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AbstractDuring several test periods in 1994 we investigated the hardware and software involvedin frequency switching observations at the 30m telescope. All four standard spectroscopyreceivers were made to frequency{switch correctly, but only two of them, the 3mm and/orthe 1mm receiver No.1, can currently be used in actual frequency{switching observations.The spectroscopic baselines are good at 3mm, but were found su�ciently at in all casesinvestigated, provided some precautions are taken as described in this report.The technical limitations for the principal frequency switching parameters, the throw andthe switching rate, were identi�ed. The maximum throws range from about 45 kms�1 at3mm to near 70 kms�1at 1mm. Switching rates are limited by the correlator acquisitionto a maximum of 1.0 Hz. The time e�ciency of frequency switching observations exceeds90%.We have observed the 1mm emission line of mesospheric CO as an external frequencystandard. The overall precision of the observatory's frequency tracking is better than 15kHz.
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Chapter 1IntroductionThe frequency switching technique is of great potential interest to the millimeter spectro-scopist, since it combines important advantages over other observing modes. It is verye�cient, since 100% of the observing time is spent on source, it can be used for veryextended sources (no emission{free reference �eld needed), it provides better cancellationof atmospherice emission uctuations due to potentially higher switching speeds, and itmakes sideband identi�cation a trivial matter.Despite these assets frequency switching (FSw) was not used much at the 30m telescopein the past, primarily because FSw spectra tended to have poor spectroscopic baselines.This problem is probably due to an increased sensitivity of FSw observations to powerinstabilities of the receivers. Other problems can arise if the line of interest is wide (or ifit is embedded in an emission feature which is broad) compared to the frequency throwavailable, or if it is confused with atmospheric emission. In section 6.2 we give a shortguide as to when FSw observations are practical.During 1994, motivated in part by the arrival of a new generation of SIS receivers, we havemade several test runs with the aim to bring the FSw equipment and its control softwareup to date, to �nd out what the limits are for the various FSw parameters, and last, butnot least, investigate the quality of the spectroscopic baseline for FSw observations. Nineintervals of about 8 hours of daytime each were allocated to this e�ort in 1994. During 12hours of this technical time the telescope could be used on the sky. During the rest of thetime, other technical work blocked the telescope in zenith (3 intervals), or bad weather (3intervals) or other work (1.5 intervals) prevented observations altogether.The tests concentrated on the simplest mode of frequency switching where two equallylong phases have the same amount of frequency o�set from the nominal sky frequency,but opposite directions (\symmetrical FSw"). More complicated switching schemes areconceivable, but have not been tested. Although all standard spectroscopy receivers onthe 30m telescope have been made to frequency switch corrrectly, only two of them, the3mm SIS and the 1.3mm SIS No. 1 (i.e. those served by the main polarization grid intransmission, see Fig. 2.1), could be investigated in any detail within the available time.In this report we �rst describe the technical background relevant for frequency switching(section 2) and then show that reasonable spectroscopic baselines can now be obtained ifsome precautions are taken (section 3). In section 4 we investigate the various instrumentallimitations speci�c to the present FSw hardware, and section 5 discusses mesosphericemission. The appendix lists useful observing and data reduction procedures.3



Chapter 2Technical ImplementationHere we describe the various hardware components which are relevant for frequency switch-ing observations. The description refers to the situation in December 1994 when the testswere concluded.2.1 Receivers and Local OscillatorsThis report is concerned only with the four standard spectroscopy receivers: (i) the 3mmreceiver (henceforth referred to as the 3MM), (ii) the two 1.3 mm receivers (G1 and G2), and(iii) the 2mm receiver (2MM). The arrangement of these receivers in the Nasmyth cabin ofthe 30m telescope is shown in Fig. 2.1. The Nasmyth optics is presently set up in such away, that the receivers 3MM and G1, i.e. those which are served by the main polarizationgrid in transmission, observe in parallel owing to a diplexing element in combination witha polarization grid. The movable mirror M5 selects one of the two receivers, 2MM or G2,served by the main grid in reection. This setup allows the simultaneous operation of upto three receivers.All receivers have a very similar local oscillator scheme (Fig. 2.2). A CAMAC driven lownoise ADRET synthesizer1 generates a signal near 100 MHz whose frequency is controlledwith a resolution of 10 Hz (� 1 � 10�7). In the reference No. 1 branch, this signal is thenmultiplied in the lock source by a constant factor (48) in order to pump the subsequentharmonic mixer. The nth harmonic of this signal (n � 17) is then in the 3mm band ofthe Gunn oscillator. A sample of its output is combined in the harmonic mixer with theref. 1 signal to generate a frequency and phase di�erence signal. The di�erence signal isthen compared in a XL Microwave Phase Lock module with a second reference frequency,generated in an identical ADRET synthesizer. The Gunn oscillator output constitutes thelocal oscillator signal, either directly as in the case of the 3mm receiver or after passagethrough a frequency multiplier (factor m) as in the case of the other receivers. The LOfrequencies are thus quantised in steps of � m� 8:2 kHz.2.2 Frequency Switching HardwareAt the 30m telescope, frequency switching is e�ected by moving the frequency of thereference No. 2 ADRET synthesizer (same model as in ref. 1 branch) under control of the1The observatory plans to replace the ref. 1 synthesizers in the near future by higher performanancemodels. 4



