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ABSTRACT

The SPIRE instrument for the FIRST mission will consist of a three band imaging submillimetre photometer and a two band imaging Fourier Transform Spectrometer (FTS) optimised for the 200-400 m range, and with extended coverage out to 670 m.  The FTS will be used for follow-up spectroscopic studies of objects detected in photometric surveys by SPIRE and other facilities, and to perform medium resolving power (R~500 at 250 m) imaging spectroscopy on galactic and nearby extra-galactic sources.  

The FTS is of a novel design for the far infrared and sub-millimetre regime as is uses twin broadband intensity beam splitters in a Mach-Zehnder configuration rather than the traditional polarising beam splitters.  This arrangement means that all four ports are still accessible whilst maintaining the maximum throughput and removing any polarisation sensitivity. The performance of this design has been demonstrated using a laboratory system. The overall design of the FTS is described together with the design of the novel beam splitters.  The performance of the laboratory instrument is reported together with results of the simulated performance of the flight design.
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1. introduction

The Far Infrared and Submillimetre Telescope (FIRST) mission1 is dedicated to observing the cosmos at wavelengths from 85 to 700 m.  It consists of a 3.5 m telescope at a temperature of 80 K with a suite of focal plane instruments cooled to <11 K in a liquid helium cryostat.  The SPIRE instrument2 is one of the three focal plane instruments for FIRST.  It will make observations in the 200 to 670 m band using bolometer detectors.  The focal plane unit of SPIRE is operated at cryogenic temperature (<11 K) and the NTD Germanium bolometer feedhorn arrays3 are operated at ~300 mK.  This temperature is provided by a 3He sorption cooler.  The instrument has two sub-instruments: a multi-frequency imaging photometer using three separate bolometer arrays with resolving power of about  ~ 3, and an imaging Fourier Transform Spectrometer (FTS) that provides a maximum resolving power of 1000 at 250 m.

The photometer will simultaneously image a 4x8 arcmin field of view onto spectral bands nominally centred on 250, 350 and 500 m.  A beam steering mirror will be used to move or spatially modulate the source image at the detector arrays.  To give complete spatial sampling of the field of view the image needs to be sequentially stepped by fractions of the Airy pattern diameter.  The spectrometer uses two bolometer arrays to give spectrally resolved images of a small (~2.6 arcmin) area of sky.  The two bolometer arrays have nominal optical bands of 200-300 and 300-670 m.  The spectrometer shares the input optics of the instrument with the photometer, including the beam steering mechanism.  This paper discusses the design; operation and predicted performance of the SPIRE FTS.  Further details of the design of the whole instrument can be found in reference 2; details of the optical design in reference 4 and the diffraction limited performance of the instrument in reference 5.

2. Choice of spectrometer type

One of the primary science goals for the SPIRE instrument is large area surveys (many 10’s of square degrees) using the photometer to enable the detection and location of high redshift galaxies through observation of the FIR and sub-millimeter radiation emitted from stellar UV radiation reprocessed via the interstellar dust in those galaxies.   Although large numbers of objects will be found in these surveys, the determination of an individual object’s redshift using just the three photometric bands would be subject to some uncertainty due to a) it being model dependent and b) that not all objects will be detected in all of the bands.  A spectrometer is therefore required to follow up the sources detected in the photometric survey to enable either a more precise determination of the spectral shape using narrow band spectro-photometry ( ~ 20) or the identification of redshifted FIR atomic fine structure lines, most notably CII(157m); OI(63m); OI(145m) and NII(205m), that are known to arise in the star formation regions of our own and nearby galaxies.  These lines should be present in the spectra of all galaxies undergoing active star formation.  A spectral resolving power of a few hundred is sufficient to allow unambiguous detection of this type of line, and, because the redshift, and therefore the wavelengths at which the lines will be seen, is unknown, an ability to rapidly spectrally survey a wide wavelength range is essential.

One of the other major science goals of SPIRE is to advance the understanding of the early evolution of star formation in our own and nearby galaxies.  Experience from the Infrared Space Observatory in observing galactic star formation regions has shown that good spatial resolution is essential for both photometric and spectroscopic observations as these regions contain gas and dust at different temperatures and ionisation states with relatively small angular separation.  Spatial confusion due to the modest angular resolution of the ISO telescope at FIR wavelengths (~80 arcsec) has thus severely limited the interpretation of the data.  Although most of the important cooling lines (CII(157m),OI(145m), OIII(88m) etc)  fall in the FIRST PACS instrument wavelength range6, the NII(205m) and the CI(370m) atomic lines  will be within the range of the SPIRE spectrometer as well as many molecular lines and, if the final design permits, the important CI(609m) ground state transition.  The FIRST HIFI instrument will also have access to these lines with very high spectral resolution, and thus velocity discrimination, but with limited spatial coverage per observation.  An instrument with modest spectral resolving power of order 500, but with a direct imaging capability, covering at least the 200 to 400 m band was therefore felt to be a natural complement to the HIFI and PACS instruments.

In choosing the type of spectrometer to implement the following factors and requirements were considered:

· The radiation background due to the 80 K 4% emissive telescope

· The need for wide spectral coverage – at least 200 to 400 m with a goal of 200 to 650 m

· The need for a resolving power of at least 100 over as much of the wavelength range as possible 

· The ability to have variable spectral resolving power or to be able to bin the spectra to any given, broader, resolution without incurring a signal to noise penalty

· The requirement to have diffraction limited spatial resolution over the 200 to 400 m band.

· The desirability of having a large instantaneous field of view

· The necessity of having both the maximum sensitivity possible and to cover the available spectral range as rapidly as possible.

· The difficulty in predicting and controlling the straylight environment within the SPIRE instrument.

The initial design of the SPIRE instrument7 envisaged a dilution refrigerator to cool the bolometer array to a temperature of 100 mK similar to that used on the Planck HFI intrument8.  This offered the possibility of having detector NEP’s of (1x10-17 W Hz-1/2.  This in turn meant that the use of a monochromating spectrometer could be contemplated such as a tandem Fabry-Perot or a diffraction grating to spectrally band limit the detectors and thus reduce the radiation from the telescope and increase the sensitivity.  A Fabry-Perot spectrometer was rejected early on because to achieve the broad spectral coverage inevitably meant using more than one Fabry-Perot mounted on an interchange wheel.  An early conceptual design of the instrument showed that three such wheels would be necessary resulting in an overly complex instrument design.  A grating spectrometer was therefore adopted as the baseline, although it could only image in one axis.

