy charged particles (such as electrons, muons etc.), produced upon neutrino interactions, create optical photons (from UV to visible range) in a cone.  About 200 photons are produced per cm of charged particle track in water.  These photons are viewed by the photodetectors (such as PMTs) placed on the walls of the tank, and the measurement of time (with  few nanosecond resolution) and charge signal at each PMT can be used to reconstruct the trajectory of the particle.  While excellent performance has been recorded with the SK detector, PMT is a limitation in the detector design.  For example, nearly 7000 out of 11000 PMTs were destroyed in a pressure related chain reaction in the SuperK detector in November of 2000.  Investigation revealed that a single faulty phototube at the bottom of the tank imploded and created shock waves that destroyed the rest. The detector has been rebuilt with about half the original number of phototubes.
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The next generation detector of this kind is being considered for several different locations [Diwan] and will be at least 500kT in mass.  The physics agenda for such a large detector includes proton decay [Shiozawa], detection of neutrinos from astrophysical sources (such as the sun, cosmic rays, and super-novae) as well as man made sources such as accelerators.  The photosensor for such a large detector will be very challenging.  It is unclear if the large 50 cm diameter PMTs can be used for such a large detector because of the increased pressure on the tubes and the difficulty of handling large photomutipliers inside a large underground cavity.  A large diameter APD should be examined for this application.  As already mentioned, the APD has a number of advantages such as pressure tolerance and high quantum efficiency. However, to make the APD a viable option for water Cherenkov detectors it needs to have a larger size (10 cm in diameter or more).  Furthermore, the large APDs need to show fast timing performance with an ability to detect single photons.  Our recent studies indicate that large APDs do indeed show fast timing performance.  To achieve single photon detection, these APDs will need cooling with liquid nitrogen.  

It has been suggested that the performance of a water Cherenkov detector could be enhanced by a ring imaging readout. In such a detection scheme mirrors or lenses could be used to focus the Cherenkov light onto an array of photosensors or a single position sensitive photosensor [Antonioli]. Our colleagues at BNL are considering this possibility. A large diameter APD with pixilated readout (Pixel sizes of ~ 1 cm2 ) could be ideally suited for such an application. Another possibility is a hybrid system that combines a photo-cathode and a position sensitive large APD [Ferenc].  An optimum size for APD pixel size  could be obtained by balancing the requirements for imaging resolution versus the noise in each pixel. As part of Phase II we will evaluate these techniques and the requirements  on APDs. 

It is unlikely that we will be able to produce large APDs with all of the desired characteristics in the proposed project.  In the Phase I project, our aim was to demonstrate that large APDs ((40 cm2) can indeed be produced and then explore the design and the operating conditions under which various performance parameters of such APDs are enhanced.  Such APDs will then be further optimized and evaluated in detail in the Phase II project and their size will be scaled-up.  A continued advancement in the large APD technology during and beyond the Phase II project is expected to result in the photodetectors that can challenge the PMTs for optical detection in the large Cherenkov detectors of the future.

b. Calorimetry 

Low cost APDs in some cases with large sizes are also required in other high energy physics applications such as calorimetry based on solid-state inorganic scintillators such as PbWO4 [Zalesky]. High quantum efficiency, wide spectral response, high gain, low noise, high radiation hardness, compact size and magnetic field insensitivity are important advantages of APDs in this application.   There are two potential calorimetry applications of immediate interest for large APDs. In the following we will briefly describe the experiments KOPIO and MECO at Brookhaven National Laboratory.  Both KOPIO and MECO are part of the RSVP (Rare Symmetry Violating Processes) project at BNL (http://www.bnl.gov/rsvp).  This project is funded by the National Science Foundation as Major Research Equipment and Facilities Construction program and will start construction in FY2005. It has been reviewed  and approved by all levels of the Foundation and has been recommended for funding by the National Science Board. It is essential for both of these projects to have clear evaluation of APDs for their calorimeter systems before construction starts.  The applications for KOPIO and MECO are for the near future, we will also discuss applications in noble liquid gases as a more speculative application for the future.

c. KOPIO 
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Figure 2.  Schematic for the KOPIO detector.  Low energy kaons enter the apparatus at lower left of the picture. The decays that occur in the thin walled vacuum vessel are analyzed by large number of scintillation counters that almost completely surround the decay. 

 KOPIO will search for the decay of a kaon via the rare CP violating decay mode KL ( 0 .  This decay mode of the neutral kaon is considered crucial to our understanding of CP or charge and parity symmetry. Violation of the CP symmetry (in which reversing the charge of the particle and taking the mirror image leaves all other properties unchanged) is fundamental to understanding how the universe is composed of matter rather than anti-matter. Experimentally, however the decay occurs very infrequently  (~3 parts in 1011) and therefore the crucial experimental requirement is the suppression of all other background processes. 

The success of KOPIO will depend on the detection and rejection of the much more common decay modes that include extra gamma rays and charged particles.  To be fully efficient, the gamma detectors must be sensitive to gammas from energies down to 1 MeV and up to 1.5 GeV.  These gammas will be detected with lead/scintillator modules which convert the deposited energy to visible light.  Low energy gammas yield very little light, making the observation of low light signals (a few photons) of great importance.

KOPIO makes use of plastic scintillator to identify charged particles and photons.  Current designs anticipate the use of 3000 phototubes with 2” diameter as part of a photon calorimeter and 1000 additional phototubes to be used as part of a photon veto counter. If large APDs with desired performance were available for this experiment, many advantages would accrue.

Several of the KOPIO subsystems are considering using APDs as the light detection device, provided the performance in critical areas can be achieved.  These critical areas are:

a. dark current, or signal-to-noise ratio and sensitivity to small light signals

b. signal shape and timing, as a function of preamplifier type

c. size of light sensitive area, and how this size impacts noise and timing.

It is crucial that we complete the study of the feasibility of using APDs for this experiment in the coming year so that construction of the detector can begin.  Subsystems that are considering APD use include the Calorimeter (CAL), Outer Veto (OV), Barrel Veto (BV), and Downstream Veto.  Although the technical challenges vary, much of the APD research for the Phase II proposal is common to all of the subsystems.  Our BNL collaborators plan to explore the possibility of using large, planar APDs in KOPIO during the Phase II project. 

d. MECO
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Figure 3. Schematic of the MECO experiment. Low energy muons are produced in the smaller superconducting solenoid by 28 GeV protons impinging on a target. These muons are transported to a stopping target in the larger solenoid.  The spectrometer inside the larger solenoid will analyze the product of muon decays or conversions. The crystal calorimeter is used to measured the energy of the electrons produced in the decays or conversions.

After the discovery of the muon it was realized that it could decay into an electron and a gamma ray (e-gamma) unless the number of muons and electrons is conserved or always constant in the universe.  A related process is the conversion of muons into electrons in the field of a nucleus. Experimentally the conversion process favored because it is easier to detect. After decades of effort there is still no evidence for either muon to e-gamma decay or muon to electron conversion.  There is new interest in these processes because of new theoretical understanding in recent years which has predicted this process to occur at very small rates.

MECO is an experiment to test conservation of muon and electron number by searching for muons converting to electrons in the field of a nucleus.   The experiment is intended to discover this process if it occurs as infrequently as once for 1016 muon captures on the nucleus.  The experiment will be performed in a new pulsed muon beam to be constructed in the experimental hall of the Alternating Gradient Synchrotron at Brookhaven National Laboratory. 

The critical parts of the experiment are the muon production target, the superconducting solenoids which both capture the muon and help us analyse the momentum of the conversion electron, the straw tube spectrometer which detects the helical orbit of the conversion electron in the magnetic field, and the crystal calorimeter which stops the conversion electron and measures its energy.  

The large APDs are needed to read out the light from the crystal calorimeter. Current design calls for 3 cm X 3 cm X 14 cm  PbWO4 crystals. The APDs are preferred over photo-multiplier tubes because they must operate in a 1 tesla magnetic field.  The other requirements are good time resolution and good capability in a high rate environment (good fall time).  

e. Noble liquid gas calorimetry.

Calorimetry based on scintillation from liquid noble gases (such as liquid Xe that emits (40,000 photons/MeV at 174 nm [Doke, Séguinot]) can also be a possible application for large APDs.  It should be noted that RMD’s high gain APDs have good quantum efficiency (>30 %) at 174 nm and further improvement can be obtained by optimizing the front surface and the device structure. In this application, large APDs could be immersed in liquid Xe because the signal to noise ratio of the large APDs is expected to be excellent under cryogenic cooling. Another medium of interest is liquid Ar with a 3 % addition of Xe to shift the emission wavelength of 128 nm for liquid Ar to 174 nm. This technique also appears to considerably increase the attenuation length of the light.  Thus this medium is ideal for a large underground detector for detection of rare events such as proton decay or a search for rare astrophysical particles.  

2. Conventional High Gain, Deep Diffused Silicon Avalanche Photodiodes
In this section, we cover the basic deep-diffused APD technology that is the foundation for the large planar APDs.  An APD is a unique device that combines the advantages of solid state photodetectors with those of PMTs.  Like PMTs, APDs have internal current gain due to impact ionization, allowing a high signal-to-noise ratio.  Like other solid state devices, APDs have high quantum efficiency and are compact and rugged [Squillante].

An APD is a photodiode operated at a very high reverse bias.  The basic physical mechanism upon which avalanche gain depends, impact ionization, occurs when the electric field is sufficiently strong so that an electron colliding with a bound valence electron transfers sufficient energy to ionize it.  This creates an additional electron-hole pair.  The additional carriers, in turn, can gain sufficient energy from the electric field to cause further impact ionization, creating an avalanche of carriers [Sze].  The current gain resulting from the avalanche process is the primary advantage of an APD relative to a conventional, unity gain photodiode. The high bias requires that special precautions be taken at the edges of the device, where electric fields can be at their highest levels.  In earlier devices, this was accomplished by beveling the APD edge so that the field is reduced by increasing the area over which it is applied, as indicated in Figure 2 [Huth, Farrell 90 & 94]. The beveled edge on an individual device must be fabricated by manual processes. This required a skilled technician and was the limiting step in both the yield and cost of producing APDs. 
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Another unique requirement of APDs is their very deep p-n junction. In order to achieve high gain it is necessary to maintain a moderately high electric field over a very large distance, which requires a wide depletion region.  The very high gain APDs made by RMD utilize a depletion region width of more than 150 (m at breakdown.  This requires a very deep p-n junction, which can only be fabricated by using very deep diffusion.  APDs with beveled edges manufactured by RMD have areas ranging from 4 mm2 to 5 cm2.   They can operate with gains >103 at room temperature and >104 cooled to -30 °C [Farrell 94]. Important features of these APDs are their high quantum efficiency, having a peak quantum efficiency of 60-80%, and wide spectral response, which are far greater than those for PMTs.

Due to the need to form the hand crafted bevels to produce high gain APDs, it is difficult to fabricate large area devices (>5 cm2) with such an APD design in a cost effective manner. In the research proposed here, we will address this need, investigating large APDs that can be fabricated for much less cost. The solution is to remove the manual fabrication steps and develop a process that makes use of planar technology.  It should be noted that another APD design called a “reach through” device exists which can be fabricated using planar technology [Melle].  This is a planar device, but gains are less than 100, with far worse signal-to-noise ratio than is obtained with the RMD beveled edge design.  Also, the “reach-through” design inherently limits the active area of APDs.  What is required is a technique to maintain the high gain, i.e. the bulk diffusion profile, and large areas, while terminating the junction using economical planar processes.  Our investigation of such an approach has been very promising as discussed in the following section.

3. Planar APD Fabrication

At RMD, we have investigated methods for producing the deep-diffused profiles required to fabricate an ultra-high gain planar APD.  Planar techniques require less labor and may produce an array of devices simultaneously, for the processing steps are applied to all the devices on a wafer.  We have obtained very promising results in our attempts to form the required doping profile (to terminate the junction at the edges without causing premature breakdown) using a low cost planar process.   This innovative approach involves cutting grooves in the n-type neutron transmutation doped (NTD) silicon wafer used for APD fabrication.  The shape of the groove is used to influence the profile of the subsequent p-diffusions.  The presence of grooves creates a curved diffusion profile.  The resulting p-n junction profile, which is contoured, acts as a planar bevel that can be terminated at a required angle using etching and polishing methods.  Figure 3 outlines the steps involved in this process, which is very amenable to low cost fabrication of large area APDs and monolithic APD arrays, restricting dead space between elements to < 400 (m [Shah 01]. 
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Previously, we used 2” NTD doped n-type silicon wafers and fabricated large (10 cm2) APDs as well as APD arrays with 4 x 4, 8 x 8, 14 x 14 and 28 x 28 elements with the planar process.  These APD arrays had 1-2 mm pixels.  Figure 4 shows photographs of some planar APDs that have been fabricated at RMD in our research prior to the Phase I program.  Such planar devices have been extensively evaluated at RMD in our earlier studies.

4. Planar Device Testing 

At RMD, we have conducted evaluation of the planar APDs that involved measurement of gain, noise, quantum efficiency and energy resolution studies.  Results are reported first for the 4 x 4 element APD array (2 mm pixels) shown in Figure 4, followed by those for a 10 cm2 planar APD.

a. Evaluation of 4 x 4 Element Planar APD Array:

[image: image16.wmf]Channel

0

200

400

600

800

Counts

0

1000

2000

3000

4000

FWHM = 9%

Pulser

Testing of the APDs arrays (2 mm pixels) fabricated using planar technique has been conducted.  One of the first tasks was to evaluate the gain and noise behavior of the planar APDs and compare the results with those for our standard beveled edge APDs.  A low energy X-ray source (55Fe - 5.9 keV X-rays) was used to calibrate the energy scale for gain and noise measurements and a low noise electronic pulse generator was used to quantify noise.  The resolution of the 5.9 keV photopeak was measured to be 600 eV (FWHM) for 2 mm pixel size at room temperature. This is comparable to the performance obtained with the manually beveled APDs of similar size.  Figure 5 shows gain versus bias and noise versus bias behavior for 2 mm APD pixel showing that the maximum gain approached 104. The noise of 2 mm planar devices was measured to be 200 eV (FWHM) or 24 electrons (rms) at room temperature.  The gain and noise properties of the manually beveled APDs are very similar to the results for planar APDs. Furthermore, the gain of our new planar APDs is higher by a factor of more than 100 as compared to the other “reach through” planar APD design. These results are very encouraging. 

[image: image17.wmf]The quantum efficiency of one planar APD pixel was measured and the results are shown in Figure 6.  As seen in the figure, the quantum efficiency of these devices is in 60-90% range.  The quantum efficiency of these APDs is significantly higher than that of PMTs.  Also, the spectral response range for the APDs is also much broader than that for PMTs.  Even higher quantum efficiency, especially in blue region can be achieved upon optimization of the front surface of these APD and adding an anti-reflection coating.

[image: image18.wmf]The 4 x 4 APD arrays have also been characterized by measuring their uniformity of response under X-ray irradiation.  Figure 7 shows 55Fe spectra (5.9 keV X-rays) recorded from each of the 16 pixels with the X-ray source placed directly over each pixel during irradiation [Shah 01].  From this data-set, the peak position and integral of X-ray counts for each pixel were computed.  The total variation in peak position is (3.5%.  The average energy resolution of 5.9 keV peak is 650 eV (FWHM). 
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The performance of the planar-processed APDs as optical scintillation detectors was investigated.  A CsI(Tl) scintillator (2x2x5 mm) which emits optical scintillation light with a peak emission of 540 nm was coupled to a 2 x 2 mm planar APD pixel.  The energy resolution of the peak was measured by acquiring a pulse height spectrum of 662 keV gamma rays (22Na source).  The resolution was found to be approximately 7% (FWHM) at 20 (C.  Our results show that the yield of working devices is very high for the new planar process (> 95%).  Cross-talk in adjacent APD pixels has been measured to be <0.5%.  We have cooled 2 mm APD pixels to 77 (K (using LN2) and have successfully demonstrated single photoelectron detection with such planar APDs.

b. Evaluation of 10 cm2 Planar APD

We have also fabricated large APDs using planar process that included a 10 cm2 APD with octagonal geometry (see Figure 4), built on a 2” n-type NTD silicon wafer [Shah 01]. Gain and noise properties of the large planar APDs have been measured.  Gain was measured using a pulsed LED that irradiated the entire APD surface.  The device has unity gain at low bias  (200-500 V) and the gain values were computed at higher bias based on the unity gain calibration.  Operating gain of such an APD was found to be >1000 at room temperature where its signal to noise is optimal.  Noise performance of the 10 cm2 APD has also been measured.  55Fe source was used for calibration of the energy scale and the resolution of a test pulse was recorded as a function of bias.  At the optimal gain value, the noise of the APD is 200 electrons (rms) or 1.7 keV (FWHM) at 20 (C.  Figure 8 shows scintillation spectroscopy, performed with large planar APDs by coupling the 10 cm2 APD to a CsI(Tl) scintillator (3.8 cm diameter, 2.5 cm high).  The resolution of 662 keV photopeak (137Cs source) was measured to be 9% (FWHM) at temperature of 16 (C (see Figure 8).
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These results clearly indicate that planar APD technology is very promising. We have recently upgraded our APD fabrication process to accommodate 4” NTD doped slicon wafers.  The ability to process larger wafers allows fabrication of significantly larger devices, which is the focus of the proposed effort.  During the proposed Phase I effort the goal was to fabricate APDs with area (40 cm2 using the planar process and extensively characterize the performance of the large APDs.  An important aspect of the Phase I research was to cool the large APDs to LN2 conditions (in order to minimize their noise) and characterize their gain and noise properties.  The Phase I project was very successful as discussed in detail in the Phase I Final Report section and the feasibility of the proposed effort was adequately demonstrated.  Even larger planar APDs (up to 60 cm2) will be built in the Phase II project and possibility of using such APDs for detection of low intensity optical signal will be explored.  Planar APDs will be evaluated from view-point of eventual use in various high energy physics applications (discussed earlier) during the Phase II research.

II. Anticipated Benefits

The low cost, high gain APDs with very large areas that we plan to produce in the proposed effort will have major impact in a number of high energy physics experiments.  This includes eventual implementation in water Cherenkov detectors to study neutrinos from a variety of sources such as the sun, super novae, as well as accelerators.  Calorimetry studies and high energy astrophysics are also potential applications for the large, high gain planar APDs that we plan to explore in the proposed effort.

Such large APDs would also have numerous commercial applications beyond high energy physics research.  Medical imaging modalities such as SPECT and PET (with Anger logic design) which involve hundreds of scintillation detectors coupled to optical sensors will directly benefit from advances in the APD technology.  The compactness, high gain, high speed and good quantum efficiency of APDs will lead to cheaper and less bulky instrumentation with higher performance.  Astronomy and space physics will be another potential application.  Non destructive testing, and materials research including synchrotron applications will also be potential markets for the planar APD array technology.  Scintillation spectroscopy for nuclear physics research, optical tomography, optical detection of biological and chemical molecules, direct X-ray detection, and charge particle detection are all potential applications of the proposed technology.  Low background, low level radiochemistry experiments are also possible with such large APDs.  In view of the promise offered by these APDs, Canberra Industries (Meriden, CT) has shown strong interest in these devices.

III. Degree to Which Phase I Demonstrated Technical Feasibility

The main objective of the Phase I research was to demonstrate the feasibility of producing large ((40 cm2) planar APDs with performance characteristics suitable for high energy physics experimentation.  In order to achieve this objective, we had planned to first address design and fabrication aspects for producing such large APDs using the planar process.  Packaging and electronic readout aspects were to be investigated.  Devices fabricated in this manner were to be extensively investigated which would involve measurement of their gain, noise, and quantum efficiency.  Noise of these devices was to be measured, especially at LN2 temperature in order to analyze the possibility of detecting low intensity optical signal using the large APDs.  Timing characteristics of these devices were also to be evaluated.  
The Phase I project was very successful and all the Phase I objectives were met or even exceeded in some cases.  During the Phase I project, the planar fabrication process was adapted to allow fabrication of very large APDs.  We successfully fabricated planar APDs in two sizes in the Phase I research: 40 cm2 and 45 cm2.  These are the largest operational APDs in the world.  A new packaging design for these large APDs was developed in order to allow temperature cycling of these devices between room temperature and 77 (K (LN2 temperature) without any mechanical damage to the devices (due to thermal stresses).  Both charge sensitive and voltage sensitive preamplifiers were used to evaluate these devices.  Initially, gain, noise and quantum efficiency of these devices were evaluated.  Quantum efficiency of these devices was measured to be ~60% or higher in the 400 to 900 nm wavelength region.  Even at 200 nm, quantum efficiency of ~40% was measured for the planar APDs.  At temperature of –40 (C, the gain of 45 cm2 APDs was measured to be 5000 while their noise was 70 electrons (rms).  The 45 cm2 APD was coupled to a CsI(Tl) scintillator and irradiated with 662 keV photons (137Cs source).  The energy resolution of the 662 keV photopeak was measured to be 10% (FWHM) at –40 (C.  The large APDs were also irradiated with 5.5 MeV alpha particles and the signal was observed directly on a digital scope without any shaping.  The risetime of the resulting pulse was measured to be <2 ns, indicating that the large APDs provide fast response.

The 45 cm2 APDs were then cooled to liquid nitrogen temperature and their leakage current, and noise were measured.  The noise of the device was measured to be ~0.8 electron (rms) at 77 (K upon optimization of the electronic readout setup.  Maximum gain of ~104 was achieved with the large devices at 77 (K.  The ability to detect low intensity optical pulse (with <10 photoelectrons/pulse) with such large APDs at 77 (K was also demonstrated in our research.  Based on these results, the feasibility of the proposed research was adequately demonstrated.   The Phase I research was a collaboration between RMD and the Brookhaven National Laboratory (BNL) team of Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan.


IV. The Phase I Final Report

A. Design, Simulations and Fabrication of Large, Planar APDs

In the Phase I project, we fabricated very large APDs ((40 cm2) using the new planar process at RMD. The basic approach involves cutting a groove in the silicon wafer used for APD fabrication.  The shape of the groove is used to influence the profile of the subsequent diffusions.  Earlier, Figure 3 outlined the steps involved in this process that utilizes an automated wafer grooving routine followed by diffusions and polishing methods to form the high gain APD.  No manual processing is required in this new fabrication method.  The fabrication steps are as follows:

1. Fabricate grooves with appropriate depth and thickness into our starting neutron-transmuted doped (NTD) silicon wafers that are normally used for manual processing of large APDs.

2. Carry out standard deep diffusion to define the doping profile.

3. Polish back the front surface and the back side for proper termination of the p-n junction.

4. Define device periphery and fabricate device by applying contacts.
We have conducted simulations of the dopant profile around the grooves in order to predict the p-n junction profile in the devices.  These simulations are discussed here.

1. Simulation of Dopant Profiles and P-N Junction Contours

An important aspect of our new planar fabrication process for APDs involves deep diffusion of p-type dopant into a grooved n-type silicon wafer.  The presence of grooves results in a curved diffusion profile in the region near the grooves and a flat profile in the region away from grooves.  The resulting p-n junction also has a similar shape.  We performed computer simulations of this diffusion process in order to determine the precise distribution of the diffused p-type dopant and the resulting p-n junction contour.  One aspect of these simulations was to compare the shape of p-n junction for various groove shapes.  The shape of p-n junction is important, and if a sharp bend (or curvature) is present, the device can undergo a premature breakdown, which can limit the gain of the eventual APDs.  Since the shape of groove influences the p-n junction shape, a variety of groove shapes were simulated at RMD in a prior investigation.  

Although the diffused silicon has a three dimensional profile, symmetry arguments can reduce the problem to two-dimensions.  The p-type dopants used in our standard process are gallium and aluminum, which are diffused into n‑type base silicon wafer (with 30 (-cm resistivity) using a carefully controlled process developed by RMD.  In our prior research, we have developed a simple mathematical solution for the diffusion process.  The process was modeled assuming a constant surface dopant concentration, which is what actually happens in our process.  Under this condition, the dopant concentration profile is described by a complimentary error function [Ghandhi].  Since two p-type dopants (Ga and Al) are used in our process, the p-type dopant profile has been modeled as a sum of two diffusion profiles.  Once our model was developed, in order to gain confidence in its predictions, we fitted an existing dopant concentration profile for a deep diffused wafer with the model results as shown in Figure 9.  The experimental data for our deep diffusion profile is based on measurements performed by Solecon, Inc. (San Jose, CA).  As seen in Figure 9, excellent agreement was observed between the experimental results and our model predictions.  Next, we used this model to simulate the dopant profiles for n-type wafers with grooves cut in them.
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In this study, the two-dimensional distribution of diffused p‑type dopants into the n‑type silicon is simulated for wafers having grooves of different shapes. This allowed us to determine whether the curvature of the p‑n junction can be significantly altered in these cases (which may have an effect on the breakdown and gain characteristics of the devices).  Four groove shapes, all 200 µm deep, were studied: 1) the rectangular grooves, 2) triangular ‘V-shaped’ grooves which have walls at 27° with the ‘z-axis’ (into the silicon), 3) triangular ‘V-shaped’ grooves which have walls at 45° with the z-axis, and 4) round grooves with a radius of 200 µm.
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The results of the two-dimensional simulations are shown in Figure 10.  Also shown in the figure are various groove designs as well as the corresponding p-n junction profiles.  From the plots, one can conclude that while the p-n junction curvature is fairly similar for all groove designs, the broad V-shaped and the circular grooves have slightly smoother bending in the p-n junction profile.  However, the V or circular groove shapes are harder to fabricate (than the standard rectangular grooves) and they require special blades.  As a result, rectangular grooves were chosen for fabrication of very large APDs in the Phase I project.  As discussed in later sections, very high gain was achieved with the large APDs having rectangular grooves, which validated this choice.

2. Planar Device Fabrication

While the basic procedure used for APD array fabrication is similar to the process outlined in Figure 3, various steps were optimized both prior to and during the Phase I research to enable easier processing, improve the device performance, and allow increased flexibility.  Figure 11 shows a detailed schematic representation of the planar processed used in the Phase I project for fabrication of very large APDs.  
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The first step in our APD fabrication effort was selection of silicon wafers.  We used neutron transmutation doped (NTD), n-type silicon wafers with 30 (-cm resistivity, which were similar to ones used in our manual APD fabrication efforts.  Rectangular grooves were cut in the 4” diameter wafers, which in addition to creating planar bevels upon diffusion of p-type dopants, also define the device geometry.  Two APD geometries were explored in the Phase I project, one where the grooves defined a square device with 6.35 x 6.35 cm2 (or 40 cm2) area, and the second one with an octagonal design having 45 cm2 area.  The wafers were polished as a service at Semiconductor Processing, Inc. (Boston, MA).  Deep diffusion of p-type dopants, gallium and aluminum, was performed using our standard diffusion procedure at RMD.  Silicon material was then removed from the front and backside of the wafer.  We used our simulation results to determine the depths to which the front and backside should be processed in order to allow the p-n junction to meet the silicon surface at a desired angle.  This is necessary to prevent surface breakdown in APDs of this design [Sze].  Initially, the silicon removal was accomplished using etching procedures.  However, acid etching is not optimal on the front device face due to the presence of grooves, and we have investigated an alternative method for silicon removal that involves very well controlled polishing of the wafer.  Such polishing was performed at Semiconductor Processing, Inc. (Boston, MA), and 100 (m of p-type material from the front and 200 (m from the back was removed.  This approach was found to be quite reliable and has since been established as a routine step in our process.

