LWS Observer’s Handbook: Issue 1.0PEC/LWS/2039.01LWS OBSERVER’S MANUALLWS/PEC/2039.01ISSUE 1.06th March 1994PREPARED BY THE LWS CONSORTIUMWRITTEN BY:P E CleggA HeskeN R Trams

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/94i of iiCONTENTSContents.......................................................................................................................... i1. Introduction................................................................................................................. 12. Description of the Instrument..................................................................................... 12.1 Overall design............................................................................................... 12.2 Optical........................................................................................................... 12.3 The Grating................................................................................................... 22.4 Detectors and Cold Electronics..................................................................... 32.5 Fabry-Perots.................................................................................................. 53. How the Instrument Works......................................................................................... 63.1 Grating (Moderate Resolution) Mode........................................................... 63.2 Fabry-Perot (High Resolution) Mode........................................................... 73.3 Extended Mode of Operation........................................................................ 74. Overview of Modes of Operation and AOTs............................................................. 84.1 Summary....................................................................................................... 84.2 Medium-Resolution Spectroscopy................................................................ 84.2.1 Medium-Resolution Wavelength Range.(LWS01)........................ 84.2.2 Medium-Resolution Line Spectrum.(LWS02)............................... 84.3 High-Resolution Spectroscopy..................................................................... 84.3.1 High-Resolution Wavelength Range.(LWS03)............................. 84.3.2 High-Resolution Line Spectrum (LWS04).................................... 84.4 Rapid Scanning............................................................................................. 94.5 Narrow-Band Photometry (LWS02)............................................................. 95. Performance of the Instrument.................................................................................... 105.1 Introduction................................................................................................... 105.2 Characterising the Performance of the LWS................................................ 105.3 Measured Performance................................................................................. 115.3.1 Transmission Efficiency................................................................ 115.3.2 Spectral Resolution........................................................................ 125.3.2.1 Grating Mode.................................................................. 125.3.2.2 Fabry-Perot Mode........................................................... 125.3.3 Photometric Sensitivity.................................................................. 125.3.3.1 Measurements of un-Resolved Lines.............................. 125.3.3.2 Measurements of Resolved Lines or Continua............... 136. Cookery Book............................................................................................................. 156.1 Astronomical Considerations in Use of the Instrument................................ 156.2 Grating-Mode Observations - LWS01, LWS02........................................... 156.2.1 Descriptions................................................................................... 156.2.2 Observing Parameters.................................................................... 166.2.2.1 General............................................................................ 166.2.2.2 Medium-Resolution Wavelength Range - LWS01......... 166.2.2.3 Medium-Resolution Line Spectrum - ............................ 166.2.3 Data Products................................................................................. 176.2.4 Sensitivity Figures.......................................................................... 176.3 Fabry-Perot Observations - LWS03, LWS04............................................... 216.3.1 Descriptions................................................................................... 216.3.2 Observing Parameters.................................................................... 216.3.2.1 General............................................................................ 216.3.2.2 High-Resolution Wavelength Range - ........................... 216.3.2.3 High-Resolution Line Spectrum - .................................. 226.3.3 Data Products................................................................................. 226.3.4 Sensitivity Figures.......................................................................... 22

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/94ii of ii6.4 How to Estimate Observing Times............................................................... 266.4.1 Calculation of Number of Spectral Samples.................................. 266.4.1.1 Medium-Resolution Wavelength Range......................... 266.4.1.2 High-Resolution Wavelength Range.............................. 266.4.1.3 Medium- and High-Resolution Line Spectrum............... 276.4.2 Estimation of Integration Times per Spectral Sample................... 276.4.2.1 Isolated Unresolved Lines............................................... 276.4.2.2 Continuum or Isolated Resolved Lines........................... 276.4.2.3 Resolved Lines on Continua........................................... 276.4.2.4 Un-Resolved Lines on Continua..................................... 286.4.3 Estimation of Total Observing Time............................................. 296.5 Worked Examples......................................................................................... 296.5.1 Grating range scan......................................................................... 296.5.2 Grating line scan............................................................................ 306.5.3 FP wavelength range scan.............................................................. 316.5.4 FP line scan.................................................................................... 317. Acronyms.................................................................................................................... 338. Glossary...................................................................................................................... 34Index................................................................................................................................ 36

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/941 of 381. INTRODUCTIONThis document is meant to tell observers what the Long-Wavelength Spectrometer (LWS) is,how it works and how to use it: it says what astronomical observation templates (AOTs) shouldbe used to achieve particular astronomical goals and shows how the time needed to achieve thesegoals can be estimated. A list of acronyms, a glossary and an index are provided at the end of thedocument.Astronomical spectroscopy has two main objectives. The first is to detect the presence of linesand measure their strengths; in particular, the astronomer is often interested in the ratio of thestrengths of lines of different species or of lines arising from different levels of the same species.For this, moderate spectral resolving power - which gives relatively high sensitivity - is oftensatisfactory (although the detection of lines above a strong continuum can prove difficult). Theother main objective is the study of the shapes of individual lines or blends of lines, often inorder to determine the kinematics of the source. For this, the astronomer wants the highestpossible resolving power consistent with retaining adequate sensitivity. Inevitably, acompromise has to be made and we chose to design the LWS to operate in two modes: in itsmoderate-resolution mode, it achieves an average resolving power of about 200, correspondingto a velocity-resolution of some 1500 km˚s-1; in high-resolution mode, its resolving power isabout 104 - corresponding to 30˚km˚s-1 - with a reduction in sensitivity to continuum or resolvedfeatures by a factor of about 500.2. DESCRIPTION OF THE INSTRUMENT2.1 Overall designThe LWS consists of three main components, the focal plane unit (FPU);, operating at liquid-helium temperatures, and two warm units: the analogue processing unit (APU); - which drivesthe various mechanisms and powers the detectors in the FPU, as well as processing the resultingsignals - and the digital processing unit (DPU, which commands the LWS via the APU andinterfaces with the spacecraft computer.The FPU itself consists of three main subsystems: the optical subsystem, the detector subsystemand the Fabry-Perot subsystem. The optical subsystem comprises a collimator, a grating, and re-focusing optics which feed the detector subsystem. The Fabry-Perot subsystem, which is situatedin the parallel part of the beam, consists of a Fabry-Perot wheel carrying two Fabry-Perotinterferometers. The wheel can be set in any of four positions: in one of these, the beam passesthrough the subsystem un-hampered whilst in another, the beam is completely obscured. In theremaining two positions, one or other Fabry-Perot is placed in the beam and modulates itspectrally.2.2 OpticalFigure 1 shows the optical train of the LWS superimposed on a photograph of the instrumenttaken before the integration of the Fabry-Perot subsystem. The f/15 beam from the telescope isfolded by mirror (1) and comes to a focus on the field mirror (2), which restricts the field of viewon the sky to 1.65 arcmin - the diffraction limit of the telescope at 118 mm. From mirror (2), thebeam passes to the collimating mirrors (3) and (4) before reaching the grating via the planemirrors (5) After passing through the Fabry-Perot subsystem, the beam is reflected by planemirrors (6) and (7) on to the grating, which has a Schmidt profile to correct for sphericalaberration. Finally, on leaving the grating, the radiation is focused by mirror (8) on to thecylindrical surface of the detector block.The optical subsystem is designed to satisfy the Jaquinot criterion for the resolution of theinstrument, minimise the diameter of the beam at the position of the FP etalons, and match thespectral resolution achieved by the grating to the order-sorting needs of the FPs.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/942 of 38RAL 93 LB 2053 & 93 RC 1438Figure 1. The optical train of the LWS2.3 The GratingThe grating is ruled with 7.9 lines per millimetre at a blaze angle of 30o on a rotationallysymmetric Schmidt profile. With the grating in its rest position, the radiation is incident at annominal angle of 60o. It can be scanned, by means of a servo-controlled drive mechanism,through –7.0o. The grating is used in second order for the wavelength range ~43-90 mm and infirst order for the wavelength range ~90-197 mm. The grating was originally intended to scanthrough –3.5o in normal operation; this range was chosen so that the nominal range ofwavelengths covered by one detector channel overlapped that covered by the adjacent detector.An extended scanning range of –7o allowed - at the cost of a small increase in power dissipatedin the focal plane - the nominal wavelength range of any detector channel to be covered by itstwo neighbours, thus providing redundancy in the case of a failed detector. This increase of thescanning range also extended the long-wavelength coverage out to about 197 mm. In order tomaximise the sensitivity of the instrument at all wavelengths, however, it is now likely that theextended scanning range will be used in normal operation (cf. ⁄5.3.3).The operation of the instrument is described more fully in ⁄3.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/943 of 382.4 Detectors and Cold ElectronicsFigure 2. Drawing of the LWS detector block.Figure 2 is a drawing of the detector block, which contains ten detectors: five of these cover theshort-wavelength range ~43-90 mm in nominally 10 mm-wide channels while the others cover thelong-wavelength 90-197 mm in nominally 20 mm-wide channels. As we shall explain in moredetail below, radiation in the long-wavelength range - coming from the grating in first order ofdiffraction - is focused on to the same range of positions on the detector block as is radiation inthe short-wavelength range, coming from the grating in the second order of diffraction. Alternatedetectors are therefore made to respond to long and short wavelengths respectively, the selectionof wavelength being made not only by the intrinsic spectral responses of the detectors but alsowith efficient band-pass and blocking filters.The LWS uses three different types of photoconductive detector to cover the required range ofwavelengths. The shortest wavelength channel SW1 (nominally 43-50 mm) uses a beryllium-doped germanium (GeBe) detector. The next five channels in wavelength-space (SW2: 50-60,SW3: 60-70, SW4: 70-80, SW5: 80-90 and LW1: 90-110 mm) use GeGa detectors whilst stressedGeGa is used for the four longest-wavelength channels (LW2: 110-130, LW3: 130-150, LW4:150-170 and LW5: 170-190 mm).In view of the measured performance of the detectors the actual range of wavelengths coveredby each channel is adjusted to optimise the sensitivity of the instrument at all wavelengths (cf.⁄5.3.3). This results in channel SW2’s being used over a narrower range of wavelengths than itwas designed for and in channel LW4’s not being used at all in normal operations.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/944 of 38Figure 3. Mount of a stressed detector.The mount of a stressed detector is shown in figure 3; the mount of an un-stressed detector issimilar. The detector is mounted in an integrating cavity to increase its absorption efficiency.This detector is fed by a horn designed to couple efficiently with the radiation leaving thespherical mirror (8) in figure 1. The stress, which is applied by a screw, reduces the gap betweenthe acceptors and the valence band, thus reducing the energy needed for excitation of carriersinto the band. This reduction in energy-gap, however, also allows more carriers to be thermallyexcited into the band; in order to keep their dark-currents to acceptable levels, therefore, thestressed detectors have to be operated at the lowest temperature available, that of the helium tankat 1.8 K. The unstressed detectors in contrast, behave poorly at 1.8 K and are therefore operatedat about 3.5 K. Operating the two types of detector at different temperatures is achieved bymounting them on separate bars. The unstressed detectors are mounted on the upper of two barsin the detector block shown in figure 2. This bar, which accommodates a heater and athermometer operating in a servo loop, has a weak thermal link to the lower bar. The lower bar,accommodating the stressed detectors (shaded) is thermally shorted to the helium tank with ahigh-conductance copper strap.The photo-current in a detector element is accumulated on the input capacitance of an FET in aJF-4 integrating amplifiersupplied by Infrared Laboratories; these amplifiers can be seen belowthe detectors in figure 2. To reduce stray thermal emission from the FETs, which are heated toabout 60 K within their TO5 cans, the amplifier section is enclosed by a copper cover, not shownin the figure. Also visible in figure 2 are the five infrared illuminators, again provided by InfraredLaboratories, which are used to monitor and calibrate the stability of response of the detectors.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/945 of 382.5 Fabry-PerotsFor use in high-resolution mode, the LWS contains two Fabry-Perot interferometers mounted ona wheel driven by a pinion engaging gear-teeth on the rim of the wheel: a new type of cryogenicmotor was especially developed to drive the wheel. The short-wavelength Fabry-Perot covers thewavelength range 43-70 mm while the long-wavelength Fabry-Perot deals with the remaining 70-197 mm. Rotation of the wheel brings successively into the parallel part of the beam, betweenmirrors (5) and (6) of figure 1: an open aperture, so that the LWS can be used in moderate-resolution mode as a grating spectrometer; the short-wavelength Fabry-Perot; a blanking plate fordark-current measurements; and the long-wavelength Fabry-Perot.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/946 of 383. HOW THE INSTRUMENT WORKS3.1 Grating (Moderate Resolution) Mode