As the design of the instrument progressed it was recognised that the adoption of a 3He cooler would very much simplify the instrument and FIRST cryostat design and would also give a longer lifetime as there would be no additional instrument consumables.  This choice meant that the achievable detector NEP rose from 1x10-17 to 3x10-17 W Hz-1/2.  Further design evolution of the grating spectrometer concept also showed that, within the space available at the FIRST focal plane the spectrometer would only be capable of achieving a resolving power of around 400 over, at most, a wavelength range of 200 to 400 m.  Also it would, if the straylight could be reduced to the level of 10-20 femtowatts, be detector noise limited. Furthermore, the choice of slit size is difficult as one would either have to sacrifice spatial resolution at the shortest wavelengths, or throughput at the longest wavelengths as a slit plate or variable slit width was considered too complex to implement.
A comparison of the likely achievable sensitivity for the grating design and a nominal polarising Martin-Puplett FTS, showed that, although the grating would be nominally more sensitive, especially for detection of lines at known wavelengths, the difference was only a factor of 2 to 3.  It was felt that the loss in instantaneous sensitivity to unresolved lines at known positions was more than offset by the advantages of an FTS namely:

· Diffraction limited spectral imaging over a large field of view

· Large spectral coverage and instantaneous coverage of the whole spectral range

· Variable spectral resolving power

· Immunity to straylight and spectral contamination

3. The SPIRE FTS

The recent development of broad band intensity beam splitters covering the 200 to 700 m band9 – see section 4 - offers the possibility of increasing the sensitivity of the SPIRE spectrometer over the polarising type FTS as the loss of 50% of the input radiation is avoided.  These beam splitters offer the possibility of implementing a Mach-Zehnder type design; this has the advantage over the traditional Michelson that all four ports of the spectrometer are available4.  This, in turn, means that a calibration source can be placed in the second input port with the same spectral characteristics as the telescope.  A complementary spectrum of the “telescope” is then seen in the output ports which will null the central maximum at zero path difference (ZPD), thus reducing the requirements on the detector dynamic range and position jitter noise – see discussion in reference 4 and section 7.   In the SPIRE design, the two output ports are band limited to 200 to 300 m and 300 to 670 m to reduce the background radiation from the telescope.  The choice of the passbands was made so as to have approximately the same background loading on each bolometer array.

3.1 Optical Design

The outline optical configuration is shown in figure 1 and the optical design as implemented in the SPIRE instrument in figure 2.  We give here an outline description of the optical design, the detailed optical design is discussed in reference 4.  After reflection from the input mirrors M3, M4, and M5, which are common with the photometer optics, the spectrometer beam is picked off by M6s and sent out of the plane of the photometer system. The flat M7s redirects it into a parallel plane, separated by 170 mm from the photometer plane. The input relay mirror (Rin) focuses the beam to an intermediate image plane located just after the first beam splitter, after which the beam is collimated (Coll) and sent vertically towards the corner cube assembly. The corner cube shifts the beam and sends it up towards the camera mirror (Cam). Symmetrical with the collimator, the camera focuses the beam to an image plane just before the output beam splitter. The output relay mirror (Rout) focuses the beam onto the detector arrays. To accommodate the components within the available volume, a fold mirror is needed to take the beam out of the plane again.  This configuration allows a single mirror mechanism to be employed for both arms of the interferometer and achieves a folding of a factor of four in the optical path difference with respect to the actual movement of the mirrors.

All the powered mirrors and the mirror mechanism will be mounted from a common optical bench panel at 4 K (see figure 3).  The final fold mirror and the detector assemblies will be mounted from a thermally isolated box strapped to the FIRST cryostat liquid helium tank at 1.7 K.  A pupil image is located near the final fold mirror, making this a convenient place for the entrance aperture into the 1.7-K enclosure.  This pupil moves as the OPD changes, however, so it is not appropriate for a limiting cold stop.  Instead, a pupil stop is placed at 4 K between M6s and M7s.

In order to control the out of band radiation entering the instrument, filters will be placed at the entrance to the common optics box; at the instrument entrance aperture at 4 K; at the entrance to 1.7 K enclosure and finally band limiting filters will be placed directly in front of the bolometer arrays at 300 mK.  The beam splitters themselves will also have some limited out of band rejection capabilities.

The optical design has been analysed to evaluate both its geometrical and its diffraction limited imaging performance.  The geometrical quality gives a maximum rms wave front error of 7 m, a Strehl ratio greater than 0.97 across the FOV and a distortion of no more than 6%.  The feedhorns for the 200-300 m band will be designed to give a single Gaussian mode illumination of the instrument pupil.  The design of the feedhorns for the 300-670 m band will be challenging as they will have to provide good efficiency over a large spectral band.  A design has been proposed that gives single mode performance at the long wavelength end of the band with multi-moded operation at the shortwavelength end.  An analysis of the performance of the spectrometer with this type of horn5 has shown that this will only slightly increase the beam on sky at the short wavelengths and will have a coupling efficiency to the telescope at the longwavelength end of the band of about half that of the single mode at 350 m.  This design is being studied with a view to improving the control of the multi-mode performance and improving the long wavelength efficiency.
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Figure 1. The conceptual design of the SPIRE FTS: the concept is based on a Mach-Zehnder interferometer with its arms folded in order to avoid beam shearing during scanning of the optical path difference (OPD) and uses twin intensity dividing beamsplitters (BS1 and BS2). If the detectors could be used over the entire spectral range, this concept would provide 100% efficiency, but the requirement for two separate bands imposes a 50% channel separation loss. The folding allows the optical path of both arms to be changed simultaneously with a single scanning mechanism, hence doubling the available resolving power for a given moving mirror mechanism. BB: blackbody source, F: filter, D: detector, BS: beamsplitter, M: mirror, BCC: back-to-back corner cubes (or roof-tops).
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Figure 2. Optical diagram of the upper half of the SPIRE spectrometer. The symmetrical lower half is generated by reflection about the plane containing the two beam splitters.
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Figure 3:  General view of the accommodation of the SPIRE FTS into the common SPIRE structure.

3.2 SPECIFICATIOn

Optical and instrument design constraints result in the following specification parameters:

Field of view: 




2.6 arcmin circular

Strehl ratio at 250 m 



>0.97 over whole field
Throughput excluding beam divider efficiency: 
0.4

Wavelength coverage



(  = 200 - 667 m  or  15  - 50  cm-1








Optimised for operation in 200-400 m band

Spectral Bands




Band 1 - 200-299 (33 - 50 cm-1)








Band 2 - 299-667 (15 - 33 cm-1)
Required resolving power



(/((  =  100 at 250 (m  (40 cm-1) 


Spectral resolution 



((  =  0.4 cm‑1
Goal for resolving power



(/((  =  1000 at 250 (m  (40 cm-1) 


Maximum spectral resolution


((  =  0.04 cm‑1
Required optical path difference for goal

(  = 1/(2L)
  (
L = 12.5 cm
 

resolving power
We assume 14 cm for scan length to allow for accurate measurement of zero path difference

Linear travel of mirror mechanism


(14 cm)/4  = 3.5 cm (-0.3 + 3.2 cm)

Nyqvist sampling of optical path difference:

(xmax  =  1/(2(max)  








( (xmax  = 1/(2 x 33) = 0.015 cm  for band 2








( (xmax  = 1/(2 x 50) = 0.010 cm  for band 1

Audio frequencies



f  = vopd(





where vopd is the rate of change of the optical path 






difference.

Maximum allowed audio frequency


20 Hz
(from assumed detector response)








(  vopd = 20/50  = 0.4 cm s-1

Maximum mirror velocity



vmirrors = vopd/4 = 0.1 cm s-1
Audio freq. band 
for maximum mirror velocity
15 - 33 cm-1  ( 6 - 13 Hz









33 - 50 cm-1 ( 13 - 20 Hz  

4. Beam divider

Many types of beamsplitters have been used in far infrared Fourier spectrometers ranging from the standard dielectric film (usually Mylar), inductive metal mesh and polarisers (free standing wires or metal strips deposited on a thin substrate). However, the dielectric and metal mesh beamsplitters have a limited spectral range and typical efficiencies (4RT) of 60 and 75%, respectively.  By comparison, the polariser affords a high efficiency over a broad spectral range. However, as discussed above, in its basic form the polarising FTS detects only one source polarisation and thus 50% of the input spectrum is lost.

