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The CMS hadron calorimeter (HCAL) is a sampling calorimeter with brass absorber plates and sheets of scintillator for active medium [1]. The scintillator is divided into tiles that are optically summed into projective towers. The overall concept of CMS is a large high field magnetic volume instrumented by all silicon tracking. A very high resolution crystal electromagnetic calorimeter follows the tracker. Finally the HCAL is stationed at the outer radius of the magnetic volume, just inside the superconducting solenoidal magnet. 

One of the tasks before us while designing the CMS Hadron Calorimeter (HCAL) was selection of the front-end signal preparation. The central part of the HCAL uses a photon detector and digitizing electronics. The choice/design of the photon detector and front-end electronics are very tightly tied together. The front-end electronics has to accommodate the sensitivity, capacitance, shaping, and other properties of the photon detector. In the development of the HCAL these two tasks of developing the front-end electronics and the photon detector were done in parallel. 

The CMS hadron calorimeter consists of 4 regions. The barrel and endcap hadron calorimeters, HB and HE, use scintillator as the active medium and are located in the central detector. The very forward calorimeter, HF, based on Cerenkov radiating quartz fiber, is located in the forward region outside of the magnetic field volume. The central HCAL sits inside the CMS solenoidal superconducting magnet. The final region, HO, the outer calorimeter, sits outside the central magnet and like the central calorimeters too has scintillator as the active medium.  Figure 1 shows the relative placement of the HB, HE, and HO.

[image: image14.png]163,

155,

16,

182

Mean Signal (ADC counts, calib, mode)

o R

f)
Tinie ()
Fig 11 Restive deecto et et i cicstive s




Figure 1. The relative placement of the central HCAL relative to the solenoid.

The choice of placement of the hadron calorimeter inside the solenoid increases the bending path for the muon system. Additionally placement of the hadron calorimeter immediately adjacent to the electromagnetic calorimeter (as compared to on the outside of the magnet) allowed for a very conservative robust magnet design. (The solenoid is about one hadron absorption length thick at 90 degrees.)
The CMS central HCAL is a scintillator-based sampling calorimeter. It has thin layers of scintillator interleaved between brass absorber plates.  To maximize the  absorber thickness in the small available space (about 1 meter radially) the brass plates are relatively thick (~5.5 cm) and the scintillator is relatively thin (3.8mm)

Figure 2 shows the layout of the optical design of the calorimeter. Light from the scintillator layers is carried to photodetectors at the back of the calorimeter. 
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Figure 2. A schematic view of the CMS HCAL detector. Scintillating tiles are read out with wavelength shifting fibers that are then coupled to clear fibers. The clear fibers carry the light to the outer radius of the HCAL where photodetectors and front end electronics are located.


The “art” of developing a detector concept for a new energy regime requires both physics judgment and guesswork as to what the interesting topics will be. Additionally in the environment of more than one similar detector (as in the case of ATLAS and CMS) there is a wish for the detector to be complementary to the other and have unique abilities.  We have seen this in the case of CMS, where electromagnetic calorimeter resolution and muon momentum resolution were emphasized. This concept directed us toward a very large high field magnet, and precise electromagnetic calorimetry. The effect of these choices on the HCAL was that it needed to be placed inside the large, thick solenoid. This caused the HCAL design to focus on high density (and low active sampling fraction), to be non-magnetic, and to operate in the 4 Tesla field.  
A unique feature of CMS is its moving ring based structure, allowing for very good access and maintenance of the detector elements.  This design feature had the trade-off for the HCAL in that the readout system (front end electronics system) had to be placed inside the magnetic volume. Any alternative location for the photodetectors was so far distant that there would have been prohibitively large light loss in the long clear optical fibers.  

An investigation to possible thin active media that would work in a magnetic field and survive the radiation dose and particle fluxes of the LHC led us to the choice of layers of scintillator. To read out the optical signal we searched for photodetectors that can operate in a 4 T field.  Figure 1 shows the placement of the central barrel and endcap hadron calorimeters inside the solenoid magnet. It is interesting to note the relative thickness of the calorimeters compared to the magnet. Tower numbers are indicated. The photodetectors and front-end electronics were placed in small notches at the outer radii at eta tower 14 (HB) and tower 18 (HE).

In the mid-1990s when we made our search for suitable photodetectors there were a number of options:  photomultipliers;  photodiodes;  APDs;  micro-channel plates; and various types of hybrid photodiodes, the HPD. Our desired parameters for the device were:

1. The device had to work in the 4T magnetic field. 

2. Our anticipated light yield was 100-300 photons per GeV. We needed a device that had an acceptable quantum efficiency (at least 10%) in the 500 nm region where our light signal would be. 

3. The front end electronics noise was anticipated to be around 5000 electrons/ 25ns sample. We did not want the electronics noise to profoundly degrade the calorimeter resolution so this placed limits on the minimum acceptable amplification gain of the photodetector.

4. The spread in variation of amplification of photoelectrons (excess noise factor) should be small enough that it did not seriously affect the calorimeter resolution.
5. The radiation level was anticipated  to be ~ 1Krad and the device had to withstand this.

6. The device had to have an operating lifetime of 10 years or more. 
7.  The device had to be reasonably compact to fit in the region allowed for electronics. To fit our desired calorimeter segmentation we wanted the size of the photodetector per channel to be of order 20cc or less.

8. The cross sectional area of the optical fibers that would comprise a calorimeter segment was a circle of diameter about 5mm, so the photodetector had to accommodate this.

9. A final requirement was that the photodetector should be sensitive to small DC light levels. One of the methods of calibrating the HCAL was to place a small radioactive source by the scintillators. The source generated a DC stream of photons in the scintillator. It was important for the photodetector to be able to measure this current. Accuracy of measuring the current corresponded to accuracy of calibration hence a few percent accuracy was required.  The anticipated light level was about 3X107 photons per second at the photodetector.


Let’s discuss a scenario with our parameters to understand their role in the choice of the photodetector. Let’s consider a photomultiplier as the baseline.  The ability for a photomultiplier to operate in a 4T field is very dubious to say the least. We will return to this point later. A photomultiplier can easily have a quantum efficiency of 10% in the green region so parameter 2 is OK. This would then give us 10 photoelectrons (pe) per GeV of signal. A typical photomultiplier gain can easily be 50K so a single pe signal would be 50K electrons. The amplifier noise would then contribute at the level of 0.1pe. With 10pe/GeV, 0.1pe is 10 MeV which would be a completely acceptable noise level. Our design goal was less than 100 MeV.


The excess noise factor as a function of amplification M is defined as ENF(M)=1+(M)2/M2 . A perfect amplifier with no noise would have (M) = 0, and the excess noise would be 1.0. If this were the case for a photomultiplier then the single pe would appear as a delta function at 50K electrons (gain = 50K). This is in fact not the case for photomultipliers which typically have an ENF of 1.3. This means that the single pe peak would have a sigma of about 30% or about 15K electrons (at a central value of 50K electrons). Since the pedestal sigma of our front end electronics (centered a 0 electrons) is 5K electrons wide, the single pe would be very well separated from pedestal and would be clearly visible. The ability to cleanly see the single pe peak is useful for monitoring gain and performance and hence would be a very desirable condition.


A typical small photomultiplier tube can have size of 1.0cm diameter and 10.0cm long (including base), for a volume of 8cc which fits our desired volume, and desired active area for the fiber bundle. Most choices of phototube window will survive 1 Krad with no degradation.


So we conclude that a phototube would be a very satisfactory choice for our photodetector, with the proviso that it would work in a 4 T field. Unfortunately phototubes lose their gain quickly in a magnetic field (due to inability to focus the electrons).  Figure 3 shows the gain loss vs. magnetic field for a typical phototube. A survey of different structure phototubes yielded no candidate that could operate in fields much above 1T.


[image: image3]
Figure 3. Reduction in gain of a photomultiplier tube vs. magnetic field strength. (Hamamatsu  high magnetic field fine mesh phototube R6504)

Table 1 shows photodetectors available during the mid 1990’s, with the exception of SIPMs, which are a recent development. The bias voltage row indicates typical operating voltages. The “Photon lifetime” row is the lifetime number of photons a typical device (under normal gain conditions) can survive. The "Expected electrons per GeV" row is the number of electrons per GeV HCAL would expect, folding in the device’s gain and quantum efficiency.
	
	requirement
	PD
	APD
	PMT
	MCP
	HPD
	SIPM

	Bias voltage (Vb)
	 
	>20V
	400 V
	1-2 kV
	 1-5kV
	10 kV
	50V

	timing
	 1-3 ns
	3ns
	3ns
	100ps
	50ps
	100ps
	30ps

	sensitivity
	
	100pe
	10pe
	1 pe
	1pe
	1 pe
	1 pe

	Quantum efficiency
	> 10%
	40%
	80%
	20%
	20%
	20%
	30%

	Expected e-/GeV
	> 104
	100
	5000
	106
	105
	2X104
	3X105

	Excess noise factor
	< 1.5
	1
	2.5 - 5
	1.4
	1.2
	1.05
	1.2

	Dynamic range
	104
	>107
	107
	106
	103 
	107
	103 – 104

	Gain (M)
	> 100
	1
	50-100
	105 - 106
	104-106
	2 X 103
	5X104 –106

	Vb/ Vb for M/M = 1%
	5X10-4
	---
	5X10-4
	5X10-4
	5X10-4
	5X10-3
	10-3

	T for dM/M = 1%
	1o C
	10o C
	0.3o C
	3o C
	3o C
	3.5o C
	0.3o C

	Max magnetic field
	> 4T
	> 4T
	> 4T
	~ 1T
	~1T
	> 4T
	> 4T

	Radiation tolerance (rad/n)
	2 Krad

1011 n
	1Mrad

1014 n
	1Mrad

1013 n
	10Krad

1014 n
	10Krad

1014 n
	1011 n
	1013 n

	volume/channel
	< 20cc
	<1cc
	<1cc
	10cc
	1cc
	10cc
	<1cc

	Photon lifetime 
	5 X 1016
	No limit
	No limit
	1019 
	>1011
	1017
	> 1016


Table 1. A summary of key properties of photodetectors.