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/947 of 38central position, therefore, detector SW4 not only receives its "own" 75 mm radiation in secondorder but also 150 mm radiation in first order and 37.5 mm radiation in third order, etc. It must beprevented from responding to these extraneous orders by bandpass filters, which are shownschematically in figure 5(b) by the trapezia around each detector. This becomes very critical atthe shortest wavelengths where, for example, detector SW1 has to respond to 40 mm radiation (insecond order), when the grating is at an angle of -3.5o, but reject radiation at 38 mm (in thirdorder), when the grating is at an angle of +7.0o (cf. ⁄3.3). This demand on the bandpass filter aretherefore high.3.2 Fabry-Perot (High Resolution) ModeThe operation of the instrument in Fabry-Perot mode is illustrated in figure 5(d). With the gratingat angle of -1.2o the central wavelength falling on the detector is about 73.35˚mm. If the Fabry-Perot - whose resolving power is about 104 - is tuned to this wavelength and is brought into thebeam, the bandpass falls to about 0.0073˚mm, as shown in figure 5(d). Since the response of thegrating does not fall off significantly between 73.2 and 73.5 mm, the Fabry-Perot can be scannedbetween these wavelengths to give a high-resolution spectrum2.A Fabry-Perot set to respond to wavelength l will also respond to wavelengths l–rDl, where Dlis its free spectral range and r = 0, 1, 2,... . The free spectral range is given by l/n, where n is theorder of interference in the Fabry-Perot. Its resolving power, on the other hand is given by nF,where F is its finesse. In order to achieve a resolving power of 104 with the available finesses ofabout 100, we need to operate in orders of around 100, so that the ratio of the wavelength to thefree spectral range is also about 100. If the grating is to avoid spectral contamination, bypreventing adjacent spectral orders reaching the Fabry-Perots, its resolving power must thereforealso be about 100. It was the need for the grating to order-sort for the Fabry-Perot which set therequirement on the resolving power of the grating.3.3 Extended Mode of OperationIn order to provide some redundancy in case one of the detectors should fail, the grating wasdesigned to be scanned over an extended range of –7.0o, at the expense of a small increase in thepower dissipated into the focal plane. This meant that any detector’s wavelength range couldhave been covered by its neighbours; in figure 5, for example, if SW4 - which covers the range70-80 mm - should fail, the range 70-75 mm can be covered by SW3 whilst SW5 will cover therange 75-80 mm. This extended scanning of the grating also means that the long-wavelength limitcan be pushed out to about 197 mm.In practice, however, this redundant coverage is not complete over the full wavelength range (cf.⁄5.3.3) and, as described in ⁄2.4, the extended range of scanning will be used to maximise thesensitivity of the instrument.

2In practice, the grating will be rotated during the taking of a spectrum so as to keep the maximum of its responsefunction close to the Fabry-Perot setting.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/948 of 384. OVERVIEW OF MODES OF OPERATION AND AOTS4.1 SummaryThe LWS has two operational modes, grating (low-resolution) mode and Fabry-Perot (high-resolution) mode. It has six different observational modes which can be accessed via fourastronomical observation templates (AOTs). This is summarised in figure 6.Grating mode, in which only the grating is used, provides moderate spectral resolving powerofabout 0.29 mm in the short-wavelength channels (SW1-SW5) and 0.6 mm in the long-wavelengthchannels (LW1-LW3, LW5) - corresponding to a resolving power of between 100 and 300 -depending on the wavelengths being investigated. Because of the multiplexing describe in ⁄3.1,usable data are obtained from all ten detectors simultaneously. Whether or not these data areuseful to the observer depends upon the range of wavelengths selected.Fabry-Perot mode, in which one of the two Fabry-Perots is used in combination with the grating,provides high spectral resolving power between 8˚103 and 104. Although radiation in differentorders of the Fabry-Perot will be falling on detectors other than the one selected for thewavelength of interest, it is unlikely that any of these date will be useful. There are two reasonsfor this. First, there may not be spectral lines in the other orders. Secondly, and moreimportantly, the grating will be set so that it has peak transmission at the order of interest. Otherorders will fall on the (uncalibrated) wings of the grating’s spectral response function.In both grating and Fabry-Perot modes, scans are carried out at one of a set of standard detectorintegration times. The total integration time is then achieved by varying the number of scans.4.2 Medium-Resolution Spectroscopy4.2.1 MEDIUM-RESOLUTION WAVELENGTH RANGE.(LWS01)This grating-mode AOT results in a medium-resolution spectrum covering a wavelength range,specified by the user, up to the full range of the LWS in medium-resolution mode (43.0-196.7˚mm). There is a minimum to the range covered, corresponding to 1.25˚mm for the short-wavelength channels (SW1-SW5) and 2.5˚mm for the long-wavelength channels (LW1-LW3,LW5). Data will be recorded from all ten detectors while the specified range is being scanned.The observer has a choice, in fractions of a resolution element, of the spectral sampling interval.4.2.2 MEDIUM-RESOLUTION LINE SPECTRUM.(LWS02)This AOT produces medium-resolution spectra around up to 10 wavelengths, specified by theobserver. Data will be recorded from all ten detectors while the specified ranges are beingscanned. The observer has a choice, in fractions of a resolution element, of the spectral samplinginterval.4.3 High-Resolution Spectroscopy4.3.1 HIGH-RESOLUTION WAVELENGTH RANGE.(LWS03)This AOT results in a high-resolution spectrum covering a wavelength range, specified by theuser, up to the full range of the LWS (47-196.7˚mm) in high-resolution mode. Data will berecorded from only one detector at a time. The observer has a choice, in fractions of a resolutionelement, of the spectral sampling interval. Note that a full spectral scan in high resolution modetakes a very long time!4.3.2 HIGH-RESOLUTION LINE SPECTRUM (LWS04)The AOT produces high-resolution spectra around up to 10 wavelengths, specified by theobserver. Data will be recorded from only one detector at a time. The observer has a choice, infractions of a resolution element, of the spectral sampling interval.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/949 of 38Figure 6. Modes of the LWS4.4 Rapid ScanningNormally, the LWS is scanned so that the required integration time is obtained at each point ofthe spectrum before the grating or the Fabry-Perot is moved to a new position. In some cases,though, it may be desirable to scan through the spectrum as rapidly as possible, building up theintegration time by repeatedly scanning over the spectrum An obvious example is theobservation of a weak line on a strong background. The observer may chose this option for anyof the above AOTs.4.5 Narrow-Band Photometry (LWS02)This is an under-sampled medium-resolution spectrum over the full wavelength range of theLWS (43-196.7˚mm): it provides ten photometric points - one in each channel - at a resolution ofabout 0.29 mm in the short-wavelength channels (SW1-SW5) and 0.6 mm in the long-wavelengthchannels (LW1-LW3, LW5). For technical reasons, this is not implemented by a separate AOTbut by specifying zero-width scan in the medium-resolution line-spectrum AOT (LWS02). Theresult is that the grating is not scanned but remains at a fixed position.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9410 of 385. PERFORMANCE OF THE INSTRUMENT5.1 IntroductionThe figures presented here are based on the performance of the LWS as measured under therelatively benign conditions of the laboratory. Although we have made our best attempt toforesee the consequences of changing backgrounds and radiation hits, and to prepare to removethem during the processing of the data, only experience in orbit will tell us if our assumptions arejustified.5.2 Characterising the Performance of the LWSSuppose the telescope is illuminated with flux-density Fn at frequency n. The signal-to-noiseratio SNR obtained after integrating for time t is given by