Extending previous work in the development of far infrared metal mesh filter technology10, we have developed an intensity beamsplitter with a high and uniform efficiency over a broad spectral range which is insensitive to source polarisation.  The beamsplitter uses two metal meshes in a Fabry-Perot configuration designed to meet the 50% transmission and 50% reflection criteria of an ideal intensity beamsplitter.  By using complementary structures (capacitive and inductive grids) on a thin Mylar support substrate we have been able to achieve beamsplitter efficiencies (4RT) above 90% over a range in frequency of a factor of 4.  Furthermore, the precise spectral range can be accurately determined by the geometry of the grids and their spacing.  One serendipitous feature of these beamsplitters is that the beamsplitters also have 50% transmission and reflection at the HeNe laser wavelength (632.8 nm), which greatly simplifies the alignment of the interferometer.  The measured efficiency of the new beamsplitters is shown in Figure 4.

Figure 4:  Measured performance of the capacitative-inductive grid broadband beam splitters of the same type that are to be used in the SPIRE FTS

5. Laboratory demonstration

In order to demonstrate the operation of the new beam dividers and the principle of the operation of the SPIRE FTS, a laboratory system has been built.  This is shown in figure 5.  To simply the building of the laboratory demonstrator, the beam is collimated before it enters the interferometer and only plain fold mirrors are used within the collimated section of the beam.  The moving mirrors were mounted on a commercial linear stage with a Heidenhain Moiré fringe encoder for the position readout.  The detector used was a 1.5-K bolometer.  Interferograms have been taken with each of the input ports viewing black room temperature surfaces whilst the other is seeing a 77-K black surface.  These are shown in figure 6 together with the resulting signal with the two added together and the signal seen with the detector blanked off.  It can be seen that there is little or no residual interferometric signal in the co-added interferograms indicating that each input port is indeed the complement of the other and further that the two arms are very well balanced.  As a further test of the spectrometer operation a CO gas cell was placed in the input port before the first beam divider.  The CO spectrum is thus seen in absorption against an 800-K black body source.  The same cell was also placed in front of a 77-K source in the input port, the relatively warm CO is then seen in emission – see figure 7.  A detailed study of the unapodised instrument line shape shows that it fits with the theoretical (Sinc)2 function as expected.

6. MIRROR Mechanism

6.1 Mirror carriage

The requirements on the mirror mechanism are that it does not shift or tilt the beam during a scan of –0.3 to 3.5 cm and that the position at any point in the scan range can be reconstructed with an accuracy of 0.1 m.  The latter is set by the requirement that the achieved signal to noise in the spectrum is not dominated by position jitter, at least in the case of a compensated signal (see discussion in reference 4 and section 7).  A prototype mechanism has been constructed at Goddard Spaceflight Center (GSFC) that is based on a double parallelogram system with a frictionless gear to ensure that the two parallelogram structures move together.  Figures 8 shows the side and end views of the prototype mechanism with a commercial actuator fitted and a dummy corner cube mirror.

6.2 Position encoder

For the position measurement system, a Heidenhain LIP interferential linear encoder11 is preferred over a linear variable differential transformer (LVDT) transducer for its better accuracy.  Cryogenic tests indicate that the Heidenhain encoder may be used at liquid helium temperatures with only minor modifications to the optical head.  The optical encoder will have a resolution of 0.1 m or better and gives a “pulse” as each position is passed rather than an absolute distance measurement.  The encoder will be fitted to the outside of the mirror carriage.  Measuring the position at a distance from the signal beam imposes stringent requirements on the “nodding” movement of the mirror mechanism, possibly stricter than those imposed by the optical requirements of the spectrometer.  The actual value of the requirement will depend on the final configuration of the flight optical encoder and the final carriage design.

6.3 control system and readout

The baseline design of the spectrometer is that it should be operated in “rapid scan” mode with a constant mirror velocity and the time at which each position is passed recorded.  The mirror movement will be controlled by a digital feed back loop that uses the time between successive pulses from the optical encoder to control the speed of the mirrors.  In order that the mirror velocity jitter in the signal detection band (essentially 0.03-25 Hz) does not affect the achieved signal to noise, the feedback loop will be operated at about 2 kHz.  The digital feedback loop will be implemented using a digital signal processor, most likely the TEMIC TSC21020 type that is already baselined for the instrument on board computer.  The detectors could be read out in one of two methods given the encoder type we plan to implement:

Position sampling with synchronised detector readout.  In this scenario the mirror position pulse is used to trigger the readout of the detectors.  The time taken to readout the detector array will need to include any possible uncertainty in the time interval between positions due to the uncertainty in the mirror velocity.  This method has the advantage that each frame will be recorded at a known mirror position within the uncertainty of the mirror velocity from one position sample to the next.  This means the interferograms can be safely co-added with no need to interpolate the data onto a common position grid.  The disadvantage of this method is that it requires both a synchronisation pulse from the mirror drive electronics to the detector read-out electronics (and therefore makes the electronics more complicated) and a higher readout rate for the detectors. 
Time sampling.  Here the time of each pulse from the position sensor is recorded and the detectors are independently sampled; with perhaps a start pulse at the start of the scan to synchronise the readout.  The advantage of this scenario is that it is simpler to implement in the electronics and will be less prone to operational difficulties associated with timing between the position readout and detector readout.  The disadvantage is that, because of the uncertainty in the mirror velocity and any hysteresis or scan to scan variability in the positioning of the mirror, the detector readouts will have to be interpolated onto a common position grid before co-addition of the interferograms.  In practical terms this will probably prevent on board co-addition of the interferograms and the mirror scan speed will therefore have to be adjusted to allow the data sampling rate to fit within the 100 kbit/second telemetry bandwidth available for the FIRST instruments.

After an assessment of the implementation of the two methods in the electronics system for the SPIRE instrument, it was decided to adopt the time sampling method as the default operating mode.  The impact of this on the performance of the instrument has been simulated and is reported in section 7.
7. performance simulations

7.1 instrument sensitivity

A radiometric model of the SPIRE instrument has been constructed and the results are reported by Griffin et al2.  This shows that, given the estimated throughput of the FTS filters and optics and a detector noise equivalent power (NEP) of 3x10‑17 W Hz-1/2, the instrument NEP for the FTS will be between 1.4x10-16 and 1.8x10-16 W Hz-1/2.  This is equivalent to a 1-in 1 hour detection sensitivity of about 6x10-18 W m-2 in the 200-400 m band for the under-illuminated telescope diameter of 3.28 m.  However, this level of sensitivity will only be reached if the noise in the interferograms is truly dominated by the photon noise from the telescope background.  To evaluate what performance is required from the velocity control system of the mirrors to ensure that the instrument remains background noise limited and not limited by noise induced by the mirror scan mechanism control, we have performed a number of computer simulations of the instrument performance.

7.2 position error and compensation

The initial simulations showed that the mirror position measurement accuracy had to be better than a few tens of nanometres if the signal to noise on the uncompensated signal was to be photon noise limited.  This level of accuracy will be very difficult to achieve within the envelope and resources available for the SPIRE instrument.  If the signal is compensated to reduce the dynamic range of the ZPD peak then a position accuracy of a few hundred nanometres, such as could be provided by either a Heidenhain optical encoder or an LVDT, could be sufficient to ensure that the mechanism does not dominate the noise.  Simulations have been run to check what level of compensation is required to reduce the dynamic range of the detectors sufficiently to ensure that position accuracy of the order of a few hundred nanometres position accuracy is sufficient at the highest observed frequency.  A reduction in the dynamic range of the ZPD signal of a factor of 20 was calculated to be sufficient to prevent the position error dominating the signal to noise in the interferogram.  For safety we have set a requirement of 400 nanometres position accuracy in OPD for a signal compensated to at least 5% of the signal from the telescope alone.  This is equivalent to 100 nanometres for the actual mirror position measurement (see section 6).  We have calculated that a 75 K 4% emissivity calibration source will provide give at least 95% compensation at all wavelengths for the spectrum of the 80 K 4% emissivity telescope. 