FSw module (Fig. 2.2). The ADRET output frequency is normally set to a value near 100MHz in non{FSw observations, i.e. at the center of the module's tuning range from 90 (80in some newer models) to 120 MHz. This range gives directly the limit to the maximumthrow in sky frequency for the receivers without a multiplier (like the 3MM). If a muliplier(factor m) is used, the maximum throw is m � 30(40) MHz on the sky. Similarly, theref. 2 module's frequency resolution (nominally 10 Hz, but only controlled down to the100 Hz digit) gives directly the resolution in sky frequency (m� 100 Hz). The frequencyquantization due to the ref. 2 synthesizer is thus much smaller than the quantization dueto the ref. 1 module. The ref. 1 synthesizer is therefore used for �ne{correction of the LOfrequency.The FSw module is a custom designed dual{slot CAMAC module whose task is to providethe necessary interface, for up to two independent ADRET synthesizers, between the ac-quisition program and the receiver hardware. It can handle up to four di�erent frequencies(for 4{phase FSw), and it produces the timing signals for each phase and a blanking linethat will remain active during the phase transitions. One additional such FSw moduleworking in a master{slave con�guration is available for controlling up to four receivers in-dependently. The time it takes to move the ADRET output from one frequency to anotherdepends in a complicated on the exact value of these frequencies and their di�erence, butit is smaller than 10 msec in most cases of interest for FSw observations. The blankingtime was therefore �xed to this value.Frequency switching could, in principle, also be done with the ADRET synthesizer in theref. 1 branch. This solution would however have the disadvantages of (i) introducing them�8:2 kHz frequency quantization in the frequency throw, and (ii) making the switchingsomewhat slower since one additional component (the lock source) has to move.Figure 2.1: Schematic dia-gram of the receiver cabinof the 30m telescope. Onlythe standard SIS receiversare shown. The main gridtransmits horizontal, and re-ects vertical linear polariza-tion. The combination of adiplexing element and a grid(a \dichroic" element) allowsthe 3MM and G1 receivers toobserve simultaneously. Themovable mirror M5 selectsthe 2MM or the G2 receiver.
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Figure 2.2: Layout of thelocal oscillator chain. TheADRET generates a signalnear 100 MHz. The locksource in the ref. 1 branchmultiplies the input by a fac-tor 48. The ADRET in theref. 2 branch is frequencyswitched under the controlof the FSw module built byJ. Pe~nalver. The phase lockPLL (model XL) controls theGunn oscillators whose out-put is multiplied before cou-pling into the shorter than3mm wavelength receivers.
2.3 Receiver StabilitySome measurements of the stability of the receivers were carried out with the idea that theless stable receivers may also show a larger power imbalance in frequency switching, andmay thus have poorer spectroscopic baselines. Table 2.1 summarizes the results for thefour standard receivers and for the most popular line frequencies. The receivers were SSBtuned in the usual way with the recommended USB rejection factors. The peak{to{peakIF power uctuations �TRx were measured on the chart recorder for time scales of 1 secand 1 min, and calibrated with the usual ambient and liquid nitrogen temperature loads.For measurement of the imbalance, frequency switching was started with phase durationsof 1.5 sec and throws as noted in the table. The di�erence of IF power in the 2 FSw phases,the imbalance, was again measured from the chart recorder and calibrated as before.The stability measurements are summarized in Fig. 2.3a. We �nd that the 3mm receiverhas clearly the best stability with values of �gain � 10�3 on the 1 sec time scale, fol-lowed by the receiver G2. The 3MM receiver has also, by a large margin, the best baselineperformance (see section 3). The 2MM receiver shows the worst performance, particularlyat the low frequency end of its tuning range. It may be signi�cant in this context thatthis receiver is the only one at the observatory whose junction circuitry has not yet beenconverted from current{biased to voltage{biased.Fig. 2.3a furthermore shows that the stability tends to decrease with decreasing frequencyfor all the standard spectroscopy receivers, and most strikingly, that the gain uctuationsare usually a factor � 3 larger at the 1 min time scale than at 1 sec, for all receivers andfrequencies investigated. These correlations may be explained by one cause common to allreceivers, that is LO power uctuations. In a SIS receiver, these tend to generate in turnuctuations of the IF power2 which, for a given spectrum of LO uctuations, are larger at2Note that at the time of the tests none of the standard SIS receivers was equipped with any sort ofgain control. 6



