
Advaned optial alibration of the Hershel HIFIheterodyne spetrometerA Thesis submitted for the degree ofDotor of PhilosophyPresented byDaniel Ronan Higgins, B.Eng, M.SDepartment of Experimental PhysisNUI MaynoothCounty KildareIrelandResearh supervisorDr. Neil TrappeHead of DepartmentProf. John Anthony MurphyFebruary 2011



Contents
Abstrat vAknowledgments vii1 Introdution 11.1 Hershel Spae Observatory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 The HIFI instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.2.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.2.2 Heterodyne priniple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.2.3 HIFI optis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61.2.4 Mixer units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91.2.5 LO signal hain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101.2.6 Bakend spetrometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101.3 Thesis overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 HIFI alibration 132.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132.1.1 Author's ontribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142.2 Radio telesope alibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142.2.1 Aperture e�ieny . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152.2.1.1 Forward e�ieny . . . . . . . . . . . . . . . . . . . . . . . . . 172.2.1.2 Main beam e�ieny . . . . . . . . . . . . . . . . . . . . . . . . 192.3 HIFI intensity alibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242.3.1 Calibration load oupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 282.3.2 Side band ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312.3.2.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312.3.2.2 Mixer RF gain . . . . . . . . . . . . . . . . . . . . . . . . . . . 322.3.2.3 IF Gain (Diplexer tuning/misalignment errors) . . . . . . . . . 382.3.2.4 E�et on line intensity . . . . . . . . . . . . . . . . . . . . . . . 402.4 Standing waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432.4.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43i



CONTENTS2.4.2 Standing waves in a double side band reeiver . . . . . . . . . . . . . . . 432.4.3 Standing wave tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462.4.4 Soures of standing waves in HIFI . . . . . . . . . . . . . . . . . . . . . . 522.4.5 Standing wave e�ets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582.4.5.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582.4.5.2 Strong ontinuum soures . . . . . . . . . . . . . . . . . . . . . 582.4.5.3 Line intensity modulation . . . . . . . . . . . . . . . . . . . . . 592.4.5.4 LO power disparity . . . . . . . . . . . . . . . . . . . . . . . . . 602.5 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623 HEB Eletrial Standing Wave 633.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633.1.1 Author's ontribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643.2 HEB mixer development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643.2.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643.2.2 HEB operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 663.2.3 HIFI HEB mixer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 683.3 HEB standing wave behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . 703.3.1 Standing wave pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 723.3.2 E�et of hanging LO frequeny . . . . . . . . . . . . . . . . . . . . . . . 733.3.3 Instrument stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 733.3.4 Mixer urrent and standing wave amplitude . . . . . . . . . . . . . . . . 773.4 HEB standing wave removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 793.4.1 Eletrial model approah . . . . . . . . . . . . . . . . . . . . . . . . . . 793.4.2 Baseline atalog approah . . . . . . . . . . . . . . . . . . . . . . . . . . 823.4.2.1 Gas ell data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 823.4.2.2 Position swith �ight data . . . . . . . . . . . . . . . . . . . . . 893.4.2.3 Dual beam swith data . . . . . . . . . . . . . . . . . . . . . . . 983.4.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1043.4.3.1 Spetral sans . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1043.4.3.2 Map observation . . . . . . . . . . . . . . . . . . . . . . . . . . 1043.4.3.3 Frequeny swith observation . . . . . . . . . . . . . . . . . . . 1053.5 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1064 Gas ell test ampaign: experimental setup and saturated line analysis 1084.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1084.1.1 Author's ontribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1104.2 Gas ell test apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1104.2.1 Gas ell design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110ii



CONTENTS4.2.2 Calibration gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1114.2.3 Gas ell operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174.2.4 Data alibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174.2.5 Data storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1194.3 Gas ell data pre-proessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1204.3.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1204.3.2 Standing waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1204.3.3 IF spurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1224.3.4 LO spurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1244.3.5 Mixer urrent stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1284.4 Saturated line analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1294.4.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1294.4.2 Side band ratio extration proess . . . . . . . . . . . . . . . . . . . . . . 1304.4.3 12CO analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1354.4.4 13CO analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1484.4.5 H2O analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1554.4.6 OCS analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1584.4.7 CH3CN analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1644.4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1674.5 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1715 Gas ell test ampaign: spetral line model generation and CH3OH analysis1725.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1725.1.1 Author's ontribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1735.2 Spetral line shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1745.2.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1745.2.2 Natural line broadening . . . . . . . . . . . . . . . . . . . . . . . . . . . 1745.2.3 Doppler line broadening . . . . . . . . . . . . . . . . . . . . . . . . . . . 1745.2.4 Pressure/Collisional line broadening . . . . . . . . . . . . . . . . . . . . . 1755.2.5 Opaity line broadening . . . . . . . . . . . . . . . . . . . . . . . . . . . 1755.3 Spetral line model generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1765.4 Side band ratio extration: simple moleules . . . . . . . . . . . . . . . . . . . . 1835.4.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1835.4.2 12CO, 13CO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1835.4.3 OCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1855.4.4 H2O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1955.4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2035.5 CH3OH analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2065.5.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206iii



CONTENTS5.5.2 Testing the deonvolution algorithm . . . . . . . . . . . . . . . . . . . . . 2065.5.3 Pressure broadening extration . . . . . . . . . . . . . . . . . . . . . . . 2095.5.4 Side band ratio extration . . . . . . . . . . . . . . . . . . . . . . . . . . 2135.5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2205.6 Gas ell alibration of a QCL heterodyne reeiver . . . . . . . . . . . . . . . . . 2225.6.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2225.6.2 THz QCL lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2225.6.3 Gas ell observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2225.7 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2276 Conlusions 229A Gas ell model ode 242B Paper 1: Standing waves in the HIFI HEB mixer ampli�er hain 250C Paper 2: Gas ell alibration 260

iv



AbstratThe Heterodyne Instrument for the Far-Infrared (HIFI) was launhed aboard the HershelSpae Observatory on the 14th of May 2009. HIFI's frequeny range is spread over 7 mixerbands. Bands 1-5 (480-1270 GHz) use Superonduting-Insulator-Superonduting (SIS) mixertehnology while bands 6 & 7 (1410-1910 GHz) use Hot Eletron Bolometer (HEB) mixertehnology. HIFI is a double side band instrument and hene ontains both the upper andlower side band of the down onverted sky signal. The gain in the upper and lower side bandis not always equal. This e�et introdues a alibration unertainty that must be understoodin order to ahieve the HIFI alibration goal of 3%.To determine the frequeny dependent side band ratio for eah mixer band, a gas ell testset up was developed. During the instrument level testing a number of simple (12CO, 13CO andOCS) and omplex (CH3CN and CH3OH) moleules were observed using the HIFI instrument.Using a radiative transfer model with the measured pressure and optial path length of the gasell and moleular line parameters taken from the JPL and HITRAN atalogs, model spetraan be generated. By omparing the generated spetra with the observed spetra the side bandgain an be determined.In order to extrat the side band ratio a number of additional instrumentation e�ets must�rst be understood. Bands 1 and 2 shows good performane and the side band ratio wasextrated for these bands. The data showed good agreement with predited antenna response.Bands 3 and 4 had signi�ant IF gain e�ets due to a diplexer mistuning problems. Band 5had spurious LO signals at ertain frequenies making the data observed unusable. Bands 6 &7 had signi�ant standing wave issues due to a non-optimal IF hain design. These instrumente�ets are disussed in detail in this thesis.The �nal part of the thesis details the �rst step in the analysis of the methanol (CH3OH)data. This dataset makes up 80% of all data taken during the gas ell test ampaign. Unfortu-nately the pressure broadening (variation of line width with pressure) was not known before theanalysis. This was extrated from the data using a 2 parameter �t where the side band ratiowas the other free variable. This approah was shown to be problemati with multiple viablesolutions possible. It was proposed to use the analysis of the simpler moleules to onstrain thepressure broadening extration proess. The methanol pressure broadening parameters wereextrated from the data and showed some frequeny dependene. The values extrated were inreasonable agreement with the values predited in other publiations. A �rst pass extrationv



of the side band ratio was undertaken at the lower edge of band 2, there was a large degree ofsatter in the measured data but an enouraging agreement was seen with the side band ratiovalues extrated from the other simpler moleules.
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Chapter 1IntrodutionThe disovery in 1800 of infrared radiation from the Sun by William Hershel opened a newera in astronomy. Astronomy was no longer on�ned to the optial wavelengths seen by theeye but was expanded into new regions of the eletromagneti spetrum. Eah wavelengthregime tells the astronomer something di�erent about the astronomial soure. Gamma raysare seen from the most extreme reations in nature while the 21 entimeter line hydrogen probesubtle hanges in the spin relation between a proton and eletron in a hydrogen atom and eahwavelength in between tells the observer something unique about the soure of emission.New disoveries in astronomy have been made through the development of new instruments.With eah generation of astronomers new instruments and larger telesopes are developedfurther pushing the boundaries. In the 20th entury astronomers pushed the envelope furtherby plaing larger telesopes at higher altitudes to get above the atmosphere and further still ontoairraft and balloons. The launh of Sputnik in 1957 provided a new platform for astronomialobservatories.The Hershel Spae Observatory follows the pattern of larger telesopes operating at previ-ously unobserved frequeny ranges in spae. Hershel �ies with 3 state of the art instrumentseah ful�lling in a unique role.1.1 Hershel Spae ObservatoryThe Hershel Spae Observatory was formally proposed to ESA in 1982 and was inorporatedinto the `Horizons 2000' long term programme for implementation as one of the four ornerstonemissions. The projet was originally alled Far InfraRed and Submillimetre Spae Telesope(FIRST) but this was later hanged to the Hershel Spae Observatory in line with the ESApoliy of naming siene satellites after famous European sientists. In 1993 the satellite gotthe o�ial go ahead and work began on developing this ambitious satellite. For time line ofthe development of the Hershel satellite see [98℄.The Hershel Spae Observatory arries a 3.5m diameter passively ooled Cassegrain tele-1



1.1. HERSCHEL SPACE OBSERVATORY

Figure 1.1: Left: Hershel satellite showing primary mirror and utaway of ryostat showingthe 3 instruments Center: Close up of yrostat showing the 3 instruments on top of the Heliumtank Right: Photo of Hershel satellite during ground testing at ESTEC[98℄sope. The primary mirror is mounted on a super�uid helium ryostat inside whih the 3instruments are found, see �gure 1.1. The ryostat has a apaity for 2367 liters of liquidryogen whih depending on onsumption should provide enough ooling for a 3.5 year missionlifetime. The satellite eletronis are housed at the base of the satellite and ontrol all aspetof the satellite operation. The telesope operates in an orbit around the L2 Lagrange point,1.5 million kilometers from Earth. The Hershel Spae Observatory was suessfully launhedaboard an Ariane 5 roket on 14 May 2009 at 13:12 (UTC).The �nal on�guration of the Hershel spae telesope �ew with 3 instruments. The Pho-todetor Array Camera and Spetrometer (PACS) was developed by a onsortium led by theMax-Plank-Institut für extraterrestrishe Physik (MPE) Garhing[100℄. The PI of the instru-ment is Albreht Poglitsh. The Spetral and Photometri Imaging REeiver (SPIRE) wasdeveloped by a onsortium led by Cardi� university[41℄. The PI of the instrument is Matt Grif-�n. The Heterodyne Instrument for the Far-Infrared (HIFI) was developed by a onsortium ledby SRON Groningen[22℄. The PI of the instrument is Frank Helmih. The alibration of HIFIis the topi of this thesis. Table 1.1 provides an overview of main harateristis of the threeinstruments.
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1.1. HERSCHEL SPACE OBSERVATORY

Table 1.1: Overview of instruments on the Hershel spaetelesope[98℄.HIFI Heterodyne spetrometerWavelength overage 157-212 & 240-625 µmField-of-view (FOV) single pixel on skyDetetors 5 × 2 SIS∗ & 2 × 2 HEB∗ mixersSpetrometers auto-orrelator & aousto-optialSpetral resolving power typially 106PACS 2-band imaging photometerWavelength overage 60-85 or 85-130, 130-210µmField-of-view (FOV) 0.5 F λ sampled 1.75′ × 3.5′Detetors 64 × 32 × 32 × 16 pixel bol. arraysPACS integral �eld spetrometerWavelength overage 55-210 µmField-of-view (FOV) (5 × 5 pixel) 47′′ × 47′′Detetors two 25 × 16 pixel Ge:Ga∗ arraysSpetral resolving power 1000-4000SPIRE 3-band imaging photometerWavelength bands (λ/∆λ ∼ 3 ) 250,350,500 µmField-of-view (FOV) 2.0 F λ sampled 4′ × 8′Detetors 139, 88 & 43 pixel NTD∗ bol. arraysSPIRE imaging Fourier transf. spetrometerWavelength overage 194-324 & 316-671 µmField-of-view (FOV) 2.0 F λ sampled irular 2.6′Detetors 37 & 19 pixel NTD bol. arraysSpetral resolving power 370-1300 (high) / 20-60 (low)
∗Aronyms relating to detetors: superondutor-insulator-superondutor(SIS), hot eletron bolometer (HEB), gallium-doped germanium (Ge:Ga),and neutron transmutation doped (NTD)
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1.2. THE HIFI INSTRUMENT

Figure 1.2: Sketh of sub-mm astronomial heterodyne reeiver1.2 The HIFI instrument1.2.1 IntrodutionIn this setion a brief overview of the HIFI instrument is given. The major omponents arebrie�y desribed and referenes provided for further reading.1.2.2 Heterodyne prinipleThe heterodyne priniple is based on the property that the multipliation of 2 signals of slightlydi�erent frequenies results in a set of new signals, the frequeny of one of these new signals isthe di�erene in frequeny between the 2 original signals. The heterodyne priniple is ommonlyused in ommerial radio to uponvert a signal to a higher frequeny for transmission, the signalis then down onverted to the original frequeny at the radio reeiver end by oupling the skysignal to a loal signal of similar frequeny, this is tuning that is ommon to anyone who hasused a radio.The heterodyne priniple is used in astronomy to down onvert high frequeny sky signals tolower frequenies where the signal an be ampli�ed and sampled using onventional eletronisthus providing spetral resolution not possible when diretly observing the sky signal. Figure 1.2provides an overview of a typial heterodyne astronomial reeiver. The broadband sky signalis mixed together with the loal monohromati signal. The down onverted beat frequeny isthen fed to the bakend spetrometers.By hanging the loal osillator signal, di�erent sky frequenies an be down onverted andfed to the bakend spetrometer. Only small bands of the broadband sky signal an be downonverted. Depending on the mixer type this varies from 4-8GHz for the low frequeny bands to2.4-4.8 GHz for the higher frequeny bands. Another feature of the heterodyne priniple is that2 bands either side of the loal osillator signal are down onverted, these 2 bands are known4
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1.2. THE HIFI INSTRUMENTas the side bands. Both side bands are added together in the down onverted signal. Figure 1.3shows an example of this proess using a model spetrum of the OCS spetra. The left handside of �gure 1.3 is the spetrum for OCS as seen between 805 and 830 GHz. The right hand�gures show what the double side band spetra look like for di�erent LO frequenies. Notiehow lines from the upper and lower side bands move in opposite diretions with hanging LOfrequeny.1.2.3 HIFI optisFigure 1.4(a) provides an overview of the HIFI optis. The HIFI optis ouples the signal fromthe Hershel telesope to the mixer fous. The beam size varies greatly over the HIFI frequenyrange and hene 7 di�erent hannels are evident in the optial set up, see Trappe et al. [121℄ forfurther information. The hopper and the diplexer are the only 2 moving parts in the optialpath. Moving mehanial omponents are avoided in satellites as they inrease the hanes offailure in the system. The hopper is shown in �gure 1.4(b). The hopper is used to swith thebeam between 5 preset positions. 3 sky positions are available, looking at the M3 enter, left ofentre and right of enter. These 3 sky positions are used for point soures allowing for quikswapping between the ON and OFF. These o� entre sky positions are also used in the dualswith observation mode. The �nal 2 hopper positions are the hot and old alibration loadswhih are vital for the intensity alibration of sky observations. The hopper mehanism has aertain degree of redundany designed in with a bakup atuator able to move the hopper inthe event of a failure. Furthermore the hopper mehanism has a default position that pointsto the enter of M3 mirror, this is ahieved through the use of a leaf spring.The Martin-Pupplet diplexer is another moving omponent in the HIFI signal hain. Thediplexer is used to ombine the LO and sky beams together in bands 3,4,6 and 7. The otherbands use a beamsplitter ombination to ouple the sky and LO signals onto the mixer. Thebeamsplitter bands have ample LO signal power and hene an a�ord a poor oupling the LOunit. The diplexer bands were originally expeted to have problems produing the requiredamount of LO power and hene the need for a more e�ieny LO oupling proess. Figure1.5(a) shows a shemati of signal ombining proess for a beamsplitter and diplexer setup.The diplexer ahieves a high oupling by delaying one polarized beam relative to another,then ombining the 2 signal at the mixer fous. The phase delay between the 2 beams resultsin the rotation of the polarization angle of the ombined signal. The angle of polarization isrotated until the polarization angle of the mixer is ahieved. The diplexer onsists of 2 armswith rooftop mirror at eah end. One roof top mirror has a slightly longer path length whih isset depending on the enter IF band frequeny. For the SIS band with an IF bandwidth of 4-8GHz, the IF enter is at 6 GHz whih orresponds to an additional path length of 12.5mm. TheHEB bands have an IF bandwidth of 2.4-4.8 GHz, hene the IF band enter is at 3.6GHz whihorresponds to an additional path length of 20.833mm. In addition to the �xed o�set between6
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(a) Left: Shemati of HIFI optis showing sky and LO paths. Right: Photo of HIFI takenbefore integration with Hershel

(b) Chopper positionsFigure 1.4: Overview of HIFI optis[78℄
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1.2. THE HIFI INSTRUMENT

(a) Left: Beamsplitter signal injetion.Right: Diplexer signal injetion

(b) Mixer urrent vs diplexer position for a band 4adiplexer san at an LO frequeny of 1009.998 GHzFigure 1.5: Overview of beam ombining mehanisms in HIFI
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1.2. THE HIFI INSTRUMENTMixer band/Beam Frequeny Mixer Mathing Feed and ouplingCombiner/Laboratory range (GHz) element iruit Struture1 (Beamsplitter) 480-640 SIS Nb on Nb orrugated horn(LERMA/IRAM)[25℄ Nb-Al2O3-Nb mirostrip and waveguide2 (Beamsplitter) 640-800 SIS Nb on NbTiN orrugated hornKOSMA[116℄ Nb-Al2O3-Nb mirostrip and waveguide3 (Diplexer) 800-960 SIS Al on NbTiN orrugated hornSRON/TUD[24℄ Nb-Al2O3-Nb mirostrip and waveguide4 (Diplexer) 960-1120 SIS Al on NbTiN orrugated hornSRON/TUD[24℄ Nb-Al2O3-Nb mirostrip and waveguide5 (Beamsplitter) 1120-1250 SIS Au on Nb lens and twin slotCalteh/JPL[56℄ Nb-AlN-NbTiN mirostrip planar antenna6 (Diplexer) 1410-1703 HEB NbN lens and twin slotCTH/JPL[16℄ Phonon ooled planar antenna7 (Diplexer) 1703-1910 HEB NbN lens and twin slotCTH/JPL[16℄ Phonon ooled planar antennaTable 1.2: Overview of mixer materials and implemented antenna tehnology[22℄.the two rooftop mirrors the path length di�erene between the diplexer arms an be adjustedfurther using an atuator on one of the arms. By moving one mirror and keeping the other�xed the polarization angle an be rotated. Figure 1.5(b) shows a typial diplexer san. Thediplexer is moved through all positions and the mixer urrent reorded. From the �gure one ansee that the mixer urrent is modulated by the tuned diplexer position. In this example thereare 2 diplexer positions whih provide the orret polarization angle. This diplexer setting isfrequeny dependent and sans suh as that shown in �gure 1.5(b) are used to generate a lookup table to determine the setting for other LO frequenies.Unlike the hopper, the diplexer mehanism itself it not redundant. The redundany omesfrom the availability of 2 separate mixer units deteting the same signal albeit at di�erentpolarizations. If one diplexer were to fail the other mixer unit band would be able to operateat the same frequeny hene no loss in frequeny overage.1.2.4 Mixer unitsHIFI uses two types of mixer tehnologies. Superondutor-Insulator-Superondutor (SIS)mixers are used in bands 1-5 (480-1250 GHz) and Hot Eletion Bolometer (HEB) mixers inbands 6-7 (1410-1910 GHz). Both mixers use superonduting priniples to mix the inomingterahertz sky signal with the LO signal, albeit with ompletely di�erent mehanisms. HEBmixer tehnology was �rst proposed in the early 1970's[93℄ but was superseded by the develop-ment of SIS mixer tehnology in the 1980's. SIS mixers however have an upper frequeny limitwhih is set by the energy gap of the superonduting material. Below 1THz SIS mixers area key tehnology in submillimeter astronomy[132, 64℄. At the time of HIFI development HEBmixers were the only mixer available about 1.25 THz. Table 1.2 provides an overview of the9



1.2. THE HIFI INSTRUMENT

(a) LO multiplier hain on�guration[22℄ (b) Piture of band 7b LO hain[123℄Figure 1.6: LO signal hainmixer tehnology used in HIFI. The laboratories assoiated with eah mixer unit and the keyreferene assoiated with the mixer are also given.1.2.5 LO signal hainThe LO signal provides frequeny overage from 480-1250 GHz and 1410-1910 GHz[91℄. Thisoverage is spread over 14 bands. The over of eah of the mixer band is split between 2 ofthe LO bands. The LO signal starts from a high quality low frequeny synthesizer. This signalis fed into multiple stages of frequeny multipliation until the �nal THz signal is produed.Figure 1.6 provides an overview of the signal multipliation proess.1.2.6 Bakend spetrometersThe down onverted IF signal is fed from the mixer through a signal ampli�ation hain to thebakend spetrometers. There are 2 types of bakend spetrometers, the wide band spetrom-eter (WBS) and the high resolution spetrometer (HRS). The wide band spetrometer is anaousto optial spetrometer. The IF signal is split into four bands and eah of these bandsis fed to a pizeoeletri atuator whih indues an aousti wave into a Bragg ell. A laser ispassed through the Bragg ell and the density �utuations indued on the Bragg ell by theIF modulated atuator ause the laser diretion to hange. The laser shines on a CCD strip.The output of this CCD is then integrated over the a period of time and this is taken as the IFoutput. Numerous graphs of this raw CCD output will be seen over the ourse of this thesis.The WBS has a lower resolution than the HRS at 0.55 MHz but provides full overage over theentire 4 GHz IF band[109℄.The HRS bakend is an auto orrelator spetrometer. The HRS has 4 options for spetral10



1.3. THESIS OVERVIEW
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(a) Sketh of HIFI WBS spetrometer[109℄ (b) Aousto optial spetrometeroperation[125℄Figure 1.7: Wide band spetrometer layout and operationresolution varying between 125kHz, 250kHz, 500kHz and 1000kHz. As the resolution inreasesthe band width dereases. The HRS bands an be plaed any where in the band so knowledgeof the frequeny region of interest must be at hand when the observation is submitted. Fora 125KHz resolution observation a single 230 MHz band is available, for the 250KHz settingthis inreases to 2 bands of 230MHz, the 500kHz resolution has 4 23OMHz bands available and�nally the 1000kHz resolution has 4 bands of 460MHz. For more information on the operationof the HRS bakend see [4℄.1.3 Thesis overviewThe ore of this thesis is the analysis of the onsiderable amount of data taken during theground test ampaign, examples from �ight data are also disussed. The entral theme of thethesis is the analysis the gas ell data and the extration of the side band ratio. In order toextrat this information a number of additional instrument e�ets must be over ome beforethe true side band ratio is extrated.The thesis is laid out as follows. Chapter 2 provides a theoretial bakground on the intensityalibration of HIFI. In this hapter the various soures of unertainty in the determination ofthe intensity from a stellar soure are desribed. The bakground to the side band ratio isdesribed and some examples are provided. Other soures of intensity unertainty are alsodisussed suh as the load oupling e�ieny, diplexer mistuning e�ets and standing wavee�ets. The standing wave disussion presents a more general disussion and desribes some ofthe anillary e�ets of standing waves in addition to the typial ontinuum modulation.Chapter 3 details one of the dominant instrumental e�ets in HIFI, the HEB band standingwave. In this hapter the bakground to the HIFI HEB band development in desribed and theorigin of the standing wave in the eletronis are detailed. The behavior of the standing waveis detailed based on examples from the gas ell data. Standard standing wave removal tools areapplied to the data and it is shown how the standard standing wave removal approahes fail.Two approahes to removing the standing wave are proposed. One is based on an eletrial11



1.3. THESIS OVERVIEWmodel of the HEB and IF hain. The seond approah uses large atalog of standing wavepro�les to orret the data. This atalog approah is applied to the gas ell and 2 �ightobservations with onsiderable suess.Chapter 4 introdues the onept of using a gas ell as a alibrating instrument. Thedimensioning, design and manufaturing of the gas ell are desribed. The rationale behindthe gas seletion and the test proedure are summarized. A typial gas ell test observation isdetailed and the alibration proedure used to onvert the raw data into transmission spetrais shown. The latter half of hapter 4 is onerned with proessing and analysis of moleuleswhih saturate in the gas ell setup. The preproessing and �ltering of the data is desribed andthen the side band ratio results themselves are presented. The presentation of results follows agas by gas approah. At the end of the hapter all gases are plotted together for omparison.The analysis in hapter 4 is on saturated lines only. Chapter 5 looks at the extration ofthe side band ratio from un-saturated lines. In order to extrat this information a spetral linemodel of the gas opaity must be developed. In this hapter the main proesses in the spetralline pro�le shape are detailed. From this theoretial framework a model ode is developedwhih is used to extrat the side band ratio from saturated lines. The analysis follows the sameapproah as hapter 4 and the results are presented on a gas by gas basis. From the data itwas apparent that additional e�ets were a�eting the data in addition to the side band ratio,the most dominant e�et being a diplexer indued IF gain slope. The latter half of hapter 5 isonerned with the analysis of the methanol data. Methanol is an important gas in the gas ellampaign and aounts for 80% of all observations. The �nal setion of hapter 5 desribes theappliation of the gas ell spetral line ode developed in this hapter to gas ell observationat 2.9156 THz using a prototype quantum asade laser (QCL).Chapter 6 provides the onlusions of the thesis.
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Chapter 2HIFI alibration
2.1 IntrodutionThe development and operation of a spae telesope is a ostly endeavor and great e�orts aremade to maximize the time and data returned from these missions. Before the launh of theHershel spae observatory great e�orts were made to have a working telesope as soon afterlaunh as possible. From an early stage in the Hershel mission an observation planning infras-truture, inherited from the Spitzer mission, was used to help the astronomers plan observations[33℄. From the data analysis perspetive the instrument data proessing pipelines were oper-ational on the launh date allowing the alibration teams to quikly establish the state of theinstruments 2 weeks after the launh. The �rst data taken with Hershel using the PACS wastaken 1 month after launh and was proessed using the instrument data proessing pipeline.Previous spae telesopes would develop a large amount of the proessing software during the�ight stage of the satellite.The alibration of the Hershel spae telesope also far exeeds the e�orts of its predeessors.From an early stage in the satellite development ambitious alibration auray goals were setfor eah instrument. Extensive instrument level testing (ILT) ampaigns were undertaken foreah instrument to investigate and quantify soures of error in the system. To ful�ll these al-ibration requirements ustom test failities and equipment were developed for eah instrument[7, 17, 27℄.The alibration of a heterodyne instrument, suh as HIFI, involves the onversion of thespetrometer units (CCD ounts, IF voltages) into a unit of soure intensity whih an beompared with other telesopes and with astrophysial models. To ahieve this instrumentindependent intensity measure a omplete understanding of the instrument response must beat hand. Any unknowns in the instrument response to the sky signal leads to unertaintieswhih must be understood or at least quanti�ed so reliable errors an be attahed to anymeasurements.HIFI alibration is split into 3 main areas:13



2.2. RADIO TELESCOPE CALIBRATION
• Intensity alibration
• Frequeny alibration
• Spatial response alibrationIn this hapter we will onentrate on intensity alibration of the instrument and follow thealibration equations detailed in Ossenkopf [86℄. This hapter will desribe the alibration in themost general sense starting at the telesope e�ieny and desribing the proess of onvertingthe bakend spetrometer response into units of intensity. The following setions will desribethe main soures of intensity alibration error and the role of gas ell measurements in resolvingthese soures of error.2.1.1 Author's ontributionIn this hapter the author was extensively involved in analysis and interpretation of the standingwave data presented at the end of the hapter. The mixer RF gain analysis is also the work ofthe author. The diplexer model was based on a report by Willem Jellema[50℄. The apertureand forward e�ieny work is based on the report of Raphael Moreno[80℄.2.2 Radio telesope alibrationA radio telesope nominally onsists of an antenna, a reeiver and a bakend. For HIFI theantenna is the Hershel telesope. The Hershel mirror has a ertain �eld of view or beamsize whih samples a portion of the sky and feeds the signal to the reeiver. HIFI itself an bedesribed as the reeiver. HIFI is a heterodyne reeiver whih means a loal monotoni signalis oupled to the sky signal olleted by the antenna. The 2 signals are ombined togetherusing a mixer. The mixer is sensitive to the beat signal between the loal signal and sky signal.A band of signal is down onverted to GHz frequeny where it is propagated to the bakendspetrometers. The spetrometer digitizes the IF broadband signal onverting it into spetrom-eter spei� units. The basi alibration proess aims to onvert these spetrometer units intointensity units whih an used to verify astrophysial models or ompare with observations fromother telesopes. To extrat telesope independent intensity values the e�et of eah telesopeomponent on the sky signal must be understood.The astronomer is interested in the intensity distribution of an astronomial objet in boththe spatial and frequeny domain. The antenna samples the spatial domain of the intensitydistribution. Eah antenna has a unique gain pro�le or point spread funtion that is onvolvedwith the sky signal. At its simplest the telesope samples a portion of the sky equal to thearea of its olleting surfae. However, due to di�ration e�ets antennas an be sensitive topower oming from other diretions. Furthermore, due to the support struture of the seondarymirror and manufaturing �aws in the mirror this auses the overall intensity deteted to deviate14



2.2. RADIO TELESCOPE CALIBRATIONfrom the ideal ase. These deviations are summed up through a variety of e�ienies whih aremultiplied by the deteted intensity to onvert the measured intensity into the original stellarsoure intensity.Three e�ienies are normally used to summarize the telesope performane [42, 77℄. Theyare the aperture e�ieny, ηa, the forward e�ieny, ηl and the main beam e�ieny, ηmb.2.2.1 Aperture e�ienyThe aperture e�ieny is the ratio of the e�etive telesope olleting area from the geometrialtelesope olleting area . In an ideal ase all signal from the sky signal is oupled to the detetorhowever due various optial and manufaturing e�ets this perfet oupling is impossible. Thedeviation from this ideal ase is desribed by the aperture e�ieny. The aperture e�ienyan be written as the ratio of the e�etive olleting area ompared to the geometrial area:
ηa =

Aeff

Ageom
. (2.1)Knowledge of the aperture e�ieny is neessary when onverting from antenna temperaturesto �ux density units suh as Jansky. During an antenna ommissioning a point soure of known�ux (solar system objet) is observed and from this the aperture e�ieny an be determined.A number of e�ets ouple together to redue the aperture e�ieny, in order of importanethey are the illumination e�ieny, the spillover e�ieny, the blokage e�ieny and the Ruzelosses due to mirror surfae variations.The main omponent in the aperture e�ieny is the illumination e�ieny. The illumina-tion e�ieny or taper e�ieny is one of the �rst onsiderations when designing the telesopeand instrument optis. One of the �rst deisions in the design of a telesope system is size andfoal lengths of the primary and seondary mirrors. The instrument optis are then designedaround this so the beam pro�les of the detetors are mathed in size to the instrument tele-sope optis. The instrument optis want to avoid having a beam waist larger than the primarymirror where signal is lost over the mirror edges (spillover). However the beam size should keptlarge enough maximize the olleting area. The square of the ratio between the Gaussian beamradius, wa on the primary mirror and the mirror radius, ra is known as the taper ratio and iswritten as:

α =

(
ra

wa

)2

= 0.115Te(dB). (2.2)
Te is ommonly used to desribe an optial system and is normally quoted in units of dB[36℄.An illumination e�ieny, ηi, an be derived as a funtion of the taper ratio suh that

ηi =
2

α

[1 − exp(−α)]2

1 − exp(−2α)
. (2.3)
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2.2. RADIO TELESCOPE CALIBRATIONA spillover e�ieny, ηs, an also be derived from the taper ratio suh that:
ηs = 1 − exp(−2α). (2.4)For more bakground on these relationships see hapter 6 of Goldsmith [36℄. The relationshipbetween the taper ratio and illumination and spillover e�ieny is shown in �gure 2.1. ForHIFI the taper ratio was designed to be 11dB.Another signi�ant e�et on the aperture e�ieny is the level of obsuration due theseondary mirror and support struture on the primary mirror. This e�et must also be inludedin the aperture e�ieny as this auses further deviation from the optimum olleting area.From Goldsmith [36℄ the degree of obsuration is de�ned by a blokage fator, fb, where:

rbl = fbra, (2.5)
rbl is the radius of a irle of area equivalent to the total blokage area. Hershel was designedto have a maximum 7.7% obsuration ratio of the total mirror area whih is made up of thefollowing omponents[97℄:

• M1 entral hole 2.91%
• 3 Hexapode I/F holes 0.5%
• shadow of hexapode legs + M2 barrel 1.73%
• shadow of hexapode legs (path from M2 to M1) 2.54%.The obsuration ratio is a ratio of radii and is diretly omparable to fb de�ned in equation2.5. Hene an obsuration fator of 7.7% yields a blokage fator of 0.077. From Goldsmith[36℄ blokage e�ieny, ηbl, an be alulated as a funtion of the taper ratio, α, and blokagefator, fb, where

ηbl =
[exp(−f 2

b α) − exp(−α)]2

[1 − exp(−α)]2
. (2.6)Figure 2.1 shows a omparison of an ideal ase of no aperture blokage due to a seondarymirror, fb = 0. The e�et of the 7.7% blokage, fb = 0.077, is also plotted. For the 11dB edgetaper this yields an aperture e�ieny of 0.8. Following a more rigorous optial modeling ofthe Hershel primary mirror the aperture e�ieny whih inluded trunation, aberration andsupport struture blokage e�ets, the aperture e�ieny was alulated to be 0.71 (fb = 0.18)[55℄. This e�ieny is also plotted in �gure 2.1.Another signi�ant e�et whih redues the aperture e�ieny is the e�et of the surfaeauray. Unlike the taper and blokage e�ets the surfae roughness is a frequeny dependente�ieny and has a greater e�et at shorter wavelengths. For Hershel a wave front error of6µm was designed[97℄. This error is made up of 2 omponents, the level of polishing possible16
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Figure 2.1: Aperture e�ieny for di�erent taper ratios and levels of aperture obsuration.(3.4µm) and ool down distortions (1.5µm). A 6µm wave front error translates into a 3µmsurfae error. The level of surfae error an be onverted into an e�ieny using the Ruzeformula:
ηe = exp(

4πǫ

λ
)2. (2.7)where λ represents the signal wavelength and ǫ represents the RMS surfae auray of thedish. Figure 2.2(a) ompares the e�ienies of 3 surfae �nishes. It is apparent from this plotthe need for high quality mirror surfaes towards higher frequenies.The �nal aperture e�ieny is the produt of the four e�ienies.