The next step was to perform a shallow boron diffusion on the front (grooved) surface which is necessary to improve charge collection near the surface and thereby improve the optical quantum efficiency of the devices.  This step is also necessary to ‘sharpen’ the I-V characteristics of the devices.  P+ and n+ spin-on coated layers were then deposited on the front and backside of the device in order to provide good electrical connections to the APDs.  Passivation was then applied and the devices were packaged.

3. Planar APD Packaging
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Our typical method for packaging planar processed APDs utilizes a "flip chip" approach (see Figure 12). Alumina substrates, with appropriate feed-through connectors, are joined to the APD chip using a combination of mutually compatable silver filled and underfill epoxies.  The silver epoxy bumps are used to make electrical connection between the APD contacts and the pins on the alumina substrate.  The resulting space between the APD chip and the alumina substrate is then filled with a non-conducting epoxy to provide mechanical support to the APD chip.  Two electrical connections for the front and the back of the APD are provided on the backside of the alumina substrate in form of pins as shown in Figure 12.  The front connection is routed via the device edge to the backside of the ceramic substrate.
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While the basic scheme was similar for packaging the very large APDs that we built in the Phase I project, additional considerations were required.  In order to achieve very low noise with these large APDs, they need to be cooled to liquid nitrogen temperature.  As a result, the packaging design must be such that the devices can be cycled between room temperature and 77 (K without any mechanical damage to the APD chips due to thermal stresses.  As result, the packaging design was modified.  For the very large APDs developed in the Phase I program, aluminum nitride substrates are used in place of the alumina ones. Although AlN is somewhat more expensive material than alumina, its thermal expansion coefficient matches that for silicon very well and its thermal conductivity is substantially superior to that of alumina. For underfill, we have used a newly available boron nitride filled material which creates a low stress-bond with excellent thermal conductivity, assuring uniform cooling of the APD and its substrate. Since BN filled film requires a high temperature cure, silver filled polyimide was used in place of silver epoxy for making electrical connections. One 45 cm2 APD packaged in this way has been cycled between room temperature and 77(K more than dozen times with no degradation in performance. These packaged detectors can sustain cycling across an astounding range of 77 (K and 673 (K and could probably be cooled further.  Thus, the packaging scheme that we have developed for the large APDs appears to be very robust and allowed us to evaluate the performance of the large APDs over a wide range of thermal conditions.  Figure 13 shows photographs of 40 cm2 and 45 cm2 planar APDs, which are the largest APDs produced in the world so far. 
B. Basic APD Evaluation

Once the large APD were fabricated, we characterized their performance by measuring important APD properties such as gain, noise, quantum efficiency and timing response.  The measurements reported in this section were performed at –40 (C or at room temperature.  Additional measurements of gain and noise were also performed upon cooling the large APDs to liquid nitrogen temperature, which are covered in a later section.

1. Gain and Noise Measurements
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Extensive testing of the large APDs was conducted in the Phase I project.  One of the first tasks was to evaluate the gain and noise behavior of these APDs. The basic approach for measuring noise and gain involved irradiating an APD with pulsed light (from an LED) and recording the pulse amplitude first at low bias (200-500 V) which represents the unity gain value.  Next, the bias is increased and the pulse amplitude is monitored to determine the gain at each bias value.  The noise is monitored at the same time by acquiring an 55Fe spectrum to calibrate the energy scale and then recording an energy spectrum of an injected electronic pulse on the calibrated energy scale.  By measuring the width of the electronic test pulse peak in the energy spectrum, the noise of device is estimated (in eV or electrons).

[image: image27..pict]These measurements were conducted for the 45 cm2 octagonal APD at –40 (C.  An 55Fe spectrum (5.9 keV photons) recorded with the 45 cm2 APD is shown in Figure 14.  The resolution of 5.9 keV X-rays was measured to be 2.4 keV (FWHM) in this study.  Gain and noise of the 45 cm2 APD as a function of applied bias (at –40 (C) are shown in Figure 15.  As seen in the figure, the gain of the device approaches ~5000 while the corresponding noise is 70 electrons (rms).  These studies confirm that the large APDs that we fabricated in the Phase I project are indeed capable of providing high gain, a characteristic of the deep diffused APD design.  Furthermore, upon modest cooling to temperatures that can be achieved with thermoelectric coolers, low noise and low energy X-ray detection can be achieved with the large APDs.   Measurements of gain and noise as well as optical detection with the 45 cm2 APD at 77 (K are reported in a later section of this report.

2. Quantum Efficiency Measurements
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Optical quantum efficiency of planar APDs has been measured in the 200 nm to 800 nm wavelength region in the Phase I project. The measurement was performed in photovoltaic mode by recording the photocurrent produced by the APD in response to light from a grating monochromator.  The current was calibrated to compute absolute quantum efficiency using a standard visible light reference photodiode calibrated for responsivity in A/W.  The results are shown in Figure 16.  The quantum efficiency of the planar APDs is about 40-70% in the 200-800 nm wavelength region, which is significantly higher than the [image: image29.png]


quantum efficiency of PMTs.  Even higher quantum efficiency should be achievable in the Phase II project as the PSAPD front surface is optimized and an anti-reflection coating is deposited for the desired wavelength region.  The high quantum efficiency of planar APDs at 200 nm is particularly impressive and the result indicates that APDs can be used for calorimetry based on scintillation from liquid noble gases (for example, liquid Xe).  A more detailed evaluation of the quantum efficiency of planar APDs in deep ultra-violet region that covers wavelengths lower than 200 nm will be carried out in the Phase II project.

3. Timing Response of Large APDs

Rise-time of the large planar APDs was also investigated.  The experiment involved irradiating the APD with 5.5 MeV alpha particles (241Am source).  The resulting signal from the APD was recorded directly on a digital scope with 50 ( input impedence without any further amplification or shaping (see Figure 17).  The rise-time of such a pulse was measured to be  < 2 ns, indicating that large APDs are capable of providing fast response.  It should be noted that direct measurement of the APD response on a digital scope with 50 ( input impedence represents a voltage sensitive amplification scheme, where the effect of the device capacitance on the timing response is minimal.  This behavior is in sharp contrast to the traditional charge sensitive preamplifiers, where the input capacitance has a strong effect on the timing response.  For traditional charge sensitive preamplifiers, the timing response becomes slower as the capacitance of the detector increases.  Since the large devices that we are exploring in the proposed effort have high capacitance, voltage sensitive preamplifiers may be better suited, especially for applications where fast response is required.  We will explore this issue in greater detail in the Phase II project.

C. Scintillation Spectroscopy with Large APDs

Based on the gain, noise and quantum efficiency measurements, it is clear that the large planar APDs can be used for scintillation spectroscopy.  Evaluation of the large planar APDs for scintillation studies was carried out in the Phase I program.  A 45 cm2 planar APD was coupled to a [image: image30..pict]CsI(Tl) scintillator (38 mm diameter, 25 mm tall) and irradiated with 662 keV photons (137Cs source).  Standard nuclear pulse processing electronics were used in this experiment.  A 137Cs spectrum collected in this manner with the APD cooled to –40 (C is shown in Figure 18.  The resolution of the 662 keV photopeak was estimated to be 10% (FWHM) in this study which is very encouraging.  This study indicates that with modest cooling the large planar APDs that we are investigating in the proposed effort would be suitable for gamma ray spectroscopy based on scintillators.  This investigation will be continued in the Phase II project using a variety of scintillators.

D. Evaluation of Large APDs at LN2 Temperature

Once the basic evaluation of the large APDs was completed, we characterized their performance at 77 (K.  The purpose of this study was to reduce the dark noise of the large APDs considerably and evaluate the possibility of using them for detection of low intensity optical signal.  In order to perform these studies an experimental setup was first built to allow cooling of the large APDs to 77 (K in a reproducible manner.  Gain, dark current and noise of the large APDs were evaluated, and detection of low intensity optical signal was then demonstrated.

1. Experimental Setup 

Figure 19 shows a schematic representation of the experimental setup used in this study.  The setup consists of an APD test chamber, a light source and the readout electonics.

a. Test Chamber

The test chamber consisted of a die cast aluminum housing (4.75 inches x 7.375 inches x 2 inches high), which contained the APD under test. The APD was supported by nylon screws, which touched the APD at only a few small points, insuring that the cooling of the APD was done convectively and radiatively rather than conductively. A very small amount of dry nitrogen gas (approximately 0.2 CFH) from a cylinder flowed into the chamber and out of it through small light-tight openings at the opposite sides of the test chamber.  This insured that a small positive pressure was maintained with the intention of keeping moisture out. The APDs contacts were attached to wires in the test chamber via alligator clips and routed through the chamber wall to the readout electronics via a coaxial cable. This cable was kept short (< 1ft) to minimize electronic noise. One end of an optical fiber was mounted onto the cover of the die cast aluminum test chamber. When the cover was secured to the test chamber, this optical fiber was aimed at the APD (approximately 1 inch away) and was used to supply optical test pulses to the APD. The aluminum test chamber was screwed to a 0.5 inch thick aluminum plate into which was inserted a K-type thermocouple which monitored the temperature of the test chamber. It was assumed throughout the experiments that the thermocouple temperature was equal to the APD temperature because sufficient time was allowed for all measurements for the system to reach equilibrium. Because many thermocouple meters do not work well at low temperatures, we took the approach of connecting a ‘reference’ thermocouple in series with the test thermocouple, and the reference thermocouple was placed in an ice water bath. A sensitive voltmeter was used to measure the voltage across the thermocouples, and this voltage was converted to degrees Celsius using known conversion tables. The test chamber was placed in a stainless steel pan, which was itself placed in a Styrofoam box. Liquid nitrogen was poured into the stainless steel pan to cool the chamber.

b. Light Source

[image: image31..pict]The light source was a pulsed LED with peak wavelength of 590 nm. The electronic pulse that was used to power the LED had a 300 ns duration and a repetition rate of 600 Hz. The LED irradiated a fiber optic cable, which terminated in the APD test chamber and was aimed at the APD under test (at a distance of about 1” from the APD).

c. Electronics

For the evaluation of the cooled APDs we used a charge sensitive preamplifier (Cremat #110) and a a semi-Gaussian (4th order integration) shaping amplifier (Cremat CR-160) along with a pulse height analyzer, high voltage power supply and an electronic test pulser.  The detector was AC-coupled because the APD leakage current can become significant at higher temperatures and saturate the preamplifier if it were to be DC coupled. In the preliminary experiments, the coupling capacitors were placed near the detector in the test chamber. It was found that these high voltage ceramic capacitors could not withstand the repeated temperature cycling and as a result the capacitors were placed within the preamplifier housing outside the cryostat in the final setup.

2. Experimental Procedure and Results for Small APDs

To measure the APD dark noise, the APD was first biased to 500 volts, where the APD gain is assumed to be 1. The pulsed LED irradiated the APD and the pulse height was measured using the pulse height analyzer.  By recording the position of the LED peak as a function of bias, the gain versus bias relationship for the large APD was determined.  The LED was then turned off and the energy scale was calibrated (in eV and then in electrons) by irradiating the APDs with an 55Fe source that emits 5.9 keV X-rays.  By recording an electronic test pulse spectrum on a calibrated energy scale, the noise of the APD was estimated. 

Prior to the measurements with the 45 cm2 APDs, experiments were performed with a smaller 2x2 mm2 APD to check the apparatus and the experimental procedure.  For these small APDs, noise and optical sensitivity experiments were performed at 77 (K. The 2x2 mm2 APD was biased to 1400V, where the gain was measured to be 1400. A low intensity LED pulse irradiated the APD on a calibrated energy scale. The LED was turned off and an electronic pulser was injected to the preamplifier input, resulting in the electronic test pulse peak in the spectrum. The measured width of this electronic test pulse peak indicated a dark noise of 0.26 electrons (rms). Successful detection of an optical pulse with intensity corresponding to generation of ~10 photoelectrons/pulse in the 2x2 mm2 APD was accomplished.  It should be noted that no particular optimization was carried out in this study and the actual noise of the small APD is probably lower. However, this basic study allowed us to verify that the experimental setup was functioning as planned.

3. LN2 Studies with 45 cm2 APDs

a. Dark Current Measurements

In the case of the large (45cm2) APD, measurements of dark current were performed at a number of different temperatures, spanning the range of 77°K to 250°K. In order to perform these measurements as a function of temperature, the test chamber was first cooled to its coldest (LN2) temperature. Dark current measurements were made at this temperature, and at warmer temperatures as the test chamber slowly warmed to room temperature (over the course of several hours). The value of the APD dark current is highly dependent on the APD gain, so efforts were made to keep the gain constant as the dark current was measured at varying temperatures. We found that the 45cm2 APD could be reliably operated at a gain of 1000 at all temperatures within the tested range (-196°C to –25°C).  Figure 20 shows the variation of the APD operating bias as a function of temperature required to maintain APD gain of 1000 in this study.

[image: image32..pict]The dark current of the 45 cm2 APD has been measured as a function of temperature (over -196°C to –25°C range) at a constant gain of 1000 (obtained by varying the APD bias as shown in Figure 20) and the resulting plot is shown in Figure 21.  As seen in the plot, the dark current is very low for the 45 cm2 APD at LN2 temperature, indicating that low noise should be achievable.

b. Gain Versus APD Bias at 77 (K

 The gain versus operating bias relationship for the 45 cm2 APD has been measured at a temperature of 77 (K.  The measurement was performed using the methodology described earlier. The APD was irradiated with an optical pulse, first at low bias (~500 V).  The measured signal amplitude corresponds to a unity gain value.  The subsequent signal amplitude measurements at higher bias are normalized with respect to this unity gain value to determine the gain versus bias relationship.  The results are shown in Figure 22 and indicate that very high gain (~104) can be achieved with the 45 cm2 APD at 77 (K.   The optimal gain where the noise is minimized was found to be ~2000. 
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c. Noise and Optical Sensitivity Studies

The final set of measurements in the Phase I project involved measurement of noise of the 45 cm2 APD at 77 (K.   The APD was operated at gain of ~2000.  An 55Fe spectrum (5.9 keV X-rays) was used to calibrate the energy scale (in electrons).  Next, the APD was irradiated with a low intensity LED pulse and the resulting pulse height spectrum was collected on the calibrated scale.  The LED was turned off and an electronic pulser was injected into the preamplifier input, resulting in the electronic test pulse peak in the spectrum. The measured width of the electronic test pulse peak indicated that the APD noise was ~0.8 electrons (rms). 

[image: image34..pict]Successful detection of an optical LED pulse with intensity of <8 photoelectrons/pulse with the 45 cm2 APD is achieved as shown in Figure 23.  By gating the LED pulse (using an electronic counter), the detection efficiency of the 45 cm2 APD at 77 (K for the LED pulse with intensity of ~8 photoelectrons per pulse was estimated to be > 95%.   
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Overall, the low noise (of ~0.8 electrons-rms) and successful detection of low intensity optical signal (<8 photoelectron/pulse) with the 45 cm2 APD at 77 (K are very encouraging. Further optimization of the APDs and their electronic readout setup in the Phase II project is expected to provide even lower noise.  Thus, these large APDs are capable of low intensity optical detection and can play an important role in future high energy physics experiments.   Overall, based on high gain, low noise, fast response and high optical quantum efficiency of these 45 cm2 APDs, which are the largest functioning APDs in the world, the feasibility of the Phase I research was adequately demonstrated.

V. The Phase II Project: Technical Objectives

The Phase II research will build on our successful Phase I project and will focus on detailed investigation of the planar technology for fabrication of very large APDs.  During the Phase II project, we plan to fabricate APDs as large as 60 cm2 in area (with octagonal geometry) for eventual use in high energy physics experiments. Large APDs with appropriate sizes will also be built and evaluated for calorimetry experiments such as KOPIO and MECO during the Phase II project. Water Cherenkov detection is one potential Phase III application for these large APDs.
In order to achieve these objectives, the design of the planar APDs will be optimized.  This will involve modifications of the front surface layer, thickness of the drift region, and the thickness of the undepleted n-layer on the back.  To obtain high quantum efficiency with APDs in a specific wavelength region, use of anti-reflection coating will be explored.  Such APDs will be packaged on ceramic substrates such as alumina and AlN using the polymer based flip-chip process.  Extensive characterization of large APDs will then be carried out.  This will involve measurement of gain, noise, quantum efficiency and timing response of the large APDs.  Spatial variation of gain will also be determined in the Phase II project.  Direct detection of X-rays and charged particles with the large APDs will be carried out.  Scintillation spectroscopy will be conducted using the large APDs coupled to inorganic scintillators such as CsI(Tl) and NaI(Tl) to measure pulse height spectra of gamma rays such as 662 keV photons (137Cs source) and 122 keV photons (57Co source).  Electronic readout design will be optimized for these large APDs (with high capacitance) to achieve low noise.  Both charge sensitive and voltage sensitive preamplifier designs will be investigated.  The large APDs will be cooled to LN2 temperature and their gain, noise as well as optical sensitivity will be measured.   Radiation hardness characteristics of these large APDs will also be investigated.  Applicability of these large APDs to high energy physics experiments such as water Cherenkov detection and KOPIO and MECO will be investigated by our collaborators at the Brookhaven National Laboratory (Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan).  Thus the technical objectives for the Phase II research are:

1. Optimize the planar process to allow fabrication of very large APDs (up to 60 cm2 with octagonal design).  Also fabricate APDs with sizes suitable for KOPIO and MECO experiments. 

2. Explore issues such as front surface processing, thickness of the drift region and the thickness of undepleted n-layer on the back.  Evaluate use of silicon with resistivity in 10-30 (-cm range.  

3. Package the large planar APDs using the polymer flip chip process.  Optimize the front end electronics for these large APDs with high capacitance.  Explore both charge sensitive and voltage sensitive preamplifier designs.

4. Perform evaluation of the large area APDs including measurement of quantum efficiency, gain, noise and timing response.  Map out gain uniformity of large devices. Quantify the individual noise sources in the APDs such as series thermal noise, parallel thermal noise, and 1/f noise.

5. Perform direct X-ray and charge particle detection with the large APDs.  Also, perform scintillation spectroscopy by coupling these large APDs to scintillators and measure energy resolution for gamma rays such as 662 keV photons and 122 keV photons.  

6. Evaluate radiation hardness characteristics of these large APDs.

7. Cool the large APDs to LN2 temperature and measure gain, noise and sensitivity for low intensity optical signal.

8. Evaluate these large APDs from view-point of eventual use in high energy physics experiments such as water Cherenkov detection and calorimetry at BNL.

The Phase II research will be carried out as a collaboration between RMD and BNL team of (Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan).  Dr. Stephen Reucroft at the Northeastern University and Dr. Priscilla Cushman at the University of Minnesota will also participate in the Phase II project, particularly in the radiation hardness characterization.


VI. Phase II Work Plan

The goal of the Phase II project is to advance the promising, large area (up to 60 cm2), planar APD technology for eventual use in high energy physics experiments.  In order to achieve this goal, the Phase II research will cover several diverse areas.  The design of the large area planar APDs will be examined and extensive evaluation of the basic properties of large APDs will be conducted.  The large APDs will be cooled to LN2 temperature and their gain, noise and optical sensitivity will be measured.  Applicability of these large area APDs to various high energy physics experiments such as water Cherekov detection and calorimetry will be examined by our BNL collaborators.

A. Simulation studies

[image: image36..pict]During the Phase II project, we will conduct extensive simulation studies of the planar APDs which are based on the deep-diffused design.  Figure 24 shows a schematic representation of various regions in a deep-diffused APD. As seen in the figure, the conversion of incident optical photons to current output at the APD anode may be separated into following four processes:

1. Photon absorption in the top p-type layer and generation of photoelectrons.

2. Transport of the minority carrier photoelectrons to the avalanche gain region (drift and space charge regions).

3. Multiplication in the avalanche gain region and subsequent transport of the photoelectrons to the n-type region where they are majority carriers.
4. Majority carrier transport in n-type back layer to the anode.
The simulation studies in the Phase II project will build upon the tools that we have already established in the Phase I project, but will be more extensive.  Specifically, the doping profile, estimated using the method described earlier (in the Phase I Final Report) will be used to compute the electrical properties of the APDs such as electric field profile and depletion region width.  Initially, in the Phase II project we will compute the p-type doping profile due to deep diffusion of gallium and aluminum in n-type NTD silicon with varying resistivity.  This will be performed using a numerical approach that was described earlier .  These doping profiles will be the input parameter along with the device geometry and biasing conditions for a semiconductor device program developed at RMD.  From the dopant concentration profile, the electric field profile can be estimated by integrating Poisson’s equation.  The size of depletion region on the p-side and n-side of the junction can be determined on the basis of the charge neutrality requirement.   

For RMD’s typical diffusion of p-type dopants (Ga and Al) in to a NTD doped n-type silicon wafer with 30 (-cm resistivity (for which the dopant concentration profile was shown earlier in Figure 9), the computed electric field profile (at gain of 1000) and depletion region width (as a function of bias) are shown in Figure 25.  As seen in the figure, the region with high electric field is wider in n-region than in p-region.  Furthermore, the high electric field region for this deep diffused APD design is broad as opposed to that for “reach-through” APD design.  This allows the deep diffused design to provide high gain with low multiplication noise [Redus, Gramsch].  Similar analysis will be carried out for deep-diffused APDs fabricated from silicon with varying resistivity as well as processing and operating conditions for optimization of the APD design for large area [image: image37..pict]devices. Speed of response of the APDs depends on maintaining high electric field across the APD width and will also be analyzed in this study.

Figure 25. Calculated electric field profile (left) and depletion width as a function of bias (right) for a deep diffused APD fabricated from a 30 (-cm NTD Si wafer.  The dopant concentration profile upon RMD’s deep diffusion of p-type Ga and Al in the wafer was shown earlier in Figure 9.  

In addition to this bulk device analysis, we also plan to study the electric field near the front electrode that has thin p+ layer due to surface boron doping.  Since the surface field directly affects the charge collection at surface, which in turn has direct relationship with the quantum efficiency in the blue-UV region, this analysis will help us in optimization of the front p+ layer processing.  

B. Large Area APD Fabrication

One of the main emphasis of the Phase II project will be on the optimization of various design and fabrication steps of the planar process (based on the insight gained from the simulations) to produce high gain APDs in very large sizes (up to 60 cm2 with octagonal design).  Large APDs with sizes suitable for KOPIO and MECO will also be built during the Phase II project.  

NTD doped n-type silicon wafers in 4” diameter size with resistivity of 30 ohm-cm (which is the standard silicon resistivity for our process) will be purchased from Topsil.  Deep diffusion, and polishing (both front and back p-layers) will then be performed in a similar manner as in the Phase I research (see Figure 15).  Some wafers with lower resistivity (in 10-20 (-cm range) will also be used in order to improve timing response of the large APDs.  Lower silicon resistivity leads to smaller depletion region width and higher electric field within the bulk, which can lead to improved timing performance. We will also reduce the thickness of the undepleted n-region on the backside of the APD.  Initial indications are that this processing improves the APD timing response (see Figure 26) as well as reduces the APD noise.  The improvement in fall time (shown in Figure 26) may be useful in experiments like KOPIO where very high count-rates are expected.
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The front p+ layer fabrication may be modified based on our simulation studies in order to optimize the quantum efficiency in the blue-UV region.  This may involve modification of the standard boron diffusion profile or we may use alternative methods to incorporate boron such as low energy ion implantation followed by pulse laser annealing to create a very thin p+ layer [Shah 97].  We have performed some early evaluation of this technique on the planar APDs earlier and we will explore it in more detail in the Phase II research.  In addition, we will also experiment with the thickness of the p-type drift region, which affects charge collection properties, thereby influencing the optical quantum efficiency.  The thickness of the drift region is also expected to influence timing response of the APDs, with thinner drift region expected to provide faster response.  During the Phase II project, we also plan to fabricate isolation grooves on the backside of the APD as shown in Figure 27.  These isolation grooves are expected to function like guard rings that reduce the surface leakage current in the devices.  Since the surface leakage current can be significant in the large APDs, the new design is expected to reduce the APD noise.

[image: image39..pict]In order to improve optical response and quantum efficiency of planar APDs, we will also apply anti-reflection coating (ARC) designed to minimize reflection at desired wavelengths.  In applications where scintillators and fibers are coupled to APDs, optical coupling glue is typically used at the interface.  Bare silicon has significant reflection, and hence ARC is required to efficiently collect light.  An important requirement for ARC is high refractive index.  Indeed, using the same refractive index for the ARC and the optical coupling glue will result in a continuum having the same refractive index. Optical glues typically have refractive index around 1.4-1.5. For this reason, SiO2 cannot be used together with optical glue because of the proximity of its refractive index with that for a typical glue.  We have chosen Ta2O5 (with refractive index ~2.2 at 400 nm) as an ARC for APDs.  Ta2O5 has been used successfully as an anti-reflection coating on Si diodes with excellent results (reflection losses of <3% at desired wavelength) [Evrard].  The optimum ARC thickness d opt can be calculated from the expression:


[image: image3.wmf]
where nARC is the refractive index of the ARC coating and ( is the wavelength of incident light.  For a given wavelength of interest, the thickness of the ARC (Ta2O5) coating can be estimated using the equation presented above. At RMD, we have already deposited with such ARC coatings on APDs, using a spin-coating method.  A quantum efficiency plot for an APD processed with a Ta2O5 ARC layer (~40 nm thick to optimize the APD response at 370 nm) is shown in Figure 28.  As seen in the figure, excellent quantum efficiency is observed in the blue region (~80% at 400 nm).  We plan to deposit such Ta2O5 layers on APDs, optimized for selected wavelengths (for example, 500 nm where the emission from fibers to be used in KOPIO occurs or 480 nm for peak emission from CdWO4 scintillators to be used in MECO) in the Phase II project.  We expect the quantum efficiency of APDs to increase substantially as a result of this effort.

[image: image40..pict]The large devices will be packaged in a similar manner as in the Phase I project.  In order to allow cooling to LN2 temperature without mechanical damage due to thermal stresses, APDs will be packaged on AlN ceramic substrates using polymer flip-chip method.  A BN based polymeric compound will be used as an under-fill material, while a silver filled polyimide will be used to make electrical connections between the substrate and the APD chip.  This packaging scheme (shown in Figures 12 & 13) worked very well in the Phase I project and we were able to cycle large APDs between room temperature and 77 (K more than a dozen times without any degradation.  Hence, we will continue the same approach to package the large APDs in the Phase II project.  For the APDs that we plan to build for KOPIO and MECO which do not need cooling to LN2 temperature, the packaging design will be similar but alumina substrates will be used in place of AlN.

C. Large Area APD Evaluation

Extensive testing of large area APDs fabricated using the planar process will be conducted in the Phase II project.  The studies presented in this section will be conducted with the APDs cooled in –25 to –40 (C range that can be achieved with thermoelectric cooling.  Detailed evaluation of APDs will also be carried out at LN2 temperature, which is presented in a subsequent section.

1. Gain Characteristics

The gain of the large planar APDs will be measured in a manner similar to that used in the Phase I project.  The gain measurement will involve recording a pulsed LED peak position first at low bias to measure the pulse height corresponding to unity gain.  Next, LED pulse height will be recorded at higher bias values to compute gain versus bias relationship.  We will conduct gain measurements using APDs with different silicon resistivity in order to determine the design with optimal gain performance.  