Looking at table 1 we can immediately eliminate photodiodes (PD) from consideration. Although they have many desirable features, the unity gain implies that our electronics noise level of 5000 e- would correspond to a 50 GeV signal.


Microchannel plates (MCP) have had a long history. Until recently they had a very limited charge lifetime. Additionally until recently the large channel diameter limited their operational magnetic field limit to about 1 – 1.5T.  At the time of our decision (and even now) they were unsuitable due to the limited lifetime and magnetic field performance. (In the ensuing 10+ years since our evaluation of photodetectors some devices, in particular the MCP, have improved their properties.  Current MCPs can have a charge lifetime of up to 0.1C and demonstrated operation in 2T magnetic fields.)

As mentioned earlier, photomultipliers (PMT) cannot operate in the 4T magnetic field.
Silicon photomultipliers (SIPMs) are a comparatively recent development and have come on their own as a realistic photodetector only in the last few years. They did not exist in practical form in the mid 1990’s. They are included them in the table because they will have importance in future HCAL developments, as discussed below.


By elimination we were left with APDs and HPDs. Both of these were considered seriously. APDs have a marginal gain causing the lowest measurable signal to be of order 1 GeV. This would be an unacceptable feature if left alone. However we speculated that perhaps some electronics developments could reduce the noise level, or perhaps we could operate at higher gain.  When operating at a gain of 50, APDs have a temperature dependence of gain of about 3% per degree C.  Therefore operating a detector with APDs would require a temperature stability of about 1o C to satisfy our desired energy resolution constant term.


We studied both APD and HPD options extensively in the laboratory. We also built prototype hadron calorimeters using these two photodetectors and operated them in testbeams.  Figure 4 shows the testbeam results for muons passing through the prototype calorimeter. The pedestal and the calorimeter muon response are shown for two types of HPDs ( figures a and b); an APD (c); and a pmt (d). The signal-to-noise ratio S/N is shown for each case. The pmt has an outstanding value of S/N and if not for the magnetic field would have been a good choice. (In fact pmts were chosen for the readout of the HF detector, which is not situated in a high magnetic field region.) Compared with the APD, the HPDs both show about 3X better S/N due to their higher gain and smaller excess noise factor. It is also worth noting that in this study an amplifier with unrealistically low bandwidth was used for the APD. This caused the electronics noise to be about 1200 e-, rather than our expected 5000. Use of a realistic amplifier (with suitable bandwidth for the 25 ns bunch spacing of the LHC) would have resulted in substantially worse S/N for the APD. Finally the APD required very good temperature stabilization.  The combination of these issues led us to choose the HPD as the HCAL photodetector.
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Figure 4. Testbeam comparison of APD vs. HPD vs. PMT for muon response [2]. 


Figure 5 shows the cross section of the HPD.  It is a vacuum device like the pmt. It has a transparent window followed by a photocathode that absorbs photons and emits photoelectrons. A high voltage (~10 kV) separates the photocathode from the ~3mm distant reverse-biased silicon diode. The kinetic energy of the accelerated photoelectrons ionizes the silicon and creates electron-hole pairs (3.6eV/pair) which are the source of the gain of the device.
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Figure 5. Cross section of the HPD.
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Figure 6. An HPD cut in half.


Having made the choice of HPD we were still faced with some R&D to develop the device we wanted for the HCAL [3]. One key requirement was to have a multi-pixel device to reduce both the required photodetector volume and cost. The silicon diode was segmented into pixels, and the readout signals were carried through ceramic feedthroughs.  The silicon diode was thinned from an initial 300 microns to 200 microns to speed the signal.


We observed the presence of capacitive cross talk between neighbor pixels which was traced to poor connection between the pixels and the diode bias supply[4]. We specified a layer of aluminization on the front of the diode and aluminization of the sides to carry the back-supplied bias voltage better to the individual pixels. This change eliminated the electrical cross talk. 
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Figure 7. Diagram of cross section of the HPD silicon diode. Aluminization is shown in gray. A SiO2 layer prevents contamination of the silicon by the aluminum but allows high frequency coupling of the bias supply to the diode, eliminating the electrical cross talk. A higher impedance path provides DC coupling of the diode to the bias supply.


 To prevent light from spreading into neighboring pixels when transiting the photocathode window, we specified that the window be made of fiber-optic glass. Photocathodes typical of phototubes and the HPD are semi-transparent. Some of the light will transmit through the photocathode without interacting, and then hit the silicon diode. This light could reflect back to the photocathode and cause emission of additional photoelectrons. We found that this reflection caused cross talk between neighboring pixels at the few percent level.  The vendor (DEP, Holland) was asked to develop an antireflective coating optimized for our light spectrum.  A cross section diagram of the final diode is shown in figure 7.

Before starting mass production of the HPDs we performed extensive.  The tests included:

· Radiation damage studies where we exposed them to 1011 neutrons/cm2  and 15 Krad. 
· Magnetic field tests, where the devices were operated in 5 T fields. We also constructed a front end electronics box, as would be placed on the calorimeter, and tested it in 3.3T magnetic field.

· Aging tests where we measured any changes in performance for integrated charge of up to 10C corresponding to our 10 year lifetime requirement.

· Testbeam studies to confirm expected performance.

A total of about 600 HPDs were manufactured and passed our acceptance tests. The devices are working well in CMS HCAL central calorimeters. As pointed out earlier conventional photomultipliers were chosen for the HF.
Recently a new device, the SIPM, has become available [5]. This device is an array of very small Geiger-mode APDs a single package. Typical array densities are 1000-10000 per mm2. These devices offer substantial advantages over the HPDs in that: they are much smaller, allowing finer calorimeter segmentation than was possible for the HPD; they have substantially higher gain, reducing the noise floor of the calorimeter; and they operate at voltages of order 50V, much smaller than the 10KV of the HPD. This last factor points toward less maintenance issues in the future. Important properties of the SIPM are included in table 1. The CMS HCAL team is actively pursuing this possibility for future improvements [6].  To study possible upgrades we have installed 144 SIPMs in the HO calorimeter. As expected their performance is very good. Figure 8 shows the energy distribution for cosmic rays in one HO tower read out with an SIPM. The energy deposition by the muon is cleanly separated from the pedestal.
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Figure 8. Cosmic ray energy pulse height distribution for HO tower read out with an SIPM.

Front End Electronics

As we developed the choice of HPD for the HCAL photodetector we also developed the requirements for the front end ADC. Some of the requirements were driven by the environment the electronics would be in, some by the physics goals of our detector, and some by constraints or properties of the HPD.


The electronics was to be placed close to the HPD on the back of the calorimeter. This choice of placement implied that the electronics needed to be reliable, low power, and radiation tolerance [7]. 

The signals from the scintillator have a rise time of about 10 ns and a fall time of about 30ns. Because the LHC will have high luminosities and large physics occupancy, we desired that the electronics would react to the signal as quickly as possible. The LHC operates at 40 MHz (25 ns buckets) and we wanted the signal to be in as few buckets as possible. 

We designed and built a flash ADC (FADC) exactly tailored for the HCAL. We chose to make a totally custom FADC because of the unique requirements we had in the detector. The FADC we developed is the QIE8 (charge Integrator and Encoder), the 8th generation of a successful FADC that has been developed and used at Fermilab [8]. 
For small energy depositions into the calorimeter, the signal shape is not very regular. For this reason we felt that integrating the charge of the signal, rather than measuring a voltage, would give us the best performance. Because the signal for low energies was small, we wanted to have as quiet an amplifier as possible, with a target of a few thousand electrons. With a signal of about 10-20 photoelectrons per GeV and the HPD gain of 2000, (corresponding to 3-6 fC / GeV) we desired a sensitivity of about 1 fC (6000 electrons) and a noise level (pedestal width) of the same order. With the 1fC minimum, we looked at physics simulations to find the maximum realistic energy deposit per channel.  We found that for the 7-on-7 TeV LHC collider, a maximum energy per channel of 3TeV was adequate. This corresponded to about 10000 fC. Thus we specified the maximum scale of 10000 fC and a dynamic range of 104.


A conventional linear ADC would require 13+ bits to supply the required dynamic range.  Taking into account the typical differential nonlinearities of an ADC, we would need 14 bits of resolution. Because the LHC operates at 40 MHZ, the ADC would also have to sample at 40 MHz. The power required for this size flash ADC would be large. Another important consideration in our concept was to minimize the number of bits of information sent off detector to the counting house. (The available volume for the readout fibers was very limited.)

A standard trick to reduce the required size of the flash ADC, and at the same time reduce the amount of data sent off detector is to put a multi-range amplifier in front of the FADC with each range having a different amplification factor. The signal from each range is sent to circuitry to detect the proper range. The signal from the lowest non-saturating range is then sent on to the FADC for digitizing. The output data is then the result of the FADC, plus the selected range. Logically one can think of this compound number as the mantissa and exponent of a floating point number. By appropriate choice of the number of ranges, their amplification factors, and number of bits of resolution of the FADC, the dynamic range can be satisfied and have a large reduction in the number of bits sent off detector. 