ηa = ηiηsηblηe. (2.8)The �nal e�ieny for the HIFI frequeny range is given in �gure 2.3. There are a numberof seond order e�ienies whih an also an be onsidered but are beyond the sope of thisthesis, see Baars [1℄ for further disussion.2.2.1.1 Forward e�ienyThe forward e�ieny, ηl, desribes the fration of the radiation reeived from the forwardhemisphere of the beam ompared to the total radiation reeived by the antenna. This an bewritten as
ηl =

∫

2π
Pn(Ω)dΩ

∫

4π
Pn(Ω)dΩ

. (2.9)where Pn is the beam pattern normalized to the peak maximum and Ω is the solid beam angle.For ground based telesope ηl is alulated by taking measurement of the blank sky at variouselevation angles also known as sky dips. The output is then ompared to an atmospheri modeland from this the forward e�ieny an be alulated. For HIFI the sky dips option is unavail-able. OFF alibrations ombined with an assumed radiation temperature for the telesope are17
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Figure 2.4: Normalized beam patterns for HIFI bands 1-6[89℄used in �ight. From these observations a forward e�ieny, ηl, of 0.96 is alulated[81℄.2.2.1.2 Main beam e�ienyThe �nal e�ieny to be onsidered in the antenna alibration is the main beam e�ieny, ηmb.The main beam e�ieny desribes the fration of the total signal inluded by the main beam:
ηmb =

∫

Ωmb
Pn(Ω)dΩ

∫

4π
Pn(Ω)dΩ

. (2.10)The main beam solid angle, Ωmb, is de�ned as the angular distane between the �rst nulls inthe antenna power diagram and is frequeny dependent, see �gure 2.4. Hene the main beame�ieny is the de�ned as the perentage of power entering the main beam between the �rstnulls. For HIFI a quasi optial model of bands 1,4,6 was developed to determine the mainbeam e�ienies and main beam angles for various fousing senarios[88℄. This analysis founda main beam e�ieny of 0.72 whih has a satter ± 1% for seondary mirror fousing errorsof ± 15mm.The disussion so far has onentrated on the theoretial determination of the antennae�ienies. It is neessary to also measure these e�ienies during the ommissioning phaseof the telesope. Determination of the beam e�ienies form a key part of the ommissioningand performane veri�ation phase of the HIFI mission. Both the aperture and main beame�ienies are determined through observation of solar system objets with well known soureintensities and size.The primary alibrating soure for the main beam e�ieny is Mars. An intensity model ofMars is available along with detailed soure size information based on previous observations[71℄.The main beam e�ieny an then be estimated using point observations of Mars and omparingthe measured antenna temperature, T ∗
A, with a double side band Mars model temperature, Tmrj ,19



2.2. RADIO TELESCOPE CALIBRATIONat the same sky frequeny suh that
T ∗

A =
Tmrj

F

ηmb

ηl
. (2.11)here F is the geometrial dilution fator and is de�ned as:

F =
1

1 − 2−(θs/θt)2
. (2.12)where θs is the soure size and θt is the telesope beam size. The main beam temperature, Tmb,ommonly quoted by astronomers is equal to Tmrj/F . Rough approximations of the beam sizean be alulated using the following approximation[80℄:

θt = (1.019 + 0.0134 ∗ Te) ∗ λ/D. (2.13)However this is a theoretial value and a more aurate measure of the telesope beam size foreah observing frequeny must be determined.The beam size is alulated by observing a point soure and moving the telesope beamover the soure. For HIFI this was undertaken using a raster map observation of Mars for allbands through whih both the main beam e�ieny and main beam size an be determined.The alulation of the beam size and main beam e�ieny is best desribed using an example.The following data was desribed in the ommissioning phase beam e�ieny test report[80℄.As an example we take the band H polarization 1a observation at an LO frequeny of 491GHz(obsid 13421941791). This observation ontains 49 map points whih are separated by 23arminutes and orientated into a square map entered on the planet mars, see �gure 2.5. Theentral position ats as the point observation used to alulate the main beam e�ieny. Todetermine the main beam size all map positions are used, see �gure 2.6(a). By �tting a 2DGaussian to the map intensity data and extration the full width half maximum the main beamsize an then be determined. The full width half maximum (FWHM) of the �tted Gaussianan be related to the beam size or half power beam width using the following formula[80℄:
θt =

√

σ2
fit − (0.6 ∗ θs)2, (2.14)where σfit is the full width half maximum of the �tted Gaussian. Fitting a 2D Gaussian to �gure2.6(a) returns a value for σfit of 43.52 arseonds whih yields a telesope main beam size, θt,at 491 GHz of 43.22 arseonds assuming the angular size of Mars as 8.5 arseonds. Now thatthe beam size has been determined the main beam e�ieny an be alulated using equation2.11. T ∗

A is taken as 3.7K, the mean intensity aross the IF band for the map position enteredon Mars. The geometrial dilution is alulated from measured main beam size using equation1Eah observation has a unique obsid. This obsid an then be used to quikly searh the observation database,for further disussion of the Hershel data struture see referene [31℄.20
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Figure 2.7: Comparison of main beam angle alulated from the empirial relationship de-sribed in equation 2.11, the optial toleraning model from Peaoke [88℄ and the raster mapobservations of Mars.2.12 giving a value of 38.022. Using the Mars brightness temperature model the brightnesstemperature (Tm in equation 2.11) at a sky frequeny of 491GHz is 188.048K. Rearrangingequation 2.11 for the main beam e�ieny we �nd:
ηmb =

ηlT
∗
AF

Tmrj
(2.15)assuming a forward e�ieny, ηl of 0.96 returns a main beam e�ieny of 0.718 for the Hpolarization of band 1a at an LO Frequeny of 491GHz.For eah of the 14 LO bands a raster map of Mars was taken during the ommissioningphase, see �gure 2.6. The same proess of extrating the beam size by �tting a 2D Gaussian isapplied to all Mars maps. A dilution fator is alulated whih is ombined with the expetedbrightness temperature of Mars to generate an expeted main beam temperature for the HIFIoptial setup. By omparing the measured and the model main beam temperature the e�ienyan be alulated. Figure 2.7 shows the measured main beam sizes plotted against frequeny.The measured data is ompared to the empirial relationship given in equation 2.11 and theoptial model of Peaoke [88℄.Figure 2.8 shows the �nal main beam e�ieny determined from the raster map observationsof Mars. The main beam e�ienies alulated by [88℄ are also plotted for omparison. Theerror bars for the optial model are based on di�erent fousing senarios. The error bars forthe measured main beam e�ienies are based on the ideal alibration auray for HIFI of3%. From �gure 2.8 it is apparent that there is a large degree of satter in the measurede�ienies. A number of soures of error are present in the system whih must be investigatedfurther to redue the satter in the beam e�ienies alulation. The instrument pointingmust be onsidered in the determination of the beam intensities and this must be fatoredinto the beam alulation. Furthermore there are a number of instrument e�ets within HIFIwhih must be arefully onsidered suh as side band ratio, diplexer mistuning and standing23
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Figure 2.8: Comparison of main beam e�ienies from the optial model inluding Ruze surfaelosses and the main beam e�ienies determined through raster map observation of Mars. Theoptial model error bars are alulated for various seondary mirror defousing senarios. Themeasured data assumes an ideal alibration auray of 3% and has being orreted for surfaeerror losses as the optial model is based on an ideal mirror surfae.waves. The next setions will disuss these soures of error whih have a two fold e�et forthe astronomer in that the beam e�ienies used to determine the soure temperature havean unde�ned error and the observed data itself alibrated using the same proess as the beame�ienies has the same error.2.3 HIFI intensity alibrationThe hapter so far has disussed the onversion of the deteted antenna temperature to a souretemperature. In this setion we take a step bak and disuss how the antenna temperature isalulated. Unfortunately the output units from the bakend spetrometer are not Kelvin.Furthermore the output from the spetrometer looks nothing like the �at baseline presentedin �gure 2.5 on page 21. The raw spetrometer output is dominated by the spetrometerand IF hain behaviour and the sky signal is only a small portion of the output signal, theseinstruments e�et are known as the band pass. Fortunately the band pass is normally stableover the ourse an observation and the subtration of a referene position is used to removethese e�ets. The data shown in �gure 2.5 is the ombination of a 4 phase alibration routineknown as the hopper wheel alibration [68, 46℄.In this routine 4 phases are observed. The HOT and COLD phases are taken by observingthe hot and old internal alibration loads. The ON and OFF phases are taken looking thoughthe telesope primary mirror. The ON phase is taken on the target objet and the OFF phaseis taken on a blank portion of sky. The 4 phases are then ombined together using the followingequation:
cON − cOFF

cHOT − cCOLD

(2.16)24



2.3. HIFI INTENSITY CALIBRATIONIf the ON soure had an intensity equal to the di�erene between the hot and old load thealibrated spetrum would have a value of 1. In order to onvert this ratio to an equivalentantenna temperature the HOT and COLD spetra are onverted to their Rayleigh-Jeans blakbody equivalent temperatures using the following equation:
γrec =

cHOT − cCOLD

Jh − Jc
, (2.17)where Jh and Jc are the hot and old equivalent Rayleigh-Jeans blak body radiation tempera-tures. γrec is known as the band pass. For a given blak body temperature the equivalent blakbody intensity at a given frequeny, ν, is

J =
hν

k

1

exp( hν
kT

) − 1
. (2.18)The �nal temperature alibrated spetra is determined by dividing the di�erene between theON and OFF phases by the temperature alibrated band pass as follows:

T ∗
A =

cON − cOFF

γrec
. (2.19)Figure 2.9 shows an example of alibration for soure with a high ontinuum intensity. Thedata presented is from the entral pixel of the Mars raster map shown in �gure 2.5. From the�gure 2.9(a) it is apparent that the raw data is dominated by the instrument pass-band. Theentral panel shows the small di�erene between the COLD and ON,OFF phases. The bottompanel shows the �nal alibrated spetrum. The alibrated spetrum is plotted in both unitsof antenna temperature and the ratio output of equation 2.16. From this one an see that theratio of the di�erene between the ON and OFF responses is 0.044 of the di�erene betweenthe HOT and COLD. This then equates to an antenna temperature of ∼3.5K.Figure 2.10 shows an example of the alibration of a soure with a strong line emission atthe enter of the IF band. From �gure 2.10(b) one an see that the ON and OFF data have thesame value bar instrument noise exept at the line emission frequeny where an higher CCDount is seem for the ON soure. After the ross alibration, the spetral line is apparent witha orresponding antenna temperature of 5K.The disussion so far has presented the basis of HIFI alibration. At this stage we willdisuss 3 major soures of error in the HIFI intensity alibration, the alibration load oupling,standing wave e�ets and the side band ratio e�ets. These soures of error were antiipatedduring the design of HIFI and the investigation and ategorization of these e�ets formed aore omponent to the HIFI ground testing. The next setions in this hapter will disuss thesetopis. The onept of side band ratio and its e�et on the intensity alibration is disussedhere. The determination of the side band ratio is the primary goal of this thesis

25
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(b) Hot load oupling e�ieny, ηhFigure 2.11: Overview of hot and old load oupling e�ienies alulated during the HIFIground test.2.3.1 Calibration load ouplingThe observation of the HOT and COLD load are an essential omponent in the onversion ofthe sky signal from instrument units into physial units. Hene the auray of the alibrationload measurement must be established and inluded in the alibration proess. The need toestablish the auray of the load measured was foreseen during the oneption of the HIFIground test ampaign. A set of external HOT and COLD loads were designed for omparisonwith the internal HOT and COLD loads. The external loads were designed suh that the souresize was larger than the HIFI beams. The external loads are observed through the same optialpath as the sky signal. By omparing the external load measurements to the internal loadmeasurements the e�ieny of internal load path ompared to the sky path an be established.In an ideal setup the deteted signal from the external and internal loads would be idential.However due to the di�erent optial paths for the internal hot and old loads a residual fatoris present. These are then alled the oupling e�ienies.Figure 2.11 shows the results of the ground test ampaign to establish the alibration loadoupling e�ienies for the hot and old internal loads [70℄.From the measured data it is ap-parent there is a large degree of satter toward higher frequenies in partiular the HEB bands.This satter is due to the poor baseline behaviour in these bands. This topi is disussed indetail in hapter 3 and is due to re�etion IF power in the eletrial ampli�ation hain of theHEB bands. The resulting unertainty in the oupling fator is propagated into the antennatemperature unertainty. From the intensity alibration doument [86℄, the hot load ouplinge�ieny, ηh, and the old load oupling e�ieny, ηc, are inluded in the band-pass equation2.17 as follows:
γrec =

cHOT − cCOLD

(Jh − Jc)(ηh + ηc − 1)
(2.20)where ηc is the old load oupling e�ieny and ηh is the hot load oupling e�ieny.Figure 2.12 shows data before and after the appliation of the load oupling e�ieny. For28
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Figure 2.12: Calibrated data with and without Load e�ieny orretion. 12CO data taken atan LO frequeny of 570.020 GHz with the H polarization mixer. The data shown here is thesame as that shown in �gure 2.10.an LO frequeny of 570.020 in band 1b, ηh is 0.991 and ηc is 0.97. From ground test datathe degree of unertainty in the SIS bands for the oupling e�ieny is estimated to be 0.2%.For the HEB band the ertainty is estimated to be 10%. This degree of unertainty has asigni�ant e�et on the alibration auray of the �nal data. Ossenkopf [86℄ analyzed thee�et of various alibration errors on the �nal alibration auray. Through an error analysisof equation 2.20 it was shown that a 1% error results in a 1% alibration error. So while theSIS bands (bands 1-5) remain within the spei�ation of 3% the HEB bands are outside of thespei�ed alibration auray and this is before the additional alibration errors are onsidered.The degree of unertainty in the determination of the oupling e�ieny in the HEB bandsis primarily due to large standing waves in the HEB bands. This topi is disussed in detail inhapter 3. The methods developed for orretion of standing waves in the HEB bands in thegas ell data an potentially be applied to the load oupling ground test data, see �gure 3.13on page 87. A overview of the alibration load oupling as used in version 2.6.0 of the dataproessing pipeline is given in table 2.1.
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2.3. HIFI INTENSITY CALIBRATION
Table 2.1: Hot and Cold alibration load ouplinge�ienies for H and V polarization as determined inthe instrument level test ampaign[70℄.Band LO Freq., GHz H, ηh H, ηc V, ηh V, ηc1a 480.0 0.991 0.959 0.991 0.9591a 640.0 0.991 0.98 0.991 0.981b 480.0 0.991 0.959 0.991 0.9591b 640.0 0.991 0.98 0.991 0.982a 640.0 0.993 0.993 0.993 0.9932a 800.0 0.993 0.993 0.993 0.9932b 640.0 0.993 0.993 0.993 0.9932b 800.0 0.993 0.993 0.993 0.9933a 800.0 0.996 0.988 0.996 0.9883a 960.0 0.996 0.988 0.996 0.9883b 800.0 0.996 0.988 0.996 0.9883b 960.0 0.996 0.988 0.996 0.9884a 960.0 0.997 0.995 0.997 0.9954a 1120.0 0.997 0.995 0.997 0.9954b 960.0 0.997 0.995 0.997 0.9954b 1120.0 0.997 0.995 0.997 0.9955a 1120.0 0.987 0.993 0.987 0.9935a 1280.0 0.987 0.993 0.987 0.9935b 1120.0 0.987 0.993 0.987 0.9935b 1280.0 0.987 0.993 0.987 0.9936a 1420.0 0.994 0.982 0.994 0.9826a 1710.0 0.994 0.982 0.994 0.9826b 1420.0 0.994 0.982 0.994 0.9826b 1710.0 0.994 0.982 0.994 0.9827a 1420.0 0.998 0.97 0.998 0.977a 1710.0 0.998 0.97 0.998 0.977b 1420.0 0.998 0.97 0.998 0.977b 1710.0 0.998 0.97 0.998 0.97
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2.3. HIFI INTENSITY CALIBRATION2.3.2 Side band ratio2.3.2.1 IntrodutionHIFI is a double side band reeiver. The mixer detets radiation from 2 4-8GHz (2.4-4.8GHzfor HEB bands) windows on either side of the LO frequeny. The deteted signal is then theaddition of the 2 signals in the upper and lower side band also known as the image and signalbands. The double side band (DSB) antenna temperature an be written as:
T ∗

A,DSB = T ∗
A,ISB + T ∗

A,SSB (2.21)where:
T ∗

A,SSB =
cON − cOFF

γrecGssb
(2.22)

T ∗
A,ISB =

cON − cOFF

γrec(1 − Gssb)
(2.23)

Gssb is known as the normalized side band ratio is the fration of the total signal whih is thesignal (upper) side band or in terms of the band pass signal:
Gssb =

γssb

γrec

=
γssb

γssb + γisb

=
1

1 + RG

(2.24)
γrec is the total reeiver double side band response and is the sum of the image and signal bandband-passes. The normalized side band ratio an be rewritten in terms of the atual side bandratio, Rg, where Rg is the gain ratio between the image and signal side band or Gi/Gs. Fora gain balaned mixer Gi equals Gs whih leads to a side band ratio, Rg, of 1 whih returnsa normalized side band ratio, Gssb, of 0.5. Hene in a gain balaned mixer eah spetrometerhannel has a equal portion of upper and lower side band intensity.Unfortunately the gain aross the upper and lower side bands are not equal and this leads toalibration errors when alulating a line intensity in a given side band. It is normally assumedthat the mixer is gain balaned and that simply doubling the double side band intensity returnsthe single side band intensity. However if a gain imbalane exists this assumption leads to anunertainty in the line intensity. The resulting unertainty in the upper side band intensity anbe expressed as:

∆T ∗
A,SSB

T ∗
A,SSB

= 2(Gssb,act − Gssb,nom) (2.25)and for the lower side band an be written as:
∆T ∗

A,ISB

T ∗
A,ISB

= 2(Gssb,nom + Gssb,act) (2.26)where Gssb,nom is the nominal normalized side band ratio for a balaned mixer, 0.5, Gssb,act isthe measured normalized side band ratio. 31



2.3. HIFI INTENSITY CALIBRATIONTable 2.2: HIFI mixer type and antenna on�gurationsBand Frequenyrange(GHz) Mixer type Probe Waveguide1 480-640 SIS Nb-Al2O3-Nb Strip line Corrugated Horn2 640-800 SIS Nb-Al2O3-Nb Strip line Corrugated Horn3 800-960 SIS Nb-Al2O3-Nb Strip line Corrugated Horn4 960-1120 SIS Nb-Al2O3-Nb Strip line Corrugated Horn5 1120-1250 SIS Nb-AlN-NbTiN Double slot Si Lens6 1410-1703 HEB NbN Double slot Si Lens7 1703-1910 HEB NbN Double slot Si LensThe following setions will disuss the main drivers resulting in an unbalaned mixer. Anexample of the e�et of an unbalaned mixer on the �nal siene data is also presented here.2.3.2.2 Mixer RF gainThe RF gain of a mixer unit is primarily determined by the mixer antenna design. For HIFI2 families of antenna were used to fous the signal from the instrument optis to the mixerhip. For bands 1 to 4 a horn antenna was used to ouple the HIFI optis to a strip line waveguide probe. The mixer hip is then mounted on the strip line wave guide probe, see �gure2.13. Above 1THz the size of horn wave guides beome prohibitively small and di�ult toaurately manufature. Hene for bands 5-7, a quasi optial lens antenna is used to ouplethe instrument optis to the detetor. The detetor is mounted on a double slot wave guideprobe whih ouples the lens signal to the mixer, see �gure 2.14. Table 2.2 summarizes thewave guide types and probes used to ouple the wave guide signal to the mixer.The design and manufature of the mixer antenna has a diret e�et on the mixer RF gainaross its frequeny range. Careful design and manufature of the wave guide probes is neededto optimally ouple the mixer to the telesope optis (both the loal osillator and sky signal).The mixer antenna is designed to have the best oupling at the band enter frequeny. Thewave guide is dimensioned based on this band entral frequeny whih leaves frequenies towardthe band edges to be less optimally oupled to the mixer. For a omplete disussion of antennadesign see Rebeiz [102℄.For eah mixer a diret detetion test was undertaken using a loal osillator as a soure.The response of the mixer at various frequenies was measured using a Fourier transformspetrometer (FTS). These tests were undertaken at a omponent level and as suh provideonly a measure of the detetor antenna response and not of the entire mixer band with all theHIFI optis inluded. The FTS measurements provide a rough estimate of the gain variationaross the band and provide a �rst order estimation of the e�et of gain variation between the32



2.3. HIFI INTENSITY CALIBRATION

(e) Back of Horn

(d) Front of Horn

Corrugated horn

Mixer mounting

(a) Exploded view of
mixer Unit
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Mixer ChipInterface
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Figure 2.13: Band 4 mixer unit[24℄33



2.3. HIFI INTENSITY CALIBRATION

(a) Sanning Eletron mirosope image of the Band 6 Double slot antenna and a shematiof Silion lens operation. Double slot antenna is glued diretly to the bak of the lens.

(b) Photographs of mixer unit showing �nal mixer unit and Silion lens, the IF boards withmixer hip and the mixer hip glued to bak of Silion lensFigure 2.14: Band 6 mixer unit[16℄
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2.3. HIFI INTENSITY CALIBRATION
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2.3. HIFI INTENSITY CALIBRATION
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2.3. HIFI INTENSITY CALIBRATION
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2.3. HIFI INTENSITY CALIBRATION2.3.2.3 IF Gain (Diplexer tuning/misalignment errors)IF gain ommonly refers to the gain aross the IF band. IF gain is usually assoiated with theIF eletrial ampli�ation hain. For HIFI the ampli�ers were arefully designed to provide anuniform gain aross the IF band. The supplied ampli�ers meet these requirement hene gainvariations due to the ampli�ation hain are not onsidered signi�ant in HIFI alibration.Another soure of IF gain variation is in the diplexer signal oupling mehanism used inbands 3 and 4 and band 6 and 7. As disussed in setion 1.2.3, a diplexer is used in these bandsdue to a pereived lak of LO power during the early development of the HIFI LO hains. Thediplexer allows a larger of the LO signal to be oupled to the mixer as opposed to a beamsplitterset up whih ouples just a fration of the LO power.The diplexer is based on a polarizing Martin-Puplett interferometer. The inoming signal issplit into 2 orthogonal polarization omponents and direted to 2 roof top mirrors. The 2 rooftop mirrors are separated by a path length equal, L, alulated from the enter IF frequeny:
L =

c

4νc
. (2.27)where νc is the entral IF frequeny. For the SIS bands, with an IF enter frequeny of6GHz,there is a separation of 20.8mm and for the HEB bands, with an IF enter frequeny of3.6GHz, there is a separation of 12.49mm. One of the diplexer mirrors is adjustable. By movingthe adjustable mirror a phase di�erene between the two signals is introdued. Depending onthe phase di�erene the polarization angle of the ombined signal is rotated. The adjustablediplexer arm is moved until the ombined signal has the same polarization angle that the mixeris sensitive to. This proess of moving the diplexer arm to rotate the polarization angle isknown as diplexer tuning.The diplexer is optimized to provide the optimum oupling at the enter of the IF band.The IF gain pro�le for the sky signal an be expressed as:

Gsky = 1 − os(2π
νc

νif

)

/2, (2.28)and the IF gain pro�le for the LO signal is written as:
GLO = 1 + os(2π

νc

νif

)

/2, (2.29)The gain pro�le an be rewritten in terms of the diplexer path length, L, desribed in equation2.27 suh that:
Gsky = 1 − os(2π

c

4(L + δL)νif

)

/2. (2.30)Figure 2.18 provides an overview of the various diplexer tuning senarios. Figure 2.18(b)shows an example of a perfetly tuned diplexer whih eah IF gain for both the upper and38



2.3. HIFI INTENSITY CALIBRATION
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2.3. HIFI INTENSITY CALIBRATIONlower side bands. The diplexer tuning is however suseptible to errors. The diplexer tuning isbased on a diplexer model whih is generated from spot measurements where a diplexer sanis undertaken at a multiple LO frequenies. The response of the mixer is measured throughthe mixer urrent. During a diplexer san the optimum polarization angle is seen at multiplediplexer settings. However there is a measurement error of up to 3µm on the model[50℄. Figures2.18(a) and 2.18() show the e�et of a diplexer mistuned by 3µm. From the side band gainratio it is apparent that a signi�ant slope is aross the IF band with deviations from an idealside band ratio of up to 5% seen at the band edges.Another issue with the diplexer model is that there are multiple diplexer settings whih willoptimally ouple the LO power to the mixer however there is only one diplexer setting that willprovide the optimum oupling at the enter of the IF band. Care must be taken during thegeneration of the diplexer model that the orret diplexer positions are seleted. Figure 2.18(d)shows an example of a diplexer position whih provides the optimum LO oupling but has theoptimum sky oupling at a lower IF frequeny. This results in non-optimum oupling for thehigher IF frequenies whih results in higher noise in these regions. Additional noise towardsband edges is an issue in the diplexer bands. Due to the nature of its operation optimumoupling is only possible at a single IF frequeny however having the optimum gain at theenter of the IF band an minimize the problem.The end e�et of the diplexer mistuning on the side band ratio is similar to the RF gaine�ets disussed in the previous setion. However side band ratio variation with RF gainhanges are LO frequeny dependent as shown in �gure 2.16 on 36 while the e�et of diplexermisalignment is LO frequeny independent and depending on the degree of misalignment resultsin a onstant slope aross the IF band for all LO frequenies.2.3.2.4 E�et on line intensityIn the previous setion we have presented some of the instrument e�ets whih result in a sideband gain imbalane in the mixer response. As has been stated numerous times the mixeris sensitive to 2 side bands either side of the LO frequeny. The sky signal is alibrated byobserving 2 internal loads. Eah hannel in the down onverted signal ontains signal from bothside bands. The problem for the astronomer arises when trying to determine the intensity of aline whih ours only in one side band. A priori knowledge of the side band ratio is requiredin order to aurately determine the line intensity in one side band. If it is assumed that themixer has a balaned side band gain ratio this results in an unertainty in the measurement.Figure 2.17(b) on page 37 demonstrated the range of values possible for a typial mixer RFgain pro�le. In this setion the e�et of these extremes on a line intensity is demonstrated.Figure 2.19 shows an example of the e�ets of side band ratio on line intensity. The datapresented is a double side band observation of the moleule OCS. OCS is a useful moleulefor this illustration as it has spetral lines approximately every 12GHz. By areful seletion40



2.3. HIFI INTENSITY CALIBRATIONof the LO frequeny one line an be plaed at the upper end of the IF band and one in thelower. For this example the LO frequeny is set at 721.3 GHz whih plaes the OCS lines at716.546 GHz at an IF frequeny of 4.754 GHz and the 728.654 GHz an IF frequeny of 7.354GHz. Figure 2.19(a) shows the single side band spetra of the line before down onversion while�gure 2.19() shows the IF line positions for the down onverted signal.Another useful trait of the OCS moleule is that subsequent lines have very similar lineintensity. For the 2 lines shown in �gure 2.19 there is a 6% di�erene in line intensity. The716.546 GHz line has a integrated intensity of 0.0034 nm2.MHz while the 728.654 GHz line hasan integrated intensity of 0.0032 nm2.MHz, the units of integrated intensity are as de�ned inthe JPL atalog[94℄. The OCS line pro�le is generated assuming a gas ell setup of 1mBarpressure and a optial path length of 128m. This model generation will be desribed in detailin hapter 4.Figure 2.19 shows 3 di�erent side band ratio pro�les. The 3 pro�les are generated from theband 2 mixer RF gain pro�le shown in �gure 2.16 on page 36. The green pro�le shows thedouble side band response for a gain balaned mixer or where Gssb is equal to 0.5 for all IFhannels or to put it more simply where the fration of the signal whih is from the upper sideband is half the total double side band signal for all IF hannels. The resulting OCS doubleside band spetra show that the lines are almost of equal intensity onsistent with single sideband intensity shown in �gure 2.19(a). The blue pro�le orresponds to the band 2 side bandgain ratio response for an LO frequeny of 644.0 GHz. This shows an example of a mixersetting where the fration of double side band response that is from the upper side band isgreater than the lower side band intensity i.e. Gssb > 0.5. From this example one an see thatthe intensity of the line in the upper side band (at the higher IF frequeny) has now a greaterintensity than the lower side band line. The astronomer ideally wants to get bak to the singleside band spetra shown in �gure 2.19(a) and must make an assumption on the side band ratio.It is nominally assumed that an equal portion of the double side band intensity is from theupper and lower side band. On this assumption the intensity is simply multiplied by 2 to returnthe single side band intensity. For this example where the side band ratio for the upper sideband spetral line is 0.63 using equation 2.24 the over estimation of the line intensity is 26%.Similarly for the side band ratio less than 0.5, highlighted in blue in 2.16, the side band ratioof the upper side band side is 0.43 resulting in an underestimation of the line intensity of 14%.From this example it is apparent that a 5% unertainty in the side band ratio leads to a 10%unertainty in the line intensity. The need for aurate a priori knowledge of the side band ratiowas seen as ruial in ahieving the 3% alibration goal envisaged for HIFI. To determine theside band ratio for HIFI a gas ell test set up was proposed during the instrument level testingof HIFI prior to launh. For this test setup known gases would be observed at a known pressure,temperature and optial depth. The gas moleules were arefully hosen to saturate in the gasell set up. Using this priniple measurement of the side band ratio ould be taken. The testsetup, measurement proedure, analysis and results will be disussed in detail in hapter 4.41
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2.4. STANDING WAVES2.4 Standing waves2.4.1 IntrodutionStanding waves are disussed here in a dediated setion of their own. Standing waves introduean unertainty in the intensity alibration and as suh should be inluded in the intensityalibration setion. However they have a number of anillary e�ets on the alibration whihmerit further disussion.Standing waves are a ommon soure of alibration error in radio telesopes. Sine thewavelength of the signal is omparable with the telesope optis internal re�etions in theinstrument optis leads to a frequeny modulation of the signal. Standing waves typiallymanifest themselves as a modulation in the baseline of the broadband deteted signal suhas the Mars observation shown in �gure 2.9, page 26. However the data shown in spetralline data shown in �gure 2.10 also has a alibration unertainty even though the ontinuum isstanding wave free. Standing waves appear in a number of other forms in the HIFI data. As wehave seen in the load e�ienies setion, eletrial standing waves in the HEB IF hain have adetrimental e�et on the alibration auray of the HEB bands. Standing waves also a�et theLO signal power pumping the mixer. This e�et is partiularly apparent in frequeny swithobservation modes. The origins of the eletrial standing wave, its behaviour and the methodsto remove it from the data are disussed in detail in hapter 3. In this setion standing wavesin the optis and the knok-on e�ets on the instrument operation and spetra are disussed.The tests undertaken to investigate standing waves are also detailed in this setion.2.4.2 Standing waves in a double side band reeiverStanding waves our when the inoming signal is not ompletely absorbed by the mixer, partof the signal is re�eted bak out the optial path. The re�eted signal is further re�etedo� another surfae and a fration of the signal is re�eted bak along the signal path towardsthe mixer. The mixer then detets the superposition of 2 signals; the full sky signal and are�eted sky signal. The 2 signals interfere at the mixer fous and depending on the phasedi�erene between the 2 signal add onstrutively or destrutively. When this is seen from abroadband perspetive a frequeny dependent modulation of the signal is seen. The amplitudeof the resulting modulation is funtion of the re�etivity of the 2 avity surfaes. The periodof the modulation is a funtion of the distane between the 2 avities and an be alulatedusing the following relationship:
d =

c

2P
, (2.31)where d is the distane between the re�eting surfae, P is the period of the modulation and

c is the speed of light. For further reading on standing waves in a sub-mm system see Trappeet al. [120℄. 43
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2.4. STANDING WAVESpresene of standing waves an produe poor quality data in the frequeny swith mode. Thefrequeny swith mode uses a spetrum taken at a di�erent LO frequeny as an OFF phasealibration. This an produe signi�ant standing waves if the frequeny step is not a multipleof the standing wave period. Standing waves an also be an issue for high ontinuum souressuh as Mars, see �gure 2.9.2.4.3 Standing wave testsStanding wave tests are a key omponent in the test routine of the HIFI instrument. At eahphase of the instrument development a series of standing wave tests were undertaken to measurethe standing waves present in the system. The author was extensively involved in these testsand helped develop the test proedures and analysis sripts to interpret the tests. The basilayout of a standing wave test onsists of a series of spetra taken at small LO frequeny stepsof 15MHz around a entral LO frequeny. The LO power is tuned to this entral LO frequeny.The hopper is then set at a �xed position and a spetrum is taken at eah LO frequeny step.The data is then alibrated by dividing all spetra by the last spetrum in the series. Thisremoves the band pass and returns a alibrated spetrum of sorts. With this alibration routinethe standing waves are exaggerated sine di�erent LO frequenies are ombined together. Thestandard 4 phase alibration would have the same LO frequeny in all phases (with the exeptionof the frequeny swith observation) and any ommon standing wave would anel in the rossalibration. For the standing wave tests, the goal is to identify the standing waves presenthene the speial alibration routine.A standard standing wave test onsists of 50 LO steps of 15MHz around a entral LOfrequeny. Eah spetrum is then divided by last spetrum and a spetrum with the pass bandremoved is returned. The standing waves for these alibrated spetra are the residual betweenthe denominator spetrum and the numerator spetrum. It is di�ult to extrat the standingwave properties of a single raw spetrum as the pass band dominates the signal. Hene the needto divide by another spetrum at a di�erent LO frequeny. By keeping the alibrator spetrumonstant for all spetra it allows an indiret observation of the standing wave behaviour.One a set of alibrated spetra is at hand the standing wave behaviour an be extrated.The author developed a method to automatially extrat the standing wave behaviour from thedata using Fourier transforms of the alibrated data. The Fourier transform of all spetra is�rst alulated and then a peak �nding routine extrats the strongest periodi signals from theFourier transform. Eah of the peaks in the Fourier transform is then �tted with a Gaussian andthe total power for that frequeny is extrated, this proess is repeated for all signi�ant peaksin the FFT. By taking the �tted signal power as a fration of the total power the standing waveamplitude in the signal domain an be determined. This is desribed in the following equation:
A =

Pfit

2
√

2NFhan

, (2.32)46



2.4. STANDING WAVESwhere A is the standing wave amplitude, Pfit is area under the �tted Gaussian, N is thenumber of frequeny hannels in the spetrum and Fhan is a Hanning onversion fator 1.4657.The fator 2 aounts for the frequeny folding in the FFT proessing. Using this proessthe amplitude of eah standing wave in the system an be determined and plotted against theLO frequeny. While this is not an absolute measure of the standing wave amplitude at thatLO frequeny it does provide an aurate measure of the maximum standing wave amplitudepossible.Figures 2.22,2.23,2.24 and 2.25 show the standard output from the standing wave testanalysis sript. These �gures provide an overview of an entire standing wave test. The soureobserved (sky path, hot load, old load) is given in the plot title. A number of interesting pointsan be taken from the over view plots. Figure 2.22 shows a standing wave test undertaken whilelooking at the sky through the Hershel internal optis. From the FFT plot a number of weakomponents an be seen. A small signal an be seen whih orresponds to the seondary mirroravity. This feature is not seen for the other polarization (V mixer is plotted here). There is novisible evidene of the standing standing wave in the plotted spetrum. The spetrum shapeis distorted slightly, this is due the mixer urrent di�erene between the 2 alibrating spetra.Figure 2.23 shows a standing wave test undertaken while looking at the internal old load.From the FFT plot in the top left panel it is apparent that signi�ant standing wave exist ata period of 98MHz. From the bottom left panel the variation of this standing wave versus LOfrequeny is seen. The amplitude is seen to vary periodially with the LO frequeny showing theonstrutive and destrutive interferene between the side bands for di�erent LO frequenies.Again the large sale variation on the baseline is due to the mixer urrent di�erene betweenthe 2 spetra used in the alibration. This feature is an artifat of the alibration routine andis not seen in the alibrated data unless a large drift in LO power ours over the ourse of anobservation.Figures 2.24 and 2.25 show plots of the standing wave seen in the diplexer band 3b. Fromthe data there is a large standing wave at 680 MHz whih is due to a straight edge betweenthe diplexer root top mirrors. This will be disussed in the next setion. The diplexer adds anadditional level of omplexity to the standing waves seen in the system. The diplexer adds afrequeny dependent oupling to the sky and LO signals. The diplexer is designed so the skysignal has a maximum oupling ± 6 GHz (3.6 for HEB bands) from the LO signal frequeny.Conversely the signal from the LO diretion has a maximum oupling at the LO frequeny anda minimum oupling at the ± 6 GHz from the LO frequeny. This gain variation an be seen inthe standing wave data. Standing waves oming from the LO diretion are signi�ant towardsthe band edges and disappear towards the IF band enter. On the other hand standing wavesoming from the sky signal diretion suh the old loads have a maximum amplitude towardsthe band enter.
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2.4.STANDINGWAVES

Figure 2.22: Example of the output from the standing wave analysis sript. This is an example of a standing wave test at an LO frequenyof 595.1295 GHz in band 1b looking at the sky through the Hershel primary mirror. Note the presene of a small signal at the seondarymirror avity frequeny, 34MHz. Top left : Average FFT plot of all data taken during test. Top enter : Plot of 3 entral spetra in thestanding wave test series Top right : Same plot as the top enter panel but with a �xed axis to allow for quik omparison between tests.Bottom left : Plot of standing wave amplitude vs LO frequeny. The line olor relates to a single standing wave period whih is desribedin the legend. Bottom enter : Plot of mixer urrent vs LO frequeny. Green line represents the goal mixer urrent. Blak, Red and Blueline mark the mixer urrents for the orresponding spetra in the top enter and top right panels. Bottom right : LO power vs observationtime, this plot is used to determine if the power drifted during the observation.
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2.4.STANDINGWAVES

Figure 2.23: Example of output from standing wave analysis sript. This is an example of standing wave test at an LO frequeny of595.1295 GHz in band 1b observing the internal old load.
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2.4.STANDINGWAVES

Figure 2.24: Example of output from standing wave analysis sript. This is an example of standing wave test at an LO frequeny of815.139 GHz in band 3b looking at the sky through the Hershel primary mirror.
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2.4.STANDINGWAVES

Figure 2.25: Example of output from standing wave analysis sript. This is an example of standing wave test at an LO frequeny of815.139 GHz in band 3b looking at the internal old loads.
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2.4. STANDING WAVESFigure 2.24 shows data taken while looking through the Hershel optis, from the spetrumin the top right panel one an see that the 90 MHz standing wave is dominant towards theband edges and disappears towards the band enter onsistent with a standing wave in the LOdiretion. The period of the standing wave orresponds to the distane between the mixer andthe LO signal horn. Figure 2.25 shows an example of data taken towards the internal old load.From the spetra plot one an see that a standing wave now appears at the band enter as well.The period of the standing wave is onsistent with the old load to mixer avity. It appearsthat 2 standing waves at ∼ 90MHz exist in band 3 but from ompletely di�erent soures, onefrom the old load and one from the loal osillator unit.The test data from bands 5,6 and 7 are not presented here. Band 5 is a non diplexer bandshows similar standings behaviour to bands 1 and 2. Band 5 has a smaller beam size and aquasi-optial antenna as opposed to the wave guide antenna of bands 1 and 2, this leads toa redution in re�etions bak into the optis. Furthermore the band 5 mixer units have aredued sensitivity ompared to the bands 1 and 2 mixer units and hene any standing wavean be dominated by the mixer noise. As stated earlier band 6 & 7 have signi�ant eletrialstanding waves whih are disussed in hapter 3 whih dominate over any optial e�ets.This setion disussed the standing wave tests undertaken. The dediated standing wavetests proved very useful in determining the standing waves present in the system. By ombiningthe spetra observed in a non-optimum manner it helped exaggerate the standing waves in thesystem and provide some insight into the instrument behaviour whih is not possible using astandard astronomial observation.2.4.4 Soures of standing waves in HIFIDuring the development of HIFI and the Hershel telesope great e�orts were made to mini-mize the e�ets of standing waves in the instrument. In partiular the seondary mirror andsupport struture were designed so that perpendiular surfaes to the optial path diretionwere avoided. The seondary mirror is a ommon soure of standing waves when signal is re-�eted between the mixer horn and the the seondary. In order to avoid this a satter one wasinluded at the enter of the seondary mirror whih minimizes the amount of light satteredbak into the mixer. Figure 2.26 shows a sketh of the satter one shape and its e�et onsignal re�eted bak from the instrument. A photo of the satter one is also seen in �gure2.26, the satter one is notieable through the distorted re�etion seen in the primary mirror.The inlusion of the satter one removes almost all traes of a standing wave between theseondary mirror and mixer fous. However there is still some evidene at the longer wavelength(larger beam) bands, as was shown in �gure 2.22, however this is only seen when non standardalibration routines are used and for most observation routines the general astronomer shouldsee no evidene of a standing wave from the seondary mirror.Unfortunately not all soures of standing waves were foreseen in the development of HIFI52



2.4. STANDING WAVES

Figure 2.26: Left : Sketh of satter one on Hershel seondary mirror. Right : Piture ofHershel seond mirror with satter one. Satter one is notieable through the distortion ofmirror re�etion.and 4 signi�ant soures of standing waves still remain in the HIFI internal optis. The worsta�eted bands are those with the diplexer oupling (bands 3,4,6,7) whih show evidene of allfour standing waves in their data. Figure 2.27 shows a sketh of the diplexer optial set upshowing the four soures of standing waves in the system namely the hot and old loads, thediplexer rooftop mirror and the LO unit.The most likely soure of standing waves are the hot and old loads as they have supportstruture whih an indue standing waves, see �gure 2.28. Even with areful design of theoptis for the hot and old loads and the painting of eah soure with anti-re�etive oatingstanding waves are still signi�ant. Figure 2.28 shows a photo of the hot blak body withanti re�etive oating. The standing wave period from the hot load is ∼ 92.0MHz while thestanding wave from the old load has a period of 98.0MHz. The periods are onsistent with theloations of the loads. Returning to equation 2.31 the period of the standing wave is inverselyproportional to the avity size, hene the hot load positioned further from the mixer fous hasshorter period standing of 92 MHz ompared to the 98 MHz modulation seen from the oldload.In order to investigate the standing wave from the loads further and determine the exatloation of the re�eting surfae on the alibration load struture a series of hopper sanswere proposed by the author. These tests onsisted of moving the hopper through its range ofhopper angle sanning aross the seondary mirror and onto the load struture. A spetrumwas taken at a number of hopper positions. The data was alibrated muh like the standingwave test. A single alibration spetrum was divided into all other spetra to remove theband pass. This alibrated data was then onverted into Fourier spae. The power at theFFT hannels orresponding to 92 and 98 MHz were then plotted against the hopper voltage(angle). Figure 2.29 shows 3 examples from the hopper san tests. From this one an see53
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(a) Band 1a hopper san

(b) Band 3a hopper san

() Band 5a hopper sanFigure 2.29: Chopper san data showing the variation of di�erent standing wave periods withhopper position. H mixer response is shown on the left and V mixer response on the right.The important hopper positions are marked on the �gures with red vertial lines. The purpleline is the average CCD for eah hopper position, this is seen to rise as the beam moves overthe hot load. 55



2.4. STANDING WAVEShow the standing wave power is dependent on the hopper position. Note also the di�erenebetween the H and V mixer. The important hopper positions are also plotted on the �gure.The diplexer rooftop mirror standing wave is the most detrimental of all four standing wavesseen in HIFI. This is apparent from the standing wave test plots shown in �gure 2.24 and 2.25where the 680 MHz diplexer standing wave has an amplitude ten times larger than the internalold standing wave. The soure of this standing wave is a �at edge at the enter of the diplexerroof top mirror. Ideally this edge between the root top mirrors should be extremely sharp tominimize any �at regions faing the mixer. However due to manufaturing toleranes a �atedge was evident in the roof top mirror, see �gure 2.30. Ideally the roof top mirror should bemanufatured from 2 separate mirrors and then bolted together unfortunately the HIFI mirrorswere mahined from one blok of aluminum hene the �at edge at the line enter due to themilling proess.As the diplexer rooftop mirror is relatively lose to the mixer unit this results in a longperiod standing wave of 680MHz suh as that seen earlier. Re�etions from the rooftop mirroralso have a number of anillary e�ets and an introdue some unertainty into the instrumentoperation. The right hand plot in �gure 2.30 shows a time line of the H and V diplexermovement and the orresponding response of the H and V mixer urrent. Ideally when theH diplexer is kept �xed and only V diplexer moved, only the V mixer urrent should reat,however in the plot we see that both mixer urrents reated to the V diplexer movement.The fundamental operation behind the operation of diplexer unit is that the roof top mirrorrotates the polarization angle of the inoming single by 180◦ through re�etion of 2 45◦ mirrors.By hanging the path length di�erene between the 2 split signals the polarization angle of theombined signal an be rotated to suit the mixer polarization angle. However with a �at surfaebetween the mirrors the signal is not rotated ompletely and a fration of the signal instead ofpassing through the beam splitter is re�eted away from the mixer unit, see �gure 2.31. Thissignal is further re�eted into the other mixer unit and enters into the diplexing proess there.Hene moving the H mixer diplexer has an e�et on the V mixer unit and vie versa. Thisross talk between mixers limits the overall auray of any polarization studies, the extent ofthis unertainty requires further analysis.The 4th soure of standing waves in the HIFI optis is from the loal osillator signal horn.Coinidentally the standing wave period from the loal osillator unit has a similar period tothe old load standing wave of ∼95 MHz. This standing wave is most signi�ant in the diplexerband sine the signal oupling here is high ompared to the beamsplitter bands. As shownin �gure 2.24 standing waves from the LO diretion show up at the edge of the IF band anddisappear towards the IF band enter. The LO standing wave an also be seen to modulatethe LO signal power through the mixer pump level. For most standing wave tests desribed insetion 2.4.3 the LO power was kept �xed for a entral LO frequeny. While the LO frequenywas hanged the LO output power was kept onstant. When the mixer urrent is then plottedagainst the LO frequeny the 90 MHz modulation was apparent, this an seen in �gure 2.2256
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Figure 2.30: Left: Photo of diplexer roof top mirror showing a �at edge at enter of roof topmirrors. Right: Timeline of diplexer and mixer response showing ross talk between the H andV mixers via re�eted signal between from the diplexers[26℄.
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diplexer armFigure 2.31: Sketh of ross talk between H and V mixer due to standing waves between the 2mixers. 57
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2.4. STANDING WAVESof the standing wave and using a model standing wave orret the data. Without this a prioriknowledge of standing wave behaviour a 3% error due to standing wave modulation must beadded to alibration unertainty in band 4a. Other test were undertaken for the other bandsbut are not disussed here.2.4.5.4 LO power disparityThe modulation of the LO power is another subtle e�et of standing waves in a heterodynesystem. Standing waves modulating the LO power were shown in �gure 2.32. For a standardobservation the LO power is set to pump a master mixer to the optimum operating point. Theother mixer is left to follow the LO power and some times may not be in an optimum pumpedstate. As illustrated in �gure 2.32 the standing wave phase and amplitude an be very di�erentbetween the 2 polarizations, this is most apparent in the band 5a data shown in �gure 2.32(a).From the data in band 5a it is apparent that if the mixer is tuned to an LO frequeny of1145.3 GHz there is mathing power between both mixers and hene they would have similarsensitivity and performane. However if the LO frequeny was 1145.27, just 30 MHz away adisparity in pump level is seen.The di�erenes in band 5a pump level are quite minusule and would have little e�et onthe �nal data however in bands 6 and 7 where the HEB mixer is quite sensitive to LO powermodulation this disparity in pump level an have a detrimental e�et on the data quality ofthe slave polarization. This e�et is disussed in setion 4.20. Careful seletion of the LOfrequeny an mitigate the e�et of standing waves in the LO path and provide the optimumLO power to both mixers, however again an a priori knowledge of the standing wave phase isneeded before this approah an be applied.Standing waves in the LO signal path have a detrimental e�et on frequeny swith observa-tions also. A frequeny swith observation observes the OFF phase at a di�erent LO frequenyas opposed to a position swith observation whih observes the OFF position at a di�erentsky position at the same LO frequeny as the ON position. Ideally if the mixer pump levelsfor the ON and OFF positions are the same the data quality is of good. The LO power isset before observation for the 2 LO frequenies of the frequeny swith observation. Howeverlike a standing observation the LO power is only set for one master polarization and the otherpolarization is left to follow. This an lead to large di�erenes in pump level between the slavemixer frequeny swith ON and OFF spetra whih leads to poor data quality. Figure 2.35shows an example of a the mixer urrent for a 6b frequeny swith observation. For this obser-vation the H mixer is the master polarization and this is apparent in mixer urrent data. TheV mixer shows a large disparity in mixer pump levels between the 2 frequeny settings whihhas a detrimental e�et on the resulting data quality. The resulting e�ets on the data qualityare disussed in hapter 3.
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2.4. STANDING WAVES