7.3 velocity control simulation

The effect of the combination of velocity control error and the frequency response of the detector and electrical filtering may still cause problems with the achieved signal to noise in an interferogram.  To test for these effects, a further simulation has been carried out using a program written in IDL12 to simulate the behaviour of a Mach-Zehnder FTS.  The program takes in both the “sky port” spectrum – this can include a simulated astronomical source and the telescope background – and the “calibration port” spectrum.  The simulation accounts for all the operating parameters of the FTS including the uncertainty in the position measurement; sampling; velocity; detector frequency response; detector and photon noise and electrical filtering.  In the simulation the position of the mirrors at each sampling point has a random error associated with it to replicate the measurement inaccuracy in the encoder.  The optical path difference output by the program is “perfect” whilst that used for the calculation of the signal has a random error added to it.  The time at which each position is reached is initially calculated from the position with its associated error assuming a fixed mirror velocity.  The velocity control is further simulated as a sinusoidal variation with time at a fixed frequency and amplitude.  The signal seen from the sky port and the calibration port is calculated separately for each of the two output ports.  

To run simulations of the effect of velocity error on the final signal-to-noise an interferogram was generated with a high degree of oversampling and the OPD measurement uncertainty set at 400 nanometres.  The sinusoidal velocity error was then imposed on the timing of the samples and the signal rolled off according to the time constant of the detector.  This signal was resampled at a fixed time interval to simulate the time sampling to be used for SPIRE.  A fixed array of mirror positions was also generated with the interval set to the position sampling interval required for the degree of oversampling to be used in SPIRE.  The time each fixed mirror position was passed was recorded.

To complete the simulation some noise was added to the signal in the form of fixed detector noise and photon noise.  The fixed detector noise was taken as 3.2 nV Hz-1/2 and the photon noise estimated as that on the mean signal in the interferogram referred to the input of the pre-amplifier – i.e. converted to volts.  Both were assumed to be white and after addition of the noise both the signal and the noise were rolled off by a simulated electrical filter in frequency space before conversion back the time domain.  The filter was set as having a cut off at 28 Hz and a -60 dB per decade slope thereafter.
The final stage in the program is to convert the interferogram into a spectrum.  The error in the velocity means that more signal samples are taken than needed and there is no one to one correspondence between the position and the signal sample.  The “true” optical path difference at each sample is therefore reconstructed by a linear interpolation of the measured optical difference versus time onto the fixed time grid of the signal sampling (other methods may be more optimal, for the present purposes this is sufficient).  To look at the effect of velocity instability on the signal to noise the whole procedure is repeated ten times for a given set of input parameters.  The signal to noise in the final spectrum is then computed by averaging all ten spectra and taking the standard deviation at each wavenumber sample.
7.4 effect of velocity error

To test the effect of the mirror speed on the signal to noise in the spectrum, the program was run with the velocity sinusoid frequency set at 175 Hz; the velocity error amplitude fixed at 0.02 cm/s and the mean velocity varied between 0.05 and 0.4 cm/s.  A fixed amplitude was used here rather than a fixed percentage of the mirror velocity as this more nearly simulates the predicted performance of the FTS control system which will achieve a given fixed velocity error rather than the same percentage error for all velocities.  The results for signal to noise are shown in figure 9.  Here the mean signal to noise ratio has been calculated over two sub-bands of a simulated short wavelength filter (see figures 10 and 11) – 30-40 cm-1 and 40-50 cm-1.  The telescope is represented as an 80 K 4 % emissive black body and the calibration source as a 75 K 4% emissive black body. 

One can see that the uncompensated signal to noise reduces almost linearly with decreasing velocity as the fractional error increases.  The compensated signal does not suffer as badly even for velocities down to 0.1 cm/s (implying a 20% error in the velocity).   The signal to noise is seen to be reduced in the higher frequency sub-band for the uncompensated case.  The signal to noise in this band also decreases for the highest velocity in both the compensated and uncompensated cases.  This reflects the roll off in responsivity of the detectors as the audio band approaches the detector frequency response.  Both this effect and the effects of velocity and position error are amplified by the large signal differential close to the ZPD when the signal is not compensated.  Some distortion of the spectrum will also be caused by not phase correcting the interferogram for the effects of the detector frequency response.  These effects are ameliorated when the signal is compensated as the signal differential close to the ZPD is much reduced.
Figures 10 and 11 show the reconstructed and input spectra for both the channels for the uncompensated and compensated signals for the velocity set at 0.2 cm/s and the resolution set at 0.4 cm-1.  In both cases the spectral shape is well reproduced and the difference between input and reconstructed spectra is due in part to uncorrected phase errors caused by the detector frequency response.  For this simulation the telescope was represented as an 80 K 4% emissive blackbody; the calibrator as a 75 K 4% emissive black body and the “source” as a 40 K 100% emissive black body with an angular extent of 3 arcseconds.   A line very much narrower than the resolution element of the spectrometer was placed at 40 cm-1.  Comparison of figures 10 and 11 shows that, whilst the total power on the detectors has increased, the contrast on the source spectrum is much enhanced in the compensated case.  

7.5 Selection of operating parameters

In order to maintain the background limited performance of the FTS it is clear that the compensation of the signal from the telescope is extremely important to reduce the effects of position inaccuracy and velocity jitter.  Never-the-less we cannot completely rely on the compensation source as it may fail during launch or in flight.  We must therefore set the operating parameters so that we can still operate efficiently if we lose the calibrator.  The results of the simulations reported here show that the following parameters for the operation of the SPIRE FTS will ensure that, although compensation of the signal is highly desirable, the FTS will still perform adequately if the calibration source fails: 

Oversampling of the mirror position:
4
Average mirror velocity:


0.05 cm/s (equivalent to 0.2 cm/s OPD)
Velocity jitter frequency:


>100 Hz (4 times higher than the highest detectable frequency)
Detection band:



30 mHz to 28 Hz for detector 3 dB response of 20 Hz
Equivalent audio frequencies:

2.5 to 10 Hz (15 to 50 cm-1)
Velocity jitter amplitude:


<0.005 cm/s (equivalent to 0.02 cm/s OPD)

8. Conclusions

We have described a novel far infrared and sub-millimetre imaging Fourier Transform Spectrometer based on the Mach-Zehnder principle with broadband intensity beam splitters.  This spectrometer is due to be flown on the FIRST mission as part of the SPIRE instrument.   The optical design has been tailored to the space available within the focal plane enclosure of FIRST and, whilst it is compact, still allows for an instrument field of view of 2.6 arcmin and a maximum resolution of 0.04 cm-1.  A laboratory demonstration of the principle of operation of the new interferometer has been built and tested.  This shows that the design is robust against alignment inaccuracies and that twin broadband intensity dividing beam splitters can be used in the FIR and sub-millimetre with excellent results.  The feedhorn bolometer arrays to be used in the instrument will give a large instantaneous signal from the relatively warm FIRST telescope and a compensating calibration source is required to achieve background limited sensitivity.  However, the fast speed of response of the these detectors combined with their excellent low frequency stability means that the mirror velocity can be adjusted to minimise the impact of predicted velocity control errors and position measurement uncertainty.
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Figure 9:  Signal to noise versus mirror speed with the velocity error amplitude set at 0.02 cm/s.  The stars are for the 30 to 40 cm-1 optical band and the diamonds for the 40 to 50 cm-1 optical band.  The upper panel is the uncompensated signal and the lower the compensated signal.