SNR Fh F A NEFD t f Instr f = ( ) ( ) ( ) + ( )( ) ( ) ν ν η ν τ ν τ ν ν ντ ν 4 2^{2 1 2 1 2/ /}

,(5.1)whereh(n)is the quantum efficiency of the detector;t(n)is the transmission of the instrument in grating mode;tf(n)is:unity in grating mode orthe transmission of the Fabry-Perot in Fabry-Perot mode;Ais the effective collecting area of the telescope;NEFDInstris the noise-equivalent flux-density of the instrument ingrating mode.The first term in the denominator of equation 5.1 takes account of the shot-noise in the photonstream and generation-recombination noise in the photo-current. The second term arises fromnoise intrinsic to the detector, mainly shot- and generation-recombination noise in the detector’sdark-current. These terms make equal contributions to the total noise when

F ANEFDh

f Instr ν η τ ντ ν νν = ( )( ) ( ) 4 2

,(5.2)in which case the signal-to-noise ratio is given by

SNR ANEFDh t

Instr = ( ) ( ) ( )( ) η ν τ ν νν 4 2 2 1 2/

.(5.3)In all realistic circumstances, the signal-to-noise ratio given by equation 5.3 exceeds onehundred. As we shall explain in ⁄6 below, predicted signal-to-noise ratios much above ahundred are misleading in practice. In what follows, therefore, we restrict our attention to theregime in which the performance is limited by intrinsic detector noise. In this regime we have,from equation 5.1,

Instr f ν 1 2/

.(5.4)The use of flux-densities is appropriate for an unresolved line. If a resolved line - or a continuum- is being observed, the spectral flux-density Sn is the quantity of interest:

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9411 of 38

S F R F c F ν ν ν ν λ λ ν ν λ ( ) = = ( ) = : Δ Δ^2

,(5.5)where Dn is the resolution of the spectrometer at frequency n , R(n) is the resolving power at thatfrequency and l and Dl are the corresponding wavelength and wavelength resolution.Corresponding to equation 5.4, we have

SNR SNESD t

Instr f = ( ) ( ) ( ) ( ) ν ν τ ν 2 1 2/

,(5.6)where the noise-equivalent spectra-density NESDInstr(n) is given by

NESD R NEFD c NEFD

Instr Instr Instr ν ν νν λ νλ ( ) = ( ) ( ) = ( ) 2 Δ

.(5.7)It is clear from the above equations that both the NEFDInstr and the NESDInstr are frequencydependent. In grating-mode, however, Dl is roughly constant for a given order and l varieslinearly whilst, in Fabry-Perot mode, R(n) is roughly constant and n varies linearly. Hence, thebiggest contribution to the variation of NEFDInstr and NESDInstr within a given channel iscaused by the intrinsic properties of the detectors and their filters. There is also a discontinuity inDl between first and second order use of the grating and in R(l) between the short-wavelengthFabry-Perot FPS and the long-wavelength Fabry-Perot FPL.5.3 Measured Performance5.3.1 TRANSMISSION EFFICIENCY

Figure 7. The transmission efficiency of the short- (FPS) and long- (FPL) wavelength Fabry-Perots.The transmission efficiency of the optics/grating combination is difficult to establishindependently, although estimates show it to be close to the design model. We avoid the need toknow this figure by referring all sensitivity figures in grating mode to the entrance aperture of theinstrument. We do need to know the transmission efficiency of the Fabry-Perots and this can bemeasured independently. The results are shown in figure 7.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9412 of 385.3.2 SPECTRAL RESOLUTION

5.3.2.1 Grating ModeIn grating mode, the spectral resolution is limited by the entrance apertures of the detectors and isroughly constant for a given order. In the short-wavelength channels (SW1-SW5) it is about 0.29m and in the long-wavelength channels (LW1-LW3, LW5) it is about 0.6 m

5.3.2.2 Fabry-Perot Mode

Figure 8. Resolving power in Fabry-Perot mode.In Fabry-Perot mode, the resolving power is, of course, determined by the performance of theFabry-Perots themselves; it is shown in figure 8 as a function of wavelength.5.3.3 PHOTOMETRIC SENSITIVITY

5.3.3.1 Measurements of un-Resolved Lines

Figure 9. Noise-equivalent flux-density of the LWS in grating mode.For un-resolved lines, the signal-to-noise ratio obtained in a single integration of time t is givenby equation 5.4. In grating mode, tf(n) is set to unity and the sensitivity of the instrument istherefore determined directly by the NEFDInstr, which is plotted as a function of wavelength infigure 9. The individual curves correspond to the different channels (detectors).

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9413 of 38It is clear that, in several cases, a detector is less sensitive than an adjacent detector over part ofits nominal range. In these cases, the grating will be used in its extended scanning range so as tomaximise the sensitivity at any given wavelength. The extreme cases are channels SW2 andLW4, the latter not being shown in the figure. The noise-equivalent power of the detector inchannel SW2 is a factor of about three worse than those of its neighbours SW1 and SW3(10˚10-18 W Hz-1/2 and 6˚10-18W Hz-1/2 respectively). This is exacerbated by the difficulty ofproducing the order-sorting filters at these short wavelengths, resulting in no overlap of channelsSW1 and SW3. Channel SW2 will, therefore be used only over the range of wavelengths,between about 51˚ m m and 57˚ m m. where it is clearly more sensitive than channels SW1 andSW2. The sensitivity in this wavelength range is significantly lower than in adjacent ranges. [It ispossible that the excess noise found on detector SW2 is caused by pickup in the laboratory andmay disappear in orbit. For the moment, though, these figures should be used to estimateintegration times.]The noise-equivalent power of the detector in channel LW4 too, whilst being good in absoluteterms (1.9˚10-18 W H z - 1 / 2 ) , i s a b o u t a f a c t o r o f t w o w o r s e t h a n t h o s e o f i t s n e i g h b o u r s . Consequently, channels LW3 and LW5 will be used to cover the wavelength range nominallyassigned to LW4.The curve of NESDInstr shown in figure 9 reflects the significant spectral structure which existsin the transmission of the instrument. This structure is retained in the software used to reduce thedata but it unnecessarily complicates the estimation of integration times. For convenience,therefore, we have divided the wavelength channels into sub-channels roughly 8 resolutionelements wide; each sub-channel is therefore about 2 mm wide for channels SW1-SW5 and 4 mmwide for channels LW1 to LW5. We have taken an average value of NEFDInstr and NESDInstr ineach of these sub-channels; the values are given in table 3 of ⁄6.In Fabry-Perot mode, tf(n) is set to the transmission of the Fabry-Perot.; the sensitivity of theinstrument is therefore determined by the NEFDInstr/tFP(n). Because the FPL has a significantlybetter transmission than FPS in the wavelength range where the measurements overlap (cf. figure7), FPL will be used for the wavelength range 70-196.7˚ m m. Also, because of order-sortingdifficulties at the shortest wavelengths, FPS will be used only over the range 47-70 mm. TheNEFD and NESD of the instrument in Fabry-Perot mode are given in table 6 of ⁄6.