(a) H and V spetral lines at di�erent IF positions

(b) Left: H line pro�les overlaid, Blue line is the average pro�le, red line is the individualspetral lines Right: Peak line intensity versus LO frequeny

() Left: V line pro�les overlaid, Blue line is the average pro�le, red line is the individualspetral lines Right: Peak line intensity versus LO frequenyFigure 2.34: Example of spetral line modulation due to the diplexer roof top mirror standingwave in band 4a at an LO frequeny of 1037.08 GHz.61



2.5. CONCLUSIONS
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Figure 2.35: Instrument house keeping timeline showing H and V mixer urrent for a frequenyswith observation in band 6b at an LO frequeny of 1666.933 GHz. For this example the Hmixer is the master mixer for the LO power setting while the V mixer follows. Note the largedisparity in mixer urrent settings for di�erent LO frequenies.2.5 ConlusionsIn this setion the intensity alibration of HIFI and the assoiated unertainties were disussed.The antenna alibration and the proedure for determining the main beam e�ieny and aper-ture e�ienies were desribed.The intensity alibration of HIFI was desribed and the soures of unertainty in the in-tensity measured were detailed. Side band ratio was disussed as one of the major soure ofintensity errors in the system. The 2 major soures of side band ratio irregularities, the mixerRF gain and diplexer mistuning, were disussed. The need for a priori knowledge of the sideband ratio was mentioned at the end of this hapter. This is disussed in detail in the followinghapter on the gas ell test ampaign.Standing waves in HIFI were disussed. The soure of standing waves namely the hot andold loads, diplexer root top and the LO horns, were detailed. It was shown that the standingwave amplitude on the spetrum baseline is dependent on the intensity of the soure. Soureswith bright ontinuums suh as planets produe strong standing waves on the baseline. Moresubtle e�ets were also disussed suh as the modulation of spetral line intensity with LOfrequeny whih was shown to aount for a 3% unertianity in the intensity measured in band4. The e�et of standing waves in the LO signal path were also disussed and an example ofthe e�et on the mixer pump levels in band 6 frequeny swith observation was shown.
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Chapter 3HEB Eletrial Standing Wave
3.1 IntrodutionAt an early stage in the instrument level testing (ILT) of HIFI the HEB bands were seen to havepoor baseline performane with high noise towards higher IF frequenies and large standingwave e�ets present. This degradation was eventually attributed to LO instability and animpedane mismath between the mixer and the �rst low noise ampli�er (LNA). This hapterdisusses the soure of this baseline degradation, the e�orts made to model it and the �nalsolution to be inorporated into the HIFI data proessing pipeline.As disussed in setion 2.4, standing waves are a ommon e�et in sub-mm instruments giventhat the radiation wavelength is omparable to the reeiver optial omponent dimensions. Thedominant standing wave seen in the HEB band however is not due to re�etions within theinstrument optis but due to re�etions in the instrument eletrial ampli�ation hain (IFhain). Careful design of Hershel and HIFI optis in ombination with optimized observationroutines have redued the impat of standing waves in the HIFI optis on the �nal alibrateddata. Soures with high intensity are sensitive to standing wave e�ets but for the most partthe e�et of standing waves from the optis an be removed during the ross alibration andthere ourrene and behaviour is mostly preditable.The standing wave originating in the IF hain has a very di�erent behaviour and its our-rene is less preditable. The appearane of the standing wave in the HEB is a funtion of themixer state, LO thermal ondition, whih an't be predited in advane. The HEB standingwave is the most destrutive systemati e�ets seen in HIFI data with amplitudes of up to20 Kelvin. The higher frequeny HEB bands aount for 33% of the observing time of theguaranteed time key programs[82℄ and operate at a frequeny range that is almost ompletelyopaque for ground based telesopes. Understanding and orretion of this baseline e�et is aruial step in returning the maximum possible siene from this unique observing opportunity.There are �ve setions in this hapter. The �rst setion is the introdution. The seondsetion desribes the development time line of the HEB mixer tehnologies for HIFI, some63



3.2. HEB MIXER DEVELOPMENTof the problems enountered and their subsequent e�et on the intermediate frequeny (IF)ampli�ation hain design. The third setion details the behaviour of the standing waves seenin the spetra due to the impedane mismath between the mixer and �rst LNA. The fourthsetion setion desribes the e�orts to remove the standing wave from the data. 2 di�erentapproahes are desribed. The �rst approah starts from the devie physis and develops ananalytial model of the distorted baseline pro�le based on the HEB mixer and LNA impedane.This method is based on the HEB mixer impedane work of Jaob Kooi. A seond approah isalso presented. This approah, developed by author, uses a atalog of standing wave waves toorret the observed spetra. This approah is applied to gas ell data and 2 �ight observations.The �nal setion presents the hapter onlusions.3.1.1 Author's ontributionThe author was extensively involved sine 2007 with the HEB standing wave working group.The author arried out analysis on the standing wave behaviour and established some of thekey properties of the standing wave suh as LO frequeny independene and �xed phase. Theauthor worked losely with Jaob Kooi (Calteh) in adapting his eletrial model data to mathgas ell observations. The baseline atalog solution was developed by the author and furtherimproved by Kirill Thernyshyov (Oberlin ollege).3.2 HEB mixer development3.2.1 IntrodutionFrom the outset of HIFI development the instrument performane goals were unpreedentedfor a heterodyne instrument. Table 3.1 details the sensitivity goals and mixer tehnologiesonsidered for the 7 HIFI bands. The sensitivity goals laid down in 1998 were largely met inthe SIS bands. However in hindsight the HEB band targets were very ambitious and even bytoday's standards (Zhang et al. [131℄ ahieved a DSB noise temperature of 900K) the HEBtehnology goals set in 1998 are beyond the urrent state of the art.In the original HIFI design a third LO band was planned whih would have overed afrequeny range from 2.4 to 2.7THz. This band was eventually srapped due to developmentissues with the gas laser LO soure. HIFI optis were designed with 7 LO paths with eah pathbeing oupled to 2 LO units, whih split the LO overage. For example band 1a and band 1bdesribe 2 di�erent LO hains. To redue the impat on the optis design the 6L band frequenyoverage was split into 2 bands with the 6L band providing LO frequeny overage for the lowerend of the band, 1410�1703 GHz, and 6H for the upper end of the band 1703�1902GHz. Band6L and 6H were later renamed bands 6 and 7.When SIS mixers were proposed for bands 1�5 in 1998, they were already established as a64



3.2. HEB MIXER DEVELOPMENT

Table 3.1: Comparison of HIFI frequeny ranges and mixer tehnologies as proposed in1998[21℄ and the �nal �ight on�guration[23℄, SOAP stands for the State�Of�the�Art Per-formane as of 1998Band Range, DSB Noise temperature, K Mixer element tehnology AntennaGHz SOAP Goal Flight SOAP Goal Flight Type1 480 80 70 74 Nb-SIS Nb-SIS Nb-SIS WG680 130 110 852 640 130 110 143 Nb-SIS NbTiN-SIS NbTiN-SIS WG800 500 130 1953 800 500 130 230 Nb-SIS NbTiN-SIS NbTiN-SIS WG960 700 160 2334 960 700 160 360 Nb-SIS NbTiN-SIS NbTiN-SIS WG1120 1600 190 3455 1120 1600 190 988 Nb-SIS NbTiN-SIS NbTiN-SIS WG1250 1900 210 12346L 1410 2100 300 1555 Nb-HEBa Al-HEBa NbN-HEBb QO1910 2100 300 13866H 2400 2500 450 N/A Nb-HEBa Al-HEBa N/A QO2700 2500 450 N/Aa di�usion ooledb phonon ooled The highest frequeny band 6H with an LO frequeny overage from 2.4 - 2.7 THz was desoped inthe �nal HIFI design.
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3.2. HEB MIXER DEVELOPMENTkey tehnology of sub-millimeter spetrosopy and had been used extensively in ground basedtelesopes[132℄. Table 3.1 is a re�etion of this maturity as the superondutor material andnoise goals proposed in 1998 were largely met in the �nal HIFI on�guration.SIS mixer frequeny overage is limited by the energy gap of the superonduting material.Above this frequeny the absorption loss in the superonduting material inreases dramatially;for an all-Nb mixer the limit is 1.4THz, for NbTiN-Nb or NbN-Nb juntions operation above1.6THz should be possible [132℄. HEB mixers were seen as the only option for mixing above1.25THz. Shottky diodes provide a mixing alternative above 1THz but require large amountsof LO power and have lower sensitivities when ompared to HEB mixers.3.2.2 HEB operationHEB mixer tehnologies were still at a development stage when �rst proposed for HIFI. Theonept of HEB mixing was �rst proposed in the 1970's [93℄ however it was superseded by theSIS mixer for ground based spetrosopy. The development of the HEB mixer gathered paein the early 90's one the frequeny limits of SIS mixer tehnology beame apparent. One ofthe drawbaks of HEB mixers when �rst used in the 1970's was the small bandwidth of 100'sof MHz. Hene early e�orts in HEB development foused on inreasing the IF bandwidth.A mixer's IF bandwidth is de�ned as the IF frequeny where the mixer gain drops 3dB fromthe gain at 0 IF frequeny:
G(fif ) =

G(0)

1 + (fIF/f3dB)2
. (3.1)The -3 dB IF bandwidth is a funtion of the bolometri time onstant, τth, or the time it takesheat to dissipate through the mixer

f3dB = 1/(2πτth) (3.2)Hene dereasing the time it takes for the mixer to ool will inrease the IF bandwidth. Amodel of ooling mehanisms in superonduting �lms was proposed by Perrin, N. & Vanneste,C. [92℄ and was further expanded upon by Semenov et al. [110℄ and applied to NbN �lms. Thismodel proposes that ooling in a superonduting HEB mixer ours via 2 mehanisms, theeletron phonon interation and the phonon lattie interation. The eletron phonon interationdesribes the transfer of energy from the Cooper pair �uid generated during the superondutingstate and the superonduting material phonons. The phonon lattie interation desribes thephonon interation with the material lattie on whih the superondutor is mounted.The eletron phonon interation time, τe−ph, is a funtion of the superonduting materialand is dependent on the superonduting ritial temperature, Tc, see �gure 3.1. The phononlattie interation time, τesc, is a funtion of the HEB geometry and the diretion of heat transferdepends on the length and thikness of the superonduting surfae. Short HEB mixers withlengths typially less than 100nm and thiknesses ∼10nm transfer heat through the metal66



3.2. HEB MIXER DEVELOPMENT
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Figure 3.1: Typial values of the eletron-phonon relaxation times for various superondutingmaterials used for HEBs [53℄.
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Figure 3.2: HEB mixer shemati showing the important dimensions determining the dominantHEB ooling mehanisms[62℄ontats on either side of the mixing surfae, these are typial known as di�usion ooled HEBs.Thin HEB mixers with a thikness of less than 6nm transfer heat through the superondutorsurfae into the substrate the superondutor is adhered to, this type of HEB is alled a phononooled HEB. See �gure 3.2 for an overview of the key HEB mixer omponents and dimensions.While both phonon and di�usion ooling is present in all HEB types the HEB geometrydetermines whih mehanism is dominant. Karasik et al. [54℄ investigated the transition fromphonon ooling to di�usion ooling for 20nm thik NbC �lms of variable lengths between 1.0and 100.0 µm. Early attempts at HEB development onentrated on the thin �lm phononooled variation [84℄, however, the IF bandwidth limitations soon beame apparent and thedi�usion ooled version originally proposed by Prober [101℄ soon beame the dominant HEBtype.At the time of HIFI development di�usion ooled HEBs were the only tehnology apable67



3.2. HEB MIXER DEVELOPMENTof meeting the IF bandwidth, LO power and noise requirements for HIFI. When HIFI wasproposed in 1998 the required LO power above 1 THz was di�ult to ahieve and the mixerdesign was onstrained by this limitation. Di�usion ooled HEBs ould be pumped by the LOpower available. Burke [11℄ showed that for a di�usion ooled HEB the LO power required wasgiven by the following expression:
PLO = 4L(T 2

c − T 2)/R, (3.3)where L is the Lorenz onstant 1, T is the bath temperature of the substrate on whih the devieis mounted, Tc is the superondutor ritial temperature and R is the devie resistane. Fromthis equation it is apparent that the lower the material Tc is the lower the LO power requirement.Burke et al. [12℄ demonstrated that a short enough di�usion ooled HEBs ould ahieve largeIF bandwidths. They showed that for the di�usion ooled mixer thermal relaxation time, τth,is a funtion of the mixer length, L, and superondutor material di�usion onstant, D:
τth = τdiff = L2/(π2D). (3.4)They demonstrated that with a 10nm thik 80nm long Nb �lm IF bandwidths of >6GHzwere possible. Furthermore Karasik et al. [53℄ ompared various superonduting materialsand showed that aluminum as a superondutor had the optimum di�usion properties for apratial mixer size and that single side band noise temperatures of 500K were ahievable.3.2.3 HIFI HEB mixerReturning to table 3.1, based on the state of researh at the time the HEB mixer tehnologygoal was for a di�usion ooled Al HEB while a di�usion ooled Nb HEB was seen as the baseline.JPL were tasked with developing the di�usion ooled HEB into a working mixer unit whihould be inorporated into the HIFI instrument. They developed a Al and Nb di�usion mixerin parallel. Unfortunately, a number of limitations to Al HEB mixer were disovered.Siddiqi et al. [112℄ tested a bath of 14 di�erent Al mixers with lengths varying from 0.2 to1µ m. They found a lower limit to the superonduting �lm length due to the proximity of thenormal resistive metal ontat pads and the superonduting HEB �lm. This proximity eitherredued the size of the superonduting region on the �lm or in the ase of the 0.2µm �lmsample no superondution ourred at all. This proximity e�et provides a lower limit to theminimum super onduting �lm length and hene the maximum IF bandwidth possible. Themaximum bandwidth for an Al mixer is still su�ient for most pratial appliations, howeverit does provide an upper limit to the relationship between τdiff and �lm length published by1The Wiedemann�Franz�Lorenz law states that the ratio of the eletroni ontribution to the thermal on-dutivity (k) and the eletrial ondutivity (σ) of a metal is proportional to the temperature (T ) suh that

k
σ

= LT where L is the Lorenz onstant with units WΩK−268



3.2. HEB MIXER DEVELOPMENTBurke [11℄ and desribed in equation 3.4.The most detrimental e�et to Al HEB performane is from noise power saturation. Siddiqiet al. [112℄ showed that at mirowave frequenies good noise and e�ieny performane waspossible through areful experimental setup to suppress bakground noise. However at THzfrequenies the same performane wasn't possible given the larger antenna bandwidths andthermal noise present. Siddiqi et al onluded that noise saturation at THz frequenies wasa major soure of performane degradation. They desribed 2 types of saturation, input andoutput saturation.Input saturation ours when the bakground noise power is omparable with the LO signalpower. The LO signal power is used in onjuntion with the mixer bias to bring the mixer to itsoptimum performane. Siddiqi & Prober [111℄ showed that for moderate bakground tempera-tures the bakground noise power an be omparable with the LO power and pump the mixerto a state of non-optimum performane (low onversion e�ieny, high noise temperatures).As an example, a bakground temperature, Tbkgnd, of 25K and a mixer RF bandwidth, B, of500GHz (6L band as proposed in 1998) from the noise temperature equation P = kTB resultsin a bakground noise power of 0.2nW. Siddiqi found the optimum LO power for Al HEB mixingto be ∼ 0.5nW. Output saturation ours when the bakground noise is down onverted intothe IF band. Siddiqi et al. [112℄ showed that for a typial mixer set up the bakground noisean shift the mixer bias voltage up to 20 µV. This was shown to have a negative e�et on themixer performane as its range of optimum performane is over a small bias voltage region of
∆Vopt <10µV.Inreasing the mixer volume would have redued the Al HEB's sensitivity to bakgroundnoise however this would have redued the mixer IF bandwidth. As HIFI was under a strittime shedule for omponent delivery, e�orts to develop the di�usion ooled Al HEB mixerwere abandoned and JPL onentrated on the Nb di�usion ooled mixer. Early results for theNb mixers were promising but due to their small size they again su�ered from saturation issuesand never fully ahieved the noise requirements outlined in table 3.1. Furthermore the Nbmixer su�ered from a degradation of performane that was attributed to both environmentalonditions and eletrostati disharge[57℄. Fortunately in parallel to the di�usion ooled HEBresearh phonon ooled HEBs were also being developed.In 1998, phonon ooled HEBs were not able to meet the IF bandwidth and LO power re-quirements of HIFI. However in the following 5 years phonon ooled HEB's beame a viablealternative to the di�usion ooled variety. The development of 100's µW solid state ompat LOsoures above 1THz opened the door for spae appliable phonon ooled mixers [75, 76℄. Theproblem of IF band width was also overome. Using reative magnetron sputtering manufa-turing tehniques it was possible to onsistently produe superonduting �lms with thiknessesbetween 3-6nm thereby dereasing the phonon to substrate time and therefore inreasing themixer IF bandwidth[129℄. Ekström et al. [29℄ demonstrated IF bandwidths for an NbN �lmphonon ooled HEB up to 5GHz. From an early stage in phonon ooled HEB development69



3.3. HEB STANDING WAVE BEHAVIOURNbN has been the superonduting material due to to low eletron phonon interation time,
τe−p, see �gure 3.1.Unfortunately the development of the HEB phonon ooled mixer was also problemati.While mixer IF bandwidths of up to 5GHz had been demonstrated previously the HIFI mixerbath was unable to meet the 4GHz HIFI design requirement. Due to the shedule restritionsof a spae mission and the late hange from a di�usion to a phonon ooled mixer, the projethad no hoie but to proeed with the manufatured �lm and settle for an IF bandwidth of2.4�4.8 GHz. This had a number of knok-on e�ets for the instrument, the most signi�antbeing a redesign of the IF hain[124℄.In the original HIFI design the IF hain design was ommon for all bands. However withthe IF bandwidth hange a new �rst and seond LNA had to be developed to suit the reduedIF bandwidth[49, 74℄. Furthermore, a 10.4GHz loal osillator was inorporated into the IFhain to up-onvert the 2.4�4.8GHz IF signal to a spetrometer ompatible IF bandwidth of5.6�8GHz. The most signi�ant e�et of the the IF hain redesign was the exlusion of aneletrial isolator between the HEB mixer and �rst ampli�er. At the time of the redesign nospae quali�ed 2.4 � 4.8GHz isolators were available. Additionally sine the HIFI mehanialdesign was already at an advaned stage there was no spae in the IF hain enlosure for a2.4�4.8GHz isolator. Eletrial isolators are designed for a spei� IF frequeny range[74℄ andtheir size sales inversely with frequeny range, a lower IF frequeny would have required alarger volume eletrial isolator. The �nal IF hain design is shown in �gure 3.3.With the exlusion of the eletrial isolator after the mixer unit the HEB band beamesuseptible to inreased noise and broadband gain ripples. The omponent level testing of themixer unit at Chalmers university was undertaken with an LNA with a re�etion loss of morethan 15dB [16℄, whih demonstrated that the mixer performane was within the noise andstanding wave amplitude limits. The �ight LNA has a measured re�etion loss of -10dB [74℄.When the mixer unit was inorporated into the �ight IF hain large peaks in the noise wereseen as well as a signi�ant ripple aross the IF band onsistent with power re�etion betweenthe mixer and �rst ampli�er. On further investigation a large impedane di�erene was evidentbetween the mixer and the LNA. A redesign of the mixer blok resulted in a better IF mathto the LNA and while the performane of the mixer was seen to improve, the IF ripple problempersisted[5℄.The next setion in this hapter will desribe how the ombination of instrument stabilityand the IF ripple a�et the �nal alibrated data quality.3.3 HEB standing wave behaviourStanding waves are seen in all HIFI bands. The type disussed in this hapter our due tore�etions in the IF hain. The more ommon variety are those due to re�etions betweenomponents in the instrument's optial path. Both types have a similar e�et on the data70
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3.3. HEB STANDING WAVE BEHAVIOURAn eletrial omponent's transmission (eletrial impedane) an vary signi�antly in a non-linear fashion aross the IF bandwidth leading to the ompliated pro�les shown in �gures 3.4and 3.7().3.3.2 E�et of hanging LO frequenyOptial standing waves our before the signal mixing in the optial path. The standing waveis a modulation of the sky signal due to some fration of the signal being re�eted between 2omponents in the signal path. The re�eted and inoming sky signal interfere at the mixerresulting in a broadband modulation of the signal deteted. During the mixing proess 2 bandsof the sky signal are then down onverted to IF frequenies. The signals from the upper andlower side-bands are summed together in the proess. The 2 standing waves from the upperand lower side-band interfere and depending on the phase di�erene this interferene an beonstrutive or destrutive. The resulting double side-band standing wave amplitude and phaseis then dependent on the relative phase between the upper and lower side band standing wavewhih is a funtion of the LO frequeny. Figure 3.5(a) shows an example of the onstrutiveand destrutive interferene of the upper and lower side band hanging LO frequeny.Standing waves in the IF hain our after mixing. The resulting double side band standingwave pro�le is then a funtion of the avity length (oaxial able length) and the re�etionproperties of the 2 re�eting omponents (mixer and LNA) and independent of LO frequeny.From �gure 3.5(b) one an see that the phase of the standing wave is �xed with hanging LOfrequeny unlike the optial standing wave example in �gure 3.5(a).3.3.3 Instrument stabilityCalibration measurements of an internal load or an OFF position are a ommon step in anastronomial observation sequene. HIFI has a number of di�erent observation modes of varyingomplexity however at the ore of all modes are 4 phases whih when ombined together forman intensity alibrated spetrum:
ON − OFF

HOT − COLD
(3.5)In an ideal setup all systemati e�ets are removed from the spetra and only the intensityalibrated astronomial information is left. However, if di�erenes exist between the 4 phasesof the observation the �nal spetra quality will be degraded. Di�erenes between spetra anbe due to a number of fators.The IF ripple seen in alibrated HEB spetra is due to di�erenes in mixer impedanebetween the observation phases. As desribed in setion 3.2, the IF ripple seen in the HEBbands is due to an impedane mismath between the mixer and �rst LNA. The amplitude ofthe IF ripple is related to the degree of impedane mismath between the mixer and LNAwhih is a funtion of the inident LO power. The LNA is the most stable omponent of the73
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3.3. HEB STANDING WAVE BEHAVIOURKooi et al. [63℄ investigated the various soures of instability in NbN phonon ooled HEBreeivers. They looked at reeiver stability from 2 perspetives, the inherent HEB mixer stabil-ity and the stability of the reeiver set up as whole. They measured the stability using doubledi�erene Allan variane method ommonly used to measure radio reeiver stability[108℄. Theinstrument setup used in their investigation was very similar to that used in the (instrumentlevel testing) ILT setup and so their onlusions are diretly appliable to the data presentedhere. They found that the sensitivity of the mixer to system instabilities varied dependingon the pumped state of the mixer. This may explain the disparity in mixer urrent satterbetween the V and H data presented in �gure 3.6. It is apparent from the �gure that theV mixer is pumped to a higher mixer urrent than the H mixer. HIFI HEB mixers have anoptimum mixer urrent of 0.045mA. Above 0.045mA the mixer is tending towards a less stablefully superonduting state away from the transition state where the onversion e�ieny isoptimum. Below 0.045mA the mixer tends towards a normal resistive state and is less sensitiveto LO power �utuations and hene more stable however it also beomes less e�etive as amixer.Ideally both mixer urrents should be around 0.045mA. Eah mixer is oupled to the sameLO soure and the signal is polarized and direted to eah mixer via a polarizing grid. Ideallythe same LO power should ouple at the H and V mixer fous but due to standing waves andother oupling e�ets one mixer reeives more LO power than the other. Furthermore, the Hand V mixer units are not idential and have di�erent performane over the LO band due todi�erenes in the manufaturing of the antenna and mixer. As a result of these di�erenes, theLO power is set to optimally pump one mixer while the other mixer is left to follow. This leadsto a situation like that shown in �gure 3.6 where one mixer is optimally pumped while theother is left to follow, resulting in a disparity in baseline quality between the 2 polarizations.The experimental setup used by Kooi et al. [63℄ was similar to the HIFI ILT setup. TheLO unit was housed in a separate yrostat to HIFI and the LO signal was transmitted throughopen air via 2 ryostat windows. Sine the LO signal traversed air at sea level atmospherionditions the power transmitted was modulated with the air turbulene in the room withnotieable degradation seen lose to the water line frequenies.In a stable mehanial environment standing waves in the LO path aren't partiularlyproblemati but if the system isn't su�iently mehanially stable and the optial path deviatesover the ourse of the observation this will hange the mixer pump level resulting in degradedbaseline quality. Kooi et al. [63℄ showed that if the LO frequeny is tuned to the peak of thestanding wave this an redue the reeiver sensitivity to optial path hanges. UnfortunatelyHIFI had multiple LO standing waves in the ILT setup making it di�ult to �nd an optimumLO frequeny. LO path mehanial stability was a signi�ant problem during HIFI groundtesting. Fortunately, one of the advantages of spae is the thermal stability. Furthermore theHershel telesope has few moving parts whih an indue vibration in the system resulting ina stable operating environment. 76



3.3. HEB STANDING WAVE BEHAVIOURThe major soure of instability is the LO unit itself. The LO hain is a omplex unit whihgenerates the loal THz signal using various stages of frequeny multipliation. As a byprodutof the signal multipliation heat is generated whih in turn e�ets the LO hain performaneand output power. When a hain is swithed on initially a wait time of up to 1 hour is requiredbefore the power output stabilizes[65℄, �gure 3.7(a) shows an example of a drift mixer urrentdue to this e�et.3.3.4 Mixer urrent and standing wave amplitudeFrom the previous setion it is apparent that hanges in the mixer impedane as measuredthrough the mixer urrent during the ourse of an observation result in a non optimum sub-tration of the IF ripple between the mixer and LNA. The soures of these impedane hangeswere summarized in the previous setion. In this setion the relationship between the relativemixer urrent di�erene between observation phases and the resulting standing wave is detailed.Figure 3.7 details the relationship between the perentage mixer urrent di�erene between2 observation phases and the subsequent standing wave amplitude. The data is taken from astability test taken during an LO hain warm up and sine the LO has not ompletely settledthe mixer urrent is seen to drift over the ourse of the observation, see �gure 3.7(a).This dataset is useful to gauge the impat of mixer urrent di�erenes between observationphases on the resulting baseline standing amplitude. By dividing spetra at di�erent mixerurrents by eah other, reording their mixer urrent di�erene and then measuring the re-sulting standing wave amplitude it's possible to measure the relationship between the standingwave amplitude and the mixer urrent di�erene between 2 phases. Figure 3.7(b) shows theperentage mixer urrent di�erene between 2 observation phases and the resulting standingwave amplitude. From this one an see there is a linear relationship between the mixer urrentdi�erene and the resulting standing wave amplitude, suh that a 10% hange in mixer urrentresults in a 1% amplitude standing wave.Figure 3.7() shows some examples of the e�et of mixer urrent di�erene between obser-vation phases on the resulting baseline. From this �gure one an see that not only is there issigni�ant standing wave with inreasing mixer urrent di�erene but also a signi�ant baselineslope aross the IF, with the e�et most pronouned at the higher side of the IF band around 8GHz. Note that the IF band plotted here is after the 10.4 GHz up onverter (see �gure 3.3) sothe higher IF band here is in fat the lower side of the 2.4 to 4.8GHz IF band. This is onsistentwith other tests whih show the HEB mixer has greater sensitivity in the lower region of theIF band. From �gure 3.7() we an see that the baseline is more sensitive to hanges in theimpedane at these lower IF frequenies.
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3.4. HEB STANDING WAVE REMOVAL3.4 HEB standing wave removalWhile the physis of the HEB standing wave is a useful probe of the HEB mixer operation themain motivation for HIFI is to ollet high quality data from whih an astronomer an extratuseful information about the old universe. It is the role of the alibration sientist usingtheir detailed insights of the instrument operation to provide this data. The HIFI alibrationommunity were aware of the standing wave problem in bands 6 and 7 in early 2007 howeverat that stage the HIFI IF hain design was �xed and no hardware solution was possible. Thesolution to the HEB standing wave problem would have to be in the data proessing pipelinepost observation. Various methods were proposed from using variations of sine waves (as shownin �gure 3.4) to wavelet analysis. In this setion the 2 most e�ient methods are presented.3.4.1 Eletrial model approahOne of the methods investigated as a method for standing wave removal was based on aneletrial model of the IF hain. The 3 omponents onsidered in the model were the mixerunit, the LNA and the oaxial able linking the 2 omponent. It was hoped that a model ouldbe generated of the IF hain whih ould reprodue the standing wave pro�le seen in the dataand this approah ould then be used to orret the data.The LNA transmission and re�etion properties (impedane) were measured as part of anaeptane test and oaxial able properties were also known. The mixer unit impedane wassplit into 2 omponents, those of the mixer unit support struture suh as wiring and ports andthe mixer devie itself. After the redesign of the mixer unit to improve the impedane math adetailed eletrial model of the support struture was available. Unfortunately, the impedaneof the HEB mixer itself is still the topi of researh whih was disussed by Kooi et al. [64℄.Building on the 2 temperature thin �lm ooling model of Perrin, N. & Vanneste, C. [92℄,Nebosis et al. [83℄ used a heat balane approah to model the temperature dependent impedaneof a HEB mixer. Kooi et al. [64℄ showed that the impedane model proposed by Nebosis et al.[83℄ was onsistent with the measured impedane. This model was dependent on the relaxationtimes, τe−ph and τesc (see �gure 3.2), the heat apaities of the eletron, ce, and phonons, cp,and the quasi partile temperature, Te.As disussed earlier τe−ph is a funtion of the superonduting transition temperature (see�gure 3.1) and an be approximated by using the empirial relationship for for thin NbN �lm
τe−ph ≈ 500 T−1.6[40℄. τesc is a funtion of the super onduting �lm thikness, t, and an beapproximated as τesc ≈ 10.5t[110℄. The ratio of eletron and phonon heat apaities for an NbN�lm an be approximated as ce/cph ≈ 16.77 T−2[110℄. Using these empirial relationships it ispossible to develop a model of the mixer impedane. Di�erent pumping states of the mixer anthen be generated by varying the devie temperature.Figure 3.8(a) shows the real and imaginary omponents of the HEB impedane generatedusing the approah of Kooi et al. [64℄. From this �gure one an see that there is a signi�ant79



3.4. HEB STANDING WAVE REMOVALomplex impedane omponent whih explains the saw tooth struture seen in the standingwave pro�le. Additionally, there is a signi�ant variation in the impedane aross the IF whihis onsistent with the variable standing wave amplitude and slope seen aross the IF, see �gure3.7().Figure 3.8 shows an eletrial model of the eletrial iruit between the mixer and the �rstampli�er. Using this eletrial model in ombination with a linear iruit simulator the overallgain of the system was alulated. This output ould then be used to ompare with atual data.As a test of the model, a gas ell spetrum was used with an impedane di�erene between2 phases of the observation. One phase of the gas ell was observed with a old load (77K)through a 12CO �lled gas ell (ON Phase) while the other phase observed the old load throughan empty gas ell (OFF phase). The resulting spetra is generated by dividing the ON bythe OFF phase. Ideally the resulting spetra should have a �at baseline and a spetral line,however due to the impedane mismath between the phase there is a standing wave present.In order to redue the amounts of variables in the eletrial model in the test only 2 phasesof the gas ell spetra were used as opposed to normal 4 phases needed for alibration, seeequation 3.5.The modeled eletrial spetra was generated by reating 2 separate eletrial IF hainmodels and dividing their gain output by eah other muh in the same manner as the dataalibration. The impedane of eah phase was ontrolled by the relaxation times, tesc and τe−phand the spei� heat apaity ratio, ce/cph. The resulting best �t is shown in �gure 3.9.The eletrial model approah improves signi�antly on the onventional sine wave �ttingapproah shown in �gure 3.4. The approah rereates the saw tooth pro�le seen in the dataand the amplitude variation aross the IF band. However, the residual between the �t and themodel is still signi�ant. Furthermore, the method is omputationally intensive. The examplepresented here has 3 free parameters for eah observation phase. A standard intensity alibratedobservation would ontain 4 phases inreasing the omputation time signi�antly. However thequality of the �t generated using the eletrial model of the IF gain provides a nie on�rmationof the HEB impedane proposed by Nebosis et al. [83℄. Unfortunately the �t is not su�ientfor the level of baseline removal needed to meet the HIFI siene requirements. Furthermorethere are a signi�ant number of higher frequeny omponents present in the data whih themodel an't aount for, see the 7-8GHz region of �gure 3.7().The eletrial model presented here is primarily the work of Jaob Kooi as published inKooi et al. [64℄. The author worked losely with Jaob Kooi providing appropriate gas ell datato ompare to the eletrial model in an e�ort to model the residual standing wave seen in thegas ell data. This work was presented as a paper at an SPIE onferene in 2008, see referene[44℄ for further information.
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Figure 3.10: Gas ell observation time lineGas ell data alibrationThe gas ell observation routine is similar to the standard observation routine desribed byequation 3.5. The HOT and COLD observation phases are taken through an empty gas ell(HE,CE) with the HOT and COLD loads as a bakground soure while the ON and OFF phasesare taken through a full gas ell with the COLD and HOT loads as a bakground (CF, HE),see �gure 3.10. Using the following equation a alibrated spetrum is generated:

OFF (HF)− ON (CF)
HOT (HE)− COLD(CE) . (3.6)The HOT, COLD loads in the denominator measure the signal transmission with no gas andthe ON, OFF ombination measures the signal transmission through the gas. The resultingspetrum is a measure of the signal transmission for a given gas olumn length, pressure andtemperature, see �gure 3.6(a).Baseline atalog generationEah observation phase (HOT,COLD,ON,OFF) has a four seond integration time. To inreasethe signal to noise ratio multiple integrations of the same observation phase are taken. Heneeah gas ell observation has at least 2 unique alibrated spetra using equation 3.6, whihare then averaged together to redue the noise, see �gure 3.10. Corretion of the baseline isundertaken before any averaging is done. Eah alibrated spetrum is generated from 4 di�erentobservation phases whih are assumed to have 4 di�erent impedane states.As stated previously, the standing wave seen in alibrated data is a result of a di�erenein mixer impedane between the observation phases. From setion 3.3 it was shown that theresulting IF ripple is repeatable for a given mixer impedane di�erene between 2 phases andthe IF ripple pro�le is independent of LO frequeny. Using these properties it is possible tobuild a atalog of standing waves from whih a suitable pro�le an be subtrated from thealibrated data.For the gas ell data the baseline atalog is generated from gas ell data itself. As desribedin equation 3.6, a gas ell transmission spetrum is made up of 4 phases where the line data is83
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Figure 3.11: Example of baseline pro�les possible by ombining the phases in a gas ell obser-vation ontaining no line data in di�erent sequenes. The data shown here is an observation of
13CO at an LO frequeny of 1764.0855 GHz with the V polarization mixer (Obsid 268477638).ontained in the observation phase looking at the old soure through the �lled gas ell (CF).Line data is also ontained in the observation phase looking at the hot soure through the gas(HF) but sine the hot soure is at the same temperature as the gas itself no absorption isdeteted and its response is very muh like the hot soure empty gas ell phase. A baselinepro�le is then generated using a similar alibration equation to the gas ell but this time withoutthe observation phase ontaining the line data:

HF − CE

HE − CE
. (3.7)As eah gas ell observation ontains multiple observations of the same phase it's possibleto generate multiple ombinations of the impedane di�erenes and hene multiple baseline84



3.4. HEB STANDING WAVE REMOVALBand 6a 6b 7a 7b Total1324 982 395 574 3275Table 3.2: Distribution of gas ell HEB observations per LO bandshapes. Figure 3.11 shows an example of the di�erent baseline shapes that an be generated byombining the gas ell observation phases ontaining no line data in di�erent sequenes. Theexample shown is for an observation where eah gas ell phase is observed twie.It is possible to generate 16 unique standing wave pro�les for a single gas ell observationwhere eah phase is observed twie. The amount of instability during the observation will e�etthe amount of variability in the baseline pro�les reated. A atalog is generated by applyingthe same matrix alibration to the eah gas ell observation and then appending the baselinesgenerated to a global atalog. A atalog is generated for eah mixer unit as the standing waveswill be slightly di�erent sine the assoiated IF hains are di�erent. Table 3.2 gives an overviewof the total number of gas ell observations per band whih results in eah mixer unit havinga atalog with a minimum ∼ 5000 baselines.Gas ell data baseline orretion exampleAs desribed earlier, due to the higher noise in the HEB bands multiple integrations of eahgas ell phase are taken to inrease the signal to noise ratio. This results in a minimum of2 unique alibrated spetra whih are then averaged together. The atalog approah looks toorret the data before averaging as the spetra have a similar ombination of 4 impedanesto the spetra in the baseline atalog. After the averaging, the proess of mathing a suitablebaseline from the atalog with the line spetra gets more ompliated.The basi premise of a atalog approah is that for eah ombination of impedane mis-math observed during a line observation an equivalent impedane mismath has already beingobserved. It is hoped that the atalog ontains all ombinations of impedane observed. The�nal step in the atalog approah is to e�iently math the gas ell siene spetra to an equiv-alent atalog spetra. This atalog spetra an then be subtrated from the siene spetraremoving the IF ripple and leaving just the line data.E�iently extrating a mathing atalog spetrum from the large atalog database isn'ttrivial. The simplest approah would be to subtrat the siene spetra from all spetra in theatalog, analyze the residual spetrum and the residual with the least standing wave struturewould be the best math. However, this method an be very taxing on omputer resouresgiven that a 5000 spetra atalog is over 2 Gigabytes of data and furthermore the amountof time required to subtrat the siene spetrum from all 5000 spetra make this approahprohibitively time onsuming. The subtration of the atalog spetra from the siene spetrumis seen as �nal quality ontrol for seletion of the optimum atalog spetra however a subset ofatalog spetra must �rst be seleted to redue the omputation time.85
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3.4. HEB STANDING WAVE REMOVALTo extrat a suitable subset of spetra from the atalog an e�ient means of ategorizingthe standing wave pro�le must be developed whih an be used to extrat suitable atalogspetra for further proessing against the siene spetra. An early approah was to alulatethe FFT of eah spetra and use the power at the 320MHz frequeny hannel (hannel wherestanding wave power is onentrated) as a measure of the standing wave. This was then used toompare the atalog spetra with the siene spetra. However this method proved ine�ientand large thresholds had to be used to �nd a suitable math. Additionally if a strong line waspresent in the siene data this added power around the 320MHz hannel making it di�ult toe�iently �nd a suitable atalog spetra.The �nal solution is more elegant and involves less omputer resoures. The approah rebinseah spetrum into 100MHz bloks[115℄, see �gure 3.12(a). The �ux over eah blok is thenaveraged and this rebinned spetra is taken as a measure of the standing wave pro�le. Eahspetra is then de�ned by a 25 element array. Instead of subtrating eah 4500 hannel sienespetra from every atalog spetra only the 25 element array of the atalog spetra and sienespetra are subtrated. A threshold is then set and the number of elements in the residualarray below this threshold are ounted. Figure 3.12(b) shows a omparison of the rebinned linespetra and 3 rebinned baseline atalog spetra.When a atalog spetra has a given amount of elements within the threshold this spetra ishosen as a andidate spetra. These andidate spetra are then further proessed to determinewhih one ultimately provides the best baseline orretion. The �nal step is to subtrat theandidate spetra from the siene spetra. A distane measure is used to determine whihombination of andidate spetra with the line data spetra provides the �attest baseline. Thedistane measure is alulated on a smooth version of the line data spetra minus the andidatespetra. The distane is alulated as the sum of absolute di�erene between eah onseutive�ux hannel. The spetra with the shortest distane is assumed to be the �attest spetra andthis is andidate spetra is hosen as the best math from the baseline atalog. This 2 stepproess is then repeated for eah siene spetra. Figure 3.12() shows an example of the bestmath baseline atalog together with the line spetra, the distane measure is alulated on theresidual spetra shown with a dashed line. A �ow hart desribing the entire proess is shownin �gure 3.13.The example shown in �gure 3.12 demonstrates one of the useful properties of the HEBstanding wave. The �nal spetra hosen from the baseline atalog as a best math is takenat an LO frequeny 14 GHz from the LO frequeny of the line spetra being orreted. Thisdemonstrates the LO independene of the standing wave pro�le whih makes the atalog ap-proah for the gas ell dataset feasible.
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Figure 3.14: Position swith observation time line3.4.2.2 Position swith �ight dataWhile the mehanial stability is muh improved in the vauum of spae the inherent LO mixeravity stability are still omparable to the ground test onditions resulting in the same level ofbaseline degradation as seen in the gas ell data presented previously.The gas ell test data is a useful environment to test the atalog approah sine the testroutine is idential for eah observation allowing for a generi sript to be applied to all ob-servations taken. In-�ight observations ome in a variety of forms and separate sripts mustbe written to generate the baseline atalog for eah observation. Furthermore, due to datadownload onstraints the house keeping sampling rate is every 4 seonds for �ight data whihis onsiderably less than the ground test rate of every seond. However a useful feature of�ight data is the multiple integrations taken during a standard observation. To detet weakmilli-Kelvin lines multiple integrations must be taken to improve the signal to noise ratio. Mul-tiple integrations at the same LO frequeny are useful for generating multiple ombinations ofimpedane di�erenes and hene inreasing the baseline atalog size and the hanes of �ndinga baseline pro�le to orret the line spetra.In this setion the orretion of �ight data with a weak broad line is presented. TheAOT (Astronomial Observation Template) hosen is the position swith observation. Thisobservation type is easiest to manipulate.Position swith data alibrationA position swith observation onsists of 4 observation phases of ON,OFF,HOT and COLDintegrations. These phases are ombined together using equation 3.5 returning an intensityalibrated spetrum. The OFF position is hosen by the astronomer and is normally the losestpiee of blank sky to the ON soure position, see �gure 3.16(b). Position swith observationsare normally used for soures with an extended region of emission (greater than 3 arseonds).89
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OFFi − OFFj