For the very large devices we will also perform a spatial mapping of gain in order to quantify variation of gain over large silicon surface.  Since the spatial gain non-uniformity can act as a source of resolution broadening, these measurements will be very helpful in understanding the characteristics of the large devices. We have already performed similar measurements using a 14x14 mm2 APD, where its surface was scanned with a 1 mm optical fiber illuminated with 550 nm light. The results are shown in Figure 29 and indicate that the optical response of the full active area of the device is fairly uniform. The red section (which represents uniform, high response) is ~14x14 mm2, and the lower response (represented by yellow and green periphery around the red section) occurs when the fiber is passed over the APD grooves.  The gain of the device was ~1000 in this study.
2. Noise Properties

[image: image41..pict]A detailed noise study of the large area, planar APDs is planned for the Phase II project.  Dark noise measurements of the Phase II APDs will be made using methods similar to those used in Phase I.  The spectral characteristics of the measured noise will be analyzed in order to identify the principal noise sources in the detection system.  This will be done at a variety of APD gains. From this information, the optimal APD gain will be determined.  At the optimal gain, where the signal to noise ratio is maximum, we will also measure noise as a function of amplifier integration time.  Using the noise data at different integration times, we will estimate the individual noise components such as parallel thermal noise (or other parallel white noise sources such as ‘shot’ noise), series thermal noise, series ‘1/f’, and parallel ‘f’ noise [Radeka] using computer program already setup at RMD [Redus].  An equivalent circuit diagram for various noise sources in an APD coupled to a charge sensitive preamplifier is shown in Figure 30.  For the very large APDs that we are investigating in this project, the shot noise due to APD leakage current (modeled, in part, by the thermal current noise of an equivalent parallel resistor Rp in Figure 30) can be expected to be the dominant noise source at temperatures above ‑50C.  At lower temperatures, where leakage current (and thus shot noise) is relatively low, the noise due to the relatively large detector capacitance is expected to become the dominant noise source.  This noise component is modeled by the thermal voltage noise of a resistor placed in series with the preamplifiers input (Rs in Figure 30).

3. Quantum Efficiency

The quantum efficiency of APDs will be measured in the Phase II program using a monochromator, a light source, and a calibrated silicon diode in similar manner as in the Phase I project.  The optical efficiency will be measured in the 200-900 nm region.  One aspect of this investigation will be to study the effectiveness of our new surface doping on the quantum efficiency of our devices in the blue-UV region.  We also plan to perform quantum efficiency measurements with the large APDs in deep ultra-violet region (120-200 nm) using the facilities at Rutgers University (in New Jersey). Rutgers Ultraviolet Detector Laboratory has three monochromators for UV studies, an Acton 502 for wavelength coverage from 120 to 300 nm, a McPherson 247 for 5 to 120 nm, and an Oriel for 200 to 600 nm [http://www.physics.rutgers.edu/~cjoseph/ast-uvlab.htm].  Experiments with the large APDs will be performed on a fee for service basis at Rutgers during the Phase II project.  Quantum efficiency measurements will also be performed over the entire wavelength region of interest (UV to visible) as a function of APD temperature (from room temperature to LN2 temperature).
4. Scintillation Spectroscopy and Charged Particle Detection

Once the gain, noise and quantum efficiency of the large APDs have been characterized, we will measure their scintillation performance.  Standard NIM electronics will be used and a low noise, charge sensitive preamplifier (such as Cremat #CR-110 that has been modified for use with high capacitance detectors) will be coupled to the APD.  The APDs, cooled to –25 to –40 (C range, will be coupled to scintillators such as CsI(Tl) and NaI(Tl) and irradiated with isotopic sources such as 137Cs, 57Co, 60Co and 22Na.  The energy resolution of various gamma ray photopeaks will be measured along with the electronic pulser resolution.  The dominant resolution broadening mechanism will be estimated from these results.  Some measurements will also be made with BaF2 and plastic scintillators.  For the very large devices, we will procure scintillators with matched size from Saint Gobian Crystals and Detectors to perform scintillation studies.  

[image: image42..pict]Direct detection of charged particles such as 5.5 MeV alpha particles (241Am source) and 90Sr beta particles (Emax = 2.27 MeV, Eavg = 0.5 MeV) with the large APDs will also be carried out in the Phase II project.  Standard nuclear pulse processing electronics will be used and the energy spectra resulting from the interaction of these charged particles with the APDs will be recorded at temperature in the range of –25 to –40 (C.  

5. Timing Studies

We also plan to conduct extensive timing studies with the APDs in the Phase II project.  This will include measurement of the risetime as well as coincidence timing resolution using APDs of various sizes that we fabricate in the Phase II program.

The rise time (and fall time) measurements will be made by irradiating the APD with a fast optical pulse (<1 ns pulse width) using a frequency doubled YAG laser available at RMD (Uniphase # NG-10120-101) and recording the resulting signal from the APD on a digital scope.  Direct detection of alpha particles (5.5 MeV, 241Am source) on a digital scope will also be used in a similar manner for rise and fall time measurements with very large APDs.

[image: image43..pict]For coincidence timing resolution, we will use a BaF2 scintillator coupled to PMT as a start channel while an APD coupled to BaF2 will be used on the stop channel in a timing cicuit.  511 keV gamma rays pairs (22Na source) will irradiate both detectors at the same time.  The signal from each channel will be processed with a timing filter amplifier (TFA), a timing SCA and then fed to a time-to-amplitude convertor (TAC) with a fixed delay.  The output of the TAC will be viewed on a multi-channel analyzer and the resulting spectrum will provide timing resolution of the system.  This will allow unambiguous determination of the timing resolution of APDs of various sizes.  Both charge sensitive and voltage sensitive preamplifiers will be used with APDs in this experiment to compare the timing resolution obtained with these different preamplifiers.  A schematic representation of the charge sensitive and voltage sensitive preamplification designs is presented in Figure 31.  We expect voltage sensitive preamplifiers to provide better timing results because their risetime is relatively fast for large capacitance detectors, unlike that of charge sensitive ones.

Figure 31. Schematic representation of a charge sensitive preamplifier or CSP (left) and voltage sensitive preamplifier or VSP (right).  For semiconductor detectors, charge sensitive preamplifiers are more common.  For CSP, the risetime of the preamplifier slows with increasing input capacitance, which is not the case with VSP.  Because the very large APDs that we propose to investigate in Phase II will have relatively high capacitance, VSPs are expected to provide better risetime (and therefore timing) performance.

D.  Radiation Hardness Studies with APDs

During the Phase II project, we will investigate radiation hardness characteristics of the large, planar APDs.  Many high energy physics experiments are performed at accelerators, and during these experiments, large number of high-energy particles are produced.  As a result, in many high energy physics experiments, the detectors used need to be able to withstand exposure to large particle flux with minimal degradation in performance.  If some degradation in performance is found, it is important to demonstrate that such degradation can be reversed with modest annealing.

1. Prior Radiation Hardness Studies with 2x2 mm2 Planar APDs

In a prior investigation, we have evaluated radiation hardness of small planar, high gain APDs with 2x2 mm2 area.  The experiment involved selecting eight discrete planar APDs and measuring their optical quantum efficiency, gain and dark current at operating bias of 1800 V, prior to any radiation exposure.  These parameters were selected because quantum efficiency and gain determine the signal generated by the device, while the dark current affects its noise.  Next, these devices were irradiated with 72 MeV protons at Paul Scherrer Institute (PSI, Switzerland) with fluence ranging from 1x108 to 2x1012 protons/cm2.  After the exposure, the devices were evaluated again, and their gain and dark current (at 1800 V) and their quantum efficiency were re-measured, and the results were compared to the data measured prior to the radiation exposure.

The results of this study are summarized in Table I, where the proton exposure, and equivalent 1 MeV neutron exposure (calculated from the proton exposure [Huhtinen]) are listed for each device.  Also shown in the table, are the ratios of gain, dark current, and quantum efficiency (at a selected wavelength of 500 nm) for each device, measured after and before the exposure.  As seen in the table, gain of the devices does not show any strong correlation to exposure.  The dark current of the devices increased at exposure level beyond 1012 n/cm2.  Quantum efficiency, which is the most important parameter from view-point of light detection with APDs appears to be unaffected by radiation exposure up to 1012 n/cm2 and starts to degrade at higher exposure levels.  These results indicate that the APDs show stable performance for exposure level up to ~1012 n/cm2.  These results are very encouraging and indicate that the radiation hardness of our APDs is acceptable for many high energy physics experiments.  Since the basic design and structure of the 2x2 mm2 planar APDs and the very large APDs that we are building in the proposed effort are similar, we expect the large APDs to exhibit similar radiation hardness characteristics. We plan to conduct studies in the Phase II project to confirm this expectation.  For certain applications such as the extreme requirements in CMS, some improvement in radiation hardness of our APDs would be required, which will be investigated in the Phase II research.  

Table I. Summary of Radiation Hardness and Annealing Experiments

	APD #
	Proton Exposure

[p/cm2]
	Equivalent Neutron 

Exposure  [n/cm2]
	Gain

Ratio
	Dark Current

Ratio
	Q.E.

Ratio

	1
	1.09e8
	2.29e8
	0.81
	0.69
	0.93

	2
	1.05e9
	2.20e9
	1.17
	0.84
	1.07

	3
	9.92e9
	2.08e10
	1.00
	1.01
	1.21

	4
	2.95e10
	6.20e10
	0.86
	1.13
	1.23

	5
	9.45e10
	1.99e11
	0.92
	1.08
	1.16

	6
	3.10e11
	6.51e11
	1.97
	2.43
	0.95

	7
	9.85e11
	2.07e12
	1.42
	7.02
	0.54

	8
	2.42e12
	5.08e12
	1.11
	8.11
	0.20

	annealed 6
	3.10e11
	6.51e11
	2.32
	1.19
	0.92

	annealed 7
	9.85e11
	2.07e12
	1.41
	1.94
	0.77


We have also explored effect of mild thermal annealing on the performance of APDs that suffered some degradation due to high exposure levels (6.5x1011 and 2x1012 n/cm2).  This involved heating the devices to a temperature of 100 (C for a period of 48 hours.  The gain, dark current, and quantum efficiency of the devices were re-measured.  The ratios for these parameters were calculated based on numbers measured after annealing and the ones measured prior to radiation exposure, and the results are listed in Table I.  As seen in the table, even with such mild anneal, the parameters approach the pre-radiation values which is very encouraging.  

[image: image44..pict]The improvement in device performance upon annealing can be illustrated by considering the 137Cs spectra (662 keV (-rays) recorded with the devices when coupled to CsI(Tl) scintillator.  Such spectra for APD#7 with equivalent neutron exposure of 2x1012 n/cm2 prior to and after anneal are shown in Figure 32 (top).  For comparison 662 keV spectrum with APD#1 that had low radiation exposure is also shown.  All three spectra were recorded at room temperature.  As seen in the figure, after annealing the 662 keV spectrum for APD#7 shows significant improvement and is very similar to the 137Cs spectrum for APD#1.  It is important to note that such mild annealing can be achieved by simply biasing the APDs in forward direction (with a current limiting resistor) during the period when the detector is not recording data in high energy physics experiments.  We will explore such an annealing approach in detail in the Phase II project. 

Finally, we also observed that even without any annealing, the performance of devices with degradation could be improved significantly by cooling the detectors to about –30 to –40 (C.  The improvement is illustrated in the 137Cs spectra (662 keV (-rays) recorded by coupling the APDs to CsI(Tl) scintillators.  Such spectra were recorded with APD #7 after radiation exposure (2x1012 n/cm2, prior to annealing) both at room temperature and at –43 (C, which are shown in Figure 32 (bottom).  Similar spectrum at room temperature was also collected for a device (APD#1) with low radiation exposure which did not show any degradation in gain, noise, and quantum efficiency (see Figure 32, bottom).  As seen in the figure, upon cooling, the 662 (-ray spectrum recorded with APD #7 shows significant improvement compared to the spectrum with the same device at room temperature.  Furthermore, the spectrum under cooled conditions approaches the performance shown by APDs with low exposure (such as APD#1).  This is encouraging and shows another potential approach for improving the performance of devices damaged due to intense exposure.  Other researchers at CERN have also observed similar improvement in performance of silicon devices damaged by radiation exposure upon cooling them and have termed this phenomenon “Lazarus Effect” [Bahr].  It should be noted that this improvement is not reversible and the device returns to its degraded performance upon warm-up to room temperature.  Thus annealing is preferred because it leads to actual reversal in performance of damaged devices.  We plan to explore both options in detail in the Phase II project for the large APDs.

2. Radiation Hardness Studies with Large APDs in the Phase II Research

During the Phase II project, we plan to evaluate the radiation hardness of the planar APD, specifically the very large devices that we are investigating in the proposed effort.  These studies will be conducted in collaboration with Dr. Reucroft at the Northeastern University and Dr. Cushman at the University of Minnesota (UNM).  The exposure of the APDs to high radiation environment will be carried out at PSI using proton beams and equivalent neutron exposure level will be estimated from the proton exposures used.  Neutron irradiation facility available at UNM (252Cf source, ( 10 Ci) will also be used for radiation hardness studies with large APDs.

As discussed earlier, during the Phase II project we plan to modify the design of the APDs that may lead to improvement of their radiation hardness.  We plan to explore APD designs with thinner drift and depletion regions.  As a result of these modifications, we expect the APDs to show reduced degradation upon exposure than that shown by the devices evaluated earlier.  Our standard APDs fabricated using 30 (-cm silicon showed minimal degradation in gain, dark current, or quantum efficiency up to exposure level of 1012 neutrons/cm2.  In the APDs designs fabricated in the Phase II project with lower resistivity silicon, the depletion region will be reduced and the drift region will be minimized using precision polishing of the front surface.  Extensive evaluation of the performance of such APDs after equivalent 1 MeV neutron exposure in the range from 109 to 1013 n/cm2 will be carried out in the Phase II project.  As in the earlier research, gain versus bias, dark current versus bias, and quantum efficiency versus wavelength behavior for the devices will be measured prior to and after the exposure.  In addition, we will continue to use scintillation spectra obtained with APDs coupled to CsI(Tl) scintillators upon irradiation with isotopic sources such as 137Cs to characterize any degradation in performance upon radiation exposure.  Finally, the effect of radiation exposure on the gain, noise and optical sensitivity of large APDs at LN2 temperature will also be investigated.  Such studies will also be helpful in assessing the effect of the subsequent annealing experiments that we plan to perform.  From these experiments we will be able determine the exposure level up to which the large, planar APDs with the planned modifications in design can operate without any degradation.

For the devices that are exposed to very high fluence levels and do show degradation, we plan to explore annealing routines to reverse the damage.  During our earlier research with smaller APDs, we found that low temperature anneal (~100 (C, 48 hours) was quite successful in reversing much of the degradation in the samples.  We will explore various time-temperature cycles to perform annealing of the damaged large APDs in the Phase II project.  An important aspect of this study will be to design the annealing procedures than can be readily adapted to a packaged APD.  As discussed earlier, our packaging design for large APDs is very robust and can withstand temperatures up to 673 (K, which is more than sufficient for the anticipated annealing procedure for the large APDs.  In addition to the external furnace annealing, one potential approach we plan to investigate is in-situ annealing of APDs using forward bias with a current limiting resistor.  By adjusting the forward current with the resistor the temperature that these devices reach due to internal heating can be used for annealing the radiation damage.  The devices that have undergone various annealing procedures will then be evaluated.  This will involve measurement of gain, dark current, quantum efficiency, and 137Cs scintillation spectra and the results will be compared with those measured earlier (prior to radiation exposure, and after exposure but prior to annealing) to assess the effectiveness of our processing. 

In our earlier research, we also found that for APDs which showed some degradation after radiation exposure at PSI, significant improvement in performance could be obtained by cooling the devices to –40 (C (without any prior anneal).  While the devices do not show actual reversal in damage (since the performance degraded again as the devices were brought to room temperature), cooling does appear to be a potential option to overcome radiation damage effects.  We will explore this issue in detail in the Phase II project by evaluating the performance of the large, damaged APDs from room temperature to LN2 temperature.  Gain, noise, dark current, and 137Cs spectra will be characterized, and the results will be compared to those obtained prior to radiation exposure.  Based on these studies, effectiveness of cooling as a potential option to overcome radiation damage effects will be assessed.

E. Gain, Noise and Optical Sensitivity at LN2 Temperature

During the Phase II project, we will perform evaluation of the gain, noise and optical sensitivity of the large APDs at LN2 temperature.  These experiments will be similar to those performed in the Phase I project but will be more detailed that what was possible in the limited time frame of the Phase I program.

The cooling setup along with the optical source and the pulse processing electronics that we had built in the Phase I project will be continued, though a more optimized front end electronics setup will be employed by choosing appropriate blocking capacitors, amplifier shaping time and load resistors.  This will allow us to achieve lower noise with the very large APDs.   APDs with area up to 60 cm2 will be investigated in the Phase II project.  Initially, the gain versus bias relationship of the large APDs will be evaluated at 77 (K.   As discussed earlier, an optical pulse spectrum will be recorded for a large APD cooled to 77 (K at low bias (~500 V) to determine the pulse height at unity gain.  The APD bias will be increased and the resulting pulse height for the same optical exposure will be recorded to determine the gain versus bias relationship at 77 (K.  Based on the Phase I results, we expect to achieve APD gain of 104 or more with the large devices.

The noise of the large APDs will also be measured at 77 (K in this study, where an 55Fe source (5.9 keV X-rays) will be used to calibrate the energy scale (in eV and electrons).  Pulse height spectra will then be recorded for an injected electronic pulse on the calibrated scale.  The width of the resulting peak (for the injected electronic pulse) will be used to quantify noise in eV and in electrons.  These studies will be performed as a function of the APD bias and over a wide range of amplifier shaping times to determine conditions under which the effective APD noise is minimized.  Based on the Phase I results as well as the optimization that we plan to perform in the Phase II project, we expect to achieve noise < 1 electron (rms) at 77 (K for even the largest devices (60 cm2) that we plan to build in the Phase II project.
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Finally, we will determine optical sensitivity of the large APDs at 77 (K. Figure 33 shows a schematic representation of the experimental setup that we plan to use for these measurements.  An optical fiber coupled to an LED on one side will be attached to an APD on the other end.  The LED will be operated in a pulsed mode using a pulser (or a pulse generator).  The signal from the pulser will be split with one line going to the LED and the other line going into a single channel analyzer and then into a gate and delay generator.  This other line produces a gate every time the LED is flashed.  The number of gates during a specified time window will be counted.  Gated energy spectra will then be recorded from the APD producing a peak corresponding to the LED signal.  The number of photons corresponding to the LED spectrum recorded by the APD will be determined by calibrating the energy scale using 55Fe X-rays and by taking into account the APD quantum efficiency.  The detection efficiency for the number of photons estimated in this manner will then computed as:

integral of the number of counts in the gated APD energy spectrum

number of gates produced by the pulser in the same time interval

These experiments will be carried out with the optical intensity on APD varying from ~50 photons per pulse down to the level of a few photons per pulse.  Ability of the large APDs to detect single photoelectrons will also be evaluated in this study.  In this manner the ability of the large APDs to detect low intensity optical signals at 77 (K with high efficiency will be determined.

F. Evaluation of Large APDs at BNL

1. Evaluation of APDs for Water Cherenkov Detection:

The Cherenkov light emission in water per unit wavelength and per unit path length of a charged particle is described by the following formula:
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Here is the wavelength of light, x is the pathlength,  is the velocity of the particle in units of the speed of light, and n is the index of refraction.  In addition,  and z are the fine structure constant and the charge of the particle in unit of e.  When we integrate the above equation over the wavelengths 300 to 600 nm, the yield should be about 328 photons per cm of track.  Absorption of the light in water and the efficiency of photo-sensor lower the yield as we describe below. 

We will evaluate APDs for water Cherenkov detectors on the basis of three criteria. 

1) Performance for low intensity light:  In a large water Cherenkov detector with 10 to 20 % of the surface area covered with photosensors, one expects to observe very few photons per photosensor.  It is therefore important to keep improving the APDs to achieve signal to noise ratios that will allow single photon detection with good efficiency.  As shown in phase I of this project, a large APD with area of 45 cm2  was operated with 0.8 electron (rms) noise at temperature of 77 K (LN2).   While this result is encouraging, underwater use of such a device will require special packaging to separate the cold detector from water.  We will continue to develop novel APD geometries as well as readout techniques while increasing the sensitive area of new APDs.   As discussed earlier mirrors or lenses could be used to focus the Cherenkov light onto an array of photosensors or a single position sensitive photosensor [Antonioli]. A large diameter APD with pixilated readout (Pixel sizes of ~ 1 cm2 ) could be ideally suited for such an application. An optimum size for APD pixel size  could be obtained by balancing the requirements for imaging resolution versus the noise in each pixel.  Once the efficiency and noise characteristics of large APDs in the water Cherenkov environment is completely characterized, these techniques can be evaluated by simulation. 
2) Efficiency in near ultra-violet: In figure 34 we show the calculated spectrum of photons in pure water versus wavelength in nm.  The spectrum was calculated using full GEANT simulation in which 1 GeV/c muons were simulated at the center of a 50 meter diameter and 50 meter high water tank. The Cherenkov light produced by the muon (as well as associated delta rays) was transported through water accounting for absorption using the measured absorption lengths [pope97] to the inner surface of the tank. The upper curve in figure 34 is the spectrum expected at the inner surface of the tank normalized to unit area.  The Cherenkov spectrum, as shown in above equation, increases at lower wavelengths as 1/2. This increase at lower wavelengths gets sharply cut off because of absorption around 300 nm.  There is also rapid absorption above 600 nm.  Traditional photocathode efficiency peaks around 370 nm. The second curve in figure 34 shows the spectrum after accounting for the quantum efficiency of a typical bi-alkali photocathode.  It is clear that significant improvement is possible if a new photosensor can be more efficient in the 300 to 400 nm (near ultraviolet) region.  The APD appears to fit this requirement very well as shown by our work in phase I of this project (Figure 16).  We will characterize the wavelength dependence of the APD efficiency with more precision in Phase II. We will also try to understand by simulation the implications of this efficiency gain at small wavelengths for the physics capabilities of a future large water Cherenkov detector.    
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Figure 34  Spectrum of Cherenkov light in pure water calculated for a 1 GeV/c muon at the center of a tank of 50 m diameter. The spectrum includes the effects of absorption as the light travels to the inner surface of the tank. The bottom curve shows the spectrum after including the quantum efficiency of a typical bi-alkali photo cathode. 

3) Underwater performance:  To gain complete understanding of the photo-electron yield and APD performance we intend to build a small water Cherenkov test tank.  The tank will be approximately 1 meter in diameter and 2 meters high.  Light from vertical cosmic ray muons will be focused onto photosensors of interest by using a ~10 cm diameter mirror.  The photon yield on the floor of the tank for a vetical muon using the spectrum in figure 34 is ~300/(2L) per cm2, where L is the distance in cm on the floor from the muon. A pair of scintillation counters will be used to select muons of the correct geometry. We  calculate that the photo-electron yield for an APD should be ~50 per muon for a mirror located  50 cm from the muon track.  The exact yield will depend on many parameters: the efficiency of the APDs for Cherenkov light, the purity of water, the surface treatments and packaging of the APD. The data from this small tank will provide us valuable information on the suitability of APDs as an underwater detector. To our knowledge there has been no previous attempt to use APDs in this manner. Therefore we consider this exercise a very important part of detector R&D for high energy physics. 
2. Evaluation of APDs for KOPIO:

2.1 Calorimeter and Outer Veto
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Fig. 2: Perspective view of the KOPIO Calorimeter array, 2500 modules.

The KOPIO Calorimeter (CAL) requires 2500 APDs, each with an active area of about 1.5 cm2.  The Outer Veto (OV) requires an additional 600 APDs of the same dimension.  The performance requirements of the CAL and the OV are identical.  Each APD views the light transmitted by 144 wavelength-shifting fibers, 1mm in diameter.  This can be accomplished with circular APDs of 15 mm diameter.  We are currently testing devices of this size as part of the Phase I proposal.  APDs are preferred over photomultiplier tubes (PMTs) for this application, because of the need to operate the light collection devices in regions of high magnetic field, where conventional PMTs would not function.  The APDs reading out the calorimeter are only a few centimeters from a large magnet, with fringe fields in the range of hundreds of gauss.  Standard PMTs suffer loss of gain in such fields.  Although there are some field-tolerant PMTs that make use of mesh dynode structure to reduce the effect of the magnetic field, they sacrifice performance and cost significantly more than APDs.

The second requirement of calorimeter readout is that it must be sensitive to low light levels.  The KOPIO experiment relies upon the detection of gammas down to less than 1 MeV in energy.  A 1 MeV gamma will produce enough visible photons to deliver approximately 57 visible photons through the wavelength shifting fibers.  In order to achieve good efficiency at such low light levels, we must be able to convert those photons into electrical signal in a way that preserves good signal-to-noise ratio, S/N.  The quantum efficiency for the APDs is currently measured in the range 70-80% for light from the wavelength shifting fibers.  This gives 40 photoelectrons for the APD, but only 11 for a standard PMT.  This makes the choice of APDs seem very attractive.  However, the APD signal has noise contributions that are much greater than PMTs.  With currently available APDs, we find that we must set a threshold for gamma detection at 1 MeV, while for PMTs the threshold is 0.25 MeV.  The reduction of noise is an area of research that requires great attention before the decision to use APDs can be made.  Additional improvement in the quantum efficiency will also be investigated as part of the Phase II proposal.  The inherent QE of silicon can be above 90%.  We will determine the how best to optimize the QE of the APDs proposed for the CAL and OV.
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Fig. 3: Components of the KOPIO Calorimeter module.
APD noise is compounded by an Excess Noise Factor that is much larger than PMTs.  The Excess Noise Factor (F) describes how the response function in a detector with gain like an APD differs from a perfect photodetector with a resolution that was determined by Poisson statistics only.  A typical PMT has an F of 1.4.  We have made measurements of F of 2.4 for APDs.  In general the F of APDs is gain dependent[Hayat,1999], growing as the gain increases.  Because KOPIO is sensitive to noise and the resolution of small signal levels, understanding and control of F is a top priority for the Phase II R&D with KOPIO.

[image: image8.jpg]2
-t -k
o o

APD dark current density (I;./M), pA/mm
)

w

N

_______________________________________________

@ - AP APD (16 mm__d_la.) ___________________ - lB______._zj__pA.; ________
O-- API-APD (10 mm dia.): - oo b= 3.0 pA:

B A .RMDAPD (13 x 13 mm’ % . lg=42pA.
b O - EG&GAPD(10><10 mm) I, = 4.6 pA.

:):

0 100 200 300 400 500 600 700
APD gain (M)






Fig. 4: APD dark current density as a function of APD Gain for a variety of APDs.
The overall noise in APDs can be reduced through cooling.  Initial studies have given very promising results for what can be achieved with low cost refrigeration techniques.  KOPIO would like to continue the noise studies as a function of temperature, to see what level of cooling is required for low light sensitivity.  We will be investigating the use of Thermoelectric Cooling devices (TECs) that can be bonded to each APD and used to cool the APD by 40-50 degrees C.  We plan to purchase enough TECs to test with a prototype APD and see if the performance we measure is sufficient for the KOPIO calorimeter modules.  This study will complement our Phase I refrigerator study with a final design for mounting cooled APDs on the back of the calorimeter modules.  We will measure the effective energy threshold for detecting gammas with APD readout and PMT readout, as a function of APD gain and temperature.
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Fig. 5: Time resolution of KOPIO Calorimeter

Fig. 6: Excess Noise Factor as a function of 

with APD readout, from test beam study.


APD gain, for various APDs.