Table 2.1: Receiver gain uctuations and imbalance. Receivers (noise temperature TRxare tuned to LSB (USB rejection factor g). �TRx are the peak{peak gain uctuations.Measurements were made on 28/29 September 1994.Rx frequency line TRx g �TRx[K] imbalance throwGHz K dB 1 sec. 1 min. K MHz115.3 12CO(1!0) 106 25 0.12 0.24 1.47 7.88/23mm 110.2 13CO(1!0) 90 25 0.12 0.24 0.73 7.88/286.2 SiO(v1; J:2-1) 130 30 0.30 0.70 6.26 7.88/2220.4 13CO(2!1) 130 10 0.54 1.08 40.5 7.88*1.5G1 230.6 12CO(2!1) 183 10 0.18 1.44 16.9 7.88*1.5244.9 CS(J: 5-4) 230 10 0.61 1.91 7.69 7.88*1.5131.0 | 90 7 2.57 9.00 20.6 7.882mm 147.0 CS(J: 5-4) 145 7 0.50 1.24 8.94 206.46 7.88220.4 13CO(2!1) 110 20 0.99 3.70 30.9 7.88*214.8 7.88G2 230.6 12CO(2!1) 80 20 0.24 0.88 2.25 7.883.77 7.88*2244.9 CS(J: 5-4) 250 20 0.12 0.33 0.83 7.884.87 7.88*2lower frequencies, since the tuning peaks tend to be narrower there. We cannot excludeat this point, however, that 1/f{noise in the bias circuitry or in the post{detection chainalso contributes to the observed gain uctuations.Fig. 2.3b demonstrates that there is little detailed correlation between gain stability andimbalance, although again the 3MM and G2 receivers perform best. In all cases the imbalancewas at least a factor of 5 larger than �gain(1sec), up to factors � 100 in the worst cases(G1). As expected, the imbalance was always larger for the larger throws. The lack of adetailed correlation is a bit of a puzzle, but is tentatively attributed to strong �ne structureof the bandpass.Apart from the fact that the most stable receiver, the 3MM receiver, has also a low imbalanceand has clearly the best spectroscopic baselines (see section 3), the general relation betweenbaseline ripple and imbalance could not be investigated in any detail due to lack of time.
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Figure 2.3: Stability of receivers. (a) relative (peak{to{peak) uctuations on time scales of 1 secand 1 min for the standard SIS receivers (3: 3MM, 2: 2MM, and G1 and G2 for the 1.3 mm receivers).The small numbers indicate the frequencies (in GHz) at which the measurement was made. Thedashed line has a slope of 3. (b) Fractional power imbalance between the two phases in frequencyswitching for the standard receivers. Smaller symbols refer to the larger throws (Tab. 2.1). Thetwo dashed lines have slopes of 5 and 100.
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Chapter 3Spectroscopic baselineFrequency{switched observations have to deal with the same baseline problems as otherspectroscopic observing modes, but in FSw these problems appear to be more critical. Atthe 30m telescope, best spectroscopic baselines are obtained with \Wobbler{switching"where a combination of slow telescope and fast subreector motions is used to e�cientlycancel any ripple down to a few milli Kelvin. Conceptually, the fast motions (typically 0.5Hz) serve to suppress the variable ripple component which can originate in variations ofthe receiver gain and of the atmospheric emission. The slow motions serve to suppress thesteady ripple which is caused by reections inside the telescope structure, and is thereforenot suppressed by wobbling the subreector.This neat ripple suppression scheme does not directly transfer to FSw observations. Firstly,FSw moves the spectrometer window across the receiver bandpass which is likely to havesome �ne structure. The di�erence between the two phases of such a FSw observationmay therefore not be very at. Second, the task of keeping the gain of a millimeter{wavereceiver constant is normally di�cult enough, even if all essential components are held\constant". In the case of FSw where the local oscillator frequency is periodically varied,the receiver stability can only get worse (section 2.3). Thirdly and most importantly,the steady ripple component is not normally suppressed. Nevertheless, as we show inthis chapter, reasonably at spectroscopic baselines can now be obtained even in FSwobservations, provided some precautions are taken as we described in this chapter. Bestbaselines are obtained at 3mm, currectly the receiver with the highest stability.3.1 The standard rippleExperience with earlier observations has shown that the spectroscopic baseline ripple atthe 30m telescope is usually dominated by a component of frequency near 7.8 MHz whichoriginates in reections between the receiver and the subreector. Fig. 3.1 shows thatthis component is also present and dominant in the baselines of frequency{switched ob-servations. Actually, the �gure shows the di�erence between the two phases of the FSwobservation in which the frequency throw �f was set to 3.9 MHz, i.e. about half thefrequency of the standard ripple. We measure a relative ripple amplitude (ratio of peak{to{peak ripple over system temperature) of�TppTsys = 1:2 � 10�3Inasmuch as the ripple can be approximated by a pure sine wave, the true relative rippleamplitude is then about half this value. 9



Figure 3.1: Typical example of spectroscopic baseline ripple observed on 21 July 1994 in the FSwmode with the 1mm SIS receiver No. 1, SSB (10 dB) tuned to 12CO(2!1). A FSw throw �f of 3.9MHz, i.e. about half the ripple frequency, was used to enhance the ripple amplitude. Integrationtime is 50 min. The autocorrelator backend was used with an e�ective bandwidth of 70 MHz andresolution of 234 kHz. During the observation the telescope was parked with all drives o�, lookingat zenith. The scattering cone was in place at the center of the subreector, and an absorber ringwas mounted around the outer 20 cm of the subreector support box.The ripple parameters were derived from a Fourier{transform of this spectrum. Thethree most clearly identi�able FFT components are listed in Tab. 3.1. The strongestcomponent (path 19.6m) is the standard ripple between the receiver and the subreectorwhose separation ranges from 19.10 m (subreector vertex), to 19.46 m (subreector edge),up to 19.71 m (subreector support box). The accuracy of our measurement, half a FFTpixel or �0:2m, does not identify the scattering surface precisely, but suggests that mostof the scattering occurs near the subreector support box.Component No. 2 is resolved at the resolution of our FFT, and its width is 0.8m centeredat 9.7m. We think that several scattering paths (listed in Tab. 3.1) contribute to thiscomponent, the path between receiver and telescope vertex being the strongest.Ripple Components No. 2 and 3 are factors 3 and 6 weaker than No. 1. This fact can beexploited to reduce the power contained in baseline ripples by a corresponding amount.The trick consists in making the frequency throw �f equal to the frequency of the dominantripple, i.e. 7.65 MHz, or a small integer multiple of it. Most of the test observations wereactually made with such throws. The amplitude of the baseline ripple was found to bereduced at least a factor 3 in all cases.In a special experiment, the ripple amplitude was measured as a function of �f. When �fwas varied between 1��f and 2��f, the amplitude was found to describe a sine wave withits maximum at 1:5��f, and approaching a small value again at 2��f. This behaviordemonstrates again that the baseline ripple is indeed dominated by one frequency.The fact that the ripple is still substantially reduced when using even 2��f can be ex-ploited when observing with the 3MM and the G1 receivers simultaneously, like for obser-vations of CO transitions. An identical velocity scale is obtained in the two spectra if the3MM receiver is switched with 1��f and the G1 receiver with 2��f while still maintaining10



Table 3.1: Parameters of ripple components. The reecting surfaces refer to the receiver (Rx),the subreector area (sub), and the telescope vertex (V).component frequency path relative reecting separationNo. [MHz] [m] amplitude surfaces [m]1 7.65 19:7� 0:2 1.00 Rx | sub 19.10...19.712 15.5 9:6� 0:4 0.30 Rx | V 9.29V | sub 9.8...10.43 4.85 31:0� 0:3 0.15 Rx|sub|V � 30a substantial degree of ripple suppression. See appendix A for details and Fig. 6.1 for anexample.3.2 XopticsA frequently used procedure for reducing the intensity of a reected wave employs the factthat reection changes the sense of a circularly polarized wave. In the 30m telescope whereall standard spectroscopy receivers have linearly polarized feed horns, this procedure canalso be used under certain circumstances. They imply a slightly non{standard setting ofthe Nasmyth optics, here referred to as Xoptics. In contrast to the standard Nasmyth op-tics (Soptics for short) where the incoming wave is split between the 3MM and G1 receiverswith the help of a polarization grid and a dichroic polarization rotator (Fig. 2.1), Xop-tics removes the main polarization grid and sets the dichroic element to a non{standardgrid/mirror separation, � = �=4. Tab. 3.2 summarises the two optics settings. In Xoptics,the dichroic acts as a quarter{wave plate, i.e. circular polarisation is converted into linearpolarization. Table 3.2: Two settings of the Nasmyth opticsgrid dichroic elementSoptics IN �=2Xoptics OUT �=4
11