Figure 11: The reconstructed compensated spectrum versus wavenumber in both channels with the FTS working with the default operating parameters.  The simulated filters used are somewhat narrower than will be used in practice, as we would wish to have good response out to 50 cm-1.  








Figure 10: The reconstructed uncompensated spectrum versus wavenumber in both channels with the FTS working with the default operating parameters: OPD velocity 0.2 cm/s; velocity error 0.02 cm/s and velocity error frequency >100 Hz. 
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� EMBED Word.Picture.8  ��� Figure 5: The laboratory demonstrator of the Mach-Zehnder FTS design to be used in the SPIRE instrument.  The red line shows the input path from the “sky” port.  This enters the interferometer via a telescope simulator and a collimator that produces a beam similar in size to that which pass through the real instrument.  The blue line indicates the path from the second input port and the red and blue dashed line the path through the interferometer.  Only one exit port has a detector in it in this configuration which is inside the cryostat on the extreme left of the picture.








�Figure 6: Interferograms of the ambient room background seen against a 77-K target placed in the second input port.  The red is for the “sky” port and the blue is for the “calibration” port.  The brown line seen above is the co-addition of the two interferograms.  The green is the signal seen with the detector blanked off offset for comparison.
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Figure 7: Reconstructed spectra with a CO gas cell placed in the bench top interferometer.  The absorption spectrum is with the cell seen against the ambient room background, the emission spectrum (lower trace) is with the cell seen against a 77-K background.
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Figure 8: Two views of the prototype mirror carriage built at Goddard Spaceflight Centre showing (left) the double parallelogram mechanism with the “toothless gear” and (right) the mock up of the corner cube mirror.  The corner cube compensates the interferometer optics for any tilt or rotation of the mirrors during the mechanism movement.
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Sheet1