Timing of the APD signals is a concern for KOPIO.  In order to distinguish between signal gammas and background gammas, one of the most powerful tools is the timing of the hit in the calorimeter.  The timing will be determined either by a threshold discriminator and Time to Digital Converter (TDC) or a Wave Form Digitizer (WFD).  We hope to achieve a timing resolution of 60 ps/(E(GeV) in the calorimeter.  Although the readout scheme for the calorimeter has not yet been finalized, we expect we will require APD signal rise times of several nanoseconds in order to achieve the time resolution specified.  Some of this study will be devoted to the design of a preamplifier.  Voltage sensitive preamps usually have faster risetime, but greater noise.  Charge sensitive preamps give reduced noise, but at the cost of slower rise times.  As part of Phase II, we will investigate the best compromise between noise and speed to give the KOPIO calorimeter the optimum performance.
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As part of our Phase I research we have operated with APD gains on the order of 10,000, larger than the gains in most applications.  In Phase II we will explore the limitations to the stable operation of APDs at gains of 10,000 or greater.  We would also like to explore with RMD and the BNL Instrumentation Group the possibility of the development of monolithic APD/Preamp chips, eliminating the need for external preamps.

Fig. 7: APD Quantum efficiency vs wavelength.

2.2 Barrel Veto
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Fig. 8: Schematic of the KOPIO Barrel Veto, Shashlyk option.
The Barrel Veto (PV) is an array of lead/scintillator detectors surrounding the decay volume of the KOPIO experiment.  Its purpose is to detect any gammas that accompany the signal, indicating the presence of a background.  The BV must be sensitive to gammas of energies below 1 MeV, up to energies of 1 GeV; similar in performance to the CAL.  Like the CAL, the BV must be capable of fast timing measurements, and low noise.  

There are approximately 1200 light detectors on the BV.  In distinction to the CAL, the BV must collect the light from over 400 fibers, so the active area must be larger.  APDs of 25 mm diameter would be adequate.  This requires larger APDs than we have worked with in Phase I, and it will be a challenge to achieve the same APD performance with a larger area device.  

As part of the Phase II R&D program, we plan to compare the gain, timing, resolution and noise behavior of these larger 25 mm diameter APDs.

2.3
Downstream Veto

The Downstream Veto includes a gamma veto (DGV) similar to the BV and a charged particle veto (DCPV).  The gamma veto must function inside a strong magnetic field, making PMT use near impossible.  Performance for the DGV are just as stringent as the CAL and BV; sensitivity to gammas down below 1 MeV, with fast rise time and low noise.  APD size requirements are not completely specified for the DGV yet, but will be similar to the CAL.

The Downstream Charged Particle Veto (DCPV) is a different design from the gamma vetoes.  Each DCPV will be a single scintillator tile with wavelength shifting fiber readout.  This means that the light collection area will be quite small; a few square mm.  For this application, smaller APDs would be appropriate.  This makes achieving the low noise operation somewhat easier, and could improve the response time compare to the larger area APDs.  As part of Phase II we plan on investigating the design of APD readout of the DCPV.

3. Evaluation of APDs for MECO: 

APDs will be used for the crystal calorimeter in MECO. Figure 36 shows a 3 cm X 3 cm X 14 cm PbWO4 calorimeter block with two examples of APDs that could be used.  For MECO the calorimeter will detect electron from the muon conversion in the field of a nucleus process. These electrons have energy of 105 MeV.  The energy detected in the calorimeter will be compared to the momentum measured in the straw-tube spectrometer to reject background so that a signal of 1 event in  1016 muon decays can be measured.  Very good calorimeter resolution  (~3 %) must be achieved to obtain sufficient background rejection.  The calorimeter resolution depends on the amount of light collected by the photo-sensor, therefore larger diameter APDs are preferred for this application. 

The general requirements for the APDs for MECO are similar to what was described for KOPIO. The time resolution and fall time of the pulse must be in the ~few ns range to handle high singles rates, the detector must work in a high magnetic field area, and it must collect enough light with low noise so that our resolution criteria is met.  
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Figure 36.   3X3X14 cm PbWO4 scintillation crystal block with APDs from RMD and Hamamatsu.

Initial tests performed by New York University which is part of the MECO collaboration are shown in figure 37.  The calorimeter and electronics were placed in a freezer and cosmis ray muons were used to measure the resolution using APDs. The initial results show ~3.3% resolution at –22oc[sculli]. 

We would like to carry out more extensive tests to determine the temperature dependence of the APDs. The development work will be very similar to the work described for KOPIO and therefore will not be repeated here. 
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Figure 37. Cosmic ray test stand at NYU for MECO. APDs were attached to a calorimeter module. The module

4.  Schedule and budget for BNL.

Milestones:

1) Low noise operation

a. Development of a triggerable low

light output pulser system.


31 Dec 2004

b. Acquisition of low noise preamps, 

voltage sensitive and change sensitive.
31 Dec 2004

c. Improved data acquisition for low noise study.
31 Dec 2004

2) Excess Noise Factor study

a. Acquisition of precision pulser to 

calibrate APD response.


31 Aug 2004

3) Cooling study

a. Acquisition and implementation of 

Thermoelectric Cooling devices.

31 Aug 2004

b. Design study of system-wide application of TEC.
31 Dec 2004

c. Measure gain and noise response as a 

function of temperature.


31 Dec 2004

4) Timing study

a. Acquisition of fast TDC and WFD for 

subnanosecond timing study.


28 Feb 2005

b. Optimization of preamp selection and 

system design.




30 June 2005

c. Comparison of voltage sensitive vs 

charge sensitive preamps.


30 June 2005

5) Water Cherenkov Study

a. Acquisition of appropriate tank 


31 Aug 2004

b. Water Purification system



31 Dec 2004

c. Optical design and mirror fabrication


31 Dec 2004

d. Measure light yield and analysis


30 June 2005


Budget:


Equipment:



Pulser for noise study: 

BNC-6040 Universal Pulse Generator with
$5850




BNC-201E Rise Time Module

$4105



Low noise charge sensitive preamp: 

Cremat CR-110

25 @ $55/pc = $1375



Low noise voltage sensitive preamp:




SRS SIM910


$975/pc = 
$975



Thermoelectric cooling devices 


$250



Data Acquisition PC Dell Precision 650 w/ PCI
$2500



VME Crate 6023/620




$5827



SIS3100 VME-PCI Interface/Crate controller
$3800



VME test/diagnostic unit and bus display

$1609



CAEN 32 channel TDC: V775


$4980



CAEN 32 channel ADC: V792


$4810



Water Cherenkov tank



$1000



Water purification system



$2000



Optics






$2500



Trigger system




$3000


Total Equipment





$44581


Technical Support



12 man-months @$50.13/hr fully burdened

$96248


Total Budget






$140829

G. Summary: RMD to Prepare this section

H. Phase II Performance Schedule: RMD to Prepare this section
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Mr. Farrell is a full time employee of RMD.   In January of 1985 he joined the company as a Senior Scientist working on the silicon avalanche photodiode research.  In 1987, he became head of avalanche photodiode research, development and manufacturing and has since been responsible for the technical, as well as, commercial market development of the APD.  He is responsible for turning the APD into a standard, product for detection for light, low energy X-rays, and charged particles.  In 1994, spearheaded an effort that resulted in an order of magnitude increase in gain over any previous APD's.  Mr. Richard Farrell is a member of Sigma Xi and Sigma Alpha Epsilon.  Some of his publications are listed here.
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K.S. Shah, R. Farrell, R. Grazioso, E. Harmon, and E. Karplus, "Position-Sensitive Avalanche Phtotodiodes for Gamma-Ray Imaging,"  IEEE Transactions on Nucl. Sci., Vol. 49, August 2002.
Shah, K.S., R. Farrell et al., “Large Area APDs and Monolithic APD Arrays,” IEEE Trans. Nuc. Sci., Vol. 48(6) 2,  2352-6, Dec. 2001.

Farrell, R.F.; Shah, K.; Vanderpuye, K.; Entine, G.; et al.  APD Arrays and Large Area APDs via a New Planar Process, Nucl. Instru. & Meth. In Phys. Res., A442, pp. 171-178 (2000).

Shao, Y. S. Cherry, K.S. Shah, R. Farrell et al., Dual APD array Readout of LSO crystals: Optimization of Crystal Surface Treatment, presented at IEEE Nuc. Sci. Symp., Lyon, France, October, (2000).

Farrell, R., Olschner, F., Shah, K. and Squillante, M.R., Advances in Semiconductor Photodetectors for Scintillators, Nuc. Instru. & Meth. in Phys. Res., A 387, 194-198 (1997).

Shah, K.S., Gothoskar, P., Farrell, R. and Gordon, J.  High Efficiency Detection of Tritium Using Silicon Avalanche Photodiodes.  Submitted for the IEEE Nuc. Sci. Symp., Anaheim, CA, Nov. (1996).
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C. Mr. Leonard Cirignano, M.S. Senior Scientist, RMD, Inc.

Mr. Cirignano received his B.S. in physics in 1979 from Boston College and his M.S. in applied physics from the University of Massachusetts, Boston in 1986.  While at the University of Massachusetts he worked as a research intern in the semiconductor characterization group at Cabot Corporation in Billerica, MA.  While at Cabot his research experience included studying scattering mechanisms in gallium arsenide samples using Hall effect and resistivity measurements. 

Mr. Cirignano is a full time employee of RMD.  In 1986 he joined RMD as a research scientist.  Since joining the company he has contributed to the successful development of both semiconductor radiation detectors and instrumentation for nondestructive testing.  Projects which he has helped bring to fruition include a cadmium telluride (CdTe)-based exposure controller for improved mammography and a beta backscatter instrument for determining average atomic number of low Z materials.  In addition, he has helped develop an array of photovoltaic CdTe sensors for imaging the intensity profile of radiation therapy beams and a hand-held mini gamma camera based on position sensitive photomultiplier tube technology.  His recent research interest includes new detector materials for high resolution gamma ray spectroscopy, gamma ray imaging systems, charged particle and neutron imaging detectors.  Mr. Cirignano is a member of the American Physical Society.  Some of his publications are listed here.
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IX. RMD Facilities/Equipment and Related Research

A. RMD Overview and Facilities/Equipment

Radiation Monitoring Devices, Inc., was started in 1974 to pursue the development of CdTe nuclear detectors.  Today, we are the primary company in the United States devoted to the development of this technology and to the production of CdTe radiation detectors and nuclear instruments for commercial and medical use.  RMD is also a pioneer in the silicon APD technology which is being pursued at the company for over 20 years.  RMD's laboratories occupy over 30,000 square feet and include equipment for many types of research and development work.  RMD has extensive facilities for the fabrication, testing, and packaging of nuclear and optical detectors.  Included are such items as crystal shaping equipment, cleaning and evacuation facilities, general bench and hood space for materials handling, glove boxes, and various facilities for crystal cutting, lapping, and polishing.  Device fabrication facilities include high vacuum evaporators with thickness monitoring capabilities, diffusion furnaces, micromanipulators and wire bonders.  RMD maintains a CAD layout work station, enabling mask layout to be designed and implemented on our premises.  This will assist us in the production of rapid and detailed designs.  In the way of materials and device characterization facilities, we have optical and infrared microscopes, four point resistivity probes and optical spectrometers as well as several complete sets of nuclear instrumentation.  Also available are various specialized test fixtures, a wafer probe station, variable temperature test chambers and a wide variety of isotopic radiation sources as well as two X‑ray generators.

B. Related Research at RMD

Radiation Monitoring Devices, Inc. is involved in several avenues of research that are related directly to the work proposed here.  We have worked with silicon avalanche photodiodes for use as optical scintillation detectors, direct X‑ray detectors, and beta particle detectors for use with tritium.  We have developed compound semiconductors as radiation detectors for over twenty years and we have also developed different types of semiconductor optical detectors, and alpha, beta, gamma, and neutron detectors, as described below.

1. Large Area, High Gain Avalanche Photodiodes

RMD has pioneered the development of large area, high gain silicon avalanche photodiodes.  Our work has led to a technological breakthrough in this area, achieving avalanche diode gains of over 10,000 at room temperature and 40,000 at low temperature, a full order of magnitude better than ever previously reported.  We have also developed a planar process that will allow low cost production of these promising devices.  RMD has produced monolithic, multi-element APD arrays in large format (up to 28 x 28 elements).  Large planar APDs (>10 cm2) have been built at RMD.

2. Silicon Drift Photodiodes for Scintillation Spectroscopy

This ongoing research has the goal of producing silicon drift photodiodes for optical light detection.  These are unity gain devices but show very low noise because their capacitance is very small.  Specifically, these photodiodes are being optimized for use as scintillation light detectors for high resolution gamma-ray spectroscopy.  Research is focusing on optimizing the quantum efficiency of these devices for CsI(Tl) scintillated light (560 nm) by using tuned anti-reflection coatings and optimized doping profiles.

3. Semiconductor Research and Development

RMD was founded in 1974 to pursue the development of CdTe nuclear detectors.  Today we are the world's largest commercial supplier of CdTe detectors and associated electronic instrumentation.  We have carried out research into the fundamental physics of crystal growth of CdTe using the traveling solvent zone method and studies of the metal/semiconductor barrier.  We have developed large volume detectors for spectroscopy, and thin film devices for photovoltaic solar cells.  We have worked with various other sensors including PbI2, HgI2, and TlBr crystals which have all been prepared and characterized in our laboratories.

X. Collaborators and Consultants

A. Dr. Laurence Littenberg’s Team at Brookhaven National Laboratory

In the Phase I project, we will collaborate with the Brookhaven National Laboratory (BNL) team of Dr. Laurence Littenberg, Dr. Michael Sivertz, and Dr. Milind Diwan.  Brief bio-sketches of the BNL team members are provided here and a letter of interest from Dr. Diwan is attached.

1. Dr. Laurence Littenberg

Dr. Littenberg was a thesis student of the noted high energy physics pioneer Oreste Piccioni, who was himself a student of Enrico Fermi.  After working on kaon decay as a graduate student at UCSD, Dr. Littenberg was a postdoc at the Daresbury Laboratory in England for four years, participating in photoproduction experiments with a tagged photon beam from the NINA accelerator.  Since then he has been a staff member of the Brookhaven National Laboratory Physics Department where he is presently a Senior Physicist and Group Leader.  He is an expert in the subject of kaon decay and is the co-discoverer of a number of kaon decay modes.  He has published several reviews on rare kaon decays, including the recurring one in the Particle Data Book.  He has also collaborated on theoretical papers in this and other areas. He has worked extensively with Cherenkov and scintillating detectors. He is a Fellow of the American Physical Society and the winner of the Brookhaven Science and Technology Award.

2. Dr. Michael Sivertz

Dr. Sivertz has been an innovator in the field of experimental particle physics for more than two decades. As a member of the PHENIX experiment at RHIC, he was responsible for building a novel design of tracking chamber (1998-2001).  He served as the Trigger Coordinator for the CLEO experiment at Cornell (1992-98), developing fast electronics for data recording.  While at CLEO, he studied the feasibility of using APDs for readout of aerogel Cherenkov counters. He was the CLEO Run Manager for the installation of a Silicon Vertex Tracker, and intensity upgrades of the electron-positron synchrotron.  He developed a new type of scintillating fiber calorimetry as a member of the SPACAL Group at CERN where he pioneered APD use in particle physics detectors (1989-92).  As a member of the CDF experiment at Fermilab, he worked on the development of a calibration database (1983-86).  He constructed Cherenkov counters for electron identification and hodoscopes for muon identification as part of his involvement with the rare kaon decay experiment E-791 at Brookhaven (1986-89).  Because of his broad expertise in all types of particle detector technology, he was chosen as a reviewer of detector technology papers for NSF.

3. Dr. Milind Diwan

Dr. Diwan obtained his Ph.D. in particle physics from Brown University in 1988. His thesis topic was the detection of rare interactions of neutrinos on electrons. He was a postdoc at Stanford University where he worked on rare decays of kaons.  He worked at the SSC laboratory to improve the performance of the proposed accelerator and detector complex with regards to the expected intense radiation fields before the project was terminated.  Since 1994 he has been a member of the scientific staff at Brookhaven National Laboratory. His recent interests have been kaon decays, neutrino oscillations, and large underground detectors. He is a member of the MINOS collaboration at Fermilab. He recently led a study group at BNL to explore new opportunities for very large neutrino detectors with size of 500kT located deep underground.  This study can be found at http://nwg.phy.bnl.gov as technical note BNL-69395.  Dr. Diwan is a member of the American Physical Society. He has been a leader of many initiatives in particle physics. He has been a member of many national as well as internal review panels.  

4. Selected Papers of BNL Team Members
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Yu.G. Kudenko, L. Littenberg, et al., EXTRUDED PLASTIC COUNTERS WITH WLS FIBER READOUT, Nucl. Instrum. Meth. A469:340-346, (2001).
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M. Diwan, S. Kahn, R.B. Palmer, A Solenoidal Capture System for Neutrino Production, presented at IEEE Particle Accelerator Conference (PAC99), New York, Mar. 29- Apr. 2 1999. Published in Particle Accelerator, Vol. 5, 3023-3025 (1999).
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M. Sivertz, et al., A Compact Gas Cherenkov Detector with Novel Optics, Nucl. Inst. Meth. A385:37-46, 1997.

I.H. Chiang, L. Littenberg, et al, CSI ENDCAP PHOTON DETECTOR FOR A K+ ---> PI+ NU ANTI-NU EXPERIMENT AT BNL, IEEE Trans. Nucl. Sci., 42:394-400, (1995)

J. Badier, M. Sivertz et al., Test Results of an Electromagnetic Calorimeter with 0.5-mm Scintillating Fibers Readout, Nucl. Inst. Meth. A337:314-325, 1993.

L. A. Ahrens, M. Diwan et al., A Massive Fine Grained Detector for the Elastic Reactions Induced by Neutrinos in the GeV Energy Region, Nucl. Instrm. Meth. A254:515, 1987.

Y. Watase, M. Diwan, et al., A Test of Transition Radiation Detectors for a Colliding Beam Experiment, Nucl. Instr. Meth. A248: 379-388, 1986.

Figure 1. Super Kamiokande detector filled about half-way with water.





Figure 2. Schematic of beveled edge APD design used previously at RMD.
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Figure 3. Schematic of planar process used for APD fabrication.








Figure 4. Photographs of planar APDs fabricated at RMD. On left, an APD array (4 x 4 elements, 2 mm pixels) is shown. On right, a 10 cm2 APD, packaged on a ceramic substrate is shown.
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Figure 5. Gain and noise versus bias behavior for 2 mm planar APD pixel.
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                Figure 3. Planar processing of APDs with new polishing and masking methods.
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Figure 6. Quantum efficiency versus wavelength curve for a planar APD.
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Figure 7. 55Fe spectra recorded with all pixels of a 16 element array (2 mm pixels).
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Figure 8. 137Cs spectrum (662 keV (-rays) recorded with a 10 cm2 planar APD coupled to CsI(Tl) scintillator at 16 (C.








Figure 9.  Measured one-dimensional doping profile of an RMD deep diffused silicon wafer (without grooves) and a mathematical fit to that data.  The fit used sum of two complementary error functions for p-type diffusion of Ga and Al.
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Figure 10. Device designs with various groove shapes (rectangular, V shaped, and circular), and simulated p-n junction shape corresponding to each groove shape (color coded).  The simulations assumed a 30 (-cm n-type wafer (1.5x1014 cm-3 base concentration.
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                Figure 11. Planar processing of APDs with new polishing and masking methods.
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Figure 12. Schematic diagram of the polymer “flip-chip” approach for packaging APDs.  The top contact is routed to the back via the edge as shown here.
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 Figure 13. Photographs of an octagonal 45 cm2 (left) and a square 40 cm2 (right) planar APD fabricated at RMD.
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55Fe Spectrum
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Figure 14. 55Fe spectrum recorded with a 45 cm2 APD at –40 (C.  The resolution of the 5.9 keV X-ray peak is 2.4 keV (FWHM).





Figure 15. Gain and noise versus bias for a 45 cm2 planar APD at –40 (C.  As seen in the figure, gain of 5000 and noise of 70 e-(rms) have been recorded.
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Figure 17. Timing response of a 45 cm2 planar APD upon direct exposure to 5.5 MeV (-particles. The rise-time is measured to be <2 ns in this study.





Figure 16. Quantum efficiency versus wavelength for planar APDs.





Figure 18. 137Cs spectrum collected with a 45 cm2 planar APD coupled to a CsI(Tl) scintillator at –40 (C.  The resolution of the 662 keV photopeak is estimated to be 10% (FWHM) in this study.
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Figure 19. Schematic representation of the experimental setup used in the Phase I project to evaluate the performance of the large APDs at 77 (K.
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Figure 20. APD bias a function of temperature, required to maintain the gain of 1000 for a 45 cm2 planar APD.





Figure 21. Leakage current versus temperature for a 45 cm2 APD at a constant gain of 1000.





Figure 23. Detection of an optical pulse (~7.5 photoelectrons per pulse) and an electronic test pulse with a 45 cm2 APD at 77 (K.  The noise of the APD is ~0.8 electrons (rms).








� EMBED Excel.Sheet.8  ���





Figure 24. Visualization of current flow through a deep-diffused APD upon interaction with an optical photon.
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Figure 26. APD time-response upon exposure to 5.5 MeV (-particles, with the signal observed directly on a digital scope with 50 ( input impedence.  Time response is shown here for a typical planar APD and for an APD with reduced thickness on the n-side. 





Figure 28. Quantum efficiency versus wavelength for APDs with optimized surface and blue enhanced anti-reflection coating being developed at RMD.
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Figure 29. Uniformity of optical response for a 14x14 mm2 APD.  The optical response map was generated by scanning a 1 mm diameter optical fiber (illuminated with 550 nm light) across the APD surface.   As seen in the figure, the full 14 x 14 mm2 area of the device appears in red section of the response map, indicating that the optical response is high and uniform over the full area of the device.
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Figure 30. Circuit model for a generalized detector of capacitance Cd coupled to a charge sensitive preamplifier. The preamplifier is modeled as an ideal (noiseless) charge sensitive preamplifier, the APD is modeled as a capacitor, and the various dark noise sources in the system are combined into the four different current and voltage noise sources shown. Characteristics of both the APD and preamplifier are combined into each of the noise sources shown; none of them are due entirely to either the APD or preamplifier alone. For example, the value of Rp reflects a combination of the shot noise (due to the properties of the APD detector) and to the feedback resistor in the preamplifier. Shown in the figure are the signal current source (Is), detector capacitance (Cd), equivalent parallel thermal resistance (Rp), equivalent series thermal resistance (Rs), parallel ‘f’ noise current source, and series ‘1/f’ noise voltage source. APD ‘excess noise’ is excluded in this model – only dark noise sources are shown.
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Figure 33. Experimental setup to be used for measuring the APD detection efficiency.
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Figure 27. Schematic of an APD with isolation grooves on the backside that function like guard ring to reduce surface leakage current in the APDs.
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		18.9

		19

		19.1

		19.2

		19.3

		19.4

		19.5

		19.6

		19.7

		19.8
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		28.8
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		29.1

		29.2
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		29.7

		29.8
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		30.2

		30.3
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		32.9

		33

		33.1

		33.2

		33.3

		33.4

		33.5

		33.6

		33.7

		33.8
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		37.7

		37.8

		37.9

		38

		38.1

		38.2

		38.3

		38.4

		38.5

		38.6

		38.7

		38.8

		38.9

		39

		39.1

		39.2

		39.3

		39.4

		39.5

		39.6

		39.7

		39.8

		39.9

		40

		40.1

		40.2

		40.3

		40.4

		40.5

		40.6

		40.7

		40.8

		40.9

		41

		41.1

		41.2

		41.3

		41.4

		41.5

		41.6

		41.7

		41.8

		41.9
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		42.2
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		42.6

		42.7
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		47.8

		47.9

		48
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		48.6

		48.7

		48.8

		48.9

		49
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		49.2
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		49.4