5.3.3.2 Measurements of Resolved Lines or Continua

Figure 10. Noise-equivalent spectral-density of the LWS in grating mode.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9414 of 38For resolved lines or continua, the signal-to-noise ratio obtained in a single integration of time tis given by equation 5.6. In grating mode, tf(n) is set to unity and the sensitivity of theinstrument is therefore determined directly by the NESDInstr given by equation 5.7, with Dl theresolution in grating mode. This is plotted as a function of wavelength in figure 10 and table 3gives average values of NESDInstr over the sub-channels described above.Finally, in Fabry-Perot mode, the performance is given by equations 5.6 and 5.7 with theappropriate Fabry-Perot values of t(n) and R(n). The resulting NESDInstr is tabulated in table 6of ⁄6.You should appreciate that the above figures are for a single point in a spectrum. To obtain thetime needed for a complete spectrum, you must multiply the times by the number of points in thespectrum, paying careful attention to the need to sample the spectrum fully. It will also beessential, in general, to repeat the spectrum off the source and perform a subtraction; all timesshould therefore be doubled. Finally, no account is taken these figures of any instrumentaloverheads. All these points are discussed in ⁄6 below.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9415 of 386. COOKERY BOOK6.1 Astronomical Considerations in Use of the InstrumentThe choice of AOT will obviously be dictated by the astronomical objectives. There are twogeneral consideration which apply to all observations, however. The design of the LWS meansthat it is comparatively difficult to establish a zero level for spectra. In cases where theastronomical interest lies only in the strengths and structures of spectral lines, and where theseline lie on measurable continua, this may not be important. In general, however, we regard it isas mandatory that every observation on a source is repeated at a neighbouring position offthe source.Secondly, the effective dynamic range of the LWS is about 1000:1, corresponding to 10 effectivebits in the analogue-to-digital converter. It is therefore impossible to measure a resolved linewhose spectral density is much less 1% of the continuum on which it may sit. Similarly, it isimpossible to measure an unresolved line sitting on a continuum which, in the spectralresolution element, contributes much more than 100 times the flux of the line.6.2 Grating-Mode Observations - LWS01, LWS02This section describes the observing modes dedicated to medium-resolution observations withthe grating. It contains a description of each AOT, of the observing parameters and of thestandard data products. Section 6.2.4 summarises the performance at medium resolution.Narrow-band photometry, described in ⁄4.5 above, is carried out with the same AOT as mediumresolution line-spectra, using a zero-length scan.6.2.1 DESCRIPTIONSThere are two AOTs available for observations with the grating:LWS01:Medium-Resolution Wavelength Range: This AOT takes the spectrum of an objectover a specified range of wavelengths lying between 43.0 m and 196.7 m.LWS02:Medium-Resolution Line Spectrum. This AOT takes the spectrum of an object arounda number (1 to 10) of specified wavelengths lying between 43.0 mm and 196.7 mm. Itsmain purpose is the detection of line emission.The spectral-resolution element - the full width to half power (FWHP) of the spectral responsefunction - is roughly constant at 0.29 mm between 43.0 mm and 90.5 mm and at 0.6 mm between90.5 mm and 196.7 mm; the resolving power varies with wavelength between about 150 and 300in each channel.Using LWS01, any range of wavelength up to the full LWS range may be specified; a full gratingscan is about 65 spectral elements long. The range actually covered, however, will not be lessthan 4 spectral-resolution elements.A line spectrum using LWS02 is obtained by scanning the grating over each specified range. Noaccount is taken of possible overlap of wavelength-coverage nor of the intrinsic multiplexingprovided by the instrument. If several lines are to be covered, use of LWS01 over the fullwavelength range of the LWS may incur very little increase - and could mean a decrease - in thetotal time needed to carry out the observation. Unfortunately, it is impossible to give a simplealgorithm to assess this3. As a rough rule of thumb, observers should use LWS01 over the fullwavelength range if the total number of spectral elements to be covered approaches about:30 in the wavelength range 57.0 m<l<120.5 mm60otherwise.At appropriate intervals, illuminator flashes are inserted between sets of scans to provide arelative photometric calibration of the detectors. Data are taken from all the detectors while the

3Users of the LWS Observing-Time Calculation Aid can investigate this by trial and error.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9416 of 38specified wavelength ranges are being scanned and these data will be processed. The signal-to-noise ratio specified by the user is only guaranteed, however at the specified exposurewavelengths (see below).For each AOT, the observer may use the rapid scanning mode instead of the normal mode (cf.⁄4.4). This mode is recommended for observations in which the line-to-continuum ratio is lessthan 1:50. It may also be used to reduce the observation time, by a factor of up to 4, for a sourcebrighter than about 50 Jy in the LWS wavelength range (cf. ⁄6.4.3)In narrow-band photometry, carried out with LWS02, the grating remains at a fixed position. Inthis mode spectro-photometry can be obtained at 10 fixed wavelengths between 43.0 mm and196.7 m.All these observations can be performed at a single sky position or in a celestial raster.With these AOTs, atomic and molecular lines can be sought in a variety of objects. One goalwhich can be pursued with medium resolution observations is to detect lines and compare theirstrengths in order to analyse abundances and ionisation conditions. Also, the continuum energydistribution in the far infrared can be studied in detail.6.2.2 OBSERVING PARAMETERS

6.2.2.1 GeneralIn both AOTs, the observer can choose between a single pointing (one target position) or a raster.If a raster is to be made, the observer provides the number of steps M(£32) per line of the raster,the number of raster lines N(£32), the angular distance dM (between 2 and 180 arcsec) on thesky between each raster step, the angular distance dN (between 0 and 180 arcsec) on the skybetween each raster line and the orientation of the raster on the sky (degrees, from north to east)(cf. ISO Observer’s Manual).

6.2.2.2 Medium-Resolution Wavelength Range - LWS01A wavelength range is specified by the start and end wavelengths. A number (‡1) of referencesexposures must be specifies, for each of which the wavelength and the expected continuum orline flux has to be specified. If the line flux corresponds to a spectrally resolved feature, the widthof the line must be given.The spectral sampling interval is the number of spectral samples per resolution element. It can be1, 2, 4 or 8. For wavelengths between 43.0 m m and 90.5 m m, these numbers correspond tosamples taken approximately 0.29, 0.15, 0.08 and 0.04 mm apart respectively; for the wavelengthrange 90.5 m to 196.7 m, the corresponding figures are 0.6, 0.3, 0.15 and 0.07 m.If rapid scanning is desired, the fast scan flag has to be set. This option is described in ⁄4.4above. [Because the grating does not move in narrow-band photometry, the fast scan flag is notapplicable to this mode.]The observer can either specify the signal-to-noise ratio required at the reference lines or theintegration time per spectral element.The full list of parameters is given in table 1.

6.2.2.3 Medium-Resolution Line Spectrum -

LWS02The number of lines to be observed has to be specified. For each line, the wavelength and theexpected continuum or line flux must be given.The spectral scan width defines the width of the spectral scan, in multiples of the spectralresolution element, on either side of the line centre; it can have values 0, 2, 3 or 4. The totalwidth of a scan over a line, expressed as number of resolution elements, is given by: 1 (the linecentre) + 2 * (spectral scan width) and therefore has values 1, 5, 7 or 9 resolution elements.Setting the spectral scan width equal to zero automatically gives narrow-band photometry.The spectral sampling interval is the number of spectral samples per resolution element. It can be1, 2, 4 or 8. For wavelengths between 43.0 m m and 90.5 m m, these numbers correspond to

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9417 of 38samples taken approximately 0.29, 0.15, 0.07 and 0.04 mm apart respectively; for the wavelengthrange 90.5 m to 196.7 m, the corresponding figures are 0.6, 0.3, 0.15 and 0.07 m.For any specified line, the actual line width has to be given. If appropriate, it can be set to zero.If rapid scanning is desired, the fast scan flag has to be set. This option is described in ⁄4.4above. [Because the grating is not move in narrow-band photometry, the fast scan flag is notapplicable to this mode.]The observer can either specify the signal-to-noise ratio required at the specified lines or theintegration time per spectral element.The full list of parameters is given in table 2.6.2.3 DATA PRODUCTSFor each spectral sample, the observer will be given (i) the wavelength of the sample, (ii) the flux(W m-2) integrated over the resolution element, and (iii) the spectral resolution element (mm).6.2.4SENSITIVITY FIGURESThe sensitivity of the instrument is encapsulated in the noise-equivalent flux density (NEFD) andthe noise-equivalent spectral density (NESD). These have been given graphically in ⁄5 but thesegraphs contain more detail than is justified for calculating integration times. We have thereforeaveraged the sensitivity figures over bins roughly sixteen spectral elements wide: the results aregiven in table 3.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9418 of 38Table 1. Parameters for AOT LWS01ParameterTypeValuesUnitsDescription

MNdMdNTHETANum(I)Num(I)Num(FP)Num(FP)Num(FP)<32<322 to 1800 to 1800 to 360--arcsecarcsecdegreeNo of points in line of raster scan.No of lines in raster.Angular distance between points in raster line.Angular distance between raster lines.Orientation of the raster on the sky, from northto east.