				1-R-T		2RT		R^2 + T^2		4RT

		5.004		0.12537		0.22117382		0.547210873		0.44234764

		5.2542		-0.1005725		0.336418439		0.877441114		0.672836878

		5.5044		0.040645		0.177357863		0.763029233		0.354715726

		5.7546		0.2471025		0.065112257		0.502077187		0.130224514

		6.0048		0.2219175		0.083962638		0.525831848		0.167925276

		6.255		0.146175		0.132077633		0.598114274		0.264155266

		6.5052		0.108215		0.199914402		0.595531335		0.399828804

		6.7554		0.1274475		0.175477139		0.585873591		0.350954278

		7.0056		0.1146975		0.2082812		0.575720575		0.4165624

		7.2558		0.11619		0.220185515		0.562648562		0.44037103

		7.506		0.068575		0.225377026		0.642237285		0.450754052

		7.7562		0.0861625		0.209256282		0.625996392		0.418512564

		8.0064		0.0821075		0.241632269		0.601222254		0.483264538

		8.2566		0.048775		0.26660838		0.638526695		0.53321676

		8.5068		0.0936925		0.230764812		0.591788386		0.461529624

		8.757		0.132505		0.24421079		0.512231169		0.48842158

		9.0072		0.14307		0.265933633		0.469247156		0.531867266

		9.2574		0.07863		0.304955943		0.544002434		0.609911886

		9.5076		0.0759275		0.310986333		0.542969451		0.621972666

		9.7578		0.12571		0.310969461		0.453489581		0.621938922

		10.008		0.11438		0.322212384		0.462826498		0.644424768

		10.2582		0.0741275		0.354403235		0.503066856		0.70880647

		10.5084		0.04339		0.387290163		0.527814447		0.774580326

		10.7586		0.0025625		0.407494533		0.587389276		0.814989066

		11.0088		0.034735		0.396668745		0.535096452		0.79333749

		11.259		0.0672875		0.385172618		0.484886957		0.770345236

		11.5092		0.0173325		0.428642748		0.537141569		0.857285496

		11.7594		0.046495		0.412714588		0.496548782		0.825429176

		12.0096		0.0819		0.398591062		0.444345385		0.797182124

		12.2598		0.066555		0.415655672		0.455672019		0.831311344

		12.51		0.06678		0.413871266		0.457141406		0.827742532

		12.7602		0.073145		0.41109998		0.448250232		0.82219996

		13.0104		0.0775075		0.410091979		0.440944756		0.820183958

		13.2606		0.07296		0.416387183		0.443145142		0.832774366

		13.5108		0.06262		0.427603366		0.451125095		0.855206732

		13.761		0.04721		0.44329979		0.464579554		0.88659958

		14.0112		0.0629425		0.432285428		0.445894302		0.864570856

		14.2614		0.08248		0.4181204		0.423749434		0.8362408

		14.5116		0.0733575		0.426708464		0.431961929		0.853416928

		14.7618		0.04929		0.448062577		0.455829961		0.896125154

		15.012		0.0435925		0.454967307		0.459865884		0.909934614

		15.2622		0.046945		0.453293188		0.455105654		0.906586376

		15.5124		0.051615		0.449255683		0.450225967		0.898511366

		15.7626		0.06533		0.436691121		0.436942239		0.873382242

		16.0128		0.08016		0.42305933		0.42310784		0.84611866

		16.263		0.07056		0.431719928		0.432542796		0.863439856

		16.5132		0.0613075		0.439114869		0.442589365		0.878229738

		16.7634		0.0654975		0.434233783		0.439510262		0.868467566

		17.0136		0.066405		0.433102381		0.438865499		0.866204762

		17.2638		0.074925		0.425581898		0.430369821		0.851163796

		17.514		0.080765		0.418338878		0.427216746		0.836677756

		17.7642		0.0654775		0.430162446		0.443779577		0.860324892

		18.0144		0.0460575		0.448876261		0.461219193		0.897752522

		18.2646		0.0458225		0.448317641		0.462139056		0.896635282

		18.5148		0.0511675		0.441791272		0.458491895		0.883582544

		18.765		0.0505975		0.441873045		0.459541238		0.88374609

		19.0152		0.05583		0.435093207		0.4563965		0.870186414

		19.2654		0.0583325		0.433265698		0.453495919		0.866531396

		19.5156		0.05125		0.439881434		0.460249351		0.879762868

		19.7658		0.0437475		0.445308943		0.469110707		0.890617886

		20.016		0.03475		0.453518766		0.478214198		0.907037532

		20.2662		0.03878		0.448964438		0.475072188		0.897928876

		20.5164		0.057745		0.432191925		0.455770934		0.86438385

		20.7666		0.0643		0.426124757		0.449550749		0.852249514

		21.0168		0.0535325		0.434881915		0.46099368		0.86976383

		21.267		0.0433025		0.443851196		0.471448586		0.887702392

		21.5172		0.040095		0.446128974		0.475316885		0.892257948

		21.7674		0.0421425		0.444115202		0.473376658		0.888230404

		22.0176		0.04414		0.442644146		0.471025769		0.885288292

		22.2678		0.0455475		0.439997032		0.471010979		0.879994064

		22.518		0.046505		0.438974259		0.470199939		0.877948518

		22.7682		0.052575		0.434339223		0.463276534		0.868678446

		23.0184		0.0415125		0.444333518		0.474381031		0.888667036

		23.2686		0.03691		0.448697675		0.478844998		0.89739535

		23.5188		0.042325		0.443000708		0.474146651		0.886001416

		23.769		0.0329025		0.452068164		0.483213644		0.904136328

		24.0192		0.03769		0.448603895		0.477437138		0.89720779

		24.2694		0.0465675		0.440516937		0.468516595		0.881033874

		24.5196		0.045805		0.44135253		0.469135581		0.88270506

		24.7698		0.0345925		0.45085793		0.481172874		0.90171586

		25.02		0.025465		0.459022183		0.49071061		0.918044366

		25.2702		0.0281		0.45835995		0.486230215		0.9167199

		25.5204		0.0172075		0.469300174		0.496581049		0.938600348

		25.7706		0.0238325		0.462836618		0.490068437		0.925673236

		26.0208		0.0323875		0.455892896		0.480381748		0.911785792

		26.271		0.030685		0.459575365		0.479996324		0.91915073

		26.5212		0.0319225		0.459326318		0.477850509		0.918652636

		26.7714		0.028035		0.462361276		0.482356311		0.924722552

		27.0216		0.0278775		0.462300174		0.48273061		0.924600348

		27.2718		0.02548		0.464873764		0.484827892		0.929747528

		27.522		0.0259275		0.464088699		0.484729797		0.928177398

		27.7722		0.03548		0.456019863		0.47428203		0.912039726

		28.0224		0.029285		0.463450023		0.478842494		0.926900046

		28.2726		0.0246375		0.468067732		0.483285688		0.936135464

		28.5228		0.0281225		0.465673574		0.478885423		0.931347148

		28.773		0.035925		0.458012255		0.471429351		0.91602451

		29.0232		0.0380025		0.454461568		0.470996263		0.908923136

		29.2734		0.0259875		0.466893657		0.481827601		0.933787314

		29.5236		0.022085		0.472279182		0.484040595		0.944558364

		29.7738		0.026365		0.468263956		0.479703946		0.936527912

		30.024		0.02985		0.465069063		0.476122834		0.930138126

		30.2742		0.030215		0.465216049		0.475281035		0.930432098

		30.5244		0.0287525		0.466324117		0.477030566		0.932648234

		30.7746		0.0343325		0.460138175		0.472387709		0.92027635

		31.0248		0.0313		0.462619732		0.475760135		0.925239464

		31.275		0.0205025		0.474289141		0.485127167		0.948578282

		31.5252		0.02469		0.471685496		0.47954658		0.943370992

		31.7754		0.0219625		0.474013904		0.482544157		0.948027808

		32.0256		0.0178375		0.477412302		0.487231503		0.954824604

		32.2758		0.0262675		0.46905966		0.479100128		0.93811932

		32.526		0.029545		0.466350025		0.47544075		0.93270005

		32.7762		0.02903		0.467863509		0.474934209		0.935727018

		33.0264		0.0218575		0.475181987		0.481582675		0.950363974

		33.2766		0.0190325		0.477256011		0.485044713		0.954512022

		33.5268		0.028175		0.468589003		0.475862696		0.937178006

		33.777		0.02747		0.470270419		0.475552078		0.940540838

		34.0272		0.02697		0.470746496		0.476041321		0.941492992

		34.2774		0.0315475		0.466398828		0.471509497		0.932797656

		34.5276		0.0293375		0.468496736		0.473691151		0.936993472

		34.7778		0.0228375		0.474614071		0.480232874		0.949228142

		35.028		0.0277075		0.470487302		0.47487041		0.940974604

		35.2782		0.0333625		0.465069871		0.469341636		0.930139742

		35.5284		0.0259525		0.47218488		0.476619562		0.94436976

		35.7786		0.024825		0.473597524		0.477396793		0.947195048

		36.0288		0.0256025		0.472807875		0.476645039		0.94561575

		36.279		0.0233775		0.475135247		0.478657893		0.950270494

		36.5292		0.02453		0.474294117		0.477247606		0.948588234