Figure 3.2: Special Nasmythoptics setup (Xoptics). Thedichroic element which nor-mally acts as a polarizationrotator now acts as a quarter{wave plate. Furthermore inXoptics, the main polariza-tion grid is removed. Xopticshelps to suppress the wave re-ected from the subreectorwhich would normally con-tribute to the baseline ripple.See text.
Fig. 3.2 shows schematically how Xoptics works in the 30m telescope. The dichroic elementconverts a LHC incoming wave (IN) into vertically (V) linearly polarisation which can beabsorbed by the feed horn. The fraction of the incoming wave which is reected fromthe feed horn (or any power emitted by the receiver) is converted back into LHC at thedichroic, changes into RHC upon reection o� the subreector, and is then convertedto H{linear by the dichroic. Since H{linear polarisation is not absorbed by the V{typefeed horn, the reected power which would otherwise contribute to the baseline ripple isrejected.Several experiments were made to test the e�ciency of this Xoptics scheme. The exampleshown in Fig. 3.3 demonstrates that at 1mm a substantial (factor 10) suppression of theripple is achieved whereas at 3mm the suppression is no more than a factor 2. In allexperiments, acceptable baselines were obtained, including at 1mm. Note however thatvirtually no integrations longer than 10 min were made on a celestial source due to lackof test time. A small baseline modulation (� 8:5 MHz) is apparent at 3mm. It is notsuppressed neither by Xoptics nor by the use of the optimum �f, but its origin was notfurther investigated. A baseline o�set and a linear slope have also survived all our ripplesuppression schemes at 1 mm. These problems are however not very critical for obervationsof narrow lines.3.3 Dual receiver modeThe Xoptics scheme makes use of the dichroic element set to � = �=4. This demandsthe selection of one particular wavelength and thus normally precludes simultaneous ob-servations at di�erent wavelengths. Furthermore, since Xoptics implies the removal of themain polarization grid, the receivers served by this element in reection cannot be used12



Figure 3.3: Dual receiver observation of the Polaris dark cloud. using Xoptics (see section 3.2).Note the presence of mesospheric CO in the 1mm spectrum near 7.5 kms�1.13



either. Thus the Xoptics advantage seems to restrict observations to the use of either the3mm receiver or the 1mm G1 receiver, both served by the main grid in transmission.These severe restrictions can be relaxed considerably if the dichroic is set to �=4 for the1mm receiver. For the 3mm receiver the dichroic is then operating near �=8. The linearpolarization of the 3mm feed horn is thus transformed into elliptical polarization. Thecircularly polarized component of this generally elliptically polarized wave behaves asbefore, and the baseline ripple is reduced correspondingly. The suppression of the 3mmripple is therefore not as e�cient as if the dichroic was tuned to the 3mm wavelength (asif only this receiver was used). But the resulting baseline is usually still quite acceptable,because 3mm baselines are intrinsically better than at 1mm probably due to superiorstability of the present 3mm receiver.
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Chapter 4Instrumental limitationsA frequency switched observation is characterized primarly by the frequency throw andby the switching rate. Here we investigate the range in which each parameter can bevaried, and we identify the component which currently limits this range. In the last sec-tion, we measure the e�ciency of frequency switched observations under typical observingconditions.4.1 Frequency ThrowThe switching of the observing frequency is e�ected by switching the the ADRET (type5104) synthesizer of the reference No. 2 branch between two �xed values (see section 2).The tuning range of this type of synthesizers starts at 90.000 MHz (old model) or 80.000MHz (new model), and terminates at 119.999 MHz. In the present setup, not all of thisrange is exploited. In phase 1 of a (2 phase, symmetrical) FSw cycle, the synthesizer is setto about 100.0 MHz (see section 2.2) and in phase 2, it is normally set to a higher value,100 + �f. thus limiting the maximum throw to a value near 19.9 MHz.With one exception, all of the following components of the LO chain (Fig. 2.2), notablythe phase lock, Gunn oscillator, an eventual multiplier, and the mixer can handle thisthrow. In the case where no further multiplication is involved (i.e. the 3mm receiver),this value is therefore also the current maximum frequency throw at the level of the skyTable 4.1: Maximum frequency throws for 3MM and G1 receivers.required typically 7.7, 15.4 MHz (see Tab. 3.1)synthesizer now �10 : : :+ 20 MHz old model�20 : : :+ 20 MHz new modelPLL 3mm �10 : : :+ 17 MHzG1 �20 : : :+ 20 MHzreceiver 3mm �26 : : :+ 45 km s�1 at 115 GHzG1 �70 : : :+ 70 km s�1 at 230 GHz15