		49.5

		49.6

		49.7

		49.8
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data

		Risetime from alpha particles on 6x6cm PSAPD

		HV		-1600

		Time [ns]		Volts		Volts

		-50		3.6		4.8

		-49.9		3.6		4.8

		-49.8		3.6		4.8

		-49.7		3.6		4.8

		-49.6		3.2		4.8

		-49.5		3.2		4.8

		-49.4		3.2		4

		-49.3		3.2		4

		-49.2		3.2		4

		-49.1		3.2		4

		-49		3.2		4

		-48.9		3.2		4

		-48.8		3.2		4

		-48.7		3.2		4.8

		-48.6		2.8		4.8

		-48.5		2.8		4.8

		-48.4		2.8		4.8

		-48.3		3.2		4

		-48.2		3.2		4

		-48.1		3.2		4

		-48		3.2		4

		-47.9		3.6		4

		-47.8		3.2		3.2

		-47.7		3.2		3.2

		-47.6		3.2		4

		-47.5		2.8		4

		-47.4		2.8		4

		-47.3		2.8		4

		-47.2		2.8		4

		-47.1		2.8		4

		-47		3.2		4

		-46.9		3.2		4

		-46.8		3.2		4

		-46.7		3.2		4

		-46.6		2.8		4

		-46.5		2.8		4.8

		-46.4		2.8		4.8

		-46.3		2.8		4.8

		-46.2		2.8		4.8

		-46.1		2.8		4.8

		-46		3.2		4.8

		-45.9		3.2		4.8

		-45.8		3.6		4.8

		-45.7		3.6		4.8

		-45.6		3.6		4.8

		-45.5		3.2		4.8

		-45.4		3.2		4.8

		-45.3		2.8		4.8

		-45.2		2.8		4.8

		-45.1		3.2		4.8

		-45		3.2		4

		-44.9		3.2		4

		-44.8		3.6		4

		-44.7		3.6		4

		-44.6		3.6		4

		-44.5		3.6		4

		-44.4		3.6		4.8

		-44.3		3.2		4.8

		-44.2		3.2		4.8

		-44.1		3.2		4

		-44		3.2		4

		-43.9		3.2		3.2

		-43.8		3.2		3.2

		-43.7		3.2		3.2

		-43.6		3.2		4

		-43.5		3.2		4

		-43.4		3.2		4

		-43.3		3.2		4

		-43.2		3.2		4

		-43.1		3.2		4

		-43		3.2		3.2

		-42.9		3.2		3.2

		-42.8		3.2		3.2

		-42.7		3.2		3.2

		-42.6		3.2		4

		-42.5		3.2		4

		-42.4		3.2		4.8

		-42.3		3.2		4.8

		-42.2		3.2		4.8

		-42.1		3.2		4.8

		-42		3.2		4

		-41.9		3.2		4

		-41.8		2.8		4

		-41.7		2.8		3.2

		-41.6		2.8		3.2

		-41.5		2.8		4

		-41.4		2.8		4

		-41.3		2.8		4

		-41.2		2.8		4.8

		-41.1		3.2		4.8

		-41		3.2		4.8

		-40.9		3.6		4.8

		-40.8		3.6		4.8

		-40.7		3.6		4

		-40.6		3.6		4

		-40.5		3.6		4

		-40.4		3.6		4

		-40.3		3.6		4

		-40.2		3.6		4

		-40.1		3.6		4.8

		-40		3.6		4.8

		-39.9		3.6		4.8

		-39.8		3.2		4.8

		-39.7		3.2		4.8

		-39.6		3.2		4.8

		-39.5		3.2		4.8

		-39.4		2.8		4

		-39.3		2.8		4

		-39.2		2.8		4

		-39.1		2.4		4

		-39		2.4		4

		-38.9		2.4		4

		-38.8		2.4		4

		-38.7		2.4		4

		-38.6		2.4		4

		-38.5		2.8		4

		-38.4		2.8		3.2

		-38.3		2.8		3.2

		-38.2		2.8		3.2

		-38.1		3.2		4

		-38		3.2		4

		-37.9		3.2		4

		-37.8		3.6		4

		-37.7		3.6		4.8

		-37.6		3.6		4.8

		-37.5		3.6		4.8

		-37.4		3.6		4

		-37.3		3.6		4

		-37.2		3.6		4

		-37.1		3.6		3.2

		-37		3.2		3.2

		-36.9		3.2		3.2

		-36.8		3.2		3.2

		-36.7		3.2		2.4

		-36.6		3.2		2.4

		-36.5		3.6		3.2

		-36.4		3.6		3.2

		-36.3		3.6		3.2

		-36.2		4		4

		-36.1		4		4

		-36		4		4

		-35.9		4		4

		-35.8		4		4.8

		-35.7		4		4

		-35.6		4		4

		-35.5		4		4

		-35.4		4		4

		-35.3		3.6		4

		-35.2		3.6		4

		-35.1		3.6		4

		-35		3.6		4

		-34.9		3.6		4.8

		-34.8		3.6		4.8

		-34.7		3.6		4.8

		-34.6		3.6		4

		-34.5		3.6		4

		-34.4		3.6		4

		-34.3		3.6		3.2

		-34.2		3.2		3.2

		-34.1		3.2		3.2

		-34		3.2		3.2

		-33.9		3.2		3.2

		-33.8		3.2		3.2

		-33.7		3.2		4

		-33.6		3.6		4

		-33.5		3.6		4

		-33.4		3.6		4

		-33.3		3.6		4

		-33.2		3.6		4

		-33.1		4		4

		-33		4		4

		-32.9		3.6		4

		-32.8		3.6		4

		-32.7		3.6		4

		-32.6		3.6		4

		-32.5		3.2		4.8

		-32.4		3.2		4.8

		-32.3		3.2		4.8

		-32.2		3.6		4.8

		-32.1		3.6		4.8

		-32		4		4.8

		-31.9		4		4

		-31.8		4		4

		-31.7		4		4

		-31.6		3.6		4

		-31.5		3.2		4

		-31.4		2.8		4

		-31.3		2.8		4

		-31.2		2.8		4

		-31.1		2.8		3.2

		-31		2.8		3.2

		-30.9		2.8		3.2

		-30.8		2.8		3.2

		-30.7		2.8		3.2

		-30.6		2.8		4

		-30.5		2.8		4

		-30.4		2.8		4

		-30.3		2.8		4.8

		-30.2		2.8		4.8

		-30.1		2.8		4

		-30		2.8		4

		-29.9		2.8		4

		-29.8		2.8		4

		-29.7		2.8		4

		-29.6		2.8		4.8

		-29.5		2.8		4.8

		-29.4		2.8		4.8

		-29.3		2.8		4.8

		-29.2		2.8		4.8

		-29.1		2.8		4.8

		-29		2.8		4.8

		-28.9		2.8		4.8

		-28.8		2.8		4.8

		-28.7		2.8		4.8

		-28.6		2.8		5.6

		-28.5		2.8		5.6

		-28.4		2.8		5.6

		-28.3		2.8		5.6

		-28.2		3.2		5.6

		-28.1		3.2		4.8

		-28		3.2		4

		-27.9		3.2		3.2

		-27.8		3.2		3.2

		-27.7		3.2		3.2

		-27.6		3.2		3.2

		-27.5		3.2		4

		-27.4		2.8		4

		-27.3		2.8		4.8

		-27.2		2.8		4.8

		-27.1		2.8		4.8

		-27		3.2		4

		-26.9		3.2		4

		-26.8		3.2		3.2

		-26.7		3.6		3.2

		-26.6		3.6		3.2

		-26.5		3.6		3.2

		-26.4		3.6		3.2

		-26.3		3.6		3.2

		-26.2		3.6		3.2

		-26.1		3.6		3.2

		-26		3.2		3.2

		-25.9		3.2		3.2

		-25.8		3.6		3.2

		-25.7		3.6		3.2

		-25.6		3.6		3.2

		-25.5		4		3.2

		-25.4		4		3.2

		-25.3		4		3.2

		-25.2		4		3.2

		-25.1		4		3.2

		-25		4		4

		-24.9		3.6		4

		-24.8		3.6		4

		-24.7		3.6		4

		-24.6		3.6		3.2

		-24.5		3.6		3.2

		-24.4		3.6		3.2

		-24.3		3.6		3.2

		-24.2		3.6		3.2

		-24.1		3.6		3.2

		-24		4		3.2

		-23.9		4		3.2

		-23.8		4		3.2

		-23.7		4		3.2

		-23.6		4		3.2

		-23.5		4		3.2

		-23.4		4		3.2

		-23.3		4		3.2

		-23.2		4		4

		-23.1		4		4

		-23		4.4		4

		-22.9		4.4		4.8

		-22.8		4.4		4.8

		-22.7		4.4		4.8

		-22.6		4.4		4.8

		-22.5		4.4		4.8

		-22.4		4.4		4.8

		-22.3		4		4.8

		-22.2		4		4.8

		-22.1		3.6		4.8

		-22		3.6		4.8

		-21.9		3.6		4.8

		-21.8		3.6		4.8

		-21.7		3.6		4.8

		-21.6		4		4.8

		-21.5		4		4.8

		-21.4		4.4		4

		-21.3		4.4		4

		-21.2		4.4		4

		-21.1		4		4

		-21		4		4

		-20.9		3.6		4

		-20.8		3.6		4

		-20.7		3.6		4

		-20.6		3.6		4

		-20.5		3.6		4.8

		-20.4		3.6		4.8

		-20.3		3.6		4.8

		-20.2		3.6		4.8

		-20.1		3.6		4.8

		-20		3.6		4.8

		-19.9		3.6		4.8

		-19.8		3.6		4.8

		-19.7		3.6		4.8

		-19.6		3.6		5.6

		-19.5		3.6		5.6

		-19.4		3.6		5.6

		-19.3		3.6		5.6

		-19.2		3.6		5.6

		-19.1		3.2		5.6

		-19		3.2		5.6

		-18.9		3.2		4.8

		-18.8		3.2		4.8

		-18.7		3.2		4.8

		-18.6		2.8		4.8

		-18.5		2.8		4.8

		-18.4		2.8		4.8

		-18.3		2.8		4.8

		-18.2		2.8		4.8

		-18.1		3.2		4.8

		-18		3.2		4.8

		-17.9		3.2		4

		-17.8		3.6		4

		-17.7		3.6		4.8

		-17.6		4		4.8

		-17.5		4		4.8

		-17.4		4		4.8

		-17.3		4		4.8

		-17.2		4		4.8

		-17.1		4		4.8

		-17		4		4.8

		-16.9		4		4

		-16.8		4		4

		-16.7		4		4

		-16.6		4		4

		-16.5		4		4.8

		-16.4		4		4.8

		-16.3		4		4.8

		-16.2		4		4.8

		-16.1		4		4.8

		-16		4		4.8

		-15.9		4		4.8

		-15.8		4		4.8

		-15.7		4		4

		-15.6		4		4

		-15.5		4		4

		-15.4		4		4

		-15.3		3.6		4

		-15.2		3.6		4

		-15.1		3.6		4

		-15		3.6		4

		-14.9		3.6		4

		-14.8		3.6		3.2

		-14.7		3.6		3.2

		-14.6		3.6		3.2

		-14.5		3.6		3.2

		-14.4		4		3.2

		-14.3		4		3.2

		-14.2		4		4

		-14.1		4		4

		-14		4		4.8

		-13.9		4		4.8

		-13.8		3.6		4.8

		-13.7		3.6		4.8

		-13.6		4		4.8

		-13.5		4		4.8

		-13.4		4		4.8

		-13.3		4		4

		-13.2		4.4		4.8

		-13.1		4.4		4.8

		-13		4.4		4.8

		-12.9		4.4		4.8

		-12.8		4.4		4.8

		-12.7		4.4		4

		-12.6		4.4		4

		-12.5		4.4		4

		-12.4		4.4		3.2

		-12.3		4.4		3.2

		-12.2		4.4		3.2

		-12.1		4.4		4

		-12		4.4		4

		-11.9		4.8		4

		-11.8		4.8		4

		-11.7		4.4		4

		-11.6		4.4		4

		-11.5		4		4

		-11.4		4		4

		-11.3		3.6		4

		-11.2		3.6		4

		-11.1		3.6		4

		-11		4		4

		-10.9		4		4

		-10.8		4		4

		-10.7		4		4

		-10.6		4		4

		-10.5		4		4

		-10.4		4		4

		-10.3		4		4

		-10.2		4		4

		-10.1		4		4

		-10		4		4.8

		-9.9		4		4.8

		-9.8		4		4.8

		-9.7		4		4.8

		-9.6		4		4.8

		-9.5		4		4.8

		-9.4		3.6		4

		-9.3		3.6		4

		-9.2		3.6		4.8

		-9.1		4		4.8

		-9		4		4.8

		-8.9		4		4.8

		-8.8		4.4		5.6

		-8.7		4.4		5.6

		-8.6		4.4		5.6

		-8.5		4.4		5.6

		-8.4		4.4		4.8

		-8.3		4.4		4.8

		-8.2		4.4		4.8

		-8.1		4		4.8

		-8		4		4

		-7.9		3.6		4

		-7.8		3.6		4

		-7.7		3.6		4

		-7.6		4		4

		-7.5		4		4.8

		-7.4		4.4		4.8

		-7.3		4.8		4.8

		-7.2		4.8		4.8

		-7.1		5.2		4.8

		-7		5.2		4.8

		-6.9		5.2		4.8

		-6.8		4.8		4.8

		-6.7		4.8		4.8

		-6.6		4.8		4

		-6.5		4.4		4.8

		-6.4		4.4		4.8

		-6.3		4.4		4.8

		-6.2		4.4		4.8

		-6.1		4.4		4.8

		-6		4.8		4.8

		-5.9		4.8		4.8

		-5.8		4.8		5.6

		-5.7		5.2		5.6

		-5.6		5.2		5.6

		-5.5		5.2		5.6

		-5.4		5.2		5.6

		-5.3		4.8		5.6

		-5.2		4.8		5.6

		-5.1		4.8		5.6

		-5		4.8		4.8

		-4.9		4.8		4.8

		-4.8		4.8		4.8

		-4.7		5.2		4

		-4.6		5.2		4

		-4.5		5.6		3.2

		-4.4		5.6		3.2

		-4.3		5.6		3.2

		-4.2		6		3.2

		-4.1		6		3.2

		-4		6		4

		-3.9		6		4.8

		-3.8		6		4.8

		-3.7		6		5.6

		-3.6		6		5.6

		-3.5		6		5.6

		-3.4		6		5.6

		-3.3		6.4		5.6

		-3.2		6.8		5.6

		-3.1		7.2		5.6

		-3		7.6		5.6

		-2.9		8		5.6

		-2.8		8.4		5.6

		-2.7		9.2		6.4

		-2.6		9.6		6.4

		-2.5		10.4		7.2

		-2.4		10.8		7.2

		-2.3		11.2		8

		-2.2		12		8

		-2.1		12.4		8

		-2		13.6		8.8

		-1.9		14.4		8.8

		-1.8		15.6		8.8

		-1.7		16.8		9.6

		-1.6		18.4		10.4

		-1.5		19.6		12

		-1.4		21.2		12.8

		-1.3		22.4		15.2

		-1.2		24		16.8

		-1.1		24.8		19.2

		-1		26		20.8

		-0.9		27.2		23.2

		-0.8		28		24.8

		-0.7		29.2		27.2

		-0.6		30		29.6

		-0.5		31.2		32

		-0.4		32		34.4

		-0.3		32.8		37.6

		-0.2		34		41.6

		-0.1		34.4		44.8

		0		35.2		48

		0.1		36		50.4

		0.2		36.8		52.8

		0.3		38		55.2

		0.4		38.4		56.8

		0.5		39.2		57.6

		0.6		40		59.2

		0.7		40.8		60

		0.8		41.2		60.8

		0.9		41.6		62.4
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		-14.7		-16.1