WAVESNum(FP)mSpectrum start wavelength.

WAVEENum(FP)<WAVESmSpectrum end wavelength.

INTERVALNum(I)1, 2, 4, 8-Spectral sampling interval expressed as thenumber of spectral samples per spectralresolution element.

FASTLogicalY, N-Flag indicating whether individuals scans areto be carried out as quickly as possible.

NEXPNum(I)1 to 10-Number or reference exposure values. Theseare used to calculate the integration timeneeded to achieve the specified signal-to-noiseratios at each of the given wavelengths. Foreach exposure value:

WAVENum(FP)array.NEXPvalues>WAVES<WAVEEmWavelengths for exposure values.

CFLUXNum(FP)array.NEXPvalues.‡0JyContinuum flux for the object at eachexposure-value wavelength.May only be zero if LFLUX is non-zero.

LFLUXNum(FP)array.NEXPvalues.‡0W m-2Integrated line flux for the object at eachexposure-value wavelength.May only be zero if CFLUX is non-zero.

WIDTHNum(FP)array.NEXPvalues.‡0mWidth of line for each exposure value.This parameter is needed only if the LFLUXvalue refers to a spectrally resolved line. Ifnot, WIDTH should be set equal to zero.

SNNum(FP)array.NEXPvalues.‡1or0-Signal-to-noise ratio required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero ifTINT is non-zero.

TINTNum(FP)array.NEXPvalues.>0or0sIntegration time required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero if SNis non-zero.

Num() = Numeric. (FP) = Floating point. (I) = Integer.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9419 of 38Table 2. Parameters for AOT LWS02ParameterTypeValuesUnitsDescription

MNdMdNTHETANum(I)Num(I)Num(FP)Num(FP)Num(FP)<32<322 to 1800 to 1800 to 360--arcsecarcsecdegreeNo of points in line of raster scan.No of lines in raster.Angular distance between points in raster line.Angular distance between raster lines.Orientation of the raster on the sky, from northto east.

NLINESNum(I)1 to 10-Number of lines to be scanned. For each line:

WAVENum(FP)array.NLINESvaluesmWavelength at which the line is expected to beobserved in the solar rest-frame.

NSPELNum(I)array.NLINESvalues0, 2, 3, 4-Spectral scan-width, expressed as the numberof spectral resolution elements to be scannedon either side of the central sample. If zero isspecified, an under-sampled spectrum isobtained.

INTERVALNum(I)array.NLINESvalues1, 2, 4, 8-Spectral sampling interval expressed as thenumber of spectral samples per spectralresolution element.

FASTLogicalY, N-Flag indicating whether individuals scans areto be carried out as quickly as possible.Must be set "N" if NSPEL is set equal to zero.

CFLUXNum(FP)array.NLINESvalues.‡0JyContinuum flux for the object at eachexposure-value wavelength.May only be zero if LFLUX is non-zero.

LFLUXNum(FP)array.NLINESvalues.‡0W m-2Integrated line flux for the object at eachexposure-value wavelength.May only be zero if CFLUX is non-zero.

WIDTHNum(FP)array.NLINESvalues.‡0mWidth of line for each exposure value.This parameter is needed only if the LFLUXvalue refers to a spectrally resolved line. Ifnot, WIDTH should be set equal to zero.

SNNum(FP)array.NLINESvalues.‡1or0-Signal-to-noise ratio required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero ifTINT is non-zero.

TINTNum(FP)array.NLINESvalues.>0or0sIntegration time required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero if SNis non-zero.

Num() = Numeric. (FP) = Floating point. (I) = Integer.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9420 of 38TABLE 3: Sensitivity of the LWS in Medium-Resolution ModeChannelNo.Wavelength Range(

m)Spectral-ResolutionElement( m)NEFD(10-17(W m-2 Hz-1/2)NESD(Jy Hz-1/2)

SW143.0 - 47.00.29270.63

47.0 - 51.00.29200.56

SW251.0 - 53.50.29501.6

53.5 - 57.00.29401.4

SW357.0 - 61.50.29180.73

61.5 - 66.00.29140.64

66.0 - 70.00.29160.83

SW470.0 - 74.30.29160.96

74.3 - 78.50.29151.0

SW578.5 - 82.50.29131.0

82.5 - 86.50.29141.1

86.5 - 90.50.29141.3

LW190.5 - 95.50.60140.65

95.5 - 101.50.60110.59

LW2101.5 - 111.00.606.60.42

111.0 - 120.50.604.90.37

LW3120.5 - 128.50.603.40.29

128.5 - 136.50.602.20.21

136.5 - 144.50.602.00.22

144.5 - 152.50.602.00.25

152.5 - 161.20.602.80.38

LW5161.2 - 168.20.602.50.38

168.2 - 175.20.602.00.33

175.2 - 182.20.602.20.40

182.2 - 190.20.602.40.47

190.2 - 196.70.602.90.60

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9421 of 386.3 Fabry-Perot Observations - LWS03, LWS04This section describes the observing modes dedicated to high-resolution observations with theFabry-Perot. It contains a description of each AOT, of the observing parameters and of thestandard data products. Section 6.3.4 summarises the performance at high resolution.6.3.1 DESCRIPTIONSAs for grating-mode observations, there are two AOTs for use in Fabry-Perot mode.LWS03:High-Resolution Wavelength Range: This AOT takes the spectrum of an object over aspecified range of wavelengths lying between 47.0 m and 196.7 m.LWS04:High-Resolution Line Spectrum. This AOT takes the spectrum of an object around anumber (1 to 10) of specified wavelengths lying between 47.0 mm and 196.7 mm. Itsmain purpose is the study of line emission.The resolving power, defined as the ratio of the wavelength to the resolution element, is some8,000 or more, corresponding to a resolution element of less than 0.025 mm over the entire LWSwavelength range.A spectrum is obtained by performing a series of Fabry-Perot scans, each with the grating held ata fixed calibrated position. In the case of LWS03, the scans are arranged to overlap inwavelength so as to provide a complete spectrum. For LWS04, the grating is set to the nearestcalibrated position for each line and a Fabry-Perot scan is performed about that line. Atappropriate times, illuminator flashes are inserted between sets of scans to provide a relativephotometric calibration of the detectors. Data are processed only for the channel covering thecurrent wavelength range or spectral line.The observer may use the rapid scanning mode, instead of the normal mode (see ⁄4.4), for eitherAOT. This mode is recommended for observations in which the line-to-continuum ratio isestimated to be less than 1:50.High resolution observations can be performed at a single sky position or in a celestial raster.These AOTs can be used to explore spectral features (in relatively bright objects) which areunresolved at medium resolution. Profiles of lines originating in high temperature environmentsor in high velocity outflows can therefore be studied.6.3.2 OBSERVING PARAMETERS

6.3.2.1 GeneralIn both AOTs, the observer can choose between a single pointing (one target position) or a raster.If a raster is to be made, the observer provides the number of steps M(£32) per line of the raster,the number of raster lines N(£32), the angular distance dM (between 2 and 180 arcsec) on thesky between each raster step, the angular distance dN (between 0 and 180 arcsec) on the skybetween each raster line and the orientation of the raster on the sky (degrees, from north to east)(cf. ISO Observer’s Manual).

6.3.2.2 High-Resolution Wavelength Range -

LWS03A wavelength range is specified by the start and end wavelengths. A number (‡1) of referencesexposures must be specifies, for each of which the wavelength and the expected continuum orline flux has to be specified. If the line flux corresponds to a spectrally resolved feature, the widthof the line must be given.The spectral sampling interval is the number of spectral samples per resolution element. It can be1, 2, 4 or 8.If rapid scanning is desired, the fast scan flag has to be set. This option is described in ⁄4.4above.The observer can either specify the signal-to-noise ratio required at the reference lines or theintegration time per spectral element.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9422 of 38The full list of parameters is given in table 4.