Table 4.2: Signal loss at high switching rates.source throw phase duration signal lossMHz msec [%] msecmesospheric 12CO(2!1) 7.9 100 6� 1 6arti�cial line at 115 GHz 7.9 50 12� 1 6mesospheric 12CO(2!1) 3.8 50 5� 1 2.5frequency. For receivers which employ multipliers, the maximum throw in sky frequencyis then twice (2MM Rx) or thrice (G1 and G2 Rxs) this value.In the case of the 3MM receiver, however, we found that the phase lock cannot handle throwslarger than +17 MHz. In a very approximate manner, the maximum presently usablethrow is +45 km s�1, independent of observing frequency. A more accurate summary isgiven in Tab. 4.1 which is also used for the limits implemented in the OBS FSw command.4.2 Switching RatesThe rate at which the reference No. 2 synthesizer is switched between the two frequenciesin a cycle is controlled by the FSw CAMAC module (Fig. 2.2). An internal switch inthis module selects one of three possible basic phase durations: 1, 10, and 100 msec. Themodule derives its time from a LC{type oscillator. The actual phase duration is then thebasic phase duration multiplied by an integer number in the range 1 : : :256 sent by theantenna control computer. This set up therefore permits phase durations in the rangefrom 1 msec to 25.6 sec. In practice, since the internal switch is usually set to 10 msec,phase durations in the range from 0.01 to 2.56 sec can be used.We investigated how much of this theoretically available range can actually be used. In-spection of the data sheet of the ADRET synthesizer, the �rst critical component in theLO chain (Fig. 2.2), shows that it takes typically 9 msec to move to a new frequency.During this time, no useful data can be obtained, and consequently the blanking signalprovided by the module was set to a �xed 10 msec. The minimum useful phase time isthen of the same order.In the case where the synthesizer settling times are actually longer than advertized in thedata sheet, the acquisition program would collect data during times when the LO is not atits expected values. The same problem would occur if any of the components following thereference No. 2 synthesizer would have a time constant larger than 10 msec for trackingfrequency changes of the size typically encountered in frequency switching. We have triedto measure the resulting loss of signal in three experiments (Tab. 4.2). Each consisted ina series of observations with identical set up (frequency throw, 100 kHz backend) coveringthe full available range of phase times. The result is given as the percentage drop of signalat the shortest phase time used in the respective experiment relative to the signal at longphase times. This drop corresponds to a certain time interval, given in the last column ofTab. 4.2, during which the LO is not at its destination frequency. These data show thatthe measured losses are small, of the order of 10% at the shortest meaningful phase times.They are even negligible ( <� 2%) at more typical phase times around 1 sec.The measurements in Tab. 4.2 indicate, however, that there may be a component with a16



settling time of 2 : : :6 msec longer than our blanking time of 10 msec. Its settling time mayalso depend on the size of the frequency throw. A few experiments were made to measurethe time constant of the detector circuitry of the 100 kHz �lter bank. They consisted infeeding into this �lterbank a pulsed broadband noise source (\Gilles pulsar") which canbe switched on and o� with < 1�sec anks at rates of 100 Hz under control of the stationclock. A few channels of the �lterbank were then recorded with the fastest sampling timeavailable at the time, i.e. 6 msec. The anks were not resolved, and we conclude that the100 kHz detector circuitry is signi�cantly faster than 6 msec.Although the source of the signal loss is not positively identi�ed, we believe that it origi-nates in the longer settling times of the lower signi�cant digits of the ADRET synthesizer.The 10 kHz and smaller digits which corresponded in our experiments to � 0:04 km s�1or about 10% of the width of the signal line, have settling times of at least 18 msec. Thesmall signal loss detected can probably be explained in this way.In any case, the speed of the switching hardware is certainly fast enough up to phasedurations of about 30 msec where we would expect substantial (10%) signal losses to setin. This is more a factor 30 faster than the switching rates employed in other spectroscopicobserving modes. It is therefore not obvious whether the data acquisition programs cankeep up with this high rate. Experiments made with di�erent backends show that thefollowing minimum phase times apply:� 1.0 sec for the autocorrelator� < 20 msec for the 100 kHz �lter spectrometerIn the case of the autocorrelator which is equipped with its own processor (a Motorola68030 running at 25 MHz, a 6882 coprocessor, and 4 Mbyte of onboard memory), thecontrol program in its present form needs about 1 sec to perform the standard calculations,mostly clipping corrections and FFT before data are dumped on the antenna controlcomputer. In the case of the �lter spectrometers, data are accumulated in CAMAC latchscalers and read out at the end of each phase by a CAMAC microprocessor and transferredinto local memory. This process takes much less than 20 msec for the 100 kHz �lterspectrometer.For FSw observations where only the 100 kHz backend is connected, the maximum switch-ing rate is therefore given by the FSw hardware (� 30 msec). In the more frequent casewhere also the correlator is used, the switching rate cannot exceed 1.0 Hz.4.3 Observing E�ciencyThe e�ciency of the frequency switching observing mode was measured at two occasionsby determining the actual duration of a scan consisting of 10 subscans of 30 seconds each.Fig. 4.1 shows the scan duration for two backend con�gurations and several phase times.Scan duration is measured as the time elapsed between the moments when the light inthe LOAD control button comes on and when the light in the measurement button goeso� at the end of the last subscan.The data obtained with the 100 kHz �lters only (open symbols) are found to have verylittle scatter. For phase times larger than 10 msec, they follow closely the dashed curve.In particular, the scan duration at long phase times is found to be about 350 seconds,giving a FSw observing e�ciency of 300=350, or 85% in this mode. At the very shortest17