		36.7794		0.0221325		0.476403287		0.479821731		0.952806574

		37.0296		0.0228125		0.475462752		0.479432801		0.950925504

		37.2798		0.027655		0.470956672		0.474498256		0.941913344

		37.53		0.026555		0.472235343		0.475360671		0.944470686

		37.7802		0.0242975		0.474428943		0.477566469		0.948857886

		38.0304		0.02045		0.477950239		0.481576784		0.955900478

		38.2806		0.0191925		0.479031221		0.482952141		0.958062442

		38.5308		0.0236925		0.475025646		0.478151567		0.950051292

		38.781		0.0229975		0.475800347		0.478747099		0.951600694

		39.0312		0.02347		0.475185265		0.478429092		0.95037053

		39.2814		0.0230325		0.475419134		0.479046374		0.950838268

		39.5316		0.0222325		0.476171586		0.479857955		0.952343172

		39.7818		0.020175		0.478322335		0.481739085		0.95664467

		40.032		0.01516		0.483212358		0.486697958		0.966424716

		40.2822		0.0203525		0.47812895		0.481582117		0.9562579

		40.5324		0.0281275		0.470291522		0.474244675		0.940583044

		40.7826		0.0231675		0.475025148		0.479190036		0.950050296

		41.0328		0.0188075		0.479586064		0.483165457		0.959172128

		41.283		0.021475		0.476681405		0.480837695		0.95336281

		41.5332		0.0239775		0.474234242		0.478417066		0.948468484

		41.7834		0.020795		0.477341799		0.481517239		0.954683598

		42.0336		0.01659		0.481046183		0.486062772		0.962092366

		42.2838		0.02078		0.476504851		0.482380722		0.953009702

		42.534		0.0209		0.475784806		0.482855317		0.951569612

		42.7842		0.0214525		0.475392618		0.482172879		0.950785236

		43.0344		0.025725		0.471550873		0.47766249		0.943101746

		43.2846		0.0276975		0.469087008		0.476287648		0.938174016

		43.5348		0.0241775		0.472030523		0.480205367		0.944061046

		43.785		0.0204475		0.476259853		0.483264202		0.952519706

		44.0352		0.020145		0.477066901		0.483051659		0.954133802

		44.2854		0.0186125		0.478231273		0.484891022		0.956462546

		44.5356		0.0183		0.477518931		0.486215984		0.955037862

		44.7858		0.0168625		0.47892221		0.487646513		0.95784442

		45.036		0.01789		0.478095195		0.486454437		0.95619039

		45.2862		0.0180875		0.477471198		0.486681051		0.954942396

		45.5364		0.0207025		0.474624074		0.484400417		0.949248148

		45.7866		0.0258		0.469859854		0.479212288		0.939719708

		46.0368		0.0235375		0.471833003		0.4816531		0.943666006

		46.287		0.022365		0.47242947		0.483346677		0.94485894

		46.5372		0.0231675		0.471563935		0.482647424		0.94312787

		46.7874		0.0196775		0.474179328		0.486858223		0.948358656

		47.0376		0.0185775		0.474213388		0.488977074		0.948426776

		47.2878		0.02085		0.471917331		0.486817396		0.943834662

		47.538		0.02248		0.470756485		0.484792457		0.94151297

		47.7882		0.0260925		0.467016434		0.481501311		0.934032868

		48.0384		0.02798		0.46447811		0.480383833		0.92895622

		48.2886		0.0252975		0.466735888		0.483312676		0.933471776

		48.5388		0.0241675		0.467877429		0.484372547		0.935754858

		48.789		0.02365		0.467890652		0.485370296		0.935781304

		49.0392		0.0217225		0.468707614		0.488325794		0.937415228

		49.2894		0.0205675		0.469545244		0.489764192		0.939090488

		49.5396		0.025385		0.464967972		0.484922869		0.929935944

		49.7898		0.025835		0.464111147		0.484891499		0.928222294

		50.04		0.0203875		0.468726996		0.490915161		0.937453992

		50.2902		0.019775		0.468299291		0.49254277		0.936598582

		50.5404		0.016075		0.470218477		0.497894173		0.940436954

		50.7906		0.0238475		0.462722863		0.490154479		0.925445726

		51.0408		0.0307775		0.455858648		0.483536288		0.911717296

		51.291		0.030185		0.454861197		0.485681271		0.909722394

		51.5412		0.0306675		0.454065136		0.485543292		0.908130272

		51.7914		0.0248575		0.459515876		0.491387019		0.919031752

		52.0416		0.0189925		0.464326402		0.498052044		0.928652804

		52.2918		0.020925		0.462012516		0.496575956		0.924025032

		52.542		0.02413		0.459196404		0.49312588		0.918392808

		52.7922		0.0245375		0.458676534		0.492855996		0.917353068

		53.0424		0.0280325		0.455887413		0.488844447		0.911774826

		53.2926		0.030535		0.454668354		0.485203183		0.909336708

		53.5428		0.0339325		0.451001718		0.482301282		0.902003436

		53.793		0.0351875		0.449274158		0.481630123		0.898548316

		54.0432		0.03821		0.448539516		0.47653703		0.897079032

		54.2934		0.03743		0.451441323		0.475131831		0.902882646

		54.5436		0.0377625		0.452481043		0.473539702		0.904962086

		54.7938		0.0342275		0.457470943		0.475521222		0.914941886

		55.044		0.0194425		0.473454254		0.488445889		0.946908508

		55.2942		0.0122175		0.48181174		0.494520422		0.96362348

		55.5444		0.0121175		0.481979725		0.494644865		0.96395945

		55.7946		0.0116675		0.481758996		0.495843449		0.963517992

		56.0448		0.0112125		0.48162166		0.496922817		0.96324332

		56.295		0.012985		0.478181325		0.496673926		0.95636265

		56.5452		0.01169		0.478203201		0.499108529		0.956406402

		56.7954		0.0110225		0.478328794		0.500140435		0.956657588

		57.0456		0.014945		0.473567725		0.497020989		0.94713545

		57.2958		0.0195175		0.468147716		0.493406081		0.936295432

		57.546		0.02056		0.466451698		0.492994896		0.932903396

		57.7962		0.0169125		0.469799352		0.496820126		0.939598704

		58.0464		0.01669		0.469632985		0.4974202		0.93926597

		58.2966		0.0175025		0.46930312		0.496113619		0.93860624

		58.5468		0.0201325		0.466831773		0.493410403		0.933663546

		58.797		0.0237525		0.462576734		0.490553134		0.925153468

		59.0472		0.0245225		0.462505111		0.489124216		0.925010222

		59.2974		0.025985		0.46202097		0.486749456		0.92404194

		59.5476		0.024565		0.463886849		0.487636223		0.927773698

		59.7978		0.024715		0.464847246		0.486388419		0.929694492

		60.048		0.02953		0.460812127		0.481050446		0.921624254

		60.2982		0.0317425		0.459349219		0.478201219		0.918698438

		60.5484		0.03343		0.458768372		0.475500821		0.917536744

		60.7986		0.03339		0.459443833		0.47489782		0.918887666

		61.0488		0.031125		0.462497513		0.476227729		0.924995026

		61.299		0.0315375		0.463004043		0.474932035		0.926008086

		61.5492		0.03412		0.461570613		0.471365952		0.923141226

		61.7994		0.035565		0.461264256		0.468871506		0.922528512

		62.0496		0.03339		0.464132806		0.470202086		0.928265612

		62.2998		0.0321475		0.466128681		0.470609885		0.932257362

		62.55		0.032315		0.466708961		0.469705411		0.933417922

		62.8002		0.03278		0.466932268		0.46858326		0.933864536

		63.0504		0.034425		0.46587147		0.466467691		0.93174294

		63.3006		0.035715		0.464787578		0.465069106		0.929575156

		63.5508		0.0343575		0.465990661		0.466493245		0.931981322

		63.801		0.0393225		0.460847057		0.46208216		0.921694114

		64.0512		0.04506		0.454512834		0.457419754		0.909025668

		64.3014		0.0418425		0.456351949		0.461733984		0.912703898

		64.5516		0.0432725		0.453565045		0.461793461		0.90713009

		64.8018		0.04587		0.449503368		0.460909549		0.899006736

		65.052		0.0433125		0.449669049		0.465636056		0.899338098

		65.3022		0.046615		0.443259801		0.465755322		0.886519602

		65.5524		0.0466625		0.439214304		0.469757495		0.878428608

		65.8026		0.0437425		0.437522426		0.477012328		0.875044852

		66.0528		0.043785		0.432980017		0.481426553		0.865960034

		66.303		0.04575		0.42663952		0.48399317		0.85327904

		66.5532		0.05661		0.410598975		0.479441294		0.82119795

		66.8034		0.0632225		0.397392601		0.480271367		0.794785202

		67.0536		0.0669825		0.386653836		0.48399704		0.773307672

		67.3038		0.0716325		0.374285846		0.487671906		0.748571692

		67.554		0.0734		0.365331803		0.493306167		0.730663606

		67.8042		0.0765125		0.354142915		0.498702873		0.70828583

		68.0544		0.07877		0.342133762		0.506531892		0.684267524

		68.3046		0.0880925		0.326264798		0.505322864		0.652529596

		68.5548		0.10035		0.308616065		0.50081718		0.61723213