Figure 9 shows an example of a typical 4 range amplifier/FADC. Each range starts at zero and has a full scale of An with n the range, 0, 1, 2, or 3. “A” is the gain of the amplifier, and for this example the gain for each range is A times the range of the preceding one. The input charge is on the horizontal scale and the output mantissa is on the vertical scale. The dotted lines indicate unused codes. For example an input charge of 1.5 AQ0  would generate an output code in range 2.  The redundant possible code from range 3 would not be used because it would have coarser resolution. The result of an algorithm such as this is that there would be many unused codes in order to cover the required dynamic range. This means more bits are needed to get the required resolution and more data has to be sent off detector. 
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Figure 9. An example of a 4 traditional range FADC [8]. 
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Figure 10. A 4 range FADC where each range has an offset of the maximum scale of the range before it [8]. 

In figure 10 we see an improved design. Here each range does not start from 0 but rather from an offset that is (a little less than) the full scale of the range before it.  In this design there are no wasted codes and one gets the most resolution possible for the number of bits allocated to the FADC. (We note that to avoid having values of charge that generate NO code we require a small overlap between the ranges and hence generate a FEW unused codes.) This is the design we chose for the QIE.

The energy resolution of the HCAL has been measured to be about 85%/sqrt(E) + 5% for isolated pions.  This energy resolution is shown as the smooth curve in Figure 11 as a function of the energy. A required feature of our FADC was that it not should contribute significantly to the overall energy resolution of the calorimeter. The effect of the finite bin width must then lie significantly below the smooth curve in figure 11. 


A FADC works by having a ladder of resistors and a voltage comparator at each point along the ladder, comparing the input voltage and the voltage of the point on the ladder. An encoder then senses which is the (for example) highest voltage comparator still less than the input signal. A conventional (linear) FADC ladder has the same value of resistor all along the ladder. Therefore it has the same voltage drop between each comparator ladder point and thus the same bin width for all bins. However nothing requires that the same resistance value be used everywhere on the ladder. We tailored our ladder (and hence the bin values of the FADC) very carefully to reduce to a minimum the number of bits of resolution needed and at the same time keep the bin width contribution to resolution well below the native energy resolution of the calorimeter.


Our development led to a FADC with 4 ranges (*1, * 5, *25, and *125) and 5 bits of (a very non-linear) ADC. Figure 11 shows the details of the choices.  The figure heading shows the selected bins and ranges. We see that the dynamic range requirement of 104 is satisfied. 
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Figure 11. The HCAL resolution as a function of energy, and the FADC resolution as a function of energy.  The choice of the FADC ladder is shown in the figure heading [1]. 
We also satisfied our requirement that the FADC bin width not contribute to the energy resolution. The jagged curve in figure 11 shows the bin width of our choice of the FADC ladder and the gain of the 4 ranges. Looking carefully one can see that the bin width pattern repeats itself 4 times. The 5% calorimeter resolution constant term means that at very high energies the energy resolution will asymptotically approach 5%. We see that at very high energies the FADC bin width contribution is about 2%. Added in quadrature with the constant term the binning causes about a 6% worsening of the ultimate calorimeter energy resolution.

To satisfy our dynamic range requirement the design required 5 bits of ADC value and 2 bits of range value for 7 bits total. This is about ½ the number of bits we would have expected from a single range linear FADC. The number of comparators doubles for each bit of the FADC resolution. In the QIE8 design there are 31 comparators, in the 14 bit FADC there would be 16000. 


 A final aspect of the design was drawn from our desire to measure radioactive source currents as a means of calibration. As mentioned earlier the presence of the radioactive source caused the scintillator to generate about 3 X107 photons per second at the HPD.  After the HDP quantum efficiency and gain, this corresponded to about 1 nA or about 150 electrons per 25 ns bucket. We wanted to measure this level accurately because it was a primary means of monitoring the gain of the calorimeter. A 5% error in measuring the radioactive source current would then correspond to a 5% error in the energy scale of the detector.  To reach this accuracy we designed the QIE to have a high sensitivity calibration mode. In this mode of operation, the resistors in the ladder were 3 times higher value than the nominal ones and all the same. In this mode the QIE acted as a linear FADC with 0.3 fC per bin. A control bit allowed us to switch from regular to calibration mode.  To perform radioactive source calibrations, we read out the FADC repeatedly and formed histograms with 65000 entries. We then calculated the mean of the histogram. Figure 12 shows the mean value of the histograms as a function of time. In the middle of the measurement the source was removed. Each dot corresponds to the mean value of the 65000 entry histogram.  Using this technique (of massive oversampling) we were able to measure shifts of the mean by as small as a few 1/1000’s of a bin. This gave us the accuracy required for the radioactive source calibration.
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Figure 12. Mean ADC value in calibration mode for the source in position by the scintillator, and out. The source caused about a 0.1 bin shift, corresponding to about 200 e-/25ns.

The QIE is a 4 stage pipelined device that runs at 40MHz. The 4 range (approximately 100 MHz bandwidth) preamplifier is constantly at work amplifying the input signal. At pipeline stage 1 an integrator integrates the charge in a 25 ns gate and charges a capacitor; in stage 2, 25 ns is allowed for the capacitor voltage to settle; in stage 3 the capacitor voltage is presented to the comparator ladder and digitized; in the final stage 4 the capacitor is reset; and then back to stage 1. In the QIE there are 4 independent capacitors, each in a different stage of 4-stage cycle.  Thus every 25 ns a new 5bit + 2bit number is generated.

The penalty for the novel arrangement of the QIE amplifier gains and offsets is an abundance of calibration constants. Each of the 4 capacitors in the “round-robin” can (and does) have slightly different constants. There are 4 ranges with slope and offset for a total of 32 calibration constants. Additionally there can be variation in the ladder that can be measured. About 18000 QIE chips were calibrated and tested in an automated robotic testing station. The robot sorted the chips based on test results. After the good chips were mounted on electronics boards, they were given a final, detailed test.  An example of a test result, the slope for the set of chips for one of the ranges, is shown in figure 13. 
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Figure 13. Slope measurement for a set of QIE chips for one of the 4 ranges.
Summary


The CMS HCAL photodetector and front end electronics were developed simultaneously.  The high magnetic field where the HCAL is located caused a severe limitation on the choice of photodetector. In fact no suitable photodetector existed and we were forced to develop our own, a pixilated proximity-focused HPD. The low gain of the HPD (1000 – 2000) and the limited light yield of the sampling scintillator calorimeter (10 – 20 pe/GeV) necessitated the development of a very sensitive and low noise front end readout. We developed a novel range -switching nonlinear FADC, the QIE8, for this purpose.  It has a sensitivity of 1 fC and a noise level of about 0.7 fC. The required 10,000 – 1 dynamic range was achieved using a very nonlinear response function of the 5 bit FADC and automatic switching between 4 ranges of preamplifier gain. The readout of the calorimeter channel requires only 7 bits of data rather than 14 bits for a completely linear single range readout. The data compression reduces front end power requirements and minimizes cable volume leaving the detector. 
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QIE quantization error

detector resolution 85%/SQRT(E)+5%

Energy (GeV)

Bins: 15*1 + 7*2 + 4*3 + 3*4 + 3*5  (total of 68 units = 510 mV, 1 unit = 0.3 GeV)
Ranges: *1, *5, *25, *125; Pedestal is in bin "3".
Calibration uses additional subset of comparators *3.
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		Baseline						Ch.1						Baseline + pedestal offset for source measurement								Ch.3				Four nonlinear ranges						Ch.2								First range linear +three nonlinear						Ch.4										Tom Zimmerman, logarithmic, gradual								Ch.6

		bin		energy		error		det. res.		Extra error				bin		energy		error		det. res.		Extra error				bin		energy		QIE quantization error		detector resolution 85%/SQRT(E)+5%		extra error						bin		energy		error		det. res.		extra error								bin		energy		QIE res.		det. res.		extra error
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		1		2.2		0.013121597		0.5752469825		0.0002601227				1		1.5		0.019245009		0.6958208582		0.0003824092				3		9.3		0.0279363033		0.2831751614		0.0048545022				10.71%		1		1.5		0.019245009		0.6958208582		0.0003824092								1.68		1.783		0.0271999005		0.6385263724		0.0009068805

		1		2.3		0.0125510928		0.5626992401		0.000248729				1		1.6		0.0180421959		0.6738415986		0.0003583896				3		10.2		0.0254713354		0.2708012802		0.00441382				9.68%		1		1.6		0.0180421959		0.6738415986		0.0003583896								1.79		1.962		0.0263368242		0.6088897167		0.0009350106

		1		2.4		0.0120281306		0.5509461559		0.0002382847				1		1.7		0.0169808903		0.6538348415		0.0003371954				3		11.1		0.023406092		0.2599809418		0.0040445241				8.82%		1		1.7		0.0169808903		0.6538348415		0.0003371954								1.91		2.153		0.0256093594		0.5814449784		0.0009694819

		1		2.5		0.0115470054		0.5399073995		0.000228676				1		1.8		0.0160375075		0.6355225322		0.0003183558				4		12.3		0.0281634278		0.247466841		0.0064551678				10.81%		1		1.8		0.0160375075		0.6355225322		0.0003183558								2.04		2.357		0.024985035		0.5559080224		0.0010094967

		1		2.6		0.0111028898		0.5295135649		0.0002198063				1		1.9		0.0151934281		0.6186785578		0.0003014991				4		13.5		0.025660012		0.2366823156		0.0058597828				9.76%		1		1.9		0.0151934281		0.6186785578		0.0003014991								2.18		2.575		0.0244392929		0.5320550012		0.0010543998

		1		2.7		0.0106916717		0.5197043319		0.0002115936				1		2		0.0144337567		0.6031169041		0.0002863279				4		14.7		0.0235653171		0.2272656152		0.0053615016				8.89%		1		2		0.0144337567		0.6031169041		0.0002863279								2.32		2.807		0.023859149		0.5097962669		0.0010945837