6.3.2.3 High-Resolution Line Spectrum -

LWS04The number of lines to be observed has to be specified. For each line, the wavelength and theexpected continuum or line flux must be given.The spectral scan width defines the width of the spectral scan, in multiples of the spectralresolution element, on either side of the line centre; it can have values 3, 4 or 5. The total widthof a scan over a line, expressed as number of resolution elements, is given by: 1 (the line centre)+ 2 * (spectral scan width) and therefore has values 7, 9 or 11 resolution elements. Setting thespectral scan width equal to zero automatically gives narrow-band photometry.The spectral sampling interval is the number of spectral samples per resolution element. It can be1, 2, 4 or 8.For any specified line, the actual line width has to be given. If appropriate, it can be set to zero.If rapid scanning is desired, the fast scan flag has to be set. This option is described in ⁄4.5above.The observer can either specify the signal-to-noise ratio required at the specified lines or theintegration time per spectral element.The full list of parameters is given in table 5.6.3.3 DATA PRODUCTSFor each spectral sample, the observer will be given (i) the wavelength of the sample, (ii) the flux(W m-2) integrated over the resolution element, and (iii) the spectral resolution element (mm).6.3.4SENSITIVITY FIGURESThe sensitivity of the instrument is encapsulated in the noise-equivalent flux density (NEFD) andthe noise-equivalent spectral density (NESD). We have averaged these sensitivity figures overthe same bins as used in table 6.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9423 of 38Table 4. Parameters for AOT LWS03ParameterTypeValuesUnitsDescription

MNdMdNTHETANum(I)Num(I)Num(FP)Num(FP)Num(FP)<32<322 to 1800 to 1800 to 360--arcsecarcsecdegreeNo of points in line of raster scan.No of lines in raster.Angular distance between points in raster line.Angular distance between raster lines.Orientation of the raster on the sky, from northto east.

WAVESNum(FP)mSpectrum start wavelength.

WAVEENum(FP)<WAVESmSpectrum end wavelength.

INTERVALNum(I)1, 2, 4, 8-Spectral sampling interval expressed as thenumber of spectral samples per spectralresolution element.

FASTLogicalY, N-Flag indicating whether individuals scans areto be carried out as quickly as possible.

NEXPNum(I)1 to 10-Number or reference exposure values. Theseare used to calculate the integration timeneeded to achieve the specified signal-to-noiseratios at each of the given wavelengths. Foreach exposure value:

WAVENum(FP)array.NEXPvalues>WAVES<WAVEEmWavelengths for exposure values.

CFLUXNum(FP)array.NEXPvalues.‡0JyContinuum flux for the object at eachexposure-value wavelength.May only be zero if LFLUX is non-zero.

LFLUXNum(FP)array.NEXPvalues.‡0W m-2Integrated line flux for the object at eachexposure-value wavelength.May only be zero if CFLUX is non-zero.

WIDTHNum(FP)array.NEXPvalues.‡0mWidth of line for each exposure value.This parameter is needed only if the LFLUXvalue refers to a spectrally resolved line. Ifnot, WIDTH should be set equal to zero.

SNNum(FP)array.NEXPvalues.‡1or0-Signal-to-noise ratio required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero ifTINT is non-zero.

TINTNum(FP)array.NEXPvalues.>0or0sIntegration time required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero if SNis non-zero.

Num() = Numeric. (FP) = Floating point. (I) = Integer.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9424 of 38Table 5. Parameters for AOT LWS04ParameterTypeValuesUnitsDescription

MNdMdNTHETANum(I)Num(I)Num(FP)Num(FP)Num(FP)<32<322 to 1800 to 1800 to 360--arcsecarcsecdegreeNo of points in line of raster scan.No of lines in raster.Angular distance between points in raster line.Angular distance between raster lines.Orientation on the sky, from north to east.

NLINESNum(I)1 to 10-Number of lines to be scanned. For each line:

WAVENum(FP)array.NLINESvaluesmWavelength at which the line is expected to beobserved in the solar rest-frame.

NSPELNum(I)array.NLINESvalues3, 4, 5-Spectral scan-width, expressed as the numberof spectral resolution elements to be scannedon either side of the central sample. If zero isspecified, an under-sampled spectrum isobtained. One spectral element should beallowed for the effect of the velocity of thesatellite with respect to the solar rest-frame.

INTERVALNum(I)array.NLINESvalues1, 2, 4, 8-Spectral sampling interval expressed as thenumber of spectral samples per spectralresolution element.

FASTLogicalY, N-Flag indicating whether individuals scans areto be carried out as quickly as possible.

CFLUXNum(FP)array.NLINESvalues.‡0JyContinuum flux for the object at eachexposure-value wavelength.May only be zero if LFLUX is non-zero.

LFLUXNum(FP)array.NLINESvalues.‡0W m-2Integrated line flux for the object at eachexposure-value wavelength.May only be zero if CFLUX is non-zero.

WIDTHNum(FP)array.NLINESvalues.‡0mWidth of line for each exposure value.This parameter is needed only if the LFLUXvalue refers to a spectrally resolved line. Ifnot, WIDTH should be set equal to zero.

SNNum(FP)array.NLINESvalues.‡1or0-Signal-to-noise ratio required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero ifTINT is non-zero.

TINTNum(FP)array.NLINESvalues.>0or0sIntegration time required, per spectralINTERVAL, at each exposure wavelength.This parameter must be set equal to zero if SNis non-zero.

Num() = Numeric. (FP) = Floating point. (I) = Integer.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9425 of 38TABLE 6: Sensitivity of the LWS in High-Resolution ModeFabry-PerotChannelNo.Wavelength Range(

m)ResolvingPowerResolutionElement(nm)NEFD(10-17(W m-2 Hz-1/2)NESD(Jy Hz-1/2)

FPSSW147.0 - 51.085945.7100150

SW251.0 - 53.585146.1300440

53.5 - 57.084316.6270420

SW357.0 - 61.583437.1140230

61.5 - 66.082267.8130230

66.0 - 70.081128.4180340

FPLSW470.0 - 74.3685210.564110

74.3 - 78.578429.765130

SW578.5 - 82.586079.361140

82.5 - 86.591729.266170

86.5 - 90.595599.274210

LW190.5 - 95.597829.575230

95.5 - 101.5974810.166210

LW2101.5 - 111.0961211.146160

111.0 - 120.5952612.141150

LW3120.5 - 128.5943213.232130

128.5 - 136.5933514.224100

136.5 - 144.5922615.227120

144.5 - 152.5910716.331140

152.5 - 161.2896917.550230

LW5161.2 - 168.2882918.751250

168.2 - 175.2869619.745220

175.2 - 182.2855320.953270

182.2 - 190.2839022.260310

190.2 - 196.7823023.571370

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9426 of 386.4 How to Estimate Observing Times6.4.1 CALCULATION OF NUMBER OF SPECTRAL SAMPLES

6.4.1.1 Medium-Resolution Wavelength RangeFor medium-resolution mode, Dl is constant over the five short-wavelength channels (SW1-SW5) and over the four long-wavelength channels (LW1-LW3, LW5). You should thereforecalculate the number Ns(S,L) of spectral samples needed to cover the specified wavelength rangeas follows:

N S L WAVES WAVEE S L Samples INTERVAL s , min , , max ( ) = − [ ] ( ) × Δλ

,(6.1)where Dl (S,L) is the resolution element in the short-wavelength channels (S) or the long-wavelength channels (L); it is given in table 3. Samplesmax is the maximum numbers of samplesin a full grating scan:

Samplesmax . . = ≤ ≤≤ ≤ 35 43.0 m 90.5 m 65 9 m 1 m μ μ λ 0 5 96 7

(6.2)If the wavelength range [WAVEE-WAVES] spans both the short-and long-wavelength channels,you should split it into the two appropriate sub-ranges and calculate Ns separately for each. Thetotal Ns is then the sum

N N S N L

s s s

= +( ) ( )

(6.3)Note that, as discussed in ⁄6.2 for grating-mode only, if Nt approaches about30 in the wavelength range 57.0 m<l<120.5 mm60otherwise,you should consider carrying out a scan over the full wavelength range of the LWS usingLWS01.

6.4.1.2 High-Resolution Wavelength RangeFor high-resolution mode, it is the resolving power which is roughly constant over the ranges ofthe short- and the long-wavelength Fabry-Perots. You should therefore calculate Ns(S,L) asfollows:

N FPS FPL WAVEE WAVES INTERVAL

s FPS FPL

, min , ( ) = − [ ] [ ] ×

,(6.4)where

min ,

Δλ FPS FPL [ ]

(6.5)is the minimum resolution element over the specified range (cf. table 6 of ⁄6). As before, if thewavelength range [WAVEE-WAVES] spans the ranges of both the short- and long-wavelengthFabry-Perots, you should split it into two sub-ranges, calculate Ns(FPS,FPL) for each and takethe total:

N N FPS N FPL

s s s = + ( ) ( )

(6.6)You should note that a full spectral scan in Fabry-Perot mode is 15,000 spectral elements!