phase duration tested, 10 msec, data acquisition fails, because the blanking time is equalto the phase duration. The dashed curve in Fig. 4.1 results from adding to the integrationtime of the scan (300 sec) overheads due to setup times for the scan and for each of the 10subscans, and due to a �xed blanking time per phase. After variation of these parameterswe obtain the best �t (dashed curve) for the following values: 2 sec of scan overhead, 4sec subscan overhead, and 10 msec blanking time.These parameters suggest that most of the combined overhead can be avoided if longsubscans are made. Indeed, in an experiment where a 300 sec scan was set up as 2subscans of 150 sec each (rather than 10 subscans of 30 sec), a total overhead of less than20 sec was measured, increasing the observing e�ciency to > 90%.The data obtained when the autocorrelator (phase durations > 1 sec only, see section 4.2)was connected in addition to the 100 kHz �lters are virtually all above the curve anddisplay a remarkably large scatter. The cause of this additional and variable delay due tothe correlator could unfortunately not be investigated. Figure 4.1: Total durationof a scan with 10 subscansof 30 sec integration time.Triangular and square sym-bols refer to the two inde-pendent measurements. Insome measurements (opensymbols) only the 100 kHz�lter spectrometer (parallelmode) was connected, in theother data (�lled symbols)both the 100 kHz �lters andthe autocorrelator (100% ofits capacity) were used. Thedashed line is the sum of(i) the integration time (300sec), (ii) an overhead of 2 secper scan, (iii) an overhead of4 sec per subscan, and (iv) ablanking time of 10 msec perphase.
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Chapter 5Atmospheric features andFrequency TrackingIn frequency switched observations emission or absorption from atmospheric features isnot automatically cancelled as it is in the angular switching modes. It is therefore vital torecognise these atmospheric features, the most important of which probably is 12CO(2!1)for the 30m telescope (section 5.1). In section 5.2 these sharp and supposedly ratherstable lines are used as an external frequency standard. The precision of the observatory'sfrequency tracking is measured against this standard.5.1 Mesospheric COCO is a well known constituent of the upper atmosphere. It is distributed over a widerange of heights, between 30 and 70 km, somewhat depending on season and geographiclatitude. Line strength and shape of the mesospheric CO (see Fig. 5.1 for an example)are not much di�erent from those of a typical galactic dark cloud. Mesospheric CO istherefore a prime candidate for causing confusion.Tab. 5.1 lists typical line parameters as observed at the 30m telescope at a few occasions.Although no systematic investigation of the line's dependence on elevation or on seasonwas made, we have evidence that the line strength increases roughly like zenith distance.We do not have data bearing on seasonal dependance, but it has been suggested elsewherethat the mesospheric CO concentration is larger in winter.We note that these mesospheric CO lines have non{gaussian 3 : : :4 kms�1 line wings atthe 10% level. They are easy to detect on the stronger 2 ! 1 transition (Fig. 5.1). OurTable 5.1: Parameters of mesospheric CO as observed at the 30m Telescopetransition T �A FWHP elevation date[K] [kms�1] [deg.]12CO(1!0) 0.43 0.7 90 30 July 199413CO(1!0) < 0:05 45 29 July 199412CO(2!1) 1.9 0.6 90 30 July 199413CO(2!1) < 0:18 45 29 July 199419



measurements furthermore show that the 12/13{isotope ratio is larger than 10, compat-ible with the terrestrial value of 89. FSw observations of the CO isotopes are thereforeconsiderably less troubled by mesospheric emission.Note that there probably exist many more mesospheric transitions of other minor atmo-spheric constituents (e.g. ozone) which may eventually confuse FSw observations.Figure 5.1: Folded FSw spec-trum of the 3 and 1 mm tran-sitions of mesospheric 12CO.The observations were madewith the 30m tele-scope parked in zenith posi-tion on 30 July 1994 at 4h UT. Velocity resolution is0.10 kms�1 for both spectra.Integration time is 23 min.
The radial velocities of atmospheric constituents due to weather patterns or global trans-port phenomena are small for astronomical standards. These constituents therefore appearvery closely at rest with respect to the observatory. It is thus an important diagnostic toolto know the observatory's rest velocity in the astronomical frame of reference, often theLocal Standard of Rest, LSR. The radial velocity of an atmospheric feature in a particularobservation can therefore be obtained by reversing the Doppler correction applied by theantenna control program. The program ASTRO1 can be used to calculate in advance thisDoppler correction for any desired observing direction and date. Below we list a typicalsuch session with ASTRO showing the commands to be typed in after the ASTRO> prompt,and the lines printed by ASTRO. The quantity Dop gives the instantaneous velocity of theobservatory with respect to the sun, projected onto the line of sight to the source (hereLkH�101, a star located near the galactic plane at l = 160�). The other relevant quantity,Lsr, is the projection of the standard solar motion onto the line of sight to the source.The sum of the two quantities, Dop + Lsr, is the Doppler correction applied to the restfrequency. The LSR velocity of a mesospheric line will then appear at -(Dop + Lsr).Fig. 5.2 shows this velocity for a few characteristic positions along the galactic plane.The velocity o�sets applied to the rest frequency for a particular subscan by the driveprogram are also written in the data associated parameter �eld of the raw data �les.1written by R. Lucas and normally included in the package of GAG software.20



Figure 5.2: Velocity of mesospheric features in the LSR frame. The curves represent observingdirections in the galactic plane at the longitude indicated. The ASTRO procedure listed in thissection can be used to calculate the velocity in any other direction.Astro> OBSERVATORY veletaAstro> CATALOG lkha.cat /VeletaAstro> TYPE lkha.souLkHa101 eq 1950.0 04:26:27.2 35:09:55 Lsr -2.0Astro> TIME 13:44:10.0 28-jul-1994/z 2Astro> HORIZON /SOUR% I-OBSERVATORY, Time needs to be resetLKHA101: no Sun avoidance periodLKHA101 Az 103.45725 El 49.12343 Dop = -22.965 Lsr = 7.1895.2 Precision of Frequency TrackingSince the atmospheric features appear nearly at rest with respect to the Observatory,they can be used as an external frequency standard. In this test, the telescope wasparked in the zenith position and the drive program was commanded to Doppler{track aparticular quasar during 7 hours around transit. The mesospheric feature, here the strong12CO(2!1) line, should then appear at the negative velocity o�set of the source. Theoverall precision of the Observatory's frequency tracking | starting from the astronomicalephemeris to the acquisition program, the LO hardware, and including the data reductionprogram | can then be measured to the accuracy with which the center velocity ofthe mesospheric 12CO(2!1) can be determined (�10 m/s). Any vertical motions of theatmosphere are believed to be smaller than this.The data obtained are shown in Fig. 5.3. The beginning and end of an integration areconnected by a straight line. The observed and commanded velocities never deviate by21