		1		2.8		0.0103098262		0.5104269921		0.0002039676				1		2.1		0.013746435		0.5886829529		0.0002726014				5		16.2		0.0267291791		0.2170224998		0.0075560364				10.20%		1		2.1		0.013746435		0.5886829529		0.0002726014								2.48		3.055		0.0234341844		0.4888737516		0.001148225

		3		3.1		0.0279363033		0.4853498904		0.0016551553				3		2.4		0.0360843918		0.5509461559		0.0021425229				5		17.7		0.0244639945		0.2081326717		0.0068841752				9.26%		1		2.2		0.013121597		0.5752469825		0.0002601227								2.65		3.32		0.0230418406		0.4691699926		0.0012052642

		3		3.4		0.0254713354		0.4636809248		0.0015076749				3		2.7		0.032075015		0.5197043319		0.001902734				5		19.2		0.0225527449		0.2003252564		0.0063172461				8.47%		1		2.3		0.0125510928		0.5626992401		0.000248729								2.82		3.602		0.0226003298		0.4506473227		0.0012567623

		3		3.7		0.023406092		0.4447136947		0.0013840965				3		3		0.0288675135		0.4932882862		0.0017108652				5		20.7		0.020918488		0.1933995389		0.005832504		5		7.81%		2		2.5		0.0230940108		0.5399073995		0.0009143904		7		1				3.01		3.903		0.0222626737		0.4331443349		0.0013199967

		3		4		0.0216506351		0.4279310692		0.0012790455				3		3.3		0.0262431941		0.4705734735		0.0015538576				5		22.2		0.0195050767		0.1872032186		0.0054133337		5		7.25%		2.7		2.77		0.0281380095		0.5131572127		0.001502207		7		1				6		4.503		0.038464375		0.4036689111		0.004529542		6		1

		3		4.3		0.0201401257		0.4129446159		0.0011886465				3		3.6		0.0240562612		0.4507709445		0.0014230021				5		23.7		0.0182705781		0.1816183693		0.005047315		5		6.76%		3.4		3.11		0.0315593395		0.4845772514		0.0021185561		7		1				6.42		5.145		0.0360212704		0.378057667		0.0045288677		6		1.07

		3		4.6		0.0188266392		0.399456152		0.0011100343				3		3.9		0.0222057796		0.4333086778		0.0013122676				5		25.2		0.0171830437		0.1765520742		0.0047249775		5		6.33%		3.8		3.49		0.0314316765		0.4577336095		0.0023548781		7		1				6.84		5.829		0.0338743853		0.3555969902		0.0045270446		6		1.14

		3		4.9		0.0176739878		0.387232462		0.0010410452				3		4.2		0.0206196525		0.4177604691		0.0012173452				5		26.7		0.0162177042		0.1719300006		0.0044389738		5		5.95%		4.4		3.93		0.0323198624		0.4316737648		0.0027989191		7		1				7.26		6.555		0.0319722575		0.3357397879		0.004524074		6		1.21

		3		5.2		0.0166543347		0.3760881648		0.0009800145				3		4.5		0.019245009		0.4038013813		0.0011350741				5		28.2		0.0153550604		0.1676918823		0.0041835165		5		5.62%		4.8		4.41		0.0314204228		0.4078384479		0.0029632939		7		1				7.8		7.335		0.0306975603		0.3178055079		0.004654204		6		1.3

		3		5.5		0.0157459164		0.3658737984		0.0009256404				3		4.8		0.0180421959		0.3911787741		0.0010630837				5		29.7		0.0145795523		0.1637882759		0.0039539849		5		5.32%		5.2		4.93		0.0304484929		0.3860721748		0.003105209		7		1				8.28		8.163		0.0292812705		0.3016771893		0.0046994347		6		1.38

		3		5.8		0.0149314725		0.3564673414		0.0008768906				3		5.1		0.0169808903		0.3796928583		0.0009995604				5		31.2		0.0138786122		0.160178186		0.0037466449		5		5.05%		5.6		5.49		0.0294459154		0.3662006477		0.0032276141		7		1				8.88		9.051		0.0283221213		0.2869240904		0.0048599688		6		1.48

		3		6.1		0.0141971378		0.3477680591		0.0008329355				3		5.4		0.0160375075		0.3691832828		0.0009430939				5		32.7		0.0132419787		0.1568272974		0.0035584464		5		4.81%		6		6.09		0.0284409		0.3480475686		0.0033331609		7		1				9.42		9.993		0.0272122463		0.2734970026		0.004937678		6		1.57

		3		6.4		0.0135316469		0.339691956		0.0007931012				3		5.7		0.0151934281		0.3595196601		0.0008925704				5		34.2		0.0126611901		0.1537066394		0.0033868735		5		4.59%		6.4		6.73		0.0274520187		0.3314440018		0.0034241701		7		1				10.08		11.001		0.026450735		0.261105051		0.0051180555		6		1.68

		3		6.7		0.0129257523		0.3321683623		0.0007568343				3		6		0.0144337567		0.3505947328		0.0008470988				5		35.7		0.0121292073		0.1507915622		0.0032298323		5		4.39%		6.7		7.4		0.0261368027		0.3164413613		0.0034052549		7		1				10.74		12.075		0.0256759499		0.2496685173		0.0052741408		6		1.79

		3		7		0.0123717915		0.3251373336		0.0007236764				3		6.3		0.013746435		0.3423193534		0.0008059578				5		37.2		0.0116401264		0.1480609436		0.0030855662		5		4.20%		7		8.1		0.0249472339		0.3028160017		0.003387834		7		1				11.46		13.221		0.0250224419		0.2390562876		0.0054631654		6		1.91

		3		7.3		0.0118633617		0.3185476459		0.0006932442				3		6.6		0.013121597		0.3346187337		0.0007685569				5		38.7		0.0111889587		0.1454965658		0.0029525903		5		4.03%		7.4		8.84		0.0241651131		0.2902253766		0.0034603987		7		1				12.24		14.445		0.024460946		0.2291665487		0.0056804443		6		2.04

		3		7.6		0.0113950711		0.3123552296		0.0006652151				3		6.9		0.0125510928		0.327429603		0.0007344086				10		41.7		0.0207679953		0.1408053234		0.0108187746		5		7.75%		7.7		9.61		0.0231300576		0.278715091		0.0034376103		7		1				13.08		15.753		0.023969217		0.2199188028		0.0059220072		6		2.18

		3		7.9		0.0109623469		0.3065219343		0.0006393154				3		7.2		0.0120281306		0.3206980234		0.0007031064				10		44.7		0.0193741701		0.136613729		0.0100059925		5		7.19%		8		10.41		0.0221844484		0.2681499932		0.0034164137		7		3				13.92		17.145		0.0234374912		0.2112831412		0.0061338429		6		2.32

		3		8.2		0.0105612854		0.3010145447		0.0006153115				3		7.5		0.0115470054		0.3143776922		0.0006743089				10		47.7		0.0181556688		0.1328410724		0.0092964203		5		6.71%		8.4		11.25		0.02155441		0.2583064502		0.0034755036		7		3				14.88		18.633		0.0230531101		0.2031632131		0.0064172307		6		2.48

		3		8.5		0.0101885342		0.2958039892		0.0005930026				3		7.8		0.0111028898		0.3084286062		0.0006477272				10		50.7		0.0170813689		0.129423696		0.0086717903		5		6.29%		8.6		12.11		0.0205004637		0.2493219542		0.0033747696		7		3				15.9		20.223		0.022696606		0.1955163622		0.0067153685		6		2.65

		3		8.8		0.0098411978		0.2908646983		0.0005722156				3		8.1		0.0106916717		0.3028160017		0.0006231151				10		53.7		0.0161271025		0.1263106336		0.0081178993		5		5.92%		8.8		12.99		0.0195561292		0.2410802926		0.0032847301		7		4				16.92		21.915		0.0222878543		0.1883302593		0.006978364		6		2.82

		3		9.1		0.0095167627		0.2861740806		0.0005527998				3		8.4		0.0103098262		0.2975095036		0.0006002618				10		56.7		0.0152738166		0.1234605379		0.0076235374		5		5.59%		9.2		13.91		0.0190928198		0.2333260586		0.0033424004		7		5				18.06		23.721		0.0219783016		0.1815440546		0.0073014916		6		3.01

		3		9.4		0.0092130362		0.2817120908		0.0005346241				3		8.7		0.009954315		0.2924824388		0.0005789852				10		59.7		0.0145062882		0.1208394702		0.0071797399		5		5.29%		9.5		14.86		0.0184550052		0.2260983361		0.0033256922		7		5				19.26		25.647		0.021678493		0.175131197		0.0076321518		6		3.21

		3		9.7		0.0089280969		0.2774608731		0.0005175734				3		9		0.0096225045		0.287711275		0.0005591278				15		64.2		0.0202342384		0.1172769972		0.0147747976		5		7.54%		9.7		15.83		0.0176888743		0.2194110016		0.0032445138		7		6				20.58		27.705		0.0214435455		0.1690512503		0.0080129035		6		3.43

		3		10		0.008660254		0.2734044623		0.0005015465				3		9.3		0.0093121011		0.2831751614		0.0005405523				15		68.7		0.0189088516		0.1140909262		0.0136409951		5		7.01%		10		16.83		0.0171524144		0.2131414857		0.0032328318		7		6				21.96		29.901		0.0212009831		0.1632883078		0.0083936909		6		3.66

		3		10.3		0.0084080136		0.2695285348		0.0004864539				3		9.6		0.009021098		0.278855548		0.0005231384				15		73.2		0.0177464222		0.1112214843		0.0126495792		5		6.55%		10.2		17.85		0.016495722		0.2073069957		0.0031608139		7		7				23.4		32.241		0.0209515776		0.1578269766		0.008772839		6		3.9