HOTk − COLDk

, (3.8)where for this observation k is from 1-9 and i, j are from 1-228. Unlike the gas ell baselineatalog generation, the HOT and COLD observations are kept in the same sequene as theyare observed. For the gas ell observation there was up to 16 seonds between the HOT andCOLD observations. For �ight data the time between HOT COLD is kept to a minimum and islimited by the time taken to move the hopper between the 2 positions and the time it takes toreord the data. This results in a time gap of 1 seond between the aquisition of the HOT andCOLD observation phases. The short time di�erene between the 2 observations minimizesthe amount of drift possible during the observation and proves e�etive at minimizing theimpedane hange between the 2 phases.Figure 3.17(a) shows the baselines when a single ON OFF pair are alibrated using thenine HOT COLD pairs taken during the observation (see the observation time-line in �gure3.16(a)). From these baselines it is apparent that the the hoie of HOT COLD pairing hasonly a seond order e�et on the overall shape of the baseline pro�le. It is apparent there islittle or no impedane di�erene between the HOT COLD pairing and the baseline ripple isdue to the impedane di�erene between the ON OFF pairing.Figure 3.17(b) shows an example of the e�et of hanging the OFF spetra while keepingthe ON and HOT COLD pair �xed. From this �gure it is apparent that there is a large degreeof variability in the OFF spetra impedane ompared to the ON spetra impedane. There91
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3.4. HEB STANDING WAVE REMOVALsub-bands. A threshold of ± 1K is set and any spetra outside this threshold are exludedfrom the baseline atalog. Without the e�et of platforming, over 400000 baseline ombinationwould be possible given 228 OFF spetra and 9 HOT COLD pairs. However, when the e�etof platforming is taken in aount this redues the amount of viable baselines to 200000. Thee�et of platforming an vary from observation to observation and depends on the stabilitystate of the WBS bakend. The �nal total of spetra in the baseline atalog is still more thanenough to orret the baselines su�iently as will be shown in the next setion.Position swith data baseline orretionOne the baseline atalog is generated the next step is to e�iently determine whih baselinein the large atalog an be used to orret the baseline of alibrated spetra ontaining the linedata. The approah follows the 2 step approah developed for the gas ell baseline orretiondetailed in setion 3.4.2.1. Again eah spetra in the baseline atalog and eah of the 228 linedata spetra is broken into 100MHz bins, see �gure 3.12(a). Eah spetrum is then ategorizedby an array of 25 numbers whih an be quikly ompared with eah other, see �gure 3.12(b).A subset of spetra are then seleted whih are more rigorously ompared to the line spetra.A distane measure is alulated whih determines the �atness of the residual between theandidate atalog spetra and the line spetra. The atalog spetra whih produes the �attestresidual spetra is hosen as the best math spetra and used to orret the line spetra. The�ow hart in �gure 3.19 provides an overview of the baseline orretion routine.Figure 3.20 shows the baseline orretion of the �rst 16 spetra shown originally in �gure3.15. The average of the 16 orreted and unorreted spetra is shown in �gure 3.21 foromparison. It is apparent that there is a marked improvement in the base quality beforeand after baseline orretion. The broad 12CO line pro�le is learly evident in both spetra,however the line pro�le shape is more apparent in the orreted spetra. Figure 3.22 providesa statistial overview of the �rst 100 spetra before and after baseline orretion, the meanintensity of eah spetrum is plotted and the error bars represent the absolute di�erene betweenthe maximum and minimum intensity values and are a rude measure of the standing waveamplitude. From the plot one an see that the satter in baseline quality is greatly redued afterbaseline orretion. Before baseline orretion the data showed an average baseline intensityof 0.4K with satter of ± 5.5K. For the orreted data the mean baseline o�set is 0.4K with agreatly redued satter of ± 0.4K.This is a signi�ant redution in the degree of baseline satter seen in the data. While theexample shown here was primarily onerned with spetral line observations other observationsmay require an aurate measure of the ontinuum for their siene investigation. Large baselinesatter would be detrimental to the aurate measurement of the ontinuum intensity. Usingthe methods desribed the satter an be greatly redued.
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OFFchop1 − ONchop2

HOT − COLD
−

ONchop1 − OFFchop2

HOT − COLD
(3.9)Baseline atalog generationGiven the short time between the ON and OFF observation the drift between the 2 phasesis kept to a minimum. However baseline issues an still exist and given the large amountof observations using this observation mode it is neessary to have tools available to removebaseline e�ets should they arise.The DBS atalog approah follows the same approah as that detailed in the previoussetions for gas ell and position swith AOTs. The OFF spetra are ombined together indi�erent sequenes with di�erent HOT COLD pairs. For the DBS spetra there are 2 OFFtypes taken at di�erent hopper positions. It is assumed that there are di�erent optial e�etsbetween the 2 hopper positions so for the reation of the baseline atalog the 2 OFF positionsare kept separate. Any optial e�ets for a given hopper angle should be aneled whensubtrated from another OFF spetra at the same hopper position. Two baseline atalogs are99
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OFFchop1,i − OFFchop1,j

HOTk − COLDk

,
OFFchop2,i − OFFchop2,j

HOTk − COLDk

(3.10)Dual beam swith baseline orretionThe proess of extrating a baseline pro�le from the baseline atalog, follows the same proessas that detailed in the position swith �ow hart shown in �gure 3.19 exept that for the baselineatalog generation the two OFF hop positions are kept separate. As before, eah atalog andsiene spetra is rebinned for quiker omparison and a subset of atalog spetra are seletedfor further proessing. A �atness measure is alulated of the residual between the sienespetra and the subset of baseline spetra. The atalog spetra whih produes the �attestresidual is hosen as the best math spetra.Figure 3.26 provides an overview of the baseline orretion for �rst 16 spetra. The intensityrange is omparable to the position swith data shown earlier in �gure 3.20. It is obvious thatthe degree of baseline satter is muh less for the DBS mode ompared with the position swithmode disussed earlier. Figure 3.27 shows the average of the �rst 40 spetra with the standardalibration routine and with the baselines orreted. From the average spetra one an seea weak 12CO line. This example demonstrates the need for multiple integrations in order toredue the system noise and detet weak lines previously masked by the system noise.Figure 3.28 details the degree of baseline satter seen for normally alibrated data andbaseline orreted data. The points on the plot orrespond to the mean intensity for eahspetra aross the IF band while the error bars represent the absolute di�erene between the100



3.4. HEB STANDING WAVE REMOVALmaximum and minimum intensity value. From this plot it is apparent that with the appliationof the baseline orretion proess the degree of baseline satter and standing wave amplitudeis greatly redued.
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Figure 3.26: Baseline orretion of the �rst 16 spetra for the dual beam swith observationwith obsid 1342190743. The original data is shown in blak, the baseline spetra used to orretthe standing wave is shown in red and the orreted data is shown in blue. The sequene ofOFF spetra and HOT/COLD pair used to generate the baseline pro�le is labeled on eah�gure. For this example all OFF spetra are taken from the same hop angle.
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Figure 3.28: Comparison of baseline satter for the �rst 100 spetra before and after baselineorretion. The data plotted is the mean baseline intensity for eah spetra, the Y error barsrepresent the absolute di�erene between the maximum and minimum intensity values.
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3.4. HEB STANDING WAVE REMOVAL3.4.3 Future workThe baseline atalog approah has been demonstrated for 3 di�erent observation modes. Thepoint observation and dual beam observations detailed in the previous setions had long in-tegration times, whih provided a useful sandbox to test the atalog approah. The baselineatalog was generated from the OFF observations within the observation and this was then usedto orret the siene data. The gas ell observation demonstrates a more generi approahto the baseline orretion proess. Sine the gas ell data has a very limited amount of OFFspetra for eah observation, the baseline atalog was generated from other observations takenat di�erent times and at di�erent LO frequenies.A number of observation modes still remain untested, this setion desribes the observationmodes still untested and summarizes the work needed to bring the baseline atalog approahfrom a prototype to a fully developed pipeline module apable of handling all observationmodes.3.4.3.1 Spetral sansSpetral sans onsist of multiple observations at di�erent LO frequenies. They normally haveshort integration times at eah LO frequeny and rely on the deonvolution algorithm andthe overlapping IF regions to redue the noise. Baseline orretion of spetral san data willrequire an external baseline atalog as there will not be enough OFF spetra at the same LOfrequeny to generate a su�ient baseline atalog. Further work is needed to demonstrate theappliation of a baseline atalog generated at one LO frequeny being applied to siene dataat another LO frequeny. The gas ell baseline orretion method has demonstrated that thisis feasible. Figure 3.12 on page 86 shows an example where the baseline atalog spetra hadan LO frequeny of 1764.086 GHz and was used to orret data taken at an LO frequeny of1730.01 GHz.3.4.3.2 Map observationHIFI map observations an be taken using two di�erent telesope slew modes. For the rastermap mode the telesope is disreetly pointed at predetermined map points muh like a pointobservation exept multiple points are observed. For an on-the-�y (OTF) mode the telesopeis slewed and the data is taken while the telesope is moving. Using the speed of the slew andthe starting point the map an be reonstruted from the data. From a baseline orretionpoint of view the approah is the same as that desribed already. Map observations normallytake a suitable amount of OFF spetra whih an be used to generate a baseline atalog fromthe data or alternatively the data an be orreted using an external atalog.
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3.4. HEB STANDING WAVE REMOVAL3.4.3.3 Frequeny swith observationThe frequeny swith observation mode is similar to the load hop observation in that it requiresno slewing of the telesope when taking an OFF spetra. However, instead of observing theinternal alibration load by moving the hopper the LO frequeny is hanged, this is known asa frequeny swith. Depending on the width of the line being observed this frequeny swithvaries from 40 to 600 MHz. This mode is ommonly used in ground based heterodyne reeivers.It is a very e�ient use of telesope time sine the OFF spetra will also ontain line data ata slightly di�erent IF frequeny.The performane of this mode however has been beset with large standing waves and mixerpumping problems. Due to standing waves in the LO signal path the LO power reahing themixer is frequeny modulated. When the LO frequeny is hanged the LO power also hanges,if the LO power pumping the mixer is not equal for both LO frequenies of the frequeny swithan impedane mismath appears resulting in a large standing wave. Careful seletion of theLO frequenies an ounterat this e�et but this requires a priori knowledge of the standingwave behaviour.Frequeny swith mode is urrently not reommended for use by the astronomer given thepoor baseline quality returned by the instrument. The development of the baseline atalogapproah would make this observation mode a viable alternative to load hop mode and alsoinrease the observation e�ieny of the instrument. Frequeny swith is onsidered the moste�ient observation mode as no slewing is needed and both the ON and OFF phase ontainsline information. The baseline atalog orretion approah would follow the same proess asthat presented in �gure 3.19. For Frequeny swith data, ON,OFF,HOT and COLD spetraare taken at both LO frequenies. To generate a baseline atalog only data from the same LOfrequenies should be oupled together. Spetra at di�erent LO frequenies will have di�erentoptial standing wave behaviour. By oupling spetra with the same LO frequenies togetherthis should remove the standing wave e�et leaving only the impedane di�erenes between thephases.Correting the baselines however is only part of the problem with the frequeny swith mode,areful seletion of the LO frequenies and LO pump power is essential to return viable data forbaseline orretion. LO settling times were quikly seen as a limiting fator in the performaneof the frequeny swith mode. During a frequeny swith observation the LO frequeny isquikly hanged to redue the drift time between ON and OFF observation phases. However,with eah LO frequeny hange a settling time is required before data an be taken. If data istaken too early the mixer an be in an unpumped state and hene return orrupted data[43℄.To summarize, the Frequeny swith observation mode requires modi�ation to both uplink(areful hoie of LO frequenies, understanding of LO path standing wave) and downlink(baseline orretion routine) before this mode an be reommended to the astronomer.
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3.5. CONCLUSIONS3.5 ConlusionsIn this hapter the development of the HIFI HEB mixer unit was disussed. The various dei-sions made during the mixer development were detailed. The �nal mixer IF hain on�gurationwas shown to be sensitive to impedane mismathes between the mixer unit and the �rst am-pli�er. This resulted in a signi�ant standing wave seen in the data whih was onsistent with aavity between the mixer and the �rst ampli�er. The pro�le of this standing wave was shown tobe LO frequeny independent unlike the more ommon standing wave seen in the optis. Thestanding wave was shown to be dependent on the mixer state over the ourse of an observation.If the mixer state hanged during the ourse of a observation this hanged the standing waveamplitude resulting in a non optimum anellation during the ross alibration.Standard sine �tting standing wave removal tehniques were ine�etive at removing thestanding wave pro�le and more elaborate removal methods were disussed. Using an eletrialmodel developed by Jaob Kooi e�orts were made to mimi a gas ell observation where by twoseparate mixer states were modeled and then the residual between the 2 states was omparedto the residual between 2 gas ell states. The 2 model states were allowed to vary until thebest �t to the measured data was reahed. This showed a marked improvement over standardsine �tting standing wave removal. However the approah still had signi�ant residuals.The �nal approah was to use a atalog of baselines to orret the data. Due to the natureof the standing wave reation. The pro�le was shown to be quite repeatable and was purelya funtion of the impedane mismath between the observation phases. The pro�le is howevermixer unit dependent with eah IF hain having a slightly di�erent standing wave pro�le. Thisapproah was developed using the gas ell test data as a test set. By ombining spetra withno spetral line information it was possible to generate a atalog of baselines with no spetralline information. Spetra with signi�ant standing waves ould then be orreted by �nding asimilar standing wave pro�le in the baseline atalog.The proess of omparing the atalog to the siene spetra went through a number ofiterations before an optimum approah was found. The �nal proess rebins eah spetra fromthe atalog and siene data in 100 MHz bins. This results in a 25 element array whih desribeseah spetra. The arrays are then quikly ompared to eah other. A subset of atalog spetrathat are within a ertain threshold of the extrated and the full resolution atalog spetra areompared. The �nal step is to �nalize the subset of atalog spetra whih when subtratedfrom the siene data provide the �attest spetra.The proess was developed for gas ell data orretion and was also applied to 2 �ightobservations showing signi�ant standing waves. Using a similar approah to the gas ell dataa signi�ant improvement in �ight data was shown. For a position swith observation, the meanbaseline satter was redued from ±5K to ±0.4K. A dual beam swith point observation wasalso analyzed. While the standing wave were less signi�ant in the position swith observationthere was a marked improvement over the original data quality.106



3.5. CONCLUSIONSThe HEB bands make up 30% of the frequeny overage of HIFI and aount for 33% ofthe observing time of the key program projets. The HEB bands also operate at frequeniesnot visible from ground based telesopes. Furthermore one of the key siene goals of HIFI, theobservation of the C+ line at 1.9THz, is only observable in the HEB bands. The poor baselinequality is a major performane issue in these bands limiting the level of siene possible. Usingthe tehniques developed by the author in this thesis it is possible to reover a large amount ofthe data orrupted by poor baseline performane and maximize the siene return from theseimportant bands.A prototype version of the baseline orretion has been implemented by the GotC+ keyprogram[69℄ and showed vastly improved baselines quality over the standard data proessingpipeline[99℄.
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Chapter 4Gas ell test ampaign: experimentalsetup and saturated line analysis
4.1 IntrodutionThe absene of atmosphere in orbit removes one of the main soures of alibration error for aground based instrument. In order to take full advantage of this a omprehensive pre-launhinstrument level and satellite level test ampaign was undertaken to understand more subtleseond order alibration unertainties suh as alibration load oupling, standing wave and sideband ratio prior to launh. Furthermore given the limited lifetime of the Hershel mission itwas neessary that a detailed understanding of the instrument operation and behaviour wouldbe at hand prior to launh to maximize the telesope observing time and minimize the timeneeded for instrument ommissioning and performane veri�ation.One of the key omponents in the HIFI instrument level ground test ampaign was thegas ell test ampaign. Gas ell tests are ommonly used in the development and testingof heterodyne instruments [47, 104℄. A variety of spae missions have also used gas ells aspart of a ground test ampaign. SWAS (Submillimeter Wave Astronomy Satellite) was the�rst mission to measure the instrument performane using a gas ell[118℄. Unlike the HIFIinstrument testing, where the instrument is tested separately from the telesope, the SWASgas ell tests were undertaken with the omplete satellite. The Swedish Odin satellite useda gas ell �lled with water vapor to provide a realisti signal soure[34℄. The TELIS Balloonmission also used a gas ell to determine the performane of its heterodyne spetrometer[130℄.They observed OCS between 550 and 650 GHz using an SIS mixer unit similar to that used forHIFI.The primary motivation for using a gas ell in the HIFI test ampaign was the determinationof the side band ratio. As detailed in hapter 2 a 5% unertainty in the side band ratio leadsto a 10% unertainty in the single side band intensity. At the band edges large variations inside band ratio are expeted. Knowledge of this variation is neessary to aurately separate108



4.1. INTRODUCTIONthe double side band intensity into its upper and lower side band omponents. By observingknown gases with strong emission lines at various LO frequeny it is possible to measure theside band ratio. In addition to determining the side band ratio there are a number of additionalinstrument e�ets whih an be investigated using the gas ell set up suh as:
• Standing wave
• Diretion detetion
• LO spurs
• Frequeny alibration
• Instrument broadening funtion
• Diplexer alibrationFurthermore the aquisition of a large data base of spetra for a variety of moleular speieshas a number of anillary bene�ts for the operation of the HIFI instrument. Using the gas elldata it is possible to test the instrument pipeline, test data base proedures, developed usersupport tools (standing wave removal tools) and also test the Hershel Common Siene System(HCSS). The ommanding of HIFI's operation during a gas ell observation also provided auseful test ground for in �ight operation of the instrument.Observing line rih gases also provides a useful test data set for the side band deonvolutionalgorithm[20℄. Using this algorithm it is possible to separate the upper and lower side band fromthe double side band spetra. By taking spetra at multiple LO frequenies and traking themovement of the lines to higher or lower IF frequenies it is possible to deonvolve the spetrallines into their original side bands and produe a single side band spetrum. The deonvolutionalgorithm takes the side band ratio as an input to generate a more aurate separation of theside bands. However this method requires areful design of the observing routine to funtionproperly.In this hapter the development of the gas ell test apparatus and hoie of test gases isdisussed. The test time line for a typial gas ell observation is desribed. The data proessingand alibration of the observed spetra is desribed. The instrumental e�ets disussed in theprevious list are illustrated using examples from gas ell data.The side band ratio results extrated from the analysis of moleules with saturated lineemission is disussed in this hapter. The data is presented in a gas by gas manner and theinstrument e�ets seen in the data are disussed through examples taken from observed spetra.It should be noted that the gas ell was designed and built at the Institut d'AstrophysiqueSpatiale (IAS, Orsay) under a CNES ontrat, with ontributions from E. Dartois, F. Boulanger,J-P Crussaire, D. Debo�e, Y. Longval. David Teyssier (ESAC) and Mihel Perault fromthe Éole normale supérieure (LERMA, Observatoire de Paris) ontributed to the original109



4.2. GAS CELL TEST APPARATUSgas ell design. David Teyssier led the integration and operation of the gas ell setup in theHIFI alibration setup at Spae Researh Organisation of the Netherlands (SRON, Groningen).Under his supervision the author was involved in the �nal stages of data aquisition in the Springof 2007.4.1.1 Author's ontributionThe author was involved in the latter stages of the data aquisition at SRON Groningen inpartiular the water observations. The basi sripts for extrating the data and alibration weredeveloped by Bertrand Delforge. The author developed an advaned suite of tools for spetralline analysis and bulk proessing of the gasell dataset. The analysis and interpretation ofresults presented here is the work of the author.4.2 Gas ell test apparatus4.2.1 Gas ell designThe main driver for the gas ell dimensions was to provide saturated spetral lines for observa-tion. A saturated spetral line ours when the density of moleules is suh that the radiationemitted for a given transition is absorbed before the radiation an esape the gas. Saturatedlines are useful for probing the gain in a given side band. With the orret alibration routinethe peak of a saturated line an be diretly related to the side band ratio. Saturated lines anbe ahieved by inreasing the pressure of the gas in the gas ell, inreasing the temperature orinreasing the olumn depth (optial path through the gas).For the HIFI gas ell, based on the development of the SWAS gas ell setup[107℄, it wasdeided to have a low pressure gas ell and a relatively long optial path length ell of 102.54m[117℄. Typial gas ell path lengths in sub-mm region are 50m[47, 104℄. In order to avoid lineblending in omplex moleules the gas ell was designed to have a minimum pressure of 0.1mBar. Figure 4.1 shows the variation in signal transmission for the spetral line peaks of
12CO,13CO and OCS for various gas ell pressures and path lengths. A saturated line is onewith zero transmission. Figure 4.1(d) shows the line pro�le of the 5-6 transition of 12CO at afrequeny of 691473.0763MHz as it approahes saturation, note the �at top line peak indiativeof a saturated line.An additional requirement of the gas ell set up was to have a portable test apparatuswhih ould be easily attahed and detahed from the HIFI main test ryostat. The gas ellwas designed to be ompat man portable apparatus. Standard gas ells are simply a ylinderwith windows and valves attahed on either side through whih the gas is observed. For theHIFI gas ell internal optis were designed to maximize the optial path length while keepingthe overall size to a minimum. Using an O�ner system this maximizes the optial path length110



4.2. GAS CELL TEST APPARATUSthrough the gas while having little e�et on the beam shape oming from the loads, see �gure4.2 for shemati of the gas ell optial layout.The gas ell itself onsists of a glass open ended ylinder with 2 port holes half way down itslength, see �gure 4.3. One porthole is used to pump the gas in and out of the system. The seondport hole is used to insert temperature and pressure gauges. Based on the reommendationof the SWAS gas ell report[107℄, the gas ell is made from glass (Borosiliate glass DURAN)instead of metal to avoid ontamination of the gas ell with �stiky� gases suh as water orformaldehyde whih would adhere to metal walls. The internal aluminum mirrors are goldoated to avoid orrosion of their surfaes. Furthermore the plumbing system for moving thegases into the ell is made from with glass joints and Te�on overed piping to avoid rossontamination between di�erent gases.The ends of the gas ell ylinder are sealed with 2 metal plates, see �gure 4.3. The lower baseontains the Mylar windows through whih the signal transits. The windows and mirrors aredesigned to redue the e�et of standing waves in the system. This was ahieved by avoidingdiretly perpendiular surfaes in the optial path with eah window having a tilt to avoidre�eted signal along the optial path. The top over for the gas ell ylinder ontains theinternal gas ell optis with a urved primary mirror on the inside of the over. The seondarymirror shown in �gure 4.2 is attahed to the top plate through two metal arms. All mirrors aremade out of metal, with a gold+epoxy oating of surfae auray of order 0.1µm allowing foroperation at higher frequenies.The gas ell is mounted after the Hot/Cold load soure, see �gure 4.3. The Hot/Coldload soure ontains a rotating mirror that is used to selet the soure signal that is seen byHIFI through the gas ell. The old load, at a temperature of 80K, is mounted on top ofthe alibration load unit while the hot load, at a temperature of 300K, is mounted at thebottom. The gas ell output signal is direted into the HIFI re-imager. The re-imager mimisthe Hershel telesope optis and presents a similar beam size and shape to the HIFI internaloptis.To ahieve a vauum pump level of 10−5 bar a two stage pump system is used. To go to0.1mbar one primary pump is used (Adixen-Alatel ACP 28) and a seond stage turbo pumpis to used to redue the pressure to 10−5 bar (Adixen-Alatel ATP 150). A 10−5 bar level isneeded to measured the transmission through the gas ell with no gas present. An overview ofthe gas ell pump system is shown in �gure 4.4(a). Figure 4.4(b) shows the sample holder forthe gas ell sample.4.2.2 Calibration gasesThe hoie of alibration gases was a trade o� between 5 harateristis, were lines availablein the HIFI frequeny range, was the gas dangerous, was it lightly to orrode the gas ell andequipment, was it readily available (not di�ult to soure) and how well understood was the111



4.2. GAS CELL TEST APPARATUS
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4.2. GAS CELL TEST APPARATUS
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4.2. GAS CELL TEST APPARATUS
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4.2. GAS CELL TEST APPARATUS

(a) Shemati of gas ell pump system (b) Piture of gas ell sample holderFigure 4.4: Gas ell pump systemmoleule (omplete line list, line intensity, pressure broadening parameters).The gas ell test ampaign was undertaken in 2 phases. The �rst gas ell test phase woulduse simpler linear moleules with saturated lines to provide a sparsely sampled �rst pass atmeasuring the side band ratio. This phase would provide limits to the range of side band ratiospossible. The gases hosen were 12CO,13CO and OCS. Observing CO in the gas ell also hadan astronomial signi�ane as this is a ommon moleule observed in spae and it was deemedneessary to investigate this portion of the HIFI range. The AOR investigation of Morris &Borys [82℄ showed that indeed CO and H2O aount for a large portion of the target moleulesfor map and point observations.The seond test phase would have a �ner LO frequeny resolution and attempt to overthe entire HIFI frequeny onverage with a gas ell observation. For this phase of the testampaign more omplex line rih moleules were hosen to provide more points to sample theside band ratio. The gases hosen for this phase were CH3OH,CH3CN, H2S and SO2. Howeverthe transitions in the more omplex moleules provide low line intensities resulting in littleor no line saturation for the gas ell system designed. To extrat the side band ratio fromthis data would require a more sophistiated modeling approah. Additionally for CH3OH,whih is the most used gas of the test ampaign, the line frequenies, intensities and pressurebroadening are a subjet of researh among the spetrosopy ommunity and it would requirea reursive approah to �rst extrat the line information from the observed data and use this115
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12CO arbon-12 monoxide F+, T+ none 295
13CO arbon-13 monoxide F+, T+ none 76C6H5CH3 toluene F, Xn none 69CH3CN aetonitrile F, Xn none 192CH3OH methanol F, T none 5370H2O water safe �stiky� 116H2S hydrogen sul�de F+, T+, N �stiky� 149OCS arbonyl sul�de safe none 165SO2 sulfur dioxide T, C orrosive 233Table 4.1: Summary of gases used during the gas ell test ampaign. The abbreviations inthe safety olumn are based on the EU Dangerous Substanes Diretive (1967). F stands for�ammable, T stands for Toxi, Xn for harmful, N is stands for Dangerous for the environmentand C stands for orrosive. A plus proeeding the letter means highly for example T+ meanshighly toxi.data to improve the line model and extrat the side band ratio. In addition H2O was inludedas a gas ell alibration gas, but was observed towards the end of the test ampaign due to its�stiky� nature. Figure 4.5 gives an overview of the LO frequeny overage of eah gas. Fromthe �gure the signi�ane of methanol is apparent and aounts for 80% of all observationstaken during the test ampaign.Table 4.1 provides an overview the number of observations taken with eah gas as well as thesafety and gas ell safety properties of eah gas. The lab in Groningen was adapted to mathsafety standard partiularly the highly toxi CO moleules and H2S. An alarm was installed inthe lab to warn the operator and the gas was exhausted out of the building through a himneyinto the atmosphere away from any human ontat.

116



4.2. GAS CELL TEST APPARATUS
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Figure 4.6: Gas ell observation time line4.2.3 Gas ell operationThe gas ell operation was implemented muh like a typial astronomial observation, a hotand old measurement is taken followed by an observation of the point of interest and a suitableo� position. For the gas ell observation the hot old observations were taken looking at theexternal alibration loads through an empty gas ell. The gas was then pumped from the gassample bottle into the gas ell and allowed to thermalize to room temperature. An observationwas then made looking at the hot load and then the old load through the gas at the requiredpressure. Eah gas ell phase is observed for a minimum 4 seonds with higher observationtimes towards higher frequenies to redue noise. Figure 4.6 gives an overview of a typial gasell observation time line. Later observations inorporated the internal old load to redue theamount of drift in the system. Drift was espeially problemati in the HEB bands resulting inpoor baselines behaviour. This problem is disussed in detail in hapter 3.4.2.4 Data alibrationThe data alibration is also similar to a standard astronomial observation. The four phasesobserved during an observation are ombined together to form a alibrated spetrum of sorts.The four phase alibration is neessary to remove the instrument band pass whih dominatesthe reorded signal before the ross alibration, see �gure 4.7(a). The di�erene between thegas ell and astronomial observation is that the data is not onverted into units of intensityand is left as ratio of the signal transmission through the gas ell with and without the gas inthe optial path. The gas ell spetrum is generated using the following formula:

OFF (HF)− ON (CF)
HOT (HE)− COLD(CE) (4.1)The resulting spetrum appears as an absorption spetrum, see �gure 4.7. This an beonfusing on �rst inspetion. The spetrum is not a lassi absorption spetrum where theradiation of a soure is absorbed by a older gas between the observer and the radiation soure.The gas ell spetra appear in absorption due to the manner the observation phases are om-bined together in equation 4.1. For the gas ell spetrum the gas temperature is higher than the117
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4.2. GAS CELL TEST APPARATUSold load temperature. The gas then appears in emission when viewed against the old load,with the old full phase showing both the emission from the old load and gas, see �gure 4.7(a).For the hot full observation phase, the gas emission is not visible as the hot load dominates theemission.Calibrating the data in this way is useful, by observing a saturated line in one side band theside band ratio is readable diretly from the line intensity peak. The example shown in �gure4.7 shows a saturated 12CO (6-5) transition at a gas ell pressure of 4.7mbar observed in theupper side band. Note there are also 2 standing waves visible in the data, a 34 MHz and moreprominent 170 MHz standing waves, these are disussed later in this hapter.The LO frequenyis tuned to 685.572, the 12CO line at frequeny of 691.473 GHz is then down onverted to anIF frequeny of 5.9 GHz. The CO line observed here is saturated. Sine the gas is at similartemperature to the hot load, a saturated line at that frequeny is equivalent to the single sideband hot load response. The hot load response is broadband and so is seen in both side bands.The line emission however is seen in only one side band. If the gain in the upper and lower sideband is equal the peak line emission for a saturated line should be exatly half of the hot loadresponse. Figure 4.7() shows that for this LO frequeny the mixer gain at this IF frequenyis balaned between both side bands.By alibrating the spetrum as an absorption spetrum the side band ratio an be readdiretly from the line peak intensity. It must be known beforehand whih side band the lineis observed in. In the ase of �gure 4.7 the 12CO line is in the upper side band with an IFfrequeny of 5.9 GHz. The line peak value of 0.5 is then equal to one minus the normalizedside band gain or 1−Gssb, where Gssb was de�ned in equation 2.24 on page 31. If the line wasfrom the upper side band the peak line intensity would be diretly equal to Gssb. Furthermoreif the line peak in �gure 4.7 was 0.4 this would orresponds to a Gssb value of 0.6 i.e. the upperside band aounts for 60% of the total double side band intensity at this IF frequeny.This approah of observing saturated lines in the gas ell forms the basis of the gas ell testampaign. As stated previously the design of the gas ell and hoie of alibration gases weredriven by the requirement to provide saturated lines for observation. The following setiondesribes the analysis of the data by extrating the peak line intensity of saturated lines andfrom that extrating the side band ratio.4.2.5 Data storageIn total 6750 observations were taken during the gas ell test ampaign. All the gas ell testdata was stored in the same format and using the same proedures as real HIFI astronomialobservations. This provided a useful test environment for database tools and seurity protools.Initially assessing the database was di�ult due to �rewall and bloked ports either at SRONGroningen or at the home institutes of the gas ell test users. To overome this obstale a loaldatabase was generated by Bertrand DelForge whih ould be downloaded to a loal omputer119



4.3. GAS CELL DATA PRE-PROCESSINGand then quikly aessed via a look up table whih pointed to the loation of eah observation.One of the drawbaks of the online database was the querying faility whih was extremely slowduring the initial test ampaigns. The development of the loal database greatly inreased thee�ieny of the analysis proess.4.3 Gas ell data pre-proessing4.3.1 IntrodutionThe alibration proess desribed in equation 4.1 and illustrated in �gure 4.6 is designed tominimize the e�et of drift on the �nal alibrated spetra and remove systemati e�ets fromthe system. However this approah is not always suessful and depending on the stability ofthe system at that partiular frequeny the resulting spetrum an have a poor quality andmaybe useless for alibration proposes. The orretion of the data is a ommon task of theastronomer during a astronomial observation and the gas ell data analysis is no di�erent. Dueto the limited amount of frequeny overage great e�orts were made during the data proessingto reover as muh bad data as possible. In this setion we desribe some of the e�ets seen inthe data and the e�orts made to reover the data. Some examples are also given of data thatwas irreoverable.4.3.2 Standing wavesStanding waves in the optis are disussed in detail in setion 2.4 while standing waves in theHEB eletrial ampli�ation hain are disussed in hapter 3, in partiular setion 3.4.2.1 onpage 82 disusses the proess of orreting orrupted baselines in the gas ell data. In thissetion the topi of standing waves unique to the gas ell setup are disussed along with someexamples.The gas ell test setup was arefully designed to avoid having standing waves in the �nalspetrum. The optial design avoided having perpendiular surfaes in the optial path and alsoavoiding soures of vibration in the system. Unfortunately residual standing waves persisted inthe system. Standing waves are normally assoiated with ripples on the ontinuum. Howeverthere are more subtle modulation e�ets on the spetral lines also. This e�et is disussed insetion 2.4.On �rst inspetion it was originally thought that the standing waves seen on the ontinuumwere due to stability or vibration problems in the system. However on loser inspetion thestanding wave pro�le was onsistent between observations taken at the same LO frequeniesand gas ell pressure at di�erent times. The standing wave pro�le was seen to hange asthe gas ell pressure was inreased. This suggests that the introdution of the gas into thesystem hanges the optial path resulting in the residual standing wave seen on the baseline.120



4.3. GAS CELL DATA PRE-PROCESSING

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 4500  5000  5500  6000  6500  7000  7500  8000  8500

T
ra

ns
m

is
si

on

IF Frequency (MHz)

 0.95

 0.96

 0.97

 0.98

 0.99

 1

 1.01

 1.02

 7000  7200  7400  7600  7800  8000  8200

T
ra

ns
m

is
si

on

IF Frequency (MHz)

5.78 mbar
5.80 mbar
6.24 mbar
8.29 mbar

Figure 4.8: Spetra of 12CO observed at an LO frequeny of 568.5 GHz at di�erent gas ellpressures. 2 standing waves are seen in the data, one with a period of 34MHz and a seondlarger amplitude standing wave with a period of 170MHz.Unfortunately this e�et was only realized after the gas ell test ampaign had onluded and soa rigorous investigation of this e�et was not possible. It may have been possible to determinethe refrative index of the gas based on the phase shift between standing wave with and withoutthe gas.Figure 4.8 shows an example of 12CO gas ell data observed at an LO frequeny of 568.5GHz with 2 standing waves, one with a 34 MHz period and a seond stronger standing wavewith a 170MHz standing wave. From the data it is apparent that the standing wave pro�leis onsistent for di�erent observations proving that the e�et is systemati and not due toinstability in the system. From the period of the standing waves it is possible to determine theorresponding avity length generating the modulation using the following relationship:
L = c/2P. (4.2)The 34MHz period standing wave seen in the data orresponds to a path length of 440m,assuming one half of the re�eting avity is the mixer plane this plaes the ulprit re�etingsurfae outside of HIFI and originating in the gas ell set up perhaps from the external alibra-tion loads. The 170MHz standing wave orresponds to a avity length of 88m again assumingone half of the re�eting avity is at the mixer plane the only viable avity was determined tobe the window between HIFI and the loal osillator unit.121



4.3. GAS CELL DATA PRE-PROCESSINGThe 2 main standing waves seen during the gas ell observation are the 34 MHz and 170MHzstanding wave. These optial standing wave are most apparent at longer wavelength bands.Bands 1 & 2 are most e�eted as their larger beam sizes are more suseptible to the generationof standing waves. Standing waves are oasionally seen in band 3 and 4 also but these an beidenti�ed as stability related and are not reproduible between observations unlike the standingwaves seen in bands 1 & 2, see �gure 4.8. Due to the di�erent quasi optial mixer antennasetup for Bands 5-7 standing waves in the optis are not as prominent. However, as desribedin hapter 3 bands 6 & 7 have other baseline problems.The standing waves seen in �gure 4.8 shows a worst ase senario of standing waves overthe ourse of the gas ell ampaign while the standing wave in the HEB bands are muh worse,�gure 4.8 is the worst example of the e�et of standing waves in gas ell optis. Furthermorethe standing waves seen in band 1 and 2 data have a stable amplitude and phase aross theIF band whih are easily removed using the standing wave removal tools developed by Kesteret al. [59℄.4.3.3 IF spursSpurs are disussed over 2 setions. In this setion spurious response in the bakend aredisussed, LO spurs are disussed in the proeeding setion. IF spurs are spiky features thatappear in the alibrated data. Spurs an range from single pixels to whole sub-bands anddepending on their loation an be harmless or render an observation useless. The behaviourof the spur depends on the origin of the spur. IF Spurs an be split into 2 groups, thosedue to bakend saturation and those due to a transient spur whih moves over the ourse of anobservation. By looking at the raw unalibrated data the nature of the spur an be determined.Saturation of the bakend an our when the attenuation setting of the bakend is too lowand this results in a saturation of the bakend partiularly in the aousto optial wide bandspetrometer (WBS). Oasionally the loal osillator produes more than one signal. If thisadditional signal is within the IF bandwidth and has a large enough power it an saturate thebakend output. These additional signals are known as LO spurs and are disussed in the nextsetion. Figure 4.9 shows an example of bakend saturation in the gas ell phases. In thisexample the bakend is saturated for both the hot and old load observations. When the datais then alibrated using equation 4.1 this results in a division by numbers lose to zero andhene the large spiky signal at these IF hannels.Another soure of spurious response in the IF is due to transient pixels in the bakendpartiularly in the lower part of the IF band. These spurs are spread over multiple hannelsand an saturate some pixels at the enter of the spike. These spurs hange IF frequeny in timealso, this results in large residuals in the alibrated data whih an orrupt lines that fall atthese IF hannels. Figure 4.10 shows an example of a 12CO spetral san. For this observationa spetrum was observed every 100MHz from 572.1 to 568.4 GHz. As the LO inreases the122
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4.3. GAS CELL DATA PRE-PROCESSING
12CO line at 576.267 GHz is seen to shift to lower IF frequenies, see the map plot in �gure4.10(). The IF spur is seen to move in the lower IF band with no apparent orrelation to theLO frequeny.The example presented in �gures 4.9 and 4.10 are from simple moleule with a well knownline positions making it easy to determine whih IF feature is an atual spetral line and whihis a spur. For more omplex line rih moleules suh as CH3CN and CH3OH di�erentiatingbetween spetral lines and spurs an be di�ult. In order to avoid this ambiguity a �aggingsystem was developed by Borys et al. [8℄ to �ag spur a�eted regions. By analyzing the emptyphases of the gas ell data where no line emission is expeted the spur regions are �agged.These �agged hannels are then propagated into the alibrated data and an be ignored duringthe data analysis.4.3.4 LO spursAs mentioned in the previous setion some of the spurs seen in the IF band are due to additionalsignal produed by the loal osillator unit other than the desired single LO frequeny. In theprevious setion the e�et on the �nal alibrated spetra was disussed. The spurs shown inthe previous setion were of relatively low power ompared to the main LO signal. In the asewhere the extra LO signal is of omparable power to the main LO signal this an ause anadditional down onversion of the sky signal and bring an additional set of upper and lowerside bands into the down-onverted spetra. This e�et an make a line appear weaker thatexpeted.The soure of these additional LO signals is a by-produt of the LO signal generation, for adesription of the proess see Pearson et al. [91℄. The LO signal starts from a lower frequenysoure unit of ∼30GHz and through various stages of ampli�ation and frequeny multipliationthe required THz signal is produed. In an ideal senario a single frequeny tone of kHz widthis produed. This signal is then mixed with the sky signal down-onverting 2 side bands ofsignal to IF frequenies. At ertain loal osillator settings additional frequeny omponentsare also produed, areful tuning of the multiplier and ampli�er settings an remove theseadditional LO signals, however throughout the gas ell test ampaign these spurious signals werepresent partiularly in band 5b. Methods to detet these spurious signals through the LO housekeeping data have sine being developed to foreast multiple LO signal prodution[90℄. Theseproblemati LO regions have sine been orreted through a rigorous in �ight test ampaign.Figure 4.11 shows an example of a 12CO spetrum in band 5b. As explained earlier asaturated line in a gain balaned mixer would have a line minimum at 0.5. However when anadditional LO signal is produed the line intensity dereases. In �gure 4.11 the line minimumis now at 0.75 whih would represent an extreme departure from a gain balaned mixer. Forthis spetrum instead of 2 side bands there are in fat 4 sub-bands. A seond LO signal hasdown onverted at additional set of side bands. The side band with the line spetral emission124
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4.4. SATURATED LINE ANALYSIStowards higher frequenies, the smaller beam sizes suseptible to mehanial osillations andthe dereasing size of the mixer towards higher frequenies. Instrument stability during theHIFI ground testing is disussed by Kooi [61℄.System instability in the gas ell manifests itself as poor quality baselines. Figure 4.13(a)shows an example of 2 12CO spetra using LO band 2a taken during a stable and unstableperiod. From the mixer urrent house keeping data shown in �gure 4.13(b) one an see thehanging mixer urrent for the unstable spetrum. The resulting baseline distortion appears on�rst inspetion as a standing wave problem, however the o�set baseline points to a pass bandmismath between gas ell phases. In this ase the LO power has inreased during the ourseof the observation hanging the pump state of the mixer and resulting in a hange in pass bandduring the observation.The sensitivity to hange in LO power varies from band to band. The HEB bands are verysensitive to hanges in LO power due to the IF hain setup and impedane mismath betweeneletrial omponents, this is disussed in detail in hapter 3. However these eletrial e�etsare also seen in the SIS bands but at a muh lower level. The same baseline atalog approahused to orret the HEB ould be applied to the SIS bands however the amount of distortedspetra available is not su�ient. Perhaps over the ourse of the Hershel mission enoughdistorted spetra will be available to orret these e�ets. Corrupted spetra due to instabilityin the SIS bands are rare and aount for about 5% of the total observations.Figure 4.13(a) helps illustrate the usefulness of the mixer urrent housekeeping parameterto �ag potentially problemati spetra. By setting a threshold on the standard deviation of themixer urrent over the ourse of an observation it is possible to �ag suspet spetra. Using thisapproah it is possible to automatially �ag orrupted spetra and ignore them during the sideband ratio analysis.4.4 Saturated line analysis4.4.1 IntrodutionThe previous setions have presented the gas ell design and operation, data aquisition andpreproessing of alibrated data. This setion presents the determination of the side band ratiothrough an analysis of moleules with saturated lines.Observing saturated spetral lines with HIFI was a ritial goal of the gas ell ampaign. Theseletion of gases and design of the gas ell vessel were driven by this requirement. Saturatedlines provide a diret probe of the side band ratio. In a gain balaned mixer a saturated line peakin a double side band transmission spetra should have a line peak of 0.5. Any deviation fromthis points to a gain imbalane. By positioning various saturated lines at various frequeniesthroughout the HIFI frequeny range a measure of the side band ratio an be generated.Figure 4.5 on page 116 provides an overview of the gases observed. Of these gases only 5129