Figure 5.3: Comparison between the Doppler corrections commanded by the 30m drive program,those calculated by the ASTRO software, and those observed frommesospheric 12CO(2!1) duringone day (20 July 1994). During the observations the telescope was parked in zenith position. Thedrive program Doppler{tracked the quasar 3C273.
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more than 2�, and we conclude that the Doppler tracking is good to 20 m/s (7 � 10�8)or better. In terms of frequency, this corresponds to a setting accuracy of better than15 kHz in the 1mm window. The small, but systematic departure of the observed fromthe commanded velocities seems to be symmetrical around local noon. Since the precisionobtained is thought to be fully su�cient for virtually all FSw observations at the telescope,no further investigations were made of this small discrepancy.A di�erence of similar magnitude exists between the velocity corrections calculated bythe drive program and those calculated by ASTRO. Some of this di�erence is acti�ciallyintroduced, since the drive program calculates the Doppler correction at the beginning ofeach subscan, whereas the Doppler corrections obtained from ASTRO refer to the timewritten in the CLASS scan header which refers to the end of a scan. Nevertheless, thereseems to exist a small (< 0:01 kms�1 ) di�erence between the two programs which mightwell be due to slight di�erences in the ephemeris used. These e�ects, though small enoughto be of very little practical importance, need further investigation.
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Chapter 6Conclusions6.1 Current limitationsExisting hardware and software permit to frequency switch correctly any of the 30m tele-scope's standard spectral line receivers: 3MM, G1, 2MM, and G2. The 3MM and G1 receiverswhich are served by the main polarization grid in transmission can even be used simul-taneously for FSW observations. All the hardware necessary to frequency switch thefour spectral line receivers simultaneously and independently is in place. Simultaneousfrequency switching with more than two receivers is not yet possible, since the FSwitchcommand of OBS cannot currently handle more than two receivers. Reducing exibilityfurther, the frontend control program currently requires that the 3mm receiver is alwaysconnected, and observations with the 2MM or the G2 receiver as a second receiver invoke amanual change of IF cables.The maximum usable frequency throw is about 45 km s�1 on the sky for all receivers, thecurrent exact values are listed in Tab. 4.1.The range of usable switching rates is normally limited at the slow end to a phase durationof 2.5 seconds. The minimum phase time depends on the kind of backend connected. It is1.0 seconds for the autocorrelator and of the order of 30 msec for the 100 kHz �lter bank.The use of the 1 MHz �lterbanks is not recommended for FSw observations.In all cases investigated, an acceptable quality of the spectroscopic baseline was obtained,provided some precautions were taken. These consist (i) in using a frequency throw of 7.7MHz, the frequency of the dominant baseline ripple, and (ii) in setting the Nasmyth op-tics to a non{standard con�guration (Xoptics). Best spectroscopic baselines, comparablein quality to wobbler{switched observations, were obtained when only one receiver wasconnected, notably the 3MM receiver owing to its excellent gain stability.6.2 When to frequency{switchDespite the various limitations summarized in the preceeding section, there is a widerange of situations when FSw can be, and maybe should be used. Fig. 6.1 gives anexample of an e�cient FSw observation where three transitions of CO isotopes are observedsimultaneously. In this wideband observation (13CO(1!0) and 18CO(1!0) are separatedby 419 MHz) the quality of the baseline is, however, somewhat less than average for theC18O(1!0) transition. 24



Figure 6.1: Simultaneous observation of 3 lines from a well known source in a nearby star formationregion. The left column shows the FSw spectra, the folded spectra are at right. No baselines areremoved. Integration time is 120 sec.
25



In the following, we give a brief checklist of requirements which a planned observation hasto ful�ll if FSw is to be considered.� Only the 3MM and/or the G1 receivers are presently available for FSw� trade o� between doing PSw or WSw with 3 receivers at low e�ciency and FSwwith up to 2 receivers at high e�ciency� is the line to be observed narrow enough? As a rule of thumb, the velocity intervalover which the emission extends should not be larger than 1=4 of the spectrometerbandwidth or 1=2 of the frequency throw.� is there any broadband background emission (e.g. galactic plane) ?� is there confusion with atmospheric emission on the date of the observations?� are excellent baselines at 1mm essential? This may rule out FSw for particular cases.6.3 Desirable developmentsA central feature of spectroscopic observations with the 30m telescope is that up to 3 (andpossibly 4 in the future) receivers can be used in parallel. Our investigation has so farnot turned up any fundamental reason why this set of simultaneously observing receiverscannot also be used in a frequency switching mode. For this to work in practice, work hasstarted to extend the corresponding OBS command to handle more than two receivers.The spectroscopic baseline, although good enough already for many FSw observations,may not be adequate if other than the present two receivers are used for FSw, or if largerthrows are used. It appears, however, to be easy to improve on our analysis of the baselineripple. Observations with spectrometer bandwidths much larger than those used here willunambiguously identify the scattering surfaces, and attempts can then be made to reducetheir reection coe�cient.Observations of positions in the galactic plane where emission can easily extend over morethan 30 kms�1 are severely confused and not meaningful at all with the current maxi-mum throw. Since such observations are also di�cult with the other (angular) switchingschemes, it would be very useful to increase the throw of FSw observations. A 50% in-crease of the current maximum appears possible by using the tuning range of the ADRETsynthesizers more e�ciently. The limiting element will then most likely be the phase lockunits, like it is the case at 3mm now. Ways to improve the performance of this unit shouldbe investigated.The single most important consideration for a at spectroscopic baseline is the gain stabil-ity of the receiver. The current 3MM receiver sets a very useful standard. The performanceof the other receivers at the 30m is inferior in this respect by a factor of about 3. Sta-bilization of the LO power will most likely be bene�cial in this respect. The e�ects ofinstabilities can probably also be reduced by switching faster than the current limit (setby the correlator) of 1 sec which is unfortunately very near the cryogenic pump period.This may require an upgrade of the correlator acquisition program and possibly also newprocessor hardware.Some new and potentially interesting FSw observing modes may also require phase du-rations shorter than 1 second. This implies in practice to make the data aquisition of26