		3		10.6		0.008170051		0.2658201974		0.0004722164				3		9.9		0.0087477314		0.2747358695		0.0005067808				15		77.7		0.0167186371		0.1086212884		0.0117758497		5		6.15%		10.5		18.9		0.0160375075		0.2018105875		0.0031526213		7		7				25.02		34.743		0.0207887974		0.1526288175		0.0092332648		6		4.17

		3		10.9		0.0079451872		0.2622678091		0.0004587633				3		10.2		0.0084904451		0.2708012802		0.000491386				20		83.7		0.020693558		0.1055083841		0.0190523615		5		7.72%		10.7		19.97		0.0154673207		0.1966704576		0.0030878197		7		7				26.64		37.407		0.0205584666		0.1476975517		0.0096408736		6		4.44

		3		11.2		0.0077323697		0.2588608286		0.0004460317				3		10.5		0.008247861		0.2670384313		0.0004768717				20		89.7		0.0193093736		0.1027357121		0.0175096665		5		7.17%		11		21.07		0.0150708423		0.1918083949		0.00308206		7		10				28.44		40.251		0.0203968121		0.143003023		0.010120734		6		4.74

		9		12.1		0.0214717042		0.2494208167		0.003698582				9		11.4		0.0227901422		0.2566655275		0.0039343726				20		95.7		0.0180987545		0.1002478642		0.0161666743		5		6.69%		11.3		22.2		0.0146938244		0.1872032186		0.0030757123		7		10				30.36		43.287		0.0202466724		0.1385313083		0.0106238179		6		5.06

		9		13		0.0199852016		0.2409915415		0.0034327226				9		12.3		0.0211225708		0.247466841		0.0036361406				25		103.2		0.0209792976		0.0974729141		0.0229002132		5		7.84%		11.5		23.35		0.0142174049		0.1828720431		0.0030175972		7		10				32.4		46.527		0.020102466		0.1342706885		0.0111453263		6		5.4

		9		13.9		0.0186911958		0.2334061209		0.0032012906				9		13.2		0.0196823955		0.2392380582		0.0033785656				25		110.7		0.0195579359		0.0950086764		0.0209681461		5		7.27%		11.7		24.52		0.013774466		0.1787896592		0.00296341		7		20				34.56		49.983		0.0199600117		0.130211039		0.011680648		6		5.76

		9		14.8		0.017554569		0.2265338111		0.0029980147				9		14.1		0.0184260724		0.2318213423		0.0031538745				25		118.2		0.0183169502		0.0928036699		0.0192919845		5		6.78%		12		25.72		0.0134685133		0.1749027724		0.0029605577		7		20		140		36.9		53.673		0.0198463147		0.1263374226		0.0122634		6		6.15

		9		15.7		0.0165482561		0.2202705343		0.0028180595				9		15		0.0173205081		0.2250925735		0.0029561569				25		125.7		0.0172240534		0.0908174667		0.0178257698		5		6.35%		24.1		28.13		0.0247318548		0.1678818715		0.0107929068		6						39.36		57.609		0.0197230525		0.1226435615		0.0128483599		6		6.56

		9		16.6		0.0156510615		0.2145322735		0.0026576367				9		15.9		0.016340102		0.218952624		0.0027808386				25		133.2		0.0162542306		0.0890178307		0.0165338239		5		5.97%		32.7		31.4		0.0300626653		0.1597171066		0.0175600451		6						42		61.809		0.0196158418		0.1191185804		0.013468217		6		7

		9		17.5		0.0148461498		0.2092503627		0.0025137364				9		16.8		0.0154647394		0.2133212422		0.0026243244				25		140.7		0.0153878004		0.0873787107		0.0153880343		5		5.63%		39.9		35.39		0.0325463065		0.1513782401		0.0228513856		6						36		65.409		0.0158881879		0.1163867713		0.0092747491		6

		9		18.4		0.0141199794		0.204368061		0.0023839367				9		17.7		0.0146783967		0.2081326717		0.0024837491				25		148.2		0.0146090655		0.0858788023		0.0143659563		5		5.33%		46.3		40.02		0.0333974481		0.1433648258		0.026775385		6						38.52		69.261		0.0160548739		0.1137169996		0.0099171039		6

		9		19.3		0.0134615348		0.1998380173		0.0022662671				9		18.6		0.0139681517		0.203332452		0.0023568016				25		155.7		0.0139053533		0.0845004969		0.0134494585		5		5.06%		52.2		45.24		0.0333086694		0.1359057769		0.0295957391		6						41.04		73.365		0.0161483371		0.1111216458		0.010503967		6

		9		20.2		0.0128617634		0.1956203638		0.0021591078				9		19.5		0.0133234678		0.1988750413		0.0022415968				25		163.2		0.0132663205		0.0832291015		0.0126237379		5		4.82%		57.5		50.99		0.0325530893		0.1291102048		0.0312960875		6						43.56		77.721		0.016179268		0.1086097226		0.0110347059		6

		9		21.1		0.0123131574		0.1916812619		0.0020611149				9		20.4		0.0127356677		0.1947220241		0.0021365821				25		170.7		0.0126834418		0.0820522502		0.011876594		5		4.60%		62.7		57.26		0.0316100785		0.122954802		0.0325181423		6						46.8		82.401		0.0163954276		0.1061512952		0.0118576235		6

		9		22		0.0118094373		0.1879917793		0.0019711645				9		21.3		0.0121975409		0.1908407393		0.0020404668				25		178.2		0.0121496269		0.0809594542		0.0111978832		5		4.39%		67.4		64		0.0304011001		0.1174268389		0.0329695474		6						49.68		87.369		0.0164147245		0.1037763148		0.0124322416		6

		9		22.9		0.011345311		0.1845270125		0.001888309				9		22.2		0.011703046		0.1872032186		0.0019521694				25		185.7		0.0116589311		0.0799417532		0.0105791061		5		4.21%		72		71.2		0.0291918675		0.1124609795		0.0331400186		6						53.28		92.697		0.0165923505		0.1014603925		0.013283661		6

		9		23.8		0.0109162866		0.1812653934		0.001811744				9		23.1		0.0112470832		0.1837853538		0.0018707768				25		193.2		0.0112063329		0.0789914428		0.0100130886		5		4.04%		76.4		78.84		0.0279740998		0.1080006013		0.0330006411		6						56.52		98.349		0.0165898165		0.0992284596		0.0138796067		6

		9		24.7		0.0105185272		0.1781881369		0.0017407823				9		24		0.0108253175		0.180566239		0.0017955127				25		200.7		0.0107875611		0.0781018588		0.0094937357		5		3.88%		80.6		86.9		0.0267747018		0.1039911256		0.0326138335		6						60.48		104.397		0.0167237297		0.0970602749		0.0147355112		6

		9		25.6		0.0101487352		0.1752787958		0.0016748332				9		24.9		0.010434041		0.1775276436		0.0017257129				25		208.2		0.0103989602		0.0772672048		0.0090158373		5		3.74%		84.7		95.37		0.0256378147		0.1003780732		0.032102488		6						64.44		110.841		0.0167828021		0.094964973		0.0154960177		6

		9		26.5		0.0098040612		0.1725228998		0.0016133862				9		25.8		0.0100700628		0.1746535885		0.0016608058				25		215.7		0.010037383		0.0764824135		0.0085749143		5		3.60%		88.6		104.23		0.0245386328		0.0971173799		0.0314271897		6						68.76		117.717		0.0168618825		0.0929386959		0.0163251956		6

		9		27.4		0.00948203		0.1699076606		0.0015559978				9		26.7		0.0097306225		0.1719300006		0.0016002969				50		230.7		0.0187695146		0.0750451389		0.0308030098		5		6.95%		92.4		113.47		0.023507167		0.0941664577		0.0306877446		6						73.44		125.061		0.0169519689		0.0909790126		0.0172110167		6

		9		28.3		0.0091804813		0.167421729		0.001502281				9		27.6		0.0094133196		0.1693444308		0.0015437561				50		245.7		0.0176236346		0.0737602735		0.0281479193		5		6.50%		96.1		123.08		0.0225395519		0.0914886099		0.0299007236		6						78.48		132.909		0.0170456663		0.0890845117		0.0181414482		6

		9		29.2		0.0088975213		0.1650549929		0.0014518962				9		28.5		0.0091160569		0.1668858208		0.0014908075				50		260.7		0.0166096165		0.0726043024		0.0258339403		5		6.11%		99.8		133.06		0.0216517199		0.0890498807		0.0291344808		6						83.52		141.261		0.0170678016		0.0872619387		0.0189487326		6

		9		30.1		0.0086314824		0.1627984099		0.0014045448				9		29.4		0.0088369939		0.1645443099		0.0014411214				50		275.7		0.0157059377		0.0715583825		0.0238033672		5		5.75%		103.2		143.38		0.0207778448		0.0868277436		0.0282335831		6						89.28		150.189		0.017160322		0.0855020778		0.0199415416		6

		9		31		0.008380891		0.1606438658		0.0013599623				9		30.3		0.0085745089		0.1623110732		0.0013944069				50		290.7		0.0148955178		0.0706072243		0.0220104808		5		5.44%		106.8		154.06		0.0200120111		0.0847922831		0.0274734774		6						95.4		159.729		0.0172414576		0.0838050495		0.0209436981		6

		9		31.9		0.0081444395		0.158584056		0.0013179146				9		31.2		0.0083271673		0.160178186		0.0013504071				50		305.7		0.0141646288		0.0697382836		0.0204186264		5		5.16%		110		165.06		0.0192380133		0.0829288621		0.0265552613		6						101.52		169.881		0.0172510756		0.0821764996		0.0217971394		6