		-14.6		-16

		-14.5		-15.9

		-14.4		-15.8

		-14.3		-15.7

		-14.2		-15.6

		-14.1		-15.5

		-14		-15.4

		-13.9		-15.3

		-13.8		-15.2

		-13.7		-15.1

		-13.6		-15

		-13.5		-14.9

		-13.4		-14.8

		-13.3		-14.7

		-13.2		-14.6

		-13.1		-14.5

		-13		-14.4

		-12.9		-14.3

		-12.8		-14.2

		-12.7		-14.1

		-12.6		-14

		-12.5		-13.9

		-12.4		-13.8

		-12.3		-13.7

		-12.2		-13.6

		-12.1		-13.5

		-12		-13.4

		-11.9		-13.3

		-11.8		-13.2

		-11.7		-13.1

		-11.6		-13

		-11.5		-12.9

		-11.4		-12.8

		-11.3		-12.7

		-11.2		-12.6

		-11.1		-12.5

		-11		-12.4

		-10.9		-12.3

		-10.8		-12.2

		-10.7		-12.1

		-10.6		-12

		-10.5		-11.9

		-10.4		-11.8

		-10.3		-11.7

		-10.2		-11.6

		-10.1		-11.5

		-10		-11.4

		-9.9		-11.3

		-9.8		-11.2

		-9.7		-11.1

		-9.6		-11

		-9.5		-10.9

		-9.4		-10.8

		-9.3		-10.7

		-9.2		-10.6

		-9.1		-10.5

		-9		-10.4

		-8.9		-10.3

		-8.8		-10.2

		-8.7		-10.1

		-8.6		-10

		-8.5		-9.9

		-8.4		-9.8

		-8.3		-9.7

		-8.2		-9.6

		-8.1		-9.5

		-8		-9.4

		-7.9		-9.3

		-7.8		-9.2

		-7.7		-9.1

		-7.6		-9

		-7.5		-8.9

		-7.4		-8.8

		-7.3		-8.7

		-7.2		-8.6

		-7.1		-8.5

		-7		-8.4

		-6.9		-8.3

		-6.8		-8.2

		-6.7		-8.1

		-6.6		-8

		-6.5		-7.9

		-6.4		-7.8

		-6.3		-7.7

		-6.2		-7.6

		-6.1		-7.5

		-6		-7.4

		-5.9		-7.3

		-5.8		-7.2

		-5.7		-7.1

		-5.6		-7

		-5.5		-6.9

		-5.4		-6.8

		-5.3		-6.7

		-5.2		-6.6

		-5.1		-6.5

		-5		-6.4

		-4.9		-6.3

		-4.8		-6.2

		-4.7		-6.1

		-4.6		-6

		-4.5		-5.9

		-4.4		-5.8

		-4.3		-5.7

		-4.2		-5.6

		-4.1		-5.5

		-4		-5.4

		-3.9		-5.3

		-3.8		-5.2

		-3.7		-5.1

		-3.6		-5

		-3.5		-4.9

		-3.4		-4.8

		-3.3		-4.7

		-3.2		-4.6

		-3.1		-4.5

		-3		-4.4

		-2.9		-4.3

		-2.8		-4.2

		-2.7		-4.1

		-2.6		-4

		-2.5		-3.9

		-2.4		-3.8

		-2.3		-3.7

		-2.2		-3.6

		-2.1		-3.5

		-2		-3.4

		-1.9		-3.3

		-1.8		-3.2

		-1.7		-3.1

		-1.6		-3

		-1.5		-2.9

		-1.4		-2.8

		-1.3		-2.7

		-1.2		-2.6

		-1.1		-2.5

		-1		-2.4

		-0.9		-2.3

		-0.8		-2.2

		-0.7		-2.1

		-0.6		-2

		-0.5		-1.9

		-0.4		-1.8

		-0.3		-1.7

		-0.2		-1.6

		-0.1		-1.5

		0		-1.4

		0.1		-1.3

		0.2		-1.2

		0.3		-1.1

		0.4		-1

		0.5		-0.9

		0.6		-0.8

		0.7		-0.7

		0.8		-0.6

		0.9		-0.5

		1		-0.4

		1.1		-0.3

		1.2		-0.2

		1.3		-0.1

		1.5		0

		1.6		0.1

		1.7		0.2

		1.8		0.3

		1.9		0.4

		2		0.5

		2.1		0.6

		2.2		0.7

		2.3		0.8

		2.4		0.9

		2.5		1

		2.6		1.1

		2.7		1.2

		2.8		1.3

		2.9		1.4

		3		1.5

		3.1		1.6

		3.2		1.7

		3.3		1.8

		3.4		1.9

		3.5		2

		3.6		2.1

		3.7		2.2

		3.8		2.3

		3.9		2.4

		4		2.5

		4.1		2.6

		4.2		2.7

		4.3		2.8

		4.4		2.9

		4.5		3

		4.6		3.1

		4.7		3.2

		4.8		3.3

		4.9		3.4

		5		3.5

		5.1		3.6

		5.2		3.7

		5.3		3.8

		5.4		3.9

		5.5		4

		5.6		4.1

		5.7		4.2

		5.8		4.3

		5.9		4.4

		6		4.5

		6.1		4.6

		6.2		4.7

		6.3		4.8

		6.4		4.9

		6.5		5

		6.6		5.1

		6.7		5.2

		6.8		5.3

		6.9		5.4

		7		5.5

		7.1		5.6

		7.2		5.7

		7.3		5.8

		7.4		5.9

		7.5		6

		7.6		6.1

		7.7		6.2

		7.8		6.3

		7.9		6.4

		8		6.5

		8.1		6.6

		8.2		6.7

		8.3		6.8

		8.4		6.9

		8.5		7

		8.6		7.1

		8.7		7.2

		8.8		7.3

		8.9		7.4

		9		7.5

		9.1		7.6

		9.2		7.7

		9.3		7.8

		9.4		7.9

		9.5		8

		9.6		8.1

		9.7		8.2

		9.8		8.3

		9.9		8.4

		10		8.5

		10.1		8.6

		10.2		8.7

		10.3		8.8

		10.4		8.9

		10.5		9

		10.6		9.1

		10.7		9.2

		10.8		9.3

		10.9		9.4

		11		9.5

		11.1		9.6

		11.2		9.7

		11.3		9.8

		11.4		9.9

		11.5		10

		11.6		10.1

		11.7		10.2

		11.8		10.3

		11.9		10.4

		12		10.5

		12.1		10.6

		12.2		10.7

		12.3		10.8

		12.4		10.9

		12.5		11

		12.6		11.1

		12.7		11.2

		12.8		11.3

		12.9		11.4

		13		11.5

		13.1		11.6

		13.2		11.7

		13.3		11.8

		13.4		11.9

		13.5		12

		13.6		12.1

		13.7		12.2

		13.8		12.3

		13.9		12.4

		14		12.5

		14.1		12.6

		14.2		12.7

		14.3		12.8

		14.4		12.9

		14.5		13

		14.6		13.1

		14.7		13.2

		14.8		13.3

		14.9		13.4

		15		13.5

		15.1		13.6

		15.2		13.7

		15.3		13.8

		15.4		13.9

		15.5		14

		15.6		14.1

		15.7		14.2

		15.8		14.3

		15.9		14.4

		16		14.5

		16.1		14.6

		16.2		14.7

		16.3		14.8

		16.4		14.9

		16.5		15

		16.6		15.1

		16.7		15.2

		16.8		15.3

		16.9		15.4

		17		15.5

		17.1		15.6

		17.2		15.7

		17.3		15.8

		17.4		15.9

		17.5		16

		17.6		16.1

		17.7		16.2

		17.8		16.3

		17.9		16.4

		18		16.5

		18.1		16.6

		18.2		16.7

		18.3		16.8

		18.4		16.9

		18.5		17

		18.6		17.1

		18.7		17.2

		18.8		17.3

		18.9		17.4

		19		17.5

		19.1		17.6

		19.2		17.7

		19.3		17.8

		19.4		17.9

		19.5		18

		19.6		18.1

		19.7		18.2

		19.8		18.3

		19.9		18.4

		20		18.5

		20.1		18.6

		20.2		18.7

		20.3		18.8

		20.4		18.9

		20.5		19

		20.6		19.1

		20.7		19.2

		20.8		19.3

		20.9		19.4

		21		19.5

		21.1		19.6

		21.2		19.7

		21.3		19.8

		21.4		19.9

		21.5		20

		21.6		20.1

		21.7		20.2

		21.8		20.3

		21.9		20.4

		22		20.5

		22.1		20.6

		22.2		20.7

		22.3		20.8

		22.4		20.9

		22.5		21

		22.6		21.1

		22.7		21.2

		22.8		21.3

		22.9		21.4

		23		21.5

		23.1		21.6

		23.2		21.7

		23.3		21.8

		23.4		21.9

		23.5		22

		23.6		22.1

		23.7		22.2

		23.8		22.3

		23.9		22.4

		24		22.5

		24.1		22.6

		24.2		22.7

		24.3		22.8

		24.4		22.9

		24.5		23

		24.6		23.1

		24.7		23.2

		24.8		23.3

		24.9		23.4

		25		23.5

		25.1		23.6

		25.2		23.7

		25.3		23.8

		25.4		23.9

		25.5		24

		25.6		24.1

		25.7		24.2

		25.8		24.3

		25.9		24.4

		26		24.5

		26.1		24.6

		26.2		24.7

		26.3		24.8

				24.9
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0.9450549451

0.2477876106

0.967032967

0.2831858407

0.989010989

0.3185840708

1

0.3628318584

1

0.4159292035

1

0.4601769912

0.989010989

0.5044247788

0.967032967

0.5575221239

0.9450549451

0.610619469

0.9230769231

0.6548672566

0.9120879121

0.6991150442

0.8901098901

0.7522123894

0.8681318681

0.796460177

0.8461538462

0.8495575221

0.8241758242

0.8938053097

0.8131868132

0.9203539823

0.7912087912

0.9557522124

0.7692307692

0.982300885

0.7472527473

1

0.7252747253

1

0.7142857143

0.9911504425

0.6923076923

0.9734513274

0.6703296703

0.9557522124

0.6483516484

0.9203539823

0.6373626374

0.8761061947

0.6263736264

0.8318584071

0.6153846154

0.7787610619

0.6043956044

0.7256637168

0.5934065934

0.6725663717

0.5934065934

0.610619469

0.5934065934

0.5575221239

0.5824175824

0.4955752212

0.5824175824

0.4424778761

0.5824175824

0.389380531

0.5824175824

0.3274336283

0.5824175824

0.2831858407

0.5824175824

0.2300884956

0.5824175824

0.1946902655

0.5824175824

0.1504424779

0.5714285714

0.1150442478

0.5714285714

0.0884955752

0.5714285714

0.0619469027

0.5604395604

0.0442477876

0.5604395604

0.0265486726

0.5604395604

0.017699115

0.5494505495

0.0088495575

0.5494505495

0.0088495575

0.5384615385

0

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5384615385

-0.017699115

0.5384615385

-0.0088495575

0.5384615385

-0.0088495575

0.5274725275

-0.017699115

0.5164835165

0

0.5054945055

0

0.4835164835

0

0.4725274725

0

0.4615384615

0

0.4505494505

0

0.4505494505

0

0.4395604396

0

0.4395604396

0

0.4395604396

0

0.4395604396

-0.0088495575

0.4395604396

0

0.4395604396

0

0.4395604396

0

0.4395604396

0

0.4395604396

0

0.4395604396

0.0088495575

0.4395604396

0.0088495575

0.4395604396

0.017699115

0.4395604396

0.017699115

0.4395604396

0.017699115

0.4395604396

0.017699115

0.4395604396

0.017699115

0.4395604396

0.017699115

0.4395604396

0.0088495575

0.4395604396

0.0088495575

0.4395604396

0.0088495575

0.4285714286

0.0088495575

0.4285714286

0.0088495575

0.4175824176

0.0088495575

0.4065934066

0.0088495575

0.3956043956

0.0088495575

0.3846153846

0.0088495575

0.3846153846

0

0.3736263736

0

0.3626373626

0

0.3626373626

0

0.3626373626

0

0.3516483516

0

0.3516483516

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3296703297

0.0088495575

0.3296703297

0.0088495575

0.3296703297

0.0088495575

0.3186813187

0.0088495575

0.3296703297

0

0.3296703297

0

0.3296703297

0

0.3296703297

0

0.3406593407

0

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0.0088495575

0.3406593407

0

0.3296703297

0

0.3296703297

0

0.3296703297

0

0.3296703297

0

0.3186813187

0

0.3076923077

0

0.2967032967

0

0.2967032967

0.0088495575

0.2857142857

0.017699115

0.2967032967

0.017699115

0.3076923077

0.017699115

0.3186813187

0.017699115

0.3296703297

0.0088495575

0.3406593407

0.0088495575

0.3516483516

0

0.3516483516

0

0.3406593407

0

0.3296703297

0

0.3186813187

0

0.2967032967

0

0.2857142857

0

0.2747252747

0

0.2637362637

0

0.2527472527

0

0.2527472527

0

0.2527472527

0

0.2527472527

0

0.2527472527

0

0.2527472527

0

0.2637362637

0.0088495575

0.2637362637

0.0088495575

0.2747252747

0.0088495575

0.2857142857

0.0088495575

0.2857142857

0.0088495575

0.2857142857

0.0088495575

0.2967032967

0.0088495575

0.2857142857

0.0088495575

0.2857142857

0.0088495575

0.2857142857

0.0088495575

0.2747252747

0.0088495575

0.2747252747

0.0088495575

0.2637362637

0.0088495575

0.2637362637

0.0088495575

0.2637362637

0.0088495575

0.2527472527

0

0.2527472527

0

0.2527472527

0

0.2637362637

0

0.2637362637

0

0.2747252747

0

0.2857142857

0

0.2967032967

0.0088495575

0.3076923077

0.0088495575

0.3186813187

0.0088495575

0.3296703297

0.0088495575

0.3296703297

0.0088495575

0.3186813187

0

0.3076923077

0

0.2967032967

0

0.2857142857

0

0.2747252747

0

0.2527472527

0

0.2527472527

0

0.2417582418

0

0.2307692308

0

0.2307692308

0.0088495575

0.2307692308

0.0088495575

0.2197802198

0.0088495575

0.2197802198

0

0.2197802198

0

0.2087912088

0

0.1978021978

-0.0088495575

0.1868131868

-0.0088495575

0.1758241758

-0.0088495575

0.1538461538

-0.0088495575

0.1428571429

-0.0088495575

0.1208791209

-0.0088495575

0.0989010989

-0.017699115

0.0769230769

-0.017699115

0.0549450549

-0.017699115

0.032967033

-0.0265486726

0.010989011

-0.0353982301

0.0082417582

-0.0353982301

0.0027472527

-0.0442477876

0.010989011

-0.0530973451

0.0082417582

-0.0530973451

0.0054945055

-0.0619469027

0.0027472527

-0.0707964602

0.0027472527

-0.0707964602

0

-0.0796460177

0.0027472527

-0.0884955752

0.0027472527

-0.0884955752

0.0027472527

-0.0973451327

0.0054945055

-0.0973451327

0.0054945055

-0.0973451327

0.0054945055

-0.1061946903

0.0054945055

-0.1061946903

0.0054945055

-0.1061946903

0.0054945055

-0.1061946903

0.0054945055

-0.0973451327

0.0027472527

-0.0973451327

0.0027472527

-0.0884955752

0

-0.0796460177

0.010989011

-0.0707964602

0.0082417582

-0.0530973451

0.0005494505

-0.0331858407

0.0005494505

-0.0265486726

0.0016483516

-0.017699115

0.0027472527

0

0.0027472527

0.017699115

0.0027472527

0.0265486726

0.0016483516

0.0442477876

0.0016483516

0.0530973451

0.0005494505

0.0619469027

0.0005494505

0.0619469027

0.0005494505

0.0619469027

0.0005494505

0.0619469027

0.0005494505

0.0619469027

0.0005494505

0.0530973451

0.0005494505

0.0530973451

0.0005494505

0.0442477876

0.0082417582

0.0353982301

0.010989011

0.0265486726

0

0.0265486726

0.0027472527

0.017699115

0.0082417582

0.0265486726

0.0265486726



Regular

		-23.6		0.0769230769

		-23.5		0.0769230769

		-23.4		0.0659340659

		-23.3		0.0659340659

		-23.2		0.0549450549

		-23.1		0.0549450549

		-23		0.043956044

		-22.9		0.032967033

		-22.8		0.032967033

		-22.7		0.032967033

		-22.6		0.032967033

		-22.5		0.032967033

		-22.4		0.032967033

		-22.3		0.043956044

		-22.2		0.043956044

		-22.1		0.0549450549

		-22		0.0549450549

		-21.9		0.0659340659

		-21.8		0.0659340659

		-21.7		0.0549450549

		-21.6		0.043956044

		-21.5		0.032967033

		-21.4		0.032967033

		-21.3		0.021978022

		-21.2		0.032967033

		-21.1		0.032967033

		-21		0.043956044

		-20.9		0.043956044

		-20.8		0.043956044

		-20.7		0.043956044

		-20.6		0.043956044

		-20.5		0.032967033

		-20.4		0.032967033

		-20.3		0.021978022

		-20.2		0.021978022

		-20.1		0.021978022

		-20		0.032967033

		-19.9		0.032967033

		-19.8		0.043956044

		-19.7		0.043956044

		-19.6		0.0549450549

		-19.5		0.0549450549

		-19.4		0.0549450549

		-19.3		0.0549450549

		-19.2		0.0549450549

		-19.1		0.0549450549

		-19		0.0549450549

		-18.9		0.0549450549

		-18.8		0.0549450549

		-18.7		0.043956044

		-18.6		0.043956044

		-18.5		0.043956044

		-18.4		0.043956044

		-18.3		0.043956044

		-18.2		0.032967033

		-18.1		0.032967033

		-18		0.032967033

		-17.9		0.032967033

		-17.8		0.032967033

		-17.7		0.032967033

		-17.6		0.021978022

		-17.5		0.021978022

		-17.4		0.010989011

		-17.3		0.010989011

		-17.2		0

		-17.1		0

		-17		-0.010989011

		-16.9		0

		-16.8		0

		-16.7		0.010989011

		-16.6		0.021978022

		-16.5		0.021978022

		-16.4		0.032967033

		-16.3		0.043956044

		-16.2		0.043956044

		-16.1		0.043956044

		-16		0.043956044

		-15.9		0.043956044

		-15.8		0.032967033

		-15.7		0.032967033

		-15.6		0.032967033

		-15.5		0.032967033

		-15.4		0.032967033

		-15.3		0.032967033

		-15.2		0.043956044

		-15.1		0.043956044

		-15		0.043956044

		-14.9		0.043956044

		-14.8		0.043956044

		-14.7		0.043956044

		-14.6		0.043956044

		-14.5		0.043956044

		-14.4		0.043956044

		-14.3		0.043956044

		-14.2		0.043956044

		-14.1		0.043956044

		-14		0.043956044

		-13.9		0.043956044

		-13.8		0.0549450549

		-13.7		0.0549450549

		-13.6		0.0549450549

		-13.5		0.0549450549

		-13.4		0.043956044

		-13.3		0.043956044

		-13.2		0.043956044

		-13.1		0.043956044

		-13		0.032967033

		-12.9		0.032967033

		-12.8		0.032967033

		-12.7		0.032967033

		-12.6		0.032967033

		-12.5		0.032967033

		-12.4		0.032967033

		-12.3		0.043956044

		-12.2		0.043956044

		-12.1		0.0549450549

		-12		0.0549450549

		-11.9		0.0659340659

		-11.8		0.0659340659

		-11.7		0.0659340659

		-11.6		0.0769230769

		-11.5		0.0769230769

		-11.4		0.0879120879

		-11.3		0.0879120879

		-11.2		0.0989010989

		-11.1		0.1098901099

		-11		0.1098901099

		-10.9		0.1098901099

		-10.8		0.1098901099

		-10.7		0.0989010989

		-10.6		0.0879120879

		-10.5		0.0769230769

		-10.4		0.0659340659

		-10.3		0.043956044

		-10.2		0.032967033

		-10.1		0.021978022

		-10		0.010989011

		-9.9		0.010989011

		-9.8		0.010989011

		-9.7		0.010989011

		-9.6		0

		-9.5		0

		-9.4		0

		-9.3		0.010989011

		-9.2		0.010989011

		-9.1		0.010989011

		-9		0.010989011

		-8.9		0.010989011

		-8.8		0.010989011

		-8.7		0.010989011

		-8.6		0.010989011

		-8.5		0.021978022

		-8.4		0.021978022

		-8.3		0.032967033

		-8.2		0.043956044

		-8.1		0.0549450549

		-8		0.0659340659

		-7.9		0.0659340659

		-7.8		0.0769230769

		-7.7		0.0769230769

		-7.6		0.0659340659

		-7.5		0.0659340659

		-7.4		0.0549450549

		-7.3		0.0549450549

		-7.2		0.043956044

		-7.1		0.043956044

		-7		0.032967033

		-6.9		0.032967033

		-6.8		0.032967033

		-6.7		0.032967033

		-6.6		0.021978022

		-6.5		0.021978022

		-6.4		0.021978022

		-6.3		0.010989011

		-6.2		0.010989011

		-6.1		0.010989011

		-6		0.010989011

		-5.9		0.010989011

		-5.8		0.021978022

		-5.7		0.021978022

		-5.6		0.032967033

		-5.5		0.032967033

		-5.4		0.032967033

		-5.3		0.032967033

		-5.2		0.021978022

		-5.1		0.021978022

		-5		0.010989011

		-4.9		0.010989011

		-4.8		0

		-4.7		0.010989011

		-4.6		0.010989011

		-4.5		0.021978022

		-4.4		0.032967033

		-4.3		0.043956044

		-4.2		0.0659340659

		-4.1		0.0659340659

		-4		0.0769230769

		-3.9		0.0769230769

		-3.8		0.0659340659

		-3.7		0.0659340659

		-3.6		0.0549450549

		-3.5		0.043956044

		-3.4		0.043956044

		-3.3		0.043956044

		-3.2		0.043956044

		-3.1		0.043956044

		-3		0.0549450549

		-2.9		0.0659340659

		-2.8		0.0769230769

		-2.7		0.0769230769

		-2.6		0.0879120879

		-2.5		0.0879120879

		-2.4		0.0879120879

		-2.3		0.0879120879

		-2.2		0.0769230769

		-2.1		0.0769230769

		-2		0.0769230769

		-1.9		0.0659340659

		-1.8		0.0549450549

		-1.7		0.0549450549

		-1.6		0.043956044

		-1.5		0.032967033

		-1.4		0.021978022

		-1.3		0.010989011

		-1.2		0.010989011

		-1.1		0.010989011

		-1		0.021978022

		-0.9		0.021978022

		-0.8		0.032967033

		-0.7		0.043956044

		-0.6		0.0549450549

		-0.5		0.0549450549

		-0.4		0.0659340659

		-0.3		0.0769230769

		-0.2		0.0769230769

		-0.1		0.0879120879

		0		0.0989010989

		0.1		0.0989010989

		0.2		0.1098901099

		0.3		0.1208791209

		0.4		0.1428571429

		0.5		0.1648351648

		0.6		0.1868131868

		0.7		0.2197802198

		0.8		0.2527472527

		0.9		0.2967032967

		1		0.3516483516

		1.1		0.4065934066

		1.2		0.4725274725

		1.3		0.5274725275

		1.5		0.6483516484

		1.6		0.7142857143

		1.7		0.7692307692

		1.8		0.8241758242

		1.9		0.8681318681

		2		0.9120879121

		2.1		0.9450549451

		2.2		0.967032967

		2.3		0.989010989

		2.4		1

		2.5		1

		2.6		1

		2.7		0.989010989

		2.8		0.967032967

		2.9		0.9450549451

		3		0.9230769231

		3.1		0.9120879121

		3.2		0.8901098901

		3.3		0.8681318681

		3.4		0.8461538462

		3.5		0.8241758242

		3.6		0.8131868132

		3.7		0.7912087912

		3.8		0.7692307692

		3.9		0.7472527473

		4		0.7252747253

		4.1		0.7142857143

		4.2		0.6923076923

		4.3		0.6703296703

		4.4		0.6483516484

		4.5		0.6373626374

		4.6		0.6263736264

		4.7		0.6153846154

		4.8		0.6043956044

		4.9		0.5934065934

		5		0.5934065934

		5.1		0.5934065934

		5.2		0.5824175824

		5.3		0.5824175824

		5.4		0.5824175824

		5.5		0.5824175824

		5.6		0.5824175824

		5.7		0.5824175824

		5.8		0.5824175824

		5.9		0.5824175824

		6		0.5714285714

		6.1		0.5714285714

		6.2		0.5714285714

		6.3		0.5604395604

		6.4		0.5604395604

		6.5		0.5604395604

		6.6		0.5494505495

		6.7		0.5494505495

		6.8		0.5384615385

		6.9		0.5384615385

		7		0.5384615385

		7.1		0.5384615385

		7.2		0.5384615385

		7.3		0.5384615385

		7.4		0.5384615385

		7.5		0.5384615385

		7.6		0.5384615385

		7.7		0.5384615385

		7.8		0.5274725275

		7.9		0.5164835165

		8		0.5054945055

		8.1		0.4835164835

		8.2		0.4725274725

		8.3		0.4615384615

		8.4		0.4505494505

		8.5		0.4505494505

		8.6		0.4395604396

		8.7		0.4395604396

		8.8		0.4395604396

		8.9		0.4395604396

		9		0.4395604396

		9.1		0.4395604396

		9.2		0.4395604396

		9.3		0.4395604396

		9.4		0.4395604396

		9.5		0.4395604396

		9.6		0.4395604396

		9.7		0.4395604396

		9.8		0.4395604396

		9.9		0.4395604396

		10		0.4395604396

		10.1		0.4395604396

		10.2		0.4395604396

		10.3		0.4395604396

		10.4		0.4395604396

		10.5		0.4395604396

		10.6		0.4285714286

		10.7		0.4285714286

		10.8		0.4175824176

		10.9		0.4065934066

		11		0.3956043956

		11.1		0.3846153846

		11.2		0.3846153846

		11.3		0.3736263736

		11.4		0.3626373626

		11.5		0.3626373626

		11.6		0.3626373626

		11.7		0.3516483516

		11.8		0.3516483516

		11.9		0.3406593407

		12		0.3406593407

		12.1		0.3296703297

		12.2		0.3296703297

		12.3		0.3296703297

		12.4		0.3186813187

		12.5		0.3296703297

		12.6		0.3296703297

		12.7		0.3296703297

		12.8		0.3296703297

		12.9		0.3406593407

		13		0.3406593407

		13.1		0.3406593407

		13.2		0.3406593407

		13.3		0.3406593407

		13.4		0.3406593407

		13.5		0.3406593407

		13.6		0.3406593407

		13.7		0.3406593407

		13.8		0.3296703297

		13.9		0.3296703297

		14		0.3296703297

		14.1		0.3296703297

		14.2		0.3186813187

		14.3		0.3076923077

		14.4		0.2967032967

		14.5		0.2967032967

		14.6		0.2857142857

		14.7		0.2967032967

		14.8		0.3076923077

		14.9		0.3186813187

		15		0.3296703297

		15.1		0.3406593407

		15.2		0.3516483516

		15.3		0.3516483516

		15.4		0.3406593407

		15.5		0.3296703297

		15.6		0.3186813187

		15.7		0.2967032967

		15.8		0.2857142857

		15.9		0.2747252747

		16		0.2637362637

		16.1		0.2527472527

		16.2		0.2527472527

		16.3		0.2527472527

		16.4		0.2527472527

		16.5		0.2527472527

		16.6		0.2527472527

		16.7		0.2637362637

		16.8		0.2637362637

		16.9		0.2747252747

		17		0.2857142857

		17.1		0.2857142857

		17.2		0.2857142857

		17.3		0.2967032967

		17.4		0.2857142857

		17.5		0.2857142857

		17.6		0.2857142857

		17.7		0.2747252747

		17.8		0.2747252747

		17.9		0.2637362637

		18		0.2637362637

		18.1		0.2637362637

		18.2		0.2527472527

		18.3		0.2527472527

		18.4		0.2527472527

		18.5		0.2637362637

		18.6		0.2637362637

		18.7		0.2747252747

		18.8		0.2857142857

		18.9		0.2967032967

		19		0.3076923077

		19.1		0.3186813187

		19.2		0.3296703297

		19.3		0.3296703297

		19.4		0.3186813187

		19.5		0.3076923077

		19.6		0.2967032967

		19.7		0.2857142857

		19.8		0.2747252747

		19.9		0.2527472527

		20		0.2527472527

		20.1		0.2417582418

		20.2		0.2307692308

		20.3		0.2307692308

		20.4		0.2307692308

		20.5		0.2197802198

		20.6		0.2197802198

		20.7		0.2197802198

		20.8		0.2087912088

		20.9		0.1978021978

		21		0.1868131868

		21.1		0.1758241758

		21.2		0.1538461538

		21.3		0.1428571429

		21.4		0.1208791209

		21.5		0.0989010989

		21.6		0.0769230769

		21.7		0.0549450549

		21.8		0.032967033

		21.9		0.010989011

		22		0.0082417582

		22.1		0.0027472527

		22.2		0.010989011

		22.3		0.0082417582

		22.4		0.0054945055

		22.5		0.0027472527

		22.6		0.0027472527

		22.7		0

		22.8		0.0027472527

		22.9		0.0027472527

		23		0.0027472527

		23.1		0.0054945055

		23.2		0.0054945055

		23.3		0.0054945055

		23.4		0.0054945055

		23.5		0.0054945055

		23.6		0.0054945055

		23.7		0.0054945055

		23.8		0.0027472527

		23.9		0.0027472527

		24		0

		24.1		0.010989011

		24.2		0.0082417582

		24.3		0.0005494505

		24.4		0.0005494505

		24.5		0.0016483516

		24.6		0.0027472527

		24.7		0.0027472527

		24.8		0.0027472527

		24.9		0.0016483516

		25		0.0016483516

		25.1		0.0005494505

		25.2		0.0005494505

		25.3		0.0005494505

		25.4		0.0005494505

		25.5		0.0005494505

		25.6		0.0005494505

		25.7		0.0005494505

		25.8		0.0005494505

		25.9		0.0082417582

		26		0.010989011

		26.1		0

		26.2		0.0027472527

		26.3		0.0082417582





Thin

		-25		0

		-24.9		-0.0088495575

		-24.8		-0.0088495575

		-24.7		-0.0088495575

		-24.6		0

		-24.5		0

		-24.4		0

		-24.3		0

		-24.2		0

		-24.1		0

		-24		0

		-23.9		0

		-23.8		0

		-23.7		-0.0088495575

		-23.6		-0.0088495575

		-23.5		-0.0088495575

		-23.4		-0.0088495575

		-23.3		-0.0088495575

		-23.2		0

		-23.1		0

		-23		0

		-22.9		0

		-22.8		0

		-22.7		0

		-22.6		0

		-22.5		0

		-22.4		0

		-22.3		-0.0088495575

		-22.2		-0.0088495575

		-22.1		-0.0088495575

		-22		-0.0088495575

		-21.9		-0.0088495575

		-21.8		-0.0088495575

		-21.7		-0.0088495575

		-21.6		-0.0088495575

		-21.5		-0.0088495575

		-21.4		-0.0088495575

		-21.3		-0.0088495575

		-21.2		0

		-21.1		0

		-21		-0.0088495575

		-20.9		-0.0088495575

		-20.8		-0.0088495575

		-20.7		-0.0088495575

		-20.6		-0.0088495575

		-20.5		-0.0088495575

		-20.4		-0.0088495575

		-20.3		-0.0088495575

		-20.2		0

		-20.1		0

		-20		0

		-19.9		0

		-19.8		0

		-19.7		0

		-19.6		0

		-19.5		0

		-19.4		0

		-19.3		0

		-19.2		0

		-19.1		0

		-19		-0.0088495575

		-18.9		-0.0088495575

		-18.8		-0.0088495575

		-18.7		-0.0088495575

		-18.6		-0.0088495575

		-18.5		-0.0088495575

		-18.4		0

		-18.3		0

		-18.2		0

		-18.1		0

		-18		0

		-17.9		0

		-17.8		0

		-17.7		0

		-17.6		0

		-17.5		-0.0088495575

		-17.4		-0.0088495575

		-17.3		0

		-17.2		0

		-17.1		0

		-17		0

		-16.9		-0.0088495575

		-16.8		-0.0088495575

		-16.7		-0.0088495575

		-16.6		-0.0088495575

		-16.5		-0.0088495575

		-16.4		-0.0088495575

		-16.3		-0.0088495575

		-16.2		-0.0088495575

		-16.1		-0.0088495575

		-16		0

		-15.9		0

		-15.8		0

		-15.7		0

		-15.6		0

		-15.5		0

		-15.4		0

		-15.3		0

		-15.2		0

		-15.1		0

		-15		0

		-14.9		0

		-14.8		0

		-14.7		0

		-14.6		-0.0088495575

		-14.5		-0.0088495575

		-14.4		-0.0088495575

		-14.3		-0.0000176991

		-14.2		-0.0000176991

		-14.1		-0.0088495575

		-14		-0.0088495575

		-13.9		0

		-13.8		0

		-13.7		0

		-13.6		0.0088495575

		-13.5		0

		-13.4		0

		-13.3		0

		-13.2		-0.0088495575

		-13.1		-0.0088495575

		-13		-0.0088495575

		-12.9		-0.0088495575

		-12.8		-0.0088495575

		-12.7		-0.0088495575

		-12.6		-0.0088495575

		-12.5		0

		-12.4		0

		-12.3		0

		-12.2		-0.0088495575

		-12.1		-0.0088495575

		-12		-0.0088495575

		-11.9		-0.0088495575

		-11.8		-0.0000176991

		-11.7		-0.0000176991

		-11.6		-0.0000176991

		-11.5		-0.0088495575

		-11.4		-0.0088495575

		-11.3		-0.0088495575

		-11.2		-0.0088495575

		-11.1		-0.0088495575

		-11		-0.0088495575

		-10.9		-0.0088495575

		-10.8		-0.0088495575

		-10.7		-0.0088495575

		-10.6		-0.0088495575

		-10.5		-0.0088495575

		-10.4		-0.0088495575

		-10.3		-0.0088495575

		-10.2		-0.0088495575

		-10.1		-0.0088495575

		-10		0

		-9.9		0

		-9.8		0

		-9.7		0

		-9.6		0

		-9.5		0

		-9.4		-0.0088495575

		-9.3		-0.0088495575

		-9.2		-0.0088495575

		-9.1		-0.0088495575

		-9		-0.0088495575

		-8.9		-0.0088495575

		-8.8		-0.0088495575

		-8.7		-0.0088495575

		-8.6		-0.0088495575

		-8.5		-0.0088495575

		-8.4		-0.0088495575

		-8.3		-0.0088495575

		-8.2		-0.0088495575

		-8.1		-0.0088495575

		-8		-0.0088495575

		-7.9		0

		-7.8		0

		-7.7		0

		-7.6		0.0088495575

		-7.5		0.0088495575

		-7.4		0

		-7.3		0

		-7.2		0

		-7.1		0

		-7		0

		-6.9		0

		-6.8		0

		-6.7		0

		-6.6		0

		-6.5		0

		-6.4		0

		-6.3		0

		-6.2		0

		-6.1		0

		-6		0

		-5.9		0

		-5.8		0

		-5.7		0

		-5.6		0

		-5.5		0

		-5.4		-0.0088495575

		-5.3		-0.0088495575

		-5.2		-0.0088495575

		-5.1		-0.0088495575

		-5		-0.0088495575

		-4.9		-0.0088495575

		-4.8		0

		-4.7		0

		-4.6		0

		-4.5		0

		-4.4		0

		-4.3		-0.0088495575

		-4.2		-0.0088495575

		-4.1		-0.0088495575

		-4		-0.0088495575

		-3.9		-0.0000176991

		-3.8		-0.0000176991

		-3.7		-0.0000176991

		-3.6		-0.0088495575

		-3.5		-0.0088495575

		-3.4		-0.0088495575

		-3.3		-0.0088495575

		-3.2		-0.0088495575

		-3.1		-0.0088495575

		-3		-0.0088495575

		-2.9		-0.0088495575

		-2.8		-0.0088495575

		-2.7		-0.0088495575

		-2.6		0

		-2.5		0

		-2.4		0

		-2.3		0

		-2.2		0.0088495575

		-2.1		0.0088495575

		-2		0.0088495575

		-1.9		0.0088495575

		-1.8		0.017699115

		-1.7		0.017699115

		-1.6		0.017699115

		-1.5		0.017699115

		-1.4		0.017699115

		-1.3		0.017699115

		-1.2		0.017699115

		-1.1		0.017699115

		-1		0.0265486726

		-0.9		0.0353982301

		-0.8		0.0442477876

		-0.7		0.0530973451

		-0.6		0.0619469027

		-0.5		0.0707964602

		-0.4		0.0796460177

		-0.3		0.0884955752

		-0.2		0.0973451327

		-0.1		0.1061946903

		0		0.1238938053

		0.1		0.1327433628

		0.2		0.1504424779

		0.3		0.1681415929

		0.4		0.1946902655

		0.5		0.2212389381

		0.6		0.2477876106

		0.7		0.2831858407

		0.8		0.3185840708

		0.9		0.3628318584

		1		0.4159292035

		1.1		0.4601769912

		1.2		0.5044247788

		1.3		0.5575221239

		1.4		0.610619469

		1.5		0.6548672566

		1.6		0.6991150442

		1.7		0.7522123894

		1.8		0.796460177

		1.9		0.8495575221

		2		0.8938053097

		2.1		0.9203539823

		2.2		0.9557522124

		2.3		0.982300885

		2.4		1

		2.5		1

		2.6		0.9911504425

		2.7		0.9734513274

		2.8		0.9557522124

		2.9		0.9203539823

		3		0.8761061947

		3.1		0.8318584071

		3.2		0.7787610619

		3.3		0.7256637168

		3.4		0.6725663717

		3.5		0.610619469

		3.6		0.5575221239

		3.7		0.4955752212

		3.8		0.4424778761

		3.9		0.389380531

		4		0.3274336283

		4.1		0.2831858407

		4.2		0.2300884956

		4.3		0.1946902655

		4.4		0.1504424779

		4.5		0.1150442478

		4.6		0.0884955752

		4.7		0.0619469027

		4.8		0.0442477876

		4.9		0.0265486726

		5		0.017699115

		5.1		0.0088495575

		5.2		0.0088495575

		5.3		0

		5.4		-0.0088495575

		5.5		-0.0088495575

		5.6		-0.0088495575

		5.7		-0.0088495575

		5.8		-0.0088495575

		5.9		-0.0088495575

		6		-0.017699115

		6.1		-0.0088495575

		6.2		-0.0088495575

		6.3		-0.017699115

		6.4		0

		6.5		0

		6.6		0

		6.7		0

		6.8		0

		6.9		0

		7		0

		7.1		0

		7.2		0

		7.3		0

		7.4		-0.0088495575

		7.5		0

		7.6		0

		7.7		0

		7.8		0

		7.9		0

		8		0.0088495575

		8.1		0.0088495575

		8.2		0.017699115

		8.3		0.017699115

		8.4		0.017699115

		8.5		0.017699115

		8.6		0.017699115

		8.7		0.017699115

		8.8		0.0088495575

		8.9		0.0088495575

		9		0.0088495575

		9.1		0.0088495575

		9.2		0.0088495575

		9.3		0.0088495575

		9.4		0.0088495575

		9.5		0.0088495575

		9.6		0.0088495575

		9.7		0

		9.8		0

		9.9		0

		10		0

		10.1		0

		10.2		0

		10.3		0.0088495575

		10.4		0.0088495575

		10.5		0.0088495575

		10.6		0.0088495575

		10.7		0.0088495575

		10.8		0.0088495575

		10.9		0.0088495575

		11		0

		11.1		0

		11.2		0

		11.3		0

		11.4		0

		11.5		0.0088495575

		11.6		0.0088495575

		11.7		0.0088495575

		11.8		0.0088495575

		11.9		0.0088495575

		12		0.0088495575

		12.1		0.0088495575

		12.2		0

		12.3		0

		12.4		0

		12.5		0

		12.6		0

		12.7		0

		12.8		0

		12.9		0

		13		0.0088495575

		13.1		0.017699115

		13.2		0.017699115

		13.3		0.017699115

		13.4		0.017699115

		13.5		0.0088495575

		13.6		0.0088495575

		13.7		0

		13.8		0

		13.9		0

		14		0

		14.1		0

		14.2		0

		14.3		0

		14.4		0

		14.5		0

		14.6		0

		14.7		0

		14.8		0

		14.9		0

		15		0

		15.1		0

		15.2		0.0088495575

		15.3		0.0088495575

		15.4		0.0088495575

		15.5		0.0088495575

		15.6		0.0088495575

		15.7		0.0088495575

		15.8		0.0088495575

		15.9		0.0088495575

		16		0.0088495575

		16.1		0.0088495575

		16.2		0.0088495575

		16.3		0.0088495575

		16.4		0.0088495575

		16.5		0.0088495575

		16.6		0.0088495575

		16.7		0

		16.8		0

		16.9		0

		17		0

		17.1		0

		17.2		0

		17.3		0

		17.4		0.0088495575

		17.5		0.0088495575

		17.6		0.0088495575

		17.7		0.0088495575

		17.8		0.0088495575

		17.9		0

		18		0

		18.1		0

		18.2		0

		18.3		0

		18.4		0

		18.5		0

		18.6		0

		18.7		0

		18.8		0.0088495575

		18.9		0.0088495575

		19		0.0088495575

		19.1		0

		19.2		0

		19.3		0

		19.4		-0.0088495575

		19.5		-0.0088495575

		19.6		-0.0088495575

		19.7		-0.0088495575

		19.8		-0.0088495575

		19.9		-0.0088495575

		20		-0.017699115

		20.1		-0.017699115

		20.2		-0.017699115

		20.3		-0.0265486726

		20.4		-0.0353982301

		20.5		-0.0353982301

		20.6		-0.0442477876

		20.7		-0.0530973451

		20.8		-0.0530973451

		20.9		-0.0619469027

		21		-0.0707964602

		21.1		-0.0707964602

		21.2		-0.0796460177

		21.3		-0.0884955752

		21.4		-0.0884955752

		21.5		-0.0973451327

		21.6		-0.0973451327

		21.7		-0.0973451327

		21.8		-0.1061946903
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Introduction

		Change in measurement apparatus: I used 18 microsecond shaper, 200M load resistor, and kept the temperature at LN2

		I also change the blocking capacitor to 500pF (2 1000pF caps in series)

		I tried to increase the gain from the value of 1000 which was used in the previous measurements to 5000.

		I was able to achieve a gain of 5000 for a few minutes (bias=1373V). Then I started getting intermittent arcing of some sort which

		kept me from operating at that voltage. I reduced the voltage to 1349 (gain=2000) and took the data in this worksheet.