4.4. SATURATED LINE ANALYSISprovide saturated lines, 12CO, 13CO, OCS, CH3CN and H2O. In the ase of OCS saturatedlines are only seen up to 800 GHz (see �gure 4.1()). In this setion the proess of determiningthe side band ratio of eah of these moleules is disussed. The resulting side band ratiosdetermined for eah moleule are then presented for eah mixer band.4.4.2 Side band ratio extration proessFigure 4.14 provides an overview of the analysis proess developed by the author to extrat theside band ratio. The �rst step in the determination of the side band ratio is the extration ofthe desired data from the database. For this analysis eah LO band was analyzed and proessedseparately.Using the loal data base generated by Bertrand DelForge it is possible to quiklyload the raw gas ell data for analysis.The seond step in the analysis is to determine the integrity of the raw data. During thegas ell operation oasionally some observations were taken while only looking at one load.Figure 4.7(a) on page 118 shows an example of the raw gas ell data for a orret gas ellobservation. There is a distint di�erene between the hot and old phase CCD ount. Whenthere is no di�erene between the hot and old load spetra this data is then disarded as nouseful information an be taken from the alibrated spetra. Another problem observed in thedata was that a phase of the gas ell was missing from the database, without the four phases ofthe gas ell observation a orretly alibrated spetrum is not possible. In this ase the data isalso disarded. From the raw CCD data the presene of IF spurs in the data an be established.Using the methods developed by Colin Borys[8℄ IF hannels a�eted by spurious signals an be�agged and these �ags are piked up later in the analysis and are ignored.One the integrity of the observation is established, the four phases of the gas ell observationare ombined together using equation 4.1. The output is a alibrated spetrum similar to thatshown in �gure 4.7(). A seond stage of data inspetion is then onduted looking at the e�etof standing waves on the data. The standing waves seen in band 6&7 and bands 1-5 behavedi�erently and must be treated separately.For bands 1-5, the standing wave analysis methods developed by Do Kester[59℄ are used.Figure 4.15 shows an example of a 13CO spetral line in band 1a showing the data before andafter standing wave removal. From the �gure one an see that the standing wave removal isn'tompletely e�etive. The limits of the standing wave removal tool are disussed in setion 2.4.The data is �nally Gaussian smoothed over 4 hannels to remove exess noise in the data.For bands 6&7 the methods desribed in hapter 3 are used. This method uses a atalog ofbaselines generated over the ourse of the gas ell ampaign to orret the data. Figure 4.16shows an example of the baseline orretion of a HEB spetrum.For all the gases observed in the gas ell test ampaign a omprehensive line list was availablethrough the JPL[94℄ and HITRAN[106℄ line atalogs. The next step in the side band ratioextration proess is to determine whih spetral lines are observed at a given LO frequeny.130



4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSISThis proess is simple and involves subtrating the LO frequeny from the line frequenies, anyline where the absolute di�erene is between 4-8 GHz (for HEB bands, 2.4-4.8 GHz) is thentaken for analysis. Figure 4.15 shows an example of a 13CO observation at 545.249 GHz, thesingle spetral line at 550.926 GHz is then observed at an IF frequeny of 5.677 GHz.One the spetral line IF position is determined the line peak and hene side band ratio anbe extrated. Due to the high noise in bands 6&7 a Gaussian �t is used to determine the linepeak value. For the SIS bands simply smoothing the data is su�ient and the line peak an beread diretly from the data. Figure 4.15 shows an example of the proedure in the SIS band.Using the line list a region of 100MHz around the line enter is analyzed. In this example theline peak is determined to be 0.513, as the line is the upper side band this orresponds to sideband gain ratio, Gssb, of 0.487 (1-0.513). Without baseline orretion and data smoothing theline peak would have a value of ∼ 0.503. In this example the spetral line has a lower thanexpeted intensity for a saturated line, ideally it should be 0.5 for a gain balaned mixer. Tosummarize, for this LO frequeny and at an IF frequeny of 5.677 GHz the fration of the totalsignal that omes from the upper side band is 0.487. With this measurement omes a ertaindegree of unertainty. For the analysis an error bar is alulated based on the surroundingbaseline variability, taking the standard deviation of the baseline around the line position theunertainty is alulated to be 0.5% of the alulated value. Using this approah poor qualitydata will have a large error bar allowing for quik identi�ation of problemati observations.Figure 4.16 shows an example of the proedure in the HEB band. In this example a regionof ± 500 MHz around the line enter is taken. A Gaussian is �tted to the shaded region andline peak of the �t is taken as the side band ratio. In this ase the line peak is determined to be0.462. The spetral line has a sky frequeny of 1760.486 GHz, the LO frequeny was 1764.086GHz whih plaes the line in the lower side band. Hene the normalized side band ratio, Gssb,for this IF frequeny at this LO frequeny is 0.462. The normalized side band ratio is de�nedas the fration of the total double side band intensity that is from the upper side band for eahhannel. For this example the fration of the total intensity that is lower side band intensitywas measured. Hene the upper side band fration or Gssb is 0.462.The basi rule of thumb is that the line peak intensity for a saturated line observed inthe lower side band orresponds diretly to the normalized side band ratio, Gssb. Converselyfor saturated lines observed in the upper side band the peak line intensity orresponds to 1-Gssb. The following setions desribe the analysis of the following moleules, 12CO, 13CO, OCS,CH3CN and H2O using the methods desribed in this setion. By ombining the side bandratios extrated from these moleules a oarse sampling of the side band ratio aross the HIFIfrequeny range is generated.
132



4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSISLine fre-queny(GHz) LO band observationount MaximumLO (GHz) MinimumLO (GHz)576.268 1b 80 572.101 568.400691.473 2a 20 687.372 683.574806.652 3a 10 814.401 810.900921.800 3b 9 929.552 926.0501036.912 4a 30 1032.710 1029.1101151.985 5a 24 1147.586 1144.0841267.014 5b 25 1261.616 1259.1141496.923 6a 51 1504.524 1499.2741611.794 6b 25 1616.402 1614.3981726.603 6b 10 1731.200 1729.2491726.603 7a 10 1731.200 1729.2491841.346 7a 11 1838.295 1836.7961841.346 7b 11 1838.295 1836.796Table 4.2: Summary of 12CO gas ell onverage showing observed line frequeny, LO bandoverage and number of spetra taken.4.4.3 12CO analysis
12CO is one of the key moleules observed in sub mm astronomy hene 12CO was a key gasduring the gas ell ampaign. Unfortunately 12CO is simple moleule and produes few spetrallines over the HIFI frequeny range. In total 11 di�erent 12CO lines were observed at di�erentLO frequenies and in di�erent side bands, see table 4.2 for a summary. In partiular, the (5-4)
12CO transition at a frequeny of 576.268 GHz was observed multiple times over the ourse ofthe gas ell test ampaign at di�erent gas ell pressures and LO frequenies. Figure 4.17(a)shows an example of this spetral line observed at same LO frequeny but at di�erent gas ellpressures. From this �gure one an see the e�et of pressure broadening on the line pro�le.This e�et will be desribed in more detail in hapter 5. This example demonstrates one of thefundamental priniples of the gas ell, that as the pressure is inreased the line pro�le is seento broaden.Figure 4.17(b) shows a spetral san of 12CO taken in LO steps of 100 MHz from 568.4 to572.1 GHz. In total 38 spetra are shown. For this example the spetral line is saturated. Theline intensity is seen to inrease toward lower IF frequenies indiating a hanging side bandratio. This example is unique as the hange in gain aross the IF band is large and the numberof spetra taken is the largest for any line transition observed during the gas ell ampaign.Following the methods desribed in �gure 4.14 the side band ratio is extrated and tabulated.The extrated side band ratio for eah LO frequeny is plotted in �gure 4.17(). From this�gure it is apparent that over this LO frequeny range that the side band gain, or the frationof the upper side band making up the total side band, inreases towards higher LO frequenies.This proess of side band ratio extration is ontinued for all 12CO lines observed in the135



4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSISgas ell, Figure 4.18 provides a summary of the side band ratio measured for all bands. Theseplots provide a useful overview of the side band ratio value aross the HIFI frequeny overageand help identify problemati areas. As summarized in table 4.2 eah spetral line is observedmultiple times at di�erent LO frequenies. Based on analysis of the FTS measured mixer gain,see setion 2.3.2.2 on page 32, it is not expeted that the side band ratio ratio varies more than10% over 4 GHz of LO frequeny range. Any spetral lines showing extreme variation in sideband ratio are �agged for further investigation. From �gure 4.18 a number of suspet areasare identi�able. These areas are possibly e�eted by other systemati e�ets suh as standingwaves, poor data quality, under pumped mixers or in the ase of the diplexer bands mistuningerrors.In the small regions of Band 2a and 5a measured the side band gain is balaned. The dataquality here was exellent providing a solid �rst measurement in these bands. Band 1b hasa steep variation in side band ratio with LO frequeny however on lose examination thesevariations appear to be intrinsi side band ratio e�ets. Similar slopes in gain for this LOfrequeny range were also seen in follow up in �ight observations.Band 5b has an extreme side band ratio of ∼ 0.25 around 1260 GHz. Values like theserequire further investigation as they are not expeted based on the FTS RF gain analysis. Theulprit in this ase is an impure LO signal leading to the multiple LO signal issue disussed insetion 4.3.4 on page 124. An example of the resulting spetrum is shown in �gure 4.11 on page126. Extrating the side band ratio in these ases is almost impossible as one must onsidernot just the side band ratio at the primary LO frequeny but also those at the seondary LOfrequeny. For these observations the data is disarded and it is hoped that the band is wellsampled by other moleules at other frequenies.Bands 3a, 3b and 4a have a large satter in their measured side band ratios. Bands 3 and 4are known to have large standing wave with a period of 680MHz due to a �at edge at the angleof the diplexer rooftop mirror, this is disussed in more detail in setion 2.4. This standing wavedi�ers from those disussed in setion 4.3.2 in that it is internal to HIFI and not dependent onthe gas presene and hene anels on the ontinuum during the ross alibration. However thestanding wave is still present in the spetral line pro�le and its e�et is seen when the line istraked aross the IF band. Unfortunately the step size taken during the gas ell ampaign isnot su�ient to investigate this e�et further with 12CO however there are 13CO and CH3CNobservations whih show large variability in line intensity for spetra separated by 100 MHz inLO frequeny this will be disussed later. Ideally for a standing wave period of 680 MHz a stepsize of 100 MHz would help establish perhaps the phase and amplitude of the standing waveand apply a orretion to the data. Unfortunately a step size of 1GHz was taken.In addition to the standing wave problem, bands 3 and 4 are also suseptible to diplexermistuning and misalignment disussed in setion 2.3.2.3 on page 38. Closer examination of thevariation of peak intensity with IF Frequeny indiates a diplexer mistuning. Coinidentally auseful pair of observations were taken in band 3b. 2 observations were taken at the same LO137



4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSISfrequeny of 926.050 GHz plaing the spetral line at 921.8 GHz at an IF frequeny of 4250.8MHz. One observation was taken at the orret diplexer setting while one was taken a mistuneddiplexer setting. Figure 4.19(a) shows a omparison between the 2 spetra. The spetral linesare both saturated, whih is apparent from their �at top spetral line pro�le, however due tothe diplexer mistuning there is a 15% di�erene in peak line intensity. For side band ratiodetermination eah observation must be taken in the ontext of the other measurements takenlose by. For this example the weaker spetral line is disarded from the analysis.Unfortunately there are further diplexer tuning problems in band 3b. Figure 4.19(b) shows
12CO lines taken during a spetral san. From this plot of the H mixer data it is apparent thatthe line intensity inreases towards higher IF frequenies. A 20% inrease in line intensity is seenaross the IF band, this appears extreme. The variation in line intensity with IF frequenypoints towards a diplexer mistuning. Using the equations in setion 2.3.2.3 it is possible togenerate a model of possible diplexer misalignment tuning errors, see �gure 2.18 on page 39 forsome examples of various diplexer mistuning senarios. Using the diplexer model equations onean determine the extent of diplexer mistuning and then use this model to orret the data.Figure 4.19() plots the line peaks from the H mixer data in �gure 4.19(b) as well as the Vmixer data. The dashed lines show the diplexer gain model estimation. From the model it isestimated that a -10 miron tuning error is present for the H mixer while a -8 miron erroris seen for the V mixer. Applying the orretion to the data redues the satter in line peakintensity for the H mixer from ±11.2% to ±2.8% and for the V mixer from ±9.5% to ±3.6%.The resulting satter is assumed to be due to standing wave e�ets. Taking the mean of thegain orreted values returns a side band ratio of 0.48±0.01 for the V mixer and 0.54±0.02 forthe H mixer.From the example shown it is apparent that a diplexer mistuning an have quite real e�etson the �nal alibration auray of the data. Depending on the IF position of a spetral line theintensity an vary up to 20%. For this example we have established the tuning error for band3b and this an be used to orret this data and other data in this band. Unfortunately thisorretion an only be applied to the data taken during this test ampaign. The gas ell data isspread over 3 test ampaigns between whih the test set up and instrument on�guration washanged slightly and in most ases this inluded the diplexer look up table used to alibratethe diplexer. So the mistuning orretion extrated from this 3b data an only be used on datawith the same diplexer look up table. Fortunately there is no evidene of diplexer mistuning inbands 3a and 4a, with the large satter seen in the side band ratio mostly due to standing wavee�ets. Follow up in �ight observations of astronomial soures with strong line emission haveshown that the in �ight diplexer model was nominal for all bands proving that the mistuningseen in the band 3b data was due to a poor diplexer model.The largest satter seen in the side band ratio summarized in �gure 4.18 is for the HEBbands. The band 6a measurement in partiular has a large degree of satter and requires anadditional level of proessing in addition to that desribed in �gure 4.14. The HEB bands are140
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4.4. SATURATED LINE ANALYSISLine fre-queny(GHz) LO band observationount MaximumLO (GHz) MinimumLO (GHz)550.926 1a 4 545.249 545.249661.067 2a 6 655.251 655.251771.184 2b 6 765.501 765.501881.273 3b 5 874.998 874.750991.329 4a 6 997.330 985.0001101.350 4b 10 1107.351 1094.9981211.330 5a 7 1205.330 1205.3301431.153 6a 4 1434.756 1434.7501540.989 6a 6 1544.598 1544.5381650.768 6b 5 1654.371 1654.3641760.486 7a 6 1764.086 1764.0861870.141 7b 7 1873.746 1873.746Table 4.3: Summary of 13CO gas ell line frequeny, LO band overage and observation ounta knok on e�et of the master and slave approah to LO power determination. As a result ofthis there may be a disparity between the ahievable alibration auray of the V mixer andH mixer. Analysis of other gases in this band may help improve the alibration auray forthe V mixer. It is not possible to determine the tuning state of the diplexer given the largeamount of satter in the data.
12CO was also observed in LO bands 6b, 7a and 7b and shows similar H and V performanedisparity. The level of peak line intensity satter shows similar satter to that shown for band6a. The results however are enouraging with most spetral lines having peak value around 0.5onsistent with a gain balaned mixer. Band 7a also shows some evidene diplexer mistuningwith line intensity seen to drop towards the IF band edges for the H mixer but not for the Vmixer, see �gure 4.26(b). The V mixer data is plotted for omparison in �gure 4.26() showingless satter and no drop in intensity towards the IF band edges however there is a drop inintensity for the line measured at the IF enter.4.4.4 13CO analysisThe usage of 13CO as a alibration gas was less extensive than that of 12CO, 316 12CO obser-vations as opposed to 72 13CO, see table 4.3. Furthermore the LO frequeny overage aroundthe spetral line was less broad with multiple observations taken at the same LO frequeny asopposed to the line traking approah used in the 12CO observation. Multiple observations atthe same LO frequeny are useful in determining the auray of a measured side band ratio.However traking a spetral line aross the IF band is also a useful test to investigate standingwave or diplexer mistuning e�ets where appliable. The majority of 13CO data were takenwith the spetral line at the enter of the IF band.148
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4.4. SATURATED LINE ANALYSISsetion 2.4.Band 4a and 4b had exellent baseline quality however for ertain LO frequenies the Hmixer was onsistently noisier than the V mixer. This is a similar e�et to that seen in theHEB band where one polarization is optimally pumped while the other polarization is left to�oat, although it is less dramati for the SIS mixer bands as they are less sensitive to LO powerhanges. Figure 4.29(a) shows an example of an over pumped H mixer unit. In this examplethe H mixer had on average a mixer urrent of 0.0575mA while the V mixer had a 0.039mA.Unlike the HEB mixer where a low mixer urrent (0.02mA) denotes an over pumped mixer, foran SIS mixer a high mixer urrent denotes an over pumped mixer whih an lead to high noiseas we see here. Figure 4.29(b) shows an example of optimally pumped H and V mixer unit.For this example the mixer urrent for the H mixer is 0.044mA while the V mixer urrent is0.029mA.Figure 4.29() shows an example of an extreme line pro�le with a line peak at ∼ 0.25. On�rst inspetion, this may appear to be a standing wave problem however the line pro�les forthe H and V are almost exatly the same whih is not onsistent with a standing wave e�et.Eah polarization hannel has a unique set of standing waves, in this ase the 2 standing waveswould have to have the same phase and amplitude whih is not lightly. Perhaps this is a real RFgain e�et as it is situated towards the band edge where extremes are expeted. Observationof other gases at this frequeny may help larify the origin of this extreme gain variation.From �gure 4.27, band 5a exhibits an large imbalane in the side band gain ratio. Anormalized side band ratio, Gssb, of 0.38 ± 0.09 is seen for both polarizations. A satter of thisextreme merits further investigation. Figure 4.30 shows the line pro�le that went into the sideband ratio ratio for the H and V pro�le. From this it is apparent there are 2 outliers generatingthe side band ratio satter. One spetral line pro�le has an emission line at the line peak. Thisis the e�et of not e�etively removing the 13CO gas from the empty phase of the gas ell test.From the line pro�le it is apparent that a residual of gas was left for the old empty gas ellphase resulting in this line pro�le. This observation is �agged and is disarded from futureanalysis.The seond 5a outlier is a single spetrum taken an at earlier test phase. This spetrumshows a lose to gain balaned line pro�le. The remaining spetra are all taken over the samegas ell test period and are onsistent with eah other. During the intervening period of testingnew attenuators were introdued for all bands exept band 5 so this provides no answer to thisoutlier. This ould perhaps be another LO spur, however the line intensity is greater than 0.75,unlike in the band 5b example in �gure 4.11 on page 126, this would require some side bandgain ratio gymnastis to make this a viable senario. This spetrum is �agged as an outlier andis ignored for future analysis.The HEB band data was of better quality ompared to the 12CO data. At ertain frequeniesthere is still a large satter in the peak line intensity similar to that shown in �gure 4.23. Evenafter applying the baseline orretion the line peak has a large variability. In band 6a, 3151
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1.910 mbarFigure 4.32: Observation of H2O at an LO frequeny of 1664.908 GHz at 3 di�erent gas ellpressures. The entral line is at a frequeny of 1661.008 GHz, the wing of another line at afrequeny of 1669.905 GHz is seen at the upper IF band edge. At higher pressure the 2 linesblend together making it di�ult to apply the HEB baseline orretion. All spetra have anemission line at the enter of the absorption line indiating that the gas ell was not ompletelyvoid of water during the empty gas ell phases.4.4.5 H2O analysisThe observation of water is one of the main goals of the HIFI instrument. In partiular the 3water lines ending in the ground states are essential for absorption studies of old water. Theselines are at frequenies of 556.936 GHz (band 1a), 1113.343 GHz (band 4b) and 1669.905 GHz(band 6b). The gas ell observations onentrated on these lines and they are observed multipletimes in both the upper and lower side band. Other water lines are also observed however somelines were not strong enough to saturate in the gas ell set up and so were ignored in thisanalysis.Water was observed towards the end of the gas ell ampaign sine water has a negativee�et on the gas ell and tends to stik to the gas ell walls. As the data was taken in the�nal stages of HIFI testing the data is of high quality re�eting the experiene gained over thetest period. The data in the SIS band required little post proessing. The HEB bands su�erfrom standing wave issues still but this was expeted beforehand. Removing the HEB standingwave from the water data however was problemati given the width of the water lines at highpressure.As desribed in setion 3.4.2, the method of HEB baseline orretion requires that someontinuum is available so the spetrum an be ompared to the atalog for a mathing spetrum.For water observations the line an dominate the entire IF band making it impossible to �ndan appropriate mathing atalog baseline for a high pressure spetrum. Figure 4.32 shows anexample of a water observation at 1664.908 GHz at di�erent gas ell pressures. In this examplethe line is at a frequeny of 1661.008. The wing of another line is observed at 1669.905 GHz.At high gas ell pressure the 2 lines are blended together making it di�ult to extrat the sideband ratio. For the gas ell water observation data was taken at various gas ell pressures. Thisredundany with LO frequenies means high pressure spetra suh as the 1.191 mbar spetra155
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4.4. SATURATED LINE ANALYSISgas H mixer V mixer
12CO 25% 44%
13CO 25% 38%H2O 40% 60%Table 4.4: Perentage of HEB spetra disarded due to large standing waves. Large standingwaves are de�ned as those having an amplitude greater than 10% transmission.in �gure 4.32 an be ignored for the analysis without loosing a sample point in the side bandratio survey.For the HEB band orretion the broad water lines are problemati. However in the SISbands the large saturated peaks reveal some interesting features in the data. In the SIS diplexerbands (band 3&4), where standing waves are signi�ant, we see some large slopes in the satu-rated line peak. This is not seen in bands 1 and 2 data where standing waves in the optis areless. Figure 4.33(a) shows an example of a saturated water line in band 1a. The line peak is �atand has no signi�ant slope. A short period standing wave an be see on the line peak plateau.Figures 4.33(b) and 4.33() show an examples of the e�et of a long period standing wave onthe link peak. The standing wave seen here is due to re�eted signal between the mixer unitand the diplexer roof top mirror. This avity produes a 680MHz period standing wave.Figure 4.34 provides an overview of the side band ratio measured for saturated water lines.From the data it is apparent that there is little satter seen in the SIS bands. Eah side bandratio point in the SIS band was measured at least twie. In the HEB bands, a large number ofspetra were disarded due to the extreme standing waves seen. Table 4.4 shows an overviewof the amount of spetra disarded for both H and V mixer. There is a large disparity betweenH and V, most lightly due to the master and slave LO power aquisition approah where the Hmixer is always pumped optimally and the V mixer is left to �oat. There is also a gap betweenthe CO moleules and water observation. The CO moleule have less extreme standing waves.This inreased amount of poor quality data may be a re�etion of the LO stability at thesefrequenies. Operating the LO lose to the water line an be problemati. As we saw in �gure4.32, even at low pressures and for a short gas olumn length the signal transmission an dropsigni�antly. Turbulene in the air ould have aused �utuations in the LO power pumpingthe mixer. As disussed in hapter 3, slight hanges in mixer pump level an have a large e�eton the standing wave anellation in the resulting spetra.4.4.6 OCS analysisOCS is a useful gas for alibration purposes. OCS has a strong spetral line every 12 GHz.Through areful seletion of the LO signal, a spetral line an be plaed in the upper and lowerside band providing a useful probe of 2 IF positions simultaneously. Figure 2.19(a) on page 42shows a simulation of the typial OCS double side band spetra. Unfortunately above 800 GHzOCS spetral lines are not saturated in the gas ell test set up. Hene the analysis of OCS is158
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Figure 4.35: OCS spetra observed at an LO frequeny of 684.912 GHz with a gas ell pressureof 4.4mbar. This example shows a balaned side band gain at this LO frequeny at the IFfrequenies of 4700 and 7414 MHz. The additional weaker lines are most probably isotopes ofOCS.only useful at frequenies below 800 GHz, see �gure 4.1() for a summary of OCS line peaktransmission for various gas ell path lengths.For OCS the analysis approah desribed is hanged slightly to that of the single linespetrum disussed in the preeding setions. Sine there are now 2 lines in eah spetrum, onein the upper side band and one in the lower eah line is treated separately. Lines observed atthe same IF and LO frequenies are then averaged together.Figure 4.35 shows an example of a typial OCS spetrum taken during the gas ell testampaign. 2 OCS lines are seen in the spetrum. The lower IF band line is observed in thelower side band and has a frequeny of 680.213 GHz. Whih ombined with the LO frequenyof 684.912 GHz plaes the line at an IF frequeny of 4700 MHz. Similarly the upper IF bandline is at a frequeny of 692.326 GHz and is plaed at an IF frequeny of 7414 MHz whenombined with the LO signal. For this example both lines have a line peak at 0.5 suggestingthere is equal gain between the upper and lower side band at this LO frequeny.There are some LO frequenies whih vary signi�antly from a gain balaned mixer parti-ularly towards the band edges. This was predited by the analysis of the FTS RF mixer gaindata see �gure 2.16(a) on page 36. Figure 4.36 provides an overview of the side band ratiosdetermined from OCS. For all observations the 2 OCS lines were observed at IF frequeniesin and around 4.7 and and 7.4 GHz. The LO frequeny is seleted so the LSB line is seenat the lower IF frequeny and the USB line is seen at the upper IF frequeny. Figure 4.36shows the side band ratio determined for both the upper and lower side band lines. From theseobservations one an get a piture of the slope in side band gain ratio aross the IF band.Up to now, with the analysis of 12CO, 13CO and H2O only a single frequeny point on the IFband was measured. The advantage of OCS as a alibration gas is that 2 points at di�erentIF frequenies are sampled simultaneously. LO frequenies with extreme side band ratio slopesaross the IF band are easily identi�ed as those with large di�erenes between the side band159
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(a) OCS spetrum seen at an LO frequeny of 660.681 GHz. The upper side band line, at a frequenyof 668.098 GHz, is seen at 7.42GHz has regular �at line peak and is onsistent with di�erent pressures.The lower side band line, at a frequeny of 655.981 GHz, has a sharp line peak di�erent to the upper sideband line.

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 4000  4500  5000  5500  6000  6500  7000  7500  8000

T
ra

ns
m

is
si

on

IF Frequency (MHz)

H mixer  (2 spectra)
V mixer  (2 spectra)

 0.4

 0.5

 0.6

4650 4700 4750
 0.4

 0.5

 0.6

7400 7450

(b) OCS spetrum seen at an LO frequeny of 672.798 GHz. The upper side band line seen at the higherIF frequeny shows a similar sharp peak as that seen for the 660.681 GHz example above.
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() OCS spetrum seen at an LO frequeny of 636.444 GHz showing extreme side band gain imbalanetowards the band edge. The average normalized side band gain, Gssb, at this LO frequeny is 0.65 (upperside band signal is on average 65% of the total double side band signal).Figure 4.39: OCS spetra taken in band 2a showing examples of irregular line peak shape whihdistort the alulated side band ratio. The lower �gure shows an example of an extreme butplausible side band ratio example at the band edge.163
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Figure 4.43: CH3CN spetra taken at an LO frequeny of 875.308 GHz showing a large sideband imbalane for the saturated lines. A standing wave modulating the saturated line intensityis visible for the H mixer but not seen in the V mixer.166



4.4. SATURATED LINE ANALYSIS4.4.8 SummaryA summary of the side band ratio for the H and V mixer over the entire HIFI frequeny rangeis given in �gures 4.44 and 4.45 respetively. It is enouraging that di�erent gases observed atthe same LO frequeny return similar side band ratios. For example the lower edge of band 2ashows extreme gain variation as measured by OCS. These results are supported by the CH3CNobservations whih follows the trend of the OCS data. This agreement between the side bandratio extrated for di�erent moleules is seen for most observations and supports the ore goalof the gas ell ampaign, that the side band ratio ould be measured using di�erent gases tosample di�erent LO frequenies.The side band ratio summary �gures 4.44 and 4.45 provide an overview of problemati areasin the HIFI frequeny range. Bands 1 and 2 provide exellent data quality exept for a fewspurious regions. The other bands however have there own unique problems whih an be seenin the inreased satter in the measured side band ratio.The baseline quality of the bands 3 and 4 data was omparable with that of bands 1 and 2,however the degree of satter seen in the line intensity is indiative of more subtle e�ets. Asshown in the 12CO data for at least one test period of the gas ell test the diplexer was mistunedin band 3 while the data is reoverable using the diplexer gain model to orret the data thisintrodues and additional degree of unertainty (see �gure 4.19(b)). Diplexer mistuning wasshown to have a large e�et on the alibration auray with variations of 20% in line intensityseen for lines measured at the extremes of the IF bands. Unfortunately not enough gas elldata was taken when the spetral line was traked aross the IF band exept for the 12CO dataso it is di�ult to determine a diplexer mistuning in the other diplexer bands.The SIS diplexer bands showed evidene of standing wave modulation of the spetral line.This is a subtle e�et. Standing waves are normally assoiated with poor ontinuum modulationbut in a stable system the ontinuum is devoid of standing waves. To measure the e�et ofstanding waves on the spetral line, the line should be traked aross the IF band with a very�ne LO stepping (depending on the standing wave period). For the diplexer band, it is knownthat a 680 MHz standing wave is present in the system. Unfortunately this was not knownbefore the gas ell tests and this �ne LO stepping approah was not undertaken in the diplexerbands.The one inident where a spetral line was traked �nely aross the IF band was for the
13CO data at an LO frequeny of 875 GHz. In this ase only 2 observations were taken withthe a 200 MHz di�erene between LO settings, see �gure 4.28 on page 150. From this data itwas apparent that there was a large inrease in line intensity for the H mixer between the 2LO setting while the V mixer line intensity was onsistent between observations. This H and Vmixer disparity was also seen in the CH3CN data. The CH3CN data was taken at just one LOfrequeny however sine it has multiple saturated spetral lines over a range of 200 MHz themodulation of the spetral line by the standing wave ould be seen, see �gure 4.43 on page 166.167



4.4. SATURATED LINE ANALYSISIdeally the saturated CH3CN should have the same line intensity however due to the standingwave the line intensities are di�erent. Similar to the 13CO data taken at the same frequenythe standing wave is more apparent in the H than the V mixer data.No evidene of standing wave modulation of the spetral lines with IF frequeny was seenin band 4, however the LO sampling was sparse and the quality of data was poor. Furtherinvestigation of these standing wave e�ets on the spetral line is needed. Following the 2examples shown for 13CO and CH3CN, the alibration unertainty for band 3 is lose to 15%.This is not inluding the e�et of side band variation aross the band whih will add furtherunertainty to measured intensity. Further in-�ight testing is needed to extrat the standingwave properties modulating the spetral line intensity. It may be possibly with enough data todevelop a routine to orret the spetral line data for the standing wave e�et muh like thediplexer model orretion. To get to this model, one must understand the amplitude and phasevariation of the standing wave aross the band. The diplexer adds another level of ompliationto developing a model as the standing wave behaviour will most lightly be linked to the diplexerposition whih will vary from LO frequeny to LO frequeny.The e�et of diplexer misalignment and standing wave modulation of the side band ratiowas expeted. There are other e�ets seen in the analysis whih are unexplained. For the OCSobservation in band 1 & 2 a number of observation were disarded due to peuliar line pro�les.A saturated line is expeted to have a �at top line shape. In the diplexer bands a slope was seenin the water observation (see �gure 4.33) due to standing wave or diplexer mistuning e�ets.However in the OCS data a number of lines showed sharp pointed line peaks (see �gure 4.39).Furthermore these sharp peaks were only seen for one of the OCS lines while the other had aregular �at top saturated line. This behaviour was seen to alternate from the upper and lowerside band. The shape of the pointed line pro�le was also similar for H and V data. If thiswas a standing wave e�et one would expet both OCS lines to be e�eted and also a di�erentresponse between H and V data. This sharp line peak was also seen in band 4b (see �gure4.29()). No explanation is forthoming for this behaviour and lines exhibiting this behaviourwere disarded from the analysis. Analysis of more data is needed to determine the origin ofthis e�et.The satter in the side band ratio determined for the HEB bands is large. This is primarilydue to the baseline quality seen in the data. The baseline orretion routine is e�etive inremoving the standing wave however there appears to be an inherent satter in the HEBbands. Figure 4.26(a) on page 147 shows an example of 12CO data taken in band 6a. Evenafter baseline orretion there appears to be a large satter in the line intensity.
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4.4. SATURATED LINE ANALYSIS
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4.4. SATURATED LINE ANALYSIS
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4.5. CONCLUSIONS4.5 ConlusionsIn this hapter the gas ell test ampaign and the ontributions of the author were disussed.The rationale behind the gas ell optial set up, the hoie of alibration gases, the test pro-edure, alibration, proessing and analysis was detailed. In this hapter the analysis of thesaturated lines observed in the gas ell and the extration of the side band ratio was desribed.From the data a number of problems were unovered. The analysis of HEB bands unoveredsigni�ant data quality issues due to an IF hain impedane mismath. Chapter 3 desribesthe soure of this problem and also the methods to orret the gas ell test data and also in�ight data. Without the gas ell data the development of this HEB baseline orretion routinewould have being impossible.The main goal behind the gas ell test ampaign was the extration of the side band ratioaross the HIFI frequeny range. For bands 1 and 2, this goal has been ahieved over a sparselysampled frequeny range using four di�erent moleules. However, bands 3-7 are only sparselysampled by saturated line moleules. Towards the higher frequeny bands the sampling ispartiularly oarse. Unfortunately the bands sampled the most (band 1 & 2) are also thebands with the least instrument problems. The SIS diplexer bands show onsiderable variationin line intensity due to standing wave and diplexer mistuning e�ets. Band 5 has LO purityissues. While bands 6 & 7 show a large degree of satter in the determined side band ratios.The higher frequeny bands are less sampled beause of the lak of saturated lines towardshigher frequenies. As shown in �gure 4.5 and table 4.1 a number of additional moleuleswere observed whih don't saturate in the gas ell test setup. It is possible using a model thespetral line for a given temperature, pressure and optial path length. By omparing thismodel with the measured data it is possible to extrat the side band ratio from a non saturatedline. Furthermore using the more line rih moleules an help �ll in the gaps in the side bandratio overage in band 1 and 2. The next hapter will desribe this seond stage of side bandratio extration using a line model instead of simply measuring the line peak as disussed inthis hapter.
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Chapter 5Gas ell test ampaign: spetral linemodel generation and CH3OH analysis
5.1 IntrodutionThe extration of the side band ratio so far has being limited to the analysis of saturated lines.Extrating the peak intensity of saturated lines provides a diret probe of the gain ratio betweenthe upper and lower side band. Unfortunately moleules with saturated lines in the gas ellset up only sparsely sample the HIFI frequeny range. For bands 1 & 2 the side band ratio issampled multiple times by the simple moleules. However towards higher frequenies the lineintensity of ertain moleules drops o� and are no longer saturated, OCS for example.It is possible however to extrat the side band ratio from spetral lines whih are notsaturated using a spetral line model to estimate the line opaity. One of the riteria inhoosing a alibration gas was the availability of aurate line lists ontaining line frequenies,intensities and pressure broadening parameters. Using this information in ombination withthe gas ell properties suh as gas pressure, gas temperature and optial path length of the gasell it is possible to generate a model double side band spetrum whih an then be omparedwith the observed spetra. The side band ratio is left as free variable in the model and �ttedto the data.The use of a spetral line model opens up the possibility of using CH3OH to determine theside band ratio. Methanol was original envisaged as a test gas for the side band deonvolutionalgorithm however using a spetral line model it is also possible to extrat the side band ratio.As summarized in table 4.1 on page 116 methanol aounts for 80% of the observations takenover the ourse of the gas ell test ampaign. In total methanol has over 7000 spetral linesin the HIFI frequeny range. At a gas ell pressure of 0.2mbar 1500 of these spetral lines are20% opaque.As stated previously one of the riteria for alibration gas seletion was that a ompleteline list was available. However for methanol this wasn't entirely true, the line frequenies and172



5.1. INTRODUCTIONintensities were still the subjet of researh and during the gas ell test ampaign it was hopedthat through the analysis of methanol over the HIFI frequeny range that the moleular modelould be onstrained and from this a more aurate line list ould be generated. Furthermore thepressure broadening parameters were unknown before the test ampaign and one of the initialgoals of the methanol analysis was the retrieval these values. One the pressure broadeningparameters for eah transition were established then the side band ratio ould be extrated.In this hapter the theory behind a spetral line pro�le shape is desribed. The proess ofonverting a line list into a double side band spetrum using the gas temperature, pressure,optial path length is desribed. These methods are then applied to a 12CO spetrum todemonstrate the feasibility of suh an approah. By omparing the line model to the real datait is possible to extrat the side band ratio. Using this model approah the side band ratiois extrated for the saturated moleules analyzed in previous hapter, namely 13CO, OCS andH2O.The analysis of methanol is presented towards the end this hapter. The proessing ofmethanol follows a iterative proess whereby the pressure broadening parameters are �rst ex-trated from the data and then one this data is at hand a seond modeling e�ort is undertakento extrat the side band ratio. Sine the pressure broadening parameters are already knownfor 12CO, 13CO and OCS the method of pressure broadening extration is �rst tested on thisdataset. By omparing the extrated pressure broadening parameters with published data it ispossible to alibrate the approah for methanol.The last setion of this hapter desribes the use of methanol gas ell observations in thedevelopment of a new heterodyne reeiver. In this setion the appliation of the methodsdesribed in this hapter to the gas ell testing of a new Quantum Casade Laser (QCL)heterodyne system are desribed.5.1.1 Author's ontributionThe author onverted the radiative transfer ode of Charlotte Vastel, originally written inIDL, to the HCSS environment. The analysis and interpretation of results in this hapter arethe work of the author. The author developed a number of tools to investigate the diplexermistuning problem seen in the data. The testing of the deonvolution algorithm on methanoldata was done by Claudia Comito who kindly provided the data for presentation here. TheQCL work was undertaken in ollaboration with Yuan Ren and Jian Rong Gao from TU Delft.Yuan Ren was responsible for the experimental setup and data aquisition. The author use theHCSS gas ell ode to model the measured data.
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5.2. SPECTRAL LINE SHAPES5.2 Spetral line shapes5.2.1 IntrodutionThe following setion desribes the theory behind the generation of a model gas ell spetrum.5.2.2 Natural line broadeningSpetral lines have an inherent line width independent of external in�uenes suh as relativemotion and ollision with other moleules. This line width is inversely proportional to thelifetime of a spetral line transition. In the THz regime transition lifetimes are usually veryshort and by Heisenberg's unertainty priniple, ∆E∆t ∼ h/(2π), there is a orrespondingunertainty in energy or spread in energy seen for that transition giving rise to a orrespondingbroadening of the spetral line. This spetral line shape is best approximated by a Lorentzianpro�le. At these sub-mm frequenies the natural line width is of the order of kHz and isinsigni�ant when ompared to the more dominant pressure and Doppler broadening e�etswhih are in the MHz range. For this analysis this broadening e�et is ignored. For furtherreading see Gordy & Cook [39℄.5.2.3 Doppler line broadeningDoppler broadening ours due to the motion of a moleule as it emits radiation. Due to themotion of the moleule the frequeny of the transition is shifted depending on the diretion ofthe moleule relative to the observer. A moleule moving away from the observer will have ared shifted line (lower frequeny) while a moleule moving towards an observer will have a blueshifted line. The frequeny ν of line emitted from a moleule moving with veloity vr in theline of sight is given by
∆ν = ν − ν0 = −(vr/c)ν0, (5.1)where ν0 is the rest frequeny of the gas and c is the speed of light. Substituting in the Maxwell-Boltzmann distribution of partile speed in gases, this returns a unit Gaussian line shape suhthat:

φν =
1√

πδνD

e−ln(2)(ν−ν0)2/δν2

D , (5.2)where δνD is de�ned as
δνD =

ν0

c

√

2ln(2)kT

m
, (5.3)where k is the Boltzmann onstant (1.38×10−16 erg/K), T is the gas temperature in Kelvin, mis the moleular mass of the moleule, c is the speed of light and ν0 is the line rest frequeny.For a more detailed explanation of the above equations see Emerson [30℄.
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5.2. SPECTRAL LINE SHAPES5.2.4 Pressure/Collisional line broadeningPressure broadening is the e�et of inreasing line width with inreasing pressure. Collisionalbroadening is another name for this e�et and is a more desriptive term for the broadeningmehanism. The line broadening mehanism is similar to the natural line broadening in thatthe width of the line is determined by the time a moleule is in a given emission state. Thestate of the moleule is hanged due to ollisions or proximity to another moleule. The timebetween ollisions determines the extent of the line broadening. The sensitivity of a moleulartransition to ollision or proximity with other moleules depend on the property of the moleulesuh as dipole moment and also the type of transition. The result of this is that eah moleulartransition has a unique pressure broadening variation. For further disussion of this topi seeEmerson [30℄.Similar to the natural line width, the line pro�le resulting from pressure broadening is bestdesribed by a Lorentzian line pro�le suh that:
φν =

δνL

π((ν − ν0)2 + δν2
L)

(5.4)where:
δνL = γselfPgas (5.5)and Pgas is the gas ell pressure and γself is the pressure broadening parameter. The unitsof γself vary from publiation to publiation. The unit used in the HITRAN database[106℄ ism−1/atm. For the model ode the unit of self broadening in hanged as MHz/mbar sine thefrequeny unit is the unit of hoie for HIFI and up to now pressures have been quoted in mbar.For the methanol analysis both units are quoted to ease omparison with published data.5.2.5 Opaity line broadeningUp to now the line broadening e�ets desribed were loal e�ets due to motion or interationsof individual moleules. Opaity broadening is a non loal e�et and is due to the transmissionof the signal through the gas sample. This e�et of line broadening is also known as the Beer-Lambert law. The transmission of signal through a gas is a funtion of the olumn length andan be desribed by the following funtion:

φν = e−αL (5.6)where L is the gas ell olumn length and α is the opaity of the gas sample is alulated fromthe Doppler, pressure broadening desribed in the previously setions in ombination with theline strength.
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5.3. SPECTRAL LINE MODEL GENERATION5.3 Spetral line model generationFrom the previous setion it is apparent that 3 broadening mehanisms ause the line broadeningwe see in a gas ell spetrum. Doppler broadening has a Gaussian pro�le the width of whih isa funtion of moleular mass, gas temperature and line frequeny. The pressure broadening is aLorentzian pro�le whih is funtion of the gas pressure and the pressure broadening parameterfor the transition of interest. The opaity broadening is a funtion of the olumn length ofgas under observation. All these mehanisms ombine together to produe a net line pro�le.In order to generate a model spetra we need to have a measure of the line intensity, linefrequeny and the pressure broadening parameter whih we get from a ombination of the JPLline atalog[94℄ and HITRAN database[106℄. The JPL atalog is used for the line frequeniesand intensities while the pressure broadening is taken from the HITRAN database.The steps undertaken to generate a model spetrum are best illustrated through an example.For this example a 12CO spetrum from band 2a is used. The band 2a dataset was seleted asan example as it has a balaned side band gain ratio at the 12CO (6-5) transition. The �nalpro�le is a onvolution of the pressure broadening Lorentz pro�le and the Doppler broadeningGaussian pro�le. A onvolution of a Gaussian and Lorentzian pro�le is known as a Voigt pro�le.For this analysis the Voigt pro�le is generated using a numerial approximation developed byOlivero & Longbothum [85℄ and expanded upon by Liu et al. [73℄. A numerial approximationis used instead of a diret onvolution as this redues the omputation omplexity. For theCH3OH data it is envisaged using a �tting routine that will extrat the pressure broadeningparamete, using a numerial approximation to generate the line pro�le redues the omputationtime onsiderably.The �rst step in generating a model double side band spetrum is to determine whih linesare present in upper and lower sidebands. Eah gas ell spetrum is taken at a given LOfrequeny. Using the LO frequeny in ombination with the line list a subset of lines whihfall inside the IF band of the mixer is generated. Eah line in this line list ontains the linefrequeny, the IF frequeny, the line intensity and the self broadening, γself , if its available. Foreah spetral line a pro�le is generated and this is then added to the global model. For 12COonly one line is seen for a given LO frequeny. For this example the observed data was takenat an LO frequeny of 685.572 GHz, this plaes the 691.473 GHz spetra line in the upper sideband at an IF frequeny of 5.9 GHz.One the line list is generated and the IF frequeny of eah line in the spetrum is establisheda spetral pro�le is generated for eah line. The �rst step in this proess is to alulate theDoppler and pressure broadening widths for the transitions using equations 5.3 and 5.5. Forthe Doppler broadening the moleule weight of the moleular must be alulated, for 12CO themoleular mass is 27.994914u1 (12C is 12.0u, O is 15.994914u). For equation 5.3 the atomi1u is the unit of atomi mass where 1u is is de�ned as one twelfth of the rest mass of an unbound atom ofarbon-12 176



5.3. SPECTRAL LINE MODEL GENERATIONmass is onverted to grammes using the Avogadro onstant, NA. The Boltzmann onstant, k,is in units of ergK−1. An Erg is a unit of energy in entimetre-gram-seond system of units.To keep the units onsistent the speed of light is then quoted in units of ms−1. Inserting allthe values in equation 5.5 as follows returns the Gaussian half width:
δνD =

ν0

c

√

2ln(2)kT

m

=
691.473 × 109

2.997 × 1010

√

2ln(2) × 1.38 × 10−16 × 296

(27.99/6.022 × 1023)

=
s−1

cms−1

√

cm2s−2gK−1K

g

= 8.1 × 105s−1

= 0.81MHz.The alulation of the pressure broadening half width is less ompliated but requires someare with units also. Gas ell results are presented in a wide variety of units depending on thewavelength regimes and the pressures under investigation. For this analysis MHz and mbar arethe units of hoie. As desribed in equation 5.5 the pressure broadening pro�le is a funtionof the pressure broadening parameter γself and the gas ell pressure. For 12CO the pressurebroadening parameter is available through the HITRAN database for all transitions observed.For this transition the pressure broadening parameter is 0.07 m−1/atm. The units of thepressure broadening are in m−1/atm and must be onverted to MHz/mbar to suit the unithoie here. Converting the HITRAN m−1/atm to MHz/bar is as follows:
γself(MHz/mbar) = γself(m−1/atm)× 2.99 × 1010

1.0135 × 103 × 106
. (5.7)The fator 1.0135 is the onversion from atm to bar (1atm = 1.0135bar), the fat 103 is toonvert to mbar. The 106 fator onverts Hz to MHz. Following from this the pressure broad-ening parameter in MHz/mbar is 2.065. Returning to the Lorentzian half width half maximumformula in equation 5.5 and applying the gas ell pressure for the observation of 5.54 mbarreturns a pressure broadening width of 11.44 MHz.For this observation, it is apparent that the pressure broadening width of 11.44 MHz isdominant over the 0.81 MHz value alulated for Doppler broadening. A Voigt pro�le generatedfrom these 2 pro�les will be loser to a Lorentzian than a Gaussian pro�le.The numerial approximation for a Voigt pro�le uses the 2 widths of the onstituent Gaus-sian and Lorentzian pro�le as starting point to generate an equivalent pro�le, see Liu et al. [73℄for a detailed disussion of the Voigt pro�le and the following approximation. The �rst step ingenerating the equivalent Voigt pro�le is alulate the dimensionless weighing funtion, d, as177



5.3. SPECTRAL LINE MODEL GENERATIONfollows:
d =

δνL − δνD

δνL + δνD
. (5.8)From this equation, it is apparent that if the Lorentzian pro�le is dominant then δνL ≫ δνDand d → 1. On the other hand where the Gaussian pro�le is dominant then δνD ≫ δνL and

d → −1 From this parameter, 2 weighing parameters are generated as follows:
cl = 0.68188 + 0.61293 × d − 0.18382 × d2 − 0.11568 × d3 (5.9)
cd = 0.32460 − 0.61825 × d + 0.17681 × d2 + 0.12109 × d3. (5.10)For the extreme ase where the Lorentz width dominates or d = 1, the onstant cl → 1 and

cd → 0. Where the Gaussian pro�le is dominant over the Lorentz width (d = -1), cd → 1and cl → 0. These weighting fators are used to generate the numerial approximation of theVoigt pro�le from a weighed sum of a Gaussian and Lorentzian funtions with an equivalenthalf width half maximum, δνV , whih is alulated from the pressure and Doppler half widthhalf maximums as follows:
δνV = 0.53456 × δνL +

√

(0.2166 × δν2
L + δν2

D). (5.11)The �nal Voigt pro�le is then written as follows:
φνV

=
cl(1/π)δνV

(ν − ν0)2 + δν2
V

+ cd

√

ln(2)
√

πδνV
∗ exp

(
−(ln2)(ν − ν0)

2

δν2
V

)

. (5.12)From the equation it is apparent the numerial approximation is made up of a Gaussian and aLorentzian pro�le with an equivalent width, δνV . The 2 pro�les are weighed with onstants cland cd alulated earlier. For the 12CO transition under investigation, d is 0.87, cl is 0.999 and
cd is 3.57×10−4. For this line transition the Lorentzian omponent is dominant. The alulatedequivalent Voigt width, δνV , is 11.54 MHz whih is very lose to the pressure broadening widthof 11.44MHz. For this example the inlusion of the Doppler width is not neessary, however forother gases the pressure is less dominant and also towards higher frequeny the Doppler e�etan be more pronouned.From equation 5.12 we now have a unit area Voigt pro�le that desribes the line shape forthis transition. The next step is to sale this area using the integrated line intensity, Iba, takenfrom the JPL atalog. The JPL atalog gives the line transition intensity as an integratedintensity in units of nm2.MHz for a gas temperature of 300K. The Voigt pro�le distribution issaled so the area is equivalent to the integrated intensity from the JPL atalog [122℄.The Voigt pro�le is saled by the line enter absorption oe�ient, αmax, whih is alulatedfrom the JPL line intensity. From Vastel [122℄, αmax, an be alulated from the line strength,
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5.3. SPECTRAL LINE MODEL GENERATION
H , and the density of the gas, n (P/(kT)), suh that

αmax(m−1) = H(m2)× n(m−3). (5.13)The line strength H an be written as a funtion of the line integrated intensity, Iba and theross setion of the Voigt pro�le desribed in equation 5.12 suh that:
Iba = H ×

(

πδνL +

√
π

ln(2)
δνD

)

. (5.14)rearranging the equation,
H =

Iba

πδνL +
√

π
ln(2)

δνD

. (5.15)Returning to equation 5.13, the absorption oe�ient αmax an be rewritten in terms of Iba asfollows:
αmax =

Iba

πδνL +
√

π
ln(2)

δνD

×
P

kT
. (5.16)The absorption oe�ient αmax is then applied to the Voigt pro�le to onvert the unit areapro�le into a absorption line pro�le. The Voigt pro�le is normalized about it peak value andthen multiplied by the line enter absorption oe�ient αmax. The �nal absorption spetra isdesribed by the following equation:

αline(ν − ν0) =
10Iba × 10−14

πδνL +
√

π
ln2

δνD

×
P × 106

kT
︸ ︷︷ ︸

αmax

×
cl(1/π)δνV

(ν−ν0)2+δν2

V

+ cd

√
ln(2)

√
πδνV

∗ exp
(

−(ln2)(ν−ν0)2

δν2

V

)

cl/(πδνV ) + cd

√

(ln(2)/π)/(δνV )
︸ ︷︷ ︸normalized Voigt pro�le .(5.17)The JPL intensity is given as a base 10 logarithm and is written here to the power of ten. Thefator 10−14 is introdued to onvert the JPL integrated intensity units from nm2 to m2 units.The fator of 106 is inluded to onvert the pressure to ergs whih is ompatible with unitsused in the Boltzmann onstant. The units of intensity for the above pro�le is m−1. For eahspetral line the proess is repeated and added to a global model of upper and lower side band.One a line pro�le has been generated for eah spetral line and a model of the upper andlower side band is �nished, the next step in the reation of a gas ell spetral line pro�le is theappliation of the opaity e�et of the gas olumn length. This e�et was desribed in equation5.6. As desribed in the previous hapter the optial path through the gas ell is 102.54m.The opaity is alulated using the following equation:

I(ν − ν0) = exp(−αline(ν − ν0) × L). (5.18)The resulting model spetra is shown in �gure 5.1. The 12CO line is saturated at this pressure179
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5.3. SPECTRAL LINE MODEL GENERATION
using the LO frequency and IF

bandwidth in combination
with line list determine which
lines are present in spectra

add line profile to
global upper or lower

Generate line profile for each line individually
using ν0, Iba and γself from line list

Calculate doppler

δνD = ν0

c

√
2ln(2)kT

m

width

Calculate pressure

δνL = γselfPgas

width

Calculate weighting

d = δνL−δνD

δνL+δνD

constant

Calculate Lorentz
and Gauss weights

cl and cd

Calculate Voigt
equivalent width

δνV = 0.53456 × δνL

+
√

(0.2166 × δν2
L + δν2

D)

Generate Voigt profile
Fν(ν − ν0) = cl(1/π)δνV

(ν−ν0)2+δν2

V

+

cd

√
ln(2)

√
πδνV

∗ exp
(
−(ln2)(ν−ν0)2

δν2

V

)

Normalize Voigt profile peak

Fνpeak
= cl/(πδνV )

+cd

√

(ln(2)/π)/(δνV )

Fline = Fν/Fνpeak

Calculate peak opacity
from JPL line intensity

αmax = 10Iba∗10−14

πδνL+
√

π
ln2

δνD

× P
kT

Generate line profile
opacity

αline = αmax × Fline

repeat process for
each line in list

apply Beer-Lambert
law to model spectra

Ilsb = EXP (−αlsb × L)

model array

Iusb = EXP (−αusb × L)

Apply side band ratios

Idsb =
Ilsb × (1 − Gssb)+

Iusb × Gssb

and add USB and reverse
of LSB model to generate

DSB spectra
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULES5.4 Side band ratio extration: simple moleules5.4.1 IntrodutionIn this setion the extration of the side band ratio is desribed. By omparing a modelspetrum to the measured spetrum it is possible to determine the side band ratio. The useof a model allows additional non saturated lines to be inluded in the analysis. This setiondesribes the analysis of 4 simple moleules 12CO,13CO, OCS and H2O. Eah of these moleuleshave omplete line lists available through the JPL and HITRAN spetrosopy atalogs.The ode used to generate the spetral line model is given in Appendix A. The ode pre-sented is the ore of the gas ell model sript a number of anillary sripts for importing thegas ell data and importing the JPL and HITRAN databases are not inluded in the appendixbut are referred to the the gas ell ode. The ode is written as a python lass whih in-terats with the �tting routines available in the HCSS software. Within the ode there are3 variants of the model generation. One version is the generateLineModelSBR whih leavesthe normalized side band ratio, Gssb, as the only free variable in the model. The �tting rou-tine then varies this variable until the best �t between the model and data is found. Asthere is some unertainty in the measured gas ell pressure the most ommonly used rou-tine is the generateLineModelSBRPressure funtion. In this ase both the pressure and
Gssb are left as free variables. The �tted gas ell pressure is limited to within ± 5% of themeasured gas ell pressure. The moleules disussed in this setion have pressure broadeningparameters, γself , available for eah transition. However for more omplex moleules suh asCH3OH, γself data is not available and hene for this data the γself variable is �tted using thegenerateLineModelPSelfSBR. In this funtion both the pressure broadening and normalizedside band ratio are �tted while the gas ell pressure is taken as the measured pressure. Anadditional funtion is available, generateLineModelPSelf, whih �ts the pressure broadeningonly. This is useful for heking the published γself against the measured γself .5.4.2 12CO, 13COSetion 5.3 demonstrated the generation of a double side spetral line model using the gasell properties and line parameters taken from the JPL and HITRAN spetrosopy database.Figure 5.2 showed a omparison between a model and the measured 12CO spetrum in band2a showing good agreement. This example data was hosen as the mixer side band gain wasbalaned for this LO frequeny. This provided a good test ase for an ideal mixer gain senario.
12CO was also hosen as a test ase as the line frequeny intensities and pressure broadeningparameters were well known for the lines observed in the gas ell ampaign. For the CO analysisthe line frequenies were taken from the JPL atalog whih based its line list on the work ofGoorvith & Chakerian [38℄ (line intensities) and Winnewisser et al. [127℄ (line frequenies).The JPL atalog does not supply the pressure broadening parameters and they were taken from183
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESmeasured and model spetrum provides a useful �ag for the extreme spetral lines disussedhere.The analysis up to now has onentrated on the saturated lines of CO and OCS. The originalmotivation to develop a spetral line model of the gas in the gas ell was to extrat the sideband ratio for non-saturated lines as well. Observations of OCS were made above 800 GHzwhere the OCS lines were not saturated (see �gure 4.1() on page 112) and hene were notinluded in the saturated line analysis desribed in hapter 4.The extration of the side band ratio for a non saturated line follows the same proedureas that desribed in the previous setions. Unfortunately the bands 3 and 4 data were besetwith problems. For the band 3 and 4 data, the gas ell pressure wasn't measured during theobservation so the gas ell pressure was left to vary within aeptable limits. The Pgas quotedin the following �gures are the best guest pressure. More detrimental to the extration of theside band ratio was the diplexer mistuning problem. This was seen previously in 12CO datataken in band 3b, see �gure 4.19 on page 139. The problem beomes more apparent whenobserving 2 spetral lines from 2 side bands.Figure 5.9 shows an example of an OCS observation in band 3a. The side band ratiomeasured for the upper and lower side band line shows an extreme variation in side band ratio.Returning to �gure 4.38 on page 162 this type of extreme hange in side band ratio is notexpeted from the FTS measurements. This behaviour is indiative of a diplexer mistuning. Adiplexer mistuning ours when the di�erene in length between the 2 arms of the diplexer isnot orret for the LO frequeny being observed, this results in a mismath between the upperand lower side band gain leading to a large slope in the side band gain ratio, see setion 2.3.2.3on page 38 for further disussion.Figure 5.10 shows the side band ratios determined for bands 2-4 using the line model ap-proah. From this one an see that in band 2 the side band ratios measured for the upperand lower side at the same LO frequenies are roughly onsistent. The di�erene between the2 measurements indiating a slope in the side band ratio aross the IF band. For almost allOCS lines measured in band 2 the side band ratios for both lines are either greater than or lessthan than 0.5 as predited by the FTS data simulation. Any observation where the side bandmeasured with the upper and lower side band lines are on opposite sides of 0.5 are �agged.Examples of this behaviour were seen in the saturated line analysis of OCS, see �gure 4.39 on163 and were attributed to strange line pro�les and disarded.The analysis of Bands 3 and 4 show this type of extreme side band behaviour in all ob-servations. Figure 5.9 shows an example of this behaviour. The lower side band line has anormalized side band ratio, Gssb, of 0.603 while the upper side band line has a value of 0.394.On �rst inspetion is was thought that the line intensity or pressure broadening parameterswere inorret, however this would have also been apparent in bands 1 and 2 data. The mostlikely ulprit here is a diplexer mistuning, this was was seen to our in 12CO data taken inband 3b. As shown in �gure 4.19() on page 139, it is possible to orret the spetral line data188
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Figure 5.11: Extrating diplexer misalignment from OCS data in band 3a
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESFigure 5.14 shows an example of a OCS model DSB spetrum at an LO frequeny of 817.854GHz, a gas ell pressure of 40mbar for a variety of diplexer mistunings. The gas ell pressure ispurposely left large for illustrative purposes, the typial OCS gas ell spetra was observed at apressure of 2mbar. From the model one an see that the line intensity is inreased or dereasedequally for both spetral lines depending on the extent of mistuning. This e�et is deeivingand on �rst impression appears like the side band gain ratio is balaned while in fat thereis a large slope aross the IF band. This LO frequeny orresponds to the observation shownin �gure 5.9 on page 189, whih spurred the diplexer mistuning investigation. The spetrumshown in �gure 5.14 is at the same LO frequeny and from this one we see that the only viableexplanation for the dereased line intensity observed in the gas ell data is a diplexer mistuningof ∼20µm.Unfortunately the analysis of the non saturated OCS data in the diplexer bands was domi-nated by the diplexer mistuning issue. However using the spetral line model approah a newset of measurements were inluded in the side band ratio analysis whih was not possible usingonly saturated spetral lines. The side band ratios returned from the non saturated lines arelose to 0.5 whih shows that method of using a spetral line model to estimate the side bandratio from non-saturated lines is viable.5.4.4 H2OThe observation of H2O in the ISM is a key siene goal of the HIFI instrument. An auratepiture of the side band gain ratio around the important water lines is key to returning auratemeasurement of water emission in the interstellar medium. Water was observed in the latterstages of the gas ell ampaign and this is re�eted in the quality of data. The majority oflines observed during the gas ell ampaign were saturated and so the development of a linemodel is not entirely neessary. However the omparison between data and model helps shednew light on some alibration problems.As with the previous moleules aurate knowledge of the line intensities, frequeny andpressure broadening parameters is ruial to developing an aurate model spetrum and ex-trating the instrument response. The line data is again taken from a ombination of the JPLatalog and the HITRAN atalog. The line frequenies taken from the JPL atalog are basedon the work of Pikett et al. [96℄ while the line intensities are based on the alulations ofCamy-Peyret et al. [13℄. The pressure broadening data is taken from the HITRAN databaseand is based on the work of numerous authors [51, 37, 119, 15, 66, 48, 72, 10℄.Figure 5.15 shows an example of a H2O observation at an LO frequeny of 563.436 GHzat a gas ell pressure of 2.23. From this one an see that the spetral line is saturated. Themodel shows exellent agreement with the observed data. The side band ratio is alulatedto be 0.431. The gas ell pressure is left as a free variable and is �tted to within 0.5% of themeasured value. The spike at the enter of the spetral line ours when the gas ell is not195
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESFigure 5.21 shows the extrated side band ratio from H2O measurements for the H and Vmixer in the HEB bands. Most H2O lines were observed in the upper and lower side band. Onean see that there is a large satter in the side band ratio. However there is a pattern present,the side band ratio is seen to alternate between greater than 0.5 and less than 0.5 when thesame spetral line is measured in di�erent side bands. A lear example of this behaviour is seenaround 1545 GHz in band 6 and at 1760 GHz in band 7.Figure 5.22 shows an example of the same spetral line observed in the upper and lowerside band. The H2O spetral line is at 1762.043 GHz. The spetrum with the line in the lowerside band is shown in �gure 5.22(a) where the LO frequeny is set at 1758.146 GHz plaing thespetral line at an IF frequeny of 3.897 GHz. Figure 5.22(b) shows the same spetral line inthe upper side band here the LO frequeny is 1765.942 GHz and the spetral line is observedat an IF frequeny of 3.899Ghz. If the only e�et on the side band ratio was the RF mixer gainone would expet that the side band ratio observed for the spetral line in the upper side bandwould be very similar to that observed when the spetral line is in the lower side band giventhere is a relatively small frequeny gap of 7.8 GHz between the 2 LO frequenies. For exampleif we take the upper side band observation as orret with a line peak of 0.56 and assume theside band gain ratio doesn't hange between observation one would expet that the line peakof the same line in the lower side band would be 0.44. In reality we see the line measured inthe lower side band has almost the same intensity as that measured in the upper side band.Figures 5.22(d) and 5.22(d) show double side band spetral line models of H2O at a gas ellpressure of 2.1mbar for various diplexer mistunings. From the model the diplexer would haveto have being mistuned in the positive diretion for the upper side band observation and in thenegative diretion for the lower side band. This may be feasible for one pair of LO frequeniesbut doesn't seem likely for the multiple observations whih show this e�et. Furthermore, themodeled spetra show signi�ant slopes in the saturated line peak whih is not seen in the data.Further investigation is needed.
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULES5.4.5 SummaryFigures 5.23 and 5.24 provide a summary of the side band ratios extrated for the H andV mixer mixers using the spetral line model approah. Using this approah a number ofadditional spetral lines are inluded in the analysis ompared to the previous saturated lineonly analysis of hapter 4.The analysis of the OCS data in the diplexer bands provided new insights into the diplexermistuning previously disovered through 12CO observations in band 3b. From the OCS data itwas possible to determine the degree of diplexer mistuning. This was shown to be frequenydependent. Originally it was thought the diplexer mistuning would have a �xed o�set for all LOfrequenies in a given band however this wasn't the ase. The H2O data was also seen to havediplexer mistuning e�ets. By analyzing the slope of the saturated peak plateau it was possibleto extrat the degree of diplexer mistuning present. Again the degree of diplexer mistuningwas shown to be frequeny dependent. The outome of the diplexer investigation has profounde�ets for the alibration auray of band 3 & 4 diplexer gas ell data as a global o�set willnot be su�ient to orret the data. More data is needed to investigate the diplexer mistuningproblem. The frequeny dependene of the diplexer mistuning may also have profound e�etsas to how the diplexer model is generated. It should be noted that no evidene of diplexermistuned was seen from in �ight data and this anomaly may be due to the ILT set up.The HEB band shows a large degree of satter even with the spetral model approah. Thedata quality is quite poor and a signi�ant portion of data had to be disarded. Even when thedata is of good quality there an still be a large degree of satter in line peak intensity betweenobservations taken at the same LO frequeny subsequent to eah other. Further work is neededin the HEB bands partiularly for the H2O analysis whih showed an interesting variation inside band ratio whih ould possibly be due to a diplexer mistuning.Even with the inlusion of the non saturated spetral lines a large part of the HIFI frequenyrange remains unsampled. The inlusion of methanol in the determination of side band ratiomay help �ll in the gaps in the side band ratio overage. This is partiularly appliable in thebeamsplitter SIS bands (1,2,5) where the simple moleule analysis provides a solid measure ofthe side band ratios at partiular frequenies. Using the side band ratios alulated from theanalysis presented so far it may be possible to �ll in the gaps in overage using strong methanollines. However a number of hallenges exist for the the methanol data, the primary one being thelak of pressure broadening available urrently for this moleule. The next setion will disussthe extration of the pressure broadening parameter from methanol and the determination ofthe side band ratio for a small portion of the HIFI frequeny range.
203
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5.5. CH3OH ANALYSIS5.5 CH3OH analysis5.5.1 IntrodutionMethanol spetra aount for 80% of the total spetra taken during the gas ell ampaign.The extensive observation of methanol in the gas ell was primarily intended as a test data setfor the deonvolution algorithm. The observation of methanol has a number of anillary usesfor HIFI alibration also. Methanol is the only gas observed during the test ampaign whihprovides spetral lines at all frequeny settings. Eah spetrum provides a snap shot of theinstrument behaviour at a given frequeny. The rigorous analysis of eah frequeny setting ishuge amount of work. The best approah is to use the simpler moleules as starting point forthe analysis and expand from there. For example, the LO spur in band 5b observed in 12COspetrum (see �gure 4.11 on page 126) is also apparent in the methanol spetrum observed atthis frequeny (see �gure 4.12).The analysis of the entire methanol dataset is beyond the sope of this thesis, the disussionwill follow a similar pattern to the 5b spur investigation and fous on areas of interest unoveredin the simple moleule analysis summarized in �gures 5.23 and 5.24. The analysis of methanolin this thesis will fous on the large side band ratio gain slope seen in the lower band edge of2a where OCS, CH3CN and 13CO also showed that this region is upper side band dominated.The analysis of methanol will follow a similar approah to that of OCS. Eah spetralline will be modeled individually. Only lines that are not blended with other spetral linesare inluded in the analysis. One of the disadvantages of the methanol is that the pressurebroadening terms are not available. These values will be extrated from the data using thegenerateLineModelPSelfSBR funtion of the gas ell line �tting ode desribed in appendixA. The analysis presented here is of spetrosopi importane and is the �rst time suh anextensive analysis of methanol has been undertaken over this frequeny range.5.5.2 Testing the deonvolution algorithmThe deonvolution algorithm is a key omponent in the proessing of HIFI data partiularly forline rih soures suh as Orion KL[6, 19℄. As HIFI observes a double side band spetrum, spe-tral lines from the upper and lower side band are seen in the �nal spetrum. The deonvolutionalgorithm is based on the property of double side band spetrum that as the LO frequeny ishanged spetral lines from the upper and lower side band move the same amount in oppositediretions on the IF band. Using this property it is possible to reonstrut the singe side bandspetrum from the double side band spetra. However multiple LO frequeny observations ofthe same spetral line are needed (spetral sans) to deonvolve the upper and lower side bandsfrom the double side band spetrum. The algorithm and its appliation to di�erent observationmodes is desribed in detail in Comito & Shilke [20℄.A number of parameters exist within the deonvolution algorithm suh as the number of206
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5.5. CH3OH ANALYSISalgorithm the data from bands 1 and 2 provided enough test data to optimize and developthe deonvolution algorithm. Based on the experiene garnered from the gas ell survey thedeonvolution algorithm was a funtioning part of the instrument proessing pipeline priorto the Hershel satellite launh. The �rst line rih soure observed was the Orion KL datawhih was proessed by the key program astronomer with little help needed from the dediateddeonvolution group. This level of maturity in data proessing is unpreedented at the earlystages of a spae mission. The usage of the gas ell test data in the deonvolution developmentplayed a ruial role in ahieving this level of data proessing maturity at an early stage in theHIFI mission.5.5.3 Pressure broadening extrationIn order to retrieve side band ratios from the methanol data, the pressure broadening parameterfor eah transition must be extrated. Unlike the other moleules analyzed so far this data wasnot available and had previously being estimated to range between 0.1 to 0.4 m−1atm−1 (2.95to 11.83 MHz/mbar)[106℄. The line frequenies and intensities are however available throughthe JPL database and while ertain transitions are the subjet of researh the vast majorityare onsidered aurate, this is desribed in more detail in the JPL atalog doumentation[52℄.The extration of methanol pressure broadening is of interest to the spetrosopy ommunityalso and this gas ell dataset is a unique opportunity to retrieve these parameter.HIFI's large frequeny range is unique among omparable heterodyne spetrometers. HIFIis also unique as a lab spetrometer given its large frequeny resolution ompared to the FTSsystems ommonly used in laboratory spetrosopy at these wavelengths. A standard pressurebroadening investigation normally fouses on a small frequeny range limited by the spetrom-eter. For a typial pressure broadening investigation the pressure is inreased and for eahmeasurement the line width is extrated. The slope between the inreasing pressure and linewidth is then taken as the pressure broadening term, see [67℄. For the HIFI methanol ob-servations the pressure was kept relatively onstant throughout the test ampaign to suit thedeonvolution algorithm.The approah used here to extrat the pressure broadening parameter is far from ideal.Eah line transition that is not onfused with another line is �tted using the line intensitytaken from the JPL atalog and the gas ell pressure measured during the observation. Thepressure broadening term and side band ratio are left as free variables in the model routine(see generateLineModelPSelfSBR funtion in Appendix A). Eah line is measured at least 8times, 4 in the upper side band and 4 in lower side band. Barring onfusion with other spetrallines this gives 8 measures of the pressure broadening. The method depends on the aurayof the pressure measurement whih based on the �tted and measured pressure of the H2O andCO analysis is lose to 5%.As a assessment of the generateLineModelPSelfSBR routine the analysis is �rst tested on209
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5.5. CH3OH ANALYSISmoleules where the pressure broadening parameter is well known suh as H2O, 12CO, 13CO andOCS. The �tted pressure broadening is then ompared to the published pressure broadeningparameters. Figure 5.27 shows a omparison between the �tted pressure broadening parametersand the published data taken from the HITRAN atalog. The measured and published datashow best agreement in bands 1 and 2 whih is to be expeted given the variety of instrumentproblems in the higher frequeny bands. For 13CO data there appears to be a marked o�setbetween the measured and published data. No unertainty was given in the HITRAN databaseso its di�ult to determine if the measured data is within the error bars of the publisheddata. OCS is plotted against 2 sets of published data, those from the HITRAN database andthose from Koshelev & Tretyakov [67℄. The measured data appears to lie between the 2 setsof data. At higher frequenies the measured data shows good agreement with the data ofKoshelev & Tretyakov [67℄. There is a gap in the OCS overage where the band 3 data shouldlie. Unfortunately for these observations the gas ell pressure was not known and hene itwas negleted in this analysis. The H2O data shows good agreement between the �tted andpublished data in the lower frequeny bands. There are a number of outlier points towardshigher frequenies, in partiular for band 5. On loser inspetion these spetra appear to haveLO spur problems and hene are not returning an aurate line pro�le. This e�et is also seenin the 12CO band 5 data.From �gure 5.27 one an see that measured pressure broadening is on average within ±10% of the published data. These results provide limits on the auray of any pressurebroadening data extrated from the methanol data and also illustrates the ability of thegenerateLineModelPSelfSBR funtion to extrat the pressure broadening parameters.The presentation of the entire methanol pressure broadening analysis is beyond the sope ofthis thesis. Here only selet branhes of methanol with strong emission lines are presented. Thevariation of the pressure broadening parameter with line frequeny and J number is of interestto the spetrosopy ommunity. For the pressure broadening analysis presented here only linesthat are not onfused with other spetral lines are hosen for analysis. Therefore dense regionsof line emission suh at the 483 GHz region of �gure 5.26 are ignored in this analysis and onlystand alone lines are onsidered.Figure 5.32 shows an example of the pressure broadening extration for a single line transi-tion. The methanol transition is desribed using the following notation, 121+,0 → 111+,0 whihours at a frequeny of 574868.45 MHz. Given the omplexity of the methanol emission thedesription of the emission proess for eah transition is ompliated. The de�nition of thedi�erent transitions and their notation is disussed in Xu et al. [128℄ and in the online JPLatalog manual[95℄. The notation follows the template Jk,vt where J is typial J number assoi-ated with mirowave transitions while k and vt are unique to methanol. With these 3 variablesa single transition an be desribed. k is oasionally preeded or followed by a '+' or '-' signwhih further desribes the nature of the transition.In total the 574868.45 MHz line transition was observed 12 times at di�erent IF frequenies211
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5.5. CH3OH ANALYSISparameters. However the results returned by the �tting routine are dependent on the �ttinginitial parameter. Figure 5.33 shows an example of �tting a spetral line with di�erent initialparameters. Eah �t returns a small residual between the model and measured data. Howeverthere is a large variation between the �nal �t parameters for the three di�erent sets of initialparameters, the question remains whih of the �t parameters are the orret results.Figure 5.34 shows a ontour plot of the hi squared residual for a range of Gssb and γselfvalues for the model �t of the 633423.063 MHz spetral line. The parameters from the 3 �tsshown in �gure 5.33 with red irles. From the plot it is apparent that a range of Gssb and
γself (highlighted by the red diagonal line) provide a good �ts to the measure data. Thishelps explain the variability in the �tting seen from the generateLineModelPSelfSBR so far.From the ontour plot it is apparent that the limits set for the model �tting must be tightlyonstrained otherwise a large satter will be seen in the �tted side band gain and pressurebroadening data.However as shown in �gure 5.30 there is a large degree of satter seen in the extrated
γself of ±10%. From the red line in �gure 5.34 it is apparent that a large range of side bandratios an provide a viable model spetrum. The extration of side band ratio from the gas elldata must follow a hiken and egg approah. The pressure broadening must �rst be auratelyestablished in areas where the side band ratio has been established through observation of othersimpler gases. Using the measured pressure broadening the side band ratio overage an beexpanded. For example using the OCS observations at 630 GHz to �x the side band ratio thepressure broadening an be then aurately established for strong lines observed at the sameLO frequeny. As eah of these lines are observed at multiple LO frequenies one an expandthe region of side band ratio overage to ± 4 GHz of the original OCS observation. Knowledgeof the pressure broadening of these methanol lines an then be used to further alibrate thepressure broadening of other lines not overed by the OCS observation but lose by in frequenyfurther expanding the side band ratio overage.This approah has not been implemented for the analysis presented here. The analysispresented has a large degree of variability as the model limits were relaxed to within 10% of thenearest side band ratio measurement. Tighter onstraints are needed to improve the results.As stated in the beginning of this setion the analysis presented here onentrated on the loweredge of band 2a. The results of this �rst pass analysis of methanol are shown in Figure 5.35.The data is presented from 3 perspetives. Figure 5.35(a) shows the side band ratio extratedfor eah line frequeny. The side ratio is then plotted against the line frequeny and shows thedegree of satter seen for the side band ratio of eah line measured. Figure 5.35(b) shows theside band ratios plotted against the LO frequeny. From this again one an see the degree ofsatter for eah LO frequeny setting. Ideally if the side band ratio for a given LO frequenywas plotted against the IF frequeny of line measured it would be expeted to see a slope downfrom the upper IF frequenies to the lower IF frequenies (see �gure 2.16 on page 36) howeverdue to the large degree of satter no suh pattern is seen. Figure 5.35() shows the side band218
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5.5. CH3OH ANALYSISratio averaged for eah LO frequeny setting. This appears to show a trend of dereasing sideband ratio onsistent with variation observed for the other gases.Figure 5.36 shows a omparison between the side band ratio previously extrated from thesimple moleules. The measured methanol data shows reasonable agreement with the datameasured using other gases however further analysis is needed to redue the amount of satterseen in the data.5.5.5 SummaryIn this setion the proess of extrating the side band ratio from the methanol data using aspetral line model has being detailed. The �rst step in extrating the side band ratio was theextration of the pressure broadening parameter from the data. Only a small portion of theentire dataset was presented. The analysis onentrated on unonfused spetral lines. The datais grouped together into the di�erent methanol line branhes observed. The omplete analysisof the pressure broadening variation is beyond the sope of this thesis. The four line branhespresented showed a marked struture and there seems to be a frequeny dependene. Furtherwork is needed in ollaboration with the spetrosopy ommunity to extrat the maximumpotential from this datasetThe �rst steps in extrating the side band ratio from the dataset was presented here also.On loser inspetion the data showed a large degree of satter in the extrated side bandratio for spetral lines that were almost idential. Further investigation showed that the �ttedside band ratio was sensitive to the initial parameter of the �t routine. It was shown for asingle spetral line that a range of ombinations of pressure broadening and side band ratiosould return a good �t. It is proposed that the next phase of the methanol analysis shouldonentrate primarily on the regions where the side band ratio has been established using othergas observations. By �xing the side band ratio the pressure broadening an be established forspetral lines around the region of known side band ratio. Sine eah methanol spetral line ison average observed over an LO range of 16GHz (from the edge of the LSB to the upper edgeof the USB) using this method the side band ratio overage around a simply moleule an beexpanded.
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5.6. GAS CELL CALIBRATION OF A QCL HETERODYNE RECEIVER5.6 Gas ell alibration of a QCL heterodyne reeiver5.6.1 IntrodutionThe development of astronomial heterodyne reeivers is on going. The state of art performaneof HIFI is being on�ned to the past with new reeivers providing high frequeny overage andlower noise performane at the same frequenies[131℄. A new frontier in sub-mm heterodynespetrosopy is the development of loal osillator soures operating around 2THz. A numberof interesting astronomial lines exist about this barrier. An early iteration of the HIFI designinluded an 8th band whih was designed to operate from 2.4 to 2.7 THz this was eventuallydesoped due to development issues with the gas laser LO soure. Reent developments haveattempted to develop alternate soures for LO frequenies above 2 THz to muh suess. Thissetion brie�y desribes the development of a quantum asade laser (QCL) LO soure andthe usage gas ell observations of methanol to alibration the instrument. The gas ell odedesribed in this hapter was used to alibrate the QCL frequeny. The results of these testsand gas ell modeling e�orts were published in Ren et al. [104℄.5.6.2 THz QCL lasersThe onept of a quantum asade laser was �rst proposed by Kazarinov & Suris [58℄. Aquantum asade laser was �rst demonstrated in 1994 and published by Faist et al. [32℄. Themehanis of a quantum asade laser are beyond the sope of this thesis. The basi premiseis that through areful seletion of a semionduting material in ombination with a spei�layering and geometry of the QCL material oupled to a voltage soure an infra signal at aspei� frequeny an be produed.QCL lasers initially operated at mid-infrared wavelengths however they have reently beendeveloped to operate at THz wavelengths[126℄. A number of milestones for using a QCL asa LO soure have being reahed suh as a phase loking apability[60℄, narrow intrinsi linewidth[2℄, and exellent power stability[35℄. A remaining key step in the development of a QCLas a viable LO soure is the observation of spetral lines. The obvious next set up is the use ofa QCL in ombination with a mixer observing a hot and load soure through a gas ell.5.6.3 Gas ell observationA gas ell test setup was developed at TU Delft to demonstrate the performane of the QCLlaser as an LO soure. The test set up is muh simpler than the HIFI gas ell test set up, as theomponents involved are separated and don't require any speial optis to modify the beams.Figure 5.38 shows the experimental set up. A NbN HEB mixer with a bandwidth of 0.7 to 2.2GHz is used for down onverting the signal. The IF signal is reorded with a Fourier TransformSpetrometer (FTS). 222
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Figure 5.37: Experimental set up of QCL gas ell test set up[104℄.The test proedure follows a similar proess to the HIFI gas ell tests. A hopper is usedto hop between a hot and old load soure. No hot empty data was taken whih inreasesthe noise ompared the four phase alibration of the HIFI gas ell test. The data is alibrateddi�erently and is plotted as an emission spetrum whih is more intuitive as opposed to theabsorption plot used for HIFI data. The 3 phases data is temperature alibrated using thefollowing equation:
Tgas(f) = Tcold + 2(Thot − Tcold)