		9		32.8		0.0079209641		0.1566123846		0.0012781929				9		32.1		0.0080936954		0.1581385094		0.0013088935				50		320.7		0.0135021111		0.0689411656		0.0189981013		5		4.91%		113.4		176.4		0.0185576872		0.0812145614		0.0257744148		6						108.36		180.717		0.0173092944		0.0806099477		0.0227944801		6

		9		33.7		0.007709425		0.1547228785		0.0012406109				9		33		0.0078729582		0.1561855928		0.0012696626				75		343.2		0.0189253803		0.0678615243		0.0381596007		5		7.02%		116.6		188.06		0.0178982881		0.0796357896		0.0249455487		6						115.56		192.273		0.0173499652		0.0791054858		0.0237696579		6

		9		34.6		0.0075088908		0.1529101138		0.0012050015				9		33.9		0.0076639416		0.154313591		0.0012325327				75		365.7		0.0177609804		0.0669003969		0.0346408642		5		6.56%		119.8		200.04		0.0172881829		0.078177859		0.0241594164		6						123.48		204.621		0.0174203066		0.0776589862		0.0248505035		6

		9		35.5		0.0073185245		0.1511691525		0.0011712146				9		34.8		0.0074657362		0.1525171933		0.0011973407				75		388.2		0.0167315573		0.0660390342		0.0315961323		5		6.15%		122.9		212.33		0.0167089785		0.0768291753		0.0233760354		6						131.76		217.797		0.0174638933		0.0762712871		0.0258789409		6

		9		36.4		0.007137572		0.1494954886		0.0011391149				9		35.7		0.0072775244		0.1507915622		0.00116394				75		410.7		0.015814927		0.0652624825		0.0289425935		5		5.80%		125.9		224.92		0.0161587229		0.0755794499		0.0225993912		6						140.4		231.837		0.0174821055		0.0749427361		0.026847711		6

		27		39.1		0.0199340886		0.1448387409		0.0094265149				27		38.4		0.0202974704		0.145996932		0.0096179579				100		440.7		0.0196511324		0.0643384586		0.0456049611		5		7.30%		129		237.82		0.01565852		0.0744178201		0.0218971941		6						150.12		246.849		0.0175556357		0.0736674319		0.0280035665		6

		27		41.8		0.01864648		0.140658057		0.0087486069				27		41.1		0.0189640599		0.1417006543		0.0089157361				100		470.7		0.0183986701		0.0635212401		0.0411026742		5		6.81%		131.9		251.01		0.0151692165		0.0733373805		0.0211676754		6						159.84		262.833		0.0175555708		0.0724492497		0.0289396318		6

		27		44.5		0.0175151205		0.1368793449		0.0081536766				27		43.8		0.0177950425		0.1378239231		0.0083008026				100		500.7		0.0172962933		0.0627931511		0.0372424976		5		6.37%		134.8		264.49		0.0147126198		0.0723302998		0.0204778987		6						170.64		279.897		0.0175991615		0.0712832848		0.0300266447		6

		27		47.2		0.0165131963		0.1334436338		0.0076275212				27		46.5		0.016761782		0.1343042606		0.0077579939				125		538.2		0.0201139308		0.0619874		0.0513277246		5		7.49%		137.7		278.26		0.0142854043		0.0713897226		0.0198244008		6						182.16		298.113		0.0176393054		0.0701682096		0.031113437		6

		27		49.9		0.0156196967		0.1303033304		0.0071590003				27		49.2		0.0158419281		0.131091416		0.0072754623				125		575.7		0.0188037477		0.0612780052		0.0460223943		5		6.97%		140.5		292.31		0.0138752887		0.0705102192		0.0191780878		6						194.4		317.553		0.0176721512		0.0691028997		0.0321827777		6

		27		52.6		0.0148179252		0.1274195489		0.0067392524				27		51.9		0.0150177816		0.1281444573		0.0068438162				125		613.2		0.017653812		0.0606485389		0.0415036368		5		6.51%		144		306.71		0.0135532651		0.0696824612		0.0187396121		6						207.36		338.289		0.0176948337		0.0680863264		0.0332191845		6

		27		55.3		0.014094446		0.1247601678		0.0063611408				27		54.6		0.014275144		0.1254296645		0.0064555157				125		650.7		0.0166364185		0.0600861274		0.0376224888		5		6.12%		289.5		335.66		0.0248976498		0.0682090589		0.0645371658		4						221.4		360.429		0.0177323897		0.0671159868		0.0343134746		6

		27		58		0.0134383252		0.1222983915		0.0060188538				27		57.3		0.0136024933		0.1229189776		0.0061044371				125		688.2		0.0157299005		0.0595805351		0.0342638277		5		5.76%		393.4		375		0.0302839461		0.0665331997		0.098717495		4						236.16		384.045		0.0177514405		0.0661913133		0.0353369363		6

		27		60.7		0.0128405744		0.1200116688		0.0057076105				27		60		0.0129903811		0.1205888331		0.0057855559				125		725.7		0.0149170698		0.0591235187		0.0313375046		5		5.45%		480		423		0.0327574621		0.0648693905		0.120268003		4						252		409.245		0.0177756928		0.065310383		0.0363772919		6

		27		63.4		0.012293736		0.1178808681		0.0054234424				27		62.7		0.0124309867		0.1184192805		0.0054947109				125		763.2		0.0141841163		0.0587083632		0.0287720867		5		5.17%		550		478		0.0332157582		0.063336453		0.1291724861		4						288		438.045		0.0189794288		0.0644156341		0.0425031355		8

		27		66.1		0.0117915713		0.1158896392		0.0051630277				27		65.4		0.0119177808		0.1163933014		0.0052284259				125		800.7		0.0135198171		0.0583295419		0.0265103629		5		4.91%		630		541		0.0336165129		0.0619313316		0.1378203295		4						308.16		468.861		0.0189732414		0.063568612		0.0435916678		8

		27		68.8		0.0113288207		0.1140239163		0.004923565				27		68.1		0.0114452697		0.1144962792		0.0049837752				125		838.2		0.0129149577		0.0579824639		0.0245060639		5		4.68%		690		610		0.0326534169		0.0606994747		0.1355142384		4						328.32		501.693		0.0188915971		0.062770405		0.0443079014		8

		27		71.5		0.0109010191		0.112271524		0.0047026753				27		70.8		0.0110087975		0.1127155813		0.0047582783				125		875.7		0.012361902		0.0576632833		0.0227214362		5		4.47%		750		685		0.0316067666		0.0596216783		0.1318256897		4						348.48		536.541		0.0187492682		0.0620208724		0.0446955462		8

		27		74.2		0.0105043513		0.1106218639		0.004498325				27		73.5		0.0106043927		0.1110402268		0.0045498185				125		913.2		0.011854268		0.0573687536		0.0211254218		5		4.28%		810		766		0.0305256996		0.0586788845		0.1272199323		4						374.4		573.981		0.0188298864		0.0613086655		0.0461024805		8

		27		76.9		0.0101355379		0.1090656619		0.0043087659				27		76.2		0.0102286465		0.1094606198		0.0043565785				125		950.7		0.0113866809		0.0570961149		0.019692279		5		4.11%		870		853		0.0294428332		0.0578533538		0.1220523171		4						397.44		613.725		0.0186942108		0.0606402289		0.0464401445		8

		27		79.6		0.0097917445		0.1075947637		0.0041324865				27		78.9		0.0098786168		0.1079683332		0.0041769898				125		988.2		0.0109545816		0.0568430057		0.0184005232		5		3.94%		910		944		0.0278277937		0.0571433301		0.1122732661		4						426.24		656.349		0.0187468693		0.0600065523		0.047665177		8

		27		82.3		0.0094705087		0.1062019672		0.0039681737				27		81.6		0.0095517508		0.1065559321		0.0040096908				125		1025.7		0.0105540777		0.0566073935		0.0172321073		5		3.79%		960		1040		0.0266469355		0.0565217793		0.1055590483		4						452.16		701.565		0.0186051683		0.0594124602		0.0478857623		8

		27		85		0.0091696807		0.1048808848		0.0038146807				27		84.3		0.0092458228		0.1052168297		0.0038534945				125		1063.2		0.0101818261		0.056387519		0.0161717809		5		3.66%		1020		1142		0.0257835935		0.0559701885		0.1010057527		4						483.84		749.949		0.0186242767		0.0588506486		0.0488809458		8

		27		87.7		0.0088873759		0.103625829		0.0036710022				27		87		0.0089588835		0.1039451668		0.003707361				125		1100.7		0.0098349392		0.0561818518		0.0152065846		5		3.53%		1070		1249		0.0247303758		0.0554838965		0.0948368921		4						515.52		801.501		0.0185673886		0.0583218114		0.0494540052		8

		27		90.4		0.0086219343		0.1024317169		0.0035362529				27		89.7		0.0086892181		0.1027357121		0.0035703757				250		1175.7		0.0184151017		0.0558079521		0.0530346602		5		6.81%		1110		1360		0.0235609853		0.0550567889		0.0877188882		4						550.08		856.509		0.0185397256		0.0578233557		0.0501436255		8

		27		93.1		0.008371889		0.101293991		0.0034096499				27		92.4		0.0084353124		0.1015837786		0.0034417308				250		1250.7		0.017310814		0.0554768105		0.0475528865		5		6.38%		1150		1475		0.0225068749		0.0546793426		0.081400698		4						587.52		915.261		0.0185304973		0.0573532241		0.0508995665		8

		27		95.8		0.008135938		0.1002085508		0.0032904991				27		95.1		0.008195824		0.1004851533		0.0033207101				250		1325.7		0.016331474		0.0551814742		0.0428767641		5		6.00%		1200		1595		0.0217185054		0.0543413108		0.076909857		4						627.84		978.045		0.0185310284		0.0569097405		0.0516792689		8