-193.3C

		

		gain of preamp: 1.2E12 Volts/Coul =						1.60E-07				volts per electron in

		gain of MCA:						102				channels per volt												-7.64E-01

		Two shaping amplifier gains are used: "low" and "high". They are:																						25.35118

		"low" shaping amplifier gain:						5.00																3.99E-01

		"high" shaping amplifier gain:						500.00																3.02E-01

		500V		500V		High bias		High bias		LED reduction		High bias								noise referred

		LED pulser peak		electrons in		voltage		LED pulser peak		factor		LED pulser peak		APD		pulser		pulser width		to APD input		thermocouple		temperature

		(# channels)						(# channels)				(electrons)		gain		width (FWHM)		(electrons rms)		(electrons rms)		voltage		©

		472		57843		1349		174		54.4380163235		116081064		2006.8251780256		34		1769		0.88		-5.8		-193.3

						charge per channel in pulse height spectrum:								0.0610661162





pulse height spectrum

		

		channel		charge		counts		counts

		40		2.444		222		192

		41		2.5051		298		281

		42		2.5662		284		240

		43		2.6273		227		237

		44		2.6884		233		186

		45		2.7495		185		169

		46		2.8106		159		154

		47		2.8717		161		131

		48		2.9328		130		119

		49		2.9939		118		79

		50		3.055		105		87

		51		3.1161		88		92

		52		3.1772		85		72

		53		3.2383		78		81

		54		3.2994		84		50

		55		3.3605		71		51

		56		3.4216		83		45

		57		3.4827		49		48

		58		3.5438		53		25

		59		3.6049		52		25

		60		3.666		53		45

		61		3.7271		55		25

		62		3.7882		52		22

		63		3.8493		48		34

		64		3.9104		45		23

		65		3.9715		40		28

		66		4.0326		38		20

		67		4.0937		47		22

		68		4.1548		32		20

		69		4.2159		32		18

		70		4.277		42		19

		71		4.3381		31		19

		72		4.3992		49		9

		73		4.4603		38		18

		74		4.5214		38		11

		75		4.5825		54		7

		76		4.6436		47		11

		77		4.7047		44		10

		78		4.7658		47		16

		79		4.8269		40		13

		80		4.888		65		11

		81		4.9491		48		6

		82		5.0102		61		16

		83		5.0713		76		5

		84		5.1324		69		10

		85		5.1935		78		8

		86		5.2546		69		7

		87		5.3157		81		14

		88		5.3768		87		11

		89		5.4379		94		5

		90		5.499		104		7

		91		5.5601		103		10

		92		5.6212		112		9

		93		5.6823		114		10

		94		5.7434		143		6

		95		5.8045		136		8

		96		5.8656		156		5

		97		5.9267		142		7

		98		5.9878		159		7

		99		6.0489		192		5

		100		6.11		190		8

		101		6.1711		198		7

		102		6.2322		197		6

		103		6.2933		218		8

		104		6.3544		225		5

		105		6.4155		219		12

		106		6.4766		229		11

		107		6.5377		250		4

		108		6.5988		234		7

		109		6.6599		262		4

		110		6.721		256		5

		111		6.7821		286		7

		112		6.8432		274		6

		113		6.9043		269		5

		114		6.9654		274		6

		115		7.0265		324		5

		116		7.0876		317		7

		117		7.1487		277		3

		118		7.2098		315		7

		119		7.2709		341		5

		120		7.332		371		8

		121		7.3931		341		6

		122		7.4542		331		7

		123		7.5153		390		6

		124		7.5764		393		3

		125		7.6375		346		7

		126		7.6986		373		7

		127		7.7597		368		4

		128		7.8208		389		8

		129		7.8819		369		4

		130		7.943		380		9

		131		8.0041		341		6

		132		8.0652		361		5

		133		8.1263		352		11

		134		8.1874		355		8

		135		8.2485		329		9

		136		8.3096		316		3

		137		8.3707		345		8

		138		8.4318		358		7

		139		8.4929		311		4

		140		8.554		340		5

		141		8.6151		284		11

		142		8.6762		293		8

		143		8.7373		304		9

		144		8.7984		293		4

		145		8.8595		262		9

		146		8.9206		295		9

		147		8.9817		262		2

		148		9.0428		259		9

		149		9.1039		245		9

		150		9.165		245		11

		151		9.2261		222		11

		152		9.2872		196		17

		153		9.3483		199		9

		154		9.4094		180		7

		155		9.4705		177		13

		156		9.5316		173		13

		157		9.5927		139		10

		158		9.6538		169		14

		159		9.7149		156		17

		160		9.776		152		11

		161		9.8371		152		16

		162		9.8982		121		12

		163		9.9593		122		14

		164		10.0204		96		22

		165		10.0815		109		15

		166		10.1426		106		32

		167		10.2037		85		25

		168		10.2648		63		28

		169		10.3259		63		24

		170		10.387		85		27

		171		10.4481		68		25

		172		10.5092		55		31

		173		10.5703		73		35

		174		10.6314		57		29

		175		10.6925		63		38

		176		10.7536		40		33

		177		10.8147		34		44

		178		10.8758		48		44

		179		10.9369		42		42

		180		10.998		22		58

		181		11.0591		38		52

		182		11.1202		33		61

		183		11.1813		28		60

		184		11.2424		24		75

		185		11.3035		26		67

		186		11.3646		22		73

		187		11.4257		17		59

		188		11.4868		20		85

		189		11.5479		15		76

		190		11.609		10		77

		191		11.6701		18		104

		192		11.7312		2		109

		193		11.7923		13		118

		194		11.8534		10		104

		195		11.9145		5		115

		196		11.9756		4		135

		197		12.0367		6		142

		198		12.0978		7		144

		199		12.1589		6		139

		200		12.22		7		148

		201		12.2811		6		164

		202		12.3422		3		165

		203		12.4033		5		185

		204		12.4644		3		155

		205		12.5255		8		162

		206		12.5866		2		193

		207		12.6477		5		218

		208		12.7088		1		221

		209		12.7699		1		191

		210		12.831		3		223

		211		12.8921		3		228

		212		12.9532		0		210

		213		13.0143		5		221

		214		13.0754		2		240

		215		13.1365		4		239

		216		13.1976		0		240

		217		13.2587		4		241

		218		13.3198		1		268

		219		13.3809		2		240

		220		13.442		4		288

		221		13.5031		4		254

		222		13.5642		2		268

		223		13.6253		0		282

		224		13.6864		2		280

		225		13.7475		1		287

		226		13.8086		1		299

		227		13.8697		1		277

		228		13.9308		4		304

		229		13.9919		1		300

		230		14.053		1		300

		231		14.1141		1		287

		232		14.1752		0		298

		233		14.2363		3		322

		234		14.2974		3		289

		235		14.3585		3		315

		236		14.4196		1		311

		237		14.4807		0		275

		238		14.5418		0		298

		239		14.6029		1		295

		240		14.664		1		260

		241		14.7251		1		266

		242		14.7862		4		273

		243		14.8473		0		286

		244		14.9084		1		298

		245		14.9695		2		270

		246		15.0306		1		259

		247		15.0917		0		279

		248		15.1528		3		275

		249		15.2139		2		247

		250		15.275		1		259

		251		15.3361		5		246

		252		15.3972		1		223

		253		15.4583		3		248

		254		15.5194		0		229

		255		15.5805		1		230

		256		15.6416		1		207

		257		15.7027		1		224

		258		15.7638		2		191

		259		15.8249		1		183

		260		15.886		1		196

		261		15.9471		4		188

		262		16.0082		1		206

		263		16.0693		4		181

		264		16.1304		3		148

		265		16.1915		1		176

		266		16.2526		2		162

		267		16.3137		0		131

		268		16.3748		4		140

		269		16.4359		1		111

		270		16.497		1		145

		271		16.5581		2		110

		272		16.6192		0		131

		273		16.6803		1		105

		274		16.7414		0		111

		275		16.8025		1		112

		276		16.8636		3		92

		277		16.9247		1		105

		278		16.9858		2		94

		279		17.0469		5		85

		280		17.108		2		72

		281		17.1691		1		72

		282		17.2302		4		75

		283		17.2913		2		67

		284		17.3524		1		66

		285		17.4135		1		55

		286		17.4746		5		50

		287		17.5357		1		55

		288		17.5968		4		44

		289		17.6579		1		49

		290		17.719		0		45

		291		17.7801		6		52

		292		17.8412		5		31

		293		17.9023		6		36

		294		17.9634		4		32

		295		18.0245		7		37

		296		18.0856		4		32

		297		18.1467		9		28

		298		18.2078		4		25

		299		18.2689		10		16

		300		18.33		9		20

		301		18.3911		2		14

		302		18.4522		10		18

		303		18.5133		9		14

		304		18.5744		8		13

		305		18.6355		8		12

		306		18.6966		5		17

		307		18.7577		16		15

		308		18.8188		19		13

		309		18.8799		7		8

		310		18.941		16		14

		311		19.0021		21		6

		312		19.0632		25		8

		313		19.1243		25		4

		314		19.1854		37		8

		315		19.2465		22		5

		316		19.3076		43		2

		317		19.3687		42		5

		318		19.4298		57		3

		319		19.4909		69		2

		320		19.552		81		4

		321		19.6131		86		4

		322		19.6742		106		3

		323		19.7353		130		5

		324		19.7964		132		2

		325		19.8575		138		1

		326		19.9186		170		3

		327		19.9797		174		0

		328		20.0408		208		4

		329		20.1019		216		0

		330		20.163		255		2

		331		20.2241		282		1

		332		20.2852		292		0

		333		20.3463		322		3

		334		20.4074		346		2

		335		20.4685		401		0

		336		20.5296		432		3

		337		20.5907		465		0

		338		20.6518		480		2

		339		20.7129		523		0

		340		20.774		523		0

		341		20.8351		572		0

		342		20.8962		586		0

		343		20.9573		581		0

		344		21.0184		592		1

		345		21.0795		622		0

		346		21.1406		633		2

		347		21.2017		688		0

		348		21.2628		664		1

		349		21.3239		639		0

		350		21.385		595		1

		351		21.4461		620		1

		352		21.5072		669		1

		353		21.5683		628		0

		354		21.6294		641		1

		355		21.6905		619		3

		356		21.7516		541		0

		357		21.8127		571		0

		358		21.8738		562		0

		359		21.9349		490		2

		360		21.996		519		2

		361		22.0571		456		0

		362		22.1182		433		0

		363		22.1793		436		0

		364		22.2404		390		0

		365		22.3015		343		1

		366		22.3626		306		0

		367		22.4237		276		0

		368		22.4848		269		0

		369		22.5459		283		2

		370		22.607		224		0

		371		22.6681		202		1

		372		22.7292		183		0

		373		22.7903		181		1

		374		22.8514		159		0

		375		22.9125		153		1

		376		22.9736		124		1

		377		23.0347		118		1

		378		23.0958		118		1

		379		23.1569		84		0

		380		23.218		94		1

		381		23.2791		70		0

		382		23.3402		78		2

		383		23.4013		60		0

		384		23.4624		57		2

		385		23.5235		34		1

		386		23.5846		40		2

		387		23.6457		41		1

		388		23.7068		29		0

		389		23.7679		29		2

		390		23.829		21		0

		391		23.8901		23		1

		392		23.9512		21		2

		393		24.0123		17		1

		394		24.0734		22		1

		395		24.1345		16		0

		396		24.1956		23		1

		397		24.2567		16		1

		398		24.3178		9		0

		399		24.3789		12		3

		400		24.44		10		2

		401		24.5011		11		3

		402		24.5622		15		2

		403		24.6233		12		2

		404		24.6844		13		1

		405		24.7455		7		0

		406		24.8066		6		2

		407		24.8677		11		1

		408		24.9288		5		2

		409		24.9899		7		0

		410		25.051		5		2

		411		25.1121		4		2

		412		25.1732		8		0

		413		25.2343		13		2

		414		25.2954		15		2

		415		25.3565		11		4

		416		25.4176		8		2

		417		25.4787		11		7

		418		25.5398		10		1

		419		25.6009		10		2

		420		25.662		10		8

		421		25.7231		5		9

		422		25.7842		5		15

		423		25.8453		9		5

		424		25.9064		6		8

		425		25.9675		9		9

		426		26.0286		6		8

		427		26.0897		3		7

		428		26.1508		5		15

		429		26.2119		7		20

		430		26.273		12		12

		431		26.3341		13		17

		432		26.3952		7		28

		433		26.4563		11		36

		434		26.5174		4		46

		435		26.5785		8		44

		436		26.6396		9		50

		437		26.7007		11		50

		438		26.7618		10		70

		439		26.8229		7		79

		440		26.884		10		79

		441		26.9451		11		103

		442		27.0062		5		111

		443		27.0673		9		123

		444		27.1284		14		158

		445		27.1895		2		173

		446		27.2506		10		181

		447		27.3117		10		229

		448		27.3728		6		214

		449		27.4339		8		238

		450		27.495		10		283

		451		27.5561		8		303

		452		27.6172		9		321

		453		27.6783		6		314

		454		27.7394		6		418

		455		27.8005		9		382

		456		27.8616		9		402

		457		27.9227		7		483

		458		27.9838		8		490

		459		28.0449		11		513

		460		28.106		10		512

		461		28.1671		8		552

		462		28.2282		13		614

		463		28.2893		13		582

		464		28.3504		9		603

		465		28.4115		9		630

		466		28.4726		9		640

		467		28.5337		7		665

		468		28.5948		11		619

		469		28.6559		13		636

		470		28.717		12		624

		471		28.7781		12		642

		472		28.8392		10		647

		473		28.9003		9		570

		474		28.9614		11		606

		475		29.0225		11		579

		476		29.0836		12		595

		477		29.1447		11		557

		478		29.2058		10		487

		479		29.2669		9		498

		480		29.328		10		451

		481		29.3891		12		456

		482		29.4502		15		409

		483		29.5113		9		365

		484		29.5724		9		375

		485		29.6335		11		293

		486		29.6946		14		319

		487		29.7557		12		297

		488		29.8168		1		283

		489		29.8779		7		258

		490		29.939		12		237

		491		30.0001		9		181

		492		30.0612		6		179

		493		30.1223		4		189

		494		30.1834		7		141

		495		30.2445		2		150

		496		30.3056		5		114

		497		30.3667		5		106

		498		30.4278		9		106

		499		30.4889		10		101

		500		30.55		6		78

		501		30.6111		3		68

		502		30.6722		11		48

		503		30.7333		5		47

		504		30.7944		6		48

		505		30.8555		7		41

		506		30.9166		6		31

		507		30.9777		6		28

		508		31.0388		8		14

		509		31.0999		5		25

		510		31.161		8		18

		511		31.2221		4		26

		512		31.2832		9		13

		513		31.3443		4		19

		514		31.4054		0		20

		515		31.4665		6		14

		516		31.5276		1		12

		517		31.5887		2		7

		518		31.6498		1		6

		519		31.7109		1		10

		520		31.772		3		7

		521		31.8331		3		10

		522		31.8942		1		9

		523		31.9553		0		10

		524		32.0164		3		7

		525		32.0775		4		6

		526		32.1386		1		6

		527		32.1997		1		2

		528		32.2608		1		3

		529		32.3219		0		9

		530		32.383		0		9

		531		32.4441		2		2

		532		32.5052		2		3

		533		32.5663		2		9

		534		32.6274		0		9

		535		32.6885		0		2

		536		32.7496		1		4

		537		32.8107		1		2

		538		32.8718		0		4

		539		32.9329		0		5

		540		32.994		0		4

		541		33.0551		0		4

		542		33.1162		0		3

		543		33.1773		0		5

		544		33.2384		0		3

		545		33.2995		1		5

		546		33.3606		0		4

		547		33.4217		2		5

		548		33.4828		0		10

		549		33.5439		0		5

		550		33.605		0		7

		551		33.6661		0		4

		552		33.7272		0		4

		553		33.7883		0		6

		554		33.8494		0		5

		555		33.9105		0		2

		556		33.9716		0		5

		557		34.0327		0		0

		558		34.0938		0		5

		559		34.1549		1		2

		560		34.216		0		2

		561		34.2771		0		5

		562		34.3382		0		3

		563		34.3993		0		7

		564		34.4604		0		5

		565		34.5215		0		3

		566		34.5826		0		3

		567		34.6437		0		3

		568		34.7048		0		1

		569		34.7659		0		8

		570		34.827		1		2

		571		34.8881		0		3

		572		34.9492		0		5

		573		35.0103		0		4

		574		35.0714		0		2

		575		35.1325		0		3

		576		35.1936		0		2

		577		35.2547		0		5

		578		35.3158		0		4

		579		35.3769		0		3

		580		35.438		1		3

		581		35.4991		0		4

		582		35.5602		0		6

		583		35.6213		0		3

		584		35.6824		1		10

		585		35.7435		0		4

		586		35.8046		0		5

		587		35.8657		0		3

		588		35.9268		0		9

		589		35.9879		0		2

		590		36.049		0		4

		591		36.1101		0		6

		592		36.1712		0		6

		593		36.2323		0		4

		594		36.2934		0		8

		595		36.3545		0		3

		596		36.4156		0		2

		597		36.4767		0		2

		598		36.5378		0		4

		599		36.5989		0		4

		600		36.66		0		4

		601		36.7211		0		5

		602		36.7822		0		6

		603		36.8433		0		4

		604		36.9044		0		9

		605		36.9655		0		8

		606		37.0266		0		4

		607		37.0877		0		5

		608		37.1488		0		2

		609		37.2099		0		4

		610		37.271		0		0

		611		37.3321		0		6

		612		37.3932		1		3

		613		37.4543		0		4

		614		37.5154		0		4

		615		37.5765		0		5

		616		37.6376		0		1

		617		37.6987		0		2

		618		37.7598		0		5

		619		37.8209		0		1

		620		37.882		0		4

		621		37.9431		0		4

		622		38.0042		0		5

		623		38.0653		0		5

		624		38.1264		0		5

		625		38.1875		0		2

		626		38.2486		0		6

		627		38.3097		0		9

		628		38.3708		0		5

		629		38.4319		0		8

		630		38.493		0		2

		631		38.5541		0		4

		632		38.6152		0		6

		633		38.6763		0		7

		634		38.7374		0		4

		635		38.7985		0		4

		636		38.8596		1		3

		637		38.9207		0		1

		638		38.9818		0		3

		639		39.0429		0		3

		640		39.104		0		7

		641		39.1651		0		3

		642		39.2262		0		6

		643		39.2873		0		5

		644		39.3484		0		5

		645		39.4095		0		6

		646		39.4706		0		2

		647		39.5317		0		9

		648		39.5928		0		5

		649		39.6539		1		8

		650		39.715		0		4

		651		39.7761		0		7

		652		39.8372		0		9

		653		39.8983		0		5

		654		39.9594		0		8

		655		40.0205		0		6

		656		40.0816		0		1

		657		40.1427		0		6

		658		40.2038		0		5

		659		40.2649		1		6

		660		40.326		0		7

		661		40.3871		0		7

		662		40.4482		0		3

		663		40.5093		0		8

		664		40.5704		0		7

		665		40.6315		0		5

		666		40.6926		0		5

		667		40.7537		0		6

		668		40.8148		1		3

		669		40.8759		0		3

		670		40.937		0		5

		671		40.9981		0		6

		672		41.0592		0		8

		673		41.1203		1		5

		674		41.1814		1		5

		675		41.2425		0		11

		676		41.3036		0		5

		677		41.3647		1		9

		678		41.4258		0		8

		679		41.4869		0		3

		680		41.548		0		10

		681		41.6091		0		9

		682		41.6702		0		5

		683		41.7313		0		11

		684		41.7924		0		6

		685		41.8535		0		10

		686		41.9146		0		6

		687		41.9757		0		7

		688		42.0368		0		6

		689		42.0979		0		10

		690		42.159		0		9

		691		42.2201		0		4

		692		42.2812		0		8

		693		42.3423		0		6

		694		42.4034		0		5

		695		42.4645		0		4

		696		42.5256		0		7

		697		42.5867		0		5

		698		42.6478		0		7

		699		42.7089		0		7

		700		42.77		1		9

		701		42.8311		0		9

		702		42.8922		0		5

		703		42.9533		0		7

		704		43.0144		0		8

		705		43.0755		0		3

		706		43.1366		0		7

		707		43.1977		0		11

		708		43.2588		0		7

		709		43.3199		0		4

		710		43.381		0		10

		711		43.4421		0		11

		712		43.5032		0		7

		713		43.5643		0		8

		714		43.6254		0		4

		715		43.6865		1		3

		716		43.7476		0		9

		717		43.8087		0		5

		718		43.8698		0		2

		719		43.9309		0		6

		720		43.992		0		6

		721		44.0531		0		4

		722		44.1142		0		5

		723		44.1753		1		5

		724		44.2364		0		5

		725		44.2975		0		6

		726		44.3586		0		6

		727		44.4197		0		3

		728		44.4808		0		7

		729		44.5419		0		3

		730		44.603		0		6

		731		44.6641		0		4

		732		44.7252		1		5

		733		44.7863		0		3

		734		44.8474		0		4

		735		44.9085		0		4

		736		44.9696		0		5

		737		45.0307		0		2

		738		45.0918		0		6

		739		45.1529		0		9

		740		45.214		0		5

		741		45.2751		0		4

		742		45.3362		0		4

		743		45.3973		0		5

		744		45.4584		0		4

		745		45.5195		0		2

		746		45.5806		0		2

		747		45.6417		0		3

		748		45.7028		0		3

		749		45.7639		0		1

		750		45.825		0		5

		751		45.8861		0		1

		752		45.9472		0		1

		753		46.0083		1		2

		754		46.0694		0		2

		755		46.1305		0		3

		756		46.1916		0		1

		757		46.2527		0		3

		758		46.3138		0		1

		759		46.3749		0		1

		760		46.436		0		1

		761		46.4971		1		0

		762		46.5582		1		0

		763		46.6193		0		2

		764		46.6804		1		2

		765		46.7415		0		0

		766		46.8026		1		0

		767		46.8637		0		2

		768		46.9248		0		0

		769		46.9859		0		2

		770		47.047		0		1

		771		47.1081		0		3

		772		47.1692		2		1

		773		47.2303		0		0

		774		47.2914		0		1

		775		47.3525		0		0

		776		47.4136		0		1

		777		47.4747		0		1

		778		47.5358		0		0

		779		47.5969		0		0

		780		47.658		0		0

		781		47.7191		0		0

		782		47.7802		0		0

		783		47.8413		1		1

		784		47.9024		1		0

		785		47.9635		0		0

		786		48.0246		0		0

		787		48.0857		0		0

		788		48.1468		0		0

		789		48.2079		0		0

		790		48.269		0		0

		791		48.3301		0		1

		792		48.3912		0		0

		793		48.4523		0		0

		794		48.5134		0		0

		795		48.5745		0		0

		796		48.6356		0		0

		797		48.6967		0		0

		798		48.7578		0		0

		799		48.8189		0		0

		800		48.88		0		0

		801		48.9411		0		0

		802		49.0022		1		0

		803		49.0633		0		0

		804		49.1244		0		0

		805		49.1855		0		0

		806		49.2466		0		0

		807		49.3077		0		0

		808		49.3688		0		0

		809		49.4299		0		0

		810		49.491		0		0

		811		49.5521		1		0

		812		49.6132		0		0

		813		49.6743		0		0

		814		49.7354		0		0

		815		49.7965		0		0

		816		49.8576		0		0

		817		49.9187		1		0

		818		49.9798		0		0

		819		50.0409		0		0

		820		50.102		0		0

		821		50.1631		0		0

		822		50.2242		0		0

		823		50.2853		0		0

		824		50.3464		0		0

		825		50.4075		0		0

		826		50.4686		0		0

		827		50.5297		0		0

		828		50.5908		0		0

		829		50.6519		0		0

		830		50.713		0		0

		831		50.7741		1		0

		832		50.8352		0		0

		833		50.8963		0		0

		834		50.9574		0		0

		835		51.0185		0		0

		836		51.0796		0		0

		837		51.1407		0		0

		838		51.2018		0		1

		839		51.2629		0		0

		840		51.324		0		0

		841		51.3851		0		0

		842		51.4462		0		1

		843		51.5073		0		0

		844		51.5684		0		0

		845		51.6295		0		0

		846		51.6906		0		0

		847		51.7517		0		0

		848		51.8128		0		0

		849		51.8739		0		0

		850		51.935		0		0

		851		51.9961		0		0

		852		52.0572		0		0

		853		52.1183		1		0

		854		52.1794		0		0

		855		52.2405		0		0

		856		52.3016		0		0

		857		52.3627		0		0

		858		52.4238		0		0

		859		52.4849		0		0

		860		52.546		0		0

		861		52.6071		0		0

		862		52.6682		0		0

		863		52.7293		0		0

		864		52.7904		0		0

		865		52.8515		0		0

		866		52.9126		0		0

		867		52.9737		0		0

		868		53.0348		0		0

		869		53.0959		0		0

		870		53.157		0		0

		871		53.2181		0		0

		872		53.2792		0		1

		873		53.3403		0		0

		874		53.4014		0		0

		875		53.4625		0		0

		876		53.5236		0		0

		877		53.5847		0		0

		878		53.6458		0		0

		879		53.7069		0		0

		880		53.768		0		0

		881		53.8291		0		0

		882		53.8902		0		0

		883		53.9513		0		0

		884		54.0124		0		0

		885		54.0735		1		0

		886		54.1346		1		0

		887		54.1957		0		0

		888		54.2568		0		1

		889		54.3179		1		0

		890		54.379		0		0

		891		54.4401		0		0

		892		54.5012		0		0

		893		54.5623		0		0

		894		54.6234		1		0

		895		54.6845		0		0

		896		54.7456		0		0

		897		54.8067		0		0

		898		54.8678		0		0

		899		54.9289		0		0

		900		54.99		0		0

		901		55.0511		0		0

		902		55.1122		0		0

		903		55.1733		0		0

		904		55.2344		0		1

		905		55.2955		0		0

		906		55.3566		0		0

		907		55.4177		0		0

		908		55.4788		0		0

		909		55.5399		0		0

		910		55.601		0		0

		911		55.6621		1		0

		912		55.7232		0		0

		913		55.7843		0		0

		914		55.8454		0		0

		915		55.9065		0		0

		916		55.9676		0		1

		917		56.0287		0		0

		918		56.0898		0		1

		919		56.1509		0		0

		920		56.212		0		1

		921		56.2731		0		0

		922		56.3342		0		0

		923		56.3953		1		0

		924		56.4564		0		0

		925		56.5175		0		0

		926		56.5786		0		0

		927		56.6397		0		0

		928		56.7008		0		0

		929		56.7619		0		0

		930		56.823		0		0

		931		56.8841		0		0

		932		56.9452		0		0

		933		57.0063		1		0

		934		57.0674		0		0

		935		57.1285		0		0

		936		57.1896		0		0

		937		57.2507		0		0

		938		57.3118		0		0

		939		57.3729		0		0

		940		57.434		0		0

		941		57.4951		0		0

		942		57.5562		0		0

		943		57.6173		0		0

		944		57.6784		0		1

		945		57.7395		0		0

		946		57.8006		0		1

		947		57.8617		0		0

		948		57.9228		0		0

		949		57.9839		0		0

		950		58.045		0		0

		951		58.1061		0		0

		952		58.1672		0		0

		953		58.2283		0		0

		954		58.2894		2		0

		955		58.3505		0		0

		956		58.4116		0		0

		957		58.4727		0		0

		958		58.5338		1		0

		959		58.5949		0		0

		960		58.656		0		1

		961		58.7171		0		0

		962		58.7782		0		0

		963		58.8393		1		0

		964		58.9004		0		0

		965		58.9615		0		0

		966		59.0226		0		0

		967		59.0837		0		0

		968		59.1448		0		0

		969		59.2059		0		0

		970		59.267		0		0

		971		59.3281		0		0

		972		59.3892		0		0

		973		59.4503		0		0

		974		59.5114		0		1

		975		59.5725		0		0

		976		59.6336		0		0

		977		59.6947		0		0

		978		59.7558		0		0

		979		59.8169		0		0

		980		59.878		0		0

		981		59.9391		0		0

		982		60.0002		0		0

		983		60.0613		0		0
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		614

		615

		616

		617

		618

		619

		620

		621

		622

		623

		624

		625

		626

		627

		628

		629

		630

		631

		632

		633

		634

		635

		636

		637

		638

		639

		640

		641

		642

		643

		644

		645

		646

		647

		648

		649

		650

		651

		652

		653

		654

		655

		656

		657

		658

		659

		660

		661

		662

		663

		664

		665

		666

		667

		668

		669

		670

		671

		672

		673

		674

		675

		676

		677

		678

		679

		680

		681

		682

		683

		684

		685

		686

		687

		688

		689

		690

		691

		692

		693

		694

		695

		696

		697

		698

		699

		700

		701

		702

		703

		704

		705

		706

		707

		708

		709

		710

		711

		712

		713

		714

		715

		716

		717

		718

		719

		720

		721

		722

		723

		724

		725

		726

		727

		728

		729

		730

		731

		732

		733

		734

		735

		736

		737

		738

		739

		740

		741

		742

		743

		744

		745

		746

		747

		748

		749

		750

		751

		752

		753

		754

		755

		756

		757

		758

		759

		760

		761

		762

		763

		764

		765

		766

		767

		768

		769

		770

		771

		772

		773

		774

		775

		776

		777

		778

		779

		780

		781

		782

		783

		784

		785

		786

		787

		788

		789

		790

		791

		792

		793

		794

		795