the autocorrelator substantially faster than at present. Some gain (factor 3?) appearspossible if a more modern microprocessor is used. Still smaller phase durations (� 0:3sec) may require a special version of AC aquisition program. In such a version, data wouldbe accumulated for several phases before clipping correction and FFT are calculated.A typical application of frequency switching is the observation of very extended sources.If e�cient mapping of such sources is desired, a new observing mode is needed whichcombines frequency switching with angular scanning. The scanning could either be donewith the telescope or, at higher e�ciency on sources smaller than 40, with the subreector.The price to be paid for the increased e�ciency of FSw observations (practically twice thatof other observing modes) consists in an increased demand for backend resources. Abouttwice the bandwidth is needed for FSw than for the other observing modes. The number ofchannels of the autocorrelator, the principal backend in this context, is probably su�cientat present, but may soon turn into a bottleneck. When receivers are equipped with 1GHz bandwidths, more lines will be observable in parallel, thus increasing the demand onbackend channels. The same will happen if FSw should turn out to be possible with morethan 2 receivers simultaneously, or if FSw can be made working with larger throws.Acknowledgement:We would like to thank Matthew Carter, James Lamb, and J�orn Wink for several dis-cussions and for reading the manuscript. Dave Morris and Carsten Kramer have helpedwith the analysis of the baseline ripple and other observational aspects. Karl Schuster hasdonated some of his observing time for testing the three{lines FSw procedure. WolfgangWild has stimulated the series of 1994 FSw tests.
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Appendix AOBS procedure �leBelow we list the procedure �le used with OBS for most of the test observations. The pro-cedure connects two receivers, namely the 3MM and G1, to the 100 kHz �lter spectrometer(in parallel mode) and to the autocorrellator, also in parallel mode. The two correlatorunits are set so that the unit connected to G1 has twice the bandwidth of the unit con-nected to 3MM. In this way, the two units produce spectra with identical velocity resolutionand coverage if lines with a 2:1 frequency ratio are observed (Fig. A.1). The correlator isused at a 100% of its capacity (2 units).The two frequency switch commands make the two receivers switch with a period of 3 sec,the duration of an individual phase is 1.5 sec. Ten such periods are accumulated in onesubscan of 30 seconds duration. In this setup, phase 1 is observed with a frequency o�set+�f/2 and the data are counted positive (weight = +1 in CLASS), whereas phase 2 has{�f/2 and is counted negative (weight = {1 in CLASS). The frequency throw �f is setto 7.7 MHz, the period of the standard telescope ripple at 3mm, and to twice this valueat 1mm. In this way, the velocity separation of the positive and negative lines is identicalin the two receivers if lines with a 2:1 frequency ratio were observed (Fig. A.1).!LFSw.obs!LOAD FSW COMMANDS!..................................SEPTEMBER 94............. CT .....1M/DISC2_1M/DISC100K PAR /RECE 3MM 230G1AUTO 1 20 40 0.0 /RECE 3MMAUTO 2 40 80 0.0 /RECE 230G1FSW 7.7 S /RECE 3MM/PH 1.5/TIME 30FSW 7.7*2 S /RECE 230G1
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Figure A.1:Frequency switched observa-tion of CO transition towardthe dark cloud L134A withthe 1 and 3 mm receiversin parallel. The frequencythrow was set to 3.9(7.9)MHz, and the autocorrelatorwas used with 20 (40) MHzbandwidth and 10(20) kHzresolution for the 1(3)mmtransition. Linear baselineswere subtracted for clarity.Integration time is 15 min,the 1mm atmospheric opacitywas 0.6.
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Appendix BData reductionB.1 Calibrated dataThe RED process provides an on{line calibration and display of a frequency switchedspectrum for each subscan. An average of all such subscans contained in a particular scanis recorded on the OBS/RED output �le. This spectrum, i.e. the calibrated di�erencebetween phase 1 and phase 2, can then be restored by using the FOLD command of CLASS.This command shifts (in frequency by the decal[i] o�set) and multiplies (by poids[i])the phase i spectrum, and then adds the spectra of the phases together. Note that thefolded spectrum can be contaminated by the 2 spurious signals appearing at invertedtemperatures and at half the intensity. The useful baseline range should therefore berestricted to exclude these spurious features.The relevant frequency switching parameters are recorded in the CLASS header of eachscan. They can be looked at and even modi�ed with a procedure like the one listed below.! FSw_variables.class! CLASS procedure to list the FSw parameters for scan No. &1!!...................................... 16-Nov-1994 ...... ct ............set variable fswitch readsay "scan No." '&1'say "no. of phases:" 'nphas'for ii 1 to nphassay "phase" 'ii'say " freq. offset, MHz: " 'decal[ii]'say " integr. time, sec: " 'duree[ii]'say " relative weight: " 'poids[ii]'nextset variable fswitch off!.........................................................................30



B.2 Uncalibrated dataUncalibrated data are recorded in the observatory's raw data format. These data canbe used if an observer wants to calibrate data independently from OBS/RED. The CALprogram handles this task. Below we list �rst a procedure to enter the relevant calibra-tion parameters in CAL, and then a second procedure which calibrates and averages thesubscans in one scan.Contrary to the data �le generated by OBS the raw data retains individual subscans and,in each subscan, the data for the individual phases.!calsupply.pro!procedure to enter calibration parameters in CAL!!....................................... 10 Jul 1994 ..... ct ........dir mrt$data:[c01]cal autoambient 277 709efficiency 0.9 0.9 /rec 3mmefficiency 0.9 0.9 /rec 230g1chopper 290 77/rec 3mmchopper 290 77/rec 230g1supply gain_image 0.005 /rec 3mmsupply gain_image 0.1 /rec 230g1supply line 12co(1-0) /rec 3mmsupply line 12co(2-1) /rec 230g1!......................................................................!cal.pro!CAL procedure for reducing a FSw scan! &1 calibration scan number! &2 FSw scan number! &3 number of subscans in FSw scan!!............................................. 10 Jul 1994 ... ct ......cal &1 coldscan &2c\compute 4 2 !backend 4 (AC), part 2for i 1 to &3subs i /sig 1 -1 !phase 1 has positive weight, phase 2 negativesay "subs" 'i'nextplot!......................................................................31