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9427 of 38

6.4.1.3 Medium- and High-Resolution Line SpectrumYou should therefore calculate the number Ns of spectral samples needed to cover the specifiedlines:

N NLINES NSPEL INTERVAL s = × + ×[ ]× 1 2

,(6.7)6.4.2 ESTIMATION OF INTEGRATION TIMES PER SPECTRAL SAMPLE

6.4.2.1 Isolated Unresolved LinesThis is the simplest example. For each specified exposure value (wavelength range AOT) or foreach specified line (line-spectrum AOT) you should calculate the integration time needed perspectral sample according to equation 5.4:

t SN NEFD LFLUX n n = × 12 2

,(6.8)where LFLUXn is the integrated line flux-density at each of the specified exposure values(wavelength range AOT) or specified lines (line-spectrum AOT). The values of NEFD are takenfrom table 3 or table 6, depending on whether medium or high resolution mode is being used.The integration time ts to be used, per spectral sample, is then given by

t t sample n = [ ] max

.(6.9)

6.4.2.2 Continuum or Isolated Resolved LinesFor each specified exposure value (wavelength range AOT) or for each specified line (line-spectrum AOT) you should calculate the integration time needed per spectral sample accordingto equation 5.6:

t SN NESD CFLUX n n = × 12 2

,(6.10)where CFLUXn is the spectral flux-density at each of the specified exposure values (wavelengthrange AOT) or specified lines (line-spectrum AOT). The values of NESD are taken from table 3or table 4, depending on whether medium or high resolution mode is being used. The integrationtime ts to be used, per spectral sample, is then given by

sample n

.(6.11)

6.4.2.3 Resolved Lines on ContinuaThis is more complicated. The software used in the Ground Segment calculates signal-to-noiseratios on the basis of the total power - line plus continuum - falling on the detector. The observer,on the other hand, is often more interested in the signal-to-noise ratio SNline obtained on theline, measured above the continuum. We have

CFLUX CFLUX CFLUX

line continuum = +

(6.12)so that

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9428 of 38

SN CFLUX Noise CFLUX CFLUX

Noise CFLUX

Noise CFLUXCFLUX SN CFLUXCFLUX^{line continuum}

line continuumline

line continuumline := = + = + = + 1 1

(6.13)If you wish to achieve a given signal-to-noise ratio on the line, therefore, you should separatelyestimate the spectral flux-density for the line and the continuum and then use equation 6.13 toestimate the total signal-to-noise ratio SN needed. [Note: If the ratio of the continuum spectraldensity to the line spectral density exceeds about 50, you should use rapid scanning (cf. ⁄4.4)].To use equation 6.13, you should first estimate the spectral flux density S(n) of the line at itscentre:

S F c F ν ν λ λ ν ν ( ) = =Δ Δ2

(6.14)where S(n) is CFLUX line and Fn is LFLUXline. Dl is the line width.Having estimated the signal-to-noise ratio SNn r e q u i r e d f o r e a c h s p e c i f i e d e x p o s u r e v a l u e (wavelength range AOT) or for each specified line (line-spectrum AOT) you should calculate theoverall signal-to-noise ratio required according to

n

(6.15)and then the integration time needed per spectral sample according to equation 5.6, as before:

n n 2

,(6.16)where CFLUXn is the total spectral flux-density at each of the specified exposure values(wavelength range AOT) or specified lines (line-spectrum AOT). The values of NESD are takenfrom table 3 or table 6, depending on whether medium or high resolution mode is being used.The integration time ts to be used, per spectral sample, is then given by

.(6.17)

6.4.2.4 Un-Resolved Lines on ContinuaThis follows the previous case but is yet more complicated. We now have

CFLUX LFLUX CFLUX

line continuum = + Δλ

,(6.18)where Dl is the spectral resolution element at the given wavelength. Equation 6.13 is nowmodified to

SN SN CFLUXLFLUX

line continuumline = + 1 Δλ

.(6.19)If you wish to achieve a given signal-to-noise ratio on the line, therefore, you should separatelyestimate the flux-density for the line and the spectral flux-density for the continuum and then useequation 6.19 to estimate the total signal-to-noise ratio SN needed. [Note: If the ratio of the

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9429 of 38continuum spectral density to the line spectral density exceeds about 50, you should use rapidscanning (cf. ⁄4.4)].Having estimated the signal-to-noise ratio SNn r e q u i r e d f o r e a c h s p e c i f i e d e x p o s u r e v a l u e (wavelength range AOT) or for each specified line (line-spectrum AOT) you should calculate theoverall signal-to-noise ratio required according to

SN SNn = [ ] max

(6.20)and then the integration time needed per spectral sample according to equation 5.6, as before:

t SN NESD CFLUX n n = × 12 2

,(6.21)where CFLUXn is the total spectral flux-density at each of the specified exposure values(wavelength range AOT) or specified lines (line-spectrum AOT). The values of NESD are takenfrom table 3 or table 6, depending on whether medium or high resolution mode is being used.The integration time ts to be used, per spectral sample, is then given by

t t sample n = [ ] max

.(6.22)6.4.3 ESTIMATION OF TOTAL OBSERVING TIMEHaving estimated the total number of spectral samples Ns and the integration time ts needed persample you could now estimate the total time Tobs needed to make the observation by

T N t M N

obs s s = × × × ×( ) 2 max ,ε 3s

(6.23)where (MxN) is the number of point in the raster and e is an efficiency factor which take accountof instrumental overheads. The factor 2 is needed for repeating the observation off the source (cf.⁄6.1). The expression

is needed because, for technical reasons, the minimum value of ts/e is 3 seconds. Use of the fast-scanning mode, however, can reduce the time needed to observe sources brighter than about50˚Jy by a factor of up to 4 (cf. ⁄6.2.1).Although instrumental overheads are taken account of in the Ground Segment software, it isimpossible to give a simple algorithm for estimating e . Our experience is that in the worst case(bright sources, short integration times) e is 40-45% and in the best case (faint sources, longintegration times) e is about 90%. Since the worst case implies a short observation anyway, wesuggest that you use a standard figure of 75% for all observations. We believe that this will alsogive adequate margin to include the time taken to move between raster points: this is usuallyvery small compared with the time needed for integration at each point.6.5 Worked ExamplesThe examples given in this section are actual observations from the LWS Central Programme.6.5.1 GRATING RANGE SCAN.The proposed observation is a full grating scan (43 to 190 mm) of an AGB star. The referencewavelengths are 60 and 100 m m, with continuum fluxes of 24 and 9.7 Jy respectively. Thespectrum is to be taken with 4 samples per resolution element, and the signal-to-noise ratiorequired is 50 at both wavelengths.First step is the calculation of the number of steps in the scan (⁄ 6.4.1.). Since we are doing a fullscan, the number of resolution elements for the full spectral range is equal to the maximum

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9430 of 38number of resolution elements to cover the range of one detector. This maximum is about 65 fordetector LW3. The number of samples is thus (equations 6.1 and 6.2):

Ns = × = 65 4 260

.The factor 4 arises because of the 4 samples per resolution element.Secondly we have to calculate the integration time per step needed to obtain the signal-to-noiseratio required. We use formula 6.10 for each reference wavelength.60 mm: detector SW3, with NESD = 0.73 Jy Hz-1/2. The required integration time to get signal-to-noise ratio=50 for a flux of 24 Jy is 1.16 sec.100 m: detector LW1, with NESD = 0.59 Jy Hz-1/2. The required integration time to get signal-to-noise ratio=50 for a flux of 9.7 Jy is 4.62 sec.The second reference wavelength gives the larger integration time, and should therefore be usedfor calculating the total integration time.The total time for on- and off-source observation is then (equation 6.23):

Tobs = × × = 2 260 4 620 75 3203

. s s

or about 53 minutes.6.5.2 GRATING LINE SCAN.The proposed observation is a grating line scan of the [CII] 158 micron line in an active galaxy.The continuum flux of this source is about 150 Jy at 158 mm and the expected flux of the [CII]line is 6 10-17 W m-2.The line is 0.5 mm wide, and is therefore unresolved. The signal-to-noise ratio required on theline is 10, and the scan width is 3 elements on either side with 4 samples per element. The linefalls onto detector LW3, with NESD=0.38 Jy Hz-1/2 and a resolution element width of 0.6 mm.The number of samples in this scan is therefore (equation 6.7):

Ns = × + × ( ) = 4 1 2 3 28

The equivalent spectral density for the unresolved line at 158 m m i s CFLUX(line)=6˚10-17/0.5=1.2 10-16 W m-2 mm-1, which is equivalent to about 1 Jy. Since this isabout 1/150 of the continuum flux, this observation probably is best done with fast scanning. Thesignal-to-noise ratio on the total flux at 158 mm has to be calculated next. The continuum flux at158 m (150 Jy) is equivalent to 1.8 10-14 W m-2 mm-1. The signal-to-noise ratio on the total fluxis (equation 6.19):

SN SN CFLUXLFLUX

line cont line = × + × = × + × ×× = − − 1 10 1 1 8 10 0 6 6 10 1810

14 17 Δλ . .