CF − CE

HF − CE
(5.20)where Tcold and Thot are the old and hot load temperatures respetively, CF is the IF signalfor the test phase looking though a methanol �lled gas ell with the old load as a bakground,

CE is the IF signal looking through an empty gas ell at the old load and HF is the IF signallooking through the �lled gas ell at the hot load.Figure 5.38 shows example spetra at di�erent gas ell pressures. These plot shows thatthe e�et of inreasing gas ell pressure on the line pro�le. This is a simple but useful testto establish the spetrosopy redentials of the QCL laser set-up. From the data one an seethe inreasing line width with inreasing pressure. A ritial demonstration of the QCL laserfrequeny stability is that the line width is onsistent with the pressure broadening and nota�eted by any additional e�ets suh as LO frequeny jitter in the QCL signal. From the datathe pressure broadening was extrated from the data by �tting a Lorentzian pro�le to the linepro�le and ompared to omparable data at 2.519THz taken using a QCL as an ative tuningsoure[47℄. There was large disparity seen between the results.223
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5.6. GAS CELL CALIBRATION OF A QCL HETERODYNE RECEIVERpressure broadening parameter. The deviation from the value of Hübers et al. [47℄ was deter-mined to be due to di�erent approahes to measuring the pressure broadening. Instrumentalpapers ommonly measure the pressure broadening of a line pro�le using a straight Lorentzian�t to the data and taking the half-width half-maximum as the pressure broadening value. Theyneglet the e�et of opaity broadening and hene the extrated value is not the true pressurebroadening term as de�ned in setion 5.2.4 and not diretly omparable with other pressurebroadening extrated from other gas ell tests.The spetra shown in �gure 5.39 demonstrate the appliability of QCL as an LO soure inheterodyne spetrosopy. Tentative steps have reently being made to develop a tunable QCLwhih ould over a larger frequeny range. Reent tests have pushed heterodyne spetrosopyto higher LO frequenies with observations of methanol up to 3.4THz[105℄. The methodsdeveloped in this hapter provide a vital tool in the alibration of the QCL output frequeny.
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5.7. CONCLUSIONS5.7 ConlusionsIn this hapter the main line broadening mehanisms evident in a gas ell spetrum were de-sribed. These line broadening mehanisms were developed into a Jython2 ode whih produesa double side band transmission spetrum for a given gas ell set up and reeiver LO frequeny.By omparing the model gas ell spetra to measured spetra it was shown that for simplemoleules (12CO,13CO,OCS and H2O) where the pressure broadening parameter was knownthe side band ratio ould be extrated from the data.This approah was applied to both saturated and not saturated lines. The side band ratioextrated for saturated lines was in good agreement with the values determined using the linepeak extration approah desribed in hapter 4. A number of side band ratio measurementwere added for un-saturated lines. The analysis of the OCS data in the diplexer bands 3 &4 showed large variations in side band ratio with diplexer mistuning being the likely ulprit.Based on the previous analysis of 12CO this was thought to be a �xed o�set, this assumptionwas shown to be false as the OCS data showed a frequeny dependent mistuning. From theOCS data it was possible to orret the data for the diplexer IF gain slope and the extratedside band ratio was seen to be lose unity, Gssb = 0.5. Similarly diplexer mistunings were seenin the H2O.By same line modeling approah was applied to the methanol dataset. The pressure broad-ening parameters were not known before the analysis and these were extrated from the data.The pressure broadening parameter and side band ratio were �tted simultaneously. This methodwas found to be prone to �nding false �t results unless tightly onstrained. The �tted pressurebroadening had a large satter. However for the methanol line branhes �tted there was adistint variation with line frequeny the signi�ane of whih remains to be explored.The side band ratios extrated from the methanol data showed large satter muh likethe pressure broadening data. It was shown that di�erent initial parameters in the �ttingalgorithm resulted in di�erent �t parameters. On loser inspetion it was shown that havingtwo free parameters, the side band ratio and the pressure broadening resulted in multiple viablesolutions to the line �t. Future analysis should onentrate on regions where the side band ratiois aurately known. This an be used as a onstraint to �t the pressure broadening parameterof the methanol line observed at that LO frequeny. One the pressure broadening is establishedfor a given line, this line an be traked through the IF band at di�erent LO frequenies andexpand the overage around known regions of side band ratio until eventually the whole bandis overed with methanol lines observations. Further work is needed on an intelligent algorithmthat uses the simple moleule analysis to onstrain the pressure broadening and then using thisinformation onstrain the side ratio at other LO frequenies.The �nal setion in this hapter disussed the analysis of quantum asade laser heterodynegas ell observations. The methods developed in this thesis were applied to spetra taken2Jython, suessor of JPython, is an implementation of the Python programming language written in Java.227



5.7. CONCLUSIONSan LO frequeny of 2915.6 GHz. Using the gas ell spetrum model the LO frequeny wasaurately established and a model double side band spetrum was generated. This modelshowed good agreement with the measured data. The observation of moleular spetra using aQCL heterodyne system is a ruial step in the development of the QCL as a viable LO soureabove 2 THz. The gas ell ode developed in this thesis played an important role in verifyingthe QCL's future potential.
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Chapter 6ConlusionsIn this thesis the major soures of intensity unertainty in the Hershel/HIFI instrument weredesribed and investigated. The HIFI instrument has very ambitious alibration goals of 3%unertainty. In line with these goals an extensive ground test ampaign was undertaken toquantify the system response prior to launh on the Hershel Spae Observatory. A entralpart of this ground test ampaign was the gas ell test apparatus.By observing known gases at low pressures through a gas ell of suitable optial path lengthit was hoped to quantify the instrument response and behavior. The primary goal of the gas elltest ampaign was the determination of the side band ratio. HIFI is a double side band reeiverwith intensity deteted from an upper and lower side band. The ratio of the upper and lowerside intensity of the total intensity was foreseen as soure of unertainty in the determinationof spetral line intensity partiular towards LO band edges. Through observation of saturatedgas lines the side band ratio was measured at partiular frequenies. In total 4 gases providedsaturated lines in the gas ell test ampaign. Using these saturated lines the side band ratiowas sparsely measured aross the HIFI frequeny overage. The highest resolution overagewas in bands 1 and 2. For some regions the side band ratio was seen to vary signi�antly fromunity. The lower edge of band 2 was seen through the observation of 3 di�erent gases to havean upper side band dominated spetra over the region of 630 to 660 GHz.Saturated lines however only overed a small fration of the total HIFI frequeny overage.Other gases were also observed whih provided un-saturated spetral lines. In order to extratthe side band ratio information a spetral line model was developed to predit the gas opaityfor a given pressure, optial depth and temperature using the JPL and HITRAN spetral lineatalogs as a starting point. This method was tested on the saturated lines and showed exellentagreement between the measured and modeled data. By omparing the expeted model datafor a side band gain balaned system with the measured data the side band gain ratio ould beextrated from the data.The spetral model approah was applied to the OCS data in bands 3 and 4. The extratedside band ratio shows an extreme variation not onsistent with the side band ratio variation dueto the mixer antenna response. On loser inspetion the soure of the extreme side band ratio229



was due to a diplexer mistuning. The mistuned diplexer introdued a signi�ant gain slope onIF band. Using a model of the diplexer gain variation due to di�erent levels of mistuning it waspossible to extrat the degree of mistuning from the data and orret the side band ratio forthis e�et. This diplexer mistuning was seen in all data in bands 3 and 4 where su�ient dataoverage was available. This had a detrimental e�et on the overall auray of the side bandmeasurement through gas ell observations. Follow-up �ight observations have shown that theissue of diplexer mistuning was an artifat of the ground based test ampaign and no evideneof a mistuning have been seen in �ight data.The gas ell observations in the HEB bands were beset with standing wave issues. This wasindiative of the overall performane and has followed HIFI into orbit. Due to a non-optimal IFhain design an impedane mismath between the mixer and the �rst ampli�er exists. The mixerunit impedane is extremely sensitive to LO power variations. A slight hange in LO power ormixer state over the ourse of an observation an result in poor baseline performane. In thisthesis a method was developed using a atalog of standing waves to orret the poor baselines.This approah used to orret gas ell data and was also applied to in-�ight observations. TheHEB bands are of vital importane to the HIFI instrument aounting for 30% of the frequenyoverage and 33% of the observing time. The development of the baseline orretion routinewill form a ruial part of the data proessing for these bands.The moleules with saturated lines make up only 20% of the total observations taken duringthe gas ell test ampaign. The most observed gas was methanol whih aounted for 80% ofthe observation taken. Methanol was observed every 1 GHz over the entire range of the HIFIfrequenies. The extration of the side band ratio would provide a omplete piture of theside band ratio variation aross the HIFI bands. The extration of the side band ratio wasproblemati as the pressure broadening parameter of the methanol line frequenies were notknown prior to the analysis. The spetral line model developed to extrat the side bandratio from non-saturated lines was adapted to �t both the side band ratio and the pressurebroadening. This approah however was problemati and the model �t was dependent on theinitial parameters. On loser inspetion it was shown that multiple di�erent ombinations ofthe side band ratio and pressure broadening would produe a viable �t to the data. It wasonluded that the extration of the side band ratio from the methanol data would requirethe use of the side band ratio determined from the saturated line analysis as a starting point.Using this approah the overage of the side band ratio around these known points ould beexpanded to eventually reover the entire band.A �rst pass analysis of methanol was undertaken towards the edge of band 2a. The data wasextrated leaving the side band ratio and pressure broadening to vary within large limits. Thismethod was prone to false �ts and the resulting data shows a great deal of satter. However theextrated pressure broadening did show some struture and the extrated pressure broadening,while having a large satter, was onsistent with published predited values. The extrated sideband ratio was shown to be onsistent with the measured OCS data towards the band edge230



albeit with a large degree of satter. The inreased level of frequeny resolution however wasenouraging for the future determination of the side band ratio.

231



Bibliography[1℄ J. Baars (2003). `Charateristis of a re�etor antenna'. ALMA Memo 456 .[2℄ A. Barkan, et al. (2004). `Linewidth and tuning harateristis of terahertz quantum asadelasers'. Opt. Lett. 29(6):575�577.[3℄ J. J. A. Baselmans, et al. (2005). `Diret detetion e�et in small volume hot eletronbolometer mixers'. Applied Physis Letters 86(16):163503.[4℄ M. Belgaem, et al. (2004). `The high resolution versatile digital spetrometer of HIFI-HSO'.New Astronomy 9(1):43 � 50.[5℄ T. Berg, et al. (2005). `IF Impedane Optimization of HEB's for Band 6 at the HershelSpae Observatory'. In Sixteenth International Symposium on Spae Terahertz Tehnology,pp. 474�+.[6℄ E. A. Bergin, et al. (2010). `Hershel observations of EXtra-Ordinary Soures (HEXOS):The present and future of spetral surveys with Hershel/HIFI'. A&A 521:L20+.[7℄ S. M. Birkmann, et al. (2004). `Charaterization of high- and low-stressed Ge:Ga arrayameras for Hershel's PACS instrument'. In J. C. Mather (ed.), Soiety of Photo-OptialInstrumentation Engineers (SPIE) Conferene Series, vol. 5487 of Soiety of Photo-OptialInstrumentation Engineers (SPIE) Conferene Series, pp. 437�447.[8℄ C. Borys, et al. (2008). `Detetion and haraterization of spurs in ILT gas-ell observation'.Teh. rep. NHSC-JPL-HIFI-tehnote.[9℄ J. Brault, et al. (2003). `Self-broadened 12C16O line shapes in the v=2<�0 band'. Journalof Moleular Spetrosopy 222(2):220 � 239.[10℄ A. Bruno, et al. (2002). `Self-, Nitrogen-, and Oxygen-Broadening Coe�ient Measure-ments in the [nu℄1 Band of H2O Using a Di�erene Frequeny Generation Spetrometer at3 [mu℄m'. Journal of Moleular Spetrosopy 215(2):244 � 250.[11℄ P. J. Burke (1997). High-Frequeny Eletron Dynamis in Thin Film Superondutors andAppliations to Fast, Sensitive Thz Detetors. Ph.D. thesis, Yale University.232



BIBLIOGRAPHY[12℄ P. J. Burke, et al. (1996). `Length saling of bandwidth and noise in hot-eletron super-onduting mixers'. Applied Physis Letters 68(23):3344�3346.[13℄ C. Camy-Peyret, et al. (1985). `The high-resolution spetrum of water vapor between16500 and 25250 m-1'. Journal of Moleular Spetrosopy 113(1):208 � 228.[14℄ G. Cazzoli & C. Puzzarini (2006). `The Lamb-dip spetrum of methylyanide: Preiserotational transition frequenies and improved ground-state rotational parameters'. Journalof Moleular Spetrosopy 240(2):153 � 163.[15℄ G. Cazzoli, et al. (2008). `Pressure-broadening in the THz frequeny region: The 1.113THz line of water'. Journal of Quantitative Spetrosopy and Radiative Transfer 109(9):1563� 1574.[16℄ S. Cherednihenko, et al. (2008). `Hot-eletron bolometer terahertz mixers for the HershelSpae Observatory'. Review of Sienti� Instruments 79(3):034501�+.[17℄ P. A. Collins, et al. (2003). `A Ground Calibration Faility for Hershel-SPIRE'. InJ. C. Mather (ed.), Soiety of Photo-Optial Instrumentation Engineers (SPIE) ConfereneSeries, vol. 4850 of Soiety of Photo-Optial Instrumentation Engineers (SPIE) ConfereneSeries, pp. 628�637.[18℄ C. Comito (2011). private ommuniation.[19℄ C. Comito, et al. (2009). `Spetral Surveys of Star-forming Regions with Hershel/HIFI'.In D. C. Lis, J. E. Vaillanourt, P. F. Goldsmith, T. A. Bell, N. Z. Soville, & J. Zmuidzinas(ed.), Astronomial Soiety of the Pai� Conferene Series, vol. 417 of Astronomial Soietyof the Pai� Conferene Series, pp. 95�+.[20℄ C. Comito & P. Shilke (2002). `Reonstruting reality: Strategies for sideband deonvo-lution'. A&A 395:357�371.[21℄ M. W. de Graauw, et al. (1998). `Heterodyne instrument for FIRST (HIFI): preliminarydesign'. vol. 3357, pp. 336�347. SPIE.[22℄ T. de Graauw, et al. (2010). `The Hershel-Heterodyne Instrument for the Far-Infrared(HIFI)'. A&A 518:L6+.[23℄ T. de Graauw, et al. (2008). `The Hershel-Heterodyne Instrument for the Far-Infrared(HIFI):instrument and pre-launh testing'. In J. M. Oshmann, Jr., M. W. M. de Graauw,& H. A. MaEwen (eds.), Spae Telesopes and Instrumentation 2008: Optial, Infrared, andMillimeter, vol. 7010, p. 701004. SPIE.
233



BIBLIOGRAPHY[24℄ G. de Lange, et al. (2003). `Development of the HIFI Band 3 and 4 Mixer Units'. InC. Walker & J. Payne (ed.), Fourteenth International Symposium on Spae Terahertz Teh-nology, pp. 447�+.[25℄ Y. Delorme, et al. (2005). `Spae-quali�ed SIS mixers for Hershel Spae Observatory'sHIFI Band 1 instrument'. In Sixteenth International Symposium on Spae Terahertz Teh-nology, pp. 444�448.[26℄ P. Dieleman (2004). `FP QM MA tests Band 3: HIFI Consortium meeting (September 6-72004, Leiden)'. Teh. rep., SRON Groningen.[27℄ P. Dieleman, et al. (2008). `HIFI Flight Model Testing at Instrument and Satellite Level'.In W. Wild (ed.), Ninteenth International Symposium on Spae Terahertz Tehnology, pp.106�+.[28℄ A. Dubrulle, et al. (1980). `The Millimeter Wave Rotational Spetra of Carbonyl Sul�de'.Zeitshrift Naturforshung Teil A 35:471�+.[29℄ H. Ekström, et al. (1997). `Gain and noise bandwidth of NbN hot-eletron bolometrimixers'. Applied Physis Letters 70(24):3296�3298.[30℄ D. Emerson (1997). Interpreting Astronomial Spetra. Wiley-Intersiene.[31℄ ESOC (2010). `Hershel Produts De�nitions Doument - Part I (HERSCHEL-HSC-DOC-0959)'. Teh. rep., ESA.[32℄ J. Faist, et al. (1994). `Quantum Casade Laser'. Siene 264(5158):553�556.[33℄ D. T. Frayer, et al. (2007). `Tools for the Hershel Spae Observatory: Observation Plan-ning and Data Proessing'. In Bulletin of the Amerian Astronomial Soiety, vol. 38 ofBulletin of the Amerian Astronomial Soiety, pp. 108�+.[34℄ U. Frisk, et al. (2003). `The Odin satellite. I. Radiometer design and test'. A&A 402:L27�L34.[35℄ J. R. Gao, et al. (2005). `Terahertz heterodyne reeiver based on a quantum asade laserand a superonduting bolometer'. Applied Physis Letters 86(24):244104.[36℄ P. Goldsmith (1998). Quasioptial Systems. IEEE.[37℄ G. Golubiatnikov, et al. (2008). `Pressure shift and broadening of 110-101 water vaporlines by atmosphere gases'. Journal of Quantitative Spetrosopy and Radiative Transfer109(10):1828 � 1833.
234



BIBLIOGRAPHY[38℄ D. Goorvith & C. Chakerian, Jr. (1994). `Rovibrational intensities of the minor isotopesof the CO X 1Σ+ state for v less than or equal to 20 and J less than or equal to 150'. ApJS92:311�321.[39℄ W. Gordy & R. Cook (1984). Mirowave Moleular Spetra. Wiley-Intersiene.[40℄ Y. P. Gousev, et al. (1994). `Broadband ultrafast superonduting NbN detetor for ele-tromagneti radiation'. Journal of Applied Physis 75:3695�3697.[41℄ M. J. Gri�n, et al. (2010). `The Hershel-SPIRE instrument and its in-�ight performane'.A&A 518:L3+.[42℄ R. Güsten, et al. (2006). `The Ataama Path�nder EXperiment (APEX) - a new submil-limeter faility for southern skies -'. A&A 454:L13�L16.[43℄ R. Higgins (2009). `Settling time between Frequeny swith hanges'. Teh. rep. ICC/2009-NA.[44℄ R. D. Higgins & J. W. Kooi (2009). `Eletrial standing waves in the HIFI HEB mixerampli�er hain'. In Soiety of Photo-Optial Instrumentation Engineers (SPIE) ConfereneSeries, vol. 7215 of Soiety of Photo-Optial Instrumentation Engineers (SPIE) ConfereneSeries.[45℄ R. D. Higgins, et al. (2010). `Calibration of the Hershel HIFI Instrument Using Gas CellMeasurements'. In Twenty-First International Symposium on Spae Terahertz Tehnology,pp. 390�397.[46℄ S. Hiyama (1998). `Seitenbandkalibration radioastronomisher Linienbeobahtungen'.Master's thesis, Universität zu Köln.[47℄ H.-W. Hübers, et al. (2006). `High-resolution gas phase spetrosopy with a distributedfeedbak terahertz quantum asade laser'. Applied Physis Letters 89(6):061115.[48℄ N. Ibrahim, et al. (2008). `Line parameters of H2O around 0.8Â [mu℄m studied by tune-able diode laser spetrosopy'. Journal of Quantitative Spetrosopy and Radiative Transfer109(15):2523 � 2536.[49℄ B. Jakson (2003). `IF1-Low Design Desription'. Teh. rep. SRON-G/FPU/TN/2003.[50℄ W. Jellema (2008). `Diplexer alibration: LO subband dependene and IF passband shape'.Teh. rep. SRON-G/HIFI/TN/2008-24.[51℄ A. Jenouvrier, et al. (2007). `Fourier transform measurements of water vapor line pa-rameters in the 4200-6600m-1 region'. Journal of Quantitative Spetrosopy and RadiativeTransfer 105(2):326 � 355. 235



BIBLIOGRAPHY[52℄ JPL (2011). `CH3OH atalog note �http://spe.jpl.nasa.gov/ftp/pub/atalog/do/d032003.pdf'.[53℄ B. Karasik, et al. (1999). `Optimal hoie of material for HEB superonduting mixers'.Applied Superondutivity, IEEE Transations on 9(2):4213 �4216.[54℄ B. S. Karasik, et al. (1996). `Di�usion ooling mehanism in a hot-eletron NbC mi-robolometer mixer'. Applied Physis Letters 68(16):2285�2287.[55℄ C. Karmer (2008). `Spatial response framework doument'. Teh. rep. SRON-G/HIFI/TR/2008-010, Issue 1.9.[56℄ A. Karpov, et al. (2007). `Low Noise 1 THz-1.4 THz Mixers Using Nb/Al-AlN/NbTiN SISJuntions'. Applied Superondutivity, IEEE Transations on 17(2):343�346.[57℄ J. Kawamura, et al. (2003). `1.8 THz superondutive hot-eletron bolometer mixer forHershel'. vol. 4855, pp. 355�360. SPIE.[58℄ R. Kazarinov & R. Suris (1971). `Possibility of ampli�ation of eletromagneti waves ina semiondutor with a superlattie'. Sov. Phys. Semiond. 5:707�709.[59℄ D. J. M. Kester, et al. (2003). `SWS Fringes and Models'. In L. Metalfe, A. Salama,S. B. Peshke, & M. F. Kessler (ed.), The Calibration Legay of the ISO Mission, vol. 481 ofESA Speial Publiation, pp. 375�+.[60℄ P. Khosropanah, et al. (2009). `Phase loking of a 2.7 THz quantum asade laser to amirowave referene'. Opt. Lett. 34(19):2958�2960.[61℄ J. Kooi (2007). `HIFI Instrument Stability as measured during the ILT phase'. Teh. rep.FPSS-01201.[62℄ J. Kooi (2008). Advaned reeivers for submillimeter and far infrared astronomy. Ph.D.thesis, Rijksuniversiteit Groningen.[63℄ J. W. Kooi, et al. (2006). `Stability of heterodyne terahertz reeivers'. Journal of AppliedPhysis 100(6):064904.[64℄ J. W. Kooi, et al. (2007). `IF impedane and mixer gain of NbN hot eletron bolometers'.Journal of Applied Physis 101(4):044511.[65℄ J. W. Kooi, et al. (2008). `HIFI Stability as Measured During ILT Phase'. In W. Wild(ed.), Ninteenth International Symposium on Spae Terahertz Tehnology, pp. 111�+.[66℄ M. Koshelev, et al. (2007). `Broadening and shifting of the 321-, 325- and 380-GHz lines ofwater vapor by pressure of atmospheri gases'. Journal of Moleular Spetrosopy 241(1):101� 108. 236

http://spec.jpl.nasa.gov/ftp/pub/catalog/doc/d032003.pdf


BIBLIOGRAPHY[67℄ M. A. Koshelev & M. Y. Tretyakov (2009). `Collisional broadening and shifting of OCSrotational spetrum lines'. Journal of Quantitative Spetrosopy and Radiative Transfer110(1-2):118 � 128.[68℄ M. L. Kutner & B. L. Ulih (1981). `Reommendations for alibration of millimeter-wavelength spetral line data'. ApJ 250:341�348.[69℄ W. Langer, et al. (2010). `GOT C+: A Hershel Spae Observatory Key Program toStudy the Di�use ISM'. In Amerian Astronomial Soiety Meeting Abstrats #215, vol. 42of Bulletin of the Amerian Astronomial Soiety, p. 440.[70℄ B. Larsson & D. Teyssier (2008). `HIFI FM Radiometry measurements'. Teh. rep. SRON-G/HIFI/TR/2008-001.[71℄ E. Lellouh (2010). `Mars brightness model'. http://www.lesia.obspm.fr/perso/emmanuel-lellouh/mars/.[72℄ D. Lisak, et al. (2004). `An aurate omparison of lineshape models on H2O lines in thespetral region around 3Â [mu℄m'. Journal of Moleular Spetrosopy 227(2):162 � 171.[73℄ Y. Liu, et al. (2001). `Simple empirial analytial approximation to the Voigt pro�le'.Journal of the Optial Soiety of Ameria B Optial Physis 18:666�672.[74℄ I. Lopez-Fernandez, et al. (2003). `Wideband ultra-low noise ryogeni InP IF ampli�ersfor the Hershel mission radiometers'. vol. 4855, pp. 489�500. SPIE.[75℄ A. Maestrini, et al. (2004). `A 1.7-1.9 THz loal osillator soure'. Mirowave and WirelessComponents Letters, IEEE 14(6):253 � 255.[76℄ A. Maestrini, et al. (2005). `Loal osillator hain for 1.55 to 1.75THz with 100- mu;Wpeak power'. Mirowave and Wireless Components Letters, IEEE 15(12):871 � 873.[77℄ J. Mangum (1993). `Main-beam e�ieny measurements of the Calteh SubmillimeterObservatory'. PASP 105:117�122.[78℄ A. Marston (2011). `HIFI observers manual'. Teh. rep., ESA.[79℄ J. D. Mill, et al. (1994). `Midourse spae experiment: Introdution to the spaeraft,instruments, and sienti� objetives'. Journal of Spaeraft and Rokets 31:900�907.[80℄ R. Morena (2009). `COP Beam e�ieny test report'. Teh. rep. SRON-G/HIFI/TR/2009-xxx.[81℄ P. Morris (2010). `HIFI Observers' Manual'. Teh. rep. HERSCHEL-HSC-DOC-0784.237



BIBLIOGRAPHY[82℄ P. Morris & C. Borys (2009). `HIFI AOT Con�gurations in GTKPs'. Teh. rep. ICC/2007-nnn.[83℄ R. S. Nebosis, et al. (1996). `Rigorous Analysis of a Superonduting Hot-Eletron Bolome-ter Mixer: Theory and Comparison with Experiment'. In Seventh International Symposiumon Spae Terahertz Tehnology, pp. 601�+.[84℄ O. Okunev, et al. (1994). `NbN Hot Eletron Waveguide Mixer for 100 GHz Operation'.In Fifth International Symposium on Spae Terahertz Tehnology, pp. 214�+.[85℄ J. Olivero & R. Longbothum (1977). `Empirial �ts to the Voigt line width: A brief review'.Journal of Quantitative Spetrosopy and Radiative Transfer 17(2):233 � 236.[86℄ V. Ossenkopf (2003). `The Intensity Calibration Framework for HIFI'. ALMA Memo 442.[87℄ V. Ossenkopf (2008). `The stability of spetrosopi instruments: a uni�ed Allan varianeomputation sheme'. A&A 479:915�926.[88℄ P. T. Peaoke (2006). `Hershel Telesope Beam Patterns'. Teh. rep. NUIM-HIFI-TEL-001.[89℄ P. T. Peaoke (2007). `Optial Analysis of the Heterodyne Instrument for the Far Infra-red: Methods and Results'. Master's thesis, NUI Maynooth.[90℄ J. Pearson (2008). `Detetion strategy for spurious response from the house keeping data'.Teh. rep. JPL/HIFI/TN/2008-006.[91℄ J. C. Pearson, et al. (2000). `Loal osillator system for the heterodyne instrument forFIRST (HIFI)'. In J. B. Brekinridge & P. Jakobsen (ed.), Soiety of Photo-Optial In-strumentation Engineers (SPIE) Conferene Series, vol. 4013 of Presented at the Soiety ofPhoto-Optial Instrumentation Engineers (SPIE) Conferene, pp. 264�274.[92℄ Perrin, N. & Vanneste, C. (1987). `Dynami behaviour of a superondutor under time-dependent external exitation'. J. Phys. Frane 48(8):1311�1316.[93℄ T. G. Phillips & K. B. Je�erts (1973). `A Low Temperature Bolometer Heterodyne Reeiverfor Millimeter Wave Astronomy'. Review of Sienti� Instruments 44(8):1009�1014.[94℄ H. Pikett, et al. (1998). `Submillimeter, millimeter, and mirowave spetral line atalog'.Journal of Quantitative Spetrosopy and Radiative Transfer 60(5):883�890. ited By (sine1996) 343.[95℄ H. M. Pikett, et al. (2003). `Submillimeter, Millimeter, and Mirowave Spetral LineCatalog'. Teh. rep., JPL. 238



BIBLIOGRAPHY[96℄ H. M. Pikett, et al. (2005). `Use of Euler series to �t spetra with appliation to water'.Journal of Moleular Spetrosopy 233:174�179.[97℄ D. Pierot (2002). `Hershel telesope optial design justi�ation'. Teh. rep.HER.NT.0183.T.ASTR.[98℄ G. L. Pilbratt, et al. (2010). `Hershel Spae Observatory. An ESA faility for far-infraredand submillimetre astronomy'. A&A 518:L1+.[99℄ J. Pineda (2011). private ommuniation.[100℄ A. Poglitsh, et al. (2010). `The Photodetetor Array Camera and Spetrometer (PACS)on the Hershel Spae Observatory'. A&A 518:L2+.[101℄ D. E. Prober (1993). `Superonduting terahertz mixer using a transition-edge mi-robolometer'. Applied Physis Letters 62:2119�2121.[102℄ G. Rebeiz (1992). `Millimeter-wave and terahertz integrated iruit antennas'. Proeedingsof the IEEE 80(11):1748 �1770.[103℄ J. Reinartz & A. Dymanus (1974). `Moleular onstants of OCS isotopes in the (0110)vibrational state measured by moleular-beam eletri-resonane spetrosopy'. ChemialPhysis Letters 24(3):346 � 351.[104℄ Y. Ren, et al. (2010a). `Terahertz heterodyne spetrometer using a quantum asadelaser'. Applied Physis Letters 97(16):161105.[105℄ Y. Ren, et al. (2010b). `Tunable terahertz quantum asade laser for high resolutionheterodyne spetrosopy'. Applied Physis Letters in press.[106℄ L. S. Rothman, et al. (2009). `The HITRAN 2008 moleular spetrosopi database'.Journal of Quantitative Spetrosopy and Radiative Transfer 110:533�572.[107℄ R. Shieder (1993). `The usefulness of a gas ell for performane testing'. Teh. Rep.SWAS/TM-4027.[108℄ R. Shieder & C. Kramer (2001). `Optimization of heterodyne observations using Allanvariane measurements'. A&A 373:746�756.[109℄ R. T. Shieder, et al. (2003). `Toward very large bandwidth with aousto-optial spe-trometers'. vol. 4855, pp. 290�300. SPIE.[110℄ A. D. Semenov, et al. (1995). `Analysis of the nonequilibrium photoresponse of super-onduting �lms to pulsed radiation by use of a two-temperature model'. Phys. Rev. B52(1):581�590. 239



BIBLIOGRAPHY[111℄ I. Siddiqi & D. E. Prober (2004). `Nb�Au bilayer hot-eletron bolometers for low-noiseTHz heterodyne detetion'. Applied Physis Letters 84(8):1404�1406.[112℄ I. Siddiqi, et al. (2002). `Heterodyne mixing in di�usion-ooled superonduting aluminumhot-eletron bolometers'. Journal of Applied Physis 91(7):4646�4654.[113℄ O. Siebertz, et al. (2007). `The Impat of Standing Waves in the LO path of a Hetero-dyne Reeiver'. In 18th International Symposium of Spae Terahertz Tehnology, CaliforniaInstitute of Tehnology, Pasadena, California, pp. 117�122.[114℄ M. F. Skrutskie, et al. (2006). `The Two Miron All Sky Survey (2MASS)'. AJ 131:1163�1183.[115℄ K. Thernyshyov (2010). private ommuniation.[116℄ R. Teipen, et al. (2005). `Results and Analysis of HIFI Band 2 Flight Mixer Performane'.In Sixteenth International Symposium on Spae Terahertz Tehnology, pp. 199�204.[117℄ D. Teyssier, et al. (2004). `A Multi-path Far-Infrared and Sub-millimetre Gas Cell forSpetral Tests of Hershel-HIFI'. In 15th International Symposium of Spae Terahertz Teh-nology, Northampton, Massahusetts, pp. 306�312.[118℄ V. Tolls, et al. (2004). `Submillimeter Wave Astronomy Satellite Performane on theground and in orbit'. ApJS 152:137�162.[119℄ R. A. Toth (2005). `Measurements and analysis (using empirial funtions for widths)of air- and self-broadening parameters of H2O'. Journal of Quantitative Spetrosopy andRadiative Transfer 94(1):1 � 50.[120℄ N. Trappe, et al. (2007). `Analysis of standing waves in submillimeter-wave optis'. vol.6472, p. 64720B. SPIE.[121℄ N. Trappe, et al. (2003). `Quasi-optial analysis of the HIFI instrument for the HershelSpae Observatory'. vol. 4876, pp. 1091�1099. SPIE.[122℄ C. Vastel (2010). Formalism for the CASSIS software. CESR, Toulouse.[123℄ J. Ward, et al. (2005). `Loal Osillators from 1.4 to 1.9 THz'. In Sixteenth InternationalSymposium on Spae Terahertz Tehnology, pp. 374�377.[124℄ N. Whyborn (2002). `Band 6 IF hange impat assessment'. Teh. rep., SRON-Groningen.SRON-U/HIFI/RP/2002-005.[125℄ Wikipedia (2011). `Aousto Optial Spetrometer �http://en.wikipedia.org/wiki/Aousto_Optial_Spetrometer'.240

http://en.wikipedia.org/wiki/Acousto_Optical_Spectrometer


BIBLIOGRAPHY[126℄ B. S. Williams (2007). `Terahertz quantum-asade lasers'. Nature Photonis 1:517�525.[127℄ G. Winnewisser, et al. (1997). `Sub-Doppler Measurements on the Rotational Transitionsof Carbon Monoxide'. Journal of Moleular Spetrosopy 184:468�472.[128℄ L. Xu, et al. (2008). `Torsion rotation global analysis of the �rst three torsional states(νt = 0, 1, 2) and terahertz database for methanol'. Journal of Moleular Spetrosopy251:305�313.[129℄ P. Yagoubov, et al. (1996). `The Bandwidth of HEB Mixers Employing Ultrathin NbNFilms on Sapphire Substrate'. In Seventh International Symposium on Spae Terahertz Teh-nology, pp. 290�+.[130℄ P. Yagoubov, et al. (2006). `550-650 GHz spetrometer development for TELIS'. InA. Hedden, M. Reese, D. Santavia, L. Frunzio, D. Prober, P. Piitz, C. Groppi, & C. Walker(ed.), Seventeenth International Symposium on Spae Terahertz Tehnology, pp. 338�341.[131℄ W. Zhang, et al. (2010). `Quantum noise in a terahertz hot eletron bolometer mixer'.Applied Physis Letters 96(11):111113.[132℄ J. Zmuidzinas & P. Rihards (2004). `Superonduting detetors and mixers for millimeterand submillimeter astrophysis'. Proeedings of the IEEE 92(10):1597�1616.

241



Appendix AGas ell model ode
 l a s s Ga s  e l l L i n eF i t t e r (NonLinearPyModel ) :# pressure , SBR #def __init__( s e l f , npar = 1) :# Construtors e l f . npar = nparNonLinearPyModel . __init__( s e l f , s e l f . npar )# de f i n e data to be f i t t e dde f se tDataset ( s e l f , value , model = ' pressure_sbr ' ) :s e l f . da ta s e t = values e l f . l o_freq = s e l f . da ta s e t [ ' LoFrequeny ' ℄ . data [ 0 ℄ ∗ 1 E3i f s e l f . da ta s e t . hasName( ' frequeny_1 ' ) :s e l f . i f_ f r e q = s e l f . da ta s e t . getWave (1 ) . get (0 )s e l f . f l u x = s e l f . da ta s e t . getFlux (1 ) . get (0 )e l s e :s e l f . i f_ f r e q = s e l f . da ta s e t . getWave ( ) . get (0 )s e l f . f l u x = s e l f . da ta s e t . getFlux ( ) . get (0 )s e l f . obs id = s e l f . da ta s e t [ ' obsid ' ℄ . data [ 0 ℄s e l f . bakend = s e l f . da ta s e t . getMeta ( ) [ ' bakend ' ℄ . va lues e l f . band = s e l f . da ta s e t . getMeta ( ) [ ' Band ' ℄ . va lues e l f . gas , s e l f . p_measure = getGasType ( s e l f . obs id )s e l f . l i n e_tab l e = getLinesFromCatalogWithIFFreqeuny ( ds = s e l f .dataset , gas = s e l f . gas )s e l f . l ine_model = ' voigt ' # l o r e n t zs e l f . l i n e_ f r eq = 0 .0s e l f . l i n e_ in t = 0 .0de f Plotdata ( s e l f ) : 242



PlotXY ( s e l f . i f_ f r eq , s e l f . f l u x )# def Se tL inePrope r t i e s ( s e l f , l i n e_f r eq , l i n e_ in t ) :# model . l i n e_ f r eq = l i n e_ f r eq# model . l i n e_ in t = l ine_intde f generateL ineMode lPSe l f ( s e l f , x , p ) :# hek i f_ f r e q s t a t ei f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :f r e q = Double1d ( [ x ℄ )nb = 1e l s e :f r e q = xnb = len ( f r e q )# ons tant s = 29979245800.0 # m/ s#k = 1.38E−16T = 300L = 102 .54p i = Math . PI##model . l i n e_ f r eq = ABS( s e l f . l i n e_tab l e [ ' i f_ f r eq ' ℄ . data [ 0 ℄ )#model . l i n e_ in t = s e l f . l i n e_tab l e [ 'LGINT ' ℄ . data [ 0 ℄p r e s su r e = s e l f . p_measure∗1e−3p_atm = pre s su r e / 1.01325#w_l = p [ 0 ℄ ∗ p_atm ∗  / 1E6# a l  u l a t e doppler broadeningl ine_freq_ssb = model . l i n e_tab l e [ ' l i n e_f r eq ' ℄ . data [ 0 ℄m = getMoleularWeight ( s e l f . gas )avagado = 6.02214179E23 # 1/molm_g = m / avagado # grammesk = 1.38E−16 # ergâ��Kâ��1w_d = ( l ine_freq_ssb /  ) ∗ SQRT(2 ∗ LOG(2) ∗ k ∗ T / m_g) #MHz, HWHM due to doppler broadening# generate vo i g t p r o f i l e from nu e r i  a l approximation , from o l i v e r o& longbothom (1977)d = (w_l − w_d) /(w_l + w_d) #r a t i o o f p r e s su r e and doppler broadening# 243



_l = 0.68188 + 0.61293∗ d − 0.18382∗ d∗∗2 − 0.11568∗ d∗∗3 #weight ing ons tant s_d = 0.32460 − 0.61825∗ d + 0.17681∗ d∗∗2 + 0.12109∗ d∗∗3w_v = 0.53456∗w_l + SQRT(0 .2166∗w_l∗∗2 + w_d∗∗2) #vo ig t width# vo ig t p r o f i l e , l i u et a l (2001)peak_v = _l ∗1 .0/ ( p i ∗w_v) + _d∗SQRT(LOG(2) / p i ) /(w_v) #vo ig t peakf_p = _l ∗(1/ p i ) ∗w_v/( ( f r e q − model . l i n e_ f r eq ) ∗∗2 + w_v∗∗2) + _d
∗ ( (SQRT(LOG(2) ) ) /(SQRT( pi ) ∗w_v) ) ∗EXP((−LOG(2) ∗( f r e q − model .l i n e_ f r eq ) ∗∗2) /(w_v∗∗2) )v_p = f_p/peak_v# l i n e model , l o r e n t z s im p l i f i  a t i o ni f s e l f . l ine_model == ' l o r en t z ' :s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e

∗10∗∗6) /(k∗T∗ pi ) ) ∗L∗(w_l/ ( ( f req−model . l i n e_ f r eq )∗∗2+w_l∗∗2) ))# l i n e model , f u l l vog i te l i f s e l f . l ine_model == ' voigt ' :s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e
∗10∗∗6) /(k∗T) ) ∗L∗ v_p /( p i ∗w_l + SQRT( pi /LOG(2) ) ∗w_d) )# pr i n t s e l f . modeli f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :r e turn (1.0− s e l f . model [ 0 ℄ ) ∗−0.5+1.0e l s e :r e turn (1.0− s e l f . model ) ∗−0.5+1.0de f generateLineModelPSelfSBR( s e l f , x , p ) :# hek i f_ f r e q s t a t ei f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :f r e q = Double1d ( [ x ℄ )nb = 1e l s e :f r e q = xnb = len ( f r e q )# ons tant s = 29979245800.0 # m/ s#k = 1.38E−16T = 300 244



L = 102 .54p i = Math . PI##model . l i n e_ f r eq = ABS( s e l f . l i n e_tab l e [ ' i f_ f r eq ' ℄ . data [ 0 ℄ )#model . l i n e_ in t = s e l f . l i n e_tab l e [ 'LGINT ' ℄ . data [ 0 ℄p r e s su r e = s e l f . p_measure∗1e−3p_atm = pre s su r e / 1.01325#w_l = p [ 0 ℄ ∗ p_atm ∗  / 1E6# a l  u l a t e doppler broadeningl ine_freq_ssb = model . l i n e_tab l e [ ' l i n e_f r eq ' ℄ . data [ 0 ℄m = getMoleularWeight ( s e l f . gas )avagado = 6.02214179E23 # 1/molm_g = m / avagado # grammesk = 1.38E−16 # ergâ��Kâ��1w_d = ( l ine_freq_ssb /  ) ∗ SQRT(2 ∗ LOG(2) ∗ k ∗ T / m_g) #MHz, HWHM due to doppler broadening# generate vo i g t p r o f i l e from nu e r i  a l approximation , from o l i v e r o& longbothom (1977)d = (w_l − w_d) /(w_l + w_d) #r a t i o o f p r e s su r e and doppler broadening#_l = 0.68188 + 0.61293∗ d − 0.18382∗ d∗∗2 − 0.11568∗ d∗∗3 #weight ing ons tant s_d = 0.32460 − 0.61825∗ d + 0.17681∗ d∗∗2 + 0.12109∗ d∗∗3w_v = 0.53456∗w_l + SQRT(0 .2166∗w_l∗∗2 + w_d∗∗2) #vo ig t width# vo ig t p r o f i l e , l i u et a l (2001)peak_v = _l ∗1 .0/ ( p i ∗w_v) + _d∗SQRT(LOG(2) / p i ) /(w_v) #vo ig t peakf_p = _l ∗(1/ p i ) ∗w_v/( ( f r e q − model . l i n e_ f r eq ) ∗∗2 + w_v∗∗2) + _d
∗ ( (SQRT(LOG(2) ) ) /(SQRT( pi ) ∗w_v) ) ∗EXP((−LOG(2) ∗( f r e q − model .l i n e_ f r eq ) ∗∗2) /(w_v∗∗2) )v_p = f_p/peak_v# l i n e model , l o r e n t z s im p l i f i  a t i o ni f s e l f . l ine_model == ' l o r en t z ' :s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e

∗10∗∗6) /(k∗T∗ pi ) ) ∗L∗(w_l/ ( ( f req−model . l i n e_ f r eq )∗∗2+w_l∗∗2) ))# l i n e model , f u l l vog i te l i f s e l f . l ine_model == ' voigt ' :245



s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e
∗10∗∗6) /(k∗T) ) ∗L∗ v_p /( p i ∗w_l + SQRT( pi /LOG(2) ) ∗w_d) )# pr i n t s e l f . modeli f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :r e turn (1.0− s e l f . model [ 0 ℄ ) ∗−p [1 ℄+1 .0e l s e :r e turn (1.0− s e l f . model )∗−p [1 ℄+1 .0de f generateLineModelSBR ( s e l f , x , p ) :# hek i f_ f r e q s t a t ei f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :f r e q = Double1d ( [ x ℄ )nb = 1e l s e :f r e q = xnb = len ( f r e q )# ons tant s = 29979245800.0 # m/ s#k = 1.38E−16T = 300L = 102 .54p i = Math . PI##model . l i n e_ f r eq = ABS( s e l f . l i n e_tab l e [ ' i f_ f r eq ' ℄ . data [ 0 ℄ )#model . l i n e_ in t = s e l f . l i n e_tab l e [ 'LGINT ' ℄ . data [ 0 ℄p r e s su r e = s e l f . p_measure∗1e−3p_atm = pre s su r e / 1.01325#p_se l f = model . l i n e_tab l e [ ' p_sel f ' ℄ . data [ 0 ℄i f IS_FINITE( p_se l f ) :w_l = p_se l f ∗ p_atm ∗  / 1E6e l s e :p r i n t ' no p s e l f data found f o r %s ' % (model . gas )p r i n t s h i t#  a l  u l a t e doppler broadeningl ine_freq_ssb = model . l i n e_tab l e [ ' l i n e_f r eq ' ℄ . data [ 0 ℄m = getMoleularWeight ( s e l f . gas )avagado = 6.02214179E23 # 1/molm_g = m / avagado # grammesk = 1.38E−16 # ergâ��Kâ��1246



w_d = ( l ine_freq_ssb /  ) ∗ SQRT(2 ∗ LOG(2) ∗ k ∗ T / m_g) #MHz, HWHM due to doppler broadening# generate vo i g t p r o f i l e from nu e r i  a l approximation , from o l i v e r o& longbothom (1977)d = (w_l − w_d) /(w_l + w_d) #r a t i o o f p r e s su r e and doppler broadening#_l = 0.68188 + 0.61293∗ d − 0.18382∗ d∗∗2 − 0.11568∗ d∗∗3 #weight ing ons tant s_d = 0.32460 − 0.61825∗ d + 0.17681∗ d∗∗2 + 0.12109∗ d∗∗3w_v = 0.53456∗w_l + SQRT(0 .2166∗w_l∗∗2 + w_d∗∗2) #vo ig t width# vo ig t p r o f i l e , l i u et a l (2001)peak_v = _l ∗1 .0/ ( p i ∗w_v) + _d∗SQRT(LOG(2) / p i ) /(w_v) #vo ig t peakf_p = _l ∗(1/ p i ) ∗w_v/( ( f r e q − model . l i n e_ f r eq ) ∗∗2 + w_v∗∗2) + _d
∗ ( (SQRT(LOG(2) ) ) /(SQRT( pi ) ∗w_v) ) ∗EXP((−LOG(2) ∗( f r e q − model .l i n e_ f r eq ) ∗∗2) /(w_v∗∗2) )v_p = f_p/peak_v# l i n e model , l o r e n t z s im p l i f i  a t i o ni f s e l f . l ine_model == ' l o r en t z ' :s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e

∗10∗∗6) /(k∗T∗ pi ) ) ∗L∗(w_l/ ( ( f req−model . l i n e_ f r eq )∗∗2+w_l∗∗2) ))# l i n e model , f u l l vog i te l i f s e l f . l ine_model == ' voigt ' :s e l f . model = EXP(−10∗∗model . l i n e_ in t ∗10∗∗ −14.0∗(( p r e s su r e
∗10∗∗6) /(k∗T) ) ∗L∗ v_p /( p i ∗w_l + SQRT( pi /LOG(2) ) ∗w_d) )# pr i n t s e l f . modeli f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :r e turn (1.0− s e l f . model [ 0 ℄ ) ∗−p [0 ℄+1 .0e l s e :r e turn (1.0− s e l f . model )∗−p [0 ℄+1 .0de f generateLineModelSBRPressure ( s e l f , x , p ) :# hek i f_ f r e q s t a t ei f s t r ( x . __lass__) == ' org . python . ore . PyFloat ' :f r e q = Double1d ( [ x ℄ )nb = 1e l s e : 247
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249



Appendix BPaper 1: Eletrial standing waves in theHIFI HEB mixer ampli�er hainConferene proeedings of SPIE Photonis west onferene, San Jose, CA., February 10th2009[44℄.