		796

		797

		798

		799

		800

		801

		802

		803

		804

		805

		806

		807

		808

		809

		810

		811

		812

		813

		814

		815

		816

		817

		818

		819

		820

		821

		822

		823

		824

		825

		826

		827

		828

		829

		830

		831

		832

		833

		834

		835

		836

		837

		838

		839

		840

		841

		842

		843

		844

		845

		846

		847

		848

		849

		850

		851

		852

		853

		854

		855

		856

		857

		858

		859

		860

		861

		862

		863

		864

		865

		866

		867

		868

		869

		870

		871

		872

		873

		874

		875

		876

		877

		878

		879

		880

		881

		882

		883

		884

		885

		886

		887

		888

		889

		890

		891

		892

		893

		894

		895

		896

		897

		898

		899

		900

		901

		902

		903

		904

		905

		906

		907

		908

		909

		910

		911

		912

		913

		914

		915

		916

		917

		918

		919

		920

		921

		922

		923

		924

		925

		926

		927

		928

		929

		930

		931

		932

		933

		934

		935

		936

		937

		938

		939

		940

		941

		942

		943

		944

		945

		946

		947

		948

		949

		950

		951

		952

		953

		954

		955

		956

		957

		958

		959

		960

		961

		962

		963

		964

		965

		966

		967

		968

		969

		970

		971

		972

		973

		974

		975

		976

		977

		978

		979

		980

		981

		982

		983

		984

		985

		986

		987

		988

		989

		990

		991

		992

		993

		994

		995

		996

		997

		998

		999

		1000

		1001

		1002

		1003

		1004

		1005

		1006

		1007

		1008

		1009

		1010

		1011

		1012

		1013

		1014

		1015

		1016

		1017

		1018

		1019

		1020

		1021

		1022

		1023
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Counts

11000

11000

11000

11000

11000

11000

11000

11000

11000

11000

11000

11000
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11000

13515

22338

29322

32179

29314

23979

18640

13535

9792

6922

5011

3481

2670

2053

1567

1301

1142

912

741

719

681

636

635

613

619

596

582

566

602

547

585

593

625

576

588

614

597

645

611

647

622

651

654

678

610

625

640

668

665

680

728

682

708

762

713

794

729

750

762

857

816

846

884

914

941

968

913

1002

1085

1081

1110

1100

1228

1238

1265

1443

1474

1580

1667

1758

1768

1917

1966

2080

2183

2376

2473

2569

2808

2952

3164

3330

3514

3580

3833

4064

4234

4383

4648

4959

5072

5224

5416

5758

5969

5962

6274

6450

6599

6728

6990

7203

7427

7655

7445

7786

7678

8016

8008

8226

8193

8233

8191

8303

8199

8152

8335

8387

8324

8077

8095

7952

7835

7749

7631

7704

7510

7322

7305

7182

7157

6966

6847

6703

6414

6492

6270

6220

5959

5790

5715

5707

5456

5263

5116

5083

4974

4840

4715

4546

4417

4301

4178

4072

3884

3913

3679

3693

3599

3412

3318

3152

3178

3026

2911

2866

2817

2744

2583

2515

2402

2315

2271

2254

2115

2120

1990

1956

1907

1760

1718

1673

1610

1546

1505

1409

1323

1367

1212

1141

1146

1062

1076

1023

978

955

877

892

850

790

758

774

745

689

650

636

618

569

541

534

491

474

516

456

486

375

402

358

384
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369

355

293

313

269

316

260

263

255

247

230

229
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197

203

188
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179

170

163
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135

142

122
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106

95
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77
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69

74

70
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63
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48

50
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41
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37

34
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30

48
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25

44

31
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32
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27
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13
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Very Large APD Noise -40C

		0		11000

		1		11000

		2		11000

		3		11000

		4		11000

		5		11000

		6		11000

		7		11000

		8		11000

		9		11000

		10		11000

		11		11000

		12		11000

		13		11000

		14		11000

		15		11000

		16		11000

		17		11000

		18		11000

		19		11000

		20		11000

		21		11000

		22		11000

		23		11000

		24		11000

		25		11000

		26		11000

		27		11000

		28		11000

		29		11000

		30		11000

		31		11000

		32		11000

		33		11000

		34		11000

		35		11000

		36		11000

		37		11000

		38		11000

		39		13515

		40		22338

		41		29322

		42		32179

		43		29314

		44		23979

		45		18640

		46		13535

		47		9792

		48		6922

		49		5011

		50		3481

		51		2670

		52		2053

		53		1567

		54		1301

		55		1142

		56		912

		57		741

		58		719

		59		681

		60		636

		61		635

		62		613

		63		619

		64		596

		65		582

		66		566

		67		602

		68		547

		69		585

		70		593

		71		625

		72		576

		73		588

		74		614

		75		597

		76		645

		77		611

		78		647

		79		622

		80		651

		81		654

		82		678

		83		610

		84		625

		85		640

		86		668

		87		665

		88		680

		89		728

		90		682

		91		708

		92		762

		93		713

		94		794

		95		729

		96		750

		97		762

		98		857

		99		816

		100		846

		101		884

		102		914

		103		941

		104		968

		105		913

		106		1002

		107		1085

		108		1081

		109		1110

		110		1100

		111		1228

		112		1238

		113		1265

		114		1443

		115		1474

		116		1580

		117		1667

		118		1758

		119		1768

		120		1917

		121		1966

		122		2080

		123		2183

		124		2376

		125		2473

		126		2569

		127		2808

		128		2952

		129		3164

		130		3330

		131		3514

		132		3580

		133		3833

		134		4064

		135		4234

		136		4383

		137		4648

		138		4959

		139		5072

		140		5224

		141		5416

		142		5758

		143		5969

		144		5962

		145		6274

		146		6450

		147		6599

		148		6728

		149		6990

		150		7203

		151		7427

		152		7655

		153		7445

		154		7786

		155		7678

		156		8016

		157		8008

		158		8226

		159		8193

		160		8233

		161		8191

		162		8303

		163		8199

		164		8152

		165		8335

		166		8387

		167		8324

		168		8077

		169		8095

		170		7952

		171		7835

		172		7749

		173		7631

		174		7704

		175		7510

		176		7322

		177		7305

		178		7182

		179		7157

		180		6966

		181		6847

		182		6703

		183		6414

		184		6492

		185		6270

		186		6220

		187		5959

		188		5790

		189		5715

		190		5707

		191		5456

		192		5263

		193		5116

		194		5083

		195		4974

		196		4840

		197		4715

		198		4546

		199		4417

		200		4301

		201		4178

		202		4072

		203		3884

		204		3913

		205		3679

		206		3693

		207		3599

		208		3412

		209		3318

		210		3152

		211		3178

		212		3026

		213		2911

		214		2866

		215		2817

		216		2744

		217		2583

		218		2515

		219		2402

		220		2315

		221		2271

		222		2254

		223		2115

		224		2120

		225		1990

		226		1956

		227		1907

		228		1760

		229		1718

		230		1673

		231		1610

		232		1546

		233		1505

		234		1409

		235		1323

		236		1367

		237		1212

		238		1141

		239		1146

		240		1062

		241		1076

		242		1023

		243		978

		244		955

		245		877

		246		892

		247		850

		248		790

		249		758

		250		774

		251		745

		252		689

		253		650

		254		636

		255		618

		256		569

		257		541

		258		534

		259		491

		260		474

		261		516

		262		456

		263		486

		264		375

		265		402

		266		358

		267		384

		268		358

		269		369

		270		355

		271		293

		272		313

		273		269

		274		316

		275		260

		276		263

		277		255

		278		247

		279		230

		280		229

		281		227

		282		197

		283		203

		284		188

		285		187

		286		179

		287		170

		288		163

		289		172

		290		135

		291		142

		292		122

		293		155

		294		140

		295		125

		296		132

		297		119

		298		133

		299		121

		300		112

		301		106

		302		95

		303		103

		304		100

		305		97

		306		95

		307		86

		308		77

		309		88

		310		75

		311		69

		312		74

		313		70

		314		69

		315		66

		316		63

		317		61

		318		61

		319		59

		320		64

		321		74

		322		57

		323		48

		324		50

		325		49

		326		41

		327		41

		328		45

		329		37

		330		34

		331		38

		332		30

		333		48

		334		51

		335		25

		336		44

		337		31

		338		32

		339		36

		340		39

		341		37

		342		43

		343		43

		344		32

		345		35

		346		27

		347		22

		348		23

		349		13

		350		25

		351		22

		352		32

		353		24

		354		16

		355		31

		356		23

		357		18

		358		22

		359		20

		360		21

		361		25

		362		26

		363		14

		364		15

		365		20

		366		21

		367		21

		368		12

		369		13

		370		20

		371		12

		372		14

		373		13

		374		13

		375		13

		376		13

		377		16

		378		16

		379		15

		380		12

		381		13

		382		12

		383		7

		384		9

		385		10

		386		8

		387		17

		388		9

		389		7

		390		12

		391		9

		392		9

		393		8

		394		9

		395		9

		396		2

		397		9

		398		9

		399		5

		400		6

		401		6

		402		10

		403		5

		404		5

		405		7

		406		4

		407		6

		408		6

		409		4

		410		4

		411		5

		412		7

		413		7

		414		4

		415		9

		416		2

		417		3

		418		1

		419		4

		420		2

		421		2

		422		4

		423		1

		424		2

		425		3

		426		3

		427		2

		428		2

		429		1

		430		1

		431		2

		432		1

		433		1

		434		3

		435		1

		436		1

		437		1

		438		2

		439		2

		440		3

		441		0

		442		1

		443		1

		444		2

		445		2

		446		1

		447		1

		448		3

		449		4

		450		0

		451		0

		452		0

		453		1

		454		2

		455		1

		456		0

		457		1

		458		0

		459		0

		460		2

		461		1

		462		0

		463		0

		464		0

		465		2

		466		0

		467		1

		468		1

		469		1

		470		0

		471		2

		472		2

		473		0

		474		2

		475		1

		476		0

		477		0

		478		1

		479		0

		480		0

		481		0

		482		1

		483		1

		484		0

		485		1

		486		0

		487		0

		488		1

		489		0

		490		1

		491		0

		492		0

		493		0

		494		0

		495		0

		496		0

		497		0

		498		0

		499		1

		500		0

		501		0

		502		0

		503		0

		504		0

		505		0

		506		0

		507		1

		508		0

		509		1

		510		0

		511		0

		512		1

		513		0

		514		1

		515		1

		516		3

		517		1

		518		0

		519		1

		520		4

		521		3

		522		4

		523		2

		524		3

		525		9

		526		1

		527		9

		528		7

		529		4

		530		15

		531		16

		532		12

		533		19

		534		29

		535		24

		536		33

		537		31

		538		33

		539		34

		540		34

		541		39

		542		58

		543		52

		544		53

		545		71

		546		78

		547		62

		548		63

		549		83

		550		80

		551		66

		552		77

		553		77

		554		77

		555		83

		556		81

		557		86

		558		97

		559		96

		560		92

		561		72

		562		77

		563		101

		564		89

		565		75

		566		70

		567		57

		568		67

		569		51

		570		50

		571		51

		572		47

		573		58

		574		42

		575		27

		576		32

		577		29

		578		12

		579		33

		580		24

		581		22

		582		13

		583		18

		584		11

		585		8

		586		8

		587		9

		588		7

		589		8

		590		5

		591		6

		592		5

		593		4

		594		1

		595		2

		596		1

		597		2

		598		3

		599		0

		600		0

		601		2

		602		3

		603		0

		604		0

		605		2

		606		0

		607		1

		608		0

		609		0

		610		0

		611		4

		612		1

		613		2

		614		1

		615		1

		616		1

		617		0

		618		1

		619		1

		620		1

		621		0

		622		0

		623		0

		624		2

		625		1

		626		0

		627		0

		628		0

		629		1

		630		1

		631		0

		632		0

		633		1

		634		0

		635		1

		636		0

		637		0

		638		0

		639		0

		640		0

		641		2

		642		0

		643		0

		644		0

		645		0

		646		1

		647		0

		648		0

		649		0

		650		1

		651		0

		652		2

		653		0

		654		2

		655		0

		656		0

		657		0

		658		0

		659		0

		660		0

		661		0

		662		1

		663		0

		664		2

		665		0

		666		0

		667		1

		668		0

		669		0

		670		0

		671		0

		672		0

		673		0

		674		0

		675		0

		676		0

		677		1

		678		0

		679		1

		680		1

		681		0

		682		0

		683		1

		684		0

		685		0

		686		2

		687		0

		688		0

		689		0

		690		0

		691		0

		692		2

		693		1

		694		1

		695		1

		696		0

		697		0

		698		1

		699		1

		700		0

		701		1

		702		1

		703		0

		704		1

		705		0

		706		1

		707		0

		708		2

		709		1

		710		0

		711		0

		712		1

		713		2

		714		0

		715		1

		716		1

		717		0

		718		0

		719		1

		720		0

		721		1

		722		0

		723		0

		724		0

		725		0

		726		0

		727		0

		728		1

		729		0

		730		0

		731		0

		732		0

		733		0

		734		1

		735		0

		736		0

		737		0

		738		0

		739		0

		740		0

		741		0

		742		0

		743		0

		744		0

		745		0

		746		0

		747		0

		748		1

		749		0

		750		0

		751		0

		752		0

		753		1

		754		1

		755		0

		756		0

		757		0

		758		1

		759		0

		760		0

		761		0

		762		0

		763		0

		764		0

		765		0

		766		0

		767		0

		768		0

		769		0

		770		0

		771		0

		772		0

		773		0

		774		0

		775		0

		776		0

		777		1

		778		0

		779		0

		780		0

		781		0

		782		0

		783		1

		784		2

		785		0

		786		0

		787		0

		788		0

		789		0

		790		0

		791		1

		792		1

		793		0

		794		0

		795		0

		796		0

		797		0

		798		0

		799		0

		800		0

		801		0

		802		0

		803		0

		804		0

		805		0

		806		0

		807		0

		808		0

		809		0

		810		0

		811		1

		812		0

		813		0

		814		1

		815		0

		816		0

		817		0

		818		0

		819		0

		820		0

		821		0

		822		0

		823		0

		824		0

		825		0

		826		0

		827		0

		828		0

		829		1

		830		0

		831		0

		832		0

		833		0

		834		0

		835		0

		836		0

		837		0

		838		0

		839		0

		840		0

		841		1

		842		0

		843		0

		844		0

		845		0

		846		0

		847		0

		848		0

		849		0

		850		0

		851		1

		852		0

		853		1

		854		0

		855		0

		856		0

		857		0

		858		0

		859		0

		860		0

		861		0

		862		0

		863		0

		864		0

		865		0

		866		1

		867		0

		868		0

		869		0

		870		0

		871		0

		872		0

		873		1

		874		0

		875		1

		876		0

		877		0

		878		0

		879		0

		880		0

		881		0

		882		0

		883		0

		884		0

		885		0

		886		0

		887		0

		888		1

		889		0

		890		0

		891		0

		892		0

		893		0

		894		0

		895		0

		896		0

		897		1

		898		0

		899		0

		900		0

		901		0

		902		0

		903		0

		904		0

		905		0

		906		0

		907		0

		908		0

		909		0

		910		0

		911		1

		912		0

		913		0

		914		0

		915		0

		916		0

		917		0

		918		0

		919		0

		920		0

		921		1

		922		1

		923		0

		924		0

		925		0

		926		0

		927		0

		928		0

		929		0

		930		0

		931		0

		932		0

		933		0

		934		1

		935		0

		936		0

		937		1

		938		0

		939		0

		940		0

		941		0

		942		0

		943		1

		944		0

		945		0

		946		0

		947		0

		948		0

		949		1

		950		0

		951		0

		952		0

		953		0

		954		0

		955		0

		956		0

		957		0

		958		0

		959		1

		960		0

		961		0

		962		0

		963		1

		964		0

		965		0

		966		0

		967		0

		968		0

		969		0

		970		0

		971		0

		972		0

		973		0

		974		0

		975		0

		976		0

		977		0

		978		0

		979		0

		980		0

		981		0

		982		0

		983		0

		984		1

		985		0

		986		0

		987		0

		988		0

		989		0

		990		1

		991		0

		992		0

		993		0

		994		0

		995		0

		996		0

		997		0

		998		0

		999		0

		1000		0

		1001		0

		1002		0

		1003		0

		1004		0

		1005		0

		1006		0

		1007		0

		1008		1

		1009		0

		1010		0

		1011		0

		1012		0

		1013		0

		1014		1

		1015		0

		1016		0

		1017		0

		1018		0

		1019		0

		1020		0

		1021		0

		1022		0

		1023		0





Very Large APD Noise -40C

		



Channel

Counts



Very Large APD Noise -188C

		0		0

		1		0

		2		0

		3		0

		4		0

		5		0

		6		0

		7		0

		8		0

		9		0

		10		0

		11		0

		12		0

		13		0

		14		0

		15		0

		16		0

		17		0

		18		0

		19		0

		20		0

		21		0

		22		0

		23		0

		24		0

		25		0

		26		0

		27		0

		28		0

		29		0

		30		0

		31		0

		32		2

		33		6

		34		39

		35		74

		36		240

		37		551

		38		1193

		39		2367

		40		3942

		41		6051

		42		8154

		43		10155

		44		11481

		45		12061

		46		11864

		47		10785

		48		9717

		49		8370

		50		7235

		51		6176

		52		5088

		53		4427

		54		3583

		55		2920

		56		2402

		57		2085

		58		1656

		59		1409

		60		1182

		61		1099

		62		910

		63		866

		64		751

		65		677

		66		623

		67		654

		68		585

		69		547

		70		539

		71		539

		72		585

		73		600

		74		563

		75		530

		76		566

		77		580

		78		548

		79		503

		80		503

		81		518

		82		490

		83		482

		84		469

		85		450

		86		373

		87		365

		88		339

		89		301

		90		274

		91		247

		92		255

		93		224

		94		204

		95		175

		96		156

		97		166

		98		129

		99		135

		100		97

		101		125

		102		119

		103		87

		104		101

		105		101

		106		110

		107		88

		108		107

		109		98

		110		89

		111		106

		112		91

		113		91

		114		89

		115		84

		116		83

		117		104

		118		98

		119		102

		120		93

		121		86

		122		97

		123		96

		124		104

		125		100

		126		111

		127		119

		128		98

		129		119

		130		98

		131		150

		132		125

		133		96

		134		136

		135		146

		136		145

		137		156

		138		167

		139		151

		140		167

		141		177

		142		196

		143		148

		144		202

		145		212

		146		202

		147		226

		148		234

		149		238

		150		254

		151		299

		152		312

		153		326

		154		336

		155		322

		156		360

		157		383

		158		411

		159		470

		160		478

		161		473

		162		482

		163		508

		164		551

		165		578

		166		654

		167		618

		168		648

		169		629

		170		716

		171		755

		172		749

		173		814

		174		800

		175		892

		176		915

		177		890

		178		954

		179		1014

		180		983

		181		1095

		182		1062

		183		1087

		184		1052

		185		1115

		186		1151

		187		1137

		188		1181

		189		1215

		190		1219

		191		1169

		192		1265

		193		1282

		194		1268

		195		1191

		196		1155

		197		1205

		198		1238

		199		1195

		200		1224

		201		1218

		202		1200

		203		1200

		204		1162

		205		1139

		206		1201

		207		1082

		208		1069

		209		1010

		210		1085

		211		998

		212		956

		213		977

		214		927

		215		927

		216		912

		217		825

		218		815

		219		746

		220		756

		221		724

		222		687

		223		683

		224		657

		225		647

		226		637

		227		567

		228		575

		229		511

		230		552

		231		493

		232		451

		233		468

		234		443

		235		395

		236		367

		237		345

		238		349

		239		330

		240		314

		241		288

		242		285

		243		277

		244		259

		245		243

		246		230

		247		203

		248		217

		249		204

		250		220

		251		145

		252		174

		253		159

		254		149

		255		144

		256		138

		257		148

		258		126

		259		115

		260		108

		261		125

		262		111

		263		102

		264		103

		265		98

		266		72

		267		67

		268		69

		269		91

		270		56

		271		53

		272		63

		273		45

		274		40

		275		48

		276		34

		277		48

		278		47

		279		48

		280		35

		281		31

		282		38

		283		22

		284		37

		285		21

		286		40

		287		30

		288		26

		289		25

		290		26

		291		21

		292		18

		293		20

		294		20

		295		13

		296		18

		297		16

		298		16

		299		23

		300		13

		301		17

		302		12

		303		7

		304		15

		305		15

		306		11

		307		13

		308		10

		309		3

		310		10

		311		8

		312		12

		313		6

		314		12

		315		7

		316		4

		317		6

		318		9

		319		12

		320		7

		321		6

		322		6

		323		5

		324		5

		325		1

		326		6

		327		8

		328		8

		329		10

		330		2

		331		9

		332		8

		333		5

		334		5

		335		4

		336		6

		337		5

		338		11

		339		5

		340		1

		341		4

		342		7

		343		5

		344		3

		345		2

		346		7

		347		5

		348		6

		349		7

		350		7

		351		8

		352		4

		353		1

		354		3

		355		5

		356		6

		357		6

		358		3

		359		3

		360		2

		361		7

		362		5

		363		8

		364		2

		365		4

		366		6

		367		7

		368		6

		369		5

		370		6

		371		5

		372		7

		373		3

		374		9

		375		5

		376		3

		377		5

		378		6

		379		12

		380		3

		381		5

		382		4

		383		4

		384		3

		385		6

		386		4

		387		3

		388		3

		389		2

		390		4

		391		7

		392		3

		393		4

		394		5

		395		2

		396		8

		397		2

		398		7

		399		2

		400		6

		401		3

		402		0

		403		1

		404		3

		405		1

		406		1

		407		2

		408		5

		409		1

		410		6

		411		5

		412		4

		413		4

		414		4

		415		4

		416		2

		417		5

		418		3

		419		6

		420		2

		421		2

		422		3

		423		4

		424		4

		425		0

		426		1

		427		4

		428		2

		429		1

		430		2

		431		0

		432		0

		433		0

		434		3

		435		2

		436		0

		437		0

		438		4

		439		4

		440		0

		441		0

		442		0

		443		0

		444		1

		445		1

		446		1

		447		3

		448		3

		449		4

		450		7

		451		7

		452		8

		453		10

		454		6

		455		13

		456		11

		457		15

		458		30

		459		19

		460		24

		461		34

		462		26

		463		42

		464		53

		465		45

		466		52

		467		59

		468		56

		469		53

		470		51

		471		72

		472		83

		473		87

		474		72

		475		80

		476		87

		477		107

		478		104

		479		113

		480		99

		481		68

		482		89

		483		77

		484		78

		485		87

		486		93

		487		75

		488		79

		489		64

		490		59

		491		96

		492		69

		493		50

		494		50

		495		41

		496		38

		497		44

		498		39

		499		34

		500		24

		501		17

		502		26

		503		13

		504		21

		505		19

		506		13

		507		6

		508		13

		509		4

		510		12

		511		10

		512		9

		513		4

		514		5

		515		3

		516		6

		517		2

		518		2

		519		3

		520		0

		521		2

		522		2

		523		2

		524		0

		525		3

		526		1

		527		0

		528		0

		529		0

		530		0

		531		0

		532		0

		533		0

		534		0

		535		0

		536		1

		537		0

		538		0

		539		0

		540		0

		541		0

		542		0

		543		0

		544		1

		545		0

		546		1

		547		1

		548		0

		549		1

		550		1

		551		0

		552		1

		553		0

		554		0

		555		0

		556		2

		557		0

		558		0

		559		1

		560		1

		561		0

		562		1

		563		0

		564		0

		565		0

		566		0

		567		0

		568		0

		569		1

		570		1

		571		0

		572		0

		573		0

		574		1

		575		0

		576		1

		577		0

		578		0

		579		0

		580		0

		581		0

		582		0

		583		0

		584		1

		585		0

		586		0

		587		1

		588		2

		589		0

		590		0

		591		0

		592		0

		593		0

		594		2

		595		0

		596		0

		597		0

		598		0

		599		0

		600		0

		601		0

		602		1

		603		1

		604		0

		605		1

		606		0

		607		0

		608		0

		609		1

		610		0

		611		0

		612		0

		613		0

		614		0

		615		0

		616		1

		617		0

		618		1

		619		1

		620		0

		621		1

		622		0

		623		0

		624		0

		625		2

		626		0

		627		0

		628		0

		629		1

		630		1

		631		0

		632		0

		633		2

		634		2

		635		0

		636		0

		637		0

		638		2

		639		0

		640		0

		641		0

		642		1

		643		0

		644		0

		645		0

		646		2

		647		0

		648		0

		649		0

		650		0

		651		1

		652		0

		653		0

		654		0

		655		1

		656		0

		657		0

		658		0

		659		0

		660		0

		661		0

		662		0

		663		1

		664		1

		665		0

		666		0

		667		2

		668		1

		669		0

		670		0

		671		1

		672		0

		673		0

		674		2

		675		0

		676		0

		677		1

		678		0

		679		0

		680		2

		681		1

		682		0

		683		0

		684		0

		685		0

		686		0

		687		1

		688		0

		689		0

		690		0

		691		1

		692		0

		693		1

		694		0

		695		0

		696		0

		697		0

		698		0

		699		1

		700		0

		701		0

		702		0

		703		0

		704		1

		705		0

		706		0

		707		0

		708		0

		709		0

		710		0

		711		0

		712		0

		713		0

		714		0

		715		0

		716		0

		717		0

		718		0

		719		0

		720		0

		721		0

		722		1

		723		0

		724		0

		725		0

		726		0

		727		0

		728		1

		729		0

		730		0

		731		0

		732		0

		733		0

		734		1

		735		0

		736		0

		737		0

		738		0

		739		0

		740		0

		741		0

		742		0

		743		0

		744		0

		745		0

		746		0

		747		0

		748		0

		749		0

		750		0

		751		1

		752		0

		753		0

		754		0

		755		0

		756		0

		757		0

		758		0

		759		0

		760		0

		761		0

		762		0

		763		0

		764		0

		765		1

		766		0

		767		0

		768		0
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