		27		98.5		0.0079129225		0.0991716965		0.0031781819				27		97.8		0.0079695589		0.0994360375		0.0032066768				250		1400.7		0.0154570108		0.0549164231		0.0388561664		5		5.66%		1240		1719		0.0208235699		0.0540398233		0.0716739159		4						668.16		1044.861		0.0184599844		0.0564931813		0.0520338635		8

		27		101.2		0.007701807		0.0981800798		0.0030721464				27		100.5		0.0077554514		0.0984329961		0.0030990624				250		1475.7		0.014671434		0.0546772179		0.0353743134		5		5.35%		1280		1847		0.0200056401		0.0537696464		0.0669724001		4						714.24		1116.285		0.0184704917		0.056100233		0.0528055736		8

		27		103.9		0.0075016637		0.0972306625		0.0029718976				27		103.2		0.0075525471		0.0974729141		0.002997358				250		1550.7		0.0139618463		0.054460248		0.0323392741		5		5.08%		1320		1979		0.0192547336		0.0535264736		0.0627328164		4						763.2		1192.605		0.018473582		0.0557298545		0.0535093557		8

		27		106.6		0.0073116591		0.0963206808		0.002876991				27		105.9		0.0073599893		0.0965529597		0.0029011065				250		1625.7		0.0133177309		0.0542625464		0.0296778892		5		4.84%		1360		2115		0.0185625618		0.053306731		0.0588948816		4						812.16		1273.821		0.0184052859		0.0553822278		0.0537763288		8

		27		109.3		0.0071310418		0.095447614		0.0027870261				27		108.6		0.0071770061		0.095670552		0.0028098966				375		1738.2		0.0186836685		0.0539968506		0.05817093		5		6.92%		1400		2255		0.0179221813		0.0531074299		0.0554080803		4						866.88		1360.509		0.0183936086		0.0550549838		0.0543337405		8

		27		112		0.0069591327		0.0946091584		0.0027016409				27		111.3		0.0070029008		0.0948233332		0.0027233569				375		1850.7		0.0175479292		0.0537623737		0.0519199732		5		6.47%		1440		2399		0.017327728		0.0529260536		0.0522297841		4						924.48		1452.957		0.0183676729		0.0547472537		0.0547795375		8

		81		120.1		0.0194693471		0.0922812015		0.0220136578				81		119.4		0.019583489		0.0924720973		0.0221788568				375		1963.2		0.0165423557		0.053553913		0.0466202947		5		6.08%		1470		2546		0.0166674174		0.0527615246		0.0487103654		4						987.84		1551.741		0.0183770903		0.0544573783		0.0554042139		8

		81		128.2		0.0182392246		0.0901982562		0.0202401377				81		127.5		0.0183393615		0.0903696114		0.0203840121				375		2075.7		0.0156457834		0.0533673622		0.0420889886		5		5.73%		1510		2697		0.0161623824		0.0526107427		0.0461243092		4						1054.08		1657.149		0.0183620595		0.0541847743		0.0558592208		8

		81		136.3		0.0171553088		0.0883221775		0.018689088				81		135.6		0.0172438687		0.0884769523		0.0188153588				500		2225.7		0.0194551243		0.0531471257		0.0648948908		5		7.23%		1550		2852		0.015688866		0.0524721926		0.0437419978		4						1123.2		1769.469		0.0183241363		0.0539287918		0.0561501373		8

		81		144.4		0.0161929958		0.0866225294		0.0173227681				81		143.7		0.0162718761		0.0867631014		0.0174343479				500		2375.7		0.0182267417		0.0529539507		0.0575790912		5		6.74%		1580		3010		0.0151530469		0.0523453267		0.0410571633		4						1200.96		1889.565		0.0183474657		0.0536876442		0.0567825756		8

		81		152.5		0.0153329088		0.085074702		0.0161114157				81		151.8		0.0154036139		0.0852030049		0.0162106164				500		2525.7		0.017144265		0.0527831347		0.0514270148		5		6.31%		1620		3172		0.0147431815		0.0522280985		0.0390786912		4						1278.72		2017.437		0.0182972092		0.0534614596		0.0569462512		8

		81		160.6		0.0145595803		0.0836585601		0.0150312519				81		159.9		0.0146233183		0.0837761841		0.0151199312				625		2713.2		0.0199493542		0.052595539		0.0695169753		5		7.42%		1650		3337		0.0142737181		0.0521201673		0.0368221813		4						1365.12		2153.949		0.0182955214		0.0532487597		0.0573794254		8

		81		168.7		0.0138605133		0.0823574553		0.0140630566				81		168		0.0139182654		0.0824657216		0.0141427238				625		2900.7		0.0186598365		0.0524316489		0.0614409246		5		6.91%		1690		3506		0.0139150307		0.052019951		0.035158491		4						1457.28		2299.677		0.0182930255		0.0530487941		0.0577856384		8

		81		176.8		0.0132255011		0.0811574917		0.0131911309				81		176.1		0.0132780726		0.0812575074		0.0132630244				625		3088.2		0.0175269049		0.0522872361		0.0546856897		5		6.46%																		1555.2		2455.197		0.0182856027		0.0528608904		0.058139957		8

		81		184.9		0.0126461254		0.0800469711		0.0124025306				81		184.2		0.0126941834		0.0801396718		0.012467676																																		1658.88		2621.085		0.0182701975		0.0526844304		0.0584234485		8

		81		193		0.0121153813		0.0790159687		0.0116864912				81		192.3		0.012159483		0.079102151		0.0117457444														min		3.53%																		1771.2		2798.205		0.0182724782		0.0525185799		0.0587970343		8

		81		201.1		0.0116273923		0.0780560051		0.0110339903				81		200.4		0.0116680069		0.0781363515		0.0110880713														average		6.91%																		1889.28		2987.133		0.0182579135		0.0523628754		0.0590458393		8

		81		209.2		0.0111771921		0.077159788		0.0104374119				81		208.5		0.0112147175		0.0772348873		0.0104869304																																		2016		3188.733		0.0182507934		0.0522166546		0.0593227122		8

		81		217.3		0.0107605549		0.0763210093		0.0098902844				81		216.6		0.0107953305		0.0763913721		0.0099357599

		81		225.4		0.0103738624		0.0755341817		0.0093870754				81		224.7		0.0104061798		0.0756002534		0.0094289534

		81		233.5		0.0100139982		0.0747945079		0.008923029				81		232.8		0.0100441091		0.0748566786		0.0089616933

		81		241.6		0.009678264		0.0740977741		0.0084940353				81		240.9		0.0097063868		0.0741563873		0.0085298183

		81		249.7		0.0093643115		0.0734402626		0.0080965254				81		249		0.0093906369		0.0734956218		0.0081297164

		81		257.8		0.0090700876		0.0728186798		0.0077273863				81		257.1		0.0090947825		0.0728710545		0.0077582383

		81		265.9		0.0087937894		0.072230097		0.0073838912				81		265.2		0.0088170007		0.0722797273		0.007412626

		81		274		0.008533827		0.0716719004		0.007063642				81		273.3		0.0085556846		0.0717190008		0.0070904553

		81		282.1		0.0082887933		0.0711417495		0.0067645221				81		281.4		0.0083094122		0.0711865124		0.0067895866

		81		290.2		0.0080574383		0.0706375417		0.0064846565				81		289.5		0.0080769209		0.0706801401		0.0065081256

		81		298.3		0.0078386476		0.0701573826		0.006222379				81		297.6		0.0078570853		0.0701979727		0.0062443892

		81		306.4		0.0076314249		0.0696995604		0.005976204				81		305.7		0.0076488995		0.0697382836		0.0059968772

		81		314.5		0.0074348763		0.0692625245		0.0057448036				81		313.8		0.0074514614		0.0692995088		0.0057642488

		81		322.6		0.0072481977		0.0688448664		0.0055269869				81		321.9		0.0072639596		0.0688802284		0.005545302

		81		330.7		0.007070664		0.0684453037		0.0053216835				81		330		0.0070856624		0.0684791497		0.0053389568

		81		338.8		0.0069016192		0.0680626665		0.0051279288				81		338.1		0.0069159083		0.0680950933		0.0051442397

		162		355		0.0131733442		0.0673439772		0.0189525842				162		354.3		0.0131993711		0.067373825		0.0190101511

		162		371.2		0.0125984299		0.0666812574		0.0176917369				162		370.5		0.0126222326		0.0667088261		0.0177435208

		162		387.4		0.0120715983		0.0660681271		0.0165552383				162		386.7		0.0120934502		0.0660936715		0.016602003

		162		403.6		0.0115870594		0.0654991508		0.015526963				162		402.9		0.0116071908		0.0655228887		0.0155693482

		162		419.8		0.0111399171		0.0649696671		0.0145933579				162		419.1		0.0111585235		0.0649917859		0.014631903

		162		436		0.0107260027		0.064475655		0.0137429588				162		435.3		0.010743251		0.0644963167		0.0137781213

		162		452.2		0.0103417452		0.0640136264		0.0129660104				162		451.5		0.0103577789		0.0640329718		0.0129981808

		162		468.4		0.0099840674		0.0635805399		0.0122541658				162		467.7		0.0099990104		0.0635986924		0.0122836792

		162		484.6		0.0096503037		0.0631737315		0.0116002466				162		483.9		0.0096642637		0.063190799		0.0116273917

		162		500.8		0.0093381333		0.0627908568		0.0109980496				162		500.1		0.0093512041		0.0628069348		0.0110230765

		162		517		0.0090455265		0.0624298446		0.0104421902				162		516.3		0.0090577904		0.0624450175		0.0104653164

		162		533.2		0.0087706999		0.0620888577		0.0099279748				162		532.5		0.0087822294		0.0621032005		0.0099493904

		162		549.4		0.0085120808		0.0617662609		0.009451296				162		548.7		0.00852294		0.0617798404		0.0094711675