250



Electrical standing waves in the HIFI HEB mixer amplifier

chain

Ronan D. Higginsa,b and Jacob W. Kooic

aNational University of Ireland, Maynooth, Co. Kildare, Ireland
bSRON Netherlands Institute for Space Research, PO Box 800, Groningen, the Netherlands

cCalifornia Institute of Technology, MS 320-47, Pasadena, California 91125, U.S.A.

1. ABSTRACT

The Heterodyne Instrument for the Far-Infrared (HIFI) is one of three instruments to be launched aboard the
Herschel Space Observatory (HSO) in 2009. HIFI will provide unprecedented spectral sensitivity and resolution
between 490–1250 GHz and 1410–1910 GHz. In this paper, we report on the analysis of electrical standing waves
that are present between the hot electron bolometer (HEB) heterodyne mixing element and the first low noise
amplifier in the HIFI instrument. We show that the standing wave shape is not a standard sinusoid and difficult to
remove from the resulting spectrum using standard fitting methods. We present a method to remove the standing
waves based on data taken during the HIFI instrument level test, and anticipate the use of a similar calibration
procedure in actual flight. Using the standing wave profile we obtain direct evidence of the complex IF output
impedance of the HEB mixer.

Keywords: HIFI, Herschel, HEB mixer, standing wave, impedance

2. INTRODUCTION

The Heterodyne Instrument for the Far-Infrared (HIFI) is one of three instruments to be flown on the Herschel Space
Observatory.1 HIFI will observe at high spectral resolution the complete range of frequencies from 480–1250 GHz
and 1410–1910 GHz for two polarizations, divided over seven bands. This range of the electromagnetic spectrum is
unique as it has never been comprehensively observed before. Observation at these wavelengths will answer numerous
questions in the area of galaxy evolution and star and planet formation.

This range of the electromagnetic spectrum is also unique from an instrumentation point of view in that it falls
between conventional operating limits of electronic and photonic devices. At millimeter and longer wavelengths
low noise high electron mobility transistors are the back bone of radio astronomy. However, due to the finite
electron mobility of III−V materials, their performance degrades rapidly as the wavelengths get shorter. At optical
wavelengths down through to the mid-infrared, observations using quantum electronics are ideal as the higher
photon energy allows efficient detection. At far infrared wavelengths the performance of quantum devices becomes
problematic however due to the low photon energy. For this reason low energy gap superconducting materials are
used for high sensitivity applications. In the case of low spectral resolution observations superconducting transition-
edge bolometers (TES) have achieved very high sensitivity. To achieve near quantum limited high spectral resolution
observations, heterodyne techniques based on superconducting-insulator-superconducting (SIS) tunnel junctions and
hot electron bolometers (HEBs) need to be employed.

The heterodyne technique works by multiplying (mixing) of the incoming sky signal with a monochromatic local
signal (the Local Oscillator, LO) by means of a highly non-linear mixing element sensitive to the beat term between
the two signals. The HIFI instrument uses this technique to down-convert terahertz radiation to the microwave
frequency domain where it can be sampled and recorded using conventional electronics. At the output of the mixer
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the beat term between the LO frequency and the signal frequency (also known as the intermediate frequency or IF)
is then typically fed to a spectrometer where the spectral information is analyzed. In this way very high resolution
observations (defined as R = ν/∆ν ≥ 106–107) may be obtained. The mixer has a IF bandwidth determined
by the geometry and superconducting material used. In the case of HIFI an upper and lower sideband at the LO
frequency is down converted and fed to the backends. No sideband separation is present in HIFI and hence the
output spectra contains both the upper and lower sidebands. The double side band spectra are separated in the
instrument pipeline using a deconvolution algorithm.2

HIFI uses two types of mixing elements. Superconductor-Insulator-Superconductor (SIS) mixers are used from
480–1250 GHz (bands 1–5) and Hot Election Bolometer (HEB) mixers from 1410–1910 GHz (bands 6–7). Both
mixers use superconducting principles to mix the incoming terahertz sky signal with the LO signal, albeit with
completely different mechanisms.

The HEB mixer technology used in mixer bands 6–7 was first proposed in the early 1970’s3 but then superseded
by SIS mixer technology in the 1980’s. The range of frequencies of SIS mixers are however limited by the energy
gap of the superconducting material (above this frequency absorption loss in the superconducting film, due to the
breaking of Cooper pairs, increases dramatically). SIS mixer techniques are a key technology of submillimeter
spectroscopy and have being used extensively in ground based telescopes for the last twenty years.4, 5 At the time
of HIFI development HEB mixers were seen as the only option for mixing above 1.25 THz. The two mixer types
were envisaged to produce a common 4–8 GHz bandwidth and hence used an identical IF chain and output to the
same backend spectrometers∗. Due to development issues with the HEB mixers, the original 4–8 GHz IF bandwidth
had to be reduced to 2.4–4.8 GHz. The IF chain configuration was subsequently changed to match the new mixer
bandwidth however without the use of an isolator between the mixer and first Low Noise Amplifier (LNA), as shown
in Fig. 1. This was due to the lack of availability of an appropriate (space qualified) isolator for the new bandwidth.
As a result of this configuration change the impedance mismatch between the HEB mixer and the first cryogenically
cooled LNA becomes very important.

This paper will discuss the resulting power reflection (standing waves) between the HEB mixer and the first LNA.
Section 3 describes the problem of HEB bandwidth and the missing isolators in the IF chain. Section 4 details how
the standing wave affects in-flight observations and how a standard fitting approach fails to remove, to a satisfactory
level, the effect. Section 5 describes the current HEB impedance mixer theory and how, using this theory, a fit to the
IF standing wave is possible. This approach facilitates baseline correction but also allows the extraction of physically
relevant device parameters, such as the electron temperature in the hot electron bolometer bridge. Finally, section
6 presents the proposed solution of using the calibration data taken during the HIFI instrument level tests of 2007
to remove the IF standing wave.

3. HEB IF CHAIN

The IF chain is used to amplify the mixer output signal with as little added noise as possible, and provide a link
to the back-end spectrometers. The IF chain passband is designed to transmit the signal equally over the entire IF
bandwidth and to minimize reflection loss between the individual components. The latter is typically accomplished
by careful matching of the impedance between components. To further reduce reflections between the IF components
fixed 3 dB attenuators have been added at certain crucial locations, as indicated in Fig. 1

When HIFI was originally proposed in 1998 it was envisaged that the two bands above 1250 GHz would use
HEB mixer technology. At the time two mixer technologies were proposed: a baseline goal of diffusion-cooled Nb
HEBs and a goal of diffusion-cooled Al HEBs. Diffusion cooled HEBs were chosen over phonon cooled NbN HEBs
on the basis of potentially superior sensitivity and higher IF bandwidth. It was argued that the diffusion-cooled
technology could reach the higher IF bandwidth simply by reducing the length of the superconducting bolometer
element whereas the phonon-cooled technology’s maximum IF bandwidth is more dependent on intrinsic material
properties, and thus not easily extendable. Initial results proved promising6 but the diffusion cooled HEB didn’t
produce repeatable results for subsequent mixer batches. In 2002 the decision was made to switch from the use of

∗HIFI has two backend spectrometers, the Wide Band Spectrometer (WBS) and the High Resolution Spectrometer (HRS)
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Figure 1. Block diagram of the HIFI signal chain showing all components for one polarization1

diffusion cooled HEBs to the (by then) proven phonon cooled HEB mixer technology.7 This required a redesign of
the IF chain to match the reduced bandwidth.8

As we have stated, in the original IF chain design it was envisaged that the seven HIFI bands would have the
same IF bandwidth (4–8 GHz) and therefore have a common IF chain design. However due to the change in HEB
bandwidth a new IF chain design was necessary for bands 6 & 7. The first and second amplifiers were redesigned
to accommodate the new bandwidth and a 10.4 GHz oscillator was added after the second amplifier to up-convert
the 2.4–4.8 GHz bandwidth to a spectrometer compatible bandwidth of 8–5.6 GHz. Due to time and mass/volume
constraints it was not possible to develop and procure a new cryogenic isolator, and it was decided to remove the
isolators from the HEB IF chain. Initially it was believed that the IF chain could be designed to work without
isolators due to the supposed benign (50 Ω) output impedance of the HEB mixer, but this proved to be false. The
first IF design had noise temperatures in excess of 10,000 K and a large 300 MHz ripple due to power reflections
between the mixer and first LNA. After a careful analyzes of the actual HEB mixer IF output impedance9 a redesign
of the HEB mixer unit IF board and matching circuit was judged needed. Subsequent measurements showed that
the large excess noise was eliminated, however there remained (not unexpected) a significant IF standing wave. The
final IF chain design is shown in Fig. 1.

4. STANDING WAVE PROFILE

Optical standing waves are a common feature in submm instruments. They occur when the signal wavelength is
comparable with the instrument dimensions. Standing waves occur between two surfaces when a fraction of the
incoming radiation is reflected back along the path of the incoming radiation, and the reflected electromagnetic wave
interferes with the incoming signal. Depending on the relative phase of the incoming and reflected signal this effect
can either add or subtract the total signal detected. This effect produces a sinusoid on the backend spectrometer
baseline, the period, P , of this sinusoid a function of the distance, d, between the two reflecting surfaces and the
speed of light, c, in the propagation medium, see equation 1. The amplitude is a function of the beam coupling
between the two surfaces.10
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Figure 3. The HIFI instrument band 6 & 7 IF chain. a) The modeled real and complex part of the HEB mixer IF output
impedance (see text for details). This impedance is then transformed by the ’mixer unit’, depicted in b, to yield an IF
impedance as shown in panel c. The complex nature of space qualified hardware made it impossible to alter the mixer unit
physical layout, hence the non-ideal impedance (note that the locus is around 50 Ω). After passing through a ∼ 182 mm
(effective length obtained from a fit to the data) 50 Ω semi-ridged coax cable the IF impedance is then transformed to that
shown in panel d. The IF chain having no isolator connects directly to the first LNA, whose measured input impedance is
shown in panel e. The result is a ∼ 300 MHz standing wave in the IF passband (Fig. 5).

temperature. To make matters worse, changes in voltage reflections at the mixer IF output port cause a small change
in the hot electron bolometer distributed temperature profile,13 thus providing a positive feedback mechanism. This
is known as electro-thermal feedback. These small changes in impedance result in a non-perfect cancellation of
instrument effects and the observer is left with a distorted baseline. Since the LNA is kept in a fixed state during
observations the amplitude of the residual standing wave is a measure of how far the mixer impedance has drifted
between two observations.

To understand how the frequency dependent IF output impedance of the HEB mixer modulates the standing
wave consider the model of the HIFI IF chain shown in Fig. 3. As stated in section 3, due to the complex nature of
space qualified hardware it was not possible to change the layout of the mixer unit, hence the somewhat non-optimal
design.

To better comprehend the nature and frequency dependence of the HEB mixer output impedance we follow the
analyzes of Nebosis and Kooi et al.9, 14 A HEB mixer operates in principle very close to the critical temperature of
the superconducting material used. For NbN films this is around 10 K. Both LO power and bias are used to bring the
HEB bridge temperature close to the ideal transition, or operating temperature. Since the local oscillator frequency
is well above the energy gap of the superconducting film, heating in the film may be considered uniform. To describe
the thermal balance in the HEB bridge we have to consider the phonon-electron interaction time (τeph), the phonon
escape time (τesc) to the lattite (substrate), and the temperature of the quasi-particles (Te). The electron-electron
interaction time is assumed must faster then the above mentioned time constants.



Diffusion loss via the normal conducting (Au) contact pads may be neglected for the predominantly ’phonon’
cooled HEB mixer we consider ourselves with.

Using the two temperature electron cooling model with associated heat balance equations of a thin 2D film
as described by Perrin-Vanneste (PV),15 and expanded upon by Nebosis, Semenov, Gousev, and Renk (NSGR),14

while making the assumption that at IF frequencies the temporal response is predominantly governed by the electron
temperature dependent change in resistance (∂R/∂Te) we obtain the complex IF impedance

Z(ω) = R0 ·
Ψ(ω) + C

Ψ(ω) − C
. (2)

In the above equation Ψ(ω) represents the time dependent modulation of the electron temperature and is defined by
three time constants, τ1, τ2, τ3

Ψ(ω) =
(1 + iωτ1)(1 + iωτ2)

(1 + iωτ3)
. (3)

C is the self heating parameter and can be described as

C =
I2

V

∂R

∂Te

(

τeph

ce

+
τesc

cph

)

. (4)

In the above equations R0 is the dc resistance at the operating point of the mixer (∼ 15 Ω). The differential resistance
at the operating point, ∂R/∂V , is under normal bias conditions ∼ 60 Ω.7 ce and cph are the respective heat capacities
of the electrons and phonons. The time constants τ1, τ2, τ3 depend on τeph, τesc, ce/cph which are derived from the
empirical relationship that for thin NbN films 〈τesc〉 ∼ 10.5 d (ps/nm)16,17 τeph ≈ 500 T−1.6 (ps·K)18 and that
ce/cph ≈ 18.77 T−2.17 In the previous equation d is the thickness of the (NbN) film in the HEB bridge. In Fig. 4 we
show τ1, τ2, τ3 as a function of electron temperature. From a fit of the model against the measurement we obtain
an electron temperature of ∼ 10 K, consistent with the outlined theory.

τ−1
1 , τ−1

2 =
Ω

2



1 ∓

√

1 −
4τ −1

eph τ −1
esc

Ω2



 , (5)

with

Ω =

(

1 +
ce

cph

)

· τ−1
eph + τ−1

esc , (6)

and

τ−1
3 =

ce

cph

τ −1
eph + τ −1

esc . (7)

As the local oscillator power or bias voltage changes,9 the electron temperature in the bridge changes, effecting the
physical parameters and thereby τ1, τ2, τ3. This is illustrated in Fig. 4. The change in IF output impedance is small,
but not negligible (Fig. 3a).

To calculate the effect of the HEB mixer IF output impedance on the instrument we first transform the derived
HEB impedance to the mixer unit (MU) output. This is accomplished via a S-parameter model (Fig. 3) derived
from electromagnetic finite element analysis.19 In this model the IF bond wires are included. Next we transform
the mixer unit output impedance via an effective 181.776 mm (derived from a fit against the data) electrical length
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Figure 4. Discussed time constants and their electron temperature relationship. The NbN τeph, τesc, and the heat capacity
ratio ce/cph (not shown) are obtained from literature and serve to constrain the impedance and mixer gain models. From
a fit of the model against measurement (Fig 3) we derive a 6.4 nm thick NbN film. The electron temperature of the ’on’
and ’off’ source signals are 10.1 & 10.3 K respectively. The redistribution of the electron temperature is due to a small
change in LO power (optical standing wave, LO power drift) and/or bias change. This results in a slight change in the mixer
output impedance (Fig. 3a), and a non-prefect ’on’ – ’off’ subtraction, and hence a residual IF standing wave in thus obtained
spectrum.

coaxial cable to the input of the first low noise amplifier. Using a linear circuit simulator20 we calculate the overall
gain of the system. If we next allow the electron temperature of the bridge to vary to mimic an actual ’off’ position
observation we than obtain the normalized Off/On spectrum with the residual standing wave. By varying τeph, τesc,
and ce/cph in our HEB model, we can ’fit’ the measurement and thus extract information on the actual electron
temperature of the bridge. The thus obtained parameters are shown in Table 1. The quality of the depicted fit
provides a nice confirmation of the ’NSGR’ model.14 It does however also show that there are some lower order
residuals present that cannot be accounted for by the model, thereby limiting the accuracy of the Off/On correction.
To improve the quality and numerical calculation overhead of the IF standing wave removal we now introduce a new
technique as outlined in Section 6.

Table 1. Derived HEB mixer parameters for the ’On’ and ’Off’ source observations as based on the outlined impedance model.
Units of Ro is in Ω, τesc and τeph in ps, and Te in Kelvin.

mode Ro C τesc τeph ce/cph Te

On 14.394 0.3995 71.701 12.108 0.1978 10.1
Off 14.715 0.4007 73.397 12.314 0.2297 10.3

6. STANDING WAVE SOLUTION

We have shown in section 5 that a fitting approach based on the fundamental physics of the HEB mixer coupled
with a model of the coaxial cable and the first LNA provides a good first order fit to the standing wave profile.
However this approach is computationally expensive given that four free parameters are used for each calibration
phase. In the example spectra shown we have used a 2 phase calibration, Off/On, to remove system artifacts from
the spectra. For HIFI operation the observed spectra will be temperature calibrated using a four phase calibration
routine incorporating the HIFI internal hot and cold loads. The four phase calibration equation is as follows:
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Figure 6. 12CO data fitted with a smoothed mixer current equivalent spectra taken from the HIFI stability test data.

On − Off

Hot − Cold
. (8)

Fitting the standing wave for a four phase calibration using the HEB model becomes problematic as the amount
of parameters increases to 16. Additionally, HIFI will take multiple spectra during routine operation, which are
calibrated individually using equation 8. This further increases the computation time for removal of the HEB
standing wave. For a one minute integration time and a nominal WBS mode of 4 second readout this would generate
up to 15 calibrated spectra which would be computationally very time consuming using the method proposed in
section 5.

As part of our investigation into the standing wave effect in the HEB bands we noticed a correlation between
the mixer current and the amplitude of the standing wave present in the spectra. It was seen that the greater the
difference in mixer current, ∆Imix, between two calibration phases the larger the residual standing wave present in
the calibrated spectra. This correlation between ∆Imix and the residual standing wave was expected since Imix can
be taken as a measure of the mixer impedance given that the mixer bias voltage, V , is a fixed parameter.



Furthermore, it was seen that there was a remarkable stability in the standing wave profile for a given ∆Imix

between two calibration phases at a given Imix when compared to equivalent spectra taken at different times and
LO frequencies for the same HEB mixer unit. Using this standing wave stability we devised a method to match the
gas cell spectra with equivalent stability test data spectra. The stability test data, particularly the LO warm up
data, provide a large sample of spectra at different mixer currents at the same LO frequency. Using this LO warm
up data we matched the mixer current seen in the gas cell phases with an equivalent stability spectra, the results
are shown in figure 6.

This approach has proved effective as a method to remove the electrical standing wave from the spectra of
HEB band observations. Significantly this method is easier to implement than the HEB impedance model method
presented in section 5 and less computationally extensive. This method will be included as a module in the HIFI
instrument pipeline. Further tests are to be undertaken as part of the commissioning phase of HIFI in order to
generate a complete catalog of standing wave spectra for a range of mixer currents for each of the four HEBs present
in HIFI.

7. CONCLUSIONS

In this paper, we presented a method to fit the electrical standing waves present in the HEB mixer IF chain of
the Herschel HIFI spectrometer. We have shown that the standing wave can be removed by using equivalent mixer
impedance data taken from the calibration data with no spectral line data. This method will be included in the
HIFI instrument pipeline.

In addition, we have shown that the current HEB impedance model generates a good first order fit to the standing
wave profile. The fit parameters returns information about the conditions at the mixer bridge which have previously
not been directly observed. This fit supports the HEB impedance model presented by Kooi et al and Nebosis.9, 14
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Abstract—The Heterodyne Instrument for the Far-

Infrared (HIFI) was launched aboard the Herschel

space telescope on the 14th of May 2009. HIFI’s

frequency range is spread over 7 mixer bands. Bands

1-5 (480-1270 GHz) use Superconducting-Insulator-

Superconducting (SIS) mixer technology while bands

6 & 7 (1410-1910 GHz) use Hot Electron Bolometer

(HEB) mixer technology. HIFI is a double sideband

instrument and hence contains both the upper and

lower sideband of the down converted sky signal. The

gain in the upper and lower sideband is not always

equal. This effect introduces a calibration uncertainty

that must be understood in order to achieve the HIFI

calibration goal of 3%.

To determine the frequency dependent sideband

ratio for each mixer band, a gas cell test set up was

developed [1]. During the instrument level testing a

number of simple (12CO, 13CO and OCS) and complex

(CH3CN and CH3OH) molecules were observed using

the HIFI instrument. Using a radiative transfer model

with the measured pressure and optical path length

of the gas cell and molecular line parameters taken

from the JPL and HITRAN catalogs, model spectra

can be generated. By comparing the generated spectra

with the observed spectra the sideband gain can be

determined.

In this paper we present the analysis of 12CO gas

cell data in bands 1 & 2 and the application of the

determined side gain ratios to flight data.

I. INTRODUCTION

HIFI is a one of three instruments on board

the Herschel Space Observatory. Using heterodyne

techniques it provides very high spectral resolution

(R = ν/∆ν ≥ 106–107) from 480–1270 GHz

and 1410–1910 GHz for two polarizations. This high

resolution promises to open a new window on the

chemistry and kinematics of the cold universe [2].

The heterodyne technique achieves high resolution

spectra by beating the sky signal with an instru-

ment produced monochromatic signal of a similar

frequency close to the sky frequency of interest. This

local signal is typically known as the local oscillator

(LO) signal. The two signals are added together at

the mixer which reacts to the beat frequency of the

two signals. This down converted signal is known

as the intermediate frequency (IF). Depending on

the mixer characteristics a 2.4 to 4GHz band of the

sky signal is down converted either side of the LO

frequency, these bands are known as the sidebands.

HIFI’s frequency coverage is spread over 7 bands.

Each band has two mixer blocks which detect or-

thogonal polarizations. Each mixer is coupled to

two LO chains covering approximately half of the



mixer band frequency coverage. HIFI uses two types

of mixing elements. Bands 1-5 (480–1270 GHz)

use Superconductor-Insulator-Superconductor (SIS)

technology and bands 6 & 7 use Hot-Electron-

Bolometer technology to mix sky and LO signals.

Both technology use superconducting techniques to

downconvert the signal albeit via different mecha-

nisms, for a review of mixer technology see [3].

HIFI aims to have unprecedented calibration ac-

curacy for a heterodyne instrument. A major source

of calibration error in ground based telescope is

atmospheric perturbations. By going to space HIFI

opens up new parts of the sub-mm spectrum but

also the vacuum of space removes a large calibration

error. The main calibration errors in HIFI will be

from the telescope optics and the instrument itself.

The main sources of calibration error for HIFI come

from internal standing waves, hot and cold load cou-

pling and temperature and mixer sideband gain ratio.

Standing waves manifest themselves in numerous

ways in a heterodyne systems and can be seen on

the spectra baseline but also more subtlety in the

mixer sensitivity due to internal reflection in the LO

mixer cavity, see [4] for a review.

Side band gain ratio is a bi-product of the HIFI

mixer set up. The HIFI mixers are double side band

(DSB) mixers and hence have an upper and lower

side band in the down converted spectra. The sepa-

ration of side bands in the mixer setup is a common

component in ground based telescope however at

the time of HIFI development the technique was

still in a development phase. HIFI separates the

sideband in the data processing pipeline. Using the

principle that by changing the LO frequency spectral

lines in the upper and lower side band move in

opposite directions it is possible to deconvolve DSB

spectra into its SSB (single side band) components,

see [5]. For wide band spectrometers such as HIFI

the change in gain across the upper and lower side

bands can introduce a significant calibration error.

The side band gain effect can be removed during

the deconvolution process however knowledge of the

side band gain ratio is required.

This paper discusses the gas cell tests undertaken

during instrument level testing (ILT) phase to deter-

mine the side band gain variation across the HIFI

frequency coverage. The effect of side band ratio

on calibration accuracy will be discussed in section

2. The gas cell set-up will be discussed in section

3. Section 4 details the gas cell line fitting and

the extraction of the side band ratio from this data.

Finally section 5 details the application of side band

ratio to flight data taken during the performance

verification phase of HIFI.

II. CALIBRATION ERRORS

As HIFI aims for unprecedented calibration accu-

racy in a heterodyne system all efforts were made in

the instrument level tests to quantify and understand

the sources of calibration error in the system. 2 of

the main sources of calibration error within HIFI are

standing waves and the mixer sideband ratio.

A. Standing waves

Standing waves are a common feature in radio and

sub-mm telescopes as the telescope and instrument

optics are comparable with the radiation wavelength.

Standing waves occur when a signal is reflected be-

tween 2 surfaces. The reflected signal interferes with

the incoming signal. Depending on the phase of the

signal when reflection occurs, the interference can be

constructive or destructive. When this interference is

viewed from a broadband perspective it appears as

sinusoidal intensity variation with frequency. From

the period of this modulation one can determine the

distance between 2 reflecting surfaces as follows:

d = c/2P (1)

where P is the standing wave period in frequency, c
is the speed of light and d is the distance between

the 2 surfaces.

The main source of standing waves in ground

based telescopes is from the secondary mirror. This

was considered in the design of the Herschel sec-

ondary mirror and the inclusion of scattering cone

has almost completely removed this effect. However

even though great efforts were made to reduce stand-

ing waves they are still seen in the HIFI internal

optics. Standing waves are seen in both the sky and

local oscillator signal paths.

Standing waves in the sky path, be it from the

calibration loads or the sky, appear as a modulation

on the spectrometer output. The problem is compli-

cated further by the double side band nature of HIFI.

The standing wave in figure 1 is the result of the

interference between the standing wave in the the

upper and lower sideband signal.

Standing waves in the LO path are not as apparent

as those in the sky signal path but can have a

detrimental effect on certain observing modes such

as frequency switch modes [6]. Standing waves in

the LO path modulate the LO power and hence the

sensitivity of the mixer. Figure 2 shows the effect of

a standing wave on the mixer pump level. A fraction



of the LO power is reflected between the LO unit

and mixer causing a modulation in the LO power

and hence mixer sensitivity. The effect of standing

waves in the LO signal path is discussed in detail in

[4].

The standing wave seen in the HEB bands is of

another form. Like the sky path standing wave it

is seen as a broadband modulation on the spectrum

baseline however the origin of the reflection cavity

is not in the instrument optics but in the IF electrical

amplification chain. Due to an impedance mismatch

between the HEB mixer and the first amplifier not all

of the signal is transmitted and some is reflected back

and forth between the 2 component along 182mm

of coaxial cable. In bands 1-5 an electrical isolator

is present absorbing any reflected signal. However

due to a late design change in IF bandwidth for

the HEB band no suitable isolator was available

and hence reflected signal become a problem. In an

ideal system the standing waves would cancel in the

calibration routine. However the HEB impedance is

a very sensitive to small fluctuations in LO and sky

power which change the standing wave shape and

leads to a residual between the On and Off phases.

The impedance of HEB and the proposed solution to

remove this standing wave is discussed in reference

[7].

Correcting baselines for the standing wave effects

seen in figure 1 is a typical chore of a radio as-

tronomer and a number of tools are available for

this task. However complete removal of all standing

wave effects is not entirely possible. Standing waves

from the temperature loads can limit the absolute

temperature calibration possible and the standing

wave amplitude must be taken as a calibration error.

B. Side band ratio

As stated previously, HIFI is a double side band

instrument and contains signal from both the upper

and lower sideband. The basic HIFI calibration con-

tains 4 different observation phases, (On source, Off

source, Hot load, cold load) which when combined

together in equation 2 remove the systematic effects

(assuming the instrument is stable over the course

of the data acquisition) and return a temperature

calibrated DSB spectra.

On − Off

Hot − Cold
(2)

In an ideal mixer with an equal gain in both side-

bands, the spectral line intensity for an unconfused

line (i.e. not blended with a line from the other side

band) can be calculated simply by multiplying the

Figure 1. Plot of Methanol data taken at 645.999 GHz showing

a 170 MHz period standing wave corresponding to internal

reflection in a cavity of length ∼ 88cm

Figure 2. Plot of mixer currents for both H and V mixers. For

this test the LO power is kept constant and the LO frequency is

changed. In the mixer current vs. LO Frequency plot 2 standing

waves are apparent, a 92MHz modulation corresponding to a

distance between the LO source unit and the mixer focus and a

680 MHz period standing wave corresponding to an reflection

between the diplexer rooftop mirror and the mixer focus.

line intensity by 2. However the gain response across

a mixer band is not necessarily uniform.

HIFI observes 2 sidebands of 4.0 (bands 1-5)

or 2.4 GHz (bands 6 & 7) either side of the LO

Frequency.At the upper end of the IF band a 16 GHz

frequency difference is seen between the LSB and

USB frequency channel summing together to make

a single IF channel. A slope in the gain across the

side bands can introduce a calibration error when

converting DSB intensity to SSB intensities, see

figure 3. As HIFI has a large IF band width this effect

becomes significant. The effect must be understood





Figure 5. Summary plot showing LO frequency coverage of

each gas used in the gas cell test campaign

128cm which is contained in a cylindrical vessel of

15 cm diameter and 50cm height.

As HIFI has a large frequency coverage one

single molecule will not provide saturated lines at

all frequencies. For the HIFI gas cell a range of

molecules were observed and hence the effect of

cross contamination was considered in the material

choice for the gas cell. A glass gas cell design was

chosen over a metal one as certain molecules would

stick to the metal walls particularly water. The gas

cell was designed to operate at low pressures around

1 millibar. The final gas cell test set up showing the

calibration loads, re-imager, LO and HIFI cryostat is

shown in figure 4.

C. Calibration gases

The choice of gases for the test campaign was

a trade off between a number of criteria. For side

band measurement a saturated line was necessary.

This limited the gas choice to molecules with line in-

tensities of 10−2 to 10−3 in units of nm−2.MHz. Lab

safety was also considered and possible corrosive

effects on the gas cell itself. Figure 5 summarizes

the frequency coverage of the final gas choices.

IV. GAS CELL LINE FITTING

A. Line profile theory

The line profile seen in figure 6 is best described

using a voigt profile. The voigt profile is a con-

volution of a lorentzian and gaussian profile. The

lorenztian profile describes the line broadening effect

due to the gas pressure and its half width half

Figure 6. 12CO gas cell data at 570.4 GHz (highlighted in blue

on the left). Green line shows spectral line fit for a balanced

mixer (Gssb = 0.5), red line shows the fitted profile where Gssb

= 0.542

maximum is defined by the:

δνL = γselfP (7)

where γself is the pressure broadening parameter

MHz/mbar and P , the gas cell pressure, is in mbar.

γ1self is taken from the HITRAN database [12]. The

gaussian profile describes the broadening effect due

to the thermal motion of the gas. The width of a

gaussian profile is a derived from the Boltzmann

equation and is a function of the gas temperature and

the line frequency. The half width half maximum is

defined as:

δνD =
ν0

c

√

2(ln2)kT

m
(8)

where ν0 is the line frequency, c is the speed of light,

k is Boltzmann constant, T is the gas temperature

and m is the molecular weight. The convolution of

these 2 profiles gives the distribution of energy for

that molecular transition. The integrated area of the

voigt profile for that transition is then equal to the

integrated intensity taken from the HITRAN or JPL

catalogs for that line. The peak absorption is then

defined as:

αmax =
Iba

πδνL +
√

π
ln2

P

kT
(9)

where Iba is the integrated intensity taken from the

catalog. Using αmax the unit voigt profile peak is

scaled. Combining the scaled voigt with the expo-

nential opacity broadening effect (Beer-Lambert law)



Figure 7. Plot of 12CO (5-4) data taken with the V polarization

wide band spectromoter (WBS) backend between 568.4 to 572.1

GHz in steps of 0.1 GHz at an average gas cell pressure of

6.5mbar. Traces of LO spurious signals can be seen between the

LO frequencies of 570.7 and 568.4 GHz around the IF frequency

of 4.3GHz. The spectra highlighted in blue is shown in more

detail in figure 6

due to gas column length, the final line profile profile

peak is:

eαmaxV (ν−ν0,δνD,δνL)L (10)

where L is the gas cell column length. The residual

between this line profile and the observed line is

taken to be the side band gain ratio.

B. Line profile fitting

Figure 6 shows a example of the line fitting

routine. The green profile shows the line profile for

a balanced mixer while the red profile shows line

profile where the side band gain is left as a free

parameter which is fitted to match the observed line

profile. The resulting side band ratio factor is 0.542,

see equation 6.

Figure 7 shows an overview of the 12CO 576.268

GHz spectral line for a range of LO Frequencies

between 568.4 and 572.1 GHz. Each of spectra was

fitted with a model spectral line where the side band

gain was a free parameter. The resulting fitted side

band ratio factor versus LO Frequency is shown in

figure 8.

Note that the band 1b data presented here is an

exceptional example with a large side band gain

difference over 4GHz. This extreme example was

chosen to demonstrate the gas cell method and is

not typical of the side band ratio determined from
12CO line fitting in other bands.

V. CORRECTION OF FLIGHT DATA

The main goal of the gas cell test campaign was to

determine the side band ratio across each mixer band

and eventually correct flight data for this effect. The

main assumption made was that the side band ratio

is an inherent part of the mixer set up and should

remain the same over the instrument life time. The

example presented here is an extreme side band ratio

compared with other LO frequencies in HIFI. A 10%

change in gain is seen across over 4 GHz of the IF

band. This makes it an ideal region to compare the

lab data presented here with a comparable spectral

scan observed in space.

During the first performance verification phase

of HIFI in July 2010 a number of spectral scan

observations on strong sources were taken. Figure 9

shows a 12CO line tracked across the IF band in steps

of 0.4 GHz between the LO frequencies 568.535 and

571.932 GHz. In this plot it is apparent that the same

slope in gain seen in the gas cell data is seen in the

flight. Ideally the spectral line intensity should be the

same across the IF band, however in figures 7 and

9 the line intensity is seen to decrease across the IF

band indicating a side band gain imbalance. More

significantly is that the slope in gain across the IF

seen in flight data is consistent with that seen in the

gas cell data.

Figure 10 shows the peak line intensity of the data

show in figure 9 and also the peak line intensities

when the side band gain shown in figure 8 is applied.

From this plot one can see that before the gain cor-

rection is applied the peak intensity scatter is ∼10%

while after gain correction it is greatly reduced to

∼3%.

Figure 8. Fitted Gssb for each line profile shown in figure 7

versus LO Frequency



Figure 9. Flight data spectral scan showing the 12CO (5-4) line

for a range of LO frequencies from 568.535 to 571.932 GHz

VI. CONCLUSIONS

In this paper, the concept of calibrating a double

side band heterodyne spectrometer using a gas cell

test set up was described. It was shown how to

generate a model spectra using radiative transfer

methods taking into account the optical path length,

gas pressure and temperature coupled with the JPL

and HITRAN line catalogs. We described how by

comparing model spectra to observed spectra the side

band ratio at that IF frequency could be extracted.

Using this extracted side band ratio data we showed

that for the LO frequency range from 568 to 572

GHz the amount of scatter in a flight data could be

reduced from the ∼10% to ∼3%.

VII. FUTURE WORK

The data covered in this paper is only a small

fraction of the total data taken during the gas cell

campaign, see figure 5. Future work will involve

the expansion of the methods demonstrated here to
12CO and 13CO in other mixer bands. The final goal

of this work is to analyze the large CH3OH and

CH3CN dataset taken and generate a more complete

picture of the side band gain ratio, thereby improving

the overall calibration accuracy of HIFI and finally

helping produce exceptional science data.
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There lies the port; the vessel pu�s her sail:There gloom the dark broad seas. My mariners,Souls that have toiled, and wrought, and thought with meThat ever with a froli welome tookThe thunder and the sunshine, and opposedFree hearts, free foreheads you and I are old;Old age had yet his honour and his toil;Death loses all: but something ere the end,Some work of noble note, may yet be done,Not unbeoming men that strove with Gods.The lights begin to twinkle from the roks:The long day wanes: the slow moon limbs: the deepMoans round with many voies. Come, my friends,'Tis not too late to seek a newer world.Push o�, and sitting well in order smiteThe sounding furrows; for my purpose holdsTo sail beyond the sunset, and the bathsOf all the western stars, until I die.It may be that the gulfs will wash us down:It may be we shall touh the Happy Isles,And see the great Ahilles, whom we knew.Though muh is taken, muh abides; and thoughWe are not now that strength whih in the old daysMoved earth and heaven; that whih we are, we are,One equal-temper of heroi hearts,Made weak by time and fate, but strong in willTo strive, to seek, to �nd, and not to yield.UlyssesAlfred Lord Tennyson
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