Note that a very high SN on the continuum is required to get SN=10 on the weak line!The integration time needed to achieve this signal-to-noise ratio is (equation 6.16):

t SN NESD CFLUXn int . . . = × = × × = 12 0 5 1810 0 38151 10 42 s s

This means the total integration time, on- and off-source, is (equation 6.23):

Tobs = × × = 2 28 10 4 582

. s s

,

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9431 of 38or about 10 minutes.6.5.3 FP WAVELENGTH RANGE SCAN.The proposed observation is a FP scan over the NH3 band at about 84 mm in a planet. The scanshould run from 82.6 to 86.2 mm. The continuum flux at this wavelength is about 95,000 Jy, andthe requested signal-to-noise ratio on the continuum is 500. The spectrum should be taken with 2samples per resolution element.The scan falls in the SW5 range. At this wavelength the resolving power of the instrument isabout 9170. This gives for the number of spectral samples in the scan (equation 6.4):

Ns = − × = ( . . ) .86 2 82 6

0 0092 2 783

The SW5 detector has a NESD of about 170 Jy Hz-1/2. This means that in order to get signal-to-noise ratio=500 on the continuum we need (equation 6.10):

tint . . = × × = 0 5 500 17095000 0 40

2 s s

The estimated observing time is less than three seconds so we replace the estimated time dividedby the efficiency by 3˚s (cf. ⁄6.4.3). The total observing time on- and off-source will then begiven by (equation. 6.23):

Tobs = × × = 2 783 3.0 s 4698 s

or about 1 hour 18 minutes.6.5.4 FP LINE SCAN.The proposed observation is an FP line scan of the 63 mm [OI] line in a star-forming region. Theestimated line flux is 5˚10-15 W m-2 . The continuum flux at 60 mm is 373 Jy. The scan is to beover 4 resolution elements on either side of the line with 4 samples per resolution element. Theexpected line width is 100 km s-1 , or 0.02 mm, so the line is resolved. The requested signal-to-noise ratio on the line is 10.The line falls in the range of detector SW3. The resolution in this range is about 8200, and oneresolution element is about 0.0078 m wide. The total number of samples in the scan is equal to

Ns = × = 4 9 36

The integrated line flux is equivalent to a continuum flux of

CFLUXline = × = × − − 5 100 02 2 5 10

15 13

. . W m m-2 -1μ

This is equivalent to a flux of 330 Jy. The total flux thus is

CFLUX= + =

330 373 703 Jy

is The signal-to-noise ratio required on the total flux to achieve the signal-to-noise ratio on theline then (equation 6.13)

SN SN CFLUX CFLUX

line contline = × + = × + = 1 10 1 373330 21

The integration time needed to achieve this signal-to-noise ratio is, using that the N E S D fordetector SW3 is 230˚Jy Hz-1/2 (equation 6.16):

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9432 of 38

t SN NESDCFLUX int . . = × × = × × = 0 50 5 21 230703 23 62_2 s s

This gives for 36 samples a total observation time, on- and off-source, (equation. 6.23):

Tobs = × × = 2 36 23 60 75 2266

.. s s

or about 38 minutes.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9433 of 387. ACRONYMSAOTAstronomical Observation TemplateAPUAnalogue Processing UnitDPUDigital Processing UnitFETField-effect transistorFIRfar-infrared (>20 m)FPUFocal Plane UnitFWHPFull width to half powerIRASInfrared Astronomical SatelliteISOInfrared Space ObservatoryISOCAMISO instrument: camera, also abbreviated CAMLWS ISO instrument: long-wavelength spectrometerISOPHOTISO instrument: imaging photo-polarimeter, also abbreviated PHTSWSISO instrument: short-wavelength spectrometerFPFabry-PerotKAOKuiper Airborne ObservatoryMIRmid-infrared (5-20 m)NEFD Noise-equivalent flux density (for line fluxes)NESDNoise-equivalent spectral density (for continuum fluxes)NIRnear-infrared (<5 m)PAHpolycyclic aromatic hydrocarbonsPGAProposal Generation AidsPHTISO instrument: imaging photo-polarimeter, also abbreviated ISOSN or SNRSignal-to-noise ratioTBC to be confirmedTBD to be determined

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9434 of 388. GLOSSARYAiry disc:The circular diffraction image inside the first minimum of the point spread function.Astronomical Observation Template (AOT):Representation of an instrument observing mode in the proposal generation aids software (PGA).By selecting a specific template and filling in the variable parameters with specific values anastronomical observation of the target is defined.BackgroundCelestial emission towards the direction of the source. The contributions are: Zodiacal Light,diffuse galactic emission and local diffuse emission in the vicinity of the source.Drift:Temporal variation of detector response.Integration Time:The time during which the target is observed. This is calculated per spectral sample.Observational Mode or Observing mode:An instrument mode dedicated to a specific type of astronomical observation. The representationof an observing mode vis-�-vis the observer is an AOT.Observation Time or Observing Time:Time needed to carry out an observation specified with one AOT. It is the sum of integrationtimes over all spectral point and, in the case of a celestial raster, over all raster points.Operational ModeA mode in which the instrument can be operated; i.e. medium resolution (grating) mode or highresolution (Fabry-Perot) mode.Overhead:Time to prepare the spacecraft and instrument for an observation, e.g. detector heating, wheelpositioning and spacecraft slews.Point spread function:The intensity distribution of an ideal point source in the focal plane resulting from the diffractionby the telescope optics.Pointing:Positioning of spacecraft at a required sky position.Raster:A series of regularly spaced pointed observations, where at each position the observation isrepeated. It is defined by the central position, the number of raster legs and raster positions alongone leg, the step sizes along the leg and between different legs, and the orientation on the sky.Resolution Element:The width in wavelength corresponding to the resolution of the grating or the Fabry-Perot.Sampling Interval or Spectral Sampling Interval:Number of spectral points sampled per resolution element.Scan or Spectral Scan:A series of spectral points obtained by moving the grating, and the Fabry-Perot in the case ofhigh resolution observations, through a particular number of positions.

LWS Observer’s Manual: Issue 1.0PEC/LWS/2039.01Date: 06/03/9435 of 38Scan Width:The wavelength range covered by a scan. It is expressed in number of resolution elements.Schmidt Profile:A profile of a reflecting surface that corrects for spherical aberration over a large area.Spectral Point:Sample of the spectrum observed with a single grating position and, if applicable, with a singleposition of Fabry-Perot etalons.Stressed Detectors:Detectors mounted under stress.Subsystem or Sub-instrument:Specific part of the instrument; e.g. optics, Fabry-Perot or detectors.Target dedicated time:The time spent for the observation of a source in an observing mode including integration timeand overhead times.

LWS Observer’s Handbook: Issue 1.0PEC/LWS/2039.01Date: 06/03/9436 of 38INDEXanalogue processing unit (APU) 1AOTsLWS01 15LWS02 15, 16LWS03 21LWS04 21, 22astronomical observation templates (AOTs) 1, 8dark-current 4, 5data products 17, 22detector 2, 3channels 3detector block 3heater 4integrating cavity 4stressed 4GeGa 3un-stressed 4GeBe 3GeGa 3unstressed 4diffractionfirst order 2first order 3, 6second order 2, 3, 6third order 7diffraction limit 1digital processing unit (DPU) 1extended scanning range 7, 13Fabry-Perotetalons 5finesse 7free spectral range 7interferometers 1long-wavelength 5meshes 5resolving power 7short-wavelength 5wheel 1, 5fast scan 16focal plane unit (FPU) 1grating 2blaze angle 2drive mechanism 2extended scanning range 2helium tank 4horncoupling 4

LWS Observer’s Handbook: Issue 1.0PEC/LWS/2039.01Date: 06/03/9437 of 38infrared illuminators 5illuminator flashes 15, 21integrating amplifier 4integration time 8, 9Jaquinot criterion 1mirrorcollimating 1field 1folding 1plane 1spherical 4modeFabry-Perot 8grating 6, 8high-resolution 8low-resolution 8medium-resolution 8, 9narrow-band photometry 16narrow-band phtometry 9observational 8operational 8rapid scanning 9, 16multiplexing 6, 8, 15observing-timeestimation of 26optical train 1order-sorting 1, 7filters 13performance 10detector noise 10dynamic range 15generation-recombination noise 10noise-equivalent flux-density 10noise-equivalent power 13noise-equivalent spectra-density 11photon shot-noise 10resolving power 12sensitivity 12spectral resolution 12transmission efficiency 11photo-current 4radiation hits 10raster 16, 21resolutionhigh 1moderate 1velocity 1resolving power 1, 8high 8moderate 8

LWS Observer’s Handbook: Issue 1.0PEC/LWS/2039.01Date: 06/03/9438 of 38Schmidt profile 1, 2sensitivity 2, 3spectral orders 7spectral resolving power 8spectral response function 6wings of 8spectrumhigh-resolution 7, 8medium-resolution 8spherical aberration 1subsystem 1detector 1Fabry-Perot 1optical 1collimator 1grating 1re-focusing optics 1valence band 4carriers 4energy-gap 4weak line 9