		162		565.6		0.0082682765		0.0614605933		0.009008546				162		564.9		0.0082785222		0.0614734693		0.0090270201

		162		581.8		0.0080380495		0.0611705459		0.0085965447				162		581.1		0.0080477322		0.0611827722		0.0086137507

		162		598		0.0078202963		0.0608949422		0.0082124797				162		597.3		0.0078294612		0.0609065671		0.0082285323

		162		614.2		0.0076140299		0.0606327216		0.007853856				162		613.5		0.0076227175		0.0606437887		0.007868857

		162		630.4		0.0074183648		0.0603829257		0.0075184536				162		629.7		0.0074266114		0.0603934745		0.0075324938

		162		646.6		0.0072325041		0.0601446858		0.0072042916				162		645.9		0.0072403424		0.0601547522		0.007217452

		162		662.8		0.007055729		0.0599172131		0.0069095977				162		662.1		0.0070631886		0.0599268295		0.006921951

		162		679		0.0068873891		0.059699789		0.0066327822				162		678.3		0.0068944968		0.0597089851		0.0066443936

		162		695.2		0.0067268947		0.059491758		0.0063724157				162		694.5		0.0067336748		0.0595005611		0.006383344

		162		711.4		0.0065737098		0.0592925209		0.00612721				162		710.7		0.0065801846		0.0593009557		0.006137508

		162		727.6		0.0064273463		0.0591015284		0.0058960012				162		726.9		0.0064335358		0.0591096176		0.005905717

		162		743.8		0.0062873584		0.0589182762		0.0056777363				162		743.1		0.0062932811		0.0589260409		0.0056869131

		162		760		0.0061533384		0.0587423007		0.0054714597				162		759.3		0.0061590112		0.0587497601		0.0054801371

		162		776.2		0.0060249126		0.0585731747		0.0052763034				162		775.5		0.006030351		0.0585803465		0.0052845171

		162		792.4		0.005901738		0.058410504		0.0050914766				162		791.7		0.0059069561		0.0584174045		0.0050992594

		324		824.8		0.0113398089		0.0581030974		0.0188671008				324		824.1		0.011349441		0.0581095		0.0188947431

		324		857.2		0.0109111927		0.0578174755		0.0176514366				324		856.5		0.0109201102		0.0578234323		0.0176764391

		324		889.6		0.0105137976		0.0575513924		0.0165500212				324		888.9		0.0105220771		0.0575569487		0.0165727108

		324		922		0.0101443323		0.0573029018		0.0155489246				324		921.3		0.0101520399		0.0573080967		0.0155695789

		324		954.4		0.0097999522		0.0570703085		0.0146362838				324		953.7		0.0098071452		0.0570751764		0.0146551399

		324		986.8		0.0094781864		0.056852129		0.0138019443				324		986.1		0.0094849147		0.0568566998		0.0138192057

		324		1019.2		0.0091768783		0.0566470593		0.0130371725				324		1018.5		0.0091831854		0.0566513595		0.0130530146

		324		1051.6		0.0088941369		0.0564539486		0.0123344224				324		1050.9		0.0089000612		0.0564580016		0.012348997

		324		1084		0.0086282974		0.0562717773		0.011687147				324		1083.3		0.0086338728		0.0562756039		0.0117005861

		324		1116.4		0.0083778882		0.0560996388		0.0110896428				324		1115.7		0.0083831445		0.0561032576		0.0111020618

		324		1148.8		0.0081416037		0.0559367243		0.010536923				324		1148.1		0.0081465677		0.0559401518		0.0105484226

		324		1181.2		0.0079182817		0.0557823099		0.0100246111				324		1180.5		0.007922977		0.0557855609		0.0100352802

		324		1213.6		0.0077068839		0.0556357456		0.0095488538				324		1212.9		0.0077113318		0.0556388333		0.0095587706

		324		1246		0.0075064802		0.0554964462		0.0091062473				324		1245.3		0.0075106997		0.0554993827		0.009115481

		324		1278.4		0.0073162346		0.0553638833		0.0086937756				324		1277.7		0.0073202429		0.0553666795		0.0087023878

		324		1310.8		0.0071353939		0.0552375788		0.0083087589				324		1310.1		0.0071392064		0.0552402446		0.0083168041

		324		1343.2		0.0069632775		0.0551170988		0.0079488092				324		1342.5		0.0069669083		0.055119643		0.0079563362

		324		1375.6		0.0067992689		0.0550020487		0.007611793				324		1374.9		0.0068027306		0.0550044795		0.0076188455

		324		1408		0.0066428085		0.0548920687		0.0072957995				324		1407.3		0.0066461127		0.0548943936		0.0073024166

		324		1440.4		0.0064933868		0.0547868303		0.0069991132				324		1439.7		0.006496544		0.054789056		0.0070053301

		324		1472.8		0.0063505394		0.0546860329		0.0067201902				324		1472.1		0.0063535591		0.0546881657		0.0067260385

		324		1505.2		0.0062138416		0.0545894006		0.0064576382				324		1504.5		0.0062167327		0.0545914461		0.0064631466

		324		1537.6		0.0060829048		0.0544966801		0.0062101989				324		1536.9		0.0060856753		0.0544986436		0.0062153932

		324		1570		0.0059573722		0.0544076381		0.0059767327				324		1569.3		0.0059600295		0.0544095245		0.0059816364

		324		1602.4		0.0058369161		0.0543220597		0.0057562056				324		1601.7		0.005839467		0.0543238734		0.0057608401

		324		1634.8		0.0057212346		0.0542397464		0.0055476777				324		1634.1		0.0057236854		0.0542414915		0.0055520623

		324		1667.2		0.0056100494		0.0541605144		0.005350293				324		1666.5		0.0056124059		0.0541621949		0.0053544453

		324		1699.6		0.0055031033		0.0540841938		0.0051632704				324		1698.9		0.0055053707		0.0540858131		0.0051672066

		648		1764.4		0.0106019886		0.0539396667		0.0191334431				648		1763.7		0.0106061965		0.0539411732		0.0191474317

		648		1829.2		0.0102264098		0.0538050315		0.0179019582				648		1828.5		0.0102303247		0.0538064366		0.0179146194

		648		1894		0.0098765305		0.0536793051		0.0167855404				648		1893.3		0.0098801821		0.0536806188		0.0167970368

		648		1958.8		0.0095498002		0.0535616306		0.0157702999				648		1958.1		0.0095532142		0.0535628615		0.0157807701

		648		2023.6		0.0092439952		0.0534512578		0.0148443798				648		2022.9		0.009247194		0.0534524135		0.0148539422

		648		2088.4		0.0089571676		0.0533475269		0.0139976092				648		2087.7		0.0089601709		0.0533486141		0.0140063657

		648		2153.2		0.0086876039		0.0532498553		0.0132212239				648		2152.5		0.0086904291		0.0532508799		0.0132292625

		648		2218		0.0084337911		0.0531577268		0.0125076392				648		2217.3		0.0084364537		0.053158694		0.0125150363

		648		2282.8		0.0081943879		0.053070682		0.0118502646				648		2282.1		0.0081969014		0.0530715966		0.0118570866

		648		2347.6		0.007968201		0.0529883111		0.0112433515				648		2346.9		0.0079705777		0.0529891773		0.0112496564

		648		2412.4		0.0077541654		0.0529102474		0.0106818673				648		2411.7		0.0077564161		0.0529110689		0.0106877062

		648		2477.2		0.0075513276		0.0528361613		0.0101613914				648		2476.5		0.007553462		0.0528369414		0.010166809

		648		2542		0.0073588311		0.0527657561		0.0096780276				648		2541.3		0.0073608581		0.052766498		0.0096830634

		648		2606.8		0.0071759048		0.0526987641		0.0092283315				648		2606.1		0.0071778323		0.0526994704		0.0092330206

		648		2671.6		0.0070018523		0.0526349427		0.008809249				648		2670.9		0.0070036874		0.052635616		0.0088136225

		648		2736.4		0.0068360432		0.0525740719		0.0084180646				648		2735.7		0.0068377924		0.0525747144		0.0084221501

		648		2801.2		0.0066779054		0.0525159516		0.008052357				648		2800.5		0.0066795746		0.0525165654		0.0080561793

		648		2866		0.0065269186		0.0524603994		0.0077099619				648		2865.3		0.0065285131		0.0524609864		0.0077135431

		648		2930.8		0.0063826084		0.0524072488		0.0073889402				648		2930.1		0.0063841332		0.0524078106		0.0073923002

		648		2995.6		0.0062445416		0.052356347		0.0070875499				648		2994.9		0.0062460011		0.0523568854		0.0070907065

		648		3060.4		0.0061123215		0.0523075544		0.006804223				648		3059.7		0.0061137199		0.0523080707		0.0068071923

		648		3125.2		0.0059855845		0.0522607425		0.006537545				648		3124.5		0.0059869255		0.052261238		0.0065403415

		648		3190		0.0058639965		0.0522157929		0.006286237				648		3189.3		0.0058652835		0.0522162689		0.0062888738

		648		3254.8		0.0057472498		0.0521725967		0.0060491406				648		3254.1		0.0057484861		0.0521730543		0.0060516297

		648		3319.6		0.0056350611		0.0521310532		0.0058252044				648		3318.9		0.0056362496		0.0521314934		0.0058275567

		648		3384.4		0.0055271684		0.0520910692		0.0056134726				648		3383.7		0.0055283118		0.0520914931		0.0056156978

		648		3449.2		0.0054233297		0.0520525587		0.0054130745				648		3448.5		0.0054244305		0.0520529671		0.0054151816

		648		3514		0.0053233206		0.0520154414		0.0052232156				648		3513.3		0.0053243813		0.0520158352		0.0052252128
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