		68.805		0.1058475		0.294767986		0.504888269		0.589535972

		69.0552		0.1124025		0.281266472		0.506965956		0.562532944

		69.3054		0.1247325		0.264297087		0.502616789		0.528594174

		69.5556		0.1324925		0.251963513		0.501767367		0.503927026

		69.8058		0.1362825		0.240235767		0.50747805		0.480471534

		70.056		0.1458775		0.226774154		0.505270378		0.453548308

		70.3062		0.156395		0.216984065		0.497932621		0.43396813

		70.5564		0.1642975		0.209421463		0.493137778		0.418842926

		70.8066		0.17244		0.20262839		0.487311566		0.40525678

		71.0568		0.176585		0.198363163		0.485829417		0.396726326

		71.307		0.1786		0.196603956		0.485488284		0.393207912

		71.5572		0.1783225		0.198108238		0.484856259		0.396216476

		71.8074		0.1748		0.201229601		0.488197721		0.402459202

		72.0576		0.171275		0.202046741		0.493962067		0.404093482

		72.3078		0.1680125		0.20551537		0.495861159		0.41103074

		72.558		0.1602125		0.214520253		0.500044212		0.429040506

		72.8082		0.1458725		0.227920871		0.511640434		0.455841742

		73.0584		0.1310675		0.241748551		0.523538097		0.483497102

		73.3086		0.11246		0.257246342		0.540442946		0.514492684

		73.5588		0.0932375		0.275073475		0.556502901		0.55014695

		73.809		0.0750875		0.290802144		0.573595492		0.581604288

		74.0592		0.0611475		0.299980455		0.590572833		0.59996091

		74.3094		0.0510725		0.30667666		0.60289792		0.61335332

		74.5596		0.04177		0.305859921		0.620896438		0.611719842

		74.8098		0.0443125		0.289804983		0.632123661		0.579609966

		75.06		0.0604325		0.265918899		0.625247302		0.531837798

		75.3102		0.0659925		0.246407523		0.633788986		0.492815046

		75.5604		0.06258		0.231707217		0.654812412		0.463414434

		75.8106		0.0671475		0.216086822		0.661595813		0.432173644

		76.0608		0.076665		0.199428019		0.660263134		0.398856038

		76.311		0.0865625		0.179812328		0.661341791		0.359624656

		76.5612		0.0857025		0.165184048		0.676750888		0.330368096

		76.8114		0.0880675		0.155117868		0.681951302		0.310235736

		77.0616		0.1029375		0.142673826		0.667102868		0.285347652

		77.3118		0.1152475		0.129983027		0.657722527		0.259966054

		77.562		0.119575		0.120789322		0.658846518		0.241578644

		77.8122		0.13111		0.110501183		0.647819322		0.221002366

		78.0624		0.1449625		0.103045586		0.630780661		0.206091172

		78.3126		0.1527025		0.095675466		0.624886491		0.191350932

		78.5628		0.15615		0.084492356		0.630232941		0.168984712

		78.813		0.1570825		0.081408407		0.630727006		0.162816814

		79.0632		0.165755		0.079447223		0.617458452		0.158894446

		79.3134		0.1851225		0.076920487		0.587805911		0.153840974

		79.5636		0.205655		0.075290372		0.556046672		0.150580744

		79.8138		0.2137225		0.076259564		0.542077651		0.152519128

		80.064		0.2188975		0.075868534		0.534284026		0.151737068

		80.3142		0.231615		0.07368408		0.516734561		0.14736816

		80.5644		0.250265		0.076704348		0.485475574		0.153408696

		80.8146		0.2600625		0.081104611		0.466852227		0.162209222

		81.0648		0.26404		0.085179402		0.457226395		0.170358804

		81.315		0.274785		0.089037662		0.437822687		0.178075324

		81.5652		0.2887975		0.095156726		0.411706084		0.190313452

		81.8154		0.3034775		0.099191818		0.387240764		0.198383636

		82.0656		0.32302		0.098261067		0.361621313		0.196522134

		82.3158		0.330015		0.104099959		0.34665743		0.208199918

		82.566		0.3327775		0.115124962		0.332665219		0.230249924

		82.8162		0.34894		0.119746358		0.307049306		0.239492716

		83.0664		0.3630925		0.12212708		0.286622398		0.24425416

		83.3166		0.3715125		0.128696449		0.270138821		0.257392898

		83.5668		0.3829625		0.133894472		0.250938405		0.267788944

		83.817		0.38745		0.140597593		0.238495594		0.281195186

		84.0672		0.387925		0.147379257		0.231313601		0.294758514

		84.3174		0.3891925		0.152816104		0.224324522		0.305632208

		84.5676		0.39177		0.15691722		0.216847607		0.31383444

		84.8178		0.3939675		0.161503652		0.209690812		0.323007304

		85.068		0.3900575		0.169780549		0.206238806		0.339561098

		85.3182		0.3898		0.174129757		0.201969522		0.348259514

		85.5684		0.3895875		0.177661858		0.198486871		0.355323716

		85.8186		0.3873125		0.18186691		0.196973857		0.36373382

		86.0688		0.38605		0.184676702		0.195651545		0.369353404

		86.319		0.3804375		0.189866451		0.197132002		0.379732902

		86.5692		0.372915		0.195276651		0.200736764		0.390553302

		86.8194		0.367135		0.199552995		0.203515868		0.39910599

		87.0696		0.3591725		0.205074546		0.207904483		0.410149092

		87.3198		0.354535		0.20816078		0.210595494		0.41632156

		87.57		0.3475525		0.212601063		0.215036562		0.425202126

		87.8202		0.34047		0.216966645		0.219697458		0.43393329

		88.0704		0.3358225		0.219739173		0.222727568		0.439478346

		88.3206		0.3272425		0.225362145		0.228604149		0.45072429

		88.5708		0.31427		0.23361474		0.238017893		0.46722948

		88.821		0.306545		0.238258226		0.243769465		0.476516452

		89.0712		0.3034225		0.239916338		0.24643502		0.479832676

		89.3214		0.29872		0.242335436		0.250658825		0.484670872

		89.5716		0.300085		0.240546985		0.250235223		0.48109397

		89.8218		0.2923375		0.245477253		0.256017452		0.490954506

		90.072		0.278575		0.254940256		0.266217085		0.509880512

		90.3222		0.27931		0.253747649		0.266117534		0.507495298

		90.5724		0.2762775		0.255248591		0.26893989		0.510497182

		90.8226		0.2689675		0.259802167		0.275112037		0.519604334

		91.0728		0.2747475		0.255348522		0.271073748		0.510697044

		91.323		0.27539		0.255173602		0.270187246		0.510347204

		91.5732		0.273115		0.256390899		0.272149795		0.512781798

		91.8234		0.27531		0.254253433		0.271044155		0.508506866

		92.0736		0.2756075		0.253583182		0.271255257		0.507166364

		92.3238		0.2808525		0.25019819		0.267016121		0.50039638

		92.574		0.27708		0.252753025		0.269860974		0.50550605

		92.8242		0.27636		0.252261524		0.271395472		0.504523048

		93.0744		0.2844575		0.24690326		0.265097863		0.49380652

		93.3246		0.2913325		0.242154419		0.260060036		0.484308838

		93.5748		0.2946425		0.23986109		0.257697138		0.47972218

		93.825		0.29448		0.239964749		0.257834809		0.479929498

		94.0752		0.30325		0.233836684		0.251679381		0.467673368

		94.3254		0.3088325		0.230720797		0.247064435		0.461441594

		94.5756		0.3120975		0.22879734		0.244578597		0.45759468

		94.8258		0.313345		0.227217148		0.244443964		0.454434296

		95.076		0.316075		0.225038491		0.242835037		0.450076982

		95.3262		0.3294775		0.216251862		0.233566788		0.432503724

		95.5764		0.337335		0.211686271		0.227753517		0.423372542

		95.8266		0.3402275		0.21017993		0.225492795		0.42035986

		96.0768		0.3499075		0.203837024		0.219242587		0.407674048

		96.327		0.3625		0.195939082		0.211073313		0.391878164

		96.5772		0.367835		0.19315012		0.207192423		0.38630024

		96.8274		0.3669125		0.193491081		0.207886744		0.386982162

		97.0776		0.3737875		0.188313167		0.204361269		0.376626334

		97.3278		0.381075		0.184115432		0.199656299		0.368230864

		97.578		0.38576		0.181581327		0.196302861		0.363162654

		97.8282		0.393315		0.177209838		0.191323844		0.354419676

		98.0784		0.4023675		0.171815442		0.185750063		0.343630884

		98.3286		0.4111125		0.166337936		0.180838346		0.332675872

		98.5788		0.4165125		0.163393668		0.177559169		0.326787336

		98.829		0.4169375		0.163160329		0.177395325		0.326320658

		99.0792		0.41132		0.16582745		0.181486478		0.3316549

		99.3294		0.4109175		0.164896754		0.182734619		0.329793508

		99.5796		0.4269525		0.156492396		0.172467401		0.312984792

		99.8298		0.442105		0.148285906		0.163349015		0.296571812

		100.08		0.45247		0.142371998		0.157686391		0.284